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Highlights

-Mononuclear Single Molecule Magnets (SMMs) containing Yb III , Ce III , Nd III , Ho III and Tm III ions are reviewed.

-Polynuclear SMMs containing Yb III , Ce III , Nd III and Ho III are reviewed.

-Heterobimetallic ZnYb III /Ce III and 4fYb III SMMs are reviewed.

-Dynamic parameters and mechanisms of slow magnetic relaxation are deeply analysed.

-Magnetic properties and luminescence are correlated.

Introduction

Single-Molecule Magnets (SMMs) were discovered more than twenty years ago on a manganese-based polynuclear complex, the so-called Mn 12 [1][2][3]. In this molecule the antiferromagnetic interactions between spins of Mn III and Mn IV ions stabilize a S=10 spin ground-state which can be trapped in up (M s = +S) or down (M s = -S) orientations. The magnetic memory is due to the energy barrier that blocks reversal of the magnetization. It is characterized by the slowing down of the magnetic relaxation. In 2003, Ishikawa et al. made a significant breakthrough with the discovery of SMM behaviour on mononuclear complexes based on lanthanide ions [4]. In this pioneering work, slow magnetic relaxation is observed for both Tb III and Dy III ions sandwiched between two phthalocyanine ligands (Double-decker phthalocyanine complexes). The magnetic properties for lanthanide SMMs is due to 4f electrons. On the one hand, those electrons are less exposed to ligand field effects than d electrons. On the other hand, spin-orbit coupling is larger for f-shell than for d-shell. Then the ligand field is considered as a perturbation of the spin-orbit coupling for f-block elements. For d-block elements, the spin-orbit coupling is partially, or even totally, quenched by the ligand field which minimize or suppress the magnetic anisotropy. For lanthanides the degeneracy of the 2S+1 L terms is removed by the spin-orbit coupling to produce 2S+1 L J . As a consequence, magnetic anisotropy is maximized in terms of amplitude for f-elements with respect to delements. The splitting of the 2S+1 L J ground-state can be of the order of several hundreds of wavenumbers while it is only of a few tens of wavenumbers for first row transition metal ions [START_REF]Figgis Introduction to Ligand Fields[END_REF]. The term symbols for the lanthanides of interest of this review is given in the Table 1. Mononuclear complexes of lanthanides contain formally all the ingredients to behave as SMM: large magnetic moments, magnetic anisotropy and a bistable ground state under the appropriate conditions. However, to trap the magnetic moment in two opposite directions the anisotropy needs to be axial (Ising type anisotropy). Long and Rinehart proposed five years ago an elegant survey to exploit the single ion anisotropy in the design of f-element SMMs [START_REF] Rinehart | [END_REF].

Lanthanides are roughly decomposed in two families: those for which the electron distribution is oblate (expansion in a plane) and those for which the electron distribution is prolate (expansion along an axis). The most stable oxidation state for the whole lanthanide series is +III and in the following we will focus only on Ln III complexes. La III and Lu III have a closedshell electronic structure, they are magnetically silent and therefore set aside as far as magnetism is concerned. The ground-state of Eu III is non magnetic ( 7 F 0 ) and the ground-state of Gd III ( 8 S 7/2 ) has a spherical electronic distribution. Thus, those two ions can also be put aside as far as SMM behaviour is concerned. Pm III is out of the race because of its radioactivity. We then focus on only ten elements of the lanthanide series. For an oblate distribution (Ce III , Pr III , Nd III , Tb III , Dy III and Ho III ), negatively charged ligands must be disposed along an axis to stabilize the two Ising components M J =±J while they must be disposed within a plane for a prolate distribution (Sm III , Er III , Tm III and Yb III ).

In the last ten years, hundreds of articles referring to lanthanide-based SMMs have been published [7][8][9][10] to analyse as well as to propose methods to enhance their magnetic properties [11][12]. In the vast majority, they focus on two ions, namely Dy III and Tb III [13]- [20]. Indeed, a rapid overview of the literature on lanthanide-based SMMs shows that more than 99% of the scientific production on this subject is related to Dy III , Tb III and Er III based species, in mononuclear or polynuclear complexes, the most popular being Dy III . In these complexes, those ions may be associated to transition metal ions or to other spin carriers such as organic radicals [21][22][23]. Two main reasons can be given for this quasi-monopoly: i) the large magnetic moments of such ions and ii) the relative facility to dispose the charges of the ligands above and below the flattened surfaces of the electronic distribution in the most popular octacoordinated coordination sphere

In this review, we set aside the Dy III , Tb III and Er III based SMMs and only cover the work performed on SMMs with the less common tripositive lanthanide ions: Ce, Nd, Ho, Tm and finally, Yb. To date, no SMM behaviour has been observed on the two lanthanide ions Sm III and Pr III . We will focus at first on mononuclear SMMs based on Yb III . This ion is certainly the most popular amongst the minority group. A specific attention will be devoted to quantitative analyses of the magnetic data to elucidate the relaxation processes involved as well as the mapping of the energy diagram in the ground-state multiplet. Then, the problematics of polynuclear Yb-based SMMs will be tackled in the frame of the presence or absence of interactions between magnetic centres. The third part of the review will be devoted to examples of SMMs based on Cerium, Neodymium, Holmium and Thulium. Finally, two specific sections will concern heterobimetallic Zn II -4f complexes and heterometallic 4f-4f' complexes.

Mononuclear Ytterbium SMMs

This section describes firstly mononuclear Yb III -based SMMs in which the lanthanide ion is surrounded solely by oxygen atoms. Then examples with different atoms in the Yb coordination sphere will be considered (Table 2). [Yb(L 6 ) 2 ](NO 3 )⋅CH 3 OH⋅0.5H 2 O (7) [Yb(L 6 )(tta) 2 ]⋅CH 3 OH (8) [Yb(L 7 )] (9) -4.9 a /156.9-187.9 [31]

[45]

[49]

[50]

[51]

[56]

[56]

[57]

a Effective energy barrier determined from ac measurements. b Effective energy barrier determined from luminescence measurements. c Effective energy barrier determined from dc measurements. d Effective energy barrier predicted by ab initio calculations. e When the ground state M J value is not given is because it was not determined in the corresponding article. ˆˆˆˆˆĈ
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. The program CONDON [START_REF] Schilder | [END_REF] is used to fit the static magnetic susceptibility resulting in the doublet M J =±5/2 as the main component of the ground-state with a non-negligible contribution of the M J =±1/2 state (Table 2). In the absence of applied magnetic field, 2 does not behave as a SMM due to the quantum tunnelling of magnetization (QTM) which is allowed by the mixture of the M J states in the ground-state. An optimal field of 400 Oe is enough to quench the QTM and permits one to observe a slow magnetic relaxation of the magnetization for 2 with an energy barrier of ∆=4.9

cm -1 and a pre-exponential factor τ 0 =2.0×10 -5 s. Attempts to determine the nature of the relaxation mechanism were done using the following spin-lattice relaxation time ( ) [34][START_REF] Abragam | Electron Paramagnetic Resonance of Transition Ions[END_REF][START_REF] Carlin | Magnetochemistry[END_REF][START_REF] Carlin | Magnetic Properties of Transition Metal Compounds[END_REF][START_REF] Singh | [END_REF][39]. They found that the relaxation time obeys a T -2.37 behaviour instead of an exponential temperature-dependence suggesting that the singlephonon direct process and optical acoustic Raman-like process are dominant. Ab-initio calculations have been performed on the molecular structure revealing that the ground Kramers doublet state is well separated from the first excited-state (from 156.9 to 187.9 cm -1 depending of the computational model) with strong transversal contributions for the Landé factor (g x and g y ) in agreement with an easy plane like anisotropy [40]. The discrepancy between the energy barrier values extracted from the experimental ac measurements and the calculations gives more confidence in a direct process and excludes an Orbach process.

1 exp / n AT BT C kT τ -= + + -∆
Applying a magnetic field in the easy plane, a butterfly shaped hysteresis cycle was observed using a micro-SQUID magnetometer (Figure 2b) [41].

In the last few years, a new challenge appeared in the molecular magnetism community i.e. the addition of another physical property such as luminescence [42], chirality [43], ferroelectricity [44]… In this context, a remarkable system was elaborated starting from a redox-active tetrathiafulvalene-based ligand (L 2 =4,5-ethylendioxy-4',5'-bis(2-pyridyl-Noxidemethylthio)tetrathiafulvalene) (Scheme 1) and the metallo-precursor Yb(tta) 3 ⋅2H 2 O (tta - =2-thenoyltrifluoroacetonate anion). The resulting [Yb(tta) 3 (L 2 )]⋅2CH 2 Cl 2 (3) complex (Figure 3a) combines redox-activity, metal-centred luminescence and SMM behaviour [45].

The coordinated L 2 ligand and the three tta -anions confer a fully oxygenated surrounding for the Yb III ion with a D 4d symmetry (the distortion was visualized by continuous shape measures performed with SHAPE 2.1 [46]). L 2 can be reversibly oxidized twice at the potential of 0.42 and 0.87 V (V vs. SCE). This system crystallized in the triclinic P-1 space group allowing the experimental determination of the magnetic anisotropy axis (Figure 3a).

The experimental orientation of the anisotropy axis was compared with the calculated one, an approach still poorly developed, especially for Yb III -based SMMs. Indeed, in the vast majority of studies, authors rely on the calculated magnetic anisotropy, which may lead to important misinterpretation [47]. In complex 3, both orientations are in agreement with a difference of only 12°. The experimental (g x =5.84, g y =2.00 and g z =1.77) and calculated values (g x =5.96, g y =0.73 and g z =0.33) for the Landé factor are also in great agreement and illustrate an easy axial like anisotropy. Using this computational approach, the thermal magnetic susceptibility was reproduced with the doublet M J =±5/2 ground-state (Table 2). The first excited doublet is found 234 cm -1 higher in energy. Compound 3 does not show frequency dependence of the magnetic susceptibility without applied magnetic field while slow magnetic relaxation is observed with a dc field of 1000 Oe. An extended Debye model was used to extract the temperature dependence of the relaxation which can be treated in the frame of a thermally activated process with τ 0 =1.9×10 -5 Edited Dec 26 s and ∆=4.2 cm -1 . This energy barrier is much lower than the value determined from ab-initio calculations. The luminescence property of 3 was then studied in order to discriminate between the first two sets of data. Indeed, the luminescence spectrum can be viewed as a photography of the energy splitting of the 2 F 7/2 multiplet ground-state. 3 displayed characteristic Yb III luminescence upon irradiation in the Intra-Ligand Charge Transfer (ILCT) bands at 22200 cm -1 (Figure 3b). The experimental emission spectrum is characterized by more than the expected four contributions (corresponding to the degeneracy of the 2 F 7/2 ground-state) and the additional emission contributions were attributed to transitions coming from the excited doublet states of the 2 F 5/2 multiplet state (called "hot bands") [48]. Vibronic contributions were discarded by direct laser excitation of the f-f bands [49]. The luminescence spectrum gave the first excited doublet state localised at 234 cm -1 upon the ground-state, in perfect agreement with the computational results. The significant difference of energy barrier determined from the ac measurements with respect to luminescence and calculations seems to suggest that the Orbach process can be discarded in favour of a direct process as suggested for system 2.

In the first examples, Yb neighbouring atoms consisted only of oxygen atoms but examples with a mixture of oxygen and nitrogen atoms have also been described. To the best of our knowledge, the first slow magnetic relaxation for an Yb III The out-of-phase signal of the magnetic susceptibility was detected in an applied magnetic field of 1000 Oe below 7 K. The LF interactions were evaluated using the Stevens method leading to the conclusion that the ground-state is mainly constituted by the doublet M J =±5/2.

The energy gap between the ground-and first excited-states was estimated to 130 cm -1 for 4

which is one order of magnitude higher than the energy gap found for the Er III and Dy III analogues. This important difference explains why the Yb III analogue displayed slower relaxation of the magnetization.

One of the most popular and studied systems is undoubtedly the

Na[YbL 4 (H 2 O)]⋅4H 2 O (5)
where L 4 =1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic (scheme 1). In this mononuclear complex, the lanthanide is coordinated to four nitrogen atoms and four oxygen atoms and its surrounding can be described as a capped square antiprism [51].

The negative charges of the L 4 ligand are almost contained in the equatorial plane of the complex (Figure 5a) and thus it is expected to have the easy anisotropy axis along the axial direction, i.e. along the Yb-O water direction because of the prolate character of the Yb III ion [START_REF] Rinehart | [END_REF].

This prediction was confirmed by both experimental and computational determinations of the anisotropy axis (Figure 5b) which has been found respectively at 12° and 7° from the Yb-O water direction. Thus, after vanishing of the fast relaxation by applying a magnetic field of 1000 Oe, compound 5 behaves as a SMM with dynamic parameters of τ 0 =4.0×10 -7 s and ∆=24.3 cm -1 (Table 2). magnetization easy axis at 2 K. Adapted from ref [51].

Ab-initio calculations performed on this system gave an energy barrier of 197 cm -1 which is much higher than the value determined from the ac measurements probably due to [52]. This compound can be seen as an analogue of 4 since the three murexide ligands confer a N 3 O 6 environment to the metallic centre (Figure 6a). Nevertheless, Guillou and collaborators went a step forward in the analysis of the physical properties. Firstly, even if a SHAPE analysis led to a C 4v spherical-capped square-antiprism as the best description of the coordination environment, 6 was better described with a D 3h symmetry on the basis of point charges. In fact the main negative charges come from the oxygen atoms that are closer to the Yb III ion than the nitrogen atoms. diagram from luminescence spectrum (A), from dc measurements (B) and ac measurements (C). Adapted from ref [52].

Considering this D 3h symmetry for the surrounding, the M J =±5/2 doublet is the main component of the ground-state while the first excited-state lies at 20 cm -1 (Table 2). A second set of data for the energy splitting was obtained by the dynamic magnetic properties.

Applying the optimal magnetic field of 2000 Oe permits to highlight the SMM behaviour of 6

with a thermally activated regime characterized by an energy barrier of 11 cm -1 and a relaxation time of τ 0 =2.7×10 -6 s (Table 2). The last set of data could be obtained from the photophysical properties. The murexide ligand shows a dark red colour coming from intense absorption bands. These intense absorption bands have been used by to irradiate compound 6

and guaranteed an efficient sensitization of the Yb III ion. Thus eight components are identified in the luminescence spectrum (Figure 6b) which is more than the expected splitting of the 2 F 7/2 ground multiplet state. Since the same energy difference remains between two consecutive transitions, the four additional emissive lines were attributed to the contribution of the first excited M J state of the 2 F 5/2 multiplet state (Figure 6c). The maximum splitting of the ground-state is 366 cm -1 in agreement with high symmetry complexes like helicate (372 cm -1 ) [53] and trisdipicolinate (348 cm -1 ) [54] enforcing the analogy with compound 4.

The more common number of coordination for the Yb III to change the ratio between the metal and L 6 . Thus the weak chelating nitrate led to the formation of the 1:2 [Yb(L 6 ) 2 ](NO 3 )⋅CH 3 OH⋅0.5H 2 O (7) complex (Figure 7a) while the strong chelating tta -led to the formation of the 1:1 [Yb(L 6 )(tta) 2 ]⋅CH 3 OH (8) complex (Figure 7b) [56]. The X-ray structures of these samples revealed O 4 N 4 and O 6 N 2 environments for 7 and 8, respectively. Despite the different environments, both compounds display a SMM behaviour under an applied field of 1000 Oe (Figure 7) with energy barriers of 3.7 and 11.4

cm -1 (Table 2). 9) compound [57] (where L 7 =2,2',2''-tris(salicylideneimino)triethylamine [58]). This derivative is one of the compounds of the series recently studied by Riley, Sorace, Dreiser, Sessoli et al. [59][60][61][62]. The X-ray structure of 9 revealed an Yb III ion in a N 4 O 3 seven-coordination environment (Figure 8a). A complete energy splitting of both the 2 F 7/2 multiplet ground-state and 2 F 5/2 multiplet excited-state was established combining emission (at 5 K) and absorption (at 10 K) studies (Figure 8b). An energy barrier value of 464 cm -1 was extracted from the spectroscopic measurements. Since 9 crystallizes in the P3c1 space group (trigonal symmetry), eight independent ligand field parameters are enough to describe the electronic energy spectrum.

Static (dc) magnetization data of both single crystal and polycrystalline sample of 9 have been reproduced considering an energy splitting of 463.8 cm -1 between the ground-state and first excited doublet. emission, and vibrational transitions, respectively. Adapted from ref [57].

Then in order to determine the anisotropy of the system, they doped the Eu III analogue with 5 % of 9 and studied by X-band EPR a resulting single crystal. The relevant g factors are g // =4.29 and g ⊥ =2.90. The easy axial character of the magnetic anisotropy of 9 drives the authors to perform the ac measurements. They revealed a field-induced SMM behaviour with ∆=38 cm -1 and τ 0 =1.5×10 -8 s (Table 2). Thus, there is a clear discrepancy between the energy gap determined using an Orbach model and the value determined from the absorption and luminescence spectra (Figure 8b). In case of polycrystalline sample, fitting of the completerange data for the temperature-dependence of the relaxation time with the following expression:

1 n m CT DT τ -= +
afforded C= 0.15 s -1 K -6.2 (high temperature) and D= 258 s -1 K -1 (low temperature) in agreement with what is expected for an alternative Raman relaxation mechanism [START_REF] Abragam | Electron Paramagnetic Resonance of Transition Ions[END_REF] (high temperature) and a normal direct process [27] (low temperature). In conclusion, the relaxation of the magnetization of 9 is governed by Raman, direct and QTM processes while the Orbach relaxation mechanism can be excluded of the description of the magnetization dynamics.

Polynuclear Ytterbium SMMs

As seen in the previous section, the number of mononuclear SMMs based on Yb 3.

Table 3. Polynuclear Ytterbium SMMs

Yb-SMM ∆/cm -1 [64]

τ 0 /s H/Oe M J Ground-state d ref [Yb(tta) 2 (L 8 )(L 9 )] 2 ⋅1.4CH 2 Cl 2 (10) [Yb 2 (L 10 ) 2 (acac) 2 (H 2 O)]⋅2CH 2 Cl 2 (11) [Yb 2 (L 11 ) 3 (CH 3 OH)]⋅3CH 3 CN (12) [Yb 2 (L 11 )(L 12 )(L 13 )(CH 3 OH)(H 2 O) 2 ](ClO 4 ) 2 (
[65]

[65]

[65]

[65]

[66]

a Effective energy barrier determined from ac measurements. b Effective energy barrier determined from luminescence measurements. c Effective energy barrier determined from dc measurements. d When the ground state M J value is not given is because it was not determined in the corresponding article.

The first dinuclear complex is a multi-properties SMM elaborated by the mixture in a Adapted from ref [63].

Attempts to reproduce the static magnetic properties were done using an extended

Stevens operators technique taking into account both crystal field effects and possible ferromagnetic interactions (because of the increase of χ M T vs. T curve below 9 K (Figure 9b)).

The Hamiltonian which was considered in the D 2d symmetry environment is the following:

( ) ( ) 2 0 0 0 0 0 0 4 4 4 4 2 2 4 4 6 6 4 4 6 6 1 2 1 2 1 ˆˆˆˆˆˆˆˆˆ i i i i i J i H B O B O B O B O B O g J J H J J J β = = + + + + + + ⋅ - ⋅ ∑ .
In this expression, the first part corresponds to the crystal field at the two Yb III ions while the second part corresponds to the Zeeman effect on the lanthanide magnetic moment coupled through J. It was possible to fit the magnetic susceptibility without interaction (J=0) and in the approximation of the Yb III in a higher D 4d symmetry. The ground-state under these conditions is given by pure M J = ±7/2 states with the first excited-states (M J =±1/2) lying only 2.57 cm -1 above. The increase of the χ M T product at low temperature was explained by the thermal depopulation of the M J =±1/2 (lowest value for a 2 F 7/2 multiplet state) which is localised a few cm -1 above the M J =±7/2 ground states (highest value for a 2 F 7/2 multiplet state).

The stabilisation of the M J =±7/2 states could find its origin in the strong equatorial coordination of the carboxylate ligands in agreement with the prolate electron density proposed by Long and co-workers [START_REF] Rinehart | [END_REF]. The stabilisation of such high M J state led to the observation of a SMM behaviour without applied magnetic field. The observation of an outof-phase signal without applied magnetic field for such compounds was previously described only for complex 1 [24]. Nevertheless the extraction of quantitative dynamic parameters required the shift of the χ M " to lower frequencies by application of an external field of 2000

Oe (Inset of Figure 9b). Under these conditions the energy barrier was 14.7 cm -1 (Table 3).

Irradiation of the Ligand-to-Ligand Charge Transfer (LLCT) from 15380 to 22200 cm -1 allowed the sensitization of the Yb III -centred luminescence which gave a third value of the energy separation between the ground-and first excited-states (16 cm -1 ) (Table 3). A fairly good correlation was obtained between the crystal field splitting extracted from the static and dynamic magnetic measurements and the luminescence. The underestimated energy barrier extracted from ac measurements was attributed to the simple model used or/and to direct process involved in the relaxation of the magnetization.

A second example of dinuclear SMM of Yb III ion is obtained using a salen type ligand (H 2 L 10 =N,N'-bis(salicylidene)-o-phenylenediamine) and the Yb(acac) 3 metallo-precursor (acac -=acetylacetonate anion) [64]. The two Yb III ions in the compound of formula (11) are bridged through the phenoxide groups (Figure 10).

[Yb 2 (L 10 ) 2 (acac) 2 (H 2 O)]⋅2CH 2 Cl 2
As for compound 10, the increase of the χ M T product at low temperature seems to signify that weak ferromagnetic interactions are taking place between the two metals. 11 behaves as a SMM in an applied magnetic field of 1600 Oe with ∆=17 cm -1 and τ 0 =6.8×10 -7 s (Table 3).

Ab-initio calculations at the CASSCF level have been performed for this system highlighting the magnetic difference between the two Yb III ions. In particular, the two anisotropy axes have been found not parallel. The absence of SMM behaviour without external field was Edited Dec 26 attributed to the significant transversal g factors and the large tunnelling gap in the ground exchange doublet (0.01 cm -1 ) allowing a strong quantum tunnelling of the magnetization. environment) symmetries (Figure 11b). The four compounds 12-15 displayed a slow magnetic relaxation in an applied magnetic field of 3000 Oe with energy barrier ranging from 1.4-10.1 cm -1 and relaxation time ranging from 1.0×10 -5 to 1.6×10 -6 s (Table 3). The four compounds showed NIR luminescence from the Yb III ion as confirmed by both lifetime and quantum yield. Unfortunately, no attempt of correlation between optical and magnetic properties has been realised. Even if the nature of both environments as well as ligands are not the same among the complexes, the energy barrier values were correlated to structural characteristics for 12, 14 and 15 in which the symmetry of the Yb coordination spheres is the same. G.-M. Li and co-workers concluded that larger the dihedral angle between the two triangle planes are, longer the distances between the two Yb III ions are and higher are the energy barriers. As for almost all Yb III -based SMMs, no out-of-phase signal of the magnetic susceptibility is observed without applied magnetic field, whereas an optimal field of 1000 Oe led to a frequency dependence of the magnetic susceptibility (Figure 12b). The temperature dependence of the relaxation time was reproduced with two Arrhenius profiles. Above 3K, the extracted energy barrier of 19.5 K is one of the highest for Yb-based SMM while the relaxation time of 1.0×10 -7 s is classical for such systems. Experimental single-crystal rotating magnetometry were performed to determine the Landé factors along the three directions. The Edited Dec 26 results were surprising since the anisotropy was found more planar than axial with g x =3.24, g y =1.53 and g z =4.25 due to the peculiar environment around the Yb III ion.

In this section, an exhaustive list of Yb III -based SMMs was reviewed with the description of either mono-, di-nuclear or one-dimensional compounds. Surprisingly no high nuclearity SMM involving Yb III ions has been reported to date. Nevertheless the nature of the coordination sphere is varied with different nitrogen/oxygen ratios leading to both easy uniaxial and easy planar anisotropies. In these examples, the slow magnetic relaxation takes place through direct, Raman and quantum processes while the classical two phonon Orbach process has been discarded. Finally, the NIR luminescence of the Yb III ion is a key tool to increase the level of understanding of the magnetic properties.

SMMs built from other uncommon lanthanide ions

Cerium SMMs

The Ce III ion possesses only one single electron in its 4f shell. Nevertheless the spinorbit coupling is strong enough to create significant magnetic anisotropy and then an energy barrier between the two orientations of the magnetization. The possibility to elaborate SMMs from Ce III was thus demonstrated in two recent publications [67,68].

Scheme 3. Structures of selected ligands used to elaborate Ce III , Nd III , Ho III and Tm III SMMs. (b) measured in a 1.8-8 K temperature range. Adapted from ref [67] and [74].

The dynamic magnetic properties of 17 revealed no frequency dependence of the magnetic susceptibility without applied magnetic field, while a small applied field (400 Oe) is enough to observe strong frequency dependence (Figure 13a). Above 3.5 K, a single relaxation time is measured (1.2×10 -6 s), and the SMM was characterised with an energy barrier ∆=20.9 cm -1 (Table 4). Below 2.5 K, the out-of-phase signal revealed two clear peaks associated to at least two relaxation processes which could be explained by the small energy barrier.

One 14). As for 17, no out-of-phase signal of the magnetic susceptibility is observed without magnetic field while a weak field leads to its appearance (200 Oe). The critical point is the presence of two crystallographically different Ce III ions in D 3h and C 2v symmetries. The possibility to observe slow magnetic relaxation for the Ce III ion in eight-coordination was discarded due to the low symmetry of the coordination sphere and the isotropic nature of the ligands composing the coordination sphere. Once again, in the "high temperature" region a single relaxation time is observed with a SMM behaviour characterised by τ 0 =2.6×10 -7 s and ∆=24.4 cm -1 (Table 3) while at low temperature another relaxation pathway was observed with τ 0 =2.1×10 -5 s and ∆=4.4 cm -1 (Table 4). A scan field for compound 19 revealed a third relaxation pathway at higher magnetic field (1400 Oe) with τ 0 =1.1×10 -6 s and ∆=9.1 cm -1 (Table 4). A Raman process was identified for the magnetic relaxation of 19 at 200 Oe and high temperature region while the participation of a direct process is negligible.

Neodymium SMMs

The trivalent neodymium ion was not intensively studied for its magnetic properties.

In fact, it is a well-known ion for its specific NIR emission making it a good candidate for potential applications in telecommunications or in vivo bio-imaging [72]. Nevertheless, the Np(COT) 2 (COT 2-=cyclooctatetraene dianion) contains the Np IV ion which has three unpaired 5f-electrons. This complex behaves as a mononuclear SMM [73] showing that such an ion possesses significant magnetic anisotropy. Thus, the Nd III ion which possesses a 4f 3 electronic configuration could be also a potential candidate for the elaboration of SMM.

Consequently, Murugesu et al. reported the Nd III analogue of 17 formulated as Li(DME) 3 [Nd(L 15 ) 2 ] (18) (Figure 13b) [74]. They demonstrated that as expected 18 behaves Edited Dec 26 as a field-induced SMM with τ 0 =5.5×10 -5 s and ∆=14.6 cm -1 (Table 4) due to an adequate ligand field.

18 was however not the first example of Nd III -based SMM since the complex 20 of formula Nd(L 16 ) 3 (L 16 =trispyrazolylborate) (Figure 15) was reported a couple of years before by Rinehart et al. [76]. 20 was obtained by reacting NdCl 3 salt with KL 16 in water [75,76].

The Nd III ion is surrounded by nine nitrogen atoms and adopts a perfect D 3h tricapped trigonal prism as coordination environment. Dashed line is given for a pure Orbach process. Green lozenges, purple triangles, blue squares and red full circles are given for a doping of 3.8%, 15%, 59% and pure Neodymium compound. Adapted from ref [76].

20 displayed slow magnetic relaxation under an applied magnetic field of 100 Oe.

Nevertheless the energy barrier determined from the variable frequency ac magnetic susceptibility measurements (∆=2.8 cm -1 , Table 4) is much lower than the value determined from the electronic structure obtained through luminescence measurements (119 cm -1 ) [77].

Since this difference can be due to intermolecular dipolar interactions, nuclear coupling and mixing of low-lying excited states [34,[78][79][80][81][82][83][84][85][86][87] a diamagnetic matrix La(L 16 ) 3 was doped with various percentage of 20. The most diluted solid-solution led to an energy barrier of 3.8 cm -1 that remains far from the expected value extracted from the electronic structure demonstrating that the magnetic relaxation does not involve an Orbach process (Figure 15b). Few months after the publication of Rinehart's article, E. Coronado et al. modelled the SMM 20 [88] by a Radial Effective Charge approach (REC) [89]. The radial contraction D r and charge Z i have been determined by fitting the experimental spectroscopic data and then used to evaluate the crystal field parameters

q k
A and q k B used in the following Hamiltonian:

( )

2,4,6 2,4,6 ˆ1 k k q q q k k CF k k k k k q k q k k q k H B O A r O α σ = =- = =- = = - ∑ ∑ ∑ ∑
where k is the order of the Stevens operator equivalents ˆk q O , and q is the operator range that varies between k and -k, α k are the α, β and γ Stevens coefficients for k= 2, 4, 6, respectively, σ k are the Sternheimer shielding [90] parameters of the 4f electronic shell and k r are the expectation values of r k . In the previous equation,

( ) ( ) 2 1 1 , 4 1 2 1 N q i k q i i q k kq k i i Z e Y A C k R θ ϕ π - + = = - +

∑

where R i , θ i and ϕ i are the effective polar coordinates of the point charge, and Z i is the effective point charge, associated to the i-th ligand with the lanthanoid at the origin; e is the electron charge and C kq is a tabulated numerical factor that relates spherical harmonics Y k-q and Stevens operator equivalents. In the specific environment of 20, the Hamiltonian can be simplified as ( ) ( )

0 0 6 6 6 6 6 6 2,4,6 ˆ1 1 k CF k k k k k H a A r O A r O σ γ σ = = - + -

∑

. The thermal variation of the magnetic susceptibility of 20 is perfectly reproduced when the ground-state is a mixture of M J =±5/2 and M J =±7/2 while the first excited-state is located at 115 cm -1 which is in perfect agreement with the energy separation found from the electronic structure. 16a) was obtained by mixing cyanoacetic acid (HL 17 , Scheme 3) and neodymium oxide in aqueous media [92]. On the basis of ab-initio calculations, the relative energies of the five Kramers doublets have been determined giving an energy separation of 72.3 cm -1 between the groundand first excited-states (Table 4) as well as g factor contributions of g x =0.3, g y =1.2 and g z =3.9.

These characteristics highlighted an important magnetic anisotropy for the Nd III ion in 21. The experimental ac susceptibility measurements did not show any slow magnetic relaxation without applied magnetic field due to i) the transversal component of the magnetic anisotropy or/and ii) dipolar interactions with the neighbouring Nd III ions of the chain. Nevertheless, applying an optimal field of 1500 Oe led to the observation of the expected slow magnetic relaxation (Figure 16b). Two relaxation processes were identified. The slowest one was attributed to a direct relaxation process (full black squares in Figure 16c) while below 3K the relaxation mechanism was attributed to Orbach relaxation. However, the clear discrepancy between the experimental energy barrier (18.5 cm -1 ) and the calculated one (72.3 cm -1 ) could be thought of as a coexistence of several processes and not an exclusive Orbach process. In any case, it is clear that both direct and Orbach processes are operating under an applied field as already detected by means of EPR measurements in the 1960s [93]. Finally, even if in a structural point of view, 21 is described as a chain, in a magnetic point of view, 21 should be Edited Dec 26 viewed as a 1D assembly of mononuclear Nd III SMMs. It is worth to noticing that the Gd III analogue displayed also slow magnetic relaxation while the Gd III ion is an isotropic ion in a magnetic point of view [91].

One year later, two other Nd III -based 1D compounds which displayed slow magnetic relaxation were published [94]. Both structures have been obtained from the 3,5-(L 18 , Scheme 3) and 2,4-dinitrobenzoic acids (L 19 , Scheme 3). and 23) are much higher than the experimental ones but in the same order of magnitude than the calculated value for 21 (72.3 cm -1 ) (Table 4).

Holmium SMMs

The lanthanide mononuclear SMM started in 2003 with the association of a Dy III ion and double Decker ligands [95], while the first uncommon lanthanide ion involved in a SMM was Ho III in 2005 [96]. Even if it was used before Yb III or Nd III , the Ho III -based SMMs are still very rare in the literature probably due to its 100% natural abundance I=7/2 which allows rapid quantum tunnelling due to hyperfine interaction in coordination complexes [96] and in inorganic lattices [97]. One can take in his mind that the rarity of Ho III -based SMM can be due to the non-Kramers nature of such lanthanide, which places constraints on the symmetry of the coordination environment needed for SMM behaviour, and to the fact the 4f electron density is not very anisotropic.

TBA[Ho(L 20 ) 2 ] ( 24) (where TBA is tetrabutylamonium) compound was prepared from conventional synthetic methods [98][99] (Figure 18, Scheme 3). . Adapted from ref [96].

24 behaves as a SMM with an energy separation between the ground-(M J = ± 5) and first excited-states of 15 cm -1 [97]. Then the mononuclear TBA[Y(L 20 ) 2 ] complex was doped with 2% of 24 based on the very similar ionic radius of Ho III and Y III ions [99]. The fielddependence of the magnetization for the resulting compound was studied by micro-SQUID

technique and an open hysteresis was observed below 0.5 K while a staircase-like structure was observed for the hysteresis loop at 0.04 K [96]. This structure was proving the QTM in 24.

The quantum process was attributed to resonant quantum tunnelling between entangled states of the electronic and nuclear spin systems.

In 26 behaves as a SMM with a quite higher energy barrier of 16 cm -1 than in 25. Since the crystal field around the Ho III ion is similar in both compounds, the nature of the groundstate is unsurprisingly found identical (M J =±4). 26 was studied by multi-frequency EPR few years later [101]. The EPR study confirmed the M J =±4 ground-state which is split into eight M I sub-levels through the hyperfine coupling to I=7/2 nuclear spin. The M J =±4 ground state is efficiently connected via the large tunnelling gap of 9 GHz at zero magnetic field. This large tunnelling gap allows the possibility of observing coherent zero-field tunnelling dynamics.

This work opened the route to the study of such systems by pulsed EPR measurements in order to evaluate their suitability as spin qubits.

A Ho III -based Preyssler anion was reported by the same group almost concomitantly monocapped pentagonal antiprism as coordination sphere symmetry for the Ho III ion. The Crystal Field parameters were determined using the dc magnetic measurements. Due to the C 5 symmetry, the CF Hamiltonian could be simplified as the following:

0 2 0 0 4 0 0 6 0 5 6 5 2 2 4 4 6 6 6 6 ˆˆˆĤ A r O A r O A r O A r O α β γ γ = + + +
. The best reproduction of the thermal variation of the magnetic susceptibility of 27 gave the doublet M J =±8 as the ground-state while the first doublet excited-state is localised 14 cm -1 above and has been identified as a mixture of M J =±5

and M J =±0. The nature of the doublet ground-state for 27 allowed the possibility to observe an SMM behaviour at low temperature. Such behaviour was highlighted by ac magnetic measurements and the activation energy is 0.6 cm -1 which is much lower than the value found on the basis of the electronic structure determined from the fit of dc measurements (Table 4).

This very small value was explained by the high efficiency of the quantum tunnelling which is promoted by the strong hyperfine coupling due to the 100% I=7/2 for an Ho III ion. In other words, the quantum tunnelling transitions between the M J states with opposite sign are induced by level crossings between states of equal M I under an applied magnetic field. Finally the very long relaxation time (τ 0 =6×10 -3 s) was associated with the lifetime of excited nuclear spin states and it was compatible with the weak interaction between the nuclear spin and the lattice. Interestingly, magnetic bistability was observed at low temperature (below 2 K) for 27

(Figure 20b). The difference between the blocking temperature and the energy at which the magnetic bistability is observed was explained by the increase of the magnetic relaxation with the magnetic field [82,84].

Until now, to the best of our knowledge, only one pure Ho III polynuclear SMM has been reported by McInnes et al. [103]. The pentanuclear complex of formula [Ho 5 O(OiPr) 13 ] (28) was obtained by reaction between freshly synthesized KO i Pr and anhydrous HoCl 3 with addition of stoichiometric amount of H 2 O (Figure 21a). 28 displayed temperature dependence of its magnetic susceptibility below 40 K but without clear maxima in a zero-applied magnetic field. Applying an optimal field (5.5 kOe), clear maxima are observed below 33 K allowing the determination of the dynamic parameters ∆=278 cm -1 and τ 0 =1.5×10 -9 s (Figure 21b). It is worth to notice that this energy barrier was among the highest yet observed for a lanthanide SMM in 2011. The change of dynamic magnetic behaviour of 28 in applied field

was explained by the expected strength of the Ho III hyperfine coupling (ca. 0.04 cm -1 ) which is quenched in an applied field above ca. 0.2 T. 

Thulium SMM

Non-Kramers ions are very scarce in the elaboration of SMMs except for Tb III [104][105][106][107][108]. We already reviewed few Ho III SMMs (see previous section) and some examples with Tm III also exist. Gao et al. associated an equatorial ligand such as COT ligand (L 21 , Scheme

3) in order to satisfy the Ising limit condition for a lanthanide ion with a prolate electron density. Such an approach was already successful in the case of the Kramers Er III ion [109][110][111][112]. Nevertheless the challenge is more difficult in the case of a non Kramers prolate ion such as Tm III ion because no thulium complexes could show slow magnetic relaxation under zero dc field even the thulium complexes featuring high molecular symmetry [113]- [115]. As said for the Ho III ion, this fact could be due to the non-Kramers nature of such ion and the In a zero-magnetic field, the QTM is too efficient to permit the observation of an outof-phase signal of the magnetic susceptibility while applying 2 kOe, SMM behaviour appeared for both compounds (Figure 22). The magnetic data for 29 could be fitted by a combination of one Raman process and one Orbach process giving an energy barrier of 90.4

cm -1 and a pre-exponential factor of τ 0 =4.7×10 -7 s (Table 4). The situation for 30 is different since the application of a similar model did not permit to fit the magnetic data. In fact the adequate combination was found with both Raman and QTM processes. Then ab-initio calculations were performed to explain why 29 is a better SMM than 30. A faster QTM was found for 30 than 29 and a more important mixing of M J states in the composition of the doublet ground-state for 30 than 29 due to the steric hindrance of Tp* compare to Tp which breaks the C 3 symmetry. Finally frequency dependence of the magnetic susceptibility could be observed without applied magnetic field when doping an isomorphous diamagnetic matrix with 29. This result proves that dipole-dipole interactions are source of QTM in this compound.

The beginning of this review demonstrated that uncommon lanthanide in the design of SMM such as Ce III , Nd III , Ho III and Tm III are moving slowly out of their niche. All of the described complexes highlighted significant magnetic anisotropy even if pure Ising system is not yet reached since the remaining transversal components induce QTM. In the case of the oblate Ce III and Nd III ions a very small magnetic field is enough to cancel the QTM and to observe interesting SMM behaviour. The involved mechanisms in the relaxation of the magnetization in these complexes are a mix between Orbach, Direct and Raman processes without clear trends. The nature of the processes is strongly complex-dependent and especially depends on the nature of the lanthanide ion. In the case of the Ho III -based SMM, the QTM is allowed by mixing the M I states due to the intense hyperfine coupling coming from the 100 % I=7/2 of the Ho III ion. For the Tm III -based SMM, the QTM comes from the dipole-dipole interactions. Finally, it has been demonstrated that Ho III SMMs could be good candidates for molecular spintronics applications, another ever-growing field of research [118][119][120][121][122][123].

Heterobinuclear Zinc-Lanthanide SMMs: Borderline cases of purely 4f SMMs

ZnYb SMMs

The Zn II ion possesses a 3d 10 electronic configuration and can be considered as silent in a magnetic point of view. Nevertheless in an electronic point of view the association of such an ion with a lanthanide ion results in a 3d4f heterobimetallic sample. Therefore such compounds are qualified as borderline cases in this review. Two main reasons justify the association of a diamagnetic ion, such as Zn II , with a lanthanide ion to build SMMs: i) the Zn II metallo-precursors are used as structural agents or building blocks to control the coordination site of the lanthanide and consequently its symmetry, ii) the Zn II building blocks are used as metallo-chromophores for the sensitization of the lanthanide ion. Lah [125][126][127][128] to create appropriate LF environment by taking advantage of its 4-fold axis [124]. The central cavity of [12-metallacrown-4] is then suitable for coordination of lanthanide ions. . For both compounds the ground-states are identified as M J =±5/2 and the activation energy (116 cm -1 and 109 cm -1 for 31 and 32, respectively) are in agreement with the energy separation of the luminescence spectra (112 cm -1 and 169 cm -1 for 31 and 32, respectively) (Figure 23b). As for the pure Yb III SMMs, the thermally activated relaxation process (Orbach) was excluded because the extracted energy barrier from the ac data gave values much smaller (9 cm -1 and 16 cm -1 for 31 and 32, respectively) than the ones extracted from luminescence spectra and dc data (Table 5).

It is worth to notice that 31 and 32 were not the first Zn II Yb III heterobimetallic compounds that exhibit SMM behaviour. Indeed, the first one was reported in 2011 by Powell et al. [129]. The [Zn 3 Yb(L 23 )(NO 3 ) 3 ]⋅4CH 3 OH (33) compound (Figure 24a) was synthesized starting from the dialdehyde 1,4-diformyl-2,3-dihydrobenzene, acetate of Zn II and 1,3diaminopropane in a mixture of alcohols (MeOH/isopropanol). The SMM behaviour was observed after quenching of the QTM by an applied magnetic field of 500 Oe (Figure 24b) and the extracted dynamic parameters are very similar to those observed for compounds 31

and 32 (∆=12 cm -1 and τ 0 =4.8×10 -6 s). Two relaxation pathways were identified and the set of data was obtained using Christou's non-linear Arrhenius plots [130]. Unfortunately no correlation was done between the luminescence spectrum and CF parameters for 33. III SMMs, the activation energies extracted from the luminescence spectra are much higher than those extracted from the magnetic data due to the nature of the magnetic relaxation processes. For these present cases, the magnetic relaxation takes place through a combination of QTM and Raman processes (Figure 25b). 

ZnCe SMM

Similar strategy than for Yb III ion was used for Ce III ion. Thus the [Ce(ZnI(L 25 )) 2 ](BPh 4 )⋅CH 3 OH (36) compound was studied by Kajiwara et al. [132]. The Xray structure of this trinuclear complex highlighted a Ce III ion in a O 9 environment (Figure 26a). The dynamical magnetic properties showed a SMM behaviour without applied magnetic field (Figure 26b(i)). Such behaviour was not observed for the two previous Ce IIIbased SMMs 17 and 19. Two years later, G. Rajaraman theoretically studied the magnetic properties of complex 36 and explained that the presence of diamagnetic Zn II ions increases the charge on the phenoxo oxygen atoms enhancing the activation barrier and the slow magnetic relaxation [133]. Obviously, the QTM was partially quenched using a weak magnetic field of 50 and 100 Oe (Figures 26b (ii) and (iii)). The magnetic susceptibility was reproduced using the simple Hamiltonian

0 0 0 0 2 2 4 4 ˆĤ B O B O = +
giving the M J =±5/2 as the doublet ground-state and an energy barrier of 240 cm -1 . As already observed, the discrepancy between the activation energy found with the ac and dc magnetic measurements suggested that the relaxation mechanism would not be only a two-phonon Orbach process. Ab-initio calculations corroborated the nature of the doublet ground-state (M J =±5/2) with significant mixing with M J =±3/2 due to the low-symmetry environment of the Ce III ion in 36. The calculated energy barrier (180 cm -1 ) is much higher than the experimental value of 14.7 cm -1 determined from the ac data but in agreement with the 240 cm -1 determined from the dc data (Table 5). 

In conclusion for this section, the association of diamagnetic ions such as the 3d 10 Zn II at least preserves the SMM behaviour and the slow magnetic mechanisms and even seems to be a good way to structurally control the final compounds as well as to enhance the magnetic properties by electrostatic effects.

Heterobimetallic 4f4f' Lanthanide SMMs

In this last section, two heterebimetallic 4f4f' SMMs are presented. molecules (Figure 27). The coordination sphere lies between capped-octahedron (C 3v ) and capped trigonal prism (C 2v ). 37 has been identified as a SMM with ∆=14.7 cm -1 and τ 0 =9.3×10 -7 s with the slow magnetic relaxation occurring through a direct process. The Dy III analogue [START_REF] Singh | [END_REF] was also synthesized and it behaves as a SMM with ∆=86. CN (39) complex. An analysis of the magnetic properties showed an enhancement of the activation energy for the Yb III centre in 39 (from 14.7 cm -1 to 20.2 cm -1 ) while this parameter decreased from 86.2 cm -1 to 69.5 cm -1 for the Dy III centre. These variations were attributed to small geometrical evolutions in the environment of the lanthanide ions. The second example of heterobimetallic 4f4f' complexes was published by M.-L.

Tong the same year [135]. The pure Yb III analogue was obtained by the reaction between Ln(NO 3 ) 3 ⋅6H 2 O and 2,2'-bipyridine-6,6'-dicarboxylic acid (H 2 L 27 , Scheme 5) in presence of Et 3 N. The resulting (HNEt 3 )[Yb(L 27 ) 2 ] (40) complex revealed an Yb III ion in a trigonal dodecahedron geometry (D 2d symmetry) (Figure 28a). 40 has been identified as a SMM with ∆=17.5 cm -1 with the slow magnetic relaxation occurring through direct and/or Raman process(es). In case of 40, the dc data provided another value for the energy activation (56.8 cm -1 ) as well as the photophysical properties (98.8 cm -1 ) (Table 6) since the ligand L 27 is suitable for the Yb III luminescence sensitization. The Dy III analogue (41) behaves also as a SMM with ∆=38 cm -1 with a magnetic relaxation occurring through Orbach process. In the mixed spin compound (HNEt 3 )[Dy 0.135 Yb 0.865 (L 27 ) 2 ] (42), the two lanthanide ions highlighted slow magnetic relaxation but with higher (47 cm -1 ) and lower (7.1 cm -1 ) energy activations for

Dy III and Yb III ions, respectively. This result is in contradiction with the previous example (39). Such behaviour was explained by the reduction (in the case of the Dy III ion) and increase (in the case of the Yb III ion) of the dipole-dipole interactions due to the dilution of the Dy III ion in the paramagnetic Yb III matrix. Adapted from ref [135].

Conclusion and perspectives

Since 2003, both chemist and physicist communities worked hand in hand to design lanthanide-based SMMs, understand the mechanisms at the origin of their magnetic properties, and potentially drive the design of new target assemblies. Since few years, almost all the lanthanide ions were involved in such molecular species. In the present review we shed light on all existing examples to date of SMMs based not on the classical Dy III , Tb III and Er III ions but on less commonly used lanthanides, i.e. Ce III , Nd III , Ho III , Tm III and Yb III ions.

The ligands that have been employed up-to-now for their elaboration are of various natures with the presence of carboxylate, hydroxo, oxo, pyridine coordinating groups, macrocyclic ligands etc… illustrating the diversity in the chemical approaches and offering large perspective that may only be limited by chemists imagination. Nevertheless this review highlights an efficient synthetic approach, i.e. organometallic synthesis, for all the lanthanide ions which allowed an efficient control of the crystal field around the lanthanide centre.

Finally, two other strategies to obtain SMM with this kind of lanthanide ions were already successful: i) the insertion of diamagnetic ions such as Zn II which add an electrostatic effect on the active centre and ii) the doping of the active SMM with a second 4f element.

On the magnetic point of view, the mechanisms at play in the slow magnetic relaxation seems to be more complicated than for the Tb III and Dy III SMMs since the Orbach process is not the main pathway of relaxation and should be discarded to the advantage of other processes such as Direct, Raman and Quantum pathways. These additional processes for the magnetic relaxation are at the origin of the discrepancy between the effective energy barriers extracted from ac and dc measurements, ab initio calculations and luminescence spectra. Thus to better understand the magnetic properties of such molecular edifices, the combination of several methods are crucial i.e. the evaluation of the crystal field splitting from dc magnetic data using Stevens operators, ab-initio calculations in support to the experimental results, and the correlation between luminescence and magnetism.

Despite the significant magnetic anisotropy highlighted by the reviewed SMMs, pure

Ising system is not yet reached since the remaining transversal components induce QTM. This is induced by the mixing of the M I states due to the intense hyperfine coupling and/or dipoledipole interactions. Consequently new perspective can be envisioned for such complexes since they may be seen as good candidates for molecular spintronics.
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 1 Scheme 1. Structures of selected ligands used to elaborate mononuclear Yb III SMMs.

Figure 1 .(

 1 Figure 1. Molecular structure of [Yb(SiW 11 O 39 ) 2 ] 13-. Potassium cations, water molecules of crystallization and hydrogen atoms are omitted for clarity. Adapted from ref [24].

Figure 2 .

 2 Figure 2. (a) Molecular structure of [Yb(H 3 L 1 ) 2 ] 3+ . Anions, solvent molecules of crystallization and hydrogen atoms have been omitted for clarity. (b) Normalized magnetization (M/M s ) vs. applied dc field (sweep rate of 0.008 T s -1 ) in the temperature range 0.03-1.0 K applying the magnetic fields in the easy plane. Adapted from ref [31].

Figure 3 .

 3 Figure 3. (a) Molecular structure of [Yb(tta) 3 (L 2 )] with experimental (orange) and theoretical (green) anisotropy axis. (b) The solid-state emission spectrum is given with an appropriate shift of energy scale. Correlation between the main contributions of the emission spectrum (black sticks) and the energy splitting of the 2 F 7/2 multiplet ground-state obtained by MS-CASPT2/RASSI-SO calculations (red sticks). Adapted from ref [46].

  complex was observed in 2006 by Ishikawa et al. [50]. In the complex [N(C 2 H 5 ) 4 ] 3 [Yb(L 3 ) 3 ]⋅2H 2 O (4) (where L 3 = pyridine-2,6-dicarboxylate), the Yb III ion is surrounded by six oxygen atoms and three nitrogen atoms coming from three dipicolinato anions (Figure 4).

Figure 4 .

 4 Figure 4. Molecular structure of [Yb(L 3 ) 3 ] 3-. The tetraethylamonium cations and hydrogen atoms are omitted for clarity. Adapted from ref [50].

Figure 5 .

 5 Figure 5. (a) Molecular structure of [YbL 4 (H 2 O)] -. Water molecules of crystallization, hydrogen atoms and sodium cations are omitted for clarity. (b) Experimental and computational magnetization contributions. In inset, experimental (pink) and calculated (blue)

  This description is supported by Stevens operators, which can perfectly reproduce the for a C 4v symmetry.

Figure 6 .

 6 Figure 6. (a) Molecular structure of [Yb(L 5 ) 3 ]. Water molecules of crystallization and hydrogen atoms are omitted for clarity. (b) Solid-state luminescence spectrum of 6 at 77 K

  ion is eight even if the three previous examples 4-6 showed a nine-coordination environment. The rhodamine-6G-2-(hydrozinomethyl) quinolin-8-ol ligand (L 6 ) was used by C. Duan and coll. to sensitise the Yb III near-infrared luminescence and to build SMMs [55]. W. Huang et al. played with the strength of the chelating character of the anions coordinated to the Yb III ion in the starting salt

Figure 7 .

 7 Figure 7. X-ray structures and frequency dependence of the magnetic susceptibility measured in a 2-6 K temperature range for [Yb(L 6 ) 2 ] + (a) and [Yb(L 6 )(tta) 2 ] (b). Adapted from ref [56].

Figure 8 .

 8 Figure 8. (a) X-ray structure of 9. Hydrogen atoms are omitted for clarity. (b) NIR absorption (bottom) and luminescence (above) of 9. c, h, e and v denote cold absorption, hot absorption,

  III ion is quite limited compared to what is observed for the most used lanthanide ions such as Tb III , Dy III and Er III . Nevertheless, in the last years, several examples of dinuclear complexes as well as mono-dimensional species which display SMM behaviour have been published. These examples are mainly elaborated from TTF-based ligands and Schiff base ligands (Scheme 2).

Scheme 2 .

 2 Scheme 2. Structures of selected ligands used to elaborate the polynuclear Yb III SMMs.

1: 1 :

 1 1 ratio of the metallo-precursor Yb(tta) 3 ⋅2H 2 O with the two L 8 (4,5-bis(thiomethyl)-4'carboxylate-tetrathiafulvalene) and L 9 (4,5-bis(thiomethyl)-4'-ortho-pyridyl-N-oxidecarbamoyltetrathiafulvalene) ligands[63]. The obtained centro-symmetric dinuclear complex [Yb(tta) 2 (L 8 )(L 9 )] 2 ⋅1.4CH 2 Cl 2(10) contains two Yb III ions in a O 8 distorted dodecahedral coordination surrounding (D 2d symmetry). Both Yb III ions are bridged by the N-O functions of the L 9 ligands (Figure9a).

Figure 9 .

 9 Figure 9. (a) Molecular structure of [Yb(tta) 2 (L 8 )(L 9 )] 2 . Dichloromethane molecules of crystallization and hydrogen atoms are omitted for clarity. (b) Temperature dependence of the χ M T product (open circles) with the best-fitted curve (red line). The inset shows the frequency dependence of the out-of-phase component of χ M measured with an external field of 2000 Oe.

Figure 10 . 15 (

 1015 Figure 10. Molecular structure of [Yb 2 (L 10 ) 2 (acac) 2 (H 2 O)]. Dichloromethane molecules of crystallization and hydrogen atoms are omitted for clarity. Adapted from ref [64].

[

  Figure 11. Molecular structures of [Yb 2 (L 11 ) 3 (CH 3 OH)] (a), [Yb 2 (L 11 )(L 12 )(L 13 )(CH 3 OH)(H 2 O) 2 ] 2+ (b), [Yb 2 (L 11 )(OAc) 4 (CH 3 OH) 2 ] (c) and 15 (d).Solvent molecules of crystallization and hydrogen atoms are omitted for clarity. Adapted from ref[65].

Figure 12 .

 12 Figure 12. (a) Molecular structure of {[Yb(L 14 )(H 2 O) 3 (DMF)](HL 14 )} n . Anionic HL 14 , water molecules of crystallization and hydrogen atoms are omitted for clarity. (b) Frequency dependence of the out-of-phase component of the ac susceptibility measured between 1.8 and 6 K in an external dc field of 1000Oe. (c) D 4d square antiprism polyhedron with the principal magnetic axes (g x : blue, g y : green, g z : red) of 16. Adapted from ref [66].

Figure 13 .

 13 Figure 13. (Top) Molecular structures of Li(DME) 3 [Ln(L 15 ) 2 ] (Ln=Ce III (17) (a) and Nd III (18) (b)). (Bottom) Frequency dependence of the magnetic susceptibility for (17) (a) and (18)

Figure 14 .

 14 Figure 14. Molecular structure of 19. Hydrogen atoms are omitted for clarity. Adapted from ref [68].

Figure 15 .

 15 Figure 15. (a) Molecular structure of 20. Hydrogen atoms are omitted for clarity. (b) Arrhenius plots for different doping values of 20 in a diamagnetic matrix of the La III analogue.

Figure 16 .

 16 Figure 16. (a) Molecular structure of {[Nd 2 (L 17 ) 6 (H 2 O) 4 ]} n . Hydrogen atoms and water molecules of crystallisation are omitted for clarity. (b) Frequency dependence of the imaginary component of the magnetic susceptibility at H=1500 Oe. (c) Thermal dependence of the relaxation time for both processes found for 21 at H=1500 Oe determined from Figure 16b. Full black squares and full blue circles represented the τ S (slow relaxations) and τ f (fast relaxations) respectively. Adapted from ref [91].

Figure 17 .

 17 Figure 17. Molecular structures of {[Nd(L 18 ) 3 (H 2 O) 2 ]} n (a) and 23 (b). Hydrogen atoms and solvent molecules of crystallisation have been omitted for clarity. Adapted from ref [94].

Figure 18 .

 18 Figure 18. (a) Molecular structure of [Ho(L 20 ) 2 ] -. Hydrogen and TBA + cation are omitted for clarity. (b) Field-dependence of the magnetization at different temperature and field scan rate for 2% of 24 in a diamagnetic matrix of TBA[Y(L 20 ) 2 ]. Adapted from ref [96].

  2009, Coronado et al. studied two series of lanthanide-based POM [24]. Complex 1 was already reviewed as an Yb III -based SMM (see Section 2). The Ho III analogue (Na 13 [Ho(SiW 11 O 39 ) 2 ] (25)) behaves as a mononuclear SMM with an energy barrier of 6 cm -1between the ground-(M J =±4) and first excited-states (M J =±5)[24]. More interesting is the second Ho III -based POM (Na 9 [Ho(W 5 O 18 ) 2 ] (26, Figure19a).

Figure 19 .

 19 Figure 19. (a) Molecular structure of [Ho(W 5 O 18 ) 2 ] 9-. Sodium cations and water molecule of crystallisation are omitted for clarity. (b) Temperature dependent high-frequency EPR spectrum for the Na 9 [Ho 0.25 Y 0.75 (W 5 O 18 ) 2 ] sample between 2.2 and 10 K. (c) From up to down: Experimental (blue line) and simulated (red line) X-band EPR spectra using the 9.64 GHz perpendicular excitation mode for Na 9 [Ho 0.1 Y 0.9 (W 5 O 18 ) 2 ], parallel excitation mode for Na 9 [Ho 0.1 Y 0.9 (W 5 O 18 ) 2 ], and perpendicular excitation mode for 26. Adapted from ref [101].

[ 102 ]

 102 . This mononuclear compound was formulated as K 12 [Ho(H 2 O)P 5 W 30 O 110 ]⋅nH 2 O (27) (Figure 20a) where the Ho III ions occupied two different sites of coordination in a 5-fold geometry formed by five phosphate oxygens, five bridging oxygens between two tungsten atoms and one axial water molecule. It resulted an eleven coordination number and a

Figure 20 .

 20 Figure 20. (a) Molecular structure of [Ho(H 2 O)P 5 W 30 O 110 ] 12-. Hydrogen atoms, cations and water molecules of crystallisation have been omitted for clarity. (b) Magnetization hysteresis loops of 27 measured between 0.35 and 2 K. The sweeping rate of the magnetic field was 0.54 T min -1 . Adapted from ref [102].

Figure 21 .

 21 Figure 21. (a) Molecular structure of 28. Hydrogen atoms are omitted for clarity. (b) Temperature dependence of the out-of-phase component of the magnetic susceptibility in an applied field of 5.5 kOe. In inset, Temperature dependence of the in-phase component of the magnetic susceptibility in an applied field of 5.5 kOe. The applied frequencies ranged from 20 to 1200 Hz. Adapted from ref [103].
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 26 to satisfy the coordination environment symmetry constraints for the prolate shape of electron density of M J = ± 6. The two resulting complexes [(Tp)Tm(L 21 )] (29) (where Tp=hydrotris(1-pyrazolyl)borate) and [(Tp*)Tm(L 21 )] (30) (where Tp*=hydrotris(3,5- dimethyl-1-pyrazolyl)borate) (Figure22a) are the first Tm III mononuclear complexes which displayed SMM behaviour[116]. They have been obtained by modifying the historical synthetic method[117] by starting from the halide precursor [L 21 ]Tm(Cl)(THF)] 2 which reacts with KTp or KTp* in THF.

Figure 22 .

 22 Figure 22. (a) Molecular structure of 29 and Frequency dependence of the magnetic susceptibility of 29 under an applied field of 2000 Oe between 2 and 17 K. (b) Molecular structure of 30 and Frequency dependence of the magnetic susceptibility of 30 under an applied field of 2000 Oe between 2 and 11 K. Adapted from ref [116].

a

  L 24 )(NO 3 )Yb(NO 3 ) 2 ] (35) [Ce(ZnI(L 25 )) 2 ](BPh 4 )⋅CH 3 OH (36) Effective energy barrier determined from ac measurements. b Effective energy barrier determined from luminescence measurements. c Effective energy barrier determined from dc measurements. d Effective energy barrier predicted by ab initio calculations. e When the ground state M J value is not given is because it was not determined in the corresponding article. * (31) =[YbZn 4 (L 22 ) 4 (py) 4 (DMF) 4 ](CF 3 SO 3 ) 3 ⋅5DMF⋅7H 2 O, (32) =[YbZn 4 (L 22 ) 4 (iqn) 4 (DMF) 4 ](CF 3 SO 3 ) 3 ⋅6DMF⋅4H 2 O, (34) =[Zn(L 24 )Yb(H 2 O)(CO 3 )] 2 (NO 3 ) 2 ⋅4CH 3 OH The first example of ZnLn heterobimetallic compound presented herein is typical of this series of molecules. Tong et al. used the [12-metallacrown-4] discovered by Pecoraro and

Scheme 4 .

 4 Scheme 4. Structures of selected ligands used to elaborate the Zn II Yb III and Zn II Ce III heterobimetallic SMMs.

Figure 23 .

 23 Figure 23. (a) Molecular structures of [YbZn 4 (L 22 ) 4 (py) 4 (DMF) 4 ] 3+ (left) and [YbZn 4 (L 22 ) 4 (iqn) 4 (DMF) 4 ] 3+ (right). Hydrogen atoms, triflate anions and solvent molecules of crystallisation have been omitted for clarity. (b) Correlations of the different set of data for the energy levels of the 2 F 7/2 ground state multiplet obtained from dc fit (i) ac fit (ii) and luminescence spectra (iii) for 31 (left and 32 (right). Adapted from ref [124].

Figure 24 .

 24 Figure 24. (a) Molecular structure of [Zn 3 Yb(L 23 )(NO 3 ) 3 ]. Hydrogen atoms and methanol molecules of crystallisation have been omitted for clarity. (b) Frequency dependence of the magnetic susceptibility between 1.8 and 5.5 K. Adapted from ref [129].

Figure 25 .

 25 Figure 25. (a) Molecular structures of ([Zn(L 24 )Yb(H 2 O)(CO 3 )] 2 )2 + and 35. Hydrogen atoms, anions and solvent molecules of crystallisation have been omitted for clarity. (b) Frequency dependences of the magnetic susceptibilities in the 2-5.5 K temperature range and Arrhenius plots (red line, blue line and black line are representative of QTM+Orbach, QTM+Raman and Orbach respectively). Adapted from ref [131].

Figure 26 .

 26 Figure 26. (a) Molecular structure of [Ce(ZnI(L 25 )) 2 ](BPh 4 ). Hydrogen atoms and methanol molecules of crystallisation are omitted for clarity. (b) Frequency dependence of the normalised magnetic susceptibilities measured under (i) 0 Oe, (ii) 50 Oe and (iii) 100 Oe applied magnetic field in a 2-10 K temperature range. Adapted from ref [132].

aScheme 5 .

 5 Scheme 5. Structures of selected ligands used to elaborate the heterobimetallic SMMs.

Figure 27 .

 27 Figure 27. (a) Molecular structure of [Yb 2 (L 26 ) 2 Cl 4 (H 2 O)(MeCN)]. Hydrogen atoms and MeCN molecule of crystallisation were omitted for clarity. (b) Arrhenius plots in a dc field of 3500 Oe for dinuclear complexes 37, 38 and 39. Adapted from ref [134].

Figure 28 .

 28 Figure 28. (a) Molecular structure of [Yb(L 27 ) 2 ] -. Hydrogen atoms and cation are omitted for clarity. (b) Arrhenius plots for complexes 40 and 42 under an applied field of 1800 Oe.

  

Table 1 .

 1 Term symbols for selected lanthanide ions.

	Lanthanides	Ce III Nd III Ho III Tm III Yb III
	Ground term symbols 2 F 5/2	4 I 9/2	5 I 8	3 H 6	2 F 7/2

Table 2 .

 2 Mononuclear Ytterbium SMMs

	Yb-SMM	∆/cm -1	τ 0 /s	H/Oe	M J	ref
					ground state e	
	K 13 [Yb(SiW 11 O 39 ) 2 ] (1)					
	[Yb(H 3 L 1 ) 2 ]Cl 3 ⋅5CH 3 OH⋅2H 2 O (2)					
	[Yb(tta) 3 (L 2 )]⋅2CH 2 Cl 2 (3)					
	[N(C 2 H 5 ) 4 ] 3 [Yb(L 3 ) 3 ]⋅2H 2 O (4)					
	Na[YbL 4 (H 2 O)]⋅4H 2 O (5)					
	[Yb(L 5 ) 3 ]⋅11H 2 O (6)					

  The symmetry of the coordination sphere is D 3d . Thus it has been proposed that the CF

	perturbations	can	be		described	with	the	effective	Hamiltonian
	2 2	4 4	4 4	6 6	6 6	6 6		
	0 0	0 0	3 3	0 0	3 3	6 6		

Table 4 .

 4 Lanthanide SMMs (Ln=Ce III , Nd III , Ho III and Tm III ).Ce III ion. This choice was driven by the prediction of Rinehart et al. who argued that such symmetry would be ideal to maximize the axial anisotropy of Ce III ions[START_REF] Rinehart | [END_REF].

	Ln-SMM	∆/cm -1	τ 0 /s	H/Oe	M J	ref
					ground	
					state e	
	Li(DME) 3 [Ce(L 15 ) 2 ] (17)	20.9 a /503 d	1.2×10 -6	400	±1/2	[67]
	Li(DME) 3 [Nd(L 15 ) 2 ] (18)	14.6 a	5.5×10 -5	1000	-	[74]
		24.4 a /4.4 a	2.6×10 -7 /2.1×10 -5	200		
	(19)*	9.1 a	1.1×10 -6	1400	-	[68]
	[Nd(L 16 ) 3 ] (20)	2.8 a /119 b /115 c	4.2×10 -5	100	±5/2+±7/2-[76]
	{[Nd 2 (L 17 ) 6 (H 2 O) 4 ]⋅2H 2 O} n (21)	18.5 a /72.3 d	1.75×10 -7	1500	-	[88]
	{[Nd(L 18 ) 3 (H 2 O) 2 ]⋅2CH 3 CN} n (22)	19ª/77.8 d	4.1×10 -7	2000	-	[94]
	{[Nd(L 19 ) 2 (CH 3 COO)(H 2 O) 2 ]} n (23)	20ª/87.3 d	3.1×10 -7	3500	-	[94]
	TBA[Ho(L 20 ) 2 ] (24)	15 c	-	-	±5	[96]
	Na 13 [Ho(SiW 11 O 39 ) 2 ] (25)	6 c	-	0	±4	[24]
	Na 9 [Ho(W 5 O 18 ) 2 ] (26)	16 c	-	0	±4	[101]
	[Ho 5 O(OiPr) 13 ] (27)	278 a	1.5×10 -9	5500	-	[102]
	K 12 [Ho(H 2 O)P 5 W 30 O 110 ]⋅nH 2 O (28)	0.6 a /14 c	6.0×10 -3	0	±8	[103]
	[(Tp)Tm(L 21 )] (29)	90.4ª	4.7×10 -7	2000	±6	[116]
	[(Tp*)Tm(L 21 )] (30)	46 a	2.4×10 -6	2000	±6	[116]

a Effective energy barrier determined from ac measurements. b Effective energy barrier determined from luminescence measurements. c Effective energy barrier determined from dc measurements. d Effective energy barrier predicted by ab initio calculations. e When the ground state M J value is not given is because it was not determined in the corresponding article. * (19)=[Ce(DMSO) 8 ][Ce(NO 3 ) 2 (DMSO) 4 (Mo 8 O 26 ) 0.5 ][Mo 6 O 19 ]

The first example of pure Ce III based-SMM was published in 2014 by M. Murugesu et al.

[67]

. The complex Li(DME) 3 [Ce(L 15 ) 2 ] (17) was synthesised following a reported method for the Dy III analogue

[69] 

i.e. reacting CeCl 3 salt with the 1,4-bis(trimethylsilyl)cyclooctatetraenyl dianion (L 15 ) in a 3:2 molar ratio. The planar L

15 

ligand was used to provide an axial symmetry (C 8 axis) with a strictly axial coordination environment around the

  The first one-dimensional Nd III compound which displayed slow magnetic relaxation was proposed byArauzo et al. in 2014 [91]. {[Nd 2 (L 17 ) 6 (H 2 O) 4 ]⋅2H 2 O} n(21, Figure 

Table 5 .

 5 Heterobinuclear Zinc-Lanthanide SMMs (Ln=Ce III and Yb III )

	ZnLn-SMM	∆/cm -1	τ 0 /s	H/Oe	M J	ref
					ground	

  Yb III luminescence and the dynamic magnetic properties permitted to extract three sets of data for the energy splitting of the 2 F 7/2 multiplet ground-state (see Table5). Interestingly, both compounds have the highest M J value (M J =±7/2) as ground-state with the first excitedstate very close in energy (<1 cm -1 ). It is worth noticing that they are only the second and third examples after compound 10 which are able to stabilize such M J states values. As observed for the previous examples of Yb

	are		depicted	in	Figure	25a.	The	following	CF	Hamiltonian
	H	CF	=	1 = 2 ∑ i	0 0 2 2 ˆˆˆˆˆˆˆˆ2 0 0 4 4 0 0 4 4 4 4 4 4 6 6 6 6 B O B O B O B O B O + + + + -	1 J J J ⋅ + 2	β	( g J J H ) 1 2 J + ⋅	, the sensitization
	of the						

Recently, two new Zn II Yb III heterobimetallic compounds were reported by Colacio et al.

[131]

. [Zn(L 24 )Yb(H 2 O)(CO 3 )] 2 (NO 3 ) 2 ⋅4CH 3 OH (34) and [Zn(L 24 )(NO 3 )Yb(NO 3 ) 2 ] (35) complexes have been obtained from the Schiff base L

24 

and their crystallographic structures

Table 6 .

 6 Heterobinuclear Lanthanide SMMs (Ln=Dy III and Yb III ) Yb 2 (L 26 ) 2 Cl 4 (H 2 O)(MeCN)]⋅CH 3 CN (37) [Dy 0.87 Yb 1.13 (L 26 ) 2 Cl 4 (H 2 O)(MeCN)]⋅CH 3 CN (39) (HNEt 3 )[Yb(L 27 ) 2 ] (40) (HNEt 3 )[Dy 0.135 Yb 0.865 (L 27 ) 2 ] (42)

	DyYb-SMM	∆/cm -1	τ 0 /s	H/Oe	M J	ref
					ground	
					state e	
	[14.7ª/177.4 d	9.3×10 -7	3500	-	[134]
		20.2 a	3.9×10 -7	3500	-	[134]
		17.5 a /98.8 b /56.8 c	-	1800	-	[135]
		7.1 a	-	1800	-	[135]

  2 cm -1 . Finally they substituted one Yb III ion by one Dy III ion leading to the heterobimetallic Edited Dec 26 [Dy 0.87 Yb 1.13 (L 26 ) 2 Cl 4 (H 2 O)(MeCN)]⋅CH 3