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Luminescent dysprosium single-molecule magnets made

from designed chiral BINOL-derived bisphosphate ligands

Introduction

Molecular objects able to retain their magnetization in a given direction fascinate chemists and physicists since thirty years. This kind of compounds called Single Molecule Magnets 1,2 (SMMs) display magnetic bistability which has several potential applications in high-density data storage, 3 quantum computing 4 and spintronics 5 . On such road, recent significant results were obtained for integrating quantum effects of molecular magnets into devices. 4,[6][7] In the last ten years, the research in the field of SMMs was mainly focused on the employment of lanthanide ions because of their specific magnetic and optical properties. 8 Their remarkable high magnetic moment and strong anisotropy give rise to the discovery of a new class of mononuclear SMM. 9 Depending of the strength of the magnetic interaction between the lanthanide-based mononuclear SMM, Single Chain Magnet [10][11][12][13] or one-dimensional assembly of mononuclear SMM 14 can be obtained. The combination of both magnetic and luminescent properties for one unique f element open new possibilities to obtain multi-properties SMM such as luminescent SMM. [15][16][17][18][19][20][21][22][23] When the chirality ingredient is added to the SMM behaviour, chiral SMM 24 and ferroelectric SMM 25 could be obtained. Finally, when both luminescence and chirality properties are added to the SMM behaviour, rare examples of chiral luminescent SMM [26][27][28][29] and magneto-chiral SMM 30 have been described. Often, the chirality comes from the ligand since organic chemistry offers to the coordination chemists a plethora of chiral ligands, nevertheless their optical activity value is quite limited. In order to obtain higher optical activity, the organic molecular materials propose attractive possibilities with the families of helicenes 31 and binaphthalene. 32 The former presents exceptional chiroptical activities provided by a helical scaffold making them good candidates for organic electronics, 33 chiroptical switches, 34 chiral SMM 35 or singlet oxygen photosensitizers. 36 Nevertheless, the coordination reactions with these helicene-like compounds are not really developed and the chiral separation is not trivial. 31 Consequently, we decided to focus our attention on binaphthyl-2,2'-diyl phosphate derivatives. While the corresponding 3d complexes are scarce, 37 several 4f complexes have been developed for enantioselective Diels-Alder reactions [38][39][40][41][42] and asymmetric fluorination. 43 More recently, the luminescence of lanthanide combined with the optical activity of such ligands was exploited for circularly polarized luminescence [44][45][46] or for designing chiral luminescent SMM [47][48] .

Very recently, some of us developed a rational design of mono and tris(binaphtyl)-derived bisphosphate ligands. 49 The mono-aromatic binaphtyl derived ligand ((S/R)-L 1 ), (Chart 1) was used to build mono-dimensional polymer of formula [Ln(hfac)3((S/R)-L 1 )]n (Ln = Dy, Y and Eu) in solid state and a mononuclear compound in CH2Cl2 solution (n = 1). 48 The dysprosium analogue displayed slow magnetic relaxation in both solid and solution state with a sensitization of the visible luminescence through the (S/R)-L 1 organic chromophore.
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Chart 1. Molecular structure of the ligand (S)-L 1-4 . Orange and turquoise blue colours are used to emphasize the differences between the ligands.

In these lines, we decided to exploit the series of previously designed BINOL-derived bisphosphate ligands to obtain a series of coordination compounds. The number of chiral element was multiplied to give the tris(binaphtyl) analogue of (S/R)-L 1 called (S/R)-L 2 (Chart 1), the partial hydrogenation of (S/R)-L 1 led to (S/R)-L 3 and finally the combination of both multiplication of the chiral elements and the partial hydrogenation gave (S/R)-L 4 (Chart 1). One can expect that such structural engineering induced modifications for the chiroptical, emission and magnetic properties. The ligands (S/R)-L 1-4 were reacted with the Dy(hfac)3⋅2H2O precursor to give a series of 1D polymers of formula [Dy(hfac)3((S/R)-L 2 )]n ((S/R)-2), [Dy(hfac)3((S/R)-L 3 )]n ((S/R)-3) and [Dy(hfac)3((S/R)-L 4 )]n ((S/R)-4). X-ray structures were determined by single crystal diffraction studies. Chiroptical, photophysical and magnetic properties were investigated along the series of compounds and rationalized by computational studies.

Experimental

Materials and methods

The precursors Dy(hfac)3⋅2H2O (hfac -= 1,1,1,5,5,5hexafluoroacetylacetonate anion), 50 (S/R)-L 1-4 ligand 47 and the polymer [(S)-1]n 48 were synthesized following previously reported methods. All other reagents were purchased from Merck Co., Inc. and used without further purification. All solidstate characterizations (elementary analysis, IR, magnetic susceptibility and photophysical measurements) have been done from dried sample and are considered without solvent of crystallization. (w), 3067 (w), 2938 (w), 2882 (w), 1654 (s), 1555 (m), 1527 (m), 1490 (s), 1256 (s), 1201 (s), 1146 (s), 1074 (m), 1027 (m), 1018 (m), 903 (w), 797 (m), 754 (m), 661 (m) and 564 (w) cm -1 . Anal. Calcd (%) for [(R)-3]n, C59H43DyF18O14P2: C 45.90, H 2.79; found: C 45.88, H 2.91. I.R. (KBr, range 3200 -400 cm -1 ): 3135 (w), 3067 (w), 2938 (w), 2880 (w), 1650 (s), 1557 (m), 1529 (m), 1487 (s), 1255 (s), 1199 (s), 1146 (s), 1074 (m), 1027 (m), 1020 (m), 899 (w), 801 (m), 755 (m), 661 (m) and 564 (w) cm -1 . Synthesis of the complex [Dy(hfac)3((S/R)-L 4 )]n ([(S/R)-4]n). 58.3 mg of (S/R)-L 4 (0.06 mmol) were dissolved in 5 mL of toluene and added into a suspension of 49.2 mg of Dy(hfac)3 2H2O (0.06 mmol) in 3 mL of toluene. The resulting solution was stirred for 15 minutes. Slow diffusion of n-pentane led to colorless single crystals which were suitable for X-ray studies. Yield 86.9 mg ( 83 [(S)-4]n were mounted on a APEXIII D8 VENTURE Bruker-AXS diffractometer for data collection (MoKα radiation source, λ = 0.71073 Å), from the Centre de Diffractométrie (CDIFX), Université de Rennes 1, France. Structure was solved with a direct method using the SHELXT program 51 and refined with a full matrix least-squares method on F 2 using the SHELXL-14/7 program 52 . A SQUEEZE procedure of PLATON 53 was performed as the structures for [(S/R)-2]n and [(S)-4]n contains large solvent accessible voids in which residual peaks of diffraction were observed. It is worth to notice that due to the quality of the single crystal and/or the fast loss of solvent molecules of crystallization, a mediocre level of refinement was obtained for [(R)-2]n and [(S)-3]n despite all our efforts. Crystallographic data are summarized in Table S1. Complete crystal structure results as a CIF files (CCDC 1994456-1994459) including bond lengths, angles, and atomic coordinates are deposited as Supporting Information. X-ray diffraction (XRD) patterns were recorded at room temperature in the 2θ range 5-30° with a step size of 0.026° and a scan time per step of 600 s using a PANalytical X'Pert Pro diffractometer (Cu-L2,L3 radiation, λ = 1.5418 Å, 40 kV,40 mA, PIXcel 1D detector). Data collector and HighScore Plus softwares were used, respectively, for recording and analysis of the patterns.

Synthesis

Physical Measurements

The elementary analyses of the compounds were performed at the Centre Régional de Mesures Physiques de l'Ouest, Rennes. Absorption spectra were recorded on a JASCO V-650 spectrophotometer in diluted solution, using spectrophotometric grade solvents. Electronic circular dichroism (ECD) was measured on a Jasco J-815 Circular Dichroism Spectrometer (IFR140 facility -Biosit-Université de Rennes 1). Emission spectra were measured using Horiba-Jobin-Yvon Fluorolog-3 fluorimeter. The steady-state luminescence was excited by unpolarised light from a 450 W xenon continuous wave (CW) lamp and detected at an angle of 90° by using a Hamamatsu R928 PMT. Solid samples were placed in 4 mm quartz tubes and set into an Oxford Instrument cryostat (Optistat CF2) insert directly in the sample chamber of the spectrofluorimeter. The dc magnetic susceptibility measurements were performed on solid polycrystalline sample with a Quantum Design MPMS-XL SQUID magnetometer between 2 and 300 K in applied magnetic field of 0.02 T for temperatures of 2-20 K, 0.2 T for temperature of 20-80 K and 1T for temperatures of 80-300 K. The ac magnetic susceptibility measurements were performed on a Quantum Design MPMS-XL SQUID for frequencies between 1 and 1000 Hz and a Quantum Design PPMS magnetometers for frequencies between 50 and 10000 Hz. These measurements were all corrected for the diamagnetic contribution as calculated with Pascal's constants. Computational details. DFT geometry optimizations and TD-DFT excitation energy calculations of the ligand (S)-L 2-4 were carried out with the Gaussian 09 (revision A.02) package 54 employing the PBE0 hybrid functional. 55,56 All atoms were described with the SVP basis sets. 57 In the TD-DFT calculations, The first 50 monoelectronic excitations were calculated. In all steps, a modelling of bulk solvent effects (solvent = dichloromethane) was included through the Polarizable Continuum Model (PCM), 58 using a linear-response nonequilibrium approach for the TD-DFT step. 59,60 The atomic positions were extracted from the X-ray crystal structure of {[(S)-2]⋅2(C6H14)⋅0.5(CH2Cl2)}n, [(S)-3]n and [(S)-4]n and only one Dy(III) was taken into account (n = 1). The optimization of the hydrogen and fluorine positions, while other atomic positions were kept frozen, have been carried out on the Y III parent molecule by Density Functional Theory (DFT) as implemented in the Gaussian 09 (revision D.01) package 54 using the PBE0 hybrid functional. 55,56 The « Stuttgart/Dresden » basis sets and effective core potentials were used to describe the yttrium atom 61 while other atoms were described with the SVP basis sets. 57 The wavefunction theory calculations (WFT) were carried out with the help of the OpenMolcas software package. 62 In these calculations, the complete active space self-consistent field 63 (CASSCF) approach was used to treat the static correlation effects arising from the partially filled 4f shell of the Dy(III) ion. The second-order Douglas-Kroll-Hess 64-65 scalar relativistic (SR) Hamiltonian was used to treat the scalar relativistic effects in combination with the all-electron atomic natural orbital relativistically contracted (ANO-RCC) basis sets from the OpenMolcas library. [68][69][70] The basis sets were contracted to the triple-ζ plus polarization (TZP) quality for the Dy, P and O atoms bonded to the lanthanide (Dy = 25s22p15d11f4g2h/8s7p4d3f2g1h; P = 17s12p5d4f2g/5s4p2d1f ; O = 14s9p5d3f2g/4s3p2d1f), and to the double-ζ quality for the rest of the O atoms and H, C and F atoms (H = 8s4p3d1f/2s, C = 14s9p5d3f2g/3s2p, F = 14s9p5d3f2g/3s2p). The calculations employed the stateaveraged formalism at the SR level by taking into account the 21 sextet, the 224 quartet and the 490 doublet spin states arising from the 9 electrons spanning the seven 4f orbitals (i.e. CAS(9,7)). The spin-orbit coupling (SOC) was then introduced within a state interaction among the basis of calculated SR states using the restricted active space state interaction (RASSI) approach. 71 Herein the SOC matrix is diagonalized using the calculated 21 SR sextet, 224 SR quartet and the 98 th lowest SR doublet spin states. The EPR g-factors were calculated according to Reference 72 as implemented in the RASSI module of OpenMolcas, whereas the magnetic susceptibility and magnetization calculations were performed using the Single-Aniso module of OpenMolcas as detailed in Reference 73. S1) and its asymmetric unit is composed of one (S)-L 2 ligand, one Dy(hfac)3 moiety, two n-hexane and a half dichloromethane interstitial solvent molecules (Figs. S1 andS2). The Dy(hfac)3 moieties are linked by the (S)-L 2 ligands through the P=O groups to form an almost linear one-dimensional structure (Fig. 1). The Dy(III) ion is surrounded by eight oxygen atoms coming from three hfac -anions and two P=O groups. The arrangement of the ligands leads to an almost perfect square antiprism (D4d symmetry) coordination polyhedron from SHAPE (CShMSAPR-8 = 0.142 [0.221]) analysis. 74 S1) and its asymmetric unit is composed of one half (S)-L 3 ligand and one half Dy(hfac)3 moiety (Fig. S4). The coordination mode is very similar to the one observed for [(S)-2]n leading to the formation of a mono-dimensional polymer (Fig. 2) in which the Dy(III) centre is in a D4d coordination mode (CShMSAPR-8 = 0.310) (Table S2). 74 The Dy-Ohfac (2.344(12) Å) are longer than the Dy-OP=O bond lengths (2.295(11) Å). S1) and its asymmetric unit is composed of one half (S)-L 4 ligand and one half Dy(hfac)3 moiety (Fig. S6). The O8 coordination sphere around the Dy(III) adopted a slightly distorted D4d symmetry (CShMSAPR-8 = 0.230) (Table S2). 74 The Dy-Ohfac (2.315(12) Å) are longer than the Dy-OP=O bond lengths (2.278(9) Å). The P=OO-Dy- OP=O angle was found equal to 145.06(5)° and the arrangement of the ligands led to an almost linear coordination polymer (Figure 3). The dihedral angles of the three binaphtyl groups are 66.8(4)°, 74. 

Results and discussions

Revised manuscript

Journal Name

The experimental temperature dependence of χMT for compound [(S)-2]n, [(S)-3]n and [(S)-4]n are represented on Fig. 4. Room temperature values (13.94 cm 3 K mol -1 , 13.91 cm 3 K mol -1 and 13.93 cm 3 K mol -1 for [(S)-2]n, [(S)-3]n and [(S)-4]n respectively) are close to the expected value for one isolated ground state multiplet 6 H15/2 with gJ = 4/3 (i.e. 14.17 cm 3 K mol - 1 ). 75 On cooling down to 2 K, the thermal depopulation of the ligand field sublevels leads to a monotonic decrease of the χMT product until the lowest reachable temperature (2 K). One could conclude that the dipolar interactions in the three [(S)-4]n the maximum is localized at a frequency higher than 10000 Hz at 2 K (Figs. S11 andS12). The two [(S)-2]n, [(S)-3]n compounds highlighted a frequency dependence of the inphase (Fig. S11) and out-of-phase (Fig. S12) signal of the magnetization allowing an analysis of the temperature variations (Tables S3 andS4) of the magnetic susceptibility in the framework of an extended Debye model (see Fig. S13 for a representative example). The thermal dependence of the relaxation time depicted in Figure 5 could be fitted in zero field with a combination of one thermally activated [(S)-4]n (full green disks). The black lines are the best-fitted curves using the parameters given in Table 1. regime (Raman) and one thermally independent regime (QTM): τ -1 = CT n + τTI -1 . 76 The best fits depicted in Figure 5 were obtained using the parameters of the Table 1. The field dependence of the magnetic susceptibility was studied to cancel the fast magnetic relaxation attributed to the quantum tunnelling of the magnetization (QTM) (Figs. S14 andS15). The field variation of the relaxation time was plotted in Fig. S16 (Table S5-S7). From these plots, one can observed that at low magnetic field (200-400 Oe), multiple peaks are identified. Since for all samples a single crystallographically independent dysprosium was identified such behaviour could be attributed to significant intermolecular dipolar interactions. 77 The 1000 Oe value was selected for all the samples as the best compromise values since the relaxation times at such applied field are close to the slowest relaxation time possible and the intensity of the out-ofphase signal is high. The application of the 1000 Oe magnetic field led to a shift of the out-of-phase component of the magnetic susceptibility at lower frequency and a frequency dependence of both in-(Fig. S17) and out-of-phase (Figs. S18 andS19) components of the ac magnetic susceptibility was observed. The temperature dependence of the relaxation time of the magnetic susceptibility was extracted fitting simultaneously χM' and χM'' with an extended Debye model (Tables S8-S10). For [(S)-2]n and [(S)-3]n at low temperatures, two contributions were taken into account in the fit (Fig. S20) while at higher temperatures only one contribution was considered. The (normalized) Cole-Cole plots were depicted in Fig. S21 and they show that the slow relaxing fractions represented the entire samples. The relaxation time of the magnetization (τ) for the low frequency (LF) contributions can be fitted using the thermally dependent Raman process only (τ - 1 = CT n ) (Fig. 5) while the log(τ) vs T curve for the high frequency (HF) contribution was not fitted because it represents about 10-20 % of the relaxing fraction (Figs. S22 andS23). The best fits are obtained with the parameters depicted in Table 1. For [(S)-4]n the used of an extended Debye model considering two contributions at low temperatures failed because of the broad shape signal and the absence of clear shoulder. Thus only one contribution was considered to fit the log(τ) vs T curve and the parameters of the best fit is given in Table 1. Under an applied magnetic field of 1000 Oe the following trend was observed 48 for temperatures at which the under-energy barrier mechanisms (QTM and Raman) are efficient (below 5 K). In other words, the partial hydrogenation and multiplication of the chiral centres could provoke a speeding of the magnetic relaxation. One might hypothesize that such chemical transformation leads to systems with respectively more vibrations 78,79 and more bulky ligands leading to less suitable electronic distribution around the Dy(III) centre and thus both favouring the fast relaxation of the magnetization. Nevertheless the role played by the other structural differences such as distinct lattice and crystal packing couldn't rule out in the modulations of the magnetic relaxation times the different polymers.

τ([(S)-4]n) < τ([(S)-2]n) < τ([(S)-3]n) < τ([(S)-1]n)

Ab initio calculations

Ab initio calculationsIn order to explain the variation of magnetic relaxation time and to rationalize the magnetic properties of the polymers, SA-CASSCF/RASSI-SO calculations were performed on the model systems presented in Figure 6.

The experimental thermal dependence of χMT and field dependence of the magnetizations were computed with the calculated energy splitting of the 6 H15/2 multiplet (Table S11) and the composition of the ground doublet states (Fig. 4). A good agreement with experiment is found for the magnetization curves at 2 K for all complexes confirming the correct description of the ground state of these systems S11). The main magnetic anisotropy axis appears perpendicular to the P=O-Dy-O=P direction and along the two hfac -anions which are localized in the same plane. Such direction corresponds to the most charged orientation of the oblate Dy(III) ion coordination sphere (Fig. 6). However, a discrepancy with experimental data is found at lower temperatures on the χMT curves. For the partially hydrogenated systems [(S)-3]n and [(S)-4]n, a faster decrease of the magnetic susceptibility is observed ending with a value of about 10.7 cm 3 K mol -1 at 2 K, falling below the experimental value. This difference is due to the presence of several low energy excited states close in energy that are easily populated/depopulated upon heating/cooling (Table S11). While in the case of {[(S)-2]⋅2(C6H14)⋅0.5(CH2Cl2)}n, the larger splitting of the ground 6 H15/2 multiplet falls in a better agreement with experimental data. The energy gaps between the ground and the first excited states were calculated ranging from 23 to 64 cm -1 , but the discrepancy with experimental data makes further interpretations hazardous. The modulation of the relaxation times in the series of one-dimensional compounds may be due to the slight crystal field variations around the Dy(III) centres. 

Photo-physical properties

Absorption and Electronic Circular Dichroism (ECD). The UVvisible absorption properties of the free ligands (S/R)-L 2 , (S/R)-L 3 and (S/R)-L 4 have been measured at room temperature in CH2Cl2 solution (Fig. 7) and rationalized by TD-DFT (Tables S12-15). The experimental absorption curves for the two enantiomers of each ligand are depicted in Fig. 7. They are composed of broad bands localized at the intermediate energy range of 30-40000 cm -1 and at high energy (above 43-45000 cm - 1 ) which are mainly attributed to π-π* transitions of the binaphtyl-like moieties. The intermediate energy bands for the fully aromatic binaphtyl moieties ((S/R)-L 2 ) (Fig. 7) are localized at lower energy (about 34000 cm -1 ) than for the partially hydrogenated ones ((S/R)-L 3 and (S/R)-L 4 ) (Fig. 7). Such observation is in agreement with the calculated excitation energies (Tables S12-15). It is worth to notice that the highest energy excitation is very intense for (S/R)-L 2 compared to the other ligands because of the presence of multiple aromatic binaphtyl moieties. Based on previous studies, it is known that such polymers are likely to rearrange into monomers in solution. 45,48 Thus n was taken equal to 1 for the formula of the compounds for UV-vis absorption ECD spectroscopies in solution. The experimental absorption spectra for complexes [(S/R)-2], [(S/R)-3] and [(S/R)-4] are similar than those for free ligand except that an additional intense excitation appeared at 33000 cm -1 due to the π-π* transitions of the hfac -anions (Fig. 7). 80 The enantiomeric nature of the complexes in CH2Cl2 solution was confirmed by electronic circular dichroism (ECD) measurements performed at room temperature (Fig. 7). Cotton effect of opposite signs is observed for each enantiomer on the mirror-symmetrical dichroism spectra. The ECD contributions correspond to the absorption bands attributed to the ligands. In other words the ECD spectra can be attributed to the sole excitonic coupling between the π-π* transitions of the naphtyl groups. [81][82][83] The ECD signals are more intense for the fully aromatic binaphtyl moieties (around 600 L mol -1 cm -1 for [(S/R)-2]) (Fig. 7a) than for the partially hydrogenated ones (10-20 L mol -1 cm -1 for [(S/R)-3] and [(S/R)-4]) (Figs. 7b and7c) because the most intense ECD signals are expected at higher energy (out of our experimental window). It is worth to notice that the ECD signal for [(S/R)-1] was found around 100 L mol -1 cm -1 in agreement with previous observations. One more observation is the exaltation of the ECD signal centred at lower energy (34000 cm - ) is suitable for using the ligand L 1 , L 3 and L 4 as organic chromophore for the sensitization of the visible Dy(III) luminescence through antenna effect. To give more insight to the origin of the non-emissive [(S)-2]n polymer, Density Functional Theory (DFT) calculations were performed for the free ligands L 2 , L 3 and L 4 . Such calculations demonstrated that for L 3 and L 4 , the lowest-energy excited triplet state is localized at higher energy than the emissive levels of the Dy(III) while for L 2 this excited triplet state is lower in energy (Table S16) due to its more extended π system so it could quench the visible Dy(III) emission. It is well-known since the pioneer work of Sessoli and coll. 84 that magneto-structural correlation can be done between magnetic properties and experimental luminescence for a wide selection of lanthanide ions. 20,21,[85][86][87][88][89] Thus, zooms of the highest-energy 4 F9/2 → 6 H15/2 emissions are depicted in Figure 8 for [(S)-3]n and [(S)-4]n in association with their excitation spectra and both compared to the computed energy splitting. Such magnetostructural correlation was previously done by some of us for [(S)-1]n. 40 A Boltzmann population calculation starting from the experimental excitation spectrum supported the fact that at 10 K only the ground MJ state of the 7 F9/2 level is populated. Thus eight emission lines are expected for the 4 F9/2 → 6 H15/2 transition. Nevertheless, five emission lines could be identified (Fig. 8). The calculation at the CASSCF level gave the energy splitting for the 6 H15/2 ground state (black sticks on Fig. 8).

Although the calculations tend to underestimate the energy splitting of the ground state 6 H15/2 multiplet, the results allow a qualitative description of the shouldered peak laying around 20800 cm -1 corresponding to the gathering of the lowest energy states close in energy and the high intensity peak at about 20400 cm -1 attributed to the last excited doublet of the 6 H15/2 multiplet. The computed energy barrier is 59 K and 33 K for [Dy(hfac)3((S/R)-L 3 )]n ([(S/R)-3]n) and [Dy(hfac)3((S/R)-L 4 )]n ([(S/R)-4]n) as well as their (S) yttrium analogues are reported. Their X-ray diffraction structures revealed that the chains are built by bridging the Dy(hfac)3 units (hfac -= 1,1,1,5,5,5-hexafluoroacetylacetonate) with the L 2-4 ligands through the coordination of the P=O chemical group of the phosphate. The polymers displayed Single-Molecule Magnet behavior with magnetization relaxing through Raman and Quantum Tunnelling (in zero field) processes. The degree of aromaticity as well as the number of chiral centres induced electronic distribution modification which might be one of the reason of the variation in the SMM performances which have been studied by CASSCF calculations.

While (S)-L 2 led to a quenching of the visible Dy(III) luminescence because of peculiar ligand-centred emission and low-energy excited triplet state, the other chiral ligands sensitized it by antenna effect allowing a correlation between the experimental luminescence at 10 K and magnetic data. The nature of the ligands induced also modification in the chiroptical properties with strong enhancement of the electronic circular dichroism signal at low energy range for [(S/R)-3] but not for [(S/R)-2] and [(S/R)-4].

  }n). 49.2 mg of Dy(hfac)3⋅2H2O (0.06 mmol) were dissolved in 5 mL of CH2Cl2 and then added to a solution of 5 mL of CH2Cl2 containing 56.8 mg of (S/R)-L 2 (0.06 mmol). After 15 minutes of stirring, 30 mL of n-hexane were layered. Slow diffusion led to colorless single crystals which were suitable for X-ray studies. Yield 90.8 mg (88 %) for [(S)-2]n and 87.6 mg (84 %) for [(R)-2]n. Anal. Calcd (%) for [(S)-2]n C75H39DyF18O14P2: C 52.04, H 2.25; found: C 52.31, H 2.36. Anal. Calcd (%) for [(R)-2]n C75H39DyF18O14P2: C 52.04, H 2.25; found: C 52.22, H 2.30. I.R. (KBr, range 3200 -400 cm -1 ) for [(S)-2]n: 3139 (w), 3016 (w), 1653 (s), 1592 (w), 1557 (m), 1529 (w), 1506 (m), 1466 (m), 1256 (s), 1203 (s), 1147 (s), 1072 (m), 1037 (m), 1015 (m), 972 (m), 898 (w), 749 (w), 661 (m) and 566 (w) cm -1 and for [(R)-2]n: 3140 (w), 3016 (w), 1652 (s), 1589 (w), 1555 (m), 1529 (w), 1506 (m), 1465 (m), 1258 (s), 1205 (s), 1147 (s), 1073 (m), 1036 (m), 1011 (m), 970 (m), 900 (w), 748 (w), 660 (m) and 563 (w) cm -1 Synthesis of the complex [Dy(hfac)3((S/R)-L 3 )]n ([(S/R)-3]n). 32.8 mg of Dy(hfac)3⋅2H2O (0.04 mmol) was added into a solution of 30.3 mg of (S/R)-L 3 (0.04 mmol) in 4 mL of (CH2)2Cl2 and stirred for 15 minutes. Slow evaporation led to a colorless microcrystalline residue. Yield 54.0 mg (88 %) for [(S)-3]n and 46.3 mg (75 %) for [(R)-3]n. Slow evaporation from a solution of CH2Cl2/n-hexane led to single crystals suitable for X-ray studies. Anal. Calcd (%) for [(S)-3]n, C59H43DyF18O14P2: C 45.90, H 2.79; found: C 45.82, H 2.94. I.R. (KBr, range 3200 -400 cm -1 ): 3139

  %) for [(S)-4]n and 94.0 mg (89 %) for [(R)-4]n. Anal. Calcd (%) for [(S)-4]n, C75H63DyF18O14P2: C 51.33, H 3.59; found: C 51.35, H 3.71. I.R. (KBr, range 3200 -400 cm -1 ): 2939 (m), 2863 (w), 1655 (s), 1555 (w), 1501 (m), 1469 (m), 1256 (s), 1206 (s), 1147 (s), 1075 (w), 1056 (m), 1018 (m), 993 (m), 891 (w), 661 (w) and 562 (w) cm -1 . Anal. Calcd (%) for [(R)-4]n, C75H63DyF18O14P2: C 51.33, H 3.59; found: C 51.39, H 3.69. I.R. (KBr, range 3200 -400 cm -1 ): 2940 (m), 2863 (w), 1651 (s), 1552 (w), 1499 (m), 1469 (m), 1255 (s), 1201 (s), 1145 (s), 1078 (w), 1056 (m), 1018 (m), 989 (m), 891 (w), 660 (w) and 562 (w) cm -1 . The Y analogues of [were synthetized using the same protocol than for their dysprosium analogues. Yields 71.6 mg (72 %) for [(S)-(Y)-2]n, Anal. Calcd (%) C75H39YF18O14P2: C 54.35, H 2.36; found: C 54.22, H 2.40.; I.R. (KBr, range 3200 -400 cm -1 ): 3136 (w), 3011 (w), 1652 (s), 1592 (w), 1557 (m), 1529 (w), 1504 (m), 1466 (m), 1256 (s), 1205 (s), 1150 (s), 1071 (m), 1037 (m), 1014 (m), 972 (m), 900 (w), 750 (w), 661 (m) and 568 (w) cm -1 for, 45.2 mg (77 %) for [(S)-(Y)-3]n, Anal. Calcd (%) C59H43YF18O14P2: C 50.94, H 3.09; found: C 51.02, H 3.10.; I.R. (KBr, range 3200 -400 cm -1 ): 3136 (w), 3009 (w), 1650 (s), 1592 (w), 1557 (m), 1530 (w), 1504 (m), 1466 (m), 1253 (s), 1207 (s), 1150 (s), 1071 (m), 1035 (m), 1014 (m), 970 (m), 900 (w), 748 (w), 660 (m) and 570 (w) cm -1 and 79.9 mg (79 %) for [(S)-(Y)-4]n, Anal. Calcd (%) for C75H63YF18O14P2: C 53.57, H 3.75; found: C 53.42, H 3.90.; I.R. (KBr, range 3200 -400 cm - 1 ): 3136 (w), 3011 (w), 1652 (s), 1592 (w), 1557 (m), 1529 (w), 1504 (m), 1466 (m), 1256 (s), 1205 (s), 1150 (s), 1071 (m), 1037 (m), 1014 (m), 972 (m), 900 (w), 750 (w), 661 (m) and 568 (w) cm -1 . Single crystal X-ray structure analysis Single crystals of [(S/R)-2]n, [(S)-3]n and

  (C6H14)⋅0.5(CH2Cl2)}n and {[Dy(hfac)3((R)-L 2 )]⋅2(C6H14)}n {[(R)-2]⋅2(C6H14)}n. The crystalline structures of the two enantiomers are similar and thus only the structure of {[(S)-2]⋅2(C6H14)⋅0.5(CH2Cl2)}n will be described in the following lines with numerical data for {[(R)-2]⋅2(C6H14)}n given between brackets. {[(S)-2]⋅2(C6H14)⋅0.5(CH2Cl2)}n crystallizes in the P212121 (N°19) chiral orthorhombic space group (Table

Fig. 1

 1 Fig. 1 Molecular structures of the one-dimensional polymers [Dy(hfac)3((S)-L 2 )]n [(S)-2]n (left) and [Dy(hfac)3((R)-L 2 )]n [(R)-2]n. Hydrogen atoms and solvent molecules are omitted for clarity.

Fig. 2

 2 Fig. 2 Molecular structure of the one-dimensional polymer [Dy(hfac)3((S)-L 3 )]n [(S)-3]n.

Fig. 3

 3 Fig. 3 Molecular structure of the one-dimensional polymer [Dy(hfac)3((S)-L 4 )]n [(S)-4]n.

Fig. 4

 4 Fig. 4 Thermal dependence of χMT for (a) [(S)-2]n (blue circles), (b) [(S)-3]n (red circles) and (c) [(S)-4]n (green circles). Inset: field variation of the magnetization measured at 2 K for [(S)-2]n (blue squares), [(S)-3]n (red squares) and [(S)-4]n (green squares). Full black lines correspond to the ab initio computational results (see text for details).

  2 K is depicted in inset of the Figures 4 and S11 for all the compounds with a classic magnetic behaviour for a single isolated Dy(III) centre. The weak increase previously observed for [(S)-1]n (Fig. S11) is not observed for the others polymers. Dynamic measurements. The dynamic measurement of the magnetic susceptibility for the three compounds [(S)-2]n, [(S)-3]n and [(S)-4]n were done using immobilized crunched single crystals of dried samples. Under zero applied magnetic field, an out-of-phase signal was detected and its maxima is centred at about 8000 Hz for [(S)-2]n and 4000 Hz for [(S)-3]n while for

Fig. 5

 5 Fig. 5 Arrhenius plots of the temperature dependence of the relaxation time in a zero applied magnetic field for [(S)-2]n (open blue lozenges) and [(S)-3]n (open red triangles) and under a 1000 Oe applied magnetic field for the three polymers [(S)-2]n (full blue lozenges), [(S)-3]n (full red triangles) and[(S)-4]n (full green disks). The black lines are the best-fitted curves using the parameters given in Table1.

Field

  

  . The ground states are mainly composed of ±15/2 doublet (94 % for {

Fig. 6

 6 Fig. 6 Representation of the orientations of the computed principal magnetic axis for {[(S)-2]⋅2(C6H14)⋅0.5(CH2Cl2)}n (a), [(S)-3]n (b) and [(S)-4]n (c).

Fig. 7

 7 Fig. 7 Experimental UV-visible absorption (above) and ECD (below) spectra in CH2Cl2 solution (left) at C = 1×10 -5 mol.L -1 for (S)-L 2 (light blue line), (R)-L 2 (dashed light blue line), [(S)-2] (dark blue line) and [(R)-2] (dashed dark blue line), (middle) at C = 1×10 -4 mol.L -1 (S)-L 3 (orange line), (R)-L 3 (dashed orange line), [(S)-3] (red line) and [(R)-3] (dashed red line) and (right) at C = 5×10 -5 mol.L -1 for (S)-L 4 (light green line), (R)-L 4 (dashed light green line), [(S)-4] (dark green line) and [(R)-4] (dashed dark green line).

  1 ) for [(S/R)-3] due to the coordination of the achiral Dy(hfac)3 unit as already observed for [(S/R)-1] 48 while such effect is not observed for [(S/R)-2] and [(S/R)-4]. One could conclude that the exaltation of the low-energy ECD signals only occurred for single binaphtyl-like ligands because they might be structurally more affected by the metal coordination in solution. Luminescence. Emission properties have been studied for the three [(S)-2]n, [(S)-3]n and [(S)-4]n polymers in solid-state at 10 K. While the light excitation of the samples induced 4 F9/2 → 6 HJ/2 (J ranging from 9/2 to 15/2) Dy(III) -centered luminescence for [(S)-3]n (Fig. S24) and [(S)-4]n (Fig. S25), no visible Dy(III) emission was detected for [(S)-2]n. The excitation spectra are provided in Figs. S26 and S27. The Y(III) analogues of the polymers were irradiated in solid-state at 77 K leading to phosphorescence of the ligands (Fig. S28) with a long lifetime of 0.71 s for [(S)-1]n, 0.41 s for [(S)-2]n, 0.46 s for [(S)-3]n and 0.43 s for [(S)-4]n (Fig. S29). The shape and energy of the triplet state are similar for the three Y(III) analogues of the emissive [(S)-1]n, [(S)-3]n and [(S)-4]n polymers while it is clearly different for the non-emissive [(S)-2]n. Such observation might explain why [(S)-2]n is not emissive. For the three others polymers, the energy of the triplet state of the ligand (around 21-22000 cm -1

Fig. 8 .

 8 Fig. 8. Excitation spectra (orange line for [(S)-3]n (a) and turquoise line for [(S)-4]n) (b) and emission spectra (red line for [(S)-3]n (a) and green line for [(S)-4]n) at 10 K (b) with the calculated energy splitting for the 7 F9/2 (dashed vertical sticks) and 6 H15/2 (vertical sticks) levels for an irradiation energy of 29400 cm -1 (340 nm) for [(S)-3]n and 28570 cm - 1 (350 nm) for [(S)-4]n.

  [(S)-3]n and [(S)-4]n highlighting a faster relaxation for [(S)-4]n than [(S)-3]n, as observed experimentally. In case of [(S)-4]n, the resolution of the experimental emission spectrum is lower than [(S)-3]n and such experimental energy gap is more difficult to identify. Conclusions In this paper, six pure enantiomers of one-dimensional polymers of Dy(III) involving BINOL derived bisphosphate of formula {[Dy(hfac)3(S-L 2 )]⋅0.5(CH2Cl2)⋅2(C6H14)}n {[(S)-2]⋅2(C6H14)⋅0.5(CH2Cl2)}n and {[Dy(hfac)3((R)-L 2 )]⋅2(C6H14)}n {[(R)-2]⋅2(C6H14)}n,

  Both Dy-Ohfac (2.344(11) Å) [2.336(17)°] and Dy-OP=O bond lengths (2.341(10) Å) [2.353(15)°] are found similar. The P=OO-Dy-OP=O angle was found equal to 139.99(8)° [139.61(8)°].

Table 1 :

 1 Dynamic parameters of the different relaxation mechanism for the polymers.

Table 2 .

 2 Energy splitting of the 6 H15/2 multiplet state with composition and g factor values for each Kramer Doublet (KD).

This work highlighted the importance of the nature of the ligand to adjust the performances of multiple properties systems such as chiral luminescent SMM and paves the route to the observation of Dy(III) circularly polarized luminescence.
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