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A new family of three Dy(III) mononuclear complexes and one Dy(III) chain system based on the same ligand (1,3-di(pyridin-4yl)propane-1,3-dione) has been isolated as single-crystals. By varying the synthesis conditions, it has been possible to finely control the number of ligands coordinated to the central lanthanide atom (from 1 to 3) and then the total charge of the complex unit (from +2 to neutral) as well as the local geometry around the Dy(III) ion (from D4d to D2d). The magnetic properties of the four complexes have been studied and rationalized by ab initio calculations in order to illustrate the correlation between the metal ion environment, due to the number of coordinated ligands, and their SMM behaviours.

Introduction

Since three decades that Single-Molecule Magnets (SMMs) have been discovered, [1] many ways to synthesize them have been explored and hundreds of SMMs have been published. [2] The use of lanthanide ions represents an efficient strategy due to their significant magnetic anisotropy arising from the large unquenched orbital angular momentum. It generates an intense field of research especially in the field of mononuclear SMMs (known also as Single-Ion Magnets (SIMs)). [3] The slow relaxation of the magnetization in this special class of molecules arises from a single metal centre. In such complexes, despite the limited total number of unpaired electrons, the intrinsic magnetic anisotropy can be significant leading to mononuclear complexes with remarkably high energy barriers. [4] In the latter, reversal of the magnetic moment is achieved either by thermal activation and/or Quantum Tunnelling of the Magnetization (QTM). Furthermore, it has been shown that the relaxing rates are extremely sensitive to tiny distortions of the coordination geometry in 4fsystems. [5] Therefore, the design of novel structures is needed to enlarge the available database and thus to improve our knowledge on the structure-property relationship of lanthanide-containing mononuclear SMMs. In this line, a successful modulation of SMMs properties has been performed recently by varying the auxiliary ligands in β-diketone-based Dy(III) complexes. [6] This study highlights the meticulous choice of the ancillary ligand as a promising new path toward the design of new complexes exhibiting higher SMM characteristics. Moreover, theoretical studies performed on these complexes have shown that mixing charged ligands and neutral ligands with Dy(III) adopting heteroleptic coordination mode may be a key to improve the magnetic behavior. [7] Based on this previous work that brings elements for the understanding of structure-property relationship, we have been interested in the study of a new series of β-diketonebased Dy(III) complexes with distinct metal ion coordination environment by varying the number of β-diketone ligands around the metal centre. Indeed, four original complexes, three mononuclear ones and one 1D polymer system, have been isolated by controlling the synthesis conditions (temperature, time, pressure …) but using the same ligand. This leads to a finely controlled number of coordinated ligands around the Dy(III) centre which has an influence on the metal geometry environment. Their synthesis, crystal structures, magnetic properties supported by ab initio calculations are discussed in this article.

Results and Discussion

Syntheses. All the complexes were synthesized from the Dy(III) chloride hexahydrate salt using methanol as solvent. The ligand used (Scheme 1) is 1,3-di(pyridin-4-yl)propane-1,3-dione (HLNN). [8] This organic molecule is composed of a β-diketone fragment functionalized by two pyridine groups with nitrogen atoms in para position. Yellow crystals containing the complexes are obtained by slow evaporation of the solvent from the reaction mixture. A series of mononuclear complexes was formed mainly by variation of temperature, pressure and reaction time during the different syntheses. Indeed, the four complexes were synthesized from the reaction mixtures containing identical proportions of reagents. In order to form the complex 3, three equivalents of triethylamine are added, with stirring, to a mixture composed of one equivalent of the metal salt and two equivalents of the ligand in methanol. In the above proportions, refluxing the mixture during 48h allows to form complex 2. By maintaining the same stoichiometry, complex 4, a 1D molecular system, is synthesized under solvothermal conditions (70°C for 12h). Finally, in the above proportions, leaving the solution with stirring for 6h, a mixture of complexes 3 and 1 is obtained. On the other hand, when the quantity of the reactants is stoichiometric, with the same stirring time (6h), complex 1 is isolated as pure sample.

Crystal structure Analysis. Data collection details and refinement results are summarized in Supplementary Information (Table SI.1). Details on bond lengths, bond angles and distances within the structures can be found in Tables SI.2, SI.3, SI.4 and SI.5 for complexes 1, 2, 3 and 4, respectively.

[Dy(LNN)(H2O)6]Cl2•2H2O (1). The complex 1 crystallizes in the centrosymmetrical monoclinic I2/a space group. The mononuclear entity [Dy(LNN)(H2O)6] 2+ is a dication where the Dy(III) central ion is coordinated to one deprotonated LNN -ligand and six water molecules (Figure 1a). The charge balance is ensured by two chlorine counter-anions statistically distributed on three independent crystallographic positions. Two noncoordinated water molecules co-crystallize within the unit-cell and are statistically distributed on four crystallographic positions. With this configuration, the Dy(III) ion is located in a {O8} environment with a distorted D4d geometry (square anti-prism, Table SI.6). [9] The Dy-O(LNN) bond lengths (average of 2.288 Å) are shorter than the Dy-O(H2O) ones (average of 2.385 Å). Due to π-π interactions between aromatic rings of ligands belonging to two neighbouring cationic units, pseudo-chains of complexes are formed along the [101] direction with complexes organized in a head-to-tail configuration (Figure SI.5). Within these pseudochains, the shortest Dy … Dy distance is 6.7 Å. The structural cohesion between the pseudo-chains is ensured by hydrogen bonds between coordinated and non-coordinated water molecules, between coordinated water molecules and chlorine anions and between nitrogen atoms from LNN -ligands and noncoordinated water molecules. Surprisingly, the shortest Dy … Dy distance between chains (6.9 Å) is only slightly longer than those within the chains.

[Dy(LNN)2(MeOH)2(H2O)6]Cl (2). The complex 2 crystallizes in the tetragonal P42/n space group. The refined structure reveals the presence in the unit-cell of one cationic entity,

[Dy(LNN)2(MeOH)2(H2O)2] + , composed by one Dy(III) ion coordinated to two deprotonated LNN -ligands, two methanol molecules and two water molecules (Figure 1b). The charge balance is ensured by the presence of one chlorine atom per cationic entity. Due to the coordination mode, the lanthanide centre is located in a {O8} environment exhibiting a distorted D2d local geometry (triangular dodecahedron, Table SI.6). [9] Dy-O(LNN) (2.340 Å, slightly longer than those observed in complex [Dy(LNN)3(MeOH)2] (3). The complex 3 crystallizes in the monoclinic P21/n space group. This is a neutral mononuclear complex composed by one Dy(III) cation coordinated to three deprotonated LNN -ligands and two methanol molecules (Figure 1c). The metal centre is then located in a {O8} environment with a slightly distorted D4d local geometry (square anti-prism, Table SI.6). [9] Dy-O(LNN) bond lengths within 3 (average of 2.381 Å) are comparable to those encountered for complex 2 but longer than those observed for complex 1. {Dy(LNN)3(MeOH)}n•nH2O (4). This complex crystallizes in the monoclinic system and its structure has been refined using the C2/c space group. The complex, exhibiting the following refined formula {Dy(LNN)3(MeOH)}n•nH2O, is a 1D polymer running along the [001] direction (Figure 2). The asymmetric unit (Figure 1d) is composed by one Dy(III) cation coordinated to three deprotonated LNN -ligands and one coordinated methanol molecule. The lanthanide ion is then surrounded by seven oxygen atoms and one nitrogen atom belonging to a LNN -ligand of a neighbouring complex unit. These Dy-N bonds between two consecutive sub-units form chains. Dy-O(LNN) (average of 2.341 Å) are comparable to those observed for the complexes described above while the Dy-O(MeOH) bond length is longer (2.446 Å). As expected, the Dy-N(LNN) bond length is also longer (2.602 Å) compared to the Dy-O ones. The Dy(III) ion is thus located in a {O7N} coordination sphere adopting a D2d distorted local geometry (triangular dodecahedron, Table SI.6). [9] Within the chain, the shortest Dy … Dy distance is 9.8 Å. These chains stack perfectly one above the others perpendicularly to the [001] direction (Figure SI.8). The shortest Dy … Dy distance between two chains is 8.9 Å. The structural cohesion within plans is ensured by π-π interactions between aromatic ligands of two neighbouring chains. The shortest Dy … Dy distance between two consecutive plans is longer than those detailed above and equal to 10.0 Å.

Magnetic properties

Direct current (dc) magnetic susceptibility studies of 1-4 were carried out with an applied magnetic field of 1000 Oe over the temperature range 300-2 K. The plot of cT vs T, with c the molar magnetic susceptibility and T the temperature in Kelvin, is shown in Figure 3. At room temperature the cT values (14.07, 13.95, 14.03 and 13.87 cm 3 K mol -1 for complexes 1 to 4, respectively) are close to what is expected for the 6 H15/2 multiplet ground state (14.17 cm 3 K mol -1 ) of Dy(III). cT's decrease on cooling to reach 11.77, 10.92, 10.91 and 12.03 cm 3 K mol -1 at 2 K for 1 to 4, respectively. The decrease of cT values can be ascribed to thermal depopulation of the Stark levels of the Dy(III) ions and/or to antiferromagnetic interactions between the spin carriers, as observed in other dysprosium complexes. [10] Magnetization plots (M vs H) for 1-4 was measured at 2 K (Figure SI.9). The curves show a very similar behavior for all complexes: increase of the M values with the field H to reach saturation in the vicinity of 2 T. The corresponding values are 5.28 μB, 5.08 μB, 5.08 μB and 5.09 μB for 1-4, respectively. These values appear to be very low compared to those expected in the free ion model (saturation at 10 μB). [11] Such low saturation values are often the sign of the presence of a large anisotropy within the complex with the stabilization of the Ising components MJ = ±15/2. [START_REF] Lueken | Course of lectures on magnetism of lanthanide ions under varying ligand and magnetic fields[END_REF] This suggests, therefore, that complexes 1-4 could behave as mononuclear SMMs. and4). [13] These large values and the asymmetry of the Cole-Cole curves might suggest the overlap of multiple relaxation processes. [14] At lower temperature (3 K), α values strongly decrease to reach values of 0.12 for 1, 0.14 for 2, 0.23 for 3 and 0.13 for 4 indicating a moderate distribution of the relaxation time. 

Ab initio calculations

SA-CASSCF/SI-SO calculations were carried out on complexes 1-4 to give insights into the experimental magnetic behaviour (see computational details in the Experimental Section). In the case of complex 4, the 1D arrangement was mimicked using LoProp charges calculated on the molecular fragment. Computed energies, g-tensor and wavefunction composition of the ground multiplet in the effective spin ½ model are given in Tables SI SI.9) and ii) 2 and 3 show larger matrix elements connecting the mJ = |±15/2> states than 1 and 4. One should notice that there is no obvious correlation between the calculated energy difference between the ground and first excited state and the evaluated experimental energy barrier.

Conclusions

In conclusions, four new Dy(III)-based complexes, three mononuclear ones and one chain system, have been synthesized using the same ligand. Depending on the synthesis conditions, it has been possible to finely control the number of coordinated ligands around the lanthanide ion and thus the local geometry around the metal cation. Magnetic measurements as well as ab initio calculations highlight the influence of this 4f environment on the SMM behaviour for these four complexes. Overall, complex 1 (only one coordinated ligand, D4d local geometry around the Dy(III) centre) is the best mononuclear SMM system (Δ = 76.5 K) of the four complexes presented in this article.

Experimental Section

Syntheses. All reagents were purchased from Aldrich and used without further purification.

Synthesis of 1,3-di (pyridin-4-yl) propane-1,3-dione (H𝐋 𝐍𝐍 ). To a suspension of 0.35 g of NaH (15 mmol, 3 equivalents) in 50 mL of Synthesis of [Dy(LNN)(H2O)6]Cl2•2H2O (1). A solution of 0.5 mmol of the ligand HLNN (0.113 g, 1 equivalent) and 0.5 mmol of triethylamine (0.13 mL, 1 equivalent) was left stirring for 5 min. The solution was then added dropwise for 10 min with stirring to a solution containing 0.5 mmol of DyCl3.6H2O (0.186 g, 1 equivalent) in 10 mL of methanol. The mixture was then left under stirring for 6h. After 4 days of slow evaporation of the solvent, crystals in the form of yellow needles were formed (yield 52%).

Synthesis of [Dy(LNN)2(MeOH)2(H2O)2]Cl (2). In a 25 mL flask containing 0.5 mmol of DyCl3.6H2O (0.186 g, 1 equivalent) and 1 mmol of HLNN (0.226 g, 2 equivalents) in 15 mL of methanol, was added with magnetic stirring 1.5 mmol of triethylamine (0.26 mL, 3 equivalents). The mixture was then placed under reflux. After 3h, a light orange precipitate was formed. The latter was filtered and washed thoroughly with methanol and then solubilized in 10 mL of dichloromethane. After slow evaporation of the solvent, yellowish crystals were isolated (Yield 48%).

Synthesis of [Dy(𝐋 𝐍𝐍 )3(MeOH)2] (3).

To a suspension of 0.5 mmol of DyCl3.6H2O (0.186 g, 1 equivalent) and 1 mmol of HLNN (0.226 g, 2 equivalents) in 5 mL of methanol was added 1.5 mmol of triethylamine (0.26 mL, 3 equivalents). As soon as the base was added, the resulting solution becomes clear yellow after 20 minutes of magnetic stirring. The solvent was then slowly evaporated. After 2 days, crystals in the form of thin needles were harvested (yield 71%).

Synthesis of {Dy(𝐋 𝐍𝐍 )3(MeOH)}n (4). 8 mL of methanol, 0.5 mmol of DyCl3.6H2O (0.186 g, 1 equivalent), 1 mmol of HLNN (0.226 g, 2 equivalents) and 1.5 mmol of triethylamine (0.26 mL, 3 equivalents) were introduced into a Teflon bomb. The support was then placed in a stainless steel autoclave. In an oven, the mixture was heated at 80°C for 12h. A crystalline powder was then recovered from the reaction medium by filtration. The solid was recrystallized from THF to give crystals in the form of thin yellowish needles (yield 56%).

Crystallography. Single-crystal X-ray studies of complexes 1-4 were carried out by using a Gemini diffractometer and the related analysis software, respectively. [16] An absorption correction based on the crystal faces was applied to the data sets (analytical). [17] The structures were solved by direct methods using the SIR97 program [18] combined with Fourier difference syntheses and refined against F using reflections with [I/σ(I)>3] by using the CRYSTALS program. [START_REF] Watkin | CRISTAL Issue[END_REF] All atomic displacement parameters for non-hydrogen atoms were refined with anisotropic terms. The hydrogen atoms were theoretically located on the basis of the conformation of the supporting atom and refined by using the riding model. CCDC-1574559-1574562 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic 

  Scheme 1. HLNN ligand.

  1) and Dy-O(H2O) (2.376 Å) bond lengths are comparable within this structure. Finally, the Dy-O(MeOH) (2.424 Å) are the longest Dy-O bond lengths in this {DyO8} environment. The molecular packing of each mononuclear complex leads to cavities running along the [001] direction (Figure SI.6) and exhibiting a diameter of 8 Å where Cl -anions are inserted.The structural cohesion to form these cavities is built from plans of complexes with π-π interactions between aromatic rings of LNN -ligands belonging to two neighbouring cationic complexes. Within these plans, the shortest Dy … Dy distance is 11.0 Å. These cationic plans stack perfectly one above the other, linked together by hydrogen bonds involving coordinated water molecules and chlorine anions. The distance between two consecutive plans is 7.7 Å.

Figure 1 .

 1 Figure 1. Representation of the molecular structure of complexes 1 (a), 2 (b) 3 (c) and 4 (d). Hydrogen atoms are omitted for clarity. In case of 4, black dashed lines represent bridges between mononuclear units composing the 1D polymer.

Figure 2 .

 2 Figure 2. Chain of 4 running along the [001] direction of the unit-cell. For clarity, hydrogen atoms have been omitted. The distance between two dysprosium atoms belonging to two neighbouring units is highlighted.

Figure 3 .

 3 Figure 3. Plots of cT vs T values for complexes 1, 2, 3 and 4. In insert are given the corresponding magnetization curves at 2 K. The calculated curves are represented in full red line.

Figure 4 .

 4 Figure 4. Plots of c'' vs T values depending on frequencies at 1 kOe for complexes 1, 2, 3 and 4.

  .7-SI.10 for complexes 1-4, respectively. Calculated magnetic axes are shown in Figure SI.15 whereas Figures SI.16-SI.19 give elements to magnetic relaxation, without taking into account phonons-driven mechanisms.[15] All complexes are characterized by large mJ = |±15/2> ground state with the first Kramers doublet lying 125, 192, 76 and 201 cm -1 higher in energy for complexes 1-4, respectively. Ground state magnetic easy axes are as expected for Dy(III) ions along the most negatively charged directions. Experimentally, 2 and 3 relax faster (at zero dc field) than 1 and 4. This is clearly supported by the calculations since i) the wavefunction of the ground KD of 3 has non-negligible mJ = |±11/2> component inducing a least Ising magnetic anisotropy (Table

  added a solution of 0.72 g of 4acetylpyridine(6 mmol, 1.2 equivalents). The mixture was kept under stirring and inert atmosphere at room temperature for 1h. Then 0.75 g (5 mmol, 1 equivalent) of methyl isonicotinate was added and the reaction mixture was left under argon and stirring for 28h at 70°C. Water was finally added to the solution. After neutralization of the mixture with glacial acetic acid, 0.62 g of a yellowish solid is collected (yield = 86%) NMR 1H (CDCl3, 300 MHz) δ (ppm): 15.43 (s, 1H) ; 8.84 (dd, J = 8.65 Hz, 4H) ; 8.03 (dd, J = 8.62 Hz, 4H) ;7.46 (s, 1H).
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A c c e p t e d M a n u s c r i p t

Data Centre via www.ccdc.cam.ac.uk/data_request/cif. X-ray crystallographic data and refinement details for complexes 1-4 are summarized in

Supplementary Information Table SI.1. Important bond lengths, bond angles as well as intra-and inter-complexes distances are collated in Tables SI.2-SI.5.

Magnetic measurements.

Magnetic susceptibility data (2-300 K) were collected on powdered polycrystalline samples on a Quantum Design MPMS-XL SQUID magnetometer under an applied magnetic field of 1 kOe, using eicosane matrix to prevent sample reorientation during the measurement. Alternating current (ac) measurements were performed in the 2-12 K range of an ac driving field oscillating frequencies in 1-1300 Hz range. Magnetization isotherms were collected at 2 K. All data were corrected for the contribution of the sample holder and the diamagnetism of the samples estimated from Pascal's constants.

Ab initio calculations. Wavefunction-based calculations were carried out on complexes 1 -4 by using the SA-CASSCF/RASSI-SO approach, as implemented in the MOLCAS quantum chemistry package (versions 8.0). [20] The relativistic effects are treated in two steps on the basis of the Douglas-Kroll Hamiltonian. First, the scalar terms were included in the basis-set generation and were used to determine the spin-free wavefunctions and energies in the complete active space self-consistent field (CASSCF) method. [21] Next, spin-orbit coupling was added within the restricted-active-space-state-interaction (RASSI-SO) method, which uses the spin-free wavefunctions as basis states. [22] The resulting wavefunctions and energies are used to compute the magnetic properties and g-tensors of the lowest states from the energy spectrum by using the pseudo-spin S = 1/2 formalism in the SINGLE-ANISO routine. [23] Cholesky decomposition of the bielectronic integrals was employed to save disk space and speed-up the calculations. [24] The active space of the self-consistent field (CASSCF) method consisted of the nine 4f electrons of the Dy(III) ion spanning the seven 4f orbitals, i.e. CAS(9,7)SCF. State-averaged CASSCF calculations were performed for all of the sextets (21 roots), all of the quadruplets (224 roots), and 300 out of the 490 doublets of the Dy(III) ion. Twenty-one sextets, 128 quadruplets, and 107 doublets were mixed through spin-orbit coupling in RASSI-SO. All atoms were described by ANO-RCC basis sets. The following contractions were used: [8s7p4d3f2g1h] for Dy, [4s3p2d] for O, C and N atoms of the first coordination sphere, [3s2p] for the other N, C atoms, [5s4p2d1f] for Cl and [2s] for the H atoms. In the case of 4, the chain structure was modelized using point charges computed on the molecular fragment within the LoProp approach, [25] following a strategy successfully used previously. [26] The atomic positions were extracted from the X-ray crystal structures. Only the positions of the H atoms were optimized on the Y analogues with the Gaussian 09 (revision D.01) package [27] employing the PBE0 hybrid functional.8 The "Stuttgart/Dresden" basis sets and effective core potentials were used to describe the yttrium atom, [28] whereas all other atoms were described with the SVP basis sets. [29] FULL PAPER