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ARTICLE INFO ABSTRACT

Wells-Dawson polyoxometalates (WD POMs) are an important subgroup within the diverse family of POMs. In
the last two decades, there has been remarkable progress in the structure modification and post-functionalization
of WD POMs, which has unlocked their enormous potential across various domains, including energy materials,
catalysis (photocatalysis, electrocatalysis), functional materials (sensors, optical materials, electrochromic ma-
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Wi,lwls Dawson POM terials, magnetic materials) or biology/medicine (anticancer and antibacterial activities). What makes these
Polyoxometalates systems particularly captivating is their highly adaptable topological structure, combined with the versatile

functionalization methods and consequently their precise design and control, which transfers into a wide range
of applications. In our comprehensive review, we focus on the exploration of their intricate structural charac-
teristics which play a pivotal role in their functional properties. Moreover, the exciting and promising appli-
cations of WD POMs across various areas of science disciplines are highlighted. Our aim is to shed light on the
current state of the art, identify emerging trends, and provide insights into the potential future directions of WD
POM research, which are still being expanded, especially given the rapid development and continuous progress
in the design of novel WD POM subunit functionalities. By doing so, we hope to contribute to a better under-
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standing of these remarkable materials and inspire further innovation in their utilization.

1. Introduction

Polyoxometalates (POMs) are a group of metal-oxo nanoclusters in
the class of inorganic compounds, represented by the general formula
[XxMmO,]1" ", where X = heteroatom, M = early transition metal (TM)
ion in the highest oxidation state (W®*, Mo®", v®*) [1-16]. In general,
POMs are formed by the condensation of oxygen atoms and an early TM
ion under appropriate conditions (pH, solvent, reducing agents, tem-
perature, rate and sequence of addition, type of heteroatoms, type of
cations, etc.) thus forming polyhedra, which are linked to each other via
edge and corner sharing [17-22]. Metal-oxo nanoclusters are classified
into different types, with the principal ones being Lindqvist [MgO19]™~
[23], Keggin [XM;2040]" [24], Wells-Dawson [XM1g062]1"" [25], Sil-
verton [XM;2042]™ [26], Preyssler [X""PsW300110]4° ™~ [27] and
Anderson-Evans [XMgO24]"~ [28,29] types (Fig. 1). The possibility of
self-assembly in various geometric archetypes and sizes contributes to
the diverse nature of the compounds and affects their characteristics
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such as charge density and redox properties [20,30]. The versatility and
variety of POM properties have led to the publication of numerous pa-
pers and reviews in the last decades. An important area of research fo-
cuses on POM nanoclusters as precursors to forming organo-inorganic
hybrid materials [2]. The process of POM functionalization occurs in a
covalent and/or ionic manner. The combination of inorganic precursors
with organic functionalities via covalent binding is a significant branch
of hybrid materials chemistry due to synergistic interactions between
organic and inorganic parts [18]. Moreover, published works have
explored ways to diversify physicochemical properties for potential
applications as well as to understand structure-function relationships in
a wide variety of areas such as catalysis [31-43], photocatalysis
[44-52], magnetism [53-57], energy [58-70], biology/medicine
[71-80], and others [81-87].

However, although comprehensive and recent reviews of several of
the archetypical POM systems have been reported [88-97], an in-depth
discussion of Wells-Dawson POMs (WD POMs) has been unexpectedly
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missing. In fact, the latest published review that focuses on WD nano-
clusters dates as far back as 2003 [31] and it summarized related de-
velopments in this group for the period 1990-2002. The versatility of
WD structures has led in the last decades to exploring ways to diversify
their physicochemical properties: for example, modification of the in-
ternal counterions or templates (Se, P, S, Te, Sb, Ge), modification of
addenda atoms (V, Mo, W) by other coordination metals leading to CAP
(trilacunar or monolacunar) or belt modification, and the formation of
non-conventional WD POMs such as open or sandwich WD POMs.
Furthermore, besides the changes that typically occur in the WD POM
structure, the properties are also influenced by post-functionalization
processes, such as for example single-, double-linker modularity-gener-
ating hybrid materials and others leading to the formation of for
example polymeric systems based on WD POMs. Structurally modified
and post-functionalized WD POMs show an unparalleled range of
properties, from systems capable of mimicking enzymes to materials for
supercapacitors or batteries. Despite the numerous limitations associ-
ated with speciation in solution at different pH ranges, the modification
of POM structures, such as the adjustment of the electronic properties of
acidity or polarity and post-functionalization, researchers started to
probe into biological properties, such as anticancer and antibacterial
activity. Thanks to their valuable redox properties, they find numerous
applications in catalysis, be it photocatalysis or electrocatalysis. Modi-
fied WD POMs have gained features such as stability in solution and in
the solid, have shown potential host roles for magnetic ions, and their
structure has become rigid and highly symmetric, all of which has made
them encouraging compounds in the design of new molecular magnetic
devices. Owing to dynamic developments in the synthesis, character-
ization and application of new WD POMs since the most recent review,
567 papers have been published on WD POMs, of which 293 have
appeared in the last 10 years (Fig. 2).

The purpose of this work is to provide a comprehensive review of
developments related to WD POMs centered on the growing interest in
this class of compounds. Firstly, structural modifications made in this
family of POMs are analyzed in a rational and orderly form, followed by
the synthetic strategies used for these modifications. Subsequently, the
post-functionalization processes of WD POMs together with the syn-
thetic strategies are thoroughly discussed. Finally, the properties and
recent applications in areas such as energy transfer, photo- or electro-
catalysis, sensors, magnetism, biology and other functional materials are
critically evaluated.
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2. Structure of WD POMs

WD POMs are one of the more common types of POMs of the general
formula [XaM1g.,YnOg2]"", where X = heteroatom/template (P, Si, S,
As, etc.), M = early transition metal ion/addenda atom (Mo, W), Y =
other metal coordinate (V, Cr, Sn, Co, etc.), n = 1, 2 or 3 [98-101]
(Fig. 3) and interestingly enough, the first example of a WD POM was
developed and published as early as in 1953 [25].

The overall structure can be grouped according to the exterior cap
and belt positions, which are mostly oxometallates of molybdenum,
tungsten or vanadium at their highest oxidation states, and the internal
p-block elements which form so-called templating oxoanion hetero-
atoms. A modification to the original WD POM structure by incorpo-
rating another metal ion in the cap position contributes to building
variable structures such as dimers or tetramers and facilitates func-
tionalization [101-104]. Nonetheless, belt modification is also impor-
tant as it leads to the formation of non-classical POMs such as open WD
POMs [105-108] (Fig. 4).

2.1. Templates/Heteroatoms

WD clusters may differ from each other in their inner heteroatoms
which are enclosed in the 3D structure of POMs [98,99,109-112]
(Fig. 5). Unlike the classical WD POMs containing two [XO4]" moieties
in their structures, e.g. [PO4]%" [113-116], [AsO4]%~
[113,114,117,118], [SO4]2_ [119-122], [ClO4]~ [123], non-classical
types are generated by the incorporation of non-tetrahedral moieties,
such as pyramidal [XO3]"~ groups, e.g. [SO3]%~ [124-127], [AsO3]%~
[128], [SbO3]13~ [129,130], [BiO3]3~ [131], [TeOs]% [132], [SeO3]%~
[99,127,133,134], ditetrahedral [P207]4’ [135], trigonal-
hexafluorosodate [NaF6]5’ [136-139], trigonal-prismatic [W06]6’
[140-142] or other octahedral [XOg]™", such as [TeOg]® [141,142],
[106]°~ [142,143], [SbOg]”~ [144] (Table 1). It is noted that owing to
the introduction of various heteroatoms into the interior of the structure,
the physicochemical properties are effectively modulated and fine-tuned
[110], e.g. solubility, conductivity, functionalizing flexibility, specific
surface area, degradation, and aggregation.

Classical WD POMs are one of the most well-known and researched
types of POMs owing to their interesting properties and auspicious uti-
lization [110]. [PO4]3’ [113-115] moieties are most frequently
encountered in the literature as the inner counterions in POM structures,
considering the basic POM group. The unusual resemblance to the

(c)

(f)

Fig. 1. The most common POM structures: (a) Lindqvist, (b) Preyssler, (c) Silverton, (d) Keggin, (e) Anderson-Evans, and (f) Wells-Dawson.
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Fig. 2. Number of publications on WD POMs vs. time. Green: Papers summarized in the previous review; pink: papers summarized in this paper.
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Fig. 3. WD POM structure with modifiable groups highlighted and the periodic table showing elements selected for specific modifications.

phosphorus-centered POM can be seen when arsenic is introduced as the
heteroatom. However, the differences between these heteroatoms, such
as the larger atomic radius of arsenic and easy oxidation between the
As™/AsY states, modify the electronic properties of the POMs, which can
be important for catalysis [113,117]. Remarkably, both arsenic and
phosphorus can form a mixed WD POM system, such as arsenate —
phosphate — tungstate a-[AsPW150¢2]%~ as reported by Haouas et al.
[147]. Sulfur is the subsequent neighboring element to phosphorus in
the periodic table, the introduction of which into the interior of a WD
POM structure has a promising effect on its oxidizing properties [121].
Interestingly, WD POM silicotungstates are rarely reported; nonetheless,
according to the available literature most of them do not contain any
organic compound and no more than five paramagnetic metal atoms can

. . " be introduced. This type of POM can be formed by the dimerization of
Fig. 4. WD POM structure with cap and belt positions.

Cap
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Fig. 5. General structures of classical and non-classical WD POMs with [X04]"", [X03]"", [X20,]"" and [XOe]"~ moieties.

Table 1
Representation of the classical and non-classical WD POM structures containing [XO,]"~ moieties (m = 3, 4 or 6) and [X,0,]"".
General formula of the moiety Moiety General formula of the compound Ref.
[X041™ [PO,1*" appo-Na o(Mn""OH2)o(Mn")2(P,W150s6)2 [116,115]
TBAg[a-P,W15062]1-H,0
[AsO41%~ appa-Na; 6(Mn""OHy)2-Mn(AsyW;50s6)2-55H,0 [113,117,118]
Naj[Cug(H20)2(As2W15056)2]1-47H20
K14[As2W19067(H20)]
[SO4]2’ [C10H18N3]4[a-S5M0180651 [119,120,121,122]
(MB)s[S2Mo0"Mo}}0s,]-CH3CN (MB = C16H1gN3S) [BugN]s[S2W15062]
[Ru"(bpy)s]2[a-S3M15062]
[ClO4]~ [NBuj15[ClaW W1}062] [123]
[Si041%~ TBAg[0-SisW15062]-3H,0 [115,105,145]
K7H2[K(Co(H20)4)2Co(H20)2(Si2W18066)1-22H20
[Dy2(H20)6.5(C2H402)0.5812W150661 "~
[VO41*~ [Cuy(2,2"-bpy),(Inic)a(Ha0)21[Y(Inic)2(H20)51Hs[VaW18062]-5.5H20 [146]
[X03]"~ [S03)%~ (BusN)4[W1§054(SO3)-] [124,125,125,126,127]
(TEAH)6[HaW15057(SO3)]
(DMAH)g[W18056(S03)2(H20)2]
[W15054(S03)21*~
[W18056(SO2)2(H20)21%
[AsOs1>~ B-[W15054(As05)5]°" [128]
[SbO31%~ [SbW150601°~ [130,129]
[Cu(phen)(H20)12[Cu(phen)(H20)3]2H[SbW150¢0]-5H20
[BiOs]* [H3BiW150601°~ [131]
[TeO3]*~ (CoHgN)19Na13[(WO2)4(TeaW15054)4]-57H20 [132,132]
(CoHgN)19Cs2Nay1 [(WO3)4(TeaW15054)4]-77H20
[Se031*~ [HaSeYW,g0601°~ [99,133,134,127]
[Se2W15062(H20)51~
[W1s054(Se03)21*~
[W18056(Se03)2(H20)21%
[X2071"" [P,0,1*~ (N(C4Ho)4)4[(P207)M0;80s54] [135]
[XO0g]™™ [NaFg]®~ [(NaFg)W,g0s4(0OH),]7~ [109,136,137,139]
Ko[NaH2Zn(H20)W17F60s5]
Kg[NaH,;Mn"(H;0)W1,F¢0s5]-19H,0
Ko[NaH,Ni(H20)W,,F¢Oss] -15H,0
[WOe1®~ (TEAH)s[H4W19062] [140,142]
a-[W15056(WOg)] 0~
[TeOe]°~ Na(DMAH)s[H3W1g0s6(Te""06)]-14H,0 [141,141]
(TBA), [H3W;5056(Te"'06)]-4CH;CN
[106]°~ Ke[H3W15056(106)]1-9H,0 [143,143,143]
(TPA)[H3W18056(106)]
(TBA)6[H3W18056(106)]
[SbOg]”~ [(SbOG)W15054(0OH),]°~ [109,144]

(NH4)o[SbYW15060(OH)2]-25H20

TBA: tetrabutylammonium; bpy: 2,2’-bipyridine; TEAH: protonated triethanolamine; DMAH: protonated dimethylammonium; phen: 1,10-phenanthroline; TPA:

tetrapropylammonium.

tri-lacunary Keggin-type [a-SiWgO34]'°~ anions [106,115]. There are
only a few examples in the literature where other metals, such as sele-
nium or vanadium, were introduced as heteroatoms; however, these
metal-oxo nanoclusters are little known and studied [146,148-150]. It is
yet noted that despite the fact that they have been little studied, papers
are available that discuss their interesting applications. The work of
Cronin’s group is such an example, in which a core-shell cluster of POM

[W18054(Se03)2] 4~ has been shown to act as a potential storage node for
metal-oxide-semiconductor (MOS) flash memory [134].

Non-classical WD nanoclusters containing only non-tetrahedral
moieties affect the properties and can modulate the physicochemical
nature of POMs. Admittedly, almost for all of non-classical WD POMs
(except for pyramidal [XO3]"~ and di-tetrahedral [P207]4’), six
Baker-Figgis isomers have been observed (a, B, v, a*, p* and y*) (for



D. Nowicka et al.

explanation and description, see Sections 2.2.1 and 2.2.2) [109]. The
first  structure of this group of POMs is a-[(NaFe)
(OH)2W18054]7’containing [NaF6]5’ moieties, reported in 1980 by
Chauveau et al. [138] and determined in 1990 by Baker’s group [151].
In 1994, Kortz and Pope identified the second WD POM, y-[(P207)
M018054]4’, which embeds di-tetrahedral [P207]4’ [135]. In the next
decade, Cronin and co-workers reported a library of WD POMs with
octahedral [XOg]"~ moieties with the general formula
[HnW18056(X06)]" ", where m = 3 or4;n=6o0r 7; X =1, W or Te
[141-143]. Moreover, the possibility of the occurrence of [W06]6’
moieties was proved in two forms: octahedral and trigonal-prismatic
[109,140,141,143]. Noteworthy, in the archetypes with octahedral ge-
ometry, the heteroatoms are located at the center of the cluster, unlike in
other archetypes [142]. It is noted that Cronin’s group developed a
stepwise synthesis method using a robotic workflow for discovering new
metal clusters which led for example to the discovery of three new tet-
rametallic POMs with the formula TBA5[(A-a-SiWgO34)2FeMn4Oo(Lu-
(acac)2)2Az2] (A = Ag, Na, K; acac = acetylacetonate) reported in [152].

2.2. Addenda atoms

An important aspect of POMs are addenda atoms, i.e. transition
metals that are part of POM structures, typically Mo, W, V, Nb, and Ta.
The metals are of remarkable importance for reactivity and type of
displayed function [98,153]. The first group, polyoxomolybdates
(POMos), are characterized by their size and shape, being giant clusters
in the shape of spheres, wheels and hedgehogs due to the presence of
building blocks composed of [M0204] and [(Mo)Mos] subunits under
reducing conditions [154]. A distinctive feature of the second group,
polyoxotungstates (POTs), is their occurrence as lacunar precursors
which are stable and act as inorganic multidentate ligands, so that they
can coordinate with different active species leading to the formation of
abundant POM structures [155]. The third group, polyoxovanadates
(POVs), provide rich redox chemistry and organometallic frameworks or
cages can be formed owing to their structure. In addition, the oxidation
of reduced POVs provides a new pathway for the generation of lacunar
POVs, which in turn can act as host molecules [156]. The last two groups
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of POMs are polyoxoniobates (PONbs) and polyoxotantalates (POTas);
their chemistry is hindered and they are characterized by their neutral
redox nature, have high negative charge density, their behavior under
aqueous conditions is poorly understood and they are base-dependent
[157]. Substitution of various addenda atoms is a useful method to
modulate the electronic structure of hybrids. For instance, Amin et al.
investigated the effects of molybdenum substitution in a wolframium-
based cluster and confirmed the significant effect of this modification
on the energies of the frontier orbitals of the hybrid [158].

The original WD POM structure is composed of two [XM3] moieties
that form the cap (3x[XM3] per each cap) and two [XMg] moieties that
form the belt (6x[XMg] per each belt). Both the cap and the belt can be
modified and rotated resulting in six theoretical rotational isomers: a, 3,
Y, ¥, f*, and y*. As shown in the study of Contant and Thouvenot, the
most stable form of these isomers is isomer «, and isomer a* is less stable
(> B>y >vy*>p* >a*) [159]. The a-[XsM;3062]° anion is composed
of two halves of [XMg]; subsequently two isomers are formed: p and y
form at high temperatures; the p-isomer forms through a rotation by 60°
around the axis leading through both heteroatoms X and the y-isomer
forms through a second rotation by 60°[100,147,160,161] (Fig. 6).

According to calculations by Zhang et al., among the six isomers a, £,
¥, o, B* and y*, a form of Dg-symmetric M1g0s4, where M=W, Mo, V,
etc. cages, for a, y and p* isomers, and a form of D3g-symmetric M1g0s4
for B, a* and y* isomers are possible. In addition, o, § and y isomers
incorporate two eclipsed D3, anions, while o*, p* and y* isomers
encapsulate two staggered XO§~ Dsq anions [162]. In summary, the «
and vy isomers have D3, symmetry, o* and y* have D3q symmetry and p
and p* have Csz, symmetry due to the mismatch of the inner anions and
the outer cage, as confirmed in the report from Poblet’s group [163].

Of the six isomers predicted by Baker and Figgis in 1970, only four
isomers (a, B, v, and y*) have actually been observed [162,164]. It is
noted that the incorporation of non-tetrahedral moieties into a WD
structure (see Section 2.1) enhances the complexity of cap-rotational
isomerism [162] which was underscored in a paper by Cronin’s group
with a WD species including trigonal-prismatic WOS™ moieties as het-
eroatoms, which confirmed the greatest stability for the y isomer using
DFT calculations, different from the stability of isomers in classic WD

Fig. 6. Theoretical rotational WD POM isomers (a, B, y, a*, p*, and y*) and their structural relationships. Reproduced from [147] with permission of the copy-

right holders.
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POMs [140]. It is difficult to obtain the most stable isomer o of a classic
WD with the general formula K¢[a-P2W;8062]-14H20 with high purity
by selective synthesis due to possible intermediate products [165]. In
2004, Nadjo’s group reported the most successful synthesis of a highly
pure a-isomer, Kg[a-PoW18062]-14H20, and they produced over 200 g
with more than 97% (by lp NMR) of the pure isomer a and with no side
products other than isomer p [166]. Additionally, Graham and Finke
again obtained Kg[a-P2W1g0g2]-14H20 using the synthesis method
described by Nadjo’s group and after one recrystallization they obtained
a product with purity increased to 99% of isomer o [165]. Conducted
over the years and by many research groups, the investigation into WD
isomers confirms the hypothesis of Contant and Thouvenot [159] on the
stability of individual isomers of classical WD species, with the following
order of stability: o > f# >y > y* > p* > a*.

Possible structural modifications of classic WD POMs are shown in
the scheme below (Fig. 7) and they are discussed in detail in sections
that follow about the modification of cap and belt positions.

2.2.1. CAP modification: Trilacunar modification

One of the limitations of WD POM synthesis and their further func-
tionalization is the presence of oxo groups on the WD POM surface
which can only bind to a limited number of organic groups to form
hybrid materials for further post-functionalization. Therefore, modifi-
cation of the POM structure is extremely important. One of the most
common types of WD modifications is the cap modification in which the
WD POM structure, [M3PaW;5062]" ", is composed of a [a-PaW 5056]12’
precursor and M (M = VV, TaV, Nbv, etc.) [102,167-169]. Inarguably,
due to the easier synthetic method, the size of the introduced metal ion
and charge of the POM, high-valence d-block metal ions are usually used
to modify the structure. Nonetheless, there are known examples of POMs
in which low-valence d-block metal ions have been used to modify the
original structure [167,170].

Among the aforementioned structural motifs, the most popular is the
WD POM cap modified by vanadium ions, V¥ (PWV). It is noted that this
type of modification has a considerable impact on subsequent func-
tionalization. Moreover, further functionalization is extremely impor-
tant, given the limitations of the POM subunit itself, in particular poor
chemical stability. The importance and usefulness of this type of

(f)
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modification are evidenced in the large number of publications report-
ing the synthesis and structure of PWVs [18,98,102,169,171-182]. The
incorporation of three vanadium ions in the cap position of POMs adjusts
photochemical and electrochemical properties, but most importantly it
allows selective modification at the cap position with linkers, for
instance using tris-alcohol organic derivatives or other organic groups.
Here we report selected examples of vanadium-substituted WD POMs
selected based on their potential in further post-synthetic modification.
Cronin’s group described a benchmark example of the PWV cluster,
TBAsH4[P2V3W15062], which has been often used for subsequent func-
tionalization with other linkers especially in terms of their single
modularity, discussed in detail in Section 2.2 [18,171,172].

Furthermore, the presence of the V3 cap in the POM structure con-
tributes to sensitivity to external factors, for instance reducing agents,
pH, and nucleophiles [102]. Arguably, due to the three capping vana-
dium atoms in the [P2V3W15062]9’ cluster PWV becomes an oxidant,
and the WD POM cluster acquires catalytic properties [174,183]. Hence,
the WD cluster with the vanadate cap is more reactive in comparison to
the tungstate cap [173], which allows selective modification toward
hybrid materials via post-functionalization, for instance connecting the
WD POM with a chosen organic group through the M—O—C bond [102].
Interestingly, depending on the synthetic method a cluster with a
different location of one, two or three V' metal ions of the vanadium
polyhedral can be obtained [183,184].

Tantalum is a different example of a high-valence metal ion which
can be used for the cap modification of a WD cluster. It turns out that Ta¥
incorporation in the WD POM cap results in enhanced reactivity due to
an increased polyoxoanion charge and basicity of oxygen atoms bound
toTa" [168]. The investigation into the effect of niobium, another metal
from the fifth group of the periodic table, has been reported. Research
confirms improved catalytic properties of P,W15Nbs0g5 in comparison
to Pzwlsogg and a high level of kinetic control obtained [185]. In
addition, Xiao et al. reported a cluster consisting of three NbsPOM units
connected by four [M(H,0)4]%" groups as an example of a mixed POM
with Lewis acid metal centers enhancing catalytic activity [186].
Moreover, apart from catalytic activities, a di-NbY substituted cluster of
WD POM can effectively form coiled polymers not previously reported in
the literature [187].

(8)

Fig. 7. Modified structures of WD POMs: (a) saturated WD, (b) mono-lacunary WD, (c) tri-lacunary WD, (d) hexa-lacunary WD, (e) mono-substituted WD, (f) bi-

substituted WD, (g) tri-substituted WD.
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To our knowledge, scientists reported examples of cap modification
using a low-valence d-block metal ion (co™, Mn"™, Nif%, Fe', Re", TiV)
[103,167,188-193]. The substitution of the transition metal ion for
tungsten increases the negative charge of the polyoxoanion, which re-
sults in improved catalytic ability and thermodynamical stabilization of
the structure. An example of the Mn}'Mn"Vcluster can be mentioned in
which a cuban-type system was obtained [188] with single molecule
magnet (SMM) magnetic properties (Fig. 8a). Interestingly, it is possible
to integrate the cuban type into a WD POM cluster lacunary POM, and
while the structural Mn4 core geometry is retained, an unexpected
change in the sequence of the lowest magnetic levels causes trans-
formation of the Mny4 core into a high-spin system without observable
slow magnetic relaxation [188].

An interesting example of cap modification was reported by Li et al.
who synthesized a series of hexa-Ni-substituted WD POM clusters via a
hydrothermal method (Figs. 8b-d). This technique significantly differs
from the conventional synthesis technique of WD clusters and results in
a shift from a thermodynamic product toward a kinetic one, owing to
increased temperature and pressure, which shifts the above chemical
equilibrium [190,191]. Three structures of modified WD POMs were
determined via single-crystal X-ray and good stability of Nig clusters was
confirmed, in spite of changes in the cap position in the structure. All of
those three systems are stabilized via ethylenediamine ligands or their
methylated analogs and, noteworthy, the two clusters (the left and
middle ones) are isolated compounds but the last one (on the right) is
based on Nig-substituted WD POM segments, [Ni(enMe)z]2+ bridges and
acetate anions. Interestingly, only for the latter were ferromagnetic
magnetic interactions observed, thus confirming how important even
subtle structural changes can be [190].

Noteworthy is also the structure of a transition metal-substituted
POM [M3P;W15062]" " (M = Ti") [o-1,2,3-PaW15(TiO2)3056(0H)31°~
due to the generation of multicenter octahedral TiOg active sites which
can have semiconductive and photocatalytic properties [192]. Addi-
tionally, there is another example of a POM with substitution of W'
atoms in a cluster by Ti"V atoms forming giant “tetrapod”-shaped POMs
composed of three main parts: four Tiz-capped WD subunits, four
bridging groups of octahedral Ti(H,0)s and one encapsulated anion:
Br, I or NO3 [103]. It is noted that similar giant “tetrapod”-shaped
polyoxoanions can be obtained using a different transition metal sub-
stituent, such as Fe'', with the formula [KFe;o(OH)ig(a-1,2,3-
PoW15056)41%°7, published by Cronin’s group [193] (Fig. 8e).

POMs can also be combined into larger superstructures, as shown in
a paper by Li et al. [194]. They used a synthetic concept based on

(a) (b) (c)
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exploiting the chemical nature of the boron atom in boronic acids
(electrophilicity and electron deficiency) and features of metal-oxo
groups in POMs (nucleophilicity and high electron density) to connect
multiple WD POM anions [M3P2W; 5062]9’ (M = Ta" or Nb") into POM-
based nanostructures using aromatic boronic acid linkages, resulting in
giant POM-based nanocapsules with diameters of up to 4 nm, internal
cavities and unique high-symmetry architectures [194]. The same
research group published other examples of a polymer based on cova-
lently linked POM-organoboronic acid [195,196]. In 2021, they re-
ported for the first time the preparation of polymers with high proton
conductivity by the controlled covalent polymerization of Nb3-WD POM
and organoboronic acid monomers and the potential for using the
resulting polymer as a solid proton conductor [195].

2.2.2. CAP modification: monolacunar modification

Apart from the widespread interest in tri-substituted WD POMs
resulting from the ability to manipulate the building blocks, control the
growth of the structure and modulate the functionalization process
[193], there are many literature examples of mono-substituted WD
POMs formed by the incorporation of metal ions with high Lewis acid
strength, such as Mn', Ni'', Col' ete. [20,101,197], or a high coordina-
tion number, such as ZrV, sn¥, HfY, Lo et
[17,20,101,104,198-201], to form mono-lacunary WD POMs.

The first group of the ions (the first row transition metal ions) have a
tendency to form monomeric POM structures as exemplified by [Co™ (-
PaWi1706)]'7, [Ni'(@2-PaW17061)1'0, [Cu'(0-PaW17061)1'0” [20]
and [MnHI((xz—PZWnOsl]g’ [197]. Interestingly, this first group of
modifications tend to coordinate with the four terminal oxygen atoms in
the lacunar site of the ay-[PaW17061]1'°” unitin a planar manner due to
the typical octahedral coordination expected for the first row transition
metals, which may affect the less favorable applications of these systems
compared to WD POMs mono-substituted by metal ions with a high
coordination number described below [101].

On the other hand, transition metal ions, such as Zr'V, HfY, have
enhanced Lewis-acid strength and additionally also have a high coor-
dination number [101]. The incorporation of ZrIV, HfYY metal ions into
mono-lacunary WD POMs affects the biological properties of modified
POMs (see also Section 6.4). Both Zr'V-substituted and Hf"V-substituted
WD POMs exist in several forms: 2:2 dimers, 1:1 monomers and 1:2
species, as shown in Fig. 9 [101,198,199,202].

It is noted that the coordination of a lanthanide ion is more likely
than that of the first row transition metal ion due to more flexible ge-
ometries and a higher coordination number. To the best of our

fIV

(d) (e)
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Fig. 8. Polyhedral representation and coordination environment of the (a) [(a-PoW; 5056)Mn5'Mn'V03(CH5C00)3]18 " cluster and (b-d) hexa-Ni cap in three clusters:
(b) [Nig(en)3(H20)6(p3-OH)3(H3P2W15056)]1-14H50; (c) [Ni(enMe),(H20)][Nig(enMe)s(p3-OH)3(H20)6(HP2W15056)]-10H20; (d) [Ni(enMe),]3[Ni(enMe),(H,0)][Ni
(enMe)(H20)-1-[Nig(enMe)3(p3-OH)3(Ac)2(H20)(P2W15056)12:6H20; (en = ethylenediamine; enMe = 1,2-diaminopropane; Ac = CH3COO). (e) Polyhedral repre-
sentation of giant “tetrapod”-shaped polyoxometalates [KFe1Z(OH)18((1—1,2,3—P2W15056)4]29’



D. Nowicka et al.

Coordination Chemistry Reviews 519 (2024) 216091

Fig. 9. Representative structures of Zr'V-substituted and Hf"V-substituted WD POM:s in various forms: (a) 2:2 dimer; (b) 1:1 monomer and (c) 1:2 species.

knowledge, different monosubstituted [an(ozz-P2W17O61)2]17_ WD
POMs (Ln = La, Sm, Gd, Dy, Nd, Eu, Er, Ho, Lu, Ce, Pr)
[101,104,203-216] have been reported. When comparing different
lanthanide ions, slight variation in the distances in the structures of the
published compounds between the metal ions and the nearest oxygen
atoms is typical of the lanthanide contraction effect [203]. Interestingly,
owing to those features, lanthanides are able to coordinate more than
one subunit of mono-lacunary WD POMs and generate more complex
structures [101,104,213-216]. It is also noted here that two different L
and D isomers of the monosubstituted POM subunit can be obtained
(Fig. 10a and Fig. 10b). In the dimeric form of POM clusters presented by
Wang et al., two lacunary sites existed [200].
Cs7.5Ko.5[((H20)7Dy5 (atz,02-PaW16060)(CsHsPO)2)2]-42H20 and
Cs7.5Ko.5[(H20)7Y5 (2,00 -PaW16060) (C6H5PO)2)2]-42H,0  were  syn-
thesized in mild conditions to form one lacunar site (o) in one of the
outer caps (Fig. 10c). Metal ion coordination (M = Dym, Y™ and the
phenylphosphonate induce the opening of the second lacuna (o2) in the
opposite cap. The resulting clusters assemble in a dimeric form con-
nected via M cap-belt bridges [200] (Fig. 10d).

2.2.3. Belt modification

The second significant type of WD modification is related to the belt
part, which sparks less interest among scientists than the above-noted
cap modification, most plausibly due to more serious problems with
the selective etching of XO polyhedra. This alteration involves the

replacement of the WD metal ions (MoVI, WVI) by surface heterometals
such as Cu" [110] (the most common strategy) and rarely by Col! [217],
Mn' [21 8], etc. at the belt position. Xu et al. reported in 2012 a new WD
isomer, 8-[(WOs5)W17Cu(H20)Og5]~, with considerable yields of 55%;
they modified the belt site by Cul incorporation and formation of a
[WOs] moiety with a square pyramid shape which causes a 45 rotation
of the four-belt square-pyramidal [CuOs]/[WOs] (Fig. 11) thus estab-
lishing a new type of WD isomerism involving rotation of the belt
polyhedra, previously believed to remain unchanged. Jiao, et al. re-
ported the first example of an isomer modified by the
[(WOs)3sW14Mn3'044Cl]'2~ Jahn-Teller distortion 5-WD POM via the
incorporation of two Mn'" ions which resulted in the formation of a
square pyramid in the belt position. The resulting WD POM modified in
the belt position using manganese ions, compared to the classical WD
POM subunit, showed higher photocatalytic activity toward Hy evolu-
tion [218].

In the literature, it can be noted that combined cap and belt modi-
fications within the hexa-lacunary [HyP;W15045]'%2~ WD is also feasible,
and it is characterized by the lack of the six octahedra, more precisely
one from each cap position and two from each belt part of the structure
[219-225]. Combination of hexa-lacunary WD POMs with transition
metal and alkali metal ions usually leads to the formation of a macro-
cyclic tetramer of [PgW4gO184]%0" [219,220,222,225] but dimers
[P4W240041%4~ [224], U-shaped trimers [(PO30H)sPsW30136]%¢~
[226] and cyclic trimers [(H20)3P6W390147]30’ [221,223] have also

Fig. 10. Representative structures of lanthanide polyanion modifications of (a) L-isomers of cis-[Ln"(az-PoW1,061)21'7~, (b) D-isomers of cis-[Ln™(ap-
P2W17061)2]17’, (c) “cap to cap”, (d) “cap to belt”, (e) 2:2 type dimeric and trimeric.
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Fig. 11. Comparison of WD structures between the known isomer, (a) a-[(WOg)W15066]1°~ (color code: the central WOg: pink; rest WOg: blue octahedra), and the
new isomer, (b) 8-[(WOs5)W;,Cu(H20)Og5] ™ (color code: the central WOs: pink; the belt square-pyramidal metal atoms (W(4), W(7)/Cu) and their equivalents:

purple; rest WOg: blue octahedra), as an example of belt modification.

been reported (Fig. 12).

To summarize this section, WD POMs can be modified in several
ways by removing atoms and forming lacunary WD POMs or substituting
original atoms by other elements. Additionally, the reported syntheses
allowed a better understanding of the formation mechanism of WD POM
polyanions and provided new information on the design of new multi-
functional materials that exhibit more effective properties (magnetic
properties, photocatalytic activity toward Hj evolution, electrocatalytic
reduction of NOy) through modification [100,218,220-223].

2.3. Non-conventional WD POM motifs

POM nanoclusters can undergo condensation in a variety of different
ways, based on which they are classified into the archetypical POMs,
including the classic WD system, as discussed above. Below, we report
on the so-called non-conventional or non-typical WD systems which
bear certain resemblance to the classical WDs but exhibit enough
structural integrity and differences that a separate section is needed.

(a)

(c)

~
ﬂ'\v

A 4 S
. ('Aiiia

(d)

2.3.1. Open WD POMs

Open WD POMs are an example of the non-conventional modifica-
tion of POM structures. They are formed by the fusion process of two
trivacant Keggin-type [a-SiWg034]'°~ polyoxoanion units combined via
W-O-W bonds. The most common in the literature are open WDs con-
taining silicon as the heteroatom, characterized by the ease of capturing
transition metal ions in the pocket between the two trivacant Keggin
units or as an open container for metals [105]. In these modified com-
pounds five metal atoms are commonly introduced which are para-
magnets [106-108,227], such as Mn., Fe', Co'l, Nill, cu®, zn", A",
Ho™, Gd™, Ga', etc., but modifications are known in which their
number is two [228,229], three [105], four [230] or rarely more than
five [106] (Fig. 13). The first example of an open WD was reported by
Laronze et al. in 2003: the pocket contained potassium and two copper
ions [228]. After one year, Kortz’s group announced the first example of
polyoxotungstate with five Cu?" ions incorporated into the pocket be-
tween two Keggin units [227]. In the following years, papers began to
appear with further novel open WD POMs in which the effect of

Fig. 12. Combined polyhedral/ball-and-stick representation examples of (a) a macrocyclic tetramer of a WD POM [PgW,4g01g4Fe16(0OH)25(H20)41%°7; (b) dimers
[P4W240041%*"; (c) U-shaped trimers [(PO30H);PgW360136]*°~ and (d) cyclic trimers [(H20)sPgW3901471%°~
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Al,-POM Ga,-POM

Fig. 13. Polyhedral representations and partial structures of the center of metal ions: Nis-POM: Nay(C3N2H;2)4([Nis(OH)3(H20)4(CH3C02)]1-[SiaW180661)12.5H,0,

Cog-POM: (C3NoH12)3([Col
Ki10([Ga4(OH)s( [3,3-512W18066] )e28H,0.

increasing the opening angle of the [SizW150¢6]'®~ open WD skeleton
was proved, affecting magnetic properties, and magnetization mea-
surements showed that the multi-metallic core of metal ions in open WD
POMs induced strong antiferromagnetic interactions [106,108].

Wang’s group reported an interesting example of two open WD
POMs: they constructed S-shaped tetrameric germanotungstates with
cobalt and nickel in the open pocket in a two-step synthetic procedure
shown in Fig. 14. In addition, it is noted that both compounds in the
solid state and in aqueous solution had almost identical Raman spectra,
confirming the stability of the studied compounds in solution. In addi-
tion, the ESI-MS spectra of negative ions and UV spectra showed that
both open WD compounds remained stable over a wide range of pH
values of 2.7-9.3 and 2.6-9.8, respectively, suggesting their broad
applicability [231].

In addition to the incorporation of transition metals into the pocket
in the open system of a WD, the introduction of f-block metals has been
reported in the literature. In 2011, Patzke’s group reported five exam-
ples of lanthanoid-containing silicotungstates [Lng(H20)7SiaWig
066]10“ (Ln = de, Tbm, Ho™ and an example with DyIII [Dy»
(H20)6.5(C2H402)o_5512W18066],110“’ [145]. The challenge is to obtain
open-system WD POMs containing metal ions from the p-block, for
instance A" and Ga' ions, in their structures, and this was first
described in 2016 by Nomiya’s group [230]. These are difficult to obtain
due to synthetic and structural problems. Arguably, interactions be-
tween oxygen atoms in the open WD units and potassium cations in the
crystal structures of the Aly- and Gag-open structures play a pivotal role
in the formation of open WDs with aluminum and gallium ions [230].

COYY(OH)5(H0)2(CH3C05)1-[SiaW150661)e6Ho0e(C3NoH1 o), Al4-POM: Kio([Al4(m-OH)s([a,a-SisW15066])#28H,0 and Gas-POM:

2.3.2. Sandwich-type WD POMs

Sandwich-type POMs are a large group of transition metal-
substituted POMs derivatives (TMSPs) with applications in many
areas, e.g. catalysis, biology and materials science [113,167,232-234].
Five principal families of POMs with a sandwich-type arrangement are
known, and four of them are derivatives of the trivacant Keggin type
polyoxoanion and one is a derivative of the WD structure (Fig. 15). The
first group of the four modifications are formed by the combination of
two trivacant types: MWgO3; or MWo0%3 (M = Fe'!’, cu',Co",, Zn", P,
As™L AsY, SilV.sb™ Bill SelV or Te!V), while the fifth modification
consists of two encapsulated units of trivacant a-XaWq 5082 (X=As" or
PY) with potential incorporation of transition-metal cations between two
subunits (M = Mn", Fe', Co™, Ni", cu®, zn", and cd™), forming com-
pounds of the formula [M4(H20)2(P2W15056)2]1" . The latter are among
the most thoroughly described systems by virtue of easy >'P NMR
analysis [232,235-238].

In 1983, Finke and Droege reported the first example of a sandwich-
type POM with the formula P4W3oM4(H20)201$5 (M = Co", cu, zn™
[239] which resulted in a rapidly developing group of non-conventional
POMs owing to their catalytic and physicochemical properties that are
attracting increased interest [235]. The presence of subunits in the form
of a tetranuclear cluster [M4014(OH5)2] where water molecules are
attached to the center of the cluster improves the effectiveness of the
compounds in applications in electrochemistry, catalysis and materials
science [113,117,236,240]. Ruhlmann et al. reported sandwich-type
WD POMs with a tetranuclear cluster with Co® forming complex
[3[3-[C04(H20)2(P2W15056)2]16’ at low pH (pH~3) for which isomers

(b)

Fig. 14. Scheme of S-shaped tetrameric germanotungstates (a) and polyhedral/ball-and-stick scheme of the K;oH;0([Co—(H20)2]2[Co(H20)315(Ge4W360130))-32H,0
polyanion (b). Reproduced from [231] with permission of the copyright holders.
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(b)
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(d)

Fig. 15. Polyhedral representations of the five principal families of POMs with the sandwich-type arrangement: conventional A-type Keggin sandwich; conventional
B-type Keggin sandwich; B-type Keggin sandwich with pyramidal heteroatoms; Tourné B-type Keggin sandwich (transition metal heteroatoms); WD sandwich.

based on a-[P;W150s6]*2~ units and relationships between them are
presented in Fig. 16. The type of connectivity (fp, ap or ax) depends on
synthesis conditions (pH, concentration, ratio of TM to trivacant moi-
eties), and the number and nature of transition metal ions in the central

PR)

P)

P(1) —
P(2) —

sheet. Moreover, in connection with the lability of Na™' (due to sodium
salts in aqueous solution) and their weak binding to the POM unit
Co4(P2W15)2 (blue frame), monovacant NaCos(PoWis)s (violet frame)
and divacant NazCoy(P2Wis)2 (yellow frame) lacunary species can be

Co,(P,W;5),

NaCo,(P,W,;),

Na,Co,(P,W,;),

Fig. 16. Relationships between isomers of different sandwich-type WD POMs with cobalt-based a-[P;W15056]'2~ subunits. Reproduced from [235] with permission

of the copyright holders.
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distinguished. The interconversion between the isomers is strongly
influenced by the pH value, which has been investigated using 3'P NMR,
UV-Vis spectroscopy and electrochemistry. In a medium at pH of more
than 3.5, (Xﬁ-C04(P2W15056)2, [.))ﬁ-C04(P2W15056)2 and
af-NaCoz(PoWis), are stable but, interestingly, the NayCoy(P2Wis)a
they obtained underwent isomerization. On the other hand, isomeriza-
tion of af-Co4(P2W150s6)2 via af-NaCoz(P2W1s)2 to fB-Cos(PoW150s56)2
was observed in lower pH in a range from 2.5 to 3.5.

It is noted that complexes based on electrostatic interactions between
zinc tetracationic porphyrin [ZnTMePyP]*" and the aforementioned
sandwich-type WD [M4(H20)2(P2W15056)2]"~ containing four transi-
tion metal ions are known [241-243]. Shaming et al. reported films
formed via the layer-by-layer method between different porphyrins,
[ZnTMePyP]* or [ZnOEP(py)4]*, and tetracobalt WD sandwich POMs
with the formula (xﬁﬁ(x-[C04(H20)2(P2W15056)2]16’ useful in photo-
catalysis [242].

3. Solution and pH speciation in solution

In aqueous solution, numerous and highly negative-charged species
are most frequently formed, hence the determination of dominant POM
species is difficult. Therefore, individual speciation profiles need to be
investigated in applications in a specific solution [244,245] (Fig. 17).

Stability studies by Contant and Thouvenot show that only the
a-isomer of a WD POM is stable in aqueous solution and all the other
isomers undergo transformation to the a-isomer in the order of y — p — «
[159]. In addition, the rate of WD POM hydrolysis is also dependent on
the counterions and follows the trend of K > Na* > Li* [244].

The common structure of WD POMs with the general formula
[PYWY50621°~ is stable in acidic media at pH lower than 6 and it de-
grades at higher pH forming three different species such as mono-
lacunary [P}’WY%OM]]O’, tri-lacunary [P‘2’W¥é056]12’ and hexa-lacu-
nary [H2P¥WY£O48]12’ WDs [244,246]. The aforementioned studies
from 1985 were also confirmed in the other paper in which Mbomekalle

Coordination Chemistry Reviews 519 (2024) 216091

et al. reported that within the POM of the WD family, compounds with
the formula [X2W13062]6_ (X = PV or As") in acidic media were stable
but monolacunary WD POMs with the formula [XoMW;70611" (X = pY
or Asv) were more stable in higher pH [232]. Moreover, the pH value
also affects the formation of functionalized structures and is associated
with partial or complete transformation from trivacant PoWi5 with the
formula o-[PaW15056] %~ into rarely occurring divacant Po,W;¢ with the
formula a- [P2W16057]8’ [247,248] (Fig. 18a). Interestingly, formed by
hexa-lacunary species, the macrocyclic tetramer of [P8W480184]4°’ is
stable at lower pH at a range from 1 to 8 [244,246]. The mutual
transformations of the different forms of WDs depending on the envi-
ronment are shown in Fig. 18b.

Moreover, as can be seen in Fig. 19, WD formation depends on the
[Mo]/[P] ratio and slows down as the [Mo] to [P] ratio increases. In
addition, in an acidic environment, comparing solutions immediately
after preparation (“fresh*) with solutions after up to one month
(“aged™), it can be seen that in"fresh” solutions, only the Keggin POM
polyanion with the formula [PYMo}5040]%~ is found, and no polyanion
of the WD type is observed, but after some time in the”aged* solution,
both in the case of the [Mo]/[P] ratio = 9 and [Mo]/[P] = 12, a poly-
anion of the formula [P¥M0Y§062]6’ is formed. In addition, for
observable anions formed in a pH range of from 6 to 8, a relationship can
be seen, arising from the balance of anions [HPVO4]2’ and [PVO4]3’
whose occurrence is independent of the [Mo]/[P] ratio and of whether
the solution is “fresh” or “aged” [249,250].

4. Ionic interactions with counter-cations

Crucial for the self-assembly, solubility, stabilization and function of
POMs are the mutual interactions between anionic POMs and organic or
inorganic cations [8,251]. Therefore, papers have been published that
show the effect of the type of cation and solvent on self-assembly and,
consequently, on applications. Given the effect of cations and solvent on
the structure in Anderson-Evans POMs [252], it is expected that it is

S&LE

[P,W40¢,1% [P,W,;,0¢,1'"

[H,P,W 1,051

[P,W,0;]* [P,W,505¢]'>

g4

[PgW,50144]*"

Fig. 17. Polyhedral representation of the classical structure of the [P;W;5062]®~ WD POM and its species such as mono-lacunary [P;W1,06:1'%", di-lacunary
[P,W160571%", tri-lacunary [PYWY5O0s6]2~, hexa-lacunary [HoPYWY3045]*2~ and the macrocyclic tetramer of [PsW4g01541%"".
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[P,W,50¢,]

[H;PgW 50,5, 1% [H,P,W1,0,]**

alkaline

[MIISHZ(P2W16057)

[M",(P,W,40s;,),]% (P,W45054)(H,0)1%

o+

Fig. 18. Scheme of (a) in situ transformation of the trivacant to the divacant form of WD POMs (M" — transition metal ion); (b) hydrolytic transformation of

[P¥WY§062]6’ with an increasing pH value.

[PY,M0"150¢,]*
k-] [PY;M0"150,,]*
8
©
[HPYO,J*
[P'0,P®
[PVMoVY';,0,0]*
= [PYMoV';,0,*
£
[HPYO,J*
[PVO, >
pH 0 1 2 3 4 5 6 7 8
Fig. 19. Scheme of the speciation of selected phosphomolybdates

([P¥Mo0YE0621°~, [PYMo0Y30401%~, [HPYO4]?>  and [PV0,4]1%7) in fresh prepared
and aged (up to 1 month) aqueous solution with a ratio of [Mo]/[P] = 9 (gray
filling) and [Mo]/[P] = 12 (yellow filling) in specific pH ranges corresponding
to the width of the filling.

similar for WD POMs, but to the best of our knowledge, this requires
further research to be confirmed. The self-assembly process of poly-
anionic POMs can result from their association with the long chains of
alkyl-constituting hydrophobic tails. In the literature the amphiphilic
feature of POM hybrids is discussed, which may affect the formation of

(a)

(b)

Micelles

Vesicles

surfactant-encapsulated POMs (SEPs) [9,21]. To the best of our knowl-
edge, WD POMs can form only one type of the molecular structure of
amphiphilic POMs, such as classical ‘head-tail’-type surfactants
(Fig. 20a). Various amphiphilic structures of hybrid-POMs can be
distinguished depending on the shape and packing parameter of the
surfactant, such as micelles, vesicles and bilayers which can be observed
using microscopy analyses, for instance STM, TEM, etc. (Fig. 20b) [9].

5. Post-functionalization approaches as a means to forming
hybrid WD POM assemblies

Hybrid POM platforms, also known as hybrid POM scaffolds, are
compounds that consist of reactive organic groups or sites of ligand-like
species combined with POMs via covalent, ionic, hydrogen and coordi-
nation bonds, etc. [2,3,94,253-256]. In addition, these systems can be
used as building blocks in further functionalization aimed to obtain
discrete or network materials. The possibility of forming such modified
compounds prompted a lot of research groups to develop hybrid POM
materials using subsequent organic groups, such as amide, sulfonamide,
ester, and thioester groups, and based on organic reactions (Huisgen,
Sonogashira, Suzuki coupling, polymerization, metal coordination, etc.)
[2] (Fig. 21, Table 2). In essence, two main groups of WD POM func-
tionalization can be distinguished: the first group based on single-linker
modularity and the other one based on double-linker modularity, each
of which divided into several subgroups.

Bilayers

Fig. 20. (a) Scheme of a representative example of the classical ‘head-tails’ type of WD surfactant. (b) Representative examples of various types of the amphiphilic
POM structure: micelles, vesicles and bilayers. Partially reproduced from [9] with permission of the copyright holders.
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Fig. 21. (a) Selected most commonly studied hybrid WD platforms and functionalization strategies. (b) Typical post-functionalization reactions based on WD POM
subunits, where R, R, R? = organic moieties; X = halogen; BY, = organoborane; L = ligand; M" = metal ion.

5.1. Single-linker modularity

The first main group of WD POM functionalization (single modifi-
cation) constitutes a vast group leading to diverse structural hybrid
materials with interesting applications. The incorporation of organic
moieties into POM backbones ensures facile structural modifications
aimed at obtaining anticipated compounds with specific properties
[17,174,254-256,258] (Fig. 22).

5.1.1. Trilacunary WD POMs

POMs with organic groups introduced into the cap site are more
frequently reported, especially WD tri-vanadium substituted POMs
(VsPOM) due to the easy modulation of structure, stable WD POM
scaffolds for the incorporation of redox-active vanadium centers and
expanded properties [174,275]. It is noted that the presence of the V3
substituent improves oxidative properties, thus providing more oppor-
tunities in biological [254] and catalytical applications [174]. The major
way to this functionalization is the generation of a M—O—C bond con-
necting the WD POM and an organic group from the second substrate
[102]. In 1993 Hill and Hou reported the first alkoxy-POMs obtained
through functionalized POMs via the tris(thydroxymethyl) group [276].
Owing to the functionalization of the cap site via tris-alcohol organic
derivatives these compounds can be used as building blocks leading to
the formation of hybrids via covalent functionalization
[173,177,181,254,255,258]. Since the pioneering publication, many
papers have been published on using this modification method, and after
16 years, a paper reporting on the modification of the previously
developed method appeared in 2009. The new procedure made it
possible to insert an organic compound with two hydroxyl groups and an
amide group. This work paved the way for new modifications by
substituting the POM with carbonyl oxygen from the amide group,
making it possible to communicate electron effects between the organic
group and the inorganic unit (POM) [175] (Fig. 23). Since 2009, a large
number of approaches that use this functionalization to obtain particular
hybrids can be found in published works. Dridi et al. reported a series of
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novel POMs modified with spironaphthoxazine and spiropyran de-
rivatives [176]. Riflade et al. showed an example of a tri-substituted WD
POM modified with picolinamide-diols and formation of a pincer com-
plex using palladium as the catalyst for Mizoroki-Heck coupling [178]. It
is noted that not only the amide group is inserted to the POM structure
but also different organic groups with carbonyl moieties are used, such
as carbamates, thiocarbamates, ureas etc. [174]. Vilona et al. reported
several functionalized WD POMs with inserted urea groups and they
proved that carbonyl incorporation to WD building blocks caused acti-
vation of the urea toward H-bond catalysis [277]. It is noted that Santoni
et al. used WD species substituted by the dipyridyl group for complex-
ation with Re' that resulted in the formation of a covalently bond hybrid
material [180].

Grafting linear ligands, such as bis(TRIS), tris(TRIS) etc., onto Vs-
capped WD POM leads to the formation of a separate class of hybrids.
These materials consist of two or more [P2V3W15062]9’ units and
depending on the amount of subunits known as dumb-bells (two units),
triangular (three units) (Fig. 24) and higher species can be obtained
which are the most frequently reported by Hill, Hasenknopf and Cronin
groups and the main reason for the interest in this class of hybrids is their
amphiphilic properties [18,171,278].

An example of the dumbbell modification linked by the bipyridine
subunit has been reported by Cronin’s research group; they reported a
bipyridine-based dumbbell WD hybrid coordinating Zn". Interestingly,
they proved formation of a trans-dumbbell WD species and trans-
formation to the cis form of the hybrid in DMSO solution upon the co-
ordination of Zn?* ions, which returned to the original form after adding
EDTA which removed Zn?' ions. The authors suggested that this
transformation could be further used to manipulate its self-assembly
behavior, which arguably mimicked the behavior of protein folding
and assembly under the guidance of metal ions [279] (Fig. 25).

5.1.2. Monolacunary WD POMs
A single modification of the WD POM structure includes function-
alization by organic groups connected not only with the trilacunary but
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Table 2
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Representation of functionalized WD hybrids with organic functional groups or metal centers.

General formula of the modularity General formula of the compound

Ref.

[P2W15V3059((OCH2)3CNH-CO-R)] [P2W15V3050(OCH3)3C;1HoN4016~

[102,173,257,171,258,177,180,180,181,259]

[P2V5W15056(OCH;)3CNHCOC, 5Hs,1°~ [COHNC

(CH0)3P2V5W15056(CaqH2oN4)1°~

TBA;oH2[(P2V3W15059(0CH,)3CNHCO),]

TBAsH[P,W15V3062(C20H17N40)]

TBA4H>[C12H904NHC(CH20)3P2W15V3050]

TBAsH[C16H16N3063P2V3Wis]
TBAsH[C;9H;6N3BrOgsPoReVaWis]

TBAsH[P,V3W15050((0CH2)3CNHCO(CH3)C=CH,)]

TBAsH[P5V3sW15046C10H16NsReBr]
TBA;oH2[(P2V3W15050(0CH;)3CCH3)20]
TBA;oH2[C7H1404,C(CH20)3P2V3W150s0]
TBAsH,[C2H40C(CH20)3P2V3W15050]

[P2W15V3059((0CH2)3C-R)]

[171,98,98,260]

TBAs[HP,V3W;5059((0CH3)3CCH;0CH,CsH4D)]

[P2W15V3-SP])

[P2W15V3050((OCH2)2(R)-CNH-C(=)-R’)] TBAs 95H0.05[C22H21N3062P2V3W15]

TBAs[(P2V3W15059(OCH)2C(Et)-NHCO(C20H19N203))]

[176]
[261,262]

TBAs5[P2V3W15059((0CH,)2C~(Ef)NHC(=0@POM)R)]

[P2W17061(Sn-R)] [P2W17061SnCH,CH,C(=0)]°~

[17,263,264,264,265,266]

[P2W17061SnCH>CH2C(=0)NHCH,-poly(N,N-diethylacrylamide)] 7=
TBA7[P2W17061(Sn(CH2)2C(O)NH(CHy)3(N3CoH)CH20C(0)C(CH3)2SC(S)SCh2Has]
TBA7[1-P2W17061(Sn(CH2)2C(O)NH(CH;)3N3)]

TBA7[42-P2W17061SnCH,CH,CON(CH>)s]

[P2W17061(SnCH2CH2COOH)]”~
[P2W16059(Zr-R)]
[P2W17061(0(Si-R)2)] [P2W1,061(PhSi),01°~
[P2W17061(0(Si-CagHigN3)2)1%
TBAg[u2-P2W17061(SiCsH4CH2N3),0]
TBAg[P2W17062(Si-PhI),0]
TBAg[P2W17061(Si-Ph-ethynyl-TMS),0]
TBAg[P2W1706: (Si-Ph-ethynylpyrene),O]
TBAg[P2W17061(Si-Ph-acetylene),0]
TBAg[P2W17061(SiC3He-1))20]
TBAg[a2-P2W17061(P(O)CH2CH2N3),]
Ke[P2W17057(POsHsC7)2]-6C4HoNO

[P2W17061(P(0)-R)2]

Naj4[Zrq(P2W16050)2(,13-0)2(0H)2(H20)4]-57H20

[267]
[268,19,269,270,270,270,270,271]

[269,44,272,273,274]

K7(C2HgN)3(Fe[P2W17057(PO3C21 H14N3)(PO4C24H41)12)
K4(C2HgN)2[PoW17061 (P(0)Co1Hy 4N3)(P(0)OC24H41)]

He[P2W17057(H27C1704PS)2]-3C4HoNO

SP: spiropyran group; TMS: tetramethylsilane.

Transition metal ion

Tri-vanadium substituted
WD POM

Fig. 22. Scheme of a functionalized tri-vanadium WD POM via an organic
ligand capable of coordinating the transition metal ion.

also with the monolacunary site of a WD POM, such as organotin,
organosilicon, organophosphorus, etc. functionalization (see Fig. 21a)
[9,254,255].

Mayer et al. reported in 2004 the first example of two monolacunary
WD POMs with an Si-O-Si anchorage which was confirmed by 2°Si NMR
studies [268]. Izzet et al. showed the a covalently bond POM-hybrid can
consist of two terpyridine subunits connected with op- [P2W17061]10_ via
the Si-O-Si anchorage. This system leads to discrete metallomacrocycles
through the self-assembly process with metal ions [19,280]. It is also
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noted that an organosilicon WD hybrid covalently bonded with an
iridium complex having photophysical properties [281]. In the same
paper, Matt et al. reported an example of an organotin hybrid WD spe-
cies covalently grafted to an iridium(III) complex [281]. Monolacunary
tin-substituted WD species form a comprehensive group of functional-
ized hybrids. The first example of organotin hybrids was reported in
1979 [282] and a number of papers related to this type of functionali-
zation have been published since then [17,263-266]. Boglio et al. re-
ported an example of a tin-substituted WD POM in the cap and belt
position that formed two isomers: op-[P2W17061(SnCH2CH,COOH)]”~
(mono-substituted in the cap position) and o-
[P2W17061(SnCH,CH,COOH)]” ~ mono-substituted in the belt position).
The tin-substituted WD hybrids obtained by their research group were
subsequently used in a regioselective acylation reaction owing to the
nucleophilic character of the W-O-Sn bond and acyl-hybrids were iso-
lated and proved experimentally and computationally [266] (Fig. 26).
Unlike the organotin hybrids, organophosphorus WD hybrids occur
very rarely. This type of functionalization is characterized by the pres-
ence of two organophosphorus moieties that fill the single vacancy,
aligned parallel to the mirror plane, and by the lack of P-O-P anchoring
with features that set the organophosphorus hybrids apart from both the
organotin and organosilicon species [255]. Even though rare, organo-
phosphorus hybrids are characterized by rich redox chemistry combined
with strong electron conjugation between the units and, therefore, they
are mainly studied for their electronic properties. In 2008, Boujtita et al.
performed the first electrochemical study on a hybrid with a phospho-
nate moiety with the general formula TBAg[PaW17061(POCgHs)2]. They
proved a reversible redox process involving the organophosphorus
hybrid in acetonitrile as solvent [283]. Kastner et al. reported an
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Fig. 23. Comparison of functionalization methods between the pioneering modification of 1993 and the new modification procedure published in 2009.
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Fig. 24. Scheme of an example of (a) dumbbell (two units) and (b) triangular (three units) species.

example of a redox-active WD POM surfactant consisting of thiol chains
which was grafted to a WD structure by phosphonate linkers to form
supramolecular aggregates, and this resulted in changes in the redox
chemistry of the WD species. In water as solvent, the novel hybrid sur-
factant formed regular micellar assemblies but the effect of the DMF
solvent caused the aggregation to break down to the monomeric form
which proved reversible redox chemistry for the aggregates. This tran-
sition of the monomeric to the supramolecular form and the accompa-
nying change in physical properties offers opportunities for applications
in photocatalysis, catalysis and advanced switchable materials [274].

It is noted that in the case of the formation of hybrid materials by a
single linker to the monolacunary site of a POM, there have also been
cases of POM-polymer formation as for the modifications discussed
above (see Section 5.3 for more information).
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5.1.3. Various mixed types of POMs

In addition, an interesting example of functionalization reported in
2022 by the group of Tatjana N. Parac-Vogt concerned the combination
of subunits of different POM types functionalized with dipentaerythritol
(R = (OCH3)3CCH,0CH,C(CH,0H)) and the formation of four hetero-
metallic hybrids of the general formula (POMy-R-POM;-R-POM) that
combined Lindqvist [Ve] and Anderson-Evans [XMog] (X = Cr, Al)
structures and tri-substituted [P2V3Wi5] WD POM structures [90]
(Fig. 27).

5.2. Double-linker modularity

The second main group of functionalized WD POMs have double
linkers in various sites. Furthermore, three types of this modification are
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Fig. 25. Scheme of an example of a reversible conformational transformation involving a complexation reaction.

%

Fig. 26. Demonstration of the use of a tin-substituted WD hybrid for the regioselective acylation of an oxo reaction.

known, such as bent, linear and asymmetrical (Fig. 28). The possibility
of functionalization of the primary POM unit gives the opportunity for
further post-functionalization, thus improving the activity of com-
pounds in various areas of chemistry.

Pre-functionalized POMs forming hybrids of disilylated WD species
are further post-functionalized with additional organic groups to form a
bent structure [9,269]. This combination is prepared using effective
means, such as Sonagashira coupling reactions most frequently used in
the post-functionalization of this type as they provide a rigid connection
between the POM and the organic group with photoactive centers
[270,284]. Matt et al. reported bent double functionalization in which
the POM unit was covalently bond with chromophores to open up a
possibility of the potential implementation of this system in photo-
catalytic devices [270]. Cameron et al. obtained organophosphonate
functionalized POMs with photoactive properties. Enhanced photo-
activity through the presence of the POM unit was proved in this paper
[44].

The second type of WD POM functionalization is the linear modifi-
cation with double post-functionalization of the POM via a coupling
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reaction in suitable reaction conditions. The research group of Tatjana
N. Parac-Vogt reported an example of the post-functionalization of a
previously prepared iodine-functionalized WD POM with amine sub-
strates in a linear fashion [271]. He et al. showed a copper complex
based on POM units formed through the linear functionalization of
primary inorganic subunits [131] and another research group, of Han
etal., reported linear double post-functionalized WD POMs forming a Cu
(II) complex with octahedral and tetragonal pyramidal structure [129].

The last type of double functionalization is asymmetrical POM
modification which involves a synthetic challenge and, therefore, the
access to such hybrid materials is difficult. In essence, these compounds
are desirable as they offer a greater possibility of function and physi-
cochemical activity control of these systems, thus leading to specific and
strictly defined applications [272,273]. Hampson et al. reported an
example of a cluster consisting of two units with organophosphonate
groups with various properties: one of them was terpyridine as a
chelating group and the second one was an aliphatic, long-chain subunit
[272]. In the following year, Hampson et al. reported an asymmetrical
hybrid also based on POM units and two different organic groups: one
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Fig. 27. Scheme of heterometallic hybrids with the general formula (POM,-R-POM;-R-POM,) that combine Lindqvist [Vs], Anderson-Evans [XMog] (X = Cr, Al) and

trisubstituted WD POM structures [PoV3Wps]. L:
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Fig. 28. Scheme of the double functionalization of WD POMs involving three types: bent, linear and asymmetrical.

group with terpyridine-coordinating Pt?* ions, and the other one
without changes, with a long aliphatic chain [273] as in the previously
published paper by the same research group [272]. It is noted that it is
very difficult to obtain asymmetric functionalized hybrids, and Hamp-
son et al. first obtained a mixture of symmetric and asymmetric prod-
ucts, and then carried out purification to separate the components of the
mixture (via addition of a different solvent, centrifugation, and filtration
several times) and obtained pure products of hybrid functionalization as
confirmed by 31p NMR analyses (Fig. 29) [272].

5.3. Different linker modularity polymers with POMs

5.3.1. Covalent polymeric systems based on POM monomers
Organically functionalized POMs offer the opportunity to
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incorporate POMs into polymeric networks. Typically, POM structures
are used as components in polymers and self-assembly materials [21].
Miao et al. reported organic polymers with WD POM pendants. The POM
was functionalized via a direct M—O—C bond by linking with a nor-
bornene derivative. A study of Ring Opening Metathesis Polymerization
(ROMP) revealed that Macromonomers can be polymerized in a
controllable manner under mild conditions in the presence of a Grubbs
catalyst. The architecture resulting from this process exhibits a well-
defined hybrid structure, consisting of an organic backbone and
pendant POM groups [285] (Fig. 30). Moreover, a hybrid block copol-
ymer (H-BCP) composed of poly-POM and organic polynorbornene
blocks was prepared via living ROMP. The self-assembly properties of H-
BCP were investigated, and it was found that in acetonitrile, H-BCP
formed micelles with a poly-POM shell and a polynorbornene core,
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Fig. 29. Scheme of the reaction and purification of the asymmetric functionalized organophosphorus WD hybrid. Partially modified and reproduced from [272] with
permission of the copyright holders.

Fig. 30. Scheme of the three-dimensional structure of the hybrid. Partially modified and reproduced from [285] with permission of the copyright holders.

which then formed a hexagonal close-packed pattern [286]. [P2W1g062]) (pztaH = 5-(2-pyrazinyl) tetrazolate; bpe = bis(4-pyridyl)

Other interesting materials are copolymer films based on POM- ethylene) reported by Pang, Ma et al. [288] forms a 3D supramolecular
porphyrin hybrids obtained via electrooxidation between porphyrin architecture and shows an improved electronic behavior explained in
derivatives and different dipyridyl-substituted WD POMs [179]. Section 6.1. In this structure each of [Cu(pzta)(Hzo)]‘zH complexes
Hasenknopf, Lacote, Ruhlmann et al. published several papers in which connects four neighboring P,W;g anions and forms a straight chain,
they showed a connection between two substituents from the benzene further interconnected through hydrogen bonds among the terminal
ring with the pyridyl group, and one substituent with POM units oxygen atoms of PoW;g anions to create a polymeric network.

[179,261,287].
A POM-based coordination polymer (Hbpe)o([Cu(pzta)(H20)]

19
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5.3.2. WD POM-based polymerization initiators

Because the POM surface can be modified with organic domains,
they can be used as inorganic polymerization macroinitiators. There are
several examples of research into WD POM-based macroinitiators in
Atom Transfer Radical Polymerization (ATRP) and Reversible Addition-
Fragmentation chain-Transfer (RAFT).

5.3.2.1. ATRP macroinitiators. ATRP, also known as Reverse-
Deactivation Radical Polymerization (RDRP) or Controlled Radical
Polymerization (CRP), has recently been recognized as one of the ten
groundbreaking chemical innovations set to revolutionize our world.
This emerging chemical technology holds the potential to contribute
significantly to the sustainability of our planet [289]. In 1995, almost
simultaneously yet independently, Mitsuo Sawamoto [290] and
Krzysztof Matyjaszewski [291] developed one of the earliest and most
robust CRP methodologies known as living Atom Transfer Radical
Polymerization in the presence of metal complexes. Unlike conventional
radical-based polymer manufacturing methods, ATRP stands out by
enabling the creation of intricate polymer structures. This is achieved
through the use of a special catalyst that incrementally adds one or a few
subunits (monomers) at a time to a growing polymer chain. Notably, this
living synthetic process can be controlled, allowing the polymerization
to be suspended or resumed when needed. Manipulation of the reaction
conditions, such as temperature, plays a pivotal role in this capability.
ATRP provides an exceptionally resilient means of precisely controlling
the chemical composition and architecture of polymers. It ensures the
uniform growth of each polymer chain, employing a diverse range of
monomers [292]. With over 20,000 citations, ATRP is the most widely
used RDRP technique in approximately 40,000 RDRP systems. Its suc-
cess is attributed to its simplicity and the extensive availability of
commercially accessible monomers, initiators, and catalysts.

The first example of well-defined POM-polymer hybrid materials
composed of a trivanadium-substituted heteropolytungstate WD POM
((BugN)s5[H4P2W15V3062]) and a conventional polystyrene chain ob-
tained by in situ by the ATRP method was reported by Han et al. in 2009.
The macroinitiator was synthesized via a reaction of 2-hydroxyethyl 2-
bromoisobutyrate with tris(thydroxymethyl)aminomethane (Tris) in
DMF at 70°C. Tris can be covalently linked to a POM cluster, while the 2-
methylpropionyl group can initiate the ATRP of styrene (Fig. 31) via the
normal (high copper) ATRP methodology. The resulting linear POM-
polymer assembled in solution to give hybrid vesicles [293].

Further studies on the POM-polymer hybrid in DMF showed evolu-
tion from single macromolecules to vesicles, then to micelles, nanotubes
and finally to micelle-stacked domains. The conversion of single mac-
romolecules to vesicles can occur by changing the hydrophobic POM
head to a hydrophilic POM head. In contrast, in the further alteration of
vesicles into tubular aggregates, an annealing-driven process is neces-
sary [294] (Fig. 32). A recent study demonstrated that the self-assembly
of the POM-polystyrene polymer depended on the concentration and
differing solubility of the POM and the polymer in DMF [295].

5.3.2.2. RAFT macroinitiators. The RAFT method is another form of
living radical polymerization providing an excellent platform for the
formation of products with high molar mass and controlled properties.
In 2013 Lesage de la Haye et al. synthesized for the first time an organo-
POM trithiocarbonate RAFT agent in which the macroinitiator was

HO

HO
NH POM
»—éBT —
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o DMF, Ar Br
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Fig. 32. Morphology of self-assembled aggregates of H¢-POM-polystyrene
hybrids, the size of which depends on the concentration. The red dotted rect-
angles correspond to the concentration range of the solutions in which the
aggregates formed and the diameter distribution of the aggregates formed,
respectively. Reproduced from [294] with permission of the copyright holders.

obtained using trithiocarbonate acid (TTCA) as a classical RAFT agent to
enable control of the acrylamide polymerization process. The polymer-
ization reaction was initiated by azobisisobutyronitrile (AIBN) in
acetonitrile, with different molar ratios of the monomer while keeping
the concentration of the macroinitiator and AIBN constant (Fig. 33a).
The polymer hybrid showed photocatalytic activity for the synthesis of
silver nanoparticles under UV irradiation [264]. In a further study using
the same macroinitiator stable polystyrene-POM composite latex
nanoparticles with a size in a range of 50-100 nm were prepared. Core-
shell nanoparticles underwent self-assembly during emulsion polymer-
ization. The POM-polymer hybrid latexes were synthesized in the pres-
ence of either an amphiphilic organo-POM derivative or a RAFT
macroinitiator. 4,4’-Azobis-4-cyanopentanoic acid (ACPA) used as the
initiator reacts through the RAFT mechanism with a POM macroinitiator
having TTCA in aqueous solution (Fig. 33b). The POM-based RAFT
agent stabilized polystyrene nanoparticles. Moreover, the surface of the
latexes mediated by POM hybrids retained its photocatalytic activity, as
confirmed by using a spatially controlled process involving the germi-
nation of silver nanoparticles on the edge of the studied composites, thus
confirming the presence of POM moieties at the surface of the nano-
particles in aqueous media [296].

The findings presented above suggest that such WD POM-based
polymer hybrids may be used as well-controlled structures in func-
tional materials and lead to the development of the precise control and
hierarchical structural construction of the functional aggregates of POM-
polymer hybrids.

5.3.3. Polymeric POM assemblies

The ability to precisely control the size and topology of hybrid WD
POMs as well as their interaction with other components makes them
excellent building blocks for the large-scale assembly of supramolecular

&

CuBr, PMDETA
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Fig. 31. The first example of POM-polymer hybrid synthesis based on a trivanadium-substituted WD POM.
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Fig. 33. (a) Example of the synthesis of a WD POM-based polymer using the RAFT method. AIBN: azobisisobutyronitrile; ACPA: 4,4"-azobis-4-cyanopentanoic acid.
(b) Examples of polystyrene-POM latexes obtained by the surfactant-free radical emulsion polymerization of styrene in the presence of WD POM derivatives.

hybrid materials.

In 2009, Han et al. presented the first example of a hybrid vesicle
assembly composed of a WD POM and polymer chains. The hybrid ve-
hicles were formed by a previously described H"-POM polymer obtained
via ATRP polymerization, with a hydrophilic inner ring and a hydro-
phobic shell and core [293]. He and co-workers presented POM-based
supramolecular gels through self-assembly formed by nanorolls with
lamellar structure. Surfactants such as TBA and triacetate (CTA)
encapsulated the KgP2W1g0g2 WD structure and assembled into nano-
rolls in butanone and ethyl acetate and the presence of nanorolls con-
structed from (CTA)3(TBA)3P2W;3062 and gel formation was confirmed
by TEM images [297]. Using a similar approach with a palladium-
substituted WD POM, K;js5[Pds(aa-P2W17061)2H], promoted the forma-
tion of nanorolls constructed from [(CTA)x(TBA)(16.x)Pd2(02-P2W17061)2
and hollow spindles, (DTA)X(TEA)(16,X)Pd2(a2—P2W17061)2 (DTA =
decyltrimethylammonium; TEA = tetraethylammonium). The nanorolls
and the spindles were formed in chloroform and in aqueous solution,
respectively. The authors found an interesting application of such Pd-
POM assemblies in Suzuki-Miyaura coupling reactions [298]. A three-
component supramolecular hybrid composed of a WD POM, a
[TagBri2(H20)e] 2+ cluster and y-cyclodextrin (y-CD) formed in a specific
multi-step recognition was reported by Moussawi et al. Hydrogen
bonding and electrostatic interaction enables the formation of a tightly
packed cationic cluster between two y-CDs which bind to the electron-
poor POM and form a tubular chain (Fig. 34) [299].

Yin and co-workers reported the formation of monolayer vesicles
constructed from a bipyridine-based dumbbell-shaped WD POM [279].
An interesting approach to the formation of novel supramolecular
nanostructures self-assembling into a lamellar arrangement was pre-
sented by Hu and co-workers. In their work, a WD POM structure was
linked via a short organic bond with polyhedral oligomeric silses-
quioxane (POSS), resulting in hybrid molecules assembled into layers
composed of WD POM and POSS blocks [300]. The combination of WD
POM with terpyridine units enables the construction of multiscale
nanostructures through metal-driven self-assembly processes. In the

presence of [Co(H20)s](NOg3)s, the building block, (TBA)g[P2W17061(0
(SiC29H18N3)2)], formed nano-organizations, such as a triangle or a
square, and assembled into dense nanoparticles with a specific orien-
tation. POM units combined with Co™ display a different aggregate
structure, resulting in worm-like assemblies with enhanced electrostatic
interactions (Fig. 35) [301].

In 2019 Lui et al. demonstrated that substitution of a single metal
atom in the POM cluster leads to 15 types of clusters, and they used
transition metals (Ti, V, Cr, Mn, Co, Ni, Cu, and Zn) and lanthanides (La,
Ce, Pr, Nd, Sm, Eu, and Gd). The authors reported a series of single-
cluster nanowires, single-cluster nanorings and three-dimensional (3D)
superstructure assemblies. Nanostructure formation depends on pH, and
pH 4.0 leads to nanoring formation while nanowires form at pH 6.5. The
catalytic activity of P,W;7-Mn nanowires toward olefin epoxidation and
sensitivity toward HyOy detection of PoW;7-Eu 3D superstructures pre-
sented in this report show different application possibilities of such
cluster assemblies [302].

Flexible inorganic polymer chains were also obtained by Zhang et al.
in 2020 from K and THA salts of a di-Nb"-substituted WD POM through
the formation of w-oxo linkage between NbY = O inorganic blocks.
Following the formation of intermolecular Nb-p-O-Nb linkages, each WD
anion repeating unit had a 6- charge [187]. GloB et al. demonstrated a
new surfactant based on a V3-capped WD POM structure with a specific
linker. In low volumes of water, the POM units were surrounded by
nBuyN" ions to form a micellar structure and were deposited in the
liquid phase on a highly oriented pyrolytic graphite, resulting in the
formation of two-dimensional molecular layers [260]. Further studies
by GloB et al. on two tris(alkoxo)-ligated polyoxoanions
[HP5V3W15059((OCH2)3C-R)] 5- (R = CHySMe, NHCOCgH4SMe) focused
on differences in self-assembly on gold depending on ligand function-
ality. WD POMs with a shorter ligand form a small island on Au(111)
and grow vertically, whereas POMs with a longer chain form larger
clusters of similar length (Fig. 36) [275].

Zhang and co-workers studied linear poly-POM chains formed with
tris(hydroxymethyl)aminomethane cations as substituents on the WD

Fig. 34. Structural representation based on the X-ray diffraction analysis of a single crystal of the tubular chain showing periodic alternation of a ditopic cation
(Tas@ZCD)2+ and [P2W18062]6’. Partially modified and reproduced from [299] with permission of the copyright holders.
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Fig. 35. Metal (Co")-driven formation of a molecular triangle and a square in DMSO (Co") and the formation of nanosized aggregates through hierarchical metal-
driven self-assembly depending on solvent composition (DMSO/CDsCN mixtures) and the metal linker charge. For clarity, the supramolecular structures contain

only triangles.

Fig. 36. Scheme of the self-assembly of a post-functionalized WD POM on
Au(111).

POM anionic core. The authors observed multi-shaped aggregates of
single chains of poly-POM units. The shapes of the chains depended on
intramolecular interactions. Short-range interactions mimicked straight
chains, while long-range interactions mimicked curved and disc-shaped
chains [303].

6. Different uses of WD POMs

WD POMs are used in many scientific fields: energy-related appli-
cations, catalysis, functional materials and biology/medicine (Fig. 37).

6.1. POMs as candidates for energy-related applications

Recently, research into new materials for green and sustainable en-
ergy sources has increased significantly due to the demand for renew-
able alternatives and new storage technologies. POMs have gained

22

prominence and have been the subject of several articles and reviews on
energy-related applications due to their unique capabilities (e.g., a high
number of metallic centers, high oxidation states, reversible redox
processes, multiple electron transfer reactions without altering their
structures, etc.) [58,304-307]. However, WD POMs have not been as
extensively explored/investigated in this area compared to other types
of POMs.

This motivation has led to developments in energy storage technol-
ogy, such as the use of WD POMs in supercapacitors, which can lead to
remarkable results in terms of improved energy storage and delivery
capabilities. Using an adsorption method, Madhusree et al. integrated a
WD POM with an activated carbon surface. The hybrid electrode showed
a capacitance of 289 F g~ ! and achieved cycle stability of 89% over 4000
cycles [308]. An interesting example of the use of WD POMs as redox
materials was shown by Mughal et al. Carbon black (Vulcan XC-72R)
used as a stabilizing anchor for K¢[P2W1g0g2] enhanced charge and
discharge stability during electrochemical cycling. In voltammetric
analysis, the redox activity of a POM and oxidized Vulcan carbon was
retained after 500 cycles, while non-oxidized POM-Vulcan lost its redox
activity at 250 cycles [309].

An example of hybrid POM nanostructures assembled on a carbon
surface was presented by Amin et al. A POM organofunctionalized by (4-
(icosyloxy)phenyl)phosphonic acid forms a polar POM head group and
non-polar long-chain alkane tails which spontaneously create mono-
disperse micelles in aqueous media. The deposition of micelles occurs on
three different carbon surfaces: (i) glassy carbon (GC), (ii) graphene
oxide (GO), where the micelles form a monolayer, and (iii) highly or-
dered pyrolytic graphite (HOPG) to form a multilayer lamellar structure.
Electrochemical analysis showed that GC with multi-redox properties
coated with a POM micelle layer is stable and active for up to 100
measurements [310] (Fig. 38).

Deposition of a pseudo-WD-type POM cluster [M01g054(SO3)2] on a
nanogold surface activates thermally controlled redox behavior, acti-
vated by a local electric field, and it accelerates reversible intra-
molecular redox reactions within the cluster shell. POM nanoclusters
containing redox agents are able to eject electrons from the sulfite anion
and delocalize them over the POM cage, leading to a reduced state. This
process shows potential for applications in molecular electronic devices
[311].
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Fig. 37. Scheme of the various applications of WD POMs.

e Yo

o

N NN\

- -
(e

f:b‘\i/\
O &/

&/

S

Fig. 38. The model of self-assembly and deposition of a WD POM nanostructure on the carbon surface. Reproduced from [310] with permission of the copy-

right holders.

A study of the interaction of WD POM films with an aluminum
electrode as a POM/AI cathode showed that six electrons were trans-
ferred from the electrode to the (NHg)g[P2W18062] and
(NH4)6[P2Mo018062] WD POM cluster after reduction. The device pre-
sented in this article has demonstrated applicability in optoelectronics
as a cathode interlayer material with improved electron injection/
extraction efficiency and reduced recombination losses [312]. The
multi-electron reduction of films based on both POM ammonium salts on
the aluminum and semiconductor surface was studied several years later
by the same research group. They found that the presence of ammonium
counterions, POM’s LUMO position and Fermi substrate levels affected
multi-electron reduction and enabled spontaneous electron transfer
[313]. An interesting approach was presented by Bushe et al. in their
paper, in which they considered the potential application of POM
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molecules as flash memory devices. The core-shell WD POM cluster
[W13054(Se03)2]4’ can be repeatedly reduced, and the selenium moi-
eties can be oxidized. Such a metal-oxide semiconductor can serve as a
floating gate and inhibit flash memory charge trapping after the initial
excitation step [134]. The role of POMs as an active material in the
engineering of resistive random-access memory (RRAM) has been
explored by Sterin et al. They demonstrated resistive switching behavior
in redox-active POM clusters [V10023]6’ deposited on the top of a glass/
ITO layer and coated with Cr/Au contact pads. The new RRAM appli-
ance was capable of storing as well as releasing a large number of
electrons and exhibited high endurance, retention, and resistance ratio.
Stability of the device was confirmed after as long as 12 months [314].

WD POM:s are well-known photosensitive materials with the poten-
tial to facilitate multiple electron transfer reactions using light
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[218,315]. Unfortunately, most of the excited states of WD POMs can
only be generated under UV irradiation (typically at wavelengths of
200-400 nm). Therefore, only a small fraction of sunlight can be con-
verted into electrical energy. Indeed, this has limited applications in the
field of photoelectric energy. However, new approaches involving
photosensitization of visible light by chromophores have improved
photocurrent generation. Among the photosensitization strategies
investigated for WD POMs, the most relevant include: (i) electrostatic
interactions between anionic POMs and cationic sensitizers [316-318]
and (ii) covalent or coordination chromophores coupled to POMs
[269,284,319,320].

A significant part of the field has focused on porphyrin
[317,319,321-323] which is known to have high absorbance in the
visible and near-infrared range. However, most of these photophysical
studies have focused on exploring the first light-induced electron
transfer and not on the transfer of a second electron, a crucial aspect for
solar energy transformation into storable energy such as Hs or Os. In this
sense, it is extremely important to carry out a rational design to adapt
the hybrid systems to achieve more effective change transfer properties.
Harriman, Odobel et al. [322] described a multi-porphyrin complex
consisting of two components, one being ZnTPP-based donors and the
other a free porphyrin intermediate compound. Their study was
instrumental in promoting directional charge transfer and simulta-
neously preventing too rapid recombination of the charge between the
molecules: WD POM and ZnTPP donors. This enabled POM to store
multiple electrons in a single group, an essential requirement for its
energetic application. Subsequently, Izzet, Artero, and Proust [324]
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showed efficient photoreduction of a WD POM hybrid with an iridium
complex: ([P2W17061-(0(SiC36H23N3051Ir)2)1°7) in the presence of a
sacrificial electron donor. Sequential formation of one-electron and two-
electron reduced species was observed with a significantly higher re-
action rate for the first reduced species. This hybrid also generated
hydrogen under visible light without significant yield loss for more than
one week of continuous photolysis.

Hydrogen generation in non-covalently sensitized systems has also
been reported. Douvas, Argitis, and Coutsolelos studied the sensitization
of W and Mo WD POMs with meso-tetrakis(N-methyl-pyridinium-4-yl)
porphyrin (ZnTMPyP}) [325]. Both sensitized WD POMs showed higher
hydrogen generation efficiency compared to those obtained by direct
photoreduction. Moreover, the [P2M018062]6’ (Fig. 39a (left)) catalyst
(after sensitization with ZnTMPyPJ) showed higher efficiency for Hy
evolution than [P2W18062]6’ (Fig. 39a (right)). The authors attributed
this fact to the lower LUMO position of the [P2M018062]6’ anion and its
higher degree of reduction.

In addition to porphyrins and iridium complexes, metal organic
frameworks (MOFs) and supramolecular MOFs (SMOFs) derived from
[Ru(bpy)g]2+ were used as photosensitizers (e.g. UiO MOF [326], MIL-
101 [327] or SMOF-cucurbit[8]uril [328]) which showed improved
hydrogen evolution. This effect can be attributed to increased three-
dimensional organization and enhanced association between the
cationic photosensitizer and the anionic catalyst in these systems.
However, a disadvantage of these strategies consists in the use of
precious metals such as ruthenium. Recently, Lv and co-workers re-
ported noble metal-free POM@MOF systems with efficient hydrogen
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Fig. 39. (a) Scheme of a simplified molecular orbitals diagram presenting the ZnTMPyPj -sensitized multi-electron reduction of two WD-type POM catalysts:
[P,Mo0,50621%~ and [P;W;50621°~, for efficient H, evolution. (b) Illustration of highly efficient H, evolution by the ZnTMPyPj -sensitized multi-electron reduction of
WD POM catalysts using 2-propanol (IPA) or triethanolamine (TEOA) as the sacrificial electron donor in a water-soluble system; based on [325].

24



D. Nowicka et al.

generation using visible light [329]. The compounds were prepared by
incorporating Ni-containing POMs (NigPW;o and NigP2Wje) into the Zr-
based MOF (NU-1000). Both compounds showed reproducible photo-
catalytic hydrogen generation, which was higher in the WD POM@MOF
system.

Water oxidation catalysts (WOCs) are also a critical topic for solar
fuel production. Hill and co-workers synthesized an open complex of
[Nis(OH)(OH3)3(SiaW18066)112 WD POMs containing penta-nickel and
silicotungstate, showing an ability to generate oxygen by oxidizing
water in the presence and absence of light by forming complexes with
[Ru(bpy)s]™" (n = 2 or 3) [107].

The unique and tunable electronic properties of POMs have led to the
construction of photovoltaic cells for solar cell applications using POMs.
It has been observed, for example, that the incorporation of PaWig films
on ITO in organic photovoltaic cells has improved power conversion
efficiency [330]. On the other hand, mono-substituted POMs with
transition metals, P,W17-Co and P,W;7-Mn, have been used to co-
sensitize NiO electrodes, showing higher overall power conversion ef-
ficiency compared to other inorganic photosensitizers [331].

Lithium batteries (LiBs) are also in the spotlight in the energy
research field because they offer an alternative source of new energy due
to their high specific energy density and long lifetime. Energy storage in
rechargeable batteries results from reversible redox reactions in active
electrode materials. Due to their multi-electron reversible transfer,
POMs have received a lot of interest as electrode materials in LiBs [304].
POM can be activated by the coordination of conductive materials and
can significantly modify the electronic structure of the clusters. The
formation of WD helical hybrids has been shown to improve perfor-
mance when used as electrodes in LiB [332]. Thus, by having a high
number of oxygen atoms and with a lower spatial symmetry, WD POMs
are attractive building blocks for different structures and functionalities.
For example, Sha and Wang [333] reported complex multi-fold Meso-
helices in the structure of a WD POM-based hybrid. The resulting hy-
brids, [Ag26(Trz)16(OH)41[P2W15062] and  Na[Agie(Trz)e(H20)4]
[PaW15062] (Trz = 1,2,3 triazole), were used as anode materials for LiBs,
showing higher discharge capacities than those obtained for unfunc-
tionalized (NBug)g[P2W180g2] or commercial graphite commonly used
as reference anodes. Both POM hybrids show excellent performance
after 100 cycles and the authors conclude that the regular helical
conformation of the composites provides stable charge transmission
channels during the discharge-charge process. The surface of GO, a
commonly used building block for various nanocomposites, was effec-
tively modified by the covalent binding of ionic liquids and loaded with
a WD POM. The use of the prepared nanocomposite as a LiB anode
material enhances charge transfer and provides high specific capaci-
tance with a long cycle life over 1000 cycles [334]. A new class of hybrid
materials has emerged by introducing the WD POM cluster
[AsyMo15062]%~ into MOF architectures based on Cu(btp), (btp = 1,3-
bis(1,2,4-triazol-1-yl)propane) generating a POMOF. Such a 3D network
exhibits stability in air and at different pH values in aqueous solutions
and organic solvents. Based on the assessment of reversible capacity and
cycling stability, it is a promising anode material for LiBs [335].

Recent studies, from 2022, on lithium-sulfur batteries (LiSBs) based
on WD POMs present a solution for dendrite formation and polysulfide
conversion. A WD POM-modified polypropylene membrane improves
the electrochemical performance of LiSBs and shows initial high specific
capacity with excellent cycling stability [336]. A surface modification of
MIL-88A(Fe) by a WD POM enables the carbonization of the material to
produce a capsule coating with a carbon and Fe3O4 component. The
hollow capsule acts as a sulfur host and can significantly improve the
efficiency of the sulfur electrode during the charging and discharging
process [337].

The use of an addenda WD POM for energy storage may be chal-
lenging. A study of Pratt et al. shows that clusters with higher charge
density exhibit poor stability. Consequently, charge storage in a
laboratory-scale flow cell demonstrated the worst performance of all
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tested addenda POMs [338].

Supercapacitors are also energy storage devices that are gaining
importance. They have the ability to deliver a large amount of energy in
a short time. Energy storage is based on the combination of electrostatic
charge separation (double layer capacitance) and electrochemical
charge separation (pseudo capacitance). Ammam et al. synthesized WD
POM hybrids with Ru and evaluated the performance of the hybrids
deposited on electrodes to be used as supercapacitors in physiological
electrolytes as potential storage devices for powered implanted
biomedical devices [339]. The hybrid synthesis was carried out in the
presence and absence of KI, and two different stoichiometries were ob-
tained: [Ru(bpy)3]3PM018062-nH20 and [Ru(bpy)g] 3'33PM013062'
mH,0, respectively. The authors showed that there was a strong influ-
ence of hybrid composition and supercapacitor behavior. It was found
that a hybrid with a higher proportion of Ru(bpy) performed better as a
supercapacitor in physiological conditions.

Stretchable supercapacitors reported by Mu et al. constructed with 3-
(2-naphthyl)-L-alanine, the [HeP2W13062] WD POM and silver powder
reveal underwater adhesion properties. In addition, this type of flexible
material shows advantages such as adhesion to electrolytes, conductiv-
ity, reversible redox behavior and fast electron transfer/storage abilities
[340]. The PaW13 WD POM integrated with activated carbon (AC) was
studied as a nanohybrid electrode for high-performance supercapacitors
in a two-electrode system. The results showed excellent specific capac-
itance (289 F g1) with good energy and power density (40 W h kg™1)
and demonstrated a cycling stability of 89% over 4000 cycles [308].

The use of polymer hybrids is a strategy to reduce POM solubility in
electrolytes and increase conductivity in supercapacitors, for example
by adding nitrogen compounds to the polymer. Pang, Ma et al. reported
and investigated a new coordination polymer, (Hbpe),([Cu(pzta)(H20)]
[P2W15062]) (bpe = bis(4-pyridyl)ethylene; pzta = 5-(2-pyrazinyl) tet-
razolate) [288]. The authors showed that the formation of a polymeric
WD hybrid had better electronic performance than the a-K¢PaW18062
inorganic analog and other electrodes made of POMs (see Section 5.3.1).

Research into energy storage, either in the form of electrical charge
or conversion into chemical fuels, has undoubtedly been a major focus in
recent years. In this sense, battolysers (integrated battery-electrolyzers)
can function as both batteries and fuel generators and could have a
transformative effect on how renewable energy is used [341]. Moreover,
finding new mediators capable of accepting more electrons per molecule
is crucial for practical applications. Cronin et al. recently showed that
the [P2W15062]%~ polyoxoanion had remarkable proton-coupled elec-
tron redox activity [342]. Under those conditions, the molecule could
reversibly accept up to 18 protons and electrons in aqueous solution.
The authors showed that the highly reduced [PaW18062] 6~ WD POM can
be used in two ways: firstly it can act as high-performance electrolyte of
a flow redox battery (practical discharge energy density: 225 Wh 17%;
theoretical energy density: more than 1000 Wh 171) and can be used as a
mediator in an electrolytic cell to produce hydrogen on demand.

6.2. Catalysis

POMs are widely used as catalysts due to their high efficiency,
resistance to oxidation, degradation and hydrolysis, ability to stabilize
ions, and environmental compatibility [31]. POMs and heteropolyacids
(HPAs) (containing protons as cations) represent one of the most ver-
satile catalysts due to the multiple active sites, including protons, oxy-
gen, and metals [32]. The protons in HPAs can act as Brgnsted acids and
participate in acid-catalyzed reactions. Some oxygens are sufficiently
basic and are capable of reacting or even abstracting protons from
organic substrates. Lewis cation incorporation (in a lacunar POM or
through a suitable ligand in a hybrid POM) converts them into catalysts
as Lewis acids. However, the most active sites in POMs are on the metal
atoms, which are involved in many distinct types of reactions (such as
oxidations, acid-catalyzed reactions or other reactions). In turn, the
Lewis acidity of POMs may be achieved using high-valent metals [32]. A
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wide variety of WD POMs have been extensively used as catalysts in
organic transformations, such as chemical oxidation [167,174], in many
classical reactions: Diels-Alder, Mannich and Mukaiyama-type [343],
Suzuki-Miyaura cross-coupling reactions [344], amide formation [345],
cyclization of 1,3-diketones with hydrazines/hydrazides or diamines
[346], epoxidation [113], allylation of sulfonyl imines and aldehydes
[178], hydrolysis of peptides [199], hydrogenolysis reactions [347],
Friedel-Crafts acylation [348], and so on. As in all homogeneous re-
actions, recovery and reuse of the catalyst can be difficult. In this regard,
the inclusion of POM anions as inorganic building units to construct WD
POM-based MOFs represents a successful strategy to recover the catalyst
at the end of the organic transformation [150].

The catalytic ability of POMs is undoubtedly altered and in many
cases enhanced by the introduction of transition metal/lanthanide het-
eroatoms into their structure (see Section 2.2.2). Cronin et al. investi-
gated the phosphoesterase activity of ay- [P2W17061]10’ type WD POMs,
containing various metals such as Mn', Fe'', co, Ni', and Cu', and
other ions such as YW, La'", Eu"™, zr"V, and HFYY [101]. Catalytic activity
was studied on 4-nitrophenyl (NPP) and bis-4-nitrophenyl phosphate
(BNPP), well-studied model substrates that mimic the phosphoester
bond in DNA. The incorporation of the first-row transition metals
showed no catalytic activity. In contrast, the second and third groups of
POMs modified with lanthanides and Zr"V and Hf"V, respectively, showed
catalytic activity. In the former case, the activity was reported only in
NPP and those with Zr and Hf also showed catalytic activity on the more
resistant BNPP. The authors attributed these differences to the higher
coordination numbers and the capacity to form complexes with flexible
geometries of the lanthanides, Zr and Hf. Another consequence of the
high oxidation number is the ability to form organized dimeric POM
structures. On the other hand, the enhanced Lewis-acid strength from
Zr" and Hf" compared to Ln™ ions enabled more efficient NPP hy-
drolysis and catalytic activity in more resistant BNPP. In the same way,
Wynne et al. showed the potential of WD-substituted hetero-metals, [Zr
(0t2-P3W17061)2]10~ and [Ni(ay-PaW17061)187, to be used as catalysts in
the rapid oxidation of a persistent organophosphorus chemical warfare
agent analog [349]. A novel decontamination method was employed by
the direct application of aqueous POM solutions on the CWA analog and
15 wt% hydrogen peroxide. WD incorporation with Nil and zr'V
increased the oxidation rate significantly and reduced the reaction half-
lives compared to the slower oxidation without a POM. In the first case,
the mechanism involved a direct Ni'' reaction with hydrogen peroxide
generating a reactive species that then the substrate was oxidized. In the
case of Zr'V-POMs, the process was more complex, with additional active
species present in the solution that influenced the rate of substrate
oxidation.

6.2.1. Photocatalysis

The photocatalytic behavior of POM hybrid materials is the result of
UV light irradiation which excites electrons from low-energy states to
high-energy states, from oxygen-binding 2p orbitals to (HOMO) metal-
binding anti-binding d orbitals (LUMO) [350]. The photoexcitation of-
fers several advantages, such as homogeneous photocatalysis or a light-
induced active redox reagent in multi-step photoredox-systems.

Photocatalysis focused on POMs is not only interesting for its energy-
related applications but also for its use in the degradation of organic and
inorganic pollutants. The major advantage of photocatalysis processes is
that experiments can be conducted under mild conditions such as at-
mospheric pressure and room temperature. As previously noted, many
efforts have been made to modify the electronic properties of POMs to
take advantage of visible light (see Section 6.1). Newton, Oshio et al.
showed that WD POM functionalization with an organophosphonate
derivative (4-carboxyphenyl phosphonic acid) reduced the energy gap
between HOMO and LUMO [44]. It also shifted the LMCT band to the
visible region as compared to non-functionalized WD POMs. This hybrid
can photocatalyze the indigo dye (a model impurity) using visible light,
unlike non-functionalized POMSs. Subsequently, the authors
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demonstrated that catalytic activity can be modulated by modifying the
substituent at the para position of the phenyl ring [130]. They found that
catalytic activity depended on the inductive properties of the substitu-
ent. Mousavi et al. used a sodium polytungstate POM cluster as an
efficient agent to remove toxic auramine-O from aqueous media. The
results showed that up to 100% of impurities were degraded within 110
min irradiation time of the WD POM cluster [351].

Photocatalytic capacity has also been explored using non-classical
WD POMs, or “WD-like” (similar to WD POMs but with a non-
tetrahedral group added to each [M;g] cluster). These include inorga-
nic-organic hybrids containing the SbO3 pyramidal group in a WD POM
based on an organic ligand ((Ni(phen)s)[SbW;5060]1(H30)3-7H20)
[130]. This hybrid showed excellent catalytic activity and selectivity in
the degradation of RhB at pH 3 using visible light. The authors suggest
that this type of structure may have enhanced catalytic activity as it
contains a lone pair of electrons in [Wig].

The high solubility of WD POMs and the growing interest in
designing efficient and recyclable heterogeneous catalysts have
prompted the exploration of a variety of approaches to this problem.
Several selected supports to immobilize POMs have been shown to play
a dual role by modifying some of the physicochemical characteristics of
the POM and enhancing the adsorption capacity of the substrates to
react with the active species [352]. Metal oxides, for example, are a
widely studied group with several types of POMs. In this respect, Wu,
Guo, and co-workers showed the effect of immobilizing HgPoaW130g2 on
TiOy [353]. These composites were successful in the photocatalytic
degradation process of aqueous parathion-methyl insecticide solution
using visible light. This effect was attributed to the synergy effect be-
tween the POM and anatase TiO,, porous structures, and the narrow
bandgap of the composites. The coupling of Hg[P2W1g062] and TiO,
produces a decrease in conductivity band levels, resulting in a smaller
bandgap than the POM or the support alone. This group later showed a
similar effect by coupling Hg[P2W13062] to tantalum pentoxide (TazOs)
[354]. In addition to metal oxides, the effect on heterogeneous photo-
catalytic properties was investigated using hybrid organic-inorganic
POMs. The reported organic-inorganic hybrids were based on cucurbi-
turil derivatives and WD POMs which showed photocatalytic activity in
the degradation of methyl orange and rhodamine-B using visible light
[355].

6.2.2. Electrocatalysis

POMs are also widely used as electrocatalysts (mediators) in elec-
trochemical reactions, and they catalyze electron transfer between the
electrode and electrolyte solution. Undoubtedly, the functional versa-
tility of WD POMs is evidenced by the large number of papers reporting a
wide range of modified WD POMs as electrocatalysts [356]. Among the
modifications of WD POMs that present interesting electrocatalytic
properties, noteworthy is the introduction of vanadium into the struc-
ture of a tungstic or molybdo-tungstic POM [356-358]. The electro-
catalytic capacity of non-conventional WD POM structures (e.g. WD-
sandwiched clusters [247], open WD-tungstosilicates [105] or metal-
—organic framework based on WD POM [359,360]) has also been stud-
ied. Some of the major electrocatalytic processes using WD POMs
include the reduction and oxidation of nitrogen oxides
[120,357,361-364], reduction processes resulting in molecules of bio-
logical interest (e.g. NADP™, 1-cysteine) [356,357], oxyanions (such as
chlorate, bromate, iodate) [120,247,355,363,365] or hydrogen
peroxide [105,360,363,365,366]. A recent study on the mechanism
responsible for the super-reduction of fully inorganic POM salts by Chen
et al. showed that the protonation and agglomeration of WD structures
in aqueous solution promoted Hy production [367].

6.3. Functional materials

6.3.1. Sensors
The most salient features of a POM sensor include sensitivity,
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selectivity, detection limit, stability and linear range. The remarkable
electrocatalytic properties of WD POMs and the numerous works re-
ported in this field have made it possible to understand and study many
fundamental aspects for using these systems as electrochemical sensors.
In addition, other methods such as colorimetric or fluorescence have
been investigated [368]. Some examples of WD POMs used for sensing
are summarized in Table 3.

6.3.2. Optical materials

POMs are potential candidates as novel nonlinear optical (NLO)
materials. For example, WD POMs modified with transition metals have
been prepared to obtain non-centrosymmetric structures (a requirement
for second-order NLO materials). Su, Wang et al. [82] have shown in a
theoretical study that trisubstituted a-[PoM;5M'3062]™~ (M=W"], MoV},
and M’ = VY, Mo"}) display good second-order NLO properties. On the
other hand, since porphyrins exhibit significant NLO responses,
porphyrin-WD POM hybrid systems have been prepared by covalent
interactions [257,379]. These systems show remarkable enhancement of
the nonlinearity of the hybrids over their corresponding porphyrin
precursors.

Tetrameric WD POMs containing lanthanide ions, shown in Fig. 40
[104], exhibit reversible photochromic behavior. After UV irradiation,
they can change from white to blue within 6 min and restore their color
in the dark for 30 h. The switchable luminescent behavior of Sm-POMs
induced by their photochromism opens up a new perspective for the
development of optical materials. A WD POM ([HyN
(CH3)2110H3[SeO4Ms5(H20)7(Se2W14052)2]-40H20 M = Dy, Gd) was
encapsulated by CTA and formed a nanoscale material with photo-
luminescent properties. The authors showed that CTA, a cationic sur-
factant, can regulate morphology and tune multicolor optical behavior
[380].

6.3.3. Electrochromic materials

Electrochromic (EC) materials are characterized by color change
after electrochemical reduction or oxidation. POMs exhibit this property
and can be modulated through molecular design [100]. Organic cations,
such as poly(stryenesulfonate) (PSS) and polyallylamine hydrochloride
(PAH), have been used to prepare films based on WD POMs with
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different modifications to explore their electrochromic properties. For
example, a film formed by incorporating Neutral Red (NR) [P2W;7/
PAH/P;W17/NR]3s [83] showed color changes from deep pink to dark
violet-blue depending on the reduction rate of PaWj7 in response to
different applied potentials. It was also observed that the electrochromic
properties were affected by the degree of the lacunar structure (PSS/
PAH/(P;Wi5.x/PAH) [381]. Another example is the adjustable color of
pSS/Cull(phen),/[(PoW17/Cu(phen))]l,  and  PSS/Fell(phen)s/
[(P2W17/FeH(phen)3)]n through the reduction of both the transition
metal and the POM at different potentials [382].

An interesting approach to detecting weak visible light induced by an
LED source and converted into an electrical signal was reported by
Zhang et al. [383]. The introduction of covalently linked Pb%" jons
formed a new POM-PbsMo;g chain complex. The revealed new mecha-
nism promoting the ligand-to-metal charge-transfer (LCMT) process and
enhanced electrical conductivity was related to the stabilization of the
hole of oxygen atoms due to O — Mo charge transfer.

Wang, Chen and co-workers formed films through the electrodepo-
sition of P;,W;g and P,W;7 on TiO3 to fabricate high-performance smart
windows. The authors observed, as in the case of (PSS/PAH/(P2W18-x/
PAH) systems, that the degree of lacunar structure affected the perfor-
mance of smart windows [83]. Mono-vacant lacunary WD-type PoWi7
had high optical contrast and higher coloration efficiency than PoWig
[384] (Fig. 41).

6.3.4. Magnetic materials

Features such as stability in solution and in the solid-state, the po-
tential role as a host for magnetic ions, rigid and highly symmetric
structure and structural integrity after accepting several electrons, have
been encouraging characteristics to explore POMs in the design of new
molecular magnetic devices [53]. Although numerous papers reported
magnetic properties and potential applications in single-molecule
magnetism (SMM) or single-ion magnetism (SIM) using POMs, reports
using WD POMs are scarcer than the Keggin, Peacock-Weakley, or
Anderson-Evans POMs [53,385]. Table 4 shows some examples of WD
POMs and their magnetic properties.

Cubane-type (Mnf?,HMnIVO;;X) assemblies constitute a well-known
family of SMMs. Fang and co-workers condensed cubane-type

Table 3
Sensors constructed from WD POMs. Coordination water was omitted.
Compound Substrate Detection method  Detection limit Linear range Ref.
[uM] (uM]
Hjo[Cu(bix),(PaW18062)-1(bix)e UA Electrochemistry 0.497 0.259-679 [81]
[P2W17061M1,,; M=Cu", Fe'! insertion during the electropolymerization of Hydrogen peroxide Electrochemistry ~ M=Cu'" 0.3 100-2000 [369]
polypyrrole M=Fe™ 0.6
KgP2W;16V2062 and monodisperse bimetallic nanoparticles (Au-Pd) DA, AA Electrochemistry DA: 0.83 DA: [370]
AA: 0.43 2.1-2060
AA:
1.2-1610
FAD-GDH(C4H19N)g[PoM018062]/PMA /MWCNT Glucose Electrochemistry — 1000—20000 [371]
(HDA)3(TBA)3P2W15062 (on GO) Hydrogen peroxide Electrochemistry 12.0 500-20000 [372]
Kg[P2W17061Ni"H,0] Protons Electrochemistry — pH: 3-7 [373]
AgNPs@DHPA/GO/PGE LD Electrochemistry 0.00076 0.003 - 10 [374]
(H2N(CH3)2110H3{Se04Eus(H20)g[SesW140s2] cul'Cys Fluorescence cu™: 1.24 cu'™: 10-250 [149]
Cys: 0.217 Cys: 20 — 140
[Cug(FKZ);5(H20)g] [H3P2W15062]2 /PPy Hydrogen peroxide, Colorimetry H,0,: 0.07 AA: - [375]
AA 0.627
MIL-101(Fe)@HeP2W18062 @SWNT Hydrogen peroxide Colorimetry H,0,: 0.3 H,0,: 80 [376]
Gle Glc: 0.2 Gle: 150
Kg[CoP2W;706; *H>0] + 16H,0/CNTFs Glucose, AA Electrochemistry Gle: 0.42 - [377]
AA: 0.1
[(n-C3H7)4N14S2W18062 doped PEDOT bromate Chronoampero- 100-2000 [378]
metry

UA: uric acid; DA: dopamine; AA: ascorbic acid; Glc: glucose; LD: levodopa; bix: 1,4-bis(imidazol-1-ylmethyl)benzene; PEI: poly(ethylenimine); FAD-GDH: FAD-
dependent glucose dehydrogenase; MWCNT: multiwalled carbon nanotube; HDA: hexadecyltrimethylammonium; GO: graphene oxide; DHPA: WD heteropolyacid;
Cys: cysteine; HFKZ: 1-(2,4-difluorophenyl)-1,1-bis[(1H-1,2,4-triazol-1-yl)methyl] ethanol; ppy: polypyrrole; PGE: pencil graphite electrode; MIL-101(Fe): Tris
[p-[1,4-benzenedicarboxylato(2-)-k01:k0’1]]chloro-p3-oxotriiron; SWNT: single-walled carbon nanotube; CNTFs: carbon nanotube (CNTs) fibers; PEDOT: poly(3,4-

ethylenedioxythiophene).
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Fig. 40. Scheme of photoexcitation and switchable behavior observed for centrosymmetric tetrameric WD POMs containing samarium ions, ([(P2W17061)Sm
(H20)3Sm(CsHsCO0)(H20)61[(P2W17061)Sm(H20)3]). Partially modified and reproduced from [104] with permission of the copyright holders.

(a)

FTO

electrolyte

TiO, ©POMs

(b)

P,W,,-based

~ bleaching state

coloration

P,W, ,-based

Fig. 41. (a) Structure of a POM-based smart window. (b) Images of POM-based smart windows at bleaching and coloration states. Reproduced from [384] with

permission of the copyright holders.

MnT'™Mn'VO, in the [a-P2W15056]12’ lacunar plane to obtain a poly-
anion, [(o-P2W15056)Mn3Mn'V03(CH3C00)18~ (Fig. 42, Compound 1)
with a spin S = 9/2 [188]. Surprisingly the polyanion did not exhibit any
slowing of magnetization relaxation. The authors attributed the results
to the existence of positive axial anisotropy D = +0.36 cm ™! that led to
the reverse order of the zero-field split substrates, and thus an absence of
slow magnetization relaxation. Subsequently, the authors synthesized a
sandwich-type polyanion, [(oc-PzW15056)2MnI6HMnIV06(H20)6]14’ [386]
(Fig. 42, Compound 2), whose magnetic measurements revealed a sys-
tem with a spin S=21/2 and D = —0.143 cm ™. The formation of the
sandwich-type structure restored the slow magnetization relaxation
characteristics typical of [Mn4O4]  based SMMs. The differences
observed between these two compounds were attributed to the unex-
pected sign change in the D parameter, a consequence of a pronounced
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dipole moment of 1 vs. the absence of a dipole moment in 2.

Two types of P,V3Wi5 WD POMs with a metalated (M = YHI, Yb''h
phthalocyanine moiety (MPc) connected via an exposed organic linker
(tris(alkoxo)pyridine) were synthesized by Piitt et al. A SQUID study of
the resulting functionalized POMs confirmed intramolecular charge
transfer between the MPc and the POM unit and the MPc of one mole-
cule to the POM unit from another molecule [391].

Magnetic properties of CS7_5K0,5[((HgO)7DyIzH((xz,(x2’-P2W16060)
(C6HsP0)2)2]-42H;0  and  Cs7.5Kos[((H20)7Y'™  2(az,02-P2W16060)
(CgHsP0)2)21-42H,0 (see section 2.2.2) were analyzed by Wang et al.
and the magnetic susceptibility of the Dy derivative had the character-
istics of a single ion magnet [200].
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Table 4
Compounds based on WD POMs with magnetic properties.
Compound Magnetic properties Ref.
Nay(C3N2H12)4([Nis(OH)3(H20)4(CH3C05)]1[SiaW180661) Antiferromagnetic interaction [106]
(Hbpz)[Cox(P2W16057)2]* Weak ferromagnetic exchange interaction between Co [247]
(H2bpz)s[CozH2(P2W16057) (P2W15056)
(C16H18N3S)s[S2MoY MoY+0g,] CH5CN. Weak inter-cluster antiferromagneticinteraction [120]
H,Lig[p-P2CoW17062] Antiferromagnetic Co-Co coupling [217]
Nai4 [(a-P2W15056).Mng'Mn'VOg Ferromagnetic [386]
Mn""-Mn" interaction and antiferromagnetic Mn"" and Mn", SMM
Naszp sRby 5 [Nij4(OH)g(H20)10(HPO4)4(P2W15056)4] Coexistence of both ferro andantiferromagnetic coupling [387]
Nalz[MnEI(HZO)Z(PZWwOss)z] Antiferromagnetic interaction between the four Mn™ [388]
(NH;Mey); sNas[(Er(H,0)(CH3CO0)(02-P3W1,061))2] Antiferromagnetic intramolecular dipolar interaction between the Er'! ions [389]
Na(NH4)s[P2W15056Ni3(H20)3(p3-OH)3(Re(CO)3)3] Ferromagnetic coupling [390]
interaction between adjacent Ni'!
(»BugN)4[HP,V3W;5059(0OCH5)3C(CsH4N)(YC32H16Ng) 1 Non-photoinduced charge transfer between electron donor and acceptor centers [391]
(BusN)4[HP2V3W15059(0CH2)3C(CsH4N)(YbCsHy Ng)]
Cs745K045[((H20)7DyIII 2(0t2,02-PoW16060)(CsHsPO)2)2]1-42H,0 Two predominant slow relaxation process ranges at separate temperature intervals [200]

Bpz: 3,3,5,5-tetramethyl-4,4'-bipyrazo.
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Fig. 42. Scheme of the proposed spin arrangement in the ground state for Compound 1 and 2.

6.4. Biology/Medicine

Tunable POM-macromolecular interaction results from the modifi-
cation of the POM structure, such as adjustment of electronic properties
of acidity or polarity, POM encapsulation, post-functionalization with
organic molecules or with metals and other species, and it has inspired
several studies on the use of these compounds as therapeutic agents such
as for Alzheimer’s disease, antibacterial, anticancer, and the like
(Table 5).

6.4.1. Anticancer activity

Numerous studies have been reported using POMs as potential
anticancer drugs [71]. Antitumor activity against various tumor cell
types has been found using inorganic WD POMs [392,393], WD organ-
ometallic hybrids [394,395] or WD POMs encapsulated in covalent
[396] and supramolecular [397,398] polymeric networks. The proposed
mechanisms of POM antitumor activity are diverse and are still under
discussion/being investigated [71]. However, WD POMs inhibit pro-
cesses that play pivotal roles in the proliferation of several types of
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cancer, for example in angiogenesis (in particular through binding the
fibroblast growth factor [399], CK2 inhibitors [400], inhibition of the
DNA-binding activity of AP-2gamma [393] and Sox2 [401], or
aquaporin-3 (AQP3) activity [402]. These studies have shown that the
size and type of POMs affect inhibitory activity, and the WD type was
one of the most efficient inhibitors compared to other POM types.

Additionally, a gadolinium-containing WD POM (GdyP2W1g062) was
evaluated in vitro and in vivo as a magnetic resonance imaging (MRI)
contrast agent [229]. Recent studies on WD POMs in combined photo-
thermal and immune anticancer therapy (PTT) show promising results.
The authors presented in vivo and in vitro studies on PoMo;g0¢2 in the
free form and in a gellan gum hydrogel formulation. Moreover, POM
hydrogel incorporation into resiquimod (R848) showed a synergy effect
against the 4 T1 cell line. Photothermal agent R848/POM@GG is stable
in water, degrades to a nontoxic form in the physiological environment
and minimizes POM toxicity against normal tissues [403].

6.4.2. Antibacterial activity
Similarly, it has also been observed that POMs have interesting
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Table 5

Activity of selected WD POMs in the in vitro and in vivo experiments.

POM

Cell line

Activity Ref.

Nag[P2M015062]
Nag[As;M015062]

Naj2[P2W150s6]-24H20

PMAA-ChCI-[P;W;50s6]

PMAA-CMCh-[P2W;50s56]

K4H3[(CH300CCH,CH2Sn)P2W17061]-
11H0

K4H3[(CH300CCH(CH3)CH,Sn)
P,W17061] -11H,0

K7H[(CpTi)3P2W150s9]-5H20

(BugN)o[(CpZr)3P2W150s9]

K4Hs5[(CH300CCH2CH2Sn)3PaW15059] -

10H0

K4Hs[(CH3;00CH(CHs)
CH,Sn)3P;W150s0]-10H,0

ap-K7[PoW17(NbO2)0g1]1-13H,0

TMC-[P,W17(NbO2)061]

[(n-C4Ho)4N16[P2W15062]

KB
KB

HeLa

MCEF-7

Vero

HeLa

MCE-7

Vero

HeLa

MCF-7

Vero

Hela
SSMC-7721
HeLa
SSMC-7721
HeLa
SSMC-7721
Hela
SSMC-7721
Hela
SSMC-7721
Hela
SSMC-7721

HeLa

HeLa

CT26

MC38

CT26 -
tumor-
bearing mice
MC38 -
tumor-
bearing mice

ICs50 = 34.5
ug/mL

ICs = 52.3
pg/mL

cell [398]
viability

85%

cell

viability

79%

cell

viability

37%

cell

viability

75%

cell

viability

I7%

cell

viability

15%

cell [397]
viability
68%

cell
viability
72%

cell
viability
10%

ICs50 = 90.2
ug/mL

ICs0 = 86.3
ug/mL

ICso = 86.7
pg/mL

ICsp = 79.1
ug/mL

ICso = 47.2
pg/mL

ICso = 20.8
ug/mL

ICs50 = 63.3
ug/mL

ICso = 40.6
pg/mlL

ICs = 50.1
ug/mL

ICs0 = 30.6
ug/mL

ICso = 48.3
ug/mL

ICs = 30.1
ug/mL

cell [413]
viability

10.0%

cell

viability

5.0%

cell

viability-

80.0%

cell [30]
viability-

80.0%

TGI 55.5%

TGI 64.3%

[392]

[394]

[395]
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Table 5 (continued)

POM

Cell line

Activity

Ref.

[P2W15062] @Hf; 2-DBB-Ir

(NH4)6[P2M015062]-14H20

[P2Mo018062] @GG

R848/[P,M0,5062] @GG

CT26
MC38

CT26 -
tumor-
bearing mice
MC38 -
tumor-
bearing mice
4T1

4 T1 - tumor-
bearing mice
4 T1 — tumor-
bearing mice

1C50 = 3.21
uM
IC50 = 2.51
M
TGI~ 99.7%

TGF 99.0%

cell
viability
90.0%
inhibition
rate- 90.0%
inhibition
rate- 99.3%

[403]

PC12 cell
viability
95.0%
Kg[P2W17061(Co™-OHy)]-16H,0 cell
viability
90.0%
Kg[P2W1,061(Ni"-OH3)]-17H,0 cell
viability
95.0%
AP- KgP,W;5062 cell
viability
80.8%
AB- KgPoW15062-Co cell
viability
90.0%
AB- KgP2W1g062-Ni cell
viability
-105.0%
PC12 cell
viability
65.0%
AB- KgP2W15062@AuNPs-pep cell
viability
90.0%
PC12 cell
viability
92.6%
MSNs- KsP,WYWY}Og,-copolymer upon cell
NIR irridation viability
54.8%
PC12 cell
viability
90.0%
PC12 cell
viability
75.0%

Ke[P2W15062]-14H,0 [408]

AB- KgP2W13062@AUNPs [409]
[411]
MSNs-KsPoWYWY2Og2-copolymer
[4071
Kg[P2CoW17061]

CeONP-KgP2W15062 [410]

PMAA-ChCI: poly(methacrylic acid)-chitosan hydrochloride; PMAA-CMCh: poly
(methacrylic acid)-carboxymethyl chitosan; TMC: trimethyl chitosan; DBB: 4,4'-
di(4-benzoato)-2,2-bipyridine; R848: resiquimod; GG: gellan gum hydrogel;
pep: peptide CLPFFD; CeONP: cerium oxide nanoparticles.

antibacterial properties [404]. In particular, the WD type has shown
synergy effects with conventional antibiotics such as p-lactam antibi-
otics against Staphylococcus aureus [405,406].

In addition to the anticancer and antibacterial effects, transition
metal-substituted WD POMs (K7P2W17061M; M = Co", Ni'") have shown
the greatest inhibition effect on amyloid § (Ap) aggregation and Ap-
heme peroxidase-like activity (critical steps in the development of Alz-
heimer’s disease) [407,408]. WD POM-type structures built on
nanoplatform-like gold nanoparticles (AuNPs), mesoporous silica
nanoparticles (MSNs) or cerium oxide nanoparticles (CeONPs) were
used as novel Ap inhibitors [409-411]. WD POMs built in MSNs were
successfully used in the photothermal treatment of AD. Under NIR laser
illumination, a POM nanohybrid inhibited and disaggregated A fibers,
as well as crossed the blood-brain-barrier [411]. Co— and Ni-substituted
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POMs showed greater inhibitory effects on amyloid Af aggregation than
a WD POM substituted with Mn'™™, Cu', Fe"! or a non-substituted WD, or
other types of POMs such as Kegging or Anderson.

In addition to the anticancer properties of this type of POMs, it has
been recently found that the hierarchical assembly of nMOFs incorpo-
rating WD POMs acts as a multifarious radio-enhancer for anticancer
therapy [412]. The hierarchical assembly of nMOFs consists of Hf-based
metalloxo clusters, an Ir-based bridging ligand, and a WD POM. It has
been shown that this system acts as a radioelectric enhancer for the
efficient generation of reactive oxygen species (ROSs), showing an
excellent antitumor effect on colon cancer tumor models (MC38 and
CT26 cell lines). The assembly facilitated synergy interactions among
high-Z components, generating three types of ROSs: hydroxyl radicals
('OH) through the radiolysis of water, singlet oxygen (*Oy) through the
photosensitization of DBB-Ir, and superoxide formation through Wig
(Fig. 43).

The biological application of WD POMs is often related to their in-
hibition activity toward PMCA Ca' and SERCAATPase [414]. The
inhibitory effect against AbPPO4 has been tested on intact, mono-, tri-
and hexa-lacunary forms of WD POMs. The monolacunary form, [as-
PoW170611107, retains its structural integrity and exhibits the strongest
inhibition of AbPPO4 (Ki = 6.5 mM), while the trilacunary type rear-
ranges to a more stable monolacunary form and shows the weakest in-
hibition [415].

A number of studies with WD POM types have proved their antiviral
effect. A screening study of POMs for anti-HIV-1 and HIV-2 activity
demonstrated that organic moieties enhanced the inhibitory potential
[416-418].

Interestingly, WD structures were also used as additive agents in
protein crystallization [404]. Kg[P2aW;18062] bound RNA polymerase 11
during speciation chain elongation and was successfully used for
phasing a large protein [419]. In the recent study Leyssens et al. also
presented the use of the Kjg[aa-PaW17061]1-20H20 WD POM and the
hafnium(IV)-substituted WD POM, K;g[Hf(a2-P2W17061)2]1-19H50, as
contrast-enhancing staining agents in X-ray microfocus computed to-
mography [420]. Imaging of rat, porcine and human blood vessels
revealed microstructural differences between the type of blood vessels,
which may be useful in computer modeling for future graft material
design and for understanding the function of blood vessels and
improving current disease treatments.
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7. Conclusions and perspectives

Over the past two decades, we have seen dynamic development in
the field of WD POMs which, when functionalized, lend themselves to
easy post-functionalization with other organic or inorganic molecules,
leading to advanced material design and an extensive range of appli-
cations. In this review, we have discussed the possibilities for the
functionalization of the WD POM basic subunit and classified them ac-
cording to modifications made in respective structural parts: templates/
heteroatoms, addenda atoms (CAP modification: trilacunar and mono-
lacunar, and belt modification) and non-conventional WD POM motifs
(open and sandwich-type WD POMs). The review also presents an
analysis of speciation in solution and includes ion distribution plots over
a wide pH range for WD POMs, knowledge of which is essential for
further modifications, as suboptimal selection of reaction conditions
such as pH in the first place can prove detrimental to the WD POM
subunit. In addition, the ionic interactions of negatively charged WD
POM subunits with counter cations are also shown. As part of this re-
view, we also discussed the path of further post-functionalization of the
currently available hybrid WD POM platforms and classified them based
on the available post-functionalization approaches into single and
double linker modularities and the other different linker modularities,
such as polymers with POMs. This review reveals how WD POM post-
functionalization can generate materials with new and/or improved
physicochemical properties with a significant impact on the develop-
ment of their applications in the following scientific fields: energy-
related applications, catalysis (photocatalysis, electrocatalysis), func-
tional materials (sensors, optical materials, electrochromic materials,
magnetic materials), biology/medicine (anticancer and antibacterial
activity).

Additionally, to better illustrate the current trends and present less
researched aspects of this field, we include below data from a meta-
analysis of studies on WD POMs. Owing to the bibliometric data avail-
able in the Scopus database a network constructed on the basis of key-
words can be generated, searching the latest scientific and technological
developments regarding WD POM:s. In the field of science and technol-
ogy, the Scopus database was used, searching “Wells-Dawson” and
“structure” (Fig. 44), “Wells-Dawson” and “properties” (Fig. 45) as
combined keywords, in articles published until May 2024.

Duplicate papers found in more than one of the databases that did
not focus on the selected keywords were excluded. VOSviewer software
version 1.6.20 (https://www.vosviewer.com) was used to analyze the

Fig. 43. The assembly of nMOF consisting of Hf-based metalloxo clusters (Hf;5), an Ir-based bridging ligand (DBB-Ir), and a WD POM (W;g) and mechanisms of ROS
generation. EnT: energy; ET: electron transfer. Reproduced from [412] with permission of the copyright holders.
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data and generate the bibliometric maps [421]. Each keyword is rep-
resented by a circle and the lines show the frequency and relationships
between them; the larger the circle, the more often the keyword
appeared in publications. The keywords are assigned to a cluster, each
cluster corresponding to a different research area and shown in a
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different color. The combined “Wells-Dawson” and “structure” search
gave five main clusters (Fig. 44), focusing mainly on (i) single crystals, X
ray diffraction (red, 75 items), (ii) tungsten derivatives, unclassified
drug (green, 42 items), (iii) chemical structure, metal complexes (blue,
26 items), (iv) synthesis (yellow, 24 items) and (v) catalysis (purple, 19
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items). For the second network, the combination of “Wells-Dawson” and
“properties” search recorded five main clusters (Fig. 45), focusing
mainly on (i) single crystals, electrochemical properties (red, 32 items),
(ii) catalysis, heteropoly acids (green, 20 items), (iii) synthesis, tungsten
compounds (blue, 14 items), (iv) oxides, transition metals (yellow, 12
items) and (v) catalyst activity (purple, 12 items). The above meta-
analysis clearly shows that mainly the archetypical tungsten WD POMs
were employed for majority of the studies, but the hybrid systems are
gaining more attention. Efficient protocols for integration with d-/f-
block metal ions, small molecules or even polymers was demonstrated,
therefore means necessary for improvement of the desired properties are
already known. The concepts of supramolecular chemistry seem to be
the another promising option to explore in this manner. Integration of
WD POMs with MOFs was demonstrated and should be expanded into
other well-defined porous materials such as Covalent Organic Frame-
works (COFs). Tunable redox properties and acid/base character confer
to the most often explored catalytic applications, including photo- and
electrocatalysis. Whereas WD POMs can improve the properties of
lithium-ion batteries, their application in sodium/zinc/aluminum-based
energy storage systems is yet to be demonstrated. Finally, significant
amount of WD POM studies targeted their biological properties, as
anticancer and antibacterial agents or for their interactions with pro-
teins. The latter can be potentially used in tackling the neurodegener-
ative diseases, but it remains to be seen in vivo.

Based on the research conducted so far, we expect that in the coming
years, advances in the functionalization and post-functionalization ap-
proaches to WD POM subunits will further improve their physico-
chemical properties and increase their importance in their downstream
applications. However, for this to happen there are several challenges to
overcome. One of the limitations associated with the synthesis is the
presence of oxo groups on the WD POM surface, which can only bind to a

Coordination Chemistry Reviews 519 (2024) 216091

limited number of organic groups to form hybrid materials for further
post-functionalization. In addition, the WD POM subunit itself has poor
chemical stability, and conducting a chemical reaction in which the
reactant is based on the POM subunit is limited by the pH value.
Therefore, the rational design and synthesis of new WD POM hybrids
that can combine WD POM subunits containing oxide groups with
organic or inorganic linkers that enable further functionalization is the
key task in advanced engineering, carrying the prospect of obtaining
materials with excellent and improved properties that could be used in
many scientific fields. A great advantage of WD POM-based materials is
their ability to modify their acid-base and redox properties by changing
their chemical composition, and their ability to accept and release
electrons. In addition, WD POM hybrids have unique properties such as
well-defined structure or Brgnsted acidity. These features as well as the
ability to modify and introduce suitable linkers will be crucial to
improve electrochemical properties manifested in improved energy
storage and delivery capabilities, and will also make WD POM hybrids
even better catalysts for many chemical reactions. In addition, the ap-
plications of WD POM hybrids in biology and medicine are largely due to
their shape and negative surface charge, resulting in specific interactions
with various biomolecules, and further optimization of the charge and
shape of the subunits could minimize potential toxicity and improve in
vivo stability.

The most important features of WD-POMs and how they transform
into the desired properties that have been discussed in this review are
summarized in Fig. 46.

The future may bring even more POM-based applications, given the
available strategies and the rapid development and progress in
designing novel functionalizations of the WD POM subunit, so that the
potential of WD POMs in various domains of technology could be fully
leveraged.
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represent various applications.
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