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Preface

The design of molecular materials represents one of the current
hot topics within the field of materials science because their well-
defined structure allows structure-property relationships to be
determined, and thus, tailored physical properties can be fine-
tuned for required practical applications. In this sense, we are
proud to introduce the growing family of polyoxometalate
(POM) clusters to the reader, which constitute a unique class of
compounds due to their rich solution equilibria and their
unique compositional, electronic, reactive, and structural diversity.
This book reviews anionic metal-oxide cluster chemistry from
fundamental aspects (structure, properties, self-assembly
processes, derivatization) to functional materials that incorporate
these molecular units, as well as their applications in fields of
current socio-economic interest such as catalysis, electronics,
and biomedicine.

Chapter 1 provides an overview of the general principles
and properties of POMs. The predominant species in aqueous
solutions of traditional iso- and hetero-POMs are discussed, together
with the main structural archetypes for each particular group.
This piece could serve as a compilation of general opening remarks
for the rest of the chapters included in this themed book.

One of the most intriguing properties of POM macroions is
featured in Chapter 2. The special solution behavior displayed
by these anionic clusters is different from that shown by smaller
simple ions or larger colloids, and thus, it allows their controlled
self-assembly in dilute solutions.

Besides fundamentals, traditional strategies for the
functionalization of POM platforms are also presented in the
introductory chapter, which include the organically derivatized
clusters. The latter approach is nicely employed for the rational
design of POM-peptide hybrid materials reviewed in Chapter 3.
Different routes for the preparation of covalent hybrids are
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discussed initially, whereas their inherent properties such as
stereochemistry and folding are described later on. The second part
is devoted to ionic compounds and their interesting applications.

One of the major drawbacks for the incorporation of POM
anions into functional materials originates from their crystalline
solid nature, which makes them hard to process. Chapter 4
summarizes the intensive work carried out in the incorporation
of POM anions into organic polymers.

The second part of this book focuses on some of the
most fascinating applications exhibited by POM-based systems.
Mechanistic insights of some selected heterogeneous catalysts
are provided in Chapter 5. The influence on the catalytic activity
of both POM species and active porous supports are the main
aspects to be commented and analyzed in detail within this
chapter.

Moreover, the study and application of molecular building
blocks for the fabrication of electronic components represents
an exciting field in which POM chemistry has a key role to
play. Beyond classical bulk ferromagnets and semiconductors,
metal-oxo clusters can act as nano-molecular computing elements
for the fabrication of data storage materials. This field is
comprehensively analyzed in Chapter 6.

Among the large-scale alternatives to fossil fuels,
electrochemical energy storage and conversion systems are the
most developed technologies. POMs have been recently used
to replace the redox active species of the popular all-vanadium
redox-flow systems with very promising results. All these studies
are gathered in Chapter 7.

Chapter 8 covers recent advances in POMs with anticancer,
antibacterial, and antiviral activity with a particular interest on
mechanistic insights. Although their activity is often higher than
some approved drugs, their mechanism of action is still not well
understood.

Finally, we would like to thank all the authors for their highly
valuable scientific contributions, effort and patience all along the
publication process, specially taking into account the ongoing
pandemic, which has affected not only our lives but also the
initially programmed schedule for this book. All the support from
our research groups (LabQuiMac, Dpt. Physical Chemistry and
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POM group, Dpt. Organic and Inorganic Chemistry) and
Universidad del Pais Vasco UPV/EHU is highly appreciated. Last
but not least, a special acknowledgement to Jenny Stanford
Publishing for making this journey much easier and providing
us with a certain degree of flexibility. It has been indeed a prolific
and rewarding experience.

Dr Leire Ruiz Rubio

Dr José Luis Vilas Vilela

Dr Beiat Artetxe

Dr Juan Manuel Gutiérrez-Zorrilla

xiii



Chapter 1

General Principles and Structural
Chemistry of Polyoxometalates

Estibaliz Ruiz-Bilbao, Leticia Fernandez-Navarro, Benat Artetxe,
and Juan M. Gutiérrez-Zorrilla

Departamento de Quimica Orgdnica e Inorgdnica, Facultad de Ciencia y Tecnologia,
Universidad del Pais Vasco, UPV/EHU, P.O. Box 644, 48080 Bilbao, Spain

benat.artetxe@ehu.eus

A general overview of the main properties and structural
principles of the growiing field of polyoxometalates (POMs) is
provided in this introductory chapter. The most common structural
archetypes of these anionic metal-oxo clusters are discussed,
as well as the predominant species in aqueous solutions which
cover from traditional iso- and hetero-vanadates, molybdates,
and tungstates to less conventional anions including giant
molybdates, uranium peroxoclusters, and noble-metal POMs. In
addition, classical derivatization methods are described in the
second part, which consist in the incorporation of transition-
metal and/or lanthanide centers in the inorganic cluster skeleton
and the organic functionalization of POMs. This piece could serve
as a compilation of opening remarks for the rest of the chapters
included in this themed-book.
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General Principles and Structural Chemistry of Polyoxometalates

1.1 Introduction

Polyoxometalates (POMs) represent a well-known family of
anionic metal-oxygen nanoclusters that constitute a unique
class of compounds not only for their diverse structural
complexity, but also for their compositional, electronic, and
reactive versatility [1, 2]. These features make POMs useful for
a wide range of potential applications in the fields of current
interest related to technology, health, energy, or environment,
such as material science [3], catalysis [4], magnetism [5], and
biomedicine [6]. It is commonly thought that POM chemistry
started in the 19th century, when Jons Jacob Berzelius reported back
in 1826 the synthesis of the ammonium salt of the [PMo;,040]3"
anion which was prepared through the addition of an excess
of ammonium molybdate to a solution of phosphoric acid [7].
However, Juan José and Fausto Elhuyar (1783) had already been
able to prepare a bitter, spicy, and yellow salt almost 40 years
before which was later identified as the (NH,);o[H2W;,04,]10H,0
salt [8]. In this context, it is worth mentioning that the Elhuyar
brothers were the discoverers of the element W (tungsten or
wolfram). Later on, making use of the analytical work by Jean
Charles Galissard de Marignac in 1864 who establishes the 12:1
composition for the tungstosilicic acid [9], Alfred Werner and
Linus C. Pauling developed different potential structural models
for POMs [10, 11]. The clathrate-like model proposed by Pauling
attracted crystallographers to solve this challenging system.
In 1933, the British scientist James F. Keggin, who was working
in Lawrence Bragg's group at the University of Manchester,
determined the crystal structure of the Hz[PMo4,04]-5H,0 acid
by using powder X-ray diffraction. This event represents the
first structural evidence of a POM cluster and, hence, this
topology became referred to as the Keggin structure after
him [12].

Although hundreds of POMs and their physico-chemical
properties had been reported by the middle of the 20th century,
there was not such a deep study of their formation, degradation,
and interconversion equilibria in solution [13]. The systematic
work carried out by the French school contributed to shed light
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in this regard and established some general schemes for the
synthesis of POMs [14]. Based on Michael T. Pope’s seminal work
in the 1980s [1, 2], POM chemistry has expanded very quickly
in the last decades as exemplified by the vast number of patents,
books, special thematic issues, and works published in some of
the most prestigious journals within the inorganic chemistry
[15, 16]. Recently, polyoxotungstates played a key role in the
X-ray diffraction structural elucidation of ribosomes that leads to
the 2009 Nobel Prize in Chemistry (Venkatraman Ramakrishnan,
Thomas A. Steitz, and Ada E. Yonath) [17]. These clusters can be
used as co-crystallizing agents for large biomolecules which not
only allows a more efficient crystallization process, but it also
facilitates the structural determination due to their high symmetry
and heavy atom content [18]. Therefore, POM chemistry can be
considered as one of the current hot topics of inorganic chemistry
at present, which encompasses all the areas related to solution,
solid state, and supramolecular chemistries including, (i) d/f metal
containing derivatives with interesting photo/catalytic (special
mention for water oxidation catalysts), magnetic, electronic, and
optical properties; (ii) organic derivatization of POMs for their
easy incorporation into functional materials; (iii) giant Mo-based
molecular systems; (iv) POM-based open porous frameworks;
(v) solution behavior of macroions which involves their self-
assembly processes in solution; (vi) theoretical and computational
perspectives; and (vii) interaction between biomolecules/cells
and POM species. This way, this chapter aims to give an overview
of the fundamental principles of POM chemistry with strong focus
on the structural aspects. The last section describes the most
explored strategies for the functionalization of POM platforms,
comprising (i) 3d/4f metal-substituted POMs and (ii) organic
derivatization of metal-oxo clusters.

1.2 Structural Principles

POMs are composed of early transition metals (M, so-called addenda
metals) from groups 5 and 6, usually in their highest oxidation
states; traditionally V, Mo, or W and less frequently Nb or Ta
[19]. These metal centers are excellent precursors of polynuclear

3
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anions because they display a suitable combination of charge and
ionic radius (Fig. 1.1A), as well as empty and accessible d orbitals
available for electronic back-donation in the formation of # M-0
bonds. In the last few years, examples of noble metal POMs have
also been reported [20], together with some other related POM
families, such as peroxo-actinyl species [21].

Figure 1.1 (A) Shannon and Prewitt crystal radii for metals from groups
4-6 in their highest oxidation states; (B) most usual coordination
number (CN) and geometries of metal centers in POMs; (C) schematic
representation of the two common linkage modes between octahedral
{MOg} units; (D) ball-and-stick and polyhedral representations of the
fundamental {MOg} units for class I and class Il POMs.

From a structural point of view, POMs are formed by the
acidic condensation of a variable number of MO, polyhedra.
The coordination number of addenda metals ranges from 4
to 7, but the octahedral MOg is the most common geometry
by far. Some Mo"! and W'! centers can also occupy a seven-
coordinated {0=M(0¢)} polyhedron in POMs, and this has led to the
development of several macro-sized giant-architectures [22].
Higher coordination numbers are usually observed in uranium
peroxoanions (Fig. 1.1B). All these units can condense by sharing
corners or edges (exceptionally faces), in such a way that each
polyhedron must show a maximum of two unshared terminal
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oxido ligands (Fig. 1.1C) to minimize the trans effect of the terminal
M-0 bonds and avoid the dissociation of the cluster according to
Lipscomb’s principle [23]. Corner sharing offers flexibility, while
edge sharing confers certain degree of rigidity on the cluster
formed. This oligomerization is not infinite; due to the polarization
of the peripheral tungsten centers toward the outer oxygen shell,
vacant and energetically accessible d orbitals from the metal ion
allow for the formation of terminal M=0 double bonds, preventing
the subsequent formation of bridges with additional polyhedra.
Each metal center located in an MOg environment is displaced
toward terminal oxygen atoms as a result of the participation
of d orbitals in the # M-0 bond. Thus, two types of polarization
can be distinguished: toward a single terminal oxygen atom
(class I) or toward two terminal oxygen atoms located in relative
cis configuration (class II) (Fig. 1.1D). This fact leads to polyanions
with very different electronic properties. The non-bonding Lowest
Unoccupied Molecular Orbitals (LUMO) in members of class I
make them more easily and reversibly reduced by chemical,
photochemical, or electrochemical methods. This is the case of
mixed-valence “blue” species based on MoY/Mo"! moieties, which
can be easily and reversibly reduced with no significant alterations
in the POM skeleton. In contrast, reduction of class II clusters is
more difficult and shows irreversible nature [24].

1.3 General Properties

The size, shape, composition, redox potential, acid strength, charge
density, and functionality of a cluster can be controlled through
synthetic POM chemistry to a great extent. In spite of this wide
structural and compositional diversity, most POMs exhibit some
common features [25]:

(i) Physical properties: They are discrete species with high
charge, relatively big size, and high symmetry. POMs
are thermally stable and resistant to oxidizing agents
(air, water) and often, they maintain their structure in
aqueous solution. Some species, such as heteropolyacids,
can display extremely high acidity.

5
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(i)

(iii)

Synthesis and formation equilibria: The preparation of
POM clusters covers a wide number of synthetic approaches
that go from simple one-pot procedures to more sophisticated
flow-system approaches or 3D printed reactionwares [26].
The simplest synthesis method implies an aqueous solution
of [MO,]™ anions which involves complex self-assembly
processes via acidic condensation equilibria of {MOg¢} units
that are still not-well understood. Afterwards, clusters
need to be precipitated by adding suitable counterions
(e.g., alkali metals, organic alkylammonium cations). POM
species containing alkaline counterions are usually water
soluble, whereas organic counterions confer high solubility in
organic solvents to the polyanions [27].

The rich formation equilibria of POMs is very dependent on
the concentration of the reactants, the sequence in which
different reagents are added, pH, ionic strength, presence
of extra ligands, counterions employed, temperature, or
pressure (hydrothermal synthesis, microwave assisted
reactions), among others. Moreover, the vast majority of
studies developed in aqueous solution have shown that, for
a given pH value, there are many POM species that coexist.
For that reason, the species that are isolated do not need
to be the predominant ones in solution, but the less soluble
in combination with the corresponding counterion.

Redox properties: POMs can undergo multielectronic redox
processes without any structural change or degradation.
Electrons added to POMs are often delocalized over several
metal atoms, and this facilitates fast electron transfers. It is
worth mentioning that polyoxomolybdates are much easier
to reduce than their tungstate analogs. Electron transfer
by POMs is often coupled to cation or proton transfer.
Thus, usually the net charge of the polyoxoanions does not
change upon reduction, because edge-sharing oxygen atoms
can be easily protonated [28]. This concept, often found
in biological systems, avoids the presence of highly charged
species, and results in increased stability, which is in the
origin of their highly stable redox cycles when used in
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electrochemical systems. Therefore, this ability for the
reversible electron/proton storage paves their way for
their potential use as sustainable catalysts, electrochemical
energy storage systems, molecular memory devices,
molecular transistors, or single-molecule spintronics.

(iv) POMs can be used as inorganic ligands due to their capacity
to anchor cations, anions, or neutral molecules to their
surface oxygen atoms. Furthermore, some POM structures
are derived from larger parent cluster by removing one
or more addenda metal atoms from the shell. These defect
structures are known as lacunary species. Their main
feature is that lacunary polyanions can act as multidentate
ligands toward different electrophiles (such as 3d and
4f metals) through the oxygen atoms delimiting their
vacant sites.

(v) The high solubility that some POM clusters show in organic
solvents facilitates their organic derivatization. The most
usual functionalization approaches involve the replacement
of shell oxygen atoms with those belonging to O- and N-
donor ligands, such as alkoxo, diazenido, or imido units or
the incorporation of p-block organoderivatives including
organophosphoryl, -silyl, -germyl or -stanyl residues to
the vacancies of lacunary POM units. The resulting hybrid
derivatives have been identified as a key factor for the
clusters to be suitably incorporated into functional materials
for advanced applications [29].

1.4 Classification

Traditionally, POMs are classified according to their composition
into iso- and hetero-polyoxometalates. Members of the former
group exclusively contain addenda metals (M) and oxygen atoms
acting as bridging or terminal oxido ligands (sometimes also as
hydroxo groups, especially when bridging), whereas those from
the latter show additional elements known as heteroatoms (X).
Heteroatoms usually occupy central positions of the clusters
and their nature does not show any restriction, as many of the

7
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elements of the periodic table can play this role. These especially
include a variety of p-block elements and transition metals which
exhibit coordination numbers ranging from 4 to 12. In general
terms, isopolyanions display strongly basic surface oxygen atoms
and they are less stable than heteropolyanions. This section
compiles the most archetypical structures of classical iso- and
hetero-polyoxometalates, excluding those containing mixed-
addenda metal centers. The intriguing giant Mo-based system
and less usual clusters, such as noble metal POMs and uranium
peroxoanions are briefly described as well.

1.4.1 Isopolyoxometalates (isoPOMs)

The structures of most isoPOMs are derived from the M;;024
decametalate anion [30, 31] via elimination of octahedral units.
This parent POM cluster is formed by ten edge-sharing MOg
octahedra arranged in ideal D,; symmetry. Examples of most
representative isoPOMs include: (i) the f-Mg0O,4 octametalate with
ideal D,, symmetry [32], which derives from the decametalate
cluster through the removal of two opposite units from the central
level of six edge-sharing octahedra; (ii) the M;0,, heptametalate
(parametalate-A) [33] with C,, symmetry, which can be best
described as a bent arrangement of seven edge-sharing MOg
octahedra; and (iii) the Lindqvist-type Mg0;9 hexametalate with
an ideal 0, symmetry that can be achieved through the removal
of two octahedra from the central level and additional two
from the upper and lower levels from the decametalate cluster
(Fig. 1.2). Unlike the case of vanadium for which the isolation
of pristine Lindqvist-type POMs remains elusive, hexamolybdates
[34] and -tungstates [35] with a general octahedral symmetry
can be easily obtained as alkyl-ammonium salts.
Isopolyoxovanadates are interesting species mainly due
to the versatile redox properties of vanadium which displays
up to four different relatively stable oxidation states in water
solution (+2, +3, +4, +5) with associated easily distinguishable
colors. When it comes to fully oxidized species, the tetrahedral
orthovanadate [VO,]3~ oxoanion is only stable in very alkaline
solutions, but tends to form pyrovanadate [V,0,]* dimers for
high vanadium concentrations [36]. These tetrahedral units
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further condense by sharing corners to afford oligomeric
species like cyclo-tetravanadates [V,01,]*" [37] or polymeric
metavanadate (VO3)! chains at neutral to moderately basic pH.

Figure 1.2 Polyhedral representation of some of the most usual isoPOM
structures.

The spontaneous ring-opening of the cyclic species and
subsequent polymerization into the catena-form [38] represents
one of the first examples of a solid-state phase transition
involving POM species for which the initial and final stages were
structurally characterized by single-crystal X-ray diffraction [39].
At moderately acidic pH, the coordination number of vanadium
increases from 4 to 6 and the orange-colored [H,V;(0,5](®"™"
decavanadate cluster becomes the predominant species in
solution (Fig. 1.3) [40]. This anion can display several extents of
protonation and represents the most studied polyoxovanadate
due to its interesting biological activity [41]. Oligomers with
different nuclearities, such as 3, 5, and 12 [42], have only been
isolated in organic media and all of them exhibit corner-sharing
{VO,} units. Additional meta-oxo units can also condense to
well-known parent structures as exemplified by the [V,303,4]%"
anion derived from decavanadate species [43] and the
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bicapped Keggin-type structure of the [V;504,]°" cluster [44], in
which the tetrahedral {VO,} unit occupies the inner heteroatomic
site and 12 shell {VO4} fragments, together with two square
pyramidal {VOs} capping-units form the outer shell. Besides,
several mixed-valent (VV/VYV and VV/V'), fully-reduced (V')
and totally reduced (V") polyoxovanadates have also been
isolated using chemical or photochemical reduction routes, which
usually display square pyramidal metal geometries. The spherical
[VIV15045]% shell constitutes one of the most popular examples
of such reduced species due to the ability to incorporate small
anionic or neutral guests in its inner void as a function of the
pH [45].

In contrast, solution equilibria of molybdates are much more
complex because their low Kkinetic stability prevents them from
displaying well-defined pH-dependent stability ranges [46]. In
fact, structures exhibiting reduced molybdenum centers usually
consist in large species different from those of the parent fully
oxidized clusters. In basic aqueous solutions of Mo(VI), only the
molybdate [Mo0O,4]?" ion is stable, whereas neutral to moderately
acidic pH affords the heptamolybdate (or paramolybdate-A)
[Mo0,0,4]¢ cluster. It should be mentioned the remarkable
anticancer activity displayed by the isopropyl ammonium
salt and derived photolytes of the latter species [47]. Further
acidification leads to the formation of the well-known f-isomer
of the octamolybdate [MogO,4]* anion, the structural diversity
of which affords up to eight additional isomers (some of them
are interconvertible [48]), namely, «, y, 6, ¢, {, 5, 6, and ¢ that
can be individually isolated depending on the synthetic conditions
(solvent, counterions, synthetic method). From a structural point
of view, all of them display some four- or five-coordinated
molybdenum centers. Larger aggregates are only found at very
acidic pH (< 2); this is the case of the [Mo340;12(H;0)15]®" anion
[49] which was identified as the predominant species under these
conditions (Fig. 1.3). In these large assemblies, some Mo centers
occupy a seven-coordinated polyhedron. These building-blocks
are very usual among the family of partially reduced, blue,
macro-sized anions that represent some of the most spectacular
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architectures within the inorganic chemistry. These examples
will be discussed separately in Section 1.4.3.

Despite their higher resistance to reduction and slower
kinetics compared to their Mo counterparts, the basic and slightly
acid aqueous solutions of tungstates are dominated by similar
species to those found for molybdates; that is, the tungstate
[WO0,]? oxoanion and heptatungstate (paratungstate-A) [W;0,,]°"
polyanion. The latter is rapidly formed at pH = 5-7, but it slowly
converts into paratungstate-B [H,W;,04,]'°~ composed of two
W3043- and two W304-like trimers arranged alternately [50].
These two anions coexist in an equilibrium shifted toward
heptatungstate which is rapidly formed, but solids isolated
from these solutions usually contain the [H,W;,0,4,]'% species
because it is thermodynamically more stable and its salts are
usually less soluble [51]. Defective structures closely related to
the heptatungstate anion have also been obtained from water
solutions [52]. The ¥-metatungstate [W,,07,(0H),]**" represents
the predominant species in the pH = 3-4 range and it is composed of
a central ring of six corner-sharing octahedra to which six W3043
groups containing one trigonal bipyramidal unit are linked [53].
It must be highlighted that this cluster establishes equilibrium
with another metatungstate derivative, the [H,W;,0,40]® anion
which displays the well-known tungsten-oxygen shell of the
Keggin-type structure but for the absence of any heteroatom
[54]. Further assemblies of monovacant {W;039} metatungstate
species linked by octahedral {WO¢} units resulted in some of
the largest isopolyoxotungstates prepared to date in which all
the 36 W centers are hexa-coordinated [55, 56]. As depicted in
Fig. 1.3, condensation of two monovacant hexatungstate units
affords the [W,,03,]*" decatungstate which is the main species
in an acidic aqueous solution (pH = 1-2) [57]. Some other
interesting clusters include, (i) the family of [HyW;904,]®" anions
formed by a {W;g} Wells-Dawson-like cage that encapsulates a
{WO¢} moiety [58], and (ii) giant isopolyoxotungstates exhibiting
a common {(M)Ms} moiety containing a central M atom in a
pentagonal bipyramidal environment [59]. Even though, their
size (<100 W centers) is still small in comparison to giant
isopolyoxomolybdates (>300 Mo centers).
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Figure 1.3 Structure of the predominant isoPOMs (V, Mo, and W)
in aqueous solution as a function of pH. Color code: {VO,}, orange
polyhedra; {Mo0O,}, blue polyhedra; {WO,}, gray polyhedra (x = 4-7).

Regarding less usual addenda metals, the chemistry of
niobates and tantalates was firstly limited to both solution and
solid-state studies carried out for Lindqvist-type anions [60, 61].
These works, together with those carried out for decaniobate
species [62], revealed that in contrast to V, Mo, and W; (i) aqueous
synthesis need to be carried out at basic pH values; (ii) fully
oxidized metal ions are too small to remain as mononuclear units
in solution; (iii) the trend is inversed when comparing the
solubility of their alkaline metal salts; that is, the solubility for
Nb- and Ta-based POMs increases as follows: Li < Na < K < Rb/
Cs; (iv) the presence of counterions determines the predominant
species that are formed in aqueous solution; and (v) they can
show different extents of protonation above pH 8. In the last
two decades, a number of reports devoted to isopolyoxoniobates
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have grown considerably, whereas polyoxotantalates still
represent an incipient field. It is of great relevance the fact that
the first structural report of the decaniobate anion [63] was
carried out 30 years before that of the tantalum analog [64].
Besides these two archetypical examples, related derivatives
include: (i) the heptaniobate [Nb,0,,]°~ anion which is observed
in water solution. Its structure could be rationalized as a
hexaniobate core with an additional {NbOg} octahedron
condensed through face-sharing; (ii) the [Nby;0s4]®~ dimer
formed by the condensation of two decaniobate units [65]; and
(iii) the {Nby40-,} and {Nbs3;09¢} clusters constituted by 3 and
4 hexaniobate units arranged via face-sharing in a central 6
and 8 membered niobate rings, respectively (Fig. 1.4a,b) [66].
Analogous to that described for giant Mo and W clusters,
molecular species showing 27 and 31 Nb centers which display
pentagonal {Nb(Nb)s} building-blocks (Fig. 1.4c) [67] and the
assembly of the former units in dimers (Nbs,), trimers (Nbg;), or
tetramers (Nbyq4) affords some of the largest polyoxoniobates
known to date [68]. The record belongs to the giant framework
[Nbgg0765(0H)45(C03)12]18%~ which exhibits a size comparable
to that of Mo-blues [69].

Figure 1.4 Molecular structure of (a) [Hy;Nby,075]3", (b) [HygNb3,096]%"
(Color code: {NbgOio}, light green; bridging {NbOg} groups, purple)
and (c¢) [HNby;076]'¢ anions (Color code: {NbOg} octahedra in dark
green; {NbOs} centers, pink).

1.4.2 Heteropolyoxometalates (heteroPOMs)

As a result of their high solution stability, heteropolyoxometalates
are the most explored group within the POM chemistry. Through
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the removal of octahedra, addition of new polyhedra and
relative rotation of some building blocks, the vast majority of
heteroPOM structures can be originated from the following
three parent clusters with high symmetry; the {XM,0,40} Keggin
structure, the {XM;,033} cluster, and the Dexter-Silverton structure
{XM1,04,}.

Acidic condensation of MOy units (M = WY, Mo"") in the
presence of tetrahedral [X0,4]"" oxoanions (usually X = BU, SiV,
Ge'V, PY, AsY, but also first row transition metals like Fe''l, Co'!, etc.)
results in the {a-XM1,0,40} Keggin-type structure. The a-Keggin
anion is constituted by four {M30;3} trimers formed by three
edge-sharing {MOg} octahedra that are linked to each other and
to the central tetrahedron through corner-sharing in an ideal
T, symmetry. Regarding group 5 metals, the [XNb;;040]¢"
heteroniobates (X = Si, Ge) have been recently prepared as
isolated clusters [70], whereas related examples for vanadium
only include mixed-addenda metal V/Mo or V/W clusters and
the bicapped a-Keggin-type [PV;404,]°~ [71]. Keggin anions can
be reduced with no significant structural changes. This is the
case of the [PMo0;,0,4]3~ “electron sponge” which can incorporate
up to 24 electrons after a super-reduction process that involves
the formation of metal-metal bonds [72]. The protonation of
bridging oxygen atoms is usually associated with reduction
processes, and hence, Keggin-type POMs can act as both proton
and electron reservoirs simultaneously. These properties,
together with their high solution and thermal stability, make
them very useful as acid- and redox-catalysts, including photo-
and electro-catalytic reactions [73].

Keggin-type heteropolyanions have five structural isomers,
known as Baker-Figgis isomers. These result from the 60° rotation
of one (B), two (y), three (0), or four (¢) M30;3 trimers from
the parent a-Keggin anion (Fig. 1.5). The ¢ and j isomers are the
most stable from the five, because they do not show any edge-
sharing linkages between different M;0,3 trimers. The ¢, 3, and y
isomers of Keggin-type tungstosilicates can be readily synthesized
and have been successfully characterized both in solution and
solid state [74]. Nevertheless, the 0 isomer structure has only been
observed for the aluminum-based [(AlO4)Al;,(OH),4(H,0)q5]7*
cationic cluster [75], and the [H,W,Vg(V0,)035(C¢H 3NO3)]>"
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anion which is stabilized with a tripodal organic ligand [76].
Reports containing e-Keggin-type building block as independent
cluster are limited to a few examples, such as the lanthanide-
stabilized [¢e-PMo;,03¢(0H)4{Ln(H,0)4}4]>* phosphomolybdate
series (Ln = La to Sm) [77] and the aluminum [MO4Al;,(OH),4
(H,0)12]™ (M = Al, Ga, Ge) polyoxocations.

Figure 1.5 Baker-Figgis isomers of the Keggin-type structure. Color code:
{MOg}, gray; {X0,}, green. Rotated trimers are highlighted in dark.

Some POM structures are derived from larger parent clusters
by removing one or more addenda metal atoms from their
shell. This process results in defect structures with vacant sites
known as lacunary species. Different lacunary species can be
obtained from the parent plenary {a-XM;,04} Keggin anion. From
the a-isomer mono-{XM;,03¢} and tri-vacant {XMq03,}, species
can be generated upon elimination of one or three octahedra,
respectively. The {a-XMy03,} anion shows two different isomers
named as A-a or B-a depending on whether the {WO¢} octahedra
eliminated belongs to a {M3043} edge-sharing trimer or to a {M3045}
corner-sharing triad, respectively. Similar trilacunary species
can be isolated for the S-isomer. However, the lower symmetry of
the {$-XM,04} allows for three different monolacunary species
to be formed depending on the position of the vacant site. The
vacant position in the 3; derivative is located in the triad opposite
to the 60° rotated trimer, whereas for the 5, and the 85 forms it
lies at the central belt and the rotated trimer, respectively. Up to
date, only the dilacunary {y-XM;,03¢} species has been isolated
from the y isomer, in which two edge-sharing octahedra from
the two rotated trimers are removed. Chemical equilibria of
Keggin-type tungstosilicates in water solution (Fig. 1.6) illustrate
the complexity of the pH-dependent interconversion pathways
between plenary and lacunary POMs.
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All the 10 species represented can be prepared and isolated
as alkaline salts from mixtures of silicate and tungstate sources
depending on the pH, by following the procedures reported by
Téze and Hervé [74]. Furthermore, for some specific heteroatoms
such as As'l, Sb'", Te!V, or Se!V, the presence of a lone pair of
electrons precludes the full closure of the Keggin shell, so that
only B-XWgy033 trivacant species can be formed [78].

Figure 1.6 Scheme of the chemical equilibria between different plenary
and lacunary Keggin-type tungstosilicates.

In some other cases, lacunary species can undergo further
condensation reactions in water, leading to new types of
heteroPOMs (Fig. 1.7). For instance, one of the most remarkable
examples is given by the X;Mg04, Wells-Dawson cluster which
is constituted by two A-a-XMq03, (X = PY, AsY, SVI) trilacunary
units sharing corners through the belt {MO¢} octahedra in an
ideal D3, symmetry [79]. In contrast, if the trivacant Keggin-type
blocks are combined in staggered conformation, the less stable
a* isomer is formed. The Baker-Figgis-like 8 isomer comprises
Keggin-type A-a and A-f trilacunary building blocks, whereas the
y form contains two f building blocks [80]. Conversely, the y*
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species represents the unique isolation of such type of cluster
in solid state [81]. Two types of monolacunary species can be
obtained from the parent plenary o form, so called a4 and «,
depending on whether the removed octahedron belongs to a belt
or cap positions, respectively. Trilacunary {a-X;M;50s6} units
can be readily prepared by the removal of a cap trimer, whereas
polylacunary species like the hexavacant {a-X,M;,04g} are
obtained after the removal of four belt {MOg} units and one
additional center from each cap [82]. The latter building block is

Figure 1.7 Representation of the Baker-Figgis isomers of the Wells-
Dawson POM and the most representative lacunary derivatives, together
with the related Preyssler and {PgW,504g4} archetypes.
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found in the [PgW,501g4]*°~ macrocycle [83] and Preyssler-type
[NaPsW3,0110]*" anions [84]. Besides Keggin and Wells-Dawson
type species, it is worth mentioning that the smaller Strandberg-
type X,;M;s0,3 anions [85] are also predominant species that can
be found at neutral pH in the aqueous equilibria of the M/X
combination mentioned above in this paragraph. These clusters
consist of a ring formed by five edge-sharing octahedra, except
for two of them which are linked to each other by corner sharing.
Two tetrahedral heteroatoms cap this ring from both top and
bottom sides.

The second parent cluster displays a general formula
{XM,03g} and it is formed by 12 edge-sharing {MO¢} units that
comprise a central {XO¢} heteroatom in an arrangement with
general O, symmetry. This structure has not been observed yet
as an independent polyanion, but related bicapped derivatives
can be found in the mineral Sherwoodite [86]. Removal of three
octahedra generates the chiral XMgOs3, cluster (Waugh-type
POM) [87] with ideal D; symmetry, which has only been observed
for a particular combination of M/X (M = Mo, X = Mn'", Co", Ni'")
[88].

In addition, the removal of two opposed {M3043} trimers from
the parent cluster results in the planar {a¢-XM¢0,4} hetero-
hexametalate commonly known as Anderson-Evans polyanion
[89]. This cluster can be best described as a ring of six edge-
sharing octahedra which encapsulates a central {XO¢} unit in an
ideal D3; symmetry. Moreover, this anion shows a less common
“bent” B-isomer of C,, symmetry which is structurally similar to
that of the heptametalate clusters, but with a heteroatom in its
central position [90]. The structure of the [a-Te""Mo040,,4]%~ anion
was first proposed by Anderson [91] back in 1937 and it was
confirmed by X-ray diffraction experiments by Evans 10 years
later [92]. Since that breakthrough, dozens of structures displaying
this archetype have been reported which contain both Mo or
W acting as addenda metal, as well as many of the first-row
transition metals and p-block elements in their highest oxidation
states as heteroatoms (M = Mo, X = first row transition metals,
Rh', pd"v, PtV, Al Ga'™l, SbY, TeV!, IV, and M = W, X = Mn'', Mn",
Ni', Ir'V, PtV, SbY, Te'"). Traditionally, Anderson-Evans type
POMs can be classified into two groups: first, the non-protonated
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A-type with central heteroatoms in high oxidation states and
second, protonated B-type with heteroatoms in low oxidation
states. The six triply shared oxygen atoms (u3-0) that connect the
heteroatom and two consecutive addenda atoms are basic and,
thus, they can be easily protonated. This allows condensation
reactions with trisalkoxo moieties leading to the organic
functionalization of inorganic clusters in a procedure that will
be detailed in the last section of this chapter. This feature together
with its small size, planar shape, presence of heavy atoms, and
solution stability make Anderson-Evans polyoxotungstates
ideal additives for protein crystallography [93]. Different related
structural examples include: (i) those in which the central
heteroatom is replaced by one XO, tetrahedral unit (X = V, As,
Te) on each side of the planar ring [94] and (ii) the Evans-
Showell-type [Co;Mo019034(0H)4]®" heteropolyanion formed by
the perpendicular interpenetration of two Anderson clusters
(Fig. 1.8) [95].

Figure 1.8 Polyhedral representation of the Strandberg, Waugh, Anderson-
Evans and Evans-Showell type heteroPOMs (from left to right).

Finally, a reduced number of examples of heteropoly-
oxomolybdates in which the X position is occupied by tetravalent
4f/5f cations have only been reported for the XM;,04, Dexter-
Silverton cluster [96]. Formally, they are constituted by six
pairs of face-shared dimers in an I, shape comprising a central
heteroatom.

1.4.3 Unconventional POMs

Beyond the traditional POM archetypes, some families of metal-
oxo clusters display unusual features in terms of size, complexity,
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and composition. Although they can be well divided into iso-
and heteroPOM groups according to classical criteria, we
decided to discuss them separately. This section includes a brief
comment on giant polyoxomolybdates showing more than
100 Mo atoms and sizes comparable to those of proteins, together
with actinyl peroxometalates, exemplified by uranium clusters
and the growing family of noble-metal POMs (such as palladium,
platinum, and gold oxo-frameworks).

1.4.3.1 Giant molybdenum clusters

Partial reduction of acidified molybdate solutions allows the
generation of a variety of building blocks that can be linked
together to create very complex and large molecular systems
via stepwise self-assembly processes [97]. Such considerable
structural and chemical diversity arises from the combination
of favorable kinetics, thermodynamics, and structural factors,
which makes the so-called molybdenum “blue” and “brown” giant
cluster families unique within the field of inorganic chemistry
[23]. Mo-blues are defined by the fact that they contain mixed-
valence MoV/Mo"! addenda metals and have delocalized electrons
capable of intervalence charge transfer from MoV to Mo"! facilitated
by the m-orbitals of the bridging oxo ligands. This electronic
interaction is responsible for their characteristic intense blue
color and accounts for their reversible redox nature. In contrast,
Mo-browns are further reduced polyanions and have electrons
localized between reduced MoV centers as Mo-Mo bonds which
contribute to the brown color of these clusters, and make them
less sensitive to redox processes than their blue counterparts
[98]. All these large species have pentagonal {(Mo)Mos} moieties
as a common structural feature, containing a central Mo atom in
a pentagonal bipyramidal {MoO,} environment surrounded by
five edge-sharing {MoO¢} octahedra. The linkage among {(Mo)
Mos} synthonic units can be established by {Mog} building blocks,
edge-(Mo-brown) or corner (Mo-blue) sharing {Mo,} units and
single {Mo} centers.

Scheele described the first reproducible experiment
involving Mo-blue species in 1793 [99]. However, the structure
of any related systems remained unknown until the 20th century,
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when Miiller and coworkers succeeded in the crystallization of
the {Mo;54}=[M0154046,H14(H20)70]** (Fig. 1.9b) wheel-shaped
anion [100]. Since then, larger macroclusters, such as {Moj74},
have been synthesized [101], which is able to undergo molecular
growth by the addition of two {Mo3z¢} caps to its inner cavity to
lead to {Mo,,g} species [102]. Besides the “big wheels,” “Keplerates”
(big balls) such as the {Mo;3,} cluster (Fig. 1.9a) represent a
second structural family for which a number of metal substituted
{Mo7;,M3¢} (M =V, Cr, Fe) forms have been reported [103].
The potential of these reduced molybdenum systems to form
large assemblies is so high that the {Mos¢g} “hedgehog” or “blue
lemon” structure [H1gMo036g01032(H20)240(S04)45]*8 still represents
the largest (ca. 5 nm) POM obtained to date [104] (Fig. 1.9¢).

Figure 1.9 Molecular structures of (a) {Mo;3,} Keplerate, (b) {Mo;s,} wheel,
and (c) {Mozgg} blue lemon. Mo(V) atoms with pentagonal bipyramid

geometry are depicted in cyan.

The pentagonal bipyramidal {MO} unit has also been observed
for tungsten-based giant structures like Keplerate-type anions
[105] or even as part of a “defect” pentagonal {(W)W,} core in large
hexameric selenotungstates [106]. However, the lower lability
and much slower assembly processes of tungstates compared
to molybdates have made the search of mixed-valence tungsten
analogs an almost unexplored field.

1.4.3.2 Uranium clusters

Recent discoveries in POM chemistry have challenged the
paradigms of what we refer now as a polyoxometalate. In this
context, peroxo actinide compounds should be highlighted as they
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exhibit certain structural key similarities to POM architectures
despite the fact that they are certainly not classical metal-oxo
clusters. Although clusters containing Th, Np, and Pu can be
found in the literature, uranium-based systems represent by far
the most studied subclass [107]. The shell of these macroions is
composed of hexavalent U cations in a hexagonal bipyramidal
coordination geometry bridged together via peroxide (and
sometimes hydroxyl) ligands. Furthermore, the passivating nature
of their two trans terminal “triple” bonds often leads to hollow
species that can host cationic guests in their inner site. For that
reason, the templating effect of internal and external cations on the
formation of these types of systems has been widely studied [108].
Since the publication of the first actinyl peroxide nanospheres
([(UO2)(OH)(0)1;, x = 24, 32; and [(U0;)25(02)4,]?®") by Burns
and collaborators [109], dozens of related systems have been
successfully synthesized in basic aqueous solutions.

Figure 1.10 Molecular structures of (a) Ugg; (b) [Au"0,4(AsV0,4),4]8 anion;
and (c) Pdgs; wheel. Color code: {UOg}, blue polyhedra; {PdO,}, pink
polyhedra; {PO,} and {AsO,}, green polyhedra; Au, pink ball; O, red ball;
C, black stick.

According to their morphology and composition, these can
be classified as (i) hollow cages displaying penta- and hexagonal
faces, such as the [UO,(0,)(OH)]¢ (Ugo, Fig. 1.10a) that could be
considered the structural analog of the Cg, buckminsterfullerene;
(ii) cage clusters containing topological squares like the U,q
anion; (iii) open-bowl-shaped architectures as exhibited by the
Uyg unit; (iv) crown-shaped rings like the Us, derivative; and
(v) hybrid clusters which contain oxalate or pyrophosphate
moieties as bridging units [21].
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1.4.3.3 Noble metal containing POMs

Although significant effort has been devoted to the incorporation
of catalytically active noble metals (such as Ru, Os, Rh, Pd, Pt, Ag,
and Au) into the inorganic skeleton of POM anions [20], structures
in which noble metals act as addenda atoms still represent an
incipient family within the chemistry of these anionic metal-oxo
clusters. Anderson-Evans archetypes containing noble metals
in heteroatom position [110] or lacunary polyoxotungstates that
play their role as inorganic ligands toward noble metal
cations [111, 112] are the most representative examples of the
former group. On the other hand, only POMs containing Pd,
Pt, and Au as addenda metals have been discovered up to date.
The polyoxo-noble-metalate field started in 2004, when Pley and
Wickleder prepared the ammonium salt of the polyoxoplatinate
[Pt}}0g(S04)12]* [113]. Members of the polyoxoaurate family
are limited to the [AuM0,(AsV0,),]®" anion (Fig. 1.10b) [114]
which exhibits a tetrameric structure of four Au!"' square-planar
ions linked by four oxo and four arsenate bridging ligands,
as well as its selenite analog [115]. Without any doubt,
polyoxopalladates(II) represent the most significant subset of
this class. Condensation of square planar palladate anions in the
presence of external heterogroups (e.g, AsO;, PO, , and Se0?)
leads to a large variety of structures that ranges from cube-
(Pdy3), star- (Pdq5), bowl- (Pd;), dumbbell- (Pd,;), and giant
wheel-shaped (Pdg,) (Fig. 1.10c) architectures [116] to open
shell forms able to serve as molecular hosts for small cationic
guests [117].

1.5 Functionalization of POMs

Besides the aforementioned structural diversity of POMs, the
incorporation of additional functionalities into these molecular
architectures considerably broadens the catalog of available
metal-oxo frameworks. This derivatization can be easily
achieved via conventional synthetic routes and it usually leads
to compounds with properties that unfunctionalized clusters
cannot exhibit. Two main strategies have been traditionally
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used for this purpose; the incorporation of 3d and/or 4f metal
centers and the organic derivatization of inorganic POM clusters.

In regard to the first approach, lacunary polyoxotungstate
fragments are effective in stabilizing arrays of d- and f-metal
centers, because they can act as inorganic ligands toward
electrophilic transition metal and lanthanide ions. This ability
has resulted in an enormous catalog of metal-substituted POM
series, which usually show additional properties brought by
the presence metal atoms, such as magnetism, Lewis acidity,
luminescence, etc. The chemistry of these clusters is dominated
by polyoxotungstates, in such a way that a large number of species
ranging from simple entities to giant structures have proved to
result from the incorporation of 3d or 4f metals. In the last
decade, several heterometallic POMs containing 3d and 4f centers
simultaneously have been synthetized [118], but this family
of compounds will not be reviewed in this chapter.

With respect to the second strategy, POMs are ideal candidates
to be used as active molecular entities in functional materials
due to their inherent features (e.g., high solution and thermal
stability, high acidity, and versatile redox properties). Their
organic functionalization represents a key factor for these
clusters to be suitably incorporated into matrixes like polymers
or carbon nanotubes, and also to interact with diverse surfaces
(e.g., silica, silicon, gold, alumina, and graphite) or metallic
nanoparticles [119], because the resulting organic-inorganic
hybrids avoid the processing drawbacks that unmodified POMs
can display. This strategy might pave their way for the fabrication
of new multifunctional devices (e.g, immobilized catalysts,
photoactive systems for energy production, and electron storage
systems); however, it usually requires elaborated organic
functions that can only be achieved via multistep synthetic work
on preformed hybrid POM platforms [120].

1.5.1 3d Metal Containing POMs

The combination of 3d metals with lacunary clusters confers
remarkable magnetic and catalytic properties on POM-based
systems. Tungsten frameworks ensure the adequate isolation
of magnetic clusters, which allows the modelization of magnetic
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properties for a given molecular compound. Furthermore, the
potential of POM-based first-row transition metal containing
catalysts have addressed problems of current interest, such as
energetic challenge. Well-known and simple structures containing
earth-abundant metals can act as efficient water oxidation
catalysts for the production of renewable fuels, avoiding the
use of costly noble-metal catalysts [121]. Several topologies and
nuclearities of 3d metal containing polyoxotungstates (Fig. 1.11)
can be obtained following synthetic strategies that range from
simple solution approaches to more extreme solvothermal routes.

Figure 1.11 Archetypes of transition-metal substituted sandwich-
type polyoxometalates, together with molecular structures of some
multi-nuclear 3d metal (depicted in pink) containing species:
() [Co4(H20)2(GeWy034),]**" (Weakley); (b) [{Cuz(u-NO3)}(PWq034),]""
(Knoth); (c) [{Cu(H;0)}3(BiWg033),]'2~ (Hervé); (d) [{Co(H0)3}2(WO,),
(SbWy033),]'%"  (Krebs);  (e)  [CuzoCl(OH)24(H;0)12-(PsW4g0154)]%7;
(f) [Mn;9(OH)15(SiW10037)6]**".

The most simple examples are given by lacunary Keggin
[122] and Wells-Dawson [123] species in which 3d metal centers
occupy vacant positions to recover the skeleton of parent plenary
clusters. In some specific cases, the number of incorporated
transition metals exceeds the number of vacancies [124].
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Nevertheless, these monomeric structures are scarcely found
in literature when reacting trilacunary anions with 3d metals
and dimeric sandwich-type POMs are obtained instead, which
comprise metal centers in central belt positions. Typically,
trilacunary Keggin or Wells-Dawson anions react with 3d metal
centers to afford four archetypical sandwich-type species.
Weakley-type architectures with the general formula [M4(H,0),
(B-a-XWq034)2]" (X = Si, Ge, P, As") or [My(H;0);(a-X;W15056)2]™
(X = P, AsV) trap a M,0.4(H,0), (M = Mn to Zn) core [125].
The outer M(H,0) groups from their central, rhomblike moieties
of four edge-sharing MO octahedra are relatively labile, as
indicated by the isolation of defect di- and trisubstituted
derivatives [126], which can effectively act as lacunary species and
incorporate different 3d metal ions (M') in the vacancies to
form mixed M/,M;0;5 or M'M3044 clusters [127]. All these POM
clusters have exhibited fascinating magnetic, electrochemical
and catalytic properties. Among the latter field, the
[Co4(H;0),(PW¢034),]1° anion stands out as the first efficient
POM-based water oxidation catalyst [128]. In some specific cases,
3d metals can also occupy heteroatomic positions leading to
clusters with the general formula, [My(H;0),(B-a-M'Wg034),]""
[129] and the family of Tourné-type [M3W(H,0),(B-a-MWq053,),]'%
POMs [130]. Exchange of the external M(H,0) groups by
different transition-metal ions has also been studied for these
families.

A-type trilacunary fragments can encapsulate a triangle of
three first row transition metal cations, which complete their
octahedral spheres with two coordination water molecules, to
produce [Ms5(H,0)4(4-a-XWy034),]*%" (X = traditionally P, but
occasionally Si) Knoth-type sandwich POMs [131]. Immobilization
of the iron(Ill) derivative in cationic SiO, nanoparticles have
shown to be a suitable route to prepare a highly efficient
heterogeneous catalyst for aerobic oxidations [132]. These
reactions usually lead to the concomitant incorporation of anions,
such as carbonate or nitrate that bridge triangularly arranged
metal centers, especially for larger ions (e.g, Y, Zr, Hf, and
lanthanides) [133]. In addition, even if no evidence for the formation
of Wells-Dawson type tungstosilicate or -germanate analogs has
been reported to date, two [A-a-XW¢03,]1%" anions can link to
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each other via two pairs of corner sharing octahedral to afford
the so-called open Wells-Dawson [a-X,;W;5046]'®~ anion [134].
This cluster exhibits a central pocket which can accommodate
up to six additional 3d metal centers [135].

On the other hand, the presence of a lone-pair of electrons
in the heteroatom precludes the closure of the Keggin shell
and, thus, only B-type trilacunary species can be formed. In this
sense, the 3d metal directed assembly of two {B-a-XWgy033}
units results in Hervé-type sandwich-species with the general
formula [(M(H,0))3(B-a-XWg033),]"", in which the three square-
pyramidal metals in belt position exhibit one terminal water
molecule each. Since the report of the As/Cu' system [136],
anions with different combinations of heteroatom/3d metal
have been synthesized (X = Sb!, Billl, Se!, Te!V, and M = Cu'l, but
also X = As'!, Sb!!, and M = Mn',, Co'!, Ni!!, Zn", VO?*) with relevant
magnetic properties and spin-frustration effect [137]. Related
examples include those in which one WO(H,0) group replaces
one of the belt metal centers and results in a lower degree of
transition-metal substitution; and tetra- and hexa-substituted
derivatives with higher content of 3d metals. The [(MCl)q
(XW4033)5]*2" (X = As', Sb"" and M = Mn', Cu') anions from
the latter group were prepared in organic media and exhibited
field-induced single-molecular magnet behavior [138].

Association of two {B-$-XWg033} units leads to the Krebs-
type [83] [{WO,(0H)},(W0,),(SbWy055),]'?~ anion in which
trilacunary fragments are connected via two inner cis-{WO,}
and outer fac-{WO,(OH)} octahedra. The latter groups are labile
and can be easily exchanged for {M(H,0)3;} moieties, resulting
in a large family of 3d metal disubstituted species with general
formula [{M(H;0)3},(W0,),(XWs0533),]™, where M = Zn, Ni, Co'l,
Fe'" or Mn', and X accounts for Sb'™ or Bi'! [139]. Very recently,
the elusive Cu! derivative was isolated as well [140]. Inner
positions have also been fully or partially exchanged for {M(H,0),}
groups in several tri- and tetra-substituted analogs, especially
for certain heteroatoms (As", Te!V, Se'V) or trivalent metals
and some of them have been employed as efficient Lewis acid
catalyst in oxidation reactions [141].
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Besides the archetypical, dimeric sandwich type anions, the
huge variety of 3d metal substituted POMs, that can accommodate
up to 40 3d metal centers, has been regularly reviewed [142].
Large species are usually formed by the self-assembly of lacunary
fragments in which 3d metal centers occupy all the vacant
positions to display the skeleton of plenary Keggin-type clusters
[143]. Occasionally, this association is directed by small alkaline
cations, anions (e.g., sulfate, phosphate, and carbonate) or additional
transition metal or tungstate centers [144]. Another family of 3d
metal containing POMs includes those examples in which pre-
formed multinuclear metal clusters are stabilized by lacunary
POM fragments. This is the case of the [Mn(OH);2(SiW10037)6]3*
anion [145] in which the central magnetic core is reminiscent
to Gatteschi’s [Mn;,(CH3C00)4(H,0),04;] single-molecule magnet
[146]. Some other works report unprecedented polylacunary
Keggin fragments coordinated to transition metal centers. It is
worth highlighting that tetra-, penta-, and hexa-vacant species
cannot be isolated in the absence of these 3d metals which
act as stabilizing agents [147]. Opposed to these fragments,
the hexalacunary Wells-Dawson-type [H,P,W;,04g]'%~ anion does
not need any stabilization agent in its synthesis and, therefore,
it can be easily isolated as a potassium salt. This anion [148],
together with related dimeric, trimeric [PgW390147(H,0)3]3%7,
and tetrameric [H,PgW,50154]33" [149] crown-shaped assemblies
can be used to trap high-nuclearity 3d metal clusters.

1.5.2 4f Metal Containing POMs

Owing to their large size, oxophilic character, and high
coordination numbers (usually higher than 7), lanthanides have
been successfully incorporated into lacunary polyoxotungstate
fragments leading to complex architectures and a large variety
of assemblies. Extensive work has been carried out for
several years in this field due to the interesting structural and
physicochemical properties that lanthanide containing POMs
might show, including their role as Lewis acid catalysts, magnetism
or luminescence [150]. From a magnetic point of view, the
intrinsic large magnetic anisotropy together with large ground-
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state spin values displayed by rare-earth metal ions under certain
ligand fields, accompanied by the rigidity and insulating ability
of POMs as ligands (which hinder possible alterations in the
ligand field or intermolecular magnetic interactions from taking
place) have been proved to result in molecular systems showing
slow relaxation of the magnetization. Different 4f containing
POMs have been reported to behave as effective single-ion
or single-molecule magnets (SIMs or SMMs) or spin qubits in
recent years; this may pave their way for being applied in high
density memory-storage/sensor devices, spintronics or quantum
computing [5]. In addition, it is well known that POMs can act
as multidentate antenna ligands because the photoexcitation of
the 0—M (M = Nb, Mo, W) ligand to metal charge transfer (LMCT)
bands sensitize the luminescent 4f metal centers as a result of the
cited intramolecular energy transfer. Owing to their multidentate
character, they can also block coordination sites against aqua
ligands responsible for emission quenching. These facts can
lead to sharp and monochromatic emission bands and relatively
long luminescence lifetimes for Sm, Eu, Tb, and Dy species in the
visible region or for Nd, Er, and Yb in the near infrared [151].
Peacock and Weakley described the first family of lanthanide-
containing POMs in 1971, namely, the series [Ln(Ws04g),]°"
(Ln"" = La—Sm, Ho, Yb) [152]. These species consist of two
monolacunary Lindqvist type POMs encapsulating a 4f metal
ion in an eight-coordinated square-antiprismatic Ln0,(0,")
fashion (Fig. 1.12a). Since then, all the sandwich-type clusters
formed by a lanthanide ion trapped between two monolacunary
fragments have been known as Peacock-Weakley type anions
after them. Besides decatungstate-based sandwich-type species,
structural characterization of only a few other types of lanthanide
containing isoPOMs has been reported to date [153]. Nevertheless,
a wide range of Peacock-Weakley-type POMs containing
Keggin or Wells-Dawson monolacunary units have been reported,
including the {Ln(a-XW;;039),} (X = SilV, PY, AsY) [154], {Ln(B,-
SiW;1039),} [155] or {Ln(a-P,W17041)5} (@ = @4, @) [156] families
(Fig. 1.12b). Although lanthanide substituted monomeric species
were identified in solution in related early works, self-assembled
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derivatives forming chains or dimers [157] and showing accessible
coordination water molecules, have also been isolated in the
solid state.

In addition to Peacock-Weakley species, some other
lanthanide-containing dimeric POMs are known. These are based
on di- [158] or tri-lacunary Keggin or Wells-Dawson [159] units
and include Knoth-type POMs incorporating 4f metals [131].
Only a few examples of trimeric lanthanopolyoxotungstates
are found in the literature [160], whereas tetrameric species
represent a large group where almost all members display
dilacunary Keggin-type POMs or trilacunary units with lone-pair
containing heteroatoms. Francesconi’s [(Eu,PW;(034)4(W5044)]3%"
anion [161] could be considered as a representative example of
the second group. Higher nuclearity has also been observed in
crown-shaped {Kc{Eu(H;0),(a-AsWy033}¢} hexameric assemblies
[162] and the largest lanthanide-containing tungstobismuthate
reported to date [163].

The larger size of 4f ions compared to 3d metals usually
prevents their full incorporation in lacunary frameworks as
addenda atoms, and therefore, additional sites are available in
the coordination sphere of the lanthanide centers for further
derivatization. Even if the largest polyoxotungstate architectures
known in terms of the number of tungsten atoms, that is the
[MnyoP3,Wy,,0gg5] 144~ anion [164], has been obtained by
employing first row transition metal linkers, the combination
of lanthanide atoms with dilacunary {GeW;,O3g} or trilacunary
{B-As""W403} units has also lead to several gigantic metal-oxo
frameworks. In 1997, the [As;;Ceq(H;0)36W1480524]7% anion
was synthesized by Pope and co-workers (Fig. 1.12c¢) and it
constituted the largest polyoxotungstate known until 2010. This
anion incorporates 12 {B-a-AsWy033} subunits, 4 monolacunary
Lindqvist-type {Ws04g} subunits, and 16 Ce centers linked by
extra tungstate groups in a disk-shaped assembly with ideal
D,; symmetry [165]. Similar gigantic POMs, the [Ce,Ge1gW 1090376
(OH)4(H20)30]°%" and [GdgAs1;W1240432(H20)2,]%°" can be both
described as dimeric entities composed of two halves related by
an inversion center. The pentameric half of the former dumbbell-
shaped POM comprises five {#-Ce,GeW;,03g} subunits linked
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to each other by the coordination sphere of Ce atoms [166],
whereas hexameric halves in the latter POM are composed of
six {AsWy033} and two {Gd,W,} building blocks [167]. The
last member of the family of giant lanthanide-containing
POMs is the crown-shaped [K;Cez,Ge15W1200444(0H)12(H,0)64]%%
POM published in 2010 by Reinoso et al. [168] which displays a
central hexameric core of alternating lanthanide disubstituted
B(1,5)/6(1,8) Keggin-type subunits, to which six additional
y(1,5) blocks are linked (Fig. 1.12d). Related works involve the
use different lanthanide ions, alkaline cation directed assemblies,
interesting solution behavior [169], as well as magnetic and
luminescent studies [170].

Figure 1.12 Representative structures of lanthanide containing
polyoxometalates. (a) [Ln(Ws045),]°; (b) {Ln(a-XW;;039)2}; (c)
[As13Ce16(H20)36W1480524]7¢7; (d) [K7Cez4Ge1,W1200444(0H)12(H20)64]%2
Color code: Ln, pink ball; {WOg}, gray polyhedron; {X03} and {XO,}, green
polyhedron; water molecules, red ball; {K(H,0),}, yellow polyhedron.

1.5.3 Organic Functionalization

Two main strategies can be followed to incorporate custom-
designed organic moieties into POM systems. The first strategy
consists in preparing the desired organic molecule, followed
by its reaction with polyoxoanions. In the second strategy, the
organic function exhibits a reactive pendant group, which is first
incorporated into the cluster. The resulting POM is then used as
platform for further post-functionalization. Two different classes
of POM-based organic-inorganic hybrids can be distinguished
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attending to the type of interaction between the two components.
The first class gathers all the systems in which electrostatic
interactions, hydrogen bonds, or Van der Waals forces are
established, whereas in the second class, the organic and inorganic
moieties are linked via strong covalent bonds. In this sense,
different synthetic methods have been developed for the covalent
attachment of organic groups to inorganic POM skeletons
and hence, well-defined, solution-stable hybrid POMs can be
obtained [171]. Some of these examples are gathered in Fig. 1.13.

Figure 1.13 Representative structures of POMs bearing organic functions.
(@)  [er2"PaW1706:{(HOOC(CH,);S1),0}1°7  (b)  [y-SiWy10036(PhPO),]*

(Ph = phenyl); ()  [{PV3W15050(0CH;)3CNHCO},]™5  (d)
[MOSOlg[MONC6H4CH3)]2_; [e) [MHMO6018(O(CH2)3NH'G1y-0H)2]3_
(Gly = glycine); (f) [{Co(imc)(H20)}2(WO2),(B-B-SbWq033),]'*

(imc = imidazolcarboxylate); (g) {[Nig(OH)3(H,0)5(PW¢034)](1,2,4-Hbtc)
(btc = benzenetricarboxylate). Color code: {MO¢} (M = Mo, W), light
gray polyhedra; {VO¢}, orange polyhedra; {X0,} (X = Si, P, Sb, Mn),
light green polyhedra; Si from organosilyl group, dark blue ball; P
from organophosphoryl moiety, dark green ball; N, light blue ball; Co,
pink ball; Ni, purple polyhedra; O, red ball; C, black stick. H atoms
are omitted for clarity.
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1.5.3.1 p-block organoderivatives

One of the most extensively explored routes consist in combining
lacunary polyoxotungstates with p-block organoderivatives,
predominantly organosilyl, -phosphoryl and -stannyl moieties, but
also -germy], -arsenyl and -stibyl groups. Since the first description
of a series of organosilyl derivatives [SiW;;039{O(SiR),}]*
(R = CyHs, CgHs, NC(CHy)3, C3Hs) [172] in 1979, a large variety of
organic functions have been incorporated into monolacunary
Keggin or Wells-Dawson-type structures. The resulting molecular
hybrid POMs can contain up to two organosilyl groups or one
dimeric u-oxo-bridged (RSi),0 unit per vacant site [173].
Moreover, from two to four organo-groups can be anchored in
the larger lacunae of di- or tri-lacunary Keggin units [174]. Some
of these molecular hybrids have been linked to metallic
nanoparticles, connected to carbon nanotubes, or incorporated
into silicon surfaces for molecular electronics [175]. In contrast,
only a few works describe the functionalization of POMs with
organogermyl moieties [176]. Similarly, organophosphonate
groups have been widely used for the functionalization of
Strandberg-type polyoxomolybdates, lacunary polyoxotungstates
derived from the Keggin, and Wells-Dawson structures or
diverse polyoxovanadates [177, 178]. The resulting hybrid clusters
have shown optical activity or molecular capsule shape among
other features [179, 180].

Organotins constitute one of the most studied groups because
they show some noticeable advantages like the high stability
of the Sn-C bond in aqueous media. Knoth’s group first studied
the reactivity of commercial mono-organotin groups with
vacant heteropolyoxotungstates [181] and a plethora of complex
molecules were inserted later on [182, 183]. Over the past
decade, the group of Kortz has been one of the main contributors
to the chemistry of organotin containing POMs. Dimethyltin
(SnMe,) moieties were employed in combination with polylacunary
POM frameworks leading to outstanding structures such as
the dodecameric [{SnMe,(H,0)},4{SnMe;},(A4-XW403,4)12]3¢" (X =P,
As) ball-shaped anion [184]. This group is also responsible
for the handful of reports on organo-antimony POM derivatives
[185].
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1.5.3.2 Substitution of surface oxygen atoms

Another strategy to covalently attach organic groups to the POM
skeleton involves the replacement of shell O atoms with O- or
N-donor ligands, as exemplified by trisalkoxo capped
Anderson-Evans clusters, Lindqvist-type polyoxovanadates
or [H4P,V5sW,;:04,]°" anions (Vs;-Wells-Dawson) as well as by
organoimido/diazenido derivatives of Lindqvist-type molybdates.
During the last decade, an impressive work has been carried
out in the organic functionalization of Anderson-Evans anions
with trisalkoxide ligands [91]. Due to the high alkaline character
of the u3-0 oxygen atoms of these clusters, they can easily be
replaced in such a way that the trisalkoxo ligand caps the two
opposite triangular faces of the central {XO4} octahedron in an
idealized Dj3; symmetry (0 isomer) [186]. The symmetric and
double-sided functionalization was first reported for trivalent
transition metal containing polyoxomolybdates (X! = Fe'l,
Mn!!!, Cr'"). This approach allowed the incorporation of a vast
number of organic functionalities (e.g., alkyl chains, amines,
alcohols, metal complexes, and organic dyes) that could be further
derivatized by diverse post-functionalization reactions [187].
Some authors have also been able to construct metal-organic
frameworks [188] and supramolecular hydrogels [189] using
such kind of hybrid POMs as linkers. More recently, asymmetric
and single-sided functionalizations have been achieved [190].
In contrast, ligand substitution can occasionally take place over
the triangular cavities of the Anderson-Evans structure by
replacing two ©3-0 oxygen atoms from the {XO¢} octahedron and
one u,-0 from the {M¢O4g} ring. In this case, the less frequent
x isomer with ideal C,, symmetry is obtained [191]. The
proton-controlled 0 to y isomerization [192] has allowed the
synthesis of mixed -y forms, as well [193]. It is also worth
highlighting the recent reports on the organic derivatization of
the bent 8 isomer of the Anderson-Evans anion [194] together
with the scarce successful attempts for the functionalization
of polyoxotungstates [195].

Preparation of tris-alkoxo functionalized species is also
well-described in the case of mixed-addenda V3;-Wells-Dawson
anions [196]. The use of bridging ligands has resulted in
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hybrids with very diverse conformation (dumbbell-, triangular-,
dendrimer-shape), which can self-assemble into vesicles in
aqueous solutions [197]. Furthermore, this structure allows not
only the direct derivatization with trisalkoxo ligand, but also the
covalent attachment of small organic molecules showing amide
and diol groups [198]. Trisalkoxo type ligands have also been
used to prepare Lindqvist-type hexavanadates difunctionalized
in trans fashion [199]. In contrast, only one example of the
cis-functionalization has been published to our knowledge [200].
Regarding the N-donor ligands, since the first organoimido
derivative of the Lindqvist-type molybdate [201], this family of
hybrid POMs has experienced a vast growing. In this context, a
wide range of mono- and di-organoimido derivatives have
been synthesized [202] following to the efficient synthetic
process described by Peng and coworkers [203]. A recent study
has demonstrated that not only terminal oxo ligands, but also
bridging O atoms can be replaced with these ligands [204].
In contrast to organoimido derivatives, functionalization with
organidiazenido-type molecules has been comparatively less
studied [205].

1.5.3.3 Organic functionalization of 3d or 4f metal
substituted POMs

Derivatization of pre-formed metal-containing POM precursors
involves the replacement of labile solvent molecules (e.g,
acetone, acetate anions) coordinated to the exposed metal
centers. This strategy seems to be the less used so far, due to
the difficulty of finding solution stable POM precursors with
accessible metal centers. Besides the substitution of coordination
water molecules by monodentate organic ligands in 3d metal
monosubstituted Keggin-type anions or Weakley- and Hervé-
type sandwich POMs [206], the reactivity of Krebs-type
tungstoantimonates toward planar and aromatic N,0 chelating
ligands has been systematically studied, because this anion
exhibit up to three accessible and labile water molecules per
external belt metal center [207]. A second route implies the
reaction of metal complexes bearing organic ligands with lacunary
polyoxotungstates. This approach has allowed the preparation
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of several chiral compounds displaying potential applications
in asymmetric catalysis, material science, and applied biology,
among others [208]. Some other authors have opted for one-pot
procedures in which the simultaneous combination of trilacunary
Keggin-type units, an excess of 3d metal source and carboxylate
ligands resulted in multi-transition-metal containing species with
coordinated organic molecules [209]. Hydrothermal techniques
were efficiently used by Yang and coworkers for the formation of
extended and porous POlyoxometalate-Metal-Organic-Framework
(POMOF) networks in which {NigPWy034} building blocks were
interconnected by bridging ligands [210]. In regard to 4f metal
substituted POMs, the oxophylic nature of the lanthanide centers
makes carboxylic acids suitable ligands for such functionalization,
but the negative charge of both carboxylate groups and POM
anions together with the steric hindrance that a given POM could
produce make it more challenging. These drawbacks have been
overcome by using small chelating ligands in a large excess [211],
or even positively charged POMs, such as the tetra-lanthanide-
capped and mixed-valence e-Keggin-type phosphomolybdate [212].

1.6 Conclusion

This chapter nicely illustrates the compositional and structural
diversity of this outstanding class of metal-oxo clusters.
Moreover, the main classical derivatization methods, that is, the
incorporation of transition-metal and/or lanthanide centers
in their skeleton and the organic functionalization of POMs,
considerably extend the catalog of available molecular species
and allow the fine tuning of the desired electronic or redox
properties for a given application (e.g, catalysis, medicine,
magnetism, and photochemistry). Since the first pioneering
studies by synthetic and structural chemists, the field has grown
very quickly taking advantage from the rapid development of
crystallography and single-crystal X-ray diffraction and currently,
it has become the focus of interdisciplinary research from
areas, such as physics, biology, biomedicine, materials science,
and theoretical chemistry. Although hundreds of POM-based
compounds have been reported to date, mechanisms governing
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their self-assembly processes in solution are not still well
understood. Thorough control of the molecular assembly could
allow the rational design of POMs with required features. POMs
excel as ideal candidates to be incorporated into multifunctional,
molecular, and composite materials with potential applications
in fields related to energy, electronics, and environmental
science. Indeed, present research is devoted to the fabrication of
POM-based devices and their practical applications. Therefore,
this piece could serve as a general introduction for the rest of
the chapters included in this themed-book.
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Polyoxometalate Macroions in Solution
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Polyoxometalate (POM) clusters, as examples of macroions,
demonstrate special solution behaviors different from smaller
simple ions or larger colloids, due to the size dispersity between
POM and their counterions. The interactions of the POMs and
the counterions are essential for their solution behavior. By
manipulating the counterion-POM interactions, solution behaviors
of POMs can be rationally controlled. The counterions of POMs
can possess different degrees of association with the POMs,
determined by the solvent polarity, ionic strength, counterion
concentration, the charge density of the POMs, hydration level,
and valence of the counterions, etc. In dilute solution, when
counterions have modest degree of association, POMs can self-
assembly into single-layered, hollow, spherical “blackberry”-type
structures, mainly due to the counterion-mediated electrostatic
attraction between the POM macroions. When other non-covalent
interactions also contribute, or charge is not isotropically
distributed on the POM surface, different self-assembly behaviors
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can be observed. POMs and their blackberry structures show
interesting properties usually believed to belong only to complex
biomacromolecules, such as ion specific effects connecting
to Hofmeister series, similar features with the virus capsid
formation, selective cross-membrane ion transportation, the self-
recognition and chiral selection phenomenon, making the POMs
ideal models for understanding more complicated charged solution
systems.

2.1 Introduction

Polyoxometalates (POMs) are a large group of metal oxide clusters
consisting of transition metals (commonly form the groups 5 or 6)
and heteroatoms (usually B, Al, Si, P, etc.) [1, 2]. The oxo-polyhedral
of these elements forms POM by sharing their corners, edges,
or faces. Versatile assembly of metal oxide polyhedrons result
in rich structures diversities and abundant functionalities,
which have drawn interests from different fields of applications
including catalysis, photochemistry, electrochemistry, medicine,
etc. [3]. Important POM structures and their formulas introduced
in this chapter are listed in Fig. 2.1 and Table 2.1, respectively.
POMs show interesting solution behaviors. In solution, many
POMs are negatively charged and fully hydrophilic, due to the
excess of oxo ligands over metal ions. Some POMs are neutral
in their crystalline form, but in solution their surface water
ligands can partially deprotonate and make the cluster negatively
charged as well [18]. Therefore, many types of POMs exist as
macroanions in aqueous solution (or other polar solvents). With
well-defined structures, no polydispersity, tunable charges,
and no intra-molecular charge interactions [19], the POMs are
valuable models shedding light on more complicated macroions
including polyelectrolytes and biomacromolecules. The solution
behaviors of macroions are different from smaller simple ions
or larger colloids. Most importantly, the role of counterions is far
beyond just charge balancing [20]. Compared with small, simple
ions (e.g, Cl7), as macroions are large enough to show the
size disparity with their counterions, the interaction between
macroions and counterions cannot be accurately described
by point charges models used by Debye-Hiickel theory [21].
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Figure 2.1 Structures of some typical POM clusters.

On the other hand, in Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory for colloids suspensions, the interactions among
colloids are described as a combination of repulsive electrostatic
interaction and attractive van der Waals forces [22]. Condensing
around colloid surfaces, counterions form electric double
layers along with co-ions and screen the electrostatic repulsion.
However, macroions form “real” solutions, different from the
thermodynamically unstable suspension of colloids, and the size
disparity of counterions with macroions is not as significant as
that with colloids. Therefore, counterions may not be suitable
to apply point charges models and to omit the details of ions
(hydration, size, electronegativity, etc.), as specific ion effects
have been widely observed in macroionic systems [23, 24]. In
addition to above common features of macroions, the formation
of ion-pair between POMs and counterions has been observed
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to have great influence on the solution behavior of the POMs
[20]. Overall in such dilute solutions we consider the interactions
among the large POM anions, small countercations, co-ions
(small anions), and the hydration layers of such ions. These
unique features can lead to strong attraction among POM anions,
resulting in a unique self-assembly process of POMs in solution,
which will be covered in this chapter.

Table 2.1 Chemical formulae of some POM clusters

Abbreviation Formula Refs

{Moys4} Na;5[M0154046,H14(H20)70]05[M01520457H14  [4]
(H20)eslo5 - ca. 400 H,0

{Moy3,} (NH,) 12[{(Mo")Mo; 0, (H,0)6}12{M0,0, [5]
(CH3COOH)}30] - Cca. 300 Hzo - Cca. 10
CH;COONH,

{Mo7,Feso} [Mo7,Fe300,5,(CH3C00)1,{M0,0,(H,0)}, [6-9]
{H2M0208(H20)} (Hzo)gl] - ca. 150 Hzo

{Mo7,Cr3o} [{Na(H20)12} © {M07,Cr3(0,5,(CH3C00) 19 [8,9]
(H20)94}] -ca. 120 H20

{Mo7;V30} N38K14(V0)2[{(MOVI)M0¥1021(H20)3}10 [10]
{(MOVIJM0?021(H20)3
(S04)}2{VVO(H;0)}20{V"V0}10({KSO4}s5),] ca.

150 H,0

{MnyoP3,Wos}  KseLizaHop[Mngg"P5, Wy, 0ggg] ca. 680 H,0 [11]

{SrPd;,} Nay[SrPd;,04(0H)3(PhAsO3)s(0Ac)s] [12]

{Fezg} Bayg[Fe;g(u3-0)g(L/D-Tart);6(HCOO)24] [13]

LAL(X) ((C4Hg)4N)7[M0s0,gNC(OCH;)3XM0O01g [14]
(OCH;)3CNMog04g], X=Mn'"l/Felll

{Pd;3) [Pdi5As"5034(OH)]*- [15]

{Pd;3Ph} [Pd',(As'Ph)g0s,]® [15]

{Fe16PgW49Gds}  KoLiNa[Fe;602(0H)23(H20)9(PgW4901g9) [11]
Gdy(H20)20]

{Ueo} LiggsmK12(OH),, [UO,(02) (OH)]*°~(H,0), [16,17]

(m~20andn~ 310)
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2.2 The Self-Assembly of POM Macroions into
Blackberry Structures

2.2.1 Experimental Methods to Characterize the
Self-Assembly of POM Macroions into
Blackberry Structures

It has been observed that although some POMs are fully hydrophilic
and give clear, stable solutions in polar solvents, they can
unexpectedly self-assemble into vesicle-like supramolecular
structures. The self-assembly process and the structure of the
assembly can be characterized by laser light scattering (LLS)
including static and dynamic light scattering (SLS and DLS),
transmission electron microscopy (TEM), and atomic force
microscopy (AFM) techniques. SLS study measures the scattered
intensities from sample solution at different scattering angles,
and SLS results analyzed by Zimm plot can provide information
on weight average molecular weight (M,,) and radius of gyration
(Ry) of the assembly in the solution. DLS study measures the
intensity-intensity time correlation function. Analyzed by
CONTIN method and transformed by Stokes-Einstein equation, DLS
results can provide information about the average hydrodynamic
radius (R,) and particle size distribution of the assembly in
solution. TEM and AFM allow imaging of assembly. Take a typical
case [4] of POM self-assembling in dilute aqueous solution as an
example: TEM study of 0.010 mg/mL {Moqs,} aqueous solution
at pH = 3.0 shows the existence of spherical objects with the size
of ca. 90 nm (Fig. 2.2), which is consistent with the R, and R,
values (45 nm) obtained from SLS and DLS studies, respectively.
The Ry/Ry, ratio is about 1, suggesting all the mass of these
assemblies distributes on their surface, that is, they are hollow
spheres. From the Zimm plot, the M,, of the assembly is about
(2.54 + 0.25) x 107 g/mol, equals to ~1150 {Mo;5,} in an assembly.
Based on these results, a single-layered, hollow, spherical
model to describe the assembly in the solutions was proposed,
and a nickname of “blackberry” was given to such structures.
The single-layered feature of blackberry was later confirmed by
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AFM study on the blackberry structures formed by other POMs
[25, 26]. Such self-assembly process has been well-known in
POM communities, and similar self-assembly phenomenon has
been observed in many macroionic systems, including POMs [19]
(the major aspect of this chapter), POM-organic hybrid [27],
metal-organic cages [28-31], actinides peroxide clusters [16, 32],
functionalized Cgy [33], functionalized cyclodextrin [34],
and dendrimers [35], etc.

2.2.2 The Major Driving Forces of Blackberry Formation:
Counterion-Mediated Attraction

As POM anions are usually highly negatively charged and are
supposed to possess strong electrostatic repulsion between each
other, such self-assembly is unexpected. Therefore, to identify
the driving forces of the blackberry formation is the key to
understand their solution behaviors. Although blackberry
structures formed by hydrophilic POMs look similar to lipid
vesicles driven by hydrophobic interaction, the driving forces
are fundamentally different, as the hydrophilic POMs may not
possess any hydrophobic domains.

Following studies have shown that, in most cases, the van der
Waals forces (the major attractions between colloids, strongly
dependent on the solute size) are not significant for macroions,
and the major driving force of the self-assembly of macroions
into blackberry is counterion-mediated attraction.

A typical experiment is the self-assembly of a Keplerate POM
{Moq3,} [36] clusters. {Mo43,} has a hollow, spherical structure
with a diameter of 2.9 nm. “Keplerate” refers to a series of
spherical, hollow POMs structurally analogous to Cgq that
is, constructed by 12 pentagons ({(Mo')Mo;'} or {(WYHW;'}
units) and 30 linkers (form 20 hexagons, for {Moq3;} the linkers
are {Moy0,}). A thorough introduction of Keplerates can be
found in literature [37]. Balanced by ammonium counterions,
{Mo3,} carries 42 negative charges in its crystalline form. In
solution, {Moq3;,} are very soluble, and degree of the counterion
association varies depending on solvent dielectric constant or the
concentration of {Mos3,}, leading to {Mo;3,} macroanions of
different charge densities [38]. In high dielectric constant
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Figure 2.2 TEM images (a, b) of dilute aqueous solution of {Mo;s,} show
the existence of spherical, ~45 nm radius assemblies. Zimm plot (c)
based on the SLS study of the {Mo;s4} aqueous solutions; (inset) CONTIN
analysis on the DLS result of the same solution. (d) Schematic present
shows the supramolecular blackberry structure formed by {Moqs,}
macroions in aqueous solution. Adapted with permission from reference
[4]. Copyright 2003 Springer.
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In high dielectric constant solvents or low concentration of
{Mo3,}, most of the counterions are free, result in {Mo43,} anions
of high charge densities. Meanwhile, in low dielectric constant
solvents, for example, acetone, or {Moq3,} concentration is high,
the strong counterion condensation will result in {Mo43,} with
very low the effective charges. For 1.0 mg/mL {Mo3,} acetone/
water solutions, in pure water {Mo3,} stays as discrete ion,
in solvents containing 3-70 vol % acetone blackberry structures
are observed, and with higher acetone vol % {Mo;3,} again stay
as discrete ion (or neutral molecule) [5] (Fig. 2.2). If the van
der Waals forces between {Moi3,} anions are the major driving
force for the self-assembly, due to the fact that in high vol %
acetone solvents {Moq3,} clusters are less charged and the electric
repulsions between them are weaker, the overall inter-{Mo;3,}
attraction should be stronger. However, this assumption is
contradicted to the experimental observations, which exclude the
possibility that van der Waals forces are the major driving forces
for the self-assembly. The sizes of blackberries increase along
with the increase of the ratio of acetone/water, that is, the decrease
of charges carried by {Mo;3,}, suggesting a charge regulated
self-assembly process. Similar phenomena have been observed in
the systems that the charge densities of macroions are also
controlled by solvent dielectric constant, where the assembly sizes
show linear relationships with inverse of the solvent dielectric
constants (Figs. 2.3 and 2.4).

Figure 2.3 Self-assembly of {Mo,3,} in water/acetone mixture solvent.
The presence of {Moq3,} blackberries was found in 3 ~ 70% (volume
percent) acetone. The average hydrodynamic radius of blackberries
increased from 45 to 100 nm with increasing acetone content.
Adapted with permission from reference [5]. Copyright 2007 ACS.
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The correlation between the blackberry structure size and the
pH-dependent charge densities of POM macroions is also observed
[18]. {Mo7,Feso} is another Keplerate POM (2.5 nm in diameter)
with surface water ligands of weak acidity. It is charge neutral
in its crystalline form, and in solution, the partially deprotonate
of the water ligands make {Mo;,Fe;,} negatively charged.

Figure 2.4 Linear relationship between the average blackberry radius
(Ry) vs the inversed dielectric constant (1/¢) of the solvent for various
POM macroions in water/acetone mixed solvents. Adapted with
permission from reference [39]. Copyright 2009 ACS.

Figure 2.5 The average blackberry radius (R;) vs the pH in 0.5 mg/mL
aqueous solutions of {Mo,,Fe;)} at different pH. TEM images of
aggregates on carbon film formed at pH ~ 3.0 (left) and pH ~ 4.6 (right)
Adapted with permission from reference [18]. Copyright 2006 ACS.
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Therefore, the charge density of {Mo;,Fesq} depends on
pH. There are some studies indicating hydrogen bonds and
water bridges also contribute to intermolecular interactions
of POMs in their crystalline form and in solutions [8, 40-43].
However, for 0.5 mg/mL of {Mo,,Fe3q} aqueous solution, no
blackberry was observed in solution of pH < 2.9 where {Mo;,Fes;}
is almost charge neutral and yet still covered by water ligands,
suggest both van der Waals forces and hydrogen bonds cannot
be the major driving forces. The sizes of blackberries decrease
with pH increasing, that is, {Mo;,Fe3y} carrying more charges,
which further confirms that the charge effects are important
(Fig. 2.5).

Similar to polyelectrolytes and biomacromolecules [44, 45],
counterion condensation around macroions and ion-pair formation
between counterions and macroions have been observed [20].
More evidences from small-angle X-ray scattering (SAXS)
measurements and molecular dynamics (MD) simulations show
the importance of counterion-macroion interactions on the
self-assembly and confirm that the major driving force of the
blackberry formation is the counterion-mediated attractions.

Due to the high atomic numbers of the elements of the
counterion and POMs, SAXS technique is able to resolve their
spatial distributions and correlations with high resolutions.
Increase of radius of gyration (R,) obtained from Guinier plot
and change of the shape of distance pair distribution functions
(p(r)) by the partial Fourier transformation of the SAXS curves
may indicate the existence of excess counterions around POMs.
For example, various types of ion-pair formation between clusters
of group V (Nb, Ta) have been confirmed by SAXS measurements
[46,47].

Figure 2.6 shows a SAXS experiment of a Keplerate POM,
{Mo7,V3¢} (2.5 nm in diameter, carries 31 negative charges in
its crystalline form), in water/acetone mixture solvents. For the
dilute (0.1 mg/mL) aqueous solutions of {Mo;,V3y}, the p(r)
profiles match typical shapes of a hollow spherical object, indicate
no significant counterion association can be observed. In the
dilute aqueous solutions, {Mo;,V3¢} cannot self-assemble into
blackberry as well. With the increase of acetone content in the
solvents, additional peaks in p(r) appear and become more
significant in the range of 0.2-0.9 nm to the peak representing
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{Mo;,V3¢}, indicating more counterions are closely associated in
that range. Under the same condition in the water/acetone
mixed solvent, {Mo;,V3y} was observed to self-assemble into
blackberry, indicating the direct connections between the
counterion association and the blackberry formation.

(a)

(b)

Figure 2.6 (a) Transition between discrete {Mo;,V3,} and blackberries
depends on the counterion condensation around the macroions,
which can be controlled by decreasing the solvent polarity. (b) Distance
distribution functions based on SAXS data for {Mo;,V3} solutions. Top:
(O): 0.052 mM {Mo;,Vso}, (@): 0.013 mM {Mo;,Vso}, (—): {Mos,Vso}
calculated. Bottom: 0.26 mM {Mo;,V3o} in (—): 75% acetone/water,
(O): 65% acetone/water, (- - -): 45% acetone/water, (-+): 10% acetone/
water, ([J): in pure water. Adapted with permission from reference
[10]. Copyright 2009 Wiley-VCH.
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Figure 2.7 MD simulation snapshots for macroion in solution. (a) Initial
status of charged macroions in solution. (b) Equilibrium status of charged
macroions in solution. (c) Turning off the charges on the macroions
and counterions after aggregate formation and running the simulation
further results in a disassembled state. (d) Initial status of uncharged
“macroions” in solution. (e) Equilibrium status of uncharged “macroions”
in solution. Yellow: charged beads on macroions; cyan: uncharged
beads on macroions; red: counterions. Reprint under Creative Commons
Attribution 4.0 International License from reference [49].

Coarse-grained molecular dynamics (MD) simulations
of macroionic systems also confirm some observations from
experiments. There have been studies demonstrate solution
behaviors of small POM ions by all-atom MD simulations [48].
However, due to large and complex structures, all-atom MD
simulation of the POM macroions is difficult. Therefore, to
demonstrate the nature of the attractive forces between
macroions in solution, macroions were represented by spheres
with small beads that are responsible for the electrostatic and
van der Waals interactions, and systems containing macroions
and counterions in solvent were simulated. After the equilibrium
statuses were reached, a transit from the starting isolated
macroions into aggregations was only observed in the system
where macroions carried more than six charges. In the
aggregations, counterions distributed among and around
macroions and held the macroions together. Then by turning off
all electrostatic interactions, the aggregation disassembled into
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isolated status (Fig. 2.7). These results confirm that counterion-
mediated interactions, not van der Waals forces, are the major
driving force for the self-assembly of macroions in solution.
Further investigation by simulations show that purely isotropic
charge distributions leads to three-dimensional (3D) aggregations,
and a slightly anisotropy charge distribution preferring to the
equator on the macroion may lead to the formation of two-
dimensional (2D) monolayer structures, which are able to
merge with each other and might be the precursor of a complete
blackberry assembly (Fig. 2.8).

Figure 2.8 MD simulation snapshots for time evolution of the self-
assembling process of 2D monolayers from macroion of anisotropic
charge distribution. Reprint under Creative Commons Attribution 4.0
International License from reference [50].

The simulation and experimental evidences confirm the
counterion-mediated attraction is the major driving force of
the blackberry formation. The change of blackberry sizes can
be reasoning as following [6]: the size of blackberry depends
on the curvature of the blackberry “membrane.” When the
intermolecular distance between macroions on the membrane
is short, the membrane become stiff and cannot tolerant high
curvature, result in large blackberry, and the longer intermolecular
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distance result in small blackberry. The intermolecular distance
is related to the intermolecular forces between macroion. When
the solvent polarity decreases, stronger counterion association
reduces the effective charges on the POM macroion, resulting
in weaker electrostatic repulsion and stronger attraction
between them. The weaker repulsion and stronger attraction
leads to shorter intermolecular distance and consequently to
larger blackberries [30, 31]. If there are other intermolecular
interactions (besides counterion-mediated interactions) also
involving in the self-assembly, the trends of blackberry may
be different. Therefore, the size of blackberry can be rationally
controlled, and POM macroions can be an effective model system
to study the intermolecular interactions.

2.2.3 Counterion-Specific Effects in the Self-Assembly of
POMs

In classical mean-field approach applied in DLVO theory and
Debye-Hiickel theory, counterions are usually treated as point
ions, and solvents are implicitly described as continuous medium
[51]. However, due to the obvious but not very significant size
disparity between counterions and POM macroions, as well as the
short intermolecular distance, such approach may be not valid in
macroionic systems. Specific features of counterions, for example,
hydration, size, and polarizability become important. The well-
known phenomenon “Hofmeister Series” [52] (Fig. 2.9) ranks the
impact of ions on solubilities of proteins, and later similar trends
have been observed in many other systems in aqueous solutions
[53]. The nature of the Hofmeister series is still in debate, but
common believe is that such ranking is related to the hydration
of counterions, co-ions, and macroions.

We also observed that different counterions can be recognized
and selected by POM macroions, leading to specific effects on the
self-assembly. Generally speaking, the ion association can be
classified into three types of ion-pairs: (1) solvent-separated
ion-pair, where the solvation shells of the ions remain intact;
(2) solvent-shared ion-pair, where a solvent layer lays between
the cation and anion; and (3) contact ion-pair, both the cation
and anion lose their solvation shells upon association.

)



The Self-Assembly of POM Macroions into Blackberry Structures

Figure 2.9 Scheme of Hofmeister series. Adapted with permission from
reference [53]. Copyright 2014 Springer Nature.

Two major factors often control the interaction of counterions
with a POM macroion: the valence and the hydration of the
counterion. Higher valence of the counterion will result in
stronger electrostatic interaction with the macroions. On the
other hand, since the close association between counterions and
POM macroions may break the hydration shell around them,
counterions of the same valency but with thinner hydration shell
are usually preferred by POM macroions. There are also some
exceptions. For some POMs with nanoconfined binding sites, for
example, the pores on Keplerate POMs surface [54] or lacunary
sites on Keggin and Dawson POMs [55], they may prefer
counterions of certain sizes that can fit into the pores. Recent
study suggests that there can be some degrees of covalent features
in the ion-pair between counterions and POM anions, leading to
anomalous solubility trends of POMs with different cations [56].
The difference in the counterion-POM macroion interactions
can also be reflected in the different self-assembly behaviors.

A study on the effects of multi-valent counterions on the
solution behaviors of {Pd;;} POM macroanions demonstrate
the interplay between electrostatic interactions and the
solvation of ions (Fig. 2.10) [57]. The LLS and isothermal titration
calorimetry (ITC) measurements show that monovalent
counterions (Na*, K*, Rb*, and Cs*) only weakly interact with
{Pd;,}, resulting in solvent-separated ion-pairs or free ions; the

71

)



72

Polyoxometalate Macroions in Solution

interactions between some divalent counterions (Sr?*, Ba?*)
with {Pd;,} are of moderate strength, making solvent-shared ion-
pairs; trivalent counterions (Y3*, Eu3*, and Ce3*) strongly interact
with {Pd;,}, forming contact ion-pairs where the original
water layer of {Pd;,} and counterions are destroyed. Only the
divalent counterions (Sr?*, Ba%*) but not monovalent or trivalent
counterions, can trigger the self-assembling of {Pd;,} into
blackberry structures, suggesting that the formation of solvent-
shared ion-pairs can provide stable counterion-mediated
attraction for the self-assembly. {Pd;;} can only accommodate
very few trivalent counterions, which is unlikely to fulfill multiple
associated counterions required by the blackberry formation.

Figure 2.10 Schematic representation of connection between hydration,
ion-pair, and blackberry formation. Top: three types of ion-pairs between
counterions and {Pd;,}; bottom: solution behavior of {Pd;,} in presence
of different counterions. Adapted with permission from reference [57].
Copyright 2018 Wiley-VCH.

Besides the dominant impacts of counterion valency,
counterions with the same valency can also show distinct
interactions with POM macroions and consequently affect the
blackberry structure formation [58]. With small amount of extra
salts, the sizes of {Mo;,Fe;y} blackberries showed different
changes (Fig. 2.11). For the monovalent counterions, the sizes
of blackberries in the solution with 1-20 mM added LiCl or
NaCl were not significant different from that in salt-free solution.
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Figure 2.11 Change of blackberry size (R;,) with added chloride salt
concentration (A) and total ionic strength (B) for 0.5 mg/mL {Mo,,Fe3q}
solutions. Adapted with permission from reference [58]. Copyright
2010 ACS.

However, the blackberry sizes became considerably larger with
0.1-10 mM KCI or RbCl than that with the same concentration of
LiCl or NaCl, suggesting weak hydrated K* and Rb* can replace
the original counterion of {Mo;,Fe;,} (H*), leading to stronger
attractions between {Mo;,Fe3} and consequentially larger
blackberries. Also, the critical point of blackberry size verse salt
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concentration is following the trend LiCl ~ NaCl > KCl > RbCl
ITC studies confirmed that the trend of binding affinities is
Li* ~ Na* < K* < Rb*. Titrating CsCl into {Mo;,Fe3q} solution
resulted immediate precipitation, suggesting the strongest binding
affinity among above these cations. Titrating LiCl and NaCl
into {Mo;,Fe3o} solution resulted in no measurable heat, and the
binding constants between K* and Rb* with {Mo,,Fe3,} are 75
and 773, respectively. Similar trends of binding affinities
with macroions among counterions of the same valency have
been observed for other Keplerate POMs as well as uranyl
clusters [24]. These results are consistent with the trend in the
Hofmeister series originally found in protein solubilities. It is
interesting that such unique features are shared by inorganic
POM macroions and organic biomacromolecules, suggesting they
might share some common features, which will be thoroughly
discussed in section 2.2.5 as well.

2.2.4 Other Non-Covalent Interactions Contribute to
Blackberry Structure Formation

Although the counterion-mediated attraction is the major driving
force of blackberry formation, based on the functional groups on
POMs, other different forces may contribute as well. The major
driving force of POMs with functional groups is still counterion-
mediated attractions in most case, as they self-assemble into
blackberry structures. However, the additional forces usually lead
to noticeable difference in assembly of morphologies or trends
of the sizes, compared with that of the blackberries driving by
only counterion-mediated attractions.

2.2.4.1 Hydrogen bond

Surface water ligands or small functional ligands on the POM
macroions can make directional hydrogen bonding between them.
The addition hydrogen bond may also contribute to regulating
the self-assembly of POM macroions. With increasing of solvent
polarity, that is, increasing water content or reducing organic
solvent in the mixed solvent, the hydrogen bonds between
functionalized POM macroions are stronger and may compensate
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the weaker counterion-mediated attractions, result in a larger
or non-monotonically change in blackberry sizes (Figs. 2.12
and 2.13) [12, 59]. As a comparison, the blackberry formation
driven by only counterion-mediated attractions will result in a
smaller blackberry in the solvent of higher polarity, as demonstrated
in section 2.2.2.

Figure 2.12 The average blackberry radius (R,) in 0.2 mg/mL {SrPd;,}
solution as a function of acetone content in different water/acetone
mixtures at 40°C. “Volcano”-shaped size trend shows that hydrogen
bonding along with counterion-mediated attraction can strongly affect
the supramolecular self-assembly process. Adapted with permission
from reference [12]. Copyright 2018 Wiley-VCH.

The effects of hydrogen bond can be further confirmed
by adding strong hydrogen bond donor solvent, for example,
hexafluoroisopropanol (HFIP), to cut off the intermolecular
hydrogen bond between macroions [34, 59]. The reversed
trends of blackberry sizes have been observed in the solvent
with/without HFIP, confirming the hydrogen bond is the
major reason responsible for the different trends of the POM
macroions with ligands capable of forming hydrogen bonds
(Fig. 2.13).
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Figure 2.13 Graphic present of self-assembly behaviors of {Fe{sPgW,9Gd,}
in different solvents. Adapted with permission from reference [59].
Copyright 2016 Wiley-VCH.

Another method to study hydrogen bonding is to use deuterated
solvents. In such solutions, most of active hydrogens will be
replaced by deuterium, resulting in hydrogen bonds of different
strength. {MnyP3,W,,,} POM macroion [11] self-assemble into
rod-like structures in acetone/water mixture solvents, due to
their anisotropic charge distributions. However, in methanol/
water mixed solvents, {Mn,yP3,W,,,} behaves like POM macroions
with isotropic charge distribution and self-assembles into
spherical blackberry structures, due to the isotropic hydrogen
bonding with solvents reduce the anisotropic charge effects
(Fig. 2.14). Replacing regular methanol with deuterated methanol
result in rod-like assemblies again, suggest the role of hydrogen
bonding. It should be noted that for weak acid-type POM
macroions, for example, {Mo;,Fe3y}, the isotope effects on the
self-assembly of the POM macroions is usually complicated. In
deuterated solvents, besides the differences in the strength
of hydrogen bonds, the degree of deprotonation is usually lower,
and hydration energy of macroion is higher than that in regular
solvents (Fig. 2.15) [60].
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Figure 2.14 Top: crystalline structure of {MnyyP3,W;,4} showing
anisotropic surface charge density distribution. Some areas have high
charge density (blue) and some others have lower charge density
(vellow). Bottom: graphic present of the self-assembly behaviors of
{MnyoP3,W;,,} in different solvents combinations. Reproduced from
reference [11] with permission from The Royal Society of Chemistry.

2.2.4.2 Hydrophobic interaction

Similar to hydrogen bond, intermolecular hydrophobic interaction
introduced by small organic ligands may also contribute to
the attraction and result in different trends of blackberry sizes
upon changing solvent polarity (Fig. 2.16). However, longer or
bulky organic ligands, for example, long hydrocarbon chains, may
introduce strong hydrophobic (or solvophobic) interactions.
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The dominant hydrophobic interactions between organic ligands,
combined with the hydrophilic feature of POM building block, make
such POM-organic hybrids behave like amphiphilic surfactants,
for example, forming double layer vesicles in solutions. Depending
on the relative strength of counterion-mediated attractions and
hydrophobic interactions, the transit from macroion (forming
blackberries) to surfactants (forming vesicles) in solutions have
been observed (Fig. 2.17). Compared with common amphiphilic
molecules, for example, surfactants with small charged, hydrophilic
head groups, or block polymers consist of soft hydrophilic and
hydrophobic chains, POMs as the head groups of POM-organic
hybrids are rigid and large, which have shown interesting
solution behaviors. Also, the abundant choices of large organic
ligands and various molecular morphologies enable versatile
functions of POM-organic hybrids. The topic of solution behaviors
of inorganic-organic hybrids have been covered by a recent
review [27].

Figure 2.15 Left: size distributions of the assemblies in 0.5 mg/mL
{Moj;,Fe3q} solutions. Red: in H,0, blue: in D,0. Right: graphic representation
of interactions during the {Mo;,Fe3o} self-assembly process. In H,O0,
stronger hydrogen bonds between protonated H,O molecules lead to
stronger attraction between {Mo,,Fe3;}, resulting in larger blackberries
than that in D,0. Adapted with permission from reference [60].
Copyright 2019 Wiley-VCH.
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Figure 2.16 POM macroion with small hydrophobic ligands shows an
increasing trend of blackberry sizes vs solvent polarity, opposite to
the one regulated by only counterion-mediated attraction. Adapted
with permission from reference [27]. Copyright 2019 ACS.

Figure 2.17 Based on the ratio between organic ligands and hydrophilic
head groups, POM-organic hybrid can behave like macroions forming
blackberries or surfactants forming vesicles. Adapted with permission
from reference [27]. Copyright 2019 ACS.
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2.2.5 The Connection Between the Self-Assembly of
POM Macroions and Complex Biomacromolecule
Assemblies

2.2.5.1 The self-assembly kinetics of POM macroions and
connection to viral capsid formation

For the self-assembly of POM macroions driving by only
counterion-mediated attractions, the rates of blackberry formation
under certain circumstance are slow, which enables the detailed
study on the kinetics and mechanism of the self-assembly.
Figure 2.18 shows a typical study on kinetics of {Mo;,Fe3y}
blackberry formation [7]. Time-resolved SLS study can provide
information about kinetics of the self-assembly. The continuous
increase of scattered intensity recorded by SLS suggests the
continuous formation of large structures in solution. Meanwhile,
DLS studies indicate the existence of both discrete POM
macroions (R, ~ 1.2 nm) and blackberries (R, ~ 25 nm) in the
solution. The number of discrete macroions indicate by the area
of the corresponding peak decreased while that of blackberries
increased with the time, also confirm the continuous blackberry
formation in the solution. The average blackberry size remained
almost constant during the whole process. When large amount
of NaCl existed in solution, the self-assembly of {Mo,,Fe3y} was
much slower, and a lag period become significant at the beginning
of the self-assembly (Fig. 2.19) [6]. Sedimentation velocity
experiments (Fig. 2.20) were performed on the {Mo;,Fe;3;} solution
still in the lag period, and the coexistence of two species was
found in the solution, corresponding to {Mo;,Fe3;;} monomers
and oligomers. Therefore, the mechanism of the self-assembly
of {Mo,,Fe3y} can be described as an initial rate limiting step
of oligomer formation, following by a rapid growth leading to
the blackberry formation, resulting in a sigmoidal kinetic curve
(Fig. 2.21). The assembling of oligomers into blackberries is fast,
so no small blackberries can be observed, and the sizes of
blackberry are constant during the self-assembly. By monitor
the assembly rate verse temperate, the activation energies of
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blackberry formation can be determined by the Arrhenius Eq. [7].
The results (Fig. 2.22) show that the self-assembly of {Mo;,,Fes;}
with sodium salts of monovalent anions have similar activation
energies, and the one with sodium sulfate has higher activation
energy, because bivalent anions have a stronger capability to
stabilize the {Mo,,Fe3o} monomersby screening theirintermolecular
interactions.

Figure 2.18 Left: time-resolved SLS result of {Mo;,Fe3y} solutions at 25°C
(except the data represent by triangles, the sample was kept at 45°C).
Right: CONTIN analysis of DLS results of {Mo,,Fe3,} aqueous solution at
different times. Adapted with permission from reference [7]. Copyright
2005 ACS.

Figure 2.19 Left: {Mo;,Fe3} aqueous solution with 0.9 wt % NaCl shows
much slower self-assembly rate and longer lag period than salt-free
solution. Right: SLS studies of HPV capsid formation show sigmoidal
kinetic curves similar to that of blackberry formation. Adapted with
permission from reference [6]. Copyright 2009 ACS.
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Figure 2.20 Continuous size distribution c(s) vs sedimentation coefficient,
S. Experiments were performed at a {Mo;,Fe3,} concentration of
10 mg/mL in 170 mM NaCl solution at 20°C. Adapted with permission
from reference [6]. Copyright 2009 ACS.

Figure 2.21 Graphic represent of the energy change during the
blackberry formation. Adapted with permission from reference [6].

Copyright 2009 ACS.
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Figure 2.22 Calculation of the activation energy (E,) for the blackberry
formation of 0.5 mg/mL {Mo,,Fes3}/H,0 solutions containing various
types of salts (NaCl, NaBr, Nal, and Na,SO, respectively, with the
concentrations of the cations all at 0.017 mol/L). Adapted with permission
from reference [7]. Copyright 2005 ACS.

Sigmoidal kinetic curves have observed in many other
systems sharing similar two-step kinetic processes: a lag period
at the beginning due to the slow rates of the initial steps. Once
the product of the initial steps has accumulated enough amount
beyond a critical value, subsequent steps react quickly to get the
final product. One of the important cases, in vitro self-assembly
of viral proteins (e.g., human papillomavirus, HPV, Fig. 2.19 left)
into capsid, displays sigmoidal kinetic curve and single-layered,
hollow, spherical morphology on the final assembly, which
are similar to the blackberry formed by POM macroions. In
addition, the assembly of viral capsid is also sensitive to ionic
strengths [61]. Considering the common features between viral
capsid and POM macroions: they are both in the nanoscale,
soluble, charged and able to self-assembly into single-layered,
hollow, spherical assemblies, POM macroion can be good model
system to understand the complex interactions in the self-assembly
of proteins into viral capsid.
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2.2.5.2 Cations transport across POM macroion and
blackberry “membrane”

Cells are known for its selective transport small cations by their
ion channels constructed by proteins on the cell membrane
[62]. Studies on Keplerate POMs and their uranyl -cluster
resemblance-{Uq} cluster have shown that the porous features
on their surface can mimic the protein ion channels, achieving
selective transportation across their shells. The encapsulation of
counterions will consequently change the solution behavior
of these clusters [16, 17, 54, 63]. Besides that, the surfaces of
the blackberry structures are also porous, as neighboring
POMs are not directly contact with each other, and the space
between them may serve as ion channels like the ones on cell
membranes. Figure 2.23 demonstrates a cross-membrane
ion-transport experiment on {Mo;,Fe3,} blackberries [64].
The ion-sensitive dyes were introduced into freshly prepared
{Mo;,Fe3y} solutions without any blackberry structures. Upon
the blackberry formation, dye molecules were partially
incorporated into the blackberries and showed wavelength
shifts in fluorescent signals. After the completion of blackberry
formation, additional salts were introduced into the solutions.

Figure 2.23 Left: graphic representation of the cross-membrane
ion-transport experiments. The cations can enter blackberries and
interaction with fluorophores inside, while the anions cannot cross the
membrane. Right: change in fluorescence quantum yield of coumarin
(sensitive to Br7), 6-MQ (6-methoxyquinoline, sensitive to Cl7), and
CTC (chlorotetracycline, sensitive to Ca®*) with addition of KBr, KCl,
and CaCl,, respectively; (a) instantaneous change of quantum yields with
the addition of salts; (b) change in fluorescence quantum yield verse
time, once the addition of salt was stopped. Adapted with permission
from reference [64]. Copyright 2008 ACS.
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A sudden jump followed by slow, continuous change in
fluorescence signal from chlorotetracycline (CTC) (Ca?*-sensitive
dye) after the addition of CaCl, suggests process that the dye
molecules in bulky solution were immediately saturated by
Ca?* ions, and then Ca?' ions slowly transported across the
blackberry membranes binding with the dye molecules inside the
blackberries. Similar phenomena were observed using MgCl,
and Mg-sensitive dyes. However, the experimental results show
that small anions cannot pass through the blackberry membrane,
likely due to the blackberry membrane is negatively charged
and repels anions.

2.2.5.3 Self-recognition and chiral selection in the
self-assembly of POM macroions, connecting to the
origin of biological homochirality

Self-recognition is a unique behavior widely observed among
biomacromolecules, and it is also a fascinating topic in fundamental
supramolecular chemistry. Self-recognition is defined as
narcissistic self-sorting behavior, that is, the high-fidelity affinity
toward self, when two or more components coexist in solution
[65, 66]. Another related topic is the homochirality in biological
systems. If a molecule cannot be mapped to its mirror image
by only rotational and translational transit, the molecule
possesses chirality [67]. Asymmetric carbon atoms, or certain
spatial conformation of molecules can cause chirality in
molecules. Almost all chiral molecules in living organisms are
found to be homochirality: L-amino acids, D-sugars, right-handed
DNA helices, and so on. The puzzles around the homochirality
lays down to two fundamental questions [68]: firstly, what
serves as the “first” templates of chirality bias in the probably
racemic environment at prebiotic times? Secondly, how was
the bias sustained and amplified through the history leading
the homochirality we observed today? As discussed earlier, POM
macroions have shown their connections to biomacromolecules.
They can serve as model systems to explore answers to these
intriguing questions as well.

We recently observed a series of self-recognition behaviors in
the self-assembly of structural similar POM macroions. {Mo7,Crzq}
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and {Mo,,Fe3,} are both weak-acid type Keplerates of similar
sizes and structures. Therefore, the two POM macroions are
negatively charged, based on the deprotonation degrees. However,
the mobility of their surface hydration as well as degree of surface
water ligands deprotonation is different. The DLS study on their
mixed aqueous solutions showed the presence of two types of
large species with different sizes, corresponding to the sizes
of blackberries in the individual solutions containing either
{Mo7,Cr3} or {Mo;,Fe3q} at the same pH value [8, 9]. The two
assemblies in the mixed solution were separated by filtration
and confirmed they were assemblies of the corresponding POM
macroions by element analysis. Therefore, in this experiment the
two POM macroion showed self-recognition behavior by forming
their individual blackberries instead of a hybrid one. Changing
temperate or solution pH, such self-recognition behavior could
still be observed, indicating the self-recognition between the
two POM macroion is a universal, independent from specific
charge densities and free-energy controlled process (Fig. 2.24).

Similar self-recognition behaviors have been observed in
other POM macroionic systems as well, including similar POM
macroions but with different surface ligands chirality [13] (L/D-
{Fe,g}, Bajg[Fe,g(u3z-0)g(L/D-Tart)1,(HCOO0),,], Fig. 2.25), different
functional groups introducing cation-pi interactions [69] (rod-
shaped clusters with or without phenyl groups) or hydrophobic
interactions({Pd,3} and {Pd,3Ph}),[15] different central atom
within rod-like POM macroions [14] (LAL(X), ((C4Hg)4N);[MocO4
gNC(OCH;)3;XMog01(0CH;)3CNMog04g], X = Mn!l/Fe!ll, Fig. 2.26).
The last case in the list demonstrates a very delicate
self-recognition: two rod-like POM macroions of almost identical
structures carries the same amount charges, and the only
difference between the two POM macroions are just one atom
in the center (Mn or Fe). The DFT calculation shows the
difference center atoms lead to slight difference in the charge
distribution, and such difference is amplified during the
self-assembly process, resulting in the observed self-recognition
behaviors.
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Figure 2.24 Top: graphic representation of the self-recognition in the
self-assembly of {Mo;,Fe3q} and {Mo7,Cr3}. Bottom: (A) CONTIN analysis
of the DLS studies on aqueous solutions containing {Mo;,Crs¢} or
{Mo7;Fe3o} (0.1 mg/mL), as well as for a solution containing both
species (0.1 mg/mL of each) (pH = 4.2). (B) CONTIN analysis of the DLS
studies on the solution of the aqueous solution originally containing
both {Mo;,Cr3¢} and {Mo;,Fe3} (0.1 mg/mL for each) is separated by
a series of membranes with different pore sizes; fraction A (red):
material retained after filtering by 100 000 Dalton-pore size membrane;
fraction B (blue): material retained after filtering by 30 000 Dalton-pore
size membrane. Adapted with permission from reference [8]. Copyright
2011 AAAS.
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Figure 2.25 Graphical representation of the self-recognition behavior
between {Fe,g} enantiomers. Adapted with permission from reference [13].

Figure 2.26 Graphical representation of the self-recognition behavior
between rod-like POM macroions. Adapted with permission from
reference [14]. Copyright 2013 ACS.

The detailed experiments suggest critical mechanism of the
self-recognition should lay in the early stage of the blackberry
formation. As introduced in the 2.2.5.1, the rate-determine step
of blackberry formation is the initial step, oligomer formation.
Time-resolved SLS studies at the early stage of self-assembly
showed similar slopes of the scattered intensity increment of the
solutions contains either {Mo;,;Fe;y} or {Mo;,Cr3}, indication
the oligomer formation of two POM macroions were Kkinetically
similar (Fig. 2.27). However, in the mixed solution of the total
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concentration of {Mo,Fe3q} and {Mo7,Cr3p} same to the individual
solutions, the rate of oligomer formation was much slower than
that in the individual solutions. Similar phenomena were also
observed in the early stage of L/D-{Fe,g} self-assembly, that two
enantiomers self-assembled kinetically similar in their individual
solutions but much slower in the mixed solution of the same total
concentration. A possible explanation is that the POM macroions
are less favorite by the other POM macroions in their mixed
solutions, that is, the formation active energy for homo-oligomers
might be slightly lower than the hybrid oligomers. Therefore, the
collision between different macroions is ineffective (not able to
form oligomers), leading to a slower assembling rate in the mixed
solution. Later, the preference toward the homo-oligomers may
be continuously amplified during the association and eventually
leads to the dominance of homogeneous blackberries over
heterogeneous ones. Small difference between two macroions
may result in different directional, long-range intermolecular
interactions, for example, electrostatic interactions, leading to the
preferable oligomer formation. On the other hand, self-assembly
driven by short, unidirectional intermolecular forces, for example,
vesicles driven by hydrophobic interaction between surfactant
tails, such self-recognition behavior usually cannot be observed.

Figure 2.27 Time-resolved SLS results of 0.5 mg/mL {Mo;,Fesq},
0.5 mg/mL {Mo7,Cr3g}, and 0.25 mg/mL of each, respectively. Adapted
with permission from reference [8]. Copyright 2011 AAAS.
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Besides the chiral selection demonstrated between {Fe,g}
enantiomers, the interactions between chiral POM macroions
and small chiral molecules can also achieve chiral selections.
Specifically speaking, the extra chiral counterions, co-ions, and
solvents in solutions can trigger the chiral discrimination among
the enantiomers of chiral POM macroion, resulting in the suppression
of the self-assembly of one enantiomer.

Figure 2.28 (a) Graphical representation of the chiral selection
experiments by the introduction of lactic acid molecules. (b, c) SLS results
of Ba-D-Fe,g (0.5 mgmL~1) and Ba-L-Fe,g (0.5 mgmL1) in three different
buffers, respectively. (d) SLS monitoring of Ba-D-Fe,g and Ba-L-Feyg
(0.5mgmL™1) in the buffer of L-lactic acid (33 ugmL-1) over a period of
400h. Adapted with permission from reference [13].
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Conclusion

For {Fe,g}, the self-assembly of D-{Fe,g} enantiomer was found
to be significantly suppressed in the presence of D-lactic acids
with a long lag period of ~10 days. In the presence of L-lactic
acid, D-{Fe,g} enantiomer self-assembled much faster and with
a short lag period less than one day. The effects of racemic lactic
acids stay between two pure enantiomers of lactic acids. Similar
phenomena were observed for the combination of enantiomers
of lactic acid with L-{Fe,g} (see Fig. 2.28). The chiral selection
during the self-assembly of {Fe,g} could result from the
compatibility between chiral co-ions and the chiral micro-
environment confined by the macroions. LLS and TEM
measurements indicate that the preferred pairs form larger
blackberry structures than the nonpreferred pairs (e.g., D-lactic
acid with D-{Fe,g}. As introduced earlier, of the same POM
macroion, the larger blackberries indicate the stronger
attractions between the macroions. Therefore, it can conclude
that preferred partners interact more strongly with each other
in the assembly structures. A recent investigation [70] on a
different macroionic system, functionalized Cgq with chiral
ligands, demonstrate that the chiral counterions, co-ions
and solvent molecules possess different strengths of chiral
selection via the interplay of electrostatic interactions, broken of
hydration shells, and molecular chirality. As the interactions
between POM macroions with surrounding small ions or
solvent molecules is also play important roles in regulating their
solution behaviors, investigating the effects of small chiral
molecules on the self-assembly of POM macroions may also lead
to significant results.

2.3 Conclusion

Many POMs exist as macroanions in aqueous solutions and
other polar solvents. Due to the size disparities between large
POM macroions and their counterions, the unique interactions
between POM macroions with counterions result in the
self-assembly of POM macroions into single-layered, hollow,
spherical blackberry structures. Experimental evidence as well
as molecular dynamic simulations shows the driving force of
the blackberry formation is the counterion-mediated attractions
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in the most cases. The sizes of blackberries are the calibrations
of intermolecular interactions between macroions, which can
be tunable with different solvent polarity, ionic strength, and pH
for weak acid-type POM macroions. POM macroions can also
distinguish counterions by the hydration sizes and valences,
resulting in different types of ion-pairs between POM macroions
and counterions. When other non-covalent interactions also
contributing to intermolecular interactions between POM
macroions, the self-assembly behaviors of the POM macroion can
be different from that with only counterion-mediated attraction,
reflected as different trends of blackberry sizes. POM macroions
share many unique features with biomacromolecules, such as
the self-assembly into viral capsid-like structure, selective ion
transportation, self-recognition, and chiral selection. Therefore,
POM macroions can be a good modeling system to understand
complex biologic phenomena.
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materials and have shown interesting biomedical and anti-
microbial applications.

3.1 Introduction

POMs are typically self-assembled from one-pot aqueous acidic
media through acid-condensation reactions of simple metal-oxide
ions. One inherent advantage of the syntheses of these robust
and stable molecular metal-oxide species is that the architectures
that are generated generally possess high solution and thermal
stability along with unparalleled redox properties from simple
and quick high-yielding and scalable reactions. The combination
of their unique properties combined with ease of synthesis has
made them interesting for a variety of catalytic and biomedical
applications. Furthermore, POMs can be derivatized through
the direct conjugation of organic or bio-molecules to further
enhance their physicochemical properties and unique structural
and morphological characteristics as well as to diversify
the chemistry that can be carried out with the POM post-
functionalization.

The synthetic approaches, fundamental properties, and
emerging applications of hybrid POM materials have recently
been reviewed in depth by Parac-Vogt [1] and Proust and
co-workers [2]. In broad terms, POM hybrids can be divided
into two classes depending on the nature of interaction with
the (bio)organic counterpart, where Class | hybrid POMs represent
those where predominantly ionic interactions exist between the
POM and the corresponding (bio)organic component(s), while
Class II hybrid POMs possess a covalent or coordination
interaction with their (bio)organic counterpart(s) [3]. It follows
that each class of hybrid POM material possesses its own unique
set of advantages and disadvantages. For example, the Class I
hybrid POMs based on electrostatic interactions offer the
potential to self-assemble functional materials in high yield
through relatively simple building blocks, which therefore,
effortlessly lend this approach to applied chemistry. Meanwhile
for the Class Il hybrids, the covalent or coordination bond
provides a stronger union of the inorganic and (bio)organic

+)
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components, which—in theory at least—allow for a more precise
modification of the electronic and spectroscopic properties,
not to mention a more controlled means of carrying out any
relevant post-functionalization of other surfaces.

The self-assembly of hybrid POM materials offers chemists
a unique opportunity to generate functional nanoscale materials
for a variety of applications. Although organic molecules,
polymers, and biomolecules such as DNA possess the ability to
self-assemble into functional architectures, peptides have the
intrinsic ability to self-assemble into highly versatile nanoscale
biological constructs with pre-programmed functionality. Many
different kinds of peptides are known and can be synthesized
on a large scale to exert biological functions that include, but
are not limited to, antibacterial, antifungal, cytotoxic, adhesive,
anti-cancer, anti-amyloid, anti-inflammatory peptides, and
antioxidant [4-8].

The majority of the hybrid POM-peptide materials found in
the literature are obtained via direct reaction of POMs with
(bio)organic components, where the four “classical” POM
molecules-Lindqvist [Mg019]9", Anderson-Evans [XM¢0,4]9", Keggin
[XM1,040]97, and Wells-Dawson [X;M;50¢;]9 -are of course the
most studied. The most significant advances in POM-peptide
chemistry are barely a decade old and the physicochemical
properties and versatile chemistry of POM-peptide hybrids
have been attracting more attention in the five-year period from
2015 to 2020, where the number of publications has doubled
from 9 to 28 (Fig. 3.1).

The ionic self-assembly of Class I POM-peptide materials
represents a facile scalable route to functional nanomaterials from
simple building blocks. Importantly, both the POM and peptide
components represent highly modular families and by simply
tuning the stoichiometry of these modular components, chemists
can access a wide variety of highly tailorable materials for a
number of applications. The few known examples concerning
the self-assembly of POM-peptides and their bio-applications
were summarized by Wu and co-workers in 2016 [9]. On the other
hand, the synthesis of Class Il covalent hybrids represents the
challenging multistep chemistry, where only a limited number of
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examples have been reported and until now have demonstrated
limited applications. In this respect, the development of controllable
synthesis for preparing functional Class II POM-peptide materials
represents one of the grand challenges.

Figure 3.1 Number of articles covering POM-peptide hybrids published
by year.

We have divided this book chapter according to the Class I
and Class Il hybrid categorization. Class II POM-peptide hybrids
will be covered first since they allow us to explain some
fundamental chemistry concepts regarding the combination of
POM and peptides that can be used later for discussing the
Class I hybrids. For instance, in a solution-based self-assembly,
Class II hybrids only display the stoichiometry provided by the
synthesis, but the POM-to-peptide ratio in Class I hybrids can be
tuned. Until now, Class I research has been focused on applied
materials research, whilst Class II hybrids have generally been
viewed as more of a synthetic chemistry challenge.
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3.2 Covalent POM-Peptide Hybrids

3.2.1 Synthesis and Characterization of Covalent
Hybrids

To date, two main types of POM-peptide hybrids formed by
covalent conjugation (Class II POM hybrids) have been
described in the literature. The first involves the use of the tris-
(hydroxymethyl)aminomethane (TRIS-NH,) moiety as a bridging
linker (see section 3.2.1.1) and the second uses an organotin
group grafted to the POM to link amino acids and peptides
(see section 3.2.1.2). All of the currently available literature on
covalently grafted POM-peptide hybrids has been summarized
in Table 3.1 and the four principal types of POM structures
used in these examples are shown in Fig. 3.2.

Figure 3.2 Polyoxometalate precursors used for the preparation of covalent
POM-peptide hybrids.

3.2.1.1 Synthesis via TRIS functionalization

TRIS-NH, is a small organic molecule that has acted as a
physical and metaphorical bridge to connect the inorganic POM
component with the versatile—and arguably more controllable—
world of organic synthesis. POMs have been functionalized
with TRIS-based ligands with the aim of creating more complex
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Table 3.1 Summary of published literature on POM-peptide hybrids by covalent conjugation?

Number of
amino acid
Entry Reference Functionalization POM type residues Amino acid(s) Properties (Application)
1 [10] TRIS Mn-Anderson 1to 15 Diverse Secondary structure self-assembly
2 [11] TRIS Mn-Anderson 8 Demobensin-1 peptide Self-assembly (Anticancer)
3 [12] TRIS Mn-Anderson 1 L/D-H, L/D-D, Chirality (Antiamyloid)
L/D-L, L/D-F
4 [13] TRIS Mn-Anderson 1,2,and3 G,F A Self-assembly
5 [14,15] TRIS Lindqvist 1 3-A-OEt, (Anticancer)
A-OMe
G-OEt
6 [16] TRIS Lindqvist 1 L-0'Bu Chirality
7 [17] Organotin a4 /a,-Wells-Dawson 1 Y-0'Bu —
8 [18] Organotin ay/a,-Wells-Dawson 1 F, Y-O'Bu, Y Diastereoisomers resolution
9 [19] Organotin (click-chemistry)  a,-Wells-Dawson land3 F-OMe, Y,V —
10 [20] Organotin (oxoacylation) ay-Wells-Dawson land3 Y-0'Bu, V Chirality
11 [21] Organotin (oxoacylation) a;-Wells-Dawson 3 Tripeptides-OMe of Chirality
W,A LMS, VR
12 [22] Organotin (oxoacylation) aq/0a,-Wells-Dawson 3,4,5,and 6 G Folding
13 [23] Organotin (oxoacylation) a4/a,-Wells-Dawson 3 Tripeptides-OMe (SOX transcription factors
of VVW,ALF inhibitors)
14 [24] Organotin (oxoacylation) Keggin 1and 2 F-OMe & FF-OMe Self-assembly

fConfiguration of the amino acids at their a-carbon is only indicated in the cases where this is studied. If not specified, amino acids are in their L-

configuration. The same applies for N-term or C-term modifications.
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architectures around the metallic cluster. Once functionalized
with TRIS, the POM can be used as a conventional organic
molecule, where it is possible to exploit the reactivity of
terminal TRIS amine to endow new functionalities to the cluster.
The literature describing the synthesis of TRIS-functionalized
POMs during the last decade has been prolific. The first example
of the modification of POM with a TRIS derivative was reported
by J. Zubieta and Q. Chen in 1990, where they successfully
achieved the modification of a Wells-Dawson polyoxovanadate
with tris(hydroxymethyl)nitromethane (TRIS-NO,) [25]. However,
it was the pioneering work of Hasenknopf et al [26] that
truly developed the field by reporting the now well-known
Anderson-Evans TRIS-functionalization and making this platform
one of the firm favorites for preparing novel POM materials
with properties akin to metal-organic frameworks (MOFs) [27]
or supramolecular gels [28].

Recently, strategies to introduce organic linkers in POMs
have been extensively reviewed [1, 2, 29, 30]. Briefly, the most
common POMs functionalized with TRIS-based ligands are
Anderson-Evans, Wells-Dawson, Lindqvist, and Keggin-type
clusters (see Fig. 3.2). In all of them, the oxygen in TRIS forms a
stable covalent bond with the metal-oxide center. Furthermore,
depending on the reaction conditions, it is possible to conjugate
more than one type of TRIS-based ligands to the inorganic cluster.

The Anderson-Evans POM hybrids have been postulated as
the ultimate “Bio-POM” in a recent review by A. Blazevic and
A. Rompel, due to the unique possibility of chemically modulating
both the metallic cluster and the functional organic component
to display, for example, desired redox, magnetic, or photocatalytic
activity, among other properties [29]. Although these POM
archetypes have been extensively used in protein crystallography,
the advances produced from the syntheses of relevant
bio-relevant hybrids remain low [29]. Consequently, to further
develop the field of hybrid POM-peptide materials, true
synergistic properties between the biological moiety attached
to the cluster and the POM should be designed and evaluated.
The Rompel group has vast experience in studying the
interactions between biomolecules and POMs and has pointed
out the need to gain access to robust methodologies for preparing
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different types of POM regioisomers to determine the influence
of the geometry in biological systems.

With respect to POM regioisomerism, the Anderson-Evans
POM doped with Mn is one of the most explored in the literature.
As mentioned before, Hansenknopf et al. [26] reported the first
synthesis of a symmetrically modified TRIS-based Anderson POM
in 2002 and, thereafter, the seminal work of Song et al. [31] in
2008 showed the potential that these hybrid structures had to
offer to the field. The next level of complexity pursued the
synthesis of asymmetrically modified Mn-Anderson [32]. In broad
terms, two different approaches to prepare Mn-Anderson TRIS
asymmetric hybrids can be identified and from now on, we may
refer to them as type I (from the symmetric hybrid) and type II
(from the inorganic precursors) (see Fig. 3.3).

Figure 3.3 Preparation of asymmetric TRIS based POMs following Type I
and Type II strategies.

Asymmetrically modified Mn-Anderson single crystals are
difficult to obtain in one-pot reactions, since the crystallization
energies are similar for the asymmetric and symmetric products,
which are obtained in statistical ratio. The first example of
asymmetrically functionalized POM relied on the separation of
isomers attending to differences in solubility [31]. Following
the type II synthesis, they submitted to reaction TRIS-NH, and
TRIS-NO, with the Mo source to form a statistical mixture of
both ligands. The authors were able to isolate the asymmetric
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hybrid, (TBA)3;[MnMogO.g(TRIS-NH,)(TRIS-NO;)], by monitoring
the crystallization process through mass spectrometry (MS) of
the crystallizing solutions (ESI-MS). Although this process
provided the asymmetric Mn-Anderson, the throughput was
limited by the crystallization times.

Later on, Yvon et al [33] developed a chromatographic
separation of the symmetrical and unsymmetrical TRIS-POM
compounds. Using normal-phase chromatographic procedures,
tetrabutylammonium (TBA) cations were substituted by protons,
due to the acidic properties of silica, yielding a hydrophilic
hybrid with compromised solubility [34], but the authors managed
to avoid that problem by using reverse-phase high-performance
liquid chromatography (RP-HPLC). As the authors chose TRIS-
ligands with different polarities, the separation was favored—
RP-HPLC separates compounds depending on their affinity to
the hydrophobic stationary phase—the more hydrophobic, the
slower the elution. RP-HPLC is therefore a robust methodology
to access asymmetrically modified POMs in moderate yield.
What is more, both functionalization strategies (type I and type II)
were compatible with this separation. The authors pointed out
that type I strategy is more convenient when the modification
of the amino group may compromise the stability of the cluster
or can be readily prepared by standard organic synthesis.
In turn, type II is generally preferred when reaction conditions
are compatible with the POM, as it offers a faster and more
convenient synthesis.

This synthetic approach permitted the authors to introduce
a base-labile protecting group on one side, which is a recurrent
tool in organic synthesis. After grafting onto the inorganic
cluster, a cleavage deprotection step was used to release the
hidden functionality. This strategy expands the scope of these
building blocks for creating new complex structures.

Despite these relatively recent successes in the organic
derivatization of TRIS-functionalized POMs, examples in
which a peptide is covalently attached to the inorganic core
are rare and underexplored compared with the conjugation of
small molecules to the inorganic scaffold. In 2014, Yvon et al. [10]
studied the grafting of peptides to a Mn-Anderson POM
following two main strategies (see Fig. 3.4). The first strategy
was based on an asymmetric Mn-Anderson TRIS hybrid (a-Hyb)
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equipped with a Fmoc (9-fluorenylmethyloxycarbonyl)-protected
amino group on one side and a carboxylate N-hydroxysuccinimidyl
ester (NHS) on the other. Thus, the authors obtained an amino
acid-like moiety, which could be incorporated into a solid
phase peptide synthesis (SPPS) workflow. In turn, the
second approach used a symmetric Mn-Anderson TRIS hybrid
(s-Hyb), whose carboxylic acids were derivatized symmetrically
as NHS esters, thus the peptide was directly grafted through
its N-terminus.

Figure 3.4 General synthesis of POM-peptide hybrids via TRIS-
functionalization [10].

The a-Hyb approach was a stepwise process where an
activated carboxylic acid was added, in large excess, to an amine-
based solid resin. The advantage of the heterogeneous reaction
permitted simple purification through filtration and washing
of the resin. In a second step, the Fmoc protected-amine group
was deprotected, releasing a free amine that initiated the cycle
again. The final peptide was obtained after the sequential
addition of the corresponding amino acids and ended up
cleaving the peptide from the resin. Such cleavage typically
occurs under harsh conditions that may decompose the
inorganic clusters. Given this concern, the authors verified the
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stability of the POM toward deprotection conditions (20%
hexafluoroisopropanol, HFIP, in dichloromethane, DCM) and the
results according to ESI-MS indicated that the POMs remained
intact.

Even if SPPS workflow employs vast excess of reactants,
the unique nature of the a-Hyb might hamper the synthesis
workflow making the coupling less efficient because of steric
hindrance. If the amino acid was not successfully incorporated
after a-Hyb, the final sequence may change from the forecasted
one. The authors, thus, analyzed the sequence of the peptide by
MS after the coupling of a-Hyb. It was found that, indeed, the
steric hindrance of the POM avoided the coupling of further
amino acids. However, increasing the amount of activated amino
acid by up to six times could circumvent such a problem.

This example was one of the few publications at that date
in which peptides are incorporated onto POMs. The working
principles behind this work have settled the bases for the
preparation of new hybrid materials based on the combination
of both worlds. The a-Hyb is a highly versatile approach that
potentially gives access to materials with elevated complexity
(defined sequence and molecular weight) from readily available
reagents. Although the number of articles containing covalent
POM-peptide hybrids is continuously increasing (see Fig. 3.1
and Table 3.1), none have thus far exploited such a platform.
In general, the peptide is symmetrically linked to the cluster
limiting the scope of the materials prepared.

Thereafter, more examples have been published based on
the same inorganic scaffold of the Mn-Anderson structure.
Despite the emergence of new examples, all of the reports
simplify the model to symmetric hybrid structures, avoiding
the chromatographic separation proposed by Cronin’s group.

In 2018, Ventura et al. [11] adapted the previous strategy
to covalently graft an active peptide, i.e, demobensin-1. The
Bombesin peptides are a family of neuropeptides known for
their affinity toward some types of the Gastrin Releasing Peptide
Receptor (GRP-R). These peptides have been used in cancer
therapy because such receptors are overexpressed in some
types of cancer such as colon, lung, or prostate. To address
the linkage of TRIS Mn-Anderson and the peptide, they first
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derivatized the amine group by reaction with succinic anhydride
[35]. After this simple step, the carboxylic acid that was
generated could be further activated to react with the N-terminus
of the peptide. In this way, the peptide was symmetrically
grafted to both sides of the metallic cluster (for a general synthesis
overview see s-Hyb approach in Fig. 3.4).

Demobensin-1 is rich in hydrophobic amino acids
(FQWAVGHL-NHEt). For that reason, these systems behave like
surfactants where the POM is the polar head group, whereas
the peptides act as hydrophobic tails. When the hybrid was
dissolved in water, it showed a tendency to segregate at the
nanoscale forming nanoparticles of ca. 30 nm. The core-shell
particle morphology obtained from the self-assembly process
was consistent with already reported in the literature [36].

Using a similar approach, Luo et al. [13] attached hydrophobic
peptidic sequences to the POM (symmetric fashion). In this
case, the Mn-Anderson was linked to peptides based on the
hydrophobic amino acid phenylalanine (F). Dipeptides based on
this amino acid represent a common feature in self-assembly
and are known to induce the formation of superstructures like
ribbons or fibers [37]. Therefore, adding these chains to the
inorganic cluster may drive the self-assembly of the hybrids.
A detailed description of the self-assembly study can be found
in section 3.2.2.

In 2019, N. Gao et al [12] published another example of
symmetrical grafting of amino acids to the Mn-Anderson scaffold
via covalent bonding. As in the other examples, the TRIS-POM
was derivatized to convert the amine into a carboxylic acid,
which was then coupled with the o-amino group of diverse
amino acids (e.g, H, D, L, and F) and their enantiomers (for a
general synthesis overview see s-Hyb approach in Fig. 3.4).
In this work, which exceeds the scope of the book chapter, the
authors explored the impact of the chirality of the amino acid
grafted to the POM on the aggregation of the amyloid-f3 peptide.
It has been postulated that POMs are excellent candidates to
prevent the folding of amyloidogenic peptides since they tend
to inhibit the formation of fibrils, which are precursors to the
amyloid plaques found in brain tissue of Alzheimer’s patients
[38]. In doing so, the authors highlighted the importance of
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paying attention to chirality in biological processes, since each
POM-hybrid enantiomer has a different affinity toward amyloid
aggregates (see section 3.2.3 for discussion on chirality).

While most literature examples concern the grafting of
Mn-Anderson POMs, there are a few examples with other
POM architectures. Among all structures, Lindqvist and
Wells-Dawson ones are the most reported in bibliography and
are widely explored using other organic substituents rather than
peptides [1]. Regarding the synthesis of peptide-POM hybrids,
however, the publication record is very limited and restricted to
just three examples.

Although the systems developed by Xiao and collaborators
relied on the same working principle as in the aforementioned
work of Ventura et al. [11], the combination of the metallic core
and the organic moiety aimed to explore synergistic effects
between the Lindqvist hexavanadate {V;0;3} POM and amino
acids grafted to the metal-oxide [14-16]. The authors have focused
on studying such synergy in cancer cells comparing with
well-known antitumoral drugs like 5-fluorouracil and obtained
modest in vitro results.

3.2.1.2 Synthesis via organotin functionalization

Different approaches other than functionalization of POMs with
TRIS-derivatives have been explored for producing covalently
modified POM hybrids [1]. The Wells-Dawson and Keggin
polyanion structures are known to form stable lacunary species,
where the exposed terminal oxo atoms are highly nucleophilic.
Therefore, p-block based organo groups can be grafted to these
oxo atoms to produce organo-functionalized POMs. Such organo
groups can be {Sn-R}, {R-X-0-X-R}, and {R-P(0)0,} (X = P, Si, Ge).
To the best of our knowledge, only the organotin derivatives have
been used to produce peptide-POMs hybrids [17-21, 23, 24, 39],
where the inorganic part of these hybrids is composed of mono-
lacunary polyoxotungstate (POT) species of the Wells-Dawson
or Keggin structure. To obtain all of these tin-functionalized
hybrids, direct reaction of SnRCl; with the mono-lacunary POT
species was used to graft organic groups (R), as first reported
by Pope and co-workers [40, 41].
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In 2003 and 2005, Bareyt et al first proposed the use of
the trichlorotin moiety to graft -CH,R groups onto POMs to be
used as linkers for further functionalization with bioactive
molecules such as peptides (see Fig. 3.5A) [17, 18]. In these
works, two Wells-Dawson anions were synthesized, a;- and ;-
[P,W;706:{Sn(CH,)R}]’~ and obtained as their TBA salts. The
difference between these two products is the placement of the
tin atom, and therefore, the original placement of the lacuna,
and the impact it has in the chirality of the molecule. While for
the a, isomer, the Sn atom is at the cap and has Cg symmetry,
for the a4 isomer, the Sn atom is at the belt making the
POM chiral. However, [a;-P,W;,04,{Sn(CH,)R}]’~ enantiomers
interconvert in an aqueous solution, which has been the key for
subsequent work by these authors as discussed in section 3.2.3.
This characteristic influences the reaction conditions for the
grafting of the organotin moiety, and therefore, two different
strategies were used for the -SnCH,R grafting.

Figure 3.5 Reaction pathway toward peptide-POT hybrids via cyclization.

Strategy A, firstly reported by Pope and co-workers [40, 41],
consists of the treatment of a buffered-aqueous solution
of Kjo[ap-{P,W17,04:}] with CI3Sn(CHy)R. The addition of
tetrabutylammonium bromide (TBA-Br) allowed the isolation of
the (TBA),[a,-(P,W17041{Sn(CH;,)R})] hybrids with R = -CH,COOH
and -CH=CH,. The reaction by strategy A with the {o;-P,W;,041}
precursor led to thermal isomerization to the aj-isomer, and
a second strategy had to be developed.

Strategy B consists of a solid-to-organic phase transfer:
Cl;Sn(CH,)R is added to a solution of TBA:Br in acetonitrile and
the product was obtained by addition of the lacunary POMs
Kig[ap-P,W17041] or Kg[ot;-LiP,W,,044]. Strategy B turned out to
be a more versatile approach than strategy A, not only for
the milder conditions, but also for its compatibility with
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both o; and o, isomers. The authors further explored the
functionalization of the new a; and a, hybrids by reaction of
primary and secondary amines with both (TBA);[ay .-
{P,W{;041(Sn(CH;),CO0H)}], where the grafted Sn(CH,)R arm
acted as a linker [18]. Again, different strategies—activating
systems and conditions—were explored. Two methods proved
to be successful for the formation of amides: method C used
EEDQ and method D used chloroformate as coupling agents.

From these two works, Lacote and co-workers have explored
more sophisticated strategies for the functionalization of POTs
with biomolecules: (i) the use of copper-catalyzed azide/alkyne
cycloaddition (click chemistry) was presented in 2007 for
ligation of organic and biological molecules to Dawson and
Keggin POTs [19], and (ii) the regioselective mono-oxoacylation
of Wells-Dawson POTs by conversion of the 0,-Sn(CH,),COOH
group into an inorganic lactone (see Fig. 3.5B and section 3.2.3
for discussion on regioselectivity) in 2008 [20]. Peptide-POT
hybrids have been obtained using both strategies. Through click
chemistry, a trivaline (VVV) peptide was grafted to the azido
derivative of oy-[P,W;704:SnR] at 68% yield [19]. Production
of peptide-POT hybrids via oxoacylation has been explored in
more detail producing peptidic chains with three [20, 21, 39]
and up to six amino acid residues [39]. In this case, hybrid
amides were obtained through nucleophilic attack of the
carbonyl lactone by amines in presence of triethylamine (NEt3) as
a base. Since the POM framework acts as an acyl-activating agent,
no nucleophilic catalysts were needed [20]. Furthermore, hybrid
amides were obtained under mild reaction conditions, primarily
using acetonitrile as a solvent, at room temperature and with
relatively short reaction times from 4 to 24 hours. As with the
TRIS-based approach, the peptide was grafted by its N-terminus.
In 2014, tripeptide-POM hybrids (a/a,-[P,W1706,Sn(CH,),
CO-NH tripeptide])’~ were studied, together with their precursors
and other POMs, as inhibitors of SOX transcription factors
in the context of cancer and regenerative biomedicine [23].
The negative charge of the POMs could offer high affinity to the
DNA binding domains of the transcription factors, providing
a great activity as inhibitors. Indeed, the organic-modified
Wells-Dawson POMs had the greatest inhibitory activity of
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all the tested compounds, but not important differences were
found between the peptide-hybrids and the other types
of hybrids.

L-phenylalanine (F) and di-L-phenylalanine (FF) hybrids with
Keggin POTs were obtained by Nikoloudakis et al. [24] via amide
bond formation between the precursor TBA4[PW;039{Sn(CsH,4)
C=C(CxH4)COOH}] [42] and the carboxyl-protected (methyl-ester)
di-L-phenylalanine or L-phenylalanine (H-FF-OMe or H-F-OMe)
derivatives, using isobutyl chloroformate as a coupling reagent
(see Fig. 3.6). In contrast to the propionyl group, this linking
group presents a more rigid structure, which could influence
the supramolecular chemistry of these hybrids.

Figure 3.6 General synthetic approach to obtain phenylalanine-Keggin
hybrids.

3.2.1.3 Characterization of POM-peptide hybrids

As we have seen in the previous sections, the synthesis of the
POM-peptide hybrids employs techniques similar to those used in
traditional organic and inorganic chemistry. One key advantage
of dealing with the ionic inorganic metal-oxide clusters is that,
in most of the cases, crystals can be obtained which, through
single-crystal X-ray diffraction, offer a direct method of confirming
the chemical structure of the molecule that has been synthesized.
The vast majority of examples use TBA counter cations, thus
the crystallization is mainly driven by slow-ether diffusion into
a DMF or MeCN solution, an approach that enables the isolation
of high-quality crystals. In addition to single-crystal X-ray
diffraction, thermogravimetric analysis (TGA) can be used as a
tool to determine the amount of organic linker attached to the
inorganic core. This technique, however, is not fully quantitative
and the bare POM must be submitted to the same analysis, since
metal-oxide may sublimate yielding an additional mass loss.
For instance, Yvon et al. [10] employed TGA analysis to calculate
the formula of the molecule.
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On the other hand, traditional organic chemistry techniques
permit further exploration and understanding of the interaction
between both entities. For instance, nuclear magnetic resonance
(NMR) spectroscopy is an interesting tool to check not only
the structure of the hybrid, but also the dynamics. When dealing
with Mn-Anderson derived hybrids, an interesting phenomenon
is produced due to the paramagnetic behavior of Mn(III). Due to
this property, signals of the methylene protons of TRIS, which
are close to the Mn core, are downfield shifted up to 65 ppm. This
signal (12H as broad singlet) may shift due to the conjugation
of the peptides following the aforementioned strategies. NMR is
a powerful tool to elucidate the dynamics of organic molecules
in a solution, from small molecules up to proteins. For this
reason, non-routine techniques in NMR have been applied in
POM-peptide science like Diffusion Ordered SpectroscopY (DOSY)
or Nuclear Overhauser Effect SpectroscopY (NOESY). The latter
is especially relevant in protein science since it can be used
to estimate the distance of protons within the molecule up to a
few A and the structure that the peptide displays in a solution.
Peptides fold in the solution due to different driving
forces mainly non-covalent interactions like hydrogen bonding,
electrostatic interactions, and hydrophobic effect.

For instance, Ventura et al [11] took advantage of this
spectroscopic technique to demonstrate the interaction of
the peptidic chain with the succinate linker, which is directly
attached to the TRIS moiety. This proximity is related to the
secondary structure that the peptide displays once attached to
the POM. In addition to peptide conformation, Luo et al. [13] used
NOESY to demonstrate that their assumption of the release of
TBA cations to the solution is true, since no cross peak was
observed between the peptide chains and the TBA signals.
NMR has also been used in the studies of the stereochemistry
of Sn-based POM hybrids, and will be described in section 3.2.3.

MS is often employed in the field of peptide chemistry, where
high-resolution MS techniques determine not only the purity of
the peptide, but also the amino acid sequence. In a similar way,
MS has been a useful tool in POM chemistry to characterize
the metal-oxide cluster formula as well as its self-assembly.
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Other conventional but infrequently employed chemical
characterization techniques are also being used to tease chemical
and structural information on how these hybrids behave in
a solution. As mentioned previously, peptides can fold in the
solution with established structures and traditional biochemical
techniques like circular dichroism (CD) spectroscopy can be used
to monitor the formation of those secondary structures. An
interesting finding was obtained by two distinct groups. In the
works of Ventura et al. [11] and Yvon et al. [10], the conjugation
of small peptides to the Mn-Anderson core led to the formation
of o-helix-based structural assemblies in contrast to the same
POM-free peptides. Although the explanation is not clear yet, it
points to the key role of these inorganic clusters in the assembly
of peptides.

Lastly, non-covalent interactions such as hydrogen bonding,
electrostatic interactions, and hydrophobic interactions can
drive the assembly of the hybrids where nanoparticles can be
formed. Therefore, the effects of modifying experimental variables
(e.g., temperature and salt concentration) can be monitored
through dynamic light scattering (DLS), which uses light scattering
to calculate the diffusivity of a given particle, thus permitting
to calculate the hydrodynamic diameter by the Einstein-Stokes
equation.

As a consequence of the assembly process, it is possible to
investigate the morphology of the assembly by means of electron
microscopy techniques either transmission electron microscopy
(TEM) or scanning electron microscopy (SEM) depending on
the size. Traditional microscopy of peptide materials requires
staining with heavy metal ions, but in the case of these hybrids,
the built-in electronic contrast is provided by the POM clusters.
This feature facilitates hugely the characterization by electronic
microscopy because the sample will be largely free from staining
artifacts.

3.2.2 Self-Assembly, Folding, and Supramolecular
Chemistry

3.2.2.1 Charge and morphology of the POM

Proteins and peptides adopt complex structures once in a
solution, driven by non-covalent interactions. Among all possible
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contributions, hydrogen bonding, electrostatic interactions, and
hydrophobic interactions play a pivotal role in protein folding.
POMs can also self-assemble in the solution giving rise to more
sophisticated structures through non-covalent interactions (see
Fig. 3.7).

Figure 3.7 General illustration comparing the assembly of biological
systems and the assembly of polyoxometalates. The degree of
complexity increases in each step where both covalent and non-covalent
interactions drive the formation of more complex structures. Protein
Images were made online using 3D Protein Imaging [43].

Due to the high anionic charge of POMs, electrostatic
interactions are the main driving force that triggers self-
aggregation, and the pioneering work of the Tianbo Liu group
has provided a solid base for studies on structure-assembly
relationships [44-46]. POMs, like proteins, increase in complexity,
due to self-assembly processes triggered by both covalent
and non-covalent interactions. For instance, in the case of the
highly charged wheel-type POM as {Mo;3,}**", these clusters
appear as single ions in pure water but upon addition of acetone,
hollow particles of ca. 100 nm were formed. The counter-cations
played a crucial role during the self-assembly process, because
in concentrated solutions they were in close proximity surrounding
the surface of the metal-oxo cluster. This phenomenon was
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favored by the addition of a co-solvent in which the POM
was less soluble, since in pure water the highly charged POM
was unable to aggregate due to electrostatic repulsion. However,
once a miscible less polar solvent was added, the negative
charge of the POM anion was gradually screened by the
counterions, increasing the “effective concentration” of POMs able
to self-assemble. If hydrophobic forces drove the self-assembly,
by increasing the acetone content, larger structures would be
obtained, due to the less charged nature of the POM. However,
this phenomenon was not observed in the system. According to
the authors, only electrostatic interactions steered the assembly
of these types of POMs.

The self-assembly of hybrid POMs derivatized with TRIS or
organotin groups has been widely explored, since the organic
moiety endows new functionality to the system. In this case, not
only the organic functionality, but also the geometry and charge
of the POM as well as the associated counterions all play a pivotal
role in the self-assembly process.

For the self-assembly of POM-peptide hybrids, it is worth
citing the research from the groups of Cronin on TRIS-based
hybrids, and Coutsolelos and Lacéte on Sn-derived hybrids.
Each of these groups has explored and reported the assembly
of a number of different POM-peptide systems. In each case,
the inorganic center (Mn-Anderson, Keggin, and Wells—Dawson)
and the peptide are different, so we will use those examples to
deduce rules and conclusions on the assembly of these complexes.
All POMs, as mentioned before, are highly negatively charged,
so the assembly is expected to be driven by electrostatic
interactions. In this case, though, the added peptidic fragment
may influence the association. Furthermore, it can be studied
as the other way around, the charge and the morphology of
the cluster can impact the peptide folding.

As an example of how the metal-oxide cluster can influence
the structure of the peptide, Lacote and co-workers studied
the hybrids oy /,-[P,W1706:{Sn(CH;)CO(NHCH,CO),-NH,}] by
high field NMR and showed how a simple poly-glycine (poly-G)
chain folded around the tin-substituted Wells-Dawson POT [39].
They observed how poly-G oligopeptides fold toward the
metal-oxide surface was established by a “zipper hydrogen bond
network”. The rigidity of these structures was directed mainly
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by the polarity of the solvent, obtaining more relaxed structures
by increasing the polarity. In the case of longer chain peptides,
where there was not enough space around the metal-oxide
surface, the rest of the peptidic chain wrapped around the initial
loop forming B-turns. This folding was also topology-dependent,
since two different regioisomers of the same POM resulted in
different peptide arrangements. Consequently, it was possible
to establish some rules to bear in mind for future designs, such
as how the interaction of the peptide with the POM depends on
the morphology of the hybrid and also the length of the sequence.
Interestingly, this is the only case of all the studies reported
here (see Table 3.1) in which the peptidic chain folds toward
the metallic cluster.

The organic linker is not a mere bridge between the POM
and the peptide. It is another valuable tool to program the
self-assembly of hybrids, since it confers key properties to the
forming structures, such as flexibility and rigidity. For instance,
the hybrids obtained by Coutsolelos and co-workers contained
a highly rigid linker {Sn(C¢H4)C=C(C¢H4)CO} (see Fig. 3.6) that
separates the peptide motif from the POM [24]; while in the
Sn-substituted cluster design by Lacote and co-workers, the
peptide was grafted to the metallic cluster through a shorter
{Sn(CH,),CO} spacer. Although this aspect was not discussed
in their work, the rigid linker could prevent folding of the
dipeptide toward the metallic cluster.

Also, in the case of the Keggin hybrids reported by
Nikoloudakis et al [24], their self-assembly in a solution was
especially relevant. By SEM, supramolecular nanospheres were
observed in different solvent mixtures for all compounds. The
main difference between the peptide-hybrids (PW;,039-F
and PW;,039-FF) and the precursor hybrid (PW;;034-COOH)
was the diameter of the nanospheres obtained, bigger for the
peptide-hybrids. The nanospheres presented micellar structures,
in which the organic arms were placed at the most internal
part of the aggregates and the POM heads got more exposed to
the solvent due to their higher polarity. The TBA countercations
acted, in this case, as mediators by enabling the communication
between polyoxoanions located at the hydrophobic interface.
Molecular dynamic simulations confirmed the hypothesis of
hydrophobic forces being the key for the assembly to take place.
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Interestingly, these nanospheres resembled those obtained by
Yan et al. [47] by electrostatic interaction of FF and POM anions.

Luo et al. [13] induced the self-assembly process by means
of the addition of a non-solvent to an organic solution of the
hybrid. This process was slow, though, and required up to two
weeks to reach the thermodynamic equilibrium. As a result, the
authors found nanospheres that were readily observable by
means of TEM.

The authors studied how the modification of the preparation
condition influences the nanoparticle size, measured by DLS.
When the authors gradually modified the amount of water added
to the system, they found that there was no linear relationship
with the changes in the reciprocal of the dielectric constant.
A self-assembly system that exhibits such a linear relationship
could not be only ionically driven, if not, the mechanism would
involve multiple contributions.

On the other hand, the authors proved the dissociation of
TBA cations from the inorganic cluster by DOSY. It is an NMR
technique that allows measuring the diffusion coefficient of a
given spin system. Substances of different molecular weight have
different diffusion coefficient, so they will appear in different
lines at the bidimensional spectrum. What they found was that
TBA was partially dissociated from the POM in pure acetonitrile
solutions—this depends on the strength of the ion pair—but
when water was added the dissociation of TBA from the cluster
was total. The authors suggested that TBA cations were free
in the bulk of the solution, yielding a highly negative POM.
Similar experimental findings were observed by Nikoloudakis
etal [24].

The authors aimed to ascertain whether either hydrophobic
interaction or hydrogen bonding was minor contribution to
the electrostatic interactions. In order to demonstrate that
hydrophobic interactions were not predominant in the assembly,
the authors selected three hybrids where the number of F
residues varies, from one to three (bearing in mind that these
numbers should be multiplied by two due to the symmetry
of the hybrid). At 50% water content, all three hybrids had
similar hydrodynamic diameter, while the scattered intensity
was different and decreased with the number of F units. Provided
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the scattered intensity increases with the concentration and
the molecular weight/hydrodynamic size of the aggregates, the
result showed that the tendency of the hybrids to aggregate
diminished upon increasing the number of F in the peptides.
As the hybrids with more F amino acids are more hydrophobic,
hydrophobic interactions were discarded as a potential major
driving force for the self-assembly. Finally, to exclude the role
of hydrogen bonding, the authors registered the hydrodynamic
diameter of the aggregates in both H,0 and D,0, while adding
NaCl to favor the assembly. D,0 forms hydrogen bonds with
different strength than H,0 thus it is very convenient to study
processes driven by this interaction. What the authors extracted
from this experiment was that hydrogen bonding played only
a minor role in the hybrid assembly and only arose at high salt
content. This paper settled the bases for the elucidation of the
self-assembly of peptide-POM hybrids, suggesting that the
main driving force was based on electrostatic interactions of
the inorganic clusters. This finding was supported since the
counterion (TBA) was not playing any role while assembling.
It is worth remarking that Ventura et al [11] obtained a
similar behavior for {MnMogO4g}-(TRIS-demobensin-1), hybrid.

3.2.2.2 Peptide properties

In all the literature examples on covalent POM-peptide hybrids,
it was found that the peptides, always hydrophobic, played a
secondary role in the self-assembly of the system. However,
in works from Luo et al. [13] and Nikoloudakis et al. [24], the
authors observed that the length of the peptide influenced
the size of the particles obtained.

CD can be used to monitor the formation of secondary
structures and an interesting phenomenon was revealed when
the hybrids were studied by this technique. Ventura et al [11]
and Yvon et al. [10] saw that conjugation of small peptides to the
Mn-Anderson core led to the formation of structure assemblies
based on an a-helix. Although the explanation is not clear yet,
it evidences the role of these inorganic clusters on the secondary
structure of peptides. According to Lacote and co-workers, the
presence of an inorganic cluster might make the system more
rigid favoring the folding of the peptide.

121

=



122

Rational Design and Self-Assembly of Polyoxometalate-Peptide Hybrid Materials

3.2.3 Stereochemistry in POM-Peptide Hybrids: Study
and Application

Several groups have focused on studying the chirality of POMs
chemistry and its impact on their applications [48]. This is one
of the main interests of the Lacote and Thorimbert groups who
routinely use {ay,,-P,W;7041} POT precursors to access various
hybrids. As mentioned in section 3.2.1.2, the functionalization
of the Wells-Dawson POM will have different effects on the
chirality of the hybrid, mainly depending on which lacuna the
Sn atom is placed. While for the a, isomer, the Sn atom is at
the cap and has Cs symmetry; for the a; isomer, the Sn atom is at
the belt and is chiral, isomerizing in aqueous solution.
Their main interests are the resolution of the enantiomers of
{a1-P,W4704:} and its hybrids (see Fig. 3.8) and the regioselectivity
of the oxoacyl derivatives [al/z-P2W17O61{SnCH2CH2C[=0)}]6‘
(see Fig. 3.5B).

Figure 3.8 Stereochemistry of a; and a, isomers of {SnP,W;,0¢,} moieties,
based on reference [21].

In 2005, they accomplished the first direct observation of
the two pure ay-diastereoisomers, without averaging signals
from different compounds, through the splitting of 3'P-NMR signals
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of hybrids formed with chiral amino acids [18]. This splitting
takes place when the spacer folds facilitating a hydrogen
bond between the free proton of the amide and the negatively
charged oxygen atoms of the surface of the POMs. This interaction
approaches the two stereogenic elements and also allows
possible secondary interactions between the side chain of the
amino acid and the POM surface. The splitting of the 3'P-NMR was
due to the presence of the two diastereoisomers, formed from
the racemic synthesis of the lacunary POM and not a rotameric
equilibrium in the amide bond.

This hypothesis was further explored in the work of
Micoine et al. [21]: multiple hydrogen bonds between organic
molecules and the negatively charged inorganic cluster would
be the key for the chiral recognition and kinetic resolution of [o;-
P,W;,0:{SnCH,CH,C(=0)}]®" enantiomers. A series of tripeptides
was screened in the amide bond formation reaction with the
racemic mixture. After optimization of the Kkinetic resolution
conditions, 20% of the starting material was recovered as
unreacted enantiopure  (+)-[o;-P,W;,06:{SnCH,CH,C(=0)}]°,
while the POT-peptide hybrid was obtained in 79% yield and
65/35 diastereomeric ratio. The reaction of the isolated compound
with any chiral nucleophile yielded a single diastereomer, which
was the final proof for the > 99% enantiopurity of the product
of the kinetic resolution. Pure (-) enantiomer was obtained from
the reaction of the same racemic mixture with the D-tripeptide.

As previously mentioned, in the work of Boglio et al
[20] in 2008, the authors explored the regioselectivity of the
intramolecular oxoacylation reaction (see Fig. 3.5B) to form
the hybrids (TBA)g[at;/2-P,W1706:{SnCH,CH,C(=0)}], as well as
the chirality of the new products. Since the acylated POM-hybrids
could not be crystallized, determination of the regioselectivity
was made from spectroscopic data (NMR and ESI-MS) and
theoretical studies (DFT calculations). In the case of the a, hybrid,
whose precursor is achiral, the privileged regioisomer arises
from the reaction of the activated carboxyl group with a cap/
cap bridging Sn-O-W oxygen (see Fig. 3.9, isomer B). For the o4
hybrid, whose starting complex is chiral, all oxygen atoms are non-
equivalent and there are four different positions for the reaction.
Theoretical calculations demonstrated that only two of them
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are possible, being the one with the organic ligand within an edge-
sharing Sn-O-W group the most plausible as for the aj, hybrid
(see Fig. 3.9, isomer D).

Figure 3.9 Acylation of ay/,-P,W;;06,{SnCH,CH,C(0)} and possible
regioisomers, based on reference [20].

Chirality broadens the already interesting potential
applications of POM-hybrids: from selective catalysis, materials
science to biomedicine. In the latter case, there are numerous
examples of chiral biomolecules and stereoselectivity has an
important role in biochemical reactions, e.g., proteins are formed
only by L-amino acids. As described above, new POM hybrids
with L/D-amino acids, (L/D-aa){TRIS-MnMo4O,g-TRIS}(L/D-aa),
were recently prepared [12]. A wide variety of POMs and POM-
hybrids have been used as in vitro inhibitors of amyloid-f (Af)
aggregation [38, 49]. The authors aimed at studying if chirality
of the hybrids would have a positive impact on their activity
and selectivity, since amyloid-f fibrils prepared in vitro present
left-handed helical structures [50]. First, the binding affinity of
the Mn-Anderson hybrids to the A3 peptide was measured by
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isothermal titration calorimetry (ITC) and fluorescence titration.
The (F)-modified POMs showed the highest affinity and the first
proof of enantioselectivity: (D-F)-POM bonded 8-fold stronger to
AB than (L-F)-POM. Results from 'H-NMR spectroscopy and
molecular dynamic simulations confirmed the binding site of the
hybrids to the peptide, found in the segment AB3_,o (HHQKLVFF).
Although all hybrids could prevent the aggregation of the Af
peptide to fibrils, the (F)-modified POMs, and more specifically
the (D-F)-POM, showed stronger activity.

3.2.4 Future Perspectives

A thorough review of the published literature of the covalent
Class I POM-peptide hybrids reveals the robust methodology
developed for the preparation of asymmetric Mn-Anderson POMs,
as yet no more reports have been published according to this
approach. The scope for this type of asymmetric hybrid, specifically
in the field of medicine—where POM-peptide hybrids remain
practically unexplored—is significant and we anticipate that the
development of this area will provide a number of relevant and
useful materials.

In addition to the often-employed Mn-Anderson core, there
are numerous possible POM architectures available, all of them
with different topology and redox properties. Thus, the use of
other POM architectures is highly desirable to expand the
chemical space in the design of new POM-peptide hybrids.
Furthermore, increasing the peptide chain length would allow for
more complex hybrid assemblies.

As a general observation, the covalent conjugation of peptides
to the POM cluster in search for synergistic effects between
both structures, combined with the attachment of biologically
relevant peptides like those reported by Ventura et al [11],
paves the way for using these hybrids in real-world application.
Such systems would be ideal for linking enzymes to tune and/
or adapt their catalytic activity. In many enzymes, metallic center
cofactors are found to play a pivotal role in catalysis [51, 52] and
indeed, nature has evolved to use molybdenum storage proteins
in bacteria [53, 54].
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Another possible direction would consist of the covalent
assembly of distinct POMs with different properties. In this way,
it would be possible to explore synergistic effects between the
metallic clusters. Further, the modularity of a peptide spacer
may permit the system to fold, creating interesting structures
or functional materials.

What is clear is that future steps in this field will involve
passing from fundamental synthetic chemistry to functional
materials so that structure-property relationships feed fluidly
into innovative design principles. In this regard, new chemistries
like supramolecular polymerization reactions or dynamic covalent
bonds would offer an appealing boost to the preparation of
new covalent POM-peptide materials.

3.3 lonic POM-Peptide Hybrids

Throughout the previous section, we discussed how POMs can
influence the assembly of peptides covalently attached to the
cluster in Class II-type POM-peptide hybrids. In spite of the
limited number of publications on this topic until now, we
can draw some general conclusions: (i) thermodynamics and
electrostatic interactions constitute the main driving forces in the
self-assembly of these supramolecular architectures; (ii) the size
and charge of the POM cluster anion play a major role on the
assembly process; and (iii) the counter cations are partially
dissociated from the anionic scaffold. Here we will review the
literature examples of the Class I-type POM-peptide hybrids,
which are based on the purely ionic assembly between amino
acids or peptides and POMs. Please note that several examples
discussed throughout this section of the chapter have been
revised in a review from 2016 [9].

One key feature of ionic assembly of POM-peptide hybrids
compared to the covalent molecular POM-peptides is the POM
peptide stoichiometry, which is fixed in the latter material,
whereas it can be easily tuned in the ionic hybrid materials
without any extra synthesis, i.e, an excess of peptide/positive
charges can be added in the material. We will explore this feature
as well as how the components of the hybrids affect the
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self-assembly and therefore the key physicochemical properties
giving rise to a variety of relevant applications (see Fig. 3.10).

Figure 3.10 Class I POM-peptide hybrids formed by ionic self-assembly
present interesting properties for a range of different applications,
as described in the 18 articles covered in this chapter (see Table 3.2).
(HPV = Human Papilloma Virus, AR = amyloid-f3 peptide).

Both POM and peptide systems can self-assemble from
small building blocks to larger supramolecular structures—from
1D to 3D structures—where both are characterized by novel
physicochemical properties associated with their increasing
structural complexity and new dynamic structural arrangements,
as we have discussed before (see Fig. 3.7). Therefore, the
combination of both entities may open a vast number of
possibilities of assembly or synergistic properties. Nature is
expert at such combinations gathering the rigidity and redox
properties of metallic clusters with the elevated flexibility and
self-assembly properties of proteins; for example, the iron-sulfur
clusters found in enzymes that assess vital roles like energy
production [55].

Recently Streb & Nyman and co-workers reviewed the
importance of counter-ions in the solubility of POMs and therefore
self-assembly of these clusters in a solution [56]. Normally, alkali
cations and bulky organic cations have driven the research in
POM assembly; however, more exotic cationic species like
lysine-/arginine-rich peptides have gained the attention lately as
readily available building blocks, which provide access to complex
structures with highly tunable physicochemical properties.
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3.3.1 Building Blocks: POMs & Peptides

Table 3.2 Overview of the POM clusters and peptides used in formation of Class | POM-peptide hybrids

POMs
Entry Reference Year POM type Formula Abbreviation Peptide Application
1 [47] 2010 Keggin heteropolyacid H3PW1,049 PTA CDP (FF- NHy) encapsulation
2 [57] 2013 Co-substituted Kg[P,CoW;044] P,CoWy, AB15.20 (Ac-QKLVFF- NH;) inhibition
Wells-Dawson AP aggregation
3 [58] 2015 Weakley/bi-Lindqvist Nag[EuW;,036] EuW,, HPV18Ctb (SSKPAKRVRVRARK)  HPV related
HPV16Ctb (SSTSTTAKRKKRKL)
4 [59] 2015  Weakley-type Keggin Ki3[Eu(SiW;oM003),] EuSiWMo HPV16Ctb (SSTSTTAKRKKRKL)  HPV related
5 [60] 2015 Keggin heteropolyacid H3PW 1,040 PTA (FF-OMe) catalysis
6 [61] 2016 Keggin heteropolyacid H,SiW 1,049 HSiW KAzoKAzoKAzoK-NH," antibacterial
7 [62] 2016 Decavanadate Nag[V1002s] V10028 KAzoKAzoKAzoK-NH, 1D assembly
tri-lacunary Keggin Nag[PW5034] PWy KAzoKAzoKAzoKAzoK-NH,
Keggin heteropolyacid H,SiW 1,040 HSiW KAzoKAKAzoK-NH,
Wells-Dawson Kg[P2W106,] P,Wyg KFKFKFK-NH,
Preyssler Ki25Nag 5[NaPsW300110] NaPW SAzoKAKAzoS-NH,
Wheel KogLis[H7(PgW4g01g4)] PgWyg SFKFKFS-NH,
Keplerate (NH4)42[M0135037,(CH3C00)30(H,0)72] Moy,
8 [63] 2016 Keggin heteropolyacids H,SiW 1,049 HSiwW KFKFKFK-NH, hydrogels
H3PW,,040 PTA KLKLKLK-NH,
HsPMo4(V,04¢ HPMoV KVKVKVK-NH,
KAKAKAK-NH,
KFKFK-NH,
KFKFK-NH,
KVKVK-NH,
KAKAK-NH,
KFK-NH,
KVK-NH,
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9 [64] 2017 Keggin heteropolyacid H,SiW 1,040 HSiW H adhesives
10 [65] 2017 Keggin heteropolyacids H,;SiW 1,040 HSiW Ac-EEMQRRAD- NH, adhesives
Keggin HsPMo4(V,04¢ HPMoV Ac-EEMQREAD- NH,
Ke[CoW1,040] CoW;, Ac-EEMQEEAD- NH,
Ac-EEMQRR- NH,
RRDVY
AH
11 [66] 2017 Decavanadate Nag[V1002s] V10028 L-SFKFKFS-NHOAc 1D assembly
Keggin Kg[CoW1,040] CoWy, D-SFKFKFS-NHOAc
Wells-Dawson Kg[P2W1506,] P,Wig L-SFKFKLS-NHOAc
L-SFKFKLS-NHOAc
L-SVKVKVS-NHOAc
L-SWKWKWS-NHOAc
12 [67] 2017 Weakley / bi-Lindqvist Nag[EuW;(03¢] EuW,, KKKKKKKK photocatalysis
13 [68] 2018 Weakley-type Keggin K13[Eu(SiW1yMo03q),] EuSiWMo HPV16L1Ctb (SSTSTTAKRKKRKL) HPV related
Weakley / bi-Lindqvist Nag[EuW (03] EuW;, HPV16L2Nt (MRHKRSAKRTKRA)
Lacunary Keggin sandwich K;;[Eu(PW;0539);] EuPW,;
14 [69] 2018 Weakley / bi-Lindqvist Nag[EuW (03] EuW, HPV16 Virus-like particles (VLPs)  HPV related
72 x L1-pentamers
15 [70] 2019 Mono-lacunary Keggin Kg[ot-SiW1;030] SiWy; GHK adhesives
Tri-lacunary Keggin Nag[PWy034] PW, GFK
Keggin Kg[CoW1,040] CoWy, GVK
16 [71] 2019 V-capped polymolybdate  (H,0)3(NHg4)1g [M057Vs(NO3)60153 Mo-POM AB15.20 (Ac-QKLVFF-NH,) inhibition AB
(H20)1g3]'56H20 aggregation
17 [72] 2019 Keggin heteropolyacid H3PMo1,04¢ HPMo Soybean pentapeptide (SHCMN) Photothermal
materials
Antibacterial
18 [73] 2019 Mono-lacunary Keggin Kg[a-SiW1039] SiWy, R anticorrosive

coating

Notes: (a) Key amino acid residues have been highlighted, the color coding is red, hydrophobic; green, basic; blue, acidic; (b) only N-terminal and
C-terminal modifications are labeled. fazo = azobenzene as side chain.
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3.3.1.1 POM clusters

In most of the works here reviewed, small and simple POM
structures have been used (see Table 3.2), namely the Keggin
anion and some of its different varieties, such as heteropolyacids
(H3PW1,049 and H4SiW,,044), lacunary (Nag[PWq03,4] and Kg[a-
SiW;103¢]), and Weakley-type Keggin (K;3[Eu(SiW;iM00s39),]).
POMs are nano-sized polyanions. Each unit has a nanometrical
size, e.g, the Keggin anion [SiW,040]®” measures 1 nm on each
of its sides [74]. Furthermore, POMs are highly negatively charged.
Being dense polyanions render them with characteristics such
as their ability to interact with positively charged molecules.
This is going to be the key for their interaction with peptides
and the formation of ionic self-assembled hybrids.

As mentioned before, one of the most used types of POMs is
the Keggin-type heteropoly acids (HPAs), which are the acid
forms of the heteroPOMs. HPAs not only present all the
interesting properties of POMs, but also have other advantages.
They are strong Brgnsted acids and, contrary to their salts,
HPAs can be dissolved in polar organic solvents [75]. HPAs have
been used in ionic self-assembly with peptides for different
applications, from catalysis [60, 72] to adhesives [64, 65]. POMs
are more frequently used, in a broad approach, in their conjugated
salt forms for all types of structures. The Europium-containing
POMs, which add the fluorescence to their properties, deserve a
special mention in this section. Modulation of the luminescence
intensity in co-assembly with peptides provides new applications
for these hybrids.

3.3.1.2 Peptides

Given the negatively charged nature of the most common POMs,
it follows that cationic peptides, or positively charged amino
acids, have been chosen for the self-assembly formation of Class I
POM-peptide hybrids. Aromatic amino acids, such as phenylalanine,
have also been widely used in the works reviewed here.
These residues provide hydrophobicity to the system and also
present self-assembling and packing characteristics, as in the
case of the previously seen di-L-phenylalanine peptide [24, 47].
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An interesting type of peptide widely used by Wen Li and
co-workers is the facial-like peptide that is characterized by
its amphipathic properties; that is, when the peptide folds,
hydrophobic and hydrophilic side chains locate in different
sides of the peptide giving the name of facial-type peptide.
Furthermore, this motif is especially relevant in natural
antimicrobial peptides that display a combination of hydrophobic
and positively charged (e.g, K or R) residues and it is broadly
accepted that such particular face segregation is responsible for
their antimicrobial activity [76, 77]. Many naturally occurring
peptides have been used for the assembly of ionic POM-peptide
hybrids; for example, arginine-/lysine-rich peptides, also known
as nuclear localization signals (NLSs), from the capsid proteins
of HPV-16 and HPV-18 (human papilloma virus); and the
antioxidant soybean pentapeptide. Importantly, naturally occurring
peptides can also confer biocompatibility to the hybrids: a key
parameter for the development of materials with prospective
biomedical applications.

3.3.2 Mechanisms of Assembly: A Case Study

In 2010, X. Yan et al [47] reported—to the best of our
knowledge—the first assembly compromising both entities, POMs
and peptides (Fig. 3.11). Herein, they selected a nearly spherical
phosphotungstic acid (PTA) and a dipeptide of phenylalanine (FF),
we have previously mentioned some examples with this motif
and its impact on protein assembly. The authors added an
aqueous PTA solution into a peptide HFIP (1,1,1,3,3,3-hexafluoro-
2-propanol) solution, at 1:5 charge ratio. The electrostatic
interactions between the positive N-terminus of FF and the
anionic PTA trigger the encapsulation of these anionic clusters
inside peptide capsules. These structures of ca. 1.4 nm, that
compromise one PTA surrounded by FF, can further self-
assemble producing larger structures of ca. 150 nm. When the
authors varied the PTA-to-FF ratio, they did not observe significant
variation in the nanoparticle size. Moreover, upon a certain
threshold from the system was no longer stable, leading to
precipitation. This occurs due to the excess of peptide that may
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crosslink nanoparticles. The {-potential, in turn, varied according
to the amount of peptide added shifting toward more positive
values. The simple self-assembling system that Li and co-workers
developed herein displayed structure-property responsiveness
to external stimuli like pH and temperature. For instance,
increasing the pH led, again, to an unstable system as a consequence
of the loss of positive charge of the amino groups. Regarding
temperature, upon heating to 70 °C turbidity of the colloidal
suspension disappeared and was ascribed to the disassembly
the ionic interactions holding together the nanospheres. Beyond
stimuli responsiveness, these nanoparticles were used as scaffold
to encapsulate different molecules like fluorescent dyes, which
were incorporated no matter their charge, natural polymers,
and dextran, which is a neutral polysaccharide. In summary,
the stepwise assembly process first of all consists of charge
recognition between the anionic POM and positive peptide and
then a subsequent association and assembly process via non-
covalent interactions. A similar phenomenon in the covalent
hybrids was described by Luo et al. [13], where the assembly
was also described as mainly ionically driven through POM
association. In general terms, this type of assembly is common for
all the examples we are going to focus on during this section.

Figure 3.11 Timeline of different Class I (ionic) POM-peptide hybrids
summarizing the experimental conditions and morphology of the materials
obtained. The color code depicts the applications as in Fig. 3.10. The
references of each work are indicated between brackets.
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Since then, the Li group has made a number of significant
contributions to the field of active POM-peptide materials. This
unique combination allowed the authors to obtain a library
of different types of structures by changing the preparation
conditions, e.g, adding a co-solvent, varying the peptide length,
or the inorganic cluster.

One notable example is the hybrids formed from facial-
like peptides. The combination of hydrophobic and hydrophilic
residues in these peptides adopt a B-sheet structure, however
a certain number of amino acids is required for the peptide to
arrange into a secondary structure. Thus, when the peptide
cannot fold into either an a-helix or a B-sheet, it adopts a random
coil conformation. The addition of POMs to these particular
peptide arrangements might favor the assembly, according to
the ionically-driven processes we have discussed previously.
Therefore, Li et al. [61] pushed the idea into a further level by
combining facial-like peptides, consisting of hydrophilic (lysine, K)
and hydrophobic (azobenzene, Azo) residues, and the hetero-
polyacid H4SiW 1,040 (HSiW).

Figure 3.12 Micrographs of different POM-peptide assemblies.
The sequence of the peptide, POMs characteristics, and preparation
conditions decide the type of material. Reproduced with permission
from references [61, 63, 65, 70].
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The peptide depicted in Table 3.2 (entry 6) did not display
any preferential secondary structure when free in a solution,
but a random coil. However, as soon as HSiW was added
the electrostatic interactions between both entities triggered
the formation of B-sheets, as monitored by CD. Indeed, the 3-sheet
content rose upon increasing the equivalents of POM, up to a
maximum POM-to-peptide ratio of 1:2. With a further increase
in the amount of POM, the system started to precipitate. At this
point, it is clear that the anionic cluster was triggering some
sort of aggregation because conformational changes may
microphase separate the hydrophilic amino acids—that may be
exposed to the solvent from the hydrophobic residues—buried
inside the structure. The POM, here, will be acting as a bridge
connecting different peptides. Electron microscopy allowed the
authors to observe the formation of long fibers with a uniform
diameter of ca. 13 nm. In these fibers, the POM anions could
be clearly seen due to the electron contrast in TEM, and by
HR-TEM, the authors were able to measure the layer distance,
which was ca. 5 nm (see Fig. 3.12A). 183W-NMR and EDX showed
that the inorganic cluster remained stable after the assembly
process and the high association constant obtained by ITC
demonstrated that the process is mainly driven by electrostatic
interactions.

According to the experimental results, the authors suggested
that the fibers might be composed of a core-shell structure of
POM-peptide. The core of the structure was defined as a layered
structure of POM|pep|pep|POM, according to the calculated
and measured distances (see Fig. 3.13). As discussed before,
the hydrophobic moieties are located at the core of the fibers—
interacting by hydrophobic interactions and -1 stacking—while
positively charged lysine residues interact with the POM anions.
It should be noted that the POM-to-peptide ratio plays an
important role in the stabilization of the structure. Each POM
anion can interact with four positively charged residues of the
peptide, setting a 2:1 peptide-to-POM molar ratio, and therefore,
the excess of peptide was accumulated at the surface of the
fiber, generating a positively charged structure.
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Figure 3.13 General overview of the materials formed by combining
facial-like peptides with anionic heteropolyacids.

The hydrophobic residues of the peptide were non-
canonical amino acids based on an azobenzene, which undergoes
trans-to-cis isomerization upon irradiation with UV light. The
authors observed that when the fibers were submitted to UV
irradiation, the fibrillar structures broke down, as a consequence
of disrupting the packing at the hydrophobic core. In a recent
follow-up publication, the same authors managed to prepare
transient nanostructures that undergo morphological change
from spheres to sheets using this same stimulus [78].

Other peptides prepared with either phenylalanine or valine—
as hydrophobic residues—did not exhibit enough hydrophobic
packing to trigger the formation of fibrils, instead, irregular and
unstable spheres were observed. With these experiments, one
can anticipate that both the peptide design and the nature of
the POM will be crucial to obtain stable structures.

Provided these few guidelines, the Li group systematically
explored the influence of POM and peptide characteristics to
generate new hybrid nanostructured systems. The experimental
conditions (e.g., pH or cosolvents) and the POM-to-peptide ratio
steer the formation of either 1D or 3D structures (see Fig. 3.12).

For example, in their continuation work, seven different
types of POMs and six variations of the facial-like peptides were
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combined and their assemblies studied [62]. Briefly, the POM size
plays a pivotal role in the type of assembly, since it will decide
which non-covalent interactions drive the self-assembly process.
For a given peptide, when the cluster size was increased, the
steric hindrance inhibited peptide folding into fibrils and instead
nanospheres were observed. In these structures, for a given type
of POM, the length and hydrophobic content of the peptide drive
the type of assembly. For example, when the authors kept the
same lysine content (four residues), but the hydrophobic content
was reduced; the electrostatic repulsions did not allow the
peptide to cover and stabilize the nanoparticle surface. Whereas,
peptides with less lysine content experimented less repulsion,
leading to an optimum coverage and stabilization of nanosphere.

In line with the importance of the hydrophobicity, the
same authors described in a recent paper its role in the
assembly of the fibrils [66]. Using the decavanadate V;,0,g as an
inorganic cluster, the authors observed that peptides with different
chirality—either L- or D-amino acids were used—induce twisted
fibers where the helical sense depends on the peptide chirality.
Compared with the previous report, the fibers twisted as a
consequence of an increased steric hindrance of a larger cluster,
causing the peptide layer to bend.

The helical pitch, the distance between two consecutive
twists, was found to be dependent on the hydrophobicity of the
hydrophobic residue. The authors noticed that a decrease in
the hydrophobicity induced larger pitch distances, indeed
spherical structures were observed when valine was employed.
Tryptophan, in turn, was not sufficiently hydrophobic, and the
more effective m-m stacking overcomes the steric hindrance of
the POM, resulting in straight tapes.

We have briefly mentioned that the peptide sequence
and its length can be precisely modified to obtain different
nanostructures. Further, the POM size and its charge might
influence the assembly as well, since it will drive how the
peptides are arranged in the core of the nanostructure. In addition
to the hydrophobicity of the POMs, the addition of another POM
(CoW,, or P,Wyg) finely tuned the pitch of the fibrils. These
secondary POMs may disrupt the stacking of the decavanadate
inside the fibrils, so the pitch varied accordingly.
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Besides nanoparticle or fiber formation, the system developed
by the Li group is versatile enough to produce multiple outcomes
only varying a few experimental conditions like pH, type of
POM, or the characteristics of the peptide. For instance, peptides
can form gels, which have been widely described in literature.
In order to form a gel, the peptides need to polymerize forming
a 3D network, a process that can be achieved either by covalent
cross-linking or by supramolecular polymerization.

As we have already seen, HPAs can be used as supramolecular
cross-linkers to peptides bearing basic residues to form a 3D
structure [61]. The Li group also explored this possibility, by
mixing HPAs—Keggin archetype—with facial-like peptides
in 2016 (see Table 3.2, entry 8) [63]. The expertise gathered
in previous works let them predict that supramolecular
polymerization, which forms either fibrils or spheres, can be
scaled up to a 3D structure (see Fig. 3.13). We have previously
described that increasing the POM-to-peptide ratio led to
precipitation due to the cross-linking of multiple nanostructures,
e.g, fibers.

Therefore, a trace of an organic solvent modifies the dielectric
constant of the medium, thus the ionization of the POM may
prevent the system to collapse. It was found, indeed, that EtOH
successfully triggered gel formation; other organic solvents did
not favor gel formation. The gelation process was carried out
by mixing the POM with the peptide (1:1 molar ratio), at relatively
high concentrations of both (100 times more concentrated),
in presence of EtOH (EtOH:H,0 1:5).

An interesting observation was that for the system to form
a gel, POMs had to be in their protonated forms. In addition,
alkali salts of HPA did not induce gelation, due to their scarce
solubility in EtOH. When the authors characterized the materials,
they observed that the structure formed upon complexation
depicted a similar behavior as in their previous reports.
HPA induced the transition of the peptides from random coils
to B-sheets. This process rendered the formation of irregular
nanospheres—observed using diluted solutions—and stack
forming sheets and finally the 3D hydrogel structure—observed
by SEM (see Fig. 3.12B).
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Encouraged by the fact that supramolecular polymerization
of POMs and peptides can form 3D network gels, the Li group
explored the formation of adhesive ionic POM-peptide hybrids
in 2016 [65]. In this work, the peptide design was slightly
different from the facial-like peptides, due to the introduction
of glutamic acid residues (E), as the researchers hypothesized
that carboxylic groups could favor adhesion properties meaning
that acidic pH was required. The supramolecular polymerization,
as well as in the aforementioned examples, was driven by
electrostatic interactions between the positive amino acids (R
or K) and the POM. The addition of the inorganic cluster modifies
the folding of the peptide, again from coil to B-sheet. If we pay
attention to the microscopic network, we can extract some
similarities with the structure observed in gels, such as sheet-
like structures with 3D pores (see Fig. 3.12C). The strength of
adhesive was found to be dependent on the sequence of the
peptide. A balance between negatively and positively charged
residues was required, since peptides with a high number of
anionic amino acids avoided POM complexation [65].

The examples we have described depicted a common motif
in the peptide sequence—basic amino acids in an amphipathic
peptide—that were responsible for the POM complexation
and therefore the self-assembly of the system. However, the
introduction of other amino acids like histidine (H), which is
well known for its metal binding capacities, could provide
different properties to the hybrid material. In recent work, X. Li
et al. [70] inserted H in small peptides to prepare coacervates—
colloidal dispersions with liquid-liquid phase separation.
A simple peptide design GHK, permitted to prepare coacervates
with a Keggin POM in a 6.5:1 peptide-to-POM molar ratio. The
formation was carried out at pH 6.5 in which histidine was not
protonated; however, when the pH decreased, the adhesive
strength of the coacervates increased. This phenomenon was
explained, due to the imidazole degree of protonation that
improved the ionic cross-linking and created stiffer
structures. Examination of the gel formed at pH 4.5 under SEM
showed again a rich 3D network with fibrillar morphology
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(see Fig. 3.12D). A similar trend was observed when adding
metal ions, e.g., Co?* and Ni?*. These metals ions, once coordinated
to H, favored the entanglement creating more rigid structures.

Regarding the characterization of the Class I POM-peptide
hybrids, various techniques have been repeatedly used in these
works, both for the study of the interactions of the precursors
in the hybrid and the supramolecular structures formed. For
the latter, as previously seen in section 3.2.1.3, electron
microscopy, both TEM and SEM, is the most effective technique
and the primary source of structural information. The use of
high resolution-TEM allows even to observe the small clusters
formed by one sole POM unit and the peptide shell, which
form part of larger structures such as fibers (see Fig. 3.124) [61]
and nanospheres [47].

Contrary to the examples with covalent hybrids, these self-
assembled materials do not crystallize in a solution. Therefore,
energy dispersive X-ray spectroscopy (EDX) coupled to EM
together with X-ray diffraction has been used instead of X-ray
crystallography to gain insight on the chemical composition
and structure of the materials. Common and readily available
techniques such as FTIR can provide meaningful information
of the chemical composition and structure, from slight changes
in the bonding energy of POMs upon binding to the peptides to
the secondary structures of the peptides based on the vibrations
of the amide bonds. ITC is a routine technique in biochemistry
that permits to calculate the affinity constant of a given system
and can provide valuable information on how the POM-peptide
precursors bind to form the resulting hybrid material.

Altogether the ionic POM-peptide hybrids represent an
elegant approach for the design of soft materials, and we can draw
some general guidelines to prepare such assemblies. Regarding
the peptide design, the only condition required to interact with
the POM anions is the presence of positively charged residues,
which can be either natural or tailor made. This electrostatic
recognition is the base of the assembly, and then hydrophobic
interactions, hydrogen bonding, and the POM archetype will
define the type of nanostructure, thus the application.
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3.3.3 Applications

3.3.3.1 Biomedical applications

Most of the published literature describing ionic POM-peptide
hybrids include applications in the biomedical field: from
antibacterial activity to inhibition of the aggregation of the
amyloid-f peptide, including an important group of publications
related to the use of peptides from the human papilloma virus
(HPV). Their main properties and applications are described
below; taking into consideration their supramolecular structures
can have an impact on them.

HPV related

The groups of Yuqing Wu and Lixin Wu have performed extensive
studies on hybrids formed from Europium-substituted-POMs
with peptides derived from the capsid proteins of two pathogenic
strains of HPV. In their works published in 2015, the authors
described a two-step assembly between HPV peptides and EuW;,
or EuSiWMo POMs (see Table 3.2, entries 3 and 4) [58, 59].
The peptides used in the studies, also called NLS, are fragments
of the HPV-16 and HPV-18 capsid proteins rich in arginine and
lysine and therefore, positively charged. As seen in the previous
section, the addition of the peptides to a POM solution triggers
first the formation of clusters by electrostatic interaction,
and further assembly of the clusters leads to the formation of
nanospheres. The most exploitable property of these hybrids
is the enhanced fluorescence of the Eu-POMs upon binding to
the positively charged amino acids of the peptides, which remove
the solvating water around the POMs. With this idea in mind,
in 2018, the authors developed a protocol for the detection of a
type of cell receptors, glycosaminoglycans (GAGs), which allow
the HPV to enter cells [68]. In a competitive recognition of the
peptides and GAGs, they studied the fluorescence emission of
the ionic POM-peptide hybrids in the presence of different types
of GAGs: heparin, chondroitin sulfate, and hyaluronic acid.
Whenever the peptides showed a high affinity for a specific GAG,
the peptide would “leave” the assembly with POMs to bind the
GAG, leading to a decrease in the fluorescence of the Eu-POM.
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The method was further tested by using the recombinant
protein HPV 16L1, confirming its effectiveness to identify the
cell receptors, which allow the virus to enter the cells: heparin
and chondroid sulfate. This protocol constitutes an example in
the use of POM-peptide hybrids for virus screening. In the same
year, Wu and co-workers described a different type of assembly
again using Eu-substituted-POMs with VLPs of HPV [69]. This
type of VLP is formed by 72 pentamers of the peptide HPV16Ctb
and has been used for the development of HPV vaccines [79].
With the formation of VLPs-POMs hybrids, the authors aim at
improving the thermal and storage stabilities of the VLPs as
well as their biological activities. The main characteristic of this
work is the difference between the mechanisms of assembly:
encapsulation vs. adhesion. Encapsulation of EuW;, into HPV
16 VLPs (EuW;,@VLPs) takes place when the POM solution is
added to an aqueous solution of pentamers of the peptide, at 10:1
POM-to-peptide molar ratio. In this case, the assembly of the
pentamers into VLPs happens at the same time as the assembly
with the POM leading to a co-assembly of the precursors and
the encapsulation of EuW;, into the VLPs. On the other hand,
when the POM is added to the already formed VLPs, its
encapsulation is not possible. Instead, the EuW;, anions adhere
to the surface of the VLPs to form the VLPs@EuW,, hybrids.
The different mechanisms of assembly and the hybrids formed
will impact their properties. For example, the thermal stabilities
of VLPs were studied by UV cloud point measurement,
which traces the transition temperature. HPV 16 VLPs start to
decompose at 68.83 °C, and this critical temperature is increased
by ca. 2 °C, in the presence of both hybrids, EuW;,@VLPs and
VLPs@EuW,,. The mechanism involved the ionic binding of the
negatively charged POMs and the positively charged Arg and
Lys amino acid residues of the VLPs peptides would be enough
to promote thermal stability. A so-called “charge neutralization”
assembly of POMs, both in the cavity and at the surface of VLPs,
increased the thermal and storage stabilities of HPV 16 VLPs
by ca. 2 °C and at least 15 days. The EuW,;, POM acts as a “charge
neutralizer”, avoiding the aggregation and decomposition of HPV
16 VLPs through the ionic interaction with the positively charged
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arginine and lysine amino acid residues of the peptides forming
the VLPs.

Antimicrobial

There are several reports on the antimicrobial activity of Class I
POM-peptide hybrids in the literature. All of them have
used the Gram-negative and potentially pathogenic bacteria
Escherichia coli. The first example of an antimicrobial ionic
POM-peptide hybrid was described in 2016 by Li et al. [61]. The
precursors, HSiW and KAzoKAzoKAzoK, were not active by
themselves against Escherichia coli, but the nanofibers HSiW@
(L1); (see Fig. 3.12A) showed antibacterial activity, with a
minimum inhibitory concentration (MIC) of 60 pM. Confocal
microscopy studies showed that the positively charged surfaces
of the nanofibers bind and accumulate on the bacterial cell
membrane causing lysis and cell death. This behavior is
commensurate with other cationic antimicrobial peptides [76]
and to the antimicrobial activity proposed for the amyloid-
peptide [80], which also forms (3-sheet rich fibers.

A second example was the different hybrids described in
the previous paragraph, formed by Eu-POMs and VLPs. The
HPV 16 VLPs were not active against E. coli growth; the EuW;,
POM had a concentration-dependent activity, and its activity
was increased when in the EuW;(@VLPs hybrid form
(co-assembly) but not for the VLPs@EuW;, hybrids (EuWqq
adhered to the surface of VLPs). Therefore, co-assembly and
encapsulation of POMs in VLPs favor the growth inhibition of
E. coli, while POMs are easily released when on the surface of
VLPs@EuW;, hampering the antibacterial activity. Growth
inhibition activity: VLPs (0) < VLPS@EuW,, < EuW,, < EuW,@VLPs.
SEM imaging showed that morphological changes of the bacteria
in presence of EuW;,@VLPs were indicative of cell death.
Another example of inhibition of growth of E. coli is found for the
reduced supramolecular material (rSP) formed by HSiW and the
antioxidant soybean peptide [72]. This rSP worked as a
photothermal agent against tumoral cells. As in the previous
example, while the precursors did not show any effect on the
growth of E. coli, no bacterial growth could be observed in
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presence of the hybrids for 8 hours. However, the authors do not
specify the conditions, such as concentration of compounds and
initial bacteria concentration, used for the assay.

Inhibition of amyloid-{3 peptide aggregation

There have been several literature reports on the use of POMs
as aggregation inhibitors of the amyloid-f peptide that are
implicated in the development of amyloid plaques in the
brains of those affected by Alzheimer’s disease [38, 81]. The
mechanism involved is believed to be POMs association with the
positively charged motif of the amyloid-B peptide-H*HQK!¢—via
electrostatic interaction [81]. This interaction seems even
stronger in the case of metal-substituted POMs, which can be
further chelated by the histidine residues of the peptide [38].
One of the simplest examples of Class I POM-peptide hybrid
formation by self-assembly following the stepwise assembly
process implies the use of the AB5_,, peptide. This hexapeptide
contains the “recognition element” KLVFF, a fragment of the
native amyloid-f peptide, which can bind to the full-length
peptide and prevent its aggregation [82, 83]. Two different
types of POMs have been used to form POM@AR5_,o hybrids:
a Wells-Dawson [57] and a polyoxomolybdate [71]. Again,
in the first step, the peptides and POMs bind by electrostatic
interaction to form peptide-encapsulated clusters, which can
further stack into supramolecular networks. Different forces
take place in the second binding step, such as van der Waals
forces, hydrogen bonding, and hydrophobic interactions. Both
POM-ABi5_59 hybrids assemble into spheres of ca. 100 nm of
diameter and reduce the fibrillation of the AB1-40 peptide and
rescue the toxicity of the aggregates on PC-12 cells.

3.3.3.2 Adhesives

Inspiration for the development of wet adhesives comes,
once again, from nature. Sessile animals such as mussels
produce adhesive proteins, which allow them to stick to wet
solid surfaces [7, 84]. Researchers are aiming at producing
biomimetic coacervates and materials with adhesive properties,
which could be used in diverse medical applications: soft and
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hard—bone and tooth—tissue adhesives, sutures and minimal
invasive surgery, prosthesis, etc. [85, 86]. As seen in the
previous section, it is the group of Wen Li that has done the most
extensive work on adhesives formed by self-assembled hybrids
of POMs and amino acids or peptides. Maybe the first idea came
from the formation of hydrogels in 2016 with Keggin-type
heteropolyacids and facial-like peptides in a 5:1 mixture of
ethanol and water [63], which they further developed into
coacervates and adhesives [64, 65, 70, 73]. As it has been seen
in the previous section, cross-linking of POM and peptides
clusters is the key for the establishment of 3D networks, which
is the base to produce gels, coacervates, and adhesives. Since
some of the works have been revised in section 3.2, we will not
enter in much detail on the formation of the hybrids and their
supramolecular structures in this part. A summary has been
included for clarity (see Table 3.3).

In these materials, the role of the POM is the key in forming
the 3D structure that will hold the gel and adhesive properties.
POMs act here as double agents, not only facilitating the cross-
linking of the peptides by electrostatic interactions, but also
by acting as rigid fillers of the gel matrix. By this, they provide
stiffness, greater adhesive properties to the materials and
improve their mechanical strength [70]. In the cases of
peptide hybrids, the supramolecular polymerization is mainly
governed by electrostatic interaction between the POMs and the
protonated residues of the peptides [65, 70]. In the case of
hybrid formed with only one amino acid, its positively charged/
protonated side chain also binds to the POM by electrostatic
interaction and interestingly, intermolecular hydrogen bonding
of the amino and carboxyl groups (N*Hp-H ~0-0C) help to
support the 3D network [64, 73]. Varying the pH can affect the
gel behavior and even disrupt the cross-linking due to the
deprotonation of the side chains, leading to a loss of the adhesive
properties. For example, this was observed when increasing
the pH above 2.5 for HSiW@Ac-EEMQRRAD-NH, and above 9
for SiW;;@R. On the other hand, cross-linking density can be
further improved by the inclusion of divalent metal cations such
as Co?*, as seen for the SiW;;@GHK hybrid [70]. These metal
cations could bind by coordination to both main actors of the
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hybrids forming ternary complexes inside the matrix. Another
modification that allows tuning the properties of the material
is the choice of amino acids. For instance, the authors found
that increasing the hydrophobicity of the peptide led to more
rigid scaffolds, due to better POM-peptide stacking interactions
[65].

Table 3.3 Summary of works on coacervates and adhesives of Class I
POM-peptide hybrids

HSiW@Ac-
Main hybrid HSiW@H EEMQRRAD-NH, SiW,;;@GHK SiW;; @R
Reference [64] [65] [70] [73]
Final POM-to-  1:4 1:2 1:2.4 1:7
peptide molar
ratio within the
matrix
pH 3 2 6.5 6.5
[aa/peptide] 02M 0.65M 1.25M 0.66 M
Behavior with — Loss of pH = 4.5 from Loss of
T pH cross-linking fluid coacervate to cross-linking
atpH > 2.5 adhesive gel loss atpH>9
of cross-linking
atpH<25
Shear strength 15.8kPa  27.8 kPa 32.73 kPa 4.1 kPa
on glass

Physical studies of the behavior of these materials were
performed and confirmed their adhesive properties with shear
strength values between 15 and 30 kPa on glass for most of them.
The strongest adhesive on glass was SiW{;@GHK, but HSiW@H
showed to maintain its adhesiveness up to more than 400 kPa
stretch pressure on the wood. All of them could self-heal
within 5-10 minutes and presented good stability of the 3D
matrix upon mechanical stress. The main characteristics of these
POM-based adhesives reside on their underwater adhesive
capacity, low toxicity, and shear thinning behavior, which allow
them to be injected through a fine needle and gain stiffness once
on the substrate or by varying conditions, making them good
candidates as biomedical adhesives. They present some other
added values as well. For example, the HSiW@H adhesive [64],
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as well as the HSiW@KFKFKFK gel [63], showed photo- and
electro-chromic properties—turning from white to blue in the
reduced state—due to the redox activity of tungsten. Another
example of added values is the anticorrosive capacity of SiW;;@R
to protect a copper sheet, which was increased by the adhesive
properties of the hybrid avoiding being washed with rain [73].

3.3.3.3 Catalysis

POMs have a rich history of application in the field of catalysis
[87, 88]. Their redox properties and thermal stability make
POMs versatile catalytic materials for a variety of different types
of reactions, and their high solubility in polar solvents even
enables them to act as enzyme mimics. For example, Keggin-
type POMs have shown peroxidase-like activity, facilitating
the transfer of electrons and oxidizing the substrate 3,3’,5,5-
tetramethylbenzidine (TMB). PW;, even showed higher activity
than the enzyme horseradish peroxidase (HRP) [89].

The first example of Class I POM-peptide hybrids used as
catalysts was described by Ma et al. [60] in 2015 (see Table 3.2,
entry 5). In this case, hybrids incorporate a third precursor,
graphene oxide (GO), and to go from a binary hybrid (FF@
PWy,) to a ternary one (FF@PW;,@GO). Both hybrids were
synthetized following the procedure described in section 3.3.2,
and the assembly followed two steps: first, self-assembly by
electrostatic interaction of the components, and further assembly
into nanospheres. In the case of the ternary hybrid, the FF@PW,,
nanospheres were dispersed on the surface of GO. The peroxidase-
like activity of both materials was assayed using TMB as a
chromogenic substrate in the presence of H,0,. A synergistically
enhanced activity was found for both hybrids, FF@PW;, and
FF@PW,,@GO. For the first one, the authors hypothesized
that a suitable microenvironment would be generated upon
encapsulation of FF on the surface of PW;,, which would facilitate
the access of TMB and H,0,. Non-covalent interactions (H-bonding
& m-m stacking) between TMB and FF favor the movement of
TMB toward the spheres. It is also important to maintain a
relatively low hydrophobicity of the surface of the composites
to better capture H,0, and increase the peroxidase-like activity.
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For the optimum content of GO, 5% wt, FF@PW,@GO showed
1.7 times higher performance than FF@PW;,. These hybrid
materials would present some advantages of hybrids versus the
use of POMs solutions [89]. For example, being heterogeneous
catalysis, there would be fewer by-products and a better
purification step.

Another example of a hybrid with interesting applications
in catalysis is the EuW,;,@K8 published in 2017 by Xin and co-
workers [67]. The sub microspheres formed showed an improved
photocatalytic behavior on the degradation of methylene blue in
presence of H,0, than the precursors. Again, synergy between the
two components of the hybrids is the key for this improvement;
the interactions between the POM and the peptide facilitate
the exposure to the substrate, its adsorption to the hybrid and
the electron transfer to EuW,, to activate H,0, to "OH.

3.3.4 Future Perspectives

Class I POM-peptide hybrids are true multifunctional materials
where rational design benefits from a large pool of possible
combinations from commercially available or easy-to-prepare
reagents. Furthermore, these versatile syntheses are often highly
scalable and therefore present true potential for real-world needs.
To date, the two main fields being explored are biotechnological
applications (mainly antimicrobial, HPV-related, and anti-amyloid
aggregation) and adhesives.

Even if Class I hybrid materials have been further developed,
there is still room for preparing new sophisticated systems.
Reviewing all the examples, it is clear that the complexity in the
final aggregate arises from simple and universally accessible
precursors—POM and peptides — which are either easily synthesized
or commercially available. Following this mantra, the next level
of sophistication would come from bridging proteins or
enzymes with POMs. This strategy, although not new—since it
has been applied in protein crystallization—would offer new
tools to modulate protein activity. In this regard, further studies
on fundamental biotechnological applications of Class I hybrids
will be required. The application of hybrids in microbiology
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as antimicrobial agents and as sensors also offers potential
although a proper understanding of the mechanisms of
actions of the hybrids will be the key for the design of new and
improved materials.
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hybrid materials formed from them could be used in a diverse
range of applications, such as sensor, catalysts, electronic,
or photochromic materials among others. In addition, their
versatility means that they can be adapted seeking a continuous
improvement of their properties. In this chapter, the state
of art of hybrid POM/polymer hybrid materials is analyzed.
The main synthetic strategies employed on the development of
these hybrid materials are summarized: POM/polymer blends,
composites assembled by non-covalent interactions, and
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covalently linked POM/polymer hybrids. Finally, some of the most
relevant applications in which these kinds of hybrid materials
have been used are summarized.

4.1 Introduction

Polyoxometalates (POMs) are a class of polyanionic clusters.
They are discrete assemblies of early-transition, commonly Mo,
W, or V, in high oxidation states. The high diversity regarding
chemical composition, structure, and electronic properties gives
rise to materials that find applications in very diverse fields
of materials science, such as catalysis, gas adsorption, energy
storage, biological processes [1]. Moreover, POM-based hybrid
materials, in which the outstanding properties of the polyanions
are improved by their incorporation on matrixes, have gained
the attention of many researchers due to the wide potential
applications [1-3]. There are many examples of materials used
as matrixes to incorporate POMs inside them, such as carbon
nanotubes, metallic nanoparticles, among others [4, 5]. However,
polymeric materials provide many interesting properties that
have aroused them as one of the most viable options.

In fact, polymers present good mechanical properties,
such as excellent toughness and ductility, and they are easy to
process. In addition, the wide amount of available polymers
could improve their use as matrixes in many applications.
For example, conductive polymers could be used in several
applications related to flexible electronic, sensors, or batteries,
among others. Other polymers, such as poly(methyl methacrylate)
(PMMA), present excellent optical properties and have been
used for the development of polymeric optic fibers. On the other
hand, many examples of biocompatible polymers have been
used in the fabrication of biomedical devices or as drug
delivery systems. This diversity makes polymeric materials
highly appropriate counterparts for POM-based hybrid materials.

The wide variety of polymers available as a matrix for these
kinds of materials, with different chemical nature, structures,
and properties, provides many huge amount synthetic pathways
to fabricate these kinds of hybrids. POMs/polymer hybrid
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materials could be obtained by different methods like physical
blending, non-covalent interactions (electrostatic, hydrogen bond,
or van der Waals), supramolecular modifications of the clusters
(e.g., micelles), or covalent bonding [6-8]. In this context, the
combination of the properties of the POMs with the versatility
of polymeric materials could result in new materials with unique
and highly advantageous functionalities that could be used in
many applications.

In this chapter, the state of art of hybrid POM/polymer hybrid
materials is analyzed. The main synthetic strategies employed
on the development of these hybrid materials are summarized:
POM/polymer blends, composites assembled by non-covalent
interactions, and covalently linked POM/polymer hybrids. Finally,
some of the most relevant applications in which these kinds
of hybrid materials have been used are summarized.

4.2 Development of Hybrid POM/Polymer
Materials

4.2.1 Physical Blends of POM/Polymers

Many examples of POM/polymer physical mixtures or blends have
been reported up to date, being three main strategies employed
in their fabrication: physical mixture on common solvents, by
in situ polymerization of the polymer in presence of POM or
physical mixture with melted polymers.

When hybrid materials are obtained by physical blending in
a common solvent, the most common used solvent used is water.
However, due to the spread used of this method, these kinds
of materials are going to be analyzed in section 2.2., describing
each type of physical interactions formed between POMs and
polymer chains. Although water constitutes the main solvent used
in those systems that POMs are involve, some works have
described the employment of other solvents [7, 9]. For example,
Peng et al [10] reported the fabrication of photochromic
composite films based on physical mixtures of poly(methacrylate-
co-vinylpyrrolidone) and Keggin-type phosphotungstic acid
(PWA) employing ethanol as solvent for both components. After

159

=



160

Polyoxometalate—Polymer Hybrid Materials

vigorous agitation, the films were casted in several substrates.
It is important to notice that this system initially transparent
turned in to blue after being exposed to ultraviolet (UV)-light,
being this phenomenon related to intervalence charge transfer
(IVCT) (W®*->W>*). Similarly, in a recent study, Espindola and
co-workers described the fabrication of POM/PMMA composites
in a dichloromethane/tetrahydrofuran (CH,Cl,/THF) solution
[11]. The films are highly transparent due to the excellent
optical properties of PMMA, but they also present a photochromic
behavior of polyoxotungstoeuropate, Ki,[EuPsW3,041¢]-54H,0
(EPW).

However, POM/polymer hybrid composites obtained in
organic solvents present poorer compatibility compared to those
obtained in water [12]. In order to overcome this drawback,
some authors have incorporated polyoxometales modified with
surfactant improving the stability of these hybrid materials. The
use of surfactant allows the replacement of the small counterions
of the POMs, commonly potassium cations, for hydrophobic
cations, such as alkyl chains, that present better miscibility
both with organic solvents and hydrophobic polymers. These
POMs modified with surfactants are also known as surfactant-
encapsulated POM (SEP) [13, 14]. As an example, Sun et al. [15]
developed a POM/poly(styrene) hybrid film by using an SEP
complex, (DODA)g[EuW4034]. Authors reported that an optimum
ratio between SEP and PS matrixes added to adequate humidity
and concentration conditions allowed the formation of highly
ordered hybrid films with a characteristic honeycomb arrays
on their surface.

Composites based on physical mixtures of POM/polymers
could also be fabricated by in situ polymerization of selected
monomers in the presence of POMs. Commonly, the polymerization
processes used in this approach are radical (co)polymerizations
or electropolymerizations depending on the nature of the
monomers involved or the potential applications of the material.
POM/polymer composite formation could also be obtained
by the electropolymerization of a conductive polymer, such
as polypyrrole (PPy) or polyaniline (PANI), among others, in
presence of POMs [16, 17]. As an example, Liu and Dong
reported a successful formation composite films of molibdosilicic
heteropoly complex with dysprosium [Dy(SiMo44),] immobilized
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on a PPy matrix that was electropolymerized on a glassy
carbon electrode [18]. This electrochemical immobilization on
a poly(3-methylthiophene) of several Keggin-type POMs, such
as PW,0,), SiW;,0;, and PMo;,0},, has also been reported
[19]. More recently, a Keggin-type PW,,0,’ was immobilized
by electrochemical polymerization of polydiphenylamine
(PDPA) [20].

In addition to radical polymerization (chain polymerization)
and electropolymerizations, a step polymerization can be used
to obtain POM/polymer composites of polyurethanes or epoxy
resins, among others. Kiigliik et al [21-23] reported several
studies involving hybrid POM/polymer composites with different
polyurethanes as a matrix. Different PU were synthetized in situ
by using several diisocyantes, such as dicyclohexylmethane-
4,4'-diisocyanate (DHDI) and 1,6-diisocyanatehexane (HMDI) [23],
and ethylene glycol. Cobalt ion-based polyoxoanions (Co-POM)
were added to the reaction mixture in order to be immobilized
during the polymerization step (Fig. 4.1). Authors studied
the influence of the Co-POMs on the dielectric constant of the
composites reporting a decrease on the property that they
related to the increase on the free volume due to the presence of
the POMs.

Figure 4.1 Scheme of the Co-POM/PU composite formation by in
situ polymerization of polyurethanes with POMs. Reproduced with
permission from reference [23]. Copyright 2020 Taylor & Francis.

Pinto and co-workers fabricated photochromic fibers
of polypropylene (PP)/silica@POMs hybrids [24]. In this
study, two types of Keggin-type phosphomolybdates hybrids
electrostatically bonded to SiO, nanoparticles were mixed with
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PP by melt compounding using a twin-screw extruder. Then, a
mixture of the hybrid PP/silica@POMs composite with a pristine
PP was melted spinning, being the obtained fibers are shown
in Fig. 4.2. These fibers were used to produce photochromic
meshes presenting a reversible respond, that is, the fibers
present a dark blue color under UV irradiation at A =254 nm)
and they could be recessively bleach at temperature range of
60-100 °C.

Figure 4.2 (A) Hybrid fibers obtained from PP/Si0,@ PMo,, fibers,
(B) PP/Si0,@ PMo,, fibers dried at 60°C, (C) PP/Si0O,@PMo;, mesh,
and (D) mesh obtained from pristine PP. Reproduced with permission
from reference [24]. Copyright 2018 Elsevier.

4.2.2 Hybrid Composites Formed by Non-Covalent
Interactions

The miscibility problems that could arise from the materials
obtained by physical blends could be overcome both by
promoting the non-covalent interactions between the polymer
chains and the POMs or covalently anchoring the POMs to
the polymers. In this section, some examples of non-covalent
interactions used as a driving force for the hybrid composite
formation are studied. Considering the water affinity of the
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polyoxianions, the main physical interactions in these kinds of
systems are the hydrogen bond and the electrostatic interactions.
Many examples of POMs/polymer hybrid materials formed
due to the hydrogen bonded formation in aqueous media
have been reported until date. Considering the water-soluble
polymers, the most used polymers in this approach have
been poly(ethylene oxide) (PEO), poly(vinyl pyrrolidone) (PVP),
polyacrylamide (PAM), and poly(vinyl alcohol) (PVA) [25-30].
Several authors have studied POM and poly(ethylene
glycol) (PEG) or PEO composites. Buchecker et al [31] studied
the interactions between the POM and PEG in water using a
Keggin-type POM, PW;,0,. This PW;,0}, /PEG system could
form crystalline domains under mild conditions (aqueous solution
at room temperature. These crystalline domains are formed
due repetition of the unit formed by the spontaneous self-
assembly of POM with ethylene oxide, being 4 the minimum
number of repeated units. Taking advantage of this self-assembly
capability, Jing et al [29] fabricated POMS/poly(ethylene
oxide-b-e-caprolactone) (PEG-b-PCL) polymersomes formed by
hydrogen bond. In this case, the POM used presented wheel-like
structure, Naj4[Mo1540462H14(H20)70] - 400H,0 ({M0454}). A scheme
of the interactions presented in the formed polymersome
is depictured in Fig. 4.3. As can be seen the hydrogen bonds
established in the block copolymer between the repeating units
formed by the POM and the ethylene oxide are responsible of
the formation of this self-assembly structures. So, the presence
of this POM enables the physical crosslinking of the copolymer
by hydrogen bonding. Moreover, this complex also provides a
stable shapeand mechanical reinforcement to the polymersomers.
Similarly to the composites fabricated by physical blends,
there are many examples devoted to the fabrication of photochromic
POM/polymer composites favored by the physical interactions,
such as electrostatic or hydrogen bonding to obtain highly
homogenous hybrid materials. The majority of the reported
examples, Layer-by-Layer (LbL) approach is used to fabricate
electrochromic and/photochromic films. For example, Xu et al.
[32] employed Dawson-type phosphotungstate anion [P,W;g04,]°"
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(P,W1g) hydrogen bonded with a polyvinyl alcohol (PVA) and
poly(allylamine hydrochloride) (PAH) to form electrochromic
multilayers [PVA-P,W,g/PAH] (Fig. 4.4).

Figure 4.3 Scheme of the hydrogen bond formed between the {Mos,}
and ethylene oxide groups of the PEG-b-PCL copolymer. Reproduced
with permission from reference [29]. Copyright 2017 Elsevier.

PAM, due to its intensive use in many applications over
decades [33], is another widely used polymer matrix for the
formation of hybrid POM nanocomposites [34, 35]. An interesting
study on these kinds of hybrid materials was described by
Chen et al [36]. In this study, the influence of the Fe?* cations
on the properties of molybdenumphosphoric acid (PMoA)/PAM
hybrid films was analyzed. Authors reported changes both on
microstructure and photochromic properties due to the Fe?*
doping. The presence of the cations varied the nanoparticles
shape from well-defined spheres to irregular conglomeration.
In addition, this Fe** doping also decreased the intensity of
the color change observed in PMoA/PAM film. The effect of
the Fe?* doping could be related to the variation in the number
of the hydrogen bonds between POM/polymer systems since
many of them could be disrupted due to the incorporation of
the metal.

The luminescent properties of the europium-based
POMs constitute another aspect that it is important to notice.
For example, Wang et al. [37] reported the fabrication of
[Eu(SiW,yM003q),]*3"/agarose composite films, that turned
out capable of switching their luminescence recessively. This
film was obtained by mixing both components in water and,
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then, by solvent casting the mixture on indium tin oxide (ITO)
substrate. The so-obtained film presented good transparency
and flexibility. Considering the scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) images, the
authors proposed that the hydrogen bond formed between the
[Eu(SiW,oM003),]™~ and agarose could ease the homogeneity
of the films, favoring the described luminescence, transparence,
and mechanical properties.

The variety of polyelectrolytes available, both synthetic
and biopolymers, has arisen the fabrication route based on
electrostatic interactions between POMs and polymers. Many of
these polymers present a high water-affinity, therefore, using
this approach, physical hydrogels could be obtained in which,
the crosslinking between the polymer chains is commonly
induced by the POMs [38-41]. In addition, this kind of interaction
has been used for the development of thin films based on LbL
methodology [42, 43].

As an example, Feng et al [44] developed hybrid
POM/polymer thin films by LbL methodology. In their study,
they evaluated the LbL formation by using two different
Keggin-type POMs, [SiW1;040]*" (SiWyz), [PM015040]*" (PMoyy),
and chitosan as a positively charge polyelectrolyte. The study
reported that the LbL approach constitutes a highly reproducible
and regular approach to fabricate hybrid thin films.

In a recent study, Liang and co-workers fabricated hybrid
POM/polymer composites by using polymerizable imidazole-
type zwitterion 3-(1-vinyl-3-imidazolio)propanesulfonate (VIPS)
[40]. The POM used was NagEuW;,035 (EuW;;), a Weakley-
type POM. In this case, the electrostatic interactions formed
between the POMS and the VIPS established a secondary network,
since the principal hydrogel network was formed by covalent
crosslinking with crosslinker N,N'-methylene-bis(2-propenamide)
(MBAA). This secondary network provided improved mechanical
and luminous properties to the hydrogels. In addition, authors
also proposed that the incorporation of free zwitterions, such
as 3-(1-methyl-3-imidazolio)propanesulfonate (MIPS) or 3-(1-
decyl-3-imidazolio)propanesulfonate (C10IPS), to the hydrogel/
POM systems could suppose an additional improvement of
the mentioned properties.
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The electrostatic interactions between the POMs and some
polysaccharides, such as chitosan, have been used as driving forces
for the formation of physical hydrogel based on the interaction
between the positively charged amine groups present in the
chitosan and the polyoxoanions [45-48]. Pandya et al [49]
fabricated a pH reversible hydrogel based in the interaction
between Wells-Dawson type polyoxoanions and carboxymethyl
chitosan (CMCQ). In this study, two different isostructural POMs,
[P,W150¢,]¢~ and [P,W;V304,]°~ were used. They reported
a pH sensitive behavior on the hydrogel formation, being the
hydrogel formed with P,W;5V; only obtained at pH 7.4, whereas
the one with P,W g was obtained in a pH range between 7 and 9.

In another study devoted to POM/polysaccharide hydrogels,
Wang et al [50] studied the formation of hydrogels and
chiroptical properties of two families of POMs in three natural
polysaccharides, agarose, i-carrageenan and k-carrageenan
(Fig. 4.4). It is noteworthy that achieving chirality in this type
of structures is normally hampered by the high symmetry of
the POMs. The most commonly used approach to solve this
problem is to make a covalent modification in the POM
structure; however, this could limit the number of possible POMs
structures that could be fabricated. On the other hand, it is
important to notice that polysaccharides present not only the
chirality associated to glucose groups, but also those of them
that present a high number of repeating units in the
polymer chains, such as agarose and carrageenans, could
present a helical conformation that can also imply asymmetry
and consequently chirality. Authors described the chiroptical
properties obtained due to the physical interactions between the
studied polyoxomolybdates and polyoxotungstates with these
hydrogels. Agarose forms hydrogen bonds with the POMs, while
both k/i-carrageenan form electrostatic interactions due to
their ionic nature. These different types of interactions induce
variations on the chiroptical properties. The extrinsic chiral
factors are dominated in electrostatic interactions. On the other
hand, the hydrogen bond interactions present in agarose vary
the alternating bond length (ABL), being the dominant effect
on induced circular dichroism for this hydrogel. In addition,

=



Development of Hybrid POM/Polymer Materials

since these interactions are sensitive to several stimuli, such as
ionic strength or UV irradiation, the optical properties that are
dependent of these interactions also change in response to them.

Figure 4.4 Scheme of the main interactions formed between the
agarose and carrageenan the study reported by Wang et al. Reproduced
with permission from reference [50]. Copyright 2018 Royal Society of
Chemistry.

Hybrid materials based on biopolymers and POMs have
also been studied. Carn and co-workers described a complex
coacervation behavior between gelatin and decavanadate
POMs [51]. This system presents three different regions (Fig. 4.5)
depending on the different concentration ratios of decavanadate
and gelatin present in the aqueous solution.

In Region 1, attractive electrostatic interactions are
established between decavanadates and individual gelatin chains
that are in their protonated state. In this case, the low POM
concentration induces the formation of water-soluble inter-
complexes by non-covalent interactions. However, when
the decavanadate concentration increases, the non-covalent
crosslinking increases until a critical concentration in which
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the previous structures collapsed forming micro-gel aggregates
(Region 2). Finally, in Region 3, the low electrostatic repulsion
between aggregates allows the aggregate growth forming a
macroscopic phase separation. Considering the phase behavior
of this system, the control over each region could allow the
generation of hybrid nanocomposites with different size and
functional properties.

Figure 4.5 Schematic summary of the different phase separations
observed for decavanadate/gelatin system. Reproduced with permission
from reference [51] Copyright 2018 Elsevier.

4.2.3 Covalently Linked POM/Polymer Hybrids

The capability of the POMs to be functionalized opens wide
potential possibilities to be incorporated in to polymeric materials
due to the structural diversity of these compounds [3, 6, 52].
The use of covalent bond usually provides stronger POMs/
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polymers integration and improves the stability of the hybrid
system [53, 54]. Covalently bonded POM/polymer hybrid (PPHs)
can be prepared by many synthetic approaches: (a) the previous
modification of the monomers with POMs and subsequent
polymerization or (b) post-polymerization modification of the
polymer structure with POMs [8].

4.2.3.1 Hybrid materials formed by monomer modification

In the first approach, the radical polymerization by using
POM-modified vinylic monomers [55, 56] represents the
most common methodology. As an examples, Kalyani et al. [57]
reported the synthesis of two hybrid POM-based monomers
and their subsequent copolymerization with (methacryloyloxy)
phenyldimethylsulfonium triflate (MAPDST) and/or
methylmethacrylate (MMA). The prepared monomers were
based on two types of POMs, Wells-Dawson-type cluster anions
[P,V3W,504,]°~ and Keggin-type cluster anions [PV,Mo04(040]°".
The synthetic paths used for the fabrication of Wells-Dawson-
based monomer (BuyN)s(H)[P,V3W;5059_{(OCH,);CNHCO(CH3)
C=CH,}] are summarized in Fig. 4.6, being the yield of the
synthesis of 44%. A similar procedure was used for the synthesis
of the Keggin-type monomer reported in this work being the yield
of the synthesis of 51%.

The obtained monomers were used as comonomers of
the copolymerization with MAPDST and MMA by radical
polymerization with 2,2'-azobis(2-methylpropio-nitrile) (AIBN)
as initiator. The yields of the copolymers based on MMA with
Wells-Dawson type monomer and Keggin type monomer were
45 and 64%, respectively. On the other hand, when MAPDST
was used as a comonomer, the polymerization yield for
Wells-Dawson type was 67%. These hybrid POM/polymers
were also tested as photoresists using electron beam (E-beam)/
extreme ultraviolet (EUV) lithographic techniques.

In addition to traditional radical polymerizations, POMs
covalently linked to monomers have also been employed in
more demanding living polymerizations, such as ring-opening
metathesis polymerization (ROMP) [58], atom transfer radical
polymerization (ATRP) or reversible addition fragmentation
chain transfer (RAFT) [59].
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Figure 4.6 Summary of the synthetic route developed by Kalyani
et al. [57] for the synthesis of Wells-Dawson-based monomer and its
copolymerization with methylmetacrylate monomers. Reproduced with
permission from reference [57]. Copyright 2014 Wiley.

Miao et al [58] described the incorporation of a
Wells-Dawson type POM with catalytic activity as a pendant
functional group of the monomer and the successful polymerization.
So, they synthesized a norbornene functionalized POM from
trivanadium-substituted Wells-Dawson type polyoxotungstate
[(BuyN*)gH3(P,W;5V3504,)°7] to be used as a monomer. The
norbornene-substituted POM was polymerized by ROMP
polymerization using a Grubbs catalyst (Fig. 4.7) obtaining
almost quantitatively the corresponding polymer.
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Figure 4.7 Scheme of the synthetic pathway carried out by Miao et al
to obtain a Wells-Dawson functionalized polymer. Reproduced with
permission from reference [58]. Copyright 2014 American Chemical
Society.

Authors also reported that the obtained polymer with POM
pendant groups presented good processability and catalytic
properties. On the other hand, this synthetic route could be
applied to other similar POMs capable to be coordinated with
three hydroxyl pendant groups.

Figure 4.8 Scheme of the POM-based monomer and its subsequent
polymerization. Reproduced with permission from reference [62].
Copyright 2002 Wiley.

The fabrication of hybrid monomers has not only been carried
out through the synthesis of monomers with POMs in their side
chain, but some examples of POM-substituted monomers that
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could include these inorganic entities on the polymer backbone
have been described [60, 61]. However, the steric hindrance
that these clusters induce in the main chain of the polymer
reduces significantly the potential application of these kinds
of structures. Xu and co-workers synthesized bifunctionalized
organoimido polyoxomolybdates and they successfully tested
their polymerization obtaining hybrid polymers with POMs in
their backbone (Fig. 4.8) [62].

4.2.3.2 Covalently linked hybrid POM/polymers formed after
polymerization

There are many examples of post-polymerization covalently
immobilized POMs. These approaches could take advantages
of well-established modification reactions commonly used in
bioconjugation and chemistry modifications [63, 64].

For example, click reaction between azides and alkynes
has been used for the incorporation of polyoxometales onto
a solid resin [65]. The Wells-Dawson-type POM ((NBuy)g
[ap-P,W 45041 (SiC¢H4CH;N3),0]) was previously modified with
two azido groups [66]. The catalytic properties presented by
this POM make its incorporation in macroporous resins with a
high surface area can reveal a suitable approach for its industrial
application for oxidative catalysis. On the other hand, D380
benzylamine resin with a styrene-divinylbenzene matrix was
modified with pent-4-ynoic acid and subsequently the azido-
functionalized POMs were immobilized in it by click reaction.
The obtained hybrid materials presented good catalytic
properties tested in the oxidation of tetrahydrothiophene (THT).
The findings provide a valuable protocol for practical catalytic
oxidation.

In another example, Geng et al [67] reported the
functionalization of poly(ether ether Kketone) (PEEK) with
phosphotungstic acid (PWA). This hybrid material presented a
ultra-low dielectric constant (k = 1.96 at the frequency of 1 MHz
when the PWA content reached 10 wt %), so it could be used
in several electric applications. They used a previously modified
poly(ether ether ketone) containing (3-trifluoromethyl)phenyl
groups and carboxyl groups (PEEK-CF3-COOH) which enables
the immobilization of PWA as a side group.
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4.3 Applications

4.3.1 Drug Delivery System for Breast Cancer Therapies

Menon et al [68] developed hybrid nanocarriers based on
nanocomplexes formed between chitosan and [CsCEugAsgWes
0515(H;0)14(0H)4]%>~ (EuWAs) POM. These nanocarriers were
fabricated by ionotropic gelation, which takes advantages of
the non-covalent electrostatic interactions between the POM
and the chitosan chains in order to obtain nanosized particles.
Authors reported that the nanoparticles presented a crosslinking
efficiency of 81%, which allowed a slow and sustained POMS
release at the physiological media. In addition, the cytotoxicity
assays carried out on several host of cancer cell lines had proved
the anticancer activity of these nanoparticles.

Recently, nanocarriers based on POM/chitosan were
developed for their potential used for breast cancer applications.
The Wells-Dawson-type polyanion used for this development,
[P,W1504,]°7, can inhibit the action of Sox2 and Ap-2gamma
transcription factors [69, 70]. It is important to notice that,
frequently, cancer disease is caused by an incorrect expression of
transcription factors; however, there is a significant lack on drug
capable to modulate these transcription factors, so the successful
use of these types of POMs for this aim has opened a highly
interesting and promising field. Nevertheless, their high toxicity
represents an important limitation in the use of these materials
as active ingredients, and so, limits their application. Thus,
the manufacture of chitosan-based nanocarriers can prevent
the liberation of POMs before reaching the target cells [71].

4.3.2 Self-Healing Hybrid Hydrogels

Self-healing materials are those, which in contract to classical
materials, are capable to restore their functionality after suffering
damage [72]. The self-healing process could be carried out due
to the presence of non-covalent bonds (electrostatic interactions,
hydrogen bonds, etc.) or dynamic covalent bonds, capable to
autonomously form new bonds after the damage. Among the
potential interactions capable to reversibly form these materials,
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some authors have reported POMs/polymer interactions as
good candidates for these self-healable materials [73, 74]. In
this context, Wei et al. [75] successfully fabricated an hydrogel
based on electrostatic interactions between NagEuW;,034
(EuWyy) POM and ABA type triblock copolymer, poly(2-(2-
guanidinoethoxy)ethyl methacrylate)-b-poly(ethylene oxide)-b-
poly(2-(2-guanidinoethoxy)ethyl methacrylate) (PGn-b-PE0230-
b-PGn) (Fig. 4.9).

Figure 4.9 Scheme of the self-healing hybrid hydrogels reported by
Wei et al. Reproduced from reference [75]. Copyright 2014 Royal Society
of Chemistry.

The presence of europium-based POMs not only provides
the self-healing capability to the material due to POM/polymer
electrostatic interaction, but also gives luminescent properties
to this material. In addition, this hydrogel presents high
mechanical strength that could be tailor by variation on the
composition of triblock copolymer or the ionic strength of the
media, among other possible factors considering the nature of
the polymer involved in the hydrogel.

4.3.3 Moisture Responsive Sensors

The combination of the capability of the hydrogels for water-
absorption with some of the interesting properties of the POMs,
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such as the luminescence of the europium containing POMs could
be very advantageous for the development of moisture responsive
sensors. Considering this, Qiu and co-workers developed a
moisture responsive film based on Nag[EuW,03¢] - 32H,0 (EuW;;)
and agarose as a potential moisture sensor [76]. It is important
to notice that EuW,( could reversibly switch into a non-luminescent
by photoreduction and being recovered by oxidation (Fig. 4.10).
This oxidation process capable to recover the luminescent
property of this POM takes place in a humid media at relative
humidity (RH) oscillating from 43 to 78% depending on the
exposure time.

Figure 4.10 Scheme of the EuW10@Agarose films response process.
(a) Film under daylight, (b) the luminescent image hybrid film under a
UV lamp (12 W); (c) film after 10 min exposure to UV lamp (125 W),
(d) after 10 min exposure under a UV lamp (2 kW), and (e) films after
being store at 78% RH for 10 min. Reproduced with permission from
reference [76]. Copyright 2015 Royal Society of Chemistry.

4.3.4 Solar UV Sensor

Continuing with the applications in the field of sensors and
actuators, Liu and co-workers reported a solar UV sensitive
composite film based on POM/polymer materials and
viologen [77]. The films were fabricated by casting a mixture
of fluorescent POM, EuW;, PVP, poly(ethylene imine) (PEI)
and a diaminopropyl viologen of N,N’-bis(8-aminopropyl)-4,4'-
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bipyridine bromide hydrobromide (AV?*). These films presented
photoswitchable emission that could be observed by fluorescence
intensity returning. The fast response photochromism and
switchable fluorescence reported for this system suggested that
it could have great potential as a sensor in portable devices for
solar UV detection.

4.3.5 Intumescent Flame Retardant (IFR)

One of the most common problems of the polymers or plastics
is their flammability. In order to overcome this problem many
flame retardant formulations have been used. In this context,
the use of some POMS as IFR has been described by some
authors. These IFR agents present several highly advantageous
characteristics, such as the low smoke formation, non-toxicity,
or capability to avoid the formation of corrosive or halogenated
gasses. In this context, Chen et al [80] described and
evaluated three different POM/PP composites by using different
POMs-based ionic liquid (PIL). Three commercially available
POMs (H3PW;,040-nH,0 (PWA), H3PMo01,040-nH,0 (PMoA),
and H,SiW{,04-nH,0 (SiWA)) were modified with 1-butyl-3-
methylimidazolium ([BMIm]) chloride, and these hybrid materials
were subsequently melt-mixed with PP. All the formulations
presented an improved limiting oxygen index (LOI). However,
among all the studied formulations only the one formed with
[BMIm]3PMo/PP presented improvements in the UL-94 vertical
burning tests and in thermal stability.

In another example of flame retardant materials,
Peng et al [79] described the efficiency of the Anderson-type
POM, [MnMog04g]®", functionalized with 9,10-dihydro-9-oxa-10-
phosphaphenanthrene-10-oxide (DOPO) added to epoxy resin
with an improved flame retardancy. With the aid of the organic
modification, the addition of P-MnMog not only maintained the
transparency of EP but also enhanced the dynamic mechanical
properties. It is important to highlight that the epoxy resin
formulation with 8 wt % of POM passed the vertical burning
grade (UL-94) V-0 rating with LOI value of 30.4%. In addition,
the cone calorimeter test also indicated an LOI value of 41%
from the pristine epoxy resin.
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4.3.6 Electrochemical Capacitors

POM/polymer composite multilayers have also been reported
as electrochemical capacitators [80-82]. Akter et al [83]
described the incorporation of different pseudocapacitive POMs,
such as SiMoy;0;, (SiMo;,) and PMoy,0;; (PMoyy), to polymer
multilayers. The studied POMs were deposited onto multi-
walled carbon nanotubes (MWCNTSs) forming multilayers with
poly(diallyldimethylammonium chloride) (PDDA). The authors
reported that the combination of these two POMs exhibited
continuous overlapping oxidation/reduction reactions through
LbL providing an easy and efficient approach to design and deposit
active layers in order to achieve the desired electrochemical
behavior.

4.3.7 Solid-State Proton Conductors (SSPCs)

SSPCs are considered key materials in the development of
new environment-friendly energy storage devices [84-88].
Until date, the highly interesting use of some hybrid composite
films based on POM/polymer interactions as SSPCs has
been described. In this context, recently, Zheng et al [89]
reported hybrid H3PW,,04y-nH,0/PEO nanocomposite films with
promising proton conductivities at ambient conditions (Fig. 4.11).

Figure 4.11 Scheme of the hybrid composite material developed by
Zheng et al. Reproduced with permission from reference [89]. Copyright
2021 American Chemical Society.
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The strong interactions formed between POMs and PEO,
semicrystalline polymer, could inhibit its crystallization
forming a highly stable composite, which eases fast proton
transportation through the polymer matrix and improves the
proton conductivity of this hybrid composite. Authors reported
a conductivity of 6.86 x 1073 S cm™! at 100°C in anhydrous
conditions for the composites formed with 70 wt % of POM.
In addition, they proved that the conductivities could be
maintained in a temperature range from -20 to 100°C in
anhydrous conditions. The reported results indicated that
these composite materials could be successfully used in proton
exchange membranes (PEMs) in fuel cells and electrolytes in
supercapacitors.

4.3.8 Near-Infrared and Visible Light Modulated
Electrochromic Devices

Gu et al [90] reported a modulated electrochromic device based
on hybrid POM/polymer materials that could be potentially
applied in the development of smart windows. In their study,
they used two POMs, KygLisH,PgW,g04g4-92H,0 (PgW,g) and
Wi5049 nanowires, which were sequentially incorporated to
poly(ethylene imine) (PEI). These POM/PEI were anchored to
ITO substrates by using PEI and poly(sodium 4-styrenesulfonate)
(PSS) multilayers to ensure de-adhesion. The obtained results
indicated that this system could successfully modulate the
transmittance both near-infrared (750-1360 nm) and visible
light (400-750 nm) regions by only varying the applied
potential (Fig. 4.12).

4.4 Conclusion

In this chapter, the main approaches used to in the synthesis of
POM/polymer hybrids have been depicted summarizing some of
the most relevant examples of hybrid materials described until
date. In addition, the state of art of many of the most relevant
applications involving these kinds of hybrid materials has been
described.
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Figure 4.12 (a) Scheme of the sandwich configuration developed in Gu
et al’s [90] study. (b) Description of how the device operates. Reproduced
with permission from reference [90]. Copyright 2014 American Chemical
Society.

It is foreseeable that considering the wide range of potential
combinations of POMs and polymers that could be designed,
tailoring a huge amount of properties, such as mechanical,
electrical, or photochromic, among others, the number of studies
devoted to the fabrication of these types of materials or their
applications will increase in the following years. Among all the
applications described, the arising necessity for highly efficient
energy storage devises could be one of the most interesting
applications of these materials that could gain more attention.
Nevertheless, as described throughout the text, there are many
other areas that could benefit from the improvement in the
progress of these materials, such as in optics, electronics, biology,
or catalysis.
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This chapter focuses on providing a basis for understanding
the mechanisms involved in the catalysis carried out by selected
polyoxometalate (POM)-based compounds. The catalysts discussed
herein are either insoluble POM salts or POM clusters heterogenized
on porous solid supports, including activated carbon materials
and metallic oxides, such as zirconia. The influence on the
catalytic activity of both the POM catalytic species and the
active porous support is the main aspect to be commented
and analyzed in detail within the chapter.

5.1 Introduction

The current framework of the chemical industry demands that
production processes must comply with restrictive environmental
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standards to avoid the use of depleting feedstocks. Moreover, the
technologies implemented to such end should also be sustainable
from an energetic and environmental point of view. All of these
premises have led to the emergence of the so-called Green
Chemistry. In this context, the use of catalytic processes has
become an essential part of the chemical industry, as they are
present in the production of as much as the 80% of all industrial
chemicals ranging from fine and specialty chemicals, cosmetics,
and pharmaceuticals to agrochemicals and foods, petrochemicals
and even polymers [1].

Catalytic processes are classified into homogeneous, when
catalyst and substrate coexist in the same phase, or heterogeneous,
when the catalytically active species is in a phase separate from
that of the substrate. In most cases, homogeneous catalysts are
more active and selective than heterogeneous counterparts, and
they usually profit from milder reaction conditions. Homogeneous
catalysts include inorganic acids (HF, H,SO,), alkali/alkaline
earth hydroxides and salts, and classical Lewis acids (e.g., AlCls,
BF3, SnCly, or TiCly). These are among the cheapest, most widely
available, and most extensively used of such catalysts [2-4]. Their
main drawback, however, is the separation of the homogeneous
catalyst from the reaction products, since both components
are found in the same phase. Associated with this fact is the
generation of corrosive waste products related with the catalyst
and unreacted raw materials.

This drawback can be overcome by making the molecular
homogeneous catalysts insoluble in the reaction medium,
thereby paving the way for the development of new heterogeneous
solid catalysts. Heterogeneous catalytic processes involve a solid
catalyst in contact with a fluid medium containing the precursors
and products, thereby allowing for an easy separation and
recovery of the former. Despite being less active and selective,
this ease of separation endows solid catalysts with main
advantages over conventional homogeneous catalysts because
it lowers the amount of wastes, avoids potential contamination
of the reaction products, and allows for the catalyst to be largely
recyclable and reusable in consecutive reaction runs [5-7],
thus making large-scale production processes more economical
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than those carried out in the homogeneous phase. One elegant
approach to design such type of solid catalysts consists in the
so-called heterogenization, that is, the immobilization of a
soluble species (homogeneous catalyst) as the catalytically active
functionality on a solid support that provides the heterogeneous
character to the resulting material. A critical aspect in the design
of such type of supported catalysts is the selection of a suitable
support because this can strongly enhance or reduce the selectivity
of the catalytically active functionality, as well as its activity,
or even both at the same time. This fact has been theoretically
analyzed in the framework of the concept of strong metal-
support interactions (SMSI) [8, 9] and, more recently, also on
the basis of the term electronic metal-support interaction (EMSI)
[10]. The basic background behind both theories is that the
chemical bonding of the catalytic functionality to the support,
which is required for its suitable anchoring, can also change its
electronic and/or molecular structure, hence greatly affecting
its catalytic behavior.

In this context, there is an ongoing research effort devoted
to the development of more economic and environmentally
benign materials that could replace catalysts, such as expensive
noble-metal species or hazardous mineral acids in industrial
processes. The most promising among such a type of catalytic
materials are those that incorporate polyoxometalates (POMs),
a class of anionic metal-oxo clusters with dual properties as
strong acids and efficient oxidants [11]. Based on their chemical
composition, POMs can be classified into two large families:
isopolyoxometalates of general formula [M,,0,]?~, which only
contain transition metals from groups 5 or 6 and bridging/
terminal oxygen atoms, and heteropolyoxometalates of general
formula [X,M,,,0,]9", which contain additional elements (X) besides
the transition metals and oxygen. In the heteropoly case, X is
the heteroatom and is usually located in the center of the cluster.
The elements playing the X role are mainly non-metals of the
p-block (e.g., P or Si), but there are numerous examples for over
70 different elements. The addenda metals M composing the POM
framework are usually molybdenum, tungsten, or vanadium, but
they can be partially replaced with other transition metals, such
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as Mn, Fe, Co, etc. This broad range of combinations between
addenda metals, substituting metals, and heteroatoms allows for
the chemical (acid-base and redox behavior) and physical
(solubility in different liquid media, thermal stability) properties
of POM clusters to be tuned by choosing the most suitable
constituent elements. The literature contains a thorough body
of reports on the preparation and catalytic applications of POM
species [12], among which the large subclass of Keggin-type
[XM,040]" heteropolyanions constitute the most relevant
representatives. The protonated forms of such species, known as
heteropolyacids (HPAs), are Brgnsted acids stronger than mineral
acids and can undergo reversible uptake of several electrons
in fast, multistep redox processes coupled with protonation.
These processes proceed without any substantial structural
modification, and hence these POM clusters have been long
regarded as electron/proton reservoirs.

The catalytic properties of POMs have been mainly inspected
in homogeneous conditions because they can be solubilized in
manifold solvents from water to alkanes depending on the type of
counterion. For example, alkaline POM salts are soluble in water
and other aqueous solvents, but insoluble in organic medium.
In turn, (organo)ammonium salts are less water-soluble, but
their solubility in polar protic organic solvents like alcohols
improves. Increasing the organic character of the counterion leads
to water-insoluble salts that can be dissolved in other common
organic solvents, such as acetonitrile or acetone (e.g., tetra-n-
butylammonium salts). The use of cationic surfactants (e.g., DODA,
di-n-octadecylammonium) allows for POMs to be transferred
into nonpolar organic media, such as n-hexane.

Thanks to their solubilities being highly tunable depending
on the nature of its counterions, POMs have traditionally been
transformed into heteropolysalts insoluble in the reaction
medium for their use in heterogeneous conditions [5, 13]. Insoluble
heteropolysalts can be readily achieved through cation metathesis
or proton-cation exchange, but unfortunately, these approaches
lead to non-porous solids in almost all cases. The exception
are some alkaline POM salts obtained from the replacement of
protons in HPAs with bulky monovalent cations (e.g., Cs* and
NH,), which results in solids with significant specific surface
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areas among heteropolysalts (> 100 m?g!) [14]. Porosity is a
key aspect in the design of heterogeneous catalysts because it
improves the accessibility of reagent molecules toward catalytically
active sites and prevents deactivation by facilitating reaction
products to leave the solid material. Attempts to improve the
specific surface areas of POM-based solid catalysts have been
made by supporting such type of catalytically active clusters
on highly porous solids [15, 16]. Supported POMs are usually
prepared by aqueous impregnation [17, 18] and several different
types of porous solids have been used for this purpose, including
mesoporous MCM-41 silica [19], zirconia [16], alumina [20],
or activated carbonaceous (AC) materials [21]. Using AC as
support for metallic catalysts is long known to provide with high
surface areas and pH stability [22], and thus, several studies on
AC-supported POM materials can be found in the literature
[23-25]. Many of them focus on the catalytic application of such
solid materials in liquid-phase reactions of interest, such as
esterification, hydrolysis, etc. Others intend to analyze variations
in the acid strength of bulk POMs when supported in AC, but as
indicated by Swhwegler et al. [25], it is not even clear whether
the mechanism of supporting POMs in AC is physical or chemical
in nature.

The main drawback of supported catalysts is the loss of
weakly bound catalytically active species through transfer into
the reaction medium with consequent solubilization, denoted as
leaching. In the case of POMs, the surface of the support is often
derivatized with functional groups at which POMs can become
tightly anchored to avoid leaching of clusters as the reaction
proceeds [26]. This approach can be exemplified by the
immobilization of 12-phosphotungstic acid in MCM-41 silica
displaying protonated amino groups at the surface [27]. Other
methods for the firm integration of POM clusters into mesoporous
matrices include the use of nanocasting techniques to prepare
fully inorganic frameworks built up from transition-metal oxides
and POMs building blocks [28], or the direct copolymerization
of metal-organic frameworks and POMs via sol-gel techniques
[29].

The two parameters that are most commonly taken into
account to evaluate the performance of a given catalyst are the
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activity, concerning to the reaction rate, and the selectivity,
when it favors the synthesis toward the product of interest over
other possible products. In the case of heterogeneous catalysts,
however, other key factors beyond the activity/selectivity
dualism must be considered for a given catalyst to succeed from
the industrial viewpoint, such as the thermal and chemical stability,
and the reactant accessibility to the active centers. Considering
these and all of the other aspects commented above, this chapter
will present an overview of our main recent findings in
the application of POMs as acidic or oxidation catalysts in
heterogeneous phase. The catalysts discussed herein will be
either insoluble POM salts or supported catalysts based on POM
clusters heterogenized on porous solid supports, including
activated carbon materials and metallic oxides, such as zirconia.
The main aspects to be commented will show the reach of our
experimental results about the stability and accessibility of
our catalyst, as well as provide a basis for understanding the
mechanisms involved in the catalysis carried out by the selected
POM species (i.e., values of conversion and selectivity obtained
for some specific model reactions). Another focus of interest that
will be analyzed in detail is the influence of both POM clusters
and active supports on the catalytic activity of our solid
materials. The catalytic role of POMs will be illustrated with their
application to selected environmentally friendly reactions, such
as the esterification of palmitic acid to generate biodiesel and
the organic-phase oxidation of aniline with hydrogen peroxide
to obtain nitrosobenzene selectively.

5.2 Stability of POMs

The thermal stability of POM clusters is of supreme relevance
in regard to their performance as heterogeneous catalysts
because they can irreversibly lose any catalytic activity if thermal
decomposition takes place during the reaction process [12]. The
thermal stability of POM-based solid materials must be considered
from two different points of view: (1) the structural viewpoint,
from which the catalytic material must remain solid without any
undesired phase transition in the temperature range of interest;
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and (2) the compositional viewpoint, from which both POM
clusters and supports must retain their respective chemical
nature and identity during any thermal treatment. A change
in the chemical identity is usually, but not always, accompanied
by decomposition involving the release of light gas products.
Thus, thermogravimetric analysis (TGA) becomes a very helpful
tool to determine the thermal stability range of a given solid
catalytic material.

From the compositional viewpoint, HPAs usually display
lower thermal stability than ionic salts based on the same POM
cluster. For example, the TGA curve of H,PMo;{VO, (VPMo)
shown in Fig. 5.1 indicates that the thermal decomposition of this
HPA species takes place through four different stages: (1) an initial
mass loss that extends up to 200 °C and originates from partial
release of crystallization water molecules (24 out of the 32 per
POM cluster present in the starting HPA material [30]);
(2) a second mass loss in the temperature range from 200 to
500 °C that originates from release of the remaining water
molecules strongly retained at the acidic centers of the partially
dehydrated H4PMo;1VO,4,-8H,0 phase, as well as from partial
decomposition with associated reduction of VV/Mo"! centers to
VIV/MoY; (3) a subsequent mass gain that takes place between
500 and 600 °C and can be attributed to reoxidation of the
previously reduced metal atoms [31]; and (4) a final mass loss
above 600 °C, which is related to the full breakdown of the
Keggin-type framework with consequent release of water
molecules originating from the protons of the HPA species [18, 30].

HPAs are usually immobilized on porous solid supports for
their use as heterogeneous catalysts and this heterogenization
process can affect the thermal stability of the HPA species, as
illustrated by the TGA curve of the 50VPMo/Z100 solid catalyst
(Fig. 5.1) with a 50 wt % load of the VPMo species supported
on a zirconia Zr(OH), matrix (Z) treated at 100 °C. This curve
displays also two main mass loss stages that somehow resemble
those found separately in the Z support and the VPMo starting
material, but the overall mass loss in the catalyst is much lower
than those observed separately for the individual Z and VPMo
components. This fact indicates a strong interaction between
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components, which must be established during the impregnation
procedure and must involve the loss of hydroxyl groups of
the Zr(OH), hydrogel upon condensation with the protons of
the HPA species, as well as a decrease in the hydration sphere
of the VPMo clusters to maximize the contact with the surface
of the support.

Figure 5.1 Comparison of the TGA curves of the zirconia support (Z), the
starting HPA material (VPMo), and the 50VPMo/Z100 catalyst (50 wt %).

The increase of thermal stability of HPAs upon hetero-
genization can also be related to confinement effects when HPA
clusters result entrapped within the porosity of the supporting
material. Two of the HPAs most commonly used in catalysis,
namely, H;PMo,,0,, (HPMo) and H3PW;,04, (HPW), are highly
hydrated species known to lose significant amounts of water of
crystallization at temperatures even lower than VPMo, with those
molecules strongly retained at the acidic centers being released
at 150 °C according to TGA analyzes [21]. Figure 5.2 shows,
however, that neither of these two HPAs undergo any mass loss
up to temperatures above 200 °C when immobilized within the
microporous domain of an activated carbon fiber support (A20).
This fact reflects a gain in the thermal stability of HPAs upon
entrapment within the porous structure of the support.
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Figure 5.2 TGA experiments corresponding to the activated carbon
fiber support (A20) and the fresh HPW/A20 and HPMo/A20 supported
catalysts.

As pointed out at the beginning of this section, TGA alone is
not sufficient for establishing the thermal stability of a given
catalytic material. Powder X-ray diffraction (PXRD) becomes also
essential to determine whether a given solid catalyst undergoes
any phase transition when thermally treated and to monitor
such structural modifications. This aspect is nicely illustrated in
Fig. 5.3, which shows the results of PXRD experiments performed
on pristine Z supports and 50VPMo/Z materials calcined in air
for 2 h at different temperatures between 100 and 400 °C to
inspect the potential effect of thermal treatments on the structure
of the Z-supported VPMo solid catalysts.

Our results show that the Z support is initially an amorphous
material and gains significant crystallinity upon thermal
treatment at 400 °C and. At this temperature, it is partially
transformed into a monoclinic ZrO, crystal phase [JCPDS 7-3430M]
as evidenced from the diffraction maxima observed at 26 ca.
24, 28, 32, 42, 46, 54, and 56°. The contribution of a fraction of
tetragonal ZrO, can also be identified from the diffraction
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maxima located at 26 ca. 30, 35, and 50° In the case of the
50VPMo/Z catalysts, calcination up to 300 °C does not appear to
induce any remarkable structural modification in the materials,
but the diffraction pattern of 50VPMo/Z400 calcined at 400 °C
is indeed substantially modified. Additional new diffraction
maxima are observed, and they can only be associated in part
with the crystallization of the Z support, which proceeds fully
toward the tetragonal phase in this case, as the presence of
monoclinic ZrO, cannot be detected. The appearance of a highly
intense diffraction maximum at 26 = 23° does not relate to any
structural modification of the support, but corresponds to the
formation of the p-type crystal phase of MoOs; [32]. This fact
reveals that a significant fraction of the VPMo clusters, if
not all, decompose at 400 °C, which is consistent with literature
reports addressing that the VPMo component alone decomposes
at temperatures above 300 °C [33].

Figure 5.3 PXRD patterns of Z and 50VPMo/Z samples calcined at
temperatures T =100, 200, 300, and 400 °C.

The thermal stability of this type of catalytic materials can
also be monitored by using diffuse reflectance infrared Fourier
transform (DRIFT) spectroscopy. Following with the above
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supported catalyst as example, we show in Fig. 5.4 a comparison
of the DRIFT spectra of the VPMo starting material, the
pristine Z support, and two 50VPMo/Z catalysts calcined at 100
and 300 °C [34]. The spectrum of the starting VPMo precursor
is dominated by the fingerprint of the primary structure of
a Keggin-type phosphomolybdate cluster [30]: v,(P-0,) at
1070 cm™, v,(Mo=0,) at 980 cm-1, v,(Mo-0,-Mo) at 912 cm},
and v,(Mo-0.Mo) at 840 cm! (O, central oxygen atom;
04 terminal oxido ligand; O,: bridging oxygen atom between
corner-sharing MoOg octahedra; and O.: bridging oxygen atom
between edge-sharing MoOg octahedra). The bands of strong
intensity located at 3500 and 1600 cm™ are due to water
molecules in the secondary structure of the hydrated VPMo and
assigned to v(0-H) and &(H-O-H) vibration modes [35, 36].
The representative signals originating from vanadium (V)
mono-substitution in the Keggin-type metal framework are
partially masked as they appear at 1076 and 990 cm™! (v,,(V-0,)
and v,4(V=0y), respectively).

The Z-supported VPMo samples display in turn significant
changes in the fingerprint of the primary structure of
Keggin-type clusters, which suggests a good interaction between
VPMo species and Z support. Two additional signals can be
observed at 997 and 1037 cm™!, and these can respectively be
related to the presence of MoO3; and V,0; in our samples [31, 37].
This fact reveals that a fraction of VPMo clusters result
partially degraded with extrusion of vanadium (V) during the
impregnation procedure followed to prepare our 50VPMo/Z
catalysts [38, 39]. This partial VPMo degradation can be
explained on the basis of the synthetic method of the Z support,
which involves its precipitation as a Zr(OH), hydrogel at basic
conditions (pH = 10), because Keggin-type phosphomolybdate
HPAs are known to be water-stable only in highly acidic
conditions (pH < 2) and to gradually degrade into [PMo;;039]""
and [HP,Mo030,5]°" species through alkaline hydrolysis of M-0-M
bonds as the pH increases to 3 and then to 5, in such a way that
full degradation into simple oxoanions is achieved at pH > 6
[40]. The spectrum of 50VPMo/Z300 suggests an increase in the
content of MoO3 and V,05 upon thermal treatment at 300 °C, and
in this regard, it has been suggested that the structural disorder
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caused by the introduction of vanadium (V) in the primary
structure of the phosphomolybdate Keggin-type anion lowers its
decomposition temperature by facilitating the output of VO,
units toward the surface sites of the secondary structure with
consequent partial decomposition of the cluster framework
into lacunary fragments and oxide phases [30, 32].

Figure 5.4 DRIFT spectra of the VPMo HPA, the Z support, and two
50VPMo/Z samples calcined at 100 and 300 °C.

Supported HPA materials have gathered great interest
mainly as solid acid catalysts. The very strong acidity shown by
HPAs is due to the presence of mobile protons in the secondary
structure, which are bound to or shared between water molecules
to form oxonium cations. Thus, the calcination treatments that
the preparative procedures of supported catalysts usually
involve can affect the acidity of HPAs due to the release of
crystallization water molecules. DRIFT spectroscopy is a powerful
technique to inspect the thermal stability of HPAs from the point
of view of their acidity because it allows to monitor the evolution
of the water of crystallization associated with protons during
the calcination treatments.
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Figure 5.5 Evolution of the DRIFT spectra of the 30HPW/Z sample with
the calcination temperature in He atmosphere.

For example, Fig. 5.5 shows the evolution with increasing
calcination temperature of the DRIFT spectra of the zirconia-
supported HPW catalyst 30HPW/Z (HPW load of 30 wt %).
The main features of the spectra are a broad band of very
strong intensity in the 2500-3700 c¢cm™! range that originates
from stretching O-H vibrations of surface =Zr-OH groups, a peak
of medium-to-strong intensity in the 1500-1700 cm™' domain
that associates with bending vibrations in physisorbed water
molecules, and a second broad band of medium intensity at
ca. 820 cm™ that corresponds to stretching vibrations of Zr-0
bonds [41]. One of most intense peaks at room temperature
is observed at ca. 1620 cm™! and corresponds to the in-plane
bending H-O-H vibration [35, 36] of those water molecules
forming the Hs0; ions in the secondary structure of the hydrated
HPW species, rather than of those being merely physisorbed.
Thermal treatments at temperatures equal to or above 150 °C
remarkably lower the intensity of this peak at ca. 1620 cm™.
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This fact is indicative of a significant reduction in the number
of Hg0; ions in the secondary structure of the Keggin-type
clusters, and hence in the acidity of the hydrated HPW species.
Thus, DRIFT monitoring shows that the use of such type of
zirconia-supported HPA materials as solid acid catalysts would
be limited to operation temperatures below ca. 200 °C.

POM-based salts obtained from HPAs through partial or full
proton-cation exchange display higher thermal stability than the
parent HPA species. Their thermal stability can be modulated
depending on the extent to which protons are exchanged
with a given cation, and also on the specific nature of such
cation. The TGA curves of the series of salts Cs,H3_,PW,049-nH,0
(Fig. 5.6) clearly illustrates the dependence of the thermal
stability on the extent of the proton-cation exchange. For this
series, the temperature at which the second mass loss
corresponding to the release of water molecules strongly retained
at acidic centers takes place increases significantly as the Cs
content becomes higher in the salts obtained upon exchanging
protons of the parent HPW with Cs cations.
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Figure 5.6 TGA curves of the Cs,H3_,PW;,049-nH,0 series with x = 1.5,
2,and 3.
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In regard to the type of counterion selected for replacing
protons in HPA species, we found in the course of our studies that
large metallic cations, such as Cs* or Ba?*, provides the structure
formed by Keggin-type anions with higher thermal stability than
other smaller metal cations (e.g., Fe3*, Co?*, and Cu?*). For example,
the salt resulting from replacing all protons in the H5(CuPMo;;039)
HPA with Cs* is thermally more stable than that obtained when
using Cu?* cations instead, as shown by the comparison of the
TGA curves gathered in Fig. 5.7. This latter Cu,H(CuPMo;034)
salt is noteworthy because of melting at 180 °C, which exemplifies
how proton-cation exchange can result in a significant loss of
thermal stability from the structural viewpoint, which is an
essential aspect for solid materials to be used in heterogeneous
catalytic reactors. The use of differential thermal analysis
(DTA) coupled to TGA allowed us to detect such behavior from a
signal of endothermic nature at 180 °C originating from the melting
process.

Figure 5.7 TGA and DTA curves of the salts Cu,H(CuPMo;,039) and Css
(CuPM011039).
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The thermal properties of the cation itself can greatly influence
the stability of the resulting salt as well. Ammonium, organo-
ammonium derivatives, and other organic cations are widely
used to prepare POM-based salts relevant for catalysis, but
they often result in compounds the thermal stability of which is
limited by that of the specific cationic species. For example, the
TGA curves in Fig. 5.8 show how the ammonium salts derived
from the HPMo and HPW HPAs display lower thermal stability
than their Cs-containing counterparts, which is due to NH;* and
other organic cations undergoing thermal decomposition in
contrast to the metallic analogs [5, 12d].

Figure 5.8 TGA curves of the cesium and ammonium salts derived from
the PMo and PW Keggin-type HPAs.

In summary, the design of supported heterogeneous catalysts
must be directed at obtaining solid materials able to effectively
catalyze a given reaction of interest at temperatures below
thermal decomposition. Our results above constitute a strong
indication of the fact that the use of POM-based salts, and
cesium-containing salts in particular, would most likely be of



Porosity-Accessibility in POMs

great help to avoid any thermal stability problem related
with structural or compositional aspects when operating at
temperatures below 350 °C. In the case of supported HPA
catalysts, however, operation temperatures should be lower than
200 °C to retain the chemical identity of the HPA species and
its acid properties intact, according to our experimental findings.

5.3 Porosity-Accessibility in POMs

5.3.1 HPAs Supported on Porous Solids: Impregnation
and Sol-Gel Methods

As mentioned above, HPAs behave as very strong Brgnsted
acids close to the super-acid region, and they are significantly
less harmful than common mineral acids in terms of their
environmental effects. HPAs show very high solubility in a range
of polar solvents, and therefore, they need to be immobilized on
porous solid supports for being applied under heterogeneous
catalytic conditions. In recent years, we have developed a number
of studies on the process through which HPAs are supported
on several different types of porous solids, including activated
carbon materials or zirconia, with the aim at analyzing where
the clusters are adsorbed in the support and whether the
accessibility of the substrate toward the catalytically active
centers inside the porosity remains suitable enough for catalytic
prospects upon heterogenization.

Table 5.1 Characterization of the porous texture of AC-supported HPMo
catalysts

Vnz (cm® g™) Veoz (cm® g™)
BET (m?/g) micropore (<2 nm) micropore (<0.8 nm) V.., (cm3g1)
A5 650 0.28 0.29 -
A10 1220 0.53 0.40 -
A15 1290 0.57 0.33 -
A20 1990 0.93 0.52 -
West 1750 0.68 0.38 0.54
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(a)

(b)

Figure 5.9 (a) Variation of the amount of adsorbed HPMo with the
concentration of the impregnate solution; (b) N, adsorption isotherms
at =196 °C of the AC support A20 and the A20-supported HPMo samples
impregnated with HPMo mass percentages increasing from sample 1 to 4.

Our investigations on the heterogenization of HPMo
on different types of activated carbons (ACs) through the
impregnation method demonstrates that such HPA species can
be supported in large amounts up to loads of 45 wt % depending
on the specific AC material [16a]. The adsorption of HPMo on
ACs follows a trend similar to that of the physical adsorption of
N,: it takes place at relatively low concentrations and reaches

)
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saturation quickly as the concentration of the impregnate solution
increases, in such a way that the higher the AC porosity, the
larger the adsorbed HPMo amount (Fig. 5.9a). Despite the large
HPMo amounts with which ACs can be loaded, the resulting
materials still retain a remarkable degree of open and accessible
porosity as shown in Table 5.1. This aspect constitutes an essential
requirement for further using AC-supported HPA materials
as heterogeneous catalysts.

Figure 59b contains the N, isotherms of HPMo-
impregnated samples of the microporous activated carbon A20.
Their comparison shows that the N, adsorption capacity of
A20 decreases upon impregnation with HPMo and that the
latter species adsorbs within the microporous domain of the
AC support. The micropore volume of A20 decreases upon
impregnation with HPMo, but this reduction is located mainly
in the supermicroporous structure, whereas the VCO, narrow
microporosity (pore size < 0.8 nm) and mesoporosity (2 nm <
pore size < 50 nm) only show slight variations. These results
demonstrate that HPMo is adsorbed preferentially within a very
limited range of porosity. This range corresponds to the
supermicropores only (1 < pore size < 2 nm), which is consistent
with the average size of Keggin-type POMs. Such type of clusters
displays diameters of 0.8-1.0 nm regardless of the addenda
metal or heteroatom, and hence their incorporation into the
narrow ultramicropores (pore size < 0.8 nm) is hindered due to
size exclusion [42]. PXRD and transmission electron microscopy
(TEM) experiments performed on our AC-supported HPMo
samples evidenced also that such HPA species is in all cases
immobilized with a high degree of dispersion regardless of the
HPMo amount with which the support is loaded, which can be
as high as 45 wt % [16a].

When zirconia is used as support instead of activated carbons,
HPA species are also immobilized within the supermicroporous
domain by following the impregnation method. In this case,
however, the HPA amount with which the Z support can be
loaded is very much limited because high amounts of 50 wt %
result in the porosity of the resulting material being fully
blocked [34]. As shown by the N, adsorption-desorption isotherms
in Fig. 5.10, impregnation of the Z support with VPMo leads
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to a progressive decrease in the porosity with increasing the
HPA load. The adsorption capacity remains nearly unmodified
when the material is loaded with just 5 wt % of VPMo, but drops
substantially with loads as low as 10 wt % (ca. 30% compared to
the Z support) and disappears completely for the material
50VPMo/Z with the highest HPA load achievable (50 wt %). The
open shape of the isotherm elbow in the low-pressure region
indicates a wide distribution of micropore sizes for the pristine
Z support. Monitoring the shape of such elbow reveals that
impregnation tends to homogenize the micropore sizes in the
support as the HPA load becomes higher because the isotherm
elbow narrows gradually with increasing the amount of supported
VPMo.

Figure 5.10 N, adsorption-desorption isotherms at -196 °C of the Z
support and xVPMo/Z100 catalysts obtained by the impregnation
method with VPMo loads in the range x = 0-50 wt %.

Due to the limited amount of HPA that can be immobilized
on zirconia through impregnation without significantly affecting
the porous texture of the support, we have developed an
alternative one-pot route for preparing Z-supported HPA catalysts
based on the hydrothermal sol-gel synthesis of the zirconia
support in the presence of the HPA species to be immobilized



Porosity-Accessibility in POMs

in the final material [34]. Table 5.2 lists the textural properties
of a series Z-supported HPW catalysts prepared by a sol-gel
method and subsequent hydrothermal treatment. This series
exemplifies how changing the preparative procedure can lead to
materials with analogous composition but very different porous
textures, and it consists in four xHPW/Z solid catalysts with
HPW loads of x = 10, 20, 30, and 50 wt %, together with the
corresponding pristine Z support obtained under similar
synthetic conditions [16b].

Table 5.2 Textural properties of a series of xHPW/Z supported catalysts
with HPW loads in the x = 10-50 wt % range obtained from the
immobilization of the H3PW;,04¢ HPA over zirconia through a combined
sol-gel/hydrothermal approach

Pristine ZrO, (Z) 164 0.08 0.05 0.17
10HPW/Z (x = 10%) 129 0.06 0.04 0.18
20HPW/Z (x = 20%) 270 0.13 0.09 0.19
30HPW/Z (x = 30%) 365 0.18 0.12 0.11
50HPW/Z (x = 50%) 321 0.16 0.11 0.09
H3PW 1,040 (HPW) 0 0 0 0

The data above show that the porous texture of the final solid
materials undergoes significant development as higher amounts
of HPW are embedded into the Z support. Such development of
porosity along the xHPW/Z series reaches its maximum extent
when the Z support is loaded with an HPW mass percentage as
high as x = 30%. The 30HPW/Z sample displays the highest
microporous volume and the largest specific surface area in the
series with an SBET value that more than doubles that of the Z
support alone. This fact is almost exclusively due to a substantial
increase of ultramicropores in the material, which develops the
narrow microporosity but retaining the mesoporous domain
almost unaffected. All of the results above evidence that
Keggin-type clusters can have a key role on modifying the
textural properties of zirconia when this support is prepared via
hydrolysis of zirconium(IV) alkoxides in the presence of HPA
species.
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Hydrolysis of Zr'Y molecular precursors, such as alkoxides
results in Zr(OH), hydrogels, into which the Keggin-type units
(HPW in the series above) are embedded as gelation proceeds.
Such types of HPA-loaded inorganic hydrogels are known to age
into the corresponding inorganic oxides upon hydrothermal
conditions are applied [43]. In our case, HPW clusters
embedded in the Zr(OH), initial hydrogel are immobilized in the
hydrothermally-generated ZrO, final matrix through both
electrostatic interactions and extensive hydrogen-bonding. Some
=Zr-OH groups in the ZrO, matrix protonate due to the acidic
environment provided by the HPA species, and lead to [=Zr-
OH,]*[H,PW{,040]" pairing through an acid-base-like reaction
[6, 14]. These electrostatic pairs are reinforced by extensive
hydrogen bonding interactions established between the surface
O atoms of the HPW clusters and other neighboring =Zr-OH
non-protonated groups. This mechanism for immobilizing HPW
units on ZrO, is consistent with the large development of the
microporous structure observed for our xHPW/Z series as the
HPW load increases. This development takes place mainly
in the domain of the ultramicropores with sizes equal to or
lower than 0.8 nm, which are comparable to the diameter of
Keggin-type clusters. As higher amounts of HPW are loaded, an
increasing number of such units are grafted at the surface of
ZrO, nanoparticles through the interactions discussed above,
and hence they start acting as spacers between adjacent
nanoparticles hampering their aggregation effectively. Adjacent
nanoparticles would then be separated by a distance analogous
to the diameter of the cluster, resulting in the formation of
interparticle void spaces corresponding to the ultramicroporous
domain.

It is worth noting, however, that the thermal stability of
the porous structure is very much limited for Z-supported HPA
catalysts obtained from the combined sol-gel/hydrothermal
approach. This type of material shows a substantial decrease of
the accessible porosity when the hydrothermal treatment is
carried out at temperatures above 100 °C, which is largely
due to the thermal stability of the zirconia support itself. The
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N, adsorption-desorption isotherms displayed in Fig. 5.11
finely illustrate this behavior. They correspond to a series of
50VPMo/ZT catalysts prepared by the sol-gel synthetic
procedure and calcined at temperatures T = 100, 200, 300, and
400 °C. Overall, this type of sample displays larger porosity
than analogs obtained from the impregnation method, as shown
by the comparison of the textural properties of the sol-gel
50VPMo/Z100 sample with those of the impregnation 50VPMo/
7100 material, which did not show any type of porosity
according to the isotherm in Fig. 5.10. On the other hand,
calcination of sol-gel samples at temperatures above 100 °C
does not significantly modify the shape of the isotherm, but
produces a remarkable reduction of the adsorption capacity
mainly at the relative low-pressure region (P/P, < 0.2). This
fact indicates that the samples undergo a decrease in the
microporous volume while retaining the mesoporous domain
almost intact.

Figure 5.11 N, adsorption-desorption isotherms at -196 °C of 50VPMo/
ZT catalysts (VPMo load of 50 wt %) obtained by the sol-gel method
and hydrothermally treated at temperatures in the range 7= 100-400 °C.
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5.3.2 Development of Tailored Porosity in
Nanostructured Heteropolysalts

In contrast to non-porous HPA solids, POM-based salt derivatives
obtained through proton-cation exchange can display
remarkable porous texture when bulky monovalent cations, Cs*
and NH; in particular, are used. It is worth mentioning
in this context that highly-porous POM-based salts can only
be accessed by using clusters with the Keggin-type framework
and cations with diameters in the 0.27-0.34 nm range.

Figure 5.12 and Table 5.3 illustrate the observation above
for a series of (organo)ammonium salts derived from HPMo,
the developed porosity of which substantially decreases when
going from NH, to bulkier tetra-alkylammonium species [5].
Moreover, the use of the smaller Cs* leads to higher porosity
than any of the latter tetra-alkyl cations, and the resulting
porous structure displays remarkable thermal stability according
to the slight differences found when comparing the N,
adsorption-desorption isotherm of CsPMo with that obtained
upon calcination at 375 °C (CsPMo-375).

Figure 5.12 N, adsorption-desorption isotherms at-196 °C of representative
POM-based salts derived from HPMo.



Porosity-Accessibility in POMs | 213

Table 5.3 Textural properties of representative POM-based salts derived
from HPMo

Vn2 Veoz Veso Vrotal
Salt Sger (m* g7) (cm®*g™)
NH,PMo 225 0.113 0.095 0.005 0.120
CsPMo 102 0.053 0.042 0.020 0.073
CsPMo-375 80 0.042 0.041 0.030 0.073
(N(CHs),)PMo 37 0.017 0.015 0075  0.093
(N(C,Hs),)PMo 24 0.010 0.011 0.057 0067
(N(C3H,),)PMo 14 0.006 0.011 0.022 0.028
(PhsPC,H,)PMo 2 0 0 0.004  0.004

Figure 5.13 N, adsorption-desorption isotherms at =196 °C of a series of
salts with formula Cs,H3_,PW,04¢ (x = 1-3).

When POM-based salts are aimed at being used as solid
acid catalysts, an agreement must be reached between the
development of porosity upon cation exchange and the presence
of protons required for the acid catalysis to proceed. Not all
protons in the HPA solid must be replaced and this fact affects
greatly the porosity of the resulting salt. Figure 5.13 exemplifies
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through a series of Cs,H;_,PW;,0,4, salts that the development of
porosity is heavily dependent on the extent to which protons in
the parent HPA solid are replaced with cations in the final salt.
For the most common HPAs, namely, HPMo and HPW with three
protons each, a replacement of 2/3 of the original protons is
required to obtain salts with suitable porous structures.
Replacing 1/2 of the protons leads to salts with better acidic
properties, but with scarce development of the porosity, which
hampers their application as solid acid catalysts. Therefore, optimal
relations between acidity and accessibility to acidic sites must
be found for each POM-based salt.

Figure 5.14 N, adsorption-desorption isotherms at -196 °C of (NH4)s3
[PMo,,04¢] salts synthesized using different ammonium precursors.

In regard to synthetic aspects related to the preparation of
ammonium heteropolysalts through proton-cation exchange, the
nature of the anion in the ammonium precursor has proven to
play a key role as directing agent for the development of
tailored porosity in (NH,)3[PMo01,040] despite being absent
from the final solid samples. Figure 5.14 evidences that
the development of porosity in (NH,)3[PMo;,044] can be controlled
using ammonium precursors bearing different inorganic or
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organic anions, and that the obtained solid samples are essentially
microporous with different adsorption capacities as a function
of the anion or even with some remarkable contribution of
mesoporosity for oxalate and carbonate.

The observations above allow for reaching some conclusions
about how the anion in the ammonium precursor affects the
final textural properties of (NH,)3[PMo0:,049] solid samples.
Our studies have demonstrated that the development of
mesoporosity in (NH)3[PMo01,040] is mainly determined by
the pH of the solution from which the samples are precipitated
upon proton-cation exchange. Solutions with pH values higher
than 3 are essential for materials with significant contribution
of mesopores to be isolated, and this parameter depends mainly
on the acid-base properties of the anion in the ammonium
precursor. Therefore, the more basic this anion, the higher the
solution pH, and consequently, the greater the extent to which
the mesoporous domain of the final (NH4)3[PMo,049] material
develops. For the examples in Fig. 5.14, anions with negligible
acid-base properties (e.g, chloride and nitrate) result in
essentially microporous samples, whereas basic anions (e.g.,
carbonate and oxalate) leads to substantial development of
mesoporosity. In addition, the local concentration of NH; during
precipitation has also been found to significantly affect the
pore texture of the resulting (NH4)3[PMo1,040] samples, in such
a way that the higher the local NH4+ concentration, the more
amount of porosity in the final material.

During the past decade, a great interest in the design of
porous materials with bimodal distribution of the porosity has
emerged. Such materials combine large microporous domains,
hosting the active centers at which the catalytic reaction takes
place, with a substantial mesoporous contribution that allows
for: (1) avoiding any diffusional problem related with the access
of reagents toward and the release of reaction products from
the active centers; and (2) minimizing the catalyst deactivation
as a result of the deposition of the reaction products and
consequent porous blockage [16, 21]. As mentioned above, certain
heteropolysalts can show an essentially microporous texture,
but the controlled development of mesoporosity in such
heteropolysalts is a topic yet to be explored to the best of
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our knowledge. The existence of mesoporosity as a result of
voids in between nanoparticles has been described for a few
nanostructured heteropolysalts [14], but this phenomenon was
identified as merely incidental because no synthetic route could
ensure formation of such voids, much less exert control over the
size of the mesopores.

Based on the observations above about the facts that the
choice of cationic source can determine the textural properties
of heteropolysalt powders prepared from HPAs through
proton-cation exchange [44], and that the basicity of the anion
in ammonium precursors has a crucial role in developing
mesoporosity in  nanostructured  (NHg)3[PMo1,049] salts
prepared from HPMo by using titration methods, we have been
able to develop a very simple approach to implement tailored
mesoporosity in any heteropolysalt with control over both the
mesoporous volume and pore size. This method consists in treating
an M,[POM] heteropolysalt at a given pH value determined by the
concentration of a M[B] salt, in which B is a basic anion, and it
constitutes a new procedure for the preparation of mesoporous
solids with no reported precedents [45].

We selected the essentially microporous (NHy)3[PMo1204],
the porosity of which originates from accessible voids amongst
nanocrystals that aggregate into dodecahedral particles, for our
investigation and this model nanostructured heteropolysalt
allowed for two main conclusions to be drawn: (1) the micro-
and meso-porous structures present in the heteropolysalt
nanoparticles are independent from each other; and (2) the
development of mesoporosity must be related to the nanocrystals
forming the dodecahedral particles undergoing alkaline
degradation upon interaction with the basic agent during the
preparation procedure (Fig. 5.15).

From our viewpoint, the only suitable explanation for the
independent trends observed in the variation of the micro- and
meso-pore volumes with the loss of mass that the heteropolysalt
undergoes upon alkaline degradation is to consider that the
latter takes place preferentially in the innermost part of the
nanocrystals, as the TEM images suggest (Fig. 5.16). Thus,
implicit mesoporosity develops gradually within the nanocrystal
cores as the alkaline degradation proceeds, while the explicit
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microporosity remains nearly unaltered because the outermost
shell of the nanocrystals, and the voids amongst them in the
epitaxial aggregates as a result, are essentially preserved up to
mass losses of around 40% during this process.

Figure 5.15 Evolution of the narrow microporous (V(CO;)), total
microporous (V(N,)), and mesoporous (V(meso)) volumes with the
mass loss that the (NH,)3[PMo,,04] precursor undergoes upon alkaline
degradation.

The results commented up to this point highlight the great
possibilities of developing POM-based salts with any type of
porosity distribution, but whether the pore volumes and specific
surface areas (SBET values typically around 100 m?/g) achieved
in such type of materials were enough to be comparable to other
commonly used porous materials remained an open question.
This aspect was inspected in detail through the comparative
analysis of the textural properties in a wide collection of
representative porous materials of very different nature [46].
Besides (NH4)3[PMo1,044] heteropolysalt samples, the adsorbents
in this collection included: the commercial West powdered
activated carbon, the activated carbon fiber A20, the zeolite
NaA, the mesoporous silica MCM-41, and the two porous metal
organic frameworks MOF-5 and HKUST-1. This study brought
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to light that the most suitable method to quantify and compare
the adsorption capacity of porous materials with so different
characteristics is to express such parameter on a volumetric basis
rather than a gravimetric one (Table 5.4). This method is also
applied when the results obtained from different heterogeneous
catalytic reactions need to be compared as they are usually
referred to the space velocity (or reactant flow rate/catalyst
bed volume). Due to their remarkable skeletal density, POM-
based salts are the materials with the highest packing density
among all adsorbents analyzed, and hence a given bed volume
would encompass larger amounts of heteropolysalt than of
any other material. This fact results in such salts showing high
porosity values on a volumetric basis that are comparable to
those afforded by the rest of adsorbents on a gravimetric basis.

(a)

Figure 5.16 TEM images of the (NH4)3[PMo;,049] precursor (left)
compared with the sample in which 60% of the initial mass is lost
upon treatment (right).
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Table 5.4 Porous textural properties on a gravimetric (cm® g™1) and
a volumetric (cm® ¢cm™3) basis of selected adsorbents before and after
compaction at 180 Mpa

VC021 VCOZ1 VNZZ VNZ2 vMeso VMeso
Sample cmig ! cm®cm3 em3g ! cm®cm™ cm®g! cm®cm3
(NH,)3[PMoy,040] 0088 011 0088 011 0082  0.10

(NH,)3[PMo1,040] 180 0.087 019 0083 018 0091  0.20

Zeolite NaA 0.171 0.11 0.028 0.02 0.058 0.04
Zeolite NaA 180 0.122 0.14 0.022 0.02 0.045 0.05
MCM-41 0.27 0.06 0.48 0.12 0.39 0.09
MCM-41 180 0.27 0.17 0.48 0.31 0.31 0.20
West 0.33 0.11 0.71 0.25 0.49 0.17
West 180 0.34 0.17 0.70 0.35 0.47 0.24
A20 0.56 0.13 1.01 0.24 - -
A20180 0.54 0.32 0.99 0.59 - -
MOF-5 0.25 0.08 1.06 0.34 - -
MOF-5 180 0.07 0.12 0.14 0.22 - -
HKUST-1 0.66 0.36 0.55 0.30 - -
HKUST-1 180 0.34 0.39 0.24 0.27 - -

Notes: 'Narrow micropore volume (< 0.7 nm); 2Total micropore volume
(< 2 nm).

5.4 POMis as Catalysts

This last section will be devoted to showing that the different
POM-based materials commented above (supported HPAs and
porous heteropolysalts) can be applied as effective catalysts in
a wide range of heterogeneous reactions. It is worth reminding
in this sense that POMs can act as acid catalysts due to their very
strong Brgnsted acidity, as well as oxidation catalysts thanks
to undergoing reversible uptake of several electrons in fast
multistep redox processes without substantial structural changes,
and to their capability of transferring oxygen atoms to the
catalyst-substrate adduct.
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5.4.1 HPAs as Acid Catalysts

This first sub-section summarizes our studies on the applicability
of a series of HPA-supported porous solids as heterogeneous
acid catalysts for a process of industrial and environmental
relevance, such as the preparation of biodiesel. Palmitic acid
as the free fatty acid and its esterification with methanol into
de corresponding mono-alkyl ester as the model reaction are
selected for such analysis. In our activated carbon- and zirconia-
supported catalysts, the active HPA species are immobilized
within the porous structure of the supporting material, which
might bring up the uncertainty of whether such HPAs: (1) still
display the high acidity required for acting as an effective catalyst;
and (2) contain enough number of acid sites accessible to
the reagents.

To solve the two questions above, the total amount of acid
sites present in the supported catalysts must be first evaluated.
Table 5.5 shows the results of such evaluation through
temperature-programmed desorption (TPD) of NH; for our
series of AC- (activated carbon fibers A20, A15, and A10) and
Z-supported HPW materials [21]. As expected, the number of
acid sites increases with increasing the HPW load and the values
obtained are close to those expected on the basis of the amount
of HPW. This trend develops up to a certain HPW mass
percentage (e.g., 20-25 wt % in the case of the HPW/A20 series),
above which starts decreasing gradually with higher HPA loads.
According to the literature, different factors could explain this
latter decrease in the surface acidity: (1) protons at high HPA
loads become progressively inaccessible due to HPA clusters
blocking the pores [16]; (2) protons are partially neutralized by
the basic groups of the support [47]; and (3) protons become
gradually inaccessible due to the formation of a multilayer HPA
coverage on the support [48]. In the case of the HPW/Z series,
it is worth remarking that the pristine Z support can also catalyze
the esterification reaction to the extent of achieving conversions
of ca. 30%, which can be attributed to the existence of Brgnsted
acidic sites at the zirconia surface due to its synthetic procedure
involving the use of hydrochloric acid to set the pH conditions.
The main conclusion of TPD analyses is that the acidity of the
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HPA species is in all cases partially retained upon immobilization
and that all catalysts should in principle show catalytic activity
for the esterification reaction according to the recount of their
acid sites.

Table 5.5 Quantification of acid sites in a series of AC- and Z-supported
HPW catalysts

Sample HPW load (wt %) Acid sites? (umol g1)
HPW 100 1120
12HPW/A20 11.7 184
24HPW/A20 24.9 296
52HPW/A20 50.0 254
27HPW/A15 27.5 301
28HPW/A10 28.1 297
7r0, 0 578
10HPW/Z 10.3 720
20HPW/Z 20.5 952
50HPW/Z 49.7 1134

Note: 2Total acidity calculated by desorption of NH; at temperatures higher
than 120 °C.

Figure 5.17 shows the conversions achieved in the
esterification of palmitic acid with methanol at 60 °C by using the
homogeneous HPW commercial catalyst and the heterogeneous
AC- and Z-supported HPW catalysts as a function of the amount
of HPW present in the methanolic reaction medium. Commercial
HPW is soluble in methanol and affords high conversions of ca.
70% with amounts as low as 10 umols (30 mg) when acting as a
homogeneous acid catalyst in the esterification of palmitic acid.
Upon immobilization, the HPW species can still catalyze such
reaction. For low HPA amounts, the supported HPW catalysts
exhibit lower activity than the corresponding unsupported
sample, which evidences that HPAs partially lose their activity
as acid catalysts upon heterogenization. However, the activity
among homogeneous and heterogeneous catalysts becomes more
similar as the HPA amount increases, and it reaches comparable
values for ca. 50 and 60 mg of HPW in the case of the HPW/A20
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and HPW/ZrO, series, respectively. The activity remains mostly
unaffected by further increases in the amount of the catalytically
active HPW species added to the reaction medium.

Figure 5.17 Conversions afforded by unsupported HPW (homogeneous)
and AC- or Z-supported HPW (heterogeneous) acid catalysts in the
esterification of palmitic acid vs the amount of the HPW species.

The similar activities shown by our heterogeneous catalysts
regardless of the supporting material, together with the results
obtained from the homogeneous phase, evidences the facile
accessibility of palmitic acid toward the active sites located
in the supermicroporosity of the A20 fiber and ZrO, material.
Considering its large dimensions (a linear alkyl chain of 16 °C
atoms and a COOH head accounting for 1.9 nm in length and a
diameter of 0.6 nm), the ease with which palmitic acid reaches
the active sites of the supported catalysts would be unexpected
if the HPW clusters were located only within the microporous
structure with pore sizes lower than 0.8 nm. In this sense, the
experiments carried out with other HPW-impregnated activated
carbon fibers (A10 and A15) at the same experimental conditions
demonstrates that the activity of the latter catalysts is much
lower than that of the HPW/A20 series even for materials with
the same HPA loads and similar amounts of acid sites (Table 5.5).
The microporous structure of the A10 and A15 samples is less
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developed than that of A20 and the narrowest ultramicroporous
domain is more predominant according to Table 5.1, and
therefore, the results above confirm the influence of the pore
size on the kinetic control of the reaction by allowing or restricting
the accessibility of the reagents [49].

A key feature of heterogeneous catalysts is their reusability
in consecutive reaction cycles while retaining their catalytic
properties mostly unmodified. The recyclability is of great
relevance not only from an economic viewpoint, but also because
of operational aspects related to the charge and discharge of
catalytic reactors [1, 50]. The recyclability of our supported
catalysts was evaluated through their application in five successive
esterification runs without any intermediate regeneration stage,
and the conversions achieved are shown in Fig. 5.18. In general,
the catalytic activity decreases after each cycle, but this decrease
depends on the specific nature of the support. For example,
HPW/A20 affords the highest conversion in the first cycle, but
loses catalytic activity much faster throughout the five consecutive
cycles, which makes this catalyst less efficient than HPW/Z in
terms of recyclability.

Table 5.6 Mass percentage of HPW leached over five consecutive
esterification cycles based on the initial amount of HPW present in
the fresh supported catalysts

52HPW/A20 54 15 11 7 5

30HPW/Z 4.6 4.2 4.1 4.3 4.2

The decrease of activity in heterogeneous catalysts
throughout successive reaction runs can be caused by factors [49]
like: (i) loss of the supported catalytically active species through
transfer into the bulk of solution (leaching); (ii) inaccessibility
of reagents toward the active sites present in the microporous
domain (fouling); or (iii) deactivation of active sites. For
heterogenized catalysts, leaching of the supported active species
toward the reaction medium usually represents the most
relevant among such factors, which results in poor recyclability
associated with a sequential loss of catalytic activity and the
potential contamination of the reaction products. This process is
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particularly common for supported POM-based catalysts and it
is long known for several materials based on HPW immobilized
on different solid matrices that operate under conditions
analogous to those of our model esterification reaction [19, 21].
The leaching percentages with respect to the initial amount of
fresh catalyst (80 mg HPA) found for two of our HPW-supported
catalysts are summarized in Table 5.6. Their values are clearly
aligned with the trends observed in Fig. 5.18 for the sequential
reduction of catalytic activity. The HPW/A20 material shows
the highest amount of leached catalyst, which agrees well with
its highest loss of activity particularly upon the first cycle, whereas
the amount of leached HPW species in HPW/Z is very low and
nearly constant throughout the reaction runs, which is consistent
with its loss of activity displaying a much smoother trend. These
results highlight the suitability of our sol-gel/hydrothermal
synthetic protocol for immobilizing HPW species over zirconia
supports, which leads to supported catalysts with strongly
anchored POM clusters and hinders significant leaching of the
catalytically active species under the reaction conditions applied
in the esterification of palmitic acid.

Figure 5.18 Conversion of palmitic acid into methyl palmitate over five
consecutive esterification cycles of 6 h at 60 °C using 0.3 g of HPW/Z
and HPW/A20 supported catalysts.
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5.4.2 HPAs as Redox Catalysts

Fine chemicals constitute a thriving branch within the chemical
industry [51, 52]. Most of their synthetic routes involve
elaborated protocols pertaining oxidative reactions carried out in
homogeneous liquid phase. These reactions usually require
catalysts to proceed [34] and classical Lewis acids with remarkable
affinity toward O and N atoms (e.g., AlCl;, BF3, SnCly, or TiCl,) are
among the most widely used of such catalysts [2-4]. The oxidation
reactions also require reagents capable of donating O atoms to
the catalyst-substrate adduct, which coordinate to the Lewis-
acidic metal centers to form oxo- or peroxometallic intermediate
species, and then transfer to the substrate to form the oxidized
product [36].

One of the most relevant advances undergone by
oxidation catalysis is the use of increasingly cheaper and less
environmentally harmful oxidants, such as hydrogen peroxide
[53], but as they usually lack enough activity because of, for
example, low decomposition temperatures or kinetical instability,
such oxidants demand the aid of catalysts to raise the reaction
rates [54]. Transition-metal-containing molecular species (e.g., Ti,
V, Mo, W, Cr, Mn, Fe, and Re) stand out as the most suitable among
such catalysts, but they display two major drawbacks: (1) their
marked tendency to undergo deactivation through oligomerization,
which leads to catalytically inactive, polynuclear oxo-bridged
complexes; and (2) the fact that they are usually soluble in the
reaction medium, which makes the catalytic processes to run in
the homogeneous phase. Under these premises, we analyzed the
applicability of insoluble heteropolysalts and HPA-immobilized
porous solids as heterogeneous acid catalysts for the green
oxidation of organic substrates with H,0, as a clean and eco-
friendly oxidant that generates just H,0 as by-product. Our first
studies in the field were focused on the oxidation of cyclohexene
as a green route for the synthesis of adipic acid.

As mentioned above, H,0, displays the disadvantage of its
high thermal instability and many substances can catalyze its
decomposition, including most of the transition metals and their
compounds. In this regard, we have observed that, despite being
extensively employed in oxidation reactions due to the promoting
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effect of the catalytic activity [55, 56], metal-substituted POMs
in which at least one addenda metal center (Mo'! or WV1) is
replaced with other transition metals (V¥ in VPMo, Co" in CoPMo,
Ni'" in NiPMo, or Fe'' in FePMo) are unsuitable when H,0, is used
as oxidant because they considerably accelerate decomposition
(Fig. 5.19). However, using cesium or ammonium heteropolysalts
derived from the plenary HPW or HPMo clusters remarkably
reduces the extent to which H,0, decomposes, and this reduction
is even more pronounced when the catalysts are previously
calcined at 375 °C. It is also worth highlighting that the presence
of acetic acid in the reaction medium assists the stabilization
of H,0, toward decomposition [56-58].

Figure 5.19 Percentage of H,0, decomposed in the presence of different
HPAs and heteropolysalts for a period of time from 1 h to 6 h.

Based on the observations above, the insoluble heteropolysalt
CsPMo (heterogeneous phase reaction) and its parent heteopoly-
acid HPMo (homogeneous phase reaction) were selected as
catalysts in the green oxidation of cyclohexene with H,0,.
As shown in Fig. 5.20, the evolution of the conversion over the
time follows the trend of a sigmoid curve, which is typical of
catalytic processes that require an induction period. This period
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might be related to the formation of peroxometallic intermediates
on the surface of the HPMo or CsPMo nanoparticles, as observed
in general for other similar heteropolysalts [3, 18, 19, 21]. This
hypothesis is supported by the observation that the induction
period disappears when the catalysts are pre-treated with
hydrogen peroxide before running the catalytic cycle. In order
to verify the presence of peroxometallic species on the surface of
the catalysts, we made use of FT-Raman spectroscopy. The
comparison of the Raman spectra of the catalysts before and
after running the catalytic cycle indicates that their characteristic
Keggin structure remains intact [30, 38], and that the most
relevant difference among both spectra is the emergence of a
new peak at 853 cm™! for the used catalyst. This new peak is
attributed to a v4(0-0) mode [59, 60] on the basis of its close
location to the stretching O-O vibration characteristic of H,0,,
which appears at 877 cm™ [61]. These results strongly suggest
the existence of peroxo species on the surface of the POM-based
catalysts.

Figure 5.20 Conversions afforded by the catalysts HPMo and its hetero-
polysalt CsPMo (fresh and pretreated with H,0,) in the oxidation of
cyclohexene with H,0, vs reaction time.
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In order to analyze the influence of the compositional nature
of the Keggin-type POM on the conversion, a large number of PMo
and PW-type heteropolysalts were tested under the optimized
conditions for the cyclohexene oxidation. The conversion values
compiled in Table 5.7 show that the Mo-based compounds afford
higher catalytic activity than those based on W regardless of the
type of cation accompanying the Keggin-type anion, which is in
agreement with the higher oxidant character of [PMo;5040]%"
compared to the [PW;,040]3" counterpart [12]. For a given anion,
the type of cation influences dramatically the extent to which
cyclohexene is converted because the larger the cation, the lower
the conversion afforded by the corresponding salt. Thus, the
decrease in the conversion observed for the series with quaternary
ammonium cations is consistent with the decrease in the porosity
determined for such salts, this correlation being particularly
relevant in the case of the (Ph3PC3H;)PMo salt with almost no
porosity (see Fig. 5.12) and negligible catalytic activity. Therefore,
the low conversions afforded by the quaternary ammonium or
(Ph3PC3H;)* salts should be attributed to the steric hindrance
imposed by the voluminous cations, which hinder the approach
of either H,0, or cyclohexene to the POM surface.

The key requirement to be fulfilled by POM-based salts for
acting as heterogeneous catalysts is to be insoluble in the reaction
medium. In our case, however, certain amounts of catalyst are
always solubilized in the course of the reaction as shown in
Table 5.7, which compiles the cumulative mass percentage of
catalytically active POM species that transfers into the solution
for each catalytic cycle. This percentage is highly dependent on
the nature of the catalyst: HPAs are completely soluble in the
aqueous reaction medium as expected, while ammonium salts
display also high solubilities that decrease as the cation becomes
larger. In contrast, the lowest solubilities are associated with
cesium salts. PMo-based salts are in all cases more soluble than their
PW-based analogs and calcination at 375 °C lowers the solubility of
a given heteropolysalt substantially. Previous results confirm that
the interaction with H,0, is responsible of the high solubilities
found for some of these salts [5], and the comparative analysis of
the results listed in Table 5.7 reveals certain correlation among
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the extent of the conversion and the high values of the solubility.
All of these results suggest that POM-based nanoparticles transfer
into the solution upon formation of peroxometallic species onto
their surfaces, thereby pointing out to H,0, being the cause of the
solubility observed for these heteropolysalts [5].

Table 5.7 Cyclohexene conversion and cumulative percentage of catalyst
mass referred to the initial amount that is transferred to the solution
throughout 3 consecutive cycles

H3PMo4,040 100 - - 100 - -
H3PW ;1,040 100 - - 100 - -
(NH4)3PMo,,0,4, 100 - - 70 100 -
(NH,)3PW,,040 75 80 - 30 60 100
(N(C;Hs)4)sPMo 1,040 80 100 - 40 85 -
(N(C3H,)4)3PMo;,04 70 85 90 20 40 55
(N(C4Hg)4)3sPMo 1,040 30 45 50 10 15 25
(Ph3PC3H;)3PMo 1,040 3 4 5 0 2 5
Cs3PMo 1,040 95 95 - 25 60 100
Cs3PMo,,040 (375 °C) 100 100 100 12 25 40
Cs3PW,,0,40 50 60 65 10 15 25
Cs3PW,,04 (375 °C) 75 77 80 3 5 10

5.4.3 Heteropolysalts as Bifunctional Catalysts

In a recent study, we showed that the acidity in heteropolysalt
catalysts is not only associated with the presence of protons, but
can also originate from cationic metal centers with Lewis acid
character (e.g., lanthanides) that are used to assemble POM
fragments into large frameworks [13]. Lanthanide-containing
species are currently one of the largest and most intriguing
groups among the vast family of POMs because combining POM
building blocks with rare-earth metal centers constitutes a
suitable route for accessing new architectures endowed with

229



230

Polyoxometalates in Catalysis

additional functionalities besides those inherent to the POM
fragments [62]. Thus, incorporation of lanthanide sites allows
the resulting POM frameworks to act as acid catalysts [63, 64],
and furthermore, it can also lead to bifunctional catalysts
suitable for cyanosilylation or oximation reactions owing to the
fact that the combination Lewis acidic sites with the Lewis base
character of nucleophilic POM surfaces can activate complementary
substrates [65, 66].

Figure 5.21 Conversions afforded by different Na-ff-Ln, catalysts and
the two commercial heteropolyacids HPMo and HPW in the oxidation
of aniline with H,0, as a function of the reaction time.

We investigated the oxidation reaction of aniline with the
eco-friendly H,0, oxidant using a new type of POM-based salts
as catalysts acting in heterogeneous phase, hereon referred
to as Na-Bf-Ln,. The POM anion contained in these new
heteropolysalts consists in a dimeric assembly of dilacunary
Keggin-type fragments linked by four trivalent Ln*3 cations. As
shown in Fig. 5.21, all Na-ffB-Ln, salts afford conversions
comparable to or even superior to those obtained when
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commercial HPMo and HPW heteropolyacids catalyze the title
reaction in homogeneous phase. It is worth noting that Na-Sf-
Ln, salts demand shorter reaction times than the selected HPAs
to achieve similar levels of conversion regardless of acting in
heterogeneous phase, and that their catalytic activity depends
heavily on the specific type of Ln*3 cation because it decreases
as the lanthanide atomic number increases.

The characterization of the Na-ff-Ln, series was carried
out through DRIFT spectroscopy (Fig. 5.22). The bands observed
at wavenumbers above 1100 cm™! do not originate from the
Keggin-type framework [67], but associate with vibrational
modes of the different types of water molecules present in the
structures of our highly hydrated heteropolysalts. Thus, the
broad band in the 3600-2600 cm™ range is characteristic of
v(0-H) vibrations and should be attributed to interstitial water
molecules of crystallization, whereas the peak at ca. 1640 cm™
can be assigned to the H-O-H bending on the basis of the
in-plane bending observed for the H<O, ion [68]. This peak
is virtually identical in all four DRIFT spectra, but that located
near 1550 cm™! and those observed around 1455 cm™! differ
significantly in intensity within the Na-ff-Ln, series, in such
a way that they become weaker as the Ln atomic number
increases. These intensity-variable signals observed in the
6(H-0-H) spectral region might originate from the presence of
well-defined water clusters in the vicinity of the Ln3* sites,
the existence of which have been recently assessed for porous
MOF-POM type composites [69], as well as in the structure of a
hybrid compound based on Wells-Dawson POMs and dicopper
metal-organic moieties [70]. Considering that Ln,0; oxides
become more basic as Ln varies from Dy to Tm [71], a similar
trend could be expected for our heteropolysalt series in which
the lanthanide ions are confined in the pockets of an oxotungstate
framework. Therefore, the decrease in the relative intensities
of the above mentioned signals could relate to the Lewis acidity of
the Ln sites, with the more acidic Dy atom favoring the clustering
of water molecules in its close vicinity over the more basic
Tm through stronger hydrogen bonding.
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Figure 5.22 DRIFT spectra of the Na-ff-Ln, catalysts (Ln = Dy, Ho, Er, Tm).

Figure 5.23 shows an amplification of the 1700-1300 cm™!
region for the DRIFT spectra of the Er-containing heteropolysalt
recorded from room temperature up to 300 °C (the full spectra
from 600 to 4000 cm™! are given in the inset). The vibration
peaks originating from the dilacunary Keggin-type fragments
(1000-600 cm™) remain unchanged during the calcination
process, which is consistent with the fact that such POM structural
type is thermally stable up to temperatures above 300 °C [72],
but close inspection reveals main modifications in the spectral
region corresponding to the bonding water molecules, which is
in agreement with the analysis of the evolved gases consisting in
water exclusively. More specifically, the bands associated with
water molecules are located in the 3600-2600 cm™! range and
at ca. 1640, 1550, and 1455 cm?, and they all maintain their
original relative intensities up to 168 °C. At higher temperatures,
the intensity of the former two signals undergoes remarkable
decrease, while variations for those at 1550 and 1455 cm™! are
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almost negligible. The latter signals start becoming weaker only
at temperatures higher than 260 °C, and this behavior indicates
that two types of water molecules coexist in the structures of
our heteropolysalts: loosely bound water of crystallization
that is lost with ease (associated with the 3600-2600 and
1640 cm™! signals), and some other molecules involved in
stronger interactions that demand higher temperatures for
their release to take place. This second type of water molecules
must encompass the aqua ligands coordinated to the Ln sites
and those molecules clustered in the close vicinity via strong
hydrogen bonding.

Figure 5.23 Detail of the DRIFT spectra of Na-ff-Er, recorded at different
temperatures up to 300 °C. The full spectra are given in the inset.
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As polyoxometalate (POM) chemistry develops and becomes more
varied in the structures that can be formed, the areas of science
that POM-based materials can potentially impact also increases.
Much of the interest for these molecules has arisen not only due
to POMs unique ability toward molecular growth and complex re-
arrangements, but also due to their application in diverse areas,
such as catalysis, magnetism, molecule-based electronic, and energy
storage devices. The focus for POM chemists is slowly switching
from obtaining novel structures to the design of functional materials
with genuine real-world applications. A review published by Hill
in 1998 discussed the potential for the use of POMs in a variety
of disciplines. Although this review was published over 20 years
ago much of the discussion is still relevant. By far the most active
area for applied POM research is in catalysis, energy applications,
water oxidation catalysts, and hydrogen production, but as those
applications are already highlighted in several excellent reviews,
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this book chapter will focus in other fields where the unique
properties exhibited by POMs are still being investigated. The last
decade has seen advances in very divergent applications where
POMs have played a key role, for instance, in the formation of
chemical gardens, as components in flash-memory devices.

6.1 Molecular Metal Oxides in Magnetism and
Semiconductors

Nuclear astrophysics is the branch of astrophysics that helps to
understand the formation of elements in the periodic table. About
13.8 bn years ago, the most abundant elements in our universe
were H (}H and jHe) and He (3He and He), with trace quantities
of Li and some heavier elements present [1]. It took billions of
years of forging within the cores of stars until electrons could
join nuclei in atoms and give rise to other elements, including the
production of the heavy elements beyond iron. Those remarkable
series of events occurred within supernova explosions or neutron-
star mergers. Iron, a transition metal (TM) with partially filled
d orbitals, is the most prevalent metal on Earth and is the direct
consequence of the physics of nucleosynthesis in dying stars [2].
In fact, most of the Earth’s crust consists of solid oxides, the result
of elements being oxidized by the oxygen in air or water.
The prevalence of oxides in Earth is due to the “Great Oxidation
Event” or GOE and left fingerprints in the rock record. Over an
interval from roughly 2.4 to 2.1 Gyr ago, Earth atmosphere shifted
from being fundamentally reducing to oxidizing [3]. Despite
decades of intensive investigations, there is no consensus on
what exactly caused this oxygen revolution on planet Earth,
mostly given the lack of definitive geologic indicators of microbial
oxygen production [4]. What matters to us chemists it is not
what originated O,, but its consequences and the fact that we live
in an environment in which O, is prevalent, making up to 21%
of the modern atmosphere. This has conditioned the chemistry we
can make and the raw materials we can find. Other metal-oxides
are reasonably abundant in the Earth’s crust include TMs, such
as Mn, Fe, Co, Ni, Cu, and early TMs Ti, V, Cr, Zr, Nb, and W. The
d-block TMs have great importance in our lives and key in the
modern history and the booming post-industrial digital economy.
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For over a hundred years, researchers in physics and
chemistry have been intrigued by the magnetic properties of solid
materials [5]. Magnetism and technological developments have
been connected for centuries—from navigation compasses to
motors and generators to modern day magnetic data storage. In
the 2020 digital world, we rely on the successful progression of
memory in a silicon chip to read and write data. The driving force
behind innovations, such as smart phones, voice control, track, and
trace apps, driverless cars are reliable memory devices; improving
storage capabilities, therefore, is key. Ferromagnetic materials
have been the most important materials in the field of information
storage from its foundation to the present day [6]. Memories
based on ferromagnets, such as magnetic tapes and hard disk
drives, were made possible by innovations in the semiconductor
technology [7]. The search for reliable memory devices is still
underway. One of the candidates are molecular metal oxides, or
polyoxometalates (POMs); these are a ubiquitous class of inorganic
compounds and span a wide range of structural and electronic
features. POMs’ discrete molecular structures are composed of
metal ions bridged by oxide anions. POMs can also be referred to
as molecular metal oxides due to their molecular composition
and their position between monomeric entities and bulk oxides.
POMs are primarily constituted of early-transition-metal (d-block)
elements in their highest oxidation states [8]. Almost all POM
structures are anionic and subsequently form salts when in the
presence of obligatory cations [9]. This family of compounds is
composed of between 6 and 368 metal ions in a single molecule
and is frequently assembled under “one-pot” reaction conditions.
POMs, especially tungsto- and molybdophospates, and silicates,
are highly used in industry for catalysis [10].

In this book chapter, we describe the use of POMs as a nano-
molecular computing element. As inorganic oxides POMs are
naturally more compatible with current complementary metal-
oxide-semiconductor (CMOS) than organic molecules. The
electronic properties and structures of POMs are much more
compatible with SiO, than organic elements (see Fig. 6.1) [11].
In addition, molecular metal oxides or POMs provide greater
electronic complementarity as they are highly redox active, can
be doped with electronically active heteroatoms, and can shape
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the semiconducting and metallic states required for low power
electronics circuits that are the basis of device components, such
as processors, voltage converters and regulators, liquid-crystal
display (LCD) displays. Indeed, one of the pillars of the success
of silicon nanoelectronics is the achievement of high electrical
conductivity and controllable conductivity by doping, but organic
molecules have unfortunately not yet shown such attractive
properties. Recent results have demonstrated that POMs are
ideal CMOS compatible materials since they provide an unrivaled
structural diversity of molecules, display a wide range of
properties and nuclearities, and are assembled under easy-to-
prepare “one-pot” reaction conditions, enabling nanoscale objects
to be self-assembled from very small building blocks.

Promising results in flash memory have come to light by
exploiting the electronic properties of a POM-based material
[12]. This is a tremendous area of interest with immense
possibilities, and the knowledge gained by studding POM self-
assembly mechanisms could be a true game changer in the field.
By combining building blocks, we could design the next material
to be used as a component in the next generation of metal-
oxide-semiconductors (MOS). POM scientists need to develop
new approaches to understand self-assembly that combine
a good quantum foundation with increasing scale in terms of
the size of the system [13]. New semi-empirical approaches to
coping with mixed valence states, dynamic assemblies, kinetic
as well as global thermodynamic aspects could provide a good
foundation [14].

The real game changer lies in the ability to design proof-of-
principle experiments to demonstrate the true potential for the
applications of new nanomaterials in sustainable energy devices
as the primary objective, and also to be incorporated as
components in flash memory RAMs. This book chapter is written
with the aim to inspire and motivate a new generation of POM
experts. In addition, silicon-based traditional electronic storage
devices need to face the evolution that incorporating molecular
metal oxides could provide. By combining experimentation and
theoretical estimates for new POM materials and their properties,
we will gain a deeper understanding faster and more efficiently
than with test and experimentation alone. First principles multiscale
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modeling has allowed a deep understanding of materials by
enabling accurate prediction of electronic properties of materials
at a low computational cost; for instance, band gaps that are
crucial for memory device applications. Preliminary work also
shows that we can obtain information of the building blocks
formed in the synthetic mixtures, hence, we are closer to the
design of new metal-oxide materials with the targeted properties
[15]. Ideally, material development and design activities include a
close coupling between prediction, synthesis, and characterization
of materials. The discovery of materials that can be adapted to
the needs of far more demanding technology needs to be
accelerated and lowered. The increased use of computing resources,
the generation of databases and experimental developments
has accelerated these activities substantially [16].

Figure 6.1 Top left: ball-and-stick view on the classic Wells-Dawson
structure [M;5054(S04),]*” M = W and Mo. Top right: ball-and-stick view
on the non-classical Wells-Dawson anion [M;5054(S03),]*~ when M = W
and Mo. Bottom: idealized vision of a POM layer in a SiO,.
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6.2 Abundance of Raw Materials

Traditionally, chemistry focuses on converting resources into
commodities, contributing to the creation of a multitude of synthetic
methodologies that produce many molecules and materials currently
used in society [17]. However, this linear development model
has produced a lot of waste that also reaches the atmosphere,
causing significant environmental problems both local and global
[18]. This offers a new position for chemistry, which focuses on
the creation of new processes of recovery and recycling to facilitate
the effective use of resources, as well as on the development
of new synthetic methods that use waste as a resource [19]. At the
consumer end, the implementation of circular business models
(CBMs) could offer an effective way to tackle societal challenges
and contribute to sustainable development goals [20].

Figure 6.2 Periodic table produced by the European Chemical Society
(EuChemS) to highlight element availability and vulnerability as part
of the celebrations of the United Nations Educational, Scientific and
Cultural Organization (UNESCO) International Year of the Periodic Table
[20]. The area occupied by each element is proportional to the amount
of that element in the Earth’s crust and in the atmosphere. This shape
is based on an original idea of J.F. Sheehan [21], as modified by K.A.
Carrado [22]. Notice that Sn, Ta, W, and Au are labeled as “from conflict
minerals.”
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Although, unlike their name suggest, rare earths are not
that rare in the Earth’s crust, their supply is still limited, mainly
coming from China [23, 24]. As the old saying goes “if it's not
grown it's mined.” Metals are critical to modern technology and
many are either uncommon, difficult to extract or in unstable
regions, see for instance Fig. 6.2, where four elements are partly
painted black: tin, tantalum, tungsten, and gold. This is to indicate
that the components that come from mines where mineral
rights battles are fought over, or where mining profits finance
wars [17]. Mainly in the mines of Democratic Republic of the
Congo, we must be cautious to ensure that the samples used in
production or in our research laboratories do not originate from
these mines. Traceability is the mechanism by which ores from the
mine through all the processing phases to the final manufacture
of a device are tagged and tracked during their lifetime. It is also
extended, after the end of the useful life of the unit, to the fate of
that feature. It is time to ensure that we do not have elements in
our pockets from areas where people have died to remove them.

Another important aspect to consider is the current
dependency to certain elements, for instance, there is no scarcity
of palladium catalysts available to a chemist planning a Suzuki
cross-coupling [25]. The importance of the C-C bond formation
in catalyzed cross-coupling reactions was bestowed with the
Nobel Prize in 2010 by Heck, Negishi, and Suzuki. Unfortunately,
other elements cannot easily provide the same catalytic activity.
Although, nickel will continue to be studied as an affordable
replacement for palladium, Ni can also supplement to other
metals with a variety of inherent properties [26]. In fact, the
chemical industry despite benefitting from advances in
improved catalyst efficiency produces not only useful supplements,
pharmaceuticals, flavors, and pesticides, but also a considerable
amount of waste. It is especially the case of pharmaceutical
and fine chemical manufacturing, where only a fraction of the
volume of waste and unsaleable by-products of synthesis may be
the volume of the desired product. The continuous work of
researchers in the area for instance, Pérez-Ramirez and his group,
is crucial as they have managed a new catalyst that not only cuts
the costs of synthesizing fine chemicals, it also reduces the
consumption of palladium and decreases the amount of waste [27]
(Fig. 6.3).

249

+)



250

Transition Metal Oxide—Based Storage Materials

Figure 6.3 Biggest supplier countries of Critical Raw Materials (CRMs) to
the EU [28].

We understand that the pandemic of COVID-19 impacts
everyone’s everyday lives and the global science community
in unparalleled ways. But, it is unfortunate that a pandemic is
needed to highlight the alert many have been making in Europe
since many years: there is a lack of essential mineral resources
and processing plants that have been commercially established
and a dangerous over-reliance on imports from small overseas
sources. The EU list of Critical Raw Materials (CRMs) is updated
every three years since first being published in 2011, describes
30 essential raw materials (see Table 6.1) [29]. In fact, this year’s
table has four additional entries, including lithium. This alkaline
metal is important to the transition to electromobility. Access
to vital raw materials used in digital and clean technology
was labeled as a “strategic security concern” in the European
Green Deal [29].

New industrial policies in the coming years will need to
address the issue of implementing circular economies for CRMs
and ensuring sustainable exploitation of the resources available.
Considering that in the next 5-10 years far from reaching a
plateau, the demand for critical metals is expected to increase.
This increase will be partially driven by the growth of green
transport and renewable energy sources, and mostly due to
an increased use in electronic devices. As we stated earlier:
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phones, tablets, and computers require critical metals to function.
Goodenough et al. [24] explain that In and Ga are used in touch
screens while rare earth elements (REEs), such as Ce are used to
polish the screens. LCD screens and light-emitting diode (LEDs)
rely on semiconductor technology being made with a variety
of metals, such as La, Ce, Eu, Gd, Y, Ga, and are doped with P (n-
and p-doping). Circuit boards, hard drives, and permanent
magnets use metals, such as Nd, Ta, Ga, and Ge whereas fiber
optic internet cables require Eu.

Table 6.1 2020 Critical Raw Materials (new as compared to 2017 in
bold) [28]

Antimony Hafnium Phosphorus
Baryte Heavy rare earth elements  Scandium
Beryllium Light rare earth elements Silicon metal
Bismuth Indium Tantalum
Borate Magnesium Tungsten
Cobalt Natural graphite Vanadium
Coking coal Natural rubber Bauxite
Fluorspar Niobium Lithium
Gallium Platinum group metals Titanium
Germanium Phosphate rock Strontium

As famously stated by former UN Secretary-General Ban
Ki-moon, “There can be no Plan B because there is no planet B.”
The future is not written and possibly if we cannot find enough
metals on Earth, we will have to begin searching the rest of our
solar system, perhaps starting with asteroids [30]. The technological
jump required for space mining to be a reality is still far, and
again will be pushed by both greed and curiosity. “Any term that
suggest faster-than-light travel remains at the level of speculation”
[31], still this reality has been dreamed by many. David S. Mackay
a pioneering Moon [32] and Mars [33] scientist. He served as the
chief scientist for Astrobiology and Planetary Science and
Exploration at the NASA Johnson Space Center (1996-2013) and
was the man who taught geology to the first humans that have
walked on the Moon during the Apollo mission, said back in 1999:
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“Near-future launch costs of about $600 per kilogram for the trip
from Earth’s surface to orbit, combined with space ferries cycling
between high-earth orbits and nearby asteroids (returning, over
their lifetimes, 100 tons of materials for each ton of equipment
launched from the Earth), suggest future supplies of raw materials
in near-earth space at a cost of a few dollars per kilogram.
This is comparable to the cost of a house on the Earth.” [34]. But
before sustainable asteroid mining becomes a reality [35], we
need to focus in what is in front of us.

The current pandemic has accelerated the digitalization of
the society, work, play and stay connected are a must. In fact, the
pandemic has speeded up our technological use and this same
technology can accelerate us out from this crisis. We need to
engage to promote a societal change, engage as many researchers
as possible in the development of a new world of elemental
science and share our vision. In this book chapter, we hope to
inspire new researchers to work in the area of metal oxides
and learn how to recycle better and more, primary raw materials.
As we move to a recovery phase, our aim is to map new
opportunities for researchers to join in the quest of finding
alternative routes to memory storage materials.

6.3 Introduction: Building the Nanoworld

POMs are inorganic metal-oxide clusters with the general formula
[MO,], (M = Mo, V, and W, x = 3-7, n = 6-368) which have the
unusual ability to self-assemble discrete components into larger,
organized structures [36]. They generally contain Groups 5 or
6 TMs in their highest oxidation state, multiple oxides, and often
an intrinsic heteroatom anion housed in a tetrahedral cavity
[37]- The high oxidation state of their metals also makes them
remarkably good reducers, with little to no change observed in
their overall structural geometry [38]. POM clusters can further
combine to form larger POM-based frameworks. Their ability
to carry out “one-pot” synthesis pathways for self-assembly
and general reaction purposes is one of, if not the most, useful
properties of POM structures as it is vastly superior to complicated
multi-step synthesis and is what makes them such an interesting
and relevant field of chemistry [39].
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When it comes to synthesizing increasingly small molecular
machines and structures, there are generally two schools of
thought: the bottom up and the top down approaches [39]. Bottom
up concerns itself with understanding how to build structures on
a very small scale (for POMs this range is generally 0.5-5.5 nm),
beginning with influencing individual atoms, and then moving
on to the construction of bigger and more complex projects as
our knowledge of the fundamentals increases and improves [37].
Top down, on the other hand, is the process of understanding
how to scale down current “macro technology” (smaller than 1 pm).
It differs from bottom up in that it revolves around learning
how to reconcile our current electronics with the inevitable
quantum effects they will experience as their size decreases.
There currently exists a “no-man’s land” where both approaches
have yet to venture into, known as the “Nanoworld” [39]. This
region of space, ranging from 1 to 1000 nm, is too big for “bottom-
up” chemists and too small for “top down” engineers to build
complex structures within at this point in time. The Nanoworld
is therefore characterized by a “critical size” at which both
approaches run into difficulties. For a chemist wanting to build
large molecular structures, they will have to consider how to
control atom flow into reaction sites due to the possibility of
structures developing less rigid, larger pores as a direct result
of unwieldy size. This will have a direct effect on the structures
ability to regulate access to critical reaction sites. A successful
example of self-assembly control and miniaturization technology
was in linking two ring-shaped molecules together to form a
chain, referred to as a catenane [40]. This has culminated in
the 2016 Nobel Prize for Chemistry being awarded to Sauvage,
Stoddart, and Feringa for their work in the field of molecular
nanomachines [41]. Their research focused on creating ring-
shaped molecules that could assemble after binding to specific
target molecules, yielding interlocking chains.

It is worth noting that there has been a lot of research in
recent years into determining position and effects of critical sizes
and those POMs in general have been garnering attention for
making strides in breaching the Nanoworld. A specific example
involves recent development of a “flexi-crystal” which is a
POMzite/large multi-POM network capable of changing size by
alteration of thermal conditions without the associated sacrifice

253

s

=



254

Transition Metal Oxide—Based Storage Materials

in rigidity [42]. POMs, otherwise known as molecular metal oxides,
have been known of for centuries but until the last hundred
years our understanding of chemistry and engineering simply
was not advanced enough to allow for sufficient analysis into
their structures [39]. Berzelius and co-workers were the first
to describe a POM, the formula of which was determined to
be (NH4)3[PMo,,040]ag. almost a century later, in 1826. There
were several attempts to describe the structural bonding of
phosphotungsto- and phosphomolybdenum salts from 1900 to
1923 until Keggin finally solved the structure as Hz[PW;,04¢],
which is strikingly similar in formula and appearance to current
POM models (see Fig. 6.4). The existence of POM isomers has
been known since the 1950’s but it was not until the development
of single-crystal X-ray diffraction and electrospray ionization-
mass spectrometry (ESI-MS) that they could be accurately analyzed
and categorized.

Figure 6.4 Comparison of H3[PW,,0,40] structure developed by Keggin
and co-workers in 1923 (left) and modern Keggin (a-[{X0,},M1,034]"")
structure which is treated as most accurate model to date (right) [44].
Similarities include: heteroatom located at center of POM, several distinct
triad faces capable of rotation and variation in inter- and intra-triad
oxometalate ions.
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Since then, models of structures have become more precise
and, coupled with advancements in computing, have allowed
for not only a greater understanding into POM cages but have
also opened the door to tackling new questions, such as precisely
how ligands react with POM pores on a molecular level and why
different ligands affect POMs in different ways [38]. Many such
structures have been identified, many more of these with multiple
isomers of varying stabilities and features. Indeed, POM isomerism
is one of the most described but least understood aspects of
POM chemistry. POMs are set to make great contributions to
nanotechnology and have applications that span multiple fields,
such as medicine, catalysis, electrochemistry, and electro-optics
[43]. More specific examples of their usefulness include: increasing
flash drive storage capabilities, providing small-scale cell-like
environments for biologists, and trapping harmful gasses, such as
CO,and CO [37].

6.4 Molecular Metal Oxides: POMs, Synthesis,
and Structural Features

POM synthesis generally proceeds via acidification of simple
oxo anions, followed up by a condensation reaction with TMs to
form the desired M-O-M bonds [37]. Whilst this process of
making POMs is generally well accepted, the multiple variables
that control isomer selection are overall poorly understood.
Self-assembly is very sensitive to reaction conditions, such as
temperature, pH, pressure, solvent choice, POM metal identity
and concentration, POM heteroatom identity and concentration,
presence of (additional) ligands, and presence of a counter ion
to name just a few [43, 45]. A slight change in any one variable
may yield a completely different and undesirable structure.
The process is especially hard to understand from a chemist’s
point of view, as there are many different fields and variables
involved that transcend the already sprawlingly large field of
chemistry (by this we are referring to the fact that POM research
must consider the fields of physics and computer simulation
as well as those of organic and inorganic chemistry).
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Figure 6.5 Example oxometalate ion (X0,)"" fundamental building block
with universal oxometalate ion properties. The yellow ball represents
the metal atom (X) and the red spheres show the tetrahedral position of
the oxygen atoms (0O).

The major down-side to one-pot synthesis is that it can
produce unintended side-products and have fairly chaotic results
[37]. In order to guarantee synthesis of specific species, the
reactants must be fined-tuned prior to the reaction. Oxidized TMs
are very useful in this regard as their properties are somewhat
determined by the materials they are bound to, allowing POMs
to be a viable choice for one-pot synthesis as they are a lot
easier to tune pre-reaction than many other species. Despite
their unique relationship with one-pot synthesis, POM discovery
is understandably random. This is evident in Miiller’s discovery
of naturally-occurring molybdenum blue family of compounds
[39]. An immediate downside to this method of discovery is that
it may be hard to track the effects of all the variables that lead
to structure selection, resulting in difficulties with reaction
pathway reproduction. Once the pathway has been identified,
however, new POMs can be used as a jumping-off point to
discover more [37]. Whilst there are many different structures
that fall under the banner of POMs, they all follow the same general
“blue-prints” for assembling themselves or their fundamental
building-blocks.

The archetypical POM building-block usually consists of a
central heteroatom (the exception being isopolyoxometalates
(isoPOMs)) of the form X0, (X = heteroatom, n = 3, 4, 6. A common
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example is [PO4]37) that serves as the core around which the
oxometalates can arrange themselves and form the POM cage.
The specific metal element used for the oxometalate units also has
a great impact on the nature of the POM (see Fig. 6.5). Mo-based
clusters, for example, develop exceptional structural flexibility
upon reduction [11]. Mo is also a particularly useful metal for
POM synthesis as it is one of the only atoms that displays self-
assembly under acidic conditions and Mo reduction is associated
with increased electron density on the surface cluster, resulting
in protonation [39]. This protonation/pH control is associated with
POM growth and is therefore a major factor in controlling POM
synthesis. By comparison, W-based clusters are characteristically
very strong and reliably yield large multi-POM structures in a
way that many other POMs cannot. Pore size and chemical nature
is responsible for control over entry of smaller molecules into
the cavity. Pore volume and shape are easy to alter, which is
essential if accurate control over molecular access to active sites
and pores in enzyme-like and cell-like POMs, respectively, is to
be implemented [37].

[soPOMs are the least stable POMs due to the absence of an
intrinsic anion [37]. Their usefulness arises from their unique
properties, such as a high charge, a very basic oxygen surface,
and being able to form the smallest POMs yet observed. Due to
their small size and subsequent simpler chemistry, they are
routinely used to test out hypotheses concerning the properties of
larger structures. The Lindqvist iso anion ([M¢O19]""), composed is
of only 6 oxometalate units, being the smallest isopolyanion
reported to date [45]. A species of Lindqvist, [H,NbgO9]%7* has
been utilized in experiments aimed at understanding aqueous
reactions involving minerals and other extended structures [37].
IsoPOMs also serve as good building blocks for the formation of
larger POM-frameworks, mainly due to their very stable nature,
especially compared tolarger POMs, such as heteropolyoxometalates
(HPOMs).

HPOMs generally feature two redox inactive tetrahedral
anions (usually PO} or S0%) symmetrically aligned along the C;
axis [36, 37, 46]. These POMs can be referred to as classical-POMs
as they are the most frequently encountered POM structures.
They are associated with a greater degree of stability than IsoPOMs
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thanks to their anion. Tungsten-based POMs in particular are
renowned for their strength and are used to synthesize Keggin-
and Wells-Dawson (WD)-like structures with a more than
standard number of vacancies [37]. Their intrinsic anion also
bestows upon them an overall negative charge, allowing ESI-MS
to yield a more accurate structure of the POM.

Although a few HPOMs may share an identical structure, for
example, Wells-Dawson, they may differ in their redox capabilities
and relative isomer stabilities. These HPOMs can be characterized
as classical or non-classical, depending on the redox capabilities
of their heteroatom. Using WDs as an example, classical-WDs
contain at least one anion of the form X0, whilst non-classical
WDs contain either a XO; or XO; anion (see Fig. 6.6) [36].

Figure 6.6 Classical and non-classical POMs and their associated
heteroatoms. The top graphic (XO,) represents a classical POM whilst
the middle and bottom models (XO3 and XYg, Y = O, F), display the two
non-classical POM structures. Note that while all POM cages are colored
purple for metal ion positions and red for oxygen atoms, the
heteroatom for the XYs POM is purple, which contrasts with the
yellow spheres used to represent the heteroatoms in the other two
structures.

Both classical and non-classical WDs are redox active thanks
to their oxometalate units, which readily undergo reduction.

)
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The difference is that non-classical WDs feature a redox active
heteroatom, whereas classical WD heteroatoms are redox inactive
and, therefore, only their oxometalate units undergo reduction.
Non-classical heteroatoms are more redox active than the
oxometalate units, so will be reduced (I, Te) or oxidized (Se, S)
first. One interesting application of non-classical HPOMs is in the
field of flash memory [12]. Oxidizable non-classical HPOM
heteroatoms form an internal X-X bond, meaning the presence or
absence of charge can be used to represent information. This is
akin to how binary can be used to communicate data in the
form of 1 or 0 or how Morse code uses on or off to transmit
communications. The issue with current MOS is that they are
hard to scale down past about 10 nm and into the nanoworld.
Non-classical HPOMs, specifically those with WD structure,
can overcome many of the technical difficulties experienced
by alternative solutions as they are small (heights are typically
around 1.5 nm), have a large charge range, feature a charge
and heteroatom that are easy to alter, and display high thermal
stability (storage devices must be able to withstand temperatures
of up to 600 K). The internal heteroatom bond described earlier
allows the POM to act as a floating gate within the flash drive,
allowing it to store and release information in the form of electrons
when a voltage is applied. Density functional theory (DFT)
calculations and experimental data indicate that [W,50s4(Se03),]*
is the ideal HPOM as W provides the appropriate thermal stability
and Se has good general stability, ideal electronic activity, and
only achieves an oxidation state of 5+ when the Se-Se bond is
formed, allowing for easy detection of oxidation.

6.5 Magnetic Materials

The field of POMs is now taking the next step whereby both
the structure and function of the systems can be planned and
regulated [47]. However, due to their dynamic existence, with
an almost infinite structural diversity, means that the assembly
under non-equilibrium conditions of functional nano-molecules
and adaptive materials will be possible. This method will be used
to access new libraries of building blocks that will contribute
to the development of new nano-material structures and
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functions that are not accessible from near-equilibrium processing
techniques and will concentrate on the production of new
products, assemblies and devices. In order to drive, direct and trap
the self-assembly of molecular metal oxide dependent building
blocks, clusters, and materials in solution, we must acknowledge
that such processes can be driven by redox reactions, ion exchange,
metal unit substitution. By using such non-equilibrium dependent
manufacturing, with traditional, static, near equilibrium self-
assembly techniques, it would be possible to target at engineering
materials with unparalleled structural functionality and adaptive
capacity as possible.

Ferromagnetic materials have dominated the field of
information storage from its foundation to the present day [48].
At the turn of the 20th century, ferromagnet-based memories,
such as magnetic tapes and hard disk drives, allowed by
developments in semiconductor technology [48], gave rise to the
information era. Spin-based electronics (or spintronics) came
to light in this sense in the 1980s [49], offering significant
advantages in terms of speed, heat dissipation and energy
consumption. The molecular magnetism field seeks to synthesize
compounds with magnetic properties that are tailor-made [7].
First, this ambitious objective involves the creation of theoretical
models capable of making predictions that are accurate and
practical. But the foundations of these models need to explain the
magnetic properties of already synthesized compounds before
reaching this ideal stage.

In 1998, POMs were described in molecular magnetism as
model artifacts or magnetic elements of hybrid molecular materials
by Coronado et al. [50]. In a 2009 study by Kortz et al. [51], their
importance to molecular magnetism is also discussed. POMs are
ideal candidates as supporting ligands to design magnetic core
structures, considering their wide range of structural and electronic
properties. POMs give a well-defined rigid environment that
restricts the alignment of spin centers and regulates the coupling of
intra-molecular exchange. For example, POM ligands induce strong
axial magnetic anisotropy, exemplified by [As,W,,Mn"045]8 [52].
This Mn(II)-POM has the highest axial zero field splitting (ZFS)
parameter to date for an isolated Mn'" anion(D1/4 + 1.46 cm™)

s
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is a simple example of a POM as a suitable candidate for a single-
molecule magnet (SMM)-based molecule. Another example comes
from a recent paper where it was demonstrated that a Cr'"! cation
could be “locked” into a high spin state, thus creating a permanent
SMM, by enclosing the cation within the tetrahedral cavity of a
recently discovered Keggin structure [53]. In a 2020 by Ammari et.
al., they created a 1D coordination polymer containing Co cations
and (C¢H{oN;),[Co(H,0)4P;M050,3].6H,0 anions [54]. In their
work, the Co cations are locked in place by the POMs, resulting in
long range ferromagnetism. Combined with its ability to act as a
semiconductor, polymers of this type would be ideal for creating
new spintronic materials. As outlined in a review by Coronado
et al. [55],three main areas were based on recent developments
in magnetic aspects of metal oxide materials:

(1) POMs that encapsulate magnetic clusters (with variable
nuclearities and high symmetries) of transition metal ions
connected through oxo bridges, enabling the magnetic
exchange interactions between the metal (mainly cobalt)
ions.

(2) POMs that encapsulate lanthanoid ions are the most
successful examples of SMMs. The most remarkable example
is the POM [Ho(Ws04g),]°~ (abbreviated, HoW;,), which
is able to enhance coherence in solid-state molecular spin
qubits without resorting to extreme dilution and a relative
insensitivity [56].

(3) Mixed-valence POMs, which host several electrons throughout
the whole POM framework, usually by hopping.

(4) Heterometallic 3d-4f POMs: an additional advantage of POMs
as ligands in which molecular magnetism stems from their
diamagnetic structures which can encapsulate paramagnetic
metal ions that become well-separated from each other
leading to an ideal magnetic insulation. POM-based SMMs
based on either 3-d or 4-f metal ions [57, 58].

Research in POM molecular storage devices will generate
significant interest in the area of materials design and modeling
(see Fig. 6.7). Results will improve synthetic access to metal oxide
materials combined with libraries of new building blocks and
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the proposed way of classifying the resultant structures, silica
POM-based memory devices, are emerging as an interesting
alternative to pure silicon oxide devices. We believe that the
development of POM magnetic materials may enter a new era.
The result will be that the familiar and technologically vital
metal oxides, designed using topological bottom up approaches
to form large-paneled structures, will enter the realm of the digital
age. By developing this we can promise that POM-based materials
to be competitive in device storage. This ambitious aim involves
the creation of theoretical models capable of making accurate and
practical predictions. The foundations of the models, therefore,
must explain the magnetic properties of synthesized compounds
before they reach this ideal stage. POMs provide a rigid, well-
defined environment that restricts the alignment of spin centers
and regulates the coupling of intramolecular exchange. The
use of POMs as nanoscale molecular memory elements offers a
fundamentally better electronic complementarity with SiO, than
organic molecules due to their oxidic nature.

Figure 6.7 Schematic representation of a molecular nanowire sensor and
memory cell, combining continuous and quantum modeling methods.

Beyond memory devices, POM magnetism can also be exploited
in a diversity of applications, for instance to easily remove
POMs from solution in the presence of an external magnet. This
method of separation is a lot easier and faster than other methods,
such as filtration. The superparamagnetic nature of CoFe,0,/MIL-
88B(Fe)-NH,/(Py-Ps)PMo, in particular, makes it an ideal magnetic
catalyst [59]. Misra et al. were able to utilize this technique in a
recent paper to purify water samples of impurities, such as heavy
metals and microplastics [60]. These magnetic POM-SILPs are
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good at both attracting and absorbing a wide range of impurities
and can be removed from solution via magnetism due to their
Fe,03; core. Magnetic water purification, as opposed to filtration,
could help to handle large volumes of water and, if removal of
particles by simple permanent magnets is possible, can generally
be used without a further infrastructure. Magnetic effects can
also be developed by maintaining the stability and arrangement
of molecules/atoms within a structure. Breitwieser et al
demonstrated that inclusion of POMs within a binary superlattice
(DDA-{Mo;3,}/0A-y-Fe,0) can be used to prevent aggregation
during annealing at temperatures from 643-723 K and therefore
can effectively maintain a degree of structural organization [61].
As the temperature is increased up to the limit of 723 K,
the distance between the POMs present in the superlattice
progressively decreases, resulting in a greater dipolar magnetic
interaction/repulsion between individual POMs.

6.6 Metal Oxides in Memory Devices

In 1973, when Aviram and Ratner speculated about organic
molecules as elements in electronic circuits, the idea of molecular
electronics was born [62]. Since then, the emerging field of
molecular electronics has typically used switchable organic
molecules anchored between nano-electrodes, such as rotaxane-
based molecular memory arrays, which demonstrate the first
molecular-based RAM [40, 63]. However, organic molecular
electronics raises questions of high resistance and power, low
performance and problematic fabrications from an engineering
point of view.

The idea of a POM-based memory device was presented on
two ground-breaking concept papers published in 2006 and 2013
by Cronin and co-workers, were they described their unique
characteristics and their great potential as elements of molecular
memory [64, 65]. This concept was not only very well received,
but it also made the community think in a new way about how
nanosystems might look in the future [66, 67]. Today, time has
come to evolve toward the next generation of nano-electronics
devices. As devices shrink and the molecular/atomic level
approaches, vast problems with variability and lifetime are
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becoming more a reality. In 2014 [20], we presented a new
approach to the design of flash-RAM incorporating POM clusters
within the floating gate to enhance the performance parameters.
Our vision was to propose the potential incorporation of POMs
as elements into a flash memory cell. Wells-Dawson POMs
are a family of metal oxide clusters mainly formed by Mo®*
and W®* combined with a main group oxyanion (phosphate, silicate,
etc.).

The ideas and results presented in that work show that
POMs, as redox-active elements, offer great advantages over
the conventional polysilicon memory devices and should
engage other researchers in the chemical sciences to develop
electronic devices based upon POMs. In the paper, previously
published electrochemical data were combined with a theoretical
preliminary electronic structural description, by means of DFT,
and device modeling in order to evaluate the suitability of
POMs as a non-volatile molecular memories (NVMM). Given the
multidisciplinary nature, ambition and complexity of the project,
this work was a breakthrough in current applications in the field
of metal oxides. Projects interested in developing this conceptual
research into the next generation of memory devices continue
to be carried out by several research groups [61, 67-70].

Although the application of POM memory drives is still in its
infancy, there have already been some new projects based on the
original “Dawson-like” POM designed by Cronin and colleagues,
such as using a Keggin-like structure as part of a larger resistive
random-access memory (RRAM) device [71]. One of the downsides
of working with quantum machines is that it often presents a
whole range of novel problems that need to be considered. A prime
example is that of magnetic noise, which can interfere with the
POMs’ ability to store data [72]. There is no doubt as that as the
field progresses there will be more quantum effects that will
have to be addressed before quantum processors can be utilized
on a wide-scale.

By embedding redox active units via core-shell POM clusters
Cronin and co-workers explored that embedded Se, Te, or P
as “p-like” oxidative dopants into the cluster core allowing
the oxidation of the cluster to a radicals of Se, P or Te with
S = 1/2. Measuring ca. 3 nm from tip-to-tip, the cross-bar-
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clusters include different dopant heteroatoms with the formula
[(XYW;5054)4(W0,),]327/36= (X = HP, Y = SelV, TelV, As'") [73].
See Fig. 6.8, in that work DFT theoretical calculations explained
the self-selection of dopants and their effect on the electronic
properties, while device-models demonstrated transport properties
of charge through the clusters that is not only modulated by the
heteroatoms, but also by the orientation of the cluster between
the electrodes. Through the study of single molecules and their
electron and energy states, we will investigate whether electron
spin or multi-electron state charging manipulation is feasible
for memory and logic applications. Our previous research has
shown that four nanoscale molecular metal oxide clusters with
a cross-bar architecture can be self-assembled. These preliminary
results describe a roadmap toward a new type of electronic
component that combines cross-bar-cluster architectures of
CMOS-compatible molecules with semiconductors and the
dimensions of the molecules are comparable to the smallest
lithographic dimensions manufactured, potentially driving single
binding molecules [74].

Figure 6.8 Molecular structure of the nano-metal oxide crosses with
embedded hetero-atoms showing self-sorting and self-assembly of
heteroatom dopants templated nano-scale cross-bar polyoxoanions
[HyPiX4W,0554]3%7736- (X = Te, Se, As, P) [73] (Reproduced with
permission from [73]. Copyright 2018 American Chemical Society).

6.7 Future Challenges and Research

The design of the interfaces is crucial to stablish POM-electronics
and whereby controls the operation, hence top-down control of
architectures at the nanoscale is essential. However, the bottom-
up self-assembly of molecules with the right properties has the
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potential for devices to be made. In addition to having the correct
properties, molecular metal oxide clusters, designed by main-
group dopant heteroatoms, have been shown to be consistent
with CMOS architectures. Although their structures are limited
to elliptical or spherical forms [12, 68, 69]. Through the
development of a new sensor technology aimed at the electronic
characterization of single and few molecules, the approach will
enable direct testing of the electron states of each molecule.
This technology will be used to demonstrate multivalued flash
memory cells, an area of major industrial interest, to increase
the density and decrease flash memory power consumption, and
to explore the potential of specific molecules for spintronic and
multi-electron states. In the coming years, we should address
the following issues to push forward the field of POM memory
devices:

Immobilizing the POM in the surface by developing binding
groups on the molecules to allow selective placement of single
molecules into defined positions in devices defined by Si
technology (CMOS) processes [74]. The molecules need to be
sufficiently large, by means of controlling their geometries and/or
charged states to repeal other molecules and aid single molecular
placement.

Test the quantum states on single or a few POM molecules.
This will allow for single POM molecule flash memories with
single and multi-value memory states. We will need to develop
techniques that will allow the precise placement of single
molecules in Si technology to allow single molecular devices to
advance in this area.

Deposition of single molecule POMs on the substrate could
be achieved by a variety of approaches (see Fig. 6.9). For instance,
non-covalent deposition of the POMs onto surfaces by absorption
from solution [47], Langmuir-Blodgett deposition [75], and
electrostatic layer-by-layer self-assembly (ELSA) [76]. Given the
inherent anionic nature of POMs, they are ideally appropriate
for the ELSA technique. By means of deposition with positively
charged species it is possible to create alternative films easily
layer-by-layer.
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Figure 6.9 Examples of controlled (a) adsorption of POMs into a SiO,
surface: (a) adsorption; (b) Langmuir-Blodgett deposition; (c) electrostatic
layer-by-layer self-assembly (ELSA); and (d) covalent bonding of POM
to SiO, surface.

6.8 Conclusion

The discoveries that cluster structures are centered in a hierarchy
of templates and templating subunits have yet to be explored,
are part of the main aspects of the latest discoveries at the
boundaries of metal oxide cluster research. It has only just
emerged, more and more, that POM -based reaction networks can
be treated as complex chemical structures that contain inter-
dependent self-assembly, self-template building blocks. The
archetypal model for the exploration of inorganic chemical
networks can also be complex interactive “systems” as describe
with POM building blocks. POMs now enter a new process in
which the structure and function of the systems can be planned
and regulated. However, their dynamic existence, with an almost
infinite structural diversity, means that the assembly under
non-equilibrium conditions of functional nano-molecules and
adaptive materials will be created.

In addition to the importance of creating catalytically active
or multifunctional materials that have multiple functions
encoded into a single material, previous studies have shown.
A combination of a cluster capable of redox activity, a cluster
capable of binding to a small molecule, and a cluster capable of
photochemical activation, for example, could create a material
with all these characteristics. The challenge is to choose the
ideal POM and metal-ion connector, as well as to design their
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assembly in an effective and high-yielding way. We trust that
the structural explosion of POMs will now lead to an explosion
of functions that benefits from the transferable building-blocks,
the ability to construct unbalanced structures with unparalleled
characteristics and emergent functions.

We need to be aware of proposing new memory devices
that use either metal oxides that are abundant or at least have in
place recycling mechanisms. We could be developing the best
single molecule device, but its cost could be so prohibitive that
the scaling up and incorporation into real life nanoelectronics
will never be possible. Academic research often aims for proof of
principle techniques that could potentially improve the technology
of the future. Memory modules include priceless metals and
other elements which need to be disposed of in controlled
ways. Perhaps it is time to develop better and more transparent
recycling strategies for memory devices.
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This chapter holds the state of the art of an emerging kind of
redox flow batteries (RFBs) based on polyoxometalates (POMs).
Energy storage systems (ESS) play a key role in the energetic
transition and RFBs represent a potential solution in the field
thanks to their high energy density and efficiency. Specifically,
POMs are attracting a great deal of interest as active species in
this sort of device due to their rich electrochemical properties.

7.1 Introduction

The world is currently experimenting an energy transition from
fossil fuels to renewable energy sources. Environmental concerns
about the perils of fossil fuels, together with the long-term
environmental damages of greenhouse gas emissions, have given
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rise to an urgency feeling toward the development of an efficient,
safe, and affordable energy system [1]. In this sense, politicians
have committed different international treaties on climate change,
such as the Paris Agreement (2015) or the Green Deal (2019).
Their objectives are reaching a climate neutral world by
mid-century [2]. Renewable energies are the most promising
solution, where wind and solar power are the most deployed ones
[3]- The Earth receives just in 1h enough solar radiation to meet
worldwide energy requirements for a year. Moreover, capturing
a small percentage of potential wind energy could also contribute
significantly to meeting the world’s electrical energy requirements.
However, both of them are intermittent and often unpredictable,
and therefore create significant challenges for the electric grid
operators that need to introduce different strategies to avoid
frequency instabilities. In this scenario, electrical energy storage
systems (ESS) are highly valuable tools to compensate the
fluctuation of renewable energy sources acting as a reserve that
is filled during production peaks and emptied out during periods
of demand. What it is more, electrical ESS has been considered
as a key enabler of the smart grid or future grid, which is expected
to integrate a significant amount of renewable energy sources [4].
From the beginning of the development of renewable energies,
human being has fought against the inability to obtain an ES
technology which allows the employment of renewable sources
at large-scale. Generally speaking, there are two main ways in
which energy is stored nowadays: physically and chemically [5].
Table 7.1 holds additional information about these sorts of ESS.

Table 7.1 ESS classification depending on whether the energy is physically
or chemically stored

Physical Chemical

Potential Flow battery

Hydro pump Sodium-sulfur battery
Compressed air Lithium-ion battery
Kinetic Lead-acid battery

Fly wheel

Electromagnetic

Superconductor

Supercapacitor
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It must be noticed that physical ES englobes by far the most
widely employed technology: water-pumping collects more than
90% of the total power volume in ESS worldwide [6], as it allows
the storage of a huge volume of energy, long service at a high
efficiency, and low cost. Nevertheless, it is highly restrained
geographically since it may have a negative impact on the
environment and ecology. Thereby, in recent years, electro-
chemical ES technology is gaining more attention to achieve
better regulation and even distribution of the electrical energy.
This kind of ESS offers additional advantages, such as a standalone
modular design, no geographical requirement, high efficiency,
and fast response, which are essential features in all kinds of
load leveling applications. In spite of the existence of different
kinds of batteries, such as the mentioned in Table 7.1, lithium-
ion batteries (LIBs) have been the most commercialized ones,
dominating the ES market [7]. The LIB has attractive advantages,
such as high performance and being useful as mobile ESS, but
its poor safety and short life cycle make it a bit challenging for
large-scale ES.

Trying to overcome these limitations, other stationary
electrochemical storage systems are being paid special attention
recently thanks to its availability to store higher amounts of
energy. Safety, durability, and reliability are the main requirements
for a stationary ESS [4]. In this sense, redox flow batteries (RFBs)
have currently attracted a great deal of interest in the field. They
are affordable as stationary systems, where volume and weight
are not a problem, or in other words, energy density (amount
of energy stored in a given system per unit volume or weight)
is important, but not critic for their future application. All of it is
based on their availability to decouple power and energy due to
their unique architecture, because the energy-bearing complexes
are stored externally rather than in the electrode compartment.
On the one hand, power is determined by the size of the stack and
on the other hand, the amount of electrolyte stored in the tank
defines the total energy of the battery [8]. Consequently, the
system results in advantages, such as flexible modular design
and operation, excellent scalability, moderate maintenance costs,
and long-life cycling [9]. These properties may enable RFBs to
play a key role in the future electrical grid ES [10].
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7.2 RFBs

In general terms, a RFB is based on two ES tanks which contain
the electrolytes (the anolyte or negative electrolyte, in which
the oxidation half-reaction takes place and the catholyte or
positive electrolyte, which holds the reduction half-reaction),
these electrolytes are formed by the redox active species solved
in an appropriate media (supporting electrolyte). A flow system
carries the solutions to each tank. The electrochemical cell,
shown in Fig. 7.1, contains two electrodes and an ion-selective
membrane which allows the proton flux in order to keep the
charge equilibrium. It is important to note that a whole RFB is
usually formed by a stack, a group of electrochemical cells
connected in series through a bipolar plate [11].

Figure 7.1 Scheme of a RFB electrochemical cell with two external tanks
containing electrolytes A and B.

The whole electrochemical process, in the discharge mode,
consists in an anolyte solution flowing through an electrode
where it reacts generating electrons. These electrons flow
through the external circuit in order to produce the reduction
reaction on the catholyte. These processes are described by the
following reactions:
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A™ — AUD* 4 e~ [Anolyte]

B™ + e~ — B(™D* [Catholyte]

The redox active species determines the overall performance
of the RFB. The energy density of the system is limited by the
redox potential and solubility of the species due to the cell
architecture. In addition, the cell voltage is determined by the
equilibrium potentials of active species in the cathodic and anodic
half-cells, whereas the capacity (maximum amount of energy
provided by the battery) is dependent on the effective concentration,
which is the solubility multiplied by the number of electrons
transferred in the redox reaction [12]. Another highlighted yield
parameter is the efficiency, understood as the ratio between
the capacity of charge and discharge of the battery. Efficiency is
described by the Coulombic efficiency (CE), the voltage efficiency
(VE), and the energy efficiency (EE). CE is measured in terms of
current and indicates the crossover, the electrolyte osmotic rate
and secondary reactions. The choice of electrode materials, the
manufacturing process, and the distribution of the solution will
greatly influence the VE. In other words, VE coincides with the
polarization properties of the battery. EE or round trip efficiency
informs about the global battery performance and indicates
the capacity conversion of the system.

The emerging RFBs importance can be appreciated in the
graphic presented in Fig. 7.2, due to the number of published
articles have increased dramatically since 2011.

Nonetheless, this type of system was developed in the 1970s
and includes a wide diversity of batteries [13]. Although several
research lines are active nowadays, there are some classic
technologies which may be mentioned. The first RFB dates from
1970. It was the iron/chromium (Fe/Cr) technology, developed
by NASA for photovoltaic applications [14]. Nevertheless, this
project was not fully successful because it displayed low output
voltage and efficiency, so as a high crossover between iron
and chromium [15]. Followed by this prototype, during 1980s,
emerged the all-vanadium redox flow battery (VRFB) which
is actually the most widespread. This system was especially
important because thanks to having a unique redox active species,
the crossover contamination was avoided [16]. Being the most
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developed technology in RFBs field, a deep insight into this system
is given in the next section.

Figure 7.2 Development of the research activity in the field of RFBs in
the last years, data collected from Web of Science (Clarivate Analytics).

In addition, despite the zinc-bromine first appeared in
the nineteenth century, the whole RFB system (ZBRFBs) was
not completely developed until 2000s. It is the second most
industrialized RFB, following VRFB and is considered a hybrid
RFB; in other words, they do not store all the energy in liquid or
gas phase, but the zinc is in solid state during the charge process
and liquid during the discharge, while the bromine is always
solved in the electrolyte [17]. This fact is one of the main
drawbacks in the cell functionality because it might trigger dendrite
formation and consequently, results in an electrical shorting. The
cell exhibits a high cell voltage, so as a high theoretical specific
energy of 60-85 Wh kg=! and low cost [18]. Their performance is
comparable to that for VRFBs, having no cycle-life limitations with
lifetimes between 11 and 14 years and 80% of EE [19]. However,
the low working current density results in the necessity of bigger
cells for a given power output [20].

It is noticeable that the main components are usually
common to all RFBs, varying the underlying redox chemistry,
being this one of the most popular open research lines in material
science nowadays. In this way, RFBs could be classified paying
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attention to the supporting electrolyte (aqueous or non-
aqueous), the redox active species or the architecture of the
electrochemical cells (symmetric or asymmetric). Moreover, it
could be distinguished between pure and hybrid RFBs, whose
differences are the physical state of the electroactive material;
while in pure-RFBs the electrolytes are both liquids (anolyte
and catholyte), hybrid-RFBs count with one solid electroactive
species [10].

7.2.1 All-VRFBs

As it was above mentioned, VRFBs are widely commercialized
(the Vanitec website cites 26 companies which produce this kind
of technology). One of the main advantages of VRFBs is that they
are symmetric, with a unique species in solution (vanadium ions
at different oxidation states: V2*, V3*, VO%*, V0,), avoiding the
severe cross-contamination issue of other electrochemical cells.
Although the currently achieved energy density is lower than
for LIBs (25-35 Wh L1 vs 250 Wh L™1), the charge/discharge
cycles are considerably higher than the obtained for other
batteries (15 000-20 000 vs 5000 cycles), which is one of the
most remarkable advantages of this kind of system [21], especially
for stationary ES. In addition, the fast electrochemical kinetics
allows an immediate response to surge demand from the electrical
grid [22].

Even if VRFBs are worldwide distributed, they present
some drawbacks. On the one hand, although the environmental
impact for the vanadium electrolyte is lower than for other
acid-based batteries, vanadium is considered a critical raw
material (CRM), which significantly increases the cost of the
resultant battery [23]. Additionally, the supporting electrolyte is
sulfuric acid, which implies the generation of an acidic media
environmentally dangerous and highly corrosive [9]. On the other
hand, the electrolyte performance is limited by the poor specific
energy density (20-35 Wh L71), associated with the moderate
solubility of redox active species (1.5-2 M) in the potential
window. In regard to the temperature stability, it is reduced to
a range (10-40°C), which implies that this technology requires
cooling devices. It is also noticeable the limited chemical stability
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of the electrolyte, caused by side reactions, which requires
corrective procedures to prevent capacity fading over longer
periods of time. In addition, VRFBs are intrinsically safe due to
the fact that the electrolyte is water-based and therefore not
flammable. Nowadays, electrolyte spillage is the main risk
associated with VRFBs, because it is corrosive and requires
careful handling and preventive measures.

Despite their limitations, VRFBs have already been
commercialized all over the world in demand of the growing
need of cost effective and reliable ESS. One of the largest RFBs is
the located in Minami Hayakita Substation in Japan, built in 2015,
rated 15 MW and 60 MWh. In Europe, there is one in the ES
station at Fraunhofer ICT in Pfinztal, Germany, rated 2 MW and
20 MWh was commissioned in 2019. Moreover, UniEnergy
Technologies, WA, USA has installed a number of systems rated
2 MW and 8 MWh. However, the largest project so far is the
200 MW and 800 MWh storage station designed by Rongke
Power of China, which will be by far the largest electrochemical
ES plant in the world [10].

7.2.2 Alternatives to all-VRFBs

Even though VRFBs is head of other technologies, the community
has not yet decided on a universal battery chemistry. In order
to overcome the limitations of vanadium, different RFB
systems are being developed, including new chemistries and cell
configurations.

Considering the advantages of vanadium technology, some
developments are focused on increasing the energy density
through the improvement of the vanadium solubility. In the
2000s, the positive electrode was substituted by an air electrode,
so as a bromine solution in the vanadium-air (VORFB) [24]
and vanadium-bromine (VBRFB) [25] flow systems, respectively.
Nevertheless, the limited impact of these strategies in the overall
battery performance has pointed out the need of investigating
completely new electrolytes.

Since 2010s, the use of organic molecules as redox active
materials was widely accepted taking into account that they
are sustainable molecules based on Earth abundant elements
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(C, H, O, N, and S). Moreover, they are easily structurally tuneable
and present wide cell-voltage, high solubility, fast electrode
reactions, so as chemical and electrochemical stability. Numerous
aqueous organic systems have been explored, some examples
are the carbonyl-based electrolytes [26], and other ones with more
complex structures, such as quinone-based [27], quinoxaline-based
[28], polymer-based [29], or even viologen-based electrolytes [30].
The employment of organics is foreseen as an option to assess
the high demand for ES with the utilization of materials which
allow a large-scale production with reduced costs. However,
current investigations are working on the improvement of
the degradation rate, one of the main drawbacks of this type
of electrolytes.

In this sense, inorganic structures have also been recently
studied as active species for RFBs. Among them, polyoxometalates
(POMs) have been especially selected thanks to their interesting
electrochemical properties, so as wide compositional versatility,
which enables an easy tunability by the modification of the
synthetic procedures to obtain the desired properties in the
final material. Nevertheless, there have been relatively few
investigations related to POM-RFBs until recent years. What it
is more, first published work in the area was developed by Pratt
et al. between 2013 and 2014 [31].

Additionally, trying to overcome the limitations given by
the stable electrochemical window of the supporting electrolyte
media, organic compounds have been studied in recent years.
In aqueous media, if a higher voltage than 1.5 V is applied, then
water splitting occurs, producing hydrogen and oxygen, limiting
the operating voltage window. Contrarily, acetonitrile, whose
stability is in a 5 V window, is widely used for this purpose [32].
As result, all-organic RFBs were developed in 2012. Nonetheless,
it must be taken into account the environmental damages that
may cause these volatile solvents in contrast to water.

Another interesting research line is the one which relies on
more complex cell architectures, including membraneless systems
by laminar flux [33] or biphasic batteries based on immiscible
electrolytes [34]. The elimination of the physical barrier between
electrolytes may imply a significant decrease in the final battery
cost, although this kind of RFBs are still at a low maturity level.
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Besides this new kind of cell, other proposals tried to improve
the dependence of the energy density with the concentration of
the active species. The selected option to fulfill this purpose
was the development of insoluble solid active species. For
example, the semi-solid RFBs, system based on an electrolyte
formed by a suspension of solid particles that form a slurry, also
called a semi-solid electrode [35]. There are also some emerging
RFBs based on more complex technologies, such as solar RFBs
which incorporate photoelectron-conversion electrodes [36] or
metal-CO, RFBs, presented as an eco-friendly and economical
solution that reduce the amount of CO, while storing energy [37].

The most relevant developments in RFBs are outlined in the
timeline in Fig. 7.3.

Figure 7.3 Timeline of the development of RFBs, a brief summary of
stationary EES history.

7.3 POM-Based RFBs

Thanks to its rich structural diversity, so as rich electro-
chemistry, POMs have been used in RFBs in recent years. Specific
characteristics of interest in POMs as active species in RFBs
can be summarized as follows:

1. POMs as electron reservoirs: high current densities are
enabled [38] due to the fast electron transfer provoked
by the delocalization of the reduction electrons added
to POMs. They usually exhibit high redox kinetic constants:
ko~ 102 cm s 1[39].
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2. Low permeability or crossover: POMs do not permeate
through cation exchange membranes used in RFBs because
of its large size and anionic nature [40].

3. High stability: the net charge of the POMs does not change
in oxidation or reduction reactions [41] because the electron
transfer is often associated to protonation or cationic
association processes, which result in an increased stability.

4. High energy density: the great majority of the POMs are
highly soluble, with the maximum concentration determined
by the electrolyte and the presence of counterions.
Concentrations of 2.7 M [31] could be reached, much higher
than those for vanadium (1.5 M) in water [42]. This fact,
together with the availability of the multi-electron transfers
per molecule, gives rise to higher energy densities [43].

5. Tunable redox properties: the redox potential of POM
units can be modified because they are sensitive to the
concentration of species and the pH of the electrolyte.

6. Thermal stability of inorganic structures allows to work
under safety conditions up to 80°C.

7. Scalability of synthetic procedures: POMs are prepared by
simple synthetic procedures which enables easy scalability.

8. Low degradability: in contrast to organic compounds,
inorganic POM clusters are highly stable in aqueous
solution at specific pH ranges.

9. Cost: since the main starting materials in POMs synthesis
are metal oxides, they are easily commercially available.

7.3.1 Fundamental Redox Mechanisms of POMs at
Electrodes and ESS

Although there are several archetypical structures and systematic
compositional variations on them that can lead to an enormous
catalog of metal-oxoanions, electrochemical studies reveal that
POMs can be classified according to their electronic properties
into two main groups: class I polyanions are easily and reversibly
reduced (e.g, Keggin and Wells-Dawson type structures),
whereas the reduction of class II clusters is more difficult and
shows irreversible nature (e.g., Anderson-Evans structures) [44].
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Structurally, this fact can be inferred from the polarization of
pM-0 bond of the MOy subunits toward one (class I) or two
(class II) terminal oxygen atoms [45].

The well-known Keggin and Wells-Dawson structures belong
to the first group and represent the most explored species in
electrochemical POM-based ESS. The a-Keggin-type [XM;;040]™
heteropolyanion exhibits ideal T; symmetry and it is constituted
by four {M303} trimers formed by three edge-sharing {MOg}
octahedra, which are linked to each other and to the central
X0, tetrahedron (X = heteroatom) by corner sharing. Rotation
on 60° of one or more trimers leads to different Baker-Figgis
isomers (a, B, 7, 6, and €) [46]. The Keggin structure is highly
susceptible to compositional modifications, especially to those
related to the replacement of addenda metals (M = Mo, W) or
heteroatoms (X = B, Si, Ge, P, As, S, Co, etc.). However, when it
comes to vanadates only the bicapped [PV4,04,]°" derivative
have been isolaten to date [47].

Additionally, some defect structures can be prepared by the
removal of one or more metal atoms from the parent plenary
cluster. These lacunary derivatives can act as multidentate oxygen
donor ligands toward additional 3d metal ions (Mn, Fe, Co, etc.)
to regenerate the parent cluster, which results in metal
substituted species. Mono-, di- or trilacunary Keggin type species
can be synthesized in aqueous solution. The trivacant anions
show two different isomers named as A or B depending on
whether the three {MOs} octahedra eliminated belong to a
{M3043} edge-sharing trimer or to a {M30;5} corner-sharing
triad, respectively. The strongly related family of Wells-Dawson
[X;M1g06,]™ anions, is constituted by two [A-a-XMg03,] trilacunary
units sharing corners through the belt {MOg¢} octahedra [48].

Related to electrochemical properties of POMs, several
studies have been developed. For example, the redox potentials
of molybdenum POMs (heteropolymolybdates) under neutral
conditions are more positive than those of the corresponding
tungsten POMs (heteropolytungstates): [PMo;,04]3™ > [PW1,04]%",
[SiM01,040]*" > [SiW,,040]*. In addition, the first redox
potentials of POMs with the same framework are linearly related
to the anionic charge of the POMs in any solvent: [SM;;,040]> >
[PM;5040]3~ > [SiM;;040]* (M = Mo, W). The redox potentials
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of the Keggin-type POMs [SiW;,040]%", [PW12040]3", [PM0;5040]3"
and [GeMo01,040]* and the Wells-Dawson-type POM [P,W;50,,]°"
are related to the acidity and basicity of the solvent. Keggin-
type POMs have several isomers that are generated from the 60°
rotation of each {M3043} unit. Redox waves of the B-form appear
at more positive potentials than those of the corresponding
a-form, e.g., B-[PM1,040]3™ > a-[PM;,0,40]3~ (M = Mo, W). Moreover,
other interesting research line is based on metal-substituted
POMs. Electrochemical studies reveal that mostly, the substitution
of an addenda metal by other transition metal implies a
displacement to more positive tungsten redox potential. Among
these transition metals, Mn, Co, Fe, or V can be found [49].

The vast majority of electrochemical studies for POMs take
place in aqueous media. Then, it is important to notice that POMs
have a high pH dependence, so as usually present a pH domain
in which the molecule is stable [44]. In this sense, it is simpler
to compare redox potentials in non-aqueous media or in stable
pH conditions because protons can act as a counter cation and
proton-coupling constants strongly depend on the anionic charge
and structure of POMs. Each reduction step increases the negative
charge density on the POMs and hence, their basicity. In contrast,
in non-aqueous media there are other factors due to the absence
of protons. In this case, cations are highly important in order
to maintain the whole charge of the species between oxidation
and reduction steps, usually, sodium or lithium cations. What it
is more, the addition of small salts also generates an increasing
in the number of electrons [50]. It is often common to combine
non-aqueous with aqueous solvents, in which case the addition
of acidic species results in a higher number of electrons in the
process.

As it has been already mentioned, POMs have special
electrochemical properties, such as multielectron transfer,
undergoing through fast and reversible redox reactions or
the combination of different oxidation states in one molecule.
This has allowed alternative uses in ESS, such as electrode
material and specifically as cathode in LIBs. For this task, Keggin
molybdenum-based POMs have been mainly used, however,
new studies by Sonoyama, N. et al. showed that vanadium-based
POMs have exhibited better capacity (up to 200 Ah kg™!) and
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higher cycling stability than Mo-based POMs [51]. On the other
hand, Hartung et al. have revealed the efficacy of using POMs,
such as Nag[V;(0,5]:16H,0 as anode in sodium-ion batteries
(NIBs). The results showed a reversible capacity of approximately
176 Ah kg! with an average discharge potential of 0.4 V vs
Na*/Na, as well as a high cycling stability [52].

Nonetheless, POMs have been mainly employed as
electroactive species of the electrolyte. Considering the emerging
importance of the RFBs, many POMs have been tested in order
to develop a promising system able to replace all-vanadium
technology.

7.3.2 State of the Art in POM-RFBs

Since Pratt et al. presented the first POM-RFB in 2013 [31], this
research line has been gradually growing. This type of battery
emerges from the drawbacks of VRFBs, which POMs mitigate
thanks to their high stability in water and their capacity to
undergo several reversible and stable electron transfer processes.
The vast majority of studies related to POM-RFBs are based on
the selection of a POM as charge carrier and suitable media
conditions. The supporting electrolyte heavily influences the
stability of POMs as well as imposes limitations to the potential
window. In this sense, POM-RFBs can be classified in aqueous
or non-aqueous depending on the nature of the supporting
electrolyte. There is a recent trend in studying non-aqueous
electrolytes in order to avoid the water splitting problem,
increasing the voltage operational range. However, it is important
to note the better efficiency obtained in the aqueous media and
the more environmentally friendly systems in contrast to the
organic solvents employed for the non-aqueous ones. What it is
more, POMs exhibit lower solubility in organic solvents than in
water, potentially limiting the energy density of the cell. This
solubility may be improved if POMs are organically functionalized.
Additionally, the developed systems are organized depending
on the sort of architecture chosen for the cell: symmetric (holds a
unique species as electroactive material) or asymmetric (formed
by two kinds of active species). Recent studies tend to favor
symmetric cells as they avoid the cross-contamination issue
as in the case of all-vanadium systems. However, in the attempt
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to obtain higher efficiencies and cell potentials, researchers have
also studied asymmetric configurations. Other strategy in terms
of increasing the cell potential is to modify the POM structure,
especially by substituting some addenda metals by different
transition metals. In this way, redox processes are separated
in two potential ranges, because the substitution usually implies
the inclusion of a more electropositive atom, at the same time,
the addenda metal potential is displaced to more positive
values. All of it is translated in a higher energy density, since
the delivered energy and power are proportional to the working
voltage.

Figure 7.4 Structure of the most employed POMs in RFBs. Color code:
gray octahedra: addenda metal; orange octahedra: substituted unit;
green tetrahedra: heteroatom.

Finally, POM-RFBs may also be classified according to the
family of the chosen POM. Although this classification might be
complicated due to the research line is still in a low maturity
level, as it was above-mentioned, Keggin and Wells-Dawson
families are the most employed ones for this kind of device in
base of their electrochemical properties, especially their redox
reversibility. Therefore, in order to modify the electrochemical
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properties of the POM, different strategies and compositions
have been tested. For instance, most reported POM-RFBs are
tungsten or molybdenum Keggin-type POMs from the plenary
species to the trisubstituted or even bicapped derivative.
Wells-Dawson-type is also commonly selected: tungsten-based
in plenary shape, trisubstituted and hexavanadates, better known
as Lindqvist species. All these structures are shown in Fig. 7.4.

A careful analysis of the POM-RFBs published articles in the
last ten years has been carried out. Table 7.2 holds the classification
of the POM-RFBs developed for the moment. The information
includes, on the one hand, the electrolyte characteristics, and
on the other hand, the most representative electrochemical
parameters. Moreover, in the following lines all of them are
explained in detail.

First POM-RFB was developed by Pratt et al [31],
comparing the effect of the supporting electrolyte on the RFB
performance with the Keggin-type vanadium-trisubstituted POM
[HSiV3W;,0,40]® as redox active species, utilizing this two,
3-electron redox couples: ([SiVV3WVY50,0]77/[SiVIV3WV150,0]10" and
[SiVIVaWV150,0]10-/[SiVVs WY WY 0,40]*37). On the one hand, the
aqueous (0.5 M H,S0,) battery demonstrated CE greater than 95%
with relatively low capacity fading over 100 cycles. In addition,
the system recovered from 48h of reversed polarity after only
one cycle. The EY (defined here as the observed capacity during
charge or discharge divided by the theoretical capacity) of the
flow cell decreased from 90 to 80% during the first 100 cycles.
On the other hand, the non-aqueous (PC 0.5 M TBAOTf) system
had an initial CE of 87%, an open-circuit voltage improved
from the aqueous analog in 0.3 V and a higher operating voltage
(1.1 V). Nevertheless, the cycling rate and EY were 65 and 15%
lower than the aqueous flow systems. What it is more, after
10 cycles, the EY of the system dropped by half. Thus, regardless
the improved voltage, the efficiency of the cell is limited in the
non-aqueous system. It is important to notice that depending
on the media, the counter cation was inorganic (K*) or organic
((CH3CH,CH,CH;,)4N)*) for improving POM solubility in aqueous
and non-aqueous electrolytes, respectively. In addition, these
results were compared to the acidic form of the plenary Keggin-type
H4SiW 1,04 in order to appreciate the influence of the vanadium-
substitution. Figure 7.5 shows the cyclic voltammetry (CV).
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Table 7.2 Classification of the state of the art of POM-RFBs

Conc. En. Dens.
RFBs POM (mM) SE Efficiency Veen (V) J(mA/cm?) (Wh/L) Refs
Non-aqueous  A-a-TBAg [HSiV;W40,0] 20 PC 0.5 M TBAOTf CE:87% 1.1 0.5 0.48 [31]
EE: 80% EY: (0.05-2.5V)
15%
[V60,(OR)12] 10 100 mM [NBuy] CE: 97% 1.7 - - [56]
[PF,] in ACN
[TiV50,(0CH3)43]" 5 100 mM [NBuy] CE: 91% 2.30 - - [57]
[PF,] in ACN
[Ti,V,0,(0CH3)14] 5 100 mM [NBuy] CE: 89% 2.74 - - [58]
[PF¢] in ACN
Lig[P,W1g04,] // Liz[PM0,,040] 10 DMF CE: 70% 1.3 - - [61]
Li3[PMo4,0,0] 10 0.1 MLiTfin ACN  CE: 68% 0.36 0.2 - [55]
EE: 40%
10 DMF CE: 93% 0.7 (0-05-0.8 V) [61]
VE: 50% 60% SoC 509, SoC
EE: 50%
0.35 2
100 ACN CE: 90% 80% SoC
EE: 40%
Aqueous A-a-Kg[HSiV; W0 4] 20 H,S0, CE: 95% 0.6 2 0.48 [31]
0.5M EE: 90-80% (0.05-1.4V)
EY:91%
(Continued)
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Table 7.2 (Continued)

Conc. En. Dens.
RFBs POM (mM) SE Efficiency Veen (V) J(mA/cm?)  (Wh/L) Refs
A-a-Kg[PV3W504] 20 H,S0, CE: 85% 0.6 0.5 0.036 [53]
1M EE: 50% EY:
50-40%
B-a-Kg[PV3W50,4] 20 H,S0, CE: 70-50% - - - [53]
1M EY: 90-60%
KgH[P,V3W504,] 20 H,S0, CE: 95% - - - [53]
1M
K4Na,[SiFe3Wy(0H)303,4],(0H); 10 HAc/Ac CE: 83% 0.4 2.5 - [54]
0.5M EE: 50% (0.05-1.5V)
EY: 77-55%
cis-Liy[V,W,040] 500 HCit/Cit CE:45-38% - - - [54]
0.5M EY: 20-16%
Hg[CoW1,040] 200- H,S0, CE: 99% 1.2-14 25-100 15.4 [59]
800 0.5M EE: 86%
H4[SiW1,040]// Nas[H,PV1404,] 1 1 M LiCl CE: 94% 1.05 - - [62]
Prerreduced VE: 65%
hydrazine
Lig[P,W1g0¢2]//HBr 2 Li,S0, CE: 97.3% - 50 225 [43]
H,S0, (0.4-1.5V)
1M 100% SoC

26¢

$3143110g MO|4 XOP3Y PASDG-II0[DIdWOXO0A|0d

Notes: CE: Coulombic efficiency, VE: voltage efficiency, EE: energy efficiency, EY: electrochemical yield, //: asymmetric cell or nothing if symmetric.
HAc/Ac™: acetic acid/acetate buffer, HCit/Cit: citric acid/citrate buffer, PC: polypropylene carbonate, TBAOTf: (CH3CH,CH,CH;),N(CF3S03)), LiTf:
lithium trifluoromethanesulfonate, ACN: acetonitrile, DMF: dimethylformamide.
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Figure 7.5 (a) CV of Kg[HSiV3W404] (continuous line, 2) in comparison
with its parent compound H,SiW,04y (dashed line, 1) in 0.5 M H,SO,
as supporting electrolyte using a glassy carbon working electrode
with a scan rate of 50 mV s (b) CV of ((CH;CH,CH,CH,),N),
[H3SiV3Wg0y40] in 0.5 M TBAOTf in propylene carbonate using a glassy
carbon working electrode with a scan rate of 50 mV s . The peaks
marked with an asterisk are attributable to the supporting electrolyte.
© Copyright license provided by Elsevier and Copyright Clearance Center.

CV (a) shows the influence of the vanadium substitution on
the electrochemical properties of the compound, while all redox
processes for H,SiW;,0,q take part in the same voltage range
(0.4-0.7 V), for the vanadium substituted species, there are two
voltage ranges separated in 1 V: two redox pairs for tungsten
(0.4-0.6 V), and also two processes for vanadium (1.3-1.7 V), all
of them being reversible reactions. The comparison between
(a, b) CVs shows the easier reducibility of Kg[HSiV3Wg044] in
aqueous media compared to non-aqueous media, which may
have influenced on the efficiency of the cell. Finally, it is also
worth mentioning that no POM decomposition processes were
observed by ultraviolet-visible (UV-vis), Fourier transform
infrared spectroscopy (FTIR), powder X-ray diffraction (PXRD)
or nuclear magnetic resonance (*°Si-NMR and °!V-NMR) after
cyclability studies in a flow cell, which makes this POM into a
suitable electroactive species to take part into a RFB.

Following their previous work, Pratt et al tested two
Keggin-type POMs (A-a-[PV3W40,0]%~ and B-a-[PV3W4040]7) [53]
and one Wells-Dawson cluster ([P,V3W;504,]°"), comparing the
influence of different charge densities, bonding subunits and the
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heteroatom in H,SO, (1 M). First of all, CV and bulk electrolysis
experiments on the Keggin compounds (A-a-[PV3Wq0,40]°"
and B-a-[PV3Wy040]%") established that the vanadium centers
of these compounds could be used as the positive electrolyte
([PV5YWY150,0]1°7/[PV5YWV150,0]¢7), and the tungsten centers
could be used as the negative electrolyte ([PVV3WV190,0]°/
[PVIV,WY,WY1.0,0]'%7) since these electrochemical processes
are separated by about 1 V (due to the vanadium substitution).
The results showed that A-a-[PV3;Ws0,,°"] had CE above 80%,
while for B-a-[PV3W40,0]%", fluctuated between 50 and 70%
during cycling. These results may be caused by the higher
rigidity of the B-bonding sharing edges, which implies a lower
reversibility of the processes. The EY was between 40 and 50%
for A-a-[PV3Wq04]%", and 3'P-NMR showed small amounts of
[PV,W10040]°>" and [PVW;;040]* formed with cycling. The EY for
B-a-[PV3W4040]¢~ decreased from 90 to around 60% due to
precipitation of the compound on the electrode, but there were
no decomposition products detected in the solution by
31p-NMR, and infrared data on the electrode suggested that the
cluster remained intact. In overall, the [P,V3W;50,]°" (Wells-
Dawson structure) suggested higher charge density clusters
were not as suitable as the Keggin structures for a RFB due to the
poor stability and inaccessibility of the highly reduced materials.
Pratt et al. continued with their research line in the aqueous
media (0.5 M acetic acid/acetate buffer), selecting an iron-
substituted Keggin-type POM: K,Na;[SiFe3Wy(0OH)305,4],(0H)3
to contrast with the vanadium-substituted Lindqvist species:
cis-[V,W,019]* [54]. On the one hand, the iron-containing
dimer, [(SiFesWo(OH)303,4),(0H);5]', cycled between [(SiFesWq
(OH)3034)2(0H)3] "~ /[(SiFe3W(0H)3034),(0H)3]**" and [(SiFe;W,
(OH)3034),(0H)3]""~/[(SiFesWq(OH)3034)2(OH)3]'*" for the positive
and negative electrolytes, respectively. This compound
demonstrated a CE of 83% after 20 cycles with an EY of 55%.
These results, significantly worse than those obtained for the
vanadium-substituted compound [31], may be due to the iron
is less electropositive and therefore the difference between
potentials lower. On the other hand, the CV of the Lindqvist ion,
cis-[V,W,0449]*", showed non reversible redox processes. In a
flow cell configuration, cis-[V,W,019]*" had a CE of 45% (for a
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2-electron process) and an EY of 16% after 20 cycles. The poor
performance of cis-[V,W,09]*" was attributed primarily to its
higher charge density. To sum up, these results showed that
POM size and charge density are both important parameters to
consider for improving battery performance.

The work of Pratt et al. shows that the kind of heteroatom
influences directly in the efficiency of the battery because of
the different bonding of the centered tetrahedron. In this sense,
studies comparing Si or P as heteroatom (as in [31] and [53] with
the [HSiV3W4040]¢~ and [PV3W40,]67) reveal a better performance
for the silicotungsten. This fact has been explained by the
shorter Si-O bond in the central tetrahedra than P-0O, which
implies a shorter and therefore stronger W-0 bond. Consequently,
the silicon tetrahedron is binding stronger to the polyoxoanion
compared to the phosphate anion, increasing the stability of
the compound. Additionally, Pratt et al. demonstrated that the
structure of the polyanion is critical in terms of reversibility.
Sharing corners is more reversible rather than sharing edges,
where the bond is stronger, as it has been confirmed by other
studies [53] with A-a-Kg[PV3Wg04] and B-a-Kg[PV3Wg0y4].
Moreover, this work also points out the importance of the POM
solubility and how strongly influences on its stability. Finally,
charge density of the polyanion is also important as it directly
affects the reduced form.

Taking into account the importance of the POM structure in
the battery performance, other authors, such as Chen et al [55],
selected a simpler structure, easier to synthesize: LizPMo04,04, in
a non-aqueous media (0.1 M LiTf in acetonitrile, ACN).
This system showed high CE (90%) and high cycling stability
(>500h). Related to the POM electrochemical characterization,
a 1l-electron redox couple was accessed on each side. The
charge/discharge reaction was PMo0;;,0,49%* /PM0;,04,°" on the
catholyte side and PMo;;,040* /PMo0,,04,°" on the anolyte side,
as itis shown in Fig. 7.6.

In contrast to Fig. 7.5, whilst this molybdenum Keggin-
type shows two redox reaction in the same potential range, the
vanadium-substituted [HSiV3;Wg040]¢~ exhibits three electron-
transfer processes in two different potential ranges due to the
vanadium and tungsten redox reactions are separated. Moreover,
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the employment of an organic solvent for the supporting
electrolyte does not imply worse electrochemical performance,
whereas for the former POM it is deterrent.

Figure 7.6 Cyclic voltammogram for 0.01 M Li3PMo,0,4, with 0.1 M
Lithium trifluoromethanesulfonate (LiTf) in acetonitrile, showing the
1-electron transfers accessed in the charge/discharge experiments.
© Copyright license provided by Elsevier and Copyright Clearance Center.

Additionally, taking advantage of the size and charge density
of POMs, different separators were tested during this work.
Both Li-exchanged Nafion-117 and aramid nanofiber (ANF)-based
membranes allowed stable charge/discharge cycles. However,
the ANF membrane, which separation is based on size, permitted
operation at higher current densities than Nafion-117 ion-exchange
membrane. In this sense, this research shows the importance
of the right selection of the cell materials. POMs allow the
employment of ANF membranes in substitution to the expensive
Nafion-117, which implies a significant reduction on the final
battery cost.

Other important parameter to take into account in the
POM-RFB setup is the solubility of POMs in the media. VanGelder
et al. [56, 57, 58] paid special attention to it in non-aqueous
media (100 mM [NBuy][PF¢] in ACN). The success of this kind of
system requires the increasing compatibility of these inorganic
compounds with organic solvents. In order to carry out their
research, ether-functionalized polyoxovanadate-alkoxide cluster
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Lindqvist-type POMs were selected: [Vc0,(OR){;] (R = CHj,
C,Hs) and [V07(OR)g(0OCH;)3CR'] (R = CH3, C;Hs and R’ = CHj3,
CH,0CH;, CH,0C,H,OCH3). Ether-functionalization yields a
12-fold increase in solubility, which directly dictates the energy
density of the RFB. These clusters exhibit four redox processes,
spanning nearly a 2 V window and demonstrate rapid electron-
transfer kinetics. Electrochemically, the metal-oxide core remains
intact upon deep charge-discharge cycling, enabling extremely
high CE (~97%) with minimal overpotential losses (~0.3 V).
In addition, VanGelder et al have developed a new family of
compounds based on the substitution of vanadium centers by
titanium, resulting in the following species: [TiV50,(0CH3)q3]"
and [Ti,V,40,(0CH3)4]. This structural modification implies a 740
and 210% increase in energy density, respectively, together with
a significant increase in cell voltage, from 1.60 V in [V0,(OR),]
to 2.30 Vand 2.74 V for the titanium-substituted compounds.

Liu, Y.etal [59] developed an aqueous (0.5 M H,S0,) symmetric
battery using Hg[CoW,0,40] as active species with cobalt as
heteroatom, susceptible to undergo several redox processes. The
all-Hg[CoW,040] RFB exhibited a volumetric specific energy of
15.4 Wh L ! and a high CE (99%) and EE (86%). The [CoW;;04,]®"
anion undergoes a two-step 2-electron redox reaction (for a
total of four electrons) at the negative electrode. The
voltammogram revealed three pairs of redox reaction peaks
between -0.36 and 1.44 V vs SHE (the standard hydrogen
electrode). Following previous studies about the POM
electrochemistry [60], the reduction and oxidation peaks between
0.74 and 1.44 V correspond to the [Co"W,040]¢/[Co™W;,040]°"
redox reaction, whereas the two pairs of redox peaks between -0.36
and 0.10 V correspond to the [Co'"W;,040]¢/H;[C0"W;50,0]%"
reduction and H;[Co"W;,0,0]6/H4[Co"W;,040]®~ oxidation.
This process is a multi-electron transfer, in the case of tungsten,
the reaction is 2-electron and for cobalt a single electron one.
Moreover, the potential difference between Co!'/Co™ and WV/WV!
in the heteropolyacid anion (1.2-1.4 V) is an appropriate voltage
for the RFBs.

In order to show the importance of the supporting
electrolyte Cao et al [61] compared two different POM-based
cells, both in non-aqueous media. They studied the effect of the
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POM concentration between 10 and 100 mM, so as the organic
solvent (N,N-dimethylformamide (DMF) and acetonitrile (ACN)).
On the one hand, both the voltage range and number of redox
cycles available for LizPMo,0,9 were increased by changing
the organic solvent from ACN to DMF. While both solvents have
high polarity and low viscosity, giving rise to high conductivity
compared with other organic solvents, this POM in DMF can
access an extra quasi-reversible, stable and 2-electron redox
couple. The redox flow cell voltage obtained for 10 mM LizPMo,04¢
in DMF was 0.7 V for the 2-electron transfers (SoC of 60%) for
30 cycles, compared to 0.35 V for 1-electron transfer (SoC of
80%) for 30 cycles in ACN. On the other hand, in an attempt to
boost the energy density by operating the RFB at higher
concentration of 100 mM LizPMo;,0,0, both solvents demonstrated
good performance at faster charging speeds; this represents
the highest concentration reported to date for a non-aqueous
POM-RFB. The CE was nearly 90% in all the cases with over 30
cycles. Although this POM had already been tested by Chen et al.
in a non-aqueous media, these results show the importance of
the optimization of the supporting electrolyte. In comparison, the
symmetric cell based only on Liz[PMo;,049] showed worse results
than the asymmetric one combining the Keggin-type Liz[PMo01,040]
(catholyte) with the Wells-Dawson Lig[P,Mo01g0¢,] (anolyte),
since the asymmetric cell allows an increase in the cell voltage.
Lig[P,W1g0¢,] exhibited three 2-electron transfer reactions in
the potential range between -2.05 and -0.5 V vs Ag/Ag* and these
can be coupled with LizPMo1,04¢ to utilize a total of 4-electron
redox couples between -2.0 V and 0.3 V in an asymmetric cell.
For these asymmetric RFBs, both solvents showed promising
results with strong stability and higher energy densities. However,
DMF exhibited better performance because of the larger number
of electron transfers and wider cell voltage. The obtained cell
voltage is 1.3 V (SoC of 50%), the CE nearly 100% and the
EE 70% over the course of 20 cycles.

Friedl, ]. et al. [62] also developed an asymmetric POM-RFB
in 2018 in an attempt to obtain higher cell voltages. The selected
POMs were [SiW;,049]* as anolyte and [PV;,04,]°" as catholyte
in aqueous media. During CVs studies (results shown in Fig. 7.7),
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both polyanions exhibit multi-electron redox reactions in the
range of 0.2-0.7 V vs SHE. On the one hand, [SiW;,040]*
experiments three redox processes, two 1-electron transfers and
one 2-electron. However, this last one is not able to take part in
the RFB, as it occurs at -0.37 V vs SHE and the POM irreversibly
modifies the electrode which leads to its decomposition and
catalysis of the hydrogen evolution reaction close to this
voltage [63]. On the other hand, [PV;404,]° gives redox
overlapped multi-electron transitions of many redox reactions,
difficulting the determination of the exact standard potentials
and peak separations.

Figure 7.7 CVs and structure of the used POMs. (A) CVs of 1 mM
[SiW,040]*" and 1 mM [PV,,04,]°" at a scan rate of 100 mV s-'. (B)
Polyhedral representation of [SiW;,0,40]*". (C) Polyhedral representation
of [PV1404,]°". © Copyright license provided by Elsevier and Copyright
Clearance Center.

The CE of this asymmetric RFB is 94% during cycling and
the VE 65%. Whilst in the symmetric cell the selectivity among
species is not as critical, in the asymmetric system, the membrane
must be more selective and possibly more expensive in order
to avoid cross-contamination. In the Friedl et al system, the
crossover of [SiW;,0,4¢]*" was monitored through the commercial
membranes Nafion-117 (thickness 183 pm) and Fumatech’s
FUMASEP F-1040 (thickness 40 um). In contrast with the Fe*
cation (selected for the studies as reference), both membranes
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avoided the permeation of the large polyanion and what it is
more, no vanadium was found in the half-cell of [SiW;,0,,]*" after
14 days of RFB activity.

Although until this moment all the experiments had been
carried out in a laboratory scale, Friedl et al [64] developed
an upscale setup of their asymmetric cell in two sizes: 25 and
1400 cm?. On the one hand, the smaller one exhibited a CE of 96%,
an EE of 64%, and a 90% of its theoretical capacity was reached
(192 mA h). On the other hand, the larger one exhibited higher
CE (99.13%) and EE (86.13%). This fact is explained in base of
the superior atmospheric containment of the 1400 cm? cell, so
that the amount of oxygen in the tanks is prevented and the
oxidation of [PV;,0,4,]°~ avoided. Therefore, the voltage is
higher in the larger cell because whilst the CE is mainly given
by the redox electrochemistry and the electrode materials,
cell construction and its materials determine the VE.

Finally, it is interesting to comment on the studies developed
by Chen et al. [65], who have reached the highest energy capacity
for a POM-RFB (225 Wh L™1) for the moment. Chen attributes
the lower reached values until his study to have not yet lived up
to POMs potential in terms of storing a large number of electrons
in a reversible manner. Thus, they were able to show that the
polyoxoanion [P,W;40¢,]® displays notable proton-coupled
electron redox activity, which allows this molecule to reversibly
accept up to 18 protons and electrons in aqueous solution. This
was proved by CV measurement in aqueous solution at different
pH conditions and concentrations, which revealed new waves at
higher concentrations and a remarkable pH dependence in the
amount of electron-transfers.

Based on these results, they developed a three-electrode
electrochemical flow cell, which showed that an increase in
the concentration of the cluster in aqueous solution at low pH
dramatically increases the amount of charge reversibly store
on Lig[P,W;g0¢;]. In each case, the charge passed equated to that
which would be expected to bring about an 18-electron reduction
of the POM. At low POM concentrations, it is apparent that most
of the charge passed during the reduction process cannot be
extracted during reoxidation of the POMs solution. Analysis
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of the headspace of the POMs holding tank indicates that the
charge that is not recovered by electrochemical reoxidation is
instead liberated as hydrogen.

Once the availability of the Wells-Dawson-type POM had
been proved, they decided to explore the properties of the
highly reduced Lig[P,W50¢,], as an electrolyte in a RFB. Therefore,
they constructed a system with the cluster as the negative redox
couple, using HBr/Br, as the positive electrolyte. A discharge
capacity density of 42.6 Ah L1 can be achieved at a concentration
of 0.1 M with a CE of 96%, as well as an energy density of
43.2 Wh L1 On increasing the concentration of Lig[P;W;50¢;]
to 0.3 and 0.5 M, higher capacities of 131 and 230 Ah L' can be
achieved at 20°C, corresponding to practical energy densities
of 130 and 225 Wh L, respectively. Meanwhile, the EE at all of
the tested concentrations is 76%.

In conclusion, the studies developed by Chen et al revealed
the influence on the efficiency and capacity of the final RFB
depends on the POM and its properties: the higher the POM
concentration and the lower the pH are, the most electron
storage is allowed. What it is more, higher efficiencies are
potentially expected if using POMs as redox active species in a RFB.

7.4 Conclusion

RFBs have been boosted in recent years as stationary ESS.
Even if the all-vanadium RFBs are widespread commercialized,
alternative redox active species have been proposed in order
to overcome some of its drawbacks. Apart from organic nature
compounds, POMs are being deeply studied as electroactive
redox species in RFBs field. In this sense, taking into account the
state of the art of the POM-RFBs, it may be concluded that POMs
are a suitable redox active species for these kinds of device.
Nevertheless, there are many aspects to consider in the
selection of the proper POM, as not all of them owns the same
electrochemical properties. For instance, the supporting electrolyte
media may vary the redox reaction which take place, so as the
electron-transfers might not be that efficient in both aqueous
and non-aqueous media. Additionally, the POM selection must
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be careful in terms of structure, so as composition, because both
charge density and compositional atoms (addenda metal and
heteroatoms) are directly responsible of the battery performance.
For example, some addenda metal substitution might imply large
energy densities, or an organic functionalization might increase
the solubility on the electrolyte and as consequence, also the
energy density. Moreover, the cell configuration must be taken
into account because although some cross-contamination
might occur, an asymmetric cell usually implies having a larger
operational cell voltage.

To sum up, POM-RFBs are a promising ESS susceptible to
be implied in the energy transition to the future electrical grid
ES. However, this research field is yet in a low maturity level
and open to reach better battery performance.
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Polyoxometalates (POMs) are versatile clusters used in a large
scale of fields, and have become of a great interest in biomedicinal
studies, where many compounds have proved to have anticancer,
antibacterial, and antiviral activities. The present chapter covers
recent advances of decavanadate (Vio) and other POMs as
potential candidates for anticancer, antibacterial, and antiviral
effects with a particular interest in focus on their mechanisms
of action. Decavanadate as well as others several types of POMs
demonstrated anticancer activities and inhibition of bacterial
proliferation at different concentration values ranging from nM
to pM. Moreover, in most cases, when compared to previously
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approved drugs, POMs showed to be more efficient. However,
even if the antibacterial, antiviral, and anticancer activities of
decavanadate and POMs are well-documented and put forward,
their mechanism of action is still not completely understood.
The decavanadate inhibition of cancer cell proliferation could be
associated with the inhibition of P-type ATPases and cytoskeleton
dynamics, whereas the Dawson-type POMs antibacterial activity
is suggested to be associated with the strong inhibition of sialyl
and sulfotransferases along with phosphatases. Furthermore,
several POMs have revealed antiviral activity by targeting viral
proteins, thus, preventing the first stage of viral attachment and
inhibiting fusion of virions with host cells. Putting it all together,
POMs, including decavanadate, present anticancer, antibacterial,
and antiviral activities. It seems that some POMs are better
suited for antibacterial, anticancer, and antiviral activities than
others, although the mechanism of action and the biomolecular
targets associated with the biological activities are not clearly
recognized. In any case, POMs are promising inorganic drugs
and further biomedical, microbial, and biochemical in vivo and
in vitro studies must be conducted to deduce which POM is
tuned against a particular cancer cell, bacteria, or viral particle.

8.1 Introduction

Polyoxometalates (POMs) are metal oxo anions of transition
metals, such as Mo, W, and V, amenable to a variety of structural
transformations. Besides that, POM structures can either include
other elements or have one of the major metal oxo anions
(e.g, W04, VOg) missing and/or substituted by other metals,
such as Co or Mn. Examples of some of those structures can be
observed in Fig. 8.1. The diversity of these POMs structures was
previously summarized elsewhere [1, 2]. Thus, due to all these
diverse factors, POMs can present outstanding physicochemical
properties for which biochemical and biomedical applications
remain yet to be determined. Nevertheless these inorganic clusters
have vigorously been studied in environmental, chemical, and
industrial fields, having applications in catalysis, prevention of
corrosion, and macromolecular crystallography, among others
[3-6]. After a research in the Web of Knowledge, it was found
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10347 articles, and that the number of articles about “POMs,” in
the last 10 years (2010-2019) more than triplicate in comparison
to the previous period (2000-2009) (Fig. 8.2A).

Figure 8.1 Polyhedral representation of polyoxotungstate structures
(A-E), polyoxovanadate (F), and decavanadate (G) structures. (A) Wells-
Dawson anion, P,Wig (B) tri-lacunary Wells-Dawson anion, P,Wjs;
(C) hexa-lacunary Wells-Dawson anion, P,W;,; (D) mono-lacunary
Wells-Dawson anion, P,W;;; (E) Preyssler anion, P;W;, (F) mono-
lacunary Keggin, MnV 4, (G) isopolyvanadate, V. Color code (A-E): {WOg},
mint; P, yellow; O, red; Na, blue; (F) {VOg}, green; Mn, yellow; O, red; (G)
{VOg}, yellow; O, red.

Regarding to the biological applications of POMs, a fundamental
review in 1998 referred that the main activities of POMs in
medicine are represented by antiviral and antitumor ones [7].
In the last 20 years, several papers described POMs as potential
inhibitors of bacteria, viruses, tumor proliferation, as well as
potential drugs for the treatment of several diseases, such as
Alzheimer’s and diabetes [1, 2, 8-25]. The total number of papers
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in these three areas is only about 220 but it also increased in the
last years since 70% are from the last 10 years. In particularly,
we found 104 articles for anticancer studies, 84 for antibacterial
studies, and 42 for antiviral studies, being the later area the less
representative (Fig. 8.2B).

Figure 8.2 Publication of studies involving POMs. (A) Number of
publication along the last 35 years; (B) relative contribution of POMs in
anticancer, antibacterial, and antiviral studies; (C) chronological timeline
representing the discovery of POMs, their first report as well as their
first studies related to characterization and anticancer, antiviral, and
antibacterial activities.

In fact, two centuries have passed since the first discovery of
a POM [(NH4)3[PMo1,040]] all the way in 1783 by the D’Elhuyar
brothers [26]. Only 43 years later that same POM was firstly
reported by Berzelius [27]. The beginning of characterization
and study of their properties started in 1899 by Rosenheim [28]
and, finally, the first reports of anticancer, antiviral, and
antibacterial activities of POMs emerged in 1965, 1971, and
1993, respectively [29-31] (Fig. 8.2C).

The increasing resistance effect of cancer cells and the high
toxicity of chemotherapeutic agents, together with growing cancer
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incidence all around the world, beg for a new therapeutic drug.
In this aspect, POMs have been selected by some researchers
as alternative antitumor substances with promising results in
tumor growth suppression [8-12, 14-17, 22, 25, 32-39]. Similarly,
antibiotic resistance represents a real threat to the world public
health seen as a high proportion of bacteria are resistant to
antibiotics. These multi-resistant bacteria can cause several
type of infections such as urinary and blood but also pneumonia
when spread through the lungs. In late December 2019, it was
reported clusters of patients with atypical pneumonia [40].
Further investigation leads to the identification of the source of
pneumonia clusters, a novel coronavirus, SARS-CoV-2 [40]. Thus,
in this Chapter 8, we will describe several studies within these
three fields of research, compare modes of action of decavanadate
and other POMs, and ultimately combine these considerations
with the available evidence of protein-decavanadate and protein-
POMs interactions in a way to better understand the biochemical
mechanisms and processes of anticancer, antibacterial and
antiviral activities of POMs.

8.2 Antitumor Activity of POMs

The number of papers that have been published regarding
POMs with antitumor activities clearly increased in the past
10 years, representing about 85% of all the papers in this field
(Fig. 8.3).

Whereas the first study described for V,43 and polyoxovanadates
(POVs) in cancer was in 2009 [35], polyoxotungstates (POTSs)
and polyoxomolybdates (POMos) were first reported in 1965 [29].
Note that the first article to report anticancer activity of a POM,
it was also the first one to test it in vivo [29]. However,
in vivo studies remain scarce up now. More recently (2011),
the anticancer activity of a POM-nanoparticle complex [33] was
evaluated (Fig. 8.3).

After a brief research in Web of Science about POMs and
cancer, 107 papers were found. Among them, studies with
decavanadate, POVs, POTs, POMos, and other types of POMs,
such as polyoxoniobates, can be found. For the analysis of each
type of POM, their state was considered, for example, if they are
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pure, hybrid, encapsulated, nanoparticle, or other POM-based
compound. For cancer studies, the contribution of the several
POMs showed to be different being POTs and POMos the ones
with a higher percentage of studies (Fig. 8.4).

Figure 8.3 Number of papers about cancer and POMs since 1965. The first
studies described for POTs, POMos, POVs, and V;, as well as for POM-
nanoparticle are highlighted.

Figure 8.4 Studies for anticancer activities of different POMs. Studies
found after a research in the portal Web of Science using the keywords
“cancer” and “polyoxometalates.”
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8.2.1 Decavanadate and POVs

Recently, in 2010, Li et al synthesized two decavanadate
compounds (H,tmem);[V100,5] and (H,en);[V140,g], and tested
their antitumor activity in vitro against human lung carcinoma
cells (A549) and murine leukemia cells (P388) [12]. Both
compounds exhibited lower inhibition than cisplatin, but the one
with a higher lipophilic effect, showed higher inhibitory activity.
Such results were explained by the presence of higher methyl
substitutes in the first compound that confers a higher lipophilic
effect, thus enhancing its uptake through the lipid bilayer of
the cell membrane [12]. The cytotoxicity of both POVs was tested
on human normal hepatocytes (LO2) and resulted in an ICgq of
6.5 uM for (H,tmem)s3[V;(0,5] and 7.2 uM for (H,en)3[V(0zg]-
More recently, a decavanadate-based compound was synthesized
with carnitine resulting in a V;y-carnitine complex that proved
to exhibit antitumor activity against various cancer cell lines,
including specific toxicity against human cancer cells, whereas
normal human cells were not affected even for high concentrations
of the complex [39]. This complex presented ICs, values of 0.72
and 1.8 pM against human lung adenocarcinoma cell line (A549)
and human breast adenocarcinoma cell line (MDA-MB-231),
respectively. When V;y-carnitine was compared to the antitumor
drug cisplatin for its cytotoxicity, it exhibited lower cytotoxicity
against A549 than cisplatin, while its IC5, for MDA-MB-231 cells
was 1.7 uM against 700 uM of cisplatin meaning that it is 400 times
more effective.

Zhai et al. have synthesized a cobalt-based decavanadate
(CoVyp) and tested its biological activity against human liver
(SMMC-7721) and ovary (SKOV-3) cancer cell lines [35]. Results
showed that CoV,, exhibited antitumor activity as it could inhibit
cell proliferation by 95% and 90% of SMMC-7721 and SKOV-3,
respectively, at 6.25 pg/mL with an ICs, value estimated lower
than 0.26 pg/mL for both cancer cell lines. The potency of CoVyg
as an antitumor drug was compared with the already approved
drug fluorouracil (5-FU) and verified to be more efficient. In fact,
at 1.5 pg/mL, the activity of CoV;, against SMMC-7721 was
similar to 5-FU at 25 pg/mL [35], that is, 15 times more efficient.
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Besides the studies described above, Table 8.1 summarizes
the studies published with V;, and others POVs in cancer in the last
five years.

Table 8.1 Studies published during the past five years on the anticancer
activity of polyoxovanadates (Vo and others POVs)

POVs Cell line Effects Refs

Vio HeLa Induced apoptosis [41]
Hep-2 [41]
HepG2 [41] '
MDA-MB-231 [41]

Other MCF-7 DNA, BSA, and HSA binding [42]

POVs Induced apoptosis :
MDA-MB-231 G2 /M phase cell cycle arrest [42]
U-87 n.d. [43]
SMMC-7721  Cell cycle arrest, DNA damage, induced [44]

apoptosis

8.2.2 POMos and POTs

Besides POVs, several papers have been published regarding other
types of POMs, such as POMos and POTs in antitumor studies
[8-12,14-17, 22, 25, 33, 39, 45]. Indeed, a POMo, [NH3Pr]s[M0;0,,4]
(named as PM-8), was proven to enhance antitumor activity against
various human cancer cell lines and human cancer xenografts,
with higher inhibitory rates than already approved drugs,
such as cisplatin and 5-FU [9, 25, 36]. Another POMo from the
same research group, [MesNH]s[H,M0,,0,5(0H)2(M003)4]2H,0
(named as PM-17), also proved to enhance antitumor effect
against pancreatic cancer cells (AsPC-1) transplanted in nude
mice and against human gastric adenocarcinoma cells (MKN45)
in vitro [36]. This POMo demonstrated interferences with the
solid tumor growth with inhibition rates of 33.5 and 68.3% at a
concentration of 125 and 500 pg/body/day in a dose-dependent
manner. The in vitro inhibition of PM-17 showed an ICs, of 175
and 40 pg/mL against AsPC-1 and MKN45 cells, respectively
[36]. Moreover, recent findings describe that the degradability
of an organic POMo, based in MogO4g is the key to inhibit
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human malignant glioma cells (U251), besides having the capacity
to cross the blood brain barrier. This new synthesized complex
points out a new type of anticancer agents [46].

A cobalt-based POT, (Himi);[Bi;W,q066(OH), Co,(H,0)gNay]
(BWCN) was studied by Wang et al. against human cancer cell
lines [11]. The inhibitory rates of BWCN, at 160 pumol/L, were
approximately 85, 78, and 57% for cell lines of human gastric
cancer (SGC-7901), colon cancer (HT-29), and liver cancer (HepG2),
respectively. Comparative results between BWCN, 5-FU, and
oxaliplatin showed that the cobalt-based POT exhibited greater
inhibitory action with rates of 78, 25, and 42%, respectively, on
HT-29 cells [11]. Raza et al. [34] have evaluated the cytotoxicity
of seven POTs against lung carcinoma cell lines (H157) and
human corneal epithelial cells (HCEC). Once more, all compounds
showed high antitumor activity in a dose-dependent manner.
The most efficient POT, Na4[(0O3POP0O3),W{,034] presented 65%
of cytotoxicity at 100 uM for against H157.

As referred above, the number of biological studies with
POMs, more focused in their anticancer activities, has been
growing [2, 10, 11, 38, 39, 42, 46, 47]. In what it refers to POTs
and POMos, we can see in Fig. 8.5 the types of cancer studied
in the last five years using these POMs. We found 18 papers for
POTs and 21 for POMos on cancer POMos were more studied
in breast cancer whereas POTs in cervix cancer. Among them,
only three POT studies [14, 46, 48] and only one POMos
study [49] were performed in vivo.

A copper heteropolyoxotungstate, (abbreviated PWgy03,),
has been studied against human osteosarcoma derived cell line
(MG-63) [38] revealing a good antitumor activity with an 1Csq
value against MG-63 of 22 pM. Furthermore, its potency as an
antitumor agent was tested against the reference drug cisplatin:
at 25 uM, this POT induced a decrease of 60% in cell viability,
whereas cisplatin only exhibited 15%, that is, four times less.
Keggin type POTs, CoW,CpZr, CoW,CpTi, and CoW;CpFe, were
tested against human cancer cells HEK-293 and MCF-7 for their
antitumor activity [15]. CoW,CpFe presents higher antitumor
effect and lower ICsy compared to the other two POMs tested.
Cell survival of MCF-7 and HEK-293 after 24h of incubation
with 40 pM of this POT was approximately 42 and 45% with ICs,
values of 6.3 and 8.7 uM, respectively. It has been suggested
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that this higher activity could be related to the smaller size of
CoW,,CpFe, thus being more effective in its penetration into the
cell. Besides their biological activity, Dianat et al. demonstrated
that these three POMs had ctDNA-binding properties. Indeed,
CoW,,CpZr, CoWCpTi, and CoW,;CpFe could bind, through
electrostatic interaction, the groove or the outside stacking of
ctDNA, producing a change in the redox potential of POMs,
rendering them more negative [15].

Figure 8.5 Percentages of types of cancer studied in the last five years
with POMs. (A) Studies using in POTs; (B) studies using POMos. The
pattern covers the cancers more represented to the ones less represented.
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A recent study demonstrated the antitumor activity of an iron
hepta-tungsten phosphate POM complex, Na;,H[Fe(HPW;0,g),]
(IHTPO), against large cell lung cancer (NCi-H460), human
hepatoma (HepG2), leukemia (K-562), and lung carcinoma
(A549) in vitro, and against S180 sarcoma transplanted in mice
in vivo [14]. IHTPO showed high inhibitory rate only at high
concentration (500 uM) with a high ICsq against all cell lines
tested in vitro. In fact, when compared to cisplatin, IHTPO had
ICso values of 150.5, 141.5, 63.8, and 114.5 pM for A549, H460,
HepG2, and K-562, respectively, whereas cisplatin showed
ICsy values of 12.1, 1.82, 1.33, and 2.73 pM [14], representing
5-12 times less. Even though cytotoxic effects were only seen at
a higher concentration with ICs, values superior than 60 pM,
[HPTO proved to be more efficient against S180 sarcoma
transplanted mice. Apparently, this POT complex could promote
splenocytes proliferation and increase IgG, IgG2a/b antibody
levels in tumor-bearing mice. The inhibition of tumor growth was
observed at 40, 60, and 80 mg/kg with inhibitory rate of 38.9, 42.5,
and 45.7%, respectively. Nevertheless, the inhibitory rate of the
chemotherapeutic drug cytoxan (CTX) was 72.1% at 50 mg/kg.
Even if this POT exhibited lower antitumor activity than the
already approved chemotherapeutic drugs, such as cisplatin
and CTX, the interesting part is that IHTPO activity might be
correlated to an immunomodulatory activity [14].

Fu et al have synthesized an amphiphilic organic-
inorganic hybrid POT, [(C;4H33),NCONH(CH,)3SiNaPsW,9011]
(Na-lipidPsW,9), to improve biocompatibility, bioactivity, and
biospecificity [16]. Basically, a long chain organoalkoxysilane lipid
was grafted into a lacunary Preyssler-type, K;4[NaPsW,90107]
(PsW5g) in order to produce the desired complex. The hybrid POT,
Na-lipidP;W,q, was tested for its antitumor activity against human
colorectal cancer cells (HT29) and the results were compared
to the parent POT, PsW,, and to 5-FU. At all concentrations
tested Na-lipidP;W,9 exhibited higher inhibitory rates than
its parent POT and 5-FU. In fact, after 36h of incubation, Na-
lipid PsW,9 (10 pM) had an inhibitory rate of 83% with an
ICs5o of 2.1 pM whereas PsW,q (10 pM) presented an inhibition
ratio of 75% (ICsy = 3.6 uM) and 5-FU (100 pM) an inhibition
of 27%. The cytotoxic effect of the studied POT was also tested
against human umbilical vein endothelial cells (HUVECs) at a
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concentration lower than 100 pM, and the inhibitory rates were
below 20%. Finally, it was suggested that the higher antitumor
effect of Na-lipidPsW,q was due to its higher capacity to penetrate
the cell, since it can spontaneously assemble into a vesicle [16].
An in vivo study was performed with a Keggin-type POT, PW,03q
(PWy;) against colorectal cancer [50]. To improve bioactivity
and decrease the toxicity effect of this POT, an organometallic
derivative of PW;; was synthesized and encapsulated to form
nanoparticles of Pt"V-PW11-DSPE-PEG2000 (NPs). Results showed
that these NPs were more efficient in inhibiting the growth of
WT20 cancer cells and treating human colorectal cancer in mice,
than the classic cisplatin.

8.3 Mechanisms of Action of POMs as
Anticancer Agents

The mechanisms of action of POMs as antitumor agents are not
yet fully understood. Several possible mechanisms leading
to apoptosis have been evoked but nothing can concretely be
concluded [10, 11, 25, 39, 45]. Recently, the putative mechanisms
of POMs as anticancer agents were reviewed [2]. In this section,
we will resume some of them.

8.3.1 Effects in Mitochondria, Oxidative Stress, and
Mechanisms of Cell Death

Zhao et al studied the expression of Bax, Bim (two apoptotic
promoting family members of Bcl-2) and Bcl-2 in HepG2 cells
treated with P,W;g [10]. It was observed that Bax and Bim
expression was affected by P,W;g whereas Bcl-2 expression was
not affected. On the other hand, Ogata et al. have evaluated that
PM-17 induced caspase-3 activation on both MKN45 and AsPC-1
cells [9]. Wang et al. also measured the cleaved-caspase-3 levels
on HT-29 cells treated with the cobalt-based polyoxometalate
BWCN. Results showed an increased expression of procaspase-3
and cleaved-caspase-3 in a dose-dependent manner [11]. Others
studies suggested that some POMs, such as PM-8, entered
into the mitochondrion leading to the inhibition of adenosine
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triphosphate (ATP) synthesis and induced apoptosis [25]. When
the POMo enters in the mitochondrion it can assemble with a
Flavin mononucleotide (FMN) and yield a 1:1 POM-FMN complex
[25]. FMN, also known as riboflavin-5'-phosphate, functions
as a prosthetic group serving as an electron carrier by being
alternately oxidized (FMN) and reduced (FMNH2). FMN is found
in mitochondria and participates in steps of the electron transport
chain. The electrochemical proton gradient resulting from these
transfers drives ATP synthesis. Therefore, by forming a complex
with FMN, PM-8 inhibits the production of ATP in the cell,
resulting in cell degeneration and apoptosis. Other study has also
shown cell cycle arrest and apoptosis as a possible mechanism
(this time for a POT, PWyCu), as well as, the induction of oxidative
stress in the cell [38]. Recently, the cell cycle arrest at G2/M phase
in association with an increase of p21 and decrease of cyclin A
and cyclin B1, and induction of apoptosis mediated through
mitochondria apoptotic pathway in association with the increase
of BH3-only proteins Noxa and Hrk by POM-HDACi PAC-320
were described [47].

Regarding studies with POVs, it was referred that in vivo
intraperitoneal and intravenous administration of decavanadate
(Vyo) induce different changes in several stress markers, such as
reduced GSH content, overall rate of reactive oxygen species (ROS)
production, lipid peroxidation, and antioxidant enzyme activities,
when compared to the ones observed in vanadate studies [51-53].
Moreover, it was suggested that the mitochondrial fraction
tends to accumulate more vanadium upon the administration of
decavanadate than the administration of vanadate, in addition to
inducing different changes in antioxidant mitochondrial enzymes
activities [53]. By targeting mitochondria, Viy might induce,
directly or indirectly, cell death processes [54]. It was also described
that the inhibition of the mitochondrial respiratory chain by
decavanadate can lead to sustained mitochondrial depolarization
which demands a high supply of metabolic energy and is
lethal for the cell [55, 56]. In fact, in vitro studies with hepatic
and cardiac mitochondria have shown that mitochondrial
depolarization (ICsg, 40 nM) and oxygen consumption (ICsg, 99 nM),
which cause reduction of cytochrome b (complex III), are strongly
affected by decavanadate [56]. Mitochondria are a well-known
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organelle responsible for many features and processes of cell
death, such as apoptosis and necrosis, and calcium homeostasis.
It was shown in cardiomyocytes that the decavanadate species
induces necrotic cell death, whereas no significant caspase-3
increase was observed [54]. This suggests that caspase-3 activation,
one of the most established markers of apoptosis, is not affected
in these cells. The anti-proliferation activity of another POV,
Vg, mediated by the arrest of MCF-7 cells in the G2/M phase
and induction of apoptosis and necrosis was also described [42].

Tumor cells need redox homeostasis adaptations to cope
with the higher ROS production associated to rapid growth
and metastasis, so disturbance of antioxidant systems is a
plausible anticancer strategy. Leédn et al. (2014) found that PW4Cu
concentrations that induced osteosarcoma cells death in vitro
also increased ROS and decreased the GSH/GSSG ratio in the
cells [38]. Moreover, the cytotoxicity of the compound was
alleviated with addition of GSH (1 mM) or mixture of vitamin C
and E (50 puM each) to cell media, although only partially,
suggesting that oxidative stress is a mechanism of POMs to induce
cancer cell death.

8.3.2 Autophagy and POMs

The autophagy is characterized by a degradation process where
obsolete parts of the cell are digested inside lysosomes. This
process seems to begin with the confinement of an organelle
through unknown membranes, originating an autophagosome
which then merges with a lysosome [57]. Ogata et al. have observed
the presence of vesicles containing cytosolic components and
organelles, described as figurative autophagosomes, in MKN45
and AsPC-1 cells treated with PM-8 and PM-17 [9]. This study on
LC3, a protein conjugation system required for the autophagosome
formation as well as its transport and maturation showed that in
AsPC-1 cells the LC3 expression increased proportionally with
time, confirming the hypothesis of an autophagic pathway [9].
To our knowledge, studies with POVs and autophagy are scarce
or inexistent. Nevertheless, a plausible mechanism for the
prevention of autophagy by decavanadate, for instance, would
be the inhibition of the endoplasmic reticulum (ER) calcium pump
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(Ca?*-ATPase), thus inducing a depletion of calcium in the ER.
Decavanadate was also described to prevent bone mineralization
by activation of both MAPK and PI-3K pathways, besides inhibiting
enzymatic activity of alkaline phosphatase (ALP) [58, 59]. It
is suggested that by acting through these signaling pathways,
decavanadate will inhibit the autophagy process.

8.3.3 Inhibition of Ecto-Nucleosidases and Histone
Deacetylases (HDACs)

Several studies point out that POMs are strong and selective
inhibitors of ecto-ATPases [18, 32]. The ecto-ATPases, also known
as ecto-nucleoside triphosphate diphosphohydrolase (E-NTPDase),
are able to hydrolyze extracellular nucleotide, such as ATP,
ADP, UTP, and UDP. These nucleotides regulate several tissue
functions via specific receptors called P2. The activation of such
receptors triggers multiple processes affecting, among other
mechanisms, the cellular metabolism. The inhibition of E-NTPD
leads to the inactivation of P2 receptors, disturbing the cellular
transport and signaling. Miiller et al. have demonstrated that six
different POTs, presenting different sizes, shapes, and charge,
could differently inhibit three kinds of NTDPases. Among all
these POMs, two have proven antitumor activity [32], suggesting
correlation with the inhibition of ecto-nucleosides.

In eukaryotic cells, histone molecules form a complex
with cellular DNA called chromatin. Chromatin has a compact
organization in which most DNA sequences are structurally
inaccessible and functionally inactive. Histones are submitted
to different kinds of epigenetic modifications (acetylation,
methylation, and phosphorylation). The acetylation (induced by
histone acetylase) of lysine in the N-terminal tails of histones
is related with a looser chromatin state and a gene transcription
activation, whereas the deacetylation (induced by HDAC) of
the same lysine residues correspond to a more condensed state
and gene silencing.

Tumor progression can be induced by epigenetics modifications.
Studies have reported that an aberrant recruitment and altered
expression of HDAC are responsible for the repression of
tumor-suppressor genes leading to malignancies. HDAC inhibitors
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are able to inhibit tumor cell growth causing a transcriptional
change in genes that regulate biological processes in tumor
proliferation [18].

Dong et al. have discovered POM-based HDACs inhibitors
enhancing strong antitumor activity [33]. Three different
germanotungstate Keggin-types and one phosphotungstate
Dawson-type were used against several tumor cell lines (A549,
SW620, HepG2, MM-231, and MGC-803). It was shown that the
Dawson-type exhibits higher inhibitory effect against HDAC than
others POTs [33]. Besides being the stronger HDAC inhibitor,
the Dawson-type has demonstrated good antitumor activity
(IC5¢ of 19.2 pg/mL on HepG2) and low cytotoxicity (ICsy of 42.8
pug/mL on L-02). Besides, tests in vivo have proved that the POT
phosphotungstate could induce hyperacetylation of histone H3
in a dose-dependent manner [33].

8.3.4 Inhibition of ALPs, Kinases, P-type ATPases and
Aquaporins (AQPs)

Decavanadate species and POMs were described as strong
inhibitors of phosphatases, such as ALP [18, 23, 24, 34].
Decavanadate and POMs were assessed for their inhibitory
effect on ALP and as putative antitumor agent [34]. Seven POTs
were assessed for their inhibitory effect on ALP and as putative
antitumor agent [34]. Abnormal levels of ALP in the serum are
detected in cancer patients since tumors are abnormal cellular
growth proliferating faster than normal cells, and thus, the
inhibition of ALP will affect tumor cell metabolism and function.
For a concentration of 100 pM, all compounds demonstrated more
than 70% inhibition on intestinal alkaline phosphatase (IAP)
and tissue nonspecific alkaline phosphatase (TNAP). Two of these
POTs, induced higher inhibition on IAP and TNAP, respectively,
with Ki values of 313 and 135 nM. More recently, three
different POMs, PsW3q, Vo, and TeWy, with chitosan-encapsulated
nanoassemblies were tested as anticancer agents on HeLa cells
[19]. The maximum cytotoxicity against HeLa cells was observed
for the compound CTS-PsW3, which also has higher phosphatase
inhibition. It was suggested, in both studies, that the POT with
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the largest number of tungsten and phosphorus atoms may
provide most optimum interaction with the phosphatase [19, 34].

P-type ATPases play a crucial role in cellular ion homeostasis
and have been described as potential molecular targets for
several types of compounds used as anti-ulcers, anticancer, and
heart ischemic failure, among other diseases. Among these
compounds, several POMs have been described as P-type inhibitors
[60, 61] and the effects compare with therapeutic drugs [62].
Recent insights into decavanadate interactions with the
Ca?*-ATPase can be very useful to understand the mechanism of
action of POMs as antitumoral agents. As described recently,
decavanadate non-competitive interaction with the Ca?*-ATPase
strongly inhibits the ATPase activity (IC5q = 15 uM) [60]. Further
studies referred to Ca®*-ATPase cysteine oxidation upon Vj,
incubation is not prevented by antioxidants. It was suggested
the involvement of cysteines at the V;, binding site as well as
the participating of vanadyl species on the process of enzymatic
inhibition [61]. It was also previously suggested that the Ca?*-
ATPase V;, binding site, which is formed by three protein
domains [63], is located at the cellular cytoplasmic side. Viq
can interact with the protein by electrostatic interaction or by
hydrogen bonding. However, the specific residues involved in
the V;o-Ca?*-ATPase interaction, perhaps with a cysteine residue,
are yet to be totally clarified [61]. Furthermore, because
it was verified that V;; can bind to the two conformations
E1 and E2, (contrary to vanadate), being phosphorylated or
not, it can target both E1 and E2 ATPase conformations [60].
Taking this observation into consideration, it was suggested
that decavanadate could interact with the ion pumps without
the necessity to cross the membrane from the extracellular to
the intracellular side [62]. Therefore, decavanadate interactions
with membrane proteins can more rapidly induce changes in
calcium homeostasis with implications in, for example, muscle
contraction, calcium accumulation in mitochondria, and
concomitantly ROS production and cell death.

Besides decavanadate, others POMs, such as the POT P,Wyg,
have been observed to inhibit Ca?*-ATPase with ICg, values of
inhibition about 30 times lower (IC5, = 0.6 pM) than decavanadate,
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and with a mixed type of inhibition [64], on contrary to the non-
competitive mode of inhibition observed for V;, and decaniobate
(Nbyg) [60]. Recently, AQPs were also described to be potential
protein membrane targets for POTs [65]. AQPs were found to be
overexpressed in tumors making their inhibitors of particular
interest as anticancer drugs [66]. It was suggested that POTs
strongly affect AQP3 activity and induce inhibition of melanoma
cancer cell migration and growth, unveiling their potential as
anticancer drugs against tumors, opening a new window in this
field of research [65]. In sum, POTs present high affinity for
both P-type ATPases [67] and AQPs [65] targets (Fig. 8.6) that might
be responsible for the observed inhibitory effect on melanoma
cell migration and proliferation.

Figure 8.6 Ca%*-ATPase activity and AQP3 glycerol permeability inhibition
by P,W;g as a putative mode of action for melanoma anticancer
activity [65, 67].

Decavanadate protein interactions, for instance with myosin,
actin, and calcium ATPase, are mostly due to electrostatic and
hydrogen bonds, although covalent bonds could also occur
[68, 69]. Similarly, other POMs and protein interactions were
described recently [70-72]. Besides P-type ATPases, it was
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observed that V;(0,4%" also interacts with actin [73, 74], which can
lead to actin cytoskeleton damage and cellular death processes.
Actin is one of the most abundant proteins in cells, being involved
in many cellular and biological processes. However, studies
between POMs and actin are scarce and only Vi j-actin studies
have been described so far [73, 74].

Biomedical research is looking for new non-ATP competitive
inhibitors of protein kinases, like the human protein kinase
CK2 inhibitors that have already been designated as promising
drugs targets in cancers [75, 76]. POMs, such as P,Moqg, have
been described as non-competitive and potent CK2 inhibitors
(ICso = 5 nM) [76], although, due to its instability, it was not
possible to know if this POT was responsible for the observed
effects. Nevertheless, POMos derivatives exhibit strong efficiency
and selectivity, thus representing non-classical kinase inhibitors
with increasing interest.

8.4 Antibacterial Activity of POMs

As referred before, the antibiotic resistance represents a real
threat to the world public health since a high proportion of
bacteria are resistant to antibiotics. Combination between different
antibiotics is commonly adopted to solve the antibiotherapy
gap necessary to combat infections by multiresistant bacteria.
This gap paves the way for the exploration of new combinations
as well as new type of antibiotics for future adjuvant
strategies [77].

In addition to other recent antibacterial therapies, such as
the discovery of teixobactin produced by the Gram negative
Eleftheria terrae [78, 79], new inorganic compounds, such as metal
oxides, have been attracting interest by offering mechanisms
of action different from the usual [1, 80, 81]. Thus, some of
the studies described in the present chapter, reporting the
antibacterial activity of POMs, have been conducted against
resistant bacteria [22, 31, 57, 82-86]. Similarly, as described in
the previous section, 75 studies were found since 1996 for POMs
and antibacterial effects, with an increasing number in the last
decade (Fig. 8.7A) making them putative future drugs in the
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control against pathogenic bacteria. Among the studies found,
the POVs (including V;,), POTs, and POMos represent the major
contribution in this field (Fig. 8.7B).
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Figure 8.7 Studies for POMs tested against bacteria. (A) Number of
articles related with POMs and bacteria since 1996. The first studies
described for POTs, POMos, POV (including Vy,) are highlighted as well
as for POMs complexed with antibiotics; (B) distribution in percentage
of the different POMs tested for antibacterial activity since 1996.
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History of POMs as antibacterial agent started serendipitously
as other recognized antibiotics known to date, such as penicillin.
In 1993, an unknown compound named initially as “factor T”
was observed to enhance the antibacterial effect of p-lactams
inhibiting methicillin-resistant Staphylococcus aureus (MRSA)
strains, one of the first antibiotic menaces in the combat of
infections worldwide [87]. The aged mixture of tungstate and
phosphate named “Factor T” was later found to be a POT: PW,;,
the first of many other POMs investigated as antibacterial
agent [31].

In fact POMs have more than synergistic effects. Yamase
et al. [83] reported firstly a minimum inhibitory concentration
(MIC) of 3.2 mg/mL for POT PW, against MRSA SR 605 and ATCC
43300. The MIC values of POTs against a clinical MRSA strain
and the reference Staphylococcus aureus ATCC 6538 reached
1.6 mg/mL for both bacteria [84].

8.4.1 Decavanadate and POVs

A recent review on the structure-antibacterial activity relationship
of POMs pointed to POVs, and especially decavanadate (Vyj),
as the most potent against certain bacteria, such as Streptococcus
pneumoniae [1]. Also, recently, it was described that decavanadate
inhibited the growth of Mycobacterium smegmatis and Myco-
bacterium tuberculosis more potently than metavanadate
[88]. In addition, association of V;;, with (iso) nicotinamide
compounds also increased the toxicity toward Escherichia coli
at concentrations below 1 mM [89].

It was also shown that besides V;; two manganese-
polyoxovanadates, namely, MnV;; and MnVy3, inhibit the growth
of E. coli [90]. MnV;4, MnV,3, and V;, were all more potent than
simple vanadate, with 50% maximal growth inhibition
concentrations (Glsg) of 0.21, 0.27, 0.58, and 1.1 mM, respectively.
Strikingly, the Vi, isostructural species decaniobate (Nbg)
revealed only residual effects on E. coli growth [90].

In previous studies, the MIC value of POVs for Streptococcus
pneumoniae reached 4-32 pg/mL, in contrast for POTs and
POMos the MIC value is much higher (128-1000 pg/mL) [91].
In this study, the morphology of Streptococcus pneumoniae
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changed after the exposure to POVs and the effect of POVs
is assumed to be related with the interaction between POVs
and the cell membrane. For concentrations higher than the MIC
value, cell lysis was observed displaying a bactericidal effect.

Chen et al [57] have studied the antibacterial activity of
a chitosan-Vy, complex against E. coli and S. aureus. Chitosan
is famous for its antimicrobial activity as it inhibits the mRNA
synthesis after penetration into the nuclei of microorganisms.
The polyanion used in this interesting study, V;y0,g(NHg4)s,
can assemble with the cationic chitosan through non-covalent
interactions. This POV compound (V,05;), seems to agglomerate
on the membrane surface of the chitosan polymer, presenting
some shortcomings, which are overcome by the addition of an
inorganic cation, such as Ca?". The complex demonstrated the
same antibacterial activity with an MIC value of 12.5 pM against
both bacteria [57]. On the other hand, V403, is known for its
inhibition of P-type ATPases, such as Ca?*-ATPase [60, 61, 69],
leading to a disturbance in the molecular ion transport across
the membrane, thus devastating the bacteria metabolism,
whereas chitosan can inhibit the mRNA synthesis [57].

8.4.2 POTs and POMos

In order to elucidate the role of the monomeric tungstate (WOi_)
in the antibacterial action, the study conducted by Yamase
(2006) showed that the tungstate itself does not contribute to
the antibacterial action of different POTs [83]. In their study, the
MIC value for PW;, and As,W,, for MRSA SR 3605 and MRSA
ATCC 43300 was 3.2 mg/mL and 0.4 mg/mL, respectively. In
contrast, the tungstate itself achieves an MIC value of 102 mg/mL
for both strains [83]. In another study, it was also observed that
the tungsten, up to the studied concentration of 0.256 mg/mL,
showed no antibacterial effect against Helicobacter pylori strains
resistant to the antibiotic metronidazole [85]. However, these
strains of Helicobacter pylori showed for the POTs As;Wy
and P,W;g MIC values that varied between 8-32 pg/mL and
128-256 pg/mL, (mM concentrations), respectively.
Staphylococcus aureus is a Gram-positive bacterium that
can easily develop antibiotic resistance. In 2006, Yamase group
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[92] examined the antibacterial effect of the [-lactam antibiotic,
oxacillin, and the glycopeptide antibiotic vancomycin against
MRSA and vancomycin-resistant S. aureus (VRSA) in the presence
of three different POMs. Molybdenum- and tungsten-based
POMs, such as Kg[P,W1g04,], K4[SiM01,040], and K;[PTizW1(040]
(abbreviated P,W;5 SiMo;,, and PTi,W;, respectively). The
synergistic effect of oxacillin with POMs was evaluated against
three strains of MRSA (ATCC 43300, SR3605, MRS394-1) and
against two strains of VRSA (Mujz and Mus,) using a disc diffusion
method. It was reported that P,W;g and PTi,W;, were able to
change the f-lactam resistance to a f-lactam susceptible profile
for all strains, except for Mus. SiMo,, displayed the highest
synergistic action by changing the resistance profile to oxacillin
of all strains to a susceptible profile.

In a previous study of the same group [81], the Na3[PMo1,04¢],
with an identical Keggin structure as SiMoq,, did not show
any antibacterial activity against MRSA. The difference that
the authors found between the two studies might be due to a
structural instability at physiological pH of the compound SiMo;,
[83, 92]. Regarding the mechanism of action of SiMo;, and P,Ws,
it was showed that the reduction of SiMo;, and P,W;g allow
their penetration and uptake into the bacterial cell, going right
after the electron transfer system. Due to the redox potential of
these two POMs, the oxidation of some compounds involved in
the respiratory mechanism, leading to reduction of others, could
direct to a possible inhibition of ATP synthesis, thus inducing
cell death. The improvement of the antibacterial activity of
the antibiotics oxacillin and vancomycin by the POMs P,Wys,
SiMo4,, and PTi,W;, was associated with the inhibition of the
transcription level of the genes mecA and pbp genes (the mecA
gene codifies for PBP2a that has low affinity to f-lactam antibiotics
and the pbp genes [pbpA- and pbp2-4] codify for different
penicillin binding proteins) [92].

Recently, the activity of several POMs against the Gram
negative human mucosal pathogen Moraxella catarrhalis
was compared and the Preyssler-type POT [NaPsW5,0110]'%"
(abbreviated PsWj3;) showed the highest activity [93]. This
compound presented the lower MIC value against M. catarrhalis
(1 pg/mL) among all tested POMs, as well as against S. aureus
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(16 pg/mL) and E. faecalis (8 pg/mL), but was much less potent
against E. coli (MIC > 256 pg/mL). It is to be noticed that the MIC
value observed for P;W;3, was much lower (64 times lower)
in comparison with other POT with identical charge and size,
although with Se instead of P in the composition (Se,Wy),
reinforcing that the antibacterial activity depends on the
structure, shape, and/or composition of POTs. For H. pylori,
POMs exhibiting the highest activity were mostly Keggin-type POTs,
polyoxovanadotungstates, and large highly negatively charged
POMs [1].

8.5 Mechanisms of Action of POMs as
Antibacterial Agents

The mechanism of action of POMs as antibacterial agents is not yet
fully understood. Several possible mechanisms were anticipated
but further studies are required [1, 57, 85, 86, 92]. Recently,
the antibacterial activity of POMs, structures, antibiotic effects,
modes of action and future perspectives were reviewed [1].
In this section, we resume some of these modes, and in Table 8.2,
We describe some of the effects induced by the exposure of
bacteria to POMs in the studies mentioned in the above section.

8.5.1 Modulation of Gene Expression

It is known that the bacterial f-lactam resistance is associated
with the peptidoglycan-synthetic enzyme that possesses a low
affinity to [-lactams, called PBP2a. As mentioned above, this
protein is encoded by the mecA gene. Yamase group has investigated
the PBP2a expression and the data showed that all POMs studied
(except for SiMo;,) diminished the mecA-induced mRNA band
intensity in the electrophoresis, thus suggesting that POMs
were affecting the transcription process [92]. As for the POMo
compound, it seemed that the decrease of PBP2a expression
was related to another mechanism, such as the inhibition of
the translation from mecA-induced mRNA to PBP2a or of the
folding of the polypeptide chain [85].
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Table 8.2 Comparison of the antibacterial activities and effects of some
POMs

POMs Bacteria MIC [nM] Effects Refs
V15036 Staphylococcus 4-32 Interference with the [57]
V4,01, pneumoniae transport system of
ions and substrates
Chitosan-  Staphylococcus 12.5 Inhibition of mRNA synthesis  [57]
CazV1g0,3  aureus interfering with protein’s
Escherichia coli production and inhibition

of Na*/K* -ATPase
destroying bacteria’s

metabolism
P,Wig Staphylococcus  100-25 Suppression of mecA [12,88]
SiMo1, aureus 600 induced mRNA expression;
PTi,Wy, MRSA inhibitior.l of.tr.a.nslation

process; inhibition of

translational process
KAs, W, Helicobacter <256 High negative charge of [85]
KSboW,4 pylori POMs induces a

morphological change

from bacillary to coccoid
form, inducing a bactericidal
action

8.5.2 POMs Interactions with Proteases, Phosphatases,
P-Type ATPases and Actin

Inhibition of sulfotransferases and phosphatases has been
reported as a mechanism of antibacterial activity of POMs [57, 94].
Moreover, the disturbance in the molecular transport across
the membrane, that devastates the bacteria metabolism, was
reported by Chen et al. [57]. As described above, V;,05; is known
for its inhibition of Na*/K*-ATPase [95] and Ca?*-ATPase [60, 69],
possibly causing a disturbance in the molecular transport across
the membrane and consequently disturbing the bacterial
metabolism. P-type ATPases play a crucial role in cellular ion
homeostasis and have been described as potential molecular
targets of POMs [64]. As described before, decavanadate non-
competitive interaction with Ca?*-ATPase strongly inhibits the
ATPase activity (ICso = 15 pM) [60]. It is well-established that
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the V; binding site, which is formed by three proteins domains [63],
is located at the intracellular cytoplasmic side.

POMs can also affect bacterial cells by changing their
morphological structure and leading them to death. Inoue
et al. have reported that POTs, such as As,;W,, and SbgW,;, could
enable morphological changes of H. pylori from bacillary to a
U-shaped or coccoid form [85]. Fiorani et al. have also revealed
extensive degradation of the E. coli cell disrupting their rod-shaped
morphology by a complex formed of a chitosan compound with
V,Mo;, [96]. Regarding the morphology and shape of the cells,
it was described that V;, interacts with G-actin polymerization/
depolymerization dynamics in skeletal muscle cells [73, 74],
which can lead to actin cytoskeleton damage and cellular death
processes.

Recently, simultaneous XANES and EXAFS studies concluded
that decavanadate interacts in a different mode with G-actin
and F-actin [97]. Regarding the V;y-G-actin interaction, besides
decavanadate species, an oxidovanadium (IV) signal, identical
to that observed for V(IV)-Sg,s was detected, evidencing Vi
reduction upon protein interaction, which is prevented by ATP.
This might suggest an interaction with ATP binding site that
leads to vanadate reduction upon POMs interaction. It is
believed that the detailed knowledge of the molecular basis of
decavanadate-actin interplay and its involvement in the G-actin
polymerization process allows a better understanding of
putative POM activities and pharmacological applications of
metal-based drugs.

8.5.3 Effects on Sialyl- and Sulfotransferase

The difference between a sialyltransferase and a sulfotransferase
is that a glycosyltransferase catalyzes the transfer of a sialic acid
residue to the terminal position of an oligosaccharide chain of
glycoproteins and glycolipids [98], whereas the sulfotransferase
catalyzes the transfer reaction of a sulfate group to an acceptor
sugar chain on the surface of cells [99]. These modifications of
carbohydrate chains play a role in cell-cell recognition, serving
as a target for bacterial and also viral infections. Therefore, it is
conceivable that the inhibition of these catalytic reactions could
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lead to the inhibition of biological activities of these sugar chains.
Seko et al. [94] have evidenced the effective non-competitive
inhibition of sialyl and sulfotransferases by POMs in their
antibacterial activity. Among 20 POMs, 3 tungstate-based POMs,
[SINiW{;049] [Cu3(PWg034),], and [SiVW;;049], were shown to
have a higher inhibition activity, with ICs, values as low as 0.2 nM
for the a-2,3-sialyltransferase (ST3Gal-I). For three vanadium-
based POMs, [KV3031(MeP03)3] [V15042], and [V1g044(N3)], it was
proven that the latter had a higher inhibition for the galactose-
3-0-sulfotransferase (Gal3ST-2), with an ICs, value of 3 nM.

8.5.4 Bioenergetic and Redox Disturbance

The reduction of some POMs allows their penetration and uptake
into the bacterial cell, going right after the electron transfer
system. Due to the redox potential of POMs SiMo;, and P,Wyg,
the oxidation of some compounds involved in the respiratory
mechanism, leading to reduction of others, could direct to a possible
inhibition of ATP synthesis, thus inducing bacterial death of
resistant bacteria [92].

Fukuda and Yamase (1997) reported changes in cell
morphology when S. pneumoniae was exposed to POVs [91]. With
highly negative-charged POTSs, H. pylori changed from bacillary
to coccoid morphology, and fluorescent X-ray analysis suggest
that As;W,o, SbgW,; and SiVW,4, or at least some of the elements,
were taken into the bacteria cells [85].

In another study with different POMs, S. aureus strains were
able to reduce to blue color forms the P,W;g and SiMo;, compounds
with more positive redox potentials (cyclic voltammetry) [92].
In the bacterial cells treated with P,W,5, energy dispersive X-ray
analysis indicated the localization of W atoms at the periphery
of the cells. Similar blue staining of E. coli cells was observed
in presence of vanadium (V) compounds, probably by reduced
forms containing oxidovanadium (IV) [90]. Although it is not
clear the molecular mechanisms responsible for the reduction
of these POMs by bacteria, it is reasonable to anticipate that it
diverts electrons from cell redox systems and hinders bacterial
growth.
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POMs that can catalyze the production of ROS, as the
phosphomolybdates and Vig-copper(ll) tris derivatives recently
described, can further disrupt bacterial cell integrity showing
promising antibacterial activities [100-102].

8.6 Antiviral Activity of POMs

As it was mentioned, the number of studies using POMs that
address viral infection is comparatively lower than the ones found
for cancer and bacteria. Nevertheless, this number is increasing,
and in the past 10 years represents almost 40% of the total
(Fig. 8.8A). Among the studies described so far, the ones using
POTs represent the major contribution in this field reaching
75% (Fig. 8.8B).
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POMos - Polyoxomolybdates
PONbs - Polyoxoniobates
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Figure 8.8 Studies using POMs as antiviral agents. (A) Number of
articles relating virus and POMs since 1971. The first antiviral studies
described for POTs, POMos, POV, and V;, are highlighted as well as the
first in vivo studies and the first study using POM-nanoparticle.
(B) Distribution, in percentage of tested POMs, namely, V;,, POVs, POTs,
and POMos on the antiviral studies over the covered periods.
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8.6.1 Decavanadate and POVs

Decavanadate (V;,05;), an isoPOM with 10 octahedral
vanadium (V) centers (Fig. 8.1G), is known to interact with a wide
range of biomolecules and exerts several biological activities, in
vitro and in vivo, by affecting mitochondrial function, increasing
glucose uptake in adipocytes, and inhibiting the process of
muscle contraction as well as the actin polymerization [103-105].
Note that the most cited paper regarding decavanadate (Vi)
in biology is the interaction of V;,in a spatially selective manner
within the protein cages of virions [13]. Besides preventing
the formation of virions, decavanadate is also able to inhibit
viral activities by preventing the virus-cell host binding [13].

8.6.2 POTs and POMos

The antiviral activity of POMs was initially studied and tested
in vivo in France in 1972 by Raynaud and Jasmin group [106]. They
demonstrated that POTs, such as [NH4];7Na[Na(SbW-0,4)3(Sb0-),],
could exhibit inhibition of the RNA-dependent DNA polymerases
of retroviruses. This discovery led to the hypothesis of the
activity against the human immunodeficiency virus (HIV) that
was later demonstrated for some POTs [13, 107, 108]. Some
studies demonstrated that POMs exhibited their antiviral effect
by inhibiting the binding of virus to the host cell and/or its
penetration [13, 25, 50, 85,92, 107-109].

It is known that HIV specially targets CD4 molecules present
in T lymphocytes, monocytes, and macrophage lineage. A
glycoprotein, denominated gp120, allows its binding on CD4 cells
and, consequently, the injection of viral material into the host
cell [50]. In 2000, Witvrouw et al. [109] have demonstrated that
the anti-HIV activity of heteropolytungstates had a structure-
activity relationship and could inhibit the replication of HIV-1
and HIV-2. In fact it was observed that among the 28 types of
POMs used, all of them showed activity against retrovirus with a
significant variability in efficiency depending on their structure.
The single Wells-Dawson structure of the compound 13 (a,-
[NMesH];[CH3C5H,TiP,W,,04:]) and the double Wells-Dawson of
the structure compound 17 (Na;s[Mn4(H,0),(P,W;5056),]) both
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inhibited the binding of HIV particles to CD4 cells by blocking the
binding of gp120 to SUP-T1 cells, in a concentration dependent
manner. The former compound 17 showed higher activities once
its inhibition for CD4 and gp120 was 83 and 95%, respectively,
at 100 pg/mL compared to 61 and 78% for the compound 13. It
was suggested that some conformations and structures are better
suited for inhibition than others, pointing out the possibility of
target molecules that have marked structural and conformational
differences.

In 2005, Yamase group have demonstrated that V/W and
Ti/W mixed Keggin derivatives exhibit a wide-ranging of anti-RNA
virus activities against MDCK, Vero, Hep-2, and MT-4 cells. All the
compounds showed a toxicity at concentrations above 200 uM
(except for MT-4 cells, which was between 46 and 100 pM) [22].
The studies described are summarized in Table 8.3.

Table 8.3 Types of virus and POMs effects

Zika POT Targets the entry process of [110]
ZIKV infection
Hepatitis C POT Disrupts HCV particles [108]
Fluv-A POT Cell surface location of POT [111-115]
POV Inhibits the fusion of virus
FluV-B POT Cell surface location [111-113,
POV 115]

SR-RSV-A POT Decreased pp60 (v-rsc) activity ~ [116]

RSV-A POT Inhibits adsorption; inhibits [106,114]
PONb  fusion
RSV-B POT  nd. [111]
PfluV 2 POT  nd. [111]
Pfluv 3 POT  nd. [111]
MLSV POT  nd. [111]
MPSV POT n.d. [111]
Herpes type 1 POT Cell surface location [112,118]
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Herpes type 2 POT Cell surface location [112,118]
HIV-1 POT Blocks the gp120-binding [109, 111,
POMo Domain of the CD4 receptor 112,119~
121]
HIV-2 POT n.d. [109]
Hepatitis B POT Anti-HBV activity [122,123]
HCMV POT n.d. [118]
\/A% POT n.d. [118]
Vaccinia virus POT n.d. [118]
Adenovirus ~ POT n.d. [118]
type 1
Adenovirus ~ POT n.d. [118]
type 5
TGEV POT, n.d. [111]
POND,
POV
FIPV POT, n.d. [111]
POND,
POV
SARS-V POT, n.d. [111]
POND,
POV
SARS-CoV POT, Interaction with 3CLP™ protein [124, 125]
POMo

Note: n.d., not determined.

Another study with one Keggin-type POM, (Ks5[SiVW;104¢])
and two double Keggin-type POMs, (K;oNa[(VO)3(SbWy033);])
and (K;{H[(VO)3(SbW4033),]) showed activity, by inhibition,
against dengue virus (DFV), influenza virus (FluV-A), respiratory
syncytial virus (RSV), parainfluenza virus (PfluV 2), distemper
virus (CDV), and HIV [111]. Both compounds showed higher
toxicity, as their effective concentration (EC) values were lower
than 1 pM, in comparison with others (EC5q >10-60 puM). It was
also demonstrated that (K;oNa[(V0)3(SbW¢033),]) strongly inhibits
the binding of the viral gp120 antibodies. Figure 8.9 summarizes
the types of virus studied for all POMs.
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Figure 8.9 Studies published with all types of POMs on different types of
viruses (HIV, Adeno, Corona, Herpes, Influenza, others).

Hosseini et al. evaluated the effect of a novel POM derivate
[P,W,40,,]% (abbreviated P,W;g) on influenza virus (FluV) in
MDCK cell line [126]. It was showed that this P,W;g derivative
had an ECsy of 100 pM, whereas no effective cytotoxic effect on
MDCK cells was observed at a concentration up to 50 uM. It was
also demonstrated that P,Wg could inhibit the virus hemagglutinin
A (HA), responsible for the first stage of viral attachment.
Thus, the Wells-Dawson type POM P,W,5 is likely to have a
dual mechanism of action in the inhibition of FluV replication:
it reduces the binding of HA trimer to the cell receptors and
inhibits the fusion of viral particles into the cell.

8.7 POMs Mechanisms of Antiviral Activity

As referred above, Hosseini et al. confirmed that P,Wg is likely
to have a dual mechanism of action in the inhibition of FluV
replication: it interacts with HA responsible for the first stage
of viral attachment and inhibits fusion of viral particles into
the cell [126]. As mentioned before, inhibition of catalytic
reactions promoted by sialyltransferases and sulfotransferases
would affect the carbohydrate chains in glycoproteins that play
a major part in cell-viral recognition serving as a target for viral
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infections. Thus, by targeting virus membrane proteins POMs
would affect the early stage of viral infection (Fig. 8.10).

Figure 8.10 POMs putative interactions with viral membrane proteins
as hemagglutinin preventing the early stage of infection. Besides,
putative inhibition of neuraminidase would prevent a later stage of
infection. Color code: glycoprotein, dark pink; hemagglutinin, dry green;
neuraminidase, dark green; POM, green.

Certain POMs, such as [SiWgNb30,4], as described by Qi et al,
can act directly on hepatitis C virus (HCV) virion particles and
destabilize the integrity of its structure [108]. Their data suggested
that it could specifically inhibit HCV infection at an early stage of
its life cycle. The inhibition of the HCVcc and HCVpp surface
proteins of the HCV envelope, with an ECs, of 0.8 and 1.2 uM,
respectively, could explain the specificity of SiWgNbz0,, to
HCV envelope proteins. Furthermore, it seemed that POM-12
could endorse the degradation of HCV genomic RNA.

HIV is known to specially target CD4 molecules present in T
lymphocytes, monocytes, and macrophage lineage. A glycoprotein,
denominated gp120 which is located on the surface of the virus,
is the principal weapon of HIV because it allows its binding on
CD4 cells and the injection of the viral material into the cell [50].
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Other studies reported that POMs could inhibit proteases in
a non-competitive manner at low micro molar concentrations
[23, 107, 109]. The HIV-1 protease is important for the
maturation of protein components of an infectious HIV virion,
thus, its inhibition could be responsible for the anti-HIV effect
of POMs.

8.8 Conclusion and Perspective

The anticancer, antibacterial, and antiviral properties of POMs are
promising. POMs are interesting compounds that possess a rich
diversity of structures which applications are yet to be discovered.
POMs have been studied and used in a large variety of fields, and
have become of great interest in medicine. Indeed many POMs
have proved to be efficient against viruses, bacteria, and also
tumor cells. POTs are among those POMs that have been the
subject of the largest number of studies on anticancer, antiviral,
and antibacterial activities. With regard to anticancer activity,
cervix cancer is the most studied in relation to studies with POMs,
in antibacterial activity a greater number of studies have focused
on Gram + bacteria and the antiviral activity of POMs has been
prevalent in respiratory tract viruses, mainly influenza viruses.
Thus, 52% of the antitumor studies carried out with POMs were
with tungsten metallates; 49% in antibacterial studies and 75%
in anti-viral studies. POMos are the second most studied type
of POM in the three mentioned biological activities, with 36, 29,
and 7%, respectively.

The effect of each POM depends on its structure, metal nature,
and biomolecular target, pointing out to new POMs for future
biological applications. Several molecular targets are unveiling
their potential as anticancer, antibacterial, and antiviral drugs of
the future, thus, opening new windows for future research in
these fields. Despite promising results against cancer, virus, and
bacteria, POMs were not yet tested in clinical trials. This may be
due to the lack of in vivo studies, which determine its behavior
in terms of absorption, distribution, metabolism, elimination,
and toxicity. To be approved as a drug, the POM must show
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higher activity against its biological target and very low toxicity
toward normal cells in comparison to the approved drug. Further
studies involving interdisciplinary teams must be conducted
to understand which POM is better tuned against a particular
disease or infection.

8.8.1 Anticancer Activities

POMs present antitumor activity against a large number of
tumor cells. Their mechanisms of action are still difficult to be
determined. Several studies have investigated possible pathways
leading to this cellular death. In general, POMs are able to inhibit
tumor growth by inducing apoptosis. Some suggested that POMs,
once entered into the mitochondrion, can form a complex with
the FMN leading to the inhibition of ATP-synthesis. Generation
of oxidative stress, activation of caspase-3 and presence of DNA
ladder were also factors that contribute to apoptosis. Others
studies suggested that the antitumor activity of POMs is correlated
with the inhibition of the ecto-nucleosidases, HDACs or, as recently
referred, to the inhibition of AQP’s function. A synergy between
apoptosis and autophagy was also proposed by some authors.
Nevertheless, based on these putative mechanisms of action, the
antitumor activity of a POM might depend on its structure, metal
nature, size, and/or its target. For example, decavanadate and other
POMs exhibited antitumor activities at different concentrations
and with different ICs, values through the inhibition of ALP and
kinases, whereas so far no decavanadates were found to inhibit
HDAC or ecto-ATPases. In sum, the cytotoxic effect on different
types of cancer cells was also found to be different for several
POMs.

8.8.2 Antibacterial Activities

Several POMs have demonstrated good activity against antibiotic
resistant bacteria. Some molybdenum- and tungsten-based POMs
can disable the S-lactam resistance of MRSA and VRSA by inhibiting
the transcription of the mecA and pbp genes. In other cases,
POMs seem to dispatch their antibacterial activity by inducing
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morphological changes through cytoskeleton interactions or
interfering with the ionic transport systems, leading bacteria to
death. In fact, decavanadate and other POMs were described as
potent P-type ATPase inhibitors whereas V;, prevention of actin
polymerization points out a putative mechanism of action at the
cytoskeleton level. The majority of the studies have addressed
the potential of POMs to control the bacterial growth and some
explored the mechanism of action of these compounds, however,
several aspects of the virulence and community life of bacteria
were not yet explored.

8.8.3 Antiviral Activities

Finally, antiviral activity is one of the most known effects of
POTs. SbW; was the first and the only POM to have been tested
in clinical trials in 1972, but was also the most toxic one.
Despite its noxious effect, SbW7 gave hope for further studies
regarding POMs and their antiviral activity against HIV and several
other viruses. It seems that POMs are able to inhibit the DNA- or
RNA-virus activities by preventing the virus-cell host binding at
an early stage of the viral infection by targeting viral membrane
proteins. It seems that some conformations and structures are
better suited for inhibition of antiviral activities than others.
For example, in the study of POMs against HIV, the single and
double Dawson structures were the ones who enhanced higher
inhibition whereas decavanadate is linked within the protein
cages of virions.
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