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Multifunctional materials, which exhibit diverse physical properties, are candidates for the new
generation of smart devices that realize many tasks simultaneously. Particular attention is given to
single-phase multifunctional materials that offer the new physical effects induced by the coupling
between introduced properties. Complexes of lanthanide(3+) ions are an attractive source of
multifunctionality since they combine luminescent functionalities related to their f—f or d—f electronic
transitions with magnetic anisotropy that originates from spin—orbit coupling and crystal-field effects.
The resulting luminescent single-molecule magnets (SMMs) link the area of functional luminophores,
applicable in light-emitting diodes or sensing, with the field of molecular magnets, applicable for high-
density data storage, and offer additional advantages, e.g., fruitful magneto-optical correlations and the
switching of emission by a magnetic field. It was recently shown that luminescent lanthanide SMMs can
provide multifunctionality that is richly expanded towards their sensitivity to solvent exchange,
temperature, or light, as well as the generation of electrical properties, such as super-ionic conductivity
Received 24th January 2023, and ferroelectricity, or non-centrosymmetricity- and chirality-related effects, e.g., second-harmonic
Accepted 20th March 2023 generation and circularly polarized luminescence. Here, we discuss the pioneering reports on
DOI: 10.1039/d3cc00342f multifunctional materials that use luminescent lanthanide SMMs, with the emphasis of our contribution
relying on the functionalization of 4f metal complexes through their insertion into heterometallic d—f
rsc.li/chemcomm coordination compounds.
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1. Introduction

Aiming at extreme miniaturization and efficiency, as well as the
economical production of a new generations of smart optical,
electronic, and magnetic devices, chemists and materials scien-
tists have been encouraged to search for novel multifunctional
materials that exhibit a few different physical properties."™
Among the desired physical functionalities, one can count, for
example, super-ionic conductivity, ferroelectricity, non-linear opti-
cal (NLO) effects, luminescence, ferromagnetism and electroche-
mical activity, and the responsivity of these effects to physical and
chemical stimuli.’*° The combination of at least two of the above-
listed properties in a multifunctional material can be realized in
composite systems that are built of functional units, e.g., magnetic
nanoparticles covered by luminescent shells."* ™ An alternative is
offered by single-phase multifunctional materials whose various
physical properties are designed at the molecular level within the
homogenous matter."**® They have been found to be attractive
not only as the source of multitasking, which is the presence of a
few different properties induced under the same conditions, but
also in the generation of significant interactions between intro-
duced effects.”’ ™ If such coupling is strong, even novel physical
cross-effects arise as shown in the unique examples of electro-
optical, magneto-optical, or magneto-electric systems.>*>* Multi-
functional single-phase materials can be constructed by taking
advantage of commonly applied solids, such as metal oxides or
other inorganic matrices,>*® but the rational design of many
functionalities for a single system is more accessible for molecular
materials that are built of metal complexes and/or organic
molecules.”*® The generation of targeted physical functionalities
in molecule-based materials can be realized using the molecular
building block approach where molecular components (metal
ions, organic/inorganic molecules, ligands, or radicals) of the
specific intrinsic properties are combined via covalent or coordi-
nation bonds as well as supramolecular interactions.>*>" They are
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usually synthesized under soft laboratory conditions leading to
the crystalline form, enabling their structural characterization.
Owing to these advantages, molecule-based materials, which
range from discrete molecules and supramolecular systems to
coordination polymers (CPs) and metal-organic frameworks
(MOFs), have been used widely as a source of multifunction-
ality, providing the unique groups of luminescent ferroelectric
materials,*>** NLO-active magnets,***> multiferroics,**?” and
photoswitchable porous, ion-conductive or magnetic systems,****
among others.*>™°

Complexes of lanthanide (Ln) ions, especially trivalent ions,
have been shown to be one of the most effective molecular
building blocks for the construction of multifunctional
molecule-based materials.””*° The primary interest in Ln(im)-
based coordination assemblies has been devoted to their
luminescent properties that are related to emissive f-f or d—f
electronic transitions.**? The photo- and electroluminescence
of materials based on Ln complexes is adjustable through
selection of the metal ion as well as the attached ligands which
play a crucial role in achieving the high emission intensity
through the ligand-to-metal energy-transfer process.”>>> As a
result, these materials have been found to be emissive in various
parts of the UV-vis-NIR spectrum, exhibiting diverse optical
features such as tunable multi-coloured luminescence, white-
light emission, sensitized NIR emission, and up-conversion lumi-
nescence (UCL) that offers the conversion of NIR excitation to
visible light.”**® These findings have provided a broad applica-
tion horizon for luminescent materials based on Ln(m) complexes.
It includes light-emitting diodes (LEDs), displays, optical data
storage, anti-counterfeiting, bioimaging, and sensors.***® Some
Ln(3+) ions embedded in the proper coordination environment
have also revealed strong magnetic anisotropy that originates
from the combined contributions of the dominant spin-orbit
coupling (SOC) and the smaller yet crucial crystal field effect.®” "
As a result, selected Ln(m) complexes, especially those of Dy™,
Tb™, or Er'™, exhibit slow relaxation of magnetization, which
provides a magnetic hysteresis loop of molecular origin.”>”®
Such single-molecule magnets (SMMs) are expected to be a
breakthrough in the pursuit of novel high-density data storage
devices,”>”® revealing also further application perspectives in
molecular spintronics.®

The selection of an appropriate Ln ion and the design of
its coordination environment can ensure the combination
of luminescence and magnetic anisotropy. This makes Ln(m)
complexes the best prerequisites for bifunctional emissive mole-
cular nanomagnets®®® that are rarely achievable using other
metal centres.®* Luminescent SMMs have been constructed using
a few different Ln ions, including visible-light-emissive Sm™, Dy,
and Tb™,***” or NIR-emissive Nd"™, Er', and Yb™,**°° and have
been investigated deeply towards magneto-optical correlations as
well as the switching of emission using a magnetic field.”**

The main synthetic strategy for luminescent molecular
nanomagnets based on Ln complexes relies on the selection
or design of organic ligands that ensure both the magnetic
anisotropy as well as the efficient luminescence of the selected
metal ion. This is a challenging task as single-ion anisotropy is
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generated by inducing the axial or planar arrangement of
negatively charged donor atoms around the Ln ion, depending
on the shape of its electron density,”® whereas the sensitization
of Ln(m) emission by attached ligands is connected with the
energy of their donor excited electronic states.”® Thus, both
conditions have to be fulfilled, which can be achieved using
purposefully designed ligands, usually based on expanded
aromatic components, with the support of counter-ions and
solvents.?*"87:89792:95°99 1 achieve multifunctional Ln-based
molecular materials, including emissive SMMs, a particularly
useful approach is based on the use of macrocycle ligands.?>™*°
We and other groups have developed an alternative strategy
that consists of using complexes of the second metal ion as
metalloligands attached to the Ln ions.*®'°°"1°> Such a hetero-
metallic synthetic approach to luminescent Ln(ui)-based
SMMs usually employs cyanido transition metal complexes as
the metalloligands."®"'°* This idea was inspired by research on
heterometallic d-d or d-f coordination assemblies built using
polycyanidometallates, which are attractive molecular platforms
for multifunctional materials that link magnetic phenomena, e.g.,
spin transitions, magnetic ordering, or single-molecule magnet-
ism, with other physical properties.'®"% Both luminescent
materials built from Ln(m) complexes and 4f-metal-based SMMs
have been independently explored as the source of multifunction-
ality. The Ln(u) complexes were found to combine luminescent
effects with second harmonic generation (SHG),"'*™** proton or
electronic conductivity,'**''* and catalytic activity, as well as
sensitivity to solvent molecules,"”'° various chemicals,"*"**
and light."***® Non-emissive Ln(in) molecular nanomagnets have
also been successfully functionalized, in particular, towards
chemical and photo-switching abilities,"**"*° ferroelectricity,"*°
and chirality. The latter provides a pathway for NLO and other
related optical and magneto-optical properties.”*'*** Taking
advantage of efficient strategies for the construction of Ln-based
luminescent SMMs and the perspectives for their further functio-
nalization, as realized separately in the areas of Ln luminophores
and Ln molecular magnets, our group and others have developed
the novel scientific direction that is the design of multifunctional
systems using Ln emissive SMMSs as the molecular precursors.
This approach is expected not only to enrich the multifunction-
ality by adding co-existing physical properties but also to induce
interactions between the added functionalities and the magneto-
luminescent character of the Ln(m) complexes.

In this review, we discuss the main findings in the emerging
research trends concerning the multifunctionality of lumines-
cent molecular nanomagnets based on Ln complexes. First, we
present the illustrative concepts and advances regarding the
luminescence and single-molecule magnetism of Ln(u)-based
molecular materials. Then, we discuss the unique examples of
stimuli-responsive luminescent Ln molecular nanomagnets,
including those that are sensitive to chemicals, temperature,
and light. In the next chapter, we highlight the pioneering
reports on the generation of electrical effects, e.g., proton con-
ductivity and ferroelectricity, in the coordination compounds
composed of emissive Ln(ur)-based SMMs. Next, we discuss the
results regarding the design of non-centrosymmetric and chiral

115,116
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structures based on luminescent Ln(m)-based SMMs that lead to
such effects as SHG and circularly polarized luminescence (CPL).
To conclude, we summarize the advances in the field, underlying
the promising directions to be examined in the future. Through-
out the review, we emphasize our contribution to the research
area, which is related to the heterometallic synthetic approach
that relies on the functionalization of Ln(i) complexes via their
insertion into d-f cyanido-bridged systems.

2. Luminescence and single-molecule
magnetism of lanthanide-based
molecular materials

In the pursuit of multifunctional materials based on luminescent
Ln-based molecular nanomagnets, primary attention should be
given to the generation of luminescent functionalities co-existing
with significant magnetic anisotropy. Below, we discuss briefly the
respective fields regarding the luminescence and single-molecule
magnetism of Ln complexes, their conjunction in magneto-
luminescent systems, and, finally, a heterometallic synthetic
approach towards such bifunctional materials that incorporate
Ln complexes.

2.1 Luminescent functionalities in lanthanide(m)-containing
molecular materials

The Ln series (Fig. 1) comprises elements which, in their
metallic form, have the electronic configuration of [Xe]6s”4f",
where x is the number of the Ln in the series from x =1 for La to
x = 14 for Yb and Lu (the latter has an extra electron on the 4d
orbital). The exceptions are La, Ce, and Gd, in which one of the
4f electrons is promoted to the 5d orbital. All Ln metals are
prone to oxidation to the most common third oxidation state in
which their electronic configuration is [Xe]4f** (La** to Yb**)
or [Xeaf'* (Lu*").** Due to the tendency to empty, half-fill, or fill
their 4f shell, some of the Ln ions can adopt a second or fourth
oxidation state, e.g., Eu>* (4f”) or Ce"" (4f°)."*>'3¢ These less
common Ln ions have been explored as the source of emis-
sion;*” however, here we will focus on the trivalent Ln ions as
they have been used for the construction of luminescent SMMs.

The emission of Ln(3+) ions ranges from the UV (e.g., Gd*")
through the visible (e.g., Ce**, Sm*", Eu*', Tb**, and Dy*"), to the
NIR (e, Nd*', Er’', and Yb*") parts of the electromagnetic
spectrum, making them attractive in numerous applications.***
It is important to note that the Ln(3+) emission stems from 4f-4f
electronic transitions with the exception of Ce**, for which 5d-4f
electronic transitions are responsible for visible-light emission.”>
Therefore, most of the electronic transitions that govern their
emission are carried out within the 4f sub-shell, which is effectively
shielded by the 5s and 5p sub-shells, lowering the impact of the
environment on the emission. This intrinsic protection of 4f
orbitals from the external conditions impacts their emission
patterns, as the related bands are narrow and their energy positions
tend almost not to vary between systems; thus, they are easily
assignable to the respective Ln ion (Fig. 1). Another consequence of
the 4f-4f nature of Ln(3+) emission is their intrinsic low probability

Chem. Commun., 2023, 59, 5961-5986 | 5963


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cc00342f

Open Access Article. Published on 12 April 2023. Downloaded on 3/13/2026 3:21:37 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Feature Article

e enfon) s oo v o o i
1Sm

. Nd
3 M)
e |
2> Yb
‘®
=4
2
£ |
= ‘,"u T T T /\l
400 600 800 1000 1200 1400 1600
Wavelength / nm
Pr Nd Sm Yb
E A —
p— == = —
‘D:— G S
G, — —_— T T e
= fu = — i

3 4 6 7 8 7 6 5 4 3 2
H4 IS/Z HSIZ F0.1 s7/2 SG H15/2 IB I1512 HG F712

Fig. 1 Ln series of elements (top) together with the typical photolumi-
nescence spectra of their trivalent ions in the vis-to-NIR range (middle)
and the corresponding energy level diagrams (bottom, where the main
emissive states are marked by colour). Note that the colours used in
the spectra do not resemble the actual emission colours of the respective
Ln ions.®*

associated with their parity-forbidden character. As a result, the
photon absorption cross-section, as well as the intensity of the
emissions and the quantum yield tend to be small. However, due to
thermal vibrations, which lead to the temporary breaking of
symmetry, such transitions become possible.>

A large number of strategies have been developed to
enhance the parameters of the Ln(3+)-based emission. Notably,
the insertion of Ln(3+) ions into a non-centrosymmetric coor-
dination environment enables the 4f orbitals to be partially
admixed with orbitals of opposite parity, hence allowing the
transitions.'*® Another, and the most exploited, approach
involves the use of a sensitizing molecular building block,
commonly referred to as an antenna,”® that is capable of
absorbing the energy of photons and transferring the energy
to the Ln(3+) ion, bypassing the excitation route that involves
forbidden transitions. Both organic and inorganic moieties can
be employed for sensitization of the Ln(3+) emission if two
main requirements are fulfilled."**'**> Firstly, an antenna
should efficiently harvest the energy through exciting-photon
absorption, and secondly, the antenna must be able to transfer
the energy to the Ln(3+) ion. A great number of organic ligands
with a system of conjugated bonds or aromatic rings are usually
efficient photon energy harvesters, although they are not guar-
anteed to be able to funnel this energy to the Ln(3+) ions. As the
organic molecule absorbs the energy, and its singlet excited
state (S,,) becomes occupied, the electron usually quickly relaxes
to the ligand’s lowest triplet state (T;), which becomes the
donor state in ligand-to-metal energy transfer. The efficiency of
this process is dependent on the relative position of the T, level
within the ligand and the emitting level of the Ln(3+) ion. To
maximize the emission quantum yield, the T; energy level of
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the ligand should be located above the Ln emitting level with
an energy difference that is small enough for energy transfer yet
large enough for thermally activated energy back-transfer to be
inactive. Many research groups have undertaken the challenge to
design highly-emissive Ln(ur)-based molecular materials, employ-
ing the above-mentioned strategy to take advantage of the variety
of accessible Ln(m)-based optical functionalities.*”***"*®

One of the functionalities explored for the luminophores
built using Ln(m) complexes is white-light emission (WLE),
which is applicable in LEDs and displays.>”**° It can be realized
through the insertion of close-to-white-light-emitting molecular
components, such as some Ln(3+) ions, into the material with
the capability of tuning the emission, e.g., by modifying the
crystal field. This approach can be exemplified by the work of
Pecoraro et al. on Ga*'/Dy*"-metallacrowns that show Dy*'-
centred emission.’*® Their WLE is tuned through modification
of the coordination environment within the polynuclear moiety,
including the [DyGa,(shi),(bz),]~ (shi = salicylhydroxamate, bz =
benzoate) molecular anion and its relatives (1-5, Fig. 2a and b)."*°
The authors used the tunable emission that originates solely from
Dy(m) *Fo, — °Hj transitions. Alternatively, WLE is realized by
mixing multiple Ln ions, e.g, Ce**, Eu*", and Tb*,"" often
accompanied by organic luminophores,">* with complementary
emission colours.””'*® The multi-Ln strategy is also appealing in
the search for materials with tunable multi-coloured emission.
In particular, the Eu*" and Tb*" pair has aroused great interest due
to their respective red and green emissions."*>'> For instance,
some of us reported a series of coordination chains {[Eu™.-
Tb™,_(3-OHpy),(H,0)4][Co™(CN)¢]}- H,0 (3-OHpy = 3-hydroxy-
pyridine, x from 0 to 1)."* Depending on the Eu*" and Tb**
composition and the excitation, these materials reveal lumines-
cence ranging from green, through yellow and orange, to red. In
this system, not only the 3-OHpy ligand but also the [Co™(CN)s]*~
ion play a modulating role for the Ln(m) emission. The combi-
nation of Eu(ur) and Tb(ur) complexes in a single-phase material has
also been used in the construction of luminescent thermometers,
which are systems that are capable of changing their emission,
such as the colour, intensity ratio, or lifetime, in response to
temperature variation.®®"*>'>> Such thermometers typically exploit
the intensity ratio between the emission peaks assignable to Eu™
and Tb™ centres, related to their f-f electronic transitions, D, —
"Fopn,sa (Eu*") and °Dy — "Fp 3456 (Tb*"). Taking advantage of the
proximity of their emitting levels, it is possible to design a
molecular antenna that is able to transfer the energy to both Ln
ions. Appropriate tuning of the sensitizers’ donor energy level
combined with the thermal dependence of the energy transfers
leads to thermally-induced variation in the Ln(m) emission bands.
This can lead to the ratiometric quantification of the thermal
response of systems using the ratios between the intensities of
the Eu*"- and Tb**-centred emission bands. This approach can be
exemplified by Hasegawa et al., who obtained [EuTb(tmh)s(dpbp)]
molecules supported by six tetramethylheptanedionate (tmh)
ligands and a phosphine oxide linker (dpbp, Fig. 2c and d)."*®
Due to the role of a ligand-to-metal charge-transfer state on the
Eu(m) site, the emission colour changes from red to green with
increasing temperature, which is unusual as the related optical

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Structural view of the [Dy"'Ga"4(shi)4(bz)4]~ (shi = salicylnydroxamate, bz = benzoate) molecular anion'®® and (b) emission spectra under
340 nm excitation for the series of its derivatives (1-5) shown alongside the CIE 1931 chromaticity diagram that depicts the respective emission colours.

(c) Structural view of the [EuTb(tmh)e(dpbp)] (tmh = tetramethylheptanedionate, dpbp = 4,4’-bis(diphenylphosphoryl)biphenyl) dinuclear complexes

156

and (d) their temperature-dependent emission spectra gathered in the 100-400 K range, presented with the ratio of the spectral areas of Eu®*- and
Tb>*-centred emission bands, photos of the respective emission colours at 100, 200, and 300 K, and the related energy diagram showing the nature of
the electronic transitions and energy transfer processes in the system. Part (b) was adapted with permission from ref. 150. Copyright 2020 American
Chemical Society. Part (d) was adapted with permission from ref. 156. Copyright 2018 John Wiley & Sons.

response of most of MOFs with Eu®* and Tb** ions is the
opposite."*"'>* Other pairs of Ln ions, such as Tb*>"/Dy*" or Nd**/
Yb**, have also been explored for optical thermometry.'>”*>

Among other optical effects exploited for Ln(in) complexes, it
is worth mentioning UCL, in which the chromophore absorbs
two or more photons leading to the emission of a shorter
wavelength.'®® This non-linear optical process occurs through
a few different mechanisms, e.g., the cooperative sensitization
from two Yb(m) centres to the single Er(m) centre. As a result, the
relatively-low-energy NIR excitation, e.g., the 980 nm laser source,
that is suitable for the Yb(um) excitation can be employed to
generate visible-light emission, which opens great application
horizons, especially in bioimaging or theranostics.'® Primarily,
UCL effects have been recognized in mixed-Ln fluoride solids;"*"
however, molecular materials incorporating heterometallic coor-
dination complexes based on Ln(3+) ions, e.g, Er*", Yb**, or Tb**,
have recently been obtained.®*%>1

As discussed above, most of the Ln(3+)-centred emissive
electronic transitions are of the Laporte-forbidden 4f-4f nature.
However, Ce(m) complexes feature symmetry-allowed 5d-4f
emissive electronic transitions. They are much more sensitive to
changes in the coordination environment than 4f-4f electronic
transitions,'® and have been utilized in efficient emission tuning
using external stimuli for optical sensing applications, e.g., in

pressure sensors.>>'®>1¢¢

2.2 Lanthanide single-molecule magnets

SMMs are built of metal complexes that exhibit significant magnetic
anisotropy, which can lead to the slow relaxation of magnetization,
resulting in the appearance of magnetic hysteresis of molecular
origin below the so-called blocking temperature (Tg)."®”"'°°
The complexes of Ln ions, in either 3+ or 2+ oxidation

This journal is © The Royal Society of Chemistry 2023

states,'®®'7°17> are great candidates for the construction of

SMMs as they can exhibit large magnetic anisotropy that
corresponds to the combined roles of a large SOC and a smaller
yet critical crystal field (CF) effect.®>*>'7*7* The first phenom-
enon, SOC, is typically significant for the ions of heavy metals,
such as Ln metals. Moreover, the partially occupied 4f orbitals
of Ln ions are effectively shielded from the coordination
environment by the filled 55> and 5p® orbitals, ensuring an
almost exclusive electrostatic character of interaction between
ligands’ donor atoms and the Ln** ion itself. As a result, the CF
effect is much weaker than the SOC; however, this influence of
the attached ligands is crucial for the SMMs as it is responsible
for the energy splitting of the large unquenched angular
momentum states of the ground multiplet governing the
magnetism. It results in the key bistability between the two
my levels accompanied by the energy barrier for the reversal of a
magnetic moment.®®#*83173174 The general approach to the
rational design of SMMs based on Ln complexes (Ln-SMMs) is
to adjust the CF effect by playing with the symmetry of the
complex and the alignment of the ligands. The intuitive rules
for such a design were provided by Rinehart and Long.’* Their
model takes into consideration the electron density of the Ln
ion and selected ligands. For maximization of the magnetic
anisotropy, by ensuring the largest m; value for the 4f metal
ions of the equatorially expanded oblate 4f electron distribu-
tion, e.g., Tb**, Dy**, or Ho®","®817>176 it j5 preferred to generate
the ligand electron density above and below the Ln ion. Such
an alignment can be realized by placing the ligands with
the largest electron density at the axial positions (Fig. 3). By
contrast, the Ln ions of the axially expanded prolate 4f electron
distribution, e.g., Er** or Yb*",”®'”7 require the ligands with
largest electron densities to occupy equatorial positions.
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Fig. 3 (a) Graphical representation of prolate (left) and oblate (right)

4f-shell electron distribution via examples of [Er'"'(Re'Cp.)s] and [(n>-Cp*)
Dy"'(m>-Cp™P™)1* molecules,”**® (b) their magnetic hysteresis loops at the
indicated temperatures (left for Er'", right for Dy"), and (c) the ab initio-
calculated energy splitting of the ground multiplet with the most probable
relaxation pathways visualized (red coloured arrows for Er'' on the left,
dark blue coloured arrows for Dy"' on the right). Parts (b, left) and (c, left)
were adapted under terms of the CC-BY license, ref. 187. Copyright 2022,
published by Springer Nature. Parts (b, right) and (c, right) were adapted
with permission from AAAS, from ref. 73.

Following these guidelines, a considerable number of Ln-SMMs
have been obtained, mainly using Tb™, Dy™, Ho™, and Er'™"
complexes with the highest accessible m levels.'*®'7>17%178
The best SMMs are usually achieved using Ln ions with an
oblate 4f electron distribution, Dy(3+) ions in particular as they
have a half-integer angular momentum, and thus the magnetic
bistability is ensured by their Kramers nature.®®'”® This is
opposite to non-Kramers-type Tb(3+) and Ho(3+) ions, which
demand a high-symmetry complex or the support of other effects,
e.g., a hyperfine interaction, for achieving the SMM features."®%7
In particular, Dy™-containing metallocene complexes are in
the lead in terms of the size of the energy barrier for spin reversal.
This is exemplified by the ground-breaking sandwiched dysproso-
cenium molecule [(Cp™),Dy™ [B(CeFs)s] (Cp™ = 1,2,4-tri(tert-butyl)
cyclopentadienide).’”® This system exhibits an anisotropic energy
barrier of 1233 cm ' and magnetic hysteresis below 60 K. The
liquid nitrogen temperature limit was broken by Layfield and
co-workers.” They synthesized a new dysprosocenium system,
[(Cp*)Dy™(Cp™™)][B(CFs)4)] (Cp* = pentamethylcyclopentadienyl;
cp™® = pentaisopropylcyclopentadienyl), with a more axial
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alignment of the Cp-type ligands, ensuring an energy barrier of
1541 cm™ " and a T value of 80 K (Fig. 3).

SMMs have mainly been studied in the crystalline form
containing the spins embedded in the crystal lattice. The mutual
spin-lattice interactions involving phonons are the origin of
multiple magnetic relaxation pathways. The three most common
spin-lattice relaxation mechanisms operating in SMMs include
(i) the direct process involving relaxation from —my to +m; with
the emission of a single lattice phonon, (ii) the two-phonon-
assisted Orbach process through the anisotropic energy barrier,
and (iii) the Raman relaxation involving a two-phonon process
occurring through a virtual excited state.®>"®® Process (i) occurs
only in an applied magnetic field, while (ii) and (iii) can co-exist
under a zero-direct current (zero-dc) field. The Orbach process is
tuned through the coordination environment of the 4f metal ion
as it corresponds directly to the CF effect. A difficult issue is to
control the Raman relaxation, which is related to the presence of
lattice vibrations that can disturb the SMM properties, even for a
large magnetic anisotropy.’®®* In addition, if the magnetic
Ln(u/m) system shows non-negligible transverse anisotropy,
quantum tunneling of the magnetization (QTM) is observed.
The occurrence of QTM in the majority of Ln-based SMM
systems implies the presence of a swift relaxation pathway and
drastically limits the relaxation times. One of the strategies to
overcome this effect is the use of specific symmetry elements to
reduce transverse magnetic anisotropy. Tong et al. reported
exhaustive studies concerning the role of symmetry in slow
magnetic relaxation."®* It was shown that the Sg/D,q, Csp/Dsp,
Cen/Den, OF S12/Deq symmetry groups can ensure the minimal
transverse CF, thus quenching the QTM. Even though none of
these ideal geometries can be easily reached in the crystalline
material, achieving a symmetry close to the aforementioned ones
should improve the SMM efficiency. This can be exemplified by
the pentagonal bipyramidal complexes of [Dy(cy;PO),(H,0)s5]Cls-
(cysPO)-H,O-EtOH and [Dy(cy;PO),(H,0)5]Br;-2(cy;PO)-2H,0-
2EtOH (cy;PO = tricyclohexylphosphine oxide).'®® These com-
plexes exhibit energy barriers of ~500 K and magnetic hysteresis
up to 20 K, as a result of the closely ideal D5, local symmetry and
the axially aligned oxide ligands. Due to a prolate nature of the 4f
electron distribution, distinguishable strategies have been
employed to achieve Er(m)- and Yb(m)-based SMMs,®%'8%186
In particular, the Er(m1) SMMs were found to be promising, as
exemplified by their trigonal planar or pyramidal complexes
bearing negatively charged ligands at equatorial positions.”®
Recently, transition metal ions were employed as ligands for
Er(m)-based SMMs."®” The trigonal planar [Er™(Re'Cp,)s]
complex exhibits a unique structure in which the Er*" ion is
surrounded solely by diamagnetic Re' centres (Fig. 3). The transi-
tion metal centres, which act as donor atoms, provide a large
magnetic anisotropy, giving magnetic hysteresis up to 7.2 K.

Another strategy that is worth mentioning towards high-
performance molecular nanomagnets involves providing an
efficient Ln-Ln exchange interaction, which is challenging due
to the 4f electrons being shielded.'®*®'®® However, the recent work
of Long et al. showed that this approach might be fruitful, as
was presented for the mixed-valence [(Cp™™),Dy,l;] complex.'*
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In this material, valence delocalization ensures the strong parallel
alignment of o-bonding and f electrons within both Ln centres,
generating a high-spin ground state and large magnetic aniso-
tropy, which gives a huge coercive magnetic field that shows a
lower bound of ~14 T below 60 K.

2.3 Linking luminescence with single-molecule magnetism in
lanthanide-based molecular materials

The use of intrinsically emissive Ln(m) centres in the construction
of molecular nanomagnets has indicated the emergence of bifunc-
tional luminescent SMMs.*>'°" This research pathway is a natural
course after the growth of a multitude of Ln"™-SMM systems over
the past decades, which drew the attention of scientists to inves-
tigate the eventual interplay of their designable luminescent and
magnetic properties. This attractive possibility was first noticed
by Hendrickson et al for the non-Ln system. They prepared
{Mn",Mn",} coordination clusters that demonstrated SMM prop-
erties together with ligand-based fluorescence.®*

Later, Ln(3+) ions appeared at the forefront of research into
luminescent SMMs due to their emissive f-f or d—f electronic
transitions (see Section 2.1) as well as their significant mag-
netic anisotropy related to their large spin-orbit coupling and
crucial crystal field effect (see Section 2.2). However, the
optimization of both luminescence and SMM features is a
difficult task.®*'®! In particular, when considering the choice
of a suitable Ln(3+) ion, one should keep in mind the oblate/
prolate nature of its 4f electron distribution that governs the
anisotropy character (Fig. 3) as well as the magnitude of its
magnetic moment. It is also essential that the most intense
photoluminescence is observed for Ln(m) centres that possess
emissive states well separated from each other, which limits the
non-radiative relaxation (Fig. 1). Taking these prerequisites
into account, the most common selection for luminescent
SMMs is directed towards yellow-to-white-emissive Dy(ur) and
NIR-emissive Yb(ur) centres,®>°° as well as, to a lesser extent,
green-emissive Tb(m) or NIR-emissive Er(u) or Nd(m)
centres.®” 78 A critical role can be played by supporting
ligands that provide three important functions: (i) efficient
ligand-to-metal energy transfer to the Ln*" ion, enhancing its
emission; (ii) effective adjustment of the coordination sphere,
ensuring a protective shell to minimize emission deactivation
processes; and (iii) enabling slow relaxation of the magnetiza-
tion to be observed by placing the negative charge at appro-
priate positions and limiting the often disturbing inter-Ln
magnetic interactions.?>5%19

One of the pioneering examples of the successful combi-
nation of both functionalities in a Ln™-based system was
presented in 2009 by Gao and collaborators in work concerning
the Dy™ complex bearing calixarene ligands."*> From that point
onwards, the family of Ln(m)-based luminescent SMMs
grew rapidly, as discussed in dedicated review articles.®*%311
However, both functionalities were usually investigated inde-
pendently without attempting to study their possible magneto-
optical correlation. The first attempts to correlate these
two properties and scrutinize the details of slow relaxation
dynamics based on emission spectra were made in 2012.%'
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The emission spectrum was proved to contain information on
the energy gap between the ground and the excited m; state.
By comparing this value with the anisotropic energy barrier,
determined from alternating-current (ac) magnetic measurements,
one can gain the relevant arguments for discussion of the mechan-
isms of the slow relaxation of magnetization. Sessoli et al.®" used
this methodology in the magneto-optical characterization of the
[Dy™(dota)(H,0)] ™ (dota = 1,4,7,10-tetraazacyclododecane-1,4,7,10-
N,N',N" N'"'-tetraacetate) complex. Through analysis of its room-
temperature emission spectrum, one can distinguish well-resolved
emission bands related to the *Fo, — °Hisaapa1 €lectronic
transitions. The energy gap between the ground and the first
excited m; energy levels within the highest-energy Fo, = “Hysp
emission band was determined as 53 cm ™", which was postulated
to correspond to the energy barrier of an Orbach relaxation. The
energy barrier estimated based on the ac magnetic data turned
out to be lower, at 42 cm™". The discrepancy was ascribed to the
presence of other magnetic relaxation pathways, and thus the
luminescence was concluded to be an indicator for the degree
of occurrence of non-Orbach magnetic relaxation routes.
Since this work, emissive Ln-SMMs have attracted substantial
attention, due mainly to the magneto-optical correlations that
take advantage of the emission spectra in the analysis of the
Ln-SMM performance.’”***™*%” An elegant example was pre-
sented by Murugesu et al. who performed a thorough investigation
of the magnetic and optical properties of the [Yb™,(valdien),(NO;),]
complex (valdien = dianion of the N1,N3-bis(3-methoxysalicy-
lidene)diethylenetriamine), which is a unique luminescent
thermometer that exhibits SMM behaviour (Fig. 4)."°® Using
the high-resolution low-temperature emission spectrum related
to the Yb(ui)-based NIR-luminescence, the authors provided a
complete assignment of the energetic profile for the ground
multiplet. This was further used in the discussion of magnetic
relaxation which was found to be dominated by the Raman
process. Moreover, this system exhibits one of the highest
effective anisotropic energy barriers among the Yb™ SMMs.
Luminescent SMMs have turned out to be convenient can-
didates for magneto-optical systems in which the emission can
be tuned via a magnetic field.”"**'*° This effect was demon-
strated by Gao et al. for the Dy(u1)-based molecular nanomagnet
bearing a naphthyridine-containing ligand.”> The authors
observed that the evident shifts and splitting of the analyzed
emission bands correlated with the occurrence of the Zeeman
effect under an applied pulsed magnetic field in the range of
0-36 T. It should be mentioned that scrutinizing the Zeeman
splitting of the two lowest doublets of the Dy(m) ground term
®H;s,, under selected values of the magnetic field led to the
extraction of the average g factor. The influence of a magnetic
field on the luminescence was detected in the [Dy™,(bpm)
(tfaa)s] SMM (bpm = 2,2'-bipyrimidine, tfaa = 1,1,1-trifluoro-
acetylacetonate) (Fig. 5a)."® In its very-low-temperature emission
spectrum (Fig. 5b) one can observe the influence of a magnetic
field on the luminescence that originates from the *Fo;, — ®Hys/s
transition. Strengthening of the applied field up to 14 T
prompted a significant broadening of the emission spectrum
profile as well as a clear splitting of the 0-0 line. The Zeeman
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Fig. 4 (a) Crystal structure of the [Yb",(valdien),(NOs),] molecule (valdien =
dianion of N1,N3-bis(3-methoxysalicylidene)diethylenetriamine),**® (b) mag-
netic and luminescent properties, including the frequency dependency of the
out-of-phase magnetic susceptibility for the indicated temperatures at Hyc =
1 kOe, (c) spectroscopic characteristics of its solid-state absorption spectrum
(cyan), emission spectrum in the visible (green) and NIR (orange) regions for
390 nm excitation, and the related excitation spectrum (blue dashed line),
shown with the emission decay profile in the inset, and (d) schematic energy
level diagram with the ab initio-calculated energy splitting of the ground
multiplet compared with the high-resolution emission pattern gathered at
77 K. Parts (b—d) were reproduced from ref. 198 with permission from the
Royal Society of Chemistry.

splitting was calculated for a set of low-lying levels: *Fy,, ®°Hy 3/,
and ®Hs, (Fig. 5¢). This found a good reflection in the experi-
ment, as demonstrated for the Zeeman splitting of the ®Hys/,
level using the energy position of the related 0’-0 line (Fig. 5d).
Moreover, this material exhibits luminescent thermometry
related to the variable intensities of the selected emission
regions. The temperature self-monitoring capability was altered
using the magnetic field.

2.4 Heterometallic approach towards luminescent
lanthanide-based molecular nanomagnets

Ln(m) complexes offer a plethora of luminescent and magnetic
functionalities as well as their combinations (see above), which
enable them to be used in various technological branches.®* ¢%7%%

5968 | Chem. Commun., 2023, 59, 5961-5986

View Article Online

ChemComm

b)
Wavenumber / cm™ Wavenumber / cm’
17606 17544 17483 17422 17857 17544 17241 16949
> 0-0 line 4Fop — ®Hizn
2
98 i 14T
g ( | |
3 L]
3 - oT
g
5 ' T=71K
=
568 570 572 574 560 570 580 590
Alnm Alnm
c) d)
60
21080/ 4F,,
21040} 4
4 v ¥
< 0.8 T} VY
E v Y S
Hi3, £ v
S, 35601 e S v v
§ \ ~ 0} &= ) v
2 3520 " Y y
w & 20 oA R —
40F SHysn 0 w (R -2 a e
" ’ A
0a (6y 2 &
0f- -40 13
. 32) A& & i
-40
BIT - €0 5 3 6 9 12 15
BIT

Fig. 5 (a) Crystal structure of the [Dy",(bpm)(tfaa)s] molecule (bpm =

2,2'-bipyrimidine, tfaa = 1,1,1-trifluoroacetylacetonate),**® (b) fragment of
its low-temperature emission spectrum under the influence of a magnetic
field, (c) related scheme of Zeeman splitting calculated for the three
indicated Dy(i)-centred emissive transitions, and (d) comparison between
the calculated (solid lines) and experimental (coloured triangles) Zeeman
splitting of the ®H,3,, level, shown together with the expected trend taking
into account the Zeeman splitting of the emissive *F,» level (dashed line).
Parts (b—d) were adapted from ref. 199, which was published under the
ACS AuthorChoice license.

However, the formulation of strategies for the effective genera-
tion, enhancement, and modulation of the related opto-
magnetic features of Ln(ur) complexes remain a great challenge.
This is typically achieved through the application of carefully
selected or designed organic ligands that surround the Ln(3+)
ion in the lattice. These supporting molecular components
influence the Ln(m)-centred photoluminescence and/or mag-
netic behaviour through a variety of means, ranging from the
crucial modification of the 4f metal ion coordination environ-
ment, which governs the efficiency of the antenna-to-metal
energy transfer, to the direct induction of new functionalities,
e.g., by introducing chirality into the system that moderates the
structure and optical properties.®***'°! Besides the organic

This journal is © The Royal Society of Chemistry 2023
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components, to a lesser extent, the inorganic ligands and the
non-innocent counter-ions have also been explored for the
analogous design of luminescent Ln-SMMs.>%%202

Our group and others found a great alternative in the
formation of emissive Ln-SMMs via the incorporation of 4f
metal ions into heterometallic coordination systems. In parti-
cular, a considerable number of d-block metal ions with the
support of organic and/or inorganic ligands were combined
with Ln(ur) centres into molecule-based materials that showed
luminescent and/or magnetic properties.'%®'¥7:2937297 Among
them, besides or even instead of organic ligands, metalloli-
gands, which are also usually based on d-block metal com-
plexes, were successfully explored for control of the
coordination sphere of Ln(3+) ions towards efficient emission
and SMM features, 0102205207

In this context, a specific group of d-f coordination systems
based on polycyanidometallates, depicted using the formulas
[M(CN),]*~ or [M(CN),(L)]*" (M = transition metal ions, L =
supporting blocking ligands, e.g., 2,2'-bipyridine), is a great
source of luminescent, magnetic, and magneto-luminescent
molecular materials.'%>71%9?%821% They offer intermetallic cya-
nido bridges that ensure the strong binding of two different
metal centres, which is suitable for efficient exchange magnetic
coupling that is applicable for the design of molecule-based
ferro(ymagnets'®>'°7*'* but which can be also used in provid-
ing efficient metal-to-metal energy transfer that enhances, for
example, the Ln(m)-based emission.?®*'%?">7>1> Moreover,
most cyanido complexes are strong absorbers of UV light,
while the strong ligand field provided by the cyanido ligands can
often shift the light absorption outside the visible-to-NIR
ranges. 8219216217 Ag a result, cyanido transition metal complexes
appear to be good sensitizers of Ln luminescence.?*®*'%*'2215 we
followed this approach and incorporated Eu(3+) and Th(3+) ions into
coordination polymers utilizing tetracyanidometallate ions of Pt(u)
and Pd(i) as molecular bridges (Fig. 6a and b).>'® They form hybrid
organic-inorganic coordination chains, {[Ln"™(H,0),(terpyOs)],-
[M"(CN),[{M"(CN),],-8H,0 (Ln = Eu, Tb; M = Pt, Pd; terpyO; =
2,2':6',2"-terpyridine N,N',N’-trioxide), that exhibit strong green-to-
yellow-to-red Ln(m)-based photoluminescence which is strongly
dependent on the temperature variation. The Eu(m)} and Tb(m)-
centred emissions are effectively sensitized by the terpyO; ligands
and [M"(CN),J*~ ions, while the emission colour is tuned by the Eu-
to-Tb metal ratio. A pair of heterobi-Ln materials with the optimized
metallic compositions of {Euy¢Tb, ,Pt;} and {Eu¢Tb; Pds} was
employed as optical molecular thermometers utilizing the intensity
ratios of the Tb(m)- and Eu(m)-based emission bands or the ratios
between the related emission lifetimes. Both systems were found to
be effective ratiometric thermometers with the best performance
represented by the relative thermal sensitivity (S,) above the limit of
1% K " for the broad temperature range of 180-300 K, and the
highest maximal S; of 3.26% K ' was reached for emission-lifetime-
based thermometry at 239 K. The use of polycyanidometallate ions
in the system enabled the efficient modulation of the thermometric
characteristics by tuning the sensitivity and effective sensing range of
the material. This was correlated with the d-block-metal-dependent
energies of the vibrational modes of the cyanido ligands as well as
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Fig. 6 (a) Structural view of the {[Ln"(H,0)4(terpyOs)l> [IM(CN)4HM"(CN),4l,-
8H,0 (Ln = Eu, Tb; M = Pt, Pd; terpyOs = 2,2":6',2"-terpyridine N,N’,N"-
trioxide) coordination chains,?*8 (b) temperature-variable emission spectra for
the {EugeTby4Pts} analogue under 323 nm excitation (top), shown together
with the temperature dependence of the relative thermal sensitivity for two
representative compounds under the indicated excitation conditions (bottom).
(©) Structural view of the {[Eu"(4,4’-bpdo)(H0),lIM"(CN)4I}-IMCN),]-H,0
(M" = Pt" Pd" M' = AU, Ag'; 4,4’ -bpdo = 4,4’ -bipyridine N,N’-dioxide) layered
coordination networks,?' (d) their emission spectra for various d®—d'® metal
combinations (top), and the schematic energy level diagram depicting the
nature of the electronic transitions and energy-transfer processes (bottom).
Part (b) was reproduced from ref. 218 with permission from the Royal Society
of Chemistry. Part (d) was adapted with permission from ref. 219. Copyright
2020 American Chemical Society.

other molecular components. We also employed the tetracyanido
complexes of Pt(un) and Pd(u) together with dicyanidometallate ions
of Au() and Ag(y) as the advanced sensitizers for red-emissive
Eu(m) centres (Fig. 6¢c and d).*'® This was shown for the family of
two-dimensional coordination networks, {[Eu"{(4,4’-bpdo)(H,0),]
[M"(CN),JF[M(CN),]- H,0 (M" = Pt", Pd"; M" = AU, Ag’; 4,4'-bpdo =
4,4'-bipyridine N,N'-dioxide), which exhibit room-temperature Eu(m)-
centred red emission that is sensitized through metal-to-metal-to-
ligand charge-transfer (MMLCT) states related to the formation of
d®-d"® heterometallophilic interactions. Therefore, the {M"M'} mole-
cular entities that involve two types of cyanido complex play a crucial
sensitizing role, whereas the further modulation of the energy
transfer via the additional organic 4,4’-bpdo linkers was also noted.
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The sensitization of the Ln emission was found to depend on the
combination of d-block metal ions, leading to the optimized lumi-
nescence for the heaviest {Pt"-Au'} pair.

Cyanido transition metal complexes can also serve as effective
metalloligands for constraining the coordination sphere of
attached Ln(3+) ions towards substantial magnetic anisotropy,
which follows a more general strategy of generating the Ln-SMMs
via the insertion of 4f metal ions into coordination polymers and
metal-organic frameworks.'***>**! The cyanido complexes can
ensure the coordination skeleton for trapping the 4f metal ions,
while the further optimization of magnetic anisotropy can be
achieved by the supporting organic ligands. Simultaneously, the
polycyanidometallate ions used for Ln-SMMs are usually diamag-
netic. This provides good magnetic isolation of the 4f metal
centres in the crystal lattice, weakening the magnetic interactions
that can disturb the SMM properties of the Ln(m) centre. The Ln-
geometry-constraining role of polycyanidometallates can be exem-
plified via our report on the application of cis-dicyanidoferrate(i)
complexes with 2,2'-bipyridine (bpy) or 1,10’-phenanthroline
(phen) co-ligands, which were combined with Dy*" ions in the
cyanido-bridged chains built using vertex-sharing {Dy™,Fe",}
squares, ie., {Dy™(MeOH),[Fe"(CN),(Lyn)s]o}(CF3S0;);-5MeOH
(Lan = phen or bpy; Fig. 7a and b).'** In these chains, the cyanido
ligands constrain the equatorial plane of the embedded 4f
metal ions. This enables the insertion of pyridine N-oxide (pyNO)
ligands at the positions axial to the Dy™ centre, leading to
the modified material {Dy"(pyNO),(MeOH),[Fe"(CN),(Lnn)2]2}
(CF380;)3-1.5MeOH (Lyy = phen or bpy). As the Dy centre reveals
an oblate-type 4f metal electron distribution for the favoured
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highest mj state (Fig. 3), the introduction of pyNO ligands induces
significant magnetic anisotropy and the SMM properties. The
indirect but critical influence of the cyanido metal complexes on
the slow magnetic relaxation of Ln-SMMs has been presented by
us for the family of supramolecular networks based on [Yb™(2,2’-
bipyridine-1,1’-dioxide),]>* complexes.””” They crystallize with
various cyanido- and thiocyanido-metallate counter-ions which
modulate the SMM characteristics, including the parameters of
Raman and QTM processes (Fig. 7c and d). We also found that the
Yb(ur) complexes exhibit NIR luminescence. The related detailed
emission pattern and the emission sensitization were found to be
influenced by the applied cyanido metal complex. Moreover, from
ab initio calculations, we were able to indicate the easy-axis-type
ground doublets for the Yb™ centres formed in this family
of compounds. Despite their differences in magnetic axiality,
the transversal g-tensor components are always large enough to
explain the lack of zero-de-field relaxation. In every case, the
excited doublets lie more than 120 cm ' above the ground
doublet, which was confirmed via high-resolution emission spec-
tra that were also reproduced using ab initio calculations, giving a
reliable insight into the energies and oscillator strengths of optical
transitions. Therefore, we showed that polycyanidometallate can
influence the magneto-luminescence properties of emissive
Ln-SMMs, even without a direct coordination bond through the
cyanido bridge, and the ab initio theoretical approach can greatly
contribute to the elucidation of these effects as well as enabling
their future optimization.

From the above view, one can notice that cyanido metal
complexes can ensure the appropriate coordination environment
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(bottom) (Lyn = 2,2'-bipyridine, 1,10’-phenanthroline; pyNO = pyridine N-oxide), %% and (b) their temperature-variable ac magnetic characteristics of
under zero dc magnetic field. (c) Structural views of the supramolecular frameworks built of [Yb'"'(2,2'-bipyridine-1,1’-dioxide)4** and indicated
polycyanidometallate ions,?%? and (d) their respective temperature-variable magnetic relaxation times fitted using the contributions from Raman, direct
and QTM processes (top), as well as the high-resolution emission spectra for the [Ag'(CN),]-based analogue shown with the cumulative oscillator
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of Ln(3+) ions to induce both luminescence and SMM properties.
We showed this for the first time in 2016 when a white-light-
emissive Dy(m) molecular nanomagnet, formed within Ln-
hexacyanidocobaltate(ur) chains, was presented.'®* More recently,
combining Dy(m) complexes with O-donor 4-pyridone ligands and
hexacyanidometallates of Co™ and Rh™, we obtained dinuclear
molecules of {{Dy™(4-pyridone),(H,0),][M™(CN)¢]}-nH,O (Fig. 8a
and d).*** They show excitation-wavelength-dependent yellow-to-
blue luminescence, as well as near-white-light emission of the
improved characteristics appearing upon Co-to-Rh substitution.
Moreover, both compounds exhibit strong Dy(ur) magnetic aniso-
tropy, leading to SMM properties. Analogously to the lumines-
cence, the SMM features are enhanced via the change from
{DyCo} to {DyRh} molecules, as shown, for example, in the
increase in the anisotropic energy barrier from 187(6) K to
214(4) K, respectively.

A special type of Ln(m)-emission sensitization has been
presented in other heterometallic d-f coordination networks, ie.,
(PPN)[Ln™(pzdo),(MeOH), 5(H,0); 5 [M"(CN)g]- 7.7H,0-2MeOH (Ln
= Er, Yb; M = Mo, W; pzdo = pyrazine N,N'-dioxide; PPN =

bis(triphenylphosphine)iminium; Fig. 8b and €).*** We showed

b)
Er'/Yb

[Co"(CN).J’

[Mo"./W“(CN),]" .
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that, owing to the strong visible-light absorption that is related to
the series of electronic transitions assignable to the pzdo ligands
and [M™(CN)g]*~ ions, as well as the appearance of a low-energy
anion-n CT band involving pyrazine rings and cyanido ligands, the
NIR emission of the Er(m) and Yb(u) centres is efficiently sensitized.
Moreover, the related energy transfer is highly dependent on the
d-metal centre in the [M"(CN)g]*~ ion. The W' centre was found to
be a better sensitizer for E*" whereas Mo" is preferred for Yb™
emission, which was explained by the suitable energy positions of
the respective CT-donor electronic states. Both Er(m)- and Yb(ur)-
based analogues exhibit field-induced slow magnetic relaxation
that originates from the equilibrium between QTM, direct, and
Raman processes. The scheme of the relaxation routes is affected
by the transition metals, which subtly change the coordination
sphere of the Ln(u) centre, modifying also the phonon modes that
govern the Raman relaxation. Even highly-structured three-
dimensional cyanido-bridged frameworks can be employed as an
advanced ligand for the generation of emissive Ln-SMMs. This was
shown by us in the three-dimensional coordination networks
[Ln™(2,2-bpdo),(H,0)] [Cu',(CN)s]-5H,O (Ln = Dy, Yb; 2,2"-bpdo
= 2,2/-bipyridine N,N’-dioxide; Fig. 8c and f).*> Owing to the two
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Fig. 8 (a) Structural view of the {[Dy'”(4—pyridone)4(H20)2][Co”'(CN)6]}-nHZO dinuclear molecule (where an analogous structure is observed for the Rh"'-
based derivative),?2® and (d) its excitation-wavelength-dependent emission spectra with the depicted emission colours (top), shown together with the
temperature-variable magnetic relaxation times for the zero-dc-field (bottom). (b) Structural view of the (PPN)ILn"(pzdo),(MeOH)q 3(H-0)3 1 IMV(CN)gl-
7.7H,0-2MeOH coordination chains (Ln = Er, Yb; M = Mo, W; pzdo = pyrazine N,N’-dioxide; PPN = bis(triphenylphosphine)iminium),?* and (e) the
emission spectra for the related {YbMo} and {YbW} chains (top) shown together with the temperature-variable magnetic relaxation times for these
compounds (bottom). (c) Structural view of the [Ln""(2,2’-bpdo),(H,0)][Cu'5(CN)s]-5H,0 coordination networks (Ln = Dy, Yb; 2,2’-bpdo = 2,2'-bipyridine
N,N'-dioxide; view of the layered part of the network),??® and (f) the excitation and emission spectrum of the {DyCu} framework at 77 K (top), and its
representative ac magnetic characteristics (bottom). Part (d) was reproduced from ref. 223 with permission from the Royal Society of Chemistry. Part (e)
was reproduced from ref. 224 with permission from the Royal Society of Chemistry. Part (f) was adapted with permission from ref. 225. Copyright 2019
John Wiley & Sons.
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axially-positioned 2,2"-bpdo ligands and the use of flexible
polycyanidocuprate(i) anions, the obtained networks exhibit
pronounced SMM properties for the {DyCu} analogue, which co-
exists with its yellow Dy(ur)-centred photoluminescence. Magneto-
luminescent properties were also found for the {YbCu} network.

3. Stimuli-responsive luminescent
lanthanide molecular nanomagnets

Molecule-based materials offer the possibility of controlling their
physical properties, including the magnetic, optical, mechanical,
or electrical properties, using external stimuli, e.g., solvents or
other chemicals, temperature, light, pressure, and magnetic or
electric fields.">™"?%**°**® The switching of the physical effects
via external stimuli can either lead to bi- or multi-state systems
that are attractive, for example, in data storage applications,>**>*
or produce continuous large changes in the specific characteris-
tics, even with a weak external factor, which is utilized in sensing
applications.”*'*** Moreover, external stimuli can be employed
for the generation or optimization of the desired properties,
including luminescence functionalities as well as SMM and other
magnetic effects, for the molecular systems, including those
based on Ln(ur) complexes.'*”***?3* Here, we will discuss repre-
sentative examples of how external stimuli are used to switch,
generate, or modulate the magnetic and luminescence properties
of emissive Ln-SMMs, with the emphasis given to our contribu-
tion to this emerging research trend.

3.1 Chemical switching of luminescent lanthanide SMMs

Ln(m)-based coordination systems can be sensitive to chemical
stimuli, including the exchange of solvent molecules which can
often change the physical properties without the crystallinity of
the material being lost,''”7119126:233:235-239 quch removal or
exchange of solvent molecules can modify the coordination
environment of 4f metal ions, then both their luminescence and
SMM properties are expected to be strongly modulated as they are
directly related to the geometry and composition of the first
coordination sphere of the Ln(m) centre.*>**'*" Using a more
subtle approach, the chemical treatment of a Ln(u)-based coordi-
nation compound may involve a non-coordinated solvent or other
guest molecules that can affect the magneto-luminescent char-
acter by influencing, for example, the emission sensitization
pathways or the phonon mode scheme that is important for
Raman magnetic relaxation.''>?4***" All of these perspectives
have been explored separately in the fields of Ln(ur)-based lumi-
nophores and Ln-SMMs,'?%23%235239 although the chemical
switching of emissive Ln-SMMs is very rare.>*” In this context,
using the heterometallic approach based on polycyanidometal-
lates (see Section 2.4), we prepared dinuclear molecules of
{[Dy™(H,0);(2-pyrrolidone),] [Co™(CN)e]}-nH,0, which exhibit
two stable crystalline phases with different amounts of water of
crystallization (Fig. 9).>** These two phases, i.e., LH (low-humidity)
and HH (high humidity), are interconverted upon variation of
the relative humidity (RH). Moreover, there is a unique RH range
of phase bistability where both crystalline phases co-exist.
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Fig. 9 (a) Structural view of the {[Dy"'(H,O)s(2-pyrrolidone)4][Co"(CN)gl}-
nH,O molecule,?*® (b) temperature dependence of magnetic relaxation
times for the low- (LH) and high-humidity (HH) phases, (c) isotherm for
water adsorption, and (d) emission spectra for 350 nm excitation. Parts
(b—d) were adapted from ref. 243 with permission from the Royal Society
of Chemistry.

The embedded Dy(u) centres reveal field-induced SMM properties
for both phases; however, the single-crystal-to-single-crystal trans-
formation from the HH to the LH phase results in a significant
slowdown of the magnetic relaxation and a three-fold increase in
the efficient anisotropic thermal energy barrier. Moreover, this
partial dehydration process influences the almost white-light
Dy(u)-centred photoluminescence of the LH phase, effectively
shifting its colour to yellow. We expanded this idea of the
chemical tuning of emissive Ln-SMMs by combining similar
molecular building blocks, namely, Dy** and hexacyanidocobal-
tate(m) ions, but in the absence of organic ligands.**” We obtained
a three-dimensional cyanido-bridged framework, {[Dy"(H,O),]
[Co™(CN)e]}-2.2H,0, that can be reversibly dehydrated, subse-
quently adopting the form of {Dy"[Co™(CN)e]} (Fig. 10). This
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Fig. 10 (a) Structural view of three-dimensional {[Dy" (H,0),1[Co"(CN)gl}-
2.2H,0 (hyd) and {Dy"'[Co"(CN)¢l} (deh) networks,>%” (b) representative ac
magnetic characteristics of the deh phase, and (c) excitation and emission
spectra at 77 K for both the hyd (top) and deh (bottom) phases (c). Parts
(b and c) were adapted with permission from ref. 207. Copyright 2019
American Chemical Society.
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single-crystal-to-single-crystal transformation results in a dramatic
change of the Dy(um) coordination geometry from square-
antiprismatic to trigonal prismatic, which leads to the generation
of Dy(m) SMM behaviour as the hydrated phase does not exhibit
slow magnetic relaxation. The Dy(m)-centred photoluminescence
is also affected by dehydration, as the emission colour essentially
shifts from nearly-white to deep-yellow. This change was assigned
to modulation of the details of the emission bands due to
modification of the symmetry of the Dy(m) complexes.

3.2 Optical thermometers based on luminescent lanthanide
SMMs

A highly sensitive optical response to temperature variation,
which can be realized via luminescence, e.g., the emission colour,
emission band intensity, or emission lifetime, is one of the
desired functionalities in modern materials science.®®'>>2447246
Ln(m)-containing molecular materials, including molecular sys-
tems and coordination polymers, have been found to be efficient
for the construction of high-performance luminescent thermo-
meters, especially those that show ratiometric character where the
crucial thermometric parameter consists of the ratio between two
distinct emission features, e.g., the emission intensities of sepa-
rate molecular components (see Section 2.1).°*'*® Such ratio-
metric luminescent thermometers provide a convenient route
for contactless temperature sensing in various devices as they
offer high sensitivity that is independent of the experimental
setup, in contrast to, for example, the overall emission intensity.
In general, to achieve good luminescent thermometry, the mate-
rial must show a high relative thermal sensitivity (S,) coupled
with a low temperature uncertainty (87) in a maximally broad
temperature range or the temperature range of interest. The limits
of S; > 1% K ' and 8T < 1 K indicate a good thermometric
performance.®®">>%¢

The combination of luminescent thermometry with mole-
cular nanomagnetism can not only provide a multifunctional
material with co-existing optical and magnetic properties but
also result in an advanced SMM, revealing the self-monitoring
of its temperature using the optical response.’®® To achieve
this, the optical thermometry must appear within the working
range of the SMM properties, which itself signals another
alternative of the correlation between the nanomagnetic char-
acter and temperature sensing as well as a pathway towards the
possible influence of a magnetic field on the optical thermo-
metry for a molecular nanomagnet (see Section 2.3)."*7'%°
Realizing such a temperature overlap between the optical
thermometry and the single-molecule magnetism is a non-
trivial task, since the slow magnetic relaxation for the current
SMMs is usually observed to be well below the boiling nitrogen
temperature where optical thermometry is often limited. How-
ever, adopting optimistic attitudes, we and other groups took
on the challenge of constructing luminescent thermometers
based on Ln-SMMs. Typical selection of the Ln(3+) ion consists
of the exploration of yellow emissive Dy(m) or NIR-emissive
Yb(m) centres for which the design of SMMs has broadly been
recognized (see Section 2.2). For these candidates, optical
thermometry was achieved, by us and other groups, by tracing
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the temperature variation of the detailed emission pattern
where thermal depopulation of the my levels, including those
responsible for the strongly temperature-dependent hot bands,
is ObSeWed.83’198'247_250

In our work, we searched for non-trivial approaches to
achieve optical thermometry in Ln-SMMs constructed using
cyanido metalloligands. We obtained dinuclear molecules,
{[Ho",. Y™, _,(4-pyridone),(H,0),IM"(CN)s]}-nH,0 (M = Co,
Rh, Ir), where the Ln position is occupied by Ho(m) or Y(i).
They revealed the SMM effect, originating from the pentagonal
bipyramidal Ho(m) complexes (Fig. 11).>>" More interestingly,
owing to Y"-based dilution, the material shows room-
temperature, blue, 4-pyridone-centred emission, which was
not observed in the Y(m)-free analogue, due to the dominant
Ho(u) re-absorption process. However, for the Y(u)-diluted
samples, we reported sharp re-absorption peaks within the
ligand’s emission band. The luminescence re-absorption effect
was assigned to the specific ladder-type electronic structure of
Ho(m),*** and it was found to depend strongly on the temperature.
Thus, we utilized the ratios between selected re-absorption band
intensities as thermometric parameters, achieving ratiometric
optical thermometers with a good performance that ranged from
~25 to 205 K. We were also able to tune the thermometric effect
through d-metal ion substitution within the hexacyanidometallate
complex. In this work, we proved that luminescence thermometry
based on Ln-SMM can be achieved by exploring the organic ligand
emission with the support of the luminescence re-absorption
effect.

Recently, the further expansion of the concept of optical
thermometry using emissive Ln-SMMs was presented.*”® For the
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Fig. 11 (a) Temperature-dependent emission spectra of {[Ho"511Y" 080
(4-pyridone) 4(H20),][Co"(CN)el}-nH,O molecules (which are isostructural to
the {DyCo} molecules shown in Fig. 8a) measured under 370 nm excitation
together with the extracted luminescence re-absorption spectra obtained
after subtraction of the ligand emission component, (b) resulting temperature
dependence of the relative thermal sensitivity for two different ratios of
luminescence re-absorption peaks, and (c) representative ac magnetic char-
acteristics (top) compared with the undiluted sample (bottom). Reproduced
from ref. 251 with permission from the Royal Society of Chemistry.
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first time, a combination of the thermometric effects using
Raman spectroscopy and photoluminescence was reported. This
was shown for novel supramolecular assemblies of {{Dy™, Y™, _,
(phen),(11-OH),(H,0),{Au'(SCN),],-phen-0.5MeCN-0.5H,0 (x = 0,
0.1, 0.02; phen = 1,10'-phenanthroline) that feature weakly
bonded Ln(m) and Au(r) metal complexes (Fig. 12). They exhibit
Raman scattering in the low-frequency regime with sharp peaks.
Three vibrational bands were selected to exploit the related
thermometric behaviour, revealing good sensitivity in the low-
temperature region, comparable to the simultaneously found
luminescent thermometry based on the temperature variation of
the Dy(m)-centred emission pattern. It was suggested that the low-
frequency phonons related to the {Au-Au} vibrations increase the
thermometric sensitivity of both types of detected optical thermo-
meter. The applicability of the thermometric effect based on the
Raman effect in various solvents was demonstrated. Finally,
owing to the presence of Dy(u) centres, additionally diluted with
Y(ur) centres, the SMM properties were detected and also corre-
lated with the low-energy vibrational modes that are detectable in
Raman spectroscopy.

3.3 Photo-switching of luminescent lanthanide SMMs

The use of light stimuli to affect the SMM behaviour and
modulate the luminescence properties has a wide spectrum of
potential applications, for optical switches as well as information-
storage and -processing devices, which has separately been proved
in the families of photochromic luminophores and photomag-
netic materials.'%*'%%*>712>128 The simultaneous photo-switching

of both emission and magnetism is expected to enrich the

a) b)
- AL o 185K
{ L\ 003 % o 20K
[ N 7\|‘ 4 gv o 22K
. 23K
P
' \'> i ) % o2 e A\ 24K
A Se g ¢ b
- N E b/ A X 26K
N 3 4 LY 275K
. } . =001 4/ $R 8 30K
. - 7 3 # %
Al P ] 81/ X 325K
¥ 4§ AN 35K
8 ~ \/;DylY i 3 g 5 o 375K
1 o 40K
o~ -
t"&i -1‘"’3 1 10 100 1000 10000
i viHz
c) d)
T8 5000
£, — Silrenllrcar) 4500 27 em” GW
s \ S (Ligsem/Myosem) 4000 1] -—
226 S (Lsaeem¥laosem) :3500 -27 cm
% 5 Z3000] anti-Stokes ! Stokes [
c < 80K
g4 $ 2500 svib. 16
> £ g
g3 $20%7 vip.18 AuswAu | I}
s 915004 440 1t £ ™ |
o 2 AL, R
£2 2 Aue sAu° T (M J:\ Vau -
o 1000 1 I" &)\‘ 1108 cm i
21 s00] '+ ¢ -108 e’} \ \/ 304 cm
3 — -304 cm’ _,f/ - I
&0 0 ot =S A

50 100 150 200 250 300 300 -200 -100 0 100 200 300
Temperature / K

Fig. 12 (a) Structural view of the {[Dy",Y"; ,(phen),(u-OH)(H,0).l}
[AU(SCN),lo-phen-0.5MeCN-0.5H,0 supramolecular assemblies (x = O,
0.1, 0.02; phen = 1,10’-phenanthroline),?** (b) representative ac magnetic
characteristics for the x = 0.02 sample, (c) temperature dependence of
the relative thermal sensitivity for the three indicated ratios of peaks in the
Raman spectra, and (d) Raman spectra of the x = 0 sample at the
temperatures shown, as used for (c). Parts (b—d) were adapted from ref.
253 under the terms of the Creative Commons CC BY license.

Raman Shift / cm™

5974 | Chem. Commun., 2023, 59, 5961-5986

View Article Online

ChemComm

physical response from the sample and open a route for the
photo-control of possible magneto-luminescence coupling effects.

Achieving photoswitchable luminescent SMMs is a tremendous
challenge as most of the photosensitive molecular building blocks
used for molecular photomagnets hamper the emission properties.
This occurs since many photoswitchable organic ligands, as well as
metal complexes, e.g., spin-crossover-active Fe(n) and Mn(m) cen-
ters, and pairs of metal complexes that show photoinduced elec-
tron transfer, e.g., cyanido-bridged Co(un) and W(v) or Co(u) and
Fe(u) centers, are strongly coloured, which limits their emission
properties.'91%419%1% Moreover, the light must be used to switch
the state of the system, and it must be ensured that light of a
different wavelength simultaneously induces luminescence without
changing the state of the material. A few research groups have
addressed this challenge using luminescent Ln-SMMs. 2?3428
They mainly explored a strategy that relies on the incorporation
of photo-responsive organic components into the system, which,
through photo-chemical reactions, causes structural changes that
affect both luminescence and magnetic properties. Wang et al.
reported a family of coordination-chain-based supramolecular
compounds, [Ln™;(H-HEDP);(H,-HEDP);]-2(H;-TPT)-(H,-HEDP)-
10H,0 (Ln = Dy, Gd, Y; HEDP = hydroxyethylidene diphosphonate;
TPT = 2,4,6-tri(4-pyridyl)-1,3,5-triazine), that exhibit reversible room-
temperature photochromism (both in absorption and emission)
and photomagnetism (Fig. 13)."*> Moreover, the Dy"™-based analo-
gue, QDU-1(Dy), shows zero-dc-field SMM behaviour after UV-light-
induced phototransformation. The above features are related to the
occurrence of photoinduced electron transfer (PET), resulting in the
photogenerated radicals TPT* and O°. For QDU-1(Dy), the initially
colourless sample becomes blue upon UV-light irradiation. The
time-dependent fluorescence spectra indicate that the intensity of
the TPT fluorescence decreases upon UV-light irradiation. This
fluorescence quenching was rationalized through the conversion of
the fluorescent H;-TPT components to non-fluorescent TPT* radi-
cals. It is worth mentioning that the photo-generation of radicals
entails structural changes, leading to unit cell shrinkage. Structural
variations also include strengthening of the H-bonding network
and decreasing the N---O distance between the HEDP-Ln moiety
and the TPT ligand. Furthermore, QDU-1(Dy) exhibits a light-
induced SMM effect owing to the appearance of ferromagnetic
coupling between the Dy*" ions and O* radicals. Thus, QDU-1(Dy)
constitutes a unique example of a photochromic switch, in which
the slow relaxation of magnetization can be generated by light
stimuli.

Other examples of photoswitchable Ln-SMMs have been pre-
sented by Zheng and co-workers.?*>**” First, they obtained the
mono-nuclear Dy(ur) complexes bearing the 9-diethylphosphono-
methylanthracene (depma) ligand that undergo reversible [4+4]
photodimerization leading to a change in the SMM effect and a
switch from yellow-green to blue-white emission.>*” Furthermore,
they enhanced the multifunctionality to obtain a remarkable
molecular material, enabling the synergistic switching of its
luminescence, magnetic, and dielectric properties using thermo-
and light-stimuli. The reported Dy™ complex, [Dy"(SCN);
(depma),(4-pyridone),], contains depma and 4-pyridone ligands,
which play the roles of photo-active and polar components,

This journal is © The Royal Society of Chemistry 2023
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Fig. 13 (a) Structural view of the [Dy"'s(H-HEDP)s(H,-HEDP)3]-2(H3-TPT)-
(H4-HEDP)-10H,O supramolecular framework (QDU-1(Dy)) (HEDP =
hydroxyethylidene diphosphonate; TPT = 2,4,6-tri(4-pyridyl)-1,3,5-triazine),2°
(b) its reversible photochromic behaviour, (c) the irradiation-time depen-
dence of the fluorescence intensity of the TPT ligand, and (d) the
temperature dependence of the y’ (top) and y” (bottom) components of
the ac magnetic susceptibility for the UV-light-irradiated QDU-1a(Dy)
sample. Parts (b—d) were adapted with permission from ref. 129. Copyright
2020 American Chemical Society.

respectively (Fig. 14).>*® The thermo-responsivity of this material
is linked to the phase transition between the high- and low-
temperature phases (named 1RT and 1LT, respectively) that occur
due to the order-disorder transition of the 4-pyridone and SCN™
molecular components. This reversible phase transition manifests
as a noticeable change in the emission characteristics. The
temperature has a large impact on the dielectric properties, and
this effect is correlated with the local dynamic changes of the
polar components. Moreover, due to the occurrence of photo-
induced dimerization involving the anthracene groups of the
depma ligands, the system is highly responsive to light stimuli.
The UV-light stimulus leads to a considerable structural transfor-
mation that is accompanied by a change in the luminescent
properties. One can observe a decrease in the 535 nm ligand-
centered emission peak intensity and, at the same time, the
appearance of additional distinct bands that are ascribed to the
n*-m transitions of dianthracene moieties and f-f electronic
transitions of Dy*>" ions. This suggests the light-induced modifica-
tion of the *T ligand state energy and an enhancement of the
sensitization of the Dy™-based emission. Moreover, the photo-
dimerization reaction leads to a reduction in the relative permit-
tivity, ¢/, and the quenching of its thermally induced dielectric
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Fig. 14 (a) Structural transformation of the [Dy"(SCN)s(depma),(4-
pyridone),] complex via the transition from a high-temperature (1RT) to
a low-temperature (1LT) phase,*® (b) emission spectra under the 365 nm
excitation for 1RT and 1LT as well as the photo-dimerized phase (1UV) and
the product obtained after reversing the dimerization process (1R), (c)
related emission colours on the CIE 1931 chromaticity diagram, (d)
temperature dependence of the dielectric constant for 1(LT/RT), 1UV,
and 1R at the frequency of 1328 kHz, and (e) representative ac magnetic
characteristics for 1 (LR/RT) (left), 1UV (middle), and 1R (right). Reproduced
from ref. 255 with permission from the Royal Society of Chemistry.

transition. The light stimulus also influences the magnetic prop-
erties, affecting the shape of the magnetic hysteresis loop and
shifting the peaks in the y”(v) curves towards higher frequencies.
This observation was rationalized by the symmetry lowering
around the Dy*" ion that is caused by the photocycloaddition
reaction. Therefore, this material shows an unprecedented syn-
chronous modulation of three various functionalities embedded

into a single-phase material based on a luminescent Dy-SMM.

4. Electrical functionalities generated
in luminescent lanthanide molecular
nanomagnets

The electrical properties, including the high ionic (e.g., proton
or alkali ion) or electronic conductivity, superconductivity,
pyro-, piezo-, and ferroelectricity, have aroused continuous
interest in materials science.”*?°> Their combination with
luminescence as well as the magnetism in multifunctional
materials has also been broadly recognized due to the attractive
electro-optical and magneto-electric phenomena that can be
produced.>*"?%2%326% Uging the molecular building block
approach, the conjunction of electrical and luminescent or
magnetic effects, including SMM properties, has been found.
For instance, luminescent molecular ferro-electrics or electron
conductive SMMs have been prepared.®>***°>?°® Among them,
Ln(ur)-based materials were also presented, opening a route to
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the generation of electrical functionalities in the coordination
of supramolecular frameworks based on emissive Ln molecular
nanomagnets.”*>>%° In this section, we will briefly discuss the
pioneering studies on such advanced multifunctional systems
that link luminescent and SMM properties with electrical
effects, mainly proton conductivity and ferroelectricity.

4.1 Proton conductivity in molecule-based materials
incorporating lanthanide SMMs

The design and synthesis of solid proton-conducting materials
continues to be a major challenge faced in the areas of green
chemistry and sustainable engineering. Proton conductors give
hope for new solutions in the field of clean energy, since they are
a key component in the process of energy conversion in fuel cells
and other hydrogen-focused technological innovations.>**>7%>7*
In this context, metal-organic frameworks (MOFs) have
remained in the spotlight and have commonly been investigated
owing to their adjustability, which enables the incorporation of
proton pathways into their frameworks.>***¢”*”> Heterometallic
cyanido-bridged systems have also been recognized as attractive
in these regards, especially taking into consideration the possi-
bility of combining a high proton conductivity with other
functionalities, in particular, magnetic functionalities.””*">
We found that metal cyanido complexes can be suitable for
the synthesis of Ln-SMMs that exhibit this highly demanded
electrical property. We reported the generation of both a high
proton conductivity and luminescent thermometry in the emis-
sive supramolecular network of (H;0,"),(H")[Yb™(hmpa),][Co™-
(CN)gl»-0.2H,0 (hmpa = hexamethylphosphoramide; Fig. 15).>*
This unique system shows unprecedented multifunctionality,
operating as a proton conductive luminescent thermometer
based on NIR-emissive SMMs. The embedded Yb(u) complexes
exhibit slow relaxation of magnetization below 6 K as the result
of using O-donor ligands that occupy the equatorial positions
around the 4f metal ion. Moreover, the Yb(u) centres exhibit
room-temperature NIR photoluminescence that is sensitized by
the [Co™(CN)s]>~ ions. The related luminescent thermometric
functionality was also observed. It is related to the non-trivial
application of the strongly temperature-dependent hot emission
bands and complex temperature variation of main emission
peaks observed at 975 and 1020 nm. Aside from the optical
and magnetic properties, the multifunctional nature of the
obtained material was extended to proton conductivity, which
appears due to the presence of dihydronium ions in the form of
H;0," within its crystal structure. At 30% RH (relative humidity),
the electrical conductivity related to the proton motion, g, was
determined to be low, reaching 1.5 x 10~° S cm ™. However, the
conductance was found to be strongly sensitive to the humidity
variation. At higher RH levels, one can observe a rapid increase
of the ¢ value to a maximum of 1.7 x 10™* S cm™" at 97% RH,
which can be ascribed to superionic conductor behaviour.
According to the temperature-variable impedance spectra and
the course of the In(¢T) versus T~ * dependence, proton conduc-
tion is postulated to operate through the Grotthuss mechanism,
as suggested by the value of the activation energy (E, = 0.44(1) eV)
extracted from experimental data using the Arrhenius law. In the
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Fig. 15 (a) Crystal structure of the (HsO.)o(H)IYb"(hmpa)sICo"(CN)gl.-
0.2H,0O molecule-based material (hmpa = hexamethylphosphoramide),247
(b) temperature-variable emission spectrum under 320 nm excitation,
(c) humidity dependence of the electrical conductance, (d) the related
impedance spectrum at 97% RH, (e) temperature-variable impedance
spectra at 90% RH (e and f) the related Arrhenius plot with the indicated
activation energy. Parts (b—f) were adapted with permission from ref. 247.
Copyright 2020 American Chemical Society.

postulated mechanism, proton transport occurs through the
channels aligned with the c¢ crystallographic axis which, at
higher values of RH, are occupied by water molecules, weakly
interacting with the N-atoms of the hmpa ligands. Such a
columnar porous framework provides an advantageous pathway
for the proton hopping mechanism that involves H-containing

This journal is © The Royal Society of Chemistry 2023
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cations, generating superionic conductivity in the described
system.

Some other research groups have also recently presented
unique examples of proton conductive materials based on lumi-
nescent Ln-SMMs. Among them, the supramolecular approach
that utilizes weak intermolecular interactions, similar to our
findings, was explored, while other routes take advantage of the
formation of Ln(m)-based MOFs with suitably selected organic
linkers that ensure energy transfer for Ln(m)-emission sensitiza-
tion, suitable magnetic anisotropy, and structural pores for proton
conduction. In these approaches, the weakest point appeared to
be the design of magnetic anisotropy since all of these reported
proton-conductive emissive Ln-SMMs demonstrate only moderate
slow magnetic relaxation characteristics.?”®278

4.2 Ferroelectricity in molecule-based materials incorporating
lanthanide SMMs

The generation of electrical properties related to switchable
electric polarization, including pyroelectricity and ferroelectricity
in particular, into magnetic materials, and also recently into
molecule-based magnets, constitutes an emerging trend in mate-
rials science. Such advanced systems can potentially be used as
multiferroic and magnetoelectric materials, enabling the modula-
tion of electric polarization using a magnetic field, or the modula-
tion of magnetic effects using an electric field.***”*”°%! Such
magneto-electric phenomena have broad application horizons,
e.g., in memory devices or spintronics. Pioneering reports have
shown that ferroelectricity can also be induced for SMMs, includ-
ing those based on Ln(m) complexes."*>*** By contrast, the
analogous electrical properties, such as ferroelectricity, were
combined with luminescence, which is a route for the effective
manipulation of light emission using an electric field.****%* In
particular, a group of luminescent molecular ferroelectrics —
which are usually based on molecular perovskites — emerged,
opening a new perspective for electro-optical coupling effects.****
In these contexts, a broadened multifunctionality is expected in
which ferroelectricity will appear for emissive Ln-SMMs, which
will demand the generation of a suitable polar space group and
the insertion of polar components that can induce the appearance
of a spontaneous and further switchable electric polarization
characteristic for ferroelectrics. This must be ensured together
with the distinct luminescence and magnetic anisotropy of the
Ln(m) complex.

Only a very few attempts at producing ferroelectric lumines-
cent Ln-SMMs have been successful.”***** Among them, tre-
mendous functional potential was uncovered by Long et al. who
reported high-temperature ferroelectrics based on the chiral
[Zn"(R,R-L)Dy"™(1-OAc)(NO;),] (A-R,R-1) and [Zn"(S,S-L)Dy™
(1-OAC)(NO3),] (A-S,S-2) complexes that exhibit Dy(m)-centred
luminescence, natural optical activity, and slow magnetic
relaxation (Fig. 16).>®® Molecular crystals of both enantiomers
crystallize in the polar P2, space group and exhibit electrical
polarization bistability up to 563 K, thus reaching one of the
highest temperatures reported for molecular ferroelectric mate-
rials. Astonishingly, the crystal structure remains polar, and the
crystallinity is preserved as well as the ordered structure up to
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Fig. 16 (a) Crystal structures of the chiral molecular materials [Zn"(R,R-L)
Dy"(1-OAC)INO3),] (A-R,R-1) and [Zn"($,S-L)Dy" (1-OAC)NO3),] (A-S,5-2),288
(b) their emission spectra under 365 nm excitation, (c) representative ac
magnetic characteristics under a dc field of 1500 Oe for A-R,R-1, and (d)
ferroelectric hysteresis loops at the indicated temperatures for A-R,R-1. Parts
(b)—(d) were adapted with permission from ref. 288. Copyright 2015 John
Wiley & Sons.

the decomposition temperature of ~570 K. More recently, Long
et al. presented a continuation of this research pathway.>*° They
reported the magnetoelectric control of ferroelectric domains in
analogous molecule-based materials. The molecules [Zn"(R,R-
L)Yb™(1-OAc)(NO;),] (B-R,R-1) and [Zn"(S,S-L)Yb™(1-OAC)(NO;),]
(B-S,S-2), just like the Dy(m)-containing predecessors, adopt the
polar P2, space group and exhibit room-temperature ferroelectri-
city that co-exists with luminescence and SMM effects (Fig. 17).
The ferroelectric transition temperature was estimated to be even
higher than the decomposition temperature of these materials
(~550 K). The obtained systems combine ferroelectricity with a
magnetostrictive effect, generating a strong magnetoelectric cou-
pling. It was found that a magnetic field of even down to 0.1 T can
generate a significant mechanical strain through spin-lattice
coupling, which simultaneously affects the electric polarization.
Therefore, this unique molecular material exhibits the strongly
desired magneto-electric coupling, which has broadly been
explored in multiferroic metal oxides but is much less recognized
for materials based on metal complexes.?**2%
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Fig. 17 (a) Structural view of the chiral molecules [Zn"(R,R-L)Yb"(u-
OAC)(NO3),] (B-R,R-1) and [Zn"(5,5-L)Yb"(1i-OAC)(NO3),] (B-S5,5-2),25° (b)
their room-temperature NIR-emission spectra under 405 nm excitation,
(c) representative ac magnetic characteristics under a dc field of 600 Oe
for B-R,R-1, and (d) ferroelectric hysteresis loops under the indicated
magnetic fields for B-R,R-1. Parts (b—d) were adapted with permission
from AAAS, from ref. 289.

5. Non-centrosymmetricity- and

chirality-related optical effects in

luminescent lanthanide molecular
nanomagnets

The other potential functionalization of emissive Ln-SMMs
consists of introducing chirality. Functional solids that reveal a
chiral or at least a non-centrosymmetric structure may poten-
tially exhibit additional optical and magneto-optical properties.
For instance, chiral magnets, including molecule-based mag-
nets, can exhibit natural optical activity (NOA) that originates
from broken spatial symmetry.>**?% The corresponding effect of
magnetic optical activity (MOA) can be generated even in cen-
trosymmetric systems through the application of an external
magnetic field, breaking the time-reversal symmetry.>**>%" If
both types of symmetry are broken, the magneto-chiral dichro-
ism (MChD) cross-effect may occur in which the absorbance
investigated for the unpolarized light of a given chiral molecule
is dependent on the direction of the magnetic field.'**>**? 1t
has great application potential, e.g., as the advanced optical
output of magnetic data using unpolarized light. The MChD
effect has been recognized in the family of chiral molecular
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magnets and some magnetic metal complexes; however, it has
not yet been explored for Ln-SMMs.>**3% This research trend is
expected to emerge, as suggested by the report on chiral
[Yb™((X)-L)(hfac);] complexes (L = 3-(2-pyridyl)-4-aza[6]helicene;
X = P, M; hfac = 1,1,1,5,5,5-hexafluoroacetylacetonate).’*® They
show a significant MChD signal (an anisotropy factor, gychp of
~0.12 T~') that is correlated with the ’F;, — ’Fs, electronic
transition of the Yb"" centre.

Furthermore, materials that crystallize in non-centrosym-
metric space groups can also exhibit non-linear optical effects,
e.g., second harmonic generation (SHG).****°> The SHG phe-
nomenon consists of the interaction of photons of the given
frequency w with a solid material that lacks inversion symmetry,
giving rise to a frequency-doubling effect. SHG crystals are
crucial for optoelectronic and laser technologies.”**! 1t has been
shown that the SHG effect can be modulated using a magnetic
field, especially when the SHG-active magnet is constructed.
The related magnetization-induced SHG (MSHG) phenomenon
can lead to a huge enhancement of the SHG in the magnetically
ordered phase, and molecule-based magnets have been found to
be very attractive for this application.’”?" The SHG activity was
successfully combined with luminescence in several types of
material, especially in Ln(m)-based MOFs."'**%* SHG-active
molecular nanomagnets, including Ln(m)-based molecular mag-
nets, have also been shown;**® thus, the natural step was to focus
on SHG-active luminescent Ln-SMMs, which will be discussed
below. The combination of chirality and luminescence leads to
the observation of CPL, which is related to the differential
intensities of the left and right circularly polarized components
of the emitted light.*** CPL-active materials are now widely
explored due to their prospective applications, e.g., in 3-D dis-
plays or data storage,****°® and here we will discuss the pioneer-
ing studies regarding the generation of the CPL phenomenon in
luminescent SMMs based on Ln(ur) complexes.

5.1 Second-harmonic generation activity of acentric
luminescent lanthanide SMMs

The generation of the SHG activity together with luminescence
and SMM properties is expected to enrich the multifunction-
ality. It will also open a pathway for novel opto-magnetic
coupling effects especially in the case when the SHG signal
will be gathered for the high-performance SMM showing the
magnetic memory effect at the sufficiently high temperature.
Following these perspectives, we and other groups focused on
the challenge to break the symmetry of the crystalline phases
based on emissive Ln-SMMs to induce SHG activity.?”®307:3%8
While the other groups focused on enantiomeric organic
ligands that ensure all of the necessary features, SHG-activity,
luminescence, and magnetic anisotropy, we took advantage of
the heterometallic approach that utilizes octacyanidometallate
ions of Mo(wv) and W(v) (Fig. 18).°® We obtained layered
coordination polymers, {[Nd™,(H,0);,(pzdo)s][M"(CN)g]5}-
9H,0 (M = Mo, W; pzdo = pyrazine-N,N’-dioxide), based on
cyanido and pzdo molecular bridges.?*® Owing to the sponta-
neous resolution process related to the unusual 3 : 4 metal ratio
and anion-m interactions involving pzdo ligands and

This journal is © The Royal Society of Chemistry 2023
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Fig. 18 (a) Structural view of the {INd"4(H,0);7(pzdo)s[M"(CN)gls}-9H,O
coordination polymers (M = Mo (Mo'VNd"), W (W'YNd"); pzdo = pyrazine
N,N’-dioxide),>°8 (b) their excitation spectra for the 1060 nm emission, (c)
their SHG signals at 300 K, and (d) temperature dependence of the
magnetic relaxation times. Parts (b—d) were reproduced from ref. 308
with permission from the Royal Society of Chemistry.

cyanidometallates, these compounds crystallize in the non-cen-
trosymmetric C2 space group as a mixture of two enantiomorphs,
A and B. Owing to these features, they exhibit SHG activity that co-
exists with the sensitized Nd(m)-centred photoluminescence and
the slow magnetic relaxation effect. Furthermore, they exemplify
the modulating role of octacyanidometallates in the tuning of
each of the listed functionalities. Firstly, the substitution of a
d-block metal increases the sensitization efficiency at low tem-
peratures. At room temperature, for both the Nd-W and Nd-Mo
compounds, the UV-to-visible excitation band, which is related to
the energy transfer route, stays at a similar level as the direct f-f
excitation band, suggesting the comparable efficiency of both
types of excitation pathway. By contrast, at low temperatures, the
energy transfer route starts to dominate over the direct f-f
excitation pathway, due to the limitation of the deactivation
processes. The W(iv)-based analogue is characterized by a much
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stronger temperature dependence, being a better sensitizer at the
low-temperature regime, which is presumably related to the fact
that donor states of the [W™(CN)s]'~ moieties are situated closer
to the acceptor states of the Nd(m) centres. Secondly, the Mo-to-W
replacement enhances the SH intensity which can be explained by
the modulation of an ionic radius, resulting in a change in the
polarizability. Finally, the [M"(CN)g]*~ anion exchange affects the
SMM behaviour, which is related to the subtle but non-negligible
structural variation around the Nd™ centre.

5.2 Circularly polarized luminescence in chiral luminescent
lanthanide SMMs

Research concerning CPL-active materials is fuelled by attractive
applications in display technologies, including the construction
of CP-LEDs. Moreover, circularly polarized light can be utilized
in the field of optical information storage, optical sensors, and
optical communication.***% The large efforts in this research
field are related to the design of luminophores that provide a
large dissymmetry factor, gj,m, and Ln(ur) complexes are promising
candidates in this context.>***'° Therefore, the Ln-SMMs are worth
studying for their CPL activity, which was very recently initiated by a
few research groups.*'''? The additional promising perspective
for the exploration of CPL in Ln(m)-based molecular nanomagnets
is related to the great sensitivity of this optical phenomenon to
external stimuli.>***'**' As a result, a strong influence of the SMM
properties, e.g., magnetic memory effect, on the CPL signal is
expected; thus, it can be considered as a potential optical output
for related magnetic data storage devices. Among the pioneering
studies on chiral Ln-SMMs that show circularly polarized lumines-
cence, the pair of enantiomers reported by Sutter et al, ie,
[LM*?Zn"(Cl)Dy™((+)camph), (MeOH)] (A-Dy and 4-Dy) (ligands
presented in Fig. 19), deserve special attention (Fig. 19).>'' The
authors demonstrated the concomitant emergence of the CPL and
SMM effect in the solid state for an enantiomeric pair of these
chiral Dy™ complexes. It is worth mentioning that the recognized
CPL was found to be significant, reaching the g, value of +0.18
for A-Dy. The identical CPL effect was found for either a single-
crystalline material or a polycrystalline powder, which constitutes
another important outcome of this work, suggesting that the CPL
effect is not restricted to a single crystal. It is also essential to
mention that the gy, increase is inversely proportional to the
temperature, and above 25 K the emission almost disappears.
Moreover, the increase in the gy, value in the low-temperature
regime corresponds to the occurrence of slow relaxation of magne-
tization. Taking into consideration that CPL can be generated not
only by the chirality of a given structure but also by a magnetic
field, isostructural Eu(ur)-based analogues have been investigated to
estimate the contribution of both factors. Interestingly, for the
Eu(m) counterparts, down to 5 K, the emission is identical for the
two circular polarizations. Furthermore, the g, factor value was
found to be close to 0, excluding a crucial role of the structural
factor in the observed effect and indicating the pivotal role of
magnetization blocking in the CPL phenomenon.

Recently, another example of the CPL-active SMM was
reported by Pointillart and co-workers (Fig. 20).>'* They demon-
strated new results concerning the previously reported chiral
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Fig. 19 (a) Structural view of the chiral [LM®2Zn"(ClDy"((x)camph),-
(MeOH)] molecules (4-Dy and 4-Dy enantiomers),** (b) representative
ac magnetic characteristics under a dc field of 1000 Oe for A-Dy diluted
with Y(n), (c) temperature-dependent emission spectra for A-Dy (where
LHC and RHC correspond to the left- and right-handed circular polariza-
tions, respectively), and (d) CPL spectra at T = 5 K for A-Dy and 4-Dy. Parts
(b—d) were adapted from ref. 311 with permission from the Royal Society of
Chemistry.

molecules™®® [Hé6bpy-Yb™(hfac);] (M/P-1; hfac = 1,1,1,5,5,5-
hexafluoroacetylacetonate; the Hé6bpy ligand is shown in
Fig. 20), and the unique chiral coordination chains [H6(py),-
Yb™(hfac);], (M/P-2), based on the Yb(m) centres bearing
helicene-type ligands, that exhibit a NIR-range CPL signal and
the slow magnetic relaxation effect. In the second compound,
the helicene ligands connected with the [Yb™(hfac);] moieties
led to the assembly of a polymeric structure characterized by the
presence of ligand-based columns, providing the first example of
helicene-based Ln(m)-containing coordination chains. Reliable
mirror-imaged CPL spectra were recorded for both materials. For
M-1, two CPL-active bands can be observed with gy, values of
—0.13, and +0.02, whereas the band characterized by gum =
+0.007 was recognized for M-2. The better CPL performance for
M/P-1 was rationalized by the stronger dissymmetric environ-
ment of the Yb** ions. Moreover, in the case of M/P-1 and M/P-2,
the intertwining of chirality and magnetism led to the
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Fig. 20 (a) Schematic representation of the structures of the [H6bpy-

Yb"(hfac)s] (M/P-1) and [H6(py),Yb"(hfac)s],, (M/P-2) coordination systems
together with the supramolecular arrangement of the M/P-2 enantiomers
along the a axis, > (b) total luminescence recorded at 77 K (top) and the
related CPL spectra measured at 298 K under 365 nm excitation (bottom)
for M/P-2 (where the spectra for the P and M enantiomers are depicted in
red and black, respectively), and the (c) temperature and (d) magnetic field
dependence of the MChD spectra for P-2 and M-2. Adapted with permis-
sion from ref. 313. Copyright 2015 John Wiley & Sons.

emergence of the MChD response. Considering M/P-2, three
main MChD signals are observed for each enantiomer, which
can be ascribed to the *F,,, — °Fs,, electronic transitions of the
Yb*" ion. The intensity of the MChD signals at 976 nm, which are
related to the 0 — 0’ line, turned out to be high, reaching a value
close to about 0.50 cm™ ' at 1 T. The MChD effect in comparison
with the overall absorption, expressed by a guchp factor equal to
0.19 T, is one of the highest reported for Ln(m) complexes. This
value is one and a half times higher than that postulated for the M/
P-1 pair. The MChD enhancement in M/P-2 was ascribed to the
differences in the coordination sphere and/or magnetic anisotropy
for the Ln(m) centres in both types of compound. The comparative
analysis led to the important conclusion that, in generating the
strong MChD effect, magnetic anisotropy can be considered a more
dominant factor than the chirality of the Ln(um) complex.

6. Conclusions and perspectives

Complexes of trivalent Ln ions were found to be efficient
molecular building blocks for the construction of luminescent

This journal is © The Royal Society of Chemistry 2023
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molecular nanomagnets since their designable coordination
sphere can ensure both strong tunable luminescence and
significant magnetic anisotropy, giving single-molecule magnet
(SMM) behaviour. The research of the past few years summar-
ized in this feature article shows that luminescent Ln-based
SMMs can be further functionalized towards advanced multi-
functional materials. In this regard, three main research path-
ways were formulated.

The first concerns the exploration of emissive Ln-SMMs as
stimuli-responsive systems in which both the optical and
magnetic features are modulated using a chemical or physical
stimulus. It was presented that the reversible desolvation of the
crystal lattice containing the Ln complexes can be used to switch
or even generate the luminescent molecular nanomagnets. In an
analogous way, light irradiation was presented to efficiently
modulate the magneto-luminescence properties of Ln(m) com-
plexes, opening a route to unique photo-switches. The lumines-
cent Ln-SMMs were also employed as optical thermometers due
to the sensitivity of the emission pattern to variations in the
temperature. Various approaches, including the exploration of
hot emission bands, the re-absorption effect or Raman spectro-
scopy, were used to achieve a high-performance thermometric
effect. It can be even realized in a temperature range close to the
operating regime of SMMs, and thus such a magnetic system can
uniquely self-monitor its temperature.

The second type of the functionalization of emissive Ln-SMMs
is related to the generation of electrical functionalities, ranging
from ionic and electronic conductivity to pyro-, piezo- and ferro-
electricity. The enriched multifunctionality was achieved when
negatively charged emissive Ln-SMMs were combined with acidic
cations, resulting in a proton-conductive luminescent thermo-
meter based on a NIR-emissive molecular nanomagnet. For this
material, the remarkable co-existence of a few physical function-
alities in the single-phase material was presented, but even more
impressive results were found when ferroelectricity was intro-
duced into the Ln-SMM-based framework. For such a material,
a strong magneto-electric coupling, realized through magnetic
control over the electric polarization, was reported.

The third strategy towards multifunctional systems based
on Ln-SMMs consists of the implementation of 4f metal com-
plexes into non-centrosymmetric and/or chiral structures,
which opens perspectives for optical effects such as MChD,
SHG, and CPL. These physical phenomena were generated for
unique solids based on luminescent Ln-SMMs; however, their
strong coupling with the SMM properties has not yet been fully
recognized due to the low values of the magnetic blocking
temperatures. Nevertheless, one can notice that luminescent
Ln-based SMMs have proved to be a great starting point
for multifunctional materials. The stronger correlation, parti-
cularly between the SMM properties which include the mag-
netic memory effect, and the other introduced properties, is a
future challenge. It will demand advances in the instrumenta-
tion as well as better strategies for the enhancement of mag-
netic anisotropy, enabling the broad temperature overlap of
the operating ranges of magnetic, luminescent, and added
physical effects.

This journal is © The Royal Society of Chemistry 2023
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Within our contribution to this research field, we proved
that the heterometallic approach, which uses the functionalization
of Ln(u) complexes by cyanido-based metalloligands with the
support of organic ligands, is one of the most efficient routes for
incorporating various effects, including the sensitivity to humidity
and solvent exchange, optical thermometry of diverse mechanisms,
high proton conductivity, and the SHG activity. Taking into account
the versatile character of cyanido metal complexes which can be
variously modified and supported using non-innocent organic
ligands and counter-ions, it is expected that other possible physical
functionalities, such as ferroelectricity or CPL, are accessible within
the approach explored by us, and this will be tested soon.
Among other perspectives, it is worth mentioning that the great
undiscovered potential concerns the exploration of uncommon Ln
ions. This includes Ce(w) centres which exhibit emission related to
d-f electronic transitions that is expected to be more sensitive to
external stimuli than the emission originating from f-f electronic
transitions. Moreover, divalent Ln ions remain unexplored as a
source of luminescent SMMs and related subsequent multifunc-
tional systems, despite the expected remarkable optical and mag-
netic properties.'”® Another underexplored field is related to the
different sides of Ln emission, including the use of up-conversion
luminescence or the use of electroluminescence. The broadening
of the spectrum of external stimuli used for switching of the
properties of emissive Ln-SMMs towards, for example, pressure
or mechanical action, is also worth considering. Last but not least,
a future challenge consists of the conjunction of a few strategies to
achieve nextlevel multifunctionality, e.g., chemical or photo-
switching effects on the electrical or chirality-related optical phe-
nomena in emissive Ln-SMMs. It is expected that breakthroughs
along these lines will soon emerge.
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