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1. Introduction

The elaboration of well-defined nanostructured architectures

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

Supramolecular assemblies of organo-
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from functional building blocks to
hierarchical nanomaterials

Jamie M. Cameron, (22 Geoffroy Guillemot, 2 ° Theodor Galambos,®
Sharad S. Amin,? Elizabeth Hampson,® Kevin Mall Haidaraly,”
Graham N. Newton (2 *® and Guillaume Izzet (2 *°

This review provides a comprehensive overview of recent advances in the supramolecular organisation
and hierarchical self-assembly of organo-functionalised hybrid polyoxometalates (hereafter referred to
as hybrid POMs), and their emerging role as multi-functional building blocks in the construction of new
nanomaterials. Polyoxometalates have long been studied as a fascinating outgrowth of traditional metal-
oxide chemistry, where the unusual position they occupy between individual metal oxoanions and solid-
state bulk oxides imbues them with a range of attractive properties (e.g. solubility, high structural
modularity and tuneable properties/reactivity). Specifically, the capacity for POMs to be covalently
coupled to an effectively limitless range of organic moieties has opened exciting new avenues in their
rational design, while the combination of distinct organic and inorganic components facilitates the
formation of complex molecular architectures and the emergence of new, unique functionalities. Here,
we present a detailed discussion of the design opportunities afforded by hybrid POMs, where fine
control over their size, topology and their covalent and non-covalent interactions with a range of other
species and/or substrates makes them ideal building blocks in the assembly of a broad range of
supramolecular hybrid nanomaterials. We review both direct self-assembly approaches (encompassing
both solution and solid-state approaches) and the non-covalent interactions of hybrid POMs with a
range of suitable substrates (including cavitands, carbon nanotubes and biological systems), while giving
key consideration to the underlying driving forces in each case. Ultimately, this review aims to
demonstrate the enormous potential that the rational assembly of hybrid POM clusters shows for the
development of next-generation nanomaterials with applications in areas as diverse as catalysis, energy-
storage and molecular biology, while providing our perspective on where the next major developments
in the field may emerge.

applications in various domains, including catalysis,’
medicine,® molecular electronics,” information processing,>*®
gas storage”® and energy conversion.”'® Classical bottom-up

through the self-assembly of individual molecular building
blocks is a challenging and contemporary research issue, and
increasingly vital to the ongoing development of new
nanotechnologies.’ Nanostructured materials obtained via the
hierarchical assembly of molecular units show promising
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strategies use preformed entities as elementary building blocks,
which are combined through self-assembly processes to form the
target material.'* Obtaining these complex, artificial assemblies
relies on the use of molecular components that are capable of
displaying directional, orthogonal and/or switchable interactions
(eg metal coordination, electrostatic pairing, hydrophobic
effects). Indeed, the cooperation of multiple non-covalent
interactions is typically the key to forming ordered extended
assemblies with emergent properties.’>™** Although often difficult
to predict, the emergence of novel properties frequently
accompanies the formation of complex superstructures from the
combination of even the most simple of components.*®
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Polyoxometalates (POMs) are nanosized molecular metal-
oxides with diverse, albeit very well-defined, structures. They
are often seen as key intermediates between small, soluble
metal oxo complexes and insoluble solid-state bulk metal
oxides.'®'” POMs have attracted considerable interest in recent
years thanks to their attractiveness as transferable building
blocks for the elaboration of multi-functional materials,**°
which is in large part thanks to their unique structural and
chemical properties. POMs are large and charge-delocalised
polyanionic species, which develop strong electrostatic interac-
tions with cationic species. They are also prone to associate
with hydrophobic and neutral polar phases and frequently
behave as chaotropic agents.’”*' The highly charged and
chaotropic nature of POMs often results in their self-assembly
into larger supramolecular architectures and the emergence
of new structures and even functionalities. Beside the
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spontaneous formation of single-walled hollow vesicles known
as “blackberry” structures,”® the formation of POM-based
supramolecular assemblies often relies on their association
to organic components through electrostatic interactions. Some
remarkable examples such as artificial quantasomes (i.e. photo-
active 2D nanostructured amphiphilic assemblies),>® nanoporous
2D frameworks,**** hexagonally ordered nanocomposite films,>®
well-ordered supramolecular hydrogels,> polypseudorotaxanes,”
or liquid crystalline materials,”® were developed using this
approach. In most of these cases, organisation at both the
molecular level, and the long-range ordering of these systems,
mostly relies on the combination of the close electrostatic inter-
actions between the POM and the cationic species with an
additional driving force (e.g. the chaotropic effect, void filling
behaviour or nanophase segregation). As such, these approaches
are often highly unpredictable due to the lack of any directionality
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imparted by the isotropic structure of many POMs. Typically,
the self-assembly processes are predominantly governed by the
ratio of the volumes occupied by the organic and inorganic
components. Synthetic control of the organisation of these
materials therefore relies almost entirely on the structure-
directing effect of the associated organic components (either
cationic or neutral), which surround the POM and behave as a
steering ‘glue’ to direct the assembly of the system.

Covalently functionalised hybrid polyoxometalates (hybrid
POMs) provide an attractive alternative route for the integration
of POMs into complex molecular architectures.>** Although
the design and synthesis of hybrid POMs is typically much
more synthetically demanding than the preparation of systems
based on discreet organic and inorganic components, these
species allow a far greater degree of control and directionality
between the tethered organic and inorganic sub-units. POM
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functionalisation not only allows combination of the POM’s
properties with those of the appended subunit,* and in some
cases can even modify the POMs own electronic structure,®® but
also greatly facilitates integration of the POM into more
complex supramolecular assemblies. Indeed, the communities’
expertise in the synthesis, functionalisation and characterisation
of hybrid POMs has now reached a sufficient level of maturity to
envision their integration into increasingly elaborate multi-
functional supramolecular architectures.

Here, we will describe the current state of the art in the
design and synthesis of hybrid POMs, with a particular focus on
how this facilitates their assembly into larger supramolecular
nanostructures. In particular, we will structure our discussion
around the two key routes which have emerged as a means to
incorporate hybrid POMs into larger nanostructures: (i) the
direct self-assembly of hybrid POMs as unique building blocks,
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either in solution (via metal-directed self-assembly, or by exploiting
the tuneable amphiphilic properties of some hybrid POMs), or in
the solid-state (as liquid crystals, or other nanostructured soft
materials); (ii) the combination of hybrid POMs with a secondary
substrate (macrocyclic hosts, carbon nanotubes, or biological
macromolecules/assemblies), where specific interactions between
the organic sub-unit of the hybrid POM and the substrate
predominate. This review will aim to comprehensively demonstrate
the enormous potential that the rational design and function-
alisation of hybrid POMs shows as a means to access the next-
generation of multi-functional, hierarchical supramolecular
nanostructures. Note that the preparation of crystalline POM-
based coordination networks is an emerging field, which has been
discussed elsewhere recently,*®*” but mostly remains out of the
scope of this review (the examples given here will only concern
systems in which the hybrid POM is pre-formed prior to
preparation of the crystalline network). Similarly, we will not
provide detailed descriptions of the synthetic approaches to each
hybrid POM platform, nor any associated post-functionalisation
techniques, since these have been discussed in detail in several
excellent recent reviews.>"*%3°

2. Hybrid polyoxometalate platforms

This section briefly describes the hybrid POM platforms which
have been explored thus far as molecular components or
precursors for the self-assembly of larger supramolecular
architectures (Fig. 1), in order to establish a common terminology
which will be used throughout the remainder of this review.
For the purposes of this review, each ‘platform’ described
below simply reflects the most commonly occurring structural
archetypes in the literature at present, and (though these are, of
course, highly significant in the supramolecular assembly of each
hybrid POM platform) we will consider neither the specifics of the
covalently grafted ligands or the associated cations when briefly
introducing each type of hybrid-POM platform below. It should

Triol-functionalized
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also be noted that the array of hybrid POM platforms described in
the following is by no means a complete account of all possible
hybrid POM scaffolds, and again, these have been largely reviewed
elsewhere.?!3%3°

2.1 Triol-functionalised hybrid POMs

2.1.1 Anderson-Evans POMs. Anderson-Evans type POMs
of the general formula [XM0,,]"~ (X = transition metal or main
group heteroatom; M = Mo or W) can be functionalised with
tris-alkoxide ligands occurs through the partial replacement
of the oxo-ligands at the central {MOg} heterometal position.
This functionalisation mode is much more commonly observed
in polyoxomolybdate species than in polyoxotungstate analogues
due to the former’s increased lability. By controlling the degree
of protonation during the reaction, both single- and twofold-
functionalisation is possible (though single-sided functionalisa-
tion is rare), generating the corresponding POM platforms
{XM;0,1((OCH,);C-R)} and {XMO,5((OCH,);C-R),} respectively,
where R corresponds to the organic group(s)being appended to
the POM. Asymmetric functionalisation of this POM has also
been demonstrated,*® allowing two different organic moieties to
be appended to either side of the POM core. Topologically, the
planar structure of the POM results in the tris moieties extending
outwards from each side of the POM in a linear fashion, with a
180° angle between the two arms.

2.1.2 Lindqvist hexavanadates. Lindqvist-based hybrid
POM platforms also commonly rely on tris-alkoxo ligands as the
anchoring group for the organic moieties. Here, the replacement
of bridging oxoligands in [VsOy®  clusters by tris-alkoxo
moieties also offers additional stabilisation to the POM.
Depending on the reaction protocol, hybrid POM platforms
containing one, two, three or four organic units may be
synthesised. Bis-trisalkoxide stabilised hexavanadates display
two distinct geometric isomers. The anti-isomer allows for an
angle of 180° between the two linker units whereas the syn-isomer
displays a 90° angle between the two linker units. A closely related
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Fig. 1 Library of the most commonly studied hybrid POM platforms and functionalisation strategies. Colour code: {MoOg} = purple polyhedra, {MnOg} = orange polyhedra,
{VOg} = grey/blue polyhedra, {WOg} = blue polyhedra, {PO4} = purple tetrahedra, {SiO4} = orange tetrahedra, O = red, N = blue, P = pink, Si = orange, Sn = green.
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strategy (which will not be discussed at length herein) exploits
organofunctionalisation using alkoxide-,*® or even siloxide-
moieties.”* Though this has not typically been used as a
supramolecular design strategy, it has been shown to allow
for interesting control of the electronic properties of the POM
cluster (permitting, for example, stabilisation of low-valent V"
oxidation states).*"*>

2.1.3 Mixed-addenda Wells-Dawsons. Tris-alkoxides are
also encountered as anchoring units in Wells-Dawson hybrid
POM platforms. This sort of functionalisation is only encountered
in the mixed-addenda Wells-Dawson POM [P,W;5V04,]°~, where
the incoming triol binds to the face of the capping {Vs} unit in a
manner analogous to that observed in the hexavanadate Lindqvist
clusters mentioned previously. This results in strictly monotopic
hybrid POM platforms.*

2.2 Imido-functionalised hexamolybdates

It is possible to incorporate nitrogen-based ligands through the
formal substitution of terminal oxo-groups on the hexamolybdate
Lindqvist-structure, [MogOyo]*~. Either one or two terminal oxo
sites may be exchanged, resulting in both monotopic hybrid
Lindgqvist platforms as well as ditopic species which preferentially
adopt a cis conformation with a 90° angle between the two linker
units (though a trans configuration with a 180° orientation of the
organic moieties has previously been reported).

2.3 Organophosphorus-functionalised POMs

Functionalisation with organophosphorus groups is also a
viable route for preparation of hybrid POM platforms, typically
exploiting the monovacant [P,W;,0¢;]®~ Wells-Dawson cluster.
Unlike some other hybrid POM platforms, caution must be
taken to avoid hydrolysis of the anchoring P-O-W bonds,**™*
with Wells-Dawson clusters typically proving more stable than
their Keggin-type analogues. Though functionalisation of
multivacant clusters has been demonstrated, functionalisation
of monovacant species is by far the more common approach.
This yields ditopic hybrid POM platforms with two phosphonyl
moieties incorporated on either edge of the single lacunary site.
Interestingly, the new bis-phosphonate site can even coordinate
additional metal cations.’® As in the case of Anderson-Evans
based platforms, it has also recently been shown to be possible
to prepare and purify asymmetrically functionalised species. An
interesting feature of organophosphorus based POM platforms
is the very high angle of ca. 160° between the organic moieties,
providing a close to linear functionalisation topology.

2.4 Organosilicon-functionalised POMs

2.4.1 Monovacant Keggin and Wells-Dawson POMs. As in
the related organophosphorus derivatives, Organosilicon based
organic species are equally suited for the synthesis of hybrid
POM platforms and are also typically formed using monovacant
Keggin and Dawson polyoxotungstate clusters as the basis.
Much like PY, as the ionic radius of Si"V is significantly
smaller than that of W', condensation of two organosilicon
moieties per lacuna is typically observed. Unlike phosphorus-
based groups however, incoming organosilicon species form

This journal is © The Royal Society of Chemistry 2022
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bridged siloxane type linkers upon coordination to the POM
unit, typically resulting in more hydrolytically stable hybrid
POM platforms as a result. Furthermore, as a consequence of
the formation of the Si-O-Si bridge between the two anchoring
Si" sites, hybrid POM platforms such as [PW;,0;6{O(Si-R),}]*~
and [P,W;,06,{O(Si-R),}]°” also display a considerably
narrower angle of ca. 90° between the two organic units.*’>°
2.4.2 Divacant Keggin POMs. Ditopic and even tetratopic
hybrid POM platforms are also accessible via the functionalisation
of divacant Keggin POMs, such as [y-SiW;,0;6]"° ", with organo-
silyl derivatives. As shown by Thouvenot and co-workers, these
functionalisations require precise control of the stoichiometry of
the reagents leading selectively to synthesis of either bis-
functionalised [y-SiW;0036{O(Si-R),}]'~ or tetra functionalised
[y-SiW;5036(0SiR),]*~ hybrid POM platforms.>!

2.5 Organotin-functionalised POMs

Incorporation of organotin ligands into several POM frame-
works has been observed for a variety of lacunary POM
species.’*> A particular benefit of the organotin function-
alisation of POMs is the similar ionic radius of Sn"™ compared
to WY' (and Mo""), which facilitates the 1:1 inclusion of
organotin fragments at lacunary sites, corresponding to the
formal replacement of a W'" atom by the corresponding Sn"™
ion. Though, as in the organophosphorus and organosilicon
examples above, the functionalisation of monovacant Keggin
and Wells-Dawson clusters yielding monotopic platforms is by
far the most common approach, the aforementioned capacity
of sn' to formally replace vacant W' positions on the POM
allows for the relatively simple formation of trifunctionalised
species as well.

3. Direct self-assembly strategies
3.1 Metal coordination

Coupled to the aforementioned tuneable topologies of hybrid
POM platforms, metal-driven self-assembly is an extremely
powerful tool for the rational synthesis of discrete 0D, through
to extended 3D assemblies, as it exploits strong and highly
directional metal-ligand bonds.***® 3D crystalline networks
(including MOFs) have a wide range of properties and
applications.>”®® In comparison to crystalline networks,
discrete supramolecular coordination complexes display well-
defined structures that are prone to form elaborate hierarchical
systems based on weak interactions between the molecular
units. Indeed, the construction of self-assembled systems with
multiple levels of organisation is often achieved following
a stepwise synthetic strategy relying on the design of a
preassembled structural motif that can further self-assemble
into more complex nanostructures through additional non-
covalent interactions.®"** These hierarchical self-assemblies
of supramolecular complexes are at the basis of nanostructured
soft materials with multifunctional properties for material
™ Besides the formation of crystalline POM-based
coordination networks, the elaboration of supramolecular
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coordination complexes containing POMs is thus particularly
attractive to develop hierarchically organised species that could
be at the basis of future soft multi-functional material with
emergent properties.

A considerable number of POM-supported transition metal
complexes have been obtained by reaction of POMs with either
mixtures of transition metal salts and organic ligands or with
pre-formed metal-organic compounds. Such reactions most
often lead to unpredictable results with the notable exception
of some POM-based metal-organic frameworks (POMOFs),****
or ionic crystals.®® In contrast to those mentioned above, there
have been relatively few reports of the synthetic strategy of
metal coordination to chelating ligands on a pre-formed
covalent POM hybrid. This approach can enable effective control
in the preparation of supramolecular architectures, ranging
from discrete nano-oligomers to coordination polymer frame-
works and macroions, by fine-tuning in the POM hybrid design,
selection of the metal linker and the reaction conditions.
The plan of the following section will be oriented according to
the topology of the hybrid ligand and that of the metal linker,
which are crucial parameters to determine the nature of the
resulting supramolecular assembly.

3.1.1 Ditopic ligands with linear (160-180°) geometries.
Hybrid POMs that possess two chelating sites with a
coordination vector close to 180° have been mostly associated to
linear metal acceptors, leading to the formation of linear
coordination polymers. Most common reports use ditopic
Anderson-Evans or Lindqvist platforms that can display
suitable 180° coordination vectors. Additionally, although less
widely reported, bisphosphonate functionalised Dawson
hybrids can also be expected to direct assembly of near linear
coordination chains due to the high angle (~160°) between the
grafted organophosphonate moieties at a single lacunary site.
This linearity, maintained in hybrid structures functionalised by
chelating ligands, has directed the assembly of various 1D
coordination polymers, 2D layered architectures and 3D frame-
works with a huge variety of transition metal cations. One of the
earliest reported examples was the coordination of Pd" with
an amido-pyridyl Anderson hybrid [MnMogO,¢{(OCH,);CNHCO-
4-Py},I’~ by Hasenknopf and co-workers.®® Rather than a
crystalline material, they obtained a birefringent gel upon
addition of methanol and aging of the solution.

In a study comparing the coordination of four metal cations
-Mn", co", Ni"" and zn" with a bis-capped hexavanadate, Hill
and co-workers reported almost isostructural 3D networks
assembled for all, comprising polymer chains linked by
H-bonding pyridyl and coordinated solvent moieties.®” The
group later prepared a carboxylate terminated oxocluster
analogue, which, when coordinated to Th™ ions in the presence
of an organic linker, 4,4’-bis(pyridine-N-oxide), assembled into
a porous 3D network that displayed catalytic activity in aerobic
oxidation.®®

Coordination networks demonstrating magnetic properties
were built from the complexation of 2,6-bis(pyrazol-1-
yDpyridine (bpp) functionalised Mn-Anderson oxoclusters,
[MnMogO;5{(OCH,);CNHCO-(bpp)},J°~, with Fe',*® by altering
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Fig. 2 Schematic illustration of the elaboration of supramolecular polymer via
orthogonal self-assembly strategy combining metal coordination and photo-
cross-linking. This figure has been adapted from ref. 70 with permission from
the American Chemical Society, copyright 2019.

the stoichiometry of the metallic cation. A coordination polymer
material formed with equimolar Fe", which demonstrated
significant spin-crossover photoconversion (ca. 8%), although
its structure could not be sufficiently characterised. A crystalline
cationic 2D network was isolated, however, when Fe was added
in excess. In the latter compound, two additional Fe™ centres
were shown to be coordinated to each POM via the oxo-ligands,
and with complexed solvent in place of a second bpp. Yet, no
significant spin conversion was observed in this compound as a
result of the weaker coordination sphere around the Fe™ centres
in comparison to the bis(bpp) complex. The authors also suggest
that some sensitivity to intermolecular arrangements, regarding
the nature of counterions and labile solvent molecules in the
materials, limited spin transition.

More recently, a more complex covalent terpyridine hybrid
system demonstrated orthogonal chelation and photo-cross-
linking into a multi-responsive supramolecular polymer.”
The coordination of 1 to 1.2 eq. Fe" to the hybrid POM
and subsequent formation of gels or fibres was shown to be
reversible using a competitive ligand, EDTA. An additional
reversible pathway to polymerisation by the photo-
dimerisation of a coumarin-terminated quaternary ammonium
surfactant in place of the Mn-Anderson oxocluster cations
could be used separately or together with coordination to tune
supramolecular polymerisation (Fig. 2).

Covalently bonded Pt" and Hg" acetylide units connected to
bisphosphonate functionalised Dawson derivatives forming
oligomeric hybrids were reported by Liu, Li, Wong and
co-workers.”"”> The oligomeric compounds, processed as
thin films by the Langmuir-Blodgett technique, displayed
photoelectric properties. Interestingly, oligomer chains of a
comparable length comprising five repeating organometallic
units were observed according to MALDI-TOF experiments for
both the Pt" and Hg" materials.

Hybrid POMs with ca. 180° ligand coordination vectors have
also been associated to metal acceptors with higher connectiv-
ity. The formation of porous POM-based organic frameworks by

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Structures of the POM-based crystalline organic frameworks asso-
ciating bis pyridyl Anderson hybrids connected to a Cu,l, halide cluster.
This figure has been adapted from ref. 73 with permission from John Wiley
and Sons, copyright 2016.

reaction of the ditopic bis-pyridine Mn-Anderson POM hybrid
with Cul was reported by Yang and co-workers.”* This reaction
yielded two kinds of crystalline oxocluster organic framework
differing by the nature of coordinating cuprous iodide cluster
(Cu,l,) formed in situ. Cuul, and Cu,l, halide clusters,
which were obtained by varying the synthetic conditions, were
shown to link to four remote pyridine ligands in tetrahedral
and square planar geometries respectively, allowing the
construction of an interpenetrated anionic diamondoid
structure and a 2D anionic layer (Fig. 3).

Using similar bis-pyridine terminated ditopic Anderson
hybrids, Forgan and co-workers explored several design
considerations for the elaboration of coordination framework
materials. In addition to the reaction conditions, the
combination of metal cations, co-ligands, and the nature of
the remote pyridyl ligand capping the Mn-Anderson oxocluster,
were varied to serendipitously isolate six kinds of structural
frameworks.”*

The pyridyl N-position has also been explored as a directing
factor in a recent study reported by Guo, Wang and co-workers.
The authors showed that while two 2D coordination polymers
were obtained by reaction of [Cu(PPhj;),(CH3;CN),]ClO, with
[MnMo4O;5((OCH,);CN=CH-3-Py),]>~ using different molar
ratios between the POM hybrid and Cu complex, only one
structure, a 1D double chain, was obtainable using the (4)-
pyridyl terminated analogue hybrid.””> In all structures, Cu'
centres were similarly coordinated to one pyridine function
and a terminal oxygen atom of an adjacent oxocluster. Metal-
directed assembly has also been demonstrated using octamo-
lybdates that were previously functionalised with amino acids
(proline and lysine). Carboxyl or amino binding sites on proline
or lysine moieties were coordinated with Cu", Zn"™ and Co"
cations to form a range of extended framework structures,
some with antitumor selectivities.”®

3.1.2 Ditopic ligands with perpendicular/acute (60-90°)
geometries. When the coordination vector is considerably
lower than 180°, discrete species (e.g., metallomacrocycles,
coordination cages) are likely to be obtained since formation of
such species is thermodynamically favourable.””””® Thus, the
reaction of ditopic hybrids displaying a 60-90 degree coordination
vector with a linear metal linker generally forms
discrete species rather than coordination polymers. Hybrid
POMs displaying such ditopic topology can be obtained with
organoimido hexamolybdates, bis-capped hybrid hexavanadate
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Fig. 4 Synthesis of a POM-based trimer from a bis(pyridine-trisalkoxo)-
hexavanadate anion and trans-[PdCl,(CHsCN),]. This figure has been
adapted from ref. 80 with permission from the Royal Society of Chemistry,
copyright 2012.

and bis-organosilyl derivatives of monovacant Keggin or
Dawson POMs which display coordination vectors of 60° and
90° upon functionalisation with an appropriate remote ligand.

The first example of the metal-driven self-assembly of a
ditopic hybrid displaying 90° coordination vector is reported
by Peng and co-workers.”® They observed the precipitation of a
Fe' bis-terpyridine hybrid after the coordination of Fe" to a
hexamolybdate hybrid. The low solubility of the supramolecular
species was due to the neutralisation of the POM charge by the
metal linker, which precluded its further characterisation.
The authors also proposed the plausible formation of cyclic
oligomers but could not go deeper in the investigation of the
supramolecular species.

The first characterisation of a metallomacrocycle by metal
coordination of a hybrid POM was reported by Hasenknopf and
co-workers.®® In this study they used a bis-capped hybrid
hexavanadate that was post-functionalised with two remote
pyridine ligands at the metal position, forming a 60° coordination
vector. Upon reaction with 1 equiv. trans[PdCl,(CH;CN),], they
managed to isolate a molecular triangle comprised of three POMs
and three metal linkers and characterised it by combination of
DOSY NMR and mass spectrometry (Fig. 4).

Izzet and co-workers then reported several similar metal-
directed cyclic oligomers from organosilyl derivatives of
POMs (for which the angle between the two arms is ca. 90°) using
the same ligand (pyridine) and metal linker (trans{PdCl,
(CH;CN),]).5"** They characterised the resulting supramolecular
species by combination of DOSY NMR, mass spectrometry and
SAXS. SAXS is a powerful technique to characterise structures of
large synthetic molecules, molecular assemblies, nanoparticles”
and aggregates with sizes ranging from 1 to 100 nm.””*® This
technique is particularly well-suited to characterise nanosized
metal-oxo clusters assemblies.***® In order to understand the
thermodynamics of the formation of the discrete metallomacro-
cycle, they compared the self-assembly behaviour of two analogue
ditopic building units differing by the nature (and hence the
charge) of the POM (ie. a Keggin and a Dawson). While Dawson-
type hybrids selectively led to the formation of molecular triangles,
the same reaction with Keggin-type analogues provided a mixture
of molecular triangles and squares. These studies outlined the
decisive effect of the charge of the POM disfavouring the formation
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of large assemblies probably owing to an important entropic
contribution. This was confirmed by an isothermal titration calori-
metry (ITC) experiment that confirmed the stronger association in
the case of the Keggin hybrids. They also showed that the
formation of the cyclic assembly was a noncooperative process,
since the entropic term was not compensated by the chelate effect.
They also observed that while the POM-based molecular building
block and related coordination oligomers displayed different
shapes, a power law between the diffusion coefficient D and the
molecular mass M was applicable to this series of hybrids,®
indicating that the diffusion coefficient of these compounds was
mainly determined by their occupied volume rather than by their
shape. Izzet and co-workers also used the Dawson organosilyl
platform functionalised with remote terpyridine ligands to study
the metal driven self-assembly in the presence of cationic metal
linkers. In the presence of 1 equiv. of divalent cations (Fe**

C0>"),¥”® they observed the formation of discrete metallomacro-
cycles in a highly dissociating solvent (ie. DMSO). While the
formation of molecular triangles was initially postulated,®” the
authors concluded that a mixture of molecular triangles and
squares was more likely.%® By contrast to the self-assembly in the
presence of neutral “PdCl,” metal linker, which only afforded
discrete species, the presence of charged subunits in the metallo-
macrocycle (POM and metal linker) can drive their aggregation,
which results from a competition between the solvation energy of
the discrete species and intermolecular electrostatic interactions.
Consequently, in a less dissociating solvent (MeCN) or a protic
solvent (H,0), the primary supramolecular structures that combine
negatively charged POMs and cationic metal linkers, further
self-assembled through intermolecular electrostatic interactions
in a reversible process. The solvent composition and the charge
of the metal linker were found to be key parameters that steer
the supramolecular organisation. Different types of hierarchical
self-assemblies, zero-dimensional (0D) dense nanoparticles, and
1D worm-like nanoobjects, could be selectively formed owing to
different aggregation modes of the metallomacrocycles (Fig. 5).
Similar worm-like nanoaggregates were also formed in the presence

NN L:: +2<— metal linker charge === +3
\:\« L/
" _1 sTeA OMSO-dy +TeABr;
[Co(H;O)d(NOQ,
Small a regate
Hybrid POM MeCN DMSO

DMSO-d; T em T
Discrete metallomacrocycles

MeCN j/‘ DMSO

Solvent
Composition

DMS0-d,/CD,CN

Dense nanoparticle
Worm-like structure

Fig. 5 Schematic representation of the formation of nanosized aggre-
gates by hierarchical metal-driven self-assembly of a bis-terpyridine
terminated hybrid POM according to the solvent composition and the
metal linker charge. This figure has been adapted from ref. 88 under
Creative Commons Licence 4.0 (CC-BY-NC-ND).
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of H,O and displayed promising molecular carrier properties with a
polyaromatic guest.

As ditopic organosilyl derivatives of POMs afforded mixtures
of triangle- and square-shaped secondary building units upon
reaction with a linear metal linker, some mismatches and
defects in the stacking of the metallomacrocycles occurred,
which can in part explain the formation of the worm-like
structures. Following their initial work, Izzet and co-workers
investigated the self-assembly of a bis-pyridine terminated
Keggin hybrid with a cationic 90° Pd(u) acceptor, since a unique
type of square-shaped metallomacrocycle (containing two
hybrid POMs and two Pd nodes) could be formed using this
strategy.®® Again, in DMSO only discrete species were observed
which formed hierarchical species upon solvent change.
Strikingly different hierarchical assemblies were then observed,
with the dimeric cycle organising into either branched worms-
like structures or multi-layer vesicles dependent on the nature
of the solvent.

Singly-organofunctionalised hybrid POMs have also be used
as building blocks, forming dumbbell-like species in the
presence of a linear metal linker. Following their initial work
with ditopic hybrids,
aggregation of dumbbell-shaped polyoxometalate hybrids,
using organotin derivatives of monovacant Keggin- or
Dawson-type POMs terminated with a remote terpyridine
function.’® They observed the formation of dumbbell-like
species in DMSO and showed using ITC that the metal
coordination to the POM-based building unit was reinforced
by coulombic interactions between the POMs and the metal
linker and counter balanced by an entropic cost associated to
the POM (the entropic contribution being higher for the
Dawson than for the Keggin). They also evaluated the effect
of the nature of the POM (Keggin vs Dawson) and the charge
of the metal linker (2+ and 3 +) on the aggregation of the
dumbbell species. In MeCN, they characterised by SAXS the
formation of nanostructured aggregates of different sizes
according to the nature of the POM and the charge of the
cobalt linker and concluded that aggregation was favoured
(bigger size and shorter POM-POM distances) when the charge
of the metal linker approached that of the POM. They also
observed the formation of organogels retaining some nano-
structuration of the aggregates in the presence of EtOH owing
to a low solvation energy in this solvent. They showed that the

Izzet and co-workers reported the

redox state and the nano-organisation of the gels could be
photoswitched, providing potentiality to these compounds as
redox-responsive smart materials. Finally, molecular dynamics
simulations combined to DFT calculations corroborated that
the dumbbell-like species can aggregate according to the
solvent composition. Interestingly, the computational results
outlined the non-innocent role of the TBA counter ions in the
aggregation process (Fig. 6).

Several single-side functionalised
demonstrated directed assembly into complex supramolecular

oxoclusters  have

assemblies using higher connectivity metal acceptors. Yang

and co-workers used a monopyridyl-terminated Anderson-type
oxocluster [CrMoeO;5(—~OH)3{(OCH,);C-4-Py}]*~ building unit
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Fig. 6 Molecular dynamic study of Keggin-type organotin dumbbell-like
species in H,O outlining the role of the TBA counter-cations in the
aggregation process (Sn = green spheres, Co = purple sphere). This figure
has been adapted from ref. 90 with permission from the Royal Society of
Chemistry, copyright 2020.

to develop different crystalline frameworks by metal
coordination.” Upon reaction with Cul they obtained a cube-
like nanocomposite structure, which differed from their coor-
dination frameworks made with a ditopic Anderson hybrid.”
An uncommon octanuclear [Cuglg]** halide cluster was formed
around which eight hybrid POMs were coordinated by the
terminal pyridine ligand. Furthermore, the nanocomposite
compound itself self-assembled via H-bonding into a crystal-
line 3D porous supramolecular framework, in which large
tetragonal channels were constructed from effectively edge-
sharing octahedron-like cages comprised of 16 macroclusters
(Fig. 7).

A mono-carboxylate  functionalised = hexamolybdate,
[(M04045)NCeH,~4-COOH]*~, assembled into a tetrameric species
with a paddle-wheel formation upon coordination with Cu", in
which two metal ions resided in the centre. Liu, Wang, Wei and
co-workers demonstrated their hierarchical assembly as a

a) b)

Fig. 7 Structure of the monotopic Anderson—Evans-type metal halide
cluster, highlighting: (a) the {CrMog} hybrid POM building block ({CrOg} =
teal green octahedra); (b) the Cuglg metal halide core and; (c) the
assembled octameric nanostructure. This figure has been adapted from
ref. 91 with permission from the American Chemical Society, copyright
2016.
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Fig. 8 Model of the electrostatically assembled “blackberry” structure
formed by the self-assembly of tetrameric hexamolybdate hybrids. This
figure has been adapted from ref. 92 with permission from the American
Chemical Society, copyright 2013.

secondary building unit into large “blackberry” structures
(Fig. 8).° The formation and size of the latter could, to some extent,
be tuned by adjusting the polarity of the solvent composition.
Blackberry size was in fact found to depend linearly on solvent
dielectric constant (1/¢), within a certain polarity range. Outside this
polarity range, too low or too high surface charge of the tetrameric
species prevented the aggregation due to unfavourable electrostatic
interactions.

3.2 Hybrid POM amphiphiles

In solution, self-assembly of large and charge-delocalised
polyanionic POMs can be triggered by their association with
hydrophobic tails, i.e. long alkyl chains. Early strategies relied
on the exchange of charge balancing counterions by cationic
ammonium surfactants. This electrostatic approach historically
led to the emergence of a family of core-shell like assemblies,
called surfactant-encapsulated-POMs (SEPs). Driven by solvo-
phobic interactions, these SEPs can self-assemble at the air/
water interface to form Langmuir-Blodgett films as optical or
catalytic materials,”>** while in solution they may form nano-
structures such as vesicles and onion like spheres by controlling
the solvent polarity.”® The field of SEPs has been widely explored
by Kurth and Wu and recently reviewed.’® A main drawback
associated to this electrostatic approach is the formation of
compounds that display poor solubility in aqueous solutions.
Keggin-type polyoxometalates when combined to amphiphilic
cations have been reported to preferentially form POM-based
nanoparticles able to stabilise Pickering type emulsions in
water-oil mixtures.”” Bauduin and co-workers also reported that
POM-surfactant may spontaneously form in water through self-
assembly of Keggin type anions and non-ionic surfactant leading
to micelles containing POMs at the interface.”® Such unexpected
self-assembly process has been associated to the tendency of
POMs as super chaotropic anions to adsorb on hydrophilic
neutral surfaces. As fascinating these results are, the lack of
solubility in water restricts the scope of their potential
applications.

The alternative approach consists in chemically grafting
hydrophobic tails through covalent linkage to POM scaffolds,
through either direct or post-functionalisation paths. This
leads to a class of POM-based surfactants that is commonly
called covalent amphiphilic POM-organic hybrids. While being
more sophisticated and requiring multistep synthesis as explained
in former sections, this procedure allows the development of
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Fig. 10 Schematic highlighting the common structures of amphiphilic
hybrid-POM supramolecular assemblies, which depend on both the shape
of the POM-surfactant and the packing parameter (defined as P = V/(AoLc),
where V represents the volume occupied by the hydrophobic tails, Ap the
area of the polar head and Lc the length of the hydrophobic tails).

tailor-made amphiphilic POMs by controlling the number and the
relative orientation of the hydrophobic chains, as sketched in
Fig. 9. This variety of functionalisation produces a very unique
family of POM-based surfactants containing polar heads that are
adjustable in size, charge and shape and allows controlled self-
assembly formation as a function of the packing parameter, a
characteristic number related to the shape of one single surfactant
molecule (Fig. 10).°>'% Another key point brought by the covalent
approach is to enable the substitution of alkaline cations (or even
protons) for the conventional bulky ammonium, thus improving
the hydrophilicity of the POM polar head and increasing water
solubility (i.e. increasing the critical aggregation concentration,
CAC). While covalent POM-based surfactants have already been
the subject of several reviews,”*>'"" the next sections aim to
emphasize the peculiarities of the POMs as a large inorganic
polyanionic head in the self-assembly processes and to highlight
recent results in which self-assembly of POM surfactants provided
new opportunities to produce nanofunctional materials with
potential to transfer POM properties to the supramolecular
domain. As with any smart materials, the challenge is to organise
these inorganic objects into supramolecular structures with

302 | Chem. Soc. Rev., 2022, 51, 293-328

long-range order; allowing preparation of micellar structures or
fibers with potential as nanocatalysts, or switchable materials.

3.2.1 Synthetic strategies. Although many hybrid POMs
can be considered as amphiphiles, their assembly behaviours
are heavily dictated by their associated cations. For synthetic
convenience, hybrid POMs are usually prepared as tetra-alkyl
ammonium salts (e.g., tetrabutylammonium, TBA). The cations
are prone to strongly associate with the POM polar head,
significantly reducing its hydrophilicity. In such cases, the
self-assembly of covalent amphiphilic hybrid POMs is a very
slow process'®® that can be triggered by increasing solvent
polarity, which weakens the association between the ammonium
cations and the POM.'®'® Following this procedure, the
formation of a large numbers of complex supramolecular
assemblies such as vesicles'**"'%® reverse vesicles'*® or nanofibrils
of several micrometres at the solvent/air interface'®* were reported
when using POM amphiphiles based on Anderson-Evans-type
POM or Wells-Dawson or bolaform inorganic-organic-inorganic
hybrids. In these systems the polarity of the solvent mixtures
(acetone/water for example), hydrocarbon chain length and shape
of organic linkers are multi-factors that have major influences and
drive the self-assembly of the aggregates, in terms of size and
Shape.ws—ws

Alkaline counter ions are also playing a crucial role, not only
in screening the charge of the POMs, but also in displaying
specific interactions.'®® The attractive electrostatic forces
between POMs and these counterions are actually involved in
the formation and stability of self-assembled structures, be they
organised monolayers on planar surfaces or nanoparticles, or
0112 gybstitution of protons or alkali
counterions for quaternary ammoniums in covalent amphiphilic
hybrid POMs has therefore rapidly emerged as a privileged method
for amplifying the dipolar character of the POM surfactants,
favouring the self-assembly kinetics and promoting micellisation
and emulsifying properties.

A relevant example has been reported by Wang and co-workers.
The authors depicted the preparation of a triol-functionalised

“blackberry” structures.
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Fig. 11 (Top) Molecular structure of a POM—polystyrene hybrid; (bottom)
representations of its vesicular aggregates, showing: (a,c) high-resolution
TEM images and, (b) a schematic representation of the vesicle. This figure
has been adapted from ref. 114 with permission from John Wiley and Sons,
copyright 2012.

mixed-addenda  Wells-Dawson  [P,W;5V;050{(OCH,);C-R}]>~
bearing an ATRP initiator group, from which polymerisation of
styrene was initiated."’*''* The reaction led to a well-defined
POM-polystyrene hybrid (Fig. 11). Upon proton exchange for TBA,
the DMF solution became opaque revealing the amphiphilic
character of the H'-POM-polystyrene compound, which
displayed supramolecular assembly into vesicular aggregates.
TEM and SEM analysis allowed to determine that the aggregate
structure is similar to a reversed vesicle, the POM polar head
being located in the middle of the membrane, which size varies
from 150 to 350 nm depending on the experimental conditions.

The formation and size of vesicles is triggered by the nature
of the counterions. This has been highlighted by two indepen-
dent reports by the groups of Wei and Hill. In 2011, Wei and co-
workers reported the preparation of [Vs013{(OCH,)s
CCH,00C(CH,);6CH;},]*~ by covalently grafting two C, 4 chains
through esterification reaction between stearic acid and a triol-
functionalised hexavanadate cluster (Fig. 9)."°° As a TBA salt
this amphiphilic POM self-assembles into vesicles only when
water is added to acetone solutions (Ry = 180-220 nm) whereas
the proton and sodium derivatives, prepared by ion-exchange
chromatography, readily self-assemble in pure aqueous
solutions into vesicles of much smaller sizes (Ry = 57 nm and
55 nm respectively).

The assemblies display remarkable fluorescence properties
and the origin of the emission is thought to involve an emissive
state derived from a ligand to metal charge transfer (LMCT).
The authors speculated that the exchange of cations triggers a
structural change in the self-assembly, with an increased
interaction between the POM heads resulting in an increase
of the fluorescence intensity. Although POMs are known to be
luminescence quenchers due to their ability to readily store
electrons, the study of these assemblies using fluorescence
microscopy revealed that the intensity did not decay over
time demonstrating a high stability compared to organic
fluorophores that undergo photo-bleaching when exposed to
UV light. The effect of the cation on the packing structure and
fluorescence profile of hybrid POM vesicles was also nicely
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Fig. 12 The molecular structure of a hexavanadate hybrid cluster bearing
two pendant arms functionalised by pyrene groups showing the proposed
arrangement of the vesicular structures it forms in solution. This figure has
been adapted from ref. 115 with permission from the American Chemical
Society, copyright 2011.

exemplified by Hill and co-workers when studying similar
Lindqvist type hexavanadate clusters functionalised by pyrene
fluorescent groups (Fig. 12)."'> The presence of two pyrene
moieties led to smaller assemblies (Ryz =50 nm) in H,O/DMSO
(80:20 v/v) mixture as a result of additional bending energy
required, which led to increased curvature in the packing. The
fluorescent profile of the pyrene groups was employed as a
useful tool to investigate the molecular packing within the
superstructure. Changes in the pyrene fluorescence were notably
observed when TBA cations were exchanged for protons, which
induced the formation of smaller aggregates (Ry; = 30 nm), as a
result of a decrease of alkyl chains in the hydrophobic layer of
the vesicles. Hill et al. observed the formation of an excimer
fluorescence peak (480 nm) that is ascribed to the close packing
of two pyrene molecules. This unique result was further tested by
varying the pH of the solution where a decrease in Ry was
observed with increasing pH, the process being reversible. The
works of the groups of Wei and Hill demonstrate interesting
luminescence properties associated with the self-assembly of
amphiphiles hybrid POMs in solution. The combination of the
photo-activity and controlled self-assembly displays great
potential to fabricate state-of-the-art photo-active colloidal
materials.

In 2012, Polarz and co-workers reported an original bolaform
surfactant bearing a Keggin-type POM and an antipodal
positively charge ammonium group connected by a hydrophobic
spacer."'® The asymmetric size of the polar heads creates highly
curved interfaces leading to the formation of monolayer
membrane vesicles in water with unusually small diameter
(15 nm). The authors also reported that the membrane of
the vesicle is highly impermeable favoring the encapsulation
of hydrophilic or ionic compounds in the confined aqueous
nanophase.

The bi-catenary POM hybrids based on Anderson-Evans and
Lindqvist oxoclusters and the bolaform-type hybrid POMs
displayed structures that are not well suited for the formation
of micelles. Special interests have therefore also been devoted
to POM surfactants whose shapes are more related to classical
surfactant sodium dodecyl sulfate (SDS). These compounds
exhibit an anionic polar head, alkali-metals counter ions and
long alkyl chains directed on one single side. An elegant study
has been nicely detailed in the case of double-tailed surfac-
tant derived from monovacant Keggin anions [XW;;030]7 .
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A pioneering work by Chambers et al. in 2003 detailed the
ability of the bis(silyl) derivative [SiW;,050{O(SiC1,H,5),}]* ", as
tetrabutylammonium salts, to reversibly form thin monolayers
at the air/water interface by using Langmuir-Blodgett
technique.""” This work highlighted the fact that such covalent
amphiphilic POMs are robust and gave an impetus to further
studies in the field. Polarz and co-workers prepared alkaline
(Na®, K') and acid derivatives of the analogous (TBA);
[PW1,036{O(SiR),}] by postpreparative ion-exchange chromato-
graphy in order to study their aggregation in water. Using X-ray
reflectivity studies, Polarz and co-workers confirmed that the
interfacial self-assembly of these bi(silyl) derivatives in the LB
films was driven by the packing of the polar heads in a
hexagonal lattice, whereas the hydrophobic tails did not
relevantly contribute to the overall process, an unusual
behavior for surfactants.''® More importantly, these authors
reported the formation of lyotropic liquid crystalline phases,
whose structures depend on the alkyl chain lengths and
counterions associated with POM surfactants: while an hexa-
gonal phase of packed cylinders is obtained with sodium as
counterions, the acid salt leads to a lamellar structure (see
Part 3.3.1. for more details). By studying aqueous solution at
lower surfactant concentration, Polarz et al. also observed the
formation of micelles, whose sizes scale with the length of
the alkyl chain (based on DLS and SAXS measurements). The
authors finally demonstrated that this class of POM surfactant
could act as emulsifying agents, i.e. decreasing surface and
interfacial tensions."'®"*° These results again highlighted the
crucial role played by the nature of the counterions in the
kinetics of aggregate formation in solution.

The structure of the aggregates formed in solution also
strongly depends on the geometry of the surfactant in its
complete environment, which can be described by using the
packing parameter P.*°" To this respect amphiphilic POMs are
very uniquely polarisable agents with a charge/volume ratio at
the polar head that can be modified without changing the
overall shape of the surfactant. Polarz and co-workers extended
their series of POM surfactants [XW;1030{O(SiC16H33)2}]""
to X = Si(iv) and B(m) and as a consequence n = 4 and 5
respectively. Unusual self-assembled structures such as a new
type of micelle with dumbbell shape was reported in the case of
higher charged POMs. Such structuration was tentatively attrib-
uted by the authors to the presence of stronger repulsive
electrostatic while the contribution of attractive, hydrophobic
(van der Waals) interactions remains constant (same size and
shape of the hydrophobic tails)."*!

In 2014, Proust et al. also reported the preparation of double-
tailed POM surfactants TMAzK[y-SiW;036(CrH;n+1PO)5] (TMA =
tetramethylammonium) based on the divacant [y-SiW,036]°~
anion (Fig. 13)."**> Proton and alkaline cations can substitute
TMA in these systems using a cation-exchange resin leading to
water soluble derivative A4[y-SiW;0036(CHzn+1PO);] (A = K,
Na, H). SWAXS measurements on water solutions of
Ay[y-SiW;0036(C12Ha5PO),] allowed estimation of the critical
aggregation concentration and, in combination with DOSY
NMR, indicated the formation of micelles with an aggregation
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Fig. 13 Schematic showing aggregation as a function of the pH in a
10 mM aqueous solution of KsHIy-SiW;0056(POC12H,s),] (> CMC) 122

number 1,4, ~ 33 and a hydrodynamic radius Ry = 1.8 nm."*
A peculiarity stems from the presence of a proton as counter ion
in the potassic derivatives KzH[y-SiW;036(OPC,Hy,41),] making
these amphiphilic POMs weak acids (pK, of 3.0). As a result, the
apparent negative charge was found to be pH dependent,
strongly affecting the self-assembly process. A 10 mM solution
of K3H[y-SiW;¢036(0OPC;,H,5),] (>CAC) resulted in a pH of
2.6 and formation of micelles was observed by NMR. Increase
of the pH forced a disassembling process to monomers due to
the increase of the apparent negative charge and consequently
an increase of the CAC (Fig. 13). Note that special attention
should always be addressed to the stability of the covalent
amphiphilic POMs in aqueous solution. Whereas highly basic
pH conditions are known to promote the disassembly of the
polyoxometalate framework, highly acidic conditions may also
catalyze the chemical degradation of the W-O-P linkage, a mixed
anhydride of tungstic acid and phosphoric acid, hence sensitive
to hydrolysis. Overall, the formation of micelles when using
these bis(silylated) or bis(phosphonylated) POM derivatives,
which are related to SDS structures, reveals the low packing
parameter (less than 1/3) exhibited by these POMs surfactants
that is consistent with a large polar head and a rather low
volume of hydrophobic tails, thus exhibiting a cone-like
shape.'® The emulsifying ability of this series of POM surfac-
tants opened the scope of applications to catalytic reactions in
complex media.

3.2.2 Engineering POMs at interfaces for catalysis. Catalysis
represents an important application of POMs, mostly referring to
acid catalysis due to the superacidity of heteropolyacids and to
oxidation catalysis, based on intrinsic redox properties of POMs or
the incorporation of active transition metal cations."**'** It there-
fore appeared very attractive to combine the catalytic properties of
POMs with those of a surfactant. Such an approach can bring
several advantages together, namely (i) formation and stabilisa-
tion of controlled nanoscale structures, including emulsions
and microdispersed media, (ii) increase of POM concentration
at interfaces and thus (iii) improvement of catalytic activity.
A common methodology has been the association of quaternary
ammoniums with metalates,’**'*” peroxometalates'*™**° and
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polyoxometalates™*'™"** to carry out oxidation reaction in liquid-
liquid biphasic media through phase transfer catalysis. Early in
1994, Neumann and co-workers suggested that the use of
quaternary ammoniums behaving as surfactants (such as hexa-
decyltrimethylammonium or dioctadecyl dimethylammonium
cations) actually promotes rather stable water in oil emulsion
(3-4 h until separation) in which well-known Venturello peroxo-
metalate {PO,[W(0)(0,),]s}* anion’*® concentrates at the internal
side of the interface producing an enhanced catalytic activity in
oxidation reaction."*® The same research group also reported that
Keggin-type POM, such as H;PMo,,0,, and HsPV,M0,,0,, self-
organise into nanoparticle using cesium SDS micelles as template.
When heterogenised on hydrophilic silica these -clustered
assembly of polyoxometalates showed superior catalytic activity
to non-aggregated polyoxometalates in the aerobic oxidation of
sulfides.”®* Nardello-Rataj and co-workers reported later on that
Keggin type polyoxometalates when combined with surfactant
cations preferentially form POM-based nanoparticles able to
stabilise emulsions (called Pickering type emulsions) as catalytic
oxidizing reaction media able to perform oxidation of a large
family of terpenic substrates using eco-friendly solvents and with
high recyclability.'**

Design of amphiphilic hybrid POMs reported in Fig. 9 was
also driven by their use as a catalytic surfactant able to (i)
stabilise (micro)emulsion or micelles, and (ii) enhance catalytic
activity at the interfaces or in compartmentalised environments.
The emulsifying properties of Polarz’s POM surfactants
H;3[PW,,030{O(SiC;6H33),}] have been used in acid-based catalysis
for the polymerisation of styrene. Indeed, stable styrene/water
emulsions can be prepared and stirring under gentle heating
(50 °C) produced white solids containing POM surfactants and
polystyrene. DLS and TEM measurements revealed the formation
of spherical objects with diameters in the size range 300-350 nm
with POM surfactants located on the surface of the polymer
particle (Fig. 14a).""’

The ability of these POM surfactants to fulfill multiple tasks
was further demonstrated by Polarz and co-workers."*?

a)

H a’ ’H
H H
Hb. ‘ ’ H*

Fig. 14 The catalytic surfactant Hz[PW3;039{O(SiCi6H33)2}] acts as an
emulsifying agent and a catalyst for (a) the acid-catalyzed polymerisation
of styrene, and (b) the polymerisation of siloxane to polysiloxane and
formation of nanocomposites as promising candidates for proton-
conducting materials. This figure has been adapted from ref. 119 with
permission from the American Chemical Society, Copyright 2010, and ref.
120 with permission from the Centre National de la Recherche Scientifique
(CNRS) and the Royal Society of Chemistry, copyright 2016.
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Similarly, Hz[PW;,036{O(SiC16Hz33),}] was used as a catalytic
surfactant for, first, the formation of stable emulsions of
octamethylcyclotetrasiloxane in water and, secondly, the acid-
catalyzed generation of polydimethylsiloxane (PDMS) upon the
addition of PhSi(OEt); as cross linker. DLS and TEM measure-
ments of the resulting dispersion confirmed the formation of
spherical large nanoparticles (around 155 nm) with narrow size
distribution. The dispersion also exhibited high stability for
weeks and no leaching of tungstate species or degradation of
the surfactant was detected, which was tentatively attributed to
the fact that the alkyl chains of the surfactant are tightly buried
into the polysiloxane matrix. Of particular interest, Polarz and
co-workers also reported that solvent removal allowed to
irreversibly assemble a nanoporous network from these
particles (Fig. 14b). Since the POM polar heads of the surfactant
are still located at the surface of the network, the overall
materials are characterised by proton-conductivity inside its
channels, which make them promising candidates for
applications as membranes in fuel cells.

Double-tailed covalent POM surfactants have also been
investigated in biphasic oxidation reactions following the same
strategy to both stabilise polydisperse media and catalyze an
oxidation reaction using aqueous hydrogen peroxide. From
the series of compounds reported by Proust and co-workers,
K3H[y-SiW10036(C1,H,5P0),] was shown to provide a Winsor I
system (WI) in water-ether mixtures, i.e. oil-in-water micro-
emulsion (pem), in equilibrium with an excess of the organic
phase.”” Quantification by NMR spectroscopy clearly
confirmed that the amphiphilic POM-based hybrid was mainly
localised in the pem phase and 2D heteronuclear chemical shift
correlation between *'P and '®*W nuclei observed by HMQC
experiments proved the structural integrity of the hybrid POM.
Distribution of the POM surfactant in the phases can also be
ascertained by using small and wide-angle X-ray scattering
(SWAXS). The SWAXS results indicate that both diethylether
and water coexist as two distinct phases in the solution, as
expected in pems, and that the ether droplets of the WI pem
have a diameter of ca. 5.0 nm (Fig. 15). Stabilisation of a WI type

Photochromic properties of POMs-SURFs

oil —

uem 1h

Fig. 15 (a) The partitioning of POM surfactants between the two phases
of a WI microemulsion is easily achieved by irradiation with UV or even
sunlight; (b) microemulsion is made of 5 nm diameter oil-containing
micelles. Adapted from ref. 122 with permission from the Royal Society
of Chemistry, copyright 2014.
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pem confirms that KzH[y-SiW;0036(C12H5PO),] belongs to the
class of hydrophilic surfactant, i.e. with large polar head and a
rather small hydrophobic chain. The use of microemulsions for
catalysis is particularly interesting since it provides a thermo-
dynamically stable nanostructured phase and an extended oil-
water interface (much higher than classical biphasic system)>!
that favors the exchange of reagents and products between the
nano-domains. As an example, the WI-type system in Fig. 15
was able to conduct the oxidation of organic sulfide to a
sulfone/sulfoxide mixture at room temperature using hydrogen
peroxide without demixing phenomenon.

The water soluble sodium and acid derivatives of the bi
catenary hexavanadate [V¢O;3{(OCH,);CCH,0C(0)Cy,Hz5}]*"
were also used by Liu, Wei and co-workers to stabilise
hexane/water emulsions and catalyze the oxidation of
thiophene with hydrogen peroxide, as a model reaction for
oxidation desulfurisation of diesel.'*® Enhanced -catalytic
activity was described as a consequence of high concentration
of the catalytic surfactant at the water-oil interface. Liu and Wei
also reported that the single-tailed hexavanadate-organic hybrid
surfactant was able to self-assemble into micelle structures in
water solutions, and to further coagulate into a 1D anisotropic
structure with high surface area. These hierarchical self-
assemblies were reported to be a highly efficient heterogeneous
catalyst for the oxidation of organic sulfides."*” Segregation of
reactants in specific nanodomains have been more recently
reported by the same authors, who demonstrated that bilayer
vesicles formed from double-tailed hexavanadate-organic hybrid
surfactant with long alkyl chains were efficient catalysts for the
oxidation of TMB (3,3’,5,5'-tetramethylbenzidine) with H,0,, a
model reaction mimicking a peroxidase activity. The authors
claimed that the increase in the oxidation rate of TMB compared
to reaction carried out with unassembled systems was promoted
by the bilayer self-assembly that create hydrophobic domains
that segregate the TMB and favors its accessibility to the hydro-
philic catalytic POM head.**®

3.2.3 Solvent-controlled and photoswitchable systems. The
functionalisation of POMs via organic linkage creates opportu-
nities to introduce organic fragments exhibiting switchable
character. Thus, external stimulus can trigger a modification in
the original interaction between the POM hybrid and a change in
the aggregation processes. An early report by Wu and co-workers
introduced a photo-induced smart-assembly using the hybrid
POM{MnMo40;5[(OCH,);CNHCOCH,C¢H,NNC¢H;],}*~, which was
synthesised by grafting a photo-isomerisable azo-benzene moiety to
a manganese centred molybdate Anderson POM."*® As an extension
of the surfactant-encapsulated-POMs field, the employment of
dimethyldioctadecylammonium amphiphilic cations (DODA)
allowed the hybrid molecules to assemble into layered fiber-like
assemblies, where azo-benzene moieties were found predominantly
in their trans-configuration. By irradiating these fibres with UV-light
(365 nm), isomerisation to cis-configuration resulted in a structural
change, from fibre aggregates to spherical aggregates (D = 150 nm).
Furthermore, this fascinating photo-induced structural transition
displayed high reversibility and a thermally induced cis—trans iso-
merisation was accessed in the dark.
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The versatility of this concept was further exploited by the
same group to produce photo-switchable materials based on
the self-assembly of an organotin-functionalised POM.**® In
this inorganic-organic hybrid system, a propargyl azobenzene
moiety was connected using a copper-catalysed Huisgen
reaction to a lacunary Keggin-type POM functionalised by an
organo-tin chain containing an amido group and terminated by
an azido function. The POM-Azo hybrid was prepared as a TBA
salt and substitution with protons by an ionic exchange reaction
over a silica led to a water-soluble hybrid POM exhibiting
amphiphilic character. Spontaneously self-assembly into hollow
vesicles with a bilayer structure was demonstrated by dynamic
light scattering and transmission electron microscopy (D =
60 nm). Photo-switching of the azobenzene function to the cis-
configuration upon UV-light irradiation induced a modulation of
the POM-Azo assemblies, the regular spherical assembly being
transformed into an irregular morphology. Cis-trans isomerisa-
tion under light irradiation (450 nm) brought the assembly back
to regular spherical vesicles, thus proving the dynamic reversible
transformation. An expansion of this work, in which the authors
extended their photoisomerisation strategy to include the
formation of host-guest complexes with cyclodextrin hosts is
described in more detail in Section 4.1 below.

In 2016, Mialane, Liu et al reported the synthesis of
asymmetrical Evans-Anderson hybrid POM, (TBA);[Mn-
Mo0g015{(OCH,);CNHC,,H,4N,0,{(OCH,);CNHCOC, sH;,}], by
covalently grafting a photoswitchable spiropyran (SP) fragment
and a long hydrophobic alkyl chain."*' Under UV irradiation
(4 = 365 nm) colourless and hydrophobic SP underwent a C-O
bond cleavage resulting in the formation of a zwitterionic
merocyanine (MC) isomer, which is hydrophilic and strongly
absorbs in the visible regions. This conversion triggered the
self-assembly processes in mixed solvents (Fig. 16). In water/
acetonitrile mixture (2 to 2.5 v/v%) hollow vesicles were formed,
which sizes depended on the water content (Ry from 13 to
110 nm, respectively). The aggregation processes are reported

e

@ T1BA*

Fig. 16 Self-assembly of the photoswitchable asymmetric POM hybrid,
SP-POM-C16 (SP = spiropyran, C16 = decahexane) in polar solvents to
form hollow vesicles. This figure has been adapted from ref. 141 with
permission from John Wiley and Sons, copyright 2016.
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to reach equilibrium after ca. 30 h. In less polar solvent
mixtures, 84 v/v% toluene/acetonitrile, an equilibrium was
reached after three days, leading to spherical assemblies
thought to be reverse vesicles due to solvent polarity, exhibiting
a Ry = 112 nm. These assembly processes are reported to be
reversible and sizes of the assemblies were found to be inver-
sely proportional to the dielectric constant of the mixed solvent.
The system reported by the groups of Mialane and Liu repre-
sented an original example of a light and solvent-controlled
self-assembly of a photoresponsive hybrid POM.

3.2.4 Redox-responsive assemblies. The particularly rich
and reversible redox chemistry of POMs allows them to act as
electron and proton reservoirs. The molecular electronic states
of these molecules and hybrid materials are well studied, but
very little is known with regards to the redox activity of these
molecules when confined within a supramolecular assembly.
Newton et al. reported the first investigation comparing the
electrochemical states of Wells-Dawson hybrid molecule
H[P,W;,061(PO,Cy7H,5),]-3C4HoNO and its supramolecular
conjugate (Fig. 17).'**> This hybrid molecule consists of
hydrophilic POM and two hydrophobic carbon chains, which
are terminated by hydrophilic thiols. This hybrid exhibited
excellent solubility in DMF and is solubilised in aqueous
solutions upon rapid heating. The electrochemical profile of
the hybrid was studied in DMF (TBAPF, supporting electrolyte)
and displayed a 400 mV positive shift in the first redox process
compared to the parent anion {P,Wyg}, as a result of the
phosphonate linker electron-withdrawing effect lowering the
LUMO energy level. Comparatively, the electrochemical profile
of the assembly was probed in 0.1 M H,SO,4, which displayed
two redox processes centred at E;, = 0.26 Vand E;, = 0.11 V vs.

O
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Fig. 17 (a) Structure of the amphiphilic hybrid POM, Hg[P,W;,06;
(PO,C17H275),1, showing its reversible assembly into micelles (D,yg =
9 nm); (b) cyclic voltammograms of the hybrid POM micelles in 0.1 M
H,SO4 (aq.) and the molecular cluster species (after addition of DMF), and;
(c) spectroelectrochemical analysis of the micellar system showing
reduction (left, E = 0.05 V) and reoxidation (right, E = 0.61 V). This figure
has been adapted from ref. 142 with permission from the Royal Society of
Chemistry, copyright 2017.
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NHE, each ascribed to 2 electron processes. To develop upon
the observations, DMF was added to the solution to break up
the vesicles. This resulted in the CV displaying 3 redox
processes resolved redox processes at Ey;, = 0.39 V and E; ), =
0.23 V vs. NHE, replacing the one broad redox process. This
coalescing of the first two redox process of a molecular electro-
chemical profile to 1 process in a supramolecular assembly is
speculated to be a result of intermolecular cooperation. The
idea of redox active assemblies serves as a great opportunity to
develop state-of-the-art soft materials of applications in energy
storage, drug delivery and catalysis.

The concept of redox active assemblies was further
developed by Newton et al. to understand the relationship
between the structure of the surfactant on the structure and
redox chemistry of its supramolecular assembly. Here, the
authors studied the effects of chain-length on the structure
and the electronic properties of the supramolecular
assembly.’*® A library of POM-surfactants were synthesised
based on Wells-Dawson grafted to alkyl chains of varying
lengths, K¢[P,W;,06,(POC¢H,O(C,H,,11)),] (7 = 10, 12, 14, 16,
18 and 20). Based on increasing chain lengths, the assemblies
seemed to decrease in size, owing to a larger hydrophobic
driving force to pack tighter together. Furthermore, the electro-
chemical properties of these hybrids were investigated in 0.1 M
H,SO,. Observation aligned accurately with the typical two
redox processes assigned to the assembly state established in
the previous study for longer chain lengths Cy4_,09, however
shorter chain lengths C;,_44 displayed 3 redox processes, with
the first redox process shifting closer to the second as the chain
length increased. Based on the assembly morphology, C,,
displayed polydisperse aggregates, which is attributed to the
lack of hydrophobic interactions which may also increase its
solubility in the molecular state, this reason is speculated to be
why a molecular electrochemical profile is observed. Overall, it
was established that longer chain-lengths lead to smaller
assemblies, with a clear contrast in the CV vs. the molecule.
This fundamental study clarified the correlation between the
level of hydrophobicity and the electrochemical profile of the
superstructure.

More recently, Newton et al. reported a simple synthetic
procedure to tailor a multifunctional hybrid system using an
asymmetrically functionalised Dawson type POM hybrid."**
The authors described the preparation of the mono-lacunary
Wells-Dawson bearing two distinct aryl-phosphonic acids, a
terpyridine-based ligand (tpy) and a long alkyl chain group (Cyg)-
As a potassium salt, the POM hybrid displayed amphiphilic
properties and the presence of the C;g alkyl chain enabled
self-assembly into micellar structures (Dy = 6 nm). Similar
electrochemical trends to that reported above were observed in
this new system, as a typical fingerprint of these assemblies.
By using 0.5 eq. of an Fe" linker a dimeric POM-Fe"-POM
compound could be isolated, which, lacking the distinct “head-
tail” polarity of the uncoordinated precursor, formed variably
shaped non-hollow aggregates in a H,O-MeCN (9:1 v/v) mixture
in comparison to the micelles assembled by the precursor. In
contrast, in a successive study on the Pt" coordinated
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oxocluster,"*> micellar assemblies were enabled by the retained
amphiphilic polarity that can be considered metal-decorated, as,
unlike in the aforementioned bis-organosilyl Dawson oxoclusters,
a high angle (approx. 160°)** exists between the two distinct
arylphosphonate ligands. Notably, individual micelles appeared
to coalesce into small worm-like structures likened to those of
Izzet and co-workers,**®° suggestive of some degree of further
supramolecular aggregation.

The concept of redox-active assemblies has been applied to
energy storage, specifically redox flow batteries (RBFs) as POM
assemblies possess the ability to carry large amounts of charge
and are less susceptible to membrane leaching due to their
size."*® Polarz and co-workers reported a fully conjugated
surfactant by grafting a redox active ligand, anthraquinone
(AQ), to a lacunary Keggin type POM K,[PW;,034] via a con-
jugated chain and siloxane linkers, to afford AQrPOM.'7*48
The motive behind this novel design was to fabricate a redox
active amphiphile, where the hydrophobic moiety could also be
employed as a charge carrier, therefore increasing the charge
loading capacity of these assemblies. DFT calculations
suggested that the HOMO is located on the centre of the
conjugated ligand and extends to the AQ, while the LUMO is
located on the POM."*® At very low concentrations (0.01 g L)
in aqueous solutions, AQrPOM assembled into micelles (Dy =
8.7 nm). The CV data of the AQrPOM micelle displays reduction
of the POM with the electron transferring to the core AQ and
then reversibly oxidised back. Furthermore, the size of the
micelles was analysed by DLS post bulk electrolysis of the
micelles where a 3 nm increase was observed. This proved that
the structural integrity of the battery like micelles was
maintained and therefore, electrochemically stable. This supra-
molecular electron storage characteristic is a great opportunity
to create innovative nano-scale micellar batteries or develop the
field of RBFs.

3.2.5 Decorated nanoparticles with POM amphiphiles. In
Section 3.2.2. we described amphiphilic POMs that were used as
catalytic surfactants for the controlled-formation of polystyrene
and polysiloxane particles. Additional examples relying on the
formation of POM-latex core-shell structures have been reported
more recently. However, in the latter cases, the covalent POM
surfactants did not behave as catalysts themselves but only as
emulsifying agents. In 2015, Yin, Liu and co-workers described
the preparation of K3[PWo034{((C;H110,)Si0)5(SiC;H;:0,)}], a
classical shaped POM surfactant based on the trivacant Keggin
Atype [PWo0;34°" to which four methacryloxypropylsilane
groups were covalently grafted.'*® The hybrid POM behaves as
a surfactant molecule and self-assembles in aqueous solution
into micelle structures with 5 nm hydrodynamic radii. Radical
emulsion polymerisation of styrene was initiated in water and
led to the formation of latex nanoparticles (hydrodynamic radii
of ca. 100 nm), the TEM analysis of which revealed a typical core-
shell structure with a polystyrene core and a POM close-packed
shell. The POMs are expected to be chemically linked to the PS
particles thanks to the participation of the carbon-carbon
double bond located at the end of the alkyl chains into the
polymerisation process.

308 | Chem. Soc. Rev,, 2022, 51, 293-328

View Article Online

Chem Soc Rev

A similar strategy has also been employed by Rieger and co-
workers in 2015 using a Wells—-Dawson POM hybrid substituted
with a hydrophobic dodecylamide chain [0;-P,W;,04:{Sn(CH,),-
CONHC;,H,5}]”~ and ammonium (NH,") as counterions."
Aqueous emulsion polymerisation of styrene was also reported
to lead to the formation of stable latexes in which the
amphiphilic POMs act as stabiliser adsorbed at the surface of
the PS particles. This strategy actually reproduced the seminal
work by Judeinstein’' that was successively developed by
Maatta'** and Thouvenot'**'** for the preparation of organically
modified POMs bearing polymerisable functionalities (vinyl,
allyl, methacryl, styryl), some of which behaving as surfactants
when the counterions are alkaline cations. These POM hybrids
may act either as a co-monomer or as reticulating agent or cross-
linkers in the polymerisation of organic monomers promoting
the formation of either hybrid polymers with POM pendant units
or hydrogels.'> It is worth mentioning that the inclusion of
POMs in polymeric networks has been the mean of many studies
within the aim to develop catalytic, magnetic and photo- or
electrochromic materials from inert matrices."**™**® The works
by Yin, Liu and Rieger nevertheless represent a new methodology
for the preparation of POM-polymer conjugates with core-shell
structures. Major objectives were to synthetically control and
stabilise nanoparticles and to generate covalent interactions
between the NPs and the POM in order to avoid leaching of
the latter in solution under extreme conditions and finally to
overcome the poor processability of pristine POMs.'*® A more
challenging objective was to associate integrated functions
brought by the polyoxometalate entity itself. Rieger and co-
workers described their POM-surface decorated polystyrene
particles as photochromic materials due to the photoreduction
of the POM core shell under UV irradiation. The POM mediated
surface photoactivity was also observed by the photoreduction of
silver ions which led to spatially controlled nucleation of small
silver nanoparticles exclusively at the surface of POM-Polystyr-
ene conjugate."°

The use of POMs as protecting ligands for electrostatically
stabilised metal(0) nanoparticles and nanocomposites has
been nicely reviewed by Weinstock et al.*>® Few examples of
covalently bound POMs to gold (AuNPs)'*°**? and platinum'®?
nanoparticles have also been reported using on-purpose
designed hybrid POMs. Towards this end, hybrid POMs featuring
thiol-terminated alkyl chains have been prepared as capping
agents in order to create a strong interaction with the nano-
particles through a thiolate-type binding mode. Such strategy
ensured the formation of ordered assemblies of POMs at the gold
surface and as expected to prevent agglomeration of gold nano-
particles. Newton et al. prepared the orgonophosphoryl-modified
Wells-Dawson POM, Kg[P,W;,06{PO,C1;H,,S},] (Fig. 18), and
reported that the nanocomposites that were obtained following
this strategy exhibited much higher stability to temperature and
pH values compared to their electrostatically stabilised
analogues.'® Nanomaterials that combine optical properties of
gold nanoparticles with the electro- and photochemical features
of the POM framework are of particular interest to obtain multi-
functional nanomaterial with potential applications in catalytic

This journal is © The Royal Society of Chemistry 2022
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Fig. 18 (a) Structure of the thiolated hybrid POM, Kg[PoW17046;
{PO,C17H26SH},], showing its spontaneous exchange with citrate to
produce covalently functionalised Au nanoparticles; (b) HR-TEM micro-
graph of a single Au@POM nanoparticle. This figure has been adapted from
ref. 162 under the Creative Commons CC BY License.

and sensing technologies. Polarz et al. reported the preparation of
the Keggin derivatives [SiW,;,050{Si(CH,),~SH},O]*~ which were
also attached to the surface of gold nanoparticles using thiolate-
type binding mode."®* With protons as the counter ions, the POM
surfactant AuNp composites exhibited Brensted acid catalytic
activity in esterification reactions that could be significantly
enhanced by radiation with light. The authors attributed these
results to the synergetic interaction between the attached hybrid
POM and the surface-plasmon resonance of AuNp as the effect
was proven to depend on the distance between the POM head and
the AuNp surface (by varying the alkyl chain length, n value).
This example featured how synergetic interactions can arise
through association of POM and nanoparticles and how rational
preparation methodologies are central issues to prepare nano-
materials with controllable and tailored properties.

3.3 Nanostructured POM-based hybrid materials

As pristine POMs are often difficult to handle owing to their
crystalline character, they often form inhomogeneous films
with aggregated particles."®* Their processing can be achieved
by counterion exchange which allows their immobilisation on
surfaces,'®* % their embedding in polymers® or the formation
of membranes®® through self-assembly processes. Yet, as
mentioned in the introduction the resulting soft materials rarely
display internal nanostructuration owing to the isotropic char-
acter of pristine POMs, despite some notable exceptions.>">*"8
The controlled assembly of hybrid POMs through combination
of electrostatic interactions between POM units and another
specific interaction between the organic moieties is thus an
appealing strategy to process POMs into nanostructured soft
materials. Among them, mesomorphic materials (including
liquid crystals) are appealing since these organised and oriented
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nanostructures display a liquid state allowing an efficient
control of the thin film’s morphology for further device
fabrication steps.

3.3.1 Mesomorphic materials. Liquid crystals exhibiting a
liquid crystalline phase as a function of temperature are
classified as thermotropic liquid crystals whereas materials
forming a mesophase in combination with a solvent are
classified as lyotropic liquid crystals. In a general manner,
POM-based mesomorphic materials exhibit high viscosity in
the fluid phase due to their high molecular weight and the
strong electrostatic interactions between POMs and counter
ions. A variety of POM-based liquid crystals has been reported
in recent years, however the vast majority of these materials rely
on the ion pairing of POMs with functionalised mesogenic or
non-mesogenic cations (for detailed reviews see Wu and co-
workers®® and Floquet and co-workers),'® whereas hybrid
POM-based liquid crystals have been far less abundant in the
literature. The first example of a covalent hybrid POM-based
liquid crystal was reported by Polarz and co-workers in 2010.""°
In their work the authors functionalised Keggin-type POMs
with two long-chain organo-alkoxysilanes. In their study Polarz
and co-workers also investigated the influence of different alkyl
chain lengths and counter ions on the formed liquid crystal
structures (Fig. 19).

With regards to the [PW;;03¢(SiC;6).](Na); liquid crystal the
authors found it to self-assemble into hexagonally packed
cylinders in the space group P6/mm. While the C;g analogue
exhibited a similar structure the authors observed a hexagonal
close packing (P6/mmc) of spherical micelles for the hybrid-
POM derivative of shorter chain length. Furthermore, upon
changing the respective counter ions from sodium cations to
protons and organic ammonium cations the authors observed
the formation of lamellar structures. More recently Polarz and
co-workers also reported the synthesis of a hybrid POM with a
n-conjugated tail based on the same organosilane POM-based

Fig. 19 Top: Polarisation microscopy images of (a) Naz[PW;Ozo(SiC12H25),0l,
(b) Naz[PW1,039(SiC16H33)20] and (c) (TBA)3[PW13039(SiCi6H33).0]. Bottom:
Schematic representation of the [PWy;,Oso(SiCi6Hz3),01°~ structure. This figure
has been adapted from ref. 119 with permission from the American Chemical
Society, Copyright 2010.
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platform employed in their previous study using para-
phenylene ethynylene remote units.’*” The authors determined
a hexagonally ordered cylindrical structure for the liquid crystal
phase in the space group P6/mm for the resulting lyotropic
liquid crystals formed by the self-assembly of their compound.
Moreover, the formed liquid crystals displayed semiconductor
properties as shown by photosensor experiments. Finally, the
authors also concluded that the decreased conformational
freedom of the organic chains in the liquid crystal state
enhanced the delocalisation of electrons compared to the
micellar state of the hybrid POM compound in solution.

The synthesis of hybrid POM-based thermotropic liquid
crystalline materials was recently pioneered by Song and co-
workers.'”® In their study the authors coupled gallic acid
derivatives with long alkyl chains to an amino-functionalised
Keggin-POM derivative resulting in a fan-shaped structure.
The liquid crystalline materials were determined to assemble
into layered smectic A phases. In the model structure, the
authors proposed that the organic chains are located between
POM layers. More recently, the first example of a photoactive
donor-acceptor POM-based material was reported by Izzet,
Heinrich, Mathevet and co-workers. In their work the authors
coupled two moieties of a novel bis(thiophene)thienothiophene
(BTTT) derivative to the bis-iodo aryl terminated Keggin
POM-based hybrid platforms."””" The authors reported a
multi-layered lamellar structure of the mesophase consisting
in the alternation of POM/TBA counter ion double layers and
double sub-layers of tilted BTTT mesogens, isolated from each
other by a continuum of molten aliphatic chains (Fig. 20).
Interestingly, the organisations of the POM and BTTT sub-
units were found to be similar to that of BTTT and hybrid POM
parent reference compounds. For instance, the branched
terminal aliphatic chains impose high tilting of BTTT units in
the hybrid as well as in the organic precursor and POM
precursor and hybrid exhibit close quasi-hexagonal rectangular
arrangements of POM and TBA. Finally, the authors were able
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to confirm the donor-acceptor properties of this material via
photophysical studies making it a promising starting point
for future investigations. The predictability of the individual
sub-unit organisations in this system should facilitate
the design of future generations of hybrids. Notably, using the
same hybrid, the modification of the counter-ion should offer an
effective way to tune the LC/conductive properties of POM-based
mesogens.

3.3.2 Other nanostructured materials. Other examples of
nanostructured materials formed by self-assembly of hybrid
POMs have also been reported in the literature. By contrast to
liquid crystalline materials, these compounds don’t liquefy at
high temperature, allowing an efficient processing step, but
spontaneously crystallise into organised arrays of molecules
thanks to orthogonal interactions between the organic and
inorganic parts. An intriguing example of such spontaneous
self-assembly has been reported by Cronin and co-workers
(Fig. 21),"”* namely the formation of a helical structure, similar
to the structure of Z-DNA. In their studies they employed a
hybrid POM consisting of guanosine monophosphate (GMP)
and a {Mo50;5}-based polyoxometalate in which the GMP units
are incorporated into the structure of the corresponding
Strandberg POM. Besides crystallographic evidence of the
helical structure formed by the hybrid GMP-POM, the authors
also showed that the self-assembled structure is stable in
solution. Interestingly the observed helical structure does not
rely on hydrogen-bond base pairing. Instead, hydrogen bonds
from the amino-groups of the guanine moieties to neighbouring
polyoxoanions, along with coordination of sodium cations by the
hydroxy-groups of the GMP ribose rings and stacking inter-
actions of the guanine rings are responsible for the structure’s
stability.

Very recently Zheng, Streb, Chen and co-workers."”? reported
the synthesis of novel hybrid POMs via functionalisation with
organic boronic acids that can act as tritopic linkers. In their
study the authors employed Wells-Dawson POMs of the general

i -
7.

Fig. 20 Left: Molecular structure of the branched POM—-BTTT hybrid oxocluster; middle: a schematic view of multi-layered self-assembly of the lamellar
hybrid material, highlighting the specific arrangement of the POM/TBA double-layers (bottom, centre: showing POM clusters in blue and the surrounding
TBA honeycomb structure in red — note the laterally offset bottom layer is shown in darker colours); Right: 3D schematic representation of lamellar
nanomaterial, respecting the molecular segment sizes and shapes. This figure has been adapted from ref. 171 with permission from John Wiley and Sons,

copyright 2021.
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Fig.21 (a) Molecular structure of the guanosine-functionalised
Strandberg-type hybrid oxocluster; (b) Stacking of clusters into a Z-DNA
like double helix through a combination of hydrogen bonding and Na+
mediated interactions (not shown here for clarity) as viewed along the
crystallographic b-axis and; (c) viewed along the crystallographic c-axis.
This figure has been adapted from ref. 172 under Creative Commons
Licence CC-BY.

formula [M;P,W;50¢,]°” incorporating NbY and Ta" ions
respectively. The resulting hybrid POMs were shown to self-
assemble in the solid state into nanocapsules with a diameter
of 2.8 nm to 4 nm depending on the organic moiety of the
boronic acid. These nanocapsules were characterised by single-
crystal X-ray diffraction. In case of 3-pyridineboronic acid the
authors observed tetrahedral aggregates in which four POM
core units are linked by four organoboron moieties. When
employing 5-pyrimidinylboronic acid the authors observed
the formation of dodecameric nanocapsules based on trimeric
subunits connected by K' ions displaying an inner cavity of ca.
1.3 nm (Fig. 22). Certainly, this new functionalisation strategy
could pave the way for a new class of hybrid POM architectures
and applications.

Polymer—polyoxometalate hybrids are another class of
compounds that may be considered of interest for the self-
assembly of nanostructures. Most notably Wang and co-
workers demonstrated the possibility to tune the self-assembly
behaviour of nanostructures by varying the molecular weight of
the hybrid’s polymer component.'” For their studies they linked

Fig. 22 Structure of the supramolecular nanocapsule formed by the self-
assembly of four trimeric {P,W;sTaz} units linked by boronic acid groups;
inset: detailed view of the boronic acid (5-pyrimidinylboronic acid)
mediated linkage of the ({P,WjsTas})s trimers. This figure has been adapted
from ref. 173 under Creative Commons Licence CC-BY.
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linear poly(e-caprolactone) (PCL) of two different molecular
weights to a Wells-Dawson type POM. The polymer-POM
hybrid of low molecular weight self-assembled into nanotubes
consisting of a hybrid membrane in which an amorphous
PCL-layer is sandwiched between two layers of the POM.
In contrast, the polymer-POM hybrid of high molecular weight
self-assembled into hexagonal nanosheets. Besides single-layer
nanosheets the authors also observed multilayer nanosheets
composed of a stack of single-layer nanosheets. With regards
to the structure of the observed hexagonal nanosheets, the
authors propose a crystalline PCL layer, which is sandwiched
by two single POM layers. With respect to the molecular weight
dependence of the observed nano-objects, the authors argued
that the rigidity of the crystalline PCL layer formed by the
polymer POM hybrids with the higher molecular weight prevents
the formation of nanotubes, which would be the preferred
structure as it further minimises the free energy of the structure
in question. In addition to the characterisation of these
individual nano-objects the authors were also able to synthesise
tube-graft-sheet nano-objects via stepwise self-assembly.

Another class of hybrid POMs that has shown a remarkable
variety of nanostructures in recent years are polyoxometalate-
silsesquioxane (POM-POSS) hybrids."”> These kind of
heterocluster Janus molecules were pioneered by Wang and
co-workers. In one of their early studies'’® they used a Wells-
Dawson-type POM ([P,W;5V304,]°") tethered to an aminopro-
pylisobutyl derivative of polyhedral oligomeric silsesquioxane
via an organic linker and observed the self-assembly of hex-
agonal crystals with a filled honeycomb superstructure. In this
case the POM moieties constitute the hexagonal honeycomb
framework, while the POSS form close packed hexagonal
cylinders within the honeycomb framework.

In a different study Liu, Yue, Cheng and co-workers'”’
investigated the influence of molecular topology, surface
functionality of the POSS blocks and solvent polarity on the
nature of the self-assembled nanostructures. In their work they
used organosilyl and organotin derivatives of Keggin-type
POMs in combination with isobutyl (BPOSS) or cyclohexyl
(CPOSS) functionalised POSSs (Fig. 23). By employing a solvent
mixture of chloroform/methanol the POM-BPOSS hybrid self-
assembled into multiple-layered lamellae in which POM- and
BPOSS-layers are stacked in an alternating fashion. However, by
using a water/acetonitrile mixture first the formation of
colloidal spheres with an internal lamellar structure was
observed followed after 10 additional days by the formation
of extended nanobelts with internal lamellar crystals. The
authors propose a mechanism of nucleation of the first
observed colloidal spheres and subsequent growth into the
thermodynamically more favourable nanobelt structure.
However, the authors concluded that in both cases the
molecular packing in the crystal lattice is dominated by the
POM subunits. Regarding the CPOSS analogue of the POM
hybrid in question the authors observed the formation of
nanosheets that are composed of two internal crystalline POM
layers sandwiched between two amorphous CPOSS layers
when using a chloroform/methanol mixture as the solvent for
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Fig. 23 Self-assembly of a series of molecular Janus particles con-
structed by chemically linking Keggin-type POMs with functionalised POSS
cages. This figure has been adapted from ref. 177 with permission from the
American Chemical Society, Copyright 2016.

self-assembly. When employing the water/acetonitrile mixture
for self-assembly the authors observed, again, the formation of
spherical aggregates with a very similar internal lamellar structure
to their BPOSS counterpart, however they did not observe any
further structural evolution into nanobelts. The authors attributed
this different behaviour in both cases to the non-crystalline nature
of the CPOSS moieties. With regard to the POM-2BPOSS hybrid the
authors investigated in their studies, they found that these hybrid
molecules also formed nanosheets, however in this case the
internal layer consists of BPOSS single crystals sandwiched between
two POM layers. This structure was observed in solvents of different
polarity. This was attributed to the increased ratio of BPOSS-
moieties to the POM; the self-assembly is hence no longer governed
by the POM, instead the crystallisation of the BPOSS cages is the
main driving force for the formation of the nanosheets.

Wang and co-workers expanded the concept of tethering
multiple POSS blocks to a single POM unit.'”” The authors
reported the self-assembly of mesoscale graphene-like honey-
comb mono- and multilayers of a four-fold POSS-substituted
Wells-Dawson type POM (4BPOSS-POM)."”® Like for graphene
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the mesoscale honeycomb monolayers of the 4BPOSS-POM
hybrid were found to form multilayers via different stacking
modes. The self-assembly mechanism was investigated via
coarse-grained molecular simulations in which the authors
identified three key steps of the self-assembly: First, the
formation of trimers driven by the counterion-mediated electro-
static interactions between the POM blocks, second, the assembly
of six such trimers into cells and third, the aggregation of cells
into the observed honeycomb structure. In a subsequent study
Wang and co-workers also investigated the self-assembly of
similar POM-POSS hybrid molecules into cubosomes.'”® The
authors observed the self-assembly of cubosomes with internal
double diamond structure from an acetone/n-decane mixture
(Fig. 24). They employed dynamic conditions in which the acetone
was allowed to evaporate slowly over time, decreasing the solubi-
lity of the hybrid molecules and facilitating aggregation. Based on
their observations of intermediates the authors proposed a
mechanism for the self-assembly of cubosomes with an internal
double diamond structure. According to their findings the
formation of cubosomes takes place via a four-step process. The
self-assembly of vesicles with a dual bilayer in which a POM
double layer is sandwiched between two POSS monolayers occurs
first. Subsequently the so formed vesicles accumulate into larger
aggregates. Topological reorganisation takes place within larger
aggregates, starting from the centre until the double diamond
structure occupies the entire interior of the aggregates forming
spherical cubosomes. Further growth occurs on the facets of the
cubosome via crystal nucleation and growth.

4. Combination of hybrid POMs with
substrates through non-covalent
interactions

In addition to their ability to act as discrete molecular building
blocks in the preparation of larger molecular and supramolecular
nanosystems, hybrid POMs have also recently been explored as

Topological

Faceted
Cubosomes

Spherical
Cubosomes

Sponges

Fig. 24 Formation processes and mechanism of cubosomes. (A) TEM images demonstrating the size-dependent shapes and inner nanostructures of
cubosomes growing under the dynamic conditions. (A-1-A-7) A vesicle, a hemi-fused vesicle, particles with a foam-like structure, an aggregate with a
sponge-like nanostructure, an ordered nanostructure in the centre of the aggregate (highlighted by the yellow circle), a spherical cubosome, and faceted
cubosomes. (B) Evolution from molecules to faceted cubosomes through different mechanisms. This figure has been adapted from ref. 179 with

permission from the American Chemical Society, Copyright 2019.
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functional components in combination with a range of other
species capable of acting as either hosts or guests in relation to
the POM. As in other well-established host—guest systems, this
relies strongly on non-covalent interactions though, in this
instance, these are usually more heavily directional and/or specific
than in many of the other systems described above. Exploiting
these host-guest interactions offers broad scope for the careful
design of new supramolecular nanostructures and nanomaterials,
which can display unique, dynamic responses (e.g. self-healing,
switchable properties, chiral recognition or transfer). Hybrid
POMs are particularly well-suited here, as their near-limitless
scope for molecular design can be used to judiciously control
both the self-assembly and physicochemical properties of the
resulting complex. This is not necessarily trivial or, indeed,
predictable however it does present enormous potential for novel
supramolecular design strategies. The following section thus
describes recent examples of the formation of more complex
supramolecular systems, comprising a hybrid POM in combi-
nation with one or more additional components whereby the
attractive properties of each component combine to present new
functionalities.

4.1 Hybrid POM complexes with cavitands

The combination of both all-inorganic and hybrid POMs with
macrocyclic hosts is a relatively recent area of interest, with the
vast majority of studies reported only in the last decade.
The most common cavitands - cyclodextrins, calixarenes,
curcubiturils and pillar-arenes — have been widely studied for
their remarkable inclusion properties,'®*™*%* which typically
rely on their hydrophobic inner cavities. Owing to their
chaotropic character, classical inorganic POMs (such as the
Lindqvist, Keggin or Wells-Dawson anions) can readily form
inclusion (or partial-inclusion) complexes with suitable
cyclodextrins (CDs). This is largely thanks to the complementarity
of their molecular structures and is driven predominantly by
favourable steric-fitting between the host and the guest oxocluster,
and some hydrogen-bonding interactions.*"**'#! Such inclusion
complexes are stable in both solution and the solid-state and
have recently been studied for their phase-transfer catalytic
properties,"® and as a novel tool for probing the self-assembly
behaviours of small POMs by mass spectrometry.'**'®” That said,
the formation of stable host-guest complexes between
conventional POMs and cavitands (particularly curcubiturils and
pillar-arenes, which do not share the excellent complementarity
found in POM < CD systems) remains the exception rather than
the rule, and in many cases, POM@cavitand complexes form
crystalline networks in which the POM remains external to the
macrocyclic cavity and often requires additional functionalisation
of the macrocycle (e.g. appending cationic groups to electro-
statically associate with the POM)."®*'°° The development of
hybrid POM@cavitand inclusion complexes therefore presents
several potential advantages, allowing far greater synthetic control
and access to a broad range of prospective new properties through
the engineering of dynamic or stimuli-responsive host-guest
interactions. This was exemplified by the pioneering 2012
study of Izzet, Ménand, Sollogoub, Proust and co-workers, who
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demonstrated the first example of hybrid POM@cavitand
complexes between an organotin-functionalised Wells-Dawson
and both o- and B-CDs.”" Here, the iodoaryl moiety which has
been anchored to the POM via the iodoaryl unit is found to be
either partially (o-CD) or fully (3-CD) included within the host,
forming a stable 1:1 complex which could be characterised in
both the solution- and solid-state using a combination of "H NMR
and single crystal X-ray diffraction studies. The binding constants
were similar to that of iodobenzene with o-CD and (-CD,
indicating the absence of specific interaction between the POM
and the CD (Fig. 25)."°? Interestingly, in the presence of y-CD the
complexation of the hybrid turned out to be more complicated,"**
probably owing the possible binding of the y-CD to the iodoaryl
moiety and to the sidewall of the POM, as further observed with
pristine Wells-Dawson POMs.”" The authors also demonstrated a
remarkable “self-healing” effect in the POM:CD complexes. When
exposed to base, the organotin moiety is hydrolytically cleaved
from the monolacunary POM (as is common to many hybrid
POM species). This process is partially reversible on neutralisation
of the solution, however after 4 cycles of hydrolysis and re-
condensation of the organic group, only 20% of the original
hybrid complex is found to remain, with most being lost as
insoluble stannous salts and plenary (and thus unreactive)
Wells-Dawson oxocluster, [P,W;50¢,]°". Conversely, after four
cycles of hydrolysis/neutralisation, POM@o-CD and POM@®@
B-CD inclusion complexes are found to be more than 95% and
99% intact respectively, thanks to the protective influence of the
cavitand, which prevents the organotin species from oligomerisa-
tion or disproportionation when exposed to base.

Further evidence for the potential to engineer unique supra-
molecular materials using hybrid POM design strategies was
provided shortly thereafter by Wu and co-workers, who
developed a switchable material based on the combination of
azobenzene functionalised Anderson oxoclusters and a
pyridinium-functionalised B-CD host (Fig. 26)."** Exploiting the
well-known photo-switching properties of the azobenzene-CD
insertion complex,'®* alongside the electrostatic interaction of
the cation-functionalised CD with the polyoxoanions, the
authors successfully demonstrated the self-assembly of a new
chiral, photo-switchable supramolecular network. In this case,

\
Kromes-co = 780 M Kpomap.co= 1020 M"!

Fig. 25 Formation of the POM@a-CD (left) and POM@B-CD (right) inclu-
sion complexes from an iodo-aryl functionalised Wells—Dawson hybrid
(note: aryl group is highlighted pink in wireframe models for clarity). This
figure has been adapted from ref. 191 with permission from John Wiley and
Sons, copyright 2012.
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Fig. 26 (a) Molecular structures and simplified representations of the
trans- and cis-isomers of an azobenzene functionalised Anderson-type
hybrid-POM anion and a pyridinium-functionalised B-CD cation; (b)
schematic showing the self-assembly of the trans-isomer of the hybrid-
POM:B-CD complex into nanosized, chiral aggregates upon inclusion of
the trans-azobenzene groups into the B-CD cavity and its subsequent
disassembly into irregular nanofibres under UV-irradiation, driven by the
photo-isomerisation of the azobenzene unit, and: (c) an SEM image of
the right-handed chiral nanostructures formed by the extended hybrid-
POM:CD inclusion complex. This figure has been adapted from ref. 194
with permission from the Royal Society of Chemistry, copyright 2013.

the hybrid POM in the ¢rans-conformation forms a 1: 2 inclusion
complex with the CD host, allowing chiral-transfer from the
intrinsically chiral B-CD molecules to the azobenzene units,
which can then propagate throughout the whole material.
This leads the trans-POM@CD complex to self-assemble into
remarkable right-handed twisted lamellar structures as observed
by SEM. When irradiated with UV-light, cis-isomerisation of the
azobenzene units results in disassembly of the host-guest
complex, resulting in a loss of chirality (as confirmed by circular
dichroism spectroscopy (CDS)) and solubilisation of the merely
electrostatically bound POM®@CD complex which loses its
unique morphology. The authors later built on this study by
developing a new complex using a similar approach.'®® In this
case, they designed a new single-sided, asymmetric Anderson
hybrid in order to construct a three-component supramolecular
material which included a cationic methylene blue (MB) dye
alongside the azobenzene functionalised hybrid POM@u-CD
inclusion complex. This allowed the authors to directly study
chiral transfer from the CD host to the electrostatically bound
dye molecules, using the hybrid POM as a bridging unit. By
observing formation of an induced Cotton signal from the MB
chromophores, CDS was used to confirm that formation of the
POM inclusion complex is vital to transfer chirality from the
hydrophobic cavity of the «-CD unit to the MB dye, which does
not form an inclusion complex in the absence of the azobenzene-
functionalised Anderson oxocluster.

The same group also recently reported a series of dynamic,
photo-switchable materials based on the self-assembly of an

314 | Chem. Soc. Rev., 2022, 51, 293-328

View Article Online

Chem Soc Rev

organotin-functionalised Keggin POM containing a remote
azobenzene moity."*° In aqueous solution, this hybrid sponta-
neously self-assembles into vesicles thanks to the amphiphilic
nature of the hybrid oxocluster (see Section 3.2.3). When mixed
with equimolar quantities of either o-CD or f-CD, an induced
Cotton signal appears in the CDS corresponding to the azo-
benzene groups, indicative of chiral transfer from the internal
cavity of the cavitand to the POM bound azobenzene moieties
and dynamic light scattering measurements indicate rapid
dissociation of the vesicles (hydrodynamic diameter of ca.
60 nm) to the monodispersed state which has an average
hydrodynamic diameter of ca. 3.6 nm, closely matching
the expected size of the POM@CD inclusion complex. Photo-
switching of the azobenzene moieties with 365 nm light leads
to the dissociation of the POM@CD inclusion complex, which
reforms the self-assembled spherical particles, this phenom-
enon being entirely reversible. Finally, competitive binding
studies with adamantane-1-carboxylic acid also allow control
of the self-assembly behaviour of the hybrid POM, selectively
binding with CD over the azobenzene-POM hybrid and thus
favouring assembly of vesicles over the monodisperse
POM@CD complex. In combination with the authors previous
work, this study shows the impressive potential of this tailored
building block approach in the design of novel supramolecular
materials with new and remarkable features arising as a result
of the precise control of the host-guest interaction between the
POM and the cavitand host molecule.

The dynamic properties of host-guest systems also have
significant implications for the design of new smart materials,
and the direct integration of hybrid POM@CD inclusion complexes
into polymers has also recently been explored. Song and co-workers
demonstrated the preparation of new host-guest hydrogels,
combining adamantane-functionalised Anderson-oxoclusters
with an acrylamide functionalised B-CD monomer species.'®”
Radical copolymerisation with additional acrylamide monomer
forms a new supramolecular polymer, yielding a series of
hydrogels with varying amounts of incorporated POM. Rheological
analysis found that increasing concentrations of POM, which acts
here as a supramolecular cross-linking species, leads to materials
with higher elastic modulus due to an increased network density.
Wu and co-workers have also recently utilised the combination of
an anthracene-functionalised Anderson POM with y-CD to facilitate
the templated polymerisation of the hybrid POM units into linear
chain polymers using the photo-dimerisation of the anthracene
groups to form new C-C bonds between the oxoclusters (Fig. 27)."%®
Here, the authors report two distinct new materials: a supra-
molecular polyrotaxane-type complex in which the anthracene
units stack within the y-CD cavity to form uniform and
parallel linear strands of alternating POM and CD; and a covalent
polymer in which the photo-dimerised anthracene reacts within the
cavity of the y-CD cavity to form highly linear polymer chains.
Crucially, however, in the absence of the templating effect of the
v-CD unit, the hybrid POM complex forms globular assemblies,
indicating the importance of the supramolecular templating effect
provided by the host-guest interaction between the POM and the
CD cavitand.

This journal is © The Royal Society of Chemistry 2022
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Fig. 27 ) Schematic representations of the anthracene functionalised
Anderson type hybrid POM and y-cyclodextrin, showing their self-
assembly into a supramolecular polyrotaxane which can then be photo-
polymerised into a covalent linear polymer chain; (b) TEM imaging of the
supramolecular polyrotaxane, showing a bundle of highly linear adjacent
polymer strands, and; (c) TEM imaging of an isolated single-chain of the
covalent polymer (dark spots show individual POM anions arrayed along
the polymer backbone). This figure has been adapted from ref. 198 with
permission from the Royal Society of Chemistry, copyright 2019.

The effect of the host-guest interaction between hybrid
POMs and suitable cavitands can also play a more subtle role
in helping to moderate functionality. A clear example of this
was reported recently by Kogerler and co-workers, who
prepared a 1:2 POM:a-CD inclusion complex using a phenyl-
arsonate functionalised [M"OgPd;,(CsHsAs03)s]°~ (where M =
Co, Ni, Zn) polyoxopalladate.'® In this complex, the formation
of the inclusion complex between the terminal phenyl-groups
on the polyoxopalladate and the o-CD units was found to lead
to a small but significant distortion to the cubic ligand-field of
the centrally bound metal ion owing to the “chemical pressure”
applied to the POM in the solid state through the formation
of an inclusion complex. In the case of the Co analogue
particularly, this structural distortion was significant enough
to generate a slight single-ion magnetic anisotropy, which the
authors studied via EPR, SQUID magnetometry and X-ray
absorption techniques.

4.2 Hybrid POM complexes with carbon nanotubes

The rich, stable and highly tuneable multi-redox activity of
POMs is one of the key properties driving interest in their use in
the next-generation of energy and electronics technologies.
As the primary limiting factors in their wider use relate mainly
to their low surface area and lack of electrical conductivity in the
solid state, a great deal of research effort has been invested in
recent years into strategies to overcome these specific
challenges."®?°° Of particular interest has been the combination
of POMs with various high surface area carbons, and especially
low dimensionality nanostructures such as carbon nanotubes
(CNTs), which have the potential for very high surface areas and
electrical conductivity. Similar to the host-guest complexes
discussed above, this field is still very much in its infancy though
a number of different approaches have already emerged for the
preparation of new POM®@CNT composite materials. Promising
results were reported very recently for example by Walsh,
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Khlobystov, Newton and co-workers, who demonstrated the
direct encapsulation of [P,W;406,]°” within single-walled
carbon nanotubes (SWCNTs), which formed new electroactive
composites with high POM loadings and notable chemical and
electrochemical stability.>* Far more commonly, POM@CNT
composites have typically been formed by deposition of various
POMs onto the exterior of the nanotube, either by aggregation/
crystallisation of the oxocluster directly onto the CNT,****% or by
surface functionalisation of the carbon surface - either using
direct chemical approaches or through combination with a
modifier such as a cationic polymer - in order to facilitate
stronger covalent or electrostatic interactions between the POM
and the CNT."**** Examples of the covalent coupling of hybrid
POMs to CNTs via a peptide bond formation and their study as
promising anode materials for Li-ion batteries were also
reported.?®>2% Several challenges remain in each case however,
the most notable of which being that direct modification of the
sp> carbon framework can often have a negative effect on the
optical and/or conductive properties of the CNT. Moreover,
electrostatic association of the POM and CNT is highly
susceptible to unwanted ion exchange reactions and can lead
to issues centred around the long-term stability of the composite
material.

The potential for carefully designed hybrid POMs to
selectively and non-covalently interact with CNTs is therefore
a promising route to develop stable, tuneable nanocomposites,
which retain the attractive properties of both the POM and CNT
components. This was first demonstrated by Song and co-
workers in 2013, who used a non-covalent sidewall function-
alisation approach in order to couple a pyrene-appended
Keggin POM to SWCNTs by exploiting the strong n—n stacking
interaction between the ligand and nanotube surface.>’” The
new hybrid nanomaterial was characterised by high-resolution
TEM (HR-TEM) imaging, which are decorated with discrete
particles of ca. 1-1.5 nm diameter, corresponding well to the
hybrid POM. Both Raman and fluorescence spectroscopy are
also demonstrated to be useful tools for the characterisation of
these supramolecular composites, particularly as association of
the POM with the nanotube leads to a strong and characteristic
quenching of the pyrene emission. The authors also studied
this material as a novel Li-ion electrode material and found that
it displays a high discharge capacity (580 mA h g™ at a current
density of 0.5 mA cm™?), which is retained over at least
100 charge-discharge cycles with close to 100% coulombic
efficiency. Notably, this is significantly better than the
performance of the hybrid POM when used as an electrode
material alone (i.e. in the absence of CNTs). This study was
followed in 2015 by Song, Streb and co-workers, who prepared a
similar composite material using a pyrene-functionalised
Mn-Anderson POM hybrid combined with multi-walled carbon
nanotubes.?®® In this case, the composite was employed as an
anode material in a prototypical Li-ion cell, which displayed
improved performance with a retained capacity of 665 mAh g™*
(at 0.5 mA ecm™?) after 100 cycles. More detailed electrochemical
analysis via AC electrochemical impedance studies revealed
that the supramolecular POM/CNT composite also showed

Chem. Soc. Rev., 2022, 51, 293-328 | 315


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cs00832c

Open Access Article. Published on 10 2564. Downloaded on 27/1/2569 9:58:14.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

higher performance for both Li" ion transport and electrical
conductivity than either the CNTs alone or a physical mixture of
both POM and CNT components, helping to explain its superior
electrochemical properties as a potential Li-ion anode material.

Proust, Guldi, Marti-Gastaldo and Coronado and co-workers
also explored the use of n-m interactions to immobilise an
organosilane derivative of Wells-Dawson POM onto SWCNTs in
order to study the photophysical properties of POM/CNT com-
posites (Fig. 28).>°> Whilst no obvious ground-state electronic
communication between the POMs and CNTs was discernible,
fluorescence spectra of the POM/CNT composites reveals both
red-shifting and a strong quenching effect on the emission
maxima associated with the nanotubes. This was rationalised
as being due to an unusual photoinduced charge transfer
interaction between the SWCNTs and the POM, as observed
by transient absorption spectroscopy, resulting from the
transient oxidation of the nanotube and concomitant reduction
of the POM (unusual in this case because both SWCNTs and
POMs are typically employed as electron acceptors). Given the
stable and well-established multi-redox activity of many hybrid
POM species, the authors note the potential of such composites
in the design of new advanced photochemical dyads.

Aside from the electrochemical and photochemical energy
applications described above, the potential for the design of
hybrid POMs as a means to selectively disperse, solubilise and
enrich CNTs has been studied recently by Prato, Bonchio and
co-workers. The authors first explored the interaction of a bis-
pyrene organosilane derivative of [y-SiW;403¢]°~ with both Ceq
and Gy, fullerenes, and with SWCNTs, in order to yield a range
of new supramolecular nanostructures.”’® In the case of
the fullerenes, both 0-D globular nano-aggregates and 2-D
Langmuir films were prepared, with the hybrid POMs found
to have a ten-times higher binding affinity for the larger full-
erene due to the larger n-surface of the C,, guest. The hybrid
POM was also combined with commercially available SWCNTs
and analysis of the Raman spectra, and in particular the ‘radial
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Fig. 28 (a) Non-covalent functionalisation of single-walled carbon nano-
tubes with a pyrene-functionalised Wells—Dawson oxocluster, highlighting
the transient photo-driven charge transfer from the SWCNT to the
appended POM complex, and: (b) HAADF-STEM imaging of the resultant
nanocomposite (bright spots correspond to individual tungsten atoms in
each POM). This figure has been adapted from ref. 209 with permission
from the Royal Society of Chemistry, copyright 2014.
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breathing mode’ (RBM) of the nanotubes (which can be
associated with SWCNTs of different diameters/chiralities),
was used to observe a preferential interaction of the bis-
pyrene POM hybrid with larger diameter nanotubes. Crucially,
when the supramolecular composite was subjected to thorough
washing with acid and base, the hybrid POM could be removed
to regenerate the bare nanotube, indicating that this strategy
may have some promise for CNT separation and processing.

More recently, the authors also explored the use of a pair of
bis-tryptophan functionalised [y-SiW;403¢]°  enantiomers in
comparison to the previously reported pyrene-functionalised
analogue.”™ In this study, each of the three hybrid POM
molecular ‘tweezers’ was combined with a commercially
available mixture of SWCNTs and the interaction between
each POM ‘host’ and the nanotube guests was characterised
using a combination of UV-vis, fluorescence and Raman spectro-
scopies, alongside a computational analysis of the possible
binding modes. As before, the normalised RBM intensities in
the Raman spectra are highly diagnostic of the nature of the
interaction of the POM with the CNT and find that the smaller,
more polar tryptophan binding pocket favours enrichment of
nanotubes with diameters below 1.1 nm, whilst the larger, more
hydrophobic bis-pyrene binding pocket enriches nanotubes with
diameters between 1.1-1.2 nm. As such, the results of this study
are proposed to offer useful information with regards to engi-
neering possible SWCNT/peptide interactions for use in drug
delivery and future CNS-based therapies. Interestingly, a 2014
study by Song and co-workers can be related to this concept
as it also explores the use of a bis-pyrene functionalised hybrid
POM to facilitate the interaction of SWCNTSs with human serum
albumin protein.>"” In this work, the authors use high-resolution
electron microscopy alongside XPS to demonstrate that the prior
non-covalent functionalisation of the CNT with the hybrid POM
greatly improves the nanotubes absorption capacity for human
serum albumin as compared to either of the individual
components. As such, this strategy may have interesting implica-
tions for the development of future biosensors or lab-on-a-chip type
applications.

4.3 Hybrid POM complexes with biological structures

The interactions of POMs with biomolecules and their corres-
ponding biological activity has been a target of study for many
years.”'*'® Their high charge and strong hydrogen bonding
character allows POMs to interact in a variety of interesting
ways with biological substrates such as proteins, lipids and
nucleic acids, whilst the extraordinary tuneability of POM
structure and composition provides near limitless opportunities
for researchers to tailor these properties.

Perhaps the most striking recent example of the application
of POM-biomolecule interactions can be found in the award of
the 2009 Nobel Prise in Chemistry to Ada Yonath, who was
awarded a share of the prise for her seminal work in protein
crystallography and uncovering the structure of the ribosome.
In part, this work exploited the interaction of a simple
(NH,)6[P2W1506,] Wells-Dawson oxocluster with specific sites
in the ribosomal subunits of a model organism, Thermus
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Thermophilus, to dramatically extend the resolution of the
diffraction map from ca. 7-9 A to 3 A.*>*” In recent years, the
interaction of POMs with biological systems has expanded to
encompass a range of different interests, including their
exploration as protein crystallisation agents,>'**'® artificial
enzyme mimics,>"> and metallodrugs.*'®

The potential for hybrid POMs in this area is also obvious.
The ability to graft almost any organic functionality onto an
inorganic POM with real synthetic control could, in some cases,
represent a ‘best-of-both-worlds’ approach, where the function-
ality of the POM (be it as an imaging tool, a metallodrug, an
enzyme mimic, etc.) could be selectively introduced to the
intended substrate in a site-specific fashion by -carefully
controlling its specific binding interactions via the appended
organic side-chains. In addition, the enhanced stability of
covalently bound hybrid POMs could be a real advantage in
elucidating mechanistic details of the mode of action of POMs
in biological systems such as drug assays, where the relative
ease with which the electrostatically-bound hybrids (where the
organic functionality is appended to the POM as a charge
balancing cation) can dissociate under biologically relevant
conditions may make identifying the true active species all
the more challenging.”****® As such, it is worth noting that
while this section will attempt to serve as a brief overview of
this growing field, it is difficult to fully encompass all research
activities within the particular scope of this review and also that
the exact nature of the non-covalent or supramolecular inter-
actions which predominate in POM-biomolecule interactions
is often, understandably, not as clear-cut as in many of the
examples reported above.

As discussed above, one of the clearest success stories in this
field in recent years is the application of POMs as crystallisation
agents in protein crystallography. The interaction of POMs with
proteins often serves two purposes: solving the “phase problem”,
and helping to stabilise the folded protein structure, aiding both
crystallisation and improving the resolution of the crystal
structure. In recent years, much of this work has been pioneered
by Rompel and co-workers, who have studied the use of the
tellurium-centred Anderson oxocluster [TeMog0,4]°” to resolve
the previously unknown structures of a mushroom tyrosinase and
aurone synthase.”*"*** Though most research in this area has
focused exclusively on pristine POMs, the same group also
recently explored the potential of a series of hybrid Anderson
oxoclusters to be used as additives in the crystallisation of human
and bovine serum albumin proteins (Fig. 29). In these studies, the
authors prepared a series of Anderson oxoclusters with a range of
both mono- and bis-substituted hydrophilic ligands (e.g. -NH** or
-OH terminated tris-bases),”*® and bis-substituted hydrophobic
ligands (phenyl- or cinnamic acid-terminated groups),”** and
studied their stability under biologically relevant aqueous
conditions in the presence of the relevant protein. In both cases,
the oxoclusters showed excellent stability in a pH range of 4 to 9
and, critically, showed no hydrolytic reactivity towards the serum
albumin proteins. The more hydrophilic species all showed clear
interaction with the surface of BSA, leading to a charge inversion
from positive to negative zeta potentials, indicating their broad
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Fig. 29 Representation of the hypothetical binding site of a benzene-
functionalised Anderson-type hybrid POM in Human Serum Albumin
protein (shown as a ribbon structure with each subdomain depicted in a
different colour). Shown inset is a closer view of the position of the hybrid
POM within the HSA binding site alongside indomethacin (IMN) and
tryptophan (Trp214) groups which are used to confirm binding of the
POM through fluorescence studies. This figure has been adapted from
ref. 22 with permission from John Wiley and Sons, copyright 2015.

suitability as additives. In the more hydrophobic hybrid POMs,
fluorescence quenching measurements were employed to study
the specific binding of the hybrid with HSA and from this the
authors were able to propose a 1:1 interaction between the
protein and the POM, identifying a specific binding interaction
on a particular subdomain site in the protein structure. Though
it is important to recognise that the use of hybrid POMs as
macromolecular crystallisation agents is still at a very early
stage, it is worth noting the authors’ own perspective (expressed
in a recent review)**® that hybrid POMs may be particularly useful
as additives in the notoriously challenging crystallisation of
membrane proteins. This is because these proteins are typically
highly hydrophobic, precluding the use of pristine POM additives,
which bind to proteins mainly through polar interactions.
As exemplified in Section 3.2, there are already numerous
examples of surfactantlike hybrid POM amphiphiles, which
may be interesting to explore for this application in the future.

Alongside these crystallisation studies, several other
examples of interactivity between hybrid POMs and peptide
or protein units have also been discussed recently in
the literature. Recently, Bonchio and Carraro demonstrated the
interaction of a bis-biotinylated [y-SiW,03¢]°” POM with the
tetrameric avidin protein, exploiting the well-known host-guest
chemistry of the biotin-avidin complex.?* This study is interest-
ing in that it clearly shows a dual-mode interaction between the
hybrid-POM and the protein, where both weak and non-specific
electrostatic association, and strong and highly site-specific host—
guest binding can be determined by a combination of fluorimetry,
CDS, UV-vis and surface-plasmon resonance studies.
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In addition to these studies, the intra-molecular association
of peptide chains when bound to POMs has also been explored.
For instance, Cronin et al. demonstrated the use of a bis-
functionalised Anderson oxocluster as an “inorganic amino
acid” in the solid-supported preparation of a range of oligopep-
tide chains.””” When used to prepare a symmetrical peptide
sequence in which the POM is grafted to two identical 15-mer
chains, an interesting structural feature was observed by CDS,
whereby the 15-mer itself showed no obvious chirality however
the new hybrid POM shows clear features characteristic of
a-helix formation. Although the authors were unable to probe
this feature further due to the limited solubility of the hybrid
oligopeptide conjugate, it does suggest an interesting interplay
between the POM and the appended biomolecules which leads
to the formation of some secondary structure. A more recent
study by Dumont, Lelli and LacOte has explored the intra-
molecular interactions between POMs and peptides in more
detail.>*® In this work, the authors prepared a family of hybrid
Wells Dawson oxoclusters to which a series of short polyglycine
chains are appended and then used a combination of spectro-
scopic characterisation and molecular dynamics simulations to
study the conformation of the peptide and its specific inter-
action with the surface of the POM. This found that the
polyglycine chains fold towards the POM surface, forming
“zipper-like” hydrogen bond networks where the specific
structure is determined by the topology of the POM (the
authors used different POM isomers), and that hydrogen-
bonding interactions between the POM and the peptide chain
serve to rigidify the normally conformationally flexible peptide,
even when longer chain structures are used.
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The interaction of hybrid POMs with oligonucleotides/DNA
has also been explored recently by Hasenknopf, O’Sullivan and
co-workers as a strategy for the electrochemical detection of
polymerase chain reaction (PCR) products. The authors
prepared organotin-functionalised Wells-Dawson and Keggin
oxoclusters and conjugated them with a 5’-NH, terminated
21-mer oligonucleotide primer using an amide-coupling
approach.?®® Though the small quantities of product are
challenging for typical POM characterisation, the new
conjugate was successfully analysed using a combination of
electrospray ionisation mass spectrometry (ESI-MS) and
vibrational spectroscopies. The resulting conjugates were then
used in the PCR amplification of a sequence of Francisella
tularensis and the resulting POM-bearing single-stranded DNA
(ssDNA) was electrochemically characterised by hybridisation
with a complimentary sequence appended to a gold electrode
surface (Fig. 30). All hybrid POM/DNA conjugates were found to
have detection limits in the sub-10 nM range, with the hybrid
Wells-Dawson found to have the higher sensitivity thanks to its
bulkier structure facilitating easier electron transfer. The
authors then built on this study using a modified approach,
coupling a 7-deaza-7-propargylamino purine base directly to the
organotin-functionalised Keggin and Wells-Dawson POMs in
order to facilitate direct incorporation of the redox tagged
purine into the PCR product for improved electrochemical
detection.”®® Most recently, the authors expanded the latter
approach to explore the multiplexed detection of single nucleo-
tide polymorphisms on a microfluidic electrode array.>**

Hybrid POMs have also been explored in combination with a
range of live cell types (e.g. viruses, bacteria and/or mammalian)

PAYAVAN

) AN
b) ‘; & : c POMF-primer  +

(.'\."\."\”g’\_"\"\."\.’\.’\j

N

5 3

+
I ANTANIAN
Gs 3 dlongation
A l

RANPITIPIINTNXINITX

5 3
+
‘:"’\./‘ Sl \/\/\/\/\I\/\./\3
-y
,\m,\m):/\/\/v\xwxxﬁ
¢ :
s +

- SOOOOOANNNNNNNY
‘ 5 3 elongation

|
B

@ steptavidin coated
magnetic beads

(At hhis |

A NaAnnannnnn t

} o

NNN4
biotin R-primer

x 1 billion
coples

£y
POM ssDNA
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ref. 229 with permission from John Wiley and Sons, copyright 2015.
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and are of obvious specific interest in the design and targeting of
these species as novel metallodrugs in particular (vide infia). As
might be expected, these interactions are often complex, difficult
to characterise and can even be somewhat counterintuitive.
As an example, Cronin et al. reported the preparation of an
asymmetric Mn-Anderson hybrid POM self-assembled mono-
layer (SAM) functionalised with pyrene groups which was used
for cell-adhesion studies with human fibroblast cells.>** In this
work, the hybrid POM SAM was found to be an effective
adherent, however equivalent SAMs terminated in either pyrene
groups or the amino-tris-base functionalised POM alone showed
no cell adhesion properties, indicating the special utility of the
hybrid POM nanostructure. POMs have also been shown to both
disrupt,****3** and penetrate,>**>**® a variety of microbial and
mammalian cell membranes, which allows their targeted use in
a range of imaging, theranostic and metallodrug applications.>*®
For instance, Patzke et al. have shown the covalent attachment of
fluorescein to a Wells-Dawson oxocluster in order to study the
cellular uptake and distribution of the hybrid POM in HeLa cells
via confocal fluorescence microscopy.>*” The hybrid oxocluster
was found to be stable at physiological pH, non-cytotoxic and
had good cell uptake over 24 h, with the oxoclusters showing
various dispersion modes throughout the cytoplasm.

Fabretti, Bonchio, Carraro and co-workers recently reported a
similar study, preparing a family of fluorophore-functionalised
[y-SiW10036]°~ and [A-y-PW,054]° hybrid oxoclusters to study
their internalisation into model HEK cells.>*® Interestingly, the
comparatively hydrophobic fluorophores (i.e. dansyl-, pyrene-
and fluorescein-groups) make these hybrid POMs amphiphilic,
and they self-assemble into spherical aggregates of ca. 80-
200 nm in size when dispersed in the aqueous phase. This is
highly significant because, as will be discussed in more detail
below, the formation of vesicular/micellular structures appears
to be particularly important in mediating interactions between
the POM and the lipid bilayer of the cell membrane.>***%°
As such, the authors find that their hybrid POMs show good
cell uptake and negligible cytotoxicity but in this case, that the
localisation of the hybrid POM within the cells is dependent on
both the nature of the oxocluster and fluorophore. For instance,
dansyl- and pyrene-functionalised {SiW;,} oxoclusters are mainly
co-localised with the mitochondria, whereas the fluorescein—
{Siw;,} and {PWo} hybrids showed preferential targeting of the
cell nuclei. This clearly indicates the multifaceted interplay
between both the inorganic and organic components of the
imaging agent with its cellular uptake behaviour, and highlights
both the complexity of the challenge in elucidating clear design
rules for bioactive hybrid POM species but also their immense
potential for developing tuneable and highly specific biological
interactions.

The final application for which POMs have been explored in
a biological context is as novel metallodrugs and anti-microbial
agents. The broader context of this field lies well outside the
scope of this review, and readers are directed to several excellent
recent summaries for a more detailed overview,*'>'2% how-
ever it is fair to say that the vast majority of these approaches
have relied on the use of the direct action of purely inorganic
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POMs (or their synergistic combination with more conventional
antibiotics) to elicit a pharmacological effect. Broadly speaking,
these approaches have found some initial successes although
persistent issues with low activity (at least in comparison
with other conventional medicines), poor stability under physio-
logical conditions, and the long-term and significant toxicity of
POMs have been identified as the most pressing problems. The
use of hybrid POMs thus represents a unique opportunity to
design more tailored systems with improved uptake/activity,
stability and - most importantly - reduced cytotoxicity. This
has been shown in recent studies where hybrid POMs are found
to have superior properties in both antiviral applications, such as
inhibition studies against HIV protease,”' and in antibacterial
studies against a broad range of Gram-positive and Gram-negative
organisms.>*?

Pristine POMs have been known to have inhibitory activity
against tumour cells since the 1960s,>*> however the use of
hybrid POMs in this field has been an increasingly active area
of research over the last decade in particular. For instance, a
number of studies using a range of organoimido- and organo-
benzoyldiazenido-functionalised hexamolybdate Lindqvist-type
POMs have shown significant inhibitory activity towards a
range of human leucocythemia and breast cancer cell
lines.?**%¢ Dolbecq, Oldfield and co-workers also reported
comparable trends in a series of bisphosphonate-polyoxo-
molybdate hybrids,>*”**® the most effective of which was
complexed to the bisphosphonate-based drug zolendronate
and showed promising activity against human sarcoma cells
in a mouse xenograft, decreasing tumour volume by ca. 85%
against the control whilst showing no adverse toxicity towards the
mice. This trend follows that previously reported for an organotin-
functionalised Keggin ion, [GeWy03,{Sn(OH)(n-Bu)};]*~, which
has substantial inhibitory in vivo activity against hepatocarcinoma
mice models with markedly lower toxicity than the clinical
chemotherapeutic, cyclophosphamide.>*

The impressive pharmaceutical activity attainable by hybrid
POMs was also observed recently in a tris-functionalised
hexavanadate oxocluster grafted to amino acid esters, which was
assayed against a range of human cancer cell lines and showed
higher inhibitory activity than the clinically available chemotherapy
drug 5-fluorouracil.>® Hybrid Anderson oxoclusters have also
shown promise as therapeutic agents, as recently demonstrated
by Wang et al, who found that a cholic-acid functionalised
Mn-Anderson oxocluster showed promising inhibition against
breast cancer cells in vitro, whilst being significantly less toxic to
a non-cancerous control cell line.>”" It is important to note that in
each of the cases highlighted above, a synergistic effect between
both the POM and the organic group appears to be crucial, as the
hybrid species are universally more active than either the parent
oxocluster and/or the appended organic group (even if the exact
mechanism still remains a mystery). That said, a recent report by
Carraro, Ruzza and co-workers also highlights the difficulties of
teasing out structure-activity relationships in biological systems
and that much further work is required. In this study, a Mn-
Anderson oxocluster was functionalised with a shortchain peptide
sequence (demobensin-1, which is specific to receptors on cancer cells)
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in order to study targeted therapy with the POM-based
metallodrug.®> In this case, however, the hybrid oxocluster is
found to have similar activity towards HeLa cells as the parent
tris-base Mn-Anderson, indicating a non-receptor mediated uptake
mechanism. Interestingly, the authors note that this may be due to
conformational effects caused by incorporation of the POM into the
peptide sequence, as discussed in examples given above.””***

The use of hybrid polyoxomolybdate metallodrugs also
opens pathways to more complex or strategic molecular design
strategies in order to enhance targeting and efficacy or add
additional functionality. A notable example of this was reported
by Chen, Hao and Wei, who demonstrated a novel in situ
degradation strategy using a hexamolybdate oxocluster linked
to a cleavable N-acylureido (acy) group by a 2-amino-3-
methylbenzoxyl (AMB) linker.”>®> The POM-AMB-acy hybrid
was found to be metastable when tested in cell incubation
medium, decomposing within 40 min to form MoO,>~ as the
primarily active species. Most remarkably, the hybrid POM was
shown to have a strong inhibitory effect against malignant
glioma cells (ca. 20x more effective than the clinically used
antiglioma medication temozolomide) and was also found
to be able to cross the blood-brain barrier in vivo. Another
example by Yadollahi and co-workers exploit a hybrid [GeW,.
V303,((CH,0);N-Boc-Cys)]*~ oxocluster (Boc = tert-butyloxy-
carbonyl, Cys = cysteine) which is then post-synthetically coupled
with thiolated mesoporous silica nanoparticles (via a disulphide
bond) loaded with the anticancer drug doxorubicin, and the
imaging agent fluorescein isothiocyanate (via deprotection of the
Boc group).”®* The disulphide bond is cleavable within the
unique environment of cancerous cells, causing decoupling of
the hybrid POM from the nanoparticles, releasing both the
fluorescent-tagged POM and the doxorubicin into the cellular
environment. The nanocomposites were found to have superior
activity against glioblastoma cells in vitro when compared to
either the POM or chemotherapy drug alone.

In line with the broader themes of this review, the complex
supramolecular assembly and non-covalent interactions
between hybrid POM species and biological entities cannot be
underestimated. This is most clearly demonstrated in an ele-
gant study by Liu et al., who developed an unusual long-chain
alkoxysilane-modified Preyssler anion (Fig. 31), [NaPsW30011¢
{Si(CH,);NHCON(C;¢Hz3),}]"*~, which spontaneously —self-
assembled into a liposome-like structure due to the amphiphilic
character of the hybrid POM.>** Whilst both the hybrid {PsW3o}
oxocluster and the parent {PsW;,} Preyssler anion showed
significantly higher antiproliferative properties against human
colorectal cancer cells vs. 5-fluorouracil, the supramolecular
assembly of the hybrid into vesicular structures was found
to improve its inhibitory activity, particularly over shorter
incubation times (e.g. <48 h). The authors used a biotinylated
model membrane structure to elucidate the interaction between
the both the hybrid POM liposomes and the parent inorganic
POM with the cell membrane. This found that whilst both
compounds rapidly associate with the lipid bilayer of the cell
wall, the inorganic POM can easily dissociate back into the bulk
whilst the hybrid oxocluster tends to strongly intercalate with the
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Fig. 31 (a) Schematic of the synthesis of a lipid-modified Preyssler-type
hybrid POM and its self-assembly into vesicles which facilitate its
membrane crossover and intracellular localisation within human color-
ectal tumour cells (in vitro), and; (b) proposed model of the interaction
between hybrid POM vesicles and the phospholipid bilayer of the cell-
membrane, showing: (i) binding of the POM-vesicle to the lipid membrane,
(i) trapping/intercalation of the vesicle within the membrane bilayer
(preventing dissociation), and (i) membrane crossover and uptake into
cell interior. Colour code: {WOg} = teal polyhedra; {PO4} = orange
polyhedra; Si = blue/grey; C = grey; N = orange; O = red; H = blue. This
figure has been reproduced from ref. 239 with permission from John Wiley
and Sons, copyright 2015.

bilayer, forming a stable POM/lipid complex which facilitates its
uptake into the cytoplasm. This model is therefore consistent
with the greater activity of the hybrid complex, particularly over
shorter incubation times.

In similarly elegant work, the authors built on this study to
demonstrate how a tweezer-like organoplatinum-functionalised
Keggin could be deployed as a potent pro-drug against human
colorectal cancers when encapsulated into a block copolymer
shell.”>® The resulting nanoparticles are able to intercalate with
and penetrate the cell membrane as before, and the hybrid
POM nanocomposite shows both superior anti-tumour activity
and improved biocompatibility vs. cisplatin in mice models.

5 Perspectives

The organofunctionalisation of POMs offers a direct and highly
controllable means modify both the electronic structure and
physical character of the molecular species. Simultaneously, it
entails the chemist to explore and subsequently tune the nature
of the mnon-covalent interactions between neighbouring
molecules and between these molecules and their environment.
This highly specific supramolecular chemistry and its potential to
extend the self-assembly of POMs into materials that bridge the
molecular, nano, and macro length scales, will lead to new, as yet,
unexplored potential applications in a range of technologies,
spanning energy storage, data processing, site-specific catalysis,
and biomolecular transformations.

To this end, the elaboration of hybrid POM nanoassemblies,
whether as colloids or as nanomaterials, necessitates the
implementation of additional characterisation techniques
beyond those classically used to probe the characterisation

This journal is © The Royal Society of Chemistry 2022
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of POMs (e.g. multinuclear NMR or single crystal X-ray
diffraction). To highlight just a few of these approaches, NMR
diffusion experiments can give access to the self-diffusion
coefficient (this technique being yet only adapted to discrete
systems as colloids have T, relaxation times which are too short
to probe adequately), dynamic light scattering can provide
insights into the size and solution behaviours of POM-based
nanoaggregates and X-ray scattering measurements allow
solution phase structure determination of molecular assem-
blies or aggregates of sizes ranging from 1 to 100 nm, while also
providing information on the molecular-level nanostructure.
Microscopy techniques, especially TEM and cryo-TEM (despite
the technical challenges posed by damage to samples by the
high energy electron beam), have been widely and successfully
employed owing to the very high electron density (and thus
achievable imaging contrast) of most polyoxometalates.
Cryo-TEM is particularly useful since it allows the direct
observation of complex supramolecular nanostructures without
being altered by the interaction with the substrate and/or the
ultra-high vacuum required with classical electron microscopy
techniques. That said, cryo-TEM is mostly limited to high
freezing point solvents such as water or DMSO and it is still
not widely employed in the POM community.

Though the application of advanced analytical techniques
for the characterisation of POM-based assemblies and nano-
materials will surely continue to improve, it is also worth
highlighting that theoretical studies also remain a considerable
challenge owing to the time-consuming calculations required
for such large systems containing a large number of heavy
atoms.**® As an example, density functional theory simulations
are usually limited to systems containing just 4 discrete POM
clusters. The combination of DFT with molecular dynamics
simulation methods is, however, particularly well-suited for
investigating aggregation processes at the molecular level.
Promising first attempts, which outlined the importance of
both solvation and the association of the POM with counter
cations in the aggregation process have been recently
reported,’®*” though it must be noted that this approach is
still limited to modest numbers of POM clusters. To address
this, coarse-grained molecular dynamics simulations have
proven effective as a method to considerably increase the size
of simulated supramolecular assemblies. This approach has,
for example, been investigated to study the formation of
large Keplerate-type POM assemblies,”*®>*° though further
development is required in order to properly parametrise and
account for the peculiar chaotropic character of POMs in
particular.'’®'”7® As ever, the combination of experiment and
theory is critical in order to provide the fundamental under-
standing of hybrid POM assembly in order to guide the further
design of complex, multifunctional molecular architectures.

This review article outlines the enormous diversity in both
the physical nature (e.g. molecular and supramolecular
aggregates, colloidal micelles and vesicles, gels, liquid crystals
and crystalline networks) and structure of hybrid POM-based
self-assembled nanostructures. However, while materials
using pristine (i.e. unmodified) POMs and transition metal
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substituted POMs are increasingly well-developed for application
across a range of different fields (e.g. electrochemical storage,>*
dye-sensitised solar cells,>®® catalysis,>®* proton exchange
membranes,>®® electrochromic devices,'®* to highlight but a
few), the implementation of self-assembled hybrid POM nano-
structures into tangible device configurations remains essentially
unexplored, despite the indisputable advantages of these nano-
materials. This may, in part at least, be due to the typically more
demanding synthesis of these materials in comparison to the
often ‘one-pot’ nature of traditional POMs, but the potentially
lower chemical and thermal robustness of these species must
also be considered. Closer cooperation between experts in POM
chemistry and materials scientists in particular, will be critical in
closing this gap.

The advantages presented by the unique properties
accessible through the continued design and development of
hybrid POMs and their related nanostructures are, however,
clear. Numerous examples of emerging areas of study have
been presented above - ranging from the formation of dynamic
nanocapsules, of interest for catalysis or energy storage, to
the development of photoswitchable nanomaterials showing
cooperative properties. Indeed, the continued development of
nanostructured soft materials based on hybrid POMs, which
combine long-range ordering with distinct, switchable
functionalities would constitute a major advance and lead to
a range of interesting potential applications as new nanoscale
sensors or actuators. Furthermore, although POMs have very
well-established (and highly tuneable) multi-redox activities —
marking them as being of considerable interest as unique
energy storage, electronic or catalytic species - POMs often
exhibit low or negligible conductivity in the solid state.>¢*"26
Consequently, unless processed as thin films or embedded in a
conductive matrix (e.g. conductive polymers or bulk or nano-
structured carbons, etc.), full exploitation of the attractive redox
chemistry of POM-based materials is highly challenging to
achieve. The supramolecular-assembly of POM units via their
hybridisation with a range of structure-directing and/or
electronically active organic groups is therefore an especially
interesting avenue for further study, and it will be particularly
important to develop clear structure-property relationships and
new design rules to govern the fabrication of new electronically
active materials. Finally, there is unquestionably scope to
develop the concept of tuneable POM-biomolecule interactions,
perhaps in tandem with studies on the photo/electrochemical
properties of the assembly. This challenging issue remains
mostly unexplored, while the development of hybrid POMs
with organic groups targeting site specific binding or molecular
recognition for precise diagnosis and therapy would also
constitute a major breakthrough in this field.

6 Conclusion

In summary, this review provides a comprehensive discussion of
the supramolecular self-assembly of hybrid nanomaterials based
on pre-defined organofunctionalised hybrid-polyoxometalate
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synthons/building blocks. Hybrid-POMs offer almost unparal-
leled opportunities to seamlessly integrate both organic and
inorganic functionalities into new, hierarchically structured
assemblies, where the inherent redox, photochemical and
catalytic reactivity of the metal oxide sub-unit can be combined
with the highly tuneable structure-directing properties (either via
covalent or non-covalent interactions) of the appended organic
groups. As several excellent reviews have recently described the
synthesis and functionalisation of hybrid POMs themselves, this
review focuses exclusively on how the clearly defined structure,
chemistry and directionality of these unique molecular building
blocks allows for new semi-rational design approaches to be
applied in the construction of larger molecular and supra-
molecular assemblies. Numerous synthetic strategies have
emerged as the field has rapidly grown over the past decade or
so, which we have broadly broken down into two distinct
categories: (i) direct self-assembly, whereby metal-directed,
amphiphilic, electrostatic or hydrogen-bonding interactions are
used to generate new nanomaterials in both the solution and
solid state, or; (ii) self-assembly mediated by a substrate,
whereby non-covalent interactions between the hybrid POM
synthon(s) and a range of possible host/guest species (ranging
from other small molecules such as cavitands, through carbon
nanomaterials and even large biomolecules) is used to generate
new species or facilitate integration of the hybrid POM into
larger biological systems such as microbes or mammalian cells.
It is also important to note that while this field is still very much
in its infancy, with rapid progress being made over only the last
decade or so, several key examples of emerging or potential
application areas have also been discussed, including in cata-
lysis, energy storage, and biochemistry.
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