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Introduction

The design and construction of new molecular architectures with variable dimensionality and different coordination frameworks exhibiting second-order nonlinear optical (NLO-2) properties have attracted considerable and continuous interest to prepare materials suitable for emerging optoelectronic and photonic technologies. 1 Molecules with high NLO-2 responses (molecular hyperpolarizability, β) must be non-centrosymmetric and possess strong electronic transitions of low energy and large variations of the dipole moment during the electronic excitation. 2 These properties can be accomplished by chromophores with a push-pull D-π-A type structure, containing both an electron-donor group (D) and an electron-acceptor group (A) linked through a π-conjugated system, which provides the polarizable electrons. In this regard, organic molecules with extensive π-delocalization were the focus of the most intense activity because of their ultrafast NLO-2 responses, good ability to be incorporated into thin-film devices, and enhanced non-resonant NLO-2 responses. [START_REF]Nonlinear Optical Properties of Organic Molecules and Crystals[END_REF] When compared to organic molecules, organometallic complexes [START_REF] For Reviews | Molecular Organometallic Materials for Optics[END_REF][START_REF] Kulasekera | [END_REF] and coordination compounds 6,7 represent a fascinating and growing class of second-order NLO chromophores that can offer additional flexibility, due to the presence of metal-ligand charge-transfer transitions, observed usually at relatively low-energy and high intensity, tunable by virtue of the nature, oxidation states, and coordination sphere of the metal centers. Those properties have been exploited to develop NLO-2 switches. 8 The second-order NLO polarisabilities or first hyperpolarisabilities, may be changed by reversibly altering the electronic properties of the components of an NLO-active compound. On/off switching can be achieved by various external stimuli, such as chemical, 9 electrical, 10 optical 8b,11 and redox 8a,e,f,12 reactions. The first convincing demonstration of redox switching of NLO effects was reported by Coe et al. twenty years ago, 13 on a system containing [Ru(NH3)5] 2+ as donor. Two years later, a reversible switching of the first hyperpolarisability of a NLO-active molecule containing the electroactive octamethylferrocene donor unit was also demonstrated. 14 Since then, ferrocene has been extensively used in fine-tuning and switching the electronic properties of organometallic chromophores. 15 During the last three decades, transition metal complexes of tri-and tetradentate Schiff base ligands 16 have appeared as a promising class of efficient chromophores exhibiting good NLO responses, and are currently attracting considerable interest. 17 Interest in those compounds comes from (i) their preparative accessibility and easy derivatization, (ii) their thermal stability, (iii) the active role, strategic position, and nature (closed-shell vs. open-A c c e p t e d m a n u s c r i p t shell) of the metal ion which is a constituent of the polarizable bridge in the D-π-A structure, and (iv) the presence of charge transfer (CT) transitions at low energies. In this regard, we have recently designed a family of ternary square planar nickel(II) and copper(II) complexes of the type [(R-ONO)M(Py)], where R-ONO stands for a dianionic Schiff base ligand derived from the condensation of 2-aminophenol with either 1-anisyl-or 1-ferrocenyl -butan-1,3dione, and Py is a pyridine based co-ligand. These four-coordinate Ni(II) and Cu(II) chromophores displayed good second-order NLO polarizabilities, with β values ranging from 170-350 x 10 -30 esu (HRS with 1.91 μm incident wavelength). 18 In a more recent paper, we showed that the [(R-ONO)M] units can be used as building blocks for the construction of expanded and more complex architectures such as dimers and coordination polymers, taking advantage of the lability of the pyridine ancillary ligand. 19 On the other hand, electrochemical studies have shown that the organic chromophores ferrocenyl-, [20][21][22][23] pyridyl-, 21 and phenylmethylenepyrans 24 can undergo fast dimerization through C-C σ-bond making upon oxidation, and that the resulting bispyrylium species are irreversibly reduced back to the initial methylenepyran by C-C bond breaking. On the other hand , the first monomeric pyranyl-radicals have recently been isolated in the solid state, being prepared from redoxswitchable carbene/pyrylium hybrids featuring three stable rredox-states. 25 Pyrylium moieties act as chromophores and as such their non linear properties have been the subject of many studies, that are , for instance, relevant to all-optical signal processing, 26 or assessement of their potential as optical limiters 27 Interestingly, exchanging the labile pyridine ligand by its pyridylmethylenepyran 

Results and discussion

Synthesis and characterization of complexes

The mononuclear (1, 2) and bimetallic (3, 4) In the solid-state FT-IR spectra of 1-4, the O-H and N-H absorption bands observed in the spectra of their two Schiff base ligand precursors vanished, thus indicating that the coordination of the [(R-ONO)] 2-ligand to the metal(II) ion has taken place through both deprotonated oxygen and nitrogen atoms. Moreover, the presence of characteristic strong intensity bands in the range 1645-1495 cm -1 , assigned to the stretching vibrations of the N] Schiff base skeleton, confirms the coordination of the imine nitrogen and of the carbonyl oxygen atoms. The strong band at 1240 and 1256 cm -1 for 1 and 2, respectively, are assigned to the νasym vibration mode of the CH3-O-C6H4 group. The ν(C ••• C) stretching vibrations of the PyMP fragment, showing up in the range 1504-1408 cm -1 , could only be observed for the bimetallic species 3 and 4. Lastly, the deformation modes of the C-H vibration were seen for the four compounds in the 753-770 cm -1 region.

1 H NMR spectra were recorded for the two diamagnetic Ni(II) species 1 and 3, and displayed the expected resonance patterns consistent with the proposed structures (see Experimental section for complete assignments). In 1, the Schiff base ligand showed three sharp singlets at H 2.49, 3.73, and 5.22 with integral ratio 3:3:1, attributed to the methyl, methoxy, and methine protons, respectively. In 3, the ferrocenyl-containing Schiff base ligand gives rise to a similar peak pattern with integral ratio 3:5:1 for the protons of the methyl, free cyclopentadienyl ring, and methine groups resonating at H 2. 45, 4.09, and 5.50, respectively. In both 1 and 3, the three magnetically nonequivalent protons of the -CH=C5H2O fragment of the PyMP ligand gave rise to three separate resonances at H 5.81 and 5.74 (H-23 and H-26), 6.98 and 6.44 (H-28 and H-31), and 7.18 and 7.02 (H-25 and H-28), respectively (see Chart S1 for the numbering schemes, ESI † ). The ortho protons of the pyridyl units appeared at H 8. 44 (H-18, 22) for 1 and 8. 41 (H-21, 25) for 3, as the most downfield shifted ones in both spectra. With respect to the chemical shifts of the free PyMP ligand, those of the ortho protons as well as those of the exocyclic -CH= protons (H-23 and H-26) are barely affected (H < 0.10) by its complexation to the Ni(II) center. 21 The ionic derivatives 5 and 6 were instantaneously generated as brown and dark red solids, by chemical oxidation upon treatment of their Ni(II)-containing precursors 1 and 3 with one and two equivalents of AgPF6, respectively, in dichloromethane : MeOH (2:1, v:v) mixture at room temperature (Scheme S1, ESI † ). Albeit they could only be partially characterized by their solid-state FT-IR spectroscopy, they were assigned a dimeric bispyrylium-type structure based on our previous works. [20][21][22][23][24] Their IR spectra exhibited characteristic absorption bands of the [O

••• C ••• C ••• C ••• N] Schiff base
ligand skeleton in the range 1650-1600 cm -1 , as well as strong and medium intensity bands at 852/551 and 845/542 cm -1 , respectively, due to the PF6 -anions. Owing to their low stability, they were immediately used for NLO measurements (see below).

Description of the X-ray crystal structures

Single crystals suitable for X-ray structure investigation were obtained for the four complexes by slow evaporation of their corresponding dichloromethane solution (see Experimental). Complex 4 crystallizes as its doubly phenoxo-bridged dimer that will be denoted as 4' (see Scheme S2, ESI † ). Fig. 1 displays pictorial views of discrete mononuclear and bimetallic units of 1 and 3, respectively, and that of the tetrametallic complex 4' is shown in Fig. 2. The molecular structure of 2, isostructural of 1, is presented in Fig. S1 (ESI † ). Selected bond distances and angles for the first M(II) coordination sphere (M = Ni, Cu) of compounds 1-3 and 4' are gathered in Tables 1 and2, respectively. Additionally, selected bond distances and angles for the ligands in 1 and 2, and in 3 and 4' are listed in Tables S1 andS2, respectively (see ESI † ). The single-crystal X-ray diffraction studies confirm that in each compound, the metal ion (either Ni(II) in 1 and 3, or Cu(II) in 2 and 4') is chelated by the dianionic [R-ONO] 2-tridentate Schiff base ligand, and that the PyMP ligand coordinates to the metal center through the nitrogen atom of the pyridyl unit. In 3 and 4', the ferrocenyl unit features a typical linear  5 -Fe- 5 sandwich structure, with metrical parameters in agreement with a Fe(II) oxidation state in the metallocenyl units (Table S3, ESI † ). The cyclopentadienyl rings are parallel and eclipsed. On the pyridylmethylenepyran side, the exocyclic C-C bond lengths lie in the range 1.364(3) -1.377( 8) Å (Tables S1 andS2, ESI † ), in agreement with previous reports and suggesting a weak pyrylium character. 21,23 The other aspects of the structures are discussed below in two sections for the sake of simplicity.

Compounds 1-3. Both mononuclear Ni(II) 1 and bimetallic Ni(II)/Fe(II) 3 derivatives crystallize in the monoclinic centrosymmetric space groups P21/n and P21/c, respectively. The mononuclear Cu(II) complex 2 crystallizes in the orthorhombic non-centrosymmetric space group P21c. The asymmetric unit of each complex contains one molecule. In the three complexes, the centered M(II) ion is tetracoordinated, bonded to the imine nitrogen atom and to the carbonyl and phenolato oxygen atoms of the chelating Schiff base ligand, and to the nitrogen atom of the pyridylmethylenepyran co-ligand (Figs. 1 and S1, ESI † ). In 1 and 3, the nickel center adopts a slightly distorted square planar geometry that is more distorted at the Cu(II) metal ion in 2. In the three cases, the nitrogen and oxygen atoms occupy mutually trans dispositions with diagonal angles ranging from 174.74(8)° to 176.69(9)° in 1 and 3, and of 168.5(2)° and 170.4(2)° in 2, strongly deviating from linearity in this latter case (Table 1).

The extent of deformation in a tetracoordinated complex can be quantified by the fourcoordinate geometry τ4 index. 28 This parameter, which measures the extent of distortion between a perfect square planar geometry (τ4 = 0) and a perfect tetrahedral geometry (τ4 = 1), deviation is more significant for the Cu(II) atom (0.154(4) Å). Consequently, the angular summations of 361.9° measured for the Cu(II) complex 2 slightly departs from the idealized value of 360.0° found for the two Ni(II) derivatives 1 and 3.

The bond lengths and angles in the first coordination sphere of the centered metal ions in 1-3 (Table 1) are very similar to those measured for their respective parent complexes, 18 the M-N(2) bond distances being always the larger ones. The fused five-and six-membered heterometallacycles formed upon chelation of the Ni(II) and Cu(II) metal ions are essentially co-planar. In 1, the anisyl substituent makes a dihedral angle of 20.2(1)° with the plane of its attached heterometallacycle while both planes are almost co-planar (3.4(4)°) in the Cu(II) congener 2. This dihedral angle is of 17.6(1)° with the substituted cyclopentadienyl ring in 3.

The pyridyl unit of the PyMP ligand is twisted by 38.4(1)°, 18.7(2)° and 35.3(1)°, respectively, with respect to the metal coordination plane. In addition, the O-C, C-C and C-N bond falling between single and double bond lengths and bond angles of sp 2 hybridized atoms (Tables S1 andS2, ESI † ), suggests a significant electron delocalization throughout the entire heterometallacycles framework.

Table 1. Selected X-ray and DFT-optimized (into square brackets) bond distances (Å) and angles (°) for the first metal(II) coordination sphere of compounds 1, 2 and 3. The bond distances of the donor atoms of the tridentate Schiff base ligand to the central copper atom in 4' (Table 2) are similar to those measured in the mononuclear species 2 (Table 1), and are in agreement with literature data. 7d,18,19,31 As depicted above for 1-3, the Symmetry transformations used to generate equivalent atoms: #1 -x+1,-y+1,-z+2

1 2 3 Bond distances M(1)-O(1) 1.8300(18) [1.838] 1.909(4) [1.915] 1.8218(18) [1.838] M(1)-O(2) 1.8236(18) [1.838] 1.893(5) [1.919] 1.8191(18) [1.841] M(1)-N(1) 1.874(2) [1.880] 1.945(5) [1.961] 1.884(2) [1.880] M(1)-N(2) 1.918(2) [1.932] 1.999(6) [2.024] 1.927(2) [1.932] Bond angles O(1)-M(1)-O(

Electrochemical and spectroelectrochemical studies

The redox behavior of the new compounds 1-4 was investigated by cyclic voltammetry in dichloromethane containing [n-Bu4N][PF6] (0.1 M) as supporting electrolyte, in the potential range -2.50 -1.20 V vs. FcH/FcH + . Compounds 1-4 were not reducible in this electrochemical window. All potentials are quoted versus the FcH/FcH + redox couple. The redox behavior of 1-4 is quite similar to that of their parent complexes [(R-ONO)M(py)]. 18 That is two irreversible waves for the M(II)-centered mononuclear species 1 and 2, and a cathodically shifted by about 150 mV with respect to those of their parent counterparts. [START_REF]Potential values were calculated vs FcH, assuming a potential of 0.44 V for the FcH/FcH + couple vs Ag/ AgCl[END_REF] The lowering of the oxidation potential may be explained by better electron donating ability of the PyMP ligand compared to pyridine. As stated above, both compounds 1 (Fig. 3) and 2 (Fig. S2, ESI † ), exhibit two irreversible monoelectronic anodic waves in their respective cyclic voltamogramm. The first oxidation peaks observed at Ep ox1 = 0.27 V and 0.14 V, respectively, are attributed to ligandbased redox process (see the Theoretical Investigations section below). [START_REF] Orio | [END_REF] Usually, for organic derivatives containing the methylenepyran group, an irreversible oxidation, localized on the methylenepyran part of the molecule, is observed around Ep ox = 0.2-0.8 V vs. FcH/FcH + . 34 The second oxidation waves at Ep ox2 = 0.92 V and 0.89 V could be tentatively assigned to the Ni(II)/Ni(III) and Cu(II)/Cu(III) redox couples, respectively. 18 Additionally, in the case of 1, a study of the cyclic voltammogram at different scan rates shows that whereas the ratio ip ox1 /v 1/2 is constant for the first oxidation, it tends to decrease at slower scan rates for the second oxidation, indicating a competition between the second electron transfer and a chemical reaction following the first electron transfer, (EC process). [START_REF] Bard | Electrochemical methods: fundamentals and applications[END_REF] In the case of the ferrocenyl-containing compounds 3 and 4, the first oxidation at Ep ox1 = 0.05 V and 0.07 V (Figs. S3 and S4, ESI † ), respectively, was found to be monoelectronic and quasi-reversible. This electrochemical behaviour is similar to that observed with the parent compounds [(Fc-ONO)M(py)], 18 and might be associated with the oxidation of the ferrocenyl moiety. Our DFT calculations suggest also ligand oxidation, with some ferrocenyl participation (see below). Moreover, this first oxidation process is followed by a broad but well-defined wave at Ep ox2 = 0.40 and 0.44 V, respectively, probably merging two very close successive oxidations that could be related to consecutive ligand based oxidation processes with a possible participation of iron and M(II). 18,24,[START_REF] Orio | [END_REF] Our interest in the incorporation of the PyMP ligand into complexes 1-4 focused on the fact that under electrochemical oxidative stimuli the methylenepyran fragment was likely to dimerize into bispyrylium species, which in turn could be reduced back to the initial methylenepyran compound. This reversible electron-induced C-C making/breaking bond was already studied by our group, 20,22,[START_REF] Gauthier | [END_REF] and others. 37 Recently, we have conducted a spectroelectrochemical study on a series of phenylmethylenepyran organic molecules where the phenyl group was substituted at the para-position by different groups R (R = H, Br, NO2, CO2Me, NMe2, OMe). 24 Under oxidation and depending on the nature of the R group, a 20-50 nm red-shift of the absorption band at 350-400 nm (except for R= NO2) was observed on the UV-visible absorption spectra, corresponding to the formation of the bispyrylium species. In the meantime, an irreversible reduction peak, characteristic of the bispyrylium species, was therefore detected around -0.8 V vs FcH/FcH + by thin layer cyclic voltametry (TLCV). This process was reversible since the reduction of the bispyrylium species led back to the initial cyclic voltamogramm and to the initial UV-visible spectrum. 24 For this work, we decided to conduct a similar spectroelectrochemical study on the two nickel(II) coordination derivatives 1 and 3 to see if a reversible process could be reached.

The cyclic voltammetry of 1 was realized under thin layer conditions (TLCV), and shows one oxidation peak and two peaks in reduction on the backward scan (Fig. 4(A)). During the cycling, the UV-visible spectrum was recorded and showed the appearance of two new bands at 331 nm and 493 nm under oxidation whereas the intensity of the band at 419 nm decreases (Fig. 4(B)), which implies a bathochromic shift of 74 nm under oxidation. When the scan of the cyclic voltammetry was completed, the initial UV-visible spectrum was recovered, suggesting a reversible overall redox process. In the case of the bimetallic complex 3, two successive oxidations occurred by TLCV and when the scan was done until the second oxidation, a variation of the UV-visible spectrum comparable to the one observed for 1 was noticed (Fig. S5, ESI † ). Indeed, two new bands at 326 nm and 494 nm increase and the decrease of the band at 420 nm was noted.

Then, a bathochromic shift of 74 nm under oxidation was also determined. A complete return to the initial UV-visible spectrum was only observed when the back scan was done until the second reduction as for complex 1. Adding to the fact that after a few scans the shape of the CV remained unchanged, these preliminary results suggest the occurrence of a reversible oxidation/reduction process.

On the basis of our previous study, the process could imply a dimerization (C-C bond formation) under oxidation and a C-C bond cleavage during the reduction process, but at this point of the study, we do not have enough information to describe the entire electrochemical process. In order to get more information on the oxidation product, exhaustive electrolysis of solutions of 3 after the second oxidation (0.8 V vs FcH/FcH + ) was attempted, but no stable product could be isolated on the electrolysis timescale. A chemical oxidation of 1 and 3 with an oxidizing agent (AgPF6) was also attempted (see above). Unfortunately, because of the low solubility of the product, it was not possible to prove the formation of a dimer (by cyclic voltammetry).

A c c e p t e d m a n u s c r i p t

Electronic absorption spectra

The electronic absorption spectra in the UV-visible region for compounds 1-4 were measured in CH2Cl2 solutions, showing a well-defined low-energy band at ~ 400 nm, a less marked peak or shoulder at ~ 290 nm and a high-energy band split into two close extrema around 230-250 nm (see Fig. 5, Table 3 and Fig. S6, ESI † ). The close similarities between the four spectra suggest that they are dominated by ligand-to-ligand transitions, the metal atoms playing a minor role in the observed transitions. This is confirmed by our TD-DFT results

(see below). 

Quadratic Nonlinear Optical Studies

The quadratic nonlinear responses of the neutral compounds 1-4 and of the ionic species 5 and 6 have been determined at 1.91 µm incident wavelength using the HLS technique (see Experimental for details). The HLS measurements were carried out in dichloromethane solutions for all the compounds. The experimental β values are gathered in Table 4. It is interesting to note that the qualitative behavior of compounds 1-4 is similar to that of their respective [(R-ONO)M(Py)] counterparts bearing the pyridine (Py) co-ligand. 18 That is a higher β value for the mononuclear Ni(II) complex 1 than for its Cu(II) congener 2 and, within the 10% experimental error, equivalent β values for the heterobimetallic species 3 and 4 (Table 4). However, β values found for 3 and 4 are two-fold greater than those determined for their corresponding [(Fc-ONO)M(Py)] derivatives (β = 170 x 10 -30 esu). Surprisingly, the second-order NLO response of the Ni(II) complex 1 is also twice that of its Cu(II) homologue 2 (Table 4). It is possible that the significant distortion of copper complexes as compared to nickel-based ones weakens the intramolecular charge transfer (ICT) between the anisyl donor group and the electro-attractive part of the complex.

The strong decrease of β for the heterobimetallic complex 3 with respect to the mononuclear derivative 1 (Table 4) is similar to that observed in the [(R-ONO)Ni(Py)]

series. 18 If we calculate the non-resonant "static" β(0) values from the experimental one measured at 1.91 µm using a two-level dispersion model, 38 we find β(0) = 340 x 10 -30 esu for 1 and β(0) = 270 x 10 -30 esu for 3. The remaining difference between 1 and 3 can be assigned to the different natures of their respective R substituents, the anisyl group bringing more electrons to the conjugated chain of the ligand than the ferrocenyl one. In addition, steric constraints could also favor this decrease of  by generating a substantial twisting of the ferrocenyl moieties that may be a barrier to efficient ICT.

The strong increase of β values on passing from 1 to its dicationic counterpart 5 can be assigned to the oxidation-induced dimerization of the monomeric unit 1, concomitantly generating the electron-withdrawing chromophoric bispyrylium moiety. In principle, dimerization should qualitatively increase the β value, but more information about the symmetry of compound 5 would be necessary to quantitatively evaluate this contribution.

Another factor influencing the first hyperpolarizability, β, would be the modification of the intramolecular charge transfer due to the oxidation process. oxidation does not appear to weaken significantly the ICT, then resulting in a high β for compound 5. On the other hand, the strong decrease of β value for compound 6 with respect to 3 is due to the cancellation of the electron-donating character of the oxidized ferrocenyl moiety, a phenomenon that does not appear in complex 5 where the anisyl donor group is not oxidized.

Theoretical investigations

DFT calculations were performed on compounds 1-4 (see Computational details in the Experimental section). Their fully optimized geometries are in good agreement with the X-ray structures of 1-3 (see Tables 1 and2, S1 and S2 ESI † ). The Kohn-Sham orbital diagrams of 1 and 3 are given in Fig. 6. The four highest occupied orbitals of the 16-electron complex 1 are of major ligand character: Schiff base (HOMO and HOMO-2) PyMP (HOMO-1) and anisyl (HOMO-3). The highest occupied level of dominant Ni character is the HOMO-4. The lowest unoccupied level of dominant Ni character (antibonding dx2-y2 orbital) is the LUMO+1. The LUMO is PyMP-centered, as well as the LUMO+2. Going from 1 to 3, corresponds to the introduction of three "t2g-type" Fe occupied orbitals as the HOMO-2, HOMO-3 and HOMO-4. The LUMO and LUMO+3 are similar, whereas the LUMO+1 and LUMO+2 are switched.

In addition, the LUMO+2 of 3 has gained 17% of Fc participation. Thus, except for their Ni(dx2-y2) LUMO+2 (in 3) orbital, the frontier orbitals of 1 and 3 have no important metal character. The Kohn-Sham spinorbital diagrams of 2 and 4 (Fig. S7, ESI † ) are more or less related to that of 1 and 3, although more complex due to spin polarization. In these two 17electron complexes, the Cu(dx2-y2) single electron is associated with a rather low-lying Calculations on 1 + and 3 + indicate that the one-electron oxidation of 1 and 3 corresponds to the removal of an electron to their Schiff base-centered HOMO and Fecentered HOMO-2, respectively, as illustrated by the spin density plots of the 1 + and 3 + cations shown in Fig. 7. The grounds states of 2 + and 4 + were found to be triplets. It turns out that the one-electron oxidation of 2 and 4 does not correspond to the removal of the Cu(dx2-y2) single electron, but rather to a ligand-based level, as in 1. Thus, the spin density reflects the localization of one single electron in the Cu(dx2-y2) orbital (as in 2 or 4) and another one on the ligand (as in 1 + ). In the case of 4 + , one can note a minor Fe participation to the spin density. TD-DFT calculations were performed on compounds 1-4 (see Table 3) in order to index their optical transitions of lowest energy. For the sake of computational cost, only the two lowest bands were indexed for 1-3 and the lowest one for 4 (see Table 3). The computed and experimental values are in very good agreement. For the four compounds, the band of lowest energy is mainly associated with a HOMO-1→LUMO character, i.e. to a PyMP  → * intraligand transition. The next absorption feature is associated with a transition involving a low-lying level of large phenyl character and the LUMO, thus also an intraligand transition, with significant phenyl → pyridyl charge transfer. Although the transitions of higher energy were not computed, our TD-DFT results confirm the above-mentioned suggestion that the UV-vis spectra are dominated by ligand-to-ligand transitions. 

Experimental General Considerations

All the reactions were carried out under a dry argon atmosphere using standard Schlenk techniques. The solvents were dried and distilled according to standard procedures. [START_REF] Armarego | Purification of Laboratory Chemicals[END_REF] The Schiff base ligand precursors An-ONOH2 and Fc-ONOH2, 18 and the pyridylmethylenepyran ligand (PyMP) 21 were synthesized according to literature procedures.

All other chemicals were purchased from commercial sources and used without further purification. Solid-state FT-IR spectra were recorded on a Perkin-Elmer, model Spectrum One, FT-IR spectrophotometer with KBr disks in the 4000 to 400 cm -1 range. The 1 H NMR spectra of the diamagnetic complexes 1 and 3 were measured on a Bruker Avance-III 400

Instrument, and are reported in parts per million (ppm, ) relative to tetramethylsilane (Me4Si), with the residual solvent proton resonance used as internal standards. Coupling constants (J) are reported in Hertz (Hz), and integrations are reported as number of protons. H-31, 33, 37 and 39), 7.71 (br s, 4 H, H-30, 34, 36 and 40), 8.44 (br s, 2 H, H-18 and 22).

[{4-MeO-C6H4-C(O)CH=C(CH3)N-C6H4-2-O}Cu{NC5H4-CH=C5H2O(Ph)2}] (2). This complex was synthesized following a procedure similar to that described above for 1, using in [{CpFe( 5 -C5H4)-C(O)CH=C(CH3)N-C6H4-2-O}Ni{NC5H4-CH=C5H2O(Ph)2] (3). This complex was synthesized following a procedure similar to that described for complex 1, using in this case 207 mg (0.57 mmol) of Fc-ONOH2, 169 mg (1.5 mmol) of potassium tertbutoxide, 1. JH,H = 7.5 Hz, 1 H, H-5), 7.02 (br s, 1 H, H-28), 7.24 (m, 5 H, H-3, 22, 24, 35 and 41), 7.41 (m, 4 H, H-34, 36, 40 and 42), 7.73 (br m, 4 H, H-33, 37, 39 and 43), 8.41 (d, 3 JH,H = 6.0 Hz, 2 H, H-21 and 25).

[{CpFe( 5 -C5H4)-C(O)CH=C(CH3)N-C6H4-2-O}Cu{NC5H4-CH=C5H2O(Ph)2}] (4). This complex was synthesized following a procedure similar to that described for complex 1, using in this case, 207 mg (0.57 mmol) of Fc-ONOH2, 169 mg (1.5 mmol) of potassium tertbutoxide, 1. 

X-ray crystal structure determinations

A crystal of appropriate size and shape of compounds 1, 2, 3 and 4' was coated in Paratone-N oil, mounted on a cryoloop and transferred to the cold gas stream of the cooling device.

Intensity data were collected at T = 150(2) K on a Bruker APEXII AXS diffractometer using Mo-Kα radiation (λ = 0.71073 Å), equipped with a bidimensional CCD detector. The diffraction frames were integrated using the SAINT package, [START_REF]SAINT-PLUS (Version 6.02[END_REF] and corrected by absorption with SABADS. [START_REF] Sheldrick | SADABS (Version 2.05[END_REF] The four structures were solved by dual-space algorithm using the SHELXT program, [START_REF] Sheldrick | [END_REF] and then refined with full-matrix least-square method based on F 2 (SHELXL-2014). 43 All non-hydrogen atoms were refined with anisotropic atomic displacement parameters. Hydrogen atoms were placed in their geometrically idealized positions and constrained to ride on their parent atoms. A summary of the details about the data collection 

HLS measurements

For the second-order NLO measurements of the Schiff-base chromophores 1-6, Harmonic Light Scattering (HLS 45 was performed using a 10 Hz repetition-rate nanosecond Nd 3+ :YAG laser to obtain the first-order hyperpolarizabilities (). The measurements at a fundamental wavelength of 1.91 μm were carried out with 10 -2 M solutions of 1-6 in dichloromethane. The solvent appears to be transparent at 1.91 μm. A concentrated (10 -2 M) solution of ethyl violet (its octupolar β value being 170 x 10 -30 esu at 1.91 μm) was used as external reference. 46 By using a wavelength of 1.91 μm, the harmonics at 955 nm remains far from any resonance of the molecules, then preventing from the contribution of possible two-photon fluorescence emission to the HLS signal. We verified the absence of any wide-band two-photon fluorescence by checking that no HLS signal could be detected for wavelengths other than 955 nm. The experimental setup and details of data analysis have been described previously. 47

Computational details

Geometry optimizations were performed by DFT calculations with the Gaussian 09 package, [START_REF] Gaussian ; Revision | Gaussian[END_REF] using the PBE0 functional 49 and the all-electron Def2-TZVPP set from EMS Basis Set Exchange Library. 50 All the optimized geometries were characterized as true minima on their potential energy surface by harmonic vibrational analysis. The UV-visible transitions 

(

  PyMP) counterpart would lead to the formation of new chromophoric complexes of the type [(R-ONO)M(PyMP)] that could exhibit redox-triggered switching of NLO-2 response via dimerization of chemically or electrochemically generated radical cations. In this contribution, we report on the synthesis, analytical and spectral characterization of the four neutral ternary mononuclear and heterobimetallic complexes [(R-ONO)M(PyMP)] (R = anisyl (An): M = Ni, 1; Cu, 2; R = ferrocenyl (Fc): M = Ni, 3; Cu, 4) (see formulas in Scheme 1). The crystal and molecular structures of compounds 1-3, as well as that of the doubly phenoxide-bridged dimer [Cu2(µ-Fc-ONO)2(PyMP)2] (4') have been determined by single crystal X-ray diffraction analysis. Redox properties were investigated for all the complexes, and spectroelectrochemical experiments were carried out to characterize the switching properties of the two Ni(II) derivatives 1 and 3 by variation of the applied potential. The nonlinear optical properties of 1-4 and those of compounds 5 and 6 generated by chemical oxidation of 1 and 3, respectively, have been determined using the Harmonic Light Scattering

  technique. In addition, DFT and its time-dependent DFT extension (TD-DFT) provide a rationalization of the structural, electrochemical, spectroscopic and optical properties.

  Scheme 1). Compounds 1-4 were isolated as light-brown microcrystalline powders in 72-75% yield. Single crystals suitable for X-ray diffraction study (see below) were obtained for each complex by recrystallization from dichloromethane dissolutions. Derivatives 1-4 are air and thermally stable and moisture insensitive on storage under ordinary conditions. They exhibit very high solubility in common polar organic solvents but are not soluble in diethyl ether and others nonpolar hydrocarbons.

Fig. 1

 1 Fig. 1 Molecular structures of the mononuclear complex 1 (top) and of the bimetallic species 3 (bottom) showing the atom labelling scheme. Hydrogen atoms have been omitted for clarity.Thermal ellipsoids are drawn at 30 and 40% probability, respectively.

  is obtained by the formula: τ4 = [360 -(α + β)]/141, α and β being the two largest bond angles of the metal coordination sphere. The Ni(II) complexes 1 and 3 have a τ4 values of 0.058 and 0.063, respectively, over 0.150 for the Cu(II) counterpart 2. The central Ni(II) atoms barely deviate from the ONON basal plane by 0.013(1) and 0.015(1) Å, respectively, while the

29 Fig. 2

 292 Fig. 2 Molecular structure of the dimeric tetra-metallic complex 4' showing the atom labelling scheme. Hydrogen atoms have been omitted for clarity. Thermal ellipsoids are drawn at 40% probability. Half unit of complex 4' was generated by symmetry operations -x, -y, -z.

  fused five-and six-membered heterometallacycles in 4' are also essentially co-planar, being also almost co-planar with the cyclopentadienyl ring (dihedral angle = 5.0(2)°). Such a flatness along with interatomic distances and angles (Tables S2, ESI † ) are indicative of substantial -delocalization of the electron density over the entire Schiff base ligand.

  quasi-reversible) redox process followed by a broad irreversible one for the ferrocenyl-containing derivatives 3 and 4. Interestingly, the redox potentials of 1-4 are

Fig. 3

 3 Fig. 3 Cyclic voltammogram of compound 1 (1 mM) in CH2Cl2/[n-Bu4N][PF6] (0.1 M), v= 0.1 Vs -1 , Pt disk working electrode.

Fig. 4 (

 4 Fig. 4 (A) TLCV of 1 (C= 1.3 mM) in CH2Cl2/[n-Bu4N][PF6] (0.1 M), v= 5 mVs -1 , Pt disk, and (B) Evolution of the UV-visible spectrum of compound 1 during its oxidation by TLCV.

Fig. 5

 5 Fig. 5 Experimental UV-vis absorption spectrum of 1 recorded in CH2Cl2 solution at 20 °C.

Fig. 6

 6 Fig. 6 Kohn-Sham orbital diagrams of 1 and 3.

Fig. 7

 7 Fig. 7 Computed spin densities of the ground states of 2, 4 and 1 + -4 + .

  this paper describes the synthesis of a series of mono-, bi-and tetrametallic nickel(II) and copper(II) complexes with chelating ONO-tridentate Schiff base and pyridiylmethylenepyran ligands of the type [(R-ONO)M(PyMP)], and their full characterization by a number of physicochemical techniques. Their molecular structures have been determined by single crystal X-ray diffraction analysis. Both the mononuclear Ni(II) and Cu(II) complexes [(An-ONO)M(PyMP)] as well as the heterobimetallic derivative [(Fc-ONO)Ni(PyMP)] form discrete molecular entities in which the four-coordinate central metal(II) ion sits in a square planar environment. By contrast, the heterobimetallic complex [(Fc-ONO)Cu(PyMP)] crystallizes as a doubly phenoxide-bridged dimer [Cu2(µ-ONO-Fc)2(PyMP)2], exhibiting two penta-coordinated Cu(II) centers with a square pyramidal N2O3coordination sphere. The two halves of the dimer are related through a planar Cu2O2 rhombic core. Geometry, bonding, electronic structure and electrochemical properties have been rationalized by DFT calculations. Indexation of the optical transitions was supported by TD-DFT computation, confirming that the UV-vis spectra are dominated by ligand-to-ligand transitions. Time-resolved spectroelectrochemical experiments under thin-layer conditions have been carried out with the two Ni(II) complexes. Recovery of initial UV-vis spectra associated with the electrochemical cycling has been established and suggests the occurrence of reversible oxidation/reduction processes (redox switching). The four neutral compounds exhibit second-order NLO responses and the β values measured via the HLS technique at 1.91 μm in dichloromethane are relatively large for such very simple structures. Oxidation has a dramatic effect on the first hyperpolarisability, causing a doubling of the β value in the case of the mononuclear Ni(II) species and reducing it by half in the case of the heterobimetallic complex [(Fc-ONO)Ni(PyMP)]. The present work validates the use of [(R-ONO)M(PyMP)] units as potential molecular switches, and work aimed at better controlling reversible structural changes is underway.

  The following abbreviations are used to describe peak patterns: br = broad, s = singlet, d = doublet, t = triplet, m = multiplet. 1 H-NMR chemical shift assignments are given according to the numbering scheme of Chart S1 (ESI † ). High resolution electro-spray ionization mass spectra (ESI-MS) were acquired on Bruker MAXI 4G and Thermo Fisher Scientific Q-Exactive spectrometers at the Centre Régional de Mesures Physiques de l'Ouest (CRMPO, Université de Rennes 1, France). Elemental analyses were conducted on a Thermo-Finnigan Flash EA 1112 CHNS/O analyzer by the Microanalytical Service of the CRMPO. Melting points were determined in evacuated capillaries on a Kofler Bristoline melting point apparatus and were not corrected. charged with a magnetic stir bar, 153 mg (0.54 mmol) of An-ONOH2, 169 mg (1.5 mmol) of potassium tert-butoxide and 1.5 mL of THF. After 5 min of stirring, a dark red precipitate was formed and the reaction mixture was vigorously stirred for additional 25 min. Then, a solution of pyridylmethylenepyran (PyMP) (250 mg, 0.77 mmol) in 5 mL of THF was added dropwise. After 10 min of stirring, a solution of Ni(NO3)2•6H2O (145 mg, 0.5 mmol) in 3.5 mL of THF was added dropwise and the stirring was continued overnight. The reaction was quenched with 10 mL of EtOH giving a light brown precipitate. The solid material was filtered off, washed with 4 x 10 mL of cold THF-EtOH mixture (1 : 8), diethyl

  this case: 153 mg (0.54 mmol) of An-ONOH2, 169 mg (1.5 mmol) of potassium tert-butoxide, 1.5 mL of THF, 250mg (0.77 mmol) of PyMP and a solution of Cu(NO3)2•3H2O (121 mg, 0.54 mmol) in 1.5 mL of THF. Yield: 506 mg (74%) of a light-brown microcrystalline solid.Suitable single crystals for X-ray diffraction analysis were obtained by very slow evaporation of a solution of the compound in dichloromethane (9 days). M.p. 165-170 °C. Anal. calcd for C40H32N2O4Cu (668.24 g mol -1 ):C, 71.89; H, 4.83; N, 4.19. Found: C, 71.51; H, 5.02; N, 4.21. ESI-MS (m/z), calcd for C40H32N2O4 63 Cu: 667.16581, found: 667.1651 (0 ppm) [M + ]. FT-IR (KBr, cm -1 ): 3065(w) ν(C-H aryl), 2944(w) ν(C-H alkyl), 2830(w) νsym(CH3), 1645(s), 1495(s) ν(C … O), ν(C … N) and/or ν(C … C), 1256(s) νasym(CH3-O-aryl), 770(s) (C-H).

  745.12093, found: 745.120 (1 ppm) [M + ]. FT-IR (KBr, cm -1 ): 3111-3050(w) ν(C-H aryl), 1607(w), 1567(s) ν(C … O), ν(C … N) and/or ν(C … C), 1504(m)-1412(s) ν(C … C) pyridyl, 753(s) (C-H).

  the X-ray structures of the four compounds are documented in

FinalA

  diff. peak/hole (e A -3 ) 0.475/-0.345 0.470/-0.528 0.402/-0.421 0.446/-0.447 Electrochemical studies of all compounds were performed with a home designed threeelectrode cell (WE: Pt disk, RE: Ag/AgCl, CE: Tungsten wire). ferrocene (FcH) was added as an internal standard at the end of each experiment to determine redox potential values. The ferrocene/ferrocenium (FcH/FcH + ) couple was located at E1/2 = 0.42 V (ΔEp = 96 mV), where E1/2 was calculated from the average of the oxidation and reduction peak potentials. The potential of the cell was controlled by an Autolab PGSTAT 12 driven by the GPES software (Metrohm). Extra-dry dichloromethane (Acros) was used as received. The supporting salt [n-Bu4N][PF6] was synthesized from NBu4NOH (Acros) and HPF6 (Aldrich). It was purified, dried under vacuum for 48h at 100°C, and kept under nitrogen. Thin-layer UV-vis spectroelectrochemistry was performed in a Jacomex glovebox with a specific home-designed cell in a reflectance mode (WE: Pt disk, RE: Pt wire, CE: Pt wire) with an optical path of 0.2 mm. The UV-vis optic fiber probe used was purchased from Ocean Optics. Time-resolved UV-vis detection was performed with a QEPro spectrometer (Ocean optics).

  Pontificia Universidad Católica de Valparaíso, Chile (D.C. and C.M.), the CNRS and the Université de Rennes 1 are gratefully acknowledged. The GENCI French national computer center is acknowledged for computational resources (Grant a0050807367). N.C. gratefully thanks Dr. N. Le Poul and UMR 6521 (Université de Bretagne Occidentale, Brest), for helpful discussion and their technical support in spectroelectrochemistry. N.N. thanks also the CONICYT (Chile) and BECAS-CHILE for support of a graduate and Joint Supervision Scholarship (PUCV / UR1).

  

  

Table 2 .

 2 Selected

	Bond distances

X-ray bond distances (Å) and angles (°) for the first Cu(II) coordination sphere of compound 4'.

Table 3 UV

 3 

		1		2		3		4
	Exp.	Calc.	Exp.	Calc.	Exp.	Calc.	Exp.	Calc.
	253	-	256	-	246	-	245	-
	(3.83)		(3.77)		(3.79)		(3.87)	
	294	311 (0.36) H-5→L	285	310 (0.35) H-7→L	290	311 (0.36) H-	281	-
	(3.66)	(Ph)→*(Py)	(3.73)	(Ph)→*(Py)	(3.50)	7→L	(3.67)	
						(Ph)→*(Py)		
	410	410 (1.12) H-1→L	399	409 (1.28) H-1→L	408	409 (1.26)	397	409 (1.26)
	(3.89)	→* (PyMP)	(3.85)	→* (PyMP)	(3.80)	→* (PyMP)	(3.83)	→* (PyMP)

-vis absorption data for compounds 1-4 (left columns: experimental λmax (nm) with associated log(ε) in parentheses; right columns: computed major transitions (nm) associated with the lowest absorption bands and their associated oscillator strengths in parentheses).

Table 4

 4 HLS β values determined at λinc 1.91 µm for compounds 1-6. a

	Compd b	β (10 -30 esu)
	1	530
	2	270
	3	330
	4	340
	5	860
	6	160

a Relative experimental error on  value is ± 10%. b 10 -2 M solution in CH2Cl2.

Table 5 ,

 5 and additional crystallographic details are in the CIF files (ESI † ). ORTEP views were drawn using OLEX2 program.44 

Table 5

 5 Crystal data, details of data collection and structure refinement parameters for

	compounds 1, 2, 3 and 4'.			
		1	2	3	4'
	Empirical formula	C40H32N2NiO4	C40H32CuN2O4	C43H34FeN2NiO3	C86H68Cu2Fe2N4O6
	Formula weight	663.39	668.21	741.28	1492.22
	Collection T (K)	150(2)	150(2)	150(2)	150(2)
	Crystal size (mm)	0.32 x 0.23 x 0.09	0.23 0.06 x 0.04	0.39 x 0.05 x 0.04	0.20 x 0.14 x 0.04
	Color	black	Brown	Red	Brown
	Crystal system	Monoclinic	Orthorhombic	Monoclinic	Triclinic
	space group	P21/n	P21cn	P21/c	P-1
	a (Å)	6.0553(2)	6.3210(3)	21.8315(7)	9.5840(7)
	b (Å)	28.0406(9)	17.7556(9)	5.8706(2)	11.8007(9)
	c (Å)	18.5892(6)	28.2853(17)	26.5283(9)	15.5930(15)
	 (°)	90	90	90	79.465(4)
	β (°)	91.3880(10)	90	101.9990(10)	75.558(4)
	 (°)	90	90	90	77.413(5)
	V (Å 3 )	3155.41(18)	3174.5(3)	3325.69(19)	1651.3(2)
	Z	4	4	4	1
	Dcalcd (g.cm -3 )	1.396	1.398	1.481	1.501
	Abs. coeff. (mm -1 )	0.662	0.734	1.048	1.129
	F(000)	1384	1388	1536	770
	θ range (°)	3.09 to 27.48	3.10 to 27.48	2.96 to 27.48	3.05 to 27.48
	range h, k ,l	-5/7, -36/36, -24/24	-8/5, -23/21, -36/35	-28/22, -7/6, -34/34	-12/12, -15/15, -20/20
	No. Refl. collected	27756	15906	28226	22734
	No. Indepent Refl.	7217	5792	7642	7511
	Comp. to max (%)	99.7	99.8	99.8	99.0
	Max/min transmission	0.942/0.856	0.971/0.761	0.959/0.851	0.956/0.814
	Data / restraints / parameters 7217/0/426	5792/1/426	7642/0/452	7511/0/452
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