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Since their discovery fifteen years ago, lanthanide Single-Molecule Magnets (SMM) captivate the chemistry and physics communities due to their possible applications in data storage, spintronics or quantum computing. [1] In such coordination complexes, a slow relaxation of the magnetization, eventually associated with a magnetic bistability, originates from the appearance of an energy barrier, , that opposes two directions of the magnetization. The foundation of such remarkable property lies in the synergistic combination between the intrinsic nature of the lanthanide ions through their angular dependence of the 4f electronic density (oblate vs. prolate) [2] with the crystalfield generated by the surrounding ligands. In this sense, mononuclear lanthanide SMM with tremendous magnetic properties represent a challenge for synthetic chemists in order to design optimized complexes with targeted symmetry and coordination sphere (that includes the electronic density of the donor atoms) in order to maximize the magnetic anisotropy of the ± mJ states and reduce the Quantum Tunneling of the Magnetization (QTM). This latter produces direct transition between the ground state doublet, however the relaxation of the magnetization could also proceed through other spin-lattice processes (Raman and direct) that decreases the overall magnetic performances through underbarrier pathways.

Understanding these relaxation mechanisms appears essential to improve the magnetic features. In this sense, since 2016, major breakthroughs in the field have been achieved with examples of mononuclear SMM exhibiting exceptionally large anisotropic barriers of few thousands of cm 1 , [3] and a magnetic hysteresis that could almost reach liquid nitrogen's boiling point, [3d, 4] making such molecular systems particularly promising for future technological devices.

Among the possible synthetic strategies to design SMM with large anisotropic barriers, organometallic chemistry appears to be particularly efficient to accurately control the coordination sphere of the lanthanide ion. Such attribute has been efficiently employed to engineer axial crystal-field systems, which can be obtained in linear complexes exhibiting negatively charged ligands along an axis. [3d, 3e, 4-5] This arrangement maximizes the crystal-field splitting for oblate lanthanide ions, while suppressing off-diagonal matrix elements in order to shortcut the QTM. However, examples of such strong axiality in pseudo-linear SMM based on typical coordination chemistry ligands involving nitrogen or oxygen donor atoms are rather scarce [3a, 3f, 6] due to the difficulty to realize a linear arrangement and efforts have to be pursued in order to engineer such systems. For instance, Schiff base ligands involving phenoxide moieties have been largely used to obtain lanthanide SMM, [1b, 7] but the complexes displaying an enhanced axial-crystal field and, as an extent, high energy barriers are rarely met. [START_REF] Oyarzabal | [END_REF] In this sense, we report in this communication the synthesis and study of two dysprosium Schiff base complexes that display high temperature slow relaxation of their magnetization and luminescence.

Our strategy to obtain Schiff base complexes with a pronounced axial crystal-field relies on using unsymmetrical bulky tridentate ligands, either 2,4-di-tert-butyl-6-((quinolin-8ylimino)methyl)phenolate (L1) and 2,4-di-tert-butyl-6-(((pyridin-2ylmethyl)imino)methyl)phenolate (L2) containing the donor set N,N,O  in association with the oblate Dy 3+ ion. The steric hindrance imposed by tert-butyl groups is favourable to generate mononuclear complexes, while the presence of different pendant groups, such as pyridine or quinoline moieties, will allow tuning the emission wavelength. Thus the reaction of anhydrous DyCl3 with 2 equivalents of in situ prepared potassium phenolates KL1 or KL2 and 1 equivalent of NaBPh4 in THF (Scheme 1) affords the X-Ray diffraction on single crystals indicates that both, 1 and 2 are cationic mononuclear complexes that crystallize in the chiral C2221 and centrosymmetric P21/n space groups, respectively, with a unique crystallographic Dy 3+ ion (Figure 1, Table S1). The electroneutrality is ensured by tetraphenylborate anions. The coordination spheres of the Dy 3+ ions in 1 and 2 are composed of two deprotonated Schiff base ligands and two coordinated solvate molecules (THF and pyridine for 1 and 2, respectively) leading to a coordination number of eight. The coordination Dy-N bond lengths in 1 are ranging from 2.503(7) to 2.536( 6) Å. The Dy-O(phenoxide) bond lengths are equal to 2.190( 6) Å, while the distance involving THF moieties of 2.469( 6) Å are much longer. For 2, the two Dy-O(phenoxide) distances (2.193(2) and2.196(2) 2) and 121.20(4) ° for 1 and 2 respectively. The eight-coordinate polyhedrons were quantitatively analysed using the SHAPE [9] software indicating a biaugmented trigonal prism like geometry of the lanthanide site (Table S2). Thanks to the presence of tetraphenylborate anions, the shortest intermolecular Dy 3+ -Dy 3+ distances are relatively large (13.959 and 10.658 Å for 1 and 2 respectively) indicating that the complexes are well isolated (Figure S1).

The magnetic properties of complexes 1 and 2 were investigated in both, static and dynamic modes. The room temperature T values of 13.74 and 14.04 cm 3 .K.mol 1 are slightly lower than the value of 14.17 cm 3 .K.mol 1 expected for a single Dy 3+ ion, suggesting a significant crystal-field splitting (Figure S2). [10] For temperature lower than 10 K, a dramatic decrease of T is observed confirming the large crystal-field splitting. The field dependence of the magnetization at 1.8 K shows an inflection point at low field before reaching the values of 5.66 and 5.61 N under a 70 kOe field (Figure S2). Such sigmoidal shape has been previously observed and imputed to the occurrence of a high anisotropy or magnetic blocking. [3b, 3e] The occurrence of a slow relaxation of the magnetization was then investigated using alternate currents (ac) measurements. The frequency dependence of the out-ofphase susceptibilities under a zero dc-field shows a single frequency dependent peak for both compounds (Figure 2, Figure S3). The temperature dependence of the ac susceptibility indicates that out-of-phase signals could be observed up to 60 and 55 K for 1 and 2, respectively (Figure S4). For temperature higher than 10 K, fitting of the Cole-Cole plots (Figure S5) with a Debye model confirms the presence of a narrow distribution of relaxation processes with  lower than 0.2 (Table S3-S4). The relaxation dynamics can be further analyzed by studying the temperature dependence of the relaxation time, . The ln vs. T 1 plot (Figure 3) clearly shows a linear region corresponding to a thermally activated relaxation process. However, deviation from linearity is observed for lower temperatures indicating the occurrence of other relaxation processes. Therefore, the whole temperature dependence could be modeled with the following equation  1 = 0 1 exp(/kT) + CT m +  1 QTM (Eq. 1). [11] The first term accounts for an activated process, while the second and third ones stand for two-phonon Raman and QTM, respectively. To avoid over-parameterization, the m coefficient was successfully fixed to integer numbers (1 to 12). The best fitting correlation coefficient was obtained with m = 3, suggesting the presence of acoustic phonons. [12] The other parameters could be found in Table 1 and indicate that for both compounds,  is found nearly identical. Remarkably, it can be noticed that these values are among the highest reported for mononuclear lanthanide Schiff base complexes. In order to reduce the QTM, ac measurements were performed under an optimum field of 1000 Oe (Figure S6, Table S5) for both compounds and confirmed the strong decrease of the tunneling rate (Figures S7-9, Table S6-7). The temperature dependence of  can be fitted with  1 = 0 1 exp(/kT) + CT m + AT (Eq. 2) (Figure 3, Table S8) in which the third term stands for the direct relaxation process, which may become operative under dc magnetic field. [11] Figure 2. Frequency dependence of the out-of-phase susceptibility,", for 1 and 2 under a zero dc field.

An important feature for lanthanide SMM concerns also their ability to retain the magnetization. The zero-field cooled (ZFC)/field cooled (FC) curves corroborates the occurrence of a magnetic irreversibility with a maximum of the ZFC curves (corresponding to the blocking temperature TB [13] ) located at 3.1 K and 3.0 K for 1 and 2, respectively (Figure S10). However, a clear divergence in the ZFC/FC curves, equivalent to an irreversible temperature (Tirr), could be observed at 8.0 and 5. 5 K for 1 and 2 respectively which is also concomitant with a crossing between the curves. Such behavior has been previously evidenced in some lanthanide SMM and was interpreted as an out-of-equilibrium state due to the occurrence of competitive relaxation paths. [3d, 3e, 4, 6, 14] Moreover, opening in the hysteresis loops is observed up to 8.0 and 5.0 K for 1 and 2, respectively (Figure S11).

In order to get further insights into the mechanisms of slow relaxation, ab initio calculations of the CASSCF level were carried out to quantify the energies of the Kramers doublets, as well as the orientation of the anisotropic axes. The first excited Kramers doublets (mJ = ± 13/2) are found at 250 and 246 cm 1 (Table S9-S10) for 1 and 2, respectively (Figure 4). These values are in good agreement with those obtained by ac magnetometry suggesting a dominant Orbach relaxation process. This is further confirmed by looking at the g tensor values of the 1 st excited state (Table S9-S10) which clearly shows a moderate axiality, explaining the observed anisotropic barriers (Figure 4). In contrast, the g tensor values of the ground Kramers doublet (mJ = ± 15/2) point out weak transverse anisotropy components but the small difference observed in the gz values (19.85 for 1 vs. 19.78 for 2) explains the lowest tunneling rate (Figure 4) observed in 1 and therefore the presence of a magnetic bistability up to higher temperature for this latter. The orientations of the anisotropic axes were also evaluated by ab initio calculations. As expected from the structural analysis, they are slightly tilted with respect to the O-Dy-O sequence with an easy-axis-Dy-O(phenoxide) angle of 27.6° for 1 vs. 33.2 and 32.8 ° for 2 (Figure S12). The largest crystal-field parameter is observed for in both complexes (Table S11), but it is 11 % greater in magnitude for 1, confirming its stronger axiality. While the Dy-O distances are nearly similar for 1 and 2, the O-Dy-O angles show a significant difference of about 6 %. Remarkably, it could be noticed that the change in the nature of the coordinated solvates (THF vs. pyridine) does not dramatically influence the relaxation dynamic in these complexes. Hence, although THF molecules are stronger coordinated (shorter distances) than pyridine, a greater axiality is observed in 1. Hence, the smaller O-Dy-O angle observed in 2 explains its slightly enhanced tunneling rate with respect to 1. In addition, Schiff base ligands could also be promising to implement luminescence properties to obtain bifunctional lanthanide that have recently received considerable attention. [15] At room temperature, both, 1 and 2, exhibit a broad emission band located at 580 and 490 nm, respectively (Figures S13-14). Apart from some changes in the width, these bands resemble those of the HL1 and HL2 ligands (Figure S15) indicating a ligand-based luminescence for 1 and 2. It was however not possible to observe a dysprosium-centred luminescence, even at low temperature (Figure S16), indicating that these two ligands could not sensitize the Dy 3+ ion.

To summarize, we have shown that the use of bulky Schiff base ligands involving phenoxide groups could be viewed as an appealing synthetic strategy to design Dy 3+ -based SMM. The modulation of the substituents directly affects the O-Dy-O angle that in turn alters the QTM. Hence, two genuine SMM with out-of-phase signals up to 60 K and among the highest anisotropic barriers for Schiff base systems have been obtained. Magneto-structural correlations indicate that the control over the axiality of the excited doublets should be achieved to provide relaxation via higher excited states to obtain enhanced magnetic performances. In addition, the compounds exhibit a luminescence originating from the Schiff base ligands which can be tuned depending on substituents making such compounds particularly promising to design multifunctional materials. 

  Scheme 1. Synthesis of and 2.

  Å) are comparable to those in 1. The Dy-N(phenoxide) distances in 2 (2.482(2)-2.548(2) Å) are somewhat longer compared to the Dy-N(py) distances (2.594(2), 2.622(2) Å). The O-Dy-O angles show the values of 128.5(

Figure 1 .

 1 Figure 1. Molecular structure of 1 (a) and 2 (b). Colour code: orange, Dy; blue, N; red, O; grey, C. Hydrogen atoms and [B(Ph)4]  moieties are omitted for clarity.

Figure 3 .

 3 Figure3. Temperature dependence of the relaxation time using the ac susceptibility data for 1 and 2. The solid lines represent the fit with Eq. 1 (0 Oe) or Eq. 2 (1000 Oe).

Figure 4 .

 4 Figure 4. Energy diagrams for the Kramers doublets for 1 (top) and 2(bottom). The states are placed according to their magnetic moments (bold blue lines). The horizontal black dashed lines show the tunnelling transitions within each doublet state, while the non-horizontal lines show the spin-phonon transition paths. The numbers at non-horizontal lines are averaged transition moments in µB connecting the states. The numbers at horizontal lines are tunnelling gaps. The red dashed arrows delineate the relaxation path.

Table 1 .

 1 : Fit parameters of the temperature dependence of the relaxation time for 1 and 2.

	Compound	 (cm 1 )	0 (s)	m [a]	C(s 1 .K m )	QTM (ms)
	1 (0 Oe)	263 ± 8	0.05 ± 0.01	3	0.015 ± 0.001	14 ± 1
	2 (0 Oe)	270 ± 8	0.015 ± 0.004	3	0.020 ± 0002	17 ± 1
	[a] fixed parameter				

Acknowledgements

The authors thank the University of Montpellier, CNRS and PAC of ICGM. The Russian co-authors thank the Russian Science Foundation (grant 17-73-30036). The X-ray study has been carried out using an equipment of The Analytical Center of The G.A. Razuvaev IOMC RAS.

Conflict of Interest

The authors declare no conflict of interest.