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Introduction

Metal Organic Frameworks (MOFs) are coordination polymers built up from poly-complexing organic ligands connecting together inorganic building units made of metallic cations, and presenting potential void. One of the main interest of MOFs, especially compared to zeolites, is their huge chemical and structural variability. Regarding the organic part, key characteristics include the nature of the core of the ligand which can hold specific properties (redox, optical...), and the number and the nature of the complexing groups (typically carboxylate, phosphonate, phenolate, azolate…). Regarding the inorganic part, almost all cations of the periodic table (alkaline, alkaline earths, transition metals, p elements, rare earths…) are currently used to produce MOFs. Obviously, their nature also directly affects the stability, toxicity, redox and optical activities… of the resulting solids. Whereas some applications of MOFs are based on their structural porosity (e.g. gas storage, gas capture, controlled drug release), for others and emerging ones (e.g. sensing, heterogeneous catalysis, electrochemical energy storage), their chemical composition is of utmost importance.

Among the inorganic elements used to build up MOFs, iron deserves a special attention. First, its high abundancy, and resulting low cost, make it particularly appealing when compared to other transition metals for applications requesting large-scale production of MOFs. [START_REF] Seo | Large Scale Fluorine-Free Synthesis of Hierarchically Porous Iron(III) Trimesate MIL-100(Fe) with a Zeolite MTN Topology[END_REF] Second, Fe III , similarly to other +3 metal cations (typically Al, Cr, Ga, In) when coupled with poly-carboxylate ligands, usually leads to materials highly stable towards hydrolysis, [START_REF] Seo | Large Scale Fluorine-Free Synthesis of Hierarchically Porous Iron(III) Trimesate MIL-100(Fe) with a Zeolite MTN Topology[END_REF][START_REF] Devic | High Valence 3p and Transition Metals Based MOFs[END_REF][START_REF] Low | Virtual High Throughput Screening Confirmed Experimentally: Porous Coordination Polymer Hydration[END_REF] which is an absolute prerequisite for many applications. Third, its redox activity, with the Fe(III/II) redox states being accessible in the domain of electrochemical stability of MOFs, is of high interest for redox catalysis [START_REF] Horcajada | Synthesis and Catalytic Properties of MIL-100(Fe), an Iron(III) Carboxylate with Large Pores[END_REF] and electrochemical energy storage, [START_REF] Férey | Mixed-Valence Li/Fe-Based Metal-Organic Frameworks with Both Reversible Redox and Sorption Properties[END_REF][START_REF] Fateeva | Structure, Characterization, and Redox Properties of the Porous MIL-68(Fe) Solid[END_REF][START_REF] Yang | Fe-Based Metal-Organic Frameworks as Functional Materials for Battery Applications[END_REF] among others. Fourth, its low toxicity ranges the iron MOFs among the best candidates for bio-related applications. [START_REF] Horcajada | Porous Metal-Organic-Framework Nanoscale Carriers as a Potential Platform for Drug Delivery and Imaging[END_REF][START_REF] Rojas | Metal Organic Frameworks Based on Bioactive Components[END_REF] Whereas the average structures of MOFs are typically determined by diffraction (mostly powder or single crystal X-ray diffraction (XRD), but also more recently electron diffraction), local information arising from other techniques are of utmost importance to thoroughly decipher their structure and properties, notably under working conditions. While solid state nuclear magnetic resonance (NMR), infrared (IR) and Raman spectroscopies are frequently used, [START_REF] Millange | MIL-53 and Its Isoreticular Analogues: A Review of the Chemistry and Structure of a Prototypical Flexible Metal-Organic Framework[END_REF] Fe Mössbauer spectrometry is particularly well suited for the analysis of iron MOFs, notably to identify the redox and the spin states, the coordination sphere and the surroundings (water, anions…) of iron in MOFs. Jean-Marc Grenèche 

A brief historical recall

The foundation of the collaboration between Jean-Marc and MOFs chemists finds its origin at the University of Le Mans, in the research group Groupe de Physique et Chimie du Solide (solid state physics and chemistry). In the 1970's, Gérard Férey, together with Marc Leblanc, both solid-state chemists, worked on the structural and magnetic properties of transition metal inorganic fluorides.

Once iron entered the game, they naturally started to analyze these compounds by Mössbauer spectrometry with their solid state physicists colleagues Francois Varret and Jacques Teillet. Jean-Marc joined the laboratory as PhD student in physics in the 1980's. Initially working on the Mössbauer technique itself, he was rapidly involved in this strong collaboration, especially working on the amorphous form of FeF3. [START_REF] Grenèche | Mössbauer Study of Isothermal Crystallization Kinetics of the Amorphous Iron (III) Fluoride FeF3, 0.4HF[END_REF][START_REF] Grenèche | Crystallization of Amorphous FeF3 Fluorides[END_REF][START_REF] Grenèche | Mössbauer Spectroscopy Study of Crystallization of Amorphous Iron (III) Fluorides: Influence of Experimental Conditions[END_REF] When the interest of Férey and coworkers (mostly Thierry Loiseau, Myriam Cavellec and Didier Riou) moved to metal phosphates, they naturally pursued their collaboration with Jean-Marc. [13][START_REF] Cavellec | Hydrothermal Synthesis, Structure and Magnetic Properties of [Fe3(PO4)3F2, H3N(CH2)4NH3]: The Analog of the Three-Dimensional Gallophosphate Structure-Type ULM-3[END_REF][START_REF] Cavellec | Oxyfluorinated Compounds with an Open Structure XVI. Synthesis, Structure Determination and Magnetic Properties of Fe4F3(PO4)(HPO4)4(H2O)[END_REF][START_REF] Cavellec | Hydrothermal Synthesis, Structure, and Magnetic Properties of a Novel Monodimensional Iron Phosphate: [FeF(HPO4)2,N2C3H12,(H2O)x[END_REF][START_REF] Loiseau | Crystal Structure and Magnetic Study of a New Iron (III) Phosphate, Fe1.21PO4X (X = F, OH, H2O), Isostructural with 3MgSO4, Mg(OH)2, H2O[END_REF][START_REF] Beitone | Tetrahedrally Coordinated Iron(II) Incorporation in the Super-Sodalite Aluminophosphate Fe3Al6(PO4)12•4tren•17H2O (MIL-74)[END_REF] These compounds (labelled ULM-3, -12, -14, -15, ULM stands for University Le Mans) often presented open frameworks, and Mössbauer spectrometry was found to perfectly complement XRD to tackle their sometimes complex dehydration/rehydration paths. Concomitant to their move to a chemistry laboratory at the University of Versailles-St-Quentin-en-Yvelines in the mid of the 1990's, which would later become Institute Lavoisier of Versailles (ILV) , Férey, Cavellec and Riou started to introduce a taste of "organics" in their materials, by moving from phosphates to phosphonates (MIL-13 [START_REF] Riou-Cavellec | Hydrothermal Synthesis, Powder Structural Determination, and Magnetic Study of the Novel Hydrated Iron Diphosphonate [Fe2(H2O)2(O3P-CH2-PO3H)2](H2O)2 or MIL-13[END_REF] ). At that time, first examples of open frameworks based on aromatic carboxylates and divalent cations (such as the Zn II terephthalate MOF-5 [START_REF] Li | Design and Synthesis of an Exceptionally Stable and Highly Porous Metal-Organic Framework[END_REF] and the Cu II trimesate HKUST-1 [START_REF] Chui | A Chemically Functionalizable Nanoporous Material [Cu3(TMA)2(H2O)3]n[END_REF] ) presenting very high surface areas and pore volumes appeared in the literature. Extension of the work done at the ILV by Riou-Cavellec first to carboxyphosphonates (MIL-37, -38, -49), [START_REF] Riou-Cavellec | Hydrothermal Synthesis, Structural Approach, Magnetic and Mössbauer Study of the Layered Fe(III) Carboxyethylphosphonate [Fe(OH)(H2O)(O3P-(CH2)2-CO2H)] or MIL-37[END_REF][START_REF] Sanselme | Hydrothermal Synthesis, Structure, and Magnetic Properties of a Layered Fe(III) Carboxymethylphosphonate: [Fe(H2O)(O3P-CH2-CO2)] or MIL-49[END_REF][START_REF] Riou-Cavellec | Structure and Metamagnetic Behaviour of a Three-Dimensional Fe(II) Carboxyethylphosphonate: [Fe3(OH)2(H2O)4(O3P-(CH2)2-CO2H)2] or MIL-38[END_REF] and further to small rigid poly-carboxylates (MIL-45, -62, -67), [START_REF] Riou-Cavellec | Study of the Iron/Trimesic Acid System for the Hydrothermal Synthesis of Hybrid Materials[END_REF][START_REF] Sanselme | Fe2(C10O8H2)]: An Antiferromagnetic 3D Iron(II) Carboxylate Built from Ferromagnetic Edge-Sharing Octahedral Chains (MIL-62)[END_REF][START_REF] Riou-Cavellec | Ferromagnetism of the Hybrid Open Framework K[M3(BTC)3]•5H2O (M=Fe, Co) or MIL-45[END_REF][START_REF] Riou-Cavellec | Structure, and Mössbauer Study of [Fe(H2O)2(C9O6H4)[END_REF] led to the isolation of the first Fe-carboxylate coordination open frameworks in the beginning of the 2000's. These compounds were initially only based on Fe II cations, and presented either a dense structure or a very moderate porosity. By playing on the experimental conditions, mainly the pH, it became possible to isolate the first Fe III carboxylate open framework MIL-82 in 2004. [START_REF] Sanselme | The First Ferric Carboxylate with a Three-Dimensional Hydrid Open-Framework (MIL-82): Its Synthesis, Structure, Magnetic Behavior and Study of Its Dehydration by Mössbauer Spectroscopy[END_REF] This work was pursued by Christian Serre and Franck Millange (MIL-85 30 ); from 2007, they isolated the first Fe III MOFs presenting high porosity, comparable to the M II carboxylates, but far more chemically stable. Most of these solids (MIL-100, [START_REF] Horcajada | Synthesis and Catalytic Properties of MIL-100(Fe), an Iron(III) Carboxylate with Large Pores[END_REF] MIL-53 [START_REF] Férey | Mixed-Valence Li/Fe-Based Metal-Organic Frameworks with Both Reversible Redox and Sorption Properties[END_REF][START_REF] Millange | Effect of the Nature of the Metal on the Breathing Steps in MOFs with Dynamic Frameworks[END_REF] ) were isostructural to the MOFs already identified with other trivalent cations (Al, Cr or V). The extension of the work by Alexandra Fateeva and Thomas Devic to other MOFs (e.g. MIL-68 [START_REF] Fateeva | Structure, Characterization, and Redox Properties of the Porous MIL-68(Fe) Solid[END_REF] ) and more complex, functional ligands such as porphyrin derivatives (MIL-141 [START_REF] Fateeva | Series of Porous 3-D Coordination Polymers Based on Iron(III) and Porphyrin Derivatives[END_REF] ) and other redox active ligands [START_REF] Denis | Deciphering the Thermal and Electrochemical Behaviors of Dual Redox-Active Iron Croconate Violet Coordination Complexes[END_REF] arose a bit later.

Eventually, the identification of such, truly porous, and hydrolytically stable MOFs paved the way to their use in various applications. Jean-Marc's Mössbauer experiments on MOFs then started to evolve from structural characterization, including desolvation, to the ex and in situ studies of the solids at work, e.g. in a catalytic processes, [START_REF] Dhakshinamoorthy | Comparison of Porous Iron Trimesates Basolite F300 and MIL-100(Fe) As Heterogeneous Catalysts for Lewis Acid and Oxidation Reactions: Roles of Structural Defects and Stability[END_REF][START_REF] Vallés-García | Design of Stable Mixed-Metal MIL-101(Cr/Fe) Materials with Enhanced Catalytic Activity for the Prins Reaction[END_REF] for gas separation, [START_REF] Yoon | Controlled Reducibility of a Metal-Organic Framework with Coordinatively Unsaturated Sites for Preferential Gas Sorption[END_REF] or when used as electroactive materials for electrochemical energy storage. [START_REF] Férey | Mixed-Valence Li/Fe-Based Metal-Organic Frameworks with Both Reversible Redox and Sorption Properties[END_REF][START_REF] Denis | Deciphering the Thermal and Electrochemical Behaviors of Dual Redox-Active Iron Croconate Violet Coordination Complexes[END_REF] Regarding applications, perhaps the most innovative part relates to the potential use of MOFs in biomedicine, initially developed by Patricia Horcajada and Christian Serre. [START_REF] Horcajada | Porous Metal-Organic-Framework Nanoscale Carriers as a Potential Platform for Drug Delivery and Imaging[END_REF] Mössbauer spectrometry notably showed its great potential for the characterization of MOFs made of bioactive ligands (BioMIL-1 [START_REF] Miller | Biodegradable Therapeutic MOFs for the Delivery of Bioactive Molecules[END_REF] ), of oxide-MOF composites suitable for theranostics, [START_REF] Sene | Maghemite-NanoMIL-100(Fe) Bimodal Nanovector as a Platform for Image-Guided Therapy[END_REF] or to study MOFs stability in bio-relevant media. [START_REF] Li | New Insights into the Degradation Mechanism of Metal-Organic Frameworks Drug Carriers[END_REF] The timeline illustrating this collaboration between Jean-Marc and MOFs chemists related to Férey's laboratory is shown in Figure 1. It should be noted that Jean-Marc also pursued a long lasting collaboration with another group of MOFs chemists, located at University Le Mans (Jérôme Lhoste and Vincent Maisonneuve), especially working on iron-fluoride-azolate compounds. [START_REF] Pimenta | New Iron Tetrazolate Frameworks: Synthesis, Temperature Effect, Thermal Behaviour, Mössbauer and Magnetic Studies[END_REF][START_REF] Pimenta | Evidence of New Fluorinated Coordination Compounds in the Composition Space Diagram of FeF3/ZnF2-Hamtetraz-HFaq System[END_REF][START_REF] Smida | New Series of Hybrid Fluoroferrates Synthesized with Triazoles: Various Dimensionalities and Mössbauer Studies[END_REF][START_REF] Albino | A Magnetisation and Mössbauer Study of Triazole (M1-x 2+ Mx 3+ )M 3+ F5(Htaz)1-x(Taz)x Weberites (M = Fe[END_REF][START_REF] Abdi | H2amtaz] + Iron Fluorides: Synthesis, Crystal Structures, Magnetic and Mössbauer Studies[END_REF] 

Exploratory synthesis of new MOFs and Mössbauer spectrometry

Analysis of the desolvation

When working on the synthesis of new crystalline solids (not only limited to MOFs), diffraction, especially XRD, is the technique of choice to determine their structures. When available, single crystal XRD (SCXRD) is the best technique to use, as it is nowadays in most cases a fast, and easy-to-carry out, method. Nevertheless, growing single crystals is not always an easy task. MOFs are usually prepared in solution (either aqueous or organic) from a mixture of reactants (a metallic precursor -typically a salt-, the organic ligand, and sometimes additional acids, bases or modulators), generally under heating (from 50 to 220°C), either at atmospheric pressure or under solvothermal conditions. [START_REF] Stock | Synthesis of Metal-Organic Frameworks (MOFs): Routes to Various MOF Topologies, Morphologies, and Composites[END_REF] In the case of carboxylate MOFs, while crystals of solids made of M II cations suitable for SCXRD are commonly grown, this is not the case with M III cations. This comes from the fact that solids made of trivalent M III precipitate/crystallize faster than the ones made of M II , originating from the higher reactivity of the M III cations (lower solubility of the metallic precursors, faster reaction). 2 M III carboxylates are thus often obtained as polycrystalline samples (typical size 0.1-1 µm) rather than "large" single crystals (>10-50 µm). This holds true for Fecarboxylate MOFs. Whereas most Fe II carboxylates were produced as single crystals, [START_REF] Riou-Cavellec | Structure and Metamagnetic Behaviour of a Three-Dimensional Fe(II) Carboxyethylphosphonate: [Fe3(OH)2(H2O)4(O3P-(CH2)2-CO2H)2] or MIL-38[END_REF][START_REF] Riou-Cavellec | Study of the Iron/Trimesic Acid System for the Hydrothermal Synthesis of Hybrid Materials[END_REF][START_REF] Sanselme | Fe2(C10O8H2)]: An Antiferromagnetic 3D Iron(II) Carboxylate Built from Ferromagnetic Edge-Sharing Octahedral Chains (MIL-62)[END_REF][START_REF] Riou-Cavellec | Structure, and Mössbauer Study of [Fe(H2O)2(C9O6H4)[END_REF] Fe III carboxylates are often (but not always [START_REF] Fateeva | Structure, Characterization, and Redox Properties of the Porous MIL-68(Fe) Solid[END_REF][START_REF] Fateeva | Series of Porous 3-D Coordination Polymers Based on Iron(III) and Porphyrin Derivatives[END_REF][START_REF] Devic | Functionalization in Flexible Porous Solids: Effects on the Pore Opening and the Host-Guest Interactions[END_REF][START_REF] Chevreau | Mixed-Linker Hybrid Superpolyhedra for the Production of a Series of Large-Pore Iron(III) Carboxylate Metal-Organic Frameworks[END_REF] ) obtained as polycrystalline samples. [START_REF] Horcajada | Synthesis and Catalytic Properties of MIL-100(Fe), an Iron(III) Carboxylate with Large Pores[END_REF][START_REF] Millange | Effect of the Nature of the Metal on the Breathing Steps in MOFs with Dynamic Frameworks[END_REF][START_REF] Horcajada | Extended and Functionalized Porous Iron(III) Tri-or Dicarboxylates with MIL-100/101 Topologies[END_REF] Structure determination is then typically carried out by powder XRD. As the structure of MOFs could be quite complex (e.g. large unit-cell parameters, large number of independent atoms with rather low scattering factors), knowledge arising from other techniques (Mössbauer spectrometry in the case of Fe-MOFs), is often requested to build an accurate structural model. One should still recall that even with SCXRD only average information is determined, therefore the local information arising from other techniques is very often of high interest.

For Fe MOFs, typical insights gained from Mössbauer spectrometry include:

(i) Accurate determination of the oxidation state of Fe in the solid (usually Fe II , Fe III or mixed valence). This is typically done by the analysis of Fe-ligand (N,O,S) bond distances extracted from the XRD crystal structure (e.g. through bond valence calculations [START_REF] Brese | Bond-Valence Parameters for Solids[END_REF] ), but the accuracy could be low, especially for structures refined from powder XRD. When magnetometry or X-ray absorption spectroscopy (XAS) could also be implemented, Mössbauer is clearly the most suitable technique, as hyperfine parameters (especially the chemical isomer shift (δ) and quadrupole splitting (Δ) are sensitive to the oxidation state. As discussed later, this is particularly true for solids comprising Fe ions at various oxidation states, where even SCXRD is not sufficient. Moreover, Mössbauer is particularly well suited to study the evolution of the oxidation state of iron cations upon external stimuli (temperature, pressure, electrochemical potential…). [START_REF] Férey | Mixed-Valence Li/Fe-Based Metal-Organic Frameworks with Both Reversible Redox and Sorption Properties[END_REF][START_REF] Denis | Deciphering the Thermal and Electrochemical Behaviors of Dual Redox-Active Iron Croconate Violet Coordination Complexes[END_REF][START_REF] Yoon | Controlled Reducibility of a Metal-Organic Framework with Coordinatively Unsaturated Sites for Preferential Gas Sorption[END_REF] (ii) Differentiate local environments. The covalent surrounding of the cation directly impacts on δ and Δ. In Fe MOFs, partial substitution of small ligands (for example F -/ OH -) is commonly observed, but usually not deciphered by XRD, while easily detected by Mössbauer spectrometry. [START_REF] Horcajada | Synthesis and Catalytic Properties of MIL-100(Fe), an Iron(III) Carboxylate with Large Pores[END_REF][START_REF] Nouar | Tuning the Breathing Behaviour of MIL-53 by Cation Mixing[END_REF] The nature of the second neighbors (typically, another cation) also affects the Mössbauer signal; this is of special interest for the studies of MOFs based on a mixture of cations. [START_REF] Nouar | Tuning the Breathing Behaviour of MIL-53 by Cation Mixing[END_REF][START_REF] Wongsakulphasatch | Direct Accessibility of Mixed-Metal (III/II) Acid Sites through the Rational Synthesis of Porous Metal Carboxylates[END_REF][START_REF] Breeze | Isomorphous Substitution in a Flexible Metal-Organic Framework: Mixed-Metal, Mixed-Valent MIL-53 Type Materials[END_REF] (iii) Gaining insights on the pore content. The supramolecular environment of Fe ions also affects the Mössbauer signal. For porous MOFs, it means that this signal evolves with the pore content. [START_REF] Millange | Effect of the Nature of the Metal on the Breathing Steps in MOFs with Dynamic Frameworks[END_REF][START_REF] Devic | Functionalization in Flexible Porous Solids: Effects on the Pore Opening and the Host-Guest Interactions[END_REF] This variation is often difficult to accurately analyze, because of the variability of the pore content (amount of guest, location…), but must be taken into account. When working with porous MOFs, a special attention must be taken to properly control the solvation state of the material during the Mössbauer experiment (temperature, pressure), to ensure that the resulting data could be correlated with e.g. the ones coming from XRD analysis.

(iv) Help in the structure determination of "strange" crystal structures. Unexpected Mössbauer signatures for a supposedly standard MOF could be a sign that the XRD data were misinterpreted, or that some details were overlooked. For example, it is not unusual to identify by Mössbauer spectrometry more inequivalent Fe sites than by XRD, and it often directly relates to points (i), (ii) and (iii). This can sometimes be seen as a "drawback" by the chemists/crystallographers (as the structure determination then needs to be reconsidered), but it is mandatory to consider to build a more accurate structural model.

(v) Detection of inorganic impurities (iron oxides and hydroxides), which are easily identified by carrying out Mössbauer experiments (especially at low temperature for magnetic impurities).

Again, chemists are generally unhappy to hear (from a physicist!) that their samples are not pure, but this information is obviously of utmost importance to understand their physical properties (e.g. magnetic properties) and further optimize the synthesis procedures to reach a higher purity.

We will discuss below the inputs of Mössbauer spectrometry on two series of MOFs. The first example deals with flexible materials of the MIL-53 type, and the second one with porphyrinbased MOFs.

MIL-53 and related materials

The MIL-53 solids, formulated as M III (µ2-OH)(BDC) (BDC = 1,4-benzenedicarboxylate), consist of chains of corner sharing MO6 octahedra connected through the organic ditopic ligands to afford channels of ca. 10 Å running parallel to the inorganic chains (Figure 2). This solid was first isolated with V, Cr and Al, [START_REF] Barthelet | A Breathing Hybrid Organic -Inorganic Solid with Very Large Pores and High Magnetic Characteristics[END_REF][START_REF] Serre | Very Large Breathing Effect in the First Nanoporous Chromium(III)-Based Solids: MIL-53 or Cr III (OH){O2C-C6H4-CO2}{HO2C-C6H4-CO2H}x.H2Oy[END_REF][START_REF] Loiseau | A Rationale for the Large Breathing of the Porous Aluminum Terephthalate (MIL-53) Upon Hydration[END_REF] and later on with Fe, first by Jacobson et al., [START_REF] Whitfield | Metal-Organic Frameworks Based on Iron Oxide Octahedral Chains Connected by Benzenedicarboxylate Dianions[END_REF] and then reinvestigated by Millange et al. [START_REF] Férey | Mixed-Valence Li/Fe-Based Metal-Organic Frameworks with Both Reversible Redox and Sorption Properties[END_REF][START_REF] Millange | Effect of the Nature of the Metal on the Breathing Steps in MOFs with Dynamic Frameworks[END_REF] More details on this series of relevant materials can be found in a recent review. [START_REF] Millange | MIL-53 and Its Isoreticular Analogues: A Review of the Chemistry and Structure of a Prototypical Flexible Metal-Organic Framework[END_REF] One of the key feature of this MOF is its large structural flexibility, i.e. the fact that the pore size and shape adapt to the pore content or to external stimuli such as temperature and pressure without any loss of long-range order (i.e. the solid remains crystalline). [START_REF] Férey | Large Breathing Effects in Three-Dimensional Porous Hybrid Matter: Facts, Analyses, Rules and Consequences[END_REF] Such changes are associated to very large atomic motions (> few angstroms), i.e. far higher than that encountered for structure transition of inorganic materials. Interestingly, the flexible behavior depends on the nature of the cation, as illustrated in Figure 3 for Cr III and Fe III . At room temperature (and above), the empty pore form of the Cr III solid adopts a large pore (LP) configuration. Upon adsorption of a small amount of guest (water, CO2, alcohols, alkanes), the pores switch to a narrow pore form (NP), whose apertures depend on the nature of the guest. [START_REF] Serre | Very Large Breathing Effect in the First Nanoporous Chromium(III)-Based Solids: MIL-53 or Cr III (OH){O2C-C6H4-CO2}{HO2C-C6H4-CO2H}x.H2Oy[END_REF][START_REF] Serre | An Explanation for the Very Large Breathing Effect of a Metal-Organic Framework during CO2 Adsorption[END_REF][START_REF] Llewellyn | Prediction of the Conditions for Breathing of Metal Organic Framework Materials Using a Combination of X-Ray Powder Diffraction, Microcalorimetry, and Molecular Simulation[END_REF][START_REF] Bourrelly | Explanation of the Adsorption of Polar Vapors in the Highly Flexible Metal Organic Framework MIL-53(Cr)[END_REF] Eventually, upon further adsorption, the structure reopens to accommodate more guests in a LP form again, almost independently of the nature of the guest. In contrast, the empty pore form of the Fe III MIL-53 derivative adopts a close pore (CP) configuration. [START_REF] Millange | Effect of the Nature of the Metal on the Breathing Steps in MOFs with Dynamic Frameworks[END_REF] Upon adsorption, the structure evolves in a stepwise manner to an intermediate (INT) form, in which half of the pores are slightly open, to a NP form (similar to the one of the Cr III derivative), and eventually to a LP form. [START_REF] Llewellyn | Complex Adsorption of Short Linear Alkanes in the Flexible Metal-Organic-Framework MIL-53(Fe)[END_REF][START_REF] Guillou | Location of CO2 during Its Uptake by the Flexible Porous Metal-Organic Framework MIL-53(Fe): A High Resolution Powder X-Ray Diffraction Study[END_REF] These transformations are easily detected and studied by powder XRD, but can also be followed by Mössbauer for water desorption and adsorption. [START_REF] Millange | Effect of the Nature of the Metal on the Breathing Steps in MOFs with Dynamic Frameworks[END_REF] Specifically, distinct values of Δ, which is sensitive to the local environment, were observed for the NP, INT and CP forms. It was also found that subtle modifications of the synthesis procedure (presence or absence of the mineralizing agent HF in the reaction mixture of H2BDC and FeCl3 in N,N-dimethylformamide (DMF)) results in a modification of the breathing properties (pressure of transition), although the solids appeared at first glance identical from an XRD standpoint. Combining chemical analysis, Mössbauer spectrometry and synchrotron PXRD, it was shown that OH bridging groups were partially substituted by F. The comparison of the values of δ allowed to clearly distinguish FeO6 from FeO5F motifs. [START_REF] Millange | Effect of the Nature of the Metal on the Breathing Steps in MOFs with Dynamic Frameworks[END_REF][START_REF] Nouar | Tuning the Breathing Behaviour of MIL-53 by Cation Mixing[END_REF] Such a fruitful approach was further extended to MIL-53s comprising mixture of cations (Cr/Fe, [START_REF] Nouar | Tuning the Breathing Behaviour of MIL-53 by Cation Mixing[END_REF] V/Fe 52 ). In the MIL-53s series, it is also possible to obtain isostructural solids based on functionalized BDC ligands (Figure 4). The resulting functionalized MIL-53 solids were studied again both by powder XRD and Mössbauer spectrometry. [START_REF] Devic | Functionalization in Flexible Porous Solids: Effects on the Pore Opening and the Host-Guest Interactions[END_REF] amount of guest Variations related to the oxidation state of iron are more easily tackled. The Fe II analogue of MIL-53 was initially reported by Jacobson et al. [START_REF] Whitfield | Metal-Organic Frameworks Based on Iron Oxide Octahedral Chains Connected by Benzenedicarboxylate Dianions[END_REF] The structure is similar to the one shown in Figure 2, except that some bridging OH anions are substituted by neutral DMF molecules. Note that the oxidation state of Fe was deduced from bond distances analysis, but not confirmed by other physical measurements. By playing on the synthesis conditions (reaction time, volume of solvent), Millange et al. were able to produce a ~50:50 mixed valence Fe III /Fe II solid, with dimethylammonium ions (arising from the partial degradation of the solvent) entrapped in the pores to balance the charge. [START_REF] Medina | Fe III /Fe II Regular Charge Order in Metal-Organic Framework[END_REF] This charge distribution was in line with the bond analysis, but was further unambiguously proven by Mössbauer spectrometry. Indeed, the Mössbauer spectrum recorded at 77 K could be fitted with two quadrupolar components in a ~1:1 ratio, corresponding to Fe III and Fe II in a HS state (δ = 0.51(2) and 1.36(2), respectively). A similar study was later carried out to determine the oxidation state of Fe in mixed metal MIL-53(V, Fe) solids. [START_REF] Breeze | Isomorphous Substitution in a Flexible Metal-Organic Framework: Mixed-Metal, Mixed-Valent MIL-53 Type Materials[END_REF] Eventually, Mössbauer spectrometry was also used to rationalize the electrochemical behavior of pristine MIL-53(Fe) (Fe(OH,F)(BDC)). This solid could indeed be reversibly reduced in front of a lithium counter electrode in a two-electrode Swagelock cell. [START_REF] Férey | Mixed-Valence Li/Fe-Based Metal-Organic Frameworks with Both Reversible Redox and Sorption Properties[END_REF] The analysis of the electrochemical curves (capacity, potential) suggests that the electrochemical activity results from the reduction of ca. 50% of Fe III , this could again be ultimately proven by Mössbauer spectrometry. Whereas the pristine material presents a signal characteristic exclusively of HS Fe III (δ = 0.50(2) at 77K), two components, corresponding to Fe III and Fe II (δ = 0.50 (2) and 1.30(2), respectively), are needed to fit the experimental spectrum after the electrochemical reduction. Upon re-oxidation, the signal associated to Fe II vanishes, confirming that the redox activity is centered on the metal rather than on the organic ligand.

MOFs based on porphyrinic ligands

As mentioned in the introduction, MOFs exhibit a wide variety of chemical compositions.

Although the field initially focused on simple ligands (see above), more complex molecules could also be used to produce solids combining a physical property (e.g. optical, electronic, magnetic) with porosity. Metalloporphyrins and related molecules (chlorins, corrins…) are macrocyles embedding metallic cations that are widely involved in essential natural processes such as light harvesting and electron and oxygen transfer. It is nowadays rather easy to prepare symmetrical porphyrins bearing complexing groups on a scale suitable for MOFs synthesis. [START_REF] De | Porphyrin and Phthalocyanine-Based Metal Organic Frameworks beyond Metal-Carboxylates[END_REF] Two examples of porphyrin ligands, used to produce Fe MOFs, are shown in Figure 5. With porphyrin ligands, two types of metallic cations could be present in the MOF:

-the cations inserted in the macrocycle, coordinated by the pyrrolic nitrogen, either prior, 32 during 66 or post-MOF synthesis. [START_REF] Abeykoon | Confinement of Fe-Al-PMOF Catalytic Sites Favours the Formation of Pyrazoline from Ethyl Diazoacetate with an Unusual Sharp Increase of Selectivity upon Recycling[END_REF] -the cations bound to the external complexing groups, building the extended network.

Of course, both sites could be occupied by the same element, or different ones. Cation exchange might also occur during the synthesis or the post-treatment, rendering the exact location of each type of cation sometimes complex. Providing that at least one element is iron, Mössbauer spectrometry could again be very helpful to solve this matter.

One of the first reported MOFs based on Fe and porphyrin is MIL-141, formulated as AFe(NiTCPP) (A = Li, Na, K, Rb, Cs). [START_REF] Fateeva | Series of Porous 3-D Coordination Polymers Based on Iron(III) and Porphyrin Derivatives[END_REF] It was prepared from metallated NiH4TCPP and FeCl3

in the presence of an alkaline base AOH. The structure is built up of isolated FeO6 octahedra connected to four ligands to define a 3-D PtS type network, where the porphyrins act as square

H 6 TCPP H 6 TTzPP
planar nodes (Pt) and Fe ions as tetrahedral ones (S) (Figure 6). In the solid, three of these networks are interpenetrated to define pores of 6-8 Å. The charge is balanced by alkaline ions inserted in the pores. Although poorly resolved, the Mössbauer spectra are consistent with the presence of Fe III in the HS state. Note that with the proposed synthetic conditions, it is highly unlikely to replace the Ni II ions embedded in the macrocycles by Fe III/II . Working again with FeCl3 but starting from the metal free porphyrin H6TCPP, other MOFs were obtained. [START_REF] Fateeva | Iron and Porphyrin Metal-Organic Frameworks: Insight into Structural Diversity, Stability, and Porosity[END_REF] Among them, [Fe(OH)]2(FeTCPP)(pz) (pz = pyrazine) is built up from chains of corner sharing FeO6 octahedra identical to those found in the MIL-53 structure, but connected through the tetratopic TCPP ligand (instead of the ditopic BDC in MIL-53) to afford a 3-D network (Figure 7a). From the crystal structure, iron was also inserted in the porphyrin core, and further bound to = = two pz molecules, which eventually connect the porphyrins together (see Figure 7a, bottom part).

Mössbauer spectrometry was used to determine the oxidation state of this particular cation.

Porphyrins are indeed known to accommodate iron at various oxidation and spin states, e.g. low spin (LS) Fe II 68,[START_REF] Li | Relative Axial Ligand Orientation in Bis(Imidazole)Iron(II) Porphyrinates: Are "Picket Fence" Derivatives Different?[END_REF] and HS Fe III . [START_REF] Abeykoon | Confinement of Fe-Al-PMOF Catalytic Sites Favours the Formation of Pyrazoline from Ethyl Diazoacetate with an Unusual Sharp Increase of Selectivity upon Recycling[END_REF] The spectrum collected at 77 K (Figure 8a) could be fitted with two quadrupolar components, with a ratio close to 2:1. The main signal (δ = 0.50 (2) and Δ = 1.29 (2) mm s -1 ) is similar to that of MIL-53(Fe), hence is attributed to HS Fe III in the inorganic chain. The hyperfine parameters of the minor component (δ = 0.42 (2) and Δ = 1.12(2) mm s -1 ) match with those of Fe(TPP)(py)2, (with TPP = tetraphenylporhyrin and py = pyridine), which was found to be LS Fe II . [START_REF] Kobayashi | Mössbauer Spectra of Iron Tetraphenylporphins[END_REF][START_REF] Li | Relative Axial Ligand Orientation in Bis(Imidazole)Iron(II) Porphyrinates: Are "Picket Fence" Derivatives Different?[END_REF] Hence, in the structure of the afore mentioned MOF, iron embedded in the porphyrin adopts a Fe II LS state.

When switching to the ligand H6TTzPP (see Figure 5), a closely related structure was obtained. [START_REF] Abeykoon | Tuning the Iron Redox State inside a Microporous Porphyrinic Metal Organic Framework[END_REF] As shown in Figure 7b, the overall network is the same, except that the carboxylate groups were replaced by tetrazolate ones. Moreover, various techniques (powder XRD, IR spectroscopy, Mössbauer spectrometry) indicated that the solid irreversibly evolved upon exposure to air, but without any significant loss of crystallinity.

Based on the knowledge gained from on the TCPP-based MOFs, the Mössbauer spectrum of the fresh sample collected at 77 K was fitted with 3 quadrupolar doublets (Figure 8b 

Conclusion

Mössbauer spectrometry is the method of choice to understand the local environment of Fe ions in MOFs that greatly complements the average structural determination provided by XRD techniques. Importantly, very specific factors such as the nature of the neighboring atoms, pores shape and pores content are crucial for an accurate description of MOFs and essential to envision applications. Mössbauer spectrometry can specifically address these points, providing that special care on the preparation of the sample and conditions of measurement are taken (for example, proper control of the solvation state). [START_REF] Millange | MIL-53 and Its Isoreticular Analogues: A Review of the Chemistry and Structure of a Prototypical Flexible Metal-Organic Framework[END_REF] Fe Mössbauer spectrometry is an invaluable tool not only to rationalize the crystal structure, but also to gain additional information (e.g. oxidation state, pore opening in flexible MOFs). If not all the systems can be treated quantitatively, deep insights could be obtained even for rather complex materials (see the last example above). Although not detailed here, [START_REF] Millange | MIL-53 and Its Isoreticular Analogues: A Review of the Chemistry and Structure of a Prototypical Flexible Metal-Organic Framework[END_REF] Fe Mössbauer is not only of interest to study as-synthesized materials, but also MOFs at work, or incorporated in composites. To the best of our knowledge, other Mössbauer probes than iron (tin, lanthanides) were not yet used in the field of MOFs, but could also be of high interest.

Even though the availability of Mössbauer spectrometry (facilities, and even more important, experts!) is sometimes a matter of concern, it will remain a must-have technique to study Fe-

MOFs.

MATERIALS AND METHODS

There is no materials and methods associated to this article.
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  has developed this expertise since the nineties through a long-lasting collaboration with French MOFs chemists, first initiated by late Gérard Férey at University Le Mans, and pursued by his collaborators (including the present authors) at Institute Lavoisier Versailles, and then elsewhere in France and across Europe. Jean-Marc eventually became one of the main actors in the Mössbauer investigation of MOFs, together with Fernande Grandjean and Gary Long (University of Missouri), and Junhu Wang (Chinese Academy of Sciences, Dalian). After a very brief historical recall on the collaborations between Jean-Marc and MOFs chemists, we will present the kind of typical insights gained from Mössbauer spectrometry, and then develop two sets of examples, one dealing with flexible MOFs of the MIL-53 type (MIL stands for Materials from Institute Lavoisier), and another one with porphyrin-based MOFs. We will especially show how the combination of characterization tools (notably XRD and Mössbauer spectroscopy) is mandatory to achieve a proper description of the materials and their properties.
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 1 Figure 1. Timeline of the collaboration between Jean-Marc Grenèche and MOFs chemists

Figure 2 .

 2 Figure 2. Crystal structure of MIL-53(M). Top: inorganic chain; bottom: full crystal structure,

Figure 3 .

 3 Figure 3. Evolution of the crystal structure and pore opening of MIL-53(Cr) and MIL-53(Fe)

Figure 4 .

 4 Figure 4. Modified BDC ligands used to prepare functionalized MIL-53(Fe)-X solids (X = -, Br,Cl, NH2, CH3, (CO2H)2, (OH)2, (CF3)2).[START_REF] Devic | Functionalization in Flexible Porous Solids: Effects on the Pore Opening and the Host-Guest Interactions[END_REF] 

Figure 5 .

 5 Figure 5. Porphyrin ligands (protonated forms) used for the preparation of Fe MOFs: tetrakis(4-

Figure 6 .

 6 Figure 6. Crystal structure of MIL-141 (here A = Cs).

  , top). The outer component (δ = 1.16(2), Δ = 3.42 mm s -1 , about 50%) is unambiguously attributed to HS Fe II in the inorganic chain, as these values are very close to those found in structurally related Fetetrazolate-fluoride MOFs.[START_REF] Pimenta | New Iron Tetrazolate Frameworks: Synthesis, Temperature Effect, Thermal Behaviour, Mössbauer and Magnetic Studies[END_REF] The central part of the spectrum is decomposed in two components, one (about 35% of the total) attributed to LS Fe II embedded in the porphyrin core (δ = 0.42(2), Δ = 1.09 mm s -1 ), and the second one (δ = 0.52(2), Δ = 1.40 mm s -1 ) attributed to HS Fe III in the organic chain (about 15% of the total). Upon exposure to air, the outer component (HS Fe II ) decreases, while the third one (HS Fe III ) increases (Figure8b, bottom), confirming the afore proposed attribution and the Fe II oxidation to Fe III in air. Complementary IR spectroscopy experiments further suggested that the charge balance is insured by the presence of bound DMF molecules partially substituting the OH bridges in the inorganic chain, as found in the Fe II -based MIL-53 reported by Jacobson et al. (see above).[START_REF] Whitfield | Metal-Organic Frameworks Based on Iron Oxide Octahedral Chains Connected by Benzenedicarboxylate Dianions[END_REF] 
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 78 Figure 7. Crystal structures of a) [Fe(OH)]2(FeTCPP)(pz) and b) [Fe(OH)1-

  red) are also shown. Adapted from Ref. 70 with permission from the Royal Society of Chemistry and from Ref. 66 with permission from the American Chemical Society, Copyright 2015.
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