Nadejda Bouldi 
  
AE Matteo Mannini 
  
Marius Retegan 
  
Reece G Miller 
  
Benjamin Cahier 
  
Philippe Sainctavit 
  
Nathalie Guihéry 
  
Talal Mallah 
  
Delphine Cabaret 
  
Diane Gouéré 
  
François Baudelet 
  
Lucie Nataf 
  
Fabrice Wilhelm 
  
François Guillou 
  
Andrei Rogalev 
  
Nicolas Suaud 
email: nicolas.suaud@irsamc.ups-tlse.fr
  
Sally Brooker 
email: sbrooker@chemistry.otago.ac.nz
  
Amélie Juhin 
email: amelie.juhin@sorbonne-universite.fr
  
XAS and XMCD Reveal a Cobalt(II) Imide Undergoes High-Pressure-Induced Spin Crossover

Keywords: Spin crossover, divalent cobalt, magnetic properties, high pressure, X-ray absorption spectroscopy, wave function theory

come   L'archive ouverte pluridisciplinaire

INTRODUCTION

Spin Crossover (SCO) complexes have attracted considerable interest due to their bistable properties that are tunable by external parameters such as pressure, temperature, and electrochemical stimuli. The most common SCO systems are based on a Fe II (d 6 ) core [START_REF] Gütlich | Spin Crossover in Transition Metal Compounds I[END_REF]- [START_REF] Hogue | Spin crossover in discrete polynuclear iron( II ) complexes[END_REF]. In this case, the SCO transition is realized between a diamagnetic state (LS, S=0) and a paramagnetic one (HS, S=2) so that the magnetic signature of the transition can be addressed unambiguously by conventional magnetic measurements. Co II SCO complexes, in which the SCO transition occurs between two paramagnetic levels (HS, S=3/2 and LS, S=1/2) are far less studied [START_REF] Goodwin | Spin Crossover in Cobalt(II) Systems[END_REF]- [START_REF] Miller | Spin crossover with thermal hysteresis in cobalt(ii) complexes and the importance of scan rate[END_REF]. Indeed, the fine understanding of the SCO mechanism is more challenging due to the existence of a large orbital magnetic moment in HS Co II , which complicates the interpretation of magnetometry. Therefore, only indirect evidence of the mechanism of SCO transition has been reported so far in Co II compounds, for example using Raman spectroscopy and X-ray Diffraction (XRD) [START_REF] Cowan | Reversible Switching of a Cobalt Complex by Thermal, Pressure, and Electrochemical Stimuli: Abrupt, Complete, Hysteretic Spin Crossover[END_REF], but a fine characterization of the atomic-scale mechanism is lacking. For this reason, alternative spectroscopic methods are required to determine the exact nature of the electronic states involved in the SCO transition. In this paper, we investigate the spin crossover transition in two Co II bis-imide molecular compounds, Co(dpzca)2 [START_REF] Cowan | Reversible Switching of a Cobalt Complex by Thermal, Pressure, and Electrochemical Stimuli: Abrupt, Complete, Hysteretic Spin Crossover[END_REF], [START_REF] Miller | Pressure induced separation of phase-transition-triggered-abrupt vs. gradual components of spin crossover[END_REF] and Co(pypzca)2 [START_REF] Cowan | Nine non-symmetric pyrazine-pyridine imide-based complexes: reversible redox and isolation of [M II /III (pypzca) 2 ] 0/+ when M = Co, Fe[END_REF], using element selective X-ray spectroscopies (X-ray Absorption Spectroscopy XAS and X-ray Magnetic Circular Dichroism XMCD) flanked by a theoretical analysis within the framework of Density Functional Theory (DFT) and Wave Function Theory (WFT). In Co(dpzca) ! , two tridentate deprotonated imide ligands are each coordinated to a Co II ion through one imide and two pyrazine donors, while in Co(pypzca) ! two tridentate deprotonated imide ligands are each coordinated to a Co II ion through one imide, one pyrazine, and one pyridine donor. The motivation for investigating these specific compounds stems from the fact that the local structure around the Co II ion is very similar (Figure 1), while their SCO properties are different. Indeed, Co(dpzca) ! was shown from magnetometry measurements to undergo a temperatureinduced complete, abrupt, and reversible spin conversion at ambient pressure, which occurs at ~ 170K [START_REF] Cowan | Reversible Switching of a Cobalt Complex by Thermal, Pressure, and Electrochemical Stimuli: Abrupt, Complete, Hysteretic Spin Crossover[END_REF]. This transition is accompanied by a symmetry breaking from tetragonal space group I41/a (no. 88) at room temperature into a monoclinic space group P2 " /c (no. 14) at low temperature, and to the asymmetric contraction of the cobalt coordination sphere [START_REF] Cowan | Reversible Switching of a Cobalt Complex by Thermal, Pressure, and Electrochemical Stimuli: Abrupt, Complete, Hysteretic Spin Crossover[END_REF]. The suggestion of a pressure-induced SCO transition at room temperature was found from Raman spectroscopy with a transition at 0.32 GPa. This was subsequently confirmed by pressure magnetometry and detailed crystallographic studies, including crystal structure determinations of the pressure-induced LS state at 0.42(2) and 1.78(9) GPa at room temperature [START_REF] Miller | Pressure induced separation of phase-transition-triggered-abrupt vs. gradual components of spin crossover[END_REF]. The Co(pypzca) ! compound showed no SCO transition with decreasing temperature [START_REF] Cowan | Nine non-symmetric pyrazine-pyridine imide-based complexes: reversible redox and isolation of [M II /III (pypzca) 2 ] 0/+ when M = Co, Fe[END_REF]; the effect of pressure was not explored before but is herein. The goal of the present study is to gain a better understanding of the SCO transitions and to investigate the reasons for the difference in SCO behavior between Co(pypzca) ! and Co(dpzca) ! . Hence both compounds were studied at high pressureambient temperature and low temperature-ambient pressure using XAS and XMCD spectroscopies at the Co K-edge. XAS and XMCD provide element-specific information about the electronic structure and the magnetic structure of the sample thus the spectral signature of the SCO transition can yield valuable information on the SCO mechanism. 

COMPUTATIONAL SECTION

Wave Function Theory (WFT) calculations of the low energy states. The description of SCO systems from ab initio calculations is challenging due to the importance of tiny intra-and intermolecular interactions. Already at the molecular level (i.e. isolated complex), the correct evaluation of the energy difference between the HS and LS bottoms of the potential energy wells requires the use of large atomic basis sets, large active spaces, and at least a perturbative treatment of dynamic correlation [20]- [START_REF] Ordejón | Light-induced excited-state spin trapping in tetrazole-based spin crossover systems[END_REF]. Within this approach, it is possible to reach a reasonable evaluation of the HS-LS energy gap and to calculate accurately the vertical energy differences between the lowest energy states. Calculations were carried out with the ORCA4.0.1 chain of programs [START_REF] Neese | The ORCA program system[END_REF]. Geometry optimizations have been performed using DFT. The PBE functional [START_REF] Perdew | Generalized gradient approximation made simple[END_REF] with D3 correction was used with def2-SVP atomic basis sets for all atoms. Concerning WFT calculations, the zeroth-order description is provided by Complete Active Space Self Consistent Field (CASSCF) calculations which introduce non-dynamic correlations. The active space consists of seven electrons in five d orbitals, i.e. CAS [START_REF] Hayami | Spin-crossover in cobalt(II) compounds containing terpyridine and its derivatives[END_REF][START_REF] Goodwin | Spin Crossover in Cobalt(II) Systems[END_REF]. CAS [START_REF] Hayami | Spin-crossover in cobalt(II) compounds containing terpyridine and its derivatives[END_REF][START_REF] Goodwin | Spin Crossover in Cobalt(II) Systems[END_REF]SCF calculations treat electron correlations between the seven 3d electrons of the Co II ion in the meanfield of the other electrons. Molecular orbitals (MOs) have been optimized using average calculations involving the lowest 10 spin quartet (S=3/2) and 40 spin doublets (S=1/2) states (respectively labeled Q and D in the following), i.e. all the states of the d 7 configuration of the Co II ion. Subsequent N-Electron Valence state Perturbation Theory (NEVPT2) [START_REF] Angeli | Introduction of n-electron valence states for multireference perturbation theory[END_REF], [START_REF] Angeli | n-electron valence state perturbation theory: A spinless formulation and an efficient implementation of the strongly contracted and of the partially contracted variants[END_REF] calculations provide a second-order perturbative evaluation of dynamic correlations. Extended atomic basis set were used: def2-QZVPP (14s10p5d4f2g) for Co, def2-TZVP(-f) (6s3p2d) for C, N and O and def2-SVP (2s1p) for H atoms. Two different kinds of geometry were considered:

(i) Experimental structures. Atomic positions obtained from XRD patterns were used as input when available (i.e., Co(dpzca)2 at T= 300 K and T= 90K, Co(pypzca)2 at T= 90K, Table S1), except for H atoms which were optimized using DFT.

(ii)

Theoretical optimized structures. Since no experimental structure is available for Co(pypzca)2 in its low spin state, unrestricted DFT geometry optimizations of the two isolated complexes were performed for both ms=1/2 and ms=3/2 spin components. These theoretically optimized structures are named, respectively, doublet-optimized and quartet-optimized structures. This denomination is legitimated by the fact that spin contamination was found to be negligible: the expectation value of the 𝑆 & ! operator of the DFT solutions is always close to that of spin eigenfunctions: 3.75 for a spin quartet and 0.75 for a spin doublet. Indeed, the value is 3.8 for both quartet-optimized complexes and 0.77 (resp. 0.76) for the doublet-optimized structure of Co(dpzca)2 (resp. Co(pypzca)2). In other words, DFT determinants are almost spin eigenstates.

NEVPT2 calculations were then performed on both experimental geometries and theoretical doublet-and quartetoptimized structures. The goal of these calculations is to check whether the potential energy surfaces show a double-well (i.e., D and Q are both ground states in their geometry), which is a pre-requisite for a compound that is HS at a given (room) temperature to switch to LS when decreasing temperature.

Ligand field parameters. The 3d-orbital energies were calculated using the ab initio ligand field (AILFT) module in ORCA. These were subsequently used to perform a least-square fitting of the ligand field parameters assuming a D4 point-group symmetry.

Spin and orbit moments. The expectation values of the ground state spin and orbital momentum operators were calculated for a magnetic field applied along the upper hemisphere directions of the 302 points Lebedev quadrature. The value of the magnetic field was 17 T. The reported "powder" average values are the sum of the grid directions each multiplied by the corresponding grid weight. The orbit and spin magnetic moments are related to the average expectation values of the operators by: 𝑚 ()*+, = -∑ 𝑤 2 3𝐿 5 2 6 2 𝜇 7 and

𝑚 89+: = -𝑔 ∑ 𝑤 2 3𝑆 & 2 6 2 𝜇 7
, where g ≈ 2 is the electron Landé factor, μB is the Bohr magneton, w is the Lebedev grid weight, and k is the direction of the magnetic field.

Plane-wave Density Functional Theory calculations of XAS spectra.

To calculate XAS spectra at the Co K-edge, firstprinciple calculations were performed using the Quantum ESPRESSO suite for electronic-structure calculations [START_REF] Giannozzi | QUANTUM ESPRESSO: a modular and open-source software project for quantum simulations of materials[END_REF]. The approach is based on DFT using a plane-wave basis set, pseudo-potentials, and periodic boundary conditions. A 𝛤-centered k-point grid of size 2 × 2 × 2 was used for the self-consistent-field (SCF) calculation of the electronic charge density. A distance of 18Å was set between the periodically reproduced molecules (isolated molecules). Troullier-Martins normconserving pseudo-potentials were used with the formulation of Perdew-Burke-Ernzerhof (GGA) for the exchange and correlation functional [START_REF] Perdew | Generalized gradient approximation made simple[END_REF], [START_REF] Troullier | Efficient pseudopotentials for plane-wave calculations[END_REF]. The cut-off energy was set to 𝐸 ?@A = 160 Ry. For the computation of XAS spectra at the Co K-edge, a 1s core electron was removed from the pseudopotential for Co and the SCF calculation leads to the full relaxation of the valence electrons in the presence of a core hole. A jellium background charge was added to ensure charge neutrality. The spectra were obtained using XSpectra, which relies on a continued fraction approach based on projector augmentedwave reconstruction and the Lanczos algorithm [START_REF] Taillefumier | X-ray absorption near-edge structure calculations with the pseudopotentials: Application to the K edge in diamond and α -quartz[END_REF], [START_REF] Gougoussis | First-principles calculations of x-ray absorption in a scheme based on ultrasoft pseudopotentials: From α -quartz to high-T c compounds[END_REF]. A 3 × 3 × 3 k-point grid was used for the spectra calculation. The spectra were convoluted with a Lorentzian broadening function to simulate the effect of the finite lifetime of the 1𝑠 core hole (constant in energy, FWHM = 1.33 eV) and of the inelastic scattering of the photoelectron (additional energydependent broadening) for which we use the curve published for Co by Müller et al [START_REF] Müller | X-ray absorption spectra: K-edges of 3d transition metals, L-edges of 3d and 4d metals, and Medges of palladium[END_REF]. Calculated spectra were normalized such that the edge jump is equal to 1. For the spectra calculation, the origin of the energy was set to the Fermi energy of the material 𝐸 G . A rigid shift in energy was then applied to the calculated spectra to make the maximum of the calculated XAS correspond to the maximum of the experimental XAS.

RESULTS

Temperature-induced SCO transition studied by XAS and XMCD. Experimental XAS and XMCD spectra at the Co Kedge in Co(pypzca) ! and Co(dpzca) ! measured at 295K, 100K, and 2.5K are shown in Figure 2. The XAS spectrum of Co(pypzca) ! hardly changes with temperature in the main edge and pre-edge regions, which indicates that the electronic structure of Co ions remains the same, i.e., HS Co II ions, down to 2K. The XMCD signal measured with an external field of 17T is very small at room temperature (a few 10 HI with respect to the edge jump) and grows significantly in amplitude as the temperature decreases (up to few 10 HJ at T=2.5K) while retaining its spectral shape. This behavior is consistent with a paramagnetic compound in which the magnetic moment on Co II ions decreases with temperature, without undergoing a SCO transition. On the contrary, for Co(dpzca) ! , significant spectral changes occur both in the XAS main edge and preedge regions between room temperature and temperatures below 100K. They are similar to those previously reported for six Co II complexes of type Co(H2fsa2en)L2 in Ref. [START_REF] Roux | Pressure-induced spin-state crossovers in six-coordinate cobalt(II) complexes: a near-edge x-ray absorption study[END_REF] (where H2fsa2en 2-is the phenolic dianion of a Schiff base and L are axial pyridine-based axial ligands) and interpreted as resulting from an HSà LS transition. While the XMCD signal at room temperature is similar to that of Co(pypzca) ! , the relative intensities of features A, B, and C reported in Figure 2 change significantly below 100K and they are, in absolute values, much lower than those of Co(pypzca) ! : these spectral changes could be attributed to the signature of the S=3/2 à S=1/2 SCO transition even if, due to the lack of previously reported Kedge XMCD and K pre-edge XAS data for LS Co II compounds, a more detailed investigation should be required to confirm the LS nature of the detected low T state. However, for simplicity of notation and comfort of the reader, we will denote in the following the low T state as "LS" and the room T state as "HS". Justification will be provided by ground-state wave function calculations that are discussed in the next section. In Co(dpzca) ! the pronounced differences between room and low T spectra allow the SCO to be followed by measuring the XAS spectrum every 5K without an externally applied magnetic field, firstly decreasing the temperature from 200K to 100K and then raising it up from 100K to 200K (Figures S1 andS2). Spectra at intermediate temperatures were fitted as a linear combination of the 100K and 200K spectra that according to standard magnetometry experiments (Figure S3) can represent the pure LS and HS state, providing the T dependence of the HS (room T) fraction γHS (Figure 3): the transition occurs close to T1/2 = 165K and is complete and reversible, in agreement with magnetization measurements (Figure S3). It is slightly hysteretic with a very small opening on the order of 2.6K ± 0.7K (see also in Figure S2 the slight difference between spectra measured at T= 165K upon cooling and heating), which is compatible with the magnetization measurements performed with the same sweep rate of 0.5 K.min H" (Figure S3). However, both T1/2 values and the thermal hysteresis measured on such powder samples are lower than those previously reported using susceptibility measurements with a larger sweep rate of 5K min H" (T1/2 ¯ = 168K, T1/2 = 179K, DT = 11K [START_REF] Cowan | Reversible Switching of a Cobalt Complex by Thermal, Pressure, and Electrochemical Stimuli: Abrupt, Complete, Hysteretic Spin Crossover[END_REF]), which underlines the importance of thermal dynamics in SCO. A previous study has observed a similar trend but with a much larger amplitude [START_REF] Zhang | Complexities in the Molecular Spin Crossover Transition[END_REF]. The Co K-edge XAS spectra were computed using a DFT-based method starting from the structures obtained by XRD at ambient pressure. For Co(pypzca) ! the structure refined at 90 K (HS state) [START_REF] Cowan | Nine non-symmetric pyrazine-pyridine imide-based complexes: reversible redox and isolation of [M II /III (pypzca) 2 ] 0/+ when M = Co, Fe[END_REF] was used while for Co(dpzca) ! , two spectra were computed: one from the structure refined above T1/2 (room T) and one from the structure refined below T1/2 (T = 90K) [START_REF] Cowan | Reversible Switching of a Cobalt Complex by Thermal, Pressure, and Electrochemical Stimuli: Abrupt, Complete, Hysteretic Spin Crossover[END_REF]. In all cases, the calculated and experimental spectra, shown in Figure 4, are in excellent agreement. In particular, all of the spectral changes observed between room-temperature and low-temperature spectra in Co(dpzca) ! are reproduced in the calculation. It confirms that in Co(dpzca) ! the temperature dependence of the XAS spectrum originates from the same mechanism as the structural transition measured in XRD. This is an important point to stress because it makes the connection between the XRD structures of Cowan et al. [START_REF] Cowan | Reversible Switching of a Cobalt Complex by Thermal, Pressure, and Electrochemical Stimuli: Abrupt, Complete, Hysteretic Spin Crossover[END_REF], [START_REF] Cowan | Nine non-symmetric pyrazine-pyridine imide-based complexes: reversible redox and isolation of [M II /III (pypzca) 2 ] 0/+ when M = Co, Fe[END_REF], with the ground state wave function calculations of the present work (which are based on these structures) and with the XAS spectra, whose spectral features are used to probe the temperature and pressure dependence. Pressure-induced SCO transition studied by XAS. Herein the possibility of triggering the SCO transition by pressure rather than by temperature was studied in Co(pypzca) ! for the first time and in Co(dpzca) ! in more detail than in [START_REF] Cowan | Reversible Switching of a Cobalt Complex by Thermal, Pressure, and Electrochemical Stimuli: Abrupt, Complete, Hysteretic Spin Crossover[END_REF], [START_REF] Miller | Pressure induced separation of phase-transition-triggered-abrupt vs. gradual components of spin crossover[END_REF], by measuring XAS spectra under an applied pressure at room temperature (Figure S4). Figure 5 shows the Co K-edge XAS spectra measured at ambient pressure for both compounds (green trace), and high pressure (3.5 GPa red trace for Co(pypzca) ! and 0.65 GPa orange trace for Co(dpzca) ! ). Both compounds show similar spectral changes with pressure, albeit in the case of Co(pypzca) ! a greater pressure must be applied than for Co(dpzca) ! . Given the similarity between the ambient pressure-low T spectrum (Figure 2) of Co(dpzca) ! and the room T-high P spectra of Co(dpzca) ! and Co(pypzca) ! , we can infer that the electronic structure of Co ions is the same, namely Co II LS. In other words, the application of pressure enables the SCO transition at ambient temperature in both compounds. This is the first experimental evidence of a SCO transition in Co(pypzca) ! . Although the pressure-induced SCO transition is complete and reversible in both compounds, it occurs differently in Co(dpzca) ! and Co(pypzca) ! , as illustrated in Figure 6, which shows γHS as a function of the applied pressure. Not only is the transition pressure significantly different (by a factor of approx. 5), but also the hysteretic behavior: Co(pypzca) ! is gradually transformed, HS to LS, between 0.5 and 3.5 GPa (blue curve, left, Figure 6), with a hysteresis showing a significant opening of around 1 GPa. On the contrary Co(dpzca) ! , is abruptly transformed at a much lower pressure around 0.5 GPa (blue curve, right, Figure 6) and with a smaller pressure hysteresis, in agreement with previous investigations [START_REF] Miller | Pressure induced separation of phase-transition-triggered-abrupt vs. gradual components of spin crossover[END_REF]. In both compounds, the transition LS back to HS is more gradual when the pressure is decreased again (red curves, Figure 6). The observed differences in the shape of γHS (P) between Co(dpzca) ! and Co(pypzca) ! may be related to different cooperativity in the SCO transition. For thermal SCO at ambient pressure, it has been shown that an abrupt transition with a thermal hysteresis is associated with a strongly cooperative character (first-order transition), while a more gradual transition reveals a weakly cooperative character. However, application of pressure dramatically changes both short-and long-range interactions and therefore both the transition temperature and the cooperative character: this was measured in particular in Co(dpzca) ! that shows an increase in T1/2 and a more gradual thermal SCO when pressure is increased [START_REF] Miller | Pressure induced separation of phase-transition-triggered-abrupt vs. gradual components of spin crossover[END_REF]. S4 as a linear combination of the highest-P spectrum and the ambient-P spectrum. The uncertainty on γHS is evaluated as 0.05. The uncertainty on P is P(GPa)/8, in accordance with the deviation measured in [START_REF] Klotz | Hydrostatic limits of 11 pressure transmitting media[END_REF]. Lines are guides to the eye. These temperature and pressure-dependent XAS/XMCD experiments reveal a significant difference in SCO behavior between Co(pypzca) ! and Co(dpzca) ! , which is rather unexpected given the similarities of the geometric structure for isolated complexes at ambient conditions (Table S1). These compounds thus appear as a case study for a deeper understanding of the mechanism at work in SCO transitions. In the following, we discuss the results of the wave function ground-state calculations that we undertook on isolated complexes, first, to confirm the LS nature of the low T state in Co(dpzca) ! , and second, to find the origin of the difference in SCO behavior.

Low energy spectra of Co(dpzca)2 and Co(pypzca)2. The NEVPT2 energies (Table 1) of the lowest spin quartet (S=3/2, Q) and spin doublet (S=1/2, D) states were calculated starting from the XRD structures refined for Co(dpzca)2 at 90 K and 300 K, and at 90K for Co(pypzca)2 (i.e., the same as for the XAS calculations discussed previously). For Co(dpzca)2 one should first note that the ground state is a D state at 90K and a Q state at 300K, which confirms that the transition observed previously in magnetometry, Raman and X-ray structure experiments [START_REF] Cowan | Reversible Switching of a Cobalt Complex by Thermal, Pressure, and Electrochemical Stimuli: Abrupt, Complete, Hysteretic Spin Crossover[END_REF], and in the present XAS/XCMD experiments is indeed a SCO S=3/2→ S=1/2 transition. For Co(pypzca)2 at 90K, a Q state is found as ground-state, also in agreement with the XAS experimental observations. For LS Co(dpzca)2 the first excited states are three Q states (two being almost degenerate) and then one D state, which is consistent with the term symbols of an LS d 7 ion when assuming an approximated D4 symmetry [START_REF] König | Introduction[END_REF]: the 2 E ground state in octahedral symmetry is split by tetragonal distortion into 2 A1 and 2 B2, while the first excited state 4 T1 is split into 4 E and 4 A1. Note that the large crystal field splitting value (10Dq) determined from the fitting of AILFT MO energies (Table 2) is consistent with the LS ground state, while the large distortion parameters are responsible for the Q-Q, D-Q, and D-D splittings, in particular the splitting between both D states (~1.17 eV, 9440 cm -1 ) [49, p. 357]. This LS ground state is associated to a spin magnetic moment mspin = 1.06 μB, as can be expected for an S = 1/2 LS Co II ion, and a very small orbital magnetic moment morbit= 0.07 μB, which is consistent with the observed low integrated value of the XMCD signal at the Co K pre-edge for T=2.2 K (Figure 2). For HS Co(dpzca)2 and Co(pypzca)2 a two-fold degenerate Q state is calculated as ground-state, close in energy to another Q state: this is consistent with the splitting expected for a 4 T1 term symbol (in octahedral symmetry) into 4 E and 4 A1 by tetragonal distortion. The HS nature of the ground state is expected given the rather large bond lengths around the Co atom in Co(pypzca) ! at 90K and Co(dpzca)2 at 300K (Table S1), which is reflected in the lower crystal field splitting values compared to LS Co(pypzca)2 (Table 2). A similar and sizeable orbital magnetic moment (morbit~ 0.8 μB) is associated with the ground state of both HS compounds. The shapes and relative energies of the AILFT MO orbitals (Figure S5 and Table S2) are in line with the local distortion of the Co coordination sphere, i.e., a pseudo-tetragonally elongated octahedron along the Co-N(1a/c) (pyrazine/pyrazine) direction in LS Co(dpzca)2 versus a pseudo-tetragonal compression along the Co-N(3a/b) (imide/imide) direction for HS Co(dpzca)2 and HS Co(pypzca)2. S3) for HS and LS Co(dpzca)2 and HS Co(pypzca)2 are in good agreement with the experimental ones (Table S1). The D-optimized structure of Co(pypzca)2 shows a significant contraction of the Co coordination sphere compare to the Q-optimized one, with a pseudo-tetragonal contraction along the Co-N3(a/b) axis. Bond distances are similar in the D-optimized structure of the two complexes. For LS Co(dpzca)2, HS Co(dpzca)2, and HS Co(pypzca)2 the spin states (D or Q) of the optimized structures (Table 3) have the same electronic structure (similar wave functions) as those calculated on experimental geometries (Table 1). Note that for the Q-optimized structures of Co(dpzca)2 and Co(pypzca)2 the degeneracy of the Q ground state is now lifted due to a small Jahn Teller effect, which is also visible on the relative energies of AILFT MOs (Table S4). NEVPT2 energies confirm that for both Co(dpzca)2 and Co(pypzca)2 the ground state is a D state in the Doptimized structure, while the ground state is a Q state in the Q-optimized one: this corresponds to a double-well in the potential energy surface. The adiabatic energy difference between the HS (Q-optimized) and LS (D-optimized) states are similar for both complexes, 0.70 eV for Co(dpzca) 2 and 0.66 eV for Co(pypzca)2. These results allow us to conclude that the electronic structure of the isolated complexes cannot be invoked alone to rationalize the absence of a thermal SCO transition in Co(pypzca)2. Performing an extended calculation in the same framework (multielectronic approach with spinorbit coupling and spin and orbital magnetic polarization) would be highly desirable, but keeping the same level of refinement is currently beyond the state of the art. A possible way out is to use DFT+U monoelectronic approaches such as the ones applied in Refs. [START_REF] Bondì | Accurate prediction of pressure and temperature T 1/2 variation in solid state spin crossover by ab initio methods: the [Co II (dpzca) 2 ] case[END_REF], [START_REF] Zhang | The Electronic Structure Signature of the Spin Cross-Over Transition of [Co(dpzca) 2 ][END_REF] at the expense of a fully multielectronic description. 
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CONCLUSION

The thermal SCO transition was studied at ambient pressure in Co(dpzca)2 and Co(pypzca)2 using Co K-edge XAS and XMCD experiments and ab initio calculations, which pointed the LS nature of Co(dpzca)2 below ~165K. The similarity of the energy differences between the low energy states of the two compounds and the existence of a double-well in their potential energy surfaces with similar adiabatic energy difference reveal that the absence of observed thermal SCO in Co(pypzca)2 does not find its origin at the isolated complex level. Conversion to LS Co(pypzca)2 was achieved for the first time by performing XAS experiments under pressure at ambient temperature. It is reversible, and complete for an applied pressure 5 times larger than for Co(dpzca)2 and it is much more gradual than for the latter, which reveals differences in cooperativity between these two compounds. Further theoretical studies accounting precisely for intermolecular interaction effects are now needed to understand quantitatively the difference in P-and T-induced SCO between both compounds.
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The Supporting Information is available free of charge on the ACS Publications website. Additional XAS spectra measured at ambient pressure & different temperatures, and room temperature & different pressure, and magnetometry data are provided. AILFT MOs and energies are given for the various structures studied. The main experimental bond lengths and angles are given as well as the DFT optimized structures.

Figure 1 :

 1 Figure 1: Representation of the compounds under study: Co(dpzca) ! at T=300K (left) and T=90K (centre), Co(pypzca) ! at T=90K (right). The central Co atom is represented in blue, N atoms in grey, C atoms in brown, O atoms in red and H atoms in light pink. Note that in Co(pypzca) ! the position of external N atoms in pyrazine shows disorder in the sense that 2 N atoms can occupy 4 different positions. Drawn with VESTA [12] from the published data [9]-[11].

Figure 2 :

 2 Figure 2: Normalized experimental XAS (top) and XMCD (bottom) spectra at the Co K-edge in Co(pypzca) ! (left) and Co(dpzca) ! (right) at T=2.2K, T=100K, and T=295K (all at ambient pressure) Insets: zoom on the pre-edge region.

Figure 3 :Figure 4 :

 34 Figure 3: Fraction of HS state (γHS) determined from the spectra recorded upon heating (blue curve) and cooling (red curve) as a function of T in Co(dpzca)2. This fraction was obtained by fitting the spectra shown in Figure S1 as a linear combination of the 200K spectrum and the 100K spectrum. Between each acquisition, the temperature change rate was approximately 0.5 K.min H" . The vertical error bar is 2σ where σ is the standard deviation of the fitted parameter. The uncertainty on T is +/-0

Figure 5 :

 5 Figure 5: Normalized experimental XAS at the Co K-edge in Co(pypzca) ! (left) and Co(dpzca) ! (right) at ambient P and, respectively, 3.5 and 0.65 GPa.

Figure 6 :

 6 Figure 6: γHS determined from the spectra recorded upon increase (blue) and decrease of pressure (red) as a function of pressure in Co(pypzca) ! (left) and Co(dpzca) ! (right). γHS is obtained by fitting the spectra shown in FigureS4as a linear combination of the highest-P spectrum and the ambient-P spectrum. The uncertainty on γHS is evaluated as 0.05. The uncertainty on P is P(GPa)/8, in accordance with the deviation measured in[START_REF] Klotz | Hydrostatic limits of 11 pressure transmitting media[END_REF]. Lines are guides to the eye.

Table 1 :

 1 NEVPT2 energies (in meV) of the lowest multi-electronic states (spin doublets D and spin quartets Q) calculated for the T=90K structure of Co(dpzca)2 (left), T=300K structure of Co(dpzca)2 (centre) and T=90K structure of Co(pypzca)2 (right).

) 2 LS

 2 

  

Table 2 :

 2 Crystal field parameters (in eV and cm -1 ) and average ground state expectation values calculated for Co(dpzca)2

	Co(pypzca)2 in an approximated D4 geometry.		
		LS Co(dpzca) !	HS Co(dpzca)2	HS Co(pypzca)2
		90K X-ray structure	300K X-ray structure	90K X-ray structure
	10Dq (eV/cm -1 )	2.11 eV/17020 cm -1	1.09 eV/8790 cm -1	1.17 eV/9440 cm -1
	Ds (eV)	0.16	-0.09	-0.08
	Dt (eV)	0.08	-0.02	-0.02
	〈Sz〉av	-0.53	-0.84	-0.84
	〈Lz〉av	-0.07	-0.83	-0.81

well potential energy surface for Co(dpzca)2 and Co(pypzca)2.

  Since no experimental structure is available for LS Co(pypzca)2, the geometry of both isolated complexes has been optimized (see Computational section). The optimized structures (Table

Table 3 :

 3 NEVPT2 energies (in meV) of the lowest multi-electronic states calculated for the LS and HS DFT-optimized structures of Co(dpzca)2 and Co(pypzca
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