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Deciphering the thermal and electrochemical behaviors of dual redoxactive iron croconate violet coordination complexes

Interest in coordination compounds based on non-innocent ligands (NILs) for electrochemical energy storage have raised in the last years. We have focused our attention on an overlooked redox active linker, croconate violet, which has not yet been addressed in this field although closely related to standard NILs such as catecholate and tetracyanoquinodimethane (TCNQ). Two anionic complexes consisting of Fe(II) and croconate violet (-2) with balancing potassium cations were isolated and structurally characterized. By a combination on in and ex situ techniques (powder and single crystal X-ray diffraction, infrared and 57 Fe Mössbauer spectroscopies), we have shown that their dehydration occurs through complex patterns, whose reversibility depends on the initial crystal structure, but that the structural rearrangements around the iron cations occur without any oxidation. While electrochemical studies performed in solution clearly shows that both the organic and inorganic parts can be reversibly addressed, in the solid state poor charge storage capacities were initially measured, mainly due to the solubilization of the solids in the electrolyte. By optimizing the formulation of the electrode and the composition of the electrolyte, a capacity of > 100 mAh g -1 after 10 cycles could be achieved. This suggests that this family of redox active linkers deserve to be investigated for solid state electrochemical energy storage, although it requires to solve the issues related to the solubilization of the derived coordination compounds.

Introduction

Although unable yet to compete with purely inorganic [START_REF] Masquelier | Phosphates, Silicates, Sulfates) Frameworks as Electrode Materials for Rechargeable Li (or Na) Batteries[END_REF][START_REF] Armand | Lithium-Ion Batteries -Current State of the Art and Anticipated Developments[END_REF][START_REF] Jin | Polyanion-Type Cathode Materials for Sodium-Ion Batteries[END_REF] or organic [START_REF] Poizot | Opportunities and Challenges for Organic Electrodes in Electrochemical Energy Storage[END_REF][START_REF] Schon | The Rise of Organic Electrode Materials for Energy Storage[END_REF] electrode materials, coordination compounds, [START_REF] Lakraychi | Phendione-Transition-Metal Complexes with Bipolar Redox Activity for Lithium Batteries[END_REF][START_REF] Sy | Correlation of Electrochemical and Ab Initio Investigations of Iron Poly-Bipyridine Coordination Complexes for Battery Applications: Impact of the Anionic Environment and the Local Geometries of the Redox Complexes on the Electrochemical Response[END_REF][START_REF] Gao | A Porphyrin Complex as a Self-Conditioned Electrode Material for High-Performance Energy Storage[END_REF][START_REF] Zheng | High Voltage, Transition Metal Complex Enables Efficient Electrochemical Energy Storage in a Li-Ion Battery Full Cell[END_REF] and notably coordination polymers such as Metal Organic Frameworks (MOFs) [START_REF] Xu | Metal-Organic Frameworks for Direct Electrochemical Applications[END_REF][START_REF] Zhou | Emerging Crystalline Porous Materials as a Multifunctional Platform for Electrochemical Energy Storage[END_REF][START_REF] Zhang | Synthesis Strategies and Potential Applications of Metal-Organic Frameworks for Electrode Materials for Rechargeable Lithium Ion Batteries[END_REF][START_REF] Liu | Coordination Compounds in Lithium Storage and Lithium-Ion Transport[END_REF][START_REF] Schneemann | 2D Framework Materials for Energy Applications[END_REF][START_REF] Wang | Metal-Organic-Framework-Based Cathodes for Enhancing the Electrochemical Performances of Batteries: A Review[END_REF][START_REF] Devic | The Potential of MOFs in the Field of Electrochemical Energy Storage[END_REF] have been proposed as alternative electrode materials for the electrochemical energy storage. Whereas their use as electrode material often exhibit a conversion-type electrochemical mechanism (with irreversible bond breakage), some solids can react according to a conventional insertion reaction. First examples of this behavior were based solely on inorganic redox activity (e.g. Fe(III/II) in terephthalates MIL-53 [START_REF] Férey | Mixed-Valence Li/Fe-Based Metal-Organic Frameworks with Both Reversible Redox and Sorption Properties[END_REF] and MIL-68 [START_REF] Fateeva | Structure, Characterization, and Redox Properties of the Porous MIL-68(Fe) Solid[END_REF] ). Nevertheless, the main advantage of coordination compounds is the possibility to exploit their hybrid nature by combining organic and inorganic redox activities, or, in other words, by combining cationic (metal-centered) and anionic (ligand-centered) redox activites, similarly to what can be observed in selected oxides. [START_REF] Saubanère | The Intriguing Question of Anionic Redox in High-Energy Density Cathodes for Li-Ion Batteries[END_REF][START_REF] Li | Cationic and Anionic Redox in Lithium-Ion Based Batteries[END_REF] Initial examples were based on electronically isolated organic and inorganic redox centers, [START_REF] Zhang | Monitoring the Solid-State Electrochemistry of Cu(2,7-AQDC) (AQDC = Anthraquinone Dicarboxylate) in a Lithium Battery: Coexistence of Metal and Ligand Redox Activities in a Metal-Organic Framework[END_REF] but non innocent ligands (NILs) [START_REF] Kaim | Manifestations of Noninnocent Ligand Behavior[END_REF] were rapidly found to be particularly appealing. [START_REF] Liu | 2D Conductive Metal-Organic Frameworks: An Emerging Platform for Electrochemical Energy Storage[END_REF] Apart from the multiredox activity of the derived complexes, the electronic delocalization between the ligand and the metallic cation could expand through the whole framework, providing a suitable electron transport pathway, which is rarely found in conventional coordination networks based on innocent ligands, [START_REF] Xie | Electrically Conductive Metal-Organic Frameworks[END_REF] but is of outmost importance for efficient electrochemical energy storage. So far, few families of NILs have been mainly studied, namely phenolates [START_REF] Aubrey | A Dual-Ion Battery Cathode via Oxidative Insertion of Anions in a Metal-Organic Framework[END_REF] (mostly catecholate [START_REF] Nam | Conductive 2D Metal-Organic Framework for High-Performance Cathodes in Aqueous Rechargeable Zinc Batteries[END_REF][START_REF] Kon | Electron-Conductive Metal-Organic Framework, Fe(Dhbq)(Dhbq = 2,5-Dihydroxy-1,4-Benzoquinone): Coexistence of Microporosity and Solid-State Redox Activity[END_REF][START_REF] Taniguchi | Magnetic Phase Switching in a Tetraoxolene-Bridged Honeycomb Ferrimagnet Using a Lithium Ion Battery System[END_REF][START_REF] Ziebel | Two-Dimensional, Conductive Niobium and Molybdenum Metal-Organic Frameworks[END_REF][START_REF] Dong | Quinone-Based Conducting Three-Dimensional Metal-Organic Framework as a Cathode Material for Lithium-Ion Batteries[END_REF][START_REF] Gu | Conductive Metal-Organic Framework with Redox Metal Center as Cathode for High Rate Performance Lithium Ion Battery[END_REF] ) and related bisiminobenzene [START_REF] Wada | Multielectron-Transfer-Based Rechargeable Energy Storage of Two-Dimensional Coordination Frameworks with Non-Innocent Ligands[END_REF][START_REF] Chen | A One-Dimensional π-d Conjugated Coordination Polymer for Sodium Storage with Catalytic Activity in Negishi Coupling[END_REF][START_REF] Wang | A Two-Dimensional Metal-Organic Polymer Enabled by Robust Nickel-Nitrogen and Hydrogen Bonds for Exceptional Sodium-Ion Storage[END_REF][START_REF] Park | Stabilization of Hexaaminobenzene in a 2D Conductive Metal-Organic Framework for High Power Sodium Storage[END_REF][START_REF] Kapaev | Nickel(II) and Copper(II) Coordination Polymers Derived from 1,2,4,5-Tetraaminobenzene for Lithium-Ion Batteries[END_REF] and dithiolene, [START_REF] Wu | A Highly Conductive Conjugated Coordination Polymer for Fast-Charge Sodium-Ion Batteries: Reconsidering Its Structures[END_REF][START_REF] Wu | Highly Conductive Two-Dimensional Metal-Organic Frameworks for Resilient Lithium Storage with Superb Rate Capability[END_REF] as well as tetracyanoquinodimethane (TNCQ). [START_REF] Fang | A Metal-Organic Compound as Cathode Material with Superhigh Capacity Achieved by Reversible Cationic and Anionic Redox Chemistry for High-Energy Sodium-Ion Batteries[END_REF][START_REF] Ma | Endowing CuTCNQ with a New Role: A High-Capacity Cathode for K-Ion Batteries[END_REF][START_REF] Huang | Sustainable Cycling Enabled by a High-Concentration Electrolyte for Lithium-Organic Batteries[END_REF][START_REF] Dühnen | Reversible Anion Storage in a Metal-Organic Framework for Dual-Ion Battery Systems[END_REF] As expected, the derived coordination polymers exhibited multiple and complex electrochemical reactions in the solid state involving both organic and inorganic redox centers (with reversible accommodation of both cations and anions) combined sometimes with partial solubilization and/or demixion. [START_REF] Dühnen | Reversible Anion Storage in a Metal-Organic Framework for Dual-Ion Battery Systems[END_REF][START_REF] Chang | Elucidating Metal and Ligand Redox Activities of a Copper-Benzoquinoid Coordination Polymer as the Cathode for Lithium-Ion Batteries[END_REF] We have here revisited a pseudo-oxocarbon ligand closely related to the aforementioned ligands, namely croconate violet (CV 2-, see Scheme 1). Its disodium salt was reported back in the 1970s by Fatiadi, [START_REF] Fatiadi | Synthesis of 1,3-(Dicyanomethylene)Croconate Salts. New Bond-Delocalized Dianion[END_REF] and was found to present at least four accessible oxidation states (as solute) as deduced by cyclic voltammetry in organic solvents, in good consistency with its extended π system. [START_REF] Fatiadi | Synthesis of 1,3-(Dicyanomethylene)Croconate Salts. New Bond-Delocalized Dianion[END_REF][START_REF] Doane | Electrochemical Oxidation of Croconate Salts; Evidence of the Chemical Equivalence of the Carbonyl Oxygen Atom and the Dicyanomethylene Group[END_REF][START_REF] Fabre | Spectroelectrochemical Behaviour in Dimethylformamide of Pseudo-Oxocarbons Dianions Derived from the Croconate Dianion[END_REF][START_REF] Doane | Electrochemical Oxidation of Several Oxocarbon Sals in N,N-Dimethylformamide[END_REF] For this reason, its interest as both anolyte and posolyte for redox flow batteries has been recently evaluated. [START_REF] Armstrong | Application of the Dianion Croconate Violet for Symmetric Organic Non-Aqueous Redox Flow Battery Electrolytes[END_REF] The coordination ability of the dianion towards transition metals and lanthanides has also been explored, notably by the group of Fabre [START_REF] Soula | Diversity of the Coordination Modes of Croconate Violet. Crystal Structures, Spectroscopic Characterization and Redox Studies of Mono-, Di-and Poly-Nuclear Iron( Ii ) Complexes[END_REF][START_REF] Soula | Complexation of Croconate Violet with Copper(II). Crystal Structures, Spectroscopic Characterizations and Redox Studies[END_REF][START_REF] Dumestre | Synthesis and Characterization of Cobalt(II) Complexes of Croconate and Dicyanomethylene-Substituted Derivatives †[END_REF] and de Oliviera and Machado. [START_REF] Castro | Crystal Structures and Raman Spectroscopic Study of Croconate Violet Salts with Alkaline Earth Ions[END_REF][START_REF] Faria | Mixed Salts Containing Croconate Violet, Lanthanide and Potassium Ions: Crystal Structures and Spectroscopic Characterization of Supramolecular Compounds[END_REF][START_REF] Chagas | Dipotassium Tetra-aqua-bis-[3,5-Bis-(Dicyano-methyl-ene)Cyclo-pentane-1,2,4-Trionato(1-)-ΚN]Cobaltate(II)[END_REF][START_REF] Teles | K2[Zn(CV)2(H2O)2]•2H2O: The First Zn(II) Complex Structurally Characterized Containing the Pseudo-Oxocarbon Croconate Violet (CV 2-)[END_REF][START_REF] Teles | Crystal Structure, Thermal Analysis and Spectroscopic Properties of Tetrabutylammonium 3,5-Bis(Dicyanomethylene)-Cyclopentane-1,2,4-Trionate: An Intriguing Pseudo-Oxocarbon and Its Zinc(II) Complex[END_REF][START_REF] Teles | Synthesis and Crystal Structure of a Novel Zn(II) 2-D Coordination Polymer Containing 1,3-Bis(4-Pyridyl)Propane Ligand and Croconate Violet Dianion[END_REF] It has been shown that both oxygen and nitrogen atoms can form coordination bonds with metallic cations. We focused our attention on iron, which has several advantages such as high abundancy, low cost and low toxicity when compared to other redox active cations found in standard positive electrode materials (Co, Ni). [START_REF] Yang | Fe-Based Metal-Organic Frameworks as Functional Materials for Battery Applications[END_REF] Two anionic complexes consisting of Fe(II) and croconate violet (-2) with counter balancing alkaline cations (potassium) were isolated and structurally characterized. Such compounds could be considered as interesting candidates for electrochemical energy storage, as they are expected to exhibit reversible electrochemical activities in the solid state centered on both the cation (Fe) and anions (CV). Their dehydration was thoroughly studied by a combination of temperature dependent tools (IR spectroscopy, X-ray powder and single crystal diffraction, electron diffraction, [START_REF] Teles | Synthesis and Crystal Structure of a Novel Zn(II) 2-D Coordination Polymer Containing 1,3-Bis(4-Pyridyl)Propane Ligand and Croconate Violet Dianion[END_REF] Fe Mössbauer spectrometry). Finally, their electrochemical behavior were assessed, first in solution, then in the solid state in Li half-cell, and ex situ study by Mössbauer spectrometry was used to shed some light on the redox centered involved.

Results and discussion

Synthesis, crystal structures and characterization of the hydrated phases

The synthesis conditions were adapted from those reported by Fabre et al. for the preparation of K 2 Fe(CV) 2 (H 2 O) 4 (later labeled 1(H 2 O) 4 ). [START_REF] Soula | Diversity of the Coordination Modes of Croconate Violet. Crystal Structures, Spectroscopic Characterization and Redox Studies of Mono-, Di-and Poly-Nuclear Iron( Ii ) Complexes[END_REF] An aqueous solution of the dipotassium salt of CV 2-and iron(II) chloride was evaporated at room temperature in the absence of oxygen (see Supporting Information for details). Note here that higher temperatures (e.g. hydrothermal conditions) gave rise to amorphous solids and/or degradation of the CV fragment. Complete evaporation over 3 days followed by gentle washing with water to remove KCl led to the expected complex 1(H 2 O) 4 . Upon slowing down the evaporation (completion within 7 to 10 days), another crystalline polymorph (later labelled 2(H 2 O) 2 •2H 2 O) was isolated. Both compounds are obtained in decent yield (~80%) in pure form, as confirmed by X-ray powder diffraction (XRPD, Figure S4). They both consist of molecular dianionic complexes Fe(CV) 2 2-surrounded by potassium ions and water molecules.

The crystal structure of 1(H 2 O) 4 has already been reported by Fabre et al. [START_REF] Soula | Diversity of the Coordination Modes of Croconate Violet. Crystal Structures, Spectroscopic Characterization and Redox Studies of Mono-, Di-and Poly-Nuclear Iron( Ii ) Complexes[END_REF] The Fe ion presents an octahedral coordination sphere composed of two nitrile groups arising from two CV anions, and four water molecules (Figure 1a). The CV units further assemble into one-dimensional stacks (shortest intermolecular C•••C distances are 3.276(3) and 3.295(3) Å) which could favor extended electron delocalization. This stacking leads to the formation of anionic layers (Figure 1b), which are further separated by potassium ions (Figure 1c). These cations interact with various donor atoms present in the structure, namely nitrogen and oxygen atoms from the ligands, and bound water molecules (see Figure S1 and Table S2 for K-O and K-N distances). The CO, CN and CC bond lengths are similar to those observed in K 2 (CV)•2H 2 O 59 (see Figure S3), suggesting that the ligand adopts a -2 charge. The Fe-O and Fe-N bond distances (Table S3) support a +2 oxidation state for iron, in line with the chemical formula (K:Fe:CV = 2:1:2). The oxidation state of iron was unambiguously confirmed by [START_REF] Teles | Synthesis and Crystal Structure of a Novel Zn(II) 2-D Coordination Polymer Containing 1,3-Bis(4-Pyridyl)Propane Ligand and Croconate Violet Dianion[END_REF] Fe Mössbauer spectrometry; the value of the isomer shift (1.29 at 77 K) lies in the range expected for a +2 high spin (HS) iron cation (see Table S5). S1 for details on data collection and structure refinement). This solid was found to be isostructural with the already reported complexes K 2 M(CV) 2 (H 2 O) 2 •2H 2 O (M = Co, Cu, Mg, Zn [START_REF] Soula | Complexation of Croconate Violet with Copper(II). Crystal Structures, Spectroscopic Characterizations and Redox Studies[END_REF][START_REF] Dumestre | Synthesis and Characterization of Cobalt(II) Complexes of Croconate and Dicyanomethylene-Substituted Derivatives †[END_REF][START_REF] Castro | Crystal Structures and Raman Spectroscopic Study of Croconate Violet Salts with Alkaline Earth Ions[END_REF][START_REF] Teles | K2[Zn(CV)2(H2O)2]•2H2O: The First Zn(II) Complex Structurally Characterized Containing the Pseudo-Oxocarbon Croconate Violet (CV 2-)[END_REF] ); the structures are essentially the same, with slight variations of M-O distances, as expected. The structure consists again of octahedrally coordinated iron ions bound to two CV ligands, but this time each ligand interacts through two neighboring oxygen atoms in a chelating mode. Two water molecules complete the coordination sphere (Figure 2a). These dianionic flat complexes associate with two potassium ions, where each potassium interacts with two nitrogen and two oxygen atoms arising from both CV ligands (see Table S2 for K-O and K-N distances). These three-component molecular entities loosely interact with each other through additional K-N and K-O bonds and N•••H-O hydrogen bonds to define layers made of parallel complexes, which are separated by extra water molecules (Figure 2b). Contrary to 1(H 2 O) 4 , no stack of CV occurred, but small channels containing water molecules and potassium ions which might favor cationic motion can be identified (Figure 2c). Again, the analysis of the CN, CO and CC bond lengths (Figure S3) and the Fe-O bond distances (Table S3) suggests an oxidation state of -2 and +2 for the ligand and the Fe cation respectively. This was confirmed by Mössbauer analysis: a single Fe site was detected, and the value of the isomer shift (1.27 at 77 K) again indicates the presence of +2 high spin Fe cation (see Table S5).

The solids were further characterized by spectroscopic techniques. S8, together with those of K 2 (CV)•2H 2 O for comparison. As expected, a strong absorption feature in the 400-600 nm range, characteristic of the ligand [START_REF] Fatiadi | Synthesis of 1,3-(Dicyanomethylene)Croconate Salts. New Bond-Delocalized Dianion[END_REF] and attributed to several transitions involving the π orbitals centered on the pseudooxocarbon ring as well as on the nitrile moieties [START_REF] Teles | Crystal Structure, Thermal Analysis and Spectroscopic Properties of Tetrabutylammonium 3,5-Bis(Dicyanomethylene)-Cyclopentane-1,2,4-Trionate: An Intriguing Pseudo-Oxocarbon and Its Zinc(II) Complex[END_REF] is clearly visible in all compounds. Nevertheless, the exact position of absorption bands differs, likely as a consequence of the different coordination modes found in the three solids. In contrast, in diluted aqueous solution (concentration ~ 10 -5 mol L -1 ), S9), suggesting the complete dissociation of the complexes under these conditions. When switching to organic solvents found in common battery electrolytes such as propylene carbonate (PC) and tetraethylene glycol dimethyl ether (TEGDME), the spectra are again slightly different, suggesting that the complexes are maintained to some extent after dissolution in these solvents even under extreme dilution (Figure S9).

Solid state UV-vis reflectance spectra of both 1(H

2 O) 4 , 2(H 2 O) 2 •2H 2 O are shown in Figure
1(H 2 O) 4 , 2(H 2 O) 2 •2H 2 O and K 2 (CV)•2H 2 O present identical spectra (Figure
The solids were further studied by infrared (IR) spectroscopy. Three regions of interest, corresponding the O-H (3700-3200 cm -1 ), CN (2250-2100 cm -1 ) and C=O (1750-1550 cm -1 ) vibrational bands are identified (see Figure S10 for the full spectra). In the high wavenumber region, for 1(H 2 O) 4 , a signal centered at 3320-3200 cm -1 is visible, and attributed to the sole type of water molecules found in the crystal structure, i.e. water bound to Fe(II). For 2(H 2 O) 2 •2H 2 O, a signal is found in the same region (3370-3220 cm -1 ), as well as another one centered at ~ 3600-3480 cm -1 . The first one is again attributed to bound water molecules, while the second one is likely associated to the free water molecules identified by XRD analysis. In the intermediate wavenumber region, two bands related to CN vibrations are discernible for all compounds, and likely correspond to in-phase and out-of-phase CN stretching modes. [START_REF] Abreu | Solid-State Experimental and Theoretical Investigation of the Ammonium Salt of Croconate Violet, a Pseudo-Oxocarbon Ion[END_REF] ). For 1(H 2 O) 4 , the shift also occurred (2233 and 2208 cm -1 ) but is more pronounced for one of the band; the latter has been attributed to the nitrile group bound to Fe(II). [START_REF] Soula | Diversity of the Coordination Modes of Croconate Violet. Crystal Structures, Spectroscopic Characterization and Redox Studies of Mono-, Di-and Poly-Nuclear Iron( Ii ) Complexes[END_REF] Eventually, in the low wavenumber region, bands associated with C=O stretching modes are seen at 1706 and 1676 cm -1 for K 2 (CV)• 2 H 2 O. [START_REF] Ma | Endowing CuTCNQ with a New Role: A High-Capacity Cathode for K-Ion Batteries[END_REF][START_REF] Teles | K2[Zn(CV)2(H2O)2]•2H2O: The First Zn(II) Complex Structurally Characterized Containing the Pseudo-Oxocarbon Croconate Violet (CV 2-)[END_REF] These bands are almost unchanged in 1(H 2 O) 4 (1705 and 1680 cm -1 ), but become weaker for 2(H 2 O) 2 •2H 2 O (1706 and 1682 cm -1 ). This phenomenon has already been observed in the isostructural compounds made of Co and Cu, and is considered to be a consequence of the formation of carbonyl-cation bonds. [START_REF] Soula | Complexation of Croconate Violet with Copper(II). Crystal Structures, Spectroscopic Characterizations and Redox Studies[END_REF][START_REF] Dumestre | Synthesis and Characterization of Cobalt(II) Complexes of Croconate and Dicyanomethylene-Substituted Derivatives †[END_REF] Below 1640 cm -1 , noticeable differences are also detected (Figure S9), but as both water deformation modes and combination of CO and CC vibration modes are expected in this region, a definitive attribution is not straightforward. [START_REF] Soula | Diversity of the Coordination Modes of Croconate Violet. Crystal Structures, Spectroscopic Characterization and Redox Studies of Mono-, Di-and Poly-Nuclear Iron( Ii ) Complexes[END_REF][START_REF] Castro | Crystal Structures and Raman Spectroscopic Study of Croconate Violet Salts with Alkaline Earth Ions[END_REF][START_REF] Abreu | Solid-State Experimental and Theoretical Investigation of the Ammonium Salt of Croconate Violet, a Pseudo-Oxocarbon Ion[END_REF] Eventually, the spectroscopic characterizations are in line with the XRD structure analysis. Polymorphs 1(H 2 O) 4 and 2(H 2 O) 2 •2H 2 O, although presenting different complexing modes, could be obtained under very similar experimental conditions. Although the driving force behind this was not identified yet, it suggests that the binding ability of the OCCO motif in CV is rather moderate, especially when compared to the parent catecholate ligand. This could be at least partially explained by the complete delocalization of the negative charge on the ligand, and the soft character of the Fe(II) ion.

Thermal behavior

We further studied the thermal behavior of both 1(H 2 O) 4 and 2(H 2 O) 2 •2H 2 O, with the aim at investigating the evolution of their structures (oxidation state of the cation, coordination modes) upon water departure. In particular, we wanted to determine whether anhydrous coordination polymers could be generated from these hydrated molecular complexes, which might then be suitable for solid-state electrochemical energy storage due to their potentially reduced solubility. We also wanted to avoid the presence of water as it could give rise to parasitic reactions with the selected electrolytes (containing LiPF 6 ).

The solids were first studied under air, both by thermogravimetry and differential scanning calorimetry (TG-DSC), as well as by temperature dependent XRPD. The corresponding data are shown in Figure 3. For 1(H 2 0) 4 , two major events are identified on the TG-DSC curves: a first endothermic weight loss between 130 and 170°C, and an exothermic one starting at 230°C (Figure 3a). The first one is likely associated with the departure of water molecules while the second one is related to the combustion of the ligand; the experimental weight losses fairly match the theoretical ones considering the formation of Fe 2 O 3 and K 2 CO 3 (see Table S4). Temperature dependent XRPD indicates that water departure around 130°C is accompanied by a major structural change (Figures 3a andS5), while further weight loss leads to a complete loss of long range order, in line with the degradation of the solid. The reversibility of the transformation was also checked: once heated at 150°C and cooled down to room temperature, the high temperature XRPD pattern remains (Figure S7), indicating that the dehydration is irreversible in our experimental conditions. Attempts to solve the structure of the high-temperature phase were carried out. Crystals of 1(H 2 O) 4 were heated at 150°C under air, but the water departure is accompanied with their pulverization, which prevents further analysis by SCXRD. Finally, the dehydrated solid was studied by electron diffraction. It was possible to determine the unit cell parameters, but not to solve the complete structure yet (see Supporting Information for details). Spectroscopic techniques were then used to obtain insights on the local structure of the dried solid.

The evolution of the IR spectrum of 1(H 2 O) 4 upon heating is shown in Figure 4a. In the range 3700-3200 cm -1 corresponding to the O-H stretching modes, a decrease of the intensity of the signal is observed, consistent with the dehydration. Nevertheless, bands remain visible at 200°C, suggesting that the dehydration may not be complete. The changes are more pronounced in the 2250-2100 cm -1 range (CN stretching modes): above 100°C, new bands appear at 2155 and 2135 cm -1 , with intensities increasing significantly above 130°C. This is followed by a decrease of the band at 2230 cm -1 , which completely vanish above 190°C. On the opposite, the C=O region is almost unaffected. Considering the initial coordination sphere of iron (two nitrile groups and four water molecules), it is expected that upon dehydration, the initially free complexing groups (nitrile and/or carbonyl) would interact with the cation. The IR analysis suggests that only the nitrile groups are involved in this coordination, while the C=O groups remain free Finally, the transformation was followed by [START_REF] Teles | Synthesis and Crystal Structure of a Novel Zn(II) 2-D Coordination Polymer Containing 1,3-Bis(4-Pyridyl)Propane Ligand and Croconate Violet Dianion[END_REF] Fe Mössbauer spectrometry (see Supporting Information for details). The room and high temperature (155°C) spectra are shown in Figure 5a, and the refined values of isomer shift and quadrupolar splitting (IS and QS respectively) are summarized in Table S5. As expected, the water departure is accompanied by a modification of the spectrum, consistent with a strong modification of the environment of iron. The fit of the experimental spectrum is consistent with the presence of two cations with different local environment in a ~1:1 ratio, and the values of IS and QS are in agreement with the presence of exclusively HS Fe(II) cations. S5 together with the deduced oxidation state.

The same methodology was applied to 2(H 2 O) 2 •2H 2 O. The combustion of the solid (exothermic event) is observed above 220°C (Figure 3b), a value close to those found for 1(H 2 O), and similar to that observed for related catecholate-based complexes (but significantly lower than the ones observed with innocent ligands such as carboxylates). Water departure here occurs in two steps, which are clearly discernible on the TG and DSC curves (endothermic events) in the ranges 105-130 and 130-180°C (Figure 3b). The weight losses are in fair agreement with the successive departure of free (2) and bound (2) water molecules (see Table S4). The departure of the water molecules is accompanied at least two structural changes (Figures 3b andS5), but contrary to 1(H 2 O) 4 , this transformation is reversible. As shown in Figure S7, once heated up to 170°C and cooled down to room temperature, the initial pattern of the fully hydrated solid 2(H 2 O) 2 •2H 2 O is recovered, although the rehydration path is slightly different from the dehydration one. By gently heating 2(H 2 O) 2 •2H 2 O under air at 120°C, single crystals of the intermediate phase (corresponding to the mallow pattern on Figure 3, see Figure S4) were isolated. Although of moderate quality, it was possible to solve and refine their structure from SCXRD (see Table S1). This solid, formulated 2(H 2 O) 2 , has a crystal structure closely related to that of the fully hydrated solid (see Figure 2): the same complex is found (Figure 6a), with similar intra-ligand and Fe-O bond distances (Figure S3 and Table S3), indicating that the oxidation states of the ligand and cation are unchanged. The complexes are slightly shifted, so that potassium ions could interact with additional N and O atoms (Figure 6b), especially from ligands belonging to adjacent layers, resulting in additional short interlayer (< 3.5 Å) contacts (Figure S2). Eventually, even in the absence of free water molecules, half of the small channels remains (Figure 6c). Attempts to isolate single crystals of the fully dehydrated solid 2 (i.e. without bound water molecules) have not yet been successful, but structural clues were again gained from temperature dependent IR spectroscopy (Figure 4b). In the range corresponding to O-H stretching modes, a strong decrease of the bands at 3600 and 3480 is observed at 90°C, while that at 3320 cm -1 occurs at higher temperature. This is in good agreement with the structural results on the hemi-hydrated phase 2(H 2 O) 2 and previous attribution of these bands to free and bound water molecules respectively. In the 2250-2100 cm -1 range (CN stretching modes), the intensity of the peak at 2220 cm -1 decrease, whereas new bands appear at lower wavenumber (2155 and 2133 cm -1 ). This is accompanied by a strong broadening of the bands at 1706 and 1683 cm -1 (C=O stretching modes). All of this suggests that initially free nitrile groups became involved in the coordination of Fe after dehydration, as already found in 1, but that carbonyl group are also involved, either through a major modification of the initial bonding path (symmetrical chelate, see Figures 2a and6a), or through the formation of additional Fe-O bonds. The evolution of the Mössbauer spectra with temperature reflects the complexity of the thermal behavior identified by diffraction (Figure 5b). Upon heating, at least 3 components, corresponding to different environments of the cation, appear, and their relative amounts vary with temperature (Table S5). Again the derived IS values match with the presence of HS Fe(II) exclusively. When cooled down to room temperature, the initial spectrum is recovered (Figure 5b, top), confirming the reversibility of the dehydration process.

To summarize, considering the whole set of characterizations, it can be concluded that the dehydration of 1(H 2 O) 4 is irreversible, whereas that of 2(H 2 O) 2 •2H 2 O involves the stepwise but reversible departure of free and bound water molecules. In the final state, both compounds contain exclusively Fe(II), surrounded either solely by nitrile groups (1) or by both nitrile and carbonyl groups (2). Considering the structure of the pristine compounds, such new coordination environments are likely associated with the formation of coordination polymers (rather than molecular complexes). This is a priori a beneficial feature for the solid state electrochemical studies since the more numerous and strong the bonds are, the less sensitive these materials will be towards the solvation and dissociation phenomena linked to the polarity of the electrolytes used in batteries.

Electrochemical properties

The electrochemical properties of croconate violet dianion salts as solutes have been thoroughly investigated in the past, both in water [START_REF] Fatiadi | Synthesis of 1,3-(Dicyanomethylene)Croconate Salts. New Bond-Delocalized Dianion[END_REF] and organic solvents. [START_REF] Doane | Electrochemical Oxidation of Croconate Salts; Evidence of the Chemical Equivalence of the Carbonyl Oxygen Atom and the Dicyanomethylene Group[END_REF][START_REF] Fabre | Spectroelectrochemical Behaviour in Dimethylformamide of Pseudo-Oxocarbons Dianions Derived from the Croconate Dianion[END_REF][START_REF] Doane | Electrochemical Oxidation of Several Oxocarbon Sals in N,N-Dimethylformamide[END_REF][START_REF] Armstrong | Application of the Dianion Croconate Violet for Symmetric Organic Non-Aqueous Redox Flow Battery Electrolytes[END_REF] For example, in acetonitrile, five accessible redox states (charge = -4, -3, -2, -1, 0) were identified by cyclic voltammetry, with related redox potentials at ~-1.7, -1.4, 0.4 and 1.0 V vs. NHE. [START_REF] Armstrong | Application of the Dianion Croconate Violet for Symmetric Organic Non-Aqueous Redox Flow Battery Electrolytes[END_REF] The fully reduced and fully oxidized forms are rather unstable, while the intermediate radical forms (-3 and -1) were found to be stable at least to some extent, the -1 form being the most stable one. The electrochemical properties of some complexes were also studied by Fabre et al. in solution. [START_REF] Soula | Diversity of the Coordination Modes of Croconate Violet. Crystal Structures, Spectroscopic Characterization and Redox Studies of Mono-, Di-and Poly-Nuclear Iron( Ii ) Complexes[END_REF][START_REF] Soula | Complexation of Croconate Violet with Copper(II). Crystal Structures, Spectroscopic Characterizations and Redox Studies[END_REF][START_REF] Dumestre | Synthesis and Characterization of Cobalt(II) Complexes of Croconate and Dicyanomethylene-Substituted Derivatives †[END_REF] In DMF, 1(H 2 O) 4 and the Co and Cu isotypes of 2(H 2 O) 2 •2H 2 O were found to present, similarly to CV, two oxidations and one reduction steps, all more or less reversible on the time scale of the experiments, with in some cases an extra activity related to the cation (M = Cu, Fe). [START_REF] Soula | Diversity of the Coordination Modes of Croconate Violet. Crystal Structures, Spectroscopic Characterization and Redox Studies of Mono-, Di-and Poly-Nuclear Iron( Ii ) Complexes[END_REF][START_REF] Soula | Complexation of Croconate Violet with Copper(II). Crystal Structures, Spectroscopic Characterizations and Redox Studies[END_REF] Compared to the free ligand, the shift of the redox potential, was very moderate, but the stability of the complexes in solution was deduced from the comparison of their diffusion coefficients determined by hydrodynamic voltammetry. [START_REF] Soula | Diversity of the Coordination Modes of Croconate Violet. Crystal Structures, Spectroscopic Characterization and Redox Studies of Mono-, Di-and Poly-Nuclear Iron( Ii ) Complexes[END_REF][START_REF] Soula | Complexation of Croconate Violet with Copper(II). Crystal Structures, Spectroscopic Characterizations and Redox Studies[END_REF] We here first investigated the electrochemical properties of (concentration ~ 1 mM), using a standard battery electrolyte (1 M LiClO 4 in PC) and a lithium foil as the counter electrode. For comparison, K 2 CV•2H 2 O was studied in the same conditions; the corresponding results are shown in Figure 7. As expected, two seemingly reversible oxidation processes are observed for K 2 CV•2H 2 O at 3.5 and 4.0 V vs. Li + /Li, respectively (Figure 7a). Considering the standard potential of the Li + /Li redox couple (-3.04 V vs. NHE), these potentials rather match with those reported earlier.

In reduction, a poorly reversible process is detected at 2.2 V vs. Li + /Li, a value slightly higher that expected for the reduction of CV 2-to CV 3-. The cyclic voltammograms of both complexes are related to the one of pristine croconate violet, but also present additional signals. Both complexes present a seemingly irreversible reduction at 2.3 V, very similar to that found for K 2 CV•2H 2 O, suggesting that the reduction is not affected by the complexation. The behavior in oxidation is more complex. A reversible oxidation centered at 3.0 V is detected, while at higher potential, many unresolved events are seen, but their exact position depends on the complex (oxidation at 3.5, 3.9 and 4.2 V vs. Li + /Li, for 1(H 2 O) 4 , and 3.3, 3.7 and 3.9 V vs. Li + /Li for 2(H 2 O) 2 •2H 2 O). The fact that all solids present different events suggests that their structures are maintained in solution at least to some extent. The oxidation occurring at 3.0 V is only visible in the complexes and is in the expected range for Fe(III)/Fe(II) redox system; it is then attributed to a metal-centered process. Oxidation occurring at higher potential are thus attributed to ligand-centered processes. The fact that the oxidations of the linker are split in many events suggests that in both complexes, electronic communication occurs between the ligands. In order to further assess the electrochemical behavior of the title complexes in the solid state, composite electrodes prepared by grinding with pestle and mortar 1 or 2 with conducting carbon (weight ratio ~2:1) was electrochemically tested in Li half-cells under galvanostatic cycling conditions. The electrolyte consisting in 1 M LiPF 6 in a 1 : 1 mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) was first considered (see Supporting Information for details). Note that such studies were performed on the anhydrous phases to promote polymerization (lower solubility) as well as prevent side-reactions with the electrolyte. In principle, if one accounts from 2 redox processes per ligand (one in oxidation and one in reduction) together with one potential oxidation per iron, a maximal theoretical specific capacity of 221 mAh g -1 is expected (scheme 2). Alternatively, this theoretical capacity could be restricted to 177 mAh g -1 if the iron center is not electroactive. Note here that the second oxidation of the ligands (from CV -to CV 0 ) is not targeted, as it would strongly favor the dissociation of the complexes. Scheme 2. Possible electrochemical reactions both in oxidation and in reduction, respectively. For the sake of clarity, only half of a complex is shown. Systematically, the galvanostatic cycling was started by a charge process (oxidation) with a potential scan ranging from 2 to 3.8 V vs. Li + /Li recorded at a cycling rate of 1 e  /1 Li + exchanged per mol of 1 or 2 in 5 h. The corresponding potential vs. specific capacity curves together with the capacity retention are shown in Figure 8.

The electrochemical behavior of both complexes are quite similar. During the first oxidation (charge), one can observe the recorded electrochemical trace is featureless to 3.8 V vs. Li + /Li. The as-obtained specific capacity value is ~30 mAh g -1 , which is quite lower than ~88 mAh g -1 for one-electron reaction (scheme 2); the latter being partially recovered during the subsequent reduction (discharge). Below 3 V another electrochemical step occurs characterized by a sharp potential drop followed by a sloppy plateau at an average potential of 2.1 V vs. Li + /Li. The overall discharge capacity is of 85 and 79 mAh g -1 for 1 and 2, respectively, in relatively good accordance with the expected value for the one-electron reaction in reduction (scheme 2). Upon cycling, this series of electrochemical steps progressively vanished giving rise to a recovered capacity drop down to 45 and 54 mAh g -1 after 15 cycles for 1 and 2, respectively. Overall, no major difference was detected between 1 and 2, indicating that their solid state redox behavior is poorly sensitive to the structure, or that strong rearrangements occur in the presence of the electrolyte or upon cycling. Quite importantly, post-mortem inspections of the electrochemical cells after cycling suggested that partial solubilization of the material could be at the origin of the poor capacity retention. Further studies were therefore conducted on compound 1 only. We then attempted to improve the performance by playing on the formulation of the electrode and the composition of the electrolyte. First, the large size of the pristine crystallites (typically 50-100 microns before grinding) could prevent the access to all redox centers and then explain the poor initial capacity. To reduce the particle size and improve the contact between the active material and the conducing additive, new electrodes were prepared by freeze-drying process (see Figure S6 and Supporting Information for details). The use of concentrated electrolytes has been shown to decrease the solubility of redox-active coordination polymers and prevent capacity fading. [START_REF] Huang | Sustainable Cycling Enabled by a High-Concentration Electrolyte for Lithium-Organic Batteries[END_REF] We followed here the same strategy using electrolytes composed of PC and LiClO 4 at various concentrations (1, 3.5, 5 and 7 M). The resulting potential vs. capacity and capacity retention curves are shown in Figure 9. With highly concentrated electrolytes (5 and 7 M), contrary to previous findings on CuTCNQ, 41 low initial capacities were measured. We tentatively attributed this bad performance to moderate ionic conductivity of the electrolyte at such a scan rate (C/5), and/or to poor wetting of the separator arising from the high viscosity of the electrolyte. For lower electrolyte concentration (1 and 3.5 M), improved initial discharge capacities were obtained (124 and 137 mAh g -1 ), suggesting that the modification of the formulation of the electrodes was successful. Upon cycling, better capacity retentions were obtained, especially with the 3.5 M electrolyte (-19% after 10 cycles), confirming that the reduction the solubility has a favorable impact on this retention.

While the reduction at low potential could only be related to the ligand (CV 2-to CV 3-), preliminary ex situ experiments Mössbauer were conducted to gain insight into the oxidation process (Figure S11 and Table S6). The spectrum of the electrodes soaked in the electrolyte was measured at rest (~3.0 V vs. Li + /Li), and after oxidation at 3.8 V vs. Li + /Li. At 300 K, only Fe(II) is detected in both cases, suggesting that the iron is not oxidized, and hence that the redox activity is exclusively ligand centered. Nevertheless, this experiment was carried out ex situ with a delay (~days) between the electrochemical oxidation and the spectroscopic measurement; self-discharge (accompanied with the reduction of Fe(III) to Fe(II)) cannot be completely ruled out. Operando Mössbauer measurements will be necessary to clarify this point. 

Conclusion

We here report two polymorphic complexes based on the redox active Fe(II) center combined with the croconate violet organic unit. These solids, formulated K 2 Fe(CV) 2 (H 2 O) 4 , present very distinct coordination features although prepared in closely related experimental conditions. We have shown that their dehydration leads to the modification of the coordination environment of iron, but without any oxidation of this cation even in the presence of air. Whereas the electrochemical studies performed in solution clearly showed that both the organic and inorganic parts are electroactive in solution, in the solid state poor charge storage capacities were initially measured, mainly due to the solubilization of the solids in the electrolyte. By optimizing the formulation of the electrode and the composition of the electrolyte, a capacity of > 100 mAh g -1 after 10 cycles could be achieved. Although this performance is clearly inferior to that of conventional electrode materials and of MOFs based on NILs mentioned in the introduction, this study suggests that this overlooked family of ligands (CV, but also the related mono-and tris-(dicyanomethylene)croconate) [START_REF] Ma | Endowing CuTCNQ with a New Role: A High-Capacity Cathode for K-Ion Batteries[END_REF][START_REF] Chang | Elucidating Metal and Ligand Redox Activities of a Copper-Benzoquinoid Coordination Polymer as the Cathode for Lithium-Ion Batteries[END_REF] deserves to be reinvestigated. However, the solubility issues must be circumvented by an electrolyte management (for instance the use of a solid electrolyte), or by the preparation of more condensed, and probably less soluble, polymeric coordination compounds.

Scheme 1 .

 1 Scheme 1. a) Catecholate (Cat 2-), b) tetracyanoquinodimethane (TCNQ); c) croconate violet (CV 2-).

Figure 1 .

 1 Figure 1. Crystal structure of K 2 Fe(CV) 2 (H 2 O) 4 or 1(H 2 O) 4 . 49 a) View of the di-anionic molecular complex; b) stacks of CV; c) anionic layers separated by potassium ions. The structure of 2(H 2 O) 2 •2H 2 O was determined by single crystal X-ray diffraction (SCXRD) (see TableS1for details on data collection and structure refinement). This solid was found to be isostructural with the already reported complexes K 2 M(CV) 2 (H 2 O) 2 •2H 2 O (M = Co, Cu, Mg, Zn[START_REF] Soula | Complexation of Croconate Violet with Copper(II). Crystal Structures, Spectroscopic Characterizations and Redox Studies[END_REF][START_REF] Dumestre | Synthesis and Characterization of Cobalt(II) Complexes of Croconate and Dicyanomethylene-Substituted Derivatives †[END_REF][START_REF] Castro | Crystal Structures and Raman Spectroscopic Study of Croconate Violet Salts with Alkaline Earth Ions[END_REF][START_REF] Teles | K2[Zn(CV)2(H2O)2]•2H2O: The First Zn(II) Complex Structurally Characterized Containing the Pseudo-Oxocarbon Croconate Violet (CV 2-)[END_REF] ); the structures are essentially the same, with slight variations of M-O distances, as expected. The structure consists again of octahedrally coordinated iron ions bound to two CV ligands, but this time each ligand interacts through two neighboring oxygen atoms in a chelating mode. Two water molecules complete the coordination sphere (Figure2a). These dianionic flat complexes associate with two potassium ions, where each potassium interacts with two nitrogen and two oxygen atoms arising from both CV ligands (see TableS2for K-O and K-N distances). These three-component molecular entities loosely interact with each other through additional K-N and K-O bonds and N•••H-O hydrogen bonds to define layers made of parallel complexes, which are separated by extra water molecules (Figure2b). Contrary to 1(H 2 O) 4 , no stack of CV occurred, but small channels containing water molecules and potassium ions which might favor cationic motion can be identified (Figure2c).

Figure 2 .

 2 Figure 2. Crystal structure of K 2 Fe(CV) 2 (H 2 O) 2 •2H 2 O or 2(H 2 O) 2 •2H 2 O. a) View of the di-anionic molecular complex and the surrounding potassium ions; b) layers of complexes separated by water molecules; c) view of the channels containing potassium ions and free water molecules.

Figure 3 .

 3 Figure 3. Thermal behavior of a) 1(H 2 O) 4 and b) 2(H 2 O) 2 •2H 2 O. Main figure: temperature dependent XRPD diagram collected every 5°C); inset: TG and DSC curves measured at a heating rate of 5°C min -1 under air.

Figure 4 .

 4 Figure 4. Temperature dependent infrared spectra of a) 1(H 2 O) 4 and b) 2(H 2 O) 2 •2H 2 O. Data were collected every 10°C from room temperature to 200°C. Areas corresponding to OH, CN and C=O stretching modes are shown.

Figure 5 .dependent 57 Fe

 557 Figure 5. Temperature dependent 57 Fe Mössbauer spectra of a) 1(H 2 O) 4 and b) 2(H 2 O) 2 •2H 2 O. Measurements were carried out at 77 K. The corresponding values of isomer shift and quadrupolar splitting are summarized in TableS5together with the deduced oxidation state.

Figure 6 .

 6 Figure 6. Crystal structure of K 2 Fe(CV) 2 (H 2 O) or 2(H 2 O) 2 . a) View of the di-anionic molecular complex and the surrounding potassium ions; b) layers of complexes; c) view of the channels containing potassium ions.

  1(H 2 O) 4 and 2(H 2 O) 2 •2H 2 O by cyclic voltammetry in solution

Figure 7 .

 7 Figure 7. Cyclic voltammograms recorded onto a Pt electrode at a scan rate of 20 mV s -1 by starting with an anodic sweep (electrolyte: 1 M LiClO 4 in PC). a) K 2 CV•2H 2 O, b) 1(H 2 O) 4 , c) 2(H 2 O) 2 •2H 2 O. Plain lines correspond to the first cycle, dashed lines to the second and third cycles.

Figure 8 .

 8 Figure 8. Electrochemical behavior upon galvanostatic cycling of a) 1 and b) 2 electrode materials measured in Li half-cell (electrolyte: 1 M LiPF 6 in EC/DMC). Left: potential vs. specific capacity curve (plain lines correspond to the first cycle, dashed lines to the subsequent cycles); right: corresponding capacity retention curves.

Figure 9 .

 9 Figure 9. Electrochemical behavior upon galvanostatic cycling of 1 measured in Li half-cell (electrolyte: various concentrations of LiClO 4 in PC). a) Potential vs. specific capacity curves (plain lines correspond to the first cycles, dashed lines to the following cycles); b) corresponding capacity retention curves.

  When compared to K 2 (CV)• 2 H 2 O, these bands are slightly shifted in 2(H 2 O) 2 •2H 2 O (2216 and 2199 vs. 2222 and 2205 cm -
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