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Highlights:

Modifying the polyoxometalates (POMS) to achieve the desired properties has
been one of the challenges in this field.

Recently, noble metals, have received more attention due to their prominent
catalytic behaviors when incorporated into compounds.

Lacunary POMs can be a good candidate for the formation of noble metal-
substituted POMs in order to the modifying POMs.
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ABSTRACT

Noble metals have a significant presence in various structures in polyoxometalate (POM)
chemistry. They participate in the POM structures primarily as heteroatoms, i.e., as
substituted atoms, instead of as primary addenda atoms. Since the noble metals have good
catalytic properties, the importance of synthesizing POM compounds based on these
metals and, in particular, investigations into their catalytic activity have increased over

the past decade, as brought to light in this review.
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1. Introduction

Given the many energy challenges the world is facing and the importance of achieving
clean energy systems, over the last two decades, scientists have made great efforts to
prepare chemical compounds that act as successful photocatalysts, thus promoting
photocatalytic reactions and the production of H, and O,. Moreover, research into the
synthesis of compounds that can act as suitable catalysts to promote various high-yielding
organic reactions is also important. Polyoxometalates (POMSs) are considered to be
excellent candidates in this area of research [1-4]. POMs are a class of transition metal
oxide clusters encompassing a large range of structures in terms of size, shape, elemental
composition and nuclearity. POMSs possess high negative charges, modifiable oxygen-rich
surfaces and controllable redox potentials, making them attractive in various research
areas, including biology, magnetism, catalysis and material science [5-10]. Indeed, POMs
can be subjected to reversible multielectron redox transformations under rather mild
conditions without undergoing any significant structural changes, which makes them
attractive for catalytic applications. Functionalizing POMs in these materials has always
been a challenging and important subject, particularly in terms of retaining the desired

properties of the individual components used to construct POM materials [11-15].

In particular, the use of lacunary POMs and the coordination of metal ions as addenda
atoms and organometallic fragments into the vacant site(s) of these POMSs is one of the
most powerful and common techniques for constructing and stabilizing efficient and well-
defined metal centers and incorporating precursor properties. Lacunary polyoxotungstate
(LPOT), a Wells—Dawson and Keggin—type compound, assumes monovacant and
trivacant forms, including {XWi;039}, {XoWi17061}, {XWyO033}, {XWy03,}, and
{X2Wi50s6}, where X = Si, P, As, Ge, and so on, upon the incorporation of metal ions,
such as noble ions, and can be used in the formation of metal-substituted monomeric to
tetrameric POT clusters [16].



There are eight elements in the second and third series for the transition groups 8-11
(ruthenium (Ru), rhodium (Rh), palladium (Pd), silver (Ag), osmium (Os), iridium (Ir),
platinum (Pt), and gold (Au)) that have received attention due to their prominent catalytic
behaviors when incorporated into compounds [17-21]. In particular, there has been much
research into noble-metal-substituted POM self-assembly. However, noble metals are
expensive and rare, limiting their practical applications. Therefore, obtaining the benefits
of both POMs and noble metals, as well as overcoming the obstacles of both via the
substitution of noble metals in vacant spaces in lacunary POMs, is an important research
objective in POM chemistry. Lacunary POMs are able to encapsulate almost all of the
noble metals, and, in many cases, noble metals enhance their catalytic properties [22-24].
This review covers the POM clusters containing noble elements in various structures and
positions and includes the description of the structures of noble metal-containing—
traditional POMs (with noble metals as substituted atoms or heteroatoms), the methods

used in their syntheses as well as their catalytic and photocatalytic properties.

2. Noble metals as heteroatoms in POMs

Examples of incorporating heteroatoms into the structure of the POMSs are mostly of the
Anderson-type and, to a lesser extent, Keggin—type POMSs. The heteroatoms in
heteropolyanion structures have no free coordination sites, and the reactions of such
complexes are limited to electron or proton transfer processes. A limited number of metals
from the noble metal series, including Ir, Rh, Pt and Pd, have been reported in such
structures. An ammonium salt of the Anderson—Evans—type POM anion [HsRhIM0gO,4]*
was prepared in a reaction of RhC13-3H,0 with (NH,;)s[M0;024]-4H,0 at the molar ratio
1:6, and a gallium salt from the same POM anion was obtained when gallium ions was

used as a precursor and confirmed via crystal structure analysis [25]. For example, a V-
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containing Anderson—-type heteropolyvanadate [(C,Hs)sN]4[PdVsO1s] was generated via
the reaction between [VO3]™ and [Pd(CsHsCN),Cl,] precursors. In its structure, four of the
six VO, units are coordinated to Pd" through an oxygen atom (Fig. 1a) [26].
[PdMo0sO24H35]> is the first example of a heteropolyoxomolybdate—containing
palladium(lV) being characterized as a heteroatom via X-ray crystallography. In this
compound, the two anions share a bridging hydrogen to form a dimer consisting of two
[PdMo0s024H3]°~ monomeric units [27]. Sokolov and colleagues generated [HIr'VWgO,4]"
, the first Ir—containing Anderson—Evans type POM anion and the first structurally
characterized Ir'V—based POM. The compound was characterized by single—crystal X—ray
analysis, IR, UV-Vis, EPR spectroscopies and cyclic voltammetry. In-situ—formed Ir'v
oxohydroxo complexes and tungstate ions gradually released the [HIr'YWeO24]" in
solution. The same starting materials use in a rationalized synthetic procedure resulted in
the formation of sodium paratungstate Naio[HW1,04,]-25H,0 as the main product,
whereas a low yield of the [HIr'YWg0.4]"~anion was obtained by the prolonged heating of
Kz[IrFe] with Na;WO, in an aqueous solution at neutral pH. At a higher pH (7.0-7.5), the
crystals of non-protonated [Ir'VYWY'0,4]% formed as a by—product of [HIr'YWe0,4]", and,
at a pH above 7.6, no crystals were obtained. The [HIr'VWgO,4]" cluster has an Anderson—
Evans-type structure containing six distorted, edge-sharing WV'Os octahedra that
surround a central 1r'VOs octahedron unit and crystallize in the triclinic space group P1
(Fig. 1b) [28]. In another report, the reaction between in-situ—formed Ir'Y oxohydroxo
complexes and Nag[SbWyO33] in the presence of potassium nitrate resulted in a 28% yield
of pale yellow crystals of composition Ks47Naz3[1r017Sbos3sWeO024](NO3)o6:12H,0
containing an Anderson-type [SbYWV's02]"~ POM anion with ~20% of its antimony
positions occupied by Ir [29].



DK

Fig. 1. Structures of (a) [PdVsO1s]*~ and (b) [HIr'YWgO24] . Color code: {VO4} = green; {WOg} = blue;
Pd = dark yellow; Ir = sea green.

3. Noble metals as addenda atom(s) in LPOT
3.1 Ruthenium

Due to the rich and extensive multielectron redox chemistry displayed by ruthenium,
reports of the syntheses of ruthenium-containing POMs and their catalytic activities are
more abundant than such reports for other noble metals. The Neumann group was the first
to report the successful incorporation of ruthenium into the monolacunary [a-SiW11030]%,
a Keggin-type compound that, together with hydrated RuCls;-nH,0O, yielded the [o-
SiW1;039RuU(H20)]~ POM anion [30]. To synthesize a molybdenum-based, Ru-
substituted POM, they used PMo0;1039 and RuCl;-nH,O. The phosphotungstate—type
mono—ruthenum-substituted POM anions [PW1;03Ru"'(H,0)]* was first reported by
Pope and Rong, which was obtained via the reaction of [Ru(H.0)s]*" with [PW,1030]"",
followed by oxidation with O, [31]. As in the previous cases, the use of RuClsz-nH,O
resulted in the formation of a mixed solution. Ligand—-bonded ruthenium—water containing
the POM anions, [a-XW1103Ru(H.0)]™ (X = Si, P), in most cases, was used as a
precursor for the synthesis of similar complexes containing different ligands.



[PW1103RU"(H,0)]° served as a catalyst for water oxidation in the presence of cerium
ammonium nitrate as an oxidant, and the results in terms of O, evolution were favorable.
Between 2006 and 2011, the Sadakane and Kortz groups synthesized and structurally
characterized several mono—ruthenium-substituted Keggin—type silicotungstates [30, 32-
34]. The reaction of [SiW1:030]®" with Ru(acac)s under hydrothermal conditions for 20 h
yielded [SiW1:039RU"(H,0)]>", which had reversible redox couples formed with
Ru(V/1V), Ru(IV/111) and Ru(I1/11) in an aqueous buffer solution, whereas the prepared
complex using RuCls was electrochemically inactive [35]. Pyridine derivative Ru-
substituted a—Keggin-type silicotungstate was prepared in a reaction of [o-
SiW1:039RuU(H,0)]>~ with pyridine derivatives in water. Single—crystal X—ray analysis
proved that the pyridine and its derivatives were coordinated to Ru(lll) metals through
Ru—N bonds. Here, Ru has a unique redox behavior, as Ru(lll) was reversibly oxidized
into the Ru(1V) derivative and reduced to the Ru(lIl) derivative. The structural information
concerning most Ru-substituted POMs has been determined by non—X-ray
techniques.[30] For [{SiW1;03}RU"(SO,)]°", another Ru—S—containing POM anion, the
electronic structures and features of the bonding between the Ru(ll) atom and the SO,
molecule were investigated via DFT and NBO calculations, and the corresponding results
were compared with trans-[Ru(NH3)4(SO2)CI]*. The studies indicated that the Ru—S bond
in the latter POM anion possesses ¢ and © bonds and that the bonding interaction between
the SO, molecule and the Ru'" center in [{SiW11039}RU"(SO,)]¢ is stronger than that in
the [Ru(NHs)4CI]" complex [36]. Deprotonation of the aqua-ruthenium complex [o—
SiW105RU"(H,0)]> led to formation of a hydroxy-ruthenium complex [a—
SiW1;039RU"(OH)]¢". Dimerization of two OH-ruthenium complexes led to the
formation of the z—oxo bridged dimer [{a-SiW1;039Ru"'},0]"?~ with C,, symmetry and a
water molecule (Fig. 2c). As the reaction time for [SiW1;030]® and Ru(acac)s increased
from 20 h to 5 days, the [SiW1;039RU"(H,0)]>~ disappeared; eventually, a mixture of
light white [SiW1,040]* powder and black [a-SiW1;039Ru"(CO)] crystals was generated,

in which the black crystals of the carbonyl-ruthenium—substituted POM anion could be
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separated from the [SiW1,040]* powder via the decantation of the mother liquid. Keggin—
type monolacunary phosphotungstate, different salts of ruthenium (or Ru-aqua—
containing POM anions) and DMSO have been used as precursors in the preparation of
DMSO containing Ru—substituted POM anions [34, 35, 37, 38]. For instance, the reaction
of monolacunary [PW1;039]" with [Ru"(DMS0)4]Cl,, either under microwave radiation
at 200 °C and high pressure, [38] in water at 125 °C under hydrothermal conditions [34]
or reacting [PW11030]”~ with [Ru'!(arene)]Cl,, followed by light irradiation in the presence
of DMSO [37] are convenient synthetic methodologies for obtaining POM anion-
containing Ru-DMSO. Moreover, the reaction of the Ru'-aqua derivative,
[PW11035RU"(H,0)]° or [PW1103RU"(H,0)]* with DMSO in aqueous media leads to
the formation of POM—containing Ru—DMSO.[35] Within this family, the ruthenium
atom is coordinated to the five oxygen atoms of the lacunary Keggin unit and connected
to the DMSO molecule through an Ru-S bond [39, 40]. A NBO calculation for mono—
ruthenium phosphotungstate Keggin—-type POM anions indicated that the bonding
interaction between the Ru(ll/11l) centers and various ligands comes from the donor—
acceptor interaction.[41] The [SiW1;039RU"'(DMSO)]>” POM anion, a non—planar MoV—
porphyrin complex ([Mo(DPP)(O)]*, DPP>~ = dodecaphenylporphyrin) and a mixture
containing the two precursors were used as catalysts in the oxidation of benzyl alcohols
via iodosobenzene in CDCIl; at room temperature to yield the corresponding
benzaldehydes. A cyclic voltammetry measurement of the [SiW1:03Ru"'(DMSO)]>
POM anion showed two waves at 0.07 and 0.86 V, which were indicative of the Ru"""v
and Ru"v"V couples, respectively. The redox pairs for the Ru"""v and Ru'V"V couples in the
(TBA):z{(Mo(DPP)(0)),[SiW1;03RU"(DMSO)]} complex appeared at 0.90 and 1.28 V.
Enhancement in catalytic activity of the latter complex, when compared with Ru—POM or
porphyrin alone, can be attributed to a large anodic shift in the redox potential of the
ruthenium center due to the connection of the cationic [Mo(DPP)(O)]* unit with the Ru-
POM unit.[40] The nitrido ligand is isoelectronic with the oxo ligand, allowing the

intercommunity of the N atom in the POM anion structure to act, similar to how the oxo
7



ligand fulfills in connection to the some transition metals. [PW1:039N]*, the first example
of a ruthenium-—nitrido derivative of a POM anion, was obtained via the direct reaction of
[PW11039]” with Cs;[RUNCIs] or TBA[RUNCI,]. In the latter POM anion, the nitrogen
atom can be transferred to PPh; derivatives. The reaction of [PW1039]*" with the PPh;
mixture yielded the iminophosphorane derivative (n-BusN); [PW11039RUV{NPPh3}], and,
in the presence of (n-Bu,N)OH, a phosphine oxime complex
[PW1;03RU"{N(OH)PPh3}]*~ was obtained, which was able to convert to
[PW11035RU"{OPPh3}]*.[42, 43] The reaction of the dilacunary POM [y—XW4036]% (X
= Si, Ge) with two equivalents of the metal-nitrido precursor Cs,[RuV'NCls] formed a
dinitridoruthenium-substituted y—[XW1003s,]" (X = Si or Ge) POM anion in each case
[44].

In 2013, Sokolov and colleagues reported that a new Ru-—containing POM,
[PW1103RU"(NO)]*, was obtained via the reaction of [Ru(NO)Cls]>* with [PW11030]"".
The compound was characterized by multinuclear NMR and IR spectroscopies cyclic
voltammetry, and electrospray ionization mass spectrometry (ESI-MS). Reactions of
[PW1105RU"(NO)]* with both hydrazine and hydroxylamine compounds led to the
formation of the aqua complex [PW11035RuU'"'(H,0)]* in an aqueous solution. Also, the
reduction of the nitroso ligand to NH3; with SnCl, in water led to the formation of
ammonia—coordinated [PW1:039Ru"'(NH3)]* [45]. Monitoring the reaction of the nitroso
complex with hydroxylamine via 3P NMR spectroscopy confirmed that an intermediate
with coordinated dinitrogen, formulated as [PW1:03sRU"(N,)]>", was oxidized to the
[PW1105RU"(N2)]* species. A cyclic voltammetry experiment revealed that
[PW1:0395RU"(N2)]> had a one—electron reversible redox process belonging to the Ru'"""
couple. It was difficult to isolate this intermediate from the mixture experimentally, but,
in addition to the previously mentioned methods used for detecting the intermediate,
theoretical calculations were carried out to study the molecular geometry, electronic

structure and metal—dinitrogen bonding nature of the [PW;;039RU"(N)]* intermediate
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and some other isostructures formed with other metals, namely, the Os, Re and Ir
derivatives [46]. Organometallic transition metal-containing POM anions have received
a great deal of attention. The reactions of oxomolybdates, oxotungstates and oxovanadates
with aromatic organic compounds, including some derivatives of [{Ru(arene)Cl,}]
(arene = CgHs, CsHsCHs, (#7°-p-MeCgH.iPr), (#°-CeMesg), 1,3,5-CeH3(CHz)s, 1,2,4,5-
CsH2(CHs)4) in water or organic solvents, led to the formation of the organoruthenium
oxomolybdenum, oxotungsten and oxovanadium clusters [47, 48]. In 2006, the Bi and
Kortz group synthesized and structurally characterized several clusters of organometallic
ruthenium(l1) and functionalized heteropolytungstates. [Ru(CsHs)Cl,], and dilacunary [y—
MW10036] (M = Si, Ge) precursors in water solution yielded a benzene—Ru'"-substituted
dilacunary decatungstosilicate with the formula [{Ru(CesHs)(H20)HRu(CsHe)}(y-
XWi0036)]* (X = Si, Ge). The compound consisted of Ru(CeHg)(H20) and Ru(CsHs)
fragments attached to dilacunary (XW10036) Keggin fragments at different sites. The
Ru(CsHg)(H20) group was grafted to the vacant POM anion site via two Ru—O(W) bonds
and a terminal water molecule and the (RuCgsHg) group was grafted to the nonlacunary
side via three Ru—O(W) bonds to form a cluster with Cs symmetry [49]. The reaction of
trilacunary [MW,034]¢~ (M = Si, Ge) and [RuCsHsCl.]2 led to the formation of a benzene—
Ru(Il)-supported trilacunary heteropolytungstate [(RuCsHs)2 MW903z4]¢~ (M = Si, Ge),
which was characterized by multinuclear solution NMR and IR spectroscopies, elemental
analysis, electrochemical analysis and single—crystal X-ray analysis. The Cs symmetry
cluster consisted of two (RuCgsHs) fragments. One of the two (RuCgsHs) groups was linked
to the vacant site of the POM anion through two Ru—O(W) bonds and one Ru—O(X) bond,
whereas the second (RuCgHs) group was linked to the non—vacant site via three equivalent
Ru—O(W) bonds (Fig. 2a) [50].



Fig. 2. Structures of (a) [(RuCeHe)2 MWy0O34]°", (b) [y-SiW10036RU(CsHe)]®", and (c) [{o-
SiW11039RU""},0]'?". Color code: {WOs} = dark blue; {SiOs} = teal; Ru = blue gray; C = black; O =
red.

In reports submitted by Bi and colleagues, the reaction of [(CioHi4)RUCl,], and
[(CeHe)RUCI,], with [ShoW2,074(0OH)2]'2 and [BiaW22074(OH)2] "~ led to the formation
of [X2W20070(RuCsHs)2]'% and [X2W20070(RuC1oH14)2]'% (X = Sb'", Bi''"), respectively.
The latter POM anions consisted of two lacunary B—-A-[XWs033]°~ (X = Sb'"!, Bi'")
Keggin fragments linked via two inner cis-WO, groups and two outer (arene)Ru?
fragments, leading to dimeric structures with idealized C,, symmetry. In other words, each
structure can be described as follows: a cluster consisting of a dilacunary [X,;W5,O70]'*~
fragment substituted by two (arene)Ru?* units (similar to what is seen in Fig. 3b). The
catalytic activities involving the compounds were carried out via the air oxidation of
hexadecane and p—xylene. The organo ruthenium-containing POM anions had higher
yields compared to the all-tungsten derivatives Sb,W,, and Bi,W,; [51]. In another report,
released by the same group in 2006, an isostructural compound with a different
heteroatom, namely, [Te,W,0070(RuCsHe)2]®, was obtained via the reaction of
[RuCsHeCl,], with TeO, and Na,WQO,-2H,0 in an aqueous solution (Fig. 3b). A mono—
benzene Ru-substituted dilacunary silicotungstate Keggin-type POM anion, [y—
SiW1003RU(CsHe)]®, was obtained via the reaction of [Ru(CsHs)Clo]. with Kg[y—
SiW10036]. In this case, a cluster consisted of only one (Ce¢He)Ru?* fragment attached

10



through three non—vacant-site bridging oxygen atoms, resulting in an assembly with an
idealized Cs; symmetry (Fig. 2b) [52]. Sandwich-type organo—Ru—containing
tungstoarsenates ~ with  the general formula  [{B-a—AsWyO33(OH)}H{B-f-
AsW;5030(OH) H{M4(OH)2(H20).H(RuC6H6)3}]* (M = Ni", zn"', Cu", Mn", Co'") were
obtained via the reaction of [(RuCsHgs)AsWy034]"~ with the corresponding transitional
metal ions. In a departure from previous reports on synthesized organo—Ru—containing
POM anions, here, the pre-synthesized organo—Ru functional lacunary species
[(RuCsHgs)AsWs034]"~ was used as the starting material. Structurally, the POM anions
consisted of a rhomb-like (M4O16) group encapsulated by [B—a—AsWy034]°~ and [B-4-
AsWs03;1]° lacunary Keggin fragments, leading to an asymmetric sandwich-type
framework material, in which three (RuCgHs) units were grafted through Ru—O—W,
Ru—O—M and Ru—O—M/W. The catalytic activity involving the compounds was carried
out during the oxidation of n—hexadecane. The results of the experiments indicated that
the catalytic performances of the latter Ru—containing compounds were better than those
of similar POM anions without the Ru atom (Fig. 3a) [53].
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Fig. 3. Structures of (@ [{B-a-AsWyO33(OH) }HB-4-
AsW35030(OH) H{Ma4(OH)2(H20)2H(RuCsHg)s}®and (b) [Te2W20070(RuCsHs)2]®". Color code: {WOs}
= dark blue; Ru = gray blue; As = dark yellow; Te = brown; Ni = turquoise; C = black; O = red.

[Ru4(—0)4(—OH)2(H20)4(y-SiW10036)2] ', briefly RusSio;Way, the first tetra—ruthenium
containing silicotungstate Keggin-type compound, was synthesized and characterized by
two groups virtually simultaneously but in different ways [54, 55]. The dilacunary [y—
SiW10036]*” POM anion with two equivalents of Ru,OCly* or RuClz-H,O in agueous
solution are the main precursors of this remarkable compound. Structurally, the rotation
of SiWy, fragments by 90° relative to one another gives the compound D,q Symmetry. In
this compound, the two POM fragments are connected via a [RusO4(OH).(H,0).4]°®* core.
Thus, the two hydroxo groups, each responsible for bridging the two adjacent ruthenium

centers attached to the each SiW,, unit and oxo ligands, bridge the ruthenium centers of
12



different monomeric units. The four ruthenium and the six oxygen atoms are at the apexes
of a tetrahedron and an octahedron, respectively (Fig. 4a). An isostructure involving the
latter cluster, [RuV4(u—0)2(u—OH)4Cla(y—SiW10036)2]'*, [56] was obtained via the
reaction of a dilacunary y—Keggin silicotungstate [y—SiW0036]®~ with two equivalents of
Kz[RuCls(H,0)] (Fig. 4b).

Fig. 4. Structures of () [Rua(U-O)a(ii-OH)2(H20)4(y-SiW10036)2]**~ and (b) [Ru'V(1-O)2(1u-OH)4Cla(y-
SiW10036)2]'*". Color code: {WO6} = dark blue; {SiO4} = violet; Ru = blue gray; u-O = orange; pu-OH
= pink; OH, = dark red; Zn = turquoise.

Sartorel’s group evaluated the -catalytic ability of [Rus(pu—0)s(pu—OH)2(H20)4(y-
SiW10036).] in the oxidation of water with an excess of Ce'V via the continuous monitoring
of the pressure variation and were able to confirm the evolution of molecular oxygen in
the system. Studies have shown that the compound is an active and efficient catalyst in
the oxidation of water under acidic conditions; the turnover frequency (TOF) was shown
to be 450 H per hour, and there was a 90% yield with respect to the amount of oxidant
[54]. Hill's group used [Ru(bpy)s]** reduction in the presence of a catalyst and monitored
the reduction via accumulated [Ru(bpy)s]?* both spectrophotometrically and O,

chromatographically (GC with TC detector) to investigate the catalytic activity of the
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compound. Studies by this group also confirm that the corresponding compound is a rapid
and stable catalyst for H,O oxidation to O, at a pH of 7 (the maximum yield was
approximately 75%) [55]. After the first studies of this compound by these two groups,
the compound was further studied by these same groups, as well as different groups, under
different conditions with the aim of optimizing strategies of incorporating the Ru,—POM

into efficient devices for catalyzing water oxidation and other applications.

Sartorel's group reported a combined investigation for Mio[Ru4(H20)4(1—0)4(ue—OH)(y—
SiW10036)2] (M = Cs, Li). The electrochemical analysis showed a stepwise reversible
redox and protonation/deprotonation transformation of the Rus™V'V'VV) species to

Rus,VVVV) and RugM" "D When the Rus,MV:VV) species is formed, the nucleophilic

0+ 4H* ”‘\

2H> O Ru Ru**
Ru*"Ru** Ru (V. V. \ V) " cle / 28, ()
cycle

Ru; (IVIVIVIV) ¢ .n cy lc
Ru; (V. VVIV) sensitizer
7~ \ 480,
[ Ru*"Ru* Ru**Ro
&C}‘clc
Ru, (V. V 1\‘{f\lJRu,ﬂ\'i\'l\ Y‘\ )
Ru*"Ru**

cycle

Scheme 1. Photodriven water oxidation via [Rua(p-0)a(1-OH)2(H20)a(y-SiW10036)2] 1

attack of water on Ru,V'V:V'V)’s center commences. As a result, a reasonable mode for O—
O bond formation. Therefore, the presence of the Ru,VV'V:V) intermediate in this

compound makes it an active and efficient catalyst for water oxidation to dioxygen, as in
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Scheme 1, [57]. The photocatalytic activity of [Rus(u-O)s(u-OH)2(H20)4(y-
SiW10036)2]'"" in a water oxidation system was studied [58]. With [Ru(bpy)s]** as the
photosensitizer, S,0¢>" as the sacrificial electron acceptor, and a tetra—rutenium POM
complex as the catalyst, [Ru(bpy)s]3* was generated from [Ru(bpy)s]** via photooxidation.
In this study, the overall quantum yield was estimated to be ~26% [59]. The Ru(u-O)4(p-
OH),(H20)4(y-SiW10036)2]'>" complex can easily come into contact with positively
charged oxidants due to its high negative charge and low reorganizational energy, which
are brought about by the POM ligands that firmly hold and effectively shield the redox
active Ru, core from the solvent. Therefore, a complex with these properties can act as a
hole scavenger in photocatalytic systems in which a photosensitizer is absorbed on a layer
of an n-type semiconductor, such as nanocrystalline TiO,[60]. Combining [Ru(p—0O)4(u—
OH),(H20)4(y—SiW10036)2] "~ with [Ru((u—dpp)Ru(bpy)2)s](PFs)s, (bpy = 2,2'—bipyridine;
dpp = 2,3-bis(2'—pyridyl)pyrazine) as a photosensitizer and S,Og? as a sacrificial oxidant
produced photocatalytic activity in the visible—light region in terms of oxygen evolution
with a quantum yield of 30% [61]. Photocatalytic oxidation reactions of a cationic water-
soluble saddle—distorted porphyrin (H;1%*) with multi-anionic POMs as oxidation
catalysts in the photocatalytic oxidation of organic substrates in water under visible—light
irradiation were investigated. Among the multi-anionic POMs studied, the assembly
(H41%),-RuPOM was found to function as an effective photocatalyst for photocatalytic
oxidation reactions (PORs) of organic substrates such as benzyl alcohol derivatives [62].
Also, in a similar system, the tri-ruthenium-substituted POM o—
KsNa[[Ru3O3(H20)CI,](SiWe034)]-17H,O was used as a hole scavenger. The total
turnover number TON (defined as n(O,)/n(catalyst)) for this compound was lower than
those reported for tetra—ruthenium-substituted sandwich—-type POM—-WOCs; however,
the turnover frequency (TOF) was higher than those found in previous results for Ru—
POMs [63]. The catalytic activities of [Rus(u—O)4(u—OH)2(H20)4(y—~SiW10036)2]'* and a
series isostructural POMs of the form [M4(-O)4(H20)2(PWoQO3z4)2]* (M = Fe'' for n = 6;

M = Mn", Co"!, Cu'" or Ni" for n = 10) were studied in the presence of H,O,, which acted
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as the shunt oxidant. The results showed that among these compounds, the tetra-ruthenate
catalyst Ru4(SiWp), exhibited an unmatched decomposition of H,O, to H,O and O, [64].
A film prepared from RbgK;[Rus(U—0)4(u—OH)2(H20)4(y—SiW10036)2]-25H,0 was used
in the reduction of NO, ", and the oxidation of ascorbic acid, benzyl alcohol, and dimethyl
sulfoxide (DMSO), as well as good bi-functional electrocatalytic activity, was observed.
The film also illustrated a good amperometric response to nitrite and ascorbic acid.
Therefore, this film is an attractive candidate for an amperometric sensor in the
electrocatalytic detection of these two analytes [65]. Naio[Rus(u—0O)4(u—OH)2(H20)4(y-
SiW10036)2] has been immobilized on glassy carbon electrodes and indium tin oxide (ITO)
—coated glass slides via the use of a conducting polypyrrole matrix and the layer—by—layer
(LBL) technique. The redox behavior and catalytic activity of the prepared film were
investigated. Stable redox behavior associated with the Ru centers within the Ru,POM
was observed, and the multilayer assembly displayed a higher oxidation current compared
to the POM paste. Therefore, the results demonstrated that RusPOM in an LBL assembly
with [RuDend]®" has the better performance in the electro-oxidation of water [66]. The
catalytic application of immobilized [Rus(pu—0)4(u—OH)2(H20)4(y—SiW10036)2] on SBA-
15-Apts for the oxidation of n-tetradecane has also been studied. The results indicate that
the heterogeneous catalyst SBA-15-Apts—SiWioRu, exhibits enhanced catalytic activity
compared to naked [Rus(u—0)s(u—OH)2(H20)4(y—SiW10036)2] [67]. By changing the
nature of the central heteroatom from Si** to P°* in the POM—based ligand, the analogue
anion based on poorly stable y»-[PW10035]’~ was prepared, and its catalytic activity was
investigated. Like its silicon analogue, the phosphorus center is capable of catalyzing
water oxidation, but the total turnover number TON of RusP,W,, was lower than that for
Ru4Si;Wo0 in photocatalytic H,O oxidation due to its slightly lower driving force [68]. In
addition to the experimental studies, a number of theoretical studies have also been done
to investigate the electronic properties and structural evolution of the tetra-ruthenium
catalytic domain [54, 69-71]. In addition to theoretical studies on the tetra—ruthenium

transition—metal—substituted POMs, theoretical studies were also performed on single—
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Ru—substituted POMs to determine the reaction mechanism involved in the oxidation of
H.O to O, when it is catalyzed by this compound [72]. In addition, the electron structures
and absorption spectra of a series of transition—metal-substituted POMSs, including
SiWp X™ (X = Mn*, Mn®*, Fe?*, Fe3*, Co?*, Ni?*, Ru®*, Re®" and Os®*), was studied via
DFT and TD-DFT methods to determine whether these compounds could be electron—
transfer mediator candidates for DSSCs [73].

Very recently, by Gobbo and colleagues, polymer/nucleotide coacervate microdroplets
were reconfigured into membrane-bounded polyoxometalate coacervate vesicles (PCVs)
in the presence of the [Rus(-0O)4(U-OH)2(H20)4(y-SiW10036).]° as a unique catalyst, to
produce synzyme protocells (Ru4PCVs) with catalase-like activity [74].
Di—Ru—substituted polyoxotungstate with the formula Na[Ru"',Zn,(H20)2(ZnWeOss):]
was used to catalyze the electrochemical generation of O, using pulsed voltammetry.
Cyclic voltammetry showed three waves for this compound pointing to the Ru'""", Ru'""v
and Ru'" couples. Therefore, the Ru, species can undergo various oxidation states under
stepwise, reversible oxidation. Structurally, in this cluster, two (ZnWyOs34) fragments are
connected via two nickel and two ruthenium centers in the POM anion belt. The two
ruthenium centers are bonded to each other directly, and the ruthenium centers bridge the

two zinc centers of the central core unit (Fig. 5) [75].
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Fig. 5. Structure of [Ru""',Zn,(H20)2(ZnW9034)2]'+". Color code: {WO6} = dark blue; Ru = blue gray;
Zn = turquoise.

Reactions of the trilacunary o— and f—[SiWyO34]'* anions with RuCls in aqueous solution
led to the formation a tetra—ruthenium-substituted [SiWgsOs7Ru4(H20):Cls]” and,
unexpectedly, a tri—ruthenium-—containing silicotungstate,
[{Ru303(H,0)CIL}(SiWy034)]". Attempts to obtain single—crystals of the tetra—ruthenium
compound for single—crystal X—ray analysis were unsuccessful. Hence, the determination
of the compound’s structure was carried out via several spectroscopic techniques and
magnetic measurements, together with chemical and thermal analyses. However, in the
case of the tri—ruthenium cluster, single—crystal X—ray analysis revealed that a trigonal-
planar {Rus} unit was embedded in the {SiWy0Os7} unit and that two Cl atoms and a water
molecule coordinated with the {Rus} unit. Cyclic voltammetry showed two waves in the
positive domain and one wave in the negative domain, which corresponded to the RuV""V,
RuVM and Ru"" redox processes, respectively. [{RuzOs(H20)Cl}(SiWy034)] 7~ was

investigated in terms of its performance as a visible—light—driven water oxidation catalyst
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(WOC) for O, evolution, with S,0¢>" as a sacrificial electron acceptor and [Ru(bpy)s]*
as a photosensitizer (PS). POM-PS complexes were formed in the initial phase of the

reaction, thus preventing POM decomposition into colloidal oxide catalysts [63].

Fig. 6. Structures of (a) [az-P2W1706:RU"(DMSO)]¥7, and (b) [a1-P2W17061RU"(DMSO)]®". Color
code: {WOs} = dark blue; Ru = blue gray; S = yellow; C = black; O =red.

The number of compounds in which ruthenium is combined with Wells—Dawson-type
POMs is still greater than for other metals in this category, with most of them being
monomeric and containing a water or DMSO ligand coordinated to the ruthenium center.
However, dimer and trimer forms have also been reported for clusters containing
ruthenium [76-81]. Mono—Ru-substituted Wells—Dawson type heteropolytungstates with
DMSO ligands in the form of both «;— and ax-isomers, namely, [oi—
P,W;706:RU"(DMSO)]®" and [ax—P,W1;06RU"(DMSO)]®", were obtained via the
reaction of [a,—P,W1706:]'%" with Ru(DMSO0),Cl; under hydrothermal conditions (Fig.

6a). The main product of this reaction was the ax-isomer, with [oi—
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P,W1706:RUi(DMSO)]* (Fig. 6b), [PW11039RU"(DMSO)]*, and [P,W15062]¢ as by-—
products. The reaction of [a—P2W17061]'%" with Ru,(benzene),Cl, led to the production
of an isomeric mixture of [a;—P,;W1706:RU"(H20)]” and [oo—P2W:1706:RU"(H20)]" in
which the ay—isomer was predominant (8 to 1 ratio). Moreover, DMSO-Ru-substituted
Wells—Dawson and Keggin-type POMs were also detected as byproducts. In a redox
behavior  investigation of the  [a1—P:Wi;06RU'(DMSO)]* and  [oo—
P,W;706:RU"(DMSO)]?, cyclic voltammetry showed two waves in the positive domain
and two waves in the negative domain. Four well- defined reversible redox pairs (Ei, =
1138, 357, =508, and —743 mV) were observed for the [a;1-P2W1706:RU"(DMSO)]*~
isomer. The redox pairs at 1138 and 357 mV were attributed to two reversible one-electron
transfers for Ru"(DMSO) and Ru"""(DMSO), and the redox pairs at =508 and —743
mV corresponded to two two—electron reductions of the tungsten. When comparing the
redox behaviors of [a;—P,W1706:RU"(DMSO)]?" and [a2—P2W1706:RU'(DMSO)]* with
Ru(DMSO)-substituted  a—Keggin—-type  heteropolytungstates,  namely, [a—
XW1:03RuU(DMSO)]™ (X = Si, Ge, and P), it is noteworthy that the redox potentials of
both the Ru™"" and Ru"" processes in DMSO containing Wells—Dawson type POMs
were not accompanied by protonation and deprotonation due to these redox processes
being independent of the pH, while Keggin-type processes were dependent on the pH
value [76].

As the result of the cleavage of the Ru-S bonds in their corresponding DMSO derivatives,
[01—P2W1706:RU"(DMSO)]® and [ax—P,W1706:RU"(DMSO)]*" produced a;— and ap—
isomers of mono—Ru-substituted Wells—-Dawson type phosphotungstates with aqua
ligands, respectively. Mono—Ru—substituted polyoxotungstates with terminal aqua ligands
have the ability to replace their water molecules with other ligands, such as pyridine,
pyrazine, DMSO, NO, ClI, and CO. In addition, POM complexes containing RuV—oxo
species are efficient catalysts in terms of the oxidation of water, alcohols, and DMSO.

Due to the stronger Ru—-H,O bond conferring a stronger ligand field on the metallic
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orbitals, which destabilizes them more than the DMSO ligands can, the WOC activity of
an aqua ligand containing Ru—substituted POM anions is higher than those for similar
POM anions containing the DMSO ligand [77]. While the latter precursors, i.e., [a2—
P,W;706:]' and Ru(DMSO),Cl,, led to the formation of monomeric DMSO-Ru-
substituted Wells—Dawson type polyoxotungstate under hydrothermal conditions, in
another reaction reported by Nomiya and colleagues, the reaction of these same precursors
in an ice—cooled, HCl-acidic aqueous solution yielded a dimeric DMSO-Ru—containing
polyoxotungstate with the formula Kig[Ru''(DMSO)2(P,W170¢1)2]-35H,0. Due to the
poor quality of the resulting crystals, the structure of the POM anion was determined via
non-crystallographic methods. The techniques used in this experiment suggested that a
sandwich dimer structure was formed in which two monovacant Wells—Dawson
fragments were connected by a ruthenium center. In the oxidation of the latter dimeric
POM anion with Br,, a monomeric Ks[ax—P,W1706;RU'"(H,0)]-19H,0 was obtained [78].
Another example of a dimeric Wells—Dawson based Ru-containing POM anion is
[O{RUVCl(a2-P2W17061)},]'%", in which each Ru atom is coordinated by four oxygen
atoms of the a,-Dawson unit, a Cl ligand, and an oxygen bridge between the two
RuVCl(a2—P2W17061) units [79]. Trimeric ruthenium-substituted isopolyoxotungstate
with the formula Rb1oK3He[SeO3(HoRU'55W2050114)]Cl3-48H,0 (Fig. 7a) was prepared
via the reaction of Na,WO,-2H,0, SeO,, RbCl and RuCl; under hydrothermal conditions.
The resulting cluster consisted of three monomeric {RuigsWio17} units that were
condensed to yield a {RussWso5} unit with a capping {SeOs} pyramidal group. The three
{Ru183W1017} building blocks were connected to each other through the {(Ru/W)Os}
octahedral corners. The selenium center was not incorporated into the structure as a
heteroatom. Here it acts as a fragments connector. The electrocatalytic activity of the
compound in a nitrite oxidation reaction in an aqueous solution was investigated. The
three reversible redox pairs at Ej,= +0.93, +0.13, and —0.08 V can be attributed to the
RuVY/Ru", RuvV/Ru", and Ru"'/Ru" redox processes, respectively. In addition, the two

well-defined redox waves at E;» = —0.60 and —1.18 V can be attributed to WYYV redox
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processes in the POM anion. The results of the electrocatalytic studies on the POM anion
showed that Ru—containing POM can facilitate the catalysis of the nitrite oxidation
reaction, which could possibly benefit from the intrinsically fast electron transfers and

redox-activated sites of the Ru centers that are fixed within the cluster set [82].

Fig. 7. Structures of (a) [SeOs(HoRU"V55W3050114)], and (b) [AssWa00140{RU2(CH3C0O0)}.]"*". Color
code: {WOs} = dark blue; {RuOs} = green; {W/RuOe¢} = blue gray; Se = dark red; As = plum; Ru =
blue-gray; C = black; O = red.

A crown-shaped acetate-bridged Ru-substituted arsenotungstate with the formula
[H2N(CH3)2]14[ASsW400140{RU2(CH3CO0)},]-22H,0 was obtained via the reaction of a
mixture of Na,WOQO,-2H,0, NaAsO,, and RuCl; in the presence of dimethylamine
hydrochloride in a sodium acetate buffer solution. The compound consisted of a cyclic
unit, namely, [As;W400140]**", with two [Rux(CH3sCOO)]™* fragments embedded in its
cavities. The {AssW4o} unit was constructed from four trilacunary [B—a—AsWgO33]""
fragments connected together via four additional WOs octahedral units (Fig. 7b). The
[AssW400140{RU2(CH3COQ)},] was investigated in terms of its performance as a catalyst
in the heterogeneous oxidation of sulfides with hydrogen peroxide. In this experiment,
sulfones in acetonitrile and sulfoxides in methanol were obtained as the selectivity

products of the catalytic process. The same oxidation reactions were performed in the
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presence of (i) Na,WO,-2H,0, (ii) RuCls, and (iii) a mixture of Na,WO,-2H,0 and RuCls;
as the catalysts. The results indicate a low conversion for the reaction with RuCl; as the
catalyst and a relatively high conversion for the reactions catalyzed by homogeneous (i)
Na,WQO,-2H,0 and (ii) a mixture of Na;,WO,-2H,0O and RuCl;. However, these two
synthetic materials could not be separated out and reused, while in the case of
[ASsW400140{RU2(CH3COQ)}-], the results of recycling experiments implied that there
were no obvious changes in the conversion and selectivity of the oxidation of sulfide
across several runs [83]. CssNagH[Mo"'14Ru'V,050(OH),]-24H,0, a wholly inorganic
ruthenium-containing polyoxomolybdate, was obtained via the reaction of
Na;Mov'0,4-2H,0 and RuCls in a solution medium. The compound consisted of a {Mo014}-
type isopolymolybdate unit with a di-ruthenium core embedded in its center. In the
presence of tert—butyl hydroperoxide (TBHP) as an oxidant in the reaction medium, the
POM anion was used as a heterogeneous catalyst in the oxidation of 1-phenylethanol to

acetophenone [84].

3.2 Rhodium

The first Rh''—containing POMs with the formulas [Rh(PW11030),]''" and
[Rh(P,W17061)2]'"" were reported in 1979 [85]. These dimeric POM anions were prepared
via the reaction of lacunary Wells—Dawson and Keggin-type tungstophosphates with
RhCls. In addition, heating divacant [~SiW10036]* with rhodium(ll) acetate at 60°C
resulted in the formation of [SiW1;03{RhCI}]®", which was isolated from mono-Rh-
substituted Kg[SiW11030{RhCI}][Rh2(CH3C0O0),C)]-8H,0, a crystallographically-
determined mono-substituted rhodium (Fig. 8) [86].
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Fig. 8. Structure of [SiW1103{RhCI}]®". Color code: {WOs¢} = dark green; Rh = teal; O = red; Si = blue;
Cl = green.

Zonnevijlle and colleagues used the monolacunary Wells—Dawson type polyoxotungstate
a—X,Rh"(OH,)W1706:1]" (X = P, As) and Keggin-type polyoxotungstate to synthesize
Rh-substituted POMs in such a manner that Rh was linked to the oxygen atom of the
coordinated water molecule [25, 87]. Pope and colleagues synthesized
[(PO4)W1:035{Rh2(OAC).}]°, an example of a coordination mode involving a di-rhodium
substitution into a lacunary anion in which each rhodium atom is attached to two oxygen
atoms of the acetate. This POM anion was synthesized via the reaction of a rhodium(Il)
acetate dimer with lithium 11-tungstophosphate, prepared in situ, at a pH of 3 under
hydrothermal conditions [88]. Rhodium-carbon bonds containing
[XW1;03sRhCH,COOH]>" ¢~ (X = P, Si) were obtained via a hydrothermal reaction that
produced good yields in aqueous solution and involved acetate, RhCls, and K;[PW1103g]
or Kg[SiW11039] in an acetate buffer at 120 °C [25]. The CH,COOH and COOH ligands,
both containing Rh-substituted POM anions, were explored in terms of assembling POM-

sensitized solar cells (PSSCs). Their photoactivations were studied both before and after
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anchoring their POM anions to the TiO, surface. The results revealed that due to its
superior visible—light response, energy level matching, and higher carrier separation
efficiency, the COOH ligand with the POM anions displayed a higher photovoltaic
response than the [XW;;03sRhCH,COOH]> one [89]. In the absence of an acetate buffer
and in the presence LiCl, the hydrothermal reaction of PW;,049-xH,0 with RhCl3-yH,0
led to the formation of [(CH3)sN]s[PW1,03RNCI]‘H,O. To  synthesize
[(CH3)4N]s[PW1:035RNBr], a hydrothermal reaction involving the previous reactants,
with LiBr substituted LiCl, was carried out in the presence of an acetate buffer. Two
byproducts, [PW1:03RhCI]>~ and [PW1:035Rh(H.0)]*", were isolated from the major
product. The reduction of [(CH3)4N]s[PW1:039RhC1]-H,O in HOAc/NaOAc solution (pH
4.6) on a graphite cloth electrode, followed by the addition of CsCl to the solution,
produced the dimeric Rh-Rh bonded species [(PW1103Rh),]!*". Oxidation of
[(PW1:039Rh),]'*" via air, Br,, or hypochlorite led to the formation of [PW1,030RhX]*
(X = H0, Br, ClI, respectively).[% Pope and colleagues reported another group of di-
rhodium-substituted POM anions with diverse organic moieties, namely,
[PW11030{Rh2(0,CR);}]°” (R = Pr", CH.Cl, CH,OH, 0-C¢H,OH, p-CsH;OH, and
[XW11039{Rh2(pO.CCsH1OH),}]%; X = Si, Ge), which have been prepared in good yield
and characterized by elemental analysis, multinuclear NMR spectroscopy, and the
structural crystallography of the cesium salts of the [PW11039Rh,(0,CC3H7),]°>" and
[PW11039Rh2(p-0.CCcH4OH),]>~ POM anions [88]. A sandwich-type rhodium
polyoxotungstate with an unprecedented tetra—rhodium-oxo core Nago[(Rha(us—
0)2(H20),)(H2Wy033)2]-38H,0 was obtained via the reaction of Rh,(OAc), and sodium
tungstate under hydrothermal conditions. In this dimeric POM anion, the polynuclear
oxorhodium cluster, in which Rh(Il) was oxidized into Rh(Ill), was placed between
trilacunary nonatungstate {WyO33} units (Fig. 9) [90].
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Fig. 9. Structure of [(Rha(u3-0)2(H20)2)(H2W90O33)2]. Color code: {WOQOs} = blue gray; Rh =teal; O =
red.

In subsequent attempts to synthesize the new Rh-containing POM anions, Sokolov's
group reported the formation of new organometallic derivatives of a POM, namely,
([PW11030Rh(CH(COOH),)]>> and [PW1:03Rh(CH(Ph)COOH)]>" via reactions of
[PW1:03RhCI]>~ with malonate and phenyl acetate, respectively. In addition, the separate
reactions of [PW;;030RhCI]*>~ with RB(OH), (R = CHjs, Ph (phenyl) and Fc (ferrocenyl))
in aqueous solution under mild heating (40°C) produced [PW11039RhCH3]"",
[PW1:03RhPh]>", and [PW1:03RhFc]’-, additional examples of organometallic
derivatives of a Rh-substituted Keggin-type polyoxotungstate [91].

The reaction of (BusN)s[PW1,039RhCI] with NaX (X = NCS-, N3, and NO;") salts under
hydrothermal conditions generated (BusN)s[PW1,035Rh(SCN)] and
(BusN)s[PW1:030Rh(NO,)]. The reaction of [PWy;0sIrCI]>~ with NaNsz led to the
formation of an unexpected product: a Keggin-type POM featuring a terminal OH™ ligand.
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Electrospray ionization mass-spectrometry (ESI-MS) techniques were used to screen the
substitutional reactivities of the {RhCI} groups in [PW1:03RhCI]>~ towards alkali salts
[92].

Son and colleagues first reported Rh-containing polyoxoniobates [H,RhNbyO,s]¢~ and
[Rh,(OH)4Nb1003]%, both obtained under hydrothermal reaction conditions. When the
temperature was higher, some Rh""' was reduced to Rh° as a gray or black powder mixed
with the crude product. In order to prevent the reduction of Rh'!', hydrogen peroxide was
added to the reaction mixture. After adding H,0O,, especially in the case of Rh,Nbsg, the
yields improved significantly. Using ESI-MS, it was found that after the hydrothermal
reaction, the solution was a mixture of Nbio, Nbs, RhNby, and Rh;Nbio ions. Upon
considering the differences in solubility of the compounds, it was concluded that the
separation and purification of the Rh-substituted molecules had been accomplished. The
structure of the Rh,Nb;o was described as two RhNbs Lindqvist-type clusters fused by two
Hs—O atoms linking two Rh'"'. Also, it was determined that Rh""' and NbY were connected
via two pu3-O atoms. The oxidation state of rhodium in Rh,Nbyo and RhNbg was Rh'!!, as
determined via a Bond Valence Sum (BVS) calculation [93]. It should be noted that the

substitution of Rh into the polyoxoniobates has generally produced low yields.

3.3 Palladium

Recent major advances in the POM chemistry of the palladium atom have been made in
the polyoxopalladate field (Pd ions constitute the main addenda atom, which participates
in the structure of the POM). However, studies were also conducted in which the
palladium was replaced by tungsten or molybdenum in vacant space(s) or in the formation
of sandwich-type POM anions [94]. Replacing the palladium atom with the cobalt atom
in the polytungstometalate [WM3(H,0)2(MWyQO3z4)2]'>~ (M = Zn or Co) gave rise to new
Pd, Pt, Ru, and a series of other transitional elements containing POM anions [87]. A few
years later, the latter compounds were synthesized again, and their structures and catalytic

properties were investigated in depth by the Neumann group. Single—crystal X-ray
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analyses of the Ru compound (isostructure with Pd and Pt containing materials) revealed
that the structure was compatible with a sandwich-type structure with a WRuZnRu ring
between two trilacunary [B—XWy034]°~ units. The UV and IR spectra of these three
compounds proved that they were isostructural compounds. The catalytic activities of
these compounds were tested in the oxidation of alkenes and alkanes using aqueous 30%
hydrogen peroxide and 70% tert-butyl hydroperoxide as the oxidants, respectively. Also,
the catalytic performances of the quaternary ammonium salts of these sandwich-type
POMs in the chemoselective, diastereoselective, and regioselective epoxidation of chiral
allylic alcohols with H,O, were investigated [95]. Compared to the catalytic activities of
the mono-substituted Keggin—-type POMs reported previously, the disubstituted
sandwich—type POMs were more reactive. Another sandwich-type POMs containing
Palladium(ll), K;Nas[Pd,W10035]-22H,0, was obtained via the reaction of an aqueous
solution of Na,WQ,- 2H,0 with K,PdCl,. Here, the Pd atoms were heteroatoms in square-
planar environments and located between two Ws015®~ groups, which each providing four
coordination sites. Various mono-Pd-substituted POM anions were generated via the
reactions of Keggin-type polyoxomolybdate and polyoxotungstate [XW110s]" (X =B,
Si'V, Ge'Y, and PV), and Wells—Dawson type [az-P2W17061]'%~ with [Pd(H20)4]** or PdClI;
and were characterized by means of UV-Vis, IR as well as !0, 3!P, and ¥W NMR
spectroscopies [96]. The mono—Pd-substituted POM anions were effective as catalysts in
numerous cases, including oxidations of hydrocarbons in O, + H, mixtures, the reduction
of hydrogen peroxide, and the hydrogenation of aromatic compounds, compared to
ketones.[97, 98] Palladium nanoparticles, which were stabilized by a Keggin—type POM,
catalyzed various carbon—carbon and carbon—nitrogen coupling reactions in the reduction
of Ks[PPdW,,039] with H; [95]. (BusN)s[P.W17Pd(OH;)Os:] and some of the transition
elements with different oxidation states were tested as chemo— and regioselective oxygen
transfer catalysts for H,O; in the epoxidation of allylic alcohols. The reactivity achieved
by Pd'" —substituted species was higher than those for the other metal-containing species

with the same oxidation number evaluated in this experiment [99]. Tri-Pd-containing
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complexes (PWo).Pd; and PWyPd; were obtained by using PWy0s4’~ anion and
Pd(H.0)4*" as starting materials in a mixture of sulfuric acid and NaCOs solution. The
bimetallics (PW,),PdFe,, (PWo).Pd.Fe, PWoPd,Fe, and [Pd,Cu(PWs0z4)2]'2", plus a
mixture of [Pd3(PWgOs4),PdnOxHy]¢ +[(VO)3(PWOs4),]°~, were prepared in the presence
of Fe,(S04)3 and CuSO,4 or NaV O3 under the same conditions. The catalytic performances
of the Pd" complexes were tested in terms of the complete reduction of oxygen to water

and hydroxylation of benzene to phenol.

Fig. 10. Structures of (a) [Na2(H20).PdWO(H20)(a-AsW9O033)2]'%", (b) [Pd3(H20)9Bi2W22076]*", and (c)
[Cs2Na(H20)sPds(a-AsWg033)2]°". Color code: {WO6} = dark green; Pd = dark blue; Na = yellow; Cs
= green; As = turquoise; O = red.

Overall, the results indicate that mono-metallic compounds prepared from trilacunary
Keggin—-type POMSs show poor catalytic activity in the oxidation of hydrocarbons. In
contrast, the bimetal Pd"-Fe""" complexes with the same anions had active catalytic
performances when phenol was produced in the oxidation of benzene and cyclohexane.
The bimetallic [Pd2Cu(PWs0z4)2]*>~ complex turned out to be inactive in the oxidation
[100]. The dilacunary arsenotungstate [As;W:190s7(H20)]* heteropolyanion, in
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conjunction with mixing solutions of metal sulfate and PdSO, in H,SO4, was used to form
several new bimetallic Pd", [As,W1sPd2067(H20)2]*%, and M = Fe"', Ti'V, VV, Co", or
Cu' complexes. No X-ray structural investigations of any products were obtained, and
they were characterized using 3P, 18w, and %'V NMR as well as UV-Vis and IR
spectroscopies [101]. In 2005, Kortz and colleagues reported the first palladium-—
substituted tungstoarsenates(l11). The mono—Pd'"—substituted [Na,(H20),PdWO(H»O)(a—
AsW,033),]* (Fig. 10a) and the tri—Pd'—substituted [Cs,Na(H,0)sPds(a—AsWgOz3)2]°
(Fig. 10c) were synthesized via the reactions of PdCl, with [As,W190¢7(H.0)]'* and [a-
AsW,y033]%, respectively, in an aqueous acidic medium and isolated as mixed cesium—
sodium salts [102]. A tetramer structure, namely, the palladium-substituted
tungstoarsenates POM anion with the formula
Ki7Nas[PdaNa;KAs;W400140(H20)]-:63H,0 (Fig. 11), was prepared via the reaction of
Nazs[ AssW400140]-60H,0 with PdSO, in a potassium acetate buffer solution, isolated in
crystalline form as a hydrated mixed potassium-sodium salt, and characterized by single—

crystal X—ray analysis, IR spectroscopy, TGA, and elemental analysis [103].

Fig. 11. Structure of [Pd2Na:KAssWi0O140(H20)]?!". Color code: {WO¢} = dark blue/violet; Na =
yellow; As = orange; Pd = dark blue; K = black.
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Numerous Pd—substituted POMSs with various heteroatoms were synthesized by the Lin
and Kortz group. In addition to palladium-substituted tungstoarsenates, the pd'-
substituted tungstosilicate [Cs,K(H,0);Pd;WO(H,0)(A-a-SiWs034)2]°~ (Fig. 13a), and
palladium—substituted tungstoantimonate(l11)
CssKNas[CszNa(H20)10Pd3(SbWs033)2]-16.5H,0 were reported. These POM anions were
synthesized via the reaction of Pd(CH3;COO), with K[ A—a—SiWgO34] and Nag[ SbWyO33]
in an aqueous acidic medium. IR spectroscopy, elemental analysis, and electrochemistry,
as well as single—crystal X-ray analysis, were used to determine the structures of these
POM anions. According to the characterizations, generally, in this series of POM anions,
the samples contained two lacunary B—a—[AsWyO33]*~ Keggin fragments linked by Pd
atoms and WO(H,O)*" moieties, leading to sandwich-type structures with Cov symmetry
[102, 104]. Also, a dimeric  pd"-substituted  tungstobismuthate(lll)
NasPd; s[Pd3(H20)sBi,W,,076]-22H,0 (Fig. 10b) was obtained via the reaction of PdCl,
with Naj2[Bi,W,,074(0OH);] in an aqueous acidic medium. The structure of the latter POM
anion is different from the other palladium—containing POMs mentioned thus far, as the

palladium metal ion was grafted onto the surface of the POM anion [105].

In a report provided by Hirano and colleagues, the reaction of Pd(OAc), and dilacunary
[(n—C4Hg)aN]a[y—SiW10034(H20),] in a mixed solvent of acetone and water generated a
di-palladium-substituted y—Keggin-type silicodecatungstate, [y—H,SiW10036Pd,(OAC),]*
(Fig. 12), which was different from the sandwich-type POMs reported previously by the
Lin and Kortz group. The structure of this monomeric POM anion consisted of two Pd
atoms, a lacunary silicotungstate, and two bidentate acetate ligands. Each Pd atom was
coordinated to two oxygen atoms of [y-SiW10035]*~ and bridged with two bidentate acetate
ligands. The catalytic activation of (i) a mixture of Pd(OAc),, [(n—CsHg)sN]4s[y—
SiW10034(H20),], and (i) [y—H2SiW1003sPd2(OAC),]* was used to hydrate a structurally

diverse set of nitriles, including aromatic, aliphatic, heteroaromatic, and double bond-
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containing nitriles. The two systems showed high and similar activities. Kinetic,
mechanistic, and DFT calculation studies indicated that the di—palladium site plays an
Important catalytic role in these hydration processes. To enhance the hydration of nitriles,
the cooperative activation of nitrile and water with two or more metallic centers has been
proposed. Here, the cooperative activation of nitriles and water via the di—palladium site
formed on a rigid POM—based framework material led to remarkable catalytic activity in
terms of the hydration of nitriles, with lacunary [y-SiW0036]®" acting as an inorganic

ligand to the constructed di—palladium active site [106].

Fig. 12. Structure of [yH2SiW10036Pd2(OAC)2]*". Color code: {WOs} = blue gray; Pd = dark blue; C =
black; O = red.

Mono-, di-, and tri-Pd—substituted polyoxotungstates, i.e., Kg[Pd{WO(H:0)}.{A,a—
PW3034}2]-20H,0, Kio[PdAWO(H20)HA,a—PWy034}2]-30H,0  and  Kio[Pds{A,a—
PWy034}2]-30H,0, respectively, were obtained via the reactions Dbetween
[Pd"(NO3),]-H20 and Kio[P2Wa20070(H20)2]-24H,0, Kio[P2Wi90se(H20)]-24H,0, and
Ko[A,a-PWy03z4]-16H,0, respectively. The compounds were characterized by IR, 3P and
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183\ NMR spectroscopies. The Kio[Pd{WO(H,0)HA,a-PWg034}2]-30H,0 POM anion
(Fig. 13b) was also characterized via single—crystal X—ray analysis. Compared to the di—
palladium-substituted silicotungstate [Pd{WO(H2O)HA,a-SiWe0z4}.]*> described by
the Kortz and Akari group, which had its counterions located in the central belt of the
anion completed by one potassium and two cesium ions, here, the counterions located in

this position were completed by three potassium ions [107].

Fig. 13. Structures of (a) [Pd2{WO(H20)}A, a-SiWg0s:}2]*2", and (b) [Pd{WO(H20)}HA a-

PWS034}2]'%". Color code: {WOQs} = red/blue gray; Pd = dark blue; K = green; Cs = plum.

Another sandwich-type di-palladium-substituted y—Keggin-type phosphotungstate,
Ko[Pd2(a-PW11039H05)2]°~, with a structure that differed from the structure deduced by
Villanneua in 2009, was reported by the Izarova and Kortz group. Here, two lacunary

Keggin fragments were linked via two Pd" ions in an anti-conformation; however, as in
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the former compound, the coupling was performed by two palladium ions and
{WO(HO)}** fragments. The reaction of the Wells-Dawson type POM, Kio[o,-
P,W17061]-17H,0, and PdCl; in solution yielded anti— and syn—isomers of di—palladium-
substituted KysLi[anti-Pd,(a-P2W17061Ho5)2]-50H20. It is noteworthy that here, the
reaction of the Pd" ions with monolacunary tungstophosphates did not lead to the
incorporation of the Pd" ion into the POM vacancy; instead, it led to the formation of a
sandwich—type POM product involving the two Pd atoms [108]. The latter cluster was
encapsulated by cetrimonium bromide (CTAB) and tetrabutylammonium bromide
(TBAB), respectively, as these surfactants were used to obtain two kinds of assembly
structures (nanorolls and hollow spindles) meant to serve as single-atom catalysts (SACSs).
The assembly structures’ catalytic performances in the Suzuki—Miyaura coupling reaction
and semi-hydrogenation reaction were then investigated. Although the morphology of the
nanorolls changed after the catalytic reaction, FTIR and 3P NMR characterization proved
that the structure of the cluster was maintained and that the catalysts could be reused
several times without losses in performance [109]. Two trilacunary Wells—Dawson type
POM anions incorporated with the Pd" ion in an aqueous medium led to the generation of
the sandwich-like tetra—pd'—containing POM [Pd"4(a—P2W150s6)2]'¢" in syn— and anti—
isomer forms. Due to square-planer Pd" coordination, the Pd4 unit arrangement in this
structure differed from that of other transition metals, since some reported structures have
included an adamantane configuration for the Ru, core. However, the efficacy of the type

of lacunary POM on the configuration of the M, part should not be overlooked [110].

The reaction of Nays[HsSesW390144]- 74H,0 and Pd(NO3),-H,O in various solution media
led to the formation of two new selenotungstate/palladate POM anions, namely,
[Se'V,Pd",WV'14,056H]'! ™ (Fig. 14a) and [Se'V4Pd",WV'20108H12]'? (Fig. 14b). In the case
of [Se'V,Pd",WV!14,05H]'!", the {a—Se,W14} unit can be compared to a hypothetical
tetralacunary Wells—Dawson type {a—P,;W140s4} fragment, and the {Pd;O,} site in
[Se'V,Pd",WV!1,056H]!!" can serve an analogy to the vacant site in a lacunary POT. As in

34



a Wells-Dawson type heteropolyanion, the two central Se'V ions heteroatoms were
surrounded by 18 addenda metal ions (here, Wi, and Pd, ions instead of Wig ions).
[Se'V4Pd",WV'50108H12]'% can be considered to be a dimer POM anion in which two y—
{(H,0)(OH),Pd",Se'V,W,304} fragments serving as the lacunary derivatives of the
hypothetical {a-Pd4Se, W14} species are connected to each other via two trans-
{O=W(H;0)} groups [111].

Fig. 14. Structures of (a) [Se'V2Pd"sWV'140s6H]''~, and (b) [Se'V4Pd"sW"'250108H12]'>". Color code:
{WO6} = dark green; {PdO4} = blue; Se = sea green.

3.4 Silver

The first crystallographically—characterized Ag-containing POM was reported by
Villanneau and colleagues. It was described as a sandwich-type POM,
[NBus]4s[Ag2{M05013(OMe)4(NO)}-], consisting of two defective POM anion bridges
between two silver cations in slightly distorted square-planar environments (Fig. 15)
[112].
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Fig. 15. Structure of [NBus]s[Ag2{M0s013(OMe)s(NO)}2]. Color code: {MoOe¢} = dark red; Ag = sea
green; C = black; N = blue; O =red.

Cases in which silver has been substituted into a polyoxotungstate compound have been
reported by various groups. The reaction of monolacunary [a—PW:1039]’" and Agl in an
aqueous solution led to the formation of small, needle-shaped crystals with the formula
H2AQo.33K3.67[AgPW11039]-8.25H,0-CH30H. Ag’s metallic center interacts in the solid
state with four oxygen atoms from the neighboring [AgPW11030]¢" units to produce a 1D,
anionic [AgPW1,030]n°" chain.[113] Cui and colleagues synthesized a 1D chain-like Ag'
—substituted Keggin—type polyoxotungstate that is isomorphic with the previous
compound. In this case, Ks[HzAg'PW11030]-12H,0 was dissolved in an aqueous solution,
creating an Ag' anion—complex with the formula [HsAg'(H.0)PW11039]* . Catalytic water
oxidation for the evolution of O, was carried out on the [HzAg'(H.0)PW11030]*". In the
presence of S,0g?", which can oxidize coordinated metal ions into high oxidation states
effectively, the [HzAg'(H20)PW11030]*~ oxidized to [HsAg'(H20)PW;1039]*> and a small
number of [H3Ag"'OPW;;030]>" POM anions. These oxidation processes in POM anions
form the basis of the mechanism for the evolution of oxygen. The water oxidation catalyst
(WOC) tests discussed in this work show that lacunary POMs play important roles in the
transmission of both electrons and protons as well as in improvements in redox
performances and stabilizing high—oxidation states (2+ and 3+) of silver ions. The

photocatalytic activity of Ks[H3Ag'PW;1030]-12H,0 was compared with [Ag'(2,2"-
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bpy)NO3] and AgNOs; under the same conditions. The evolution of oxygen was
significantly higher when the POM anion was involved, while no O, production was
observed in the case of [Ag'(2,2-bpy)NOs] [114]. In another work, this group also
investigated the electrocatalytic and photoelectrocatalytic effects of [HsAg'PW11039]° on
water oxidation when it was immobilized on a TiO, electrode. In order to investigate the
effect of this Ag'-substituted polyion on water oxidation activity, three electrocatalytic
systems, namely, AgPW1;—TiO,/ITO and AgNOs-TiO,/ITO electrodes, as well as a single
TiO,/ITO electrode, were evaluated under identical conditions. The current density of the
AgPW1;-TiO,/ITO electrode was higher than the current densities for the other two
electrodes [115]. [HsAg'(H.0)PW11039]* was then used in reversible redox reactions for
LiS featuring electrode architectures. Here, the addition of the Ag' ion as a hetero-metal
ion was able to act as a Lewis acid site to further enhance the adsorption of the S-moieties,
and the terminal oxoligands in the POM anion interacting with the Li cations in the Li,Sn
species were regarded as Lewis acid sites. The results of the experiments and calculations
confirmed that the {Ag'PW1:039] POM anion enhanced the redox reversibility of the S
atom and polysulfides throughout the battery [116]. Silver forms large cluster units in
combination with POM:s. Sandwich-type POM
{[Ag42(CO3)(C=CtBu)27(CH3CN)2][CoW12,04].}" has 42 silver ions encapsulated within
two [CoW1,040] POM units. The Ags, cluster is coordinated by 27 tertbutylethynyl
ligands and two acetonitrile ligands, and the compound has a CO3*™ anion at its center.
The silver cluster [Ag14(C=CtBu)12][BF]2, in combination with a—(nBusN)s[HCoW1204¢]
ata 3:2 molar ratio (or {[Ags(C=CtBu);][BF4]-0.6H,0}, and a—(nBusN)s[HCoW1,04] at
a 7:1 molar ratio) has been used for the preparation of the gigantic
{[Ag42(CO3)(C=CtBu),7(CH3CN),][CoW1,040]2}" compound in a one-pot reaction (Fig.
16) [117].
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Fig. 16. The {[Ags(CO3)(C=CtBu)27(CH3CN)2][CoW12040]2}" structure presented in (a) polyhedra
form, and (b) space-filling form. Color code: {WOQs} = blue; {Co0O.} = green; Ag = sea green; O = red,;
C = gray.

Encapsulating a silver cluster {Ag.} between two lacunary POM fragments led to the
formation of a sandwich-type cluster. As mentioned previously, metals containing POM
anions have been synthesized by via the reactions of alkali metal salts of lacunary POMs
and the corresponding metal salts in aqueous media. However, in such media, acidic
conditions may result in the decomposition of the lacunary POMs. Therefore, in 2012, in
order to overcome this problem, the Kikukawa and Mizuno group initiated one of these
reactions in an organic medium. The reaction of two lacunary [y-SiWi,]*~ Keggin-type
POM anions and AgOAc in acetone led to the formation of a TBAg[Ags(DMSO),(y—
H,SiW10035)2]-2DMSO-2H,0 cluster. Encapsulated within two SiW,, subunits, the silver
cluster contained two Ag atoms coordinated to two DMSO molecules in the middle of the
cluster, while the other two Ag atoms were bridged by two SiW,, subunits in a slightly
distorted square-planer environment. The cluster catalyzed the hydrolytic oxidation of
various structurally diverse silanes into their corresponding silanols effectively [118].
Another sandwich-type TBAg[Ages(y—H2SiW10036)2]- SH20 was obtained in the reaction of
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TBA4H4[y-SiW10036] (TBA = tetra—n—butylammonium) with AgOAc while using
dimethylphenylsilane as a reductant in acetone. The octahedrally-shaped hexasilver
cluster was encapsulated within two [y—H>SiW10036]¢~ fragments. In the [Age]** cluster in
the compound, two Ag atoms were coordinated to the two oxygen atoms of the central
{SiO,} tetrahedron, and the other four Ag atoms were bridged by two SiW; subunits (Fig.
17) [119].

Fig. 17. Structure of [Ags(y-H2SiW10036)2]*". Color code: {WOg} = dark red; {PO4} = blue gray; Ag =
sea green.

Alternatively, in another structure with the formula {[Ag-(Hzbiim)s][PW11030]}-CI-Hs0,
(Hobiim = 2,2 -biimidazole), two silver clusters, both {Ags}, were encapsulated by two
neighboring monolacunary Keggin-type anions, PW; (two of the six silver atoms had a
50% occupancy rate), and an {Aga} cluster with four crystallographically—unique Ag' ions
was connected to four Hobiim molecules via Ag—N bonds. Here, the {Aga4} cluster in the
compound acted as a counteraction [120]. One of the largest isolated silver(l) alkynyl
cluster  reported was Jiang and colleagues’ silver alkynyl cluster
[Ag70(PW5034)2('BuC=C)44(H,0),][BF4]s-2[BMIM]BF,-3H,0 (BMIm = 1-butyl-3-
methylimidazolium), which was prepared in a reaction of AgC=CBu'!, AgCF3;SO; with
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[A-a-PWyO34]°" in [BMIM]BF, under ionothermal conditions. The compound consisted
of two trilacunary [A—a—PWyQ034]°~ fragments, and a cationic cluster comprised an Agzo
shell encapsulating two [PWg034]°~ cores. Ten silver atoms were located in the middle of
the cluster and were sandwiched by two [PWy034]°~ subunits. These silver atoms were
coordinated to the vacant sites in the POM anions. The two middle Ag atoms were bridged
by two H,O molecules in a slightly distorted square-planar environment, and 44 alkynyl

ligands enclosed the silver cluster and POM complex (Fig. 18) [121].

Fig. 18. Structure of [Ag70(PW90s34)2('BuC=C)as(H20)2][BF4]s-:2[BMIm]BF4-3H20. Color code: {WOs}
= dark red; {PO.} = dark blue; Ag = sea green.

Another Aga; cluster encapsulating POMs [Agsx{Eu(Ws015):}(‘BuC=C),5C14][OH]-H,O
was synthesized via the reaction of the starting materials Nag[Eu(W5013),]-xH-0,
['BuC=CAg], and AgCF3;SOs3. The 42 silver atoms formed a cage that completely
surrounded the anionic part. In other words, the dimeric Eu(Ws0Os), anion acted as a
template to induce the formation of the surrounding Ags, cage via Ag—O bonds, and the
whole silver cage was stabilized by alkynyl ligands and four Cl atoms situated above and
below the silver cage. Fluorescence—active EuWs, entrapped in a silver(l)—alkynyl shell
showed similar emission peaks for the free EuW,, anion but with slight changes in relative

intensity. Because it reduced the energy loss due to the interactions between EuW,, and
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the solvents effectively during the silver alkynyl shell’s emission process, the POM
anion’s fluorescent intensity was higher than that of EuW, during all transitions [122].
The largest known  silver(l) alkynyl cluster  encapsulating POMs,
[Ag72(EuW10036)2('BuC=C)45C12-4BF4], was isolated under solvothermal conditions
[123]. The silver cluster in the tungsten cluster compound was prepared via the self-
organization of two {TesWS3g} units around a single chloride template encapsulated within
the central {Agi,} core of the cluster, producing a {Agi2}-in—{W-s} cluster—in—cluster.
Na,WO,-2H,0, Na,TeOs, 2-dimethylaminoethanol AgNO3, and NaCl were the starting
materials in solution that were used for preparing the compound [124]. In 2016, two fully
inorganic silver—containing POMs in a new POM class, namely, the polyoxopalladate
class, were introduced by the Kortz group [125]. The descriptions of these compounds are

provided in Section 4.

3.5. Osmium

The nitrido ligand stabilizes the high—valent transition-metals better than the oxo ligand
due to the addition of the anion charge effect and local effects in the TM—N and TM-O
orbitals. Therefore, there have been a few reports related to the Os-containing POM anions
with Os-nitrogen bonds [126].

The reaction of [PW1:0O3RU"NO]J* with hydroxylamine on the path toward
[PW1;039RU""H,0]*" has a ruthenium—dinitrogen intermediate [PW1;039RU"(N)]> that
has been detected by 3P NMR and ESI-MS. The Ru-dinitrogen POM complex is unstable
and oxidizes, yielding the aquated [PW1;039RU""H,0]*" structure. During this process, it
is difficult to separate the intermediate from the mixtures of isostructural byproducts
experimentally. Therefore, to better detect the nature of the intermediate in this process, a
DFT method utilizing the MO6L functional was used on the [PW1;030M"(N2)]°~ (M = Ru,
Os, Re, Ir) analogue intermediates. IR spectroscopy is useful in detecting structural
differences within this context. The DFT—derived IR spectra of the ruthenium—dinitrogen

POM complex was used to examine the shifts and the presence or absence of certain
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bands. A comparison of calculated and experimental vibrational frequencies was carried
out. There was a significant shift in the IR band corresponding to P—Oa motion upon the
replacement of NO* with N,, and the presence of the strong IR band at 1850 cm™
corresponded to the stretch vibration of the NO* moiety (1850 cm™ (experimental) vs
1884 cm™ (calculated)). Furthermore, the absorption peak corresponding to the stretch
vibrations of the N—N bond calculated using the DFT-derived IR spectra, along with some
other methods, confirmed the presence of the intermediate [PW1:039RU"(N2)]°". The
exploration of metal—dinitrogen bonding with the DFT calculation method indicated that
although all these POM complexes have similar metal—dinitrogen moieties, their M—N
and N—N distances differ considerably. The optimized metal—nitrogen bond distances
decrease in the following order: Ir > Ru > Re > Os. The metal—dinitrogen interactions and
optimized N—N bond distances increase in the following order: Ru < Ir < Os < Re. Hence,
the Os—dinitrogen POM complex has the strongest Os—N interaction and is the most active

in terms of N, adsorption, as it has considerable adsorption energy [46].

Typically, TM amine complexes can be added to POMs easily using metal salts and
amines as starting materials under hydrothermal conditions. However, doing so under
conventional solution conditions is relatively difficult. Therefore, M—amine complexes
can be used to facilitate a substitution process for the POMs when using conventional
solution syntheses. The Proust and Kwen groups used this method in the reaction of
monovacant species with Os-nitrido monomers and formed a nitrido derivative of
Keggin—type anion (n-BusN)4[PW1:039(0sV'N)]. A 1*N NMR signal was observed for the
nitrido ligand in the hybrid. This derivative was the first example of osmium-—nitrido
being inserted into a POM [127]. The influence of the osmium—nitrido site on the
electronic and redox properties of the [PW11039(OsN)]>*~ POM anion was investigated by
means of DFT calculations and compared with the results for [PW1,040]*". The LUMOs
in fully oxidized [PW11,039(OsN)]*>~ are mainly concentrated on the Os centers, and the

contribution from the tungsten atoms is quite small. The LUMO energy in
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[PW11039(OsN)]*> is lower than that in [PW12,040]*, and the HOMO-LUMO gap in the
Os-containing POM anion is smaller than that of [PW1,040]°". Therefore, the electron
transition between HOMO and LUMO of the nitrido-functionalized POM species
[PW1:039(OsN)]>* is much easier compared with that transition in Keggin-type
[PW12040]> [128]. The binding ability of monolacunary [a—PW1039]7 toward the
{Os(DMSO0)3(H,0)}** and {Os(n°—p—arene)(H20)}?** fragments was investigated by
Proust, Ge'rard and colleagues, who synthesized ([PW1103s{Os(DMSQ)3(H.0)}]° and
[PW11030{Os(—p—cym)(H.0)}]> and characterized these products with NMR
spectroscopy [129]. The reaction of monolacunary Wells—Dawson type polyoxotungstate
in ay and a, forms and monolacunary o—Keggin—type polyoxotungstates with the nitrido
complex [OsCIsN]™ in a water/methanol mixture and subsequent precipitation with
(BusN)Br produced [a1-P;W17061{0sV'N}Y]"", [02-P2W1706:1{OsV'N}]"~ Wells—Dawson
type  structures, and [a-PW11030{OsV'N}]** Keggin—type derivatives as
tetrabutylammonium salts. #W and ®*N NMR, EPR, IR, and UV-Vis spectroscopies,

electrochemistry and ESI mass spectrometry were used to characterize the clusters [130].

3.6 Iridium

[XW1;05IV(HO)]™ (X = B, Si, Ge, P), [PMoyOsxlr'V(H,0)]*, and ar—
[P2W1706:1r"V(H,0)]¢~ were produced in solution via the reaction of H,IrClg with the
appropriate lacunary POMs by Liu and colleagues as examples of Ir substitutions into
lacunary POM anions accomplished via mono—iridium substitution, in which an Ir atom
is attached to the oxygen atom of water. The above formulas were confirmed by 3!P and
18\W NMR spectroscopy. The M—substituted Wells—Dawson type POMs (M = Ir, Pd and
Pt) have been investigated as oxygen transfer agents for H,O, to a series of primary allylic
alcohols for the generation of epoxides [25, 99]. Sun and colleagues have shown that the
latter compounds are excellent catalysts for the electroreduction of the nitrite ion to

nitrosyl since all of these Ir—substituted POMSs have high electrocatalytic activity, even
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though the heteroatoms in the heteropolyanions differ and the unsubstituted parent anions
show no catalytic activity [131].

In 2009, Cao and colleagues reported the first structurally—characterized
iridium—substituted POM, Ki4[(IrCls)KP,W2007,]-23H,0 (Fig. 19a). When they used
IrCl; and Nag]A—a—PWy0s4] as starting materials, the reaction formed colorless tungsten
complexes with no Ir atoms incorporated into the polytungstates. This result was due to
the hydrolytic degradation of [PWy034]°~ before its reaction with inert Ir** ions. Therefore,
they decided to try alternative methods. The IrCl; was added to the [APWs034]° anion,
which was generated from the reaction of Kjo[a,—P2W1706:1] and K;WOy in situ, instead
of using its isolated sodium salt. The latter compound was tested as a catalyst in the
generation of O, via the oxidation of water by strong oxidants, such as [Ru(bpy)s]**, which
was reduced to [Ru(bpy)s]?* [132]. To overcome these obstacles, a continuous-flow
apparatus was used to produce a new Ir(ll1)—containing POM cluster. Needle—like black
crystals of KioNayH;[Ir,ClsP,W2007,2]-37H,0 (Fig. 19b) were obtained via a reaction of
Nag[HPWy034] and IrCl; and crystallized in the orthorhombic space group Pnnm. The
crystal structure comprised POM anion [Ir,ClgP,W2007,]'¢", K*, Na*, H* cations, and
lattice waters. Two trivacant Keggin—type [PWs034]°~ building blocks, two [IrCl]
fragments, and two [W"'O,] fragments formed an S—shaped structure. The application of
a flow-type reactor enabled the synthesis of crystalline materials, which would have been
difficult to achieve wusing traditional methods. The catalytic activities of
Ki2NaxH,[IrClgP,W20072]-37H,O  were investigated when catalyzing the electro-
oxidation of ruthenium tris—2,2'—bipyridine [Ru(bpy)s]****. It could potentially be used
to drive the oxidation of water under visible—light irradiation with the Ru-complex via the
acceleration of the oxidation of [Ru(bpy)s]?*** [133]. When their attempts to synthesize
[PW110301r(H,0)]* via the reaction of the precursors [PW11030]” and IrCls/K;[IrClg]
failed to produce high yields, Sokolov and colleagues used K;[IrF¢] as the Ir source and
K7[PW11039]-7H,0 (yield 90%) as well as K[IrFs]and trilacunary Nag[a—PWs034]-7H,0,
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(yield 81%). The structure was characterized by via multinuclear 3P and 3W NMR
spectroscopy and ESI—mass spectrometry as well as cyclic voltammetry, while the
detection of the minor formation of the methyl derivative was carried out via an ESI-MS-
based methodology [134].

Fig. 19. Structures of (a) [(IrCls)KP2W20072]'*", and (b) [Ir.ClsP2W20072]'¢". Color code: {WOQs} = dark
blue; Ir = blue; CI = green.

In reactions of [PW1:039lr(H20)]* with (CHs)sSnCl and other metal—organic species, it
was shown that only the Ir—CHs—containing POM anion with the formula
[PW1103IrCHs]~  was formed under identical conditions [135]. As mentioned
previously, the reaction of IrCls with [PW11:03]"" led to a low yield of the
[PW1;03lr'"V(H,0)]* POM anion, while the same reaction with the IrFg precursor resulted
in a high yield of the same compound. Therefore, attempts were made to find an
alternative  high—yield and operationally—simpler  synthetic routes towards

Ir—Cl—substituted POMs. Sokolov and colleagues carried out several experiments that
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used Kj[IrClg] as the iridium source. Their experiments showed that Li* salts were
required to provide a high yield of [PW1103IrCI]> because it prevented the collapse of
the lacunary form into a closed [PW1,040]° structure. The reaction process involving the
[PW11035RNCI]> POM anion, NaNs, NaNO,, and NaSCN was investigated via an ESI-
MS analysis. It showed that NaNO, and NaNj3 did not succeed in making replacements
and that the [PW1;,034IrCI]> precursor was the only POM anion species in the resulting
solution. Just [PW11039lr(SCN)]>~ was obtained under similar hydrothermal conditions,
and these results revealed that in this series of reactions, the Ir-substituted cluster showed
a lower reactivity towards ligand—substitution reactions compared to its rhodium

homologue[92].

Metal-substituted Wells—Dawson type [K/(n-C4Hg)4N]10-[P2W1706:M(H20)] (M™ = Ir#*,
Ru®*, and Pd?*) anions have been investigated as chemoselective and regioselective
oxygen transfer agents for H,O, to the allylic alcohols to generate the corresponding
epoxides under biphasic reaction conditions. It should be noted that in this study, some
first-row transition metal elements were also evaluated. These M—substituted species had
different levels of activity. In other words, the type of substituted metal affects the activity

levels of catalysts [99].

3.7. Platinum

[PW1:039Pt]>, one of the most important Pt—containing POM anions, which is used in
many cases as a starting material in the preparation of various compounds, was first
obtained in a reaction of [PtCl,]*>~ with [PW11030]”" in aqueous solution and investigated
via electronic, IR, 3!PNMR, and *PtNMR spectroscopies. The UV—Vis spectra of the
solutions containing Pt" and PWy; indicated that [PW1;030Pt]>~ was the predominant
product in solution. [PW1;039Pt]°~ was investigated as an oxidation catalyst in the
oxidation of benzene with an O,/H, gaseous mixture [97]. Tourn and colleagues reported
that [WM3(H20)2(MWy034).]*2 (M = Zn", Co') can be transformed into a substitution

derivative by replacing the M atoms (two or three for Zn, two only for Co) by metal
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cations, including Pd" and Pt", and some of the first-row transition metals [136]. The
sandwich-type structure {[WZnPd",(H,0).][(ZnW9O3z4)2]}* and
{[W2ZnPt",(H,0),][(ZnWyO34).]}'*>~ POM anions were again prepared by Neumann and
colleagues in 1995, who exchanged labile zinc atoms from the isostructural
Nai{[WZn3(H,0),](ZnWs0s34).]} for platinum atoms as the starting material. The
sandwich—type structure was characterized by IR, UV-Vis spectroscopy, and
single—crystal X—ray analysis and investigated as a catalyst in the oxidation of alkanes
and alkenes with peroxides. They also used this cluster selectively to catalyze the reaction
in which chiral allylic alcohols transfer to epoxy alcohols with 30% hydrogen peroxide

under mild conditions in an aqueous/organic biphasic system [137].

The reaction of K;Pt(OH)s and monolacunary Kg[a-SiW11039]-13H,0 in the presence of
CH:sN3z'HCI led to the formation of the a—Keggin—type doubly—Pt"V—substituted
silicotungstate (CHgN3)s[a-SiPt;W10040]-6H,O. A single—crystal X-ray analysis
indicated that the compound contained a novel a-Keggin-type heteropolyanion in which
two of the addenda atoms were replaced by Pt atoms. W and Pt atoms occupy the same
coordinates with occupancy fractions of 5/6 (W) and 1/6 (Pt) [138]. The Knoth-type
tungstophosphate dimer KyNag[Pt(O)(H.0)(PWy0Os34),]-21.5H,O was prepared and
isolated at room temperature as air-stable brown crystals by the Hill group in 2004. A
single—crystal X—ray analysis of the crystals at 193 K and neutron diffraction at 30 K
confirmed the existence of short platinum-oxo linkages and that the bond excluded the
hydrogen atoms of the terminal oxygen [139]. In 2008, Kortz and colleagues prepared and
structurally characterized a mono—platinum(lV) derivative of the decavanadate ion
[H2Pt'VVyO,]. This derivative was the first transition—metal-substituted decavanadate
derivative and the first platinum(lV) —containing polyoxovanadate that was prepared by
the reaction of Nay[Pt(OH)s] with NaVOs in aqueous solution. Here, Pt'V replaced one of
the two central vanadiums, 'V NMR, and, for first time, 1**Pt NMR spectroscopy was

used successfully to characterize it in solution. The Pt NMR measurement displayed
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the expected singlet for the POM anion at d = 3832 ppm. The corresponding *Pt NMR
signal for the precursor Na,[Pt(OH)s] appeared significantly more up—field (3294 ppm)
[140]. Four individual peaks in the experimental **VV NMR spectrum corresponded to the

four nonequivalent vanadium atoms [141].

Kato and colleagues reported a reaction of Keggin-type monolacunary polyoxotungstate,
[a- PW11030]” with cis—Pt(NHs),Cl, in an aqueous solution, which yielded a di—pt"
containing the [(CH3)sN]s[a-PW1103¢{cis—Pt(NH3),}.] POM anion. During the formation
of [a-PW10se{cis-Pt"(NHs).}2]3, an intermediate species was observed with the
suggested  formula of the  mono—pt'—coordinated POM  anion [a-
PW11030{cis—Pt(NHz3).}]°". It is possible to obtain this product with a relatively high
abundance ratio via another method, as well [142, 143]. The titular compound in cesium
salt, Cs3[a—PW11030{cis—Pt(NH3).}.]-8H,0, was obtained via the addition of CsCl to the
mixture of cis—platinum and the monolacunary Keggin—type POM, and its structure was
determined via single—crystal X—ray analysis. The findings concerning the positions of
the platinums stated previously were confirmed (Fig. 20)[144]. The photocatalytic
performances of [(CH3)4N]s[a—PW11039{cis—Pt(NHs3).}-], Csslo-
PW1;03¢{Cis—Pt(NHs).}2]:8H20, [cis—Pt(NH3)2]%*, [a—PW1103]’", and a mixture of
cis—platinum and Nas[a—PW1204]-15H,0 were investigated for the identification of
possible sensitizers and co—catalysts for the evolution of hydrogen from an EDTA-2Na
(ethylenediamine tetraacetic acid disodium salt) aqueous solution under visible—light
irradiation in the presence of TiO,. In the case of Cs3[a—PW1103s{cis—Pt(NHs)2}2]-8H20,
after 6 h, the amount of H; evolved increased to 171 pmol, and the turnover number (TON)
reached 426. The catalytic activities of [(CH3)sN]s[a-PW11039{cis—Pt(NH3).}.] were
similar to those of Css[o—PW1103¢{Cis—Pt(NHs),}-]. As for the cis-platinum species under
the same conditions, its TON was similar to those for the POM anions and reached 445.
However, 3P NMR spectroscopy revealed that the stability of the platinum sites was

improved remarkably by the coordination with an o—Keggin-type monolacunary
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polyoxotungstate. No hydrogen evolution was observed when K7[a—PW;1039]-13H,0
was used as a photocatalyst. Due to the difficulty in reducing protons for TiO,, the

platinum sites act as sensitizers and co—catalysts[144].

Fig. 20. Structure of [a-PW11039{Cis-Pt(NH3).}-]*". Color code: {WOs} = dark red; Pt = plum; N = blue;
H = gray.

By Cao and colleagues, the latter compound, Css[a—PWi039{cis—Pt(NHz3),}.], was
modified on the commercial TiO, surface, which resulted in the formation of a composite
with formula TiO,-SiNH,-PW;;Pt, and photocatalytic performance of the composite for
H, evolution was investigated. In this work, the photocatalytic performance of TiO,-Pt,
TiO2, PW;;Pt and TiO,-SiNH,-PW;; was evaluated under the same conditions. The result
indicated that photocatalytic efficiency of TiO,-SiNH,-PW3;Pt, nanoparticles is higher
than other compounds tasted in this study. In addition, TiO,-SiNH,-PW3;Pt; shows high
stability in photocatalytic hydrogen evolution reaction. The possible electron transport
path of TiO,-SiNH,-PW;;Pt, in photocatalytic hydrogen evolution process is illustrated

in schematic 2.
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Schematic 2. Possible mechanism of photocatalytic reaction in the presence of TiO2-SiNH2-PW11Pto.

Pt?* species fixed in the PW1;Pt, was reduced to Pt by photoreduction and acts as an
active site for hydrogen evolution. POMs can trap photoinduced electrons, increasing the
electron mobility rate from POMs to Pt°. Due to its unique valence electron state, Pt° has
a very strong adsorption capacity for protons in the solution [145]. In another experiment,
in a reaction of [a—PWyuOgz]™ with [cis—Pt(Meppz)]** (Meppz =
N,N'—dimethylpiperazine), researchers prepared [(CH3)4N]sH[o-
PW1,03¢{cis—Pt"(Mezppz)}]-5H,0. The POM anion [a-PW110s0{cis—Pt"(Me.ppz)}]*~
was more stable in dimethylsulfoxide and water than the [a—PW11030{cis-Pt(NH3),}]>".
The synthesized clusters were characterized by elemental analysis, TG/DTA, FT-IR,
UV-Vis, and H, 3P, W, and Pt NMR spectroscopies. In the structures of the
synthesized POM anions, [(CH3)sN]s[a—PW1103¢{cis—Pt(NHs)2}2], the two cis-
platinum(11) moieties [cis—Pt(NHs).]** were grafted onto the monolacunary POM by two
0Xygen atoms occupying monovacant sites in [a—PW;1039]”" [146]. Crystallographically-
characterized Pt—N—containing POM anions were reported by the same group, who

created them with monolacunary Wells—Dawson type POMs with different heteroatoms
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(Al/B/Ge), different N donor fragments, and clusters with different counterions, namely,
[(CH3)aN]sH[o—AIW11039{cis—Pt(NHs)2}.]-11H-0,
[(CH3)sN]4sH[a—BW1103¢{Cis—Pt(NHs3)2}2]-9H,0, Css a—GeW11030{Pt(bpy)}.]-10H,0,
Cs3sHos[a—GeW11039{Pt(phen)},]-:3H,O  (phen = 1,10—phenanthroline), and
Cse[az—P2W17061{Cis—Pt(NH3).}.]-13H,0. The latter compounds were used as
photocatalysts for the evolution of H, from aqueous triethanolamine (TEOA) solution
under light irradiation. The results indicated that Cs—GeW;,—Pt-bpy and Cs—GeW;,—Pt-
phen exhibited the lowest activities and that the Wells—Dawson—type POMs exhibited the
highest activity among the tested compounds. The experiments showed that the
counter—ions did not affect the photocatalytic activities of the samples. However, the type
of ligand affected the photocatalytic performances of the compounds, with the
phenanthroline and bipyridine ligands producing the lowest yields. However, the effect of
the POM skeletal structure was more pronounced. In general, for this series of compounds,
the characterization results indicated that a platinum(ll) —L moiety was coordinated to
two oxygen atoms in a monovacant site of the lacunary POM [143]. Hydrogen production
from water under visible—light irradiation was studied in another photocatalytic system
constructed using Eosin Y  (EY), Css[a-PW11039{cis—Pt(NHs)2}2]-8H0,
Ks[a—SiW1:{Al(OH2)}039]-7H,0, and TiO,, in aqueous triethanolamine (TEOA)
solution, which served as an electron donor. Although the addition of Al-containing
silicotungstate to aqueous TEOA solutions containing Pt-containing silicotungstate and
EY produced an initial significant decrease in the reaction rate, after 12 h, the system had
a high—yield TON that was higher than the TONs produced in the absence of the
aluminum compound. In fact, it represented the highest activity obtained for the system.
Steady and selective hydrogen production was successfully maintained during long-term
light  irradiation  using  the  highly  effective  platinum  sites in
Css[a—PW11039{cis—Pt(NHs3).}.]-8H20 in a wide visible region [147].
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In 2012, Sokolov and colleagues prepared a dimeric [Pt,(WsO1g)2]® isopolytungstate via
the reaction of K,[PtCls] with Na,WO,4-2H,O. The POM anion consisted of two
monolacunary Lindgvist isopoly fragments connected by two square planar Pt(ll)
centers.[148] The first characterized platinum polyniobates were reported by the Abramov
and Sokolov group. Different molar ratios of the starting materials produced different
structures. A dimeric complex [NbsO19{Pt(OH).}].'*>" resulted from the reaction of the
hexanuclear Lindqvist—type polyoxoniobate [NbgO19]®~ with [Pt(OH)4(H.0),] at 1:1
molar ratio. Here, two PtV atoms were both coordinated to polyniobate fragments via the
three oxygen atoms from a {Nb3O3} face in one [NbeO]*~ fragment and one corner
oxygen atom from the opposite [NbsO19]* fragment. Using a 1:2 molar ratio for Pt/Nbs, a
sandwich-type complex [Pt(NbeO1)2]'>~ was the first product obtained in the
crystallization process, which was carried out using the slow evaporation method [149].
The stability of Cs,;Kio[(NbeO19)2{Pt(OH).}.]-13H,0 in alkaline aqueous media was
studied. When the basicity of the [(NbgO19){Pt(OH),}.]'* solution was increased to pH
12 with NaOH, short-term heating (10min at 60C) of the solution transformed
[(NbeO10)2{Pt(OH)2}2]'>~ into  [Pt(NbsO19)2]*>.  Additional heating of the
[(NbgO19){Pt(OH),}.]'* solution transformed the latter POM anions into a mixed K*/Na*
salt of hexaniobate KsNas[NbgO19]-9H,0 [150].

The butylammonium salt of the [(n-C4Hg)sN]4H:2[a-SiPtW;;040] and potassium salt of the
K4Ho[a-SiPtW11040]- 18H,0 POM anion were prepared via a reaction of KgSiW11039 With
K,Pt(OH)s in acidic conditions. Both salts were synthesized in the same manner.
However, the salt extracted depended on the salt used in the extraction process, i.e.,
(n—C4Ho)sNBr produced the butylammonium salt, whereas KCL produced the potassium
salt of the POM anion [151]. In 2016, Kortz and colleagues reported the first examples of
dimeric di—Pt'"—containing heteropolytungstates in two isomeric forms, namely,
[anti—Pt",(a—PW11030),]'* and [syn—Pt",(a—PW11030).]**" (Fig. 21a,b). Both isomers
were prepared via the reaction of K,PtCl, with [a—PW1;039]"" anti—isomer red block
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crystals for a yield of 15% (based on W), which was obtained after two weeks.
Furthermore, syn-isomer, red, needle-like crystals were obtained after the removal of the
red block crystals of the anti-isomer. The presence of just one 3*P—-NMR singlet at the
initial stage of the reaction and the identification of two sets of singlets after 18h of
reaction, along with ESI—-MS studies done to detect the reaction stages, indicated that both
POM anion isomers formed in the same solution. The two isomeric structures consisted
of two square—planar coordinated Pt" centers stabilized by two monolacunary
[a—PW11039]"~ Keggin fragments. The main difference between the two configurational
isomers was the relative orientation of the two monolacunary [a-PW11039]”" fragments,
which either pointed in opposite directions (anti—isomer) or in the same direction

(syn—isomer) [152].

Fig. 21. Structures of the (a) anti-isomer and (b) syn-isomer of Pt"2(a-PW11039)2]'*". Color code: {WOs}
= red/blue gray; Pt = plum; P = green.
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One of the useful techniques for characterizing the chemical compounds in, as well as
identifying different structures of, the noble-metal-containing POM anions is NMR
spectroscopy. High—resolution solid-state Pt MAS—NMR spectroscopy is very useful
when working with Pt"V—containing polyoxovanadate clusters. Hence, the Kortz group
conducted studies on the feasibility of applying high-resolution solid-state %Pt
MAS—-NMR spectroscopy to several Pt"V—containing polyoxotungstates and applying
19pt and >V MAS-NMR spectroscopy to a Pt"V—containing polyoxovanadate [153].

Conclusion
In this work, we have discussed the various modes through which a noble metal can

contribute to POM chemistry in tradititional forms. In which, the noble metals that
participate as heteroatoms in the structures of POMs are listed. The number of compounds
included in this category is not high; however, some noble metals, including Ir, Rh, Pt,
and Pd, have been used as heteroatoms in the structures of heteropoly anions. Most of the
types of POMSs synthesized with noble metals as heteroatoms are related to the
Anderson—Evans type POM anion. In another section, which has perhaps the most diverse
offerings containing most of the noble metals, the noble metals are additives that
contribute to the structures of lacunary POMs, leading to the generation of a variety of
classical metal-substituted or dimeric, trimeric, or tetrameric metal—substituted POT
clusters. It should be noted that ruthenium metal is present in the greatest abundance in
synthesized compounds of this kind. Furthermore, the majority of reports on the catalytic
and photocatalytic activity of the compounds in this section contain Ru atoms.
Ru—containing POMs with unique reversible redox reactions at their Ru sites, as in
[Ru™v4(1—0)4(1u—OH)2(H.0)4(y—SiW10036)2]'*", can facilitate the catalysis of oxidation
reactions, which could possibly benefit from the intrinsically fast electron transfers made
possible by, and redox-activated sites in, Ru centers fixed within the cluster set. Section
3 also shows that platinum and palladium atoms show up frequently in the resulting

compounds, which exhibit good catalytic and photocatalytic performances. In
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Pt—containing POMSs, as in [a—PW1103{cis—Pt(NHs).}.], with excellent photocatalytic
efficiency, the stability of the platinum sites was improved remarkably by the coordination
with a—Keggin—type monolacunary polyoxotungstate. Due to the difficulty in reducing
protons for TiO,, the platinum sites act as sensitizers and co-catalysts. Alternatively, in
the examples of Pd-containing POM anions given, their catalytic activities in numerous

hydration, oxidation, epoxidation, and other reactions are discussed.
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Abbreviations

POM
POT
LPOT
PCV
DPP
DMSO
TOF

bpy
dpp
phen
DFT
TD-DFT
NBO
CVv
WOC
PS
PSSC
Fc
CTAB
SAC
LUMO
TON
MO
MB

polyoxometalate

polyoxotungstate

Lacunary polyoxotungstate
polyoxometalate coacervate vesicle
dodecaphenylporphyrin

dimethyl sulfoxide

turnover frequency

2,2'-bipyridine
2,3-bis(2'-pyridyl)pyrazine
1,10—phenanthroline

density functional theory
time-dependent density functional theory
natural bond orbital

cyclic voltammetry

water oxidation catalyst
photosensitizer

POM sensitized solar cell
ferrocenyl

cetrimonium bromide

single-atom catalysts

lowest unoccupied molecular orbital
turnover number

methyl orange

methylene blue
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