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Twisting Induces Ferromagnetism in Homometallic Clusters

A helical chiral cluster bridging two sets of Cu 2 units is reported. The two double-strand ligands induce a distorted tetrahedral environment for one of the two copper(II) ions whereas the second one remains in a standard octahedral environment. Magnetic measurements and wavefunction calculations demonstrate that the copper(II) centres are ferromagnetically coupled (J = 7.7 cm -1

). This ligand-driven ferromagnetic interaction thus appears as a proof-of-concept of an innovative strategy towards high-spin clusters.

Increasing the spin value in the ground state (GS) of polymetallic coordination clusters was and remains one of the major concerns in molecular magnetism.

1 The ferrimagnetic strategy, that is an antiferromagnetic (AFM) exchange interaction with uncompensated up and down spins, is the most widely used strategy because AFM exchange interaction occurs as soon as the so-called magnetic orbitals (MOs) overlap insuring the domination of superexchange and kinetic exchange mechanisms over potential exchange mechanisms. ‡ a Nonetheless, a ferromagnetic (FM) exchange interaction leads to the highest possible GS spin value and can therefore appear as the most natural route towards high spin clusters. The first 2 and still most common strategy to achieve orthogonality of the magnetic orbitals (FM coupling) is to use heterospin pairs.

3, 4

Architectures based on homospin units are more scarce:

1,5-11 in such dinuclear complexes or cubanes, the ferromagnetic interaction arises from M-O-M angles close to 90°,

12-14

ensuring the orthogonality of the magnetic orbitals in much the same way as in divalent metal oxides governed by Goodenough-Kanamori rules. Moreover, since the discovery of DNA double-stranded helical structure , 15 chemists have made many efforts to design and synthesize helical systems. 16-27 From the early days of A. Werner, 28 coordination complexes are known to favour helical structures. This possibility has been extended to polynuclear helical complexes (helicates) 22-25, 29-33 and, more recently, to Metal-Organic Framework. 34

In the present contribution, the ligand is indeed designed to form upon its expected twisting a helical shaped tetranuclear copper(II) cluster [Cu 4 (L B ) 2 ]. Single-crystal X-ray diffraction demonstrates that the cluster has a double-strand helical structure where the copper(II) ions are in two complementary environments. A FM exchange interaction between the magnetic centres is demonstrated by magnetometry. The origin of this interaction is thoroughly studied by ab initio calculations.

The synthesis (details in SI) of the cluster is a three-step process: i) The grafting of a proline moiety onto 3-(methylchloride)-1-carboxaldehydephen-2-ol to yield 2hydroxy-3-methyl-(S)-pyrrolidine-2-carboxylate-5methylbenzaldehyde (H 2 L A ); ii) the complexation of this tridentate chiral proligand to copper(II) ions; The generation of such helical structure is typical of Schiff-base complexes containing a diphenylmethane fragment.

37-41

Moreover, guided by the enantiopurity of the proline, only one type of helices is present in the crystals. The environment of the metal ions is deeply modified during the last step of the synthesis. The outer copper(II) centres (Cu2 and Cu4 in Fig. 2 Associated with the progressive increase of χ M T when the temperature is lowered, this is indicative of dominant FM interactions between the metal centres in [Cu 4 (L B ) 2 ]. The decrease of the χ M T product at low temperature is associated to weaker AFM interactions also present in the system. Based on the X-ray analysis, the tetranuclear core in [Cu 4 (L B ) 2 ] can be separated in two magnetically independent dicopper(II) systems. Moreover, given the similarities of the coordination environments in both ends of [Cu 4 (L B ) 2 ], the two dinuclear units are assumed to display the same magnetic behaviour. Accordingly, the magnetic properties of [Cu 4 (L B ) 2 ] were analysed with the isotropic spin-Hamiltonian H = -2J(S 1 S 2 +S 3 S 4 ) where J is the exchange interaction parameter between two neighbouring copper(II) ions and S 1 -S 4 are the spins operators associated with S1-S4 = ½ spin value. The model has been complemented with an additional parameter zJ' to take into account the AFM interaction between the dinuclear units. The best set of parameters obtained using this model is J = +7.7 ± 0.4 cm 1 ; g = 2.200 ± 0.005, zJ' = -0.10 ± 0.01 cm 1 .

‡b The presence of FM exchange interactions is supported by magnetisation data (see inset in Fig. S4) which was analysed as a sum of two Brillouin functions with S = 1 and g = 2.185 ± 0.015. In both cases, the g-factor is the mean value for the four Cu II centres. Finding a FM exchange interaction between two copper(II) centres is rather uncommon in the literature.

8,9

Based on Kahn's model, [START_REF] Verdaguer | Comprehensive Inorganic Chemistry II[END_REF] this must be related to the different coordination environments of the two copper(II) centres that leads to the orthogonality of the MOs. ) is in excellent agreement with the fitted J value (7.7 cm -1 , see above). Interestingly, the calculations are able to distinguish two exchange interaction parameters in A and B despite the similar metrics in both subunits.

Table 1. Calculated exchange coupling constant values (in cm

Moreover, these calculations allow us to investigate the different contributions to the singlet-triplet energy-difference: the ligand imposes electronic configurations t 2g on the Oh and flattened Td sites, respectively. Based on Kahn's model, the ligand is thus expected to favour FM behaviour by driving the orthogonality of the magnetic orbitals. Indeed, the singly-occupied e g d z 2 -and t 2 d xy -type orbitals (localized on the Oh and Td moieties, respectively) are quasi-perpendicular (see Fig. 4). This analysis is consistent with the positive J value obtained at the CAS-CI level for dimer A (+1.4 cm -1 in Table 1).

However, this scenario can be deeply modified as soon as electron correlation effects (charge distributions and spin polarization) are included.

42, 43 In particular, the contributions of the so-called ionic forms (e.g. t

) entering the singlet CAS-CI wavefunction are likely to be enhanced by the CAS+S dynamical response. In contrast, the sign of the spin polarization contribution is difficult to predict.xx Such contributions are known to be dominant for bridging ligands (LMCT(Td) entry in Table 1). 42 Spin polarization slightly stabilizes the triplet state over the singlet. Interestingly, the enhancement of FM is more pronounced at the DDCI level (+6.7 cm -1

): from Table 1, the LMCT forms which are almost absent at the CAS+S level become important and their stabilization in the triplet state give rise to a complementary FM contribution.

It thus appears that ab initio calculations not only reproduce quantitatively the FM exchange interaction parameter found experimentally in the dicopper(II) units but dig out more complex exchange mechanisms. This latter result underlines that a valence-only vision of exchange interaction is not sufficient to conclude on the origin of FM behaviour for medium-ranged exchange interaction parameter. In summary, following a three-step synthesis, a new chiral tetranuclear helical copper cluster [Cu 4 (L B ) 2 ] has been obtained. Upon the expected twisting of the chiral polytopic Schiff-base ligand L B 4-, the copper(II) ions seat in complementary distorted octahedral and tetrahedral coordination sites. This unique Oh-Td pair favours a FM exchange interaction (J exp = +7.7 cm -1

) between the copper(II) ions.

Wavefunction-based calculations reproduce quantitatively the experimental magnetic behaviour and indicate that the FM character is due not only to the orthogonality of the magnetic orbitals in such architecture but also to the presence of spin polarization effects and the stabilization of the LMCT forms. The synthetic strategy presented herein extends the scope of existing routes for highspin clusters generation. The twisting ability of Schiff-base complexes containing a diphenylmethane fragment 37-41 calls for the insertion of other metal ions in such metalhelicates. Moreover, the controlled chirality of these objects combined with their magnetic properties are an open door towards the observation of magneto-chiral effects given that ions with high spin-orbit coupling are introduced in the molecular architecture.

44, 45

Methods.

The synthetic procedures of synthesis are reported in the SI. The FTIR spectra were obtained using the Nicolet Fourier Transform Infra-Red (FTIR) spectrophotometer iS 50 IR. The FTIR spectra were recorded in KBr pellets with 32 scans per spectrum at a resolution of 4 cm -1 . UV-vis absorption spectra were recorded on JASCO V770 spectrophotometer, while CD spectra on JASCO J1500 spectrometer. The spectra were measured at room temperature in a cuvette with 10 mm path length. The 50 All atomic displacement parameters for non-hydrogen atoms were refined with anisotropic terms. The hydrogen atoms were located theoretically on the basis of the conformation of the supporting atom and refined by using a riding model. All details are summarized in Table S1.

Notes and references ‡

a At least when phenomena in the complete active space (CAS) are dominating all the others. ‡ b Given their similarity, any attempt to discriminate the two pairs of magnetic centres lead to an overparametrization of the system.
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 35 36 iii) taking advantage of the free aldehyde of [CuL A (H 2 O) 2 ], this complex is reacted with di(4-aminophenyl)methane in a 2:1 stoichiometry (Fig. 1) to yield the tetranuclear cluster [Cu 4 (L B ) 2 ].
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 122 Figure 1. Synthesis of [Cu 4 (L B ) 2 ]
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 2 are coordinated in a bis(bidentate) manner: two oxygen atoms from the phenolate groups and two nitrogen ones from the imine functions. The corresponding {N 2 O 2 } environment can be seen as a flattened tetrahedron (Td), the angles between the N-Cu-N and O-Cu-O planes being 42.71(2)° and 47.96(2)°. From the structure resolution, it appears that the condensation reaction deeply influences the coordination of the copper(II) ions: the newly formed bidentate part of L B 4-have replaced the two coordinated water molecules initially present around copper(II) ions and, from four five-coordinated copper(II) centres, one obtains two six-and two four-coordinated metal centres. Most importantly, the expected twist of the L B 4ligands 37-41 leads to an original tetrahedral environment for Cu1 and Cu3. The Circular Dichroism (CD) spectra of H 2 L A , [CuL A (H 2 O) 2 ] and [Cu 4 (L B ) 2 ] recorded in solution confirm the stereoselectivity of the whole synthetic process. The CD spectra of [Cu 4 (L B ) 2 ] in CHCl 3 and methanol (see Fig. S12) have similar shapes and are stable in time. The two signals at 660 and 550 nm with negative Cotton effect can be associated to absorption bands related to d-d transitions for tetrahedral and octahedral copper(II) centres, respectively. This evidence indicates that chiral metalhelicates are present in solution, mainly in one of its enantiomeric form.
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 31 Figure 3. χ M T versus T plot of [Cu 4 (L B ) 2 ]. Insert plot is the magnetisation measurements at 2K. The solid lines are the best fits according to the model given in the text. The molar magnetic susceptibility χ M of tetranuclear copper(II) cluster [Cu 4 (L B ) 2 ] was investigated in the 2-300K temperature range. The temperature dependence of the χ M T product is shown in Fig. 3. At room temperature, the χ M T product is equal to 1.84 cm 3 mol -1 K and increases upon cooling to reach 2.28 cm 3 mol -1 K at 7K. Below 7K, the χ M T value decreases down to 2.02 cm 3 mol -1 K at 2K. The χ M T product at room temperature is higher than the theoretically value expected for four isolated S = 1/2 with g = 2 (1.5 cm 3 mol -1 K).Associated with the progressive increase of χ M T when the temperature is lowered, this is indicative of dominant FM interactions between the metal centres in [Cu 4 (L B ) 2 ]. The decrease of the χ M T product at low temperature is associated to weaker AFM interactions also present in the system. Based on the X-ray analysis, the tetranuclear core in [Cu 4 (L B ) 2 ] can be separated in two magnetically independent dicopper(II) systems. Moreover, given the similarities of the coordination environments in both ends of [Cu 4 (L B ) 2 ], the two dinuclear units are assumed to display the same magnetic behaviour. Accordingly, the magnetic properties of [Cu 4 (L B ) 2 ] were analysed with the isotropic spin-Hamiltonian H = -2J(S 1 S 2 +S 3 S 4 ) where J is the exchange interaction parameter between two neighbouring copper(II) ions and S 1 -S 4 are the spins operators associated with S1-S4 = ½ spin value. The model has been complemented with an additional parameter zJ' to take into account the AFM interaction between the dinuclear units. The best set of parameters obtained using this model is J = +7.7 ± 0.4 cm
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 141 Figure 4. Active MOs extracted from a CAS[2,2]SCF calculation for the triplet state on fragment A. The active MOs on fragment B are very similar (see SI).

  The dc susceptibility was measured using an applied field of 0.1 T. The magnetic susceptibility data were corrected for the diamagnetism of the constituent atoms and the sample holder contribution.

			1 H,	13 C NMR spectra
	were recorded on Bruker Advance II spectrometers at 300 ( 1 H) and 75.4 (	13 C)
	MHz, respectively. The	1 H and	13 C chemical shifts were referred to the
	residual signals from the solvent as reference. Deuterated solvent DMSO-d6
	was bought from Sigma-Aldrich. Variable-temperature (2.0-300 K) direct
	current (dc) and magnetic susceptibility and magnetization measurements
	were carried out on slightly crushed polycrystalline sample with a Quantum
	Design SQUID magnetometer.	

Single-crystal XRD studies of [CuLA(H2O)2], [Co2(LA)2] and [Cu4(LB)2] were performed with a Gemini diffractometer and the related analysis software. 46 Absorption corrections based on the crystal faces 47 (analytical, [Co2(LA)2], and [Cu4(LB)2]) and semi-empirical 48 (multiscan, H2LA, [CuLA(H2O)2]) were applied to the data set.Structures were solved by direct methods with the SIR97 program 49 combined with Fourier difference syntheses and refined against F with the CRYSTALS program.

Acknowledgements: S.V. was supported by a post-doctoral grant of the LabEx-Chemistry of Complex Systems, ANR-10-LABX-0026_CSC. The work of G. N. and C. T. was supported by ANR-13-BS08-0016-01.