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Abstract

Polyoxometalates (POMs) have undergone rapid development over the past decade,
emerging as one of the most versatile classes of inorganic molecular clusters with
broad applications in catalysis, energy conversion, nanotechnology, and biomedicine.
This chapter highlights several fast-evolving areas in POM research, with a focus on
the self-assembly and self-organisation of novel structures and composites. Particular
emphasis is placed on innovative synthetic methodologies, unprecedented structural
diversity, and controlled self-assembly processes at the nanoscale. We showcase
groundbreaking advances in giant molybdenum blue/red systems, high-nuclearity
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polyoxoniobate clusters, non-classical POMs, atomically precise silver-POM hybrids,
and mixed-metal architectures. This chapter provides an in-depth analysis of organic
ligand-directed assembly strategies that have enabled the construction of new classes
of POM-based cages and metal-organic frameworks. Special attention is given to
emerging research directions, including supramolecular assembly, nanoscale POM
materials, and bio-inspired POM systems. The structure-property relationships that
underpin POM functionality in catalysis, energy storage, and biomedical applications
are briefly evaluated. Finally, we present a forward-looking perspective on the chal-
lenges and opportunities in the field, including Al-guided molecular design, simula-
tion of reaction mechanisms and assembly process, and the integration of POMs into
functional materials. With over 160 references to the most impactful studies of the
past decade, this chapter serves as a comprehensive roadmap to future develop-
ments in POM self-assembly and self-organization.

1. Introduction

Polyoxometalates (POMs) constitute a distinctive class of anionic
metal-oxo clusters that have been a subject of scientific interest since
Berzelius” discovery of ammonium phosphomolybdate in 1826." These
compounds, primarily formed by early transition metals (e.g., V, Nb, Mo,
and W) in their highest oxidation states, display remarkable structural
diversity, ranging from simple Lindqvist {M¢Oo}~ and Keggin
{XM;,O4}" architectures to highly complex, giant assemblies with
nuclearities exceeding 300 metal centers.” POM:s can be categorized into
two main types: 1so0POMs, which consist of a single metal species, and
heteroPOMs, which incorporate heteroatoms (typically p-block elements)
or additional metal substituents. The inclusion of heteroatoms and partial
metal substitutions results in exceptional compositional versatility, with
POM structures encompassing atomic counts ranging from tens to thou-
sands. This structural and compositional flexibility” directly translates into
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diverse functional applications,” ” demonstrated in catalysts, electronic
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devices and advanced materials, © ~ leveraging their unique redox,

spectroscopic, photovoltaic, and magnetic properties.

The past decade has witnessed a paradigm shift in POM chemistry,
moving beyond traditional structural motifs’ to embrace (1) precision
synthesis of giant clusters with atomic-level control””'; (2) hybrid materials

integrating POMs with organic frameworks, nanoparticles, and biomole-
2-24

cules” ~'; (3) dynamic systems exhibiting stimuli-responsive assembly/

disassemblyZS; (4) functional materials with tailored electronic, magnetic,
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and optical properties.””~" This comprehensive chapter is organized into
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five major sections that reflect the most impactful developments in POM
research, focusing on the self-assembly and self-organization, over the past
decade. The topics include synthesis methods, new POM structures,
POM-organic hybrids, POM-based high order materials and perspective.

) 2. Synthetic methodologies
2.1 Traditional synthesis approaches

The foundation of POM chemistry remains the acid-base condensation of
metal ion precursors in aqueous solution. The classic “one-pot” synthesis of
typical POM clusters such as {M0154}30 and {P5W30}31 involves careful
pH control and has been optimised over decades. Recent refinements
include pH-controlled assembly: (1) systematic studies have established
precise pH windows for different POM types, e.g. various lacunary species
of polyoxotungstates (W-POMs)’; (2) counterion effects,”” such as the role
of aminium as cations in directing structure formation,”” have been
quantified through high-throughput screening; (3) temperature gradients
and time resolved assembly enables crystallization of metastable phases.”

2.2 Advanced synthetic strategies

Hydrothermal and solvothermal methods are well-established in synthetic
chemistry and remain essential for preparing POM-organic hybrid mate-
rials. Recent developments demonstrate that high-temperature
(100-200 °C) sealed reactions enable novel POM architectures. For
example, most large polyoxoniobates (Nb-POMs) are synthesized hydro-
thermally. While molybdenum blues (MBs) were traditionally prepared at
room temperature due to the presumed instability of Mo", higher tem-
peratures have now been shown to stabilize unique structures, such as the
neutral {MogoLn o} framework formed at 100 °C.” Hydrothermal
approach has also enabled the synthesis of giant clusters like {Moo,,}”" and
many other Mo reds,”” expanding the scope of accessible POM compo-
sitions. The challenge of hydrothermal and solvothermal synthesis is the
difficulty in monitoring the reaction progress in real-time due to the sealed
nature of the system, making it harder to optimize conditions dynamically.

Microwave-assisted synthesis efficiently fabricates POMs and their
hybrid materials, offering rapid, uniform heating, higher yields, shorter
reaction times, and energy savings. The fast, homogeneous heating enables
kinetic control over assembly.”” For example, nonaqueous microwave
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conditions yielded novel molybdovanadates.”” Additionally, POM-capped
gold nanoparticles were obtained by heating AuNO3(PMej3) in acetonitrile
with POM species and tetrabutylammonium at 120 °C."" A solid-liquid-
gas three-phase electrolysis system using microwave-synthesized POM-
based MOFs was developed to convert disulfide substrates into valuable
C-S bond-containing products, such as anticancer drugs.”

Electrosynthesis offers a clean, efficient, and controllable route for POM
assembly. By using electrons as reducing reagents, it eliminates the need for
chemical reductants, reducing waste and simplifying purification. Precise
control over redox conditions enables selective formation of reduced or
mixed-valence POMs, including complex architectures like MBs. This
method also facilitates in situ tuning and monitoring of reactions, making it
ideal for accessing novel POM structures and integrating them into elec-
troactive materials. By using electrochemical synthesis, Cronin et al.”* have
shown the productions of various giant polyoxomolybdates (Mo-POMs),
with unique structure features, improved yield, increased reproducibility,
and shorter crystallization time compared to chemical reduction methods.
Falaise et al. used the electrosynthesis method to over-reduce “Wells-
Dawson-like” {AsW, g} POM and yielded species containing a W-W
bonded {W3'} triad and novel chiral structure {AsWog} (Fig. 1)."” A parallel
work produced metal-metal bonded mixed metal triad {Mo'VW3'} in
Keggin cluster {SiMoW ;}."" A facile electrosynthesis method uniformly
disperses Wells-Dawson- and Keggin-type POMs on TiO, nanotube arrays,
resulting in a series of single-cluster functionalized catalysts {P>M;3@TiO,}
and {PM,@TiO,} (M = Mo or W)."” The single POM clusters serves as
electronic sponge to accept electrons from excited TiO, for enhancing
surface-hole concentration and promote water oxidation.

{AsWV,W, 5} {AsW"VW,.}

Fig. 1 Electrosynthesis of super-reduced “Wells-Dawson-like” POM {AsWY'W;s} and
{ASW5'W,3}.
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Other cutting-edge approaches include photochemical " and mechano-
chemical synthesis.”” In a recent study,”’” {PMo;,} was reacted with n
equiv of lithium metal (n = 1-24), yielding a mixture of variably reduced
{PMo,,} species. Analysis revealed Mo-Mo bond formation beginning at
n =28 and a major structural change at n > 12. At n =24, the results
indicated the formation of at least one Mo' -Mo" bonded {Mo5'} triad
alongside multiple Mo" centres. This work uncovers complex, unexplored
chemistry in super-reduced POM:s and introduces a solvent-free method to
advance the fundamental understanding of electronic properties and reac-
tivity of electron-rich nanoscale metal oxides.

The synthesis of POM clusters remains a significant challenging due to
their reliance on highly sensitive synthetic conditions, which generate a
vast array of potential building blocks (BBs) and subunits, making precise
control difficult. Achieving well-defined POM structures is crucial for
understanding of the fundamental relationship between each building
motif’s structure and function. However, atomic-level tailoring of specific
sites within POMs, while preserving the integrity of their overall frame-
work, remains an exceptional challenge.

§ 3. Building block strategy for growing gigantic POM
clusters

3.1 Advances in Mo blues

A particularly fascinating subgroup of POMs comprises the giant nanosized
Mo-based clusters, which contain hundreds of Mo atoms and approach
protein dimensions.”” The chemistry of giant Mo-POMs emerged in 1996
when Miiller and co-workers determined the crystal structure of the first
mixed valent, wheel-shaped {Moys4},”" containing 28 Mo" centres. Sub-
sequent work expanded this family to include the Keplerate K-{Mo3,},"”
ball-shaped  {Mojn.},”"  wheel-shaped {Moy7},” " capped wheel
{Mos,s} " and lemon-shaped {Moses} " architectures. Traditionally classified
by their coloration as Mo-blue or Mo-brown (represented by K-{Mo3,}),
these giant clusters share common structural features. All contain transferable
pentagonal {Mog} or their derived {Mog} BBs, combined with various
supporting/templating and bridging units (Fig. 2). The archetypal {Moys4}”"
and {Mo7,} wheels,”'”” for instance, consist of 14 or 16 {Mog} units
(tetradecamer or hexadecamer), interconnected by backbone-supporting
{Mo;-s} units and corner-sharing {Mo,-c} bridging “skirt” units along the
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{Mo3-b}

{Mos-a}

{Mo'V;S} {Mo"’;}

\ ) * ¢O e il
{Mo,-e} {Mo,-f} {Mo",-er} Tripodal {MoYg} Coplanar {Mo"g}

Fig. 2 Main building blocks for Mo-POMs include pentagon {Mog}, normal pentagon
based {Mog} and bent pentagon based {Mog-b}, supporting {Mo,-s}, bridging {Mos-b},
add-on {Mos-a}, corner sharing {Mo,-c}, edge sharing {Mo,-e}, face sharing {Mo,-f},
reduced edge sharing {MoY-er}. Representative Mo blue and Mo red structures from
{Mo154} to {Mogs}. In{Mo0;54} top view, a side view copy is inside the wheel.
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wheel edges (Fig. 2). In contrast, the K-{Moj3}"  and ball-shaped
{Moyn} " clusters feature distinct architecture, with 12 {Mog} pentagons
connected by 30 {Mos-er} (Mo -Mo" bonded, Fig. 2) or {Mo;-b} bridges.
The cluster size and curvature of the wheels are regulated by the {Mo,-c}
linker length, which accounts for the limited accessibility of other ring sizes
within this structural family beyond {Mojs,}”" and {Moyz¢}.”" 7" Late
studies enabled the synthesis of smaller analogs through partial replacement of
{Mos-c} units with lanthanide (Ln) bridges, yielding clusters such as
{Moyslny},™ {Mogaglng},” ™" {Mojaolng},”” and {MoggLnio}™ con-
taining 10-12 {Mog} BBs (decamer or dodecamer).

Most recent advances have further diversified this family through the
incorporation of {Mo3S}, edge-sharing {Mo,-er} and uranyl bridges,
leading to novel structures like lantern shaped L-{Mo3,},”" capped wheel
C—{MOBZ}M and wheel shaped {MogOUlo}(’2 (Fig. 2). All three structures

60
" and

share the same decamer backbone construction, although L-{Mo3,}
C-{Moy3,}°" are further capped by two additional pentagonal {Moy} units
at their two ends. Fascinatingly, L-{Mo35} and C-{Mo3,} share the same
nuclearity as K-{Moq3,},"” but their framework differ substantially. While
K-{Mo3,} exhibits icosahedral symmetry, L-{Mo3,} and C-{Mo3,}
adopt rare oblate spheroid geometries with Dsy symmetry. The
{Ce11Moyg} cluster”' represents an intriguing hybrid, combining structure
elements similar to hemispheres of {Moy,Ce o} and C-{Mo3,}. Burns
et al.”” reported the first uranium-containing MB clusters, {Mo7,Ug},
{Mog7U o} and {MoggU}, along with their unique properties arising
from wuranium incorporation. {Mo;,Ug} represents unconventional
square-shaped POM, consisting of two face-to-face square shells connected
by eight edge-sharing {Mo,-e} dimers in a spiral-twist configuration,
rendering the cluster chiral (Fig. 2). However, it crystallizes as a racemic
mixture. Each shell is constructed from four pentagonal {Mog} units. In
principle, the two shells of the chiral {Mo;,Ug} molecule should be
symmetrically equivalent and related by twofold rotation axes. However,
structural analysis revealed significant distortion in the solid state, resulting
in asymmetrical shells with distinct bonding geometries. This distortion
creates an interesting electronic asymmetry, where one shell becomes more
negatively charged due to electron localization while the opposite shell
remains relatively positive. Remarkably, {Mo;,Ug} is an octameric MB-
type cluster with an unusual 24-electron reduction. The {Mog;U;(} has a
wheel structure similar to {MogyU;} but with an additional heptamo-
lybdate cap on one face.
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Latest studies have demonstrated that the geometry of giant Mo-POM:s
can be controlled through incorporation of alternative supporting/tem-
plating groups, including SO5> and SO, anions, along with distorted
bent pentagonal {Mog-b} units. This approach has yielded several archi-
tecturally unique clusters including {Mogs} and {Moys}.”” The ellipsoidal
{Mogs} cluster features a distinctive asymmetric construction with two
non-equivalent hemispherical shells. Its octameric belt adopts an elliptical
rather than circular geometry, where {Mo3S} and {Mos} bridging units
span the wide gaps to complete the cage structure (Fig. 2). In contrast, the
decameric {Mojog} cluster forms a closed ellipsoid with centrosymmetric
top and bottom sections, each comprising four regular {Mog} units and
one bent {Mog-b} BBs (Fig. 2). A structurally innovative feature of both
{Mogs} and {Mog} 1s their interlocking assembly mechanism, where the
bent apex of each {Mog-b} precisely occupies the notch formed between
two regular {Mog} BBs. These clusters maintain specific {Mog-b} to
{Mog} ratios of 2:6 and 2:8, respectively. While regular {Mog} units alone
can form classical MB clusters like {Mojs4} and {Mo,7¢}, the incorpora-
tion of bent {Mog-b} BBs requires corporative assembly with regular
{Mog} BBs to achieve high-nuclearity architectures. It was proposed that
these incorporation ratios are not random but follow defined stoichio-
metric principles.”” Successful realization of such designed structures
necessitates careful selection of supporting and bridging units. New MDB
structures {Moysg},”" {Moygol”” and {Moy7,}"" (Video 1) from dimer-
ization of octamers similar to {Mogs} were reported recently.

3.2 New emerging of large Mo red clusters

The characteristic blue coloration of MB-type clusters arises from the
delocalization of reducing electrons across the entire cluster framework,
resulting in low-energy electronic transitions that produce a distinct
absorption band at approximately 750 nm in UV—vis spectra. These clusters
are structurally defined by their wheel-like backbone architecture. In con-
trast, the class traditionally termed “Mo-brown” features localized reducing
electrons that form clear Mo'-Mo" bonds. Given recent discoveries of
structurally similar but red-coloured Mo-POMs, we propose reclassifying
this group as “Mo-red” clusters. These Mo-red species exhibit a higher-
energy absorption band around 450 nm, reflecting the localized electronic
transitions in their isolated Mo"-Mo" bonds. Recent advances in Mo-red

36

have yielded remarkable structural diversity, including clusters {Mosy},
{Mo7o},"" {Mogs},”” {Mogo}’” (Fig. 2) and {Mo-4}" (Video 2). While MB
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®Mo
P
Molecular structure of {Moy7,} tg

Video 1 A video dlip is available online. Supplementary material related to this article
can be found online at http://doi.org/10.1016/bs.adioch.2025.09.001.

Video 2 A video clip is available online. Supplementary material related to this article
can be found online at http://doi.org/10.1016/bs.adioch.2025.09.001.
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wheels/ball all contain the {Mog} pentagonal units, large Mo-red clusters are
constructed from two primary BBs, coplanar {Moyg } and tripodal {Moy },
each containing three MoV-Mo" bonded dimers (Fig. 2). These two BBs
structurally correspond to two halves of the e-Keggin isomer {Mo),},”
representing the smallest and fully reduced Mo-red structure. The cubic
{Mogs}°" (81 % reduced) features eight hexagonal {Mog ! subunits posi-
tioned at the cube vertices, complemented by four single Mo" centres dis-
ordered over twelve edge centres, with structural stabilisation provided by six
octahedrally arranged Ln"" ions and cubically positioned eight Ni" ions
(Fig. 2). The star {Mos}°" (57 % reduced) consists of five {Moy,}, each
containing a tripodal {Mog} core with a {Mo;} add-on group and an
internal {MoQ,} template, interconnected by five tetrahedral {MoyMo,}
linking units (Fig. 2). Lan et al.”” achieved a breakthrough with the
hydrothermal synthesis of the giant {Mo,y0} cluster which adopts a penta-
gonal dodecahedral framework constructed from twenty tripodal {Moy }
BBs bridged by thirty {MoyMo,} connectors. This remarkable structure
features an expansive 1.8 nm diameter cavity with twelve pentagonal win-
dows and demonstrates a 75% reduction level of its Mo centers. The
{Mo-,}"’ star’s core resembles one quarter of the {Moyyo} architecture but

36
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with different templating groups under the tripodal {Mog} BBs.
et al.”’ subsequently extended the {Mo,4} system with {MoQ,} templates
and obtained catalytically active derivatives {Mosso} and {Moago},
demonstrating POM assembly flexibility by reaction condition control.
Chen et al. reported the Mo-red cluster {Mog} ' as containing
exclusively Mo" centres, but more details indicate the presence of twelve
Mo" centres, evidenced by two characteristic Mo-Mo bonds (~2.6 A)
associated with each Mo'" site (Fig. 2). These twelve Mo'" centres
assemble to form a structurally unprecedented e-Keggin {Mo}s} cluster
core exhibiting ideal tetrahedral symmetry, comprising four triangular
{Mo5"} units (Fig. 2). This configuration represents the first experimental
realization of a theoretically predicted but previously unobserved structural
motif.”" The hierarchical assembly of this cluster proceeds through two
distinct encapsulation layers. First, four tripodal {Mog } units align along
the Cs-symmetric window directions of the e-Keggin core. Subsequently,
four additional tripodal {Mog } units arrange themselves along the Cs-
symmetric directions defined by the {Moj } triangles. The resulting
{Moj5Moyg} architecture incorporates 60 Mo centres and possesses 72
reducing electrons, corresponding to an exceptional 120 % reduction level
when calculated using conventional methods. This remarkable electronic
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configuration stems from the synergistic combination of the over-reduced
e-Keggin core with the surrounding {Mog } units.

{Mo74}°" is a unique Mo red composed of two trefoil-shaped {Mos,}
sections (Video 2). Each {Mos,} begins with a {MoO,}-templated tripodal
{Mog } unit as the cluster core, which extends along the three gaps between
its legs, each filled with a {MoYMo,} cubic bridging unit. These cubic units
further connect to an external crippled tripodal {Mo}Mo,} templated by a
{SOy4}. The two inherently unstable super-trefoil-shaped {Mos,} units are
combined in a face-to-face yet staggered arrangement and stabilized by six
{MoQ,} units, which bridge the side edges of the trefoil blades.

Typical MB {Mos4}, {Mo176}, {MoggU1o}, and {Mojog} possess only
delocalized reducing electrons, whereas Mo red species including {Mos4},
{Mo7y}, {Mogs}, {Mogo} and {Moy4} contain exclusively localized
reducing electrons. In contrast, hybrids such as L-{Moj35}, C-{Mo35}
and {Mo;7,} feature both delocalized and localized reducing electrons,
resulting in coloration distinct from typical blue or red. For example,
C-{Mo35} has been reported to exhibit green hue. With the application
of new synthetic method and the incorporation of organic ligands like
phosphonates”” in Mo-POM construction, it is anticipated that more new
structural types of giant Mo-POMs, occupying the intermediate space
between MB and Mo red, will be discovered in the near future.

3.3 Novel high nuclearity polyoxoniobates

Nb-POMs constitute a remarkable class of POM frameworks where nio-
bium serves as the primary constituent alongside vanadium, tungsten, and
other transition metals, forming structurally diverse and functionally versatile
compounds.”” These materials are distinguished by Nb’s high +5 oxidation
state and strong Lewis acidity, which endow them with unique catalytic and
7 Compared to their Mo- and W-based counterparts,
Nb-POMs present greater synthetic challenges: they are typically stable only

7
redox properties.

under less acidic conditions, lack soluble precursors, require high pH for
formation, and exhibit low reactivity. Consequently, Nb-POM chemistry
remains less explored, with fewer reported studies. Structurally, Nb-POM:s
adopt well-defined architectures built from fundamental BBs, primarily
Lindqgvist-type clusters, interconnected by small linkers to form mixed-
addenda species.”” Their synthesis typically involves the acidic condensation
of niobate precursors [Nb6019]8' ({Nbg}) with other transition metals under
mildly acidic to neutral conditions, distinguishing them from Mo- or W-
POMs that require strongly acidic conditions. Although Nb-POM
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chemistry has only developed significantly in the last two decades, recent
advances have yielded numerous high nuclearity Nb-POMs constructed
from well-defined BBs. Fig. 3.

Fig. 3 showecases representative Nb-POM recently discovered. The
versatile {Nb,} BB, consisting of a Linqvest {Nbg}~ unit with an additional
{Nb;} moiety, serves as a primary structure motif. Through equivalent
{Nb;} linkers, multiple {Nb;} units can polymerize to form cyclic oli-
"7 tetrameric {Nbs,},””” pentameric
{Nbyo},”” and hexameric {Nbyg}.”” These oligomers can further assemble

gomers including trimeric {Nbo,},

into larger Nb-POM clusters through various combinations, incorporating
with other transition metals. For instance one form of {Nbgs} arises from
the tetramerization of {Nb,,},”” while another originates from dimeriza-
tion of {Nbyg}.”" Similarly, {Nbyg,} results from the tetramerization of
{Nbyg}.”” Additional assemblies include {Nbi,}, formed from one

%1

Nb,
{Nbyo} {Nbag)

{Nbygg} {Nb4¢2} {Nb14}

Fig. 3 Representative Nb-POM building blocks and clusters. Color scheme: Nb sea
green in general, Ag dark teal. Exceptions for building blocks in {Nb,gg}: {Nb;;} sea
green, {Nb;o} green, {Nbs} bright green, {Nb;} turquoise.
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{Nbyg} plus three {Nby,} units, and {Nbqsg}, composed of two {Nbyg}
and two {Nb,,} units.”” Another important BB is the stable and isolable
{Nb,;}"" cluster, which features a Keggin-like {Nb;,} unit positioned
atop a tripodal, bowl-shaped {Nb;5} base. This {Nby;} BB exhibits
remarkable polymerization capability,” forming dimeric {Nbs,}, trimeric
{Nbg; } and tetrameric {Nby 4} structures through the loss or gain of small
{Nb;} or {Nbs} units while retaining the fundamental {Nb,;}"" frame-
work. A particularly notable assembly, {Nbys,},"" consists of six {Nb,;}
encapsulating a {Agg} core (Fig. 3).

The {Nbogg} cluster,”” containing 288 Nb atoms, currently stands for
the largest and highest nuclearity Nb-POM reported, ranking as the second
largest cluster among all classic POMs." This remarkable structure adopts a
unique windmill-like architecture composed of six nanoscale {Nb,;}
subunits interconnected through six additional {Nb,} linkers (Fig. 3). Each
{Nb,7} subunit itself exhibits a sophisticated ternary structure comprising
three distinct components: {Nb;7}, {Nbyo} and {Nbs} (Fig. 3). The
unusual {Nb-} unit can be structurally described as a lacunary derivative
of the {Nby;}"” cluster, while the {Nby,} unit results from the fusion of
two Lindqvist anions through loss of two vertex Nb centres. The overall
{Nbygg} assembly possesses pseudo-six fold symmetry, with its principal
rotational axis aligned with the six fold axis of the equatorial hexagonal ring
formed by the six {Nb,} linkers. This elegant symmetrical arrangement
highlights the sophisticated hierarchical organization characteristic of high-
nuclearity Nb-POM:s.

A groundbreaking advancement”™ in Nb-POM chemistry involves the
solation of a remarkable series of giant, all-inorganic core-shell cobalt Nb-
POM clusters exhibiting diverse morphologies, nuclearities, and novel
topologies, including {CosNbsg}, {Cor9Nbas}, {Cor¢Nbse} and
{Co33Nbss} (Fig. 4). These molecular Co-Nb-POM clusters feature
atomically precise architectures consisting of spinel-type cobalt oxide
Co"Coy'Oy cores with different nuclearities encapsulated within niobium
oxide shells. This successful synthesis of Co-Nb-POM clusters demon-
strates a versatile and reproducible methodology for constructing rare,
isolated spinel metal oxide systems with well-defined shell structures. The
precise control over core-shell architecture in these molecular systems
offers exceptional potential for applications in advanced materials science
and molecular catalysis, particularly where defined metal oxide environ-
ments are crucial for catalytic performance.
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Fig. 4 Representative mixed metal POMs. In {Co4(PWy_,Mo0,)>}, W and Mo are dis-
ordered over all sites but sea green sits have more W content while green sits have
more Mo content.”” In {P3W,sMog}, 4 Mo are distributed over all cyan sites.*®

3.4 Maximizing POM functionalities by mixing metals

Incorporating mixed metals (e.g., Mo and W) into POMs combines their
complementary properties, enhancing functionality. For instance, Mo-POMs
exhibit higher reducibility and catalytic activity in oxidation reactions,
whereas W-POMs provide stronger acidity and stability. Blending these
metals fine-tunes redox behaviour, enabling optimized catalysis (e.g., for acid-
driven or oxidative processes). Structurally, W enhances thermal and
hydrolytic stability, while Mo introduces flexibility, facilitating novel archi-
tectures. Additionally, mixed metal POMs balance solubility - Mo enhances
organic solvent compatibility, while W ensures aqueous stability — simplifying
processing. Overall, strategic metal mixing tailors POMs for applications in
catalysis, energy storage, materials science, and medicine by leveraging
synergistic effects.”"”” Cronin et al. demonstrated redox-active electrocatalyst
tuning by doping Mo into the W framework of a {Co4(PWy),} Weakley
sandwich (see {Co4(PWo_Moy),} in Fig. 4).°" This doping lowers the
overpotential for the oxygen evolution reaction (OER), enabling efficient
water oxidation without catalyst degradation. In another study, mixed redox-
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active pyramidal XOj heteroanions (X =P, As, Se) guided the assembly of
multilayered POM cages (see e.g. {P3W5sMoy} in Fig. 4) driven by reduced
MoV Ten mixed-valence Mo-W-POM clusters, templated by one to three
XO; heteroanions, were synthesized, expanding the library of cylindrical
POM structures with potential as linear molecular conductors. These clusters
exhibit rapid dielectric relaxation (50-150 K), highlighting their promise for
electronic materials. The {Moy,Ti;,}"" POM (Fig. 4), featuring surface
peroxo groups, demonstrates exceptional photocatalytic activity in benzyl
alcohol/benzaldehyde oxidation. Chi et al.”” recently reported a unique
tullerene-like Nb-V-POM cage, {V3)Nbys} (Fig. 4), by incorporating Nb
into polyoxovanadate (V-POM). Its structure, assembled from 12 hetero-
metallic {NbVs} pentagons with icosahedral symmetry, resembles Cg.
Additionally, two core-shell mixed-metal POMs, {MVig} (M = Mo
or W),” were synthesized using Lindqvist {M} templates and phenylpho-
sphonate ligands (see {P>4W¢Vig} in Fig. 4). These compounds feature a
nested octahedron@cube@octahedron architecture, offering insights into
designing novel mixed-metal POMs with tuneable properties. The catalyti-
cally active {Ce 5V} cluster,” templated by sulfate vs sulfonate ligands, both
adopts a cubane-like architecture with Ce' ions occupying the edges,
vanadyl groups decorating the faces, and ligands positioned at the vertices.
The incorporation of organic sulfonate ligands significantly enhances the
cluster’s solubility for homogeneous applications while simultaneously
introducing porosity. This structural modification serves critical functions:
increasing accessibility to catalytic sites, modulating the electronic environ-
ment of active centres, and boosting overall reactivity, as demonstrated by the
selective oxidation of 2-chloroethyl ethyl sulfide. The strategic ligand func-
tionalization fine-tunes cluster reactivity, providing valuable design principles
tor developing efhicient redox-active and mixed-metal POM catalysts. Finally
the {Cos33Nbs,}” discussed in previous section represents a good example of
mixed metal oxide materials (Fig. 4).

3.5 Non-classical POMs

POM is classically defined as anionic molecular metal oxide. As the field has
expanded beyond traditional Mo-, W-, V- and Nb-based systems, new
classes such as polyoxopalladates (Pd-POM:s)”' and other anionic metal oxide
clusters have been discovered and structurally characterized. A key feature of
these non-classical POMs is their reliance on heteroanions for cluster for-
mation, stabilization, and anionic charge. Pd-POM chemistry, developed
over the past two decades, has yielded diverse structural types range from
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cubic {Pd;»}”” to giant ring-shaped {Pd;} and {Pdg,} clusters,” with
intermediate architectures including star {Pd;;} " and dumbbell {Pd,,}”
configuration. Recent advances include disk-like {Pds,}”° and Ce'V-con-
taining {CegPdg}.”” Similarly, uranium-based clusters represent another

98,99

important class of non-classical POMs. Nyman et al. recently reported

00

uranyl-oxysulfate clusters {U5,} and {Ug,},'”" whose assembly depends on
solution acidity and counter-cations (lanthanides/transition metals). The
hollow {Ug4} supercluster features 14 {Ug} BBs arranged in cubic-close-
packed networks via sulfate bridges, while wheel-shaped {U-,} comprises 10
{U;} BBs stabilized by transition metals, exhibiting unique organic solubility
for supramolecular applications. Notably, a toroidal zirconium oxysulfate
cluster {Zry,}'""

symmetry sharing structural motifs with the isostructural {U,,}. A remark-

with a 1 nm inner cavity displays pseudo-10-fold rotational

able example of non-classical POM assemblies is the stepwise formation of

. 2 3
the {Ceyo} ring cluster,”'"”

which consists of ten {Ce;} repeating BBs
(Fig. 5) and is also an isostructure of {U,y}. This structure suggests simul-
taneous ring assembly and crystalline lattice organization during crystal-
lization. While various metal counter-cations bridge rings via sulfates, their
structural influence remains limited. However, ammonium cations uniquely
induce spontaneous self-assembly of interlocked {Cegq,} dimers'"” (Fig. 5), a
novel inorganic motif. The {Ceq} cluster maintains the {Ce,y} ring
architecture but breaks and lacks eight Ce centres near the interlocking
point. Both {Ce7} and {Ce¢,} exhibit lanthanide ion exchange, with the
readily prepared ammonium salt of {Ceg,} offering particular promise for

redox-active and catalytic applications.
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Fig. 5 Molecular structures of {Ce;4(S04)s0} and {Ceg,(SO,4)ss} interlocked dimer.
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) 4, POM metal-organic hybrids
4.1 POM-mediated Ag clusters

Recent research on POM-stabilized silver clusters has gained significant
attention. Unlike classical sol-gel derived silver nanoparticles with het-
erogeneous size distributions, POMs serve as versatile templates or ligands
that enable the synthesis of atomically precise silver nanoclusters. The rigid,
redox-active POM frameworks can encapsulate or bridge silver clusters,
forming unique core-shell or cage-like architectures with tailored geo-
metries. This synergy combines the plasmonic, catalytic, and luminescent
properties of silver with the redox versatility and stabﬂity of POMs,

104 o .
antimicrobial

yleldmg hybrid materials Wlth apphcatlons in catalysis,
agents,'” and energy storage.'’” The structural precision and multi-func-
tionality of these Ag-POM systems establish them as a cutting-edge plat-
form in nanotechnology and materials science.

POM-stabilized silver clusters can be classified into three categories: (1)
Ag cluster-in-POM, (2) POM-templated Ag shell clusters, and (3) multi-
layer alternating arrangements and infinite structures. The first type repre-

sents traditional structures where cluster sizes are constrained by POM cavity
dimensions, as exemplified by {Ang@W76} Y Ag@ (S1W9)3} 7 {Ags@

Nbieo}, ! {Ag14@(SbsW3)2}, 1 {Ag@ 512W18066)3} " and {Ags@
(PNb;Wis)e}.''” Notably, the catalytically active {Ags@PsW s}

111,112
nanocluster

maintains exposed silver surfaces while achieving excep-
tional stability in both solution and solid states through encapsulation by
{PgW,g}. This system undergoes redox-induced structural transformations
without agglomeration or decomposition. Similar POM-mediated clusters
have been reported for other precious metals including Au'"” and Cu.'"”
Recent research has primarily focused on the second and third cate-
gories, which typically employ anionic organic ligands (carboxylates,
alkynates, and thiolates etc.) for surface stabilization and charge balance. A
remarkable triple core-shell structure {Ag;o@(W-)@Ag7,} (Fig. 6) fea-
tures an inner {Ag;,} core wrapped by two crescent-shaped {W-} units,
further enclosed within a rugby ball-shaped {Ag74} shell, with external
stabilization by Pr'S™, Pr"CO,~ and PhCO,~ ligands.'"” Structural varia-
tions at the poles and steric effects of Pr’"CO, /PhCO,  give rise to two
isomers: flat-headed and cuspidal prolate spheres. Ligand exchange studies
revealed distinct preferences between isomers, demonstrating how organic
ligands can induce shell reorganization beyond simple surface modification.

Sun et al. reported {PsW30@Ag43} cluster stabilized by alkynate ligands
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{SiWoZn,@Ag3s}

,s'e‘ S
¢ & %

{(PWs):@Ag72} 2D network {(SiW12.xCox)s@Ag114}

Fig. 6 Representative POM-mediated Ag cluster structures.

and provided a comprehensive compilation of early POM-templated Ag
"% More recent advances include

shell clusters in the references therein.
lacunary Keggin POM templated structures: single-pod {PWo@Ags:}
clusters''” fuse via 4,4’-bipyridine or 1,4-bis(4-pyridinylmethyl)piperazine
linkers to form double-pod {(PWo),@Ag,,} assemblies, yielding 2D layer
or 3D framework, respectively. This represents a paradigm shift from
empirical approaches to designed synthesis strategies. A number of example
show that open-shell clusters can be obtained by templation from transi-
tion-metal-substituted POMs, for instance, the cluster {SiWoZn,@Ag;s}
(Fig. 6), where W=0 sites bind Ag' ions while the Zn sites (with acetate/
hydroxyl ligands) create structural windows.''” Yang et al.""" reported the
largest known Ag cluster {Ag;i4} templated by a supertetrahedral
{(S1W,Co,)4} aggregate, which catalyzes light-driven CO, reduction
when coupled with [Ru(bpy);]Cl, photosensitizer and triethanolamine
sacrificial donor. Notably, the structural diversity extends beyond closed-
shell architectures.

4.2 Organic ligand directed assembly of giant POM-based
cages

Giant cluster cages are highly appealing due to their intricate architecture,
which resembles biological macromolecules. POMs serve as ideal



Roadmap of exploring self-assembly and the self-organization 47

molecular models for studying and mimicking complex nanoclusters,
combining tuneable geometry and chemistry with the functional versatility
of metal oxides. These properties make them exceptional nanoscale systems
tor applications in catalysis, energy storage, and biomedicine.

V-POMs offer distinct advantages for effectively constructing hybrid
POM clusters, as their modular motifs, such as trigonal {V3}, square {V,},
pentagonal {Vs} and hexagonal {Vg}, provide well-defined binding sites
for organic ligands, enabling predictable assembly. Rigid multi-dentate
O,N-donor ligands with high affinity for vanadium ions further facilitate
119,120

the formation of highly symmetrical cages. This approach has yielded

high-nuclearity aggregates with tetrahedral, octahedral, and cubic topolo-

. 121
gies.

Recent breakthroughs include fullerene-like cages constructed
from sulfate-templated pentagonal {VsS} BBs and benzenetricarboxylate
(BTC).'”” The icosahedral {V¢,} cage, composed of 12 pentagonal {VsS}
units bridged by 20 BTC spacers (Fig. 7), exemplifies this architecture. By
modifying the {Vs5} BB to V-centred {V} or Mo-centred {MoVs5} units,
two isomorphic cages, {V7,} and {V¢o\Moy,} (Fig. 7) were also isolated.

An intermediate structure, {Vq}, containing both {Vs} and {V¢} BBs,

{VgoMo1,} - by Mo centred {MoVs} BB {V24} catenated dimer «C {Mo4,6W;o} top view

Fig. 7 Representative organic ligand directed giant POM-based cages: {V¢o} and
{VeoMo1}'*%; {V36Pds} and {Vaa} dimer'’; {Mos26Wso}. **
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was crystallized, demonstrating the complexity of this self-assembly system.
These clusters represent the highest nuclearity V-POM structures reported
to date. One other outstanding demonstration of organic ligand-directed
V-POM assembly involves the construction of tetrahedral pyrgo[2]cage
molecular architectures and interlocked catenanes based on hexagonal {V}
BBs bridged by organic ligands.'” Three key synthetic strategies enabled
these structures: (1) vertex reconstruction, where sulfate-centered {V4S}
vertices are replaced by phenylphosphonate-centered {VP} vertices to
create cages with tuneable cavity dimensions; (2) exogenous vertex
incorporation, substituting one {Vg} vertex with a shared {Pd;} vertex to
form pyrgo[2]cage molecule {V;3sPd;} (Fig. 7); and (3) polyhedral inter-
locking, achieved by precisely modulating organic linker lengths and
intermolecular interactions to assemble tetrahedral monomers into hour-
glass-shaped {V,4} catenated dimers (Fig. 7). Through this synergistic
combination of covalent and non-covalent interactions, the approach yields
novel structural types exhibiting unique properties, such as selective NHj3
gas adsorption.

Suzuki et al. have established another notable class of POM-based cage
assemblies  using lacunary POMs.'”  Keggin-type lacunary POMs  like
{PMoo}'™ and {SiW o} provide structurally defined coordination sites with
versatile geometries while maintaining tuneable properties. Particularly useful are
pyridine-fnctionalized lacunary Mo-POM:s such as {PMoyOs;(py)s} '~ which
offer organic solubility and serve as excellent synthetic precursors for con-
structing POM-organic hybrid structures. Through ligand exchange reactions,
these {PMoy} BBs can form dimeric cages when bridged by 4,4’-bipyridyl
spacers or tetrameric assemblies when connected by cofacial porphyrin ligands.
Remarkably, these resulting structures exhibit exceptional photocatalytic per-
formance, demonstrating highly efficient and durable visible-light-responsive
activity for aerobic oxidation reactions.'”” Fang et al."”" presented the assembly
of glant mixed-metal {Mo,xW3,} POM cages templated by n-conjugated
planar polycarboxylate ligands. These architectures feature inorganic shells
incorporating 18 stacked aromatic carboxylates, such as BTC (Fig. 7) or
5-nitroisophthalate, stabilized by extensive m-nt interactions. The cages exhibit
remarkable solution stability, and their embedded aromatic templates can be
post-synthetically exchanged with aliphatic dicarboxylates. This strategy enables
precise endo-functionalization of the cage cavities, opening avenues to explore
confined reactivity and host-guest chemistry. The work represents a significant
advance in constructing hybrid organic-inorganic systems through controlled
supramolecular templating.



Roadmap of exploring self-assembly and the self-organization 49

4.3 POM embedded MOF

Metal-organic frameworks (MOFs) embedded with POMs (POMOFs)
represent a highly versatile class of hybrid materials that synergistically
combine the unique properties of both components, leading to enhanced
performance across various applications.'”’ MOFs provide a highly porous,
tuneable, and structurally robust framework, while POMs contribute
strong acidity, redox activity, and catalytic functionality.'”'”” One of the
most significant advantages of POMOF composites 1s their superior cata-
lytic performance, where POMs act as active sites for acid-catalyzed,
oxidation, and reduction reactions, while the MOF matrix prevents POM
aggregation and leaching, ensuring recyclability and stability.” This makes
them ideal for heterogeneous catalysis in industrial processes, such as fuel
desulfurization, fine chemical synthesis, and biomass conversion. Addi-
tionally, the confined pore environment of MOFs enables size- and shape-
selective catalysis, enhancing reaction specificity. A remarkable example is
{(PW15)6@(CuBTCg)},' ™ in which Keggin-type POM {PW,} clusters
are encapsulated in Cu-BTC MOF structures (Fig. 8). There are large
cavities with number and location comparable to those of POM sites in the
structure, providing enhanced accessibility for substrate and displaying
excellent catalytic performance. Also a series of POMOFs based on
metalloporphyrins ligands were constructed for photo- and electrocatalytic
CO, reductions.
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Fig. 8 Representative POMOFs. {(PW;,)s@(Cu;,BTCg)}'*®: Keggin-type POM {PW,,}
clusters are captured in Cu-BTC MOF structures; Note large cavities with number and
location comparable to those of POM {PW,,} clusters in the structure.
{(PM01,Zn,4),(TPB)s}'*® based on Zn-added e-Keggin POM {PMo;,} and 1,2,4,5-tetrakis
(4-pyridyl)benzene (TPB) ligand.
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Beyond catalysis, POMOF hybrids exhibit exceptional redox proper-
ties, making them promising for energy storage applications, including
batteries and supercapacitors, where POMs provide multi-electron redox
activity and MOFs ensure structural integrity.~ ' Their high proton
conductivity also renders them suitable for fuel cell membranes.'”'”>'7°
environmental applications, these composites excel in gas and ion
adsorption and separation, particularly for CO, capture and hydrogen
storage, due to their adjustable porosity and POM-enhanced binding
sites.'”” Furthermore, their photocatalytic capabilities are leveraged for
water splitting and pollutant degradation, where POMs act as efficient
photosensitizers within the MOF scaftold. Notable examples include that
POMOF {(Pl\/lo1QZn4)2(TPB)3}138 based on e-Keggin POM {PMo,}
incorporated in Zn-polypyridyl MOF (Fig. 8) was designed for uranium
capture.

The integration of POMs into MOFs also expands their utility in
sensing and biomedical applications. The redox-active and optically
responsive nature of POMs, combined with MOF porosity, allows for

39

selective detection of toxic chemicals, explosives, or biomolecules.'”” In
drug delivery, POMOF systems enable controlled release mechanisms,
with some POMs contributing additional therapeutic eftects, such as
antimicrobial or anticancer activity. The stability of these hybrids under
harsh conditions - thermal, chemical, and aqueous — further broadens their

applicability compared to standalone POMs or MOFs.' "’

> 5. Self-organisation to high order materials

POM clusters with atomic-level precision are promising candidates for
constructing functional nanomaterials via self-organisation. Their self-assembly
can be governed by non-covalent interactions, allowing precise control of
POM-based architectures at the single-cluster levels. Guided by supramole-
cular force, the self-assembly process bring together multiple components to
form stable aggregates. A notable example is the {Moqs4}-based host-guest
composite {(Mog@y-CD)>(@Mo;54}, comprising five hierarchically orga-
nized components held together by noncovalent interactions.'"' Structure
analysis reveals that the {Mo;s4} wheel accommodates two supramolecular
adducts formed by the symmetric encapsulation of Lindqvist-type {Mog}
anions within y-cyclodextrin (y-CD) units (Fig. 9). Using amino acids like
L-ornithine (Ormn) as a structure-directing reagents, diverse complex systems
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Fig. 9 (A) {(Mog@y-CD),@Mo0;s4}' *"; (B) {Ws@PtsLa} (L = 2,4,6-tris(4-pyridyl)-1,3,5-tria-

zine)'*?; (C) Photo-responsive feature demonstrated by the pseudo-[4]rotaxanes based

on double y-CD wheels and a pair of Anderson-type {AlMog}-anthracene axles.'**

such as {Mog@Mo01,,Ce4(Orn)s}, {Mo17@Mo50Ces(Orn)g}, {PMo,@
Mo50Ces(Ormn)g} and {Mo3s@Mo50(Orn)s} have been assembled — varying
in both host and guest POM sizes and types.”” In another example, Lindqvist-
type {Mog} and { W} anions are encapsulated in {PtsL4} coordination cages
(Fig. 9) to enhance their stability and catalysis efficiency (L = 2,4,6-tris(4-
pyridyl)—1,3,5-triazine). "~ Additionally, pseudo-[4]rotaxanes composed of
double y-CD wheels and a pair of Anderson-type {AlMog}-anthracene axles
exhibit photo-responsive properties, paving the way for multifunctional
molecular machines (Fig. 9)."" These key studies collectively demonstrate the
principles of self-assembly and provide practical strategies for designing
complex multicomponent materials using the elegant simplicity of the non-
covalent chemuistry, Fig. 9.

At nanometer scale, POM clusters in aqueous solution tend to spon-
taneously self-organize into stable, uniform, hollow spherical assemblies

144,145

known as “blackberry” structures. This formation is primarily driven

by counterion-mediated electrostatic attractions and hydrogen bonding,
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distinct from van der Waals forces, hydrophobic interactions, or covalent

. ) 146,147
chemical reactions.

One prominent example involves the {Mojs4}
cluster, which exhibits strong affinity for a nonionic surfactant n-octyl--
glucoside. This interaction yielded well-defined discrete species such as
vesicles, large lamellar aggregates, or nanosheets.'”” In another case, a
covalently connected POM-f-cyclodextrin (f-CD) organic—inorganic
hybrid serves as a water-dispersible host. It interacts at the water/oil
interface with guest molecules dissolved in the oil phase via electrostatic or
host—guest interactions, forming POM-surfactant composites responsive to
pH, redox conditions, and competitive guest binding.”” Additionally, a
system comprising Keggin-type {PMo,} clusters paired with protonated
amine-terminated polydimethylsiloxane cations demonstrates reversible
emulsification behaviour in POM-organic polymer composites, oftering
promising avenues for the design of functional materials.' "’

Wang et al. conducted a series of studies on sub-1 nm materials (SNMs)
derived from POMs in solid state, focusing on their synthesis, distinctive
properties, and potential applications.”” SNMs, characterized by feature
sizes approaching 1 nm (e.g., the diameter of nanowires and thickness of
monolayer), exhibit behaviors that differ significantly from both molecular
and conventional nanomaterials.'”" This is primarily due to their excep-
tionally high surface atom ratios and unsaturated coordination environ-
ments, which give rise to phenomena such as surface atom rearrangement,
electron delocalization, and intrinsic chirality.'”” "> The synthesis of SNMs
involves strategies such as oriented nucleation, anisotropic cluster assembly,
and cluster-nucleus co-assembly, enabling precise structural control.'””
Notable properties of SNMs include polymer-like flexibility and proces-
sability, stabilization of metastable phases, formation of high-entropy
materials at relatively low temperatures, and enhanced catalytic perfor-
mance driven by electron delocalization.'””'”"

POMs can covalently or non-covalently link to a variety of biomole-
cules, including amino acids, peptides, porphyrins, sugars, and vitamins, to
form functional hybrid materials.”””'™® Such hybrids often exhibit
enhanced biocompatibility, catalytic efficiency, and selectivity, making
them promising candidates for biomedical and environmental applica-
tions."””'*” Synthetic approaches include supramolecular assembly via
electrostatic interactions with organic cations, as well as covalent or post-
synthetic functionalization methods such as “click” chemistry, enabling the

: : 23,24
construction of complex architectures.
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6. Perspective

Polyoxometalate chemistry has rapidly evolved from a niche area
within inorganic research to a central pillar of materials science. Over the
past decade, the field has witnessed an explosion of novel POM structures
and POM-based composites, with applications spanning catalysis, energy
storage, and biomedicine. These molecular metal oxides represent one of
the most versatile classes of inorganic compounds, owing to their tuneable
composition, structural diversity, and multifunctionality. Recent advances
have enabled the design of POM hybrids with finely adjustable porosity,
catalytic activity, and stability, making them invaluable for sustainable and
high-performance technologies. Their inherent design flexibility allows for
precise tailoring of properties, positioning POMs as promising candidates
for next-generation functional materials.

Looking ahead, the future of POM self-assembly and self-organisation
will be shaped by innovations in synthetic methodologies, structural
exploration, and application-driven design. Key directions include the dis-
covery of novel clusters with unique architectures, such as high-nuclearity
aggregates, mixed-metal systems, and organically functionalized derivatives.
Enhanced control over solution-phase and solid-state synthesis, including
pH-dependent, solvent-mediated, and template-directed assembly, will be
critical for expanding the structural landscape. The integration of POMs
with organic ligands, polymers, and nanoparticles to form hybrid frameworks
is expected to unlock new functionalities. However, challenges persist,
particularly in stabilizing large aggregates, elucidating assembly mechanisms,
and understanding speciation in complex environments. Addressing these
issues will require the development of generalized synthetic strategies and
atomic-level control over composition and structure.

Artificial intelligence (Al) is poised to play a transformative role in
accelerating POM research.'”” By leveraging machine learning and com-
putational tools, Al can predict novel structures, optimize functional
properties, and guide synthetic pathways. Techniques such as generative
models, graph neural networks, and high-throughput screening offer
powerful means to navigate vast chemical spaces and identify optimal POM

162,164,165

compositions. Moreover, Al can simulate reaction mechanisms

and integrate literature data to minimize experimental trial-and-error. As
: . 166
we move forward, the convergence of Al-driven design, =~ advanced

67 21,168

characterization techniques,'®’ and sustainable synthesis approaches

will catalyze remarkable discoveries in POM chemistry. This synergy will
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not only deepen our understanding of self~assembly processes but also pave

the way for the rational design of multifunctional materials tailored for

emerging technological challenges.

Appendix. Supporting information

Supplementary data associated with this article can be found in the online version at http://
doi.org/10.1016/bs.adioch.2025.09.001.
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