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External stimuli modulate the magnetic relaxation
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Mutilfunctional molecular magnetic materials have promising potential for use as future molecular
devices, such as for magneto-luminescence sensing, optical switching, information storage, etc.
Lanthanide ions have been considered as excellent candidates to construct molecular switches as they
are very sensitive to the subtle changes of structure including the change of molecular geometry, bond
distance, even crystal packing, etc, while for transition metal ions, in most cases, only the change of elec-
tronic configuration can cause a switch of magnetic properties. This review aims to summarize the effects
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of stimuli-induced structural transformations on the magnetic relaxation involving light-, solvato-,
proton- and redox-switching of Ln-SMM behaviour. Emphasis is placed on the role played by external
stimuli in reversibly modulating the magnetic properties realized in the systems with single-crystal-to-
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Introduction

Molecular magnetism, which started in the 1980s, is a multi-
disciplinary research field." Distinguished from the traditional
inorganic magnetic materials, molecular magnetic materials
exhibit fascinating and valuable cooperative-electronic pro-
perties, e.g. combining magnetic properties with conductivity
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single-crystal structural transformation.

or optical phenomena.>™* In the past 27 years or so, single
molecule magnets (SMMs) and multifunctional magnetic
materials have been dominating the field for their practical
applications in Quantum Information Technology (QIP)
including molecule-based information storage, spintronic
devices, quantum computing, etc.>*° In 2003, Ishikawa et al.
reported the first example of lanthanide SMMs (Ln-SMMs),""
i.e. double-decker lanthanide complexes [Pc,Ln][NBu,] (Pc =
phthalocynanine, Ln = Th, Dy) containing only one magnetic
ion, which motivated chemists to introduce Ilanthanides
into SMMs due to their large magnetic anisotropy and
strong spin-orbit coupling,'*'? eventually leading to the dis-
covery of magnetic hysteresis up to 80 K at a sweep rate of
25 Oe s~ in a near-linear dysprosium metallocene compound
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[(Cp™)Dy(Cp*)][B(CeFs5)] (Cp™™ = penta-iso-propylcyclopenta-
dienyl, Cp* = pentamethylcyclopentadienyl).'* As the 4f orbi-
tals of lanthanides are well shielded by the outer 5s and 5p
orbitals, a smaller crystal field (CF) splitting or weaker metal-
ligand covalence is expected for lanthanides compared to
d-block metals."® In most cases, the CF multiplet structure of
lanthanides, which generally depends on the molecular geo-
metry or the symmetry of the coordination environment,
coordination numbers and the types of donor atoms, defines
the magnetic properties (or magnetic relaxation) of the com-
plexes.'” The coordination geometries of lanthanides are
determined by ligand steric factors therefore usually forming
labile ‘ionic’ complexes that can undergo facile exchange of
ligands, which provides more possibilities to modulate the
magnetic properties. Taking Dy(u)-SMMs as an example, the
perfect molecular geometries are C, (n > 7), Csp/Dsh, Sg/Daq
and S;,/Deq where a pure axial CF was constructed based on
the oblate spheroidal shape of the Dy(u) free-ion electron
density.'® Although it is difficult to make such ideal coordi-
nation environments for Dy(u) ions, building a predominant
bond by lowering the coordination number or introducing
anionic donor atoms with high electronegativity (e.g. F~, O~ or
even carbanion) in complexes, which generally refers to the
one with the shortest bond length, can also provide strong
axial CF."” For a long time, we have been modeling magnetic
relaxation of Dy(m)-SMMs on the general assumption of
regarding the energy barrier as a sole criterion on the basis of
an ideal condition where the temperature of the lattice is
equal to that of the surrounding bath.'® In recent years, con-
sideration of other factors associated with molecular
vibrations, such as coupling of anharmonic phonons and
spin-phonons that addresses the presence of alternative relax-
ation processes, has been required.'®! Therefore, the design
criteria for high-temperature Dy(m)-SMMs have been evolving,
from the traditional requirements of high axial symmetry of
CF based on the electrostatic repulsion interactions between
lanthanides and ligand atoms to the new trend of considering
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the effects of molecular vibrational modes on magnetic
relaxation.”®** In addition, the magnetic relaxation mecha-
nism has also made great progress especially the quenching of
the relaxation through the first excited state and the reco-
gnition of the vital importance of two-phonon Raman relax-
ation process.** ™

Apart from Ln-SMMs, in recent years, multifunctional mole-
cular magnetic materials showing peculiar functionalities in
addition to and/or interacting with the magnetic properties,
such as microporous magnets, conducting magnets, chiral
magnets, luminescent magnets etc., have also attracted more
and more attention in the molecular magnetism community
due to their potential applications in sensors, optical switches,
magnetic gas separations, etc.’**> So far, while numerous
reviews or books have been published on Ln-SMMs and multi-
functional molecular magnetic materials, however, to the best
of our knowledge, the scope of stimuli-responsive Ln-SMMs
has been far less highlighted.>® In fact, the SMM behaviour is
just a manifestation of the stimuli from alternating current
(ac) magnetic field. Compared to the external stimuli modu-
lated transition metal (TM) molecular magnets, the research of
stimuli-responsive Ln-SMMs is still in its infancy. For example,
the light-induced excited spin state trapping phenomenon or
the LIESST effect has been a focus of research over 30 years;
especially in the past ten years, the introduction of a
photoisomerizable diarylethene-derived ligand into a spin-
crossover iron(u) complex led to the construction of magneto-
optical molecular devices with reversible photomagnetic
conversions.**° In 2009, the first example of photochemical
control of SMMs was reported in a [Mn,] one-dimensional (1D)
chain structure and four years later, the light-actuated SMM
combined with a spin-crossover phenomenon was also
fabricated.’*™*> However, for Ln-SMMs, the efficient photomo-
dulation of magnetic relaxation has not been realized until
recently (vide infra)."> Another typical example is that the first
combination of high-pressure X-ray crystallography and mag-
netic measurements on TM-molecular magnets was reported
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in 2008, while a similar investigation on Ln-SMMs was pub-
lished in 2020.***

Although light-actuated TM-molecular magnets have
become a fascinating topic in recent years, most Fe(u) com-
plexes hardly exhibited good SMM properties due to the non-
Kramers systems and the quenching of the fist-order spin-
orbit coupling (SOC) unless they possess a strict symmetry of
CF.*® In contrast, Co(i1) complexes usually displayed impressive
SMM properties with a record effective energy barrier (U.g) of
413 cm™'; however, the fact that Co(u) ions can quench the
luminescence of organic ligands prevents the design of photo-
modulated SMMs.*”*® In this connection, some significant
advances in stimuli-responsive Ln-SMMs have been made
owing to the unique 4f orbitals of lanthanides. In this review,
we focus on the manipulations of the magnetic relaxation of
Ln-SMMs through external stimuli generally classified as
physical stimuli (such as light, temperature, pressure, electric
potential) and chemical influences (such as redox, pH-respon-
sive, guest-exchange), shedding light on the utilization of
SMMs in molecular devices.

Photo-switching of Lh-SMM
behaviour

Light as an extremely attractive tool in the field of molecular
materials due to its easy availability, environmental friendli-
ness, sustainability, etc. has garnered substantial attention.
Photomagnets refer to a very special class of multifunctional
molecular magnetic materials where the magnetization can be
controlled by photons.’® Until now, the most widely used strat-
egy for designing and synthesizing photo-switchable Ln-SMMs
is to introduce a photochromic ligand on account of its light-
driven reversible transformation between two isomeric forms.
The most formidable challenge to this approach is that the
light-driven structural changes hardly alter the first coordi-
nation environment of lanthanide ions, which is closely
related to the magnetic anisotropy and slow relaxation of mag-
netization of Ln-SMMs, leading to only a few examples being
known. However, these structural changes often lead to modu-
lation of electronic properties, polarity, conjugation, molecular
geometry, physical dimensions, intermolecular interactions,
etc.,”' which provide other ways to externally manipulate the
SMM behaviour.

Since 2011, the Yamashita group has used a diarylethene
photochromic ligand (DTE) to explore the photo-control of
magnetic interactions and slow relaxation of magnetization in
Dy(r)/Ho(mr)-complexes. Although there are some differences
in the sub-level of the ground state and quantum-tunneling
relaxation between the open form and the closed form of DTE,
the unclear photo-control mechanism and the unsatisfactory
SMM properties attributed to the lack of single-crystal-to-
single-crystal (SC-SC) structural transformation and the
reasonable CF environment prevent further investigations.”>>*

Recently, the Long group reported a photochromic chain of
Dy(m)-SMM based on a highly magnetic anisotropic com-

This journal is © the Partner Organisations 2020
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pound, [Dy(Tp™)(pyridine),]PFs (Tp™ = tris(3-(2-pyridyl)pyra-
zolyl)hydroborate), using a bispyridyl dithienylethene photo-
chromic ligand as the photoactive unit (Fig. 1a).*>*°
Compared to previous efforts, the main breakthroughs in this
contribution are (1) the magnetic unit has a significantly
improved SMM property due to the presence of a strong axial
magnetic anisotropy provided by a relatively short Dy-F bond;
(2) the SC-SC isomerization was achieved upon visible
irradiation, which is the essential prerequisite for ab initio cal-
culations, providing possibilities to explore the mechanism of
photo-modulated SMM behaviour (Fig. 1b). Photocrystallography
investigations showed that continuous irradiation of a single
crystal of compound 1c (closed form) of 1 h with green light
resulted in obvious variations of the unit cell parameters with
a small increase of 1.3% and 2.75% in b and c lattice para-
meters, respectively, and a decrease of 1.5% in the a lattice
parameter (Fig. 1c). However, only partial conversions of 1o
(open form) toward 1c with 365 nm light were observed,
suggesting a more preferred packing rearrangement in 1o. In
order to investigate the influences of photoisomerization on
the magnetic properties, static (dc) and dynamic (ac) magnetic
measurements were performed for compounds 1c and 10, and
the results revealed that the peak in out-of-phase susceptibility
of 1c was observed as high as 44 K under a zero dc field giving
the Ues of 157 ecm™', which displayed almost identical mag-
netic behaviour to 10 due to the intact first coordination
environment. The most striking difference between 1c and 10
was the quantum-tunneling relaxation (ziynnel), 0.0337 s for 1c
while 0.0015 s for 10. The significantly decreased zinnel value
of 10 was also reflected by the narrower hysteresis hoop, for
which a slightly stronger nearest-neighbor dipolar coupling in
1o than 1c induced by the subtle changes in crystal packing
should be responsible, evident by ab initio calculations.
Although the photo-modulated magnetic hysteresis was
observed in the above compounds, the On/Off switching
of SMM behaviour has not been realized. In 2020, the
Wang group reported a series of chain compounds,
[Ln(HEDP® );(HEDP?");]-2TPT*"-HEDP-10H,0 (QDU-1(Ln))
(Ln = Dy, Gd, Y; HEDP = hydroxyethylidene diphosphonate,
TPT = 2,4,6-tri(4-pyridyl)-1,3,5-triazine), prepared via solvo-
thermal reactions, among which, the radical-actuated On/Off
SMM behaviour via room temperature (RT) light irradiation
was achieved for the first time.** Note that the TPT ligand is in
the form of pyridine salt with three positive charges. As shown
in Fig. 2a, the oxygen atoms from HEDP serve as electron
donors, while the nitrogen atoms in TPT units play the role of
electron acceptors showing obvious H-bonding interactions
between them. When illuminated by UV light in air, the
crystal, QDU-1Dy, quickly turned blue, named QDU-1a(Dy),
from colorless. QDU-1a(Dy) displayed a very stable state when
stored below —20 °C and can return to the initial colorless
state (QDU-1b(Dy)) by heating to 100 °C for 0.5 h (Fig. 2b). UV-
vis, fluorescence, and ESR spectra confirmed the presence of
photoinduced electron transfer (PET) from HEDP-Dy(u1) chains
to TPT ligands, during which the stable photogenerated
anionic O° and cationic TPT" radicals were observed upon

Inorg. Chem. Front,, 2020, 7, 3315-3326 | 3317
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Fig. 1 (a) Molecular structure of [Dy(Tp™) (pyridine),]PF¢ in the cationic form and the open and closed form of the photoactive bispyridyl dithieny-
lethene unit used in building 1c; (b) single crystal structures of 1c and 1o; (c) evolution of the unit cell parameters of 1c upon continuous irradiation
with 532 nm light (green dots) followed by 365 nm light (purple dots). Reproduced with permission from ref. 49. Copyright 2020 American

Chemical Society.*®
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" S~
100, 0.5h

QDU-1({Dv) QDuU-1a(Dy)

Fig. 2 (a) Crystal structures of QDU-1(Ln); (b) reversible photochromic

behaviour between QDU-1(Dy) and QDU-1a(Dy). Reproduced with per-
mission from ref. 43. Copyright 2020 American Chemical Society.*®
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irradiation of QDU-1(Dy). More importantly, only electron
transfer process took place before and after irradiation,
namely the main structure was maintained without photo-
induced photolysis or isomerization, proved by the unchanged
XRD, IR spectra and elemental analysis. The single crystal
structures of QDU-1(Dy) and QDU-1a(Dy) confirmed this PET
process with an obvious volume reduction of the unit cell and
a closer N---O distance between the HEDP-Ln chain and TPT
ligand.

Static and dynamic magnetic measurements were carried
out to explore the difference in magnetic properties before and
after irradiation. Expectedly, QDU-1a(Dy) showed a x7T value of
43.67 cm® mol ™" K at 300 K, slightly larger (3%) than the value
of QDU-1(Dy) indicating the presence of photogenerated rad-
icals. As shown in Fig. 3a, QDU-1(Dy) exhibited a gradual
decrease of the y7T value suggesting weak interactions;
however, a steady increase of the yT value for QDU-1a(Dy) was
observed, reaching up to 52.67 cm® mol™' K at 2 K, demon-
strating the presence of strong ferromagnetic interactions
between Dy(ui) ions and anionic O radicals, which were also
confirmed by the isostructural Y(m) and Gd(m) complexes.
Once heated, QDU-1b(Dy) showed a similar trend of y7T values
toQDU-1(Dy), that is to say, the manipulation of On/Off mag-
netic interactions was realized. In addition, a more exciting
result is that the out-of-phase susceptibility of QDU-1a(Dy)
exhibited strong temperature dependency with clear y” peaks
under a zero-dc field corresponding to the typical SMM behav-

This journal is © the Partner Organisations 2020
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Fig. 3 (a) Temperature dependence of y,T values for QDU-1(Dy),
QDU-1a(Dy) and QDU-1b(Dy); (b) plots of y"(T) in the absence of a dc
field at various ac frequencies for QDU-1(Dy) (up) and QDU-1a(Dy)
(bottom). Reproduced with permission from ref. 43. Copyright 2020
American Chemical Society.*®

iour, which can be attributed to the combination of large an-
isotropy of Dy(m) ions and strong ferromagnetic coupling
between photogenerated anionic O" radicals and Dy(m) ions
induced by the PET process, while only slow relaxation of mag-
netization was observed in QDU-1(Dy) (Fig. 3b).

In addition, photoactive ligands including 1,2-bis(4-pyridyl)
ethene (bpe) and anthracene (or its derivatives) were also used
to construct photo-responsive Ln-SMMs. Although the SC-SC
transformation was achieved in bde-based Ln-SMMs (Ln = Dy,
Er) by the photodimerized [2 + 2] cycloaddition reaction of two
bde ligands upon UV irradiation, this physical process was not
reversible.’*™® In 2018, the Zheng group reported a mono-
nuclear Dy(m)-compound, Dy(depma)(NOs);(hmpa), (hmpa =
hexamethylphosphoramide, depma = 9-diethylphosphono-
methylanthracene), exhibiting a reversible SC-SC transform-
ation in anthracene-based lanthanide complexes.>* When the
yellow crystal of this compound was irradiated at 365 nm for
0.5 h, a colorless crystal of Dy,(depma,)(NO3)s(hmpa), without
loss of crystallinity was obtained involving the [4 + 4] cyclo-

This journal is © the Partner Organisations 2020
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addition reaction of the neighboring anthracene moieties and
meanwhile accompanied by a profound change in magneto-
optic properties, Ze. from a single-ion magnet with yellow-
green emission to a single-molecule magnet with blue-white
emission. A completely reversed transformation occurred if
this dinuclear compound was heated at 100 °C in air, opening
a new route for designing photo-switchable smart molecular
materials.

Solvato-switching of Ln-MOF-SMM
behaviour

Compared to photomodulation, thermal treatment may be a
more effective physical stimulus for SMM systems, during
which, the desolvation or solvation process induced phase
transformation usually took place resulting in the changes of
the coordination environment of lanthanides therefor
affecting the magnetic properties. Herein, we only discuss Ln-
MOF-SMMs due to the generally higher structural stability of
MOFs than low-dimensional coordination compounds provid-
ing greater possibilities to achieve reversible SC-SC structural
transformation. In 2013, the Shi group investigated the mag-
netic behaviour of a very classic MOF system with relatively
high thermal stability, Dy(BTC)(H,O)-DMF and Dy(BTC) (BTC =
1,3,5-benzenetricarboxylate), which was first reported by Qiu
and co-workers in 2006.°>°" As shown in Fig. 4a, when Dy
(BTC)(H,0)-DMF was heated under vacuum at 240 °C for 12 h,
the terminal coordinated water molecules and DMF were
removed producing Dy(BTC), accompanied by the change of
coordination geometry of Dy(m) ions from seven-coordinate
pentagonal-bipyramidal to six-coordinate distorted trigonal

Vacuum 240°C
DMF + H,0

7. 7" (cm3mor )

o o % uw s e o

. . .
Temperature (K)

Fig. 4 (a) The structural or coordination geometry changes of the
framework and Dy(in) ions; (b) temperature dependence of y' and y" for
Dy(BTC)(H,O)-DMF (left) and Dy(BTC) (right). Reproduced with per-
mission from ref. 61. Copyright 2013 Royal Society of Chemistry.®*
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prism. If Dy(BTC) was immersed in the mixture of DMF and
H,0, it returned to Dy(BTC)(H,O)-DMF as confirmed by single
crystal X-ray diffraction, XRD, IR and elemental analysis.
Ac susceptibility measurements showed that Dy(BTC) is a
field-induced SMM while no y” signals were observed for
Dy(BTC)(H,O)-DMF under a 1000 Oe dc field (Fig. 4b), so the
reversible switching of SMM behaviour by the desolvation and
solvation process in a Ln-MOF system was achieved for the
first time.

In the same year, the Maji group reported a Dy(m)-K(1)
oxalate framework, {KDy(ox),(H,0),}, (ox = oxalate dianion),
where each Dy(u) ion is octacoordinated possessing a dis-
torted square antiprismatic coordination geometry.®® Static
magnetic measurements suggested the presence of ferro-
magnetic interactions operating between the ox-connected
Dy(ur) centers in the system. When it was heated at 130 °C for
6 h under vacuum, the H,O molecules bonded to K(i) ions
were removed producing a dehydrated framework, {KDy(0x),},
in which the coordination environment of Dy(um) ions was
unchanged. However, the antiferromagnetic interaction was
observed in {KDy(0x),},, confirmed by the magnetically diluted
sample {KDy, »5Y0.75(0x),},, and if it was exposed to H,O vapor
for three days, the rehydrated framework was obtained
showing the ferromagnetic interactions again. The result indi-
cated that in this Ln-MOF system, the reversible ferromagnetic
to antiferromagnetic phase transition can be completed by the
dehydration and rehydration process. However, the SMM pro-
perties have hardly changed when the magnetic interactions
were switched to antiferromagnetic from ferromagnetic attrib-
uted to the almost unchanged D,q coordination geometry
of Dy(m) ions (Ueg: 417 K for {KDy(C50.4)>(H,0)4},; 418 K for
{KDy(C504)2})-

The above two examples inspired us that the change of the
first coordination environment of Dy(m) ions can induce the
switching of SMM behaviour more clearly. In 2019, the
Ohkoshi group reported a bimetal cyanido-bridged Dy-Co
MOF system, {[Dy(u1)(H,0),][Co(u1)(CN)e]}-2.2H,0, where each
Dy(umr) ion is eight-coordinate (NgO,) with square antiprism

DyCo(hyd) DyCo(deh)

no SMM

2" 1 cm®mol
>
2 1 em®mol”?

0020000000000000000
1

100 1000 1 10 100
v/ Hz v/ Hz

1000

Fig. 5 (a) Crystal structures and (b) plots of "(v) in the absence of a dc
field for {[Dy(n)(H20),][Co(m)(CN)gl}-2.2H,0 (left) and {Dy(i)[Co(m)(CN)gl}
(right). Reproduced with permission from ref. 63. Copyright 2019
American Chemical Society.®®
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geometry (D4q) (Fig. 5).°* The single crystal of its dehydrated
compound, {Dy(u)[Co(u)(CN)e]}, was obtained by heating
{[Dy(1)(H,0),][Co(ur)(CN)6]}-2.2H,0 to ca. 470 K under the
nitrogen flow in which the coordination environment of Dy(m)
ions was changed to trigonal prism geometry (D;p). In
addition, during this phase transformation, water of crystalli-
zation that occupied the interstitial space in the hydrated com-
pound was also removed completely; meanwhile the space
group changed to P63/mmc of a hexagonal crystal system from
Cmcm of an orthorhombic crystal system. When keeping a
crystal of {Dy(iu)[Co(ur)(CN)e]} for several days under a humid
atmosphere, a rehydrated compound with excellent crystalli-
nity was obtained showing the isostructural characteristics to
the hydrated compound. For magnetic properties, no obvious
x"(v) signals were observed in the hydrated compound under a
zero dc field or even after the application of the external dc
magnetic field. In contrast, the dehydrated compound exhibi-
ted the typical SMM behaviour with clear maximum values
of y"(v) under a zero or 2000 Oe dc field giving the corres-
ponding U of 52 K and 58 K, respectively. The result
proved that dehydration driven phase transformation between
{[Dy(11)(H,0),][Co(m)(CN)s]}-2.2H,0 and {Dy(u1)[Co(ur)(CN)s]}
leads to the reversible ON/OFF switching of SMM behaviour.

Proton-switching of Ln-SMM
behaviour

In this section, we introduce two typical examples of proton
switching of Ln-SMM behaviour. The first one is a tetraphenyl-
porphyrin (TPP)-based Tb(ui) double-decker complex reported
by Ishikawa and collaborators in 2012 (Fig. 6).°* Single crystal
structure analysis showed that the Tb(u) ion is hepta-coordi-
nate with seven Tb-N bond lengths in the range of 2.430(7)-
2.627(7) A in the protonated complex, [Tb(u)H(TPP),], where a
proton is located on a nitrogen atom of the TPP pyrrole ring
leading to a significantly longer distance between the Tb(ir)

B Y

10 15 20
T/IK

Fig. 6 Crystal structures (up) and plots of »"(T) in the absence of a dc
field (bottom) for the protonated (left) and the deprotonated (right)
compounds. Reproduced with permission from ref. 64. Copyright 2012
Royal Society of Chemistry.5*
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ion and N atom of 2.840(6) A. When DBU (a base as an
organic proton acceptor) is added to the solution of this proto-
nated complex, deprotonation occurs and the complex,
[Tb(m)(TPP),(H-DBU)], was obtained in which the Tb(u) ion
possesses a square antiprism coordination geometry with
eight identical Th-N bond lengths of 2.513(4) A. On the other
hand, if the acetic acid is added to the solution of
[Tb(u)(TPP),(H-DBU)], the protonation occurs, giving the pro-
tonated complex again. The protonation/deprotonation
process is reversible as corroborated by UV-vis and IR spectra
as well as cyclic voltammetry (CV) investigations. Ac magnetic
susceptibility measurements were performed to study the
effects of the protonation/deprotonation process on the mag-
netic relaxation. The results indicated that the protonated
complex is not a SMM under a zero dc field without obvious
x"(v) signals at a frequency of 1000 Hz and temperature of 2 K;
however, the deprotonated complex exhibited a typical SMM
behaviour under a zero dc field with the U.g of 269 ecm™ due
to the high anisotropy of CF experienced by Tb(iu) ions.

The other example of proton-controlled Ln-SMM behaviour
is a polyoxometalate (POM)-based lanthanide complex contain-
ing a dinuclear dysprosium core reported by the Mizuno group
in 2013.°> POM 1 ([{Dy(H,0),(CH3COCH;3)},(y-SiW10036)2]""7)
synthesized by the reaction of TBAH,[y-SiW;0036] (TBA =
tetra-n-butylammonium) with Dy(acac); (acac = acetylaceto-
nato) contains two isolated Dy(ui) ions and each one is seven-
coordinate with four Dy-O bonds from the [y-SiW;,03¢]°” unit
and the remaining three one from two inner water molecules
and one outer acetone molecule possessing a distorted mono-
capped trigonal prism geometry, as shown in Fig. 7. When
TBAOH (2 equiv.) was added to the dichloromethane solution
containing POM 1 and molecular sieve 3A and this system
was kept at 313 K for 1 day, colorless crystals of POM 2
([Dys(12-OH),(y-SiW14036),]"> ") were obtained due to the suc-
cessive dehydration condensation between two Dy(ui) ions.

Fig. 7 (Up) Reversible SC—-SC transformation between POM 1 and POM
2; (bottom) plots of y"(T) in the absence of a dc field for POM 1 (left) and
POM 2 (right). Reproduced with permission from ref. 65. Copyright 2013
Royal Society of Chemistry.®
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Single crystal X-ray diffraction showed that these two Dy()
ions in POM 2 are bridged by two p,-OH ligands and each
one is six-coordinate with four Dy-O bonds from the
[y-SiW10036]°~ unit and two from the p,-OH ligand resulting in
the change of coordination geometry from a distorted mono-
capped trigonal prism to distorted trigonal prism. More impor-
tantly, this chemical process is reversible benefitting from the
excellent stability of the POM ligand, that is to say, if two
equiv. HNO; and a small amount of water are added to a solu-
tion mixture of acetone and acetonitrile of POM 2, the bridging
ligand p,-OH will be eliminated to form POM 1. For magnetic
properties, only weak slow relaxation of magnetization was
observed in POM 1 under a zero dc field due to the fast
quantum-tunneling relaxation process while the typical SMM
behaviour with clear frequency-dependent relaxation peaks
was observed in POM 2 giving a Ue of 65.7 K.

Redox-switching of Lh-SMM
behaviour

In the field of molecular magnetism, the most known
redox-active ligand is Pc derivatives due to the revolutionary
discovery of the Pc-based Ln-SMMs in 2003. Four years
later, Ishikawa and collaborators synthesized an anionic
complex, [{Pc(OEt)s},Tb] (nBuyN)" and a cationic complex,
[{Pc(OEt)s},Tb]"(SbCls)~, based on the electrically neutral
complex, [{Pc(OEt)g}, Tb]® through a redox reaction.®® Note that
the modification of Pc with an octaethoxy group ensures a
moderate solubility. Although every compound has D,q sym-
metry, compared to the anionic complex, a longitudinal con-
traction of the coordination space of Tb(u) ions in the cationic
complex was observed, leading to a significant increase of Ue
(8%) accompanied by an extension of the »” peak from 40 K to
52 K at a frequency of 1000 Hz. In 2010, the Veciana group
used magnetic circular dichroism (MCD) spectroscopy to study
their SMM behaviour and the results showed that a greater
coercive field for [{Pc(OEt)g},Tb]" than [{Pc(OEt)s},Tb]~ was
observed, which was consistent with the results of ac magnetic
susceptibility measurements.®’

In addition to Pc derivatives, other redox-active ligands
such as tetraoxolene and tetrathiafulvalene were also used in
the design of electro-active Ln-SMMs. However, as far as we are
aware, most oxidized or reduced species based on these two
ligands were not isolated in the solid state preventing possible
simultaneous investigation of SMM behaviour and redox
activity.®*””" In 2018, J. van Slageren and collaborators suc-
ceeded in obtaining an anionic radical-bridged dinuclear
Dy(ur) complex [(HBpz;),Dy(p-CA")Dy(HBpzs),] [CoCp,]" (1Dy)
(HBpz = hydrotris( pyrazol-1-yl)borate, CA**~ = chloroanilate) in
the solid state with enough purity by chemical reduction of the
neutral compound [(HBpz;),Dy(p-CA)Dy(HBpzs),]-2CH,Cl,
(2Dy) using cobaltocene as the reducing agent.”* Although the
low quality of crystal limited its crystal structure, its chemical
formation was confirmed by ESI-MS (positive and negative
mode), IR spectra and elemental analysis. Static magnetic
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Fig. 8 (a) Synthesis of [1]7, 1, [2]7, and 2; (b) plots of »"(v) for [1]~ and 1 under a 1000 Oe dc field and [2]” and 2 under a 500 Oe dc field.

Reproduced with permission from ref. 76. Copyright 2017 Royal Society of

susceptibility measurements showed that an obvious increase
of yT value was observed for 1Dy when the temperature was
cooled to 50 K indicating a strong magnetic interactions
between Dy(m) ions and = radicals, whereas 2Dy did not
display similar behaviour due to the long Dy---Dy distance of
8.64(9) A causing relatively weak magnetic interactions.
Dynamic magnetic susceptibility measurements were also per-
formed to study their magnetic relaxation and the results
suggested that only 2Dy displayed SMM behaviour with clear
" peaks under a zero dc field.

Another method of constructing redox-switching of
Ln-SMMs is to employ the redox activity of 3d or 4d transition
metals.”>”7> Herein, a typical example reported by the Nippe
group in 2017 was introduced.”® As shown in Fig. 8a, the
FeCp, ligand was used to associate with lanthanide ions
aiming to modulate the dynamic magnetic properties by its
redox properties. The trinuclear compounds [1]™ and [2]™ were
synthesized by the reaction between two equivalents of
[K,(OEt,)]fc[NSi(-Bu)Me,], and one equivalent of Lnls.
Although the complete crystal structures of these two com-
pounds were not obtained due to the presence of severe dis-
order, the important structural feature of equivalent distances
between the lanthanide ion and the two Fe*" ions can be deter-
mined. When half an equivalent of iodine was added, the oxi-
dation reaction occurred to yield the corresponding neutral
compounds, 1 and 2, where the mixed valence of Fe’'/Fe*" was
observed. Single crystal X-ray diffraction showed that these two
neutral compounds are isostructural featuring an inequivalent
Ln---Fe distance and the lanthanide ion was surrounded by a
lower symmetry coordination environment. Ac magnetic sus-
ceptibility measurements confirmed the SMM behaviour of
[1]” under a zero dc field with a Uy of 39.3 K; however, this
behaviour was switched off in 1 owing to the appreciable loss
of symmetry and the change in CF upon oxidation. When a

3322 | Inorg. Chem. Front.,, 2020, 7, 3315-3326
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1000 Oe dc field was applied, both [1]™ and 1 exhibited a field-
induced SMM behaviour but a faster magnetic relaxation was
observed in 1. For both Er(m) compounds, [2]” and 2, no
reasonable y” signals were observed under a zero dc field at an
ac frequency of 1000 Hz; however, a typical field-induced SMM
behaviour was observed for [2]” in the presence of a 500 Oe dc
field while 2 exhibited no evidence of slow relaxation at any
investigated temperature or field (Fig. 8b).

Conclusions and perspectives

In recent years, organometallic chemistry have helped
researchers obtain many eye-catching results in the field of
molecular magnetism, some of which represented the state-of-
the-art achievements; however, it also hampered the addition
of other physical properties to build multi-responsive mole-
cular magnetic materials as most such Ln-SMMs were air-sen-
sitive. In this review, we mainly discussed four external
stimuli switching of SMM behaviour, ie. light irradiation,
thermal treatment, protonation/deprotonation and oxidation/
reduction. No matter what kind of modulation, any slight
change of the first coordination environment of lanthanide
ions usually has remarkable impact on the magnetic relaxation
making the manipulation of On/Off switching of Ln-SMM
behaviour possible. On the other hand, for some structural
changes which occurred far from the centre metal, such as the
photoisomerization of DTE, they can also alter the magnetic
properties through the change of intramolecular magnetic
interactions, diplolar interactions, crystal packing, etc. as
lanthanides are very sensitive to the subtle changes of struc-
ture. Most examples involved here have achieved reversible SC—
SC transformation, which is very vital for determining the
changes in the molecular structure and the further investi-
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gations of magneto-structural correlations by ab initio calcu-
lations. In fact, apart from these examples, other dynamic
systems on the subject of this review have also been reported
such as solvato-switching of SMM behaviour in low-
dimensional lanthanide compounds,’”” the effects of guest-
exchange on the magnetic relaxation,”® multistimuli-respon-
sive Ln-SMMs,”® etc. Recently, the ultrafast transient absorp-
tion spectra were used to unveil the mechanism of the effects
of ultrafast photoexcitation on the magnetic relaxation in a
very simple Mn; SMM, providing new possibilities for optical
control of the magnetization in SMMs on femtosecond
timescales.®

From the perspective of the practical applications of
Ln-SMMs, designing and building external stimuli modulated
high-temperature Ln-SMMs with highly efficient reversible
transformation and enough chemical stability in solid and
solution will become the focus of future research.
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