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Abstract: Lanthanide metal-organic frameworks (Ln-MOFs) showing single-molecule magnet (SMM)
properties are an ever-growing family of materials where the magnetic properties can be tuned
by various interrelated parameters, such as the coordinated solvent, temperature, organic linkers,
lanthanide ions and their coordination environment. An overview of the general synthetic method-
ologies to access MOFs/Ln-MOFs and the peculiarities and parameters to control and/or fine-tune
their SMM behavior is herein presented. Additionally, diverse challenging strategies for inducing
SMM/SIM behavior in an Ln-MOF are discussed, involving redox activity and chirality. Furthermore,
intriguing physical phenomena such as the CISS effect and CPL are also highlighted.

Keywords: lanthanide metal-organic frameworks; single-molecule magnets; single-ion magnets

1. Introduction

Metal-organic frameworks (MOFs), crystalline porous materials formed by the self-
assembling of metal ions (nodes) with organic ligands (linkers) [1-3], are attracting con-
siderable interest in material science given their fascinating architectures, which can be
tailored by a proper chemical design of linkers and nodes, and the richness of their chemi-
cal and physical properties [4-6], which make them promising platforms in a plethora of
applications such as fuel storage, CO, capture, drug delivery, sensing and catalysis [7-9].
As far as magnetic MOFs are concerned, those exhibiting molecular properties, i.e., single-
molecule magnets (SMMs), have attracted extensive attention in the field of chemistry,
physics and material science due to their potential applications in cutting-edge molecular
spintronics and quantum computing devices [10]. SMMs are fascinating materials [11] that
have been continuously investigated since the first discovery of Mn1,012(OAc)14(H20)4
(known as Mnj;) by Sessoli et al. and the synthesis of the first Ln''-SMM complex based
on Dy [12-14]. The SMM efficiency is evaluated by three different parameters: (i) the
blocking temperature (Tg), i.e., the highest temperature at which the magnetization is
preserved during a given period of time [15]; (ii) the coercive magnetic field (H), described
as the magnetic field needed to turn to zero the magnetization of an SMM; and (iii) the
effective energy barrier (Uy¢f), the most used parameter, which indicates the energy required
to convert an SMM into a paramagnet.

Although reported in the literature are many examples of magnetic MOFs, very few
show SMM behavior [16]. On the other hand, porosity, the intrinsic property of MOFs,
is typically favored by the use of long linkers, i.e., linkers bearing bulky pendant arms,
whereas magnetic interactions require short distances between the metal nodes [17]. Thus,
the chemical design of MOF-based SMMs is a challenging aspect, and, among the synthetic
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strategies envisaged to develop MOF-based SMMs with efficient Ty, He and U values,
the use of Ln'!! ions with large magnetic anisotropy occupies a prominent place.

Indeed, lanthanide-based MOFs (Ln-MOFs) are a class of porous materials that have
attracted great interest during the last few decades thanks to their intrinsic advantages such
as lanthanide coordination versatility and a wide range of applications due to their unique
properties based on f-electrons offering the possibility to combine both luminescent centers
and magnetic properties in the same crystal lattice, building up multifunctionality [18].
Lanthanides’ valence electrons are located in 4f orbitals, which are shielded from the ligand
field by fully filled 5s and 5p® orbitals. For this reason, the 4f orbitals do not split due to
weak interactions between the ligands and the orbitals, and the coordination environment
around the 4f ion remains almost unaltered, giving rise to strong spin—orbit coupling
interactions. The most used Ln! ions to fabricate SMMs are Tb!!, DyIH, Er! and Ho™.
Particularly, Tb™ and Dy are the best candidates, since their electronic structure exhibits
large magnetic anisotropy due to the strong angular dependence of 4f orbitals [19].

Recently a second generation of SMM-based MOFs, known as single-ion magnet
(SIM) MOFs, started to rapidly develop since the first report of the Ln(bipyNO)4(TfO)s
(bipyNO = 4,40-bypyridyl-N,NO-dioxide, TfO = triflate) 3D coordination framework by
Espallargas et al. [20] (vide infra). SIMs consist of single centers that exhibit slow mag-
netic relaxation [10], and, consequently, SIM-MOFs are formed by ordered assemblies
of lanthanide ions and different bridging linkers, featuring extended and porous high-
dimensional frameworks with tunable magnetic properties.

The present work aims to provide an overview, through selected examples, of the
different strategies currently employed to integrate SMM /SIM functionality into an MOF.
The MOF framework is then used as a suitable scaffold to constrain or tune the local
geometries of lanthanide nodes (ions or clusters) and arrange diverse organic linkers
into ordered assemblies, featuring a combination of structural diversity and SMM/SIM
behavior. In this context, conventional and /or unconventional synthetic approaches toward
SMMs/SIMs are also exploited.

2. Synthetic Methodologies

MOFs in general and Ln-MOFs in particular are conventionally obtained by combining
organic linkers and metal ions via solvothermal and slow diffusion reactions (layering).
Recently, other synthetic strategies have been explored as microwave-assisted, electro-
chemical, mechanochemical or sonochemical methods, as reported in Scheme 1. The final
product is often obtained in the form of single crystals, suitable for X-ray structural studies,
microcrystalline powders, nanocrystals or films [21]. Solvothermal synthesis is the most
used technique to develop crystalline MOFs and consists of a combination of linkers and
metal salts in a closed autoclave, heated under autogenous pressure. The crystal size and
morphology are strongly influenced by several parameters, such as the solvent, temper-
ature, concentration, pH, reaction time, etc. The major advantages are the control of the
reaction conditions and the obtainment of single crystals suitable for structural characteri-
zation. The diffusion method consists of a slow mixing of metal salts and linker solutions
by layering one on top of the other, taking advantage of their different densities. This
technique is particularly useful for growing single crystals suitable for structural analysis.
In the microwave-assisted method, the reactor is heated by electromagnetic waves. The
parameters that influence the size and morphologies of the final product are similar to the
solvothermal one, but the major advantages are low reaction time, energy saving and micro-
crystalline materials. In the mechanochemical methods, reactions between metal salts and
linkers occur under high-speed grinding in a ball mill at ambient pressure. Metal oxides
are frequently employed as starting precursors, and the crystallinity of the final product is
generally low, but it could be improved by using different precursors or by adding a small
amount of solvent. This method is economical and eco-friendly and very few or no solvents
are used, but it affords poor crystalline final products. The electrochemical method is used
for the synthesis of MOF thin films (from nano to microscale) whose morphologies could be
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finely tuned by changing the electrosynthesis parameters (e.g., electrolytes, current density,
additives and reaction time). This technique has in principle several advantages over the
aforementioned methodologies, such as high-purity products, mild conditions and the
facile control of film features, but in the case of Ln-MOFs, it may suffer from a reduction of
Ln'" jons on the cathode during the process. In the sonochemical method, MOF synthesis
occurs at room temperature by the application of high-energy ultrasound to a reaction
mixture; this method is easy, rapid, environmentally friendly and allows for the obtainment
of nanoscale MOFs with high crystallinity and different morphologies [22,23].
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Scheme 1. Survey of synthetic methods.

The strategies to obtain high-temperature SMM-based Ln-MOFs are almost the same as
for their molecular counterpart, and they could be summarized as follows: (i) make a proper
choice of the crystal field for the Ln™ metal ion, taking into account its axial anisotropy;
(ii) conduct large crystal field splitting by choosing the proper ligand field, whose shape
should match the electronic density of the free metal ions [11,24,25]; (iii) commence strong
magnetic interaction between the Ln!' ions, induced by the proper choice of diamagnetic
or radical paramagnetic bridging ligands; and (iv) use isotopic Ln!' jons to suppress the
hyperfine coupling, which favors the quantum tunnel of the magnetization relaxation
process [26].

Furthermore, Ln-MOFs/ coordination polymers (CPs) could be post-modified by exter-
nal stimuli, such as (i) solvato-switching, principally due to the change in the coordination
environment after solvent exchange or removal; (ii) photo-switching, through a mechanism
where a change in the ligand with photochromic moieties is observed after irradiation,
which could affect Ln-Ln distances and/or the coordination environment; (iii) redox-
switching, through post-reduction/oxidation of the linker affording open-shell species,
which could affect the exchange interactions of Ln!"! ions, and also through a change in
the open-shell species shape; and (iv) metal-ion exchange, where the incorporation of
Ln! jons in a preformed MOF framework occurs via exchange with a suitable cation,
as reported by Pardo et al. [27]. Here, Ca'! ions could be exchanged by different Ln!!
ions (Ln'"! = Dy, Ho, Er) and NO3~, for charge compensation, inside the preformed MOF
(vide infra). Recently, Long et al. reported on the use of mixed-valence Dy'/! ions in a dinu-
clear complex affording strong magnetic exchange interactions due to M-M bond formation
and, consequently, high U, [28]; moreover, it has been reported that magnetic exchange
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between Dyl ions could be enhanced through the presence of soft donors, leading to

excellent SMM behavior with high U [14,29].

The post-modification (vide supra) of Ln-SMM-MOFs/CPs [27,30] occurred, in some
cases, via an interesting on/off mechanism, particularly suitable for data manipulation
applications, while in other cases, it led to a change in the SMM behavior, but in both cases,
particular attention should be devoted to the reversibility of the process [31-33].

As highlighted by Powell et al. [34], another promising synthetic strategy is the use of
a secondary building unit (SBU) acting as an SMM center, which can govern coordination
numbers and the local geometry of the metal nodes of the assemblies in 2D /3D frameworks.
Indeed, MOFs have ordered arrangement of SMMs units, one of the most significant
advantages with respect to their molecular counterpart [18,34]. For example, Murugesu
et al. reported on a binuclear complex [Dy;(hmi);(NO3)2(MeOH);] (Hyhmi = 2-hydroxy-3-
methoxyphenyl methylene (isonicotino)hydrazine) exhibiting SMMs, which could form
a 2D network due to the coordination of Dy'! ions to the peripheral pyridyl N atoms of
the linker. The 2D framework [Dy;(hmi);(NO3)2(MeOH); Ineo MeCN shows remarkably
higher U than the binuclear complex [35,36].

3. Single-Molecule Magnet/Ion-Based Ln-MOFs (SMM/SIM-MOFs)

The use of MOFs as a rigid platform (vide supra) to constrain and chemically tune
the coordination geometries of lanthanide nodes, featuring high coordination numbers,
has been shown to be a straightforward strategy for the rational control of SMM behavior,
as demonstrated by a proper change in the synthetic conditions (nature of the solvents,
temperature, etc., vide infra).

The solvent can play a crucial role in determining the supramolecular architecture, as re-
ported by Cheng et al. [37]. Two different MOFs, formulated as {[Dy(FDA)3(DMF),]-1.5DMF},
(1) and [Dy,(FDA)3(DMF),(CH30H)],, (2) (H,FDA=furan-dicarboxylic acid, see Chart 1), have
been obtained, where the use of the DMF/CH3OH) solvent mixture leads to a moderate distor-
tion of the Dyl jons coordination sphere in 2 from an ideal Dyq with respect to 1, resulting in a
considerable improvement of the SMM behavior (Figure 1). Theoretical calculations demon-
strated that DyHI ions in 1 and 2 MOFs exhibit biaugmented trigonal-prismatic geometries (Cyy),
and the estimated (calculated) deviation parameters are 1.579 (4.076) and 0.671 (1.786) for 1 and
2, respectively, supporting the observed moderate deviation from an ideal Dyg symmetry in
the latter than in the former. Because of the occupancy of the two coordinated solvents, the
FDA%~ ligands in 2 adopt a py-11:m;-bridging coordination mode, resulting in a less distorted
DyOg polyhedron of Dyg symmetry. When methanol was removed from 2, a different MOF,
formulated as {[Dy,(FDA)3(DMF),]-2.2DMF} (1’), was obtained, where a seven-coordinate Dy
ion is present, surrounded by six carboxylic oxygen atoms and one DMF molecule. The Dy ion
shows a monocapped triangular-prismatic C,, geometry, and a three-dimensional stp topologi-
cal framework is constructed by connecting, via FDA?" ligands, Dy ions into one-dimensional
chains. Remarkably 1’ does not show slow relaxation of magnetization, highlighting the role
played by the lanthanide coordination geometry in tuning the SMM behavior. Furthermore,
the corresponding 1@Y and 2@Y, diluted by diamagnetic Y(III) ions, which should reduce or
eliminate magnetic interactions between dysprosium(IIl) ions, show similar SMM behavior as
the pristine 1 and 2 MOFs, confirming that magnetization relaxation depends on the Dy/(III)
ions’ crystal field induced by the observed moderate deviation from the ideal D4 geometry.

The temperature can also induce a fine-tuning of the coordination geometry of
lanthanide ions in Ln-MOFs, which can significantly influence the SMM properties,
also providing insights into the magneto-structural relationship. Cheng et al. reported
on [Dy3(OBA),(HCOO)(H,0)(DMF)], (3) and [Dy(OBA)(HOBA)(H,0),]-3DMF}, (4)
(H,OBA = 4,4'-oxybis(benzoate)acid) Ln-MOFs, obtained by reacting Dy(NO3)3-6H,O
with HyOBA for 3 days at 160 °C (3, orthorhombic, C2; space group) and 80 °C
(4, triclinic space group P1). Interestingly, 3 undergoes a reversible structural transfor-
mation to 4 by standing in its mother liquor for two days at room temperature and
vice versa by heating 4 in its mother liquor up to 120 °C for 3 days. This process, ther-
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mally induced, provokes a dramatic change in SMM properties, leading to switchable
“ON/OFF” SMM behavior due to a significant change in the coordination geometries of
the Dyl ion from the C,,/Cyy in 3 (paramagnet) to Dyq symmetry in 4 (SMM) because
of a variation of its coordination mode.

~ —~

° © o [¢] (o} (o]
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Chart 1. Organic linkers reported in Section 3.
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Figure 1. Constraining and Tuning the Local Geometries of Lanthanide Ions in Dy MOFs 1 and 2.
Reprinted with permission from [37].

The study of the mechanism of the structural conversion process from 4 to 3 evidenced
the crucial role of temperature in constructing the 3D framework, breaking inter-layer m- - - 7
stacking interactions and hydrogen bonds and leading to the coordination environment
around the DyHI ion of Cy, /C4y symmetry, observed in 3, as shown in Figure 2 [38].
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SMM OFF

Figure 2. Schematic representation of reversible 3—4 structural transformation (top). Dy(III) ions’

coordination symmetries and their related “ON/OFF” switching of magnetization relaxation in a
zero dc field (bottom). Reprinted with permission from Ref. [38].

The careful choice of lanthanide nodes with a proper coordination environment is also
a challenging strategy to construct an MOF with SMM properties. Particularly, mononu-
clear lanthanide complexes, where the first coordination sphere consists of the Ln' ion
surrounded by hard atoms (O, N) in a square-antiprismatic geometry, which is shown to
favor SIM behavior, are promising candidates, as reported by Coronado et al. [20] through
the novel family of Ln-MOFs formulated as [Ln(bipyNO)4](TfO)3-x solvent (Ln=Tb (5);
Dy (6); Ho (7); Er (8); and bipyNO= 4,4'-bypyridyl-N,N-dioxide, TfO = triflate]. The
choice of the linker is very important as well, as long linkers (vide supra), such as bipyNO,
are preferred since they are capable of keeping lanthanide centers isolated and reducing
dipole interactions.

These 3D Ln-MOFs exhibit slow magnetic relaxation, behaving as SIM-MOFs, as
confirmed by magnetic measurements (Figure 3).

Interestingly, the incorporation of large anions as polyoxometalates (POMs), particu-
larly [MogO19]>~ polyanions, reported in Figure 4, does not affect the magnetic behavior,
and retainment of slow magnetic relaxation is observed, despite the exchange with triflate
anions. This is due to the preservation of the structural features of the 3D framework,
despite the sterically hindered POM anions, which are located in the cavity of MOFs but
far from the lanthanide centers. These findings further demonstrate that SIM behavior is
strictly related to the lanthanide coordination geometry and also pave the way to introduce
non-innocent POM anions into multifunctional SIM-MOFs or to use POM-MOFs, which
are materials with very large surface areas and thus potential candidates for applications in
heterogeneous catalysis, where large porosity is required [20].
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Figure 4. Crystal structure of 6-POM, with POMs (purple) in the cavities. Dy atoms and bipyNO
linkers are in blue and grey, respectively. Reprinted with permission from [20].

The combination of post-synthetic methodologies (PSMs) with the molecular ap-
proach, consisting of the use of metal complexes as suitable linkers toward selected
metal nodes, is a powerful strategy for governing the structure of SMM-MOFs and
tuning their magnetic properties through a fine modulation of their structural charac-
teristics. In fact, it has been shown that small structural changes in the coordination
geometry of the lanthanide ion in an SMM-MOF provoke significant changes in its mag-
netic behavior. Pardo et al. [27] reported on the use of an oxamato-based tetranuclear
Co!! complex as a suitable building block toward Ca'l metal ions to construct a dia-
magnetic Ca'l-Co' 3D MOF, formulated as {CaH6(H20)24[COIH4(tpatox)4]}~44H20 9),
(tpatoxéf = N,N’,N-tris(4-phenyl)aminetris(oxamate)). Interestingly, the oxamate-
based complex is formed by tetrahedral cages obtained by combining a multitopic
linker, the bulky tripodal tpatox ligand (N,N,N-tris(4-phenyl)aminetris(oxamate), with
Co''! jons. When the metal-ion exchange post-synthetic method is used, by replacing
Call jons with Tb, DyHI, Ho™ and Er' ions, isostructural Ln-Co!™ 3D MOFs formu-

lated as {[TbHIé(H20)24[COHI4(tpatOX)4]](NO3)6}'4:9H20 (10),
{[Dy"¢(Hp0)24[Co™ 4 (tpatox)4]I(NO3)s}-53H, 0O (11),
{[Ho''g(H,0)30[Co'l4(tpatox)s]1(NO3)s}-44H,O (12) and

{[ErIH6(H20)Z4[C01H4(tpatox)4]](NO3)6}-58H20 (13) are obtained through a
single-crystal-to-single-crystal solid-state process (Figure 5). It is noteworthy that
11 and 13 MOFs, containing Kramers” ions as metal nodes, exhibit slow relaxation of
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magnetization, thus behaving as SIM-MOFs, while the one-pot reaction between the
related Nalz[C0HI4(tpatox)4]~6H20 and Ln(NOs3)3-5H,0 salts did not afford 10-13. The
crucial role of post-synthetic and molecular approaches to construct MOFs with SIM
properties is therefore evidenced.

) Dy

() \

Metallollgand Desugn Strategy

\

@o(lll)

qzé{) = C?ép é" @w w

&

Post-Synthetic Methodologies

Dyll[l). Hatllll. Er(lll)

Figure 5. Perspective views of ([C04(tpat0x)4]12*tetrahedral cages containing Call or DyHI, Ho™ and
Er'l exchanged by post-synthetic methods, as building blocks of isostructural 10-13 MOFs (left);
9 MOF, along the a crystallographic axis (right). Co'l and Call metal ions and linkers are in gray,
cyano and blue, respectively. Reprinted with permission from [27].

It has been shown that the coordination geometry of lanthanide ions, in a rigid scaf-
fold as an MOF, can significantly influence its SIM/SMM properties. It is noteworthy
that in the case of flexible MOFs [39,40], flexibility may be due to a reversible dehydra-
tion/hydration process, when coordinated water molecules are present in the first coordi-
nation sphere of the Ln'! ion. As a consequence, a change in the coordination environment
is observed, resulting in a significant modulation of the relaxation of the magnetization
barrier. Very recently, some of us [40] reported on two multifunctional 3D polymorphic
frameworks (14a,b), formulated as [Er,(trzo An)3(HyO)4]n-xH7O (x = 10, a; x = 7, b), show-
ing a combination of luminescent and magnetic properties, where 14a is a 3D flexible
MOF. These two polymorphs were obtained by combining the NIR-emitting Er'!! ion with
the 3,6-N-ditriazolyl-2,5-dihydroxy-1,4-benzoquinone (H;trzo An) linker, bearing bulky
triazole-based pendant arms. Moreover, 14a shows a reversible structural phase transi-
tion to a partially dehydrated 3D structure, formulated as [Er;(trzy; An)3;(HpO);]n-2H,0
(14a_des; des = desolvated), from ennea- to octa-coordination of the Er'! coordination
geometry through a reversible loss of a water molecule, which occurred under vacuum
or heating up 360 K. Remarkably, structural flexibility provokes the fine-tuning of both
luminescent and SIM properties, involving a moderate change in NIR emission and a slight
improvement of the magnetic blocking temperature in the dehydrated structural phase.
The dehydration/hydration mechanism has been investigated by theoretical calculations,
which evidenced that the observed improvement of magnetic properties is mainly due to
the variation in the ligand field induced by the loss of the water molecule (Figure 6).

Redox activity has been demonstrated to be an efficient strategy for tuning the con-
ducting and magnetic properties in MOFs due to the generation of organic radicals, which
can improve magnetic exchange between metal nodes [4,40-42]. Redox-active linkers can
affect also the SMM behavior; therefore, they can act as switchable nodes for constructing
redox-controlled SMM-MOFs. Linkers based on a tetrathiafulvalene (TTF) core, which
possess different oxidation states, such as radical TTF* and diamagnetic TTF?* species, are
efficient ON/OFF redox switches. Zhou et al. [32] have combined, via a solvothermal reac-
tion, ennea-nuclear lanthanide clusters showing SMM behavior, as inorganic nodes, and
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TTF-based linkers, as redox switches, to construct 3D SMM-MOFs. Interestingly, crystals of
Ling(u3-OH)13(u3-O)(H2O)o(TTFTB)3] (H, TTFTB = tetrathiafulvalene tetrabenzoic acid)]
were obtained with Ln'l = Dy (15), Tb (16) and Er (17). As an example, in 15, each Dyyq
cluster is linked to TTFTB* linkers through 12 carboxylate groups, which coordinate in a
syn-syn bidentate mode, leading to a framework formed by 12-connected hexagonal prisms
combined with 4-connected TTFTB?* linkers, which coordinate in a square planar manner,
resulting in a shp-a topology (shp = square hexagonal prism) as reported in Figure 7a,b).
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Figure 6. (a) Reversible expansion/shrinkage from hexagonal distorted cavities in 14a to distorted
3,6-brickwall rectangular cavities in 14a_des (left); (b) plot of x’ and x''vs T of 14a(full and empty
red circles, respectively and 14a_desfull and empty blue circles)) under an applied dc field of 0.09 T
at 10,000 Hz. Adapted with permission from [40].
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Figure 7. (a) The 12-connected Dy9 cluster and 4-connected TTFTB linker in a hexagonal prism
and square planar coordination modes, respectively. (b) shp-a topology. Adapted with permission
from [32].

Remarkably, these multifunctional MOFs, which are isostructural, possess, other than
high porosity (Brunauer—-Emmett-Teller surface areas of 1515, 1635 and 1800 m?-g~! for
15, 16 and 17, respectively), redox activity and slow relaxation of magnetization, which
can be switched OFF upon post-synthetic oxidation with I, of the TTFTB linker to its
corresponding radical S = 1/2 cation and I3~ anion or by solvent exchange of DMF (N,
N-dimethylformamide) guest molecules with cyclohexane or I3~ anions inside the cavities.
Most importantly, this process is reversible, and the SMM behavior can be switched ON
through a reduction in the DMF solution. Furthermore, structural features are also retained
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in the corresponding oxidized MOFs. These promising results show that the fine-tuning of
the SMM behavior via redox activity of the organic building blocks can provide a valuable
way to control, through external stimuli and/or solvent exchange, the SMM properties of
lanthanide clusters within a rigid platform as an MOF for future applications in functional
devices based on redox-switchable and multi-stimuli responsive SMM-MOFs.

Very recently, Seco et al. [43] reported on a novel family of 3D magneto-luminescent
Ln-MOFs, formulated as a {[LnsLg(OH)3(DMF)3]-5H,O}n-based 3-amino-4-hydroxybenzoic
acid linker (H,L) and Ln" jons (Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm and Yb), including
NIR emitters (Nd, Er and Yb). They are isostructural, and, most importantly, they are mul-
tifunctional, showing a combination of porosity, photoluminescence and SMM behavior.
In particular, the latter is observed in Dy (18), Er (19) and Yb (20) MOFs due to the oblate
or prolate character of lanthanide ions, which depend on the electronic distribution of
the coordination geometry. Specifically, in oblate-type ions (Dy''), magnetic anisotropy is
enhanced by axially coordinated donor atoms of the linker, showing the highest electron
density, while in prolate-type ions (Er'!l, Yb!!), coordination at equatorial positions is pre-
ferred to induce greater magnetic anisotropy. Magnetic measurements on 18-20, reported
in Figure 8, evidence that no frequency dependence is present without applying an external
field due to quantum tunneling of magnetization (QTM). Under a static field (1000 Oe),
QTM is suppressed, and, interestingly, frequency dependence is observed only in 20, which
represents, according to the authors, the first 3D SMM-MOF containing NIR-emitting Yb'!!
ions, since Yb-MOFs are rare. Magnetic diluted yttrium-based MOFs were prepared to ob-
tain insights on the magnetization relaxation process, and the magnetic studies evidence the
crucial role of the electron density distribution, the prolate vs. oblate nature of lanthanide
ions in tuning the magnetic anisotropy and thus the SMM properties. Photoluminescence
studies on Eu/Tb-MOFs and their corresponding heterobimetallic MOFs (stoichiometric
ratio 50:40:10/5) evidence the potential of the doped materials as ratiometric thermometers.
Additionally, the microporous structure of these MOFs makes them potential candidates
for CO; capture and separation, particularly Dy-MOF (18), which is the material showing
the best performance in terms of sorption capacity.
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Figure 8. Thermal variation in T vs. T, under an applied field of 1000 Oe, for 18-20. Adapted with
permission from Ref. [43].
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The use of chiral linkers in a hybrid platform as an MOF is a challenging strat-
egy to study physical phenomena related to the interaction of chiral materials with a
polarized electromagnetic field, such as circularly polarized luminescence (CPL) [44],
the emission of circularly polarized light upon irradiation, which can have poten-
tial applications in optical data storage and spintronics [45]. Ln-MOFs are then
promising candidates, since lanthanide(IIl) ions can boost the CPL performances [46],
even though the studies on chiral Ln-MOFs, including those showing SMM behavior,
are still scarce due to the difficulties of governing chirality in a hybrid framework.
Cepeda et al. [47] reported on a new family of 3D chiral magneto-luminescent Ln-
MOFs of formula {[Ln(js-tar);(u-tar)(H,O);]-3H,0),), with [Ln!!! = Tb, Dy, Ho, Er
and Tm and x = 3 or 4, depending on the counteranion with the D- or L- tartrate
(tar = 2R, 3R-dihydroxybutanedioate) chiral linker. These enantiomerically pure MOFs
are all isostructural, thermally stable and flexible, showing different phases depending
either on the ion size or the temperature variation, ranging from partially (Ln-L" and
Ln-L") to fully (Ln-L""") dehydrated structures. Magnetic studies show that Tb-, Dy-
and Er-L-MOFs (21, 22 and 23) exhibit SMM behavior upon application of an exter-
nal field and discrete values of an energy barrier (Ugs) due to a residual QTM (in
particular for Dy-MOF, 22), which is suppressed through a magnetic dilution with
yttrium(III) in the related yttrium-based MOFs, as reported in Figure 9. The dehydra-
tion/hydration process is reversible and, remarkably, modulates both the magnetic
and photoluminescence responses.

Number 22, which shows tunable SMM and luminescent properties, which depend
on the dehydration/hydration process, has the potential to be used in humidity-sensing
applications. Number 21 represents the second example of a chiral MOF showing the CPL
property. In the CPL spectrum of 21, reported in Figure 10, the emission assigned to the
"F5+-°Dy transition is split mainly into two bands, centered at 540 and 555 nm, due to the
degeneration removal of sublevels induced by the environment chirality.

These two bands show opposite signs and luminescence dissymmetry factor values
around 4 x 1073, which, although modest, are similar to those reported in the literature for
terbium coordination polymers. Most importantly, 22 (Dy-L-MOF, vide supra) represents the
first example, to the best of our knowledge, of a multifunctional chiral Ln-MOF showing
chirality-induced spin selectivity (CISS) [48,49], the generation of a spin-polarized current
by injecting electrons through a chiral material without the presence of a magnetic field.
The first report on the performance of Dy-L-MOF as an almost ideal spin filter is made by
San Sebastian et al. [50]. The impressive spin selectivity found is due to the 3D helicoidal
packing pattern, which may boost the electronic conduction along the crystallographic
axes through the helices. The CISS effect is also influenced by the large spin-orbit coupling
of dysprosium (III) ions, which, along with the 3D helicity exhibited by this MOF, may
be responsible for the observed remarkably high spin polarization values. In Figure 11, a
schematic representation of the CISS effect is reported.
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Figure 11. Schematic representation of the CISS effect in a helicoidal 3D MOF (22). Reprinted with
permission from [50].

4. Summary and Outlook

Ln- MOFs have been demonstrated to be suitable platforms for the rational control
of SMM behavior by the fine modulation of different parameters, such as synthetic
protocols, involving temperature and the nature of the solvents, a careful choice of
linkers and metal nodes, including preformed SMMs, and, most importantly, the co-
ordination geometry, involving a rigid or flexible scaffold. The use of redox-active
linkers has been shown to be a challenging strategy for achieving the fine-tuning of the
SMM behavior through external stimuli and/or solvent exchange in redox-switchable
and multi-stimuli-responsive SMM-MOFs. On the other hand, chiral linkers allow for
exploiting physical phenomena such as CPL [44] and the CISS effect, observed for the
first time in a 3D helicoidal Dy-MOF, which showed unprecedented spin polarization
values. In this scenario, the combination of porosity with SMM and luminescent proper-
ties offers a route to building up multifunctionality as a powerful tool to further tune
these properties through intermolecular interactions between guest molecules present
in the pores and the 3D framework. It should be highlighted that a rational design of
high-performance SMMs/SIMs, with improved energy barriers for the magnetization
reversal, requires a careful choice of the coordination environment of lanthanide ions
in terms of the ligand field. With this view, the linker donor atoms possessing high
electron density should coordinate oblate Ln' ions (Dy and Tb) at the axial positions,
while prolate ions (Er and Yb) should be coordinated at the equatorial positions, in or-
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der to maximize their anisotropic electron density (vide supra). As perspectives, the use
of soft linkers, unexplored in the SMM-MOF field probably due to the hard character of
the Ln! ions, can be challenging due to the occurrence of strong exchange interactions
observed in their molecular counterpart, a binuclear Dy'!! complex bridged by sulfur
atoms [29]. Furthermore, paramagnetic radical linkers should be developed, since
these open-shell ligands have the potential to mediate strong magnetic interactions
unless Ln'!! centers bridged by these ligands exhibit short distances [51]. A further
achievement is represented by photo-switchable MOFs, not reported up to now, since
a change in magnetic properties with light could be promising in the construction of
spintronic devices. In conclusion, these relevant findings pave the way to construct
next-generation materials with improved performances for optical data storage and
spintronic applications.
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