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The main progress over the past decade and future
outlook on high-nuclear transition-metal
substituted polyoxotungstates: from synthetic
strategies, structural features to functional
properties

Xing Ma, Hailou Li, Lijuan Chen* and Junwei Zhao*

Currently, transition-metal substituted polyoxotungstates (TMSPTs) have developed as a fast growing and

challengeable subfamily of polyoxoxmetalates (POMs). Before 2005, the number of TM cores in TMSPTs

was mostly lower than five. Since 2005, numerous inorganic or organic–inorganic TMSPTs with more

than five TM cores (denoted as high-nuclear TMSPTs) have continuously been excavated and investigated.

In this perspective, we endeavor to discuss the synthetic methodologies, structural diversities and relevant

properties of the high-nuclear TMSPTs reported in the past decade. Future perspectives and opportunities

on TMSPTs are included in the last section. This review is meant to provide fodder and guidance for

further exploration and discovery of more high-nuclear TMSPTs with innovative architectures and remark-

able functionality.

1. Introduction

The gate of polyoxometalate (POM) chemistry was first opened
by a groundbreaking discovery of molybdenum blue that was
obtained by the famous Swedish chemist Scheele in 1778.1

Then after nearly half a century, the discovery of the first text-

book example (NH4)3[P Mo12O40]·nH2O greatly stimulated the
developmental pace of POM chemistry, which is one of the
most significant milestones in the history of POM discipline.2

POMs, an unique and remarkable class of anionic metal–oxide
clusters, are generated from the condensation of {MOx} polyhe-
dra in the edge-, corner-, face-sharing fashions, where M gen-
erally represents the early transition-metal (TM) atoms in their
d0 or d1 electronic configurations (usually MoV, MoVI, WVI, VV,
NbV or TaV).3

The oxygen-enriched surfaces of POMs especially for lacun-
ary POM fragments endow them with excellent nucleophilic
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ability to chelate and capture extraneous metal ions construct-
ing new materials with different structural dimensionality and
potential functionality in various fields such as catalysis, mag-
netism, medicine, photochemistry and materials science.4 In
the meantime, POM chemistry can also integrate with other
disciplines (such as nanotechnology,5a colloid science,5b

supramolecular materials,5c,d electronic materials,5e molecular
materials,5f biology,5g surfaces,5h sensors,5i–j etc.), giving rise to
new multi-discipline areas of research.6 Among the library of
the second metal substituted POMs, TM substituted polyoxo-
tungstates (TMSPTs) have become an important subclass since
a mono-CoII substituted Keggin tungstosilicate was firstly
reported by Baker and co-workers at the 1962 (Stockholm)
International Conference on Coordination Chemistry.7 There-
with, intensive and extensive research interests were persist-
ently devoted to this field because of the size, shape,
composition, solubility, magnetism, catalysis and redox poten-
tial of TMSPTs are relatively flexible and easily fine-tuned by
the elaborate design and selection of TM cations and polyoxo-
tungstate (POT) building units. The constantly emerging large
number of novel TMSPT species entails that studies on TMSPTs
always occupy the forefront of research in the POM discipline.8

The conventional aqueous solution synthesis method
(CASSM) (ambient pressure, T < 100 °C) and the hydrothermal
synthesis method (HSM) are two major synthetic methodo-
logies in the design and synthesis of intriguing TMSPTs.
Undoubtedly, CASSM have won researchers’ favor in the prepa-
ration of TMSPTs due to its numerous merits such as the
lower requirements of temperature and pressure, higher col-
lision probability of chemical components in such homo-
geneous system and high-quality crystals generated from the
slow evaporation process. Simultaneously, HSM also displays
uncompromising momentum in synthetic chemistry as the

high temperature and pressure could not only increase the
solubility of chemical components but also drive the shift of
a chemical reaction from a thermodynamically-controlled
process to a dynamically-controlled process and facilitate the
desired products. Thus, HSM has been developed as a very
effective method in synthesizing novel inorganic–organic
hybrid TMSPTs since Yang et al. communicated the first series
of inorganic–organic hybrid Ni6-substituted POTs through
HSM in 2007.9 Apart from the outlining aspects, some reaction
variables are of great importance during the synthetic pro-
cesses: (a) the molar ratio of reactants, (b) pH, (c) ionic
strength, (d) reducing agent, (e) inducing of functional organic
ligands, (f ) temperature of reaction and crystallization.10 From
the viewpoint of synthetic strategies, two types of main syn-
thetic strategies can be used during the course of exploring
TMSPTs: (a) the step-by-step reaction strategy of preformed
lacunary POM precursors reacting with TM ions or preformed
TM clusters reacting with simple oxometalate (Na2WO4) or pre-
formed lacunary POM precursors reacting with preformed TM
clusters; (b) the one-pot self-assembly reaction strategy of
simple Na2WO4, TM ions and other components. In the
exploration of TMSPTs, the step-by-step reaction strategy is
principally chosen by researchers because the preformed POM
clusters or TM clusters can work as templates and induce the
construction of TMSPTs although some TMSPTs were obtained
through a one-pot self-assembly strategy. Here, some typical
stable and metastable lacunary POTs precursors are worthy of
listing: (a) monolacunary precursors: [α-XW11O39]

7/8− (X = PV,
SiIV, GeIV) and [α-P2W17O61]

10−;11a (b) dilacunary precursors:
[γ-XW10O36]

7/8− (X = PV, SiIV, GeIV),11b–d [As2W19O67(H2O)]
14−;11e

(c) trilacunary precursors: [α-XW9O34]
9/10− (X = PV, AsV, SiIV,

GeIV),11f,g [α-XW9O33]
8/9− (X = TeIV, AsIII, SbIII, BiIII),11h–k and

[α-P2W15O56]
12−;11l (d) multilacunary precursors: the metastable
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hexalacunary Wells–Dawson polyoxoanion (POA)
[α-H2P2W12O48]

12−;11m the D4h symmetric [H7P8W48O184]
33−

POA,11n and the D3h symmetric [NaSb9W21O86]
18− POA.11o More-

over, the above mentioned lacunary POT precursors can further
isomerize and degrade to their derivative fragments to participate
in the construction of TMSPTs. The most changeable precursor
is the dilacunary precursor [γ-XW10O36]

8− (X = SiIV, GeIV) and a
detailed discussion will be involved in the following part.

Before 2005, the number of TM cores encapsulated in
TMSPTs was mostly lower than five, which can be named as
low-nuclear TMSPTs. Here, these research achievements on
low-nuclear TMSPTs are not repeated. After 2005, numerous
TMSPTs with the number of TM cores greater than five were
constantly discovered, which can be denoted as high-nuclear
TMSPTs. In this review, we will concentrate on elaborating the
main development of high-nuclear TMSPTs made between
2005 and 2015 involving synthetic strategies, structural fea-
tures and potential applications. In order to better understand
their structural correlations, we expand our intensive state-
ments on high-nuclear TMSPTs according to the number of
POT fragments per molecular unit. The major structural types
of high-nuclear TMSPTs include monomer, dimer, trimer,
tetramer, hexamer, octamer, hexadecamer and tetracosamer
(Fig. 1). In the third section, we will emphatically discuss mag-
netic properties and catalytic properties of some representative
high-nuclear TMSPTs. Some personal viewpoints will be pre-
sented in the last section and we hope to offer some highlights
that many more chemists can be actively devoted to this
domain and discover innovative high-nuclear TMSPTs with
desired properties and potential applications.

2. Representative structure types of
high-nuclear TMSPTs
2.1 Monomeric high-nuclear TMSPTs

During the course of exploring hexa-nuclear TMSPTs, trilacun-
ary Keggin-type precursors [α-XW9O34]

9/10− (X = PV, AsV, SiIV,

GeIV) play an irreplaceable role and consequently trigger a
series of important discoveries, which can be ascribed to the
following reasons: (a) trilacunary Keggin-type [α-XW9O34]

9/10−

fragments are accessible and have relatively higher stability
among diverse lacunary POT fragments; (b) abundant lacunary
sites and exposed surface oxygen atoms endow trilacunary
[α-XW9O34]

9/10− fragments with high reaction ability to in-
corporate TM ions, therefore, [α-XW9O34]

9/10− fragments can serve
as structure-directing agents (SDAs) to induce the aggregation
of TM ions in the lacunary sites; (c) since the extra exposed
oxygen atom from XO4 units can be also combined with TM
ions, [B-α-XW9O34]

9/10− fragments generally show higher reac-
tivity than [A-α-XW9O34]

9/10− fragments and thus the isomeriza-
tion of [A-α-XW9O34]

9/10− → [B-α-XW9O34]
9/10− can easily occur

in the process of reaction; (d) under hydrothermal environ-
ments, trilacunary Keggin-type [α-XW9O34]

9/10− fragments
sometimes can be transformed to other lacunary POT building
blocks. Based on the aforementioned design philosophy and
synthesis concepts, Yang’s group developed an effective strat-
egy of utilizing the highly active [A-α-XW9O34]

9/10− fragments
as SDAs and the multidentate N-ligands as structure-stabiliz-
ing agents (SSAs) to capture in situ formed TM clusters, giving
rise to novel high-nuclear TMSPTs with isolated, finite poly-
meric and extended structures (Fig. 2a). For example, in 2007,
they communicated the first series of Ni6-substituted
trilacunary Keggin POTs [Ni(H2O)6][Ni6(μ3-OH)3(H2O)6(enMe)3-
(B-α-SiW9O34)]2·8H2O, [Ni(enMe)2][Ni6(μ3-OH)3(H2O)6(enMe)3-
(B-α-SiW9O34)]2·10H2O and [Ni6(μ3-OH)3(H2O)2(dien)3-
(B-α-PW9O34)]·4H2O (enMe = 1,2-diaminopropane, dien = di-
ethylenetriamine), which represent the first lacunary Keggin
monomeric POTs incorporating the highest number of NiII

ions at that time.12a The fundamental skeleton of {Ni6(μ3-
OH)3(H2O)n(L)3(B-α-XW9O34)} (X = SiIV, PV; n = 5, 6; L = enMe,
dien) fragment (Fig. 2b) is constructed from a trilacunary
Keggin {B-α-XW9O34} unit and a capping hexa-NiII {Ni6(μ3-
OH)3(H2O)n(L)3} cluster. The hexa-NiII cluster is constituted by
six nearly co-planar NiII ions in a triangular fashion combined
together through three μ3-OH groups and stabilized by six μ3-O
atoms from six {WO6} octahedra and one μ4-O atom from the
{XO4} tetrahedron, finally, the octahedral coordination sphere
of each NiII ion is accomplished by water, enMe or dien
ligands. The reactive activity of water ligands on the hexa-NiII

clusters and different orientations of enMe (di-amines), dien
(tri-amine) and water ligands on the hexa-NiII clusters should
be highlighted here. In [Ni(H2O)6][Ni6(μ3-OH)3(H2O)6-
(enMe)3(B-α-SiW9O34)]2·8H2O and [Ni(enMe)2][Ni6(μ3-OH)3-
(H2O)6(enMe)3(B-α-SiW9O34)]2·10H2O, two isomeric {Ni6(μ3-
OH)3(H2O)6(enMe)3(B-α-SiW9O34)} clusters can be seen as
the derivatives of the hypothetical {Ni6(μ3-OH)3(H2O)12-
(B-α-SiW9O34)} unit by replacing six water ligands on the
exterior NiII ions with three bidentate enMe ligands (Fig. 2c
and d).12a Intriguingly, two water ligands on adjacent interior
and exterior NiII ions in the hexa-NiII {Ni6(μ3-OH)3(H2O)n(L)3}
cluster can also be simultaneously replaced by a bidentate
acetate anion, resulting in the production of the {Ni6(μ3-
OH)3(H2O)4(enMe)3(CH3COO)(B-α-PW9O34)} unit (Fig. 2e) in

Fig. 1 Schematic summary of TMSPTs involving the main synthetic
methodologies, structural diversities and relevant properties.
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[Ni(enMe)2(H2O)2][Ni6(μ3-OH)3(H2O)4(enMe)3(CH3COO) (B-α-
PW9O34)]2·10H2O.

12a More interestingly, nine water ligands on
all exterior NiII ions in the hypothetical {Ni6(μ3-OH)3(H2O)12-
(B-α-PW9O34)} unit can be substituted by three tridentate dien
ligands, leading to the generation of the {Ni6(μ3-OH)3(H2O)2-
(dien)3(B-α-PW9O34)} unit (Fig. 2f) in [Ni6(μ3-OH)3(H2O)2-
(dien)3(B-α-PW9O34)]·4H2O.

17a It should be pointed out that
water ligands on interior NiII ions can be further superseded
by terminal oxygen atoms on the [B-α-PW9O34]

9− fragments to
form the first 1-D infinite TM6-substituted POT (Fig. 2g).12a In
the copper–en–phosphotungstate (PT) system (en = ethylene-
diamine), another novel double-bridging 1-D chain architec-
ture based on [Cu6(μ3-OH)3(en)3(H2O)3(B-α-PW9O34)] units was
also obtained by Yang’s group, in which two water ligands on
two adjacent exterior CuII ions are simultaneously substituted
by two terminal oxygen atoms from adjacent [B-α-PW9O34]

9−

fragments (Fig. 2h and i).12b Notably, one {CuO5} square
pyramid, two {CuO6} octahedra and three {CuN2O4} octahedra
coexist in [Cu6(μ3-OH)3(en)3(H2O)3(B-α-PW9O34)]. The synergis-
tic effect between the pseudo-Jahn–Teller effect of the square
pyramid and the Jahn–Teller effect of the octahedra with the
axial elongation reducing large steric hindrance could be the
main reason for the formation of such double-bridging 1-D
chain architecture.12b Subsequently, the first 3-D extended
architecture [Cu6(μ3-OH)3(en)3(H2O)3(B-α-PW9O34)]·7H2O was
also discovered by Yang’s group, in which three water ligands
on three exterior CuII ions in the {Cu6(μ3-OH)3(en)3(H2O)3-
(B-α-PW9O34)} unit are simultaneously substituted by three
terminal oxygen atoms from three adjacent [B-α-PW9O34]

9−

fragments. It not only illustrates an unprecedented 3-D frame-
work constructed from {Cu6(μ3-OH)3(en)3(H2O)3(B-α-PW9O34)}
units with hexagonal channels, but also displays an interesting

Fig. 2 (a) A schematic synthetic strategy in preparing high-nuclear TMSPTs. (b) View of the TM6-substituted trilacunary Keggin {TM6(μ3-
OH)3(H2O)n(L)3(B-α-XW9O34)} monomeric unit. (c, d) View of Ni6-cores in two isomeric units {Ni6(μ3-OH)3(H2O)6(enMe)3(B-α-SiW9O34)}. (e) View of
the Ni6-core in {Ni6(μ3-OH)3(H2O)4 (enMe)3(CH3COO)(B-α-PW9O34)}. (f, g) View of the Ni6-core in {Ni6(μ3-OH)3(H2O)2(dien)3(B-α-PW9O34)} and the
1-D chain structure of [Ni6(μ3-OH)3(H2O)2(dien)3(B-α-PW9O34)]·4H2O. (h, i) View of the Cu6-core in {Cu6(μ3-OH)3(en)3(H2O)3(B-α-PW9O34)} and the
1-D chain structure of [Cu6(μ3-OH)3(en)3(H2O)3(B-α-PW9O34)]·4H2O. ( j) View of the Cu6-core in {Cu6(μ3-OH)3(en)3(H2O)3(B-α-PW9O34)}. (k, l) View
of the 3-D framework and “Archimedean-type” topology view of [Cu6(μ3-OH)3(en)3(H2O)3(B-α-PW9O34)]·7H2O [the lime balls are six-connected
nodes on behalf of {Cu6(μ3-OH)3(en)3(H2O)3(B-α-PW9O34)} units]. (m) The 1-D chain of {[Ni6(OH)3(H2O)2 (enMe)3(PW9O34)](1,3-bdc)}[Ni
(enMe)2]·4H2O. (n) View of the 2-D layer of {[Ni6(OH)3(H2O)(en)3(PW9O34)][Ni6(OH)3(H2O)4(en)3(PW9O34)](1,4-bdc)1.5}[Ni(en)(H2O)4]·H3O. (o) The 3-D
architecture of {[Ni6(OH)3(H2O)5(PW9O34)](1,2,4-Hbtc)}·H2enMe·5H2O. (p) View of the Ni7-core in {{Ni7(μ3-OH)3O2(dap)3(H2O)6}(B-α-PW9O34)}. (q)
View of the TM6-substituted trilacunary Dawson {TM6(μ3-OH)3(α-P2W15O56)} monomeric unit. (r, s) View of the Ni6-core in {Ni6(μ3-OH)3(H2O)6(en)3
H(α-P2W15O56)} and the 1-D chain structure of [Ni(en)2][Ni6(μ3-OH)3(H2O)6(en)3H(α-P2W15O56)]·5.5H2O. (t, u) View of the 3-D framework and the
SrAl2 topology of [Ni(enMe)2]3[Ni(enMe)2(H2O)] [Ni(enMe)(H2O)2][Ni6(enMe)3(μ3-OH)3(Ac)2(H2O)(P2W15O56)]2·6H2O. [Copied from ref. 14b]. [{WO6}:
lime, {XO4}: turquoise, TM and {TMOxNy}: light lavender, O: red, C: cray-80%, N: blue]. (t) and (u) are reprinted with permission from ref. 14b.
Copyright 2014 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim.
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“Archimedean-type” three-dimensional network with the
Schäfli symbol of 4966 (Fig. 2j–l).12c Above all, active water
ligands on exterior and interior NiII ions in the hexa-NiII

{Ni6(μ3-OH)3(H2O)n(L)3} cluster not only can be substituted by
nitrogen atoms from organoamine ligands or terminal oxygen
atoms from adjacent POM fragments, but can also be replaced
by carboxylate oxygen atoms from functional organic ligands.
Yang’s discovery of a class of POM–organic frameworks
(POMOFs) based on {Ni6(µ3-OH)3(H2O)6(L)3(B-α-PW9O34)} units
and rigid carboxylate ligands exemplified this standpoint.12d

For example, the introduction of V-type 1,3-benzene dicarb-
oxylate (1,3-bdc) ligand led to an interesting 1-D straight
chain {[Ni6(OH)3(H2O)2(enMe)3(PW9O34)](1,3-bdc)}[Ni(enMe)2]·
4H2O, in which neighboring {Ni6(OH)3(H2O)2(enMe)3-
(PW9O34)} units are connected together in a shoulder-to-
shoulder mode by 1,3-bdc ligands (Fig. 2m).12d Based on
V-type thiophene-2,5-dicarboxylic acid (Htda), a 1-D zigzag
chain {[Ni6(OH)3(H2O) (en)4(PW9O34)](Htda)}·H3O·4H2O was
also isolated, in which neighboring {Ni6(OH)3(H2O)(en)4-
(PW9O34)} units are interlinked in a face-to-face mode
through Htda ligands.12d By making use of the linear 1,4-
benzene dicarboxylate (1,4-bdc) ligand, a unique 2-D network
{[Ni6(OH)3(H2O)(en)3(PW9O34)][Ni6(OH)3(H2O)4(en)3(PW9O34)]
(1,4-bdc)1.5}[Ni(en)(H2O)4]·H3O was made (Fig. 2n), in which
each {[Ni6(OH)3(H2O)(en)3(PW9O34)][Ni6(OH)3(H2O)4(en)3-
(PW9O34)]} moiety firstly links to adjacent ones by 1,4-bdc
ligands, forming the infinite 1-D chain, and {Ni6(OH)3-
(H2O)4(en)3(PW9O34)} units in the 1-D chains can be further
linked by other 1,4-bdc ligands to finish the 2-D layer.12d It is
most intriguing that an unseen 3-D framework {[Ni6(OH)3-
(H2O)5(PW9O34)](1,2,4-Hbtc)}·H2enMe·5H2O was also obtained
by means of 1,3,5-benzene tricarboxylate (1,3,5-btc) ligand, in
which each {Ni6(OH)3(H2O)5 (PW9O34)} unit is combined with
two others via four WvO–Ni linkages to form the right-
handed helical chain along the c axis and then Y-type 1,2,4-
Hbtc ligands connect all the right-handed helical chains along
the a and b axes to construct the 3-D framework (Fig. 2o).12d

During the course of exploring the Ni6-substituted Keggin-
type monomers, a neoteric high-nuclear TMSPT {[Ni7(μ3-
OH)3O2(dap)3(H2O)6(B-α-PW9O34)][Ni6(μ3-OH)3(dap)3(H2O)6(B-α-
PWO34)]}[Ni(dap)2(H2O)2]·4.5H2O with a Ni6-substituted POT
fragment and a Ni7-substituted POT fragment was discovered
for the first time.12c From the structural viewpoint, such pre-
viously unseen Ni7-substituted POT [Ni7(μ3-OH)3O2(dap)3-
(H2O)6(B-α-PW9O34)]

2− fragment can be viewed as a derivative
of one {NiO2(H2O)2} tetrahedron replacing terminal water
ligands on two adjacent interior and exterior NiII ions in the
{Ni6(μ3-OH)3(dap)3(H2O)6(B-α-PW9O34)} fragment (Fig. 2p).12c

To date, various TM6-substituted trilacunary Keggin POT
monomers have been isolated in differing systems such as dap-
containing PTs (dap = 1,2-diaminopropane),12c,13a en-contain-
ing silicotungstates (PTs),12c en-containing germanotungstates
(GTs),13b dap-containing GTs,13b en and tris-containing PTs
(tris1 = tris(hydroxymethyl)aminomethane; tris2 = pentaery-
thritol; tris3 = dipentaerythritol; tris4 = tripentaerythritol),13c

oeen-containing PTs (oeen = N-(2-hydroxyethyl)enediamine),13d

oeen and tran-containing PTs (tran = 1,4,7-triazonane)13d and
en-containing arsenotungstates (ATs).13e Due to the similarity
of coordination chemistry and structural chemistry between
trilacunary Keggin-type and Dawson-type POT fragments, it
can be speculated that the Ni6-substituted trilacunary Dawson-
type TMSPTs (Fig. 2q) should exist. By hydrothermal reaction
of lacunary precursor [α-H2P2W12O48]

12−, Ni(CH3COO)2·4H2O
and dien or en, Yang et al. obtained the first series of Ni6-
substituted trilacunary Dawson-type TMSPTs [Ni6(μ3-OH)3-
(H2O)3(dien)3H3(α-P2W15O56)]·4.5H2O and [Ni(en)2][Ni6(μ3-
OH)3(H2O)6(en)3H(α-P2W15O56)]·5.5H2O (Fig. 2r) in 2013.14a In
the latter, [Ni6(μ3-OH)3(H2O)6(en)3H(α-P2W15O56)]

2− units can
be further linked together by the extraneous {NiO2(en)2} units
via WvO–Ni linkages to form a novel 1-D chain architecture
(Fig. 2s). Subsequently, they discovered the first 3-D framework
[Ni(enMe)2]3[Ni(enMe)2(H2O)][Ni(enMe)(H2O)2][Ni6(enMe)3(μ3-
OH)3(CH3COO)2(H2O)(P2W15O56)]2·6H2O based on Dawson-
type Ni6-substituted POT units {Ni6(enMe)3(μ3-OH)3(CH3-
COO)2(H2O)(P2W15O56)}, which displays a four-connected
(42·63·8) SrAl2 topology (Fig. 2t and u).14b In this 3-D architec-
ture, one water ligand on the exterior NiII ion of the hexa-NiII

{Ni6(enMe)3(μ3-OH)3(CH3COO)2(H2O)} cluster is replaced by
one terminal oxygen atom on one WO6 group from a neighbor-
ing {Ni6(enMe)3(μ3-OH)3(CH3COO)2(H2O)(P2W15O56)} unit,
forming the 1-D zigzag chain. And then adjacent 1-D zigzag
chains are bridged together through [Ni(enMe)2]

2+ ions to
create the 2-D layer. Finally, adjacent 2-D layers are further
joined by {Ni(enMe)(H2O)2}

2+ ions to construct the 3-D archi-
tecture.14b The synthesis of these hexa-NiII/CuII substituted
POTs not only illustrate that triangle hexa-NiII/CuII clusters are
very stable in trilacunary Keggin and trivacant Dawson POT
systems, but also prove that the hydrothermal reaction can
serve as an efficient approach for synthesizing and developing
novel TMSPTs through combination chemistry of lacunary POT
precursors with high-nuclear TM clusters.

Additionally, in 2005, Gouzerh and co-workers communi-
cated a novel Fe9-substituted Dawson TMSPT monomer
[H4P2W12Fe9O56(CH3COO)7]

6− (Fig. 3). In this structure, six
FeIII ions firstly fill in the vacancies of the hexavacant Dawson
[α-H2P2W12O48]

12− fragment, forming the {P2W12Fe6} subunit.
Two additional FeIII ions graft to three contiguous bridging
oxo ligands of the formed {P2W12Fe6} subunit and the last FeIII

ion links to four bridging oxo ligands, giving rise to the
{P2W12Fe9} skeleton. Finally, the octahedral coordination

Fig. 3 View of [H4P2W12Fe9O56(CH3COO)7]
6−. [{WO6}: lime, {PO4}: tur-

quoise, {FeO6}: light lavender].
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sphere of each FeIII center is finished by acetate ligands.15a

The preparation of this Dawson TMSPT monomer not only
contradicts the previous (false) judgment that the metastable
hexalacunary fragment [α-H2P2W12O48]

12− can be not com-
bined with divalent or trivalent TM ions to form TMSPTs,15b

but also can be viewed as bridging the gap between TMSPTs
such as [α-P2W15O59(FeCl)2 (FeOH2)]

11− and classic complex
clusters such as [Fe3O(CH3COO)6(H2O)3]

+.15c–e

2.2 Dimeric high-nuclear TMSPTs

Admittedly, the sandwich-type TMSPTs consisting of two
lacunary Keggin or Dawson-type building blocks incorporating
kaleidoscopic TM cores have developed as the most typical
subfamily of TMSPTs, since the first sandwich-type TMSTPs
[Co4(H2O)2(PW9O34)2]

10− containing a rhomb-like tetra-CoII

core was reported by Weakley et al. in 1973.16 According to the
embedded mode of TM ions located on the sandwich belt,
sandwich-type TMSPTs can be divided into two types: (a) some
TM ions substitute some W atoms to complete saturated
Keggin or Dawson fragments {XW12−nMn} or {X2W18−nMn}, and
then the resulting two {XW12−nMn} or {X2W18−nMn} fragments
are fused together giving rise to the embedded sandwich-type
structure assembly (Fig. 4a); (b) instead of TM ions substitut-
ing some W atoms to complete saturated Keggin or Dawson
fragments, TM ions are merely fixed by the exposed surface
oxygen atoms of two lacunary POT fragments, and then TM ions
bridge two lacunary POT fragments together, producing the

filled sandwich-type structure assembly (Fig. 5a). In the follow-
ing discussion, we describe in detail these two sandwich-type
TMSPTs according to the above classification. Moreover, several
non-sandwich-type dimeric TMSPTs have been involved.

Systematic researches indicate that almost all embedded
sandwich-type TMSPTs were obtained by reaction of TM ions
with preformed lacunary precursors in aqueous solution with
appropriate pH value and reaction temperature while a few
exceptions were generated from the self-assembly reaction of
simple starting materials. In 2005, Kortz et al. reported a Fe6-
substituted embedded-sandwich-type Keggin GT [Fe6(OH)3-
(A-α-GeW9O34(OH)3)2]

11− by CASSM. The insertion of six FeIII

centers to the lacunary sites of two trivacant [A-α-GeW9O34]
10−

moieties leads to two hypothetical saturated [Fe3(OH2)3-
(A-α-GeW9O34(OH)3)]

4− units that connect together through
three Fe–O–Fe linkers in the corner-shared fashion (Fig. 4b).
Obviously, the trigonal prismatic arrangement of six equi-
valent FeIII centers (Fig. 4c) results in the virtual D3h symmetry
of [FeIII6 (OH)3(A-α-GeW9O34(OH)3)2]

11−.17a In 2014, by reaction
of WO4

2−, SeO3
2−, dimethylamine hydrochloride and Fe3+ ions

in acidic aqueous solution (pH = 5.5), Wang and co-workers
obtained an intriguing Fe6-substituted Dawson selenotung-
state [Fe6Se6W34O124(OH)16]

18− (Fig. 4d), in which two tetra-
vacant Dawson-type {α-Se2W14} moieties are linked by an
almost regular cube {Fe4W4O12} unit.

17b In addition, four extra
sites located at both wings of the {Fe4W4O12} unit are taken up
by two FeIII and two WVI atoms, forming the disordered

Fig. 4 (a) The schematic mode of embedded-sandwich-type TMSPTs. (b, c) View of [Fe6(OH)3(A-α-GeW9 O34(OH)3)2]
11− and its trigonal prismatic

core {Fe6(OH)9}. (d, e) View of [Fe6Se6W34O124(OH)16]
18− and its central core {Fe6W6}. (f, g) View of [{Ni6(H2O)4(µ2-H2O)4(µ3-OH)2}(SiW9O34)2]

10− and
its central core {Ni6(H2O)4(µ2-H2O)4(µ3-OH)2}. (h, i) View of [{B-α-GeW9O34}2{MnIII4MnII

2O4(H2O)4}]
12− and its mixed-valence double-cubane core

{MnIII
4 (H2O)2 MnII

2O4(H2O)2} [MnII: blue]. ( j) View of the POA in [P4V6W30O120]
10−. (k) The double-cubane {V6O8} core in [P4V6W30O120]

10−. (l, m) View
of [(α-P2W15O56)2MnIII

6 MnIVO6(H2O)6]
14− and its double-cubane core {MnIII

6 MnIVO8} [MnIV: brown]. (n, o) View of [{(B-α-PW9O34)Co3(OH)
(H2O)2(Ale)}2Co]

14− and its Co7-core [P: turquoise]. (p, q) View of [Ni7(OH)4(H2O)(CO3)2(HCO3)(A-α-SiW9O34)(β-SiW10O37)]
10− and its central core

{Ni7(OH)4(H2O)(CO3)2(HCO3)}. (r, s) View of [(A-α-SiW9O34)2Co8(OH)6(H2O)2(CO3)3]
16− and its central core {Co8(OH)6(H2O)2 (CO3)3}. (t, u) View of [(A-

α-SiW9O34)2Ni9(OH)6(H2O)6(CO3)3]
14− and its central core {Ni9(OH)6 (H2O)6(CO3)3}. [{WO6}: lime, {XO4}: turquoise, TM and {TMOx}: light lavender, O:

red, C: cray-80%, N: blue].
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{Fe6W6} core with each Fe/W position half site-occupancy dis-
order. Interestingly, four SeIV atoms with half site-occupancy
disorder attach to both terminals of the disordered {Fe6W6}
core (Fig. 4e). Reaction of [γ-SiW10O36]

8− with Ni2+ in the
80 °C, pH = 8.2 aqueous solution afforded a Ni6-substituted ST
[{Ni6(H2O)4(µ2-H2O)4(µ3-OH)2}(SiW9O34)2]

10− with embedded
sandwich-type skeleton (Fig. 4f),17c which can be deemed as a
dimer formed by two well-defined Ni3-substituted moieties
{β-Ni3SiW9O40} through two μ3-OH groups.17c The two {Ni3O13}
trimers embedded in {β-Ni3SiW9O40} moieties are linked in an
edge-sharing fashion to form an unobserved “Z” type
{Ni6(H2O)4(µ2-H2O)4(µ3-OH)2} core (Fig. 4g).17c Historically, the
{MnIII

4 MnII
2 }-embedded sandwich-type GT [{B-α-GeW9O34}2

{MnIII
4 MnII

2 O4(H2O)4}]
12− with two saturated Keggin {TM3XW9}

units contacting through the face-sharing mode was also
observed (Fig. 4h).17d The face-sharing mode of {α-GeW9-
MnIII

2 MnII} benefited from the insertion of the double-cubane
{MnIII

4 MnII
2O4(H2O)4} core (Fig. 4i) in the lacunae of two tri-

lacunary {B-α-GeW9O34} moieties,17d while the corner-shared
mode of {α-GeW9Fe3} fragments in [Fe6(OH)3(A-α-GeW9O34-
(OH)3)2]

11− is attributed to the insertion of a trigonal prismatic
core {Fe6(OH)9} in the lacunae of two trilacunary
{A-α-GeW9O34} moieties.17a Through the assembly of trivana-
dium capped Dawson clusters (TBA)5H4[P2W15V3O62] in

organic solvent under simple reflux conditions, Cronin et al.
separated an embedded-sandwich Dawson-type POT
(TBA)10[P4V6W30O120] that consists of two {α-P2W15V3} units
related together with one {α-P2W15V3} unit rotated by 180°, dis-
playing the stagger appearance of the two {α-P2W15V3} units
(Fig. 4j).17e The {V6O8} core sandwiched by two {α-P2W15O56}
fragments exhibits a vanadium face-sharing double cubane
architecture (Fig. 4k). With continued effort towards this
branch, some embedded-sandwich-type TMSPTs with more
nuclearity of TM ions were found by different synthetic
approaches. For instance, Fang et al. developed an effective
strategy of combining preformed high-nuclear manganese
clusters with lacunary POT precursors to search for novel mag-
netic TMSPTs.18a–c Thus, by reaction of the preformed Mn12-
acetate cluster [MnIII

8 MnIV
4 (CH3COO)16(H2O)4O12] with the tri-

vacant Dawson precursor [α-P2W15O56]
12−, they synthesized a

Dawson-type heptanuclear {MnIII
6 MnIV} substituted POT

[(α-P2W15O56)2MnIII
6 MnIVO6(H2O)6]

14− (Fig. 4l), which contains
two [α-P2W15O56]

12− fragments encapsulating a double-cubane
{MnIII

6 MnIVO8} core (Fig. 4m).18d The {MnIII
6 MnIVO8} core is

similar to two corner-sharing cubanes and can be regarded as
a fusion of two {MnIII

3 MnIVO4} subunits via sharing a common
MnIV vertex. Worthy of mention is that the Mn12-acetate cluster
is degraded to the {MnIII

6 MnIVO8} core and the bridging acetate

Fig. 5 (a) The schematic mode of filled-sandwich type TMSPTs. (b, c) View of [Ni4(H2O)2(α-NiW9O34)2]
16− and its the {Ni6O22} core. (d, e) View of

[(CuCl)6(AsW9O33)2]
12− and it’s the hexagonal {(CuCl)6} core. (f, g) View of [(β-SiW8O31)2Ni7(H2O)4(OH)6]

12− and its double-cubane {Ni7O8} core. (h, i)
View of [H4{Cu9As6O15(H2O)6}(α-AsW9O33)2]

8− and its central cylindrical [CuII9As
III
6 O15(H2O)6]

6+ core. ( j, k) View of {[Cu(enMe)2(H2O)]2[Cu6(enMe)2(B-
α-SiW9O34)2]}

4− and its belt {Cu6(enMe)2} core. (l, m) View of {[Cu(bdyl)]2[Cu8(2,2’-bpy)4(H2O)2 (B-α-GeW9O34)2]}
4− and its {CuII

8(2,2’-bpy)4(H2O)2}
core. (n) The 2-D sheet of {[CuII(bdyl)]2[Cu

II
8(2,2’-bpy)4(H2O)2(B-α-GeW9O34)2]}

4− [copied from ref. 22a]. (o, p) View of [Cu(H2O)2]
H2[Cu8(en)4(H2O)2(B-α-SiW9O34)2] and its 3-D framework. (q, r) View of {[CuI

2(2,2’-bpy)2(4,4’-bpy)]2[Cu
I
2Cu

II
6(2,2’-bpy)2(4,4’-bpy)2(B-α-GeW9O34)2]}

2−

and its mixed-valence {CuI
2Cu

II
6(2,2’-bpy)2(4,4’-bpy)2} core. [{WO6}: lime, {XO4}: turquoise, TM, {TMOx} and {TMOxNy}: light lavender, O: red, C: cray-

80%, N: blue].
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groups move away from the manganese cluster in the process
of the reaction. As we know, functional organic ligands can be
introduced to capture TM ions to enhance the possibility of
constructing high-nuclear TMSPTs since the deprotonation of
organic ligands under suitable conditions can increase the
negative charge of the reaction system. Thereby, in the pres-
ence of alendronic acid [H5Ale = H2O3PC(OH) (C3H6NH3)
PO3H2], Mialane et al. made a novel Co7-substituted POT
hybrid [{(B-α-PW9O34)Co3(OH)(H2O)2(Ale)}2Co]

14− (Fig. 4n) that
is composed of two {B-α-PW9O34Co3} subunits sandwiching a
central CoII ion (Fig. 4o).18e In this structure, the central CoII

ion is combined with two {B-α-PW9O34Co3} subunits through
two μ3-OH groups and two alendronate groups with the
η1:η1:η1:η3:η3:μ4 coordination mode, and finally the octahedral
coordination spheres of the cobalt atoms are accomplished by
terminal aqueous ligands. Notably, the hydroxyl group of the
bisphosphonato ligand has been deprotonated, which caters
to the requirement of increasing the negative charge of the
reaction system. In addition, the utilization of some inorganic
acid anions can also increase the negative charge of the reac-
tion system and further induce the aggregation of more TM
ions in the lacunary sites of POM fragments to manufacture
higher nuclear TMSPTs, which is exemplified by three carbon-
ates includingTMSPTs: a NiII7 -substituted ST {[Ni7(OH)4(H2O)
(CO3)2(HCO3)(A-α-SiW9O34)(β-SiW10O37)]}

10− (Fig. 4p), a CoII8 -
substituted ST [(A-α-SiW9O34)2Co8(OH)6(H2O)2 (CO3)3]

16− (Fig. 4r)
and a NiII9-substituted ST [(A-α-SiW9O34)2Ni9(OH)6(H2O)6 (CO3)3]

14−

(Fig. 4t).17c,19 In the first POA skeleton, two NiII-substituted Keggin
{α-Ni3SiW9O40} and {β-Ni2SiW10O40} fragments connect together
through the {Ni2(H2O)} group and are further consolidated by two
tridentate carbonate ligands and one bidentate carbonate ligand
(Fig. 4q). Although two identical {α-Co3SiW9O40} units in the
second are also bridged together via two edge-sharing Co ions, two
tridentate carbonate ligands and one bidentate carbonate ligand
(Fig. 4s),19a the bidentate carbonate ligand in the first one coordi-
nates to an exotic NiII ion and a NiII ion from a {α-Ni3SiW9O40}
fragment on one side while the bidentate carbonate ligand in the
second skeleton only bind two exotic CoII ions. Based on the POA
skeleton of the second, the ninth NiII ion can be further encapsu-
lated to the POA skeleton leading to the appearance of the third,
in which the ninth NiII ion joins one {α-Ni3SiW9O40} subunit via
the µ5-η1:η2:η2 CO3

2− ligand and one terminal oxygen atom of the
[A-α-SiW9O34]

10− fragment (Fig. 4u).19b

In the following section, we will discuss the filled-sand-
wich-type TMSPTs (Fig. 5a). Niu’s creative work of a Weakley-
type TMSPT [Ni4(H2O)2(α-NiW9O34)2]

16− (Fig. 5b) made up of
two {α-NiW9O34} building blocks and a rhomb-like Ni4-core
should be highlighted because it represents the first NiII6 -
containing TMSPTs with four-coordinate NiII centers as hetero-
atoms and two unusual tetra-coordinate NiII heteroatoms
residing in two {α-NiW9O34} fragments are jointly combined
with the central, rhomb-like Ni4-core (Fig. 5c).20a Surprisingly,
although the Dawson-type [P2W15O56]

12− precursor was
employed as the raw material in the preparation of
[Ni4(H2O)2(α-NiW9O34)2]

16−, the Keggin-type {α-NiW9O34} frag-
ments rather than Dawson-type fragments are observed in the

POA skeleton, which indicates the Dawson-type [P2W15O56]
12−

anions can transform into the Keggin-type POT units, even the
PV heteroatoms can be substituted by TM ions under appropri-
ate hydrothermal conditions. The other TM6 filled sandwich-
type TMSPT example is the unobserved CuII6 -hexagon sand-
wiched AT [(CuCl)6(AsW9O33)2]

12− (Fig. 5d) obtained by
Yamase et al., which can be visualized as two inorganic
{B-α-AsW9O33} ligands chelating a CuII6 -hexagon moiety
(Fig. 5e).20b Here, each CuII ion links four oxygen atoms from
two inorganic {B-α-AsW9O33} ligands and an exterior Cl− ion to
finish the square pyramidal geometry. In 2007, Wang et al. dis-
covered the first innovative double-cubane NiII7 -substituted ST
[(β-SiW8O31)2Ni7(H2O)4(OH)6]

12− (Fig. 5f),20c in which the
adaptable precursor [γ-SiW10O36]

8− transforms into tetralacun-
ary {β-SiW8O31} fragments for arresting more TM ions and the
generation of double-cubane cluster {Ni7O8} formed by two
{Ni3O13} triplets linked by a {NiO6} octahedron (Fig. 5g). Appar-
ently, the reaction strategy of adaptable POM precursors react-
ing with TM ions to synthesize TMSPTs plays an important
role in the development of TMSPT chemistry, but the one-pot
reaction strategy of simple materials can also make some con-
tribution. For instance, by reaction of WO4

2−, AsO2
− and Cu2+

in the presence of acetic acid, Niu’s group communicated an
unprecedented Cu9-sandwiched AT [H4{Cu9As6O15(H2O)6}
(α-AsW9O33)2]

8− (Fig. 5h) comprising of two trivacant
{α-AsW9O33} fragments anchoring a central cylindrical
[CuII9As

III
6 O15(H2O)6]

6+ unit (Fig. 5i).20d The most remarkable
innovation is highlighted on the central cylindrical
[CuII9As

III
6 O15(H2O)6]

6+ cluster in which three di-tripodal {As2O5}
units bridge nine CuII ions together accompanying six square-
pyramid CuII ions and three square-planar CuII ions. Moreover,
this Cu9-sandwiched AT shows noteworthy activity against
K562 leukaemia cells and induces HepG2 cell apoptosis and
autophagy.20d

Apart from the above discussed purely inorganic filled-
sandwich-type TMSPTs, several types of aliphatic or aromatic
amine ligand stabilized organic–inorganic hybrid filled-sand-
wich-type copper-substituted POTs were also reported by Yang
and co-workers by reaction of [A-α-XW9O34]

10− (X = SiIV or GeIV)
and Cu2+ ions under hydrothermal conditions, which not only
can further promote the wide application of HSM in the syn-
thesis of organic–inorganic hybrid TMSPTs, but also extend
the research categories of TMSPTs to some degree.12c,21 The
organic–inorganic hybrid Cu6-substituted filled-sandwich-type
ST {[Cu(enMe)2(H2O)]2[Cu6(enMe)2(B-α-SiW9O34)2]}

4− (Fig. 5j)
was separated in 2007 and is constituted by a belt-like Cu6-core
(Fig. 5k) sandwiched by two stagger {B-α-SiW9O34} units.21a

Subsequently, Cu8-substituted filled-sandwich-type POTs with
different organoamine ligands were obtained and they consist
of the intriguing 3 : 2 : 3 distributed Cu8-cores and two tri-
lacunary POT fragments, such as 0-D [Cu(dap)(H2O)3]2
{Cu8(dap)4(H2O)2}(B-α-SiW9O34)2],

12c [Cu8(en)4(H2O)2(B-α-SiW9-
O34)2]

4−,21b [CuII8 (dap)4(H2O)2(B-α-GeW9O34)2]
4−,21b [Cu8(en)4-

(H2O)2(B-α-GeW9O34)2]
4−,21b 2-D {[Cu(bdyl)]2[Cu8(2,2′-bpy)4-

(H2O)2(B-α-GeW9O34)2]}
4−,21b and 3-D [Cu(H2O)2]H2[Cu8(en)4-

(H2O)2(B-α-SiW9O34)2] and [Cu(H2O)2]H2[Cu8(dap)4(H2O)2-
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(B-α-GeW9O34)2].
21b,c It should be highlighted that the reliever

metalation of 2,2′-bpy permits the bdyl group to work as a
twofold-deprotonated anionic N,C^C,N ligand bridging two
Cu centers in the unique trans-four-coordinate fashion for the
construction of a novel 2-D architecture with a 2-D (4,4)-
network topology of {[Cu(bdyl)]2[Cu8(2,2′-bpy)4(H2O)2-
(B-α-GeW9O34)2]}

4− (Fig. 5l–n), which represents the first relie-
ver metalation of 2,2′-bpy in a copper complex system under
hydrothermal conditions.21b The 3-D architecture of
[Cu(H2O)2]H2[Cu8(en)4(H2O)2(B-α-SiW9O34)2] (Fig. 5o) utilizes a
3-D (3,6)-connected framework with a (4·62)(42·64·87·102) to-
pology exhibiting two kinds of small helical channels along
the c-axis (sizes of channel A: 2.5 × 2.5 Å and channel B: 1.3 ×
1.3 Å) (Fig. 5p),21b which are generated from the regular
arrangements of {Cu8(en)4(H2O)2(B-α-SiW9O34)2} units and
[Cu4(H2O)2]

2+ bridges along the 42 screw axis. Meanwhile, the
employment of mixed ligands of 2,2′-bpy and 4,4′-bpy under
hydrothermal conditions resulted in the first mixed-valence
{CuI4Cu

I
2Cu

II
6 } core sandwich-type GT hybrid {[CuI2(2,2′-

bpy)2(4,4′-bpy)]2[Cu
I
2Cu

II
6 (2,2′-bpy)2(4,4′-bpy)2(B-α-GeW9O34)2]}

2−

(Fig. 5q), which can be viewed as a derivative of two di-CuI

[CuI2(2,2′-bpy)2(4,4′-bpy)]
2+ cations attaching to the mixed-

valence octa-copper sandwiched dimer [CuI2Cu
II
6 (2,2′-bpy)2(4,4′-

bpy)2(B-α-GeW9O34)2]
14− (Fig. 5r).21b Alternatively, to date, it

still stands for the first organic–inorganic hybrid dodeca–
copper cluster encapsulated sandwich-type TMSPT. In
addition, Niu’s group also reported three organic–inorganic
hybrid filled-sandwich-type TM6-substituted GTs [Cu(2,2′-
bpy)]2[Cu(2,2′-bpy)2]2[Cu6(2,2′-bpy)2(B-α-GeW9O34)2]·3H2O,
[Cu(phen)]2[Cu(phen)2]2[Cu6(phen)2(B-α-GeW9O34)2]·2H2O and
(C6N2H18)3H2[{Co(2,2′-bpy)}2 Co4(H2O)2-(B-α-GeW9O34)2]·4H2O
(phen = 1,10-phenanthroline), in which the TM6-cores are func-
tionalized by different aromatic N-ligands.22 In the first two
GTs, the belt-like Cu6-cores are stabilized by two bidentate
2,2′-bpy or phen ligands whereas the third GT anchors a Co6-
core chelated by two bidentate 2,2′-bpy ligands.

Besides the above-mentioned sandwich-type TMSPTs,
several kinds of non-sandwich-type dimeric TMSPTs with two
malposed subunits have also been discovered. For instance, by
reaction of trilacunary POM precursor [α-SiW9O34]

10− and NiII

ions in aqueous solution, Hill et al. made a special Fe6-substi-
tuted ST [(α-Si(FeOH2)2FeW9(OH)3O34)2]

8− (Fig. 6a) with two
saturated [α-Si(FeOH2)2FeW9(OH)3O34]

4− Keggin units con-
nected via a edge-sharing mode.23a Subsequently, Mialane
et al. reported a 2-D azido-bridging Cu6-substituted ST
[SiW9O34Cu3(µ1,1,3-N3)2(OH)(H2O)]2

14− which represents the
first 2-D TMSPT based on azido ligands (Fig. 6b and c).23b In
the skeleton of the [SiW9O34Cu3(µ1,1,3-N3)2(OH)(H2O)]

7− unit,
each of both {A-α-SiW9O34} ligands chelates a triangular Cu3
subunit affording two [SiW9O34Cu3(µ1,1,3-N3)2(OH)(H2O)]

7−

units, which are connected via two crystallographically inde-
pendent basal–basal end-on azido ligands as well as a hydroxo
bridge. Under the synergistic coordination of en and a
polycarboxylate ligand of IDA2− (H2IDA = iminodiacetic acid),
an unseen Ni11-substituted PT combination of two Ni6-substi-
tuted trilacunary Keggin or Dawson-type POT units can form

another kind of dimeric TMSPTs that were mainly found
under hydrothermal reaction conditions. For example, the
reaction of a saturated Keggin precursor [α-SiW12O40]

4− and
NiII ions resulted in the generation of a discrete dimer [Ni6(μ3-
OH)3(H2O)9 SiW9O34]2

2−, in which two malposed [Ni6(μ3-
OH)3(H2O)9SiW9O34]

22− subunits in the opposite motif are
connected by four Ni–O–W connectors (Fig. 6f).23d Analo-
gously, the 1-D [Ni(2,2′-bpy)(H2O)2]2[Ni6(μ3-OH)3(H2O)11H-
(α-P2W15O56)]2·H2O (Fig. 6g) with two NiII6 -substituted Dawson-
type [Ni6(μ3-OH)3(H2O)11H(α-P2W15O56)]

2− subunits was also
isolated by reaction of [α-P2W15O56]

12− and NiII ions, in which
[Ni(2,2′-bpy)(H2O)2]

2+ ions as linkages bridge [Ni6(μ3-
OH)3(H2O)11H(α-P2W15O56)]

2− subunits together, giving rise to
the 1-D ladder chain alignment (Fig. 6h).14a Although the
above two examples represent the highest number of TM ions
containing Keggin or Dawson-type dimers to date, much
higher nuclear TM including POT dimeric species still need to
be explored.

2.3 Trimeric high-nuclear TMSPTs

The growing library of TMSPTs not only concentrates on
monomeric sand dimeric species but also can be expanded
into the trimeric triangle-shaped species (Fig. 7a). It is has
been proven that the precursor [γ-SiW10O36]

8− plays an indel-
ible role in the exploration of triangle-shaped STs. Specifically,
the metastable and labile dilacunary precursor [γ-SiW10O36]

8−

can not only retain its γ-configuration and isomerize to the α-
and β-isomers, but also transform to plenary, mono-, tri- and
tetralacunary Keggin POM units, which provides superior con-
ditions for integrating TM centers to assemble novel high-
nuclear TMSPT with unexpected architectures. For instance,
based on the reactions of [γ-SiW10O36]

8− and different TM ions

Fig. 6 (a) View of [(α-Si(FeOH2)2FeW9(OH)3O34)2]
8−. (b, c) View of

[SiW9O34Cu3(µ1,1,3-N3)2(OH)(H2O)]2
14− and its 2-D layer architecture. (d,

e) View of [Ni11(PW9O34)2(IDA)3(en)2(Hen)2(OH)6]
13− and its central Ni11

core. (f ) The skeleton of [Ni6(μ3-OH)3(H2O)9SiW9O34]2
2−. (g, h) View of

[Ni6(μ3-OH)3(H2O)11H(α-P2W15O56)]2
4− and its 1-D chain structure.

[{WO6}: lime, {XO4}: turquoise, TM, {TMOx} and {TMOxNy}: light lavender,
O: red, C: cray-80%, N: blue].
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by means of CASSM, three kinds of trimeric TM6-substituted
triangle-shaped STs have been obtained such as a {FeIII6 } con-
taining [{Fe2(OH)3(H2O)2}3(γ-SiW10O36)3]

15− with a typical tri-
anglar shape (Fig. 7b),24a a mixed-valence {MnIII

2 MnII
4 }

including [MnIII
2 MnII

4 (μ3O)2(H2O)4(B-β-SiW8O31)(B-β-SiW9O34)
(γ-SiW10O36)]

18− with an irregular triangular shape (Fig. 7c),24b

and a {ZrIV6 } comprising [Zr6O2(OH)4(H2O)3 (β-SiW10O37)3]
14−

with a distorted triangle (Fig. 7d).24c Their structural differ-
ences are as follows: (a) although those structure building
blocks are all derived from the [γ-SiW10O36]

8− precursor,
different reaction conditions stimulate the generation of
{B-β-SiW8O31} and {B-β-SiW9O34} building blocks in the second
and the {β-SiW10O37} fragments in the third while the
{γ-SiW10O36} units are maintained in the first; (b) due to the
existence of different building blocks, three TM6-cores exhibit
distinct arrangements and insertions, respectively. For the first
one, six FeIII centers are embedded in the binding pockets
of three {γ-SiW10O36} units, and then three formed
{γ-SiW10Fe2O36} subunits are corner-shared with each other.24a

In the second skeleton, an octahedral MnII ion is chelated by a
[B-β-SiW8O31]

10− ligand and a [γ-SiW10O36]
8− ligand, and a

mixed-valence appended cubane {MnIII
2 MnII

3 } is simultaneously
ligated by all three lacunary Keggin moieties.24b Interestingly,

the {MnIII
2 MnII

3 } group can be considered as a {Mn4O4} cubane
attached to a MnII atom through one of the oxygen atoms of
the cube. Moreover, the MnIII centers in the {Mn5} cubane are
the generation of air oxidation of the MnII ions by vigorous
stirring of the alkaline MnII-containing POM solution. Interest-
ingly, a belt-like {Zr6O2(OH)4(H2O)3} cluster with three seven-
coordinate ZrIV centers and three eight-coordinate ZrIV centers
can be observed in the third skeleton.24c In the construction of
trimeric triangle-shaped GTs, the [γ-GeW10O36]

8− precursor
usually chelates some TMs with its configuration and lacunary
sites remaining unchanged, which is somewhat different from
the variable [γ-SiW10O36]

8− precursor. For instance, Cronin and
collaborators synthesized a triangle-shaped Mn6-substituted
[Rb ⊂ (GeW10Mn2O38)3]

17− based on three Keggin-type build-
ing blocks {γ-GeW10O36} (Fig. 7e).

24d Different from the above
discussed three triangle-shaped TM6-substituted ST, six MnIII

ions are all filled in the lacunae of {γ-GeW10O36} units to form
three plenary Keggin-type units {γ-Mn2GeW10O36} in an
approximately equilateral triangle distribution.24d When the
molar ratio of MnII/[γ-GeW10O36]

8− almost increases to 5, they
also synthesized an intriguing triangle-shaped Mn8

II-substi-
tuted GT [(Mn(H2O)3)2(K ⊂ {α-GeW10Mn2O38}3)]

19− (Fig. 7f),24e

which is structurally similar to the skeleton of

Fig. 7 (a) The schematic mode of triangle-shaped TMSPTs. (b) View of [{Fe2(OH)3(H2O)2}3(γ-SiW10O36)3]
15−. (c) View of [MnIII

2 MnII
4(μ3-O)2(H2O)4-

(B-β-SiW8O31)(B-β-SiW9O34)(γ-SiW10O36)]
18− [MnII: blue]. (d) [Zr6O2(OH)4(H2O)3 (β-SiW10O37)3]

14−. (e) View of [Rb ⊂ (GeW10Mn2O38)3]
17−. (f ) View of

[(Mn(H2O)3)2(K ⊂ {α-GeW10Mn2O38}3)]
19−. (g) View of [Co9Cl2(OH)3(H2O)9(B-β-SiW8O31)3]

19−. (h) View of [{SiW8O31Cu3(OH)(H2O)2(N3)}3(N3)]
17−.

(i) View of [Co6(H2O)30{Co9Cl2(OH)3(H2O)9(β-SiW8O31)3}]
5−. ( j) View of [WFe9(μ3-O)3(μ2-OH)6O4H2O(α-SiW9O34)3]

17−. (k, l, m) View of [Ni12(OH)9-
WO4(W7O26(OH)) (PW9O34)3]

25−, NiII12-core [Ni12(OH)9O13]
11− and nona-dentate [W7O26 (OH)]11− ligand [W centers in [W7O26(OH)]11− unit: brown].

(n, o, p) View of [Ni12(OH)9(CO3)3(PO4)(SiW9O34)3]
24− and its central [Ni12(OH)9(CO3)3(PO4)]

6+ core as well as a {Ni3(CO3)3(PO4)} quasi-cubane
[P: brown]. (q, r, s) View of [Ni13(H2O)3(OH)9(PO4)4(SiW9O34)3]

25− and its [Ni13(H2O)3 (OH)9(PO4)4]
8+ as well as a {Ni3(PO4)4} quasi-cubane [P: brown].

(t) View of [K ⊂ (P2W16Co2O60)3]
23−. (u) View of [Co9P8W45O176(OH)3(H2O)6]

27−. (v) View of [Na3 ⊂ {M(H2O)4}6{WO(H2O)}3(P2W12O48)3]
15−. (w) View of

[Rb3 ⊂ {VV VIV
3 O7(H2O)6}2{H6P6W39O147(H2O)3}]

15−. [{WO6}: lime, {XO4}: turquoise, TM and {TMOx}: light lavender, O: red, C: cray-80%, N: blue].
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[Rb ⊂ (GeW10Mn2O38)3]
17−.24d Significantly, the extra two MnII

ions cap to two faces of the triangle through three bridging
oxygen atoms on three {α-GeW10Mn2O38} fragments, respecti-
vely. Under appropriate conditions, the [γ-SiW10O36]

8− precur-
sors can all transform into {SiW8O31} fragments, facilitating
the insertion of more TM centers. Thus, Cronin’s group
reported a triangle-shaped ST [Co9Cl2(OH)3 (H2O)9(B-β-
SiW8O31)3]

17−, in which three {B-β-SiW8O31} units anchor a
central fan-shaped Co9

II-core (Fig. 7g).25a Historically, two
cases of azido ligand or additional TMs modified CoII9 -substi-
tuted triangle-shaped STs [{SiW8O31Cu3(OH)(H2O)2(N3)}3-
(N3)]

19− (Fig. 7h),25b and [Co6(H2O)30{Co9Cl2(OH)3-
(H2O)9(β-SiW8O31)3}]

5− (Fig. 7i)25c with similar TM substituted
modes to the [Co9Cl2(OH)3(H2O)9(B-β-SiW8O31)3]

17− unit25a

have already reported. In the skeleton of [{SiW8O31Cu3(OH)
(H2O)2(N3)}3 (N3)]

19−, three equivalent {γ-SiW8O31Cu2} subunits
are fused together by an encapsulated hexadentate
μ-1,1,1,3,3,3-azido ligand. And three fringe {Cu(N3)} units with
terminal azido ligands attaching to the CuII centers, link to
adjacent {γ-SiW8O31Cu2} moieties via μ3-OH ligands and
Cu–O–W linkers.25b By reaction of CoII ions and [γ-SiW10O36]

8−

precursor in aqueous acidic NaCl medium (pH = 5.4), six
pendent CoII ions can be grafted to the structure of
[Co9Cl2(OH)3(H2O)9(B-β-SiW8O31)3]

17− through the terminal
oxygen atoms of {B-β-SiW8O31} subunits, leading to a satellite-
shaped Co15 containing ST [Co6(H2O)30{Co9Cl2(OH)3-
(H2O)9(β-SiW8O31)3}]

5−.25c Notably, Wang et al. obtained a Fe9-
substituted ST [WFe9(μ3-O)3(μ2-OH)6O4H2O(α-SiW9O34)3]

17−

(Fig. 7j) in ionic liquids ([EMIM]Br, where EMIM = 1-ethyl-3-
methylimidazolium) by an ionothermal synthesis method
(ITSM).25d The skeleton of this triangle-shaped ST with C3 sym-
metry, is constructed from three [α-SiW9O34]

10− unitsencapsu-
lating a rare heterometallic {WFe9(μ3-O)3(μ2-OH)6O4H2O} core.
Obviously, nine FeIII ions can be viewed as the substitution of
nine W centers in three trilacunary [α-SiW9O34]

10− units.
Besides, the findings on triangle dodecanuclear TMSPTs were
mainly carried out by Wang’s group and their synthesis strat-
egy concentrated on introducing acid anions (as WO4

2−, PO4
3−

CO3
2−) to increase the activity of the reaction system. Firstly,

the reaction of [A-PW9O34]
9−, Ni2+ and WO4

2− led to a triangle-
shaped Ni12-substituted PT [Ni12(OH)9WO4(W7O26(OH))
(PW9O34)3]

25−, which represents the first Ni12-substituted POT
(Fig. 7k).26a And then, with the introduction of PO4

3− and
CO3

2− into the similar ST system, they obtained another
triangle-shaped Ni12-substituted ST [Ni12(OH)9(CO3)3(PO4)
(SiW9O34)3]

24− (Fig. 7n).26b At first glance, both major skel-
etons are all composed of three trilacunary Keggin-type frag-
ments anchoring a Ni12-core. Nevertheless, by careful analysis
of their building and the central cores, three structural distinc-
tions can also be observed between them: (a) the {B-α-PW9O34}
fragment in the former has seven exposed surface oxygen
atoms while the {A-α-SiW9O34} fragment in the latter has six
exposed surface oxygen atoms, which induce different substi-
tuted modes of NiII ions; (b) the {Ni12(OH)9O13} core (Fig. 7l)
in the former can be viewed as the condensation of three dis-
torted {Ni4O(OH)3} cubane units. Moreover, each distorted

cubane contributes three NiII ions as substitutions to form the
saturated Keggin moieties {B-α-PW9O34Ni3}. However, for the
latter, only one {Ni3O4} quasi-cubane (Fig. 7p) unit decorated
by a PO4

3− and three CO3
2− units can be arrested in the central

{Ni12(OH)9(CO3)3(PO4)} core (Fig. 7o); (c) on both sides of the
large {Ni12(OH)9O13(PW9O34)3} moiety, two extra tetradentate
WO4

2− and nonadentate {W7O26(OH)} ligands (Fig. 7m) jointly
chelate the {Ni12(OH)9O13} core. During the discovery of Ni12-
substituted ST [Ni12(OH)9(CO3)3(PO4)(SiW9O34)3]

24−, an unique
Ni13-substituted ST [Ni13(H2O)3(OH)9(PO4)4(SiW9O34)3]

25−

(Fig. 7q) was captured by Wang and co-workers.26b The most
obvious difference between them are their central cores
{Ni12(OH)9(CO3)3(PO4)} and {Ni13(H2O)3(OH)9(PO4)3} (Fig. 7r).
Compared with the {Ni12(OH)9(CO3)3(PO4)} core, the thirteenth
NiII ion in the {Ni13(H2O)3(OH)9(PO4)3} core joins the {Ni3O4}
quasi-cubane (Fig. 7s) to construct a distorted cubane unit.
Furthermore, owing to the absence of Na2CO3 in the reaction
process, three PO4

3− groups in the {Ni13(H2O)3(OH)9(PO4)3}
core occupy the positions of three CO3

2− groups in the
{Ni12(OH)9(CO3)3 (PO4)} core. In the exploitation of trimeric
TMSPTs, two triangle Dawson-type PTs were also discovered,
such as the Co6 substituted [K ⊂ (P2W16Co2O60)3]

23− (Fig. 7t)24d

and the Co9 substituted [Co9P8W45O176(OH)3(H2O)6]
27−

(Fig. 7u).27 Obviously, the skeleton of [K ⊂ (P2W16Co2O60)3]
23−

is completed by three di-substituted Dawson units
{P2W16Co2O60} linked together through six Co–O–W bridges,24d

whereas three tri-substituted Dawson-type fragments
{P2W15Co3O60} combine together via six Co–O–Co bridges and
two μ3-PO4

3− groups to form the major skeleton of the latter.27

Based on the crown-shaped trimeric {P6W39} unit with three
{P2W12O48} units connected by three {WO(H2O)} groups in the
corner-sharing mode,28a,b Wang et al. also communicated a
MII

6 -substituted PT [Na3 ⊂ {M(H2O)4}6{WO(H2O)}3-
(P2W12O48)3]

15− (M = CoII, NiII) (Fig. 7v)28c and Kortz et al. iso-
lated a mixed-valence {VV

2V
IV
6 }-substituted PT [Rb3 ⊂ {VVVIV

3 O7-
(H2O)6}2{H6P6W39O147 (H2O)3}]

15− (Fig. 7w).28d In the former,
each of six hexa-coordinate MII ions is encapsulated in the
defect sites of the crown-type {P6W39} shell by coordinating to
two μ2-oxygen atoms from two neighboring {P2W12O48} frag-
ments in a trans mode.28c In the latter, six octahedral VIV ions
are firstly encapsulated in the defect sites of the crown-
type {P6W39} shell and then each of two tetrahedral VV ions as
a μ3-bridge is combined with three octahedral VIV ions.28d

In the arsenal of TMSPTs, banana-shaped species have
been widely studied.29a–c In 2009, Mialane et al. also reported
a banana-shaped trimeric FeIII9 -substituted TMSPT
[(Fe4W9O34(H2O))2 (FeW6O26)]

19− (Fig. 8a and b).29d Based on
the different coordination environments, FeIII ions can be
classified into two types: (a) three tetrahedral FeIII centers
work as heteroatoms to establish tri- and hexa-vacant
Keggin-type POT fragments: {FeW9O34} and {FeW6O26}; (b)
six octahedral FeIII centers not only fill the lacunae of two
tri-vacant POT fragments to constitute the saturated
Keggin-type moieties, but also act as connectors to link
{FeW9O34} and {FeW6O26} fragments together into a banana
fashion.
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2.4 Tetrameric high-nuclear TMSPTs

Tetrameric species can be generally subdivided into the follow-
ing categories: “S”-shaped tetramers (Fig. 9a), tetrahedral tetra-
mers, wheel-shaped tetramers, stagger tetramers, cruciform
tetramers and rectangle tetramers. In general, two dimeric
TMSPT subunits are fused together by a TM ion, a {TMn}
cluster or a {TMxWy} hetreometallic cluster to form the “S”-
shaped tetrameric TMSPTs. For instance, Mialane et al. made
a typical “S”-shaped CoII7 -substituted ST [{(B-β-SiW9O33(OH))
(β-SiW8O29(OH)2)Co3(H2O)}2Co(H2O)2]

20−, in which two equi-
valent CoII3 -substituted sandwich-type {(B-β-SiW9O33(OH))
(β-SiW8O29(OH)2)Co3(H2O)} subunits connected via a
[Co(H2O)2]

2+ unit (Fig. 9b).19a The nearly equilateral triangular
{Co3} cluster in each sandwich-type subunit is encapsulated by
a {B-β-SiW9O33(OH)} unit and a {β-SiW8O29(OH)2} fragment,
whereas the bridging [Co(H2O)2]

2+ unit is chelated by two
{β-SiW8O29(OH)2} fragments from two sandwich-type subunits.
Similar work in MnII

7 -substituted GT [Mn(H2O)2{Mn3(H2O)
(B-β-GeW9O33(OH))(B-β-GeW8O30(OH))}2]

22− was reported by
Kortz and co-workers in 2009.30a Recently, two “S”-shaped
TM8-substituted POTs constructed from two tri-TM sand-
wiched POT moieties and one {TM2} unit also emerged in
succession. Cronin et al. firstly reported a mixed-valence
{MnII

2MnIII
6 }-substituted ST [MnII

2 {MnII(H2O)5MnIII
3 (H2O)

(B-β-SiW9O34)(B-β-SiW6O26)}2]
18− with two supporting

[MnII(H2O)5]
2+ cations (Fig. 9c), in which two sandwich-type

{MnII(H2O)5MnIII
3 (H2O)(B-β-SiW9O34)(B-β-SiW6O26)} moieties

are fused together by a {Mn2
II} linker.30b Two triangular {MnIII

3 }
units fill in the lacunae of two {B-β-SiW9O34} fragments while
the {Mn2

II} unit is chelated by two hexa-vacant {B-β-SiW6O26}
fragments. In 2011, a similar “S”-shaped Fe8-substituted
AT {[(α-H2AsW6O26)Fe3(H2O)(B-α-H4AsW9O34)]2[Fe]2}

4− was
reported by Zhao et al. utilizing the [As2

IIIW19O67(H2O)]
14− pre-

cursor under hydrothermal conditions.30c In addition, an “S”-
shaped nona-MnII encapsulated ST {[Mn(H2O)3]2[Mn(H2O)2]
[(B-β-SiW9O33(OH))Mn3 (H2O)(B-β-SiW8O30(OH))]2}

18− was also
discovered by Zhao and co-workers, which is constructed from
two structurally equivalent asymmetric sandwich-type
[(B-β-SiW9O33(OH))Mn3(H2O)(B-β-SiW8O30(OH))]12− moieties held
together by two structurally equivalent [Mn(H2O)3]

2+ cations
and an unique [Mn(H2O)2]

2+ cation (Fig. 9d).31 The most intri-
guing feature is that adjacent tetrameric {[Mn(H2O)3]2
[Mn(H2O)2][(B-β-SiW9O33(OH))Mn3(H2O)(B-β-SiW8O30(OH))]2}

18−

units are linked via two equivalent [Mn(H2O)3]
2+ cations con-

structing the infinite 1-D chain architecture (Fig. 9e).31

Notably, a “S”-shaped Fe10-substituted ST [{Fe(H2O)2(SiW10O35)
(SiFe2W8O35)}2(Fe4O4(H2O)6)]

26− (Fig. 9f) was firstly realized by
Cronin and co-workers, which can be seen as a dimerization of
[Fe(H2O)2{γ-Fe2SiW8O33(H2O)2} {γ-SiW10O35}]

11− joined by four
additional FeIII ions.32a Alternatively, [{Fe(H2O)2(SiW10O35)
(SiFe2W8O35)}2(Fe4O4(H2O)6)]

26− can also be regarded as an
{Fe8} core combined with two {γ-SiW10O36} and two
{B-β-SiW8O31} moieties meanwhile each of the two additional
[Fe(H2O)2]

3+ ions, respectively, connects a {γ-SiW10O36} and a
{B-β-SiW8O31} together. Another “S”-shaped azido-bridging
Cu10-substituted GT [Cu10(H2O)2(N3)4(GeW9O34)2(GeW8-
O31)2]

24− (Fig. 9g) was also discovered by Wang’s group by reac-
tion of [γ-GeW10O36]

8− with Cu2+ and the participation of N3
−

at room temperature, comprising a peculiar {Cu10(N3)4} cluster
linking two {β-GeW8O31} and two {B-α-GeW9O34} fragments.32b

It should be pointed out that the {Cu10(N3)4} cluster can be

Fig. 8 (a, b) View of banana-shaped TMSPT [(Fe4W9O34(H2O))2
(FeW6O26)]

19− and its central Fe9 core. [{WO6}: lime, {TMOx}: light laven-
der, O: red].

Fig. 9 (a) The schematic mode of “S”-shaped TMSPTs. (b) View of [{(B-
β-SiW9O33(OH))(β-SiW8O29(OH)2)Co3(H2O)}2Co(H2O)2]

20−. (c) View of
[MnII

2{MnII (H2O)5MnIII
3 (H2O)(B-β-SiW9O34)(B-β-SiW6O26)}2]

18−. (d, e)
View of {[Mn(H2O)3]2 [Mn(H2O)2][(B-β-SiW9O33(OH))Mn3(H2O)
(B-β-SiW8O30(OH))]2}

18− and its 1-D chain. (f) View of [{Fe(H2O)2(SiW10O35)
(SiFe2W8O35)}2(Fe4O4(H2O)6)]

26−. (g) View of [Cu10(H2O)2(N3)4-
(GeW9O34)2(GeW8O31)2]

24−. (h) View of [{MnIII
3 MnIV

4 O4(OH)2(OH2)}2-
(W6O22)(H2W8O32)2(H4W13O46)2]

26−. (i) View of [H6Ni20P4W34 (OH)4-
O136(enMe)8(H2O)6]

6−. ( j, k) View of [H8Ni20P4W34(OH)4-
O136(en)9(H2O)4]

4− and its 1-D chain. (l, m) View of {[(α-AsW6O26)
Ni6(OH)2(H2O)3(en)(B-α-AsW9O34)]2[W4O16][Ni3(H2O)2(en)]2}

16− and its
1-D chain. (n, o, p) View of [Fe10Se8W62O222(OH)18(H2O)4]

28− and two
saturated {α-Se2W16Fe2} and {γ-Se2W15Fe3} fragments [W/Fe: violet].
[{WO6}: lime, {XO4}: turquoise, TM and {TMOx}: light lavender, O: red, C:
cray-80%, N: blue].
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interpreted as four edge-sharing CuII ions firstly form a
rhombus {Cu4} cluster, and then an extra CuII ion grafts to the
rhombus {Cu4} cluster by two end-on azido ligands, forming
the {Cu5(N3)2} cluster, and finally two {Cu5(N3)2} clusters are
linked together through two μ1,1,3-azido ligands to create the
{Cu10(N3)4} cluster.32b By acidifying and then refluxing a
solution of WO4

2− in the presence of Mn12-acetate, Fang
et al. discovered a tetradeca-manganese magnetic cluster
[{MnIII

3 MnIV
4 O4(OH)2(OH2)}2(W6O22)(H2W8O32)2(H4W13O46)2]

26−

(Fig. 9h), the most apparent feature of which not only contains
two high spin Mn7 cores stabilized by isopolytungstate
ligands, but also consists of three types of isopolytungstate
units of one {W6O22}, two {W8O32} and two {W13O46}.

33 The
successful synthesis of this tetradeca-manganese POT illus-
trates the promising feasibility of utilizing defect isopolytung-
state fragments as synthons to construct high nuclear TMSPT
aggregates and model the surface deposition of molecular
magnets.33 Besides “S”-shaped multi-CoII, MnII/III/IV and FeIII

substituted tetrameric POTs, “S”-shaped multi-NiII substituted
tetrameric POTs were also prepared by Yang’s group and
Zhao’s group by the reaction strategy of utilizing the highly
active [A-α-XW9O34]

9− (X = PV, AsV) fragments as SDAs and the
bidentate organoamine ligands as SSAs under hydrothermal
conditions.34,35 In 2009, Yang et al. creatively addressed a
discrete Ni20-including POT [H6Ni20P4W34(OH)4O136-
(enMe)8(H2O)6]

6− with two Ni6-cores {Ni6O15(OH)2(H2O)
(enMe)2} andtwo Ni4-cores {Ni4O10(H2O)2(enMe)2} stabilized by
three kinds lacunary PT fragments {B-α-PW9O34}, {PW6O26}
and {W4O16} (Fig. 9i).

34 It is noteworthy that this Ni20-includ-
ing POT can be further functionalized to generate new deriva-
tives by removing or inserting NiII centers on the surface or
can be linked together by employing organic amines or NiII

complexes as connectors. For example, by removing two NiII

ions from two Ni4-cores, Zhao et al. isolated a novel NiII18-sub-
stituted AT {[(α-AsW6O26)Ni6(OH)2(H2O)3(en)(B-α-AsW9O34)]2
[W4O16][Ni3(H2O)2(en)]2}

16−.35a By inserting two extraneous NiII

ions to two Ni4-cores, Yang et al. made a Ni22-encapsulated
POT [Ni22X4W34(OH)4O136(en)10(H2O)5]

12− (X = 0.5P +
0.5Ge).35b More interestingly, the bridging function of the en
ligand led to the formation of the 1-D infinite chain structure
constructed from Ni20-including POT [H8Ni20P4W34(OH)4-
O136(en)9(H2O)4]

4− building units (Fig. 9j and k).34 Similar
phenomenon was observed in NiII20-substituted AT.35a Further-
more, the employment of NiII complexes resulted in the con-
struction of the other 1-D chain For example, in [enH2]2-
[Ni(H2O)4]2[Ni(en)2]2[Ni(en)]2{[(α-AsW6O26)Ni6(OH)2(H2O)3(en)
(B-α-AsW9O34)]2[W4O16][Ni3(H2O)2(en)]2}·16H2O, the 1-D chain
alignment is made up of eighteen NiII18-substituted {[(α-AsW6O26)-
Ni6(OH)2(H2O)3(en)(B-α-AsW9O34)]2[W4O16][Ni3(H2O)2(en)]2}

16−

units through two [Ni(H2O)4]
2+ and two [Ni(en)2]

2+ bridges
(Fig. 9l and m).35a The discovery of these multi-NiII substituted
tetrameric POTs not only enriches the diversity of the struc-
tural chemistry and coordination chemistry of TM substituted
ATs, but also provides inspiring directions to design and
prepare many more high-nuclear TMSPTs. On the other hand,
an unobserved “S”-shaped multi-FeIII substituted Dawson-type

tetrameric selenotungstate [Fe10Se8W62O222(OH)18(H2O)4]
28−

(Fig. 9n) was also synthesized by Wang et al. from an acidified
mixture of [Se6W39O141(H2O)3]

24− and Fe3+ ions in the pres-
ence of NH4

+ media.17b In this skeleton, two di-FeIII substi-
tuted Dawson (α-Se2W16Fe2) units (Fig. 9o) and two tri-FeIII

substituted Dawson {(γ-Se2W15Fe3)} units (Fig. 9p) connected
via twelve μ2-oxo bridges.

Now we start to talk about the wheel-shaped tetramers
(Fig. 10a) based on {P8W48O184} ligands. In 1985, Tézé and
Contant for the first time reported the preparation and struc-
ture of the wheel-shaped POT [H7P8W48O184]

33− that was
evolved from the corner-sharing end-to-end connection of four
hexa-vacant Dawson [H2P2W12O48]

12− fragments.15b Before
that, the relevant investigation on {P8W48O184} ligands had
been at a standstill, which may be partly related to the judg-
ment that [H7P8W48O184]

33− couldn’t integrate divalent or tri-
valent TM ions to generate TMSTPs.11n,15b This situation was
at a stalemate until Kortz et al. reported an unprecedented
wheel-shaped Cu20-anchoring tungstophosphate [Cu20Cl-
(OH)24(H2O)12(P8W48O184)]

25− (Fig. 10b) by interacting
CuCl2·2H2O with K28Li5[H7P8W48O184]·92H2O in the ratio 24 : 1
in aqueous medium (pH 6) in 2005.36a Obviously, the template
effect of {P8W48O184} induces the aggregation of twenty Cu2+

ions with inclusion of a chloride ion in the central cavity,
leading to the formation of the [Cu20Cl(OH)24(H2O)12-
(P8W48O184)]

25− cluster, in which twenty Cu2+ ions are linked
to neighboring Cu2+ ions via μ3-oxo atoms to generate a highly
symmetrical, cage-like assembly.36a From then on, the poten-

Fig. 10 (a) The schematic mode of wheel-shaped TMSPTs. (b) View of
[Cu20Cl(OH)24(H2O)12(P8W48O184)]

25−. (c) The structure of
[P8W48O184Cu20(N3)6 (OH)18]

24−. (d) The skeleton of {[Cu(H2O)]2-
[Cu4(OH)4(H2O)8]2P8W48O184}

28−. (e) View of [K8 ⊂ {P8W48O184}
{VV

4V
IV
2 O12(H2O)2}2]

24−. (f ) The structure of [P8W48O184

Fe16(OH)28(H2O)4]
20−. [{WO6}: lime, {XO4}: turquoise, TM: light lavender,

O: red, N: blue].
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tial of multi-vacant precursor [H7P8W48O184]
33− integrating

various TM ions has been constantly developed. For example,
the analogues of [Cu20Cl(OH)24(H2O)12(P8W48O184)]

25− with the
central chloride guest substituted by bromide and iodide ions
were also obtained by Bassil et al.36b Furthermore, an azido-
bridging Cu20-substituted hybrid [P8W48O184Cu20(N3)6-
(OH)18]

24− with two {Cu5(OH)4} and two {Cu5(OH)2(µ1,1,3,3-N3)}
groups connected through four µ-OH and four µ1,1-N3

additional ligands was discovered by Mialane et al. and was
the largest azido POT complex at that time (Fig. 10c).23b Sub-
sequently, a Cu10-encapusulated derivative {[Cu(H2O)]2[Cu4-
(OH)4(H2O)8]2P8W48O184}

28− was also found, in which two
{Cu4} clusters and two isolated Cu ions are co-trapped by
{P8W48O184} units for the first time (Fig. 10d).36c When
VOSO4·5H2O was introduced to this reaction in the
CH3COONa–CH3COOH buffer, a mixed-valence V12-en-
caplusted aggregate [K8 ⊂ {P8W48O184}{V

V
4V

IV
2 O12(H2O)2}2]

24−

with two cyclic V6-type {VV
4V

IV
2 O12(H2O)2}

4+ capping groups
closing in the central cavity (Fig. 10e) was separated.36d The
application of Fe3+ ions and [H7P8W48O184]

33− in the
CH3COOLi–CH3COOH buffer made the isolation of an intri-
guing FeII16-substituted PT nanocluster [P8W48O184Fe16(OH)28-
(H2O)4]

20− (Fig. 10f).36e Structurally, the unobserved
{Fe16(OH)28(H2O)4} core consisted of sixteen edge- and corner-
sharing {FeO6} octahedra grafts to the inner surface of the
wheel-shaped {P8W48O184} unit to form the major skeleton of
[P8W48O184Fe16(OH)28(H2O)4]

20−.36e

Moreover, tetrahedral species with more than twelve TM
centers anchored by four lacunary Keggin or Dawson-type
building blocks located on four vertices as an important sub-
class of tetrameric TMSPTs have made great progress over the
past decade. The construction of such tetrahedral species is
mostly relevant to the structure-stabilizing action of tetra-
hedral PO4

3− groups and the structure templating functionality
of lacunary POT building blocks. For example, by hydro-
thermal reaction of trilacunary Keggin-type precursor
[A-α-PW9O34]

9− and Fe3+ ions at different temperatures, two
kinds of novel tetrahedral TMSPTs [{FeII1.5Fe

III
12(µ3-OH)12(µ4-

PO4)4}(B-α-PW9O34)4]
21− (Fig. 11b) and [{FeIIFeIII12(µ3-OH)12(µ4-

PO4)4}(B-α-PW9O34)4]
22− (Fig. 11d) were synthesized by Yang

et al. in 2007.12c,37a In the former, four tri-FeIII substituted
{FeIII3 (µ3-OH)3(B-α-PW9O34)} units are connected together by a
central {FeII4O4} cubane core and four {µ4-PO4} bridges while in
the latter four tri-FeIII {FeIII3 (µ3-OH)3(µ4-PO4)(B-α-PW9O34)}
units are combined together by a {FeII2O2} unit and four µ4-PO4

bridges. The Fe13.5-core in the former displays four exterior
{FeIII3 FeIIO(OH)3} cubanes attaching to one interior {FeII4O4}
cubane by a corner-sharing mode (Fig. 11c), whereas two {FeIII3 -

FeIIO(OH)3} cubanes and two {FeIII3 O(OH)3} truncated cubanes
can be observed in the latter Fe13-core (Fig. 11e). It should be
emphasized that µ4-PO4 bridges in both TMSPTs are derived
from the degradation of the precursors [A-α-PW9O34]

9−. On the
other hand, other tetrahedral TMSPTs can also be obtained
from the reaction of trilacunary POM precursors, Fe3+ ions and
PO4

3− by virtue of CASSM, which include the Keggin- or
Dawson-type Fe13-substituted PT [(B-α-PW9O34Fe3(OH)3)4-

(PO4)4Fe],
37b and [Fe13P8W60O224(OH)12(PO4)4]

33− (Fig. 11f
and g),37c two Keggin-type Fe14-substituted POTs [Na2Fe14
(OH)12(PO4)4(A-α-XW9O34)4]

20− (X = SiIV, GeIV) and a Dawson-
type FeIII14-substituted PT [Fe14O6(OH)13(P2W15O56)4]

31−.38b All
of them incorporate the arrangement of four exterior cubane
units attaching to one interior cubane unit by a corner-sharing
fashion, except for [Na2Fe14(OH)12(PO4)4(A-α-XW9O34)4]

20− in
which only one interior {FeIII4 O4} cubane unit and four
{FeIII4 (OH)3} half-open cubane units can be detected (Fig. 11h
and i),37d the main reason of which is that four {XW9O34} frag-
ments adopt the A-α-configuration rather than the B-α-con-
figuration. Moreover, this efficient strategy also promoted the
generation of four Co16-substituted tetrahedral POTs with
different heteroatoms [{Co4(OH)3(PO4)}4(A-α-XW9O34)4]

28− (X =
PV, AsV) and [{Co4(OH)3(PO4)}4(A-α-XW9O34)4]

32− (X = SiIV, GeIV)
(Fig. 11j), whose tetrahedral skeletons are all finished by four
plenary {Co3

IIXW9O34} units encapsulating a {CoII4O4} cubane
and four PO4

3− groups (Fig. 11k).38 Notably, the structure of
{CoII4O4} cubane is similar to the {Mn3CaO4} core of the
oxygen-evolving complex in photosystem II and their visible
light-driven water oxidation properties will be discussed in the
next section of application fields.38a Most interestingly, the
assembly of Mn12-acetate with [A-α-PW9O34]

9− in the partici-
pation of HPO4

2− and en in aqueous solution produced
a mixed-valence tetrahedral TMSPT [MnIII

13MnIIO12-
(PO4)4(PW9O34)4]

31− (Fig. 11l) with a {MnIII
13MnII(µ2-O)6(µ3-

O)6(µ4-PO4)2(µ5-PO4)2} core (Fig. 11m),39 which is very similar
to the structure of [{FeII1.5Fe

III
12(µ3-OH)12(µ4-PO4)4}(B-α-

Fig. 11 (a) The schematic mode of tetrahedron-shaped TMSPTs. (b, c)
View of [{FeII1.5Fe

III
12(µ3-OH)12(µ4-PO4)4}(B-α-PW9O34)4]

21− and its central
core. (d, e) View of [{FeIIFeIII12(µ3-OH)12(µ4-PO4)4}(B-α-PW9O34)4]

22− and
its central core. (f, g) View of [Fe13P8W60O224(OH)12(PO4)4]

33− and its
central core. (h, i) View of [Na2Fe14(OH)12(PO4)4(A-α-SiW9O34)4]

20− and
its central core. ( j, k) View of [{Co4(OH)3(PO4)}4(PW9O34)4]

28− and the
central core. (l, m) View of [MnIII

13MnIIO12(PO4)4(PW9O34)4]
31− and the

central core. [{WO6}: lime, {XO4}: turquoise, TM and {TMOx}: light laven-
der, disordered TM ion: yellow, O: red].
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PW9O34)4]
21−.12c Upon continuous research, several stagger

tetrameric TMSPTs with distinctive structural features were
also discovered. For example, by reaction of [γ-SiW10O36]

8−

with CoII ions in the ratio of 1 : 2 in sodium acetate buffer
(pH = 4.8), Kortz and collaborators found a CoII6 -substituted
stagger tetrameric ST [{Co3(B-β-SiW9O33(OH))(B-β-SiW8O29-
(OH)2)}2]

22− (Fig. 12b) constructed from two asymmetric sand-
wich-type units [Co3(B-β-SiW9O33(OH))(B-β-SiW8O29(OH)2)]

11−

with different spatial orientations linked via sharing to two
terminal oxygen atoms,40a in which tri-vacant {B-β-
SiW9O33(OH)} and tetra-vacant {B-β-SiW8O29(OH)2} fragments
are observed, suggesting the occurrence of the transformation
of {γ-SiW10O36} → {β-SiW10O38}/{β-SiW10O37} → {B-β-SiW9O34}/
{B-β-SiW8O31} → {B-α-SiW9O34}.

40a The other example is
Cronin’s Mn10-substituted ST [W36Si4O136MnII

10(OH)4(H2O)8]
24−

(Fig. 12c) with two crossed {(SiW8O31)2Mn} subunits chelating
an unique Keggin-type {H4Mn8W4O40} core (Fig. 12d).40b Of
special interest is that four {W3} units of the saturated Keggin-
type moiety were all di-substituted by two MnII centers for the
construction of this highly substituted central core
{H4Mn8W4O40}. A more interesting case is Gouzerh’s Fe27-
incorporated PT [H55P8W49Fe27O248]

26− (Fig. 12e) that was syn-
thesized by [H2P2W12O48]

12− with excess Fe3+ ions in a mixture
of H2O and CH3COONa at 95 °C, etc.15a In
[H55P8W49Fe27O248]

26−, four hexa-substituted saturated
{P2W12Fe6} subunits attach to a central adamantane {Fe4O6}
core via three Fe–O–Fe bridges. At that time,
[H55P8W49Fe27O248]

26− is the second largest iron cluster includ-
ing TMSPT, which is only surpassed by the reported {MoVI72Fe

III
30}

keplerate.41

In contrast to other tetrameric TMSPT species, the cruci-
form TMSPTs are comparatively rare (Fig. 12f). In 2007, Yang
et al. reported a cruciform Cu16-substituted PT tetramer
{[Cu6(μ3-OH)3(en)3(H2O)2(B-α-PW9O34)]2[Cu4(H2O)2(B-α-PW9-
O34)2]}

6− (Fig. 12g) by hydrothermal reaction of CuCl2·2H2O

and tri-vacant Keggin Na9[A-α-PW9O34]·7H2O in the presence
of en.12b Obviously, four terminal oxygen atoms on two {B-α-
PW9O34} fragments in the {Cu4(H2O)2(B-α-PW9O34)2} moiety
substitute four water ligands on two {Cu6(en)3(H2O)2} units in
two {Cu6(en)3(H2O)2(B-α-PW9O34)} moieties, resulting in an un-
precedented double sandwich-type assembly. Therefore, the
Cu16-substituted PT tetramer can be viewed as the Cu4-substi-
tuted sandwich-type {Cu4(H2O)2(PW9O34)2} moiety further
sandwiched by two Cu6-substituted {Cu6(en)3(H2O)2(PW9O34)}
moieties.12b In 2012, Cronin et al. obtained a distorted cruci-
form tetramer [Co14P10W60O232(OH)9(H2O)6]

35− (Fig. 12h and i)
exhibiting single-molecule-magnet (SMM) behavior, in which
twelve CoII centers are employed for completing the vacant
sites of four {P2W15O56} units and two additional Co centers
together with two PO4

3− groups work as bridges to join four
{Co3P2W15} units together.

27

In the past decade, several rectangle tetrameric TMSPTs
(Fig. 13a) were synthesized by different synthetic strategies.
Dolbecq et al. firstly reported a simple rectangle Fe8-substi-
tuted TMSPT [(α-PW10Fe2O39)4]

28− (Fig. 13b) by reaction of
[A-α-PW9O34]

9− and FeIII ions in aqueous solution (pH = 8).37b

Apparently, this rectangle tetramer is constituted by four di-
FeIII substituted [α-PW10Fe2O39]

7− segments via four Fe–O–Fe
bridges, in which eight FeIII ions are situated in the lacunae of
four Keggin-type {α-PW10O39} fragments. By the one-pot reac-
tion of simple materials such as K2WO4, K2SeO3 and
Pd(NO3)2·H2O in an acidic solution, Cronin et al. obtained a
pair of rectangle Pd10-substituted POT isomers trans-
[Pd10Se10W52O206]

40− (Fig. 13c) and cis-[Pd10Se10W52O206]
40−

Fig. 13 (a) The schematic mode of rectangle TMSPTs. (b) View of
[(α-PW10Fe2O39)4]

7−. (c) The structure of [Pd10Se10W52O206]
40− [{WO6} in

tetravacant Dawson moieties: gray; {WO6} in {W3O10} trimers: orange].
(d) View of [Pd10Se10W52O206]

40− [{WO6} in tetravacant Dawson moi-
eties: gray; {WO6} in the {W2O7} dimer and the {W4O13} tetramer:
orange]. (e) The structure of [{(A-α-SiW9O34)NiII4(OH)3}4(OOC-
(CH2)3COO)6]

32−. (f ) The skeleton of [H2Ni24P4W36(OH)12O136-
(enMe)12(CH3COO)4(H2O)12]

2−. [{WO6}: lime, {XO4}: turquoise,
TM, {TMOx} and {TMOxNy}: light lavender, O: red, C: cray-80%,
N: blue].

Fig. 12 (a) The schematic mode of stagger TMSPTs. (b) View of
[{Co3(B-β-SiW9O33(OH))(B-β-SiW8O29(OH)2)}2]

22−. (c) The structure of
[W36Si4O136MnII

10(OH)4(H2O)8]
24−. (d) The skeleton of {H4Mn8W4O40}

fragment. (e) View of [H55P8W49Fe27O248]
26−. (f ) Scheme of cruciform

TMSPTs. (g) View of {[Cu6(μ3-OH)3(en)3(H2O)2(B-α-PW9O34)]2[Cu4(H2O)2-
(B-α-PW9O34)2]}

6−. (h, i) View of [Co14P10W60O232(OH)9(H2O)6]
35− and

its central Co14-core. [{WO6}: lime, {XO4}: turquoise, TM, {TMOx} and
{TMOxNy}: light lavender, O: red, C: cray-80%, N: blue].
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(Fig. 13d) with mixed Keggin- and Dawson-type building
blocks.42a It is particularly interesting to note that the contin-
ued evaporation of the mother liquor of trans-
[Pd10Se10W52O206]

40− led to the isolation of cis-[Pd10Se10-
W52O206]

40−. The skeleton of trans-[Pd10Se10W52O206]
40− is

established by two {Se3W26O95} fragments connected by
two {Pd5Se2O8} groups whereas the backbone of cis-
[Pd10Se10W52O206]

40− is built up of a {Se2W20O73} fragment
and a {Se2W32O117} linked by two {Pd5Se2O8} groups. The
{Se3W26O95} fragment in trans-[Pd10Se10W52O206]

40− consists of
a trivacant Keggin moiety {SeW9O33} and a tetravacant Dawson
moiety {Se2W14O52} sandwiching a {W3O10} trimer, in contrast,
the {Se2W20O73} fragment in cis-[Pd10Se10W52O206]

40− contains
two trivacant Keggin moieties {SeW9O33} anchoring a {W2O7}
dimer and the {Se2W32O117} fragment in cis-
[Pd10Se10W52O206]

40− is composed of two tetravacant Dawson
moieties {Se2W14O52} bridged together by a {W4O13} tetramer.

Based on an effective strategy for the elaboration of
TMSPOTs directly connected to organic groups, Mialane et al.
discovered a NiII16-substituted tetrameric oligomer [{(A-α-
SiW9O34)Ni

II
4 (OH)3}4 (OOC(CH2)3COO)6]

32− (Fig. 13e) under
heating at 80 °C starting from [A-α-SiW9O34]

10−, Ni2+ and dicarb-
oxylic glutaric acid at pH = 8.42b In its skeleton, six glutaric
linkages connect four rectangular arranged {Ni4SiW9O34} frag-
ments to construct an organic–inorganic tetrameric hybrid.
Another organic–inorganic hybrid Ni24-substituted rectangle
tetrameric PT is [H2Ni24P4W36(OH)12 O136(enMe)12(CH3COO)4-
(H2O)12]

2− (Fig. 13f), which possesses the largest NiII centers
among the reported rectangular-shaped poly(POT) tetra-
mers.42c In its skeleton, two types of hexa-NiII substituted POT
units {Ni6PW9(H2O)2(enMe)3(CH3COO)} and {Ni6PW9(H2O)4-
(enMe)3(CH3COO)} with three enMe having different orien-
tations and different water ligands can be recognized. The
construction of this tetramer is driven by the formation of
W–O–Ni linkages between neighboring hexa-NiII substituted
POT units. This work demonstrates that the combination of
HSM and lacunary POT SDAs is a useful strategy for manufac-
turing large or extra-large TM-cluster-substituted poly(POT)s.

2.5 Hexameric high-nuclear TMSPTs

Inspired by the interesting single-molecule magnet (SMM) be-
havior of Mn12-acetate, Kortz et al. utilized the reaction of
[A-α-SiW9O34]

10− and Mn2+ ions in alkaline solution (pH = 8)
resulting in a Mn19-substituted hexameric ST [Mn19(OH)12-
(SiW10O37)6]

34− with S6 point-group symmetry (Fig. 14a) and
investigated its magnetic and electron paramagnetic resonance
(EPR) properties.43a This architecture is constructed from a
cationic {Mn19(OH)12} cluster stabilized by six dilacunary
{α-SiW10O37} segments through μ4-, μ3-, and μ2-oxo bridges.
Nineteen edge-sharing MnO6 octahedra lie in the same plane
forming a hexagonal alignment (Fig. 14b). More intriguingly,
the combination of [A-α-SiW9O34]

10− precursors and Ni2+ ions
with the assistance of PO4

3− and CO3
2− units can afford a NiII25-

substituted hexameric ST [Ni25(H2O)2 (OH)18(CO3)2(PO4)6-
(SiW9O34)6]

50− (Fig. 14c), in which a spectacular pentacosa-NiII

core {Ni25(H2O)2(OH)18(CO3)2(PO4)6} is observed and is consti-

tuted by two identical {Ni12(OH)9(CO3) (PO4)3} units connected
together by a {Ni(H2O)2}. Therefore, the whole architecture of
this NiII25-substituted ST can be viewed as a {Ni(H2O)2} linker
connecting two {Ni12(OH)9(CO3)(PO4)3(SiW9 O34)3} (Fig. 14d)
moieties, which is similar to the previously reported NiII12-
substituted trimeric ST [Ni12(OH)9(CO3)3(PO4) (SiW9O34)3]

24−

where two CO3
2− units are substituted by two PO4

3− units.26b

Recently, the assembly of [α-SbW9O33]
9− precursor and Fe3+

ions gave rise to a hexameric Fe11-substituted TMSPT
[Fe11(H2O)14(OH)2(W3O10)2(α-SbW9O33)6]

27− (Fig. 14e) exhibit-
ing efficient photocatalytic water oxidation and H2 evolution
activity, in which two {Fe5.5(H2O)7(OH)(W3O10)(α-SbW9O33)3}
half units are fused together by the FeIII center on an inversion
(Fig. 14f).43b,c It is worth pointing out that one square pyramid
FeIII ion and five octahedral FeIII ions coexist in the half unit.

Fig. 14 (a, b) View of [Mn19(OH)12(SiW10O37)6]
34− and its central

{Mn19(OH)12} core. (c) View of [Ni25(H2O)2(OH)18(CO3)2(PO4)6(SiW9

O34)6]
50−. (d) View of [Ni12(OH)9(CO3)(PO4)3]

4+. (e, f ) View of [Fe11(H2O)14
(OH)2(W3O10)2(α-SbW9O33)6]

27− and its half unit. (g, h) View of
[Pd6Te19W42O190]

40− and its half unit. (i) The skeleton of [H10Ag18Cl
(Te3W38O134)2]

29− [{W11O35} units: brown, Cl: yellow]. ( j) View of superla-
cunary {Te3W38Ag3O133} fragment [{W11O35} units: brown]. (k, l) View of
[Zr24O22(OH)10(H2O)2(W2O10H)2(GeW9O34)4(GeW8O31)2]

32− and its
{Zr24O22(OH)10(H2O)2} core. (m) The structure of [{Co9(OH)3(H2O)3
(HPO4)2(B-α-PW9O34)3}2{C8H18N2O2}3]

32−. (n) The skeleton of [Co9(OH)3
(H2O)6(HPO4)2(B-α-PW9O34)3]

16−. [{WO6}: lime, {XO4}: turquoise, TM:
light lavender, O: red, C: cray-80%, N: blue].
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On the other hand, its skeleton can be seen as six trilacunary
Keggin-type {α-SbW9O33} units in the classical cyclohexane
configuration encapsulating an electrophilic {Fe11(H2O)14-
(OH)2(W3O10)2} cluster core. Except for 3d-metal ions, 4d-metal
ions can also be implanted to hexameric TMSPTs. For
instance, by the one-pot reaction of lone-electron-pair active
TeO3

2−, WO4
2− and 4d metal ions in conventional aqueous

solution, Cronin’s group obtained a hexameric hexa-PdII sub-
stituted TMSPTs [Pd6Te19W42O190]

40− (Fig. 14g).42a Three rarely
observed {α-TeW7O27} fragments collectively encapsulate a
{Pd3Te3O3} core to generate a triangle-shaped half unit
(Fig. 14h), and then two half units are fused together by five
pendant TeO3

2− groups. In this skeleton, the TeIV ions exhibit
three distinct coordination modes: (a) the four-coordinate
heteroatom templates within the {α-TeW7O27} fragments
display the first unusual non-pyramidal, highly distorted tetra-
hedral geometries; (b) the TeIV ions belong to two {Pd3Te3}
cores adopt the square pyramidal geometries; (c) three-coordi-
nate pyramidal TeO3

2− groups can also be observed. In 2014,
they also communicated the interesting time-resolved supra-
molecular assembly of a series of nanoscale POT clusters
[H(10+m)Ag18Cl(Te3W38O134)2]n (n = 1 and m = 0 after 4 days, n =
2 and m = 3 after 10 days, n = 1 and m = 5 after 14 days), in
which the innovative {Ag12}-in-{W76} cluster could be recog-
nized by detailed crystallography analysis.43d The complicated
skeleton of [H10Ag18Cl(Te3W38O134)2]

29− with a virtual C2 sym-
metry (Fig. 14i) can be described as a multi-layered assembly
centered around a Cl− anion that is inside the central {Ag12}
cluster. That is, twelve Ag+ ions in the {Ag12} cluster are con-
nected by μ3- and μ4-oxo atoms to create three different {Ag4}
units, which are connected together by the single Cl− anion,
constructing the {Ag12Cl} core. And then two well-defined
high-vacant {Te3W38O134} half-units coordinate to the inte-
grated {Ag12Cl} core in the face-to-face motif with a torsion
angle of 65°. Finally, six additional Ag+ ions are supported to
two half-units, building the skeleton of [H10Ag18Cl-
(Te3W38O134)2]

29−.43d Notably, the high-vacant {Te3W38O134}
half-unit is constituted by an open-faced {W11O35} fragment
connecting three trilacunary {TeW9O33} fragments. Apart from
the above mono-/di-/tri-valence TM substituted hexameric
POTs with ions, Yang and co-workers introduced tetravalent
Zr4+ ions to the [GeW9O34]

10− system under hydrothermal con-
ditions to acquire an unprecedented Zr24-cluster incorporated
GT [Zr24O22(OH)10(H2O)2(W2O10H)2(GeW9O34)4 (GeW8O31)2]

32−

(Fig. 14k), which represents the largest Zr-based poly(POT)s
to date.43e In this POA skeleton, the central
{Zr24O22(OH)10(H2O)2} core (Fig. 14l) is trapped by three types
of different segments: {B-α-GeW9O34}, {B-α-GeW8O31} and
{W2O10}. Experimental results exhibit that this Zr24-cluster
incorporated GT can serve as an effective catalyst in the
oxygenation reaction of thioethers.43e Moreover, an organic–
inorganic hybrid hexameric CoII18-substituted PT [{Co9(OH)3-
(H2O)3(HPO4)2(B-α-PW9O34)3}2 {C8H18N2O2}3]

32− (Fig. 14m) was
reported by Cronin and co-workers by reaction of WO4

2−,
PO4

3−, Co2+, and N,N′-bis(2-hydroxyethyl)piperazine (bhep).
The dimerization process of two triangular-shaped nonacobal-

tate containing cluster units [Co9(OH)3(H2O)6(HPO4)2-
(B-α-PW9O34)3]

16− (Fig. 14n) were accomplished by the coordi-
nation of the hydroxyl groups from three bhep ligands to the
CoII centers.43f In the triangle-shaped [Co9(OH)3(H2O)6-
(HPO4)2(B-α-PW9O34)3]

16− cluster unit, three tri-CoII substi-
tuted {PW9Co3O40} moieties are connected together through
three μ3-hydroxyl groups and two capping monoprotonated
phosphate ions.

2.6 Octameric high-nuclear TMSPTs

As discussed in the monomeric high-nuclear TMSPTs part,
aqueous ligands on the hexa-NiII substituted POT {Ni6(μ3-
OH)3(H2O)6(L)3(B-α-PW9O34)} (L = en, enMe, dien) fragment
are highly active and can be efficaciously replaced by terminal
oxygen atoms of POT segments, carboxylic groups of organic
ligands, which have been affirmed by Yang’s findings.12

With further exploration, Yang et al. obtained a rod-shaped
octameric Ni40-based ferromagnetic poly(POT) [H4Ni40P8W72-
(OH)18O272(en)18(OAc)2(WO4)2(H2O)18]

12− (Fig. 15a) represent-
ing the maximum number of NiII ions among the known poly
(POT)s.42c Its featured structure can be understood as two
acetate-en-stabilizing hexa-NiII substituted Keggin {Ni6(μ3-OH)3
(H2O)(en)3(CH3COO)(B-α-PW9O34)} fragments, respectively,
attached to both sides of a central tetra-NiII sandwiched
Weakley-type {Ni4(H2O)2(B-α-PW9O34)2} core via four terminal
oxygen atoms from the {Ni4(H2O)2(B-α-PW9O34)2} core repla-
cing four aqueous ligands on two {Ni6(μ3-OH)3(H2O)
(en)3(CH3COO)(B-α-PW9O34)} fragments, giving rise to a
unique double-sandwich-type tetramer, which is very fam-
iliar to the Cu16-based tetramer {[Cu6(μ3-OH)3 (H2O)2(en)3-
(B-α-PW9O34)]2[Cu4(H2O)2(B-α-PW9O34)2]}

10− also reported by
Yang et al.12b And then two terminal oxygen atoms from the
formed tetramer further substitute two aqueous ligands on
two {Ni6(μ3-OH)3 (H2O)3(en)3(B-α-PW9O34)} fragments to propa-
gate an intriguing hexamer. Finally, each of two extraneous
{Ni6(μ3-OH)3(H2O)4(en)3(B-α-PW9O34)} units respectively graft
to two {Ni6(μ3-OH)3(H2O)3 (en)3(B-α-PW9O34)} fragments in the
hexamer via two additional {WO4} groups, resulting in an un-
precedented octamer. Besides the rod-shaped octameric Ni40

Fig. 15 (a) View of [H4Ni40P8W72(OH)18O272(en)18(OAc)2(WO4)2-
(H2O)18]

12−. (b) The cage structure of {[Ni6(tris)(en)3(BTC)1.5(B-α-PW9-
O34)]8}

12−. [{WO6}: lime, {PO4}: turquoise, {TMOxNy}: light lavender,
O: red, C: cray-80%, N: blue].
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comprising POT, the {Ni6(μ3-OH)3(H2O)6 (L)3(B-α-PW9O34)}
building unit can utilized as the construction of the molecular
cage [Ni(en)2(H2O)2]6{Ni6(Tris)(en)3(BTC)1.5(B-α-PW9O34)}8·
12en·54H2O (tris = tris(hydroxymethyl)aminomethane, BTC =
1,3,5-benzenetricarboxylate) (Fig. 15b).44 In this POM–organic
molecular cage, due to the existence of the tripod hydroxy-
methyl groups, Tris can function as an excellent tridentate
ligand to covalently displace three hydroxyl groups on the
{Ni6(μ3-OH)3(H2O)6(L)3(B-α-PW9O34)} building unit to enhance
the stability. Simultaneously, the tricarboxylic BTC ligands
were imported to serve as multi-functional connectors to inte-
grate adjacent {Ni6(μ3-OH)3(H2O)6 (L)3(B-α-PW9O34)} building
units together in the establishment of a cage framework.
Specifically, the skeleton of [Ni(en)2(H2O)2]6{Ni6(Tris)
(en)3(BTC)1.5(B-α-PW9O34)}8 is composed of eight tris-grafted
{Ni6PW9O34} building units and twelve BTC linkers.

2.7 Hexadecameric high-nuclear TMSPTs

Apart from the previously reported “S”-shaped Mn14-
substituted POT [{Mn7O4(OH)2(H2O)}2(W6O22)(H2W8O32)2-
(H4W13O46)2]

26−, tetrahedral MnIII/II
14 -substituted PT

[MnIII
13MnIIO12(PO4)4(PW9O34)4]

31− and hexameric Mn19-substi-
tuted ST [Mn19(OH)12(SiW10O37)6]

34−,33,39,43a by self-combi-
nation chemistry of metastable hexalacunary precursor
[α-H2P2W12O48]

12− and Mn12-acetate in a CH3COOH–

CH3COOLi solution, Fang et al. obtained another representa-
tive Mn40-substituted core–shell cluster aggregate [(P8W48O184)
{(P2W14MnIII

4 O60)(P2W15MnIII
3 O58)2}4]

144− (Fig. 16), which is for-
mally built up from a total of sixteen corner-sharing Dawson-
type units.45 The total hexadecameric Dawson assembly has an
idealized S4 symmetry with the principal axis coinciding with
the fourfold axis of the central {P8W48O184} wheel. The central
hydrophilic cyclic {P8W48O184} core is encapsulated by an outer
shell of twelve MnIII-substituted Dawson units. Twelve MnIII-
substituted Dawson PT units on the outer shell can be divided
into four of the self same semilune tri-Dawson PT subunits

{(P2W14MnIII
4 O60)(P2W15MnIII

3 O58)2}. The plane formed by two
tri-Dawson PT subunits is perpendicular to the plane defined
by two other tri-Dawson PT subunits. Two planes defined by
the four tri-Dawson PT subunits are also perpendicular to the
plane of the {P8W48O184} core. Interestingly, each tri-Dawson
subunit only links to a single {P2W12O46} fragment of the
{P8W48O184} core. It should be emphasized that this Mn40-
substituted core–shell cluster aggregate with dimensions of
43 × 43 × 34 Å contains the largest number of Mn ions in
reported molecular TMSPTs to date.

2.8 Tetracosameric high-nuclear TMSPT

By means of the bridging role of Mn2+ ions and the face-
directed assembly of a ring-shaped macrocyclic precursor
[P8W48O184]

40−, Cronin’s group prepared an accessible open
3-D framework material based on truncated cuboctahedral
[MnII8(H2O)48P8W48 O184]6

144− principle building units (Fig. 17a).46

In the 3-D framework architecture, each [P8W48O184]
40− fragment

is combined with eight others by multiple Mn–O–W linkages and
each isolated [P8W48O184]

40− fragment has a total of twenty-four
Mn2+ ions located at its outer edges, however, because of the cubic
sharing nature of the architecture, eight Mn2+ ions are related to
each [P8W48O184]

40− fragment [MnII8(H2O)48P8W48O184]
24− in the

framework.46 It can be seen clearly that Mn2+ ions not only direct
the construction of the 3-D framework, but also transfer important
electrochemical properties to the material.46 Because the manga-
nese-fused [P8W48O184]

40− anions form a truncated cuboctahe-
dron-based framework with large internal voids of ca. 27% of the
unit cell volume, the cation exchange properties of this material
were performed through facile Cu2+ uptake experiments.

3. Application fields
3.1 Magnetic properties

It is well known that lacunary nonmagnetic POT fragments
can function as remarkable inorganic nucleophilic polydentate
ligands and induce nucleation aggregation of magnetic TM
ions in the vacancies of POT fragments generating various

Fig. 16 The core–shell cluster architecture of [(P8W48O184){(P2W14

Mn4O60)(P2W15Mn3O58)2}4]
144−. [{WO6} in tri-Dawson PT subunits

{(P2W14MnIII
4O60)(P2W15MnIII

3 O58)2}: lime or gray-50%, {WO6} in the
{P8W48O184} wheel: orange, {PO4}: turquoise, {MnO6}: light lavender, O:
red].

Fig. 17 (a) View of the truncated cuboctahedral principle building unit
of {Mn8(H2O)48P8W48O184}6

144− [{WO6}: lime, {PO4}: turquoise, {MnO6}:
light lavender]. (b) The open framework constructed from truncated
cuboctahedral principle building units via Mn2+ linkers. [copied from ref.
51].
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TMSPTs with diverse nuclearity and beautiful topology. Thus,
the bulky diamagnetic POT matrixes guarantee an effective
magnetic isolation of the magnetic cores, so that inter-
molecular interactions are usually negligible, which allows the
quantitative determination of the intramolecular magnetic
exchange interactions.22a,47a,b In addition, POA ligands have
also been found sometimes to induce strong axial magnetic
anisotropy, illustrated by MnII–POM complexes.47c Further-
more, an great breakthrough of SMMs, which shows slow relax-
ation of the magnetization at low temperatures and quantum
effects, has triggered an important evolution in the molecular
magnetism field.47c–f The discovery of a TM coordination
cluster (Mn12-acetate, a molecule that combines a very large
easy-axis anisotropy and a high spin ground state) with SMM
behavior has also stimulated the development of new
SMMs.47e Notably, the POT fragments can facilitate the
dilution of SMMs by removal of unwanted dipolar interactions,
and the intrinsic redox activity of the POA fragments could
control magnetic-exchange pathways through additional
routes.17d,48 From the perspective of magnetism research,
TMSPTs enclosing high-nuclear (≥6) TM clusters are of great
interest. Thus, in the past decade, the magnetic properties
of many high-nuclear TMSPTs have been investi-
gated.12,15a,17a,19b,20b,d,21,22,24b,25b,c,26a,30a,c,31,33,34,36c–e,37a,b,39,43a,44

and several high-nuclear TMSPT-based SMMs were also dis-
covered.17d,18,27,29d,38b Because the magnetic properties of many
high-nuclear TMSPTs have been reported, herein, we select
several representative high-nuclear TMSPTs to discuss their
magnetic properties.

As demonstrated above, the hexa-NiII cluster fragments with
six co-planar NiII ions in a triangle fashion have been observed
in many high-nuclear TMSPTs,12a,b,d,13b–e,14a,b,17a moreover,
these hexa-NiII cluster fragments all exhibit ferromagnetic
coupling interactions, as a result, only the magnetic properties
of the first Ni6-substituted PT [Ni6(μ3-OH)3(H2O)4(enMe)3-
(CH3COO)(B-α-PW9O34)]

− are described here.12a As illustrated
in Fig. 18, increasing χmT upon cooling typifies the overall
ferromagnetic interactions within NiII ions mediated by O and
OH bridges, which is consolidated by the positive Weiss con-
stant θ = 23.8 K. A sudden decrease of χmT below 11 K indi-
cates the presence of obvious zero-field splitting (ZFS) effects
in the ground state. The measurements of alternating current
(ac) magnetic susceptibilities at 111, 511, 911, 1511 and 2511
Hz exhibit no frequency dependence, which excludes the
possibility of the SMM behavior. Its magnetic behavior was
also quantitatively analyzed by the MAGPACK software
package. An exchange mode of the hexa-NiII cluster was estab-
lished and an appropriate Hamiltonian for the hexa-NiII

cluster can be written as Ĥ = −2J1Ŝ1Ŝ2 − 2J2Ŝ1Ŝ3 − 2J3Ŝ2Ŝ3 −
2J4Ŝ2Ŝ4 − 2J5Ŝ2Ŝ5 − 2J6Ŝ3Ŝ5 − 2J7Ŝ3Ŝ6 − 2J8Ŝ4Ŝ5 − 2J9Ŝ5Ŝ6 +
∑DiŜiz

2, where D represents the ZFS parameter and the contri-
bution of the mononuclear NiII species is incorporated
through the Curie law. The best-fit parameters are as follows:
J1 = 0.47 cm−1, J2 = 0.75 cm−1, J3 = 1.23 cm−1, J4 = 0.47 cm−1,
J5 = 1.23 cm−1, J6 = 1.23 cm−1, J7 = 0.43 cm−1, J8 = 0.47 cm−1,
J9 = 0.43 cm−1, g = 2.24, D = 1.58 cm−1 and the agreement

factor R = 2.70 × 10−4, which proves the overall ferromagnetic
interactions within the hexa-NiII cluster.12a From the crystal
data, the Ni–O–Ni angles vary between 90 and 104° and
conform to the previous conclusion that the Ni⋯Ni ferro-
magnetic exchange interactions are predominant when the
Ni–O–Ni angles lie in 90 ± 14°.49a In addition, the magnetic
properties of the triangle hexa-CuII cluster fragments with six
co-planar CuII ions have been investigated.12c,13a However, the
triangle hexa-CuII cluster fragments display antiferromagnetic
coupling interactions,12c,13a which are closely related to the
Cu–O–Cu angles.49b–d In the above mentioned magnetic high-
nuclear TMSPTs, the magnetic interactions between metal
centers are mediated by O or OH− groups. Actually, the azido
ion is also a good electron transfer ligand for linking divalent
metal centers (usually CuII, NiII and MnII ions) together, in
which the azido ligand exhibits either μ-1,1- (end-on) or μ-1,3-
(end-to-end) coordination modes.50 A large number of experi-
mental results reveal that the μ-1,1-azido ligand facilitates
ferromagnetic couplings whereas the μ-1,3-azido ligand favors
antiferromagnetic couplings.50 For instance, Mialane et al.
reported an interesting azido-including CuII9 -substituted tri-
meric ST [{SiW8O31Cu3(OH)(H2O)2(N3)}3(N3)]

19−, in which
three equivalent [γ-SiW8O31Cu3(OH)(H2O)2(N3)]

6− moieties are
fused together by a C3 axis through the exceptionally good
μ-1,1,1,3,3,3-azido bridging ligand.25b Its magnetic behavior
was been quantitatively probed. The value of χmT at 300 K of
4.03 cm3 mol−1 K is consistent with the spin-only value
expected for nine uncoupled copper(II) cations considering g =
2.17. The χmT increases gradually to a maximum value of
4.20 cm3 mol−1 K at 40 K as temperature decreases, indicating
weak ferromagnetic coupling interactions. The sudden
decrease of the χmT value below 40 K reveals antiferromagnetic
interactions. The quantitative magnetic fitting results indicate
that relatively weak ferromagnetic coupling interactions ( J1 =
+1.0 cm−1, J2 = +20.0 cm−1, g = 2.17) exist within the {Cu3}
units in [γ-SiW8O31Cu3(OH)(H2O)2(N3)]

6− fragments whereas
the dominant antiferromagnetic couplings are derived from
the combined action of magnetic exchange interactions
between the {Cu3} units mediated by the hexadentate
μ-1,1,1,3,3,3-azido ligand ( J3 = –5.4 cm−1, J4 = +1.3 cm−1).25b

Fig. 18 Temperature dependence of χm and χmT for [Ni6(μ3-OH)3
(H2O)4(enMe)3(CH3COO)(B-α-PW9O34)]

− (inset: the exchange mode of
the hexa-NiII cluster). [copied from ref. 12a].
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Recently, construction of high-nuclear TMSPTs with SMM
behavior has attracted much attention.17d,18,27,29d,38b For
example, Fang et al. obtained a mixed-valence {MnIII

6 MnIV}-
substituted Dawson-type TMSTP dimer [(α-P2W15O56)2
MnIII

6 MnIVO6(H2O)6]
14− incorporating a heptanuclear

{MnIII
6 MnIVO8} core, which displays an approximate D3d sym-

metry with the MnIV ion at the inversion center.18d The
{MnIII

6 MnIVO8} core resembles two corner-sharing cubanes
such that it can be formally regarded as two MnIII

4 clusters
sharing a common MnIV vertex. Magnetic susceptibility
measurements indicate that χmT at 290 K (30.0 emu K mol−1)
is remarkably larger than the spin-only value (19.875
emu K mol−1, g = 2.0) for non-interacting six MnIII and one
MnIV ions, suggesting ferromagnetic interactions within the
heptanuclear {MnIII

6 MnIVO8} core (Fig. 19a). Moreover, the
observation that increasing χmT upon cooling followed by a
sudden decrease at 5 K also reveals dominant ferromagnetic
interactions with the presence of ZFS effects. Based on the
approximate D3d symmetry of the structure, two magnetic
exchange pathways exist in the {MnIII

6 MnIVO8} core (MnIII–

MnIV: J1 and MnIII–MnIII: J2) (Fig. 19b). Thus, an appropriate
Hamiltonian for the heptanuclear {MnIII

6 MnIVO8} cluster can
be written as Hex = −2[J1(Ŝ1·Ŝ2 + Ŝ1·Ŝ3 + Ŝ1·Ŝ4 + Ŝ1·Ŝ5 + Ŝ1·Ŝ6 +
Ŝ1·Ŝ7) + J2(Ŝ2·Ŝ3 + Ŝ3·Ŝ4 + Ŝ4·Ŝ2 + Ŝ5·Ŝ6 + Ŝ6·Ŝ7 + Ŝ7·Ŝ5)].

18d In
addition, the deviation from isotropic Brillouin-type field-
dependent magnetization curves at T = 1.8–5 K (Fig. 19c)
shows the strong ZFS of the MnIII ions in their Jahn–Teller
elongated octahedral geometries (5B1g) while the MnIV ion is
an isotropic spin-3/2 site (4A2). As a result, a precise magneto-
chemical explanation of the {MnIII

6 MnIVO8} spin polytope
depends on simulating all associative single-ion effects and
the Heisenberg-type exchange coupling interactions.18d The
best fit affords J1 = −18.75 cm−1, J2 = +12.5 cm−1 and leads to

the S = 21/2 ground state, proving the prediction that the spins
of the six MnIII ions are all parallel, and antiparallel to the
central MnIV ion (Fig. 19b), generating a molecular S = 21/2
ground state in the spin-only approximation.18d Interestingly,
the ac susceptibility measurements indicate that the fre-
quency-dependent results are characteristic of a SMM
(Fig. 19d), because the mS substates of the S = 21/2 ground
state multiplet are ZFS to produce a parabolic energy barrier
between the highest ±mS (±21/2) substates, leading to
a slowing of the magnetization relaxation upon a field
change.18d Another SMM example is Cronin’s
{[GeW9O34]2[MnIII

4 MnII
2O4(H2O)4]}

12− that consists of a mixed-
valence [MnIII

4 MnII
2O4(H2O)4]

8+ cluster core sandwiched by two
trivacant GT [GeW9O34]

10− fragments.17d The χmT value of
12.4 cm3 K mol−1 at 300 K is lower than the expected value
(20.75 cm3 K mol−1, taking g = 2) for four MnIII and two MnII

ions. Upon cooling to 120 K, the χmT value slowly declines to a
minimum of 11 cm3 K mol−1 and then rises to a maximum of
14.1 cm3 K mol−1 at 10 K. Further cooling leads to the precipi-
tous falling of the χmT value. This profile is suggestive of the
coexistence of ferromagnetic and antiferromagnetic coupling
interactions within the mixed-valence [MnIII

4 MnII
2O4(H2O)4]

8+

cluster, which is also strongly consolidated by the least-
squares fitting results of J1 = 6.5 cm−1, J2 = 3.5 cm−1 and J3 =
−56.0 cm−1 with considering g = 2.0.17d Moreover, the low-
temperature maximum implies the ground state with S = 5 and
the χmT dropping of low-temperature (<10 K) is attributed to
the zero-field splitting, intermolecular interactions and the
Zeeman effects of the applied field, which are also supported
by the fitting results (S = 5, g = 1.94, D = −0.67 cm−1) of magne-
tization data collected in the range of 1–5 T and 1.8–7.0 K with
the axial zero-field splitting plus Zeeman Hamiltonian.51 Con-
sidering the magnitude of S and the sign of D, ac susceptibility
measurements were carried out to examine the SMM charac-
teristics. Below 5 K, the diverging of the χ′T curves at different
frequencies and the frequency dependent χ″ signals demon-
strate the SMM characteristic of {[GeW9O34]2-
[MnIII

4 MnII
2O4(H2O)4]}

12−. The Arrhenius simulation gives the
energy barrier of ΔE/kB = 14.8 K, which is smaller than the
theoretical barrier of 24 K acquired from S and D parameters
derived from the fitting of the reduced magnetization, the
main reason of which is that the Ci point symmetry of the
[MnIII

4 MnII
2O4(H2O)4]

8+ cluster results in the transverse
anisotropy terms in the zero-field splitting Hamiltonian, redu-
cing the effective height of the energy barrier separating the
±MS states, through quantum tunneling of magnetization.17d

3.2 Catalytic properties

From the structural viewpoint, the abundant surface O atoms
of POMs endow them with nucleophilic function that can
donate electrons to acceptors, while the unoccupied orbitals of
skeletal metal ions can work as Lewis acids to accept endogen-
ous or exogenous electrons.52a,b Admittedly, the adaptable
POMs can be bi-directional and feature functions of Lewis
bases and acids. In addition, the bulky and highly negative
charged POAs usually exhibit a strong capacity to bear and

Fig. 19 (a) Temperature dependence of χmT for [(α-P2W15O56)2MnIII
6

MnIVO6(H2O)6]
14−. (b) The magnetic exchange model and the ground

state spin alignments of the {MnIII
6 MnIVO8} core. (c) The field-depen-

dence of χm at low temperatures for [(α-P2W15O56)2MnIII
6 MnIVO6-

(H2O)6]
14−. (d) Temperature dependence of the out-of-phase suscepti-

bility χ’’m (Hdc = 0). [copied from ref. 18d]. Reprinted with permission
from ref. 18d. Copyright The Royal Society of Chemistry 2012.
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release electrons, which display their available redox natur-
es.52c Thus POM-based materials with tunable acidity and
redox properties, inherent resistance to oxidative decompo-
sition, high stability and impressive sensitivity to electricity
can be developed as robust catalysts. For instance, in 2014,
Yang et al. reported the oxygenation reactions of thioethers by
H2O2 (Scheme 1) in the presence of Na10K22[Zr24O22(OH)10-
(H2O)2(W2O10H)2(GeW9O34)4(GeW8O31)2]·85H2O (marked as
Zr24-GT) as a catalyst.

43e In fact, most of the oxidation reactions
of thioethers by H2O2 can occur in the absence of Zr24-GT,
however, the conversion and selectivity of most catalytic oxi-
dation reactions are very low. When Zr24-GT works as a catalyst
to activate H2O2, the conversion and selectivity are vastly
improved, illustrating that Zr24-GT is an efficient catalyst for
oxygenation of thioethers by H2O2. The driving force for the
catalytic conversion from thioethers to sulfoxides/sulfones
may be related to the combined action of the unique redox
property of oxygen-enriched POT fragments and Lewis acidity
of the encapsulated Zr cluster in Zr24-GT. Moreover, the intro-
duction of electron-donating groups on the aromatic ring of
aryl–alkyl thioethers affords a higher ratio of sulfone than the
introduction of electron-withdrawing groups.43e Furthermore,
the recyclability tests show that the catalytic activity and the
structure of Zr24-GT can remain unchanged after six-run dupli-
cate operations.43e So, the catalytic oxidation of thioethers in
this work may be potentially useful for the removal of organic
sulfur contents.

The oxidation of n-alkanes is an important reaction for the
conversion of saturated hydrocarbons to their corresponding
alcohols and ketones.53a Kortz and collaborators reported a
heterogeneous catalyst system consisting of the wheel shaped
Cu20-substituted PT [Cu20Cl(OH)24(H2O)12(P8W48O184)]

25− sup-
ported on 3-aminopropyltriethoxysilane-modified SBA-15 for
solvent-free aerobic oxidation of n-hexadecane.53a This hetero-
geneous catalyst system can catalyze the solvent-free aerobic
oxidation of n-hexadecane to alcohols and ketones by using air
as the oxidant under room conditions, displaying a remarkably
high turnover frequency (TOF) of 20 000 h−1 and is resistant to
poisoning by CS2.

53a The catalytic reaction may be promoted
by the CuII ions of the POM that activate the C–H bonds of the
substrate at an early stage of the reaction, resulting in a
shorter initial induction period required for n-hexadecanyl
hydroperoxide mediated pathways. The formation of n-hexa-
decanyl hydroperoxide occurs predominantly through acti-
vation of CH bonds in RCH2R

1 by R(OO•)R1 species.53a

Therefore, this system can enhance the prospect of this type of
heterogeneous catalyst for practical applications.53a

The excessive consumption of fossil fuels and the resulting
serious environmental pollution has compelled researchers to

exploit and search for green sustainable and safe energy
sources as substitutes. Naturally, abundant solar energy has
attracted increased attention, since it can be directly utilized
to promote the generation of photocatalytic water splitting.43b

Nevertheless, the development of efficient catalysts is the
important topic. Under the irradiation of near-visible or UV
light, electrons in POMs can leap from the ground state to
their corresponding excited states and especially, the charge
transfer transitions of O atoms to the d0 TM ions may
happen.54 At this time, POMs are highly reactive species with
the capability of oxidizing or reducing various substrates.49

The recombination of photogenerated electrons with strong
photoreductive ability and photogenerated holes with strong
photooxidative ability can be inhibited by the well-defined
HOMO–LUMO band gaps of POMs, which are efficient for
evoking chemical reactions. On the other hand, oxygen-
enriched surfaces of POMs can provide robust inorganic
ligand systems to encapsulate active centers for catalyzing
water splitting.38b Recently, several high-nuclear TMSPT-based
photocatalysts for H2 evolution and O2 evolution were
researched intensively.17b,26b,38a,43b,c Inspired by the special
function of {Mn3CaO4} cubane in PSII, Wang et al. designed
and synthesized a series of purely inorganic high-nuclear
cobalt–phosphate molecular catalysts [{Co4(OH)3(PO4)}4
(XW9O34)4]

28− (X = PV, AsV) and [{Co4(OH)3(PO4)}4(XW9O34)4]
32−

(X = SiIV, GeIV) (marked as Co14-PT, Co14-AT, Co14-ST, Co14-GT,
respectively). Their structures all incorporate a {Co4O4} cubane
that is structurally similar to the {Mn3CaO4} core of the
oxygen/evolving complex in photosystem II.38a Photocatalytic
water oxidation experiments in the borate buffer solution in
the presence of S2O8

2− as a sacrificial electron acceptor
and [Ru(bpy)3]

2+ as a photosensitizer. Upon visible light
irradiation, these catalysts indicate high photocatalytic activity
for water oxidation and the order of the maximum O2 evol-
ution is Co14-PT ≤ Co14-ST < Co14-AT < Co14-GT (Fig. 20).38a In
addition, kinetics results of photocatalytic water oxidation
indicate that the initial oxygen evolution rates of Co14-ST and
Co14-GT in the first 300 s are first order to the concentration of
the catalysts with high [Ru(bpy)3]

2+ and S2O8
2− concentra-

tions.38a Furthermore, analytical results of laser flash photo-
lysis, dynamic light-scattering, 31P NMR, UV–vis absorption,
POM extraction and ICP-MS collectively verify that these
cobalt–phosphate molecular catalysts retain their structural
integrity during the course of photocatalytic reactions. These
findings offer not only a valuable molecular model of the
cobalt–phosphate catalysts with well-defined structures, but
also a great possibility to adjust and control high-nuclear
TMSPTs for visible light-driven water splitting.38a Very recently,
Ding and co-workers discovered an efficient photocatalyst
[Fe11(H2O)14(OH)2(W3O10)2(α-SbW9O33)6]

27− for both H2

evolution and O2 evolution.43b,c Firstly, they found that this
Fe11-substituted POT is a stable photocatalyst for light driven
H2 evolution activity without any performed co-catalyst. The
H2 evolution rate in this work is 820 μmol h−1 g−1, which is
higher than that reported for POT photocatalysts.43b In the fol-
lowing work, the visible light-driven water oxidation experi-

Scheme 1 The catalytic oxidation reaction of thioethers.
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ments of this Fe11-substituted POT were also investigated. The
remarkable turn-over number (TON) of 1815 ± 50 and a turn-
over frequency (TOFinitial) of 6.3 s−1 prove the efficient
photocatalytic water oxidation activity of
[Fe11(H2O)14(OH)2(W3O10)2(α-SbW9O33)6]

27−.43c These findings
not only fill a research gap in designing and developing water-
splitting systems aimed at utilization in artificial photosyn-
thetic schemes to enable efficient and sustainable solar fuel
conversion and storage, but also offer the feasibility of iron-
encapsulated inorganic clusters as efficient water oxidation
catalysts, which can motivate the search and exploration of
novel high-nuclear TMSPT water oxidation catalysts in the near
future.43b–c

In addition, high-nuclear TMSPTs can also be applied to
the electrocatalytic field.17a,19a,23b,24d,25d,28c,32,37d For example,
in 2005, Kortz et al. reported the remarkable efficiency of
the hexa-FeIII substituted tungstogermanate [Fe6(OH)3-
(A-α-GeW9O34(OH)3)2]

11− in the electrocatalytic reduction of
nitrite, nitric oxide and nitrate.17a In 2015, his group probed
the electrocatalytic activities of the tetradecanuclear iron(III)-
oxo nanocluster [Fe14O6(OH)13(P2W15O56)4]

31− towards O2,
H2O2, NO3

− and NO in pH = 2 Li2SO4 + H2SO4 media, which
indicate that this iron(III)-oxo nanocluster is effective for
electrocatalytic reduction of O2, H2O2, NO3

− and NO.37d

Furthermore, Cronin et al. also explored the interaction of a
Keggin-based trimeric aggregate [Rb ⊂ (GeW10Mn2O38)3]

17−

and a Wells–Dawson-based trimeric aggregate [K ⊂
(P2W16Co2O60)3]

23− with nitrite in aqueous solution.24d Upon
addition of NaNO2, the cathodic currents of the second and
third wave of both trimeric aggregates are apparently enhanced
whereas the corresponding anodic currents decrease, which

demonstrates their remarkable electrocatalytic behavior
against the nitrite anion.24d

4. Conclusions and outlook

With the rapid explosion of the number of high-nuclear
TMSPTs, TMSPT chemistry will enter into a new development
stage. This perspective article has systematically compiled
some important results on high-nuclear TMSPTs in the past
decade with an emphasis on synthetic approaches, structural
features and some selected properties. Undoubtedly, these
neoteric high-nuclear TMSPTs not only enrich the structural
chemistry and combinatorial chemistry of TMSPTs and con-
tribute some meaningful and enlightening clues for exploring
and preparing much more high-nuclear TMSPT-based new
materials with innovative structures and interesting functional-
ities, but also to a larger extent establish and consolidate the
dominating position of the TMSPT subfamily in the forefront
of POM chemistry. However, although the Mn40-substituted
POT with the highest TM ions and the highest POM fragments
per molecular unit to date has already been reported, the
pursuit of discovering TMSPTs with much higher nuclearity of
TM centers will never stagnate. Herein, some personal insights
in exploiting much higher nuclear TMSPTs are supplied as
follows. We hope that our humble opinions will provide some
beneficial assistance for researchers who want to be dedicated
to the field of TMSPTs even POMs.

(a) It is obvious that the adaptive POM precursors are
always highly negative charged, but sometimes they still failed
to meet the enormous requirements of negative charge in con-
structing higher nuclear TMSPTs with oligomeric, polymeric
or extended structures. Therefore, appropriate multi-functional
organic ligands (such as polycarboxylate ligands, etc.) or acid
anions (such as AsO3

2−, CO3
2−, etc.) should be introduced to

effectively increase the negative charges of the system, which
will facilitate more TM ions and multi-functional organic
ligands or acid anions to simultaneously insert to the skel-
etons of the resulting TMSPTs. This useful strategy has been
already confirmed by Yang’s illuminating work in POMOFs
constructed from Ni6-substituted Keggin POT units and
carboxylate connectors and cubic POM–organic molecular
cage,12d,44 Niu’s sandwich-type Cu9-substituted arsenotung-
state,20d and some carbonate including NiII7 -, Co

II
8 - and NiII9 -sub-

stituted POTs.17c,19 However, this useful strategy will still keep
the great vitality in constructing high-nuclear TMSPTs in the
following several years. Especially, judicious selection of appro-
priate multi-functional organic ligands will become increas-
ingly important in designing and preparing organic–inorganic
hybrid high-nuclear TMSPTs with special functionalities.

(b) In the in-depth exploration of high-nuclear TMSPTs, the
step-by-step assembly strategy involving the targeted combi-
nation of adaptive lacunary POM precursors with preformed
TM clusters is worthy of systematically exploring. In some
cases, even if the structures of preformed TM clusters or POM
precursors cannot be retained in the reaction procedures, but

Fig. 20 (a–d) Kinetics of O2 evolution in the photocatalytic system at
different concentrations of Co14-ST, Co14-GT, Co14-PT and Co14-AT.
[Concentrations: 0 μM, 3 μM, 5 μM, 10 μM, 15 μM, 20 μM, 30 μM. Con-
ditions: 300 W Xe lamp, 420–800 nm; 1.0 mM [Ru(bpy)3]Cl2, 5.0 mM
Na2S2O8, sodium borate buffer pH 9.0 (80 mM); total reaction volume
20 mL; vigorous stirring (1.5 × 103 rpm)] [Fig. 21a–d is reprinted with
permission from ref. 38a. Copyright 2014 American Chemical Society].
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in situ formed active species will provide excellent opportu-
nities for creating novel TMSPTs. Sometimes, the step-by-step
assembly reaction of preformed TM clusters with simple oxo-
metalate (Na2WO4) can induce the more flexible assembly
ability of simple oxometalate in the surrounding TM cluster
cores, which is extremely conducive to the in situ generation of
higher nuclear TMSPTs. On the other hand, the one-pot reac-
tion of simple starting materials (TM ions, Na2WO4 and some
auxiliary components) has been developed as one of the most
flexible synthetic strategies in current synthetic chemistry,
especially in the construction of high-nuclear POMs with
nanosized shapes, which has been exemplified by Cronin’s
series of reports.42a,43d,55 Thus, this strategy should be widely
used in the synthesis of higher nuclear TMSPTs. With regard
to this strategy, it should be pointed out that the selection of
heteroatom sources with lone electron pair stereochemical
effect can prevent the formation of saturated POM fragments
offering the enormous probability of inserting TM centers to
the POM skeletons.

(c) During the past decade, the most robust and efficient
CASSM has been extensively employed in preparing TMSPTs
and numerous merits have been stated in the Introduction.
Meanwhile, the rational reactions of POM precursors with TM
ions by HSM have also led to some innovative research fruits.
However, new synthetic methods with unique advantages
should be employed such as (i) the “superheating” microwave
synthesis method, (ii) mixed solvent diffusion method, (iii)
ionothermal synthesis method, (iv) solid-phase synthesis
method, which may promote the discovery of higher nuclear
TMSPTs.

Abbreviations

POM Polyoxometalate
POT Polyoxotungstate
POA Polyoxoanion
TM Transition-metal
SMM Single molecule magnet
SBU Secondary building unit
SDA Structure-directing agent
SSA Structure-stabilizing agent
en Ethylenediamine
enMe 1,2-Diaminopropane
ST Silicotungstate
PT Phosphotungstate
dien Diethylenetriamine
GT Germanotungstate
Tris1 Tris(hydroxymethyl)aminomethane
Tris2 Pentaerythritol
Tris3 Dipentaerythritol
Tris4 Tripentaerythritol
oeen N-(2-Hydroxyethyl)enediamine
tran 1,4,7-Triazonane
AT Arsenotungstate
POMOF POM–organic framework

CASSM Conventional aqueous solution synthesis
method

HSM Hydrothermal synthesis method
H5Ale Alendronic acid
2,2′-bipy 2,2′-Bipyridine
phen 1,10-Phenanthroline
ITSM Ionothermal synthesis method
IL Ionic liquids
EMIM 1-Ethyl-3-methylimidazolium
bhep N,N′-Bis(2-hydroxyethyl) piperazine
EPR Electron paramagnetic resonance
Mn12-acetate [MnIII

8 MnIV
4 (CH3COO)16(H2O)4O12]·4H2O·

2CH3COOH
BTC 1,3,5-Benzenetricarboxylate
dc Directing current
ac Alternating current
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