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Introduction

Single-molecule magnets (SMMs) are paramagnetic metal com-
plexes with the ability to block magnetization below a certain
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Epitome of polyoxotungstate-coordinated
lanthanide-based single-molecule magnetst

Pradip Kumar Sahu, (2 & Sandhya Kapurwan (2 £ and Sanjit Konar (2 *

Single-molecule magnets (SMMs) have garnered significant interest due to their possible use in high-
density data storage devices and quantum computing. SMMs based on lanthanide-encapsulated
polyoxotungstate (POT) have emerged due to their stability under ambient conditions and potential
application in magnetic devices. The POTs can stabilize various anisotropic lanthanide ions (Ln(in)) with a
range of strong to moderate ligand fields. The systematic combination of Ln(i) ions with POTs leads to
significant perturbation in the electronic structure of the Ln(m) ion, which notably influences their
magnetic properties. The magnetic properties of Ln(i)-POT clusters are highly dependent on the first
coordination geometry and ligand field strength around the Ln(m) ions. Moreover, the bulky and
diamagnetic POTs efficiently minimize the intermolecular magnetic interactions. As a result, the under-
barrier magnetic relaxation is suppressed, and magnetic performance is enhanced. Over the years, a
diverse array of Ln-POT SMMs have enriched the literature containing vacant POTs as building blocks
(such as Keggin, Lindgvist, Wells—Dawson, and Preyssler types). In this review, we have discussed and
summarized the effects of structural and bonding diversities of POTs on the SMM behaviour of Ln-POT
clusters. This review aims to provide future direction and exploration of the challenging and compelling
field of POT-based SMMs.

temperature (7g), allowing them to retain magnetization for long
periods and slowly demagnetize in the absence of a magnetic
field."™* They have potential applications in quantum computing,
molecular spintronics, and high-density data storage, where each
molecule can store magnetic information.”® The lanthanide
(Ln(m)) complexes are the most advantageous system due to their
huge unquenched orbital angular momentum and inherent
magnetic anisotropy, which is a crucial criterion for achieving
high-performance SMMs.”"® By modulating the coordination
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geometry and symmetry around the metal center with the aid of
an appropriate ligand field, the magnetic anisotropy of SMMs can
be regulated.”*2° However, to achieve the practical usefulness of
SMM-based technology, the SMM should possess a high energy
barrier for slow relaxation of magnetization (U.g) and high block-
ing temperature (Tg), where U.g refers to the effective energy
barrier required for the conversion of a single-molecule magnet
(SMM) into a paramagnetic state. This requires a substantially
large anisotropy around the Ln(m) ion. Therefore, the presence of
a strong axial coordination environment is the foremost
requirement.”’ > Several strategies have been employed to
develop high-performance lanthanide-based single-molecule mag-
nets, focusing on crystal field (CF) symmetry, predominant bond-
ing interactions, organometallic frameworks, and strong
magnetic coupling.”** Along this line, many dysprosium metal-
locene cations were reported with Ty near the boiling point of
liquid nitrogen (77 K).** Despite these advances, these SMMs are
highly reactive to air and moisture. Thus, these molecules must be
handled under an inert atmosphere. On the other hand, SMMs
based on lanthanide-encapsulated polyoxometalates (Ln-POM:s)
offer a promising alternative due to their easy synthesis and
exceptional stability under ambient conditions. Polyoxometalates
(POMs) are anionic oxo-clusters of early transition metals in their
high oxidation states, which provide aesthetical structural features
as well as strong to moderate ligand field strength towards the
metal ions.”>>° They are effective multidentate building blocks
for creating cluster complexes based on transition and lanthanide
metals because of their strong negative charge and numerous oxo-
donor sites.””"” POMs provide highly symmetric coordination
sites toward Ln(m) ions while maintaining effective magnetic
isolation and stability of Ln-POM clusters in both the solution
and the solid state. The magnetic behaviour of Ln-POMs can be
finely tuned, resulting in a wide range of magnetic phenomena,
such as molecular spin frustration, electron delocalization-related
properties, and SMMs.*8>4
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SMMs based on POMs can be classified into three families
based on encapsulated metal ions: (a) POMs encapsulating
transition metal ions,> *® (b) POMs encapsulating lanthanide
61764 and (c) POMs incorporating a mixed-valence POM
%71 The beneficial properties of POMs have prompted
great interest in the scientific community, leading to exponen-
tial growth in the number of publications over the last decade.
POM clusters have been mainly reported with first-row transi-
tion metals (V, W, and Mo).*>**°> Among those POMs, poly-
oxotungstate (POT)-based metal ion encapsulated clusters
mainly enrich the literature.”>”® However, it should be noted
that the formation of a POT cluster is not controllable during
reaction. Recently, a few groups demonstrated the formation of
various types of POMs using robotic machine learning
methods.””®" In parallel, the inherent emerging nature of this
lanthanide POM research field is expanding to new avenues,
from materials design towards catalysis, to novel device fabri-
cation, and to Qubits.®*%”

This feature article provides a comprehensive overview of
Ln(m) encapsulated polyoxotungstate-based molecules, focus-
ing on their structural diversities. We categorized Ln-POTSs
based on their POM building units (Schemes 1, 2 and Table
S1, ESIt). The bonding motif of these POM building units plays
a crucial role in modulating the geometry around the first
coordination sphere of the metal ions. This, in turn, influences
the magnetic properties of Ln-POMs by altering the electronic
behavior of the Ln(m) ions. In this feature article, we explore the
coordinating geometry-dependent magnetic modulation phe-
nomenon and highlight how structural variation affects the
magnetic properties of these molecules.

ions,
cluster.

Types of POMs and their synthetic strategies

The protonation of an oxometallate ion under controlled condi-
tions (such as pH, concentration, and temperature) initiates the
polycondensation of MO,>~ units, forming complex polyanions
known as polyoxometalates (POMs).**°" POMs are categorized
into isopolyanions (IPAs) and heteropolyanions (HPAs).

Isopolyanions (IPAs). Isopolyoxoanions are polyoxometa-
lates (POMs) with the general formula [Mn0(4n_m)](2“_’”)_ con-
sisting of only one type of high-valent group V or VI transition
metal ion, known as the addenda atom, and oxygen (O). IPAs,
such as Anderson-Evans and Lindqvist structures, form
through the condensation of similar species, with a degree of
condensation greater than or equal to 6 (n > 6). They are often
less stable than their heteropolyanion counterparts, but they
offer unique physical properties, such as high charge densities
and strongly basic oxygen surfaces, making them valuable as
structural building blocks.

n[MO,I™ + 2m[H]" < [M,O(n_m]* ™ + mH,0

Heteropolyanions (HPAs). Heteropolyoxoanions are polyox-
ometalates (POMs) with the general formula [X,M,,0,]"", con-
sisting primarily of one type of transition metal atom (M) in a
high atomic proportion, along with a smaller proportion of
other types of auxiliary atoms (X), known as heteroatoms (e.g.,

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Diverse structural motifs of polyoxotungstates formed by modulating the pH of the reaction medium (shown in the bottom arrows).

Color code: blue polyhedral WO6, red O, orange P/Si. X = P, As, Si.

Si, P, As, Ge) or another metal atom. This subset of POM
clusters is extensively studied, with particular focus on well-
known examples such as the archetypal Keggin [XM;,0,]"" (X/
M = 1/12) and Wells-Dawson [X,M;306,]"~ anions (X/M = 2/18)
(where M = W or Mo; X is a tetrahedral template).

12[WO,>™ + [HPO4*™ + 23[H]" — [PW1,0,40]° + 12H,0

Among all the POM clusters, tungsten-based POMs are
robust, and this fact has been exploited to develop tungsten-
based Keggin and Dawson anions with vacancies known as
lacunary polyoxotungstates (Scheme 1). These lacunary POMs
are produced by controlled treatment of polyoxotungstate spe-
cies with a base, resulting in the removal of one or two MO
units from fully occupied POMs like [XW;,"'040]" ", leading to

Scheme 2 Diverse binding motifs of different polyoxotungstates (POTs)
with Ln(m) ions. Color code: light blue octahedron {WOg}, blue sphere
Ln(m), red O, pink P/Si.

This journal is © The Royal Society of Chemistry 2025

mono, di, and tri-lacunary forms such as [XM;;030]",
[XM10036]" ", and [XMgOs,4]"". The incorporation of heteroa-
toms with stereoactive lone pairs of electrons further enhances
their versatility. The lone pair in the precursor molecule plays a
crucial role in directing the self-assembly process, facilitating
the formation of larger and more complex structures upon
reaction with electrophiles. The coordination of Ln(m) cations
with POM units to prepare Ln-POMs can be achieved through
two main methods: one-pot synthesis and the building block
method.

One-pot synthesis of Ln-POMs. This method involves the
condensation of metal salts of building units and lanthanide
ions with heteroanions, offering a straightforward yet highly
tunable approach to synthesis. However, achieving the desired
structures necessitates precise control over key synthetic para-
meters, including the molar ratios of reactants, pH, tempera-
ture, and solvent composition. Among these factors, pH is
particularly crucial for obtaining specific structures. Various
lanthanide polyoxometalates (Ln-POMs) have been synthesized
through self-assembly by using stoichiometric quantities of the
elements. In these processes, the equilibrium constants and
formation rates are adequate for the polyanions to crystallize
from acidified solutions at room temperature. The one-pot
synthesis of Ln-POMs has proven to be an exceptionally effi-
cient strategy, enabling the construction of diverse clusters
while allowing the incorporation of various functionalities. As
a result, this method remains the predominant route for the
synthesis of Ln-POMs, as widely reported in the literature.

Building block method for Ln-POMs. This method employs
lacunary POMs as reaction materials, utilizing the ligand-
directing effect of oxygen to synthesize POM-based lanthanide
oxo clusters (LnOCs). Numerous simple, high-yield synthetic
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methods for lacunary POMs have been reported, allowing precise
control over ligand-to-metal ion ratios, enhancing atomic utiliza-
tion, and increasing synthetic success. As a result, lacunary
POMs are widely used as efficient precursors, with nearly half
of reported POM-based LnOCs, particularly pure 4f clusters,
synthesized through this approach. These lacunary POM build-
ing units are highly sensitive to pH and other reaction condi-
tions, leading to their potential decomposition or reconstruction
in response to environmental changes during the reaction.
Additionally, lacunary POMs can react with inorganic anions
such as CO;>~, WO,%>", and PO,>". These anions can serve as
templates during the synthesis process, ultimately forming new
building units. Trilacunary POMs, including both Keggin-type
and Dawson-type, are frequently used due to their nucleophilic
oxygen centers that act as excellent multidentate ligands. These
POMs effectively coordinate with high-valency lanthanide ions,
forming discrete LnPOMs or extended polymeric networks in
one-dimensional (1D), two-dimensional (2D), and three-
dimensional (3D) structures. This building-block strategy
ensures controlled assembly and structural precision, facilitating
the synthesis of highly symmetric Ln-POM clusters.

Significance of POMs as a ligand

In the literature, Ln-SMMs are mainly reported with organic
ligands. POMs as an inorganic ligand towards Ln(u) ions are
less explored due to their uncontrolled synthetic pathways.
However, POMs offer significant advantages over organic
ligands. This includes-

(a) Lacunary POMs can act as a multidentate ligand with the
Ln(m) ion localized in the lacuna site (Scheme 2). Furthermore,
the lacuna sites can be modified by synthetic modification,
which provides various kinds of binding affinity towards the
Ln(m) ion through oxo bridging sites.

(b) POMs are larger in size compared to organic ligands.
They are rigid and diamagnetic also. This suppresses the
intermolecular magnetic interactions in the crystal lattice.

(c) Moreover, it is possible to create clusters with a greater
number of nuclei by manipulating specific chemical factors
such as stoichiometry and pH. This property enables the
control of both the number of nuclei and the specific type of
magnetic interactions between various ions, thereby achieving
a chosen spin ground state.

Types of POT building units used for SMMs

W;-based SMMs. The SMM behavior in lanthanide-based
magnets primarily depends on the geometry of the first coordi-
nation sphere.>"® The first studied Ln(m)-based SMM molecules
contain a phthalocyaninato ligand.” Thus, many researchers use
the {W;} unit with lanthanide ions (Ln(m)) as [W50;5]°  have
almost similar geometry and binding affinity towards Ln(m)
ions.”>®  The first Ln(m)-encapsulated SMM molecule,
[ErW,0056]° ", was reported by Coronado and coworkers.”” This
molecule shows a very narrow distribution of magnetic relaxa-
tion time due to the almost ideal Dyq ligand field symmetry
around the Er(m) ion (Fig. 1). The simultaneous fitting of ligand
field (LF) terms provided high negative axial LF terms. Thus, the
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Fig.1 (a) The molecular structure of [ErW,003¢l°~, (b) the symmetry
around the Er(m) ion, and (c) out-of-phase magnetic susceptibility plot of
the complex. Color code: cyan octahedron {WOg}, red O, violet Er. Figure
reprinted (adapted) with permission from ref. 92. Copyright (2008) Amer-
ican Chemical Society.

molecule showed a 55.2 K energy barrier. The modulation of
magnetic relaxation of [ErW,405¢]°~ was studied upon its solva-
tion and desolvation processes.”* The solvated molecule showed
a 51.8 K energy barrier, which is close to the energy difference
between the ground and the first excited state. In contrast, the
desolvated molecule follows the QTM relaxation process with an
out-of-phase magnetic susceptibility peak at a high-frequency
region (~ 10" Hz). The molecule’s magnetic relaxation behaviour
is partially recovered on resolvation. The solvated molecule
shows an open hysteresis loop with a 1.375 kOe coercive field
at 2 K. After desolvation, the hysteresis loop gets closed, which
indicates that the in-field memory effect was annihilated in the
desolvation process. The butterfly nature of the hysteresis loop
reappears on resolvation.

Wy-based SMMs. Lanthanide and transition metal ion encap-
sulation is best accomplished using the lacunary POM building
block [(XO,,)We030]°~ {X = P, Si, Sb, and As}.”>'%* This fragment
unit can be formed via the dissociation of the Dawson-W, g unit at
acidic pH. Thus, designing the metal oxo clusters is challenging
by conventional one-pot synthesis using the metal and {W,}-
polyoxo anions. In 2015, A. K. Powell and coworkers revealed that
systematic K' ion concentration modulates the cationic-directed
3d-4f complex.”® They performed step-by-step synthetic prepara-
tion to synthesize many 3d-4f complexes having GeW, building
units. Out of those, only the Co-Dy ([DyzyCogGei1oW10040s-
(OH)45(OH,)30]*®") complex shows field-induced SMM behavior
at zero field until 8 K (Fig. 2). The molecule contains three
different types of Dy(u1) ions regarding their coordination geome-
try. Due to this, the overall anisotropy of the molecule becomes
less. As a result, magnetic relaxation mainly occurs through the
QTM relaxation process (Fig. 2b and c). The application of the
external DC field did not affect the involvement of the QTM
relaxation process in the magnetic relaxation dynamics of the
Co-Dy complex. Recently, Y. Huo and coworkers also demon-
strated the formation of polynuclear Dy(m)-POT clusters by varying
the pH of the reaction medium.’® Due to the presence of various
coordination environments around the Dy(u) ions, the molecules
did not show significant frequency-dependent AC susceptibility
data. In a later study, the pH of the reaction medium was changed
with the help of different alkaline hydroxide solutions to regulate
the assembly of the {a-AsW,}°~ clusters with Ln(m) ions (Fig. 3).**
Along this line, M.-L. Tong and coworkers reported the formation

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 The molecular structure of the [DyzqC0gGe12W1080408(OH)42(OH2)301°°~ molecule (a), and the temperature-dependent in-phase (b) and out-of-
phase (c) magnetic susceptibility plot at zero DC field of the complex. Color code: cyan octahedron {WOg}, green polyhedron Dy unit, blue polyhedron
Co unit. Hydrogen atoms are omitted for clarity. Figures adapted from ref. 95, with permission from Wiley, copyright 2015.

of a highly symmetric Dy(m)-based hexanuclear molecule,
[K = {(AsWo033)Dy(H,0),}6]*> at high pH of the reaction medium
(Fig. 3b)."" The six {AsW,}°~ units assembled like an idealized
Se symmetrical molecule with an encapsulated K* ion inside the
cavity and the assembled {AsW,}°~ unit provides bi-augmented
trigonal prismatic symmetry around the Dy(m) ions. The AC
magnetic susceptibility measurement shows the SMM nature of
the complex under zero and 3000 Oe applied field. A thermal
energy barrier of 68 K was obtained by applying a 3000 Oe external
magnetic field (Fig. 3d). The low-temperature photoluminescence
data further confirmed the similar energy separation between the
ground and the first excited states. Later, our group reported the
hexanuclear assemblies of various Ln-ions (Ln = Er, Tb, Gd, Ho) at

higher pH conditions.'” The hexagonal arrangement of the

lanthanide and {AsWy} unit provides C,, symmetry around the
Ln(m) ions. As a result, the energy states become a mixture of the
my states, and non-axial energy terms become predominant
(obtained from ab initio calculations). Only the Er-analog shows
field-induced single-molecule magnet behaviour at 1500 Oe
applied dc field. We further illustrated the formation of Ln-{o-
AsWo}°~ clusters by reducing the reaction medium’s pH. This
provides Cs' ion encapsulated tetra nuclear [Cs—{Ln,(H,0)s
(0-AsW4033)4}]>*~ molecules (Ln = Dy, Tb).”” The Tb(m) analogue
of the molecule demonstrated the first SMM behaviour of
the Tb(m) encapsulated {AsW,}° -based molecule, [{Tb,(H,O)s
(0-ASWoO33),)7**~ (Fig. 3c). The Tb(m) ion is coordinated with

Single Orbach Fitting
——— Orbach + Raman Fitting

H,, = 3000 Oe

U, =68(7) K
,=190x10"s
n=3.04

0.3 0.4 0.5

Z
o 6,34
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2.1 .i N
0.0 — -~
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Fig.3 The reaction conditions for the formation of [Kc{(AsWoOs3)Dy(H,0)06l>°” (b) and [Csc{Tha(Ho0)gla-AsWeO33)412°~ (c) from
[As>;W15067(H,0)1**~ (a) and their corresponding magnetic relaxation plot (d) and frequency-dependent out-of-phase magnetic susceptibility plot (e).
Color code: cyan octahedron {WOg}, green Dy, red O, yellow K, violet Cs, pink As. Hydrogen atoms are omitted for clarity. Figures reprinted (adapted)
with permission from ref. 97 and 101. Copyright (2022) American Chemical Society, and (2017) Royal Society of Chemistry, respectively.
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two Keggin POTs with terminal and epical oxygen atoms. The
pseudo-C,, geometry was satisfied by the presence of six oxides of
two POTs and two oxygen atoms of coordinated water molecules.
The local symmetry around the Tb(u) ion stabilizes the higher my;
state (775 = 6). The molecule shows out-of-phase magnetic suscepti-
bility maxima in the higher frequency region and shifts with
increasing temperature (Fig. 3e). As a result, the molecule shows a
phenomenological energy barrier of 15 K. The Dy analog of this
previously mentioned complex also possesses the ground state
with mixed m; states. The magnetic relaxation of this molecule
possesses shortcut relaxation dynamics with a thermal energy
barrier of 24 K. Furthermore, it was proven by ab initio calculation
that the presence of less transverse anisotropy and a high axial
ground state mainly causes the SMM behaviour of these com-
plexes. We have also demonstrated the SMM behaviour of both
prolate and oblate Ln(m) ions in an oxalis triangularis assembly of
[(AsW4033)sLn,(H,0),W,00]°~.*° Using dilacunary arsenotung-
state [As,W100¢,(H,0)]"* ™ as a precursor with Ln(ur) ions, we have
tuned the coordination symmetry of both prolate Dy(u) and oblate
Yb(m) ion toward the intermediate of high and low axial symme-
try. The Dy(m) analog shows zero-field SMM behaviour with the
involvement of only the QTM relaxation process. Upon applying
the 2000 Oe dc field, the molecules show a 56.48 K thermal energy
barrier, whereas the Yb(m) analog shows field-induced SMM
behaviour. Upon 2000 Oe applied dc field, it shows a 6 K
phenomenological energy barrier. The intermediate symmetry
stabilizes the axial ground states for Dy(u) ions and easy plane
anisotropy for Yb(m) ions.

W;o-based SMMs. When two adjacent triads of an o-Keggin
anion are rotated by 60°, the pair of edge-shared octahedra
become unstable and are prone to dissociation under basic
hydrolysis, resulting in the formation of di-vacant y-[XW;,03¢]"
(y-XW0, X = Si", Ge", and PY). Lacunary sites in the polyox-
ometalate (POM) building units act as flexible and variable
coordination ligands, accommodating diverse geometries and
numbers of metal cores.'®*%

Previous studies have demonstrated that bridging structures
between two metal cations in silicodecatungstate can be transformed
through chemical stimuli.'””"'° This ability of POM ligands opens
up the possibility of reversibly controlling SMM behavior. In this
regard, Mizuno and co-workers reported reversible switching of
SMM behavior by structural transformation of a dinuclear Dy-core
in heteropolyoxotungstate [{Dy(H,0),(CH;COCH3)},(v-SiW;¢O36)2]"*~
(complex 1) to [Dy,(p,-OH),(7-SiW16036).]">~ (complex 2) upon
addition of tetra-n-butyl ammonium hydroxide (TBAOH), which
promotes hydrolysis of the H,O ligand (Fig. 4a and b).'®” The
AC susceptibility data for complex 2 indicate slow magnetic
relaxation behavior with an effective energy barrier of 65.7 K,
whereas complex 1 hardly shows SMM behavior (Fig. 4a and b).
This change is attributed to the alteration in coordination
geometry, which reduces repulsive contacts between ligands
and the f-orbital electron density of dysprosium cations,
thereby increasing the magnetic anisotropy of the Dy(m) ion.

Furthermore, the effect of the ionic radius of the Ln(m)
center adjacent to the Dy(m) ion in the dinuclear core of
complex 2 was investigated by synthesizing hetero-dinuclear

6110 | Chem. Commun., 2025, 61, 6105-6117
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Fig. 4 The molecular structure and out-of-phase magnetic susceptibility
of {Dy(H20)2(CHsCOCH3)}a(y-SiW10036)21"%" (@) to  [Dyalia-OH)aly-
SiW,0036)21"2~ (b) with their reaction conditions for reversible transforma-
tion. Color code: cyan octahedron {WOg}, green Dy, red O, grey C.
Hydrogen atoms are omitted for clarity. Pictures reproduced from ref.
107 with permission from the Royal Society of Chemistry.

lanthanide-containing POTs [{Ln(p,-OH),Ln'}(y-SiW10036).]">~
(LnLn’; Ln = Dy; Ln’ = Dy, Eu, Yb, Lu) through stepwise
incorporation of Ln(m) ions into vacant sites of lacunary
POMs.'®® AC susceptibility measurements showed that all
complexes exhibit slow relaxation of magnetization, with the
magnetization barrier increasing in the order: DyLu < DyYb <
DyDy < DyEu. This is due to the elongation of the bond distance of
bridging oxygen and DyLn’, which enhances the magnetic aniso-
tropy of the Dy(m) ion and the energy barrier for magnetization
reversal. The [GeW,oOs]'°” building unit has also been
utilized to synthesize large clusters, such as [(H,0)s = Dy;,(H;0)54-
(GeW10038)6]36_ and [(Gewl0038)6(Dy14(H20)W8(OH)030)]43_7
where it coordinates through different vacant sites."*'"
However, the frequency-dependent AC signals are too weak for
a meaningful fitting analysis. This is due to the diverse and
complex coordination geometries of the crystallographically
independent Dy(i) ions, which result in multiple magnetization
relaxation processes.

Wi-based SMMs. The formation of [SiW;1030]°" {Wy}
building units is highly dependent on the pH of the reaction
medium.""""*? In the lower pH range (especially between pH 3-4),
the formation of {W,,} is more favourable. Thus, by maintaining
the pH within this range, numerous lanthanide-based POM
clusters have been successfully synthesized."*™"*® In 2019, M.-L.
Tong and coworkers reported hydroxo and fluoride bridged
dinuclear Dy(u) complexes, [(PW1,030),Dy,X5(H,0),]'°~ (X = OH,
F).'*® The coordination geometry of Dy(m) in both complexes
remains as capped trigonal prismatic (Fig. 5a and c). However, the
magnetic relaxation behaviour largely depends on the ligand field
strength. Having more electronegative F~ ions in the bridging
position lessens the axial anisotropy of the Dy(m) ions. The intra

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 The molecular structure of [(PW3,036),Dy-X2(H20),1*%~ [X = OH (a),
F (c)] and the frequency-dependent out-of-phase magnetic susceptibility
plots of the respective complexes (b and d). Color code: cyan octahedron
{WOQOg}, green Dy, red O, deep green F. Hydrogen atoms are omitted for
clarity. Figures reprinted (adapted) with permission from ref. 116. Copyright
(2019) American Chemical Society.

and intermolecular Dy---Dy distance is greater for the bridged
complex, and as a result, undesired intermolecular magnetic
interaction is prevented. The AC magnetic susceptibility data
shows SMM behaviour for both complexes at zero applied DC
field (Fig. 5b and d). The magnetic relaxation of the fluoride-
bridged complex shows an effective energy barrier of 108 K, which
is the highest for fluoro-bridged POM-based SMMs. The ab initio
calculation predicts that the energy separation between the
ground and excited state is 84 and 104 cm™ ' for the -F and
—-OH bridged complex, which was further confirmed by a low-
temperature photoluminescence study. The magnetic axes are
more parallelly orientated for the -OH bridged complex; as a
result, it provides the highest energy barrier (Uys = 141 K) for
POM-based SMMs. Later, E. Coronado and coworkers reported a
series of [Ln(B,-SiW;1050),]">~ complexes [Ln = Tb(m)-Yb(ur)]."*?
The first coordination sphere around the Ln(im) ion is significantly
distorted from D,q symmetry, which was found in [Ln(W5044),]" .
Besides this, the planes of coordinated oxygen atoms are not
parallel (~2.8° tilted). This difference in geometry affects the
ligand field strength on Ln(m) ions, resulting in a change of
magnetic properties between these two types of Ln(m) encapsu-
lated clusters. The [LnSiWy,] clusters did not show any SMM
behaviour. Later, U. Kortz and coworkers reported a series of
Ln(m) encapsulated isomeric {GeWy;} POM units.""* The two
{GeW,;} units coordinated with Ln(m) in a distorted square
antiprismatic geometry. The twist angle between the two square
planes increases along the Ln(ur) row. The isomerization happens
(B, > o) in post-Dy(m) ions due to lanthanide contraction
destabilizing BB, species. Only the Er(m) analog shows field-
induced SMM behaviour with an energy barrier of 62.3 K.

Highnuclearity {W,}-unit based SMMs

Magnetic polyoxometalates (POMSs) can be categorized into two
main families. The first consists of lacunary POMs, such as
Keggin and Dawson types that encapsulate metal ions con-
nected through oxo bridges, forming magnetic clusters with
variable nuclearity and high symmetries. The second family
includes larger POM clusters that encapsulate lanthanide ions,
resulting in complexes where 4f-magnetic ions interact with the
crystal field generated by the POM ligands. This interaction

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 The molecular structure (a) and magnetic hysteresis plot (b) of
[ILNW300110]**~. Color code: cyan octahedron {WOg), green Dy. Figure
reprinted (adapted) with permission from ref. 126. Copyright (2012) Amer-
ican Chemical Society.

leads to various symmetries such as D,q4, D;p, and C,,, etc.
Beyond the lacunary POM building blocks, these larger POM
clusters offer significant advantages, including internal cavities
that accommodate a range of metal cations, a high oxygen-
rich surface, and exceptional stability across a broad pH
range."””'** In 2012, Coronado and co-workers reported an
interesting example, [LnW;,0;10]">~ (Ln** = Dy, Ho), where
{W3;,} polyoxometalates act as a rigid ligand and are used for
the design of metal complexes with very unusual Cs axial
symmetry.'*® Structural analysis revealed that Ln(m) ions
occupy two identical coordination sites, leading to a mono-
capped pentagonal antiprism geometry (Fig. 6a). Despite low
symmetry around the Ln(m) centers, the SMM behavior was
observed for both Dy and Ho derivatives with energy barrier
Uett/ks = 24 K and Ueg/ks ~ 0.8 K, along with hysteresis at low
temperatures (Fig. 6b). More recently, P. Kogerler and cow-
orkers reported solution-stable polyanions [Na{Ln(H,O)}-
{WO(H,O0)}PsW,4045]'>~ (Ln = Tb, Dy, Er, Ho, Tm, Yb), where
Ln(m) is in a rare trigonal prismatic Og environment (Fig. 7a)."*”
Structural analysis shows that in complex {P;W,}, two identical
{P,W3,} units connected through a p,-bridge by four oxygen
atoms, which further coordinated with two W' ions through
the open end of each {P,W;,} building block and the central
cavity of the {P,W,¢} entity is occupied by one W(vi) and Ln(u)
ion (Ln = Sm-Lu). The Ln(u) ion exhibits nearly C,,-symmetric
trigonal prismatic coordination symmetry. The AC magnetic
susceptibility measurements reveal field-induced (1000 Oe
applied DC field) SMM behaviour of the Dy-analog with an

0.2 0.5 06

03 04
UTIK!

Fig. 7 The molecular structure (a) and magnetic relaxation plot (b) of
KDy (H,O)HWO(H,0)}P4W56095]**~. Color code: cyan octahedron {WQOg},
green polyhedra Dy unit. Hydrogen atoms are omitted for clarity. Figures
adapted from ref. 127, with permission from Wiley, copyright 2021.
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energy barrier of 26 K (Fig. 7b). Furthermore, the impact of O-H
vibration on magnetic relaxation was determined by an
exchange of coordinated H,O to Dy(ui) by D,O. The deuterated
compound shows a 20% larger U.g than the hydrated com-
pound, which implies that the relaxation of the Ln(m) center is
moderately affected by the vibrational mode of the water
ligand.

Organic-inorganic POT-based SMMs

Organic-inorganic hybrids have garnered significant attention
and made rapid strides in recent years by integrating unique
properties of individual components into unified systems.
Various types of polynuclear polyoxometalates (POMs), particu-
larly dysprosium-based single-molecule magnets (Dy-SMMs),
have emerged as high-performance examples.'*® These include
organic-inorganic hybrid Ln-POMs incorporating carboxylates,
organophosphates, amino acids, and other ligands, showcasing
exceptional SMM behavior.

Organic-inorganic hybrid Ln-POMs can be divided into
three broad families. The first class includes POMs encapsulat-
ing multiple Ln(m) ions connected by organic acids, ligands, or
other POMs to form magnetic clusters with variable nuclearity
and high symmetry."*""** A notable breakthrough in this field
was achieved by C. Boskovic and co-workers through the use of
POMs combined with organic acids as ligands. They reported a
family of POT-ligated tetranuclear complexes, [Ln ASsW460144-
(H,0)10(L),]*"~ (L = glycine acid), where the organic acid
bridges two {As,W;40¢s} building units."** Those compounds
were the first example of POM-supported polynuclear lantha-
nide-based SMMs, showcasing the potential of such hybrid
materials. Later J. Wang and coworkers reported two tartaric
acid bridged Ln-POT molecules, [{Dy(C4H;04)(c-PW1,034)},]° ",
where two mono-Dy substituted Keggin units were bridged by
two organic tartaric acid ligands, resulting in eight coordinate
highly distorted square antiprism geometries.*** The frequency
dependence of the ac-susceptibility suggested a typical single-
molecule magnet (SMM) behavior with an energy barrier
of 20 K. Furthermore, M.-L. Tong and coworkers reported
[{(As-W5033)3Dy,(H,0)sW404(H,0)}»(NH,(CH,PO5),) 1P, utiliz-
ing organo-phosphonate ligands (Fig. 8a)."*® Structural analysis
revealed two identical subunits connected by {NH,(CH,PO3),}
ligands, with each phosphate group binding one W(vi1) ion and
one Dy(m) ion via P-O bonds. The magnetic measurements
show nice frequency and temperature dependence of out-of-
phase (") ac susceptibility under zero field, indicating the slow
relaxation of magnetization behavior. The linear fit of the
Arrhenius equation results in an energy barrier to the spin
reversal, Use = 99 K, and relaxation time, 7, = 1.16 x 107 ° s
(Fig. 8b). Additionally, the variable-temperature magnetization
measurements show hysteresis up to 8 K. Nano-sized Dy-POM
clusters, [Dys(L)4(H,0),3(ampH,)(PW1,050),] (complex 3) (ampH, =
(aminomethyl)phosphonic acid) (pH = 2.9) and [Dys(CO;)s-
(L)o(Hy0)12(PW;4037)6]°~ (complex 4) {L = (amino methyl)pho-
sphonic acid (ampH,)} (pH = 7.4) were reported by controlling
the pH of the reaction mixture.””” The structural analysis of
complex 3 shows a hexanuclear Dy(m) core, sandwiched between
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Fig. 8 The molecular structure (a) and magnetic relaxation plot (b) of
[{{As-W5O33)3Dy2(H20)aW400(H20)2(NHA(CH,PO3),)1** ™. Color  code:
cyan octahedron {WOg}, green polyhedral Dy unit, red O, blue N, pink P,
grey C, white H. Hydrogen atoms are omitted for clarity. Figure reprinted
(adapted) with permission from ref. 136. Copyright (2017) American
Chemical Society.

two [PW,,030]" " units, which are oriented at 180° to each other
where the geometry around the Dy(ur) centers is square anti-
prismatic. On the other hand, complex 4 consists of six
[PW1405,]°~ building blocks assembled around the [Dyo(COj3)s-
(ampH),(H,0);,]"** ({Dys}) cluster core, which further consists of
three {Dy3} units capped around two ampH~ ligands where
Dy(u) ions display distorted square antiprism geometry and
capped trigonal prismatic geometry. The ac measurement
reveals that only complex 4 shows zero field SMM behavior
and magnetic hysteresis at 2 K.

Recently, M.-L. Tong and co-workers reported two Dy(u)-
SMM complexes: [Dy(OPPh;),(H,0);][PW;,0,0] (complex 5) and
[{Dy(OPPh;);(H,0)3{PW;,0,0}] (complex 6), utilizing the satu-
rated Keggin-type polyoxoanion [PW,0,,]>"."*® In these com-
plexes, the Dy™ sites exhibit pseudo-pentagonal bipyramidal
(PBP) symmetry with axial anisotropy provided by the strong
axial Ph;PO ligand. Magnetic studies reveal field-induced SMM
behavior in complex 5, while complex 6 shows better SMM
behavior, with an energy barrier of 310(7) K at zero field.
Magneto-structural analysis shows that the enhancement in
SMM behavior in complex 6 arises from replacing equatorial
Ph;PO with POM, which strengthens axial anisotropy. This
provides a novel strategy for improving SMM behavior in
lanthanide-based systems.

As double-decker-type complexes have shown great potential
toward high-performance SMMs by harnessing single-ion
anisotropy,'****! P, Kogerler and coworkers synthesized a Dy-
double-decker complex, [Dy"™Pc(PW1;03,)]®~ which comprises
both Pc*” and a mono lacunary a-Keggin [PW,,03,]"~ ligand
(Fig. 9a)."** Structural analysis shows that the Dy(u) ion coor-
dinated to four oxygens of the lacunary site of [PW;,03,]"~ and
the Pc®~ unit results in a distorted antiprismatic N,O, geome-
try. Furthermore, the frequency and temperature dependence
of the ac susceptibility data show the presence of slow magnetic
relaxation with the spin reversal barrier of Uey = 47.48 K and
relaxation time of 7, = 1.08 x 10~” s (Fig. 9b). In the realm of
organic-inorganic hybrid polyoxometalates (POMs), a second
family features heterometallic 3d-4f compounds aimed at
enhancing magnetic interactions and spin ground states."*° A

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 The molecular structure (a), and the magnetic relaxation plot (b) of
[Dy"'Pc(PW;,036)1°~. Color code: cyan octahedron {WOg}, green Dy, grey
C, blue N, white H. Picture reproduced from ref. 142 with permission from
the Royal Society of Chemistry.

significant example was reported by Mizuno and co-workers,
featuring 3d-3d’-4f heterotrimetallic heptanuclear clusters
[(A-0-SiWo034),FeMn,0,{Ln(acac),},] (Ln = Gd**, Dy**, Lu**).%®
This involves the sequential introduction of metal cations into
a trivacant lacunary POM [A-0-SiWo03,]°", resulting in two
[Ln(L),]" units at the ends of pentanuclear clusters [FeMny-
015(0H),**~ and [FeCu,0,5(0H),]*’ . The addition of a third
4f ion significantly enhances magnetic interactions between
Mn* —Mn>*" (J, = —9.51 cm ™ for FeMn,Gd,; J, = —7.10 cm ™ * for
FeMn,Lu,). The AC magnetic susceptibility studies indicated
that only the FeMn,Lu, derivative exhibited typical single-
molecule magnet (SMM) behavior with an effective energy
barrier (Ueg) of 19.7 K. In 2019, S.-T. Zhang and co-workers
reported novel Cr-Ln heterometallic clusters with the formula
[CraLing(p*-0)4(1*-0)4(CsH404)4-(H20)10](HeSiW1,040)-Cl,  fea-
turing prismatic [Cr,Ln,] cores stabilized by organic ligands
and inorganic POM species.’*> The magnetic investigation
reveals the coexistence of ferromagnetic and antiferromagnetic
couplings within the Cr,Dy, core. The complexes did not show
well-defined out-of-phase magnetic susceptibility (y”) maxima,
making it difficult to extract the U value. Furthermore, the same
group reported Fe-Dy heterometallic clusters, such as the “8”-
shaped polyanion [Fe(L)Dy(H,0),Fe,(B-0-GeWoOs,)(GeW,0,0)], (L =
trans-1,2-cyclohexanediamine), where the organic ligand coordi-
nates to Fe*".'** Magnetic analysis revealed frequency-dependent
in-phase (y,,) signals and significant out-of-phase () signals
indicative of potential single-molecule magnet (SMM) behavior.
In 2023, T. Minato and coworkers reported a cationic glue
strategy to form large-sized multinuclear metal encapsulated
clusters using SiW, building units.'*® This work demonstrated
the formation of the Ln,Mn,(FeMn,), cluster via the intermedi-
ate FeMn, cluster (Fig. 10a). The multinuclear clusters
{(FeMn,)Mn,Lu,(FeMn,)} (II.,) showed intramolecular ferro-
magnetic interaction, but these clusters did not show any
significant AC magnetic susceptibility under different frequen-
cies and temperatures (Fig. 10b). To reduce the ferromagnetic
interaction, the acetate ligands were removed by the addition of
acid in acetonitrile solution and formed a Lu,Mn,(FeMn,),
cluster (III;,). The octahedral distortion parameter decreases
around one of the Mn centers due to the removal of acetate
ligands. The cluster shows significant frequency and

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 The molecular structure of Ill, (a), the frequency-dependent
out-of-phase magnetic susceptibility plots of Il (b) and Il (c). Color
code: cyan octahedron {WOg}, yellow polyhedron Dy unit, blue polyhe-
dron Mn unit, green Fe unit, red O, and grey C. Hydrogen atoms are
omitted for clarity. Figures adapted from ref. 145, with permission from
Wiley, copyright 2023.

temperature-dependent AC magnetic susceptibility enhance-
ment with an energy barrier of 29.1 K at zero external DC field
(Fig. 10c). Finally, a third family of interest involves the
functionalization of polyoxotungstates (POTSs) by incorporating
organic groups, such as organophosphates (RPY0;>"). Various
homometallic organophosphate-functionalized lacunary POTs
have been reported, including Keggin-type structures like
[A-0-XW,(RPO),]5s (X = PV, AsY), as well as Wells-Dawson-type
complexes such as [0?P,W;,(RPO)2]°" and [P,W,,O0y
(CsH5PO),]"®~.1*¢*° In these compounds, the organopho-
sphate P¥ centers bind to two oxygen atoms of the POT, one
of which is a terminal oxygen atom, while the organic moiety
(R) adopts a tetrahedral geometry. This integration combines
the inherent properties of the polyanions with the reactive,
chiral, and photosensitive characteristics of the organic moi-
eties, resulting in versatile organic-inorganic hybrids. However,
comprehensive studies integrating magnetism are currently
lacking. One notable example by P. Kogerler and coworkers
explored the reactivity of a phenyl phosphonate-decorated
mono lacunary Wells-Dawson cluster [a,-PY2 W, " Og;-
(CeHsPVO),Js ({a2-P,W1,(PhP),}) with magnetically anisotropic
dysprosium(m) ions.'*® The resulting polyanion [{(H,0),Dy,™
(a2, 2,-P,W16060)(PhPO),},]*~ comprises dimers of bis-lacunary
Wells-Dawson-type units {a,,a,-P,W;6060} functionalized with
both phenyl phosphonate and heterometal (Dy(ui)) centers
(Fig. 11a and b). Magnetic ac susceptibility data (under an
optimal 600 Oe DC field) reveal two distinct slow relaxation
processes in different temperature intervals (low-temperature
range with U = 17.3 (£2.2) K, and higher temperature range
with U = 12 (£1.2) K) (Fig. 11c).
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Fig. 11 The structure of the building unit, [a;-P.Wi7(PhPO),1®~ (a), the molecular structure of [{(H,0);Dy> (a2, an-P2W16060)(PhPO),}18~ (b), and
magnetic relaxation plot of the complex (c). Color code: cyan octahedron {WOg¢}, green polyhedral Dy, red O, pink P, grey C, white H. Pictures
reproduced from ref. 150 with permission from the Royal Society of Chemistry.

Dual heteroatom POT-based SMMs

Heteropolyoxotungstates (HPOTS) represent a promising subclass
within the polyoxometalates (POMs) family, valued for their
unique electronic properties and spatial geometry. The inclusion
of heteroatoms (HAs) in POM building blocks significantly
impacts the structural formation and intrinsic properties of these
materials.*>""® In 2018, Cronin and co-workers advanced polyox-
ometalate chemistry by reporting cross-shaped clusters with
different heteroatoms, laying a foundation for the design of new
nanoscale molecular architectures."® Most lanthanide-containing
heteropolyoxometalates (Ln-HPOMSs) incorporate a single type of
heteroatom. In contrast, those containing two types of heteroa-
toms are rare due to the differing reactivity and coordination
abilities of HAs, making their synthesis challenging. The first
dual-HA template HPOT with lanthanides, [LnsNiy"(u;-OH)o-
(SbWoO33)2(PWo034)5(CH;COO);]*°~ was reported by Kong and
co-workers, which included both [Sb™Wy0;;]°~ and [P*Wo054]"~
in the same polyanion.””* More recently, Zhao and co-workers
presented the cluster {[Ln,(H,0);sW,0;5(H,MA),|[0-SbWoO3;],-
[HPSbW;505,4],}>°7, featuring both Keggin [0-SbW,055]°~ and
Dawson [HPSbW,505,]"" ™ units.">* These examples illustrate the
potential of utilizing mixed heteroatom templates to design
diverse Ln-containing polyoxometalates. In this context, our group
has reported two Dy(m)-confined polyoxotungstate complexes
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[Dy,(H,0),(W400)(HPSeW,505,)(0-SeW3053),]"*~ (complex 7) and
{[Dy,(H20)15W 140440 ]o[0-SeWo O35 ,[HPSEW, 505, ],}>*~ (complex 8)
(Fig. 12a and c) using [HPO;]*~ and [SeO;]*” in the presence of
Dy(m) ions.>® Both complexes exhibit the simultaneous presence
of trivacant Keggin [0-SeW,05;3]*~ and Dawson [HPSeW;505,]""~
building blocks, incorporating P(m) and Se(v) heteroatoms. By
varying the reaction medium pH and equivalent ratios of the
reactant while using the same reactants, we obtained different
structural assemblies. Complex 7 consists of a fused structure
where two trivacant Keggin [0-SeWo0;3]° and Dawson
[HPSeW,505,]">" units encapsulate a [Dy,(H,0)(W,0,)]**" cluster.
In contrast, complex 8 comprises four trivacant Keggin and two
Dawson units, encapsulating a small cluster of isopolyanions
[Dy,(H20)20W14050]** . Magnetic studies indicate that complex
7 shows slow relaxation of magnetization, with a phenomenolo-
gical energy barrier of U = 13.58 K without an external magnetic
field (Fig. 12b), which increases to U = 24.57 K under a 500 Oe dc
field. In contrast, complex 8 favors quantum tunneling of magne-
tization (QTM) in the absence of an external field but demon-
strates field-induced slow relaxation of magnetization (1500 Oe
applied DC field) with an energy barrier of U = 11.11 K
(Fig. 12d). The observed differences in energy barriers can be
attributed to the symmetries and arrangements of the Dy ions
within the clusters. The presence of a high symmetry Dy(m) ion
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Fig. 12 The molecular structures of [Dy»(H>0)7(W4QOg)(HPSeW;50s4)(0-SeWgOs33),1*~ (a) and {[Dya(H20)13W14040]2[0t- SeWo O35l 4 [HPSeW,50541 24 (c).
Cole—Cole plot of [Dy,(H»0)7(W400)(HPSeW15054)(a-SeWsO33)51%4~ (b) and {[Dy2(Ho0)13W14040l2100-SeWo O35l 4[HPSeW,505412}4~ (d). Color code: cyan,
yellow and blue octahedron {WOg}, green Dy, red O, pink P, yellow Se. Figure reprinted (adapted) with permission from ref. 50. Copyright (2024)

American Chemical Society.
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and a slightly tilted anisotropy axis results in the SMM behavior of
complex 7. Although the Dy(m) ions in complex 8 exhibit higher
symmetries, their zig-zag arrangement within the cluster reduces
the overall anisotropy, thus favoring field-induced single-molecule
magnet (SMM) behavior. This marks the first mixed heteroatom-
based Dy(u)-substituted polyoxotungstate complex exhibiting
single-molecule magnet (SMM) behavior.

Conclusions and future outlook

The increasing fascination with Ln-based POMs undoubtedly
stems from the compositional variability of these compounds,
which exhibit distinctive chemical and physical properties
arising from the synergistic interplay between the POM coordi-
native structures and Ln(im) constituents. This review succinctly
outlines the preparation methods for different types of POTs
and provides a thorough summary of how the magnetic proper-
ties of these Ln-based POTs are influenced by the coordination
symmetry surrounding the Ln-ions.

The synthesis of POT-based Ln-clusters has been challenging
due to the easy hydrolysis of Ln(m) ions and the strong reactivity
between Ln and POTs, leading to precipitation and difficult
crystallization, as well as coordination competition between
different metal ions and POTs, especially for high-nuclearity
clusters. To overcome these challenges, a mixed strategy inte-
grating inorganic clusters with organic ligands, anionic template
methods, and a slow-release strategy of lanthanide ions may be
the most effective approach for the synthesis of more POT-based
lanthanide oxo clusters (LnOCs).

Nevertheless, as a crucial aspect of magnetism, it is essential
to investigate methods for enhancing the thermal energy
barrier and the magnetic blocking temperature of LnOCs,
which continues to present a formidable challenge. One
method to achieve a significant thermal energy barrier in
LnOCs involves adjusting the geometry of Ln(m) ions to
enhance their axial symmetry. This can be accomplished
through the utilization of a monovacant POT unit in conjunc-
tion with a moderately flexible electron donor organic ligand.
In addition to this, organic-inorganic LnOCs, featuring Ln(ur)
ions, can impart magnetic properties alongside luminescent
characteristics. Furthermore, POMs can contribute redox and
catalytic properties,'>>"** and organic co-ligands can add chir-
ality and solubility. Thus, LnOCs offer the potential to combine
multiple functionalities within a single molecule.

Future research could also focus on the selective combi-
nation of different heteroatoms to construct unusual POM
building blocks and enable the design of multi-component
lanthanide-based POM derivatives. Combining all component
properties in lanthanide-based POMs and studying their effects
on magnetic behavior will open new avenues for applications in
molecular magnetism.

There is still a long way to go before we can design and
manufacture practical Ln-based POMs with unique features,
but we should be able to do so in the future and see them used
in more research fields.

This journal is © The Royal Society of Chemistry 2025
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