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General Introduction

Molecular materials have been studied for a long period of time, but in the last 30 years or so, there has been an increasing interest in functional inorganic-organic systems able to demonstrate a wide range of interesting physical phenomena and useful properties. 1 In addition to the obvious advantages related to small sizes, one of the most fascinating attributes of molecular assemblies is the ability to apply rational synthetic control in their preparation.

Recent developments in the areas of synthetic organic and inorganic chemistry have enabled scientists to prepare a great number of interesting molecular systems. Specific interest has been directed towards molecule-based magnetic materials. 2 Molecular magnetism can be defined as the field of research that is dedicated to the synthesis and study of the physical properties of magnetic materials, based on molecular precursors, that are assembled through coordination chemistry approaches. It is a diverse and multidisciplinary research area that involves synthetic chemistry, physics and theory. Even though the term "Molecular Magnetism" was introduced a few decades later, its birth is traced back to the beginning of 1950's and specifically in the work of B. Guha 3 and B. Bleaney and K. Bowers 4 , who studied the magnetic properties of copper/acetate complexes and investigated how the geometry of this system is affecting its magnetism (what is referred to nowadays as magnetostructural correlations). The first molecule-based magnet, composed of Fe(III) centers and sulfur-based carbamate ligands, was described by Wickman et al. in 1967. 5 Almost twenty years later, in 1988, Kahn et al. reported in an iconic work the first designed molecule-based ferrimagnet, based on copper(II) and manganese(II) metal centers bridged by oxamato-type linkers. 6 This work is considered by many to be one of the most significant milestones of Molecular Magnetism. It introduced the philosophy that it is possible to design systems with desired properties through the powerful tool of coordination chemistry and specifically by assembling molecular building blocks in a controllable fashion. In 1991, Miller's research group contributed to a remarkable achievement in the field of molecular magnetism, which is the synthesis of the first room temperature molecule-based magnet composed of vanadium(II) metal nodes and tetracyanoethylene radical ligands. 7 Following the discovery of ferromagnetism in 1968 in the original Prussian blue, Fe III 4[Fe II (CN)6]3•14H2O (TC = 5.6 K), 8 a wealth of Prussian blue analogs with critical temperatures as high as 376 K 9 have been reported in the 90s, primarily by the research groups of M. Verdaguer, K. Hashimoto and G. S. Girolami. 10 During the same period, a new exciting class of materials, which display slow relaxation of the magnetization below a characteristic blocking temperature, emerged, named Single-Molecule Magnets (SMMs). These zero-dimensional systems behave like superparamagnets; however, this behavior is intrinsic to a small molecule rather than a nanoparticle. The first SMM to be identified was [Mn12O12(O2CMe)16(H2O)4], 11 and it has received a tremendous amount of attention following the initial report of its magnetic properties. The interest of Single-Molecule Magnets lies on their potential applications in information storage devices, in which a single molecule can act as the smallest unit of magnetic memory (one bit of information per molecule). Hundreds of SMMs, based on different metal ions and organic ligands, have been synthesized since the [Mn12] compound; however, the vast majority of them show magnetic hysteresis at temperatures which require liquid-helium for cooling. It was only very recently, in 2018, that a dysprosium metallocene single-molecule magnet showed magnetic hysteresis up to 80 K, a temperature which surpasses that of liquid nitrogen and thus, renders the compound relevant to real applications. 12 Finally, in the early 2000s, a new group of one-dimensional compounds was discovered, which also exhibits slow relaxation of the magnetization. These systems were named Single-Chain Magnets (SCMs) by analogy of their properties to SMMs. 13 Molecule-based magnets have a number of advantages over traditional inorganic magnets.

They can be synthesized in mild conditions without requiring high temperature or other high energy-consuming metallurgical processes, as in the case of classical magnetic materials (e.g. iron, cobalt, chromium oxides, or alloys of rare-earth metals). In addition, they are often soluble in organic solvents, and due to the flexibility of their structures, they can be tailored or During the last few years, our research group in CRPP has identified the use of highly conjugated redox-active bridging ligands as a promising strategy to engender strong magnetic interactions between spin carriers. It has been recently demonstrated in a family of Co and Ni dinuclear complexes featuring the tetrapyridophenazine ligand, 14 that the efficient orbital mixing of the ligand's π system with specific d orbitals of the metal centers can lead to a large degree of spin delocalization and consequently, strong magnetic coupling. Interestingly, the injection of spins on the bridging ligand through post-synthetic redox reactions can affect the extent of the spin density delocalization, which in turn has a major impact on the type and strength of the magnetic exchange. For instance, in the aforementioned dinuclear Co complexes, the tuning of the redox state of the bridging ligand (neutral, once-reduced and twicereduced) leads to distinctly different magnetic behaviors, from spin-crossover complex to single-molecule magnet to a diamagnetic species.

Parallel to these developments, it can be envisaged that the same synthetic strategy can be transposed to systems with higher nuclearities and dimensionalities, for which a strong magnetic exchange can be fully exploited to design high temperature molecule-based magnets.

In addition to their implication in promoting strong magnetic interactions, the use of redoxactive bridging ligands in extended coordination solids can often lead to mixed-valency, which is a great tool for promoting charge mobility and consequently, electrical conductivity. Apart from the fundamental scientific interest, the simultaneous implementation of electrical conductivity and magnetic order within a single material represents a formidable challenge in the synthesis of new multifunctional systems for modern electronic and spintronic technologies. 15 It should be possible, for example, to create chips where data storage and information processing can occur at the same location, thus replacing several components. 16 Spintronics or spin-based electronics emerged from discoveries in the 1980's and specifically the discovery of giant magnetoresistance (GMR) in metallic multilayers by Albert Fert and Peter Grünberg, Nobel Prize winners in Physics in 2007. 17 This new field exploits the electron spin and its associated magnetic moment along with its electric charge, towards new applications in magnetic sensing, such as hard disk read heads. Even though the materials that have historically been used in spintronics include ferromagnetic metals, the use of ferromagnetic semiconductors (i.e. semiconductor spintronics) has also attracted recent attention. 18 A family of compounds that has shown great promise in this direction is the family of dilute magnetic semiconductors (also known as 'transition metal doped semiconductors'). These systems are synthesized by introducing significant concentrations of magnetic elements, such as Mn, Fe, Ni, and Co in conventional semiconductors, and offer great promise due to their quite high Curie temperatures (TC). For example, (Ga1-x,Mnx)As is a ferromagnet with a TC of up to 200 K (on annealed thin films with x = 13%). 19 However, the precise distribution of metal ions in these compounds is often difficult to control and their all-inorganic composition limits significantly any prospect of chemical tunability and post-synthetic modification. In contrast, coordination polymers and metal-organic frameworks have emerged as ideal alternatives. The fine tuning of the organic linker, metal center, and framework topology can alter and eventually optimize the chemical and physical properties of these materials, providing great prospects in the field of ferromagnetic semiconductors. In the materials already reported in the literature, the magnetic and conductive components usually exist in distinct sublattices and their magnetic order temperatures are still very low for any practical applications. 20 In this thesis, we have applied a redox-active coordination chemistry approach for the realization of magnetic and electrically conductive two-dimensional (2D) materials.

Two-dimensional materials have received a tremendous amount of attention in the past 15 years, following the initial isolation of graphene. 21 This atomically thin carbon-based material with a two-dimensional honeycomb lattice created a surge of excitement in the research community due to its extraordinary electronic properties. 22 Even though graphene has been postulated as the future alternative for silicon-based devices, it suffers from major drawbacks, such as a zero-bandgap, which complicates for example its potential use in transistor applications. Following the years after the discovery of graphene, it was demonstrated that other non-carbon based 2D materials, such as hexagonal boron nitride (h-BN) 23 and different transition-metal chalcogenides (TMCs) 24 also possess exciting properties. All these materials, however, have limitations and their simple chemical nature complicates significantly the possibilities to modulate their electronic, magnetic or optical properties for specific applications. Furthermore, almost all of them are non-magnetic in their pristine forms, 25 hampering their use in emergent technologies relying on the transport of spin-polarized carriers.

Herein, we propose the incorporation of redox-active bridging ligands as linkers between paramagnetic metal centers for the isolation of extended 2D coordination solids. Such redoxactive species can not only promote strong magnetic interactions between spin carries, but also allow for long-range charge delocalization. The rational choice of the metal ions and the organic linker has resulted in the isolation of new multifunctional materials in which high temperature magnetic order and high electrical conductivity co-exist. Additionally, the possibility to perform post-synthetic redox reactions in coordination solids has led to a remarkable enhancement of the magnetic coupling strength between the spin carriers and the observation of unprecedentedly high magnetic order temperatures. This thesis is organized as follows.

Chapter I presents general concepts of charge delocalization and mixed-valency, from discrete systems to extended metal-organic structures. The different approaches for the realization of conducting and magnetic coordination solids are described. Chapter II provides a general view on the fundamental concepts regarding electrical conductivity and magnetism, that are crucial for the understanding of the experimental results. Furthermore, general information on X-ray absorption spectroscopy and related techniques, that have been Multifunctional molecule-based materials have received a great deal of attention in recent decades due to their unique properties and potential applications in multidisciplinary fields of fundamental and applied science. Specifically, materials that exhibit ferro/ferrimagnetism and electrical conductivity are of considerable interest for next-generation data processing and storage. Historically, systems that have been employed in these technologies are comprised of inorganic solids, featuring metals, alloys and oxides. Despite their desirable properties, their synthesis often requires high temperature and high energy-consuming fabrication methods.

Additionally, their all-inorganic composition leaves limited possibilities for the tailoring of electronic, magnetic or optical properties for specific applications. On the contrary, materials that are composed of molecular 'building blocks' have emerged as outstanding alternatives.

They can be synthesized under mild conditions, often at room-temperature, and the solubility of the component building blocks (metal ions, organic ligands) in organic solvents allows for the fine tuning of targeted physical properties.

In this thesis, a redox-active coordination chemistry approach has been employed in the synthesis of two-dimensional molecule-based materials, which exhibit significantly high electrical conductivity and/or high temperature magnetic order. To this end, the present Introductory Chapter serves as an essential literature review to the reader, describing various approaches developed over the past few years/decades towards the realization of magnetic and electrically conductive coordination networks. In the first part (I.1-I.2), fundamental aspects of redox activity, mixed-valency and charge delocalization are presented, along with their implications in the fields of organic conductors, superconductors and conductive magnets. The second part (I.3) describes the two different approaches that have been developed in the design of molecule-based conductive magnets. They can be summarized into (a) the construction of hybrid materials with different magnetic and conductive sublattices, and (b) the incorporation of redox-active bridging ligands between paramagnetic metal centers in extended coordination networks. The third part (I.4) is devoted to high Tc ordered molecule-based magnets. Special emphasis is given to the two main families of compounds that show such behavior. The final part (I.5) includes some conclusions and the main motivation behind our work.

I.1. Fundamental concepts of redox-reactions and mixed-valency in coordination chemistry.

Redox reactions, which involve the transfer of electrons from one species to another, have a ubiquitous role in many biological and chemical processes. Electron transfer reactions are, for example, fundamental steps in the cellular respiration of living organisms' cells, where organic Chapter I. Generalities and Context fuels such as glucose are broken down through an electron transport chain into molecules that are able to store and transfer energy within cells. 1 In the field of chemistry, the development of electron transfer reactions began in the middle to late 1940's, with the performance of isotopic exchange reactions in solution. 2 Electron transfer processes can be classified into two broad categories: outer-sphere and inner-sphere mechanisms, where this classification is based on the connectivity between the redox centers during the reaction. More specifically, an outer-sphere mechanism occurs without any covalent linkage between the reactants during the electron transfer process. On the other hand, in the inner-sphere mechanism, the redox chemical reaction proceeds via a coordinated bridging ligand. 3 A leading figure in the field of inner-sphere reactions is Henry Taube, who was awarded the Nobel Prize in Chemistry in 1983 for his pioneering studies. 4 In 1953, he demonstrated an innersphere reaction on a skillfully chosen system. 5 Until that point, little was understood regarding how these electron transfer reactions proceeded, due to the labile character of the reactants with respect to changes in their coordination spheres. Any intermediate products formed that would give valuable information on the mechanism were not possible to be isolated, due to their transient nature and immediate conversion to final products. With this in mind, Taube elegantly designed a reaction system with careful consideration of the oxidizing and reducing agents. The robust metal complex, [Co III (NH3)5Cl] 2+ was chosen as an oxidant, since Co III ions are slow with respect to substitution (Co III low-spin; t2g 6 ). 6 On the other hand, the labile aquo complex of Cr II (aq.), [Cr II (H2O)6] 2+ , (Cr II high-spin; t2g 3 eg 1 ) was chosen as the reducing agent. Although Cr II is fast with respect to substitution, the oxidized species [Cr III (H2O)6] 3+ (Cr III ; t2g 3 ) is significantly less labile. Experimental observations showed that when [Co III (NH3)5Cl] 2+ is reduced by Cr II in acidic media (HClO4(aq), 1 M), [Cr III (H2O)5Cl] 2+ is formed, as evidenced by the green color of the product's solution (Reaction I-1). 7 [Co(NH3)5Cl] 2+ + [Cr(H2O)6] 2+ + 5[H3O] + ® [Co(H2O)6] 2+ + [Cr(H2O)5Cl] 2+ +5[NH4] + I-1

As discussed above, the non-labile nature of the Co III metal center would not allow the coordinated Cl -ligand to leave before reduction. The same principle applies to the oxidized Cr III species, which cannot accommodate the Cl -after oxidation. Therefore, Taube suggested that the Cl -remained coordinated to both metal centers during the electron transfer process, giving rise to an intermediate product shown in Scheme I-1. In order to confirm this hypothesis, an isotopic labelling technique was employed by incorporation of the radioactive isotope 38 Cl into the reaction. 7 Importantly, the radioactivity of the chloride that is coordinated to Cr III was found to be insignificant when the reaction was performed with labelled Cl -in solution. This result emphasized the direct transfer of the chloride ion from the oxidizing agent to the reducing agent, rather than its release and re-entry into solution. The steps of an inner-sphere mechanism can be therefore classified as: (1) bridge formation, (2) electron transfer, and (3) bridge cleavage.

In this original example of inner-sphere reaction, the intermediate product (Scheme I-1) was not isolated and characterized; the presence of the bridging Cl -was just inferred from the product analysis and isotopic labelling studies. One system, however, which serves as an excellent example for the bridged intermediate product is the so called "Creutz-Taube ion" (Scheme I-2). 8 Scheme I-2. Schematic representation of the Creutz-Taube ion.

The Creutz-Taube ion, named after Carol Creutz, who prepared the complex, and her thesis advisor Henry Taube, consists of two penta-amino ruthenium units bridged by a pyrazine (pyz) ligand and has the general formula [(NH3)5Ru II (pyz)Ru III (NH3)5] 5+ . It was initially isolated as the p-toluenesulfonate and perchlorate salts, 9 but the chloride analogue has also been reported in the literature. 10 The general synthetic procedure is summarized in Reactions I-2 to I-4. The first step involves the synthesis and isolation of the diruthenium complex, [(NH3)5Ru II (pyz)Ru II (NH3)5](CH3C6H4SO3)4 ([Ru2 II,II ]) (Reactions I-2 and I-3). Subsequent oxidation of this product by a Ag I reagent leads to the desired compound [(NH3)5Ru II (pyz)Ru III (NH3)5](CH3C6H4SO3)5 ([Ru2 II,III ]), as depicted in Reaction I-4. Further oxidation of the latter compound with Ce IV in perchlorate solution results in the fully oxidized version, [(NH3)5Ru III (pyz)Ru III (NH3)5](ClO4)6 ([Ru2 III,III ]). 9 Ultraviolet/visible (UV/VIS) spectroscopy measurements on all three systems ([Ru2 II,II ], [Ru2 II,III ], [Ru2 III,III ]) revealed spectra that are dominated by metal-to-ligand charge transfer bands at ~550 nm, as well as bands at lower wavenumbers that correspond to ligand-centered transitions. Interestingly, the near-infrared spectrum of the mixed-valence compound [Ru2 II,III ] showed an additional broad and intense band at 1570 nm, which is absent in the other two systems ([Ru2 II,II ], [Ru2 III,III ]). This band was ascribed to an electron transfer between the two Ru centers, named intervalence charge-transfer (IVCT). These observations on the electronic spectra prompted the authors to propose in their original work 8,9 that the Ru centers exist in two distinct oxidation states, +2 and +3. In the years that followed the initial synthesis and characterization of the Creutz-Taube ion, several research groups applied numerous physical techniques in efforts to determine the exact electronic structure of this complex. An alternative theory to the Ru ions existing in two distinct oxidation states is one where the odd electron is fully delocalized between the metal centers. Indeed, more recent studies, including detailed crystallographic characterization as well as near-and mid-infrared spectroscopy, supported the presence of a fractional oxidation state of +2.5 per Ru ion. 11 Despite the abundance of analytical data, the assignment of this species as localized or delocalized has been rather ambiguous.

Nevertheless, current opinion is now leaning towards the electron being delocalized between the two metal centers. 12 The discovery of the Creutz-Taube ion inspired much research interest into mixed-valence compounds. Mixed-valence compounds can be defined as systems that contain two or more electroactive components in more than one formal oxidation state. They can be subdivided, according to a scheme proposed by Robin and Day in 1967, into three classes. 13 Their classification is based on the symmetry and strength of the ligand field around the metal ions.

In a Class I system, the metal centers have distinct oxidation states and the electrons are well localized at the different metal sites. The metal ions reside in sites of different symmetry and ligand field strength; an example of such species is the mixed-valence Co3O4 compound. It In a Class II mixed-valence system, even though the metal centers are still distinguishable and have discrete oxidation states, electron delocalization is feasible. In these species, the metal ions reside in very similar coordination environments, but the metal-ligand distances are shorter at one site than at the other. Considering a small optical or thermal activation energy, a rapid interexchange of charge between the metal sites is possible, and consequently an IVCT transition is observed. An archetypal example of a class II mixed-valence compound is the "Prussian Blue" and its analogs. 16 The insoluble form of this intensely colored pigment, Fe III Finally, in a Class III system, there is a complete electronic delocalization and each metal site exhibits an intermediate oxidation state which is half-integer in value. In these species, the metal centers are indistinguishable and have essentially identical coordination environments.

In order for this electronic delocalization to take place, a ligand that can facilitate electron transfer between the metal centers is necessary. The Creutz-Taube ion, Mixed-valency and redox reactions in coordination chemistry are key components for the synthesis of multifunctional molecule-based materials. More specifically, in the field of molecule-based magnetic materials, one of the most efficient ways to promote strong magnetic coupling between spin carriers is the mixed-valence approach, for which an electron delocalization promotes double exchange. 17 In addition, charge transfer can play a crucial role in the field of conductive materials, as for example in the case of organic conductors. 18 Charge transfer between the electron donor tetrathiafulvalene (TTF) and the electron acceptor tetracyanoquinodimethane (TCNQ) has led to the iconic TTF-TCNQ salt, which is the first organic metal to be synthesized. 19 I.2. Charge transfer in organic conductors, superconductors and conductive magnets.

Organic conductors have been in the center of immense attention by the research community, since the discovery of metallic conductivity down to 54 K in the charge transfer salt The synthesis of the first organic metal from reactions between an electron donor and an acceptor molecule, inspired a multitude of research towards the design of new electron donor/acceptor moieties. In 1974, Bechgaard et al., synthesized a selenium derivative of TTF, named tetramethyltetraselenafulvalene (TMTSF). When TMTSF was reacted with 2,4-dimethyl-TCNQ (DMTCNQ), the corresponding charge transfer salt was isolated. 22 TMTSF-DMTCNQ presents a metallic behavior under slight pressure (~1.0 kbar) from room temperature down to liquid helium temperatures. 23 A few years later, in 1979, Bechgaard et al.

reported the synthesis of an iconic family of compounds, named "Bechgaard salts". 24 The idea of replacing TCNQ with inorganic anions led to a series of salts of the type (TMTSF)2X with remarkable properties (X can be PF6 -, AsF6 -, SbF6 -, TaF6 -, NbF6 -, BF4 -, ReO4 -etc.). Their structures consist of segregated stacks of the radical cations interleaved by the inorganic anions. Some analogs were found to be superconductors (Tc = 1-2 K) under applied pressure (~5-12 kbar), and in 1981, 25 it was demonstrated that (TMTSF)2ClO4 (the nearly planar TMTSF TCNQ TTF (a) (b) molecules in the structure are dimerized) exhibits a transition from metallic to superconducting behavior at ambient pressure below 1.4 K.

The remarkable electronic properties of the aforementioned charge transfer salts paved the way for the design of multifunctional materials based on TTF derivatives that exhibit, in addition to electrical conductivity, a second physical property such as magnetic order. Materials that combine high temperature magnetic order and high electrical conductivity are very appealing candidates for spintronics applications. 26 As already discussed in the General Introduction, this emergent field combining fundamental and applied research exploits the spin of the electron, in addition to its charge, for information processing. Carrying information in both the spin and charge of the electrons offers great promise for next-generation devices with improved characteristics. 27 In the late 1980's, it was demonstrated that cationic organic radicals, capable of promoting electrical conductivity, can assemble with paramagnetic complexes of transition metals. The first candidates for this approach were simple paramagnetic anionic species, such as tetrahalometalates MX4 n-and trisoxalatometalate [M III (C2O4)3] 3-species (M = Fe, Cr). 28 The combination of these discrete paramagnetic anions with oxidized organic donors yielded numerous materials which displayed conductivity or even superconductivity. 29 However, the mononuclear anionic species are either paramagnetic 30 or they exhibit antiferromagnetic order at low temperatures. 31 A convenient way to introduce long-range magnetic order in such hybrid compounds involves the use of bimetallic anionic layers of the type [M II M¢ III (C2O4)3] -(M II = Mn, Co, Ni, Fe, Cu and Zn and M¢ III = Fe, Cr), which show ferro-or ferrimagnetic order. 32 The crystal structures of these A[M II M¢ III (C2O4)3] (M, M¢ = metal ions, A = organic cation) systems consist of two-dimensional layers of octahedral M and M¢ metal ions bridged by the oxalate ligands.

In addition to these 2D arrangements, it must be noted that there have been examples in which 3D structures are also formed. 33 Early examples of A[M II Cr III (C2O4)3] (M II = Mn, Fe, Co, Ni, Cu, Zn and A = [N(n-C4H9)4] + and [P(C6H5)4] + ) exhibited long-range magnetic order ranging from 6 to 14 K, depending on the identity of the M II ions. 34 In the search for magneto-structural correlations in this interesting class of materials, the effect of the organic cation A, as well as the nature of M II and M III were investigated. The nature of A should affect the interlayer spacing and consequently the physical properties. In addition, it acts as a templating cation and therefore can influence the dimensional nature of the structure (two-or three-dimensional). Finally, the various metal ions and their corresponding spin, S, were shown to affect the strength of In 2000, the year now considered as a breakthrough point in the "molecular ferromagnetic conductors" field, Coronado and co-workers reported the material

[BEDT-TTF]3[Mn II Cr III (C2O4)3] (BEDT-TTF = bis(ethylenedithio)-tetrathiafulvalene), which displays ferromagnetism and metallic conductivity. 35 The design concept behind this compound was a hybrid organic/inorganic system with two distinct sublattices exhibiting specific properties. BEDT-TTF was chosen due to its favorable properties in molecular conductors and superconductors, 36 while the bimetallic layers (as discussed above) can exhibit magnetic order.

The structure, as confirmed through single-crystal X-ray crystallography, consists of alternating organic layers of BEDT-TTF and honeycomb layers of the bimetallic compound, order below 5.5 K. Electronic conductivity measurements on single crystals of the material using the four-contact method showed a room temperature value of ~250 S cm -1 , and the temperature dependence suggested a metallic behavior down to 2 K (Figure I-6 b). This example illustrated how the physical properties of the two original components (ferromagnetism and electronic conductivity) were both preserved in the final hybrid material, and additionally provided great prospects on tuning these properties through the judicious choice of the cationic and anionic sublattices. Indeed, three years later, the same research group reported the similar system,

[BETS]3[MnCr(C2O4)3]×CH2Cl2 (BETS = bis(ethylenedithio)-tetraselenafulvalene). 37 The selenium-substituted derivative of BEDT-TTF, when combined with the same oxalate-bridged bimetallic system, afforded single crystals of a hybrid material with alternating organic/inorganic layers. A strikingly different packing of the organic cationic moieties was observed in this compound, compared to the BEDT-TTF analog. In the present case, the 16.61 Å in the BEDT-TTF system), confirms that the magnetic properties originate from the 2D oxalato planes. Although the use of separate magnetic and conductive components has resulted in hybrid materials with unprecedented properties, this approach suffers from one major drawback. The final systems exhibit properties that are associated with their constituents, rather than new emergent features that are superior to those of each component. For example, the low critical temperatures of the aforementioned hybrid materials essentially preclude their use in any practical applications, and therefore, the quest for higher Tc systems is more relevant than ever.

The use of the anionic [Fe ΙΙ Fe III (C2O4)3] -sublattice could in principle introduce magnetic order at much higher temperatures (up to 48 K) 32b ; however, due to synthetic challenges, such a hybrid system has not been isolated.

I.3.2. The use of redox-active bridging ligands.

An alternative approach in the design of multifunctional materials that can simultaneously exhibit magnetic order and electrical conductivity involves the use of redox-active organic ligands, which act as linkers between redox-active paramagnetic metal nodes. This approach has already yielded numerous coordination networks with a high degree of charge delocalization. 42 Importantly, the presence of an organic radical can also give rise to strong exchange interactions between the metal ions and the organic linkers, which can potentially result in magnetic order at high temperatures. The first example of a molecule-based magnet composed of metal ions and organic radicals is [Fe(C5Me5)2] + [TCNE] •- (TCNE = tetracyanoethylene), which presents magnetic order below 4.8 K. 43 Many more examples with derivatives of nitroxide, [START_REF] Joung | [END_REF] perchlorotriphenylmethyl 45 and carbene radicals 46 were subsequently synthesized. However, systems based on ). The special arrangement of the TCNQ moieties in phase I provides a very efficient "through-space" charge transport pathway, which in conjunction with the metal-ligand backbone, is responsible for the room-temperature conductivity (on pressed pellets) of 0.25 S cm -1 . In contrast, phase II is a poor semiconductor (σRT = 1.3×10 -5 S cm -1 ). Concerning the magnetic properties, phase I is essentially diamagnetic in the temperature range 300-1.85 K, due to the strong magnetic coupling between the S = ½ radical spins. In stark contrast, the TCNQ radical spins in Phase II present weak antiferromagnetic interactions as the temperature is lowered, before a canted antiferromagnetic phase is stabilized below 10 K. Impressive electronic properties are also observed in Cu-DCNQI polymers (DCNQI = N,N´dicyanoquinonediimine). 50 When CuI is reacted with 2,5-dimethyl-N,N-dicyanoquinonediimine (DMDCNQI), a black microcrystalline powder precipitates, which has a roomtemperature conductivity of 0.4 S cm -1 . Remarkably, the single crystal conductivity increases from 800 S cm -1 at room temperature to 5×10 5 S cm -1 at 3.5 K. This behavior clearly illustrates the metallic character of this salt. The charge transport is facilitated through the stacking of the radical ligands, as well as through the interaction of the metal's d orbitals with the p orbitals of the ligand's donor atoms. The magnetic susceptibility of Cu-DMDCNQI is nearly temperature independent between 300 and 100 K, reminiscent of the Pauli paramagnetism of metals. Below 100 K, the susceptibility increases and shows a feature at about 7 K, which is attributed to antiferromagnetic order of the S = ½ spins. 51 The authors speculated that the increase in the susceptibility below 100 K is due to charge localization as the temperature decreases, compared to the fully delocalized mixed-valence state at higher temperatures. M II (TCNQ)2. 52 Although isolation of single crystals suitable for X-ray diffraction was not possible, the powder diffraction spectra of all four systems were identical, indicating that the compounds are isostructural. A detailed infrared analysis revealed that all TCNQ molecules in these materials exist in the same oxidation state and coordinate to the metal ions in an identical manner. More particularly, the bending C-H frequencies for all four compounds confirmed the presence of TCNQ in its anionic radical form. Four-point conductivity measurements on pressed pellets revealed room-temperature values ranging from 1.4×10 -3 S cm -1 for Ni(TCNQ)2, to 7.7×10 -5 S cm -1 for the Mn analog, with band gaps of 0.204 and 0. Indeed, such a shift is usually characteristic of a glassy magnetic phase, which is a metastable state of frozen spins that does not undergo a true three-dimensional order. The authors hypothesized that the possible competing magnetic interactions between the spin carriers could indeed lead to some degree of frustration and thus, glassiness. 

I.3.2.b. Metal-anilate conductive magnets.

Another redox-active ligand that has been extensively used in coordination chemistry for the design of conductive magnets is 2,5-dihydroxybenzoquinone (dhbq), and its derivatives. The (dhbq) organic moiety has frontier orbitals of similar energies to those of the metal ions, and can exist in three different oxidation states. 53 Chemical reduction of the dianionic benzoquinone

(a) (b) 
(L 2-) leads to the paramagnetic trianionic semiquinone (L 3-• ), which can further be reduced to the tetranionic moiety (L 4-). The redox-activity of (dhbq) and related ligands is exhibited in a series of mixed-valence frameworks, which show charge delocalization and consequently, high electrical conductivity values at room temperature. 42 These types of ligands has also proven particularly efficient in promoting strong magnetic exchange interactions between spin carriers. 54 The black color of this compound gave an early indication of an intervalence charge transfer.

In order to determine the possibility of metal-or ligand-based mixed-valency, the authors performed Mössbauer spectroscopy and concluded that only high-spin Fe III ions are present in the structure. Considering that the reaction was performed with an Fe II reagent, there was a strong possibility that the Fe II had reduced at least some of the (dhbq) n-ligands. This suggestion, along with the bond parameters from crystallographic data, indicated the presence of both diamagnetic (dhbq) 2-and radical (dhbq) 3-• species (in a 1:2 ratio). In the diffuse reflectance UV-vis-NIR spectrum, an intense band appears at 7000 cm -1 , and since all the Fe centers were determined to be in the +3 oxidation state, the mixed-valency was attributed to the organic In an attempt to probe the redox chemistry of (NnBu4)2[Fe III 2(dhbq 2-)(dhbq 3-• )2] and to further reduce the (dhbq) 2-ligand to its radical anionic form, a one-electron chemical reduction was performed using Na(naphthalenide) in THF. The product was determined to have the chemical formula Na0.9(NnBu4)1.8[Fe III 2(dhbq)3] through elemental analysis and inductively coupled plasma mass spectrometry (ICP), which corresponds to an 0.7 e -/mol reduction of the pristine framework. The presence of an IVCT band in the near infrared region, similarly to the pristine compound, suggests some degree of mixed-valency amongst the (dhbp) 2-/3-• units.

However, the further reduction of (dhbq) 2-to (dhbq) 3-• would mean that fewer electrons have a nearest neighbor (dhbq) 2-vacancy to hop to, and therefore the carrier mobility and consequently the electrical conductivity should decrease. Indeed, Na0.9(NnBu4)1. 

(Me2NH2)2[Fe III 2(Cl2dhbq 2-)(Cl2dhbq 3-• )2]•2H2O•6DMF.
The ratio between (Cl2dhbq) 2-and (Cl2dhbq) 3-• was determined as 1:2 for charge balancing reasons. Nevertheless, each pair of organic radicals was believed to be delocalized over three ligands and therefore, each ligand was better described as accommodating two-thirds of an unpaired electron. The strong intralayer antiferromagnetic interactions between the Fe III centers and radical ligands gave rise to ferrimagnetic order below 80 K, as displayed by the slightly frequency-dependent peak in both the in-phase and out-of-phase ac susceptibilities.

Importantly, upon removal of the DMF and H2O solvent molecules, the hexagonal channels Finally, electrical conductivity measurements were performed on pressed pellets of all three networks using the two-probe technique, and similar behavior as for the dhbq MOFs (vide supra) was observed. The solvated and desolvated pristine compounds exhibited roomtemperature values of 1.4×10 -2 S cm -1 and 1×10 -3 S cm -1 , respectively, while a decreased value of 5.1×10 -4 S cm -1 was measured for the reduced system (two-probe, pressed pellets), most likely due to removal of mixed-valency.

A systematic study on the effect of the metal identity on the electronic properties of benzoquinone-based frameworks was recently reported by Long's research group. 59 The observation that the Fe-X2dhbq (X= H or Cl) frameworks (vide supra) display a metal-to-ligand electron transfer that leads eventually to mixed-valency, prompted the authors to use highly reducing metal ions, such as Cr II , Ti II a localized electronic structure, while more substantial delocalization was observed in the Ti and V analogues. Interestingly, a fully delocalized mixed-valence state was assigned to the V system, which was described as Robin-Day Class III. From the IR analysis, it was inferred that the Cr compound contains (dhbq) 2-and (dhbq) 3-• ligands, while the Ti analog features (Cl2dhbq) 3-• and (Cl2dhbq) 4-moieties. No assignment was performed on the V system due to very broad absorbance in the IR region. The extent of electronic delocalization observed spectroscopically was confirmed by the electronic conductivity values at room-temperature (two-point, pressed pellets) of 2.7×10 -3 S cm -1 , 0.45 S cm -1 and 1.2×10 -4 S cm -1 for Ti, V and Cr, respectively (Figure I-14 b). Surprisingly, no magnetic order was observed upon the decrease of temperature to 2 K for any of these networks. chosen as a candidate to perform redox-chemistry, as it features exclusively diamagnetic S = 0 (Cl2dhbq) 2-linkers. These ligands mediate weak magnetic interactions between the S = 5/2 Mn II centers and thus, this system does not exhibit magnetic order above 1.8 K. Upon treatment with a mixture of sodium naphthalenide and 1,2-dihydroacenaphthylene, all (Cl2dhbq) 2-ligands underwent reduction to their (Cl2dhbq) 3-• radical forms. The antiferromagnetic coupling between Mn II and (Cl2dhbq) 3-• in the reduced compound gave rise to long-range magnetic interactions and consequently a ferrimagnetically ordered phase below 40 K. Concomitantly with the drastically different magnetic behaviors, a 1×10 5 -fold increase in the room temperature conductivity was observed upon reduction, from ~10 -13 to ~10 -8 S cm -1 . In all coordination networks and MOFs consisting of X2dhbq (X = H, Cl, F, CN) linkers, the low-lying π* orbitals of the ligands have been established to be energetically similar to the d orbitals of the metal ions. This orbital arrangement can facilitate a very efficient chargetransport pathway, as evidenced by the high electronic conductivity values of these metalorganic materials. Additionally, the unpaired electrons residing in the organic linkers can give rise to strong magnetic exchange interactions between the metal nodes and the ligands, resulting in ferrimagnetic order at temperatures, as high as 105 K.

I.3.2.c. Employment of π-conjugated ligands.

The highest electronic conductivity values reported to date in coordination networks have been observed in a family of two-dimensional materials, described as semiconducting Metal-Organic Graphene Analogues (s-MOGs). 62 ). These materials have been extensively investigated for applications in electrocatalysis, 63 chemiresistive sensors 64 and energy storage 65 ; however, their magnetic behavior remains largely unexplored. It must be emphasized that the versatility of coordination chemistry allows for the tuning of the magnetic and electrical properties of these systems, through the incorporation of a large variety of molecular building blocks. A summary of the known metal-organic solids with reported magnetic order and electrical conductivity can be found in Table I-2. 

(Me2NH2)2[Fe2(Cl2dhbq)3]•2H2O•6DMF 80 (FI) 1.4×10 -2 (Me2NH2)2[Fe2(Cl2dhbq)3] 26 (FI) 1×10 -3 (Cp2Co)1.43(Me2NH2)1.57[Fe2(Cl2dhbq)3]• 4.9DMF 105 (FI) 5.1×10 -4 [TAG][Fe2(ClCNdhbq)3]•(solvate) 4 (FI) 2.0×10 -3 Na3(Me4N)2[Mn2(Cl2dhbq)3] 41 (FI) 2.27×10 -8
Fe-PTC 20 (F) 10

pybz: 4-pyridyl benzoate; lac = lactate, BEDT-TTF: bis(ethylenedithio)-tetrathiafulvalene, ox: oxalate, BEST: bis(ethylenediseleno)-tetrathiafulvalene, BET-TTF: bis(ethylenethio)-tetrathiafulvalene, BEDT-TSF: bis(ethylenedithio)-tetraselenafulvalene, BEDO-TTF: bis(ethylenedioxy)tetrathiafulvalene, TCNE: tetracyanoethylene, EDT-TTFBr2: 4,5-dibromo-4ʹ,5ʹ-ethylenedithiotetrathiafulvalene, EDO-TTFBr2: 4,5-dibromo-4ʹ,5ʹ-ethylenedioxy-tetrathiafulvalene, DIEDO: 4,5diiodo-4ʹ,5ʹ-ethylenedioxy-tetrathiafulvalene, mnt: maleonitriledithiolate, dmstfdt: dimethyldiselenadithiafulvalenedithiolate, DMET: 4ʹ,5ʹ-dimethyl-4,5-(ethylenedithio)-1ʹ,3ʹ-diselena-1,3-dithafulvalene, TCNQ: 7,7,8,8-tetra-cyanoquinodimethane, m-F-PhCO2: m-fluorobenzoate, BTDA-TCNQ: bis(1,2,5thiadiazolo)-tetracyanoquinodimethane, dhbq: 2,5-dihydroxy-1,4-benzo-quinone, Cl2dhbq: 2,5dischloro-3,6-dihydroxo-1,4-benzoquinone, TAG: tris(amino)-guanidinium, ClCNdhbq: chlorocyanoanilate, PTC: 1,2,3,4,5,6,7,-8,9,10,11,12-perthiolated coronene. F, AF and FI are abbreviations for ferromagnet, antiferromagnet, and ferrimagnet, respectively.

I.4. High-Tc ordered molecule-based magnets.

In the field of molecule-based magnetic materials, MOFs and coordination polymers have already established their presence as very important candidates for next-generation data processing and storage. [START_REF] Krause | [END_REF] Magnetic materials that operate at high temperatures are usually made of pure metals, intermetallics, or metal oxides. However, despite their remarkable technological importance, they experience several drawbacks, such as high energy-consuming fabrication methods and limited access to component elements (e.g. lanthanide-based magnets). This has led to a sustained effort in the last few decades towards identifying new molecule-based magnetic materials with features associated with the traditional magnets and additional benefits from the advantages of coordination and molecular chemistry. Molecule-based magnets can be synthesized in mild conditions and their solubility in organic solvents allows for the tuning and post-synthetic modification of their physical properties. The versatility of coordination chemistry also provides the opportunity to control the material's magnetic properties by an external stimulus (e.g. light, pressure, temperature), as well as the combination of magnetic order with a second property (as seen in Part I.3).

Indeed, numerous molecule-based magnets with varying magnetic order temperatures have been reported in the literature and they feature a plethora of paramagnetic metal ions and organic ligands (e.g. oxalate-and nitroxide-based). Some characteristic examples can be found in a review article by Miller. 79 On the contrary, high Tc (above the temperature of boiling nitrogen, 77 K) molecule-based magnets are more limited in number and they essentially belong to two main groups; tetracyanoethylene-based compounds (Scheme I-5) and Prussian blue analogues. Some examples of systems that order magnetically above room-temperature will be described herein. In the first group, the [TCNE] -• radical anion acts as a bridging ligand between paramagnetic metal ions. The efficiency of this radical ligand is founded on its delocalized nature, as the unpaired electron is delocalized over all ten atoms. When coordinated to paramagnetic metal centers though the nitrogen atoms of the nitrile groups, a strong magnetic coupling between the metal-and ligand-based spins can occur. Historically, the first molecule-based magnet featuring this ligand is [Fe(C5Me5)2] + [TCNE] -• , which orders ferromagnetically below 4.8 K. 43 81 Among them, those possessing three-dimensional structures exhibit the highest Tc values. One exceptional example, which exhibits the highest ordering temperature among all molecule-based magnets reported in the literature, is V[TCNE]x•yCH2Cl2 with Tc = 400 K. [START_REF] Campbell | [END_REF] This compound can be synthesized either by reaction of V(C6H6)2 with TCNE in solution, or by chemical vapor deposition (CVD) using V(CO)6. 82 A range of x and y (1.5 ≤ x ≤ 2 and 0 ≤ y ≤ 1) has been obtained for samples prepared with different solvents and ratios of the starting materials. The extreme sensitivity to oxygen and the rapid solvent loss have significantly complicated the efforts to obtain the exact chemical formula of this material. In the years following the initial report, the chemical composition of this magnet has been elucidated through techniques, such as elemental analysis, infrared (IR), X-ray absorption nearedge structure (XANES), extended X-ray absorption fine structure (EXAFS) 83 and X-ray photoelectron spectroscopy (XPS). 82a Taking into account the information from all these The second group of high-Tc molecule-based magnets is the family of Prussian blue analogs, in which inorganic diamagnetic cyanide ligands act as a magnetic relay between neighboring spins of metal ions. Prussian blue has the chemical formula Fe II 4[Fe III (CN)6]3•14H2O and is a dark blue pigment, known for about 300 years. This compound, whose structure was determined in 1972 16a (vide supra, Figure I-2), presents ferromagnetic order below 5.6 K. 84 Following this discovery, analogous phases with other 3d metal ions have been synthesized and characterized. 81 In 1995, Verdaguer and coworkers illustrated that a vanadium(II)hexacyanidochromate(III) system orders ferrimagnetically above room-temperature. 85 Reactions of (NH4)2V II (SO4)2•6H2O and K3[Cr III (CN)6] under an argon atmosphere gave the amorphous compound V II 0.42V III 0.58[Cr III (CN)6]0.86•2.8H2O, which exhibits a Tc of 315 K. The observed saturation value of its magnetization was in excellent agreement with an antiparallel alignment of the magnetic moments of Cr III to those of V II and V III .

Following this initial report, several research groups have described other vanadium(II)hexacyanidochromate(III) systems with remarkably high magnetic order temperatures. 81 An exceptional example, with the highest Tc among cyanido-bridged metal assemblies, is the V II and Cr III centers. However, the observed magnetization was ascribed to slight deviations from the 1:1 metal ions stoichiometry, as a result of oxidation of the V II centers to either V III or V IV . In all the examples mentioned above, the molecule-based magnets are composed of metal ions combined with either organic radicals or diamagnetic ligands. Even though they don't fall into the scope of this thesis, it should be mentioned that high Tc magnets can also be exclusively made of organic radicals. The first pure organic system displaying bulk ferromagnetism is the p-nitrophenyl nitronyl nitroxide radical which has a Tc = 0.65 K. 87 Very recently, it was reported that an 1,3,5-triazine-linked porous organic radical framework exhibits an ordering temperature as high as 465 K. 

I.5. Conclusions and motivation.

In the first part of this Chapter, some fundamental concepts regarding redox reactions in coordination chemistry and more specifically charge delocalization and mixed-valency have been analyzed. In the second part, it was illustrated with various literature examples that these phenomena can give rise to very interesting properties, such as electrical conductivity and/or high temperature magnetic order. The design of molecule-based conductive magnets has been increasingly gaining momentum, due to their potential involvement in emergent technologies.

To that end and by mimicking the work carried out on tetrathiafulvalene-(TTF) based organic conductors and superconductors, organic cations (e.g. TTF derivatives) were initially combined with magnetic anionic metal complexes. The employed magnetic entities ranged from simple mononuclear complexes of the type [MX4] n-and [M(C2O4)3] 3-, to layered structures such as bimetallic oxalate 2D layers [M II M III (C2O4)3] -. Even though the resulting compounds displayed all types of conductive properties (insulating, semiconducting, metallic, and even superconducting), the temperatures at which magnetic order occurs is still very low (always below 15 K). This feature, in conjunction with the lack of synergy between electronic conductivity and magnetic order, necessitated the development of novel synthetic strategies for the preparation of conductive magnets with high ordering temperatures. The use of redoxactive bridging ligands between paramagnetic metal centers has emerged as a very promising alternative synthetic strategy. These organic linkers can promote not only a high degree of electron delocalization in the structural lattice, but also strong magnetic exchange interactions between the spin carriers. Recent attention has been paid to multidimensional coordination networks involving benzoquinone radical units, in which magnetic order (up to 105 K) and high electronic conductivity values (~10 -3 S cm -1 ) co-exist. However, restraining the chemistry to only these, and a few related, redox partners puts significant limitations on the materials that can be exploited.

Indeed, many other metal ion-ligand couples are known to exhibit interesting inner-sphere redox reactions. For instance, several aromatic amines are known to be redox-active when coordinated to moderately reducing transition metal centers, often resulting in remarkable electronic structures and reactivities for the molecular species. 89 In this thesis, we describe the synthesis and detailed characterization of novel two-dimensional coordination networks, through the judicious choice of the simple redox-active ditopic organic ligand, pyrazine (pyz), and the reducing transition metals Cr II , Ti II and V II . The isolated coordination polymers have the chemical formula MX2(pyz)2, in which M = Cr, Ti, V and X = Cl, Br, I and OSO2CH3.

Chapter II serves as an introduction to the fundamental concepts of electrical conductivity and magnetism, that are crucial for the understanding of the experimental results in the following Chapters. Furthermore, the general principles of X-ray absorption spectroscopy and related techniques, that have been extensively used for the characterization of the obtained materials, are presented. Chapter III illustrates how the redox matching of the metal and ligand frontier orbitals allows for long-range electronic delocalization to take place in CrCl2(pyz)2. This phenomenon in turn promotes both strong magnetic interactions between the spin carriers and an efficient charge transport pathway that leads to high electrical conductivity. Chapters IV and V demonstrate the effect of substitution of the anionic co-ligands (Br, I, OSO2CH3) and metal centers (Ti, V) on the redox matching of the structural constituents and consequently, the Materials that exist in the solid state can be classified based on their electrical properties into three groups: insulators, semiconductors and conductors/metals. 1 The distinction is made upon the ability of the material to conduct an electric current under certain conditions (temperature, pressure, applied current, etc.). In general, when a voltage V is applied to an electrical circuit, the transport of electric charge Q (in coulomb, C) over a time t (in seconds, s) corresponds to an electric current with intensity I (in amperes, A) (Equation II-1).

𝐼 = 𝑄 𝑡 II-1
The amount of current that a material can carry is reflected on the value of its resistance, R.

Ohm's law relates the electric parameters, intensity I and applied potential V, to the resistance (in ohms, Ω) (Equation II-2). The inverse of the resistance is the conductance C (in siemens, S or ohm -1 , Ω -1 ).

𝑅 = 𝑉 𝐼 II-2

For a material with length l, and a uniform cross-sectional area, A, the resistivity ρ (Equation II-3) can be defined by:

𝜌 = 𝑅 𝐴 𝑙 II-3
Resistivity is expressed in ohm cm. The conductivity, σ, is simply the inverse of the resistivity (Equation II-4) and is expressed in ohm -1 cm -1 or S cm -1 :

𝜎 = 1 𝜌 II-4
Another common expression of the Ohm's law is through the current density j (𝑗 = 𝐼 𝐴 . ) and the applied electric field E (Equation II-5).

𝑗 = 𝜎𝐸 II-5

The electrical properties of any material are strongly dependent on its valence and conduction bands and the energy separation between them. In solid-state physics, a band refers to the very large number of energy states that the electrons within a solid may have and can be explained in an analogous way as in molecular orbital theory. 2 The electrons in single atoms reside in atomic orbitals with discrete energy levels. When atoms combine to form a molecule, molecular orbitals are created from a linear combination of the atomic orbitals of the associated atoms. For example, if two H atoms combine, the two 1s atomic orbitals will overlap, giving

Chapter II. General Information on Electrical Conductivity, Magnetism and X-Ray Absorption Spectroscopy rise to two new molecular orbitals with different energies. In the case of a solid with n atoms, the atomic orbitals will overlap, leading to the formation of a very large number of molecular orbitals. The very closely spaced in energy molecular orbitals are not anymore considered to have discrete energy levels, but are better described as a continuum, an energy band. The valence band is built of the occupied molecular orbitals and is lower in energy than the conduction band, which can be described as the range of vacant electronic states, at absolute zero.

A solid behaves as an insulator if the allowed energy bands are either completely filled or empty. In insulators, there exists a region between the highest occupied energy state of the The electrical properties of intrinsic (pure) semiconductors, such as silicon or germanium, can be improved by introducing, in a controlled way, impurities into their crystal lattices. The addition of a small percentage of foreign atoms in the regular crystal lattice of semiconductors is called doping and can result in dramatic changes in the electrical properties of the corresponding materials. The extrinsic semiconductors obtained upon doping can be of n-type or p-type, depending on the nature of the dopant. The dopants can be either electron donors or acceptors. In the case of p-type doping, acceptor impurities such as group III elements (e.g. boron) are introduced in the crystal lattice. All these elements are electron deficient since they contain three valence electrons and therefore, when added to intrinsic semiconductors, they will behave as acceptors leaving a vacant state (positive hole) behind. The electrons of the acceptor atoms do not contribute directly to the electrical conductance of the semiconductor.

It is the positive holes in the valence band that act as charge carriers and are called the majority carriers. The name "p-type" corresponds to positive charge carriers dominating the conduction.

In the case of n-type doping, donor impurities such as group V (e.g. phosphorus) elements are introduced into the crystal lattice of intrinsic semiconductors. The presence of five valence electrons in these elements permits them to act as donors, creating negative (n-type) charge carriers. The extra electrons occupy discrete energy levels below the conduction band, and due to the small band gap, they can be excited from the donor level to the conduction band, where they can act as charge carriers. In this case, electrons constitute the majority carriers, and holes are the minority carriers. Electrical conductivity is dependent on both the density (n) and mobility (μ) of electrons (e) and holes (h), and in order to achieve high conductivity, both high charge density and high charge mobility are required (Equation II-6).

𝜎 = e(𝜇 3 𝑛 3 + 𝜇 6 𝑛 6 )

II-6

High charge density implies the presence of loosely bound charge carriers, and in metalorganic materials, both the metal ions and the organic ligands can be the sources of charge carriers. As far as the metal ions are concerned, they should ideally have high energy unpaired electrons, as for example the unpaired electron of Cu II centers in a square-planar coordination geometry. The organic ligands can either be in the form of stable radicals or exhibit redoxactivity so that they can promote facile charge transfer between the metal centers or organic moieties. As discussed above, providing a sufficient thermal energy to a system will result in the promotion of valence electrons into the conduction band. Both the negatively charged carriers in the conduction band and the holes created in the valence band can act as charge carriers. Therefore, charge density can be described as having a thermally activated behavior (Equation II-7). 4 𝑛 = 𝑛 8 exp (-

𝐸 < 𝑘 > 𝑇 ) II-7
In this equation n0 is a prefactor, kB is the Boltzmann constant, T is the absolute temperature and Ea is the activation energy. This formula implies that the smaller is the activation energy, the easier is for the electrons to be promoted to the conduction band and larger is the charge density.

Charge mobility characterizes how rapidly an electron or hole can move and is closely associated with the efficiency of charge transport. In metal-organic materials, two chargetransport mechanisms have to be considered; the band transport and the hopping transport. 5 In band transport, the charge carriers need to be delocalized and the charge mobility is given by Equation II-8, 3

𝜇 = 𝑒𝜏 𝑚 * II-8
where m* is the effective mass of the charge carrier determined by the band curvature, e is the elemental charge, and τ is the average scattering time between two events. A small τ and consequently low mobility can be caused by charge-scattering sites such as disorder, defects, impurities, or grain boundaries.

In the hopping transport regime, the charge carriers are localized in states with discrete energy levels and they move by hopping between neighboring sites. where α -1 is the localization parameter of these hopping sites and the other terms are defined as above.

In the hopping model, the conductivity in an extended temperature range is described with the exponential law (Equation II-10) 7 ,

𝜎 = 𝜎 8 exp (- 𝑇 8 𝑇 ) F GHF

II-10

in which d is the dimensionality of transport and σ0 and T0 are empirical constants that depend on the electron density of states at the Fermi level, N(EF), according to the proportionalities, 𝜎 8 ∝ 𝑁(𝐸 K ) and 𝑇 8 ∝ L M N(O P ) . 8 Fermi level is defined as the highest energy state occupied by electrons at 0 K (its energy is termed as Fermi energy, EF), while the density of states refers to the number of states that are available to be occupied at each energy level. This variable range hopping (VRH) model has been used extensively in the family of coordination polymers. Special attention needs though to be paid to cases where the experimental data can be fitted to Equation II-10 with more than one d values. Such cases preclude the precise determination of the exact electronic dimensionality. When d equals to 3, then the above hopping model is called Mott variable-range hopping model, since it was Mott in 1968 who first described low temperature conduction in systems with localized charge-carrier states. 6 In order to obtain a comprehensive view of the electrical properties of a material, it is necessary to study the thermal variation of the electrical conductivity. Although all semiconductors show a thermally activated conductivity, the different conduction mechanisms (vide supra) cause a different temperature dependence. For semiconductors, the activation energy (Ea) is typically obtained by fitting the temperature-dependent conductivity data to the Arrhenius law (Equation II-11), assuming that the charge mobility is constant in the temperature range used for the measurement.

𝜎 = 𝜎 8 exp (- 𝐸 < 𝑘 > 𝑇 ) II-11
For intrinsic semiconductors, the bang gap (Eg) can be calculated from the activation energy (Eg=2×Ea). For a more accurate though calculation of the band gap, ultraviolet photoelectron spectroscopy that measures the density of states near the Fermi level should be performed.
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Measuring the electrical properties of a material can be a very challenging task, as the values obtained may vary by several orders of magnitude, depending on how the sample is prepared and measured. Therefore, special caution should be taken when comparing conductivity values of different systems, as they depend on many factors. A discussion on all these challenges will be made below.

Pressed pellets, thin films and single crystals are primarily the different physical forms in which materials have been studied. For coordination polymers and metal-organic frameworks, most measurements have been performed on pressed pellets, due to inherent difficulties to crystallize these systems. Pressed pellets are easy to prepare and handle but are associated with a few drawbacks. The lack of homogeneity, due to the existence of grain boundaries between crystallites, does not allow for the determination of the intrinsic properties and furthermore, attempts to reproduce the same results may be challenging, due to different grain sizes in different pellets (as determined by the applied pressure during the pellet preparation). A second problem affecting the conductivity measurements is related to the electrical contacts used during the measurement. If the sample itself presents very low resistivity values, then the instrument will mainly measure the resistance of the wire contacts. Coordination polymers usually exhibit higher resistivities than the electrical contacts, and therefore this problem may not be directly applicable; however, if the resistance of the sample is very high, then it is possible that only the internal impedance of the voltmeter and leakage currents are measured.

Finally, the possibility of anisotropic charge transport in pressed pellets may be obscured by the random orientation of the crystallites and the presence of defects. Therefore, the values obtained are most likely dominated by the least conductive direction of the material, leading to underestimated values, compared to the ones that would ideally be obtained in defect-free single crystals. It is therefore evident that measuring the intrinsic electrical properties of a system can be a very challenging task, with subject to errors. For these reasons, several techniques have been developed and will be analyzed in this part of the Chapter. 9,10,11 These include the twocontact probe, four-contact probe, four-point probe, and van der Pauw methods (Figure II-2). 12 In the two-contact probe method, the sample is pressed into a bar/rod-like shape and the opposite surfaces are connected to thin metal wires (gold or copper with diameter of 10-100 μm) with the use of conductive adhesive paste (Figure II-2 a). Alternatively, the wires can be manually pressed against the sample if its mechanical resistance allows it. A voltage or current is applied to the system or measured through the two wires. With this method, not only the resistance of the sample, but also the one of the contacts and wire leads are simultaneously measured. Considering that the latter display resistances below 100 Ω, the resistance of the sample needs to be higher than 1000 Ω in order for this method to give results with less than 10% error. In this case, the conductivity of the sample can be calculated from the cross-sectional area (𝑤 × 𝑡) and the distance (L) between the contacts, from Equation II-12.

𝜎 = 𝐼 𝑉 × 𝐿 𝑤𝑡 II-12
It is quite often that coordination polymers exhibit resistance values of more than 1000 Ω and therefore, the two-contact probe method can still give reasonable and accurate results.

However, when the resistance of the sample is within the same order of magnitude as the resistance of contacts and wires, then the four-contact probe method is generally preferred. In this method, four probes are connected in line to the sample. The two probes on the outer part supply current, while the other two measure the voltage (Figure II-2 b). This configuration eliminates the resistance of the contacts and wires and assuming that the resistance of the sample is lower than the internal resistance of the voltmeter, accurate values of the intrinsic properties of the material can be obtained. To extract the conductivity values, Equation II-12 is used in an identical way as before, with the only difference that L signifies a smaller distance between the voltage wires in this case. For highly resistive samples, the two-contact and fourcontact probe methods should give nearly identical results.

While the two aforementioned techniques are ideal for single crystals, the four-point probe and van der Pauw methods are preferable for measuring the electrical conductivity on pressed pellets. Similar to the four-contact probe method, they both eliminate the resistances of the contacts and wires. The difference between the four-contact probe and four-point probe methods is that in the latter, four aligned equidistant metal pins are placed vertically on the sample (Figure II-2 c). The two outer pins supply the current, while the two inner ones measure the voltage. This technique assumes that the dimension of the sample is infinite both laterally and vertically. Furthermore, the contacts between the four-point probes and the sample are presumed to be infinitesimally small and the sample's conductivity to be isotropic. In order to take into account these assumptions, that are practically impossible to meet, a correction factor (F) is introduced in the formula to evaluate the electrical conductivity (Equation II-13).

𝜎 = 1 2𝜋𝑠𝐹 × 𝐼 𝑉 II-13
F corrects for the sample thickness, the finite sample dimensions, and position of the outer probes relative to the sample edges, among others. The various corrections associated with F are analyzed in detail in Ref. 10 (I, V and s are defined as above).

Finally, for thin samples such as thin films, the van der Pauw method is usually employed. 14,15 In this configuration, four-contacts are glued in the periphery of the sample to 

II-14

The function 𝑓(

] ^_ ] ^`) depends on the ratio of the resistances in a sigmoidal way and more information can be found in Ref. 10.

The four-point and four-probe methods have been extensively used for measuring the electrical conductivity of metals and classical semiconductors and have nowadays been well

Chapter II. General Information on Electrical Conductivity, Magnetism and X-Ray Absorption Spectroscopy adapted to metal-organic materials. In cases when single crystals are able to be isolated, the two-contact probe method is primarily used due to the smaller limiting sample size (typically above ca. 50 μm compared to ca. 250 μm for the four-contacts method). The absence of grain boundaries and different crystallite sizes in single crystals, compared to pressed pellets, makes the values obtained accurate and therefore, can be directly correlated to the intrinsic properties of the studied material. In the case of pressed pellets, as briefly discussed above, someone needs to keep in mind that the obtained values may be underestimated by several orders of magnitude compared to the intrinsic ones. In addition to the physical form of the measured sample, other parameters of great importance to the quality of data include temperature, chemical environment (atmosphere), and illumination conditions.

In 2016, Sun et al. demonstrated in a comprehensive work the effect of different measurement techniques and the environment on the electrical conductivity of the air-stable system Cd2(TTFTB) (TTFTB 4-= tetrathiafulvalene tetrabenzoate). 13 The air-stability of this material eased the fabrication process and characterization. As expected, the sample's morphology had a big influence on the electrical properties, with the single crystals exhibiting 2-3 orders of magnitude higher conductivity values than the pressed pellets. Importantly, the crystallographic direction upon which the conductivity was measured on the single crystals significantly affected the obtained values. In this material, the main charge transport pathway is believed to be along the helical TTF stacks that run parallel to the crystallographic c axis.

Indeed, 𝜎 ∥b was found to be 2-3 orders of magnitude higher than 𝜎 cb , which served as a clear evidence of the anisotropy of conduction. The electrical conductivity value of the pressed pellet was naturally found to lie between 𝜎 ∥b and 𝜎 cb , since an average conductivity along all directions is obtained in the pellet case, due to the random orientation of the crystallites. As long as the environmental parameters were kept constant, different device fabrication approaches, using the same physical form of the sample, all gave consistent results. Finally, the authors demonstrated that the impact of environmental conditions on the electrical conductivity of MOFs needs to be taken into consideration. The large surface area of these materials may allow the oxygen or water vapor in air, or an adsorbed solvent to interact with the framework, with potential impact on the electrical properties. Attention should also be paid to the light and temperature conditions during the experiment. Many semiconductors exhibit photoconductivity, implying that upon exposure to electromagnetic radiation, valence electrons may be promoted to the conduction band, forming free carriers and consequently improving the electrical conductivity. Finally, as far as the temperature is concerned, many literature examples report the conductivity at 'room temperature'. It is though possible that even a small difference in temperature between 298 K and 300 K can alter the conductivity values. Therefore, the specific temperature of the experiment needs to be clarified in each case.

In general, the ideal method of measuring the electrical conductivity of samples and obtaining the intrinsic value would be to use single crystals in vacuum, at constant temperature, and in the dark. Obviously, all these conditions are hardly possible to be followed due to Electrons within an atom produce a magnetic moment as a result of two types of motion; the spin angular momentum, S, and orbital angular momentum, L. This motion of electrons is responsible for the magnetic properties of all molecules. The overall magnetic moment can be considered as the vector sum of the magnetic moments of all individual electrons within the molecule. When a substance is placed in a magnetic field, H, it will acquire a magnetization, M. Two types of magnetic behavior exist; diamagnetism and paramagnetism. When placed in a magnetic field, H, diamagnetic materials will generate a weak magnetic field in the opposite direction and will therefore be repelled by H. Diamagnetism is a property of all matter and arises from the interaction of paired electrons with a magnetic field. Paramagnetic materials, on the other hand, will be attracted by an external magnetic field, H, due to the presence of one or more unpaired electrons in their molecular orbitals. The interaction of H with the intrinsic magnetic field generated by the unpaired electrons, due to their spin and orbital angular momentum, gives rise to paramagnetism. 16 The most common way to determine the magnetic behavior of a species is by measuring its magnetic susceptibility, χ. Magnetic susceptibility (Equation II-15) is a measure of the magnitude of magnetization (M) induced by an applied magnetic field (H), and is given by the formula:

experimental
𝜒 e = 𝑀 𝐻

II-15

This is known as the "volume magnetic susceptibility" (dimensionless) and is independent of H for weak magnetic fields. In more general terms and to account for the non-linear
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𝜒 h = ij ik
, and it is no longer independent of H. The volume magnetic susceptibility can be converted into the mass (χg) and molar (χm) susceptibilities (Equations II-16 and II-17).

𝜒 l =

𝜒 h density = 𝜒 per gram ( cm w g . )

II-16

𝜒 x = 𝜒 l × (molecular weight) = 𝜒 per mole ( cm w mol .

)

II-17

The molar susceptibility (χm) for simplicity reasons is often referred in the literature just as χ and has units of cm 3 mol -1 . The sign of the magnetization (M) and consequently the susceptibility (χ) defines the two types of magnetic behavior; for paramagnetic materials M and χ are positive, while a negative M and χ is observed for diamagnetic systems. 17 The total susceptibility of a given material is the algebraic sum of the paramagnetic (𝜒 } ) and diamagnetic (𝜒 ~) susceptibilities (Equation II-18).

𝜒 = 𝜒 } + 𝜒 ~ II-18

Since the diamagnetic component is negative, the paramagnetic susceptibility will be larger than the experimental χ. The net magnetic response of a system depends on the dominance of one of these susceptibilities over the other. When 𝜒 } dominates, the system is paramagnetic and has a magnetization in the same direction as the applied magnetic field. On the other hand, when 𝜒 ~ dominates, the system is diamagnetic, and its magnetization is in the opposite direction of the magnetic field. For a given atom, the diamagnetic susceptibility is a constant and the overall diamagnetic susceptibility of a molecule can be calculated by adding the individual diamagnetic susceptibilities of every atom (𝜒 

II-21

Application of an external magnetic field, H, to a paramagnetic material will tend to align the spins of its atoms with H. At low fields, the magnetization increases linearly with the field, following the relationship, 𝑀 = 𝜒𝐻, while at higher fields, the magnetization increases rapidly and approaches a saturation value, Msat, which is calculated by Equation II-22. From the plot of magnetization vs. field, the total spin S of the system and subsequently the number of unpaired electrons can be calculated from the saturation value.

𝑀 Ž<• = 𝜇 > 𝑁 Z 𝑆𝑔 II-22
In the case of magnetic interactions between individual spins or in the presence of orbital angular momentum, the Curie law is no longer obeyed. In these cases, a parameter θ, known as the Weiss constant (it has the units of temperature), is introduced to the Curie law, giving rising to the Curie-Weiss law (Equation II-23):

𝜒 = 𝑀 𝐻 = 𝐶 𝑇 -𝜃 II-23
The Weiss constant, θ, is defined as (Equation II-24):

𝜃 = 𝑧𝐽𝑆(𝑆 + 1) 3𝑘 ‹

II-24

where z is the total number of neighbors around one spin S in the material and J is the magnetic exchange parameter. The Weiss constant can take either positive or negative values; when θ is negative, the interaction J is called antiferromagnetic and when θ is positive, it is called ferromagnetic. The value of the Weiss constant can be directly obtained by plotting the inverse susceptibility vs. temperature. For paramagnetic materials following a Curie behavior, χ is linearly related to T, with a slope equal to the Curie constant and θ = 0. For magnetic materials, following the Curie-Weiss law, with dominant ferromagnetic (spins of neighboring magnetic centers tend to align parallel) or antiferromagnetic (magnetic spins tend to align antiparallel) interactions, the increase of the susceptibility is still linear and θ can be calculated from the intercept on the temperature axis (Figure II-3). The magnitude of θ indicates the strength of the interactions. 19 A ferrimagnetic material displays antiferromagnetic interactions between unequal magnetic moments. As mentioned above, the magnetic susceptibility of paramagnetic materials is inversely proportional to the temperature, so the susceptibility-temperature product χΤ vs. T will be a straight line for a Curie behavior. For materials exhibiting ferromagnetic or antiferromagnetic interactions (between equal or unequal magnetic moments), the χΤ vs. T plots will deviate from linearity (Figure II-4). This plot style is the one most commonly used to highlight the magnetic interactions present in a material. 

II.2.2. Magnetic Phase Transitions.

In discrete magnetic molecular entities, the spins interact with each other, typically through a bridging ligand and the strength of the interaction is given by an exchange coupling parameter, J. When J > 0, ferromagnetic interactions are present, while when J < 0, antiferromagnetic interactions between spin centers dominate (using the following spin Hamiltonian definition:

ℋ = -2JSSi•Sj).
In extended lattices, there may be a series of different J terms which propagate through the lattice. At low temperatures, the interactions between adjacent magnetic moments of a bulk sample can give rise to different behaviors, such as ferromagnetic, antiferromagnetic and ferrimagnetic order, since thermal energy (kBT) is not large enough for the spins to orient randomly. The transition from the paramagnetic state to a magnetically ordered state with long range correlations between the magnetic moments is a phase transition and is characterized by specific heat anomalies and by susceptibility behaviors different from what was discussed above. This type of magnetic transition occurs below a critical or ordering temperature, Tc. This temperature is also referred to as the Curie temperature (TC) or Néel temperature (TN) for ferromagnets and antiferromagnets, respectively. At temperatures above the Tc the system behaves as a paramagnet, in which each spin is 'independent' (still correlated somehow) of that of its neighbors (kBT >> J). As the temperature is lowered towards Tc, the spins become more and more correlated with each other and the correlation length (given by the symbol ξ)

T / K χ -1 / cm -3 mol θ = 0 θ > 0 θ < 0 p a
increases, as there are local regions of spin alignment. At temperatures very close to Tc, the correlation length is very large, but still finite. At Tc it becomes infinite. 17 A ferromagnetic material is divided into small regions called domains. These domains are randomly oriented; however, the individual spins inside each domain are all pointing to the same direction. In the absence of a magnetic field, the whole material has a zero net magnetic 
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When a ferromagnetic material is subjected to an external magnetic field, its magnetization will follow a non-linear increase until it reaches a saturation value Msat. This point corresponds to the situation where the spins in all the domains are aligned in the same direction. Driving the magnetic field back to zero will not demagnetize the material; in contrast, it will retain a considerable degree of magnetization, which is called remanent magnetization, Mremn. This remanence of ferromagnetic materials provides the magnetic memory used in magnetic storage devices. Application of a magnetic field in the opposite direction will reduce the magnetization of the material to zero. The magnetic field required in order for the magnetization to become zero, is called the coercive field, Hcoer. Thus, coercivity measures the ability of a ferromagnet to withstand an external magnetic field without being demagnetized. The magnitude of the coercive field classifies the ferromagnetic materials as hard or soft magnets. Hard magnets have a high coercivity and consequently have high resistance towards becoming demagnetized.

On the other hand, materials with low coercivity are said to be magnetically soft. Further increasing the magnetic field in the reverse direction will cause the magnetization of the material to reach a saturation value in the negative direction. By reducing the field again to zero, the level of residual magnetization will be equal to the one achieved in the other direction.

Increasing the field in the positive direction brings the material to a zero-magnetization state Néel antiferromagnets are composed of domains with equal and oppositely directed magnetic moments. If a magnetic field is applied perpendicular to the magnetic moments, then they will bend more and more until they align with the applied magnetic field. On the contrary, when the magnetic field is applied parallel to the sublattice magnetization, at low field the magnetic moments stay in line and the antiferromagnetic phase persists. As the field increases, the system will suddenly snap into a different configuration at a critical field; this is called a spin-flop transition. As the magnetic field is further increased, the magnetic moments will progressively line up with the applied H, until saturation is reached. If the anisotropy of the system is very large, another effect can occur; the magnetization of one sublattice suddenly

T ≤ T C ferromagnetism T ≤ T N antiferromagnetism T ≤ T c ferrimagnetism (a) (b) (c) 
reverses when field reaches a critical value and the system moves in a single step in a saturated paramagnetic state. This is known as a spin-flip or metamagnetic transition. 

X-ray absorption spectroscopy (XAS) is a widely used, advanced characterization technique

that provides useful information about the electronic structure and local geometry of a specific element. 24 It is therefore a highly sensitive technique with element specificity. A XAS spectrum is obtained by tuning the photon energy to such a range where core electrons can be excited.

Specifically, the incoming photon interacts with a deep-core electron of the probed atom, allowing it to be promoted to some unoccupied state. The core-hole state that is left behind is shortly after (order of 10 -15 seconds) filled by a higher-lying electron which emits a photon.

This release of energy can alternatively be transferred to another electron which is ejected from the atom, called Auger electron. Thus, the two main relaxation processes are the Auger process and X-ray fluorescence. In X-ray absorption spectroscopy, transitions from one state to another

Chapter II. General Information on Electrical Conductivity, Magnetism and X-Ray Absorption Spectroscopy are governed by a series of selection rules. Although only certain transitions are in principle allowed (Δl = ± 1, where l is the orbital quantum number), a variety of forbidden transitions are also commonly observed. This is due to the fact that the final states can be hybridized with other orbitals and thus, should not be considered as atomic-like orbitals. X-ray absorption spectroscopy needs an intense, tunable X-ray source and therefore, synchrotron radiation facilities are primarily used for such experiments. The intense electromagnetic beam in a synchrotron facility is produced when high-energy electrons circulating in a storage ring are deflected by magnetic fields.

In a XAS measurement, a bulk sample is irradiated with X-rays and what is actually recorded is the energy dependence of the absorption coefficient, μ, at and above the binding energy of a known core level of a specific atom. In the fluorescence yield mode, 𝜇 ∝ 𝐼 • 𝐼 8

. , where I0 is the X-ray intensity incident on the sample and If is the monitored intensity of a fluorescent line caused by the absorption process. Every atom has core-level electrons with well-defined binding energies and when the incident X-ray has an energy equal to the binding energy of a core-level electron, there is a sudden discontinuous increase in absorption which is called the absorption edge. Each edge corresponds to a different core-electron binding energy and the name of the edge is derived from the principal quantum number, n, of the electron that is excited: K is for n = 1, L for n = 2, M for n = 3, etc. For instance, excitation of an 1s electron to a 4p or 3d level occurs at the K-edge, while excitation of a 2s or 2p electron to a 3d level occurs at the L-edges. X-ray absorption spectroscopy can be performed on the specific edges for the majority of the elements of the periodic table. 25 The absorption edge by itself gives little information other than element identification; a whole XAS spectrum though contains a wealth of information. Such a spectrum is not only dominated by the sharp absorption edge, but there can also exist more features below, in the immediate vicinity and well above the edge. Close examination of a XAS spectrum reveals two distinct regions, namely the X-ray absorption near edge structure (XANES) and the extended X-ray absorption fine structure (EXAFS) (Figure II-10).
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II.3.2. X-ray absorption near edge structure (XANES).

The region very close to the absorption edge is called X-ray absorption near edge structure (XANES) and is characterized by transitions to unoccupied states. The XANES region is sensitive to oxidation state and coordination geometry, and in most cases is not analyzed quantitively. Metal K-edge X-ray absorption spectroscopy measurements have been systematically reported in the literature for all the first-row transition metals and they are The pre-edge feature only appears in open-shell transition metals and corresponds to transitions from 1s to 3d orbitals. These transitions are formally electric dipole-forbidden; however, they can gain intensity through the mixing of the metal's 4p and 3d orbitals. In general, pre-edge transitions are weak in intensity. Nonetheless, they provide unique information on the local geometry around the absorbing atom and they are considered to be the fingerprint of the oxidation state. 25 Different oxidation states of a given atom can have different pre-edge regions; more features may appear based on the availability of the 3d orbitals to accommodate the excited electron. Additionally, shifts to higher or lower photon energies are very commonly observed for different oxidation states of a specific atom. The rising-edge is characterized by electric dipole-allowed 1s to 4p transitions in first-row transition metals and thus, is very intense. Its relative position again depends on the oxidation state, and higher oxidation states are usually associated with shifts to higher energies. The near-edge region, which describes transitions to a continuum level, extends approximately up to 50 eV above the rising edge and is difficult to analyze quantitively. In this low energy range, multiple scattering events will most likely occur, as the ejected photoelectron will have a low energy and consequently a long mean-free path, allowing it to undergo extensive multiple scattering. 26 Performing X-ray absorption spectroscopy measurements on the ligand atom K-edge can also be very informative for the investigation of the ligand-metal bonding. For instance, in a ligand 

II.3.3. Extended X-ray absorption fine structure (EXAFS).

The region of the XAS spectrum that extends from 50 eV above the absorption edge and up to 1000 eV or more, is referred to as extended X-ray absorption fine structure (EXAFS). In this region, the photoelectron is promoted to a free or continuum state. EXAFS depends on the atomic arrangement around the absorbing atom and from this region, quantitative determination of bond lengths and coordination numbers can be obtained. 28 In general, the EXAFS region is represented by a function χ, which can be defined in terms of the absorption coefficient as a function of energy (Equation II-25). In this formula, μ(Ε) is the measured absorption coefficient, μ0(Ε) is a background function related to the absorption that precedes the absorption edge and Δμ0 is the edge jump. In that way, the oscillations normalized to one absorption event can be extracted.

𝜒 = 𝜇(𝛦) -𝜇 8 (𝛦) 𝛥𝜇 8 II-25

In X-ray absorption spectroscopy, when the incoming photon has an energy that is large enough to excite a core electron to a vacant excited state or to the continuum, a sharp rise in the absorption intensity is observed. If the binding energy of the core electron is E0, absorption of an X-ray photon of energy E > E0 will generate a photoelectron of energy E-E0, which will be ejected from the atom.

Quantum mechanically the ejected photoelectron can be represented as a spherical wave.

This wave scatters off neighboring atoms, producing a backscattered wave. The interference between the outgoing and backscattered waves gives rise to the oscillations in the EXAFS region. In this high energy region, it can be assumed that the X-ray excited photoelectron will be scattered by a single neighboring atom before returning to the absorbing atom, since the ejected photoelectron has a wavelength that is comparable to the interatomic distances. 29 When interpreting EXAFS results, it is common to use the photoelectron wave vector, k, instead of the X-ray energy. The wave vector has dimensions of 1/distance and is defined as

(Equation II-26):
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𝑘 = 2𝜋 𝜆 . = Š™ š2𝑚 › (𝐸 -𝐸 8 ) II-26
where h is Planck's constant, λ is the wavelength and me is the mass of the electron.

The primary quantity for EXAFS is then χ(k), which corresponds to the oscillations as a function of the photoelectron wave number. In order to amplify the oscillations at high k, χ(k)

is often multiplied by a power of k, typically k 2 or k 3 . Since the origin of the EXAFS oscillations is the interference between the ejected photoelectron wave and the backscattered waves from the neighboring atoms, the χ function is the sum of all interference patterns (sine waves)

scattered off of all atoms in the vicinity of the absorbing element (Equation II-27).

𝜒(𝑘) = ƒ 𝑁 oe 𝑓 oe (𝑘)𝑒 •Šˆ ‡ž Ÿ ‡ 𝑘𝑅 oe Š Ž63 Ž oe¡F sin [2𝑘𝑅 oe + 𝛿 oe (𝑘)] II-27
where fj(k) and δj(k) are scattering properties of the atoms neighboring to the excited atom, Nj is the number of neighboring atoms, Rj is the distance to the neighboring atom, and σj 2 is the disorder, due to the fluctuation in Rj arising from thermal motion or structural disorder. In conclusion, while the XANES region is primarily used to extract information regarding the oxidation state of the probed element, EXAFS analysis can provide insight into the local structure of the absorbing atom, such as the number and type (approximate atomic number) of atoms in the immediate vicinity, as well as accurate absorber-neighbor distances. Thus, it becomes obvious that X-ray absorption spectroscopy is a very powerful technique in coordination chemistry. In this thesis, XAS has been indispensable for the elucidation of the metal ions oxidation states (Chapters III-VI).

II.4. X-Ray Magnetic Circular Dichroism.

X-ray magnetic circular dichroism (XMCD) spectroscopy is a powerful technique that has the capability to probe, with element sensitivity, the magnetic properties of an electronic state of given symmetry and is thus, an outstanding tool to study magnetism. An XMCD spectrum is the difference between two X-ray absorption spectra taken in a magnetic field, one taken with

Chapter II. General Information on Electrical Conductivity, Magnetism and X-Ray Absorption Spectroscopy left circularly polarized light, and one with right circularly polarized light. In such an experiment, when a circularly polarized X-ray photon excites a core electron, the angular momentum carried by the former is entirely transferred to the excited photoelectron. Both the orbital moment and the spin of the photoelectron are affected by this momentum transfer. The origin of the XMCD signal is different between the K-and L-edges. On the L-edge, a 2p

electron is excited into a 3d state. The 2p 5 state that is created after the excitation of the electron has an orbital angular momentum (L = 1) that couples to the spin angular momentum (S = 1/2), leading to the splitting of the 2p states into 2p1/2 and 2p3/2. The transition 2p1/2 ® 3d occurs at the L2-absorption edge, while the 2p3/2 ® 3d occurs at the L3-edge. Therefore, if we consider that a photoelectron from spin-orbit split core levels, e.g. 2p1/2 and 2p3/2 is getting excited, then part of the angular momentum carried by the photon will be converted into spin, via spin-orbit coupling. The spin and orbital angular momentum of the excited photoelectron can be calculated both in magnitude and direction, through a set of magneto-optical sum rules. 30 On the contrary, it is difficult to extract any absolute quantitative information from the XMCD signals at the K-edges in 3d transition metals, due to the absence of spin-orbit coupling in atomic s core electrons. In this case, it is the spin-orbit interaction in the final state (4p) that is responsible for the formation of the XMCD signal. In the case of 3d metal ions, the 4p orbitals are hybridized with the 3d orbitals of both the absorbing atom and those from the surrounding local atomic environment. In the K-edges, the magnetically interesting 3d orbitals are not probed directly and thus, the XMCD signal at the K-edges is generally much weaker than in L2,3-edges.

All the XMCD measurements described in this thesis have been performed at the ID12 beamline of the European Synchrotron Radiation Facility in Grenoble, France, in collaboration with Dr. Andrei Rogalev and Dr. Fabrice Wilhelm. Materials that simultaneously exhibit magnetic order and electrical conductivity show great potential for modern electronics and spintronics technologies. 1 For spintronics applications, significant attention has been paid to transition metal doped semiconductors (otherwise called as dilute magnetic semiconductors, DMSs), due to their near-total spin polarization. 2,3 The possibility to combine the logic functionalities of semiconductors with the information storage capabilities of magnetic elements boosted the research interest in these materials in the 2000s.

Although the field of DMSs has its infancy in the 1980s, 4 it was not until 1996 that ferromagnetic order with a TC of 110 K was realized in (Ga,Mn)As. 5 In the years that followed, more additions to the family of dilute magnetic semiconductors have been reported, with improved Curie temperatures. 6 Even though these materials have shown promise for their incorporation in emergent technologies, the frequent formation of magnetic secondary phases, as well as the difficulty to control the precise distribution of metal ions render their synthesis quite challenging. 7 Additionally, their entirely inorganic composition significantly limits any prospect of chemical tunability, which in turn would possibly lead to improved magnetic and conductive properties.

Coordination solids, made of molecular-building blocks, appear as ideal alternatives, due to their synthetic programmability and tunability. Their properties can be targeted and tuned through the systematic variation of the organic ligands, metal centers and framework geometries. In these molecule-based systems, significant efforts have been devoted to improving and tailoring the characteristics of magnets 8 and conductors 9 , and a combination of these properties is typically found only in materials with separate magnetic (e.g. bimetallic oxalato complexes) and conductive sublattices (e.g. TTF-based π-electron donors). 10,11 Despite the fact that these systems offered unprecedented possibilities in the field of molecular ferromagnetic conductors, they suffer from one major limitation. They possess diluted properties associated with their constituents, as evidenced by their very low ordering temperatures (<15 K), rather than emergent properties where the hybrid material will perform better than the sum of its parts.

As an alternative, several approaches have been developed in the past few years that are inspired by the reticular metal-organic framework chemistry. 12 The synthetic engineering of the inorganic and organic modules leads to almost endless possibilities for tuning the physical properties of crystalline solids. In order to introduce strong electronic and magnetic communication between spin carriers, extensive electronic delocalization is essential. 13 Indeed, record high electrical conductivities have been obtained in 2D coordination solids of ditopic and polytopic conjugated organic ligands and transition metal ions, due to strong π-d conjugation between the ligand and metal ion orbitals. 14 However, mostly all of these materials are non-magnetic 15 and involve only square-planar coordinated metal ions.

To expand the perspective to the ubiquitous octahedrally coordinated metal centers, recent attention has turned towards coordination networks featuring the redox-active benzoquinone ligands and paramagnetic metal nodes (see Chapter I). 16 Even though this combination of building blocks has given interesting results, the quest for novel redox partners that would lead to electrical conduction and magnetic order is more relevant than ever. Indeed, a variety of other metal ion-ligand couples are known to exhibit interesting inner-sphere redox reactions. For instance, it is well established nowadays that several aromatic amines are able to form radical species when coordinated to reducing transition metal ions. 17 Wieghardt and co-workers demonstrated in a very comprehensive work, through crystallographic and advanced spectroscopic techniques, that in homoleptic, neutral, six coordinate complexes of transition metals featuring 2,2¢-bipyridine (bpy) and 2,2¢,6¢,2¢¢-terpyridine (tpy), it is possible that the ligands do not only exist in their neutral forms, but also as paramagnetic π-radical anions or diamagnetic dianions. 18 These systems, initially synthesized many decades ago, were believed to consist of zero-valent metal ions (Ti, V, Mo) and neutral ligands. Nowadays though, it is undoubtedly proven that the term 'low-valent species' is incorrect, since the oxidation states of the metal ions can range from +II to +V. In addition to this study, the oxidation states of several Cr complexes with 1,10-phenanthroline (phen), tpy and related ligands were scrutinized spectroscopically by the same research group. 19 Contrary to the initial assignment of these systems as being composed of low-spin Cr II metal ions, it was later proven that they are very likely better described as containing Cr III centers coordinated to the one-electron-reduced radical monoanionic forms of the ligands. This study elegantly showed that when ligands with low-lying lowest unoccupied molecular orbitals (LUMO) are coordinated to Cr centers, the stabilization of Cr in the +II oxidation state is highly unlikely and an electron will most certainly reside in a ligand-centered orbital.

In an attempt to extend this chemistry to coordination networks and to boost both magnetism and electronic conductivity in related 2D materials, we turned our attention to the possible redox-activity of the pyrazine (pyz) ligand. Reactions between this simple ditopic ligand and 

III.2. Synthesis, characterization and physical properties of the layered coordination solid

CrCl2(pyrazine)2.

III.2.1. Synthetic strategy and structural characterization.

The pyrazine ligand is found in thousands of crystallographically characterized coordination networks 20 and is amongst the most extensively used organic moieties in coordination chemistry. 21 Even though pyrazine is frequently believed to be redox-inactive, its radical anion has been generated by alkali metal ion reduction in solution. Pyrazine readily reacts with Li, Na or K in dry degassed solvents such as dimethoxyethane or tetrahydrofuran to give intensely colored solutions that contain the corresponding radical anions. In 1973, Gooijer et al. reported the electron-spin resonance spectra of all these species. 22 More recently, it has been illustrated that stable pyrazine radicals can be formed in solid state under ambient conditions by photoinduced charge separation in a series of pyrazine-bridged photochromic complexes. 23 The first indication of a transition metal ion reduction of pyrazine was reported in 1980 by Dunne and Hurst. 24 The authors described the reaction between Cr II and pyrazine in aqueous acidic solutions and hypothesized that the chromium(III)-pyrazine radical anion complex [Cr III (Hpyz • )] 3+ was actually formed. This species is referred to as "pyrazine green", due to its intense green color. [Cr III (Hpyz • )] 3+ quickly decays to form, most likely, [Cr III (pyz)] 3+ and the dihydropyrazinium radical ion H2pyz •+ . These results inspired us to perform reactions between

Cr II salts and pyrazine with the aim to synthesize systems that feature Cr III metal nodes and reduced pyrazine radicals. The bridging capability of the pyrazine ligand has the potential to favor the formation of extended coordination networks over discrete molecular entities, while the presence of a radical species in the system could lead to very interesting physical properties.

It is well documented nowadays in the literature that radical ligands can engender strong magnetic coupling between spins carriers through the direct exchange between paramagnetic ligands and metal units. 25 

Empirical formula

C8H8CrN4Cl2 Molecular weight / g mol -1 283.08

Temperature / K 295 was eventually chosen over the Cr II /pyridine analog as a reference compound, due to its higher stability and easiness of manipulation. Its synthesis was reproduced following the description on the initial report 30 and the purity of the bulk sample was verified by powder X-ray diffraction.

Crystal system orthorhombic

Space group

The two model compounds will be referred to from now on as Cr(II) and Cr(III), respectively. The presence of Cr III ions in CrCl2(pyz)2, as confirmed by crystallographic and spectroscopic analysis, necessitates the presence of a reduced pyrazine scaffold by one electron per formula unit during the synthesis. The crystal structure reveals the presence of two crystallographically different pyrazine ligands; however, the very small differences in the N-C (1%) and C-C (2%) bond lengths (from both powder and single-crystal X-ray data) do not necessarily allow for the assignment of a localized radical ligand. Thus, the chemical formula can be depicted either as 

III.2.3.b. Magnetic properties of trans-[Cr III Cl2(pyridine)4](ClO4) . 1/4 H2O (Cr(III)).

The magnetic properties of the Cr(II) model compound, trans-[Cr II Cl2(NCNH2)4], have already been reported in the literature 30 and thus, they were not studied again. The susceptibility-temperature product vs. temperature plot is in agreement with the presence of isolated high-spin Cr II ions.

On the contrary, the Cr(III) reference, trans-[Cr III Cl2(pyridine)4](ClO4) . 1/4H2O, was synthesized for the first time. Therefore, its magnetic properties were studied and are shown in Indeed, the summed spin population on the pyrazine ligands of -0.68 electrons is close to the ideal value for one electron delocalized on the four pyrazines of the model complex. dipole forbidden 1s ® 3d transitions in Cr ions, while the negative XMCD peak ¶ at the edge (~6000 eV) involves the 4p states, which are polarized by the 3d states. The multi-electron excitations § (~6042 eV) also involve transitions from shallow core 3p states into 3d states and could also be considered as a fingerprint of the 3d moment. 31 Chapter III. Magnetic Order and Electrical Conductivity on 2D Systems via Redox-Active Coordination Chemistry: The case of CrCl2(pyrazine)2 91

The XMCD spectra of Cr(III) and CrCl2(pyz)2 have essentially the same shape, including multi-electron excitations, confirming the identical local electronic structure of the Cr ions in these systems. Importantly, the intensity of the XMCD spectrum of the Cr(III) model system can be scaled by a factor of 0.75 to the CrCl2(pyz)2 spectrum to yield nearly total overlap.

Considering the XMCD signal is proportional to magnetization, the Cr magnetic moment in CrCl2(pyz)2 can be calculated from the bulk magnetization of Cr(III). The latter saturates at The presence of a delocalized organic radical in CrCl2(pyz)2 prompted us to measure its electrical properties. Mixed-valency on the organic ligand or the metal ion has proven to be a very fruitful way of introducing long-range electronic communication in extended metalorganic materials (vide supra, Chapter I). Indeed, organic mixed-valence systems with strong through-metal coupling have been reported in the literature to exhibit high electronic conductivity values. 26 Special attention has been given to the benzoquinoid ligands, that have low-lying π* orbitals energetically similar to the d orbitals of the metal ions and thus, facilitate a very efficient charge-transport pathway. 16 Similarly, it is straightforward to imagine the highly delocalized open shell frontier states of CrCl2(pyz)2 could also allow for bulk electronic conductivity. An initial promising indicator was the black color of the compound, which suggests that low-energy electronic excitations take place. Diffuse reflectance UV-vis-NIR spectroscopy was used to probe the electronic structure of CrCl2(pyz)2. A strong absorbance in the near-infrared region is commonly observed in delocalized mixed-valence materials and is attributed to intervalence charge-transfer. 32 The spectrum for CrCl2(pyz)2 (Figure III-17) shows a strong, very broad absorption band that steadily increases in intensity from the UV region to the near-infrared region. A broad absorption maximum is observed below 0.5 eV, which can be assigned as an intervalence charge-transfer. 32 As already discussed by Long and co-workers, the broad absorbance in the NIR region is indicative of the existence of a substantial delocalization between metal and ligand orbitals and likely suggests the presence of thermally activated charge carriers. 33 The two-dimensional nature of charge transport was additionally supported by the temperature dependence of the Seebeck coefficient. These measurements were performed in collaboration with Dr. Kasper Borup at Aarhus University, Denmark. For a 2D variable-range hopping conductor, the Seebeck coefficient is expected to be proportional to T 1/3 , 34 and this is indeed the case for CrCl2(pyz)2 (Figure III-20). Seebeck coefficient measurements have the advantage of accessing the intrinsic transport properties of a material, as it is a zero current characterization technique and consequently, grain boundaries have no influence on the measurements. Seebeck coefficient can be defined as the voltage built up in response to a temperature difference across a material. During such a measurement, a temperature gradient is applied to a conducting material. Due to its conductive nature, the mobility of the electrons will be affected. The electrons on the hot side will obtain more kinetic energy and thus, diffuse to the cold side, which is the area of lower energy. This diffusion of electrons leaves an excess of holes in the hot side. The electrons will keep diffusing towards the cold side until the potential established by the charge separation opposes the flow of electrons and an equilibrium is The binding energy, also called ionization potential, is the minimum energy required to eject an electron from its orbital. In UPS, part of the energy of the incoming photon is used to overcome the binding energy and the part that remains, appears as the kinetic energy of the ejected electron. It is this kinetic energy that is actually being measured on an ultraviolet photoelectron spectroscopy measurement. Each ionization potential is considered to be equal to an orbital energy and thus, a UPS spectrum is basically closely associated with a molecular orbital diagram. Therefore, it is straightforward to imagine that these measurements can provide information on intrinsic properties of conducting materials, by measuring the density of electronic states near the Fermi level. The Fermi level has to be initially determined using a metallic sample. The onset of photoemission is displayed by a broadened step-like feature; the energy that meets 50% of this step is usually set as the Fermi edge.

The obtained UPS spectra can be seen in In conclusion, even though structural and X-ray spectroscopic data point toward an oxidation state assignment of +III for the Cr site, magnetic characterization and DFT calculations are not fully supporting this conclusion. A local Cr magnetic moment of ~2.5 μB is determined experimentally from X-ray magnetic circular dichroism experiments, as well as predicted from DFT calculations. This reduced Cr magnetic moment explains the lower than expected magnetization value at 1.85 K and 7 T. It is important to emphasize that theoretical calculations suggest a strong degree of π-d conjugation, which, to a certain extent, questions the concept of a metal ion oxidation state in this system, but provides a high magnetic ordering temperature and an unexpectedly high electrical conductivity. By modifying the reaction conditions, we might have been able to thermally/kinetically trap at room-temperature the metastable I4/mmm CrCl2(pyz)2. It could therefore be assumed that I4/mmm is the kinetic phase, while Immm, which is synthesized at elevated temperatures, is the thermodynamic product. At a given temperature, a conversion from the kinetic product to the thermodynamic one is expected, provided that enough energy is supplied to the system. To that end, variable-temperature powder diffraction experiments were performed on I4/mmm Given the fact that it is unlikely the DMF to be accommodated between adjacent layers due to the limited available space, we hypothesize that the sample was not well-dried prior to the thermogravimetric measurements. The fact that the pyrazine molecules in I4/mmm are leaving at significantly lower temperature than in the Immm phase, indicates that upon thermal treatment I4/mmm is decomposing significantly faster. This could explain the reason why in the variable-temperature powder diffraction studies, we are not observing an I4/mmm ® Immm conversion. It must be mentioned that the preparation of the samples for the TGA/MS measurements has been done under air. Even though the exposure time was limited (few seconds/minutes), we cannot exclude the possibility that the different thermal behavior of I4/mmm is due to its higher sensitivity to air, which consequently accelerates the decomposition process. Moreover, if DMF is present in the surface of the I4/mmm sample, then we can hypothesize that it may lead to decomposition of the solid before there is a chance for the phase change to occur. To reach a reliable conclusion, the TGA needs to be repeated for a fully dried sample. Additionally, performing again powder diffraction measurements on the dry solid is necessary in order to probe the I4/mmm to Immm conversion. These measurements are currently undertaken at the Diamond Synchrotron in Oxford, UK.

III.3. Structural phase transition in

III.3.3. X-ray absorption spectroscopy measurements.

Even though crystallographic data strongly suggested the existence of Cr III metal centers in 

III.3.4. Electrical properties: Spectroscopy and bulk conductivity measurements.

The fact that I4/mmm CrCl2(pyz)2 contains only one crystallographically independent pyrazine ligand could suggest that the unpaired electron is fully delocalized among the pyrazine moieties that surround the Cr center. In order to probe spectroscopically the degree of electron delocalization, diffuse reflectance near-infrared (NIR) spectroscopy measurements were performed. Near-infrared spectra are commonly used in metal-organic materials as a means of probing mixed-valency, based on the appearance of an intervalence charge-transfer band (IVCT). 36 In the majority of the cases, the analysis of the spectra remains strictly qualitative, without any attempts to calculate the electronic coupling parameter between different structural units (metal centers or organic ligands). In general, the degree of electronic coupling in a system can be quantified through application of the Hush theory. 37 The band maxima, molar extinction coefficients and bandwidths need first to be derived from the experimental spectra. From all Chapter III. Magnetic Order and Electrical Conductivity on 2D Systems via Redox-Active Coordination Chemistry: The case of CrCl2(pyrazine)2 104 these parameters, the electronic coupling parameter, which can be directly related to the extent of electronic delocalization, can be calculated. 38 In this way, the corresponding systems can be classified as localized or delocalized (Robin-Day classification scheme). It should be stressed however, that even though this analysis appears to be appropriate for complexes in the localized regime, it should be taken with caution for systems which approach the borderline between Class II and Class III.

Inspection of the IR-NIR spectra of Immm and I4/mmm CrCl2(pyz)2 shows a similar behavior for both systems with a broad absorbance band appearing in the near-IR region at approximately the same energy (Figure III-28). The broadness of the IVCT band can be used as a measure of the extent of delocalization in a system and Class III compounds have been known to exhibit very narrow bands. 32 Even though I4/mmm CrCl2(pyz)2 presents a larger bandwidth compared to the Immm phase, the asymmetry of its IVCT band could be an indication of a strongly electronically coupled system and consequently a higher degree of electronic delocalization. 32 However, based on these data, we believe that another possible scenario is that the I4/mmm phase is actually disordered. This implies that a possible disorder among the two different pyrazine linkers could actually make them randomly 'distributed', which would in turn promote a tetragonal structure. 

III-2

Both Mott and Efros-Shklovskii (ES) variable-range hopping models assume a hopping conduction between localized states around the Fermi level (EF). Even though the former considers a constant density of states (DOS) around EF, 40 Efros and Shklovskii pointed out that at low-temperatures, the DOS in the vicinity of EF is not constant, but a gap in the density of states rather exists due to the Coulomb interactions. 41 Specifically, when an electron hops from one site to another it leaves a hole behind. In order for an electron to hop between states that are separated by the Fermi level, the system must have enough energy to overcome this electron-hole Coulomb interaction. 42 This interaction leads to a vanishing DOS, called

Coulomb gap and results in a temperature dependence of conductivity as shown in Equation III-2. In this model, the distance between available sites around the Fermi level does not depend on the dimension of the system and thus, the ES-VRH model adopts the same form (Equation III-2) for systems of various dimensionalities. 43 In highly disordered systems, the Coulomb gap is significant in a wide temperature range and thus, the Efros-Shklovskii model can be applicable. [START_REF] Joung | [END_REF] The observation of ES variable-range hopping in I4/mmm CrCl2(pyz)2 may suggest the presence of topological defects and structural disorder in the system with a charge transport dominated by localized carriers at defect sites. 33 These defects can either originate from interparticle contacts or from intrinsic defects in the bulk solid. 

III.3.5. Magnetic characterization: SQUID magnetometry and X-ray magnetic circular dichroism (XMCD).

Given the evidence of a delocalized electronic structure for I4/mmm CrCl2(pyz)2, a strong magnetic coupling between the chromium centers and the radical linkers could be expected, leading eventually to magnetic order. To probe the magnetic behavior of I4/mmm CrCl2(pyz)2, variable-temperature dc magnetic susceptibility data were carried out on microcrystalline samples in the temperature range 1.85-400 K under an applied dc magnetic field of 1000 Oe The Tc can be defined as the temperature at which the remanent magnetization approaches zero (~50 K). The existence of spin density on the anionic chloride co-ligands is indeed well possible, as will be seen below from XMCD measurements at the Cl K-edge.

Even though X-ray magnetic circular dichroism experiments are primarily done on the different edges (K, L, M) of magnetic atoms, measurements on the K-edge of non-magnetic elements have also been occasionally performed (e.g. oxygen 45 , nitrogen 46 This XMCD experiment on the Cl K-edge was only performed on I4/mmm CrCl2(pyz)2;

nevertheless, an overall similar behavior is expected for the Immm phase, as well. Finally, in an attempt to distinguish any differences in the ligand's redox states between the Immm and I4/mmm phases, we performed Raman spectroscopy. This technique has been used in benzoquinoid-based metal organic materials as a means of probing the different redox states of the organic ligands. 49 

III.4. Conclusions and Perspectives.

In conclusion, we have shown how the redox-activity of the simple organic ligand, pyrazine, can enhance the electronic and magnetic communication in layered coordination solids. In the present work, two phases of CrCl2(pyz)2 have been isolated and extensively characterized. The Immm CrCl2(pyz)2 phase undergoes a transition at ~350 K, and variable-temperature powder diffraction studies indicated that the new phase crystallizes in the tetragonal space group I4/mmm. Interestingly, we have been able to synthesize an I4/mmm phase at room temperature, by adapting the reaction conditions, and characterize it extensively. The structure is very similar to the Immm one, with the few differences in the metal-ligand bonds arising from the presence of a four-fold axis passing from the Cr center. Bulk electrical conductivity measurements suggested a higher degree of electronic delocalization in this phase, as it presented a σRT that is one order of magnitude higher than the Immm. Finally, this compound is One of the unique advantages of coordination solids is that their physical properties can be elegantly altered through the fine tuning of the molecular building blocks (e.g. organic linker, metal node). In the case of CrCl2(pyrazine)2, substitution of Cr with other reducing transition metals, as well as modification of the axial anionic ligands, could in principle lead to more efficient long-range orbital interactions and thus, to better electronic conductivity values and high magnetic order temperatures.

III.5. Supporting materials.

III.5.1. Synthetic protocol.

All manipulations were carried out in an Innovative Technology PureLab HE glovebox under a dinitrogen atmosphere and/or with standard Schlenk techniques.

N, N¢-dimethylformamide (DMF) was obtained from commercial sources (Acros Organics) in its anhydrous form and packed under Ar. Acetonitrile (MeCN) was dried with an Innovative Technology solvent-purification system and subsequently stored over 3 Å molecular sieves. All chemicals were purchased from commercial sources and used without further purification. Alternatively, microcrystalline powder can be obtained by slow addition of a DMF solution of pyrazine (440 mg, 5.5 mmol) into a DMF solution of CrCl2 (230 mg, 1.9 mmol) or by reaction between CrCl2 (200 mg, 1.6 mmol) and pyrazine (2.0 g, 25 mmol) at 80°C in an autoclave in an oven, followed by washing of the solid with an aliquot of DMF and MeCN. The yield was ~70%. Crystals suitable for single-crystal X-ray diffraction analysis were grown by slow cooling of a warm H2O:CH3OH solution.

Synthesis of

Synthesis of trans-[CrCl2(pyridine)4](ClO4

Synthesis of trans-[Cr(cyanamide)4Cl2] (Cr(II)):

The compound was synthesized and characterized as previously reported. 30 Its purity was checked with powder X-ray diffraction. Magnetic measurements. The magnetic characterization was performed on microcrystalline samples sealed in polypropylene bags (ca. 3×0.5×0.02 cm; typically, 10 to 20 mg) using an MPMS-XL Quantum Design SQUID magnetometer. All handling of CrCl2(pyz)2 was performed under a dry N2 or Ar atmosphere, but no alterations of its properties were observed after prolonged exposure to atmospheric air. The ac susceptibility measurements were performed with an oscillating field of 3 Oe with a frequency from 1 to 1500 Hz. The fielddependence of the magnetization was measured at 100 K to confirm the absence of any bulk ferromagnetic impurities. The magnetic data were corrected for the diamagnetic contributions from the sample and sample holder.

III

Electrical conductivity. The two-contact variable temperature conductivity measurements (performed on Immm CrCl2(pyz)2) were conducted in a home-built two-electrode screw cell with a contact area of 0.04757 cm 2 . The measurements were performed by Dr. Michael Aubrey and Dr. Jeffrey Long at the University of California, Berkeley. In an argon-filled glove box, powder samples were pressed between two copper rods with contacts polished to a mirror finish. The screw cell was sealed with Torr Seal ® low vapor pressure epoxy to make an airtight seal. It is worth mentioning that this technique maintains the sample under a uniaxial pressure during the measurement. Two-contact conductivity measurements were performed in a Quantum Design MPMS2 SQUID magnetometer with a dc-transport rod modified to accommodate two 26 AWG silver coated copper cables sealed at the top of the rod with a gas tight Swagelok fitting and Torr Seal ® low vapor pressure epoxy. The sample cell was attached to the rod and descended into the cryostat-equipped SQUID chamber. I-V profiles were collected with a Bio-Logic SP200 potentiostat with 30 nA current resolution. All data collected were Ohmic within a ±1 V window with a very small apparent temperature hysteresis that vanished after thermal cycling and equilibration at 300 K. The resulting I-V profiles were modeled with Ohm's law, E ´ σ = j, where E is the applied electric field and j is the current density, to determine the sample conductivity, σ, with units of S cm -1 . The temperature dependence of conductivity was fit to the Mott law relevant for a variable-range hopping mechanism:

σ (T ) = σ 0 exp - T 0 T " # $ $ % & ' ' 1 d+1
Here, d is the dimensionality of transport (in the present case of a 2D lattice, d = 2), and σ0 and T0 (Mott temperature) are empirical constants related to the carrier density and localization length of the hopping electron.

The 4-point resistivity measurements were carried out using a home-made prototype installed inside a Quantum Design PPMS-9 system working between 1.8 and 400 K at Centre de Recherche Paul Pascal. Depending on the resistivity range, dc and/or ac acquisitions were performed reproducibly with the use of the Quantum Design resistivity module, ac transport module and/or with an external device (Keithley 2401 sourcemeter). These measurements were performed on pellets of microcrystalline samples (typically 7 mm diameter and 1 mm thickness; 60 mg) prepared under nitrogen with a manual press. The pellets were loaded in the homemade resistivity cell allowing the four aligned needle probes (mounted on strings) to be in contact with the pellet. The reported data were corrected for the four-points cell design and the pellet shape. The conductivity measured by the four-point method was ca. one order of magnitude lower than the one obtained by the two-contact method, which is in the acceptable range for different techniques, as recently discussed. 62 The I4/mmm CrCl2(pyz)2 was fitted to the Efros- DFT calculations. Cluster DFT calculations were performed using the ORCA program suite, employing scalar relativistic effects through the zeroth order regular approximation (ZORA). 63,64 The experimental geometry of Immm CrCl2(pyz)2 was used to generate the coordinates for the model complex [CrCl2(pyz)4]. For the calculations, the TPSSh functional 65 was combined with the scalar-relativistically recontracted (SARC) version of the triple-ζ def2-TZVP(-f) basis set 66,67 together with the corresponding auxiliary basis. Single point high spin and broken symmetry (BS(3,1)) calculations, were performed to extract the exchange coupling constants J as defined by Yamaguchi 68,69 :

Periodic lattice spin-polarized DFT calculations were performed with VASP. 70,71 We use the Heyd-Scuseria-Ernzerhof (HSE) hybrid functional, 72 where 25% of the generalized gradient approximation 73 exchange is replaced with exact Hartree-Fock exchange, and the long-range interaction is screened with a range separation parameter of 0.2 Å -1 . Our calculations use a plane-wave energy cut-off of 450 eV, a 4 ´ 4 ´ 2 G centered k-point grid, and projected augmented pseudo-potentials with 14, 7, 4, 5 and 1 valence electrons for Cr, Cl, C, N, and H, respectively, from the VASP library. 74 The calculations of the ferrimagnetic and antiferromagnetic states for CrCl2(pyz)2 were performed with a supercell made up of two formula units. In the ferrimagnetic case, both Cr III ions have spin-up orientation, and the pyrazines in the neighboring sites have spin-down orientation. In contrast, in the antiferromagnetic case, one Cr III has a spin-up orientation and one Cr III has a spin-down orientation, and the total magnetization of the system is zero.

Magnetic moments (in units of µB) are computed by integrating the local spin densities on spheres around the atoms with Wigner-Seitz radii given by 1.164 Å, 1.111 Å, 0.863 Å, 0.741 Å, 0.370 Å for Cr, Cl, C, N and H, respectively, as implemented in VASP. Projected density of states (pDOS) are computed using a denser 6 × 6 × 4 G centered k-point grid.

Convergence studies show that band gaps are converged within 0.01 eV using a cut-off energy of 450 eV. In order to account for the quasi-random orientation of the pyrazine rings, we simulated the room temperature structure of CrCl2(pyz)2 by considering different relative orientations of the four pyrazine rings in the two-formula unit supercell structure. Structural relaxations were performed using the HSE functional until atomic forces were smaller than 0.1 eV Å -1 . We note that full relaxation of the structure yields an unphysical distortion due to its two-dimensional nature, and we therefore fixed the lattice constants to the experimental values.

DFT electronic band structure calculations were also performed for the low-lying antiferromagnetic phase (Figure S.III-1). It is predicted to have an insulating ground state, with zero density at the Fermi level. A direct and indirect bandgap of 0.42 and 0.19 eV at Γ and close to Γ were found, respectively, with Γ being the center of the Brillouin zone.

J = E BS -E HS 〈 Ŝ2 〉 HS -〈 Ŝ2 〉 BS

Crystallographic methods and results. Powder X-ray diffraction (PXRD) measurements on

Immm and I4/mmm CrCl2(pyz)2 were performed at ambient temperature on the beamline I11 at the Diamond Light Source Ltd. Samples were sealed inside 0.5 mm diameter borosilicate glass capillaries. Diffraction patterns were measured using Si-calibrated X-rays with a 0.82626(1) Å wavelength using the Mythen position-sensitive detector. A Pawley refinement was performed with the TOPAS Academic software [START_REF] Coelho | TOPAS Academic: General Profile and Structure Analysis Software for Powder Diffraction Data[END_REF] to find suitable lattice parameters. A full Rietveld refinement was performed using a model similar to that of NiCl2(pyz)2 model system 55 with atomic positions and thermal ellipsoids allowed to refine freely. Occupancies of all atoms were fixed at reasonable values. Upon closer inspection, there appeared to be splitting of a number of peaks within the pattern, assumed to most likely arise from an orthorhombic distortion of the I4/mmm unit cell. The I4/mmm structure was imported into ISODISTORT [START_REF] Campbell | [END_REF] and reduced down to P1 symmetry after which strain modes were applied to find the space group Immm. A full Rietveld refinement on the Immm solution was performed to yield a unit cell of a = 6.90351(4) Å, b = 6.97713(4) Å, c = 10.82548(6) Å, α = β = γ = 90°, space group: Immm, Rwp = 2.2313, GoF = 4.9211. All atomic positions and anisotropic displacement parameters were allowed to refine freely whilst occupancies of all atoms were fixed at reasonable values.

For I4/mmm CrCl2(pyz)2, suitable lattice parameters were found through a Pawley refinement.

A full Rietveld refinement was performed using a model similar to that of NiCl2(pyz)2 model, yielding a unit cell of a = 6.95375(12) Å, b = 6.95375(12) Å, c = 10.8035(2) Å, α = β = γ = 90°, space group: I4/mmm, Rwp = 3.0134, GoF = 2.044.

The single-crystal diffraction data collection on trans-[CrCl2(pyridine)4](ClO4)•1/4H2O

(Cr(III)) was carried out on a Bruker Venture Metaljet diffractometer using GaKα radiation (λ = 1.34139 Å), at the University of Copenhagen, Denmark. During all the experiment, the sample was kept at 150 K using an Oxford CryoStream liquid N2 cooler device. The cell lattice parameters were determined using reflections taken from three sets of 104 frames measured and harvested within the APEX3 77 suite of programs. Frame integration was performed using SAINT and a semi-empirical absorption correction was applied with SADABS. [START_REF] Krause | [END_REF] The structure was solved by direct methods using SHELXT 79 and the refinement was carried out using SHELXL-2016/6. 80 All the calculations have been performed within the OLEX2 GUI software. 81 The non-H atoms were refined anisotropically, using weighted full-matrix leastsquares on F 2 . The H-atoms were included in calculated positions, except those from the water molecule that were located from the difference Fourier map. H-atoms were then treated as riding atoms using SHELXL default parameters. 

IV.1. Introduction.

In the previous chapter (Chapter III), we demonstrated that the incorporation of paramagnetic metal centers and redox-active bridging ligands in coordination solids is a very promising strategy to engender strong magnetic coupling and long-range electronic communication between structural units. With regards to electrical conduction, the presence of redox-active linkers can facilitate charge transport through high-energy electrons or holes that hop between available sites. Additionally, the spins that reside in the organic radicals can be strongly coupled with the spins of the metal ions and thus, promote magnetic order at high temperatures. The strength of the magnetic interactions can be enhanced when the unpaired electron of the organic bridge is as much delocalized as possible between the paramagnetic metal ions.

The versatility of coordination chemistry offers almost unlimited possibilities to optimize the physical properties of coordination polymers, for example through the systematic tuning of the metal centers and/or organic linkers. An efficient mixing of the involved metal/organic orbitals is of pivotal importance for the realization of both long-range charge delocalization and strong magnetic interactions. In the case of CrCl2(pyz)2, modification of the anionic axial co-ligands could alter the local redox potential of the Cr sites and consequently, affect the relative energies of the chromium and pyrazine orbitals.

To this end, in pursuit of promising systems with the potential to exhibit high electrical conductivity and magnetic order, we studied the effect of the axial ligand on the physical properties of the family of metal-organic solids, CrX2(pyz)2 (X = methanesulfonate (OSO2CH3), bromide (Br) and iodide (I) ions). This chapter is devoted to the structural and physical characterization (magnetic and electrical conductivity measurements) of Cr(OSO2CH3)2(pyz)2, CrBr2(pyz)2 and CrI2(pyz)2.

IV.2. Synthesis, characterization and physical properties of the coordination polymer

Cr(OSO2CH3)2(pyrazine)2.

IV.2.1. Synthetic comments and crystal structure description.

Our first attempt to replace the axial ligands in CrCl2(pyz)2 involved the use of the chromium(II) methanesulfonate salt precursor. Transition metal methanesulfonate salts are usually prepared through reactions between the corresponding metal oxides, carbonates and/or chlorides and methanesulfonic acid. 1 These reactions give M(OSO2CH3)2(H2O)4 complexes, where four water molecules occupy the equatorial plane and two axial methanesulfonate groups complete the octahedral coordination sphere. 2 Thermogravimetric analysis has shown that dehydration of these compounds occurs in two steps, each of them corresponding to the loss of two water molecules. The anhydrous metal methanesulfonate salts are generally stable over a wide temperature range before decomposition. 3 The Cr methanesulfonate analog was obtained by the reaction of metallic Cr and methanesulfonic acid (see Supp. Material) under Ar atmosphere and isolated for the first time.

A mixture of chromium powder and the acid was refluxed overnight in water to yield a bright blue solution. Cooling of the solution to room-temperature afforded a mixture of small singlecrystals and microcrystalline powder. Single-crystal X-ray diffraction analysis was not possible due to sensitivity to air and moisture; however, a variety of analytical techniques lead us to conclude that the formula of this methanesulfonate salt is Cr(OSO2CH3)2(H2O)4. Infrared spectroscopy unambiguously reveals the presence of the sulfonate groups. The asymmetric and symmetric SO2 stretching vibrations appear in the 1270-1146 cm -1 region, and at 1068 cm The final product, Cr(OSO2CH3)2(pyz)2, is air-sensitive and thus, all its handling has been done in an inert atmosphere.

The crystal structure was solved from the Rietveld refinement of the X-ray powder 

Cr(OSO2CH3)2(pyz)2 and Immm CrCl2(pyz)2

Cr-N1 2.162(1) 2.0030 (16) C2-N2 1.34(4) 1.3334 (19) Cr-N2 Similar bond distances were observed in the related Cu(OSO2CH3)2(pyz)2 layered structure, where a comparable distortion is observed for the Cu II centers. 5 Also supporting the presence of Cr II centers in Cr(OSO2CH3)2(pyz)2, these results contrast considerably with the structural parameters found in Cr III Cl2(pyz)2 analog, in which (i) the 2D network is closer to a square lattice with similar Cr •••Cr distances of 6.90351(4) Å and 6.97713(4) Å and Cr-N bond lengths of 2.003(2) and 2.059(2) Å and (ii) a significant axial distortion is also observed but perpendicularly to the Cr/pyrazine layer along the Cl-Cr-Cl axis with a Cr-Cl bond length of 2.337(1) Å.

IV.2.2. Spectroscopic confirmation of the Cr oxidation state.

In the coordination solid CrCl2(pyz)2 (Chapter III), the pyrazine ligands are partially reduced by the Cr II metal ions, resulting in the oxidation of the chromium centers in the final material.

To explore this possible redox phenomenon in Cr(OSO2CH3)2(pyz)2, X-ray absorption spectroscopy (XAS) measurements were performed at the Cr K-edge with the aim to confirm the +II oxidation state of the chromium sites already suggested by X-ray structural analysis. XAS data were also collected for the two reference compounds, trans-[Cr II Cl2(NCNH2)4] (Cr(II)) 6 and trans-[Cr III (pyridine)4Cl2](ClO4)•1/4H2O (Cr(III), Chapter III), in order to make a direct comparison of the XAS signature for Cr(OSO2CH3)2(pyz)2 and chromium-based complexes, which have a well-established Cr oxidation state. The experimental data show intense rising edge features, that correspond to 1s ® 4p transitions (Figure IV-6). The dipoleforbidden 1s ® 3d transitions are also observed at the pre-edge but with a much weaker intensity. As previously discussed, 7 the first pre-edge transition is a fingerprint of the Cr oxidation state, independent of the exact ligand field. A close examination of the XAS results reveals important similarities between Cr(OSO2CH3)2(pyz)2 and Cr(II), with the energy of the pre-edge transition in Cr(II) being only 0.2 eV higher in energy than in the present 2D compound. Therefore, both crystallographic and spectroscopic characterizations demonstrate the presence of Cr II centers in Cr(OSO2CH3)2(pyz)2. 

IV.2.3. Electronic structure analysis.

The assignment of the +II oxidation state on the Cr centers indicates that an electron transfer between the metal node and the pyrazine ligand does not occur in Cr(OSO2CH3)2(pyz)2. In order to shed light into the different electronic structures of the chloride and methanesulfonate analogs, DFT calculations were performed in collaboration with Dr. Elizaveta Suturina (University of Bath, UK). The calculations were performed on the molecular model fragments, {Cr(L)2(pyrazine)4} (L = Cl, OSO2CH3), and indeed, a significant difference in their electronic structures is observed. In the case of chloride, the triplet (ST=1) ground state is about 19 kcal mol -1 (9560 K) lower in energy than the quintet state. This observation is in agreement with the experimental results, which indicate the presence of S=3/2 Cr III ions antiferromagnetically coupled to a reduced pyrazine ligand (S=½); thus, resulting in S=1 per repeating unit. Mulliken population analysis on the model fragment shows the presence of 2.74 unpaired electrons on the Cr site for the triplet (ST=1) ground state, showing clearly a {Cr III Cl2[(pyrazine)4]˙} moiety with one unpaired electron delocalized over the four pyrazine ligands, as previously found from periodic lattice DFT calculations (Chapter III). In contrast, the axial methanesulfonate anions lead to an ST = 2 ground state, as expected for high-spin Cr II ions (S=2) and neutral pyrazine ligands. This state is 22 kcal mol -1 (11100 K) lower than the triplet state. The Mulliken population is estimated at 4.03 unpaired electrons on the Cr site, in excellent agreement with the presence of a {Cr II (OSO2CH3)2(pyrazine)4} moiety, featuring a non-reduced pyrazine scaffold. Considering the 2D arrangement of the magnetic chromium centers in this system, the susceptibility data were fitted to Lines' model, which is usually applied to describe the paramagnetic phase of 2D isotropic or weakly anisotropic quadratic-layer antiferromagnets (using the spin Hamiltonian: ℋ= -2J2DSSi•Sj and the expression obtained from high-temperature series expansion techniques). 8 This model assumes that the magnetic couplings, Ja and Jc, in the two directions of the layer are equivalent and therefore, only an average J2D value is expected in the present case. The experimental data can be nicely reproduced by this approach down to 15 K (solid blue lines in Figure IV-8), yielding g = 2.03(5) and an average intralayer coupling constant, J2D/kB = -1.73(5) K. As the Cr•••Cr distances through the pyrazine ligands are indeed significantly different in the two crystallographic directions (8.086(2) Å vs.

7.121(2) Å along the a and c axes, respectively; vide supra), complementary Heisenberg S = 2 spin chain models developed by Fisher 9 and Quantum Monte Carlo (QMC) methods 10 were also considered. With this second approach, the magnetic interactions, Ja, between Cr centers along the a direction are neglected, but the theory/experiment agreement (solid green and brown lines in Figure IV.8) is as satisfactory as the Lines' model above 15 K, yielding J1D/kB = -3.26(5) K (g = 2.04( 5)) and J1D/kB = -3.11(5) K (g = 2.03( 5)) for the Fisher and QMC models, respectively. Of course, these three models, which involve different approximations, do not give the same theoretical value of the magnetic interaction through the pyrazine ligand.

While the 2D model gives J2D (an average estimation of Ja and Jc), the 1D models overestimate the main interaction Jc in order to compensate the absence of Ja. Therefore, J2D (-1.73 K) and J1D (≈ -3.2 K) should be considered as upper limits of the weakest and strongest couplings, most likely Ja and Jc, in Cr(OSO2CH3)2(pyz)2. Interestingly, DFT calculations preferentially support the above 1D models, showing that the exchange interaction along the a axis should be much smaller than along the c axis with the following calculated values: Ja/kB = -0.01 K and Jc/kB = -5 K. It is worth mentioning that CASSCF calculations allow also an estimation of the local Cr II g-tensor [1.96, 1.99, 1.99] and its magnetic anisotropy parameters D/kB = -3 K and E/D = 0.07 (using the following Hamiltonian ℋ=DS 2 Cr,z+E(S 2 Cr,x-S 2 Cr,y)). Due to the magnitude of the local anisotropy, its effects are not expected to influence the magnetic susceptibility above 15 K. The expressions for the different models used to fit the susceptibility data can be found in the Supporting Material. The J and g values obtained from the fittings to the different models are shown in Table IV and pyrazine yielded the desired two-dimensional network; however, extra peaks corresponding to impurities were identified from powder X-ray diffraction. These impurities likely originate from the initial synthesis of CrBr2. Accordingly, to overcome this issue, the starting material CrBr2(THF)2 was synthesized (Figure S.IV-2). 13 Reactions between the latter and an excess of pyrazine at 200°C inside an autoclave on a hot plate, resulted in the isolation of Immm CrBr2(pyz)2. Similar to CrCl2(pyz)2, performing the reaction at lower temperatures leads to the tetragonal phase, I4/mmm CrBr2(pyz)2. The synthetic procedures for both phases are mentioned in the Supporting Material and will be more extensively discussed in the thesis of Laura Voigt. The crystal structures of Immm and I4/mmm CrBr2(pyz)2 were solved from synchrotron powder X-ray diffraction data. The final refinement of the I4/mmm phase is currently in progress by the team in DTU and thus, the crystal structure will not be described herein.
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IV.3.2. X-ray absorption spectroscopy at the chromium and bromine K-edges.

Coordination complexes featuring octahedral Cr II metal ions usually exhibit metal-donor atom bond lengths much longer along one axis, due to the Jahn-Teller distortion. The CrBr2(THF)2 starting material used for the synthesis of the bromide 2D networks, 13 as well as the archetypal CrBr2 reported in the literature, 14 The presence of paramagnetic metal ions and radical organic linkers in the extended systems described above, introduces a strong likelihood for bulk magnetic order. In the case of Immm CrBr2(pyz)2, the χT product at 300 K is 3.03 cm 3 K mol -1 and significantly increases as the temperature is decreased (4.03 cm 3 K mol -1 at 250 K and 4.83 cm 3 K mol -1 at 200 K). The χT value of 3.03 cm 3 K mol -1 is significantly higher than the value of 2.25 cm 3 K mol -1 expected for uncoupled S = 3/2 Cr III and one S = ½ pyrazine radical spin (with g = 2), suggesting the presence of strong magnetic interactions between the spin carriers even at room temperature.

The χT value steadily increases upon lowering the temperature and reaches a value of 145 cm 3 K mol -1 at 34 K, under an applied magnetic field of 1000 Oe ( Even though these data will not be discussed in this thesis, it is worth mentioning that the Immm CrBr2(pyz)2 phase also undergoes a phase transition to an I4/mmm phase at ~320 K, as established from magnetic and variable-temperature powder diffraction studies. In conclusion, crystallographic and spectroscopic characterization of the two structural phases of CrBr2(pyz)2 confirm the presence of Cr III metal ions and reduced radical linkers. The occurrence of an electron transfer between the metal and the ligand indicates an efficient spatial and energetic overlap of their orbitals. The energy alignment of chromium 3d and ligand π orbitals dictates the extent of delocalization, leading to simultaneous high conductivity value at room temperature and high magnetic order temperature. UV-vis-NIR spectroscopy measurements, as well as band structure calculations could provide additional information on the highly delocalized electronic structures of the CrBr2(pyz)2 systems. To further investigate the effect of the axial ligand on the magnetic and conducting properties of isostructural frameworks, we attempted to incorporate the iodide anions in the axial positions.

IV.4. Synthesis and characterization of the coordination polymer CrI2(pyz)2.

IV.4.1. Structural determination.

Chromium(II) iodide can be synthesized in a similar way as the methanesulfonate starting material; metallic chromium powder was reacted under inert atmosphere with hydroiodic acid at elevated temperatures, resulting in the highly crystalline CrI2. Reactions between CrI2 and an excess of pyrazine yielded the desired two-dimensional network. However, powder diffraction data revealed small amounts of unidentified crystalline impurities. In an attempt to recrystallize CrI2 in THF, we were able to isolate the mononuclear compound CrI2(THF)3, the structure of which was solved from single-crystal X-ray crystallography ( 

IV.4.3. Magnetic and heat capacity measurements.

The magnetic properties of polycrystalline samples of CrI2(pyz)2 were studied by conventional magnetometry and heat capacity measurements. The magnetic susceptibilitytemperature product, χT, at 280 K amounts to 2.45 cm 3 K mol -1 ; this value is lower than the expected value of 3 cm 3 K mol -1 for high-spin S = 2 Cr II sites, with g = 2. The χT product steadily decreases upon lowering the temperature and reaches a value of 0.06 cm 3 K mol Undeniably, the simultaneous implementation of magnetic order and electrical conductivity in CrBr2(pyz)2 places it among a unique class of coordination solids that exhibit both properties.

In an analogous way to CrCl2(pyz)2, the energy alignment and spatial overlap of the Cr and Br orbitals facilitated an efficient charge transport pathway, and also allowed for strong magnetic interactions between the spin carriers. In sharp contrast to these findings, the 2D networks that incorporate the iodide and methanesulfonate ions showed a drastically different behavior. The absence of charge transfer between Cr II and the pyrazine ligands promotes an insulating electrical behavior, while the magnetic interactions between S = 2 Cr II centers lead to antiferromagnetic order at low-temperatures (10 K and 25 K for Cr(OSO2CH3)2(pyz)2 and CrI2(pyz)2, respectively).

In an attempt to gain insight into the different electronic and magnetic behaviors of the aforementioned coordination solids, we considered the effects of spatial orbital overlap and orbital energy alignment in these systems. The efficiency of orbital overlap can be discussed based on the chromium-nitrogen distances, as previously done for other metal-organic networks. 16 The chloride and bromide systems that feature Cr III metal centers exhibit smaller Cr-N distances; this observation suggests a better orbital overlap, and this is indeed the case, as they show high conductivity values and substantial delocalization (evidenced spectroscopically for CrCl2(pyz)2). The observation of metal to ligand electron transfer in CrCl2(pyz)2 and CrBr2(pyz)2 provides strong likelihood that the 3d orbitals of chromium lie at an optimum energy range, where it can form highly delocalized molecular orbitals with the ligand. In contrast, in the cases of the electrically insulating methanesulfonate and iodide networks, the Thus, in an octahedral environment, iodide ligands will promote a smaller energy separation between the d orbitals, compared to Br -and Cl -. A smaller energy splitting of the d orbitals will favor the electrons to be occupied on the Cr site, without any transfer to the pyrazine orbitals.

In contrast, when the energy splitting of the metal d orbitals is large, then there is a higher probability of an electron transfer, assuming of course that the ligand orbitals are appropriately located, both energetically and spatially. A suggestion of the possible energy arrangement of the chromium and pyrazine orbitals in CrCl2(pyz)2, CrBr2(pyz)2 and CrI2(pyz)2 can be found in Scheme IV-1. Although attempts to isolate the fluoride congener of this series of 2D networks have not been pursued in this thesis work, fluoride is a stronger field ligand than the rest of the halogens and thus, a redox reaction is expected to occur between Cr II and pyrazine, leading to Cr III metal ions and a reduced pyrazine moiety in the final material.

X-ray absorption spectroscopy. X-ray absorption (XAS) spectra were obtained at the ID12 beamline of the European Synchrotron Radiation Facility (ESRF). All XAS spectra were recorded using total fluorescence yield detection mode.

Thermogravimetric analysis. Thermogravimetric analysis (TGA) of Cr(OSO2CH3)2(H2O)4

was carried out under a N2 flow at a rate of 5 K min -1 on a TA Q50 thermobalance.

Magnetic measurements.

The magnetic characterization on Cr(OSO2CH3)2(pyz)2 and CrI2(pyz)2 was performed on a Quantum Design SQUID magnetometer MPMS-XL operating between 1.8 and 300 K for applied dc fields ranging from -7 to 7 T. An M vs. H measurement was carried out at 100 K to confirm the absence of ferromagnetic impurities. The measurements were performed on microcrystalline samples (~10-20 mg) sealed in polypropylene bag (size: ~3×0.5×0.02 cm). The magnetic data were corrected for the sample holder and intrinsic diamagnetic contributions of the sample. For CrBr2(pyz)2, the magnetic characterization was performed in a PPMS EverCool-II system.

The Heisenberg spin chain model developed by Fisher for classical spins is given by the expression (with the spin Hamiltonian ℋ = -2JSSi•Sj) 9 :

𝜒 = 𝛮 2 𝜇 4 5 𝑔 5 3𝑘 9 𝑇 (1 + 𝑢) (1 -𝑢) 𝑆(𝑆 + 1) 𝑢 = 𝑐𝑜𝑡ℎ 2𝐽𝑆(𝑆 + 1) 𝑘 9 𝑇 - 𝑘 9 𝑇 2𝐽𝑆(𝑆 + 1)
in which kB is the Boltzmann constant, g the Landé factor, μB the Bohr magneton, S is the spin (in the present case S = 2) and J is the magnetic exchange coupling parameter.

Lines model, 8 obtained from high-temperature series expansion techniques, on 2D isotropic or weakly anisotropic quadratic-layer antiferromagnets using the Hamiltonian ℋ = -2J2DSSi•Sj is given by the expression:

Ng 2 μB 2 /χJ = 3θ +∑ I J K JLM N OPQ
in which θ = kBT/JS(S+1), N the number of spins in the lattice and Cn are calculated coefficients.

For S = 2: C1 = 4, C2 = 1.500, C3 = 0.252, C4 = 0.258, C5 = 0.124 and C6 = 0.015. kB, g, μB and J are defined as above.

The Heisenberg spin chain model developed by Quantum Monte Carlo (QMC) methods, 10 assuming the same spin Hamiltonian ℋ = -2JSSi•Sj is given by the expression: 𝜒 = 𝑁 S 𝜇 4 5 𝑔 5 𝑆(𝑆 + 1) Electrical conductivity. The 4-point resistivity measurements were carried out using a homemade prototype installed inside a Quantum Design PPMS-9 system working between 1.8 and 400 K. Depending on the resistivity range, dc and/or ac acquisitions were performed reproducibly with the use of the Quantum Design resistivity module, ac transport module and/or with an external device (Keithley 2401 sourcemeter). These measurements were performed on pellets of microcrystalline samples (typically 7 mm diameter and 1 mm thickness; 60 mg) prepared under N2 with a manual press. The pellets were loaded in the homemade resistivity cell allowing the four aligned needle probes (mounted on strings) to be in contact with the pellet. The reported data were corrected for the four-points cell design and the pellet shape. The I4/mmm CrBr2(pyz)2 was fitted to the Efros-Shklovskii variable-range hopping model (σ0 and T0 are defined as previously):
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Crystallographic methods.

High-resolution X-ray powder diffraction measurements on Cr(OSO2CH3)2(pyz)2 using the Debye Scherrer geometry and transmission mode were performed with a horizontally mounted INEL cylindrical position sensitive detector (CPS-120) made of 4096 channels. 17 Monochromatic Cu-Kα1 (l = 1.54056 Å) radiation was selected by means of an asymmetrically focusing incident beam curved quartz monochromator. The generator power was set to 1.0 kW (40 kV and 25 mA). External calibration was performed by means of cubic phase NAC (Na2Ca2Al2F14) mixed with silver behenate to convert the channels into angles by means of cubic spline fittings, providing an angular step of 0.029° (2q) between 0° and 120°. The powder sample was introduced at 297 K into a 0.5 mm diameter Lindemann glass capillary, which was rotated around its longitudinal axes during data collection to prevent the effects of the preferred orientations. The acquisition time was 10 hours. Indexing of the X-ray powder diffraction pattern, Pawley refinement, structure solution by the rigid body direct space method using the Cu based isostructural compound as reference, 5 and final Rietveld refinement were performed with the Materials Studio program. 18 Immm and I4/mmm CrBr2(pyz)2 were measured by the DTU team at the Swiss Light Source (SLS) at Paul Scherrer Institut (PSI) in Switzerland. A full Rietveld refinement was done using a model similar to that of CrCl2(pyz)2 with atomic positions and thermal ellipsoids allowed to refine freely.

The single-crystal diffraction data on I4/mmm CrI2(pyz)2 were collected by the DTU team with a Rigaku SuperNova diffractometer, using MoKa radiation (λ = 0.71073 Å). Further details will be provided in Laura Voigt thesis (DTU, Denmark). 
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V.1. Introduction.

In Chapter IV, we have demonstrated that an efficient spatial and energetic overlap of the metal and ligand orbitals is crucial for the realization of magnetic and electrically conductive coordination solids. Among all the two-dimensional systems described so far in this thesis, the metal ion remained the same (Cr) and only the anionic ligands in the axial positions have been modified. This modification has resulted in pronounced changes on the physical properties of the final materials. An electron transfer between Cr and pyrazine occurred only in CrCl2(pyz)2 and CrBr2(pyz)2, yielding conducting extended structures with high magnetic order temperatures. In contrast, the redox process was clearly disabled in the iodide and methanesulfonate cases, as only insulating compounds that exhibit weak magnetic interactions between the Cr II centers have been isolated. In an attempt to study the effect of the metal ion substitution on the electronic and magnetic properties of related systems, we turned our attention to the titanium(II) and vanadium(II) metal ions. Both of these divalent transition metals are highly reducing (Eo(Ti III/II ) = -0.37 V and Eo(V III/II ) = -0.26 V; for comparison Eo(Cr III/II ) = -0.42 V), and could therefore promote a metal-to-ligand electron transfer. Additionally, early transition metals have more diffuse 3d orbitals compared to medium/late transition metal ions. This feature could facilitate a more efficient overlap with the ligand orbitals.

In the broad family of metal-organic materials, there are only a few examples of systematic studies on the effect of metal ion substitution on the conductive and magnetic properties across a series of isostructural systems. In 2017, Dinča's research group reported a detailed analysis regarding the optimum metal ions capable of promoting charge transport. 1 The study was performed on four distinct structural families containing primarily substituted benzoic acid-and triazolate-based ligands. The studied systems comprised of middle to late transition metal ions in the +II oxidation state, such as Fe, Co, Ni, Cu, Zn and Cd. Among these, Fe II was determined to be the most efficient for promoting charge delocalization. This behavior was ascribed to the smallest ionization energy of Fe II ions, their ability to easily access the trivalent state, as well as the high energy electrons of Fe II high-spin centers that can raise the valence band maximum and lead to very small band gaps. Furthermore, in 2018, Ziebel et al. utilized the highly reducing Cr II , Ti II and V II metal ions in the presence of benzoquinone ligands, and synthesized three new isostructural twodimensional frameworks. 2 These reducing early transition metals have the capability to promote an electron transfer to the ligand, yielding eventually mixed-valence systems. Spectroscopic and bulk conductivity data revealed substantially different electronic structures across the three systems. While the chromium compound exhibited a localized electronic structure, the titanium and vanadium analogs displayed significant charge delocalization. Theoretical calculations suggested that the 3d orbitals of V and Ti lie very close in energy to the π* orbitals of the ligand. This orbital arrangement facilitates a metal-to-ligand electron transfer and consequently, a delocalized electronic structure in the final compounds. In contrast, the d orbitals of Cr were found to be significantly lower in energy compared to those of the ligand, in agreement with the localized electronic nature of this material that was evidenced spectroscopically.

Inspired by all these findings and in pursuit of promising systems that could simultaneously exhibit high temperature magnetic order and high electrical conductivity, we used TiCl2 and VCl2 in the presence of pyrazine with the aim to isolate two-dimensional networks, isostructural to those described in Chapters III and IV. Herein, we describe the synthesis, structural, magnetic and electrical characterization of TiCl2(pyz)2 and VCl2(pyz)2.

V.2. Synthesis, structural characterization and physical properties of TiCl2(pyrazine)2

and VCl2(pyrazine)2.

V.2.1. Synthetic comments and structural determination.

For the synthesis of the two-dimensional pyrazine-based networks of titanium and vanadium, the divalent chloride salts were reacted with a big excess of pyrazine at 200°C inside an autoclave in an oven for 12 hours, in similar conditions as the Cr congeners (vide supra, Chapters III and IV). All manipulations were strictly performed under argon or dinitrogen atmosphere, due to high sensitivity of both materials to air and moisture. These high temperature reaction conditions produced black and dark-purple microcrystalline powders for titanium and vanadium, respectively. Scanning electron microscopy pictures revealed rectangular-shaped crystals of ~0.5×0.5 μm (Figure V-1). All attempts to isolate single crystals suitable for X-ray crystallography were unsuccessful; thus, the structures were determined from synchrotron X-ray powder diffraction data through Rietveld refinement (Figure V-2 and V-3).

Both systems crystallize as layered structures in the tetragonal space group I4/mmm. In both TiCl2(pyz)2 and VCl2(pyz)2, synchrotron data revealed small amounts of unidentified crystalline impurities. Since the only reagents used in the synthesis of these compounds were the respective metal chloride and pyrazine, we hypothesize that these impurities correspond to a metal-pyrazine phase, perhaps one in which the chloride ions bridge metal centers. 3 Given that these impurities are present in minuscule amounts and they cannot be observed in our laboratory diffractometer, they are not expected to affect the bulk properties of TiCl2(pyz)2 and VCl2(pyz)2. In TiCl2(pyz)2, the four equivalent Ti-N bonds amount to 2.120(2) Å, while the axial direction contains longer Ti-Cl bonds of 2.3667(13) Å. The distance between the Ti centers (Ti•••Ti) within the squares formed in each layer is 7.132(2) Å, while the adjacent layers are separated by 5.374 Å. In order to get insight into the oxidation state of the Ti centers from the metric parameters, we looked into the coordination chemistry of titanium complexes reported in the literature. The big majority of titanium coordination complexes feature the metal ion in the +IV oxidation state, which appears to be the most stable. 4 However, compounds in a range of lower oxidation states are also known; 5 the latter are always synthesized in inert atmosphere, as they are readily oxidized to Ti IV in the presence of air. In TiCl2(pyz)2, we can identify two possibilities; either Ti remained in the +II oxidation state and no electron transfer between the metal and ligand occurred, or a metal-to-ligand electron transfer took place leading to reduced pyrazine radicals and titanium centers in higher oxidation states (+III or +IV). To explore the first possibility, we looked in the literature for Ti II systems and indeed, there are only very few examples of accurately characterized Ti II complexes. This relatively uncommon oxidation state is well documented in purely inorganic species, such as binary halides or oxides; however, it remains largely unexplored in coordination chemistry. For instance, early reports of titanium(II) complexes with π-accepting ligands, such as CO, alkynes, alkenes, are likely better described as Ti(III) or Ti(IV) species. However, since then, distinct examples of divalent titanium complexes without π-acid ligands have appeared in the literature. The mononuclear complex, trans-[Ti II Cl2(pyridine)4], which closely resembles TiCl2(pyz)2, was originally reported in the 1990's 6 and recently revisited by Telser and co-workers. 7 The Ti-N bond lengths are in the V.2.2. X-ray absorption spectroscopy measurements.

X-ray absorption spectra were recorded at the Ti, V and Cl K-edges (Figure V-5, V-6) for the Ti and V two-dimensional systems, as well as the metal halide references MCl2 and MCl3

(M = Ti, V). Even though the coordination environment around the metal centers is not strictly identical between the reference compounds and the 2D systems, valuable information on the oxidation states are expected to be obtained from their direct comparison. In the Ti/V pre-edge region, the dipole-forbidden 1s ® 3d transition can be considered as a fingerprint of the metal ion oxidation state. For TiCl2(pyz)2 ( Additionally, the rising edge manifests itself at very similar energies for both TiCl2(pyz)2 and TiCl3, while for TiCl2 it commences at lower energies (~3 eV lower). To exclude the possibility of titanium being in the +IV oxidation state, the experimental spectra were compared to the Chapter V. Effect of Metal Ion Substitution on the Electronic Structure and Magnetic Properties across a Series of Isostructural Networks 183 XAS of TiCl4 already reported in the literature. 13 Even though we aimed to re-measure TiCl4 at the same conditions as the rest of the systems, its volatility upon contact with humid air did not allow us to perform this measurement. Nevertheless, by comparison with the already reported spectrum, we can conclude that they are significantly different. The pre-edge region of titanium tetrachloride is only exhibiting a single intense peak at 4969 eV, with no transitions occurring at lower energies. Additionally, there is a pronounced energy difference of ~3 eV between the rising edge of TiCl4 and TiCl2(pyz)2 (Figure S.V-1). Thus, this analysis excludes the possibility of the presence of Ti IV centers in TiCl2(pyz)2. The presence of Ti III ions in TiCl2(pyz)2 implies the existence of an unpaired electron in the pyrazine scaffold. For VCl2(pyz)2, the comparison of its XAS spectrum (Figure V-6 a) with the ones of the VCl2 and VCl3 references is not immediately straightforward. Specifically, VCl3 presents three pre-edge transitions at 5464.9, 5466.9 and 5468.4 eV. In contrast, VCl2(pyz)2 and VCl2 only exhibit one pre-edge feature at 5466.3 eV and 5465.2 eV, respectively. A very low-intensity bump is also observed at 5466.4 eV for VCl2. Even though the pre-edge feature of the vanadium 2D network is shifted to slightly higher energy compared to VCl2, the fact that also their rising edge energies coincide, suggests the presence of V II in VCl2(pyz)2.

The Cl K-edge XAS spectrum of TiCl2 

V.2.3. Electrical properties: Spectroscopy and bulk conductivity measurements.

The color of TiCl2(pyz)2 and VCl2(pyz)2 gave us an initial indication about whether a metalto-ligand electron transfer had occurred. The black color of the Ti system suggested that an electron transfer took place, leading potentially to a delocalized electronic structure. On the contrary, the purple color of the V analog implied more localized valence states. In the infrared spectrum of VCl2(pyz)2 (Figure V-7 a, black line), several discrete vibrational modes appear in the region 1600-400 cm -1 (Figure V-7a inset), which can be assigned as follows:

1400-1500 cm -1 : asymmetric ring stretching and bending, 1000-1200 cm -1 : symmetric ring stretching, 840 cm -1 : C-H bending, 520 cm (dcnqi = dicyanoquinonediimine). 14 The broad absorbance observed in the mid-IR region extends across the near-IR to nearly 17000 cm -1 (Figure V-7 b, green line). More specifically, the UV-vis-NIR diffuse reflectance spectrum shows a broad absorption band, which increases in intensity as the photon energy increases from the UV to the NIR region. A broad absorption maximum is observed below ~6500 cm -1 and this feature is likely attributed to an intervalence charge transfer (IVCT) transition between pyz 0/-1 moieties. Due to the detection limit of the UV-vis-NIR instrument, we were not able to observe the low-energy edge of the IVCT transition, which likely extends out to the mid-IR region. For this reason, the IR measurements were extended into the NIR, up to ~8000 cm -1 , and indeed an onset of the absorbance is becoming evident above 7000 cm -1 (Figure V-7 a, green line). This feature is quite surprising, as we would have expected the onset of the absorbance to occur at lower energies (as previously discussed, based on Figure V-7 b, the band maximum should be ~6500 cm -1 ). Of course, we shall not directly compare the intensities between the IR/NIR spectra and diffuse reflectance UV-vis-NIR spectra, since they have been obtained from two different instruments.

Nevertheless, the fact that the IR of TiCl2(pyz)2 (Figure V-7 a, green line) is essentially flat at ~6500 cm -1 is something that definitely needs to be investigated, by performing again the measurements (especially considering the extreme sensitivity of this compound to air and moisture).

The VCl2(pyz)2 network shows a distinctly different behavior in the NIR region, with only a very weak absorption band being present at ~6500 cm -1 (Figure V-7 b, black line). This behavior confirms the localized electronic structure for this system, as already suggested by infrared spectroscopy. Features at higher energies (28500 cm -1 , 34000 cm -1 ) are assigned to either charge-transfer or ligand-based transitions. It is worth mentioning that there appears also a broad band at ~12000 cm -1 , which is in the end of the visible region and the beginning of the near-infrared. Even though d-d transitions usually manifest at higher frequencies, the The highly delocalized electronic structure of TiCl2(pyz)2, as indicated by spectroscopic methods, suggests that it may display electronic conductivity. On the contrary, the vanadium system is expected to show very low conductivity, close to the insulating regime. In order to investigate if the electronic structures that were suggested spectroscopically correlate with electronic conductivities, four-point probe measurements were performed on pressed pellets of both titanium and vanadium compounds. As expected, VCl2(pyz)2 presents a very low conductivity value at room-temperature of ~10 -10 S cm -1 . Remarkably, the σRT for TiCl2(pyz)2 amounts to 0.47 S cm -1 , one of the highest reported in the family of metal-organic materials.

Such a large value of σRT is only surpassed by a handful of square planar Cu(II) and Ni(II) coordination solids. 16 To gain insight into the charge transport of this compound, the temperature dependence of σ was studied between 300 and 2. Ea/kB gives the activation energy in units of Kelvin, which can then be converted to eV). It should be noted that the low-temperature fit included only a few points and thus, the activation energy is likely overestimated.

In search of a model that would accurately describe the observed temperature dependence of σ, we first applied the two-dimensional Mott variable range hopping model. 17 The plot of Chapter V. Effect of Metal Ion Substitution on the Electronic Structure and Magnetic Properties across a Series of Isostructural Networks 187 ln(σ) vs. T -1/3 did not afford a linear fit, rather than in very limited temperature ranges. The data, though, can be satisfactorily fit between 300-108 K to the expression, σ = σ0 exp[-(T0/T) 1/2 ],

where σ0 and T0 are constants related to the carrier density and localization length of the hopping electron, respectively (Figure V-8 b). The best fit to this model yielded σ0 = 3.72 S cm -1 and T0 = 1293.8 K. This temperature dependence of σ is followed in the Efros-Shklovskii variablerange hopping model 18 , already used to describe the charge transport in the I4/mmm CrCl2(pyz)2 and CrBr2(pyz)2 systems (vide supra, Chapters III and IV). However, it should be noted that the same exponential T dependence of σ is also observed for granular metals, in which randomly arranged small regions (grains or granules) with different conductivities (metal, insulator) coexist. 19 With the current data, we cannot conclude on the exact nature of charge transport without further experimental and theoretical studies. Additionally, we were not able to find a suitable model that reproduces the experimental data over the entire temperature range.

All things considered, TiCl2(pyz)2 likely displays a complicated, mixed charge transport mechanism. Encouraged by the high conductivity value at room-temperature, the low activation energy, as well as the satisfactory fit of the conductivity data to a model that describes the behavior of granular metals, we performed ultraviolet photoelectron spectroscopy (UPS) in order to investigate the possibility of a metallic behavior for TiCl2(pyz)2. Even though the temperature dependence of σ is not following the expected trend for such behavior, in bulk polycrystalline pellets, the thermally activated charge carriers may hop over grain boundaries. 16e This implies that the observed behavior is not indicative of the intrinsic properties of the material, but is rather dominated by interparticle transport. The UPS measurements on TiCl2(pyz)2 were unfortunately unsuccessful. Despite the fact that the powdered sample was placed inside the sample holder in a glovebox under Ar atmosphere, signal corresponding to oxygen was evident, likely due to the oxophilic nature of the two-dimensional network. Reproducing the UPS measurements, as well as performing electronic band structure calculations, would give an insight into the conduction mechanism of TiCl2(pyz)2 and the possibility of a metallic behavior.

V.2.4. Magnetic characterization.

Given the presence of paramagnetic metal centers and/or organic ligands in TiCl2(pyz)2 and VCl2(pyz)2, variable-temperature dc magnetic susceptibility data were collected under an applied magnetic field of 0.1 T. The magnetic susceptibility, χ, for TiCl2(pyz)2 (Figure V-10 a)

at 400 K amounts to 2.9×10 -4 cm 3 mol -1 and is nearly temperature independent between 400 and 50 K. Below that temperature, χ increases and reaches a value of ~0.005 cm 3 mol -1 at 1.85 K. This behavior suggests that TiCl2(pyz)2 exhibits Pauli paramagnetism, which is Chapter V. Effect of Metal Ion Substitution on the Electronic Structure and Magnetic Properties across a Series of Isostructural Networks 189 characteristic of metals. At low temperatures, the increase in the susceptibility can be attributed to small amount of paramagnetic impurities, which follow the Curie law. In order to isolate the intrinsic paramagnetism of our compound, it is necessary to subtract the contribution of the Curie paramagnetism from the observed total magnetic susceptibility. To this end, firstly, the low temperature data (1.85-25 K) were fitted to the Curie law, which gave a Curie constant C=0.00866( 2 (b) χ vs. T at 0.1 T for TiCl2(pyz)2 (green circles), the calculated χ data using the parameter C obtained from the fitting to the Curie law (grey solid line, see main text) and the difference between the two, which gives the intrinsic temperature independent magnetic susceptibility (light brown rhombuses). Inset: Semi-logarithm plot of the temperature dependence of the derived intrinsic magnetic susceptibility of TiCl2(pyz)2.

In contrast to the titanium 2D network, VCl2(pyz)2 shows a drastically different behavior.

The high-temperature χΤ value amounts to 1.03 cm 3 K mol -1 , which is lower than the Curie constant value of 1.875 cm 3 K mol -1 for S = 3/2 V II . The χΤ product continuously decreases upon lowering the temperature and reaches a value of 0.005 cm 3 K mol -1 at 1. 

V.3. Conclusions and Perspectives.

In conclusion, we have reported the synthesis and characterization of two new isostructural two-dimensional coordination solids, TiCl2(pyz)2 and VCl2(pyz)2. Whilst the VCl2(pyz)2 is an electrical insulator (σRT = ~10 -10 S cm -1 ), TiCl2(pyz)2 displays high electrical conductivity that reaches ~0.5 S cm -1 at room temperature. This value is the highest observed for any coordination solid based on octahedrally coordinated metal ions. This ~10 10 -fold increase in the electrical conductivity between the Ti and V networks can be attributed to the redox-activity of the pyrazine ligand. An electron transfer took place in the titanium compound, leading to Ti III metal ions and reduced pyrazine moieties. Infrared and UV-vis-NIR measurements revealed a highly delocalized electronic structure, which allowed for a high room temperature Chapter V. Effect of Metal Ion Substitution on the Electronic Structure and Magnetic Properties across a Series of Isostructural Networks conductivity value to be observed. Furthermore, magnetic susceptibility measurements revealed Pauli paramagnetism between 400 and 50 K, suggesting a metallic behavior.

Electronic band structure calculations and ultraviolet photoelectron spectroscopy measurements will be performed in the near future, in order to get insight into a possible metallic state for TiCl2(pyz)2.

In sharp contrast, V II centers did not prove sufficient to reduce the pyrazine ligands and thus, the divalent metal centers and neutral pyrazine linkers persist in VCl2(pyz)2. The variabletemperature susceptibility data in VCl2(pyz)2 suggest an antiferromagnetically ordered phase with an average intralayer coupling constant J2D/kB ≈ -30 K. Even though heat capacity measurements that would determine the exact value of TN did not show the expected features, the Néel temperature is expected to be ~120 K. Such strong magnetic interactions and high Néel temperature are unprecedented in neutral pyrazine-based coordination solids, which usually exhibit very weak magnetic coupling between the spin carriers (-J/kB < 5 K). The enhanced magnetic coupling strength in the vanadium compound can be attributed to the specific electronic configuration of this divalent transition metal ion. The three unpaired electrons in divalent vanadium ions are residing in the dxy, dxz and dyz orbitals, which are overlapping strongly with the π-system of the pyrazine ligand.

The delocalized electronic structure of TiCl2(pyz)2 emphasizes the importance of ligand's mixed-valency in the design of highly conducting systems. The shortest metal-nitrogen bond distances in TiCl2(pyz)2, compared to those in the vanadium analog, suggest a more efficient spatial overlap between the metal and the ligand orbitals. Additionally, the more diffuse 3d orbitals of titanium over vanadium are expected to improve the orbital overlap. Even though theoretical calculations would be needed to probe the nature and relative energies of the metal and ligand orbitals in TiCl2(pyz)2, they are expected to be energetically close and exhibit maximal overlap. Noteworthy, the smaller standard reduction potential (298 K) of the aqueous Ti III/II couple, -0.37 V, compared to the V III/II couple (-0.26 V) reflects the ability of Ti II to get more easily oxidized to Ti III , by reducing the pyrazine species. Finally, it should be mentioned that, in addition to intrinsic mixed-valency in metal-organic materials, other synthetic strategies to engender strong magnetic interactions and electronic communication between structural units have recently emerged. Specifically, post-synthetic chemical redox control over coordination solids has allowed the tuning of insulating paramagnetic materials into conductive systems that order magnetically at high temperatures. 22 This will be the subject of the final chapter of this thesis. 

VI.I. Introduction.

In the previous chapters, we have demonstrated that the incorporation of redox-active organic linkers in metal-organic solids is a very fruitful way, not only to engender strong magnetic interactions between the metal nodes and the ligands, but also to facilitate an efficient charge transport pathway. In the case of pyrazine-based coordination solids, when the organic ligand is coordinated to highly reducing divalent transition metals, such as chromium and titanium, a metal-to-ligand electron transfer results in the generation of ligand-based mixedvalence networks. For example, strong magnetic interactions between the Cr III ions and pyrazine radical linkers in CrCl2(pyz)2 and its bromide analog, provide a high magnetic order temperature and high electrical conductivity, a combination that is not commonly found in metal-organic materials. On the contrary, we have shown that substitution of the anionic coligands can have a tremendous impact on the physical properties of the corresponding twodimensional systems. Incorporation of the methanesulfonate and iodide ions in the axial position of the Cr centres, resulted in localized electronic structures for Cr(OSO2CH3)2(pyz)2 and CrI2(pyz)2. These compounds are electrical insulators and the weak magnetic interactions between the chromium spin carriers lead to antiferromagnetic order at only relatively low temperatures. Clearly, the redox process between chromium and pyrazine is disabled in these cases; however, one of the central challenges in the design of conductive magnets is the possibility to induce permanent magnetism and long-range charge delocalization in otherwise insulating materials that either behave as paramagnets or present antiferromagnetic order at low temperatures.

To our knowledge, this post-synthetic modulation of the magnetic and conductive properties has only been performed in a handful of tetraoxolene-bridged honeycomb-layered metal assemblies 1 and in a Ru2 paddlewheel-TCNQ derivative 2 . In all these examples, the injection of spins on the organic bridging ligands has been achieved either through chemical reduction with common reducing agents, such as cobaltocene and alkali metal naphthalenides, or through an electrochemical approach. In the latter case, the reduction occurs during the discharge process of a Li-ion battery cell, in which an equal number of electrons and Li + ions are introduced into the cathode, which is composed of a metal-organic solid. Remarkable results have been obtained from both approaches; not only an increase on the magnetic order temperature (Tc) has been realized in some of the systems, due to an overall enhancement of the coupling strength afforded by additional organic radicals 1a-c , but also in few cases, a

VI.2.2. Powder diffraction studies.

In order to gain insight into the structure of the microcrystalline powder obtained after the reduction process and to probe any possible structural changes between the latter system and the pristine non-reduced compound, X-ray powder diffraction measurements were performed perfectly to Li(OSO2CH3), in which, as previously reported, 5 Li ions are tetrahedrally surrounded by oxygen atoms of four methanesulfonate anions in a two-dimensional motif.

It is worth mentioning that in the powder diffractogram (Figure VI-3), the broad feature clearly visible at low angles could be associated with the presence of an amorphous phase, corresponding to a reduced Cr/pyrazine system. Even though the isolation of Li(OSO2CH3) was not expected, it gave us valuable information about the possible nature of the purported reduced compound. Assuming that the Cr/pyrazine square lattice would be preserved, the extraction of the methanesulfonate ions from the axial position of the Cr centers suggests that either the Cr ions are no longer hexa-coordinated or other molecules, such as THF, occupy the axial sites.

In order to isolate the purported reduced Cr/pyrazine phase, we tested the solubility of the lithium methanesulfonate salt in THF and indeed it is very low, suggesting that either the reaction should be wholly performed in other solvent media in which Li(OSO2CH3) would be soluble, or washed extensively post-synthetically. The lithium salt is highly soluble in water and various alcohols; however, such solvents are immediately excluded for reduction reactions.

This behaviour prompted us to think that CrI2(pyz)2, which also features diamagnetic neutral pyrazine linkers and only weak magnetic interactions between the spin carriers, would serve as a better candidate to perform post-synthetic redox reactions. The lithium iodide salt is highly soluble in THF and therefore, the pure reduced phase could be solely isolated.

To this end, following exactly the same experimental procedure as in the sulfonate case, CrI2(pyz)2 was allowed to react with LiAc in THF and after four days, a dark grey solid was isolated in almost quantitative yield. Assuming that the reaction would proceed the same way as before, we would expect the produced lithium iodide to be kept in solution and only the reduced phase to be present in the solid compound. Synchrotron powder X-ray diffraction As mentioned above, the extraction of the methanesulfonate ion from the axial site of Cr and the likely similar behaviour in the iodide system, suggests two possible cases. One possibility is that the chromium centres have adopted a square planar coordination geometry after reduction, which is indeed possible for divalent Cr ions. 7 The second scenario would be that the solvent molecules are instead coordinated and complete the octahedral coordination sphere.

In both cases, it is possible that the anionic iodide and methanesulfonate species, along with Li + ions and THF molecules are also present between adjacent layers. If THF solvent molecules are coordinated to Cr, the X-ray absorption spectra of the reduced complexes should be similar to Cr(OSO2CH3)2(pyz)2, as they would all have the same coordination sphere {CrN4O2} and most likely the same oxidation state +II on the Cr centre. However, the two spectra are distinctly different (Figure VI-5). In order to investigate the possibility of the chromium ions being square-planar, we searched in the literature for Cr II complexes with the same coordination geometry and {CrN4} coordination sphere, and we came across the recently reported [Cr II (N(TMS)2)2(py)2] (TMS=SiMe3, py = pyridine) compound. 8 Its synthesis was successfully reproduced and the X-ray absorption spectrum was collected at the Cr K-edge (Figure VI-6).

Remarkably, the two reduced systems and the Cr(II) reference square planar compound show a very similar behaviour in the pre-edge and edge regions. This observation indicates an identical Cr electronic structure for all three compounds. As discussed previously, the pre-edge region is considered to be a fingerprint of the Cr oxidation state and thus, both solids isolated upon reduction contain square planar Cr II metal ions. It is important to mention that for the sulfonate system, the XAS measurements were performed on the bulk solid, containing both the Li(OSO2CH3) salt and the possibly reduced Cr/pyrazine component. Nevertheless, the lithium methanesulfonate salt is not expected to affect the profile of the spectrum obtained at the Cr K-edge, and thus the data are considered to be reliable. of the rising edge in both L1-and L3-coincides in the pristine and reduced compounds, while significant differences are observed in the near-edge region. This region is associated with transitions to a continuum level and therefore, the observed different oscillations suggest a nonidentical coordination environment around iodide upon reduction. This is in agreement with our conclusion from the Cr K-edge spectra that iodide is no longer coordinated to the chromium centre. Yet, it is still present in the material, presumably occupying empty space between adjacent Cr/pyrazine 2D sheets. Finally, the few defined oscillations in the reduced compound suggest an appreciable lack of order in the vicinity of the iodine atom, in accordance with the powder X-ray diffraction data. Even though at this point the exact chemical formula of the products obtained upon reduction is not known, we proceeded with the magnetic characterization. The obtained raw magnetic data were normalized using the molecular weight of the pristine 2D Cr(OSO2CH3)2(pyz)2 and CrI2(pyz)2 networks. Potential reduction of the pyrazine ligands would likely enhance the magnetic coupling strength between the chromium and radical spins, leading possibly to ferroor ferrimagnetic order.

VI.2.4. Magnetic characterization.

Variable-temperature dc magnetic susceptibility data were collected for the solid obtained from the reduction of Cr(OSO2CH3)2(pyz)2 under an applied dc field of 1000 Oe. The χΤ product at 300 K amounts to 347 cm 3 K mol -1 , while for instance the value for uncoupled Cr II centers and two radical ligands is 3.75 cm 3 K mol -1 . This observation suggests an extremely strong magnetic coupling between the spin carriers and some degree of long-range magnetic interactions even at room temperature. To investigate the presence of magnetic hysteresis and nature of coupling interactions, variable-field magnetization data were collected at selected temperatures (Figure VI-8). Remarkably, open hysteresis loops are observed at least up to 400 K, which is the highest temperature that we measured in the SQUID magnetometer, under a field sweep rate of 7 Oe s -1 . These data indicate that the critical temperature is higher than 400 K. Examination of the magnetization vs. applied field provides coercive fields of Hcoer = 1.2, 0.34 and 0.26 T at 1.85, 300 and 400 K, respectively, with the same sweep rate of 7 Oe s -1 . The steps observed in all magnetic hysteresis near zero-field are likely associated with the fact that the microcrystalline powder was not well packed during the measurements. Among metal-organic materials with reported magnetic order, organonitrile-and cyanidecontaining solids are the most notable examples, with ordering temperatures often above room temperature. 9 Exceptionally, V[TCNE]x orders at temperatures as high as 400 K, the highest reported to date. 10 The observation of a Tc in our system higher than 400 K, completely unprecedented in molecule-based compounds, prompted us to investigate the possibility of oxides being formed during the reduction process, which would naturally dominate the magnetic properties. However, the observed magnetic behaviour is in stark contrast to the antiferromagnetic nature of Cr metal (TN = 311 K) 11 , Cr2O3 (TN = 308 K) 12 and CrO2 which orders ferromagnetically below 392 K 13 . Even though the magnetic properties of the airsensitive chromium(II) oxide have not been reported, upon exposure to air it typically converts to the air stable trivalent chromium oxide. Thus, by exposing our sample to air, we would obtain the information on whether CrO impurities are primarily responsible for the observed magnetism. Upon exposure to air, the compound rapidly decomposes as oxygen diffuses into it, and becomes paramagnetic (Figure S.VI-3). All these observations exclude the possibility of the magnetic properties being dominated by chromium oxides.

From the various hysteresis plots, the corresponding coercive field (Hcoer) and remanent magnetization (Mremn) at each temperature can be extracted (Figure VI-9). In the Hcoer vs. T plot, an anomaly is observed at 350 K, as the coercivity suddenly increases at this temperature. Such behaviour may be associated with a structural phase change. However, due to the amorphous nature of the system, attempts to further analyse this feature were not made at this point. From the temperature variation of Mremn (Figure VI-9 a), the Tc can be estimated as the point in which Mremn approaches zero. Extrapolation of the curve to the temperature axis gives a rough estimation of the Tc as ~460 K. In order to precisely determine the Tc, the field dependence of the magnetization needs to be measured at higher temperatures. From the combined structural and magnetic characterization, it becomes evident that the solid isolated from the reduction reaction is a mixture of Li(OSO2CH3) (as established from powder X-ray diffraction) and a highly magnetic component. Since the raw magnetic data were normalized using the molecular weight of the pristine Cr(OSO2CH3)2(pyz)2, any discussion on the absolute values of the magnetization at low temperature and high field, that would give an insight into the nature of the spin carriers, will be avoided at this point. A likely scenario though would be that upon reduction, the extended Cr/pyz 2D lattice is preserved and S = 2 Cr II centres are antiferromagnetically coupled to two S = ½ pyrazine radicals, resulting in ferrimagnetic order. In such case, the expected saturation value of the magnetization at 1.85 K and 7 T would be Msat = 2 μΒ (with g = 2), which is not too far from what is observed.

Eager to find out if similar magnetic properties would be observed for the iodide reduced system, variable-temperature dc magnetic susceptibility data were collected under an applied dc field of 1000 Oe. The χΤ value at 300 K is 454 cm 3 K mol -1 , indicative of very strong magnetic interactions between the spin carriers, even at room temperature. In order to probe the presence of magnetic hysteresis, variable-field magnetization data were collected at selected Regarding the temperature dependence of the coercive field, the distinctly different shape of the Hcoer vs T plots between the two systems, as will be discussed later in this chapter, is most likely associated with the presence or absence of solvent molecules between adjacent 2D

Cr/pyrazine layers. Even though chemical reduction on Cr(OSO2CH3)2(pyz)2 and CrI2(pyz)2 resulted in poorly crystalline products, they exhibit impressive magnetic properties with a Tc above room temperature. Such a high critical temperature necessitates that the chromium centers interact remarkably strongly with the reduced pyrazine linkers. This observation confirmed our initial hypothesis that it is indeed feasible to reduce the pyrazine moieties post-synthetically. Having this very important information in mind, we turned our attention into other Cr/pyz 2D networks and specifically the CrCl2(pyz)2 system. Immm Cr III Cl2(pyz •-)(pyz) features Cr III metal ions coordinated to one neutral and one reduced pyrazine linker along the ab crystallographic plane.

The possibility to further reduce the pyrazine moieties, so as both ligands per Cr have one unpaired electron, could enhance the strength of magnetic coupling between the spin carriers.

Accordingly, the critical temperature of 55 K observed for CrCl2(pyz)2 could significantly increase. Immm CrCl2(pyz)2 was allowed to react with 2.1 equiv. of LiAc under exactly the same experimental conditions as for the methanesulfonate and iodide analogs. After four days, we isolated a dark grey solid, whose crystallinity was checked by powder X-ray diffraction The addition of two equivalents of reducing agent during the synthesis suggests that the Cr centers have probably got reduced and thus, have a +II oxidation state. In order to confirm our assumption on the oxidation state, we employed X-ray absorption near edge structure (XANES), which can provide valuable information on the oxidation state of the probed element.

XANES measurements were performed at the Cr K-edge for the reduced product and the mononuclear compound [Cr II (N(TMS)2)2(py)2] (TMS = SiMe3, py = pyridine), 8 The structural solution was found in P4/mmm space group and the structure is shown in predicted for complexes in which a Li ion is interacting with the π system of benzene and related ligands. 16 Given the disorder on the pyrazine rings, it may not be actually straightforward to calculate accurately this cation•••π distance. Lithium is situated at a ~62º angle relative to the axis perpendicular to the pyrazine plane, suggesting quite weak interactions. Nevertheless, we need to keep in mind that Li is a light atom which is likely highly disordered in the structure and thus, we cannot definitely assign its exact position from powder X-ray diffraction data. is slightly decomposing at such high temperatures. Nevertheless, the decomposition is not expected to be so large, in the sense of significantly affecting the chromium-pyrazine layers.

Therefore, we are able to observe open hysteresis loops even after cycling the temperature from As expected, the Mremn becomes essentially zero at 520 K, confirming that the critical temperature is between 510 and 520 K. Importantly, the coercive field reproducibly presents an anomaly at ~350 K, as it suddenly increases at this temperature before decreasing again between The fact that the Tc appears to be slightly higher (~535-540 K), compared to the Tc of 515 K found for the as-synthesized system, likely suggests that the two ways of heating the sample (in situ vs. prior to measurements) can have an effect on the final material. For example, it can be imagined that heating the sample prior to the measurements allows for a better annealing and consequently a more ordered structure. As such, the Tc would appear slightly higher. In contrast, in situ heating of the as-synthesized sample may result in the appearance of defects, which would accordingly slightly affect the critical temperature.

Zero-field cooled (ZFC)/field-cooled (FC) magnetization data were collected for both temperature conductivity values ~10 -10 S cm -1 . This behavior is in stark contrast to the pristine CrCl2(pyz)2, which displayed a σRT = 32 mS cm -1 . In the latter compound, the conductivity was consistent with electron hopping within the pyz 0 /pyz •-redox manifold, such that the unpaired electrons on radical pyrazine linkers were able to hop to nearest neutral pyrazine vacancies.

On the contrary, the reduced systems feature two pyrazine radicals and Cr II metal centers and thus, there is no mixed-valency that would facilitate charge hopping. Consequently, the carrier mobility and in turn the conductivity should indeed significantly decrease.

VI.3.3. Study of the thermal stability of Li[Cr II (pyz •-)2]Cl×(THF).

In order to investigate the thermal stability of Li[Cr II (pyz Nonetheless, even though the TGA suggests that Li[Cr II (pyz •-)2]Cl×(THF) is not fully stable up to 520-530 K (which is the critical temperature), the 2D Cr/pyz structure is not significantly decomposing and this is clearly evidenced by the magnetic data. 

VI.3.4. Investigation of different amounts of doping on Li[Cr II (pyz •-)2]Cl×(THF).

In order to investigate if the different extent of reduction on Immm CrCl2(pyz)2 would affect the magnetic order temperature, reduction reactions using various equivalents of LiAc (0.5, 0.75, 1.1, 1.9, 2, 2.1, and 3 equiv.) were also performed. As seen in Figure VI-27, the use of less than 2 equiv. of reducing agent always resulted in a mixture of Immm CrCl2(pyz)2 and

Li[Cr(pyz)2]Cl×(THF). These two compounds will also be referred to as "55 K phase" and "high-Tc magnet phase", respectively. Indeed, the samples that we isolated from the reduction reactions with less than 2 equiv. of LiAc, showed a peak at 55 K in the ac susceptibility, which confirms the presence of the pristine CrCl2(pyz)2 compound. Additionally, all of them exhibited magnetic hysteresis at 250 K, which supports the existence of a highly magnetic phase, which is most likely Li[Cr(pyz)2]Cl×(THF).

The fact that we get a mixture of CrCl2(pyz) To evaluate the amount of the "high-Tc magnet phase", the magnetization value obtained at 250 K and 7 T for each system was compared to the M value at 250 K of the sample isolated upon reduction with 2.1 equiv. of LiAc (vide supra, Figure VI-21 a), which contains exclusively the high-Tc phase. For the estimation of the amount of the pristine Immm CrCl2(pyz)2 compound, two different methods were followed. First, the intensity of the χ¢¢ susceptibility peak at 55 K was compared to the χ¢¢ peak of the as-synthesized Immm CrCl2(pyz)2 system (vide supra, Chapter III). Alternatively, the percentage of this phase can be calculated from the magnetization value at 1.85 K and 7 T. At this temperature, the contributions from both phases are present. Since the amount of the high-Tc magnet phase has already been calculated from M vs. H data at 250 K, the contribution of the "55 K phase" can be estimated. To find the contribution of the "high-Tc magnet phase" in all the samples, the magnetization values were normalized with the molecular weight of Li[Cr(pyz)2]Cl×(THF). For the estimation of the "55 K phase" from the ac susceptibility data, the molecular weight of CrCl2(pyz)2 was used.

On the contrary, when we used the magnetization data at 1.85 K to find the contribution of the Upon addition of more equivalents of reducing agent (from 0.5 to 2 equiv.), the amount of CrCl2(pyz)2 decreases and vanishes at exactly 2 equivalents. Accordingly, the amount of the "high-Tc magnet phase" increases and reaches 100% at 2 equiv. Even though the evolution of the amount of the two phases shows the expected trend, it is clear that the calculated percentages are not always in agreement with those expected for disproportionation reactions (vide supra and Figure VI-27). For instance, the product isolated from the reduction reaction with 1.1 equiv.

of LiAc seems to contain significantly less CrCl2(pyz)2 than the expected 50%. Additionally, when we used 0.5 equiv. of LiAc, we obtained, based on our calculations, 45% of Li[Cr(pyz)2]Cl×(THF), which is evidently not possible, as the maximum we could get is 25%.

Thus, there are significant error bars associated with the obtained percentages. We can think of different possible reasons: We have now established that the amount of THF in Li[Cr(pyz)2]Cl×(THF) can significantly decrease over time if the sample is kept at ambient temperature. However, at the time that all these reactions were performed (0.5-1.9 equiv.), we

were not aware of this fact and all the samples stayed inside a glovebox for several hours or even days prior to the magnetic measurements. Thus, the molecular weight for each one of them can vary based on the amount of THF they contain. Moreover, in order to prevent the oxidation and subsequent decomposition of the reduction products, we have systematically been measuring the magnetism of the samples inside a polyethylene bag, which is subsequently placed into a polypropylene bag (see Supp. Material). However, in the very beginning of our reduction attempts, we were only using a single polypropylene bag, which if not perfectly sealed, could lead to a partial decomposition of the samples. In addition to that, the doping reactions with 0.5-1.9 equiv. of LiAc have only been performed and measured once, compared to CrCl2(pyz)2 and Li[Cr(pyz)2]Cl×(THF) that have been measured several times and always exhibit the same behaviour. Therefore, we cannot exclude the possibility of experimental errors (for example in the mass of the sample). Finally, we can imagine that, for example, the significantly lower amount of CrCl2(pyz)2 found in the 1.1 equiv. reduction reaction could be due to the fact that the pristine CrCl2(pyz)2 that was used in this specific reaction was not perfectly pure.

Even though we are aware that some of our observations are definitely carrying a large error bar, we would like to emphasize that, at the present moment, In addition to LiAc, reduction reactions on Immm CrCl2(pyz)2 were also performed with other common reducing agents, such as cobaltocene and Li(naphthalenide). In the case of cobaltocene (use of 2.1 equivalents), no reduction occurred. The powder X-ray diffraction revealed an identical profile as with the pristine CrCl2(pyz)2. This can be either due to the fact that this reducing agent is not strong enough for this specific system and/or due to the large size of the cobaltecenium cation that would need to be accommodated between adjacent layers.

Preliminary reactions have also been performed between Immm CrCl2(pyz)2 and Li(naphthalenide). Magnetic characterization indicated open hysteresis loops until at least up to 250 K, which is the highest temperature in which we measured the M vs. H. Even though we would expect this reduction product to be likely the same as the one obtained with LiAc, preliminary XANES data suggested a +III oxidation state on the Cr sites. Detailed crystallographic, spectroscopic and magnetic characterization need to be performed in order to probe the exact nature of this system.

VI.3.5. X-ray magnetic circular dichroism experiments.

In an attempt to probe the chromium orbital magnetic moment, X-ray magnetic circular and edge regions, as well as characteristic multielectron excitations. 19 Given the fact that the spin-orbit interactions of the ligand atoms are negligibly small and thus, cannot induce a significant orbital magnetic moment on the Cr centers, the observed XMCD signals are only due to the orbital polarization of the 4p and 3d states induced by the intra-atomic spin-orbit coupling of the Cr centers. Thus, the XMCD signals at the Cr K-edge are due to Cr magnetization only, and their intensity is directly proportional to the magnetic moment of the absorbing atom. The XMCD spectra of both compounds have essentially the same shape and their quasi-identical intensities, including multielectron excitations, establish unambiguously the indistinguishable electronic and magnetic characteristics of the Cr site in these systems, as already suggested from bulk magnetic measurements. 

VI.4. Conclusions and Perspectives.

In this chapter, we have demonstrated how post-synthetic chemical reduction can have a colossal impact on the magnetic properties of pyrazine-based coordination solids. Although the iodide and methanesulfonate 2D systems present antiferromagnetic order at low temperatures (Chapter IV), reactions with 2.1 equivalents of LiAc afforded poorly crystalline products with dramatically different magnetic features than the pristine 2D compounds. Open hysteresis loops are observed at least up to 400 K, indicating that the Tc is higher than this temperature. Powder diffraction measurements on the product obtained upon reduction of the methanesulfonate network revealed both a highly crystalline phase, that corresponds to the Li(OSO2CH3) salt, and an amorphous component which is likely associated with a reduced Cr/pyrazine scaffold.

Similarly, the PXRD of the solid isolated from the reduction of CrI2(pyz)2 is largely amorphous.

The fact that the lithium methanesulfonate salt precipitated during the reaction, strongly suggests that the anionic co-ligands are no longer coordinated to the chromium centers. Indeed, X-ray absorption spectroscopy measurements showed an identical behavior at the Cr K-edge for the two reduction products and the Cr II square planar reference complex, Multifunctional materials have attracted a tremendous amount of attention in the past few decades, due to their implications in multidisciplinary fields of fundamental and applied science. Specifically, systems that simultaneously exhibit magnetic order and electrical conductivity have shown great promise for next generation electronic devices, high-memory storage media and spintronics. Historically, materials employed in these applications involve inorganic solids, in which the short distances between the metal centers (through direct metalmetal bond or short mono-or diatomic ligands) allow for an efficient long-range electronic communication and consequently, high charge mobility and magnetic coupling. Despite their undoubted success, the chemical nature of these systems complicates significantly the possibilities to tune their properties through, for example, pre-synthetic design or post-synthetic modification. Coordination polymers and metal-organic frameworks have appeared as very promising alternatives, due to their extraordinary chemical versatility. The powerful tool of coordination chemistry allows for the systematic modulation of the molecular building blocks, that can have a great impact on the physical properties of the final materials. To this end, several approaches have emerged over the past few years for the development of magnetic and/or electrically conductive coordination solids. Even though very promising results have been obtained in some cases, the majority of the reported conductive magnets suffer from either low magnetic order temperatures or low electrical conductivity. In this thesis, we have utilized a redox-active bridging ligand and reducing transition metals, with the aim to synthesize extended metal-organic materials which can simultaneously exhibit magnetic order and/or electrical conductivity. Herein we summarize the principal results obtained in the course of the last three years and we present some perspectives that could, in our opinion, enrich the field of conductive and high Tc molecule-based magnets.

In Chapter I, we initially presented some fundamental principles regarding electron transfer, charge delocalization and mixed-valency. These concepts are crucial for the understanding of the main idea of this thesis. Specific attention was then given to coordination polymers and metal-organic frameworks. Long-range electronic delocalization in these systems can give rise to interesting properties, such as charge mobility and magnetic coupling, if unpaired spins are present. Since these two properties are of central interest to our work, we have then summarized all the different approaches that have been developed over the years for the realization of magnetic and electrically conductive coordination solids. These can be summarized as: (1) the use of different magnetic and conductive sublattices into hybrid materials, and (2) the incorporation of redox-active bridging ligands between paramagnetic metal centers. This part was crucial for establishing the progress that has been done on implementing these properties in coordination solids, and served as an important comparison between the magnetic order temperature and conductivity values of the systems already reported in the literature, with the ones we synthesized and are presented in the following Chapters (Chapters III-V). Finally, a short literature review on high temperature molecule-based magnets was presented. This part is very important to the reader for realizing that systems composed exclusively of molecular building blocks are able to order magnetically at high temperatures, that can sometimes exceed 300 K. This last part is an important prerequisite for Chapter VI, in which we reported the first example of a new family of high Tc molecule-based magnets.

In Chapter II we described some fundamental concepts regarding electrical conductivity and magnetism, which have been the targeted properties of the synthesized materials.

Furthermore, the principles of X-ray absorption spectroscopy and X-ray magnetic circular dichroism were mentioned, as these techniques have been extensively used for the characterization of the compounds described herein.

Chapter III was devoted to the synthesis and physical characterization of CrCl2(pyz)2.

Reactions between CrCl2 and pyrazine (pyz) under solvothermal conditions (200°C) led to the aforementioned air-stable coordination solid, in which Cr III metal ions and a singly reduced pyrazine scaffold co-exist. CrCl2(pyz)2 crystallizes in the orthorhombic space group Immm as a layered compound and is composed of Cr/pyz layers within the ab crystallographic plane, while the chloride ions are coordinated to chromium in the axial positions and separate adjacent layers. The redox-activity of the pyrazine ligand and the reducing capability of chromium(II) used in the synthesis, allowed for an electron transfer between the metal center and the organic ligand to occur. In addition to the crystal structure, X-ray absorption spectroscopy studies allowed us to determine unequivocally the +III oxidation state on the chromium sites. The unique electronic structure of this material and the resulting strong degree of π-d conjugation in the Cr III /pyrazine layers induce an enormous Cr III -radical exchange interaction (~-3000 K with the -2J convention), that stabilized a ferrimagnetic order below 55 K. Concomitantly, the remarkable electronic delocalization within the chromium/pyrazine layers led to a high electrical conductivity of 32 mS cm -1 at room temperature, which constitutes one of the highest conductivity values reported so far for coordination solids containing octahedral metal centers.

Variable-temperature powder diffraction measurements revealed a reversible structural phase transition at around 350 K from Immm CrCl2(pyz)2 to the tetragonal I4/mmm space group.

Importantly, I4/mmm CrCl2(pyz)2 can possibly be thermally/kinetically trapped at room temperature by varying the synthetic conditions. From the crystallographic point of view, the presence of one independent pyrazine ligand suggests that the unpaired electron is completely delocalized among the pyrazine moieties, compared to the Immm phase that can be better described as Cr III Cl2(pyz •-)(pyz). In the newly isolated I4/mmm phase, strong magnetic interactions between the spin carriers led to ferrimagnetic order below 50 K, while an increased conductivity value by ca. one order of magnitude further suggested a more delocalized electronic structure. However, we cannot also exclude at this moment the possibility of the tetragonal phase to be actually disordered. Conductivity measurements on Immm CrCl2(pyz)2 above the transition temperature (~350 K) would be necessary in order to investigate if there is indeed a higher degree of electronic delocalization in I4/mmm CrCl2(pyz)2.

In Chapter IV, we investigated the effect of the anionic axial co-ligands on the magnetic and electrical properties of related 2D networks. Three new systems with the chemical formula Even though calculations on the Br and I systems have not yet been performed, their redox behaviors can be rationalized based on the spectrochemical series of the ligands. Iodide is a weaker field ligand than bromide, which in turn is weaker than chloride. Thus, iodide ligands are expected to promote a smaller energy separation between the d orbitals compared to Br and Cl and thus, favor the electrons to be occupied at the Cr site. This is indeed the case, as no electron transfer occurred in CrI2(pyz)2. These results clearly highlighted the importance of choosing the appropriate redox partners when designing molecule-based magnets that possess high electrical conductivity.

In Chapter V, we extended our work on pyrazine-based layered compounds to other reducing transition metal ions. Specifically, in this chapter we reported the synthesis and physical characterization of TiCl2(pyz)2 and VCl2(pyz)2. Reactions between the divalent titanium and vanadium chloride salts with an excess of pyrazine, under solvothermal conditions, yielded microcrystalline powders of the corresponding 2D networks. Their structures were solved from synchrotron powder X-ray diffraction data and they are composed of an infinite square array of metal ions bridged by bidentate pyrazine ligands. The octahedral coordination sphere is completed by two chloride ions. X-ray absorption spectroscopy measurements indicated the presence of Ti III ions, which necessitates the reduction of the pyrazine scaffold by one electron. Magnetic characterization revealed Pauli paramagnetism for TiCl2(pyz)2, which is characteristic of metals. Even though electrical conductivity measurements on pressed pellets were not in agreement with a metallic behavior, a very high conductivity value at room temperature of ~0.5 S cm -1 was observed. This impressive enhancement of the electrical conductivity in TiCl2(pyz)2, compared to CrCl2(pyz)2, indicated a very efficient charge transport and an optimum spatial and energetic overlap of the metal and ligand orbitals. On the contrary, V II did not prove sufficient to reduce the pyrazine moieties and thus, VCl2(pyz)2 features divalent vanadium centers and neutral pyrazine linkers. Magnetic coupling (-J/kB ≈ 30 K) between the vanadium centers led eventually to antiferromagnetic order below ~120 K. Neutral pyrazine ligands usually mediate weak magnetic interactions between metal centers and therefore, VCl2(pyz)2 constitutes the first example of a neutral pyrazine-based system with significantly strong magnetic interactions and an ordering temperature above 100 K. Similar to the Cr II -based systems mentioned above, V II Cl2(pyz)2 is an electrical insulator with σRT < 10 -10 S cm -1 , due to the absence of mixed-valency.

Finally, in Chapter VI, we described how post-synthetic redox reactions in Cr/pyrazinebased layered compounds can lead to a remarkable enhancement of the magnetic order temperatures, as high as 515 K. The fact that Cr(OSO2CH3)2(pyz)2 and CrI2(pyz)2 feature hysteresis at temperatures, as high as 515 K, constitutes a milestone in the field of high Tc molecule-based magnets, in which only a handful of them have been found over the years to order above room temperature. Table 1 summarizes the physical properties of the 2D systems described in this thesis.

Table 1. Summary of the coordination solids described in this thesis, along with their magnetic and conductive properties. The electrical conductivity, unless otherwise noted, was measured using the fourpoint probe method.

In the following part, we present some future perspectives that could enrich our work and offer further developments in the field of molecule-based conductive and magnetic materials.

• Design of new redox-active organic ligands.

The judicious choice of the organic ligand and the metal is of paramount importance when designing coordination solids with strong multidimensional electronic communication. The fine tuning of the ligand's π-orbital levels could be achieved by modification of the substituents (R groups) of conjugated amine derivatives (Scheme 1 a, b). Previous work on molecular sensitizers for Grätzel-type solar cells has shown that the use of electron withdrawing substituents (e.g. CN) leads to positive shifts of the redox potentials, while the opposite behavior is observed with electron donating groups (e.g. NMe2). these ligands (and many others) could be employed in the presence of transition metal salts with low redox-potentials, with the aim to synthesize new multifunctional materials.

Scheme 1. Representative ligands proposed for the synthesis of new multidimensional frameworks that could exhibit charge delocalization.

• Post-synthetic modification to generate exfoliable 2D sheets or 3D MOFs.

Morphological studies (thickness, homogeneity, surface quality, etc.) could be performed on the 2D systems described in this thesis, in order to find the optimum candidate for exfoliation into single layer nanoflakes (Figure 1 A possible solution to this challenge could be the incorporation of aliphatic chains in the axial positions, which would increase the distance between the layers and make them more readily exfoliable. reagents could also be explored. For instance, the use of bis-silylated ditopic ligands could be used to effect a double displacement of the chloride anions from CrCl2(pyz)2 and afford 3D

MOFs with variable porosity. Accordingly, other neutral co-ligands could be employed in the case of Li[Cr(pyz)2]Cl•(THF) to build the 2D layers into the third dimension.

• Electrochemical doping through the use of a Li-ion battery cell.

The post-synthetic modification of organic ligands into their radical forms cannot only be done chemically (use of reducing agents, Chapter VI), but also electrochemically. In this direction, the Li-ion battery (LIB) cell is useful, as it can demonstrate reversible control of bulk magnetism in the targeted material via discharge/charge cycles (Scheme 2). This method has been successfully used in the past in a series of tetraoxolene-and TCNQ-based frameworks, in which a switch between paramagnetic and magnetically ordered materials has been observed. 2 Since chemical reduction on Immm CrCl2(pyz)2 has resulted in a dramatic enhancement of the magnetic order temperature from 55 K to 515 K, we were very much interested in investigating if similar results could be obtained by electrochemical reduction.

Scheme 2. Schematic illustration of a LIB. In the discharge process, Li + ions and electrons are simultaneously introduced into a host material (H) in the cathode. In the charge process, the inserted Li + ions and electrons are extracted from the cathode.

A very preliminary attempt has already been done in collaboration with Dr. Kouji Taniguchi and Dr. Hitoshi Miyasaka (Tohoku University, Sendai, Japan), experts in the field of electrochemical doping. In the Li-battery cell, lithium metal was employed as the anode, while the cathode was fabricated by mixing microcrystalline powder of CrCl2(pyz)2 with a binder.

The cell was assembled using a lithium hexafluorophosphate (LiPF6) electrolyte, under an Ar atmosphere. The electrochemical Li + ion insertion was performed using the galvanostatic intermittent titration technique (GITT), for which a constant low-density current was applied.

In general, during the discharge process, Li + ions and electrons are simultaneously inserted into the cathode material (giving rise to Li + x(H) x-, H being the host material), whereas for the charging process, Li + ions and electrons are eliminated from Li + x(H) x-according to the following reaction: xLi + + xe -+ H ⇌ Li + x(H) x-(Scheme 2). Figure 2 shows the ex-situ fieldcooled magnetization (FCM) curve for the cathode material containing CrCl2(pyz)2 and the Li + ion-inserted system during the discharge process (~1.5 V vs. Li/Li + , corresponds to x ≈ 1). In the latter case, the FCM curve (Figure 2 a) shows an increase in the high-temperature range (above 100 K). Furthermore, open hysteresis loops are observed for the Li + ions-inserted material even at room temperature, indicating long-range magnetic order (Figure 2 b). Even though these preliminary results are very promising, there are a few open questions that we will try to answer in the near future through additional experiments. The most important one is whether we can form the same product as the one from the chemical reduction reactions. For reminder, when Li(1,2-dihydroacenaphthylene) is used as the reducing agent, the product that we obtain has only one chloride anion in its structure, indicating that the second chloride is now in solution. Of course, a similar mechanism cannot be followed during a LIB reduction. Thus, we hypothesize that the formula of the material formed upon electrochemical doping with x≈1 is Li + Cr III (pyz •-)2Cl2. It would be of course very interesting to pursue the doping with x≈2, which resembles our experimental conditions for the reduction in solution. Additionally, the stability of the sample in the cathode during several charge/discharge processes must be investigated. powders that exhibit ferrimagnetic order below 190 K and 270 K, respectively. These examples constitute a remarkable switch between paramagnetic behavior above 1.8 K for the original 2D systems and magnetic order at high temperatures for the reduced species.

Finally, it can be envisioned that chemical oxidation could also be performed in the 2D networks described in this thesis, as a means of increasing the conductivity values through creation of holes that can act as charge-carriers. It must be stressed that the 2D synthesized materials show a noticeable resemblance to the cuprates in terms of symmetry. High temperature cuprate superconductors have a layered structure consisting of CuO2 planes separated by charge reservoir layers, which may dope electrons or holes into the CuO2 planes.

We believe that our systems show tremendous potential in this direction.

In conclusion, this thesis has described the synthesis and extensive physical characterization of a series of new two-dimensional coordination networks. We have demonstrated that the judicious choice of the organic ligand and metal centers is crucial for the realization of molecule-based materials with desired properties. Given the fact that only a few examples of conductive and/or high temperature molecule-based magnets exist in the literature, we believe that our results will enrich this rapidly developing field of research. 

Introduction:

Les matériaux moléculaires sont étudiés depuis longtemps, mais ce n'est que depuis une trentaine d'années qu'il existe un intérêt pour les systèmes inorganiques-organiques fonctionnels. Outre leurs petites tailles, l'attribut le plus fascinant des assemblages moléculaires est de pouvoir pleinement contrôler leurs compositions en jouant sur la synthèse.

Les développements récents dans les domaines de la chimie organique et inorganique de synthèse ont permis aux scientifiques de préparer un grand nombre de systèmes moléculaires.

Un intérêt particulier a été porté aux matériaux magnétiques.

En général, les aimants sont présents dans une variété de systèmes tels que les commutateurs, les disques durs d'ordinateurs, les cartes de crédit, les téléviseurs, les moteurs Mots clés : chimie de coordination, réseaux de coordination, magnétisme moléculaire, conductivité électrique, pyrazine.

Magnetic and Electrically Conductive Two-Dimensional Coordination Networks Based on the Redox-Active Pyrazine Ligand

This thesis is devoted to the synthesis and physical characterization of new two-dimensional (2D) coordination polymers that present high temperature magnetic order and/or electrical conductivity. The simultaneous implementation of these two properties within a single material represents a formidable challenge in the synthesis of multifunctional materials for next-generation data processing and storage. Our approach to synthesize such systems involves the use of the redox-active organic bridging ligand, pyrazine, and reducing transition metals. Chapter I presents some general aspects of redox-activity, charge delocalization and mixed-valency that are crucial for the understanding of the experimental results. The different approaches for the synthesis of conducting and magnetic coordination polymers are also described. Chapter II provides a general view on the fundamental concepts regarding electrical conductivity, magnetism and X-ray absorption spectroscopy. Chapter III deals with the synthesis and extensive physical characterization of the coordination solid CrCl2(pyrazine)2, which exhibits both magnetic order and electrical conductivity. Chapters IV and V are devoted to the study of the effect of the anionic co-ligands and metal centers, respectively, in the family of MX2(pyrazine)2 (M = Ti, V and X = OSO2CH3, Br and I) coordination solids. Finally, Chapter VI illustrates how post-synthetic redox chemistry can result in an impressive enhancement of the magnetic order temperature in 2D layered pyrazine-based materials.

Keywords: coordination chemistry, coordination networks, molecular magnetism, electrical conductivity, pyrazine. 
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  post-synthetically modified to implement more than one useful function. The groups of "Molecular Materials & Magnetism" (M3) in the Centre de Recherche Paul Pascal (CRPP) and "Molécules et Matériaux Commutables" (group VI) in the Institut de Chimie de la Matière Condensée de Bordeaux (ICMCB), have primarily dedicated their research to the development of new molecule-based magnetic materials. Over the years, a variety of new systems have been synthesized and extensively characterized, from single-molecule magnets and single-chain magnets, to systems exhibiting the spin-crossover phenomenon and Fe/Co Prussian blue analogs, which exhibit intramolecular thermal and photo-induced electron transfer in solid state.

Scheme I- 1 .

 1 Scheme I-1. Proposed structure of the intermediate product formed during the reaction I-1.
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  adopts a cubic normal spinel structure and features Co ions in two different oxidation states, Co II and Co III (Figure I-1 a). 14 The Co II ions reside in the tetrahedral sites (Figure I-1 b), while the Co III centers are located in the octahedral sites (Figure I-1 c) of the cubic close-packed lattice of oxide anions.15 

Figure I- 1 .

 1 Figure I-1. (a) Unit cell of the structure of Co3O4. Color scheme: Co II light blue, Co III dark blue, O red. (b, c) Tetrahedral and octahedral coordination geometry of Co II and Co III , respectively. Reproduced from Ref. 14.
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 4 Fe II (CN)6]3•xH2O (x~14), features a cubic lattice of alternating formally Fe II and Fe III ions linked through cyanide bridges (Figure I-2). The electronic absorption spectrum of Prussian Blue is dominated by a band in the low-energy visible region that is attributed to the IVCT transition between the Fe II and Fe III centers.

Figure I- 2 .

 2 Figure I-2. Unit cell for the crystal structure of Prussian Blue. It should be noted that the [Fe(CN)6] 4- sites are only 75% occupied and water molecules binding the unsaturated Fe III sites have been omitted for clarity. Color scheme: Fe II yellow, Fe III dark orange, N blue, C dark grey. Reproduced from Ref. 16c.

[

  (NH3)5Ru(pyz)Ru(NH3)5] 5+ , (vide supra) is considered to be a typical example of a compound exhibiting Class III behavior. The electron delocalization between the two Ru ions, through the bridging pyrazine ligand (Figure I-3), gives an apparent oxidation state of Ru 2.5+ on the vibrational time scale.11,12 

Figure I- 3 .

 3 Figure I-3. Crystal structure of [(NH3)5Ru(pyz)Ru(NH3)5]Cl5•5H2O. Color scheme: Ru brown, N blue, C dark grey. Chlorine, hydrogen atoms and water molecules are omitted for clarity. Reproduced from Ref. 10.
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  TTF] δ+ -[TCNQ] δ-(Figure I-4 a). 20 The structure of TTF-TCNQ comprises stacks of partially oxidized TTF molecules parallel to partially anionic stacks of TCNQ (Figure I-4 b). The remarkable electronic properties arise from the transfer of electrons from the highest occupied molecular orbital (HOMO) of the TTF to the lowest unoccupied molecular orbital (LUMO) of the TCNQ.

Figure I- 4 .

 4 Figure I-4. (a) Tetracyanoquinodimethane (TCNQ) and tetrathiafulvalene (TTF) molecules. (b) Molecular packing of TTF-TCNQ. Yellow, blue, and gray spheres represent S, N, and C atoms, respectively. Reproduced from Ref. 21 with permission from the Royal Society of Chemistry.
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 331 magnetic interactions and ordering temperatures. Accordingly, a series of A[M II Fe III (C2O4)3](A = [N(n-C3H7)4] + , [N(n-C4H9)4] + , [N(n-C5H11)4] + , [P(n-C4H9)4] + , [P(C6H5)4] + , [N(n-C4H9)3(C6H5CH2)] + , [(C6H5)3PNP(C6H5)3] + , [As(C6H5)4] + ; M II = Mn, Fe) were synthesized and characterized.32b The M II = Fe systems behave as ferrimagnets with Tc between 33 and 48 K, while the Mn compounds show antiferromagnetic order below 55 K, with an onset of spin canting being evident below 27 K. Molecule-based conductive magnets. Radical salts of TTF derivatives and anionic coordination networks.

[

  MnCr(C2O4)3] -(Figure I-5).

Figure I- 5 .

 5 Figure I-5. (a) Structure of the anionic sublattice [MnCr(C2O4)3] -(the filled and open circles represent the two different metal ions). (b) Structure of the hybrid material along the crystallographic c axis, showing the alternating organic/inorganic sublattices. Reprinted with permission from Ref. 35. Copyright 2000 Springer Nature.

Figure I- 6 .

 6 Figure I-6. (a) In-phase (filled circles) and out-of-phase (open circles) of the alternating current susceptibility measurements on [BEDT-TTF]3[MnCr(C2O4)3]. (b) Temperature dependence of the electrical resistance. Reprinted with permission from Ref. 35. Copyright 2000 Springer Nature.

  adjacent chains are not parallel to one another (Figure I-7 a), and this different orientation (α-packing) was shown to significantly impact the physical properties (a parallel orientation of the adjacent organic chains is called β-packing). [BETS]3[MnCr(C2O4)3]×CH2Cl2 showed a metallic behavior down to 150 K. However, upon decreasing the temperature further, the electrical conductivity decreases, as expected for semiconductors (Figure I-7 b). This behavior is not surprising, since this specific orientation of the BETS moieties does not allow for efficient contact between the organic donors. Magnetic measurements confirmed the onset of ferromagnetic order below 5.3 K. The fact that the magnetic properties are essentially the same between the two systems, even though the interlayer spacing is quite different(20.09 Å vs. 

Figure I- 7 .

 7 Figure I-7. (a) Representation of the packing motif of the BETS chains. (b) Temperature dependence of the electrical conductivity of [BETS]3[MnCr(C2O4)3]×CH2Cl2. Reprinted with permission from Ref. 37. Copyright 2003 American Chemical Society.

  [TCNE] •-have unambiguously dominated the field of radical based high-Tc magnets (vide infra, Part I.4). I.3.2.a. Polycyanido-based coordination polymers. Inspired by the organic metals and superconductors (vide supra, Part I.2), Miyasaka and Dunbar utilized the charge transfer concept in a series of isostructural fishnet-type materials with the formula [{Ru2(O2CCF3)4}2(TCNQRx)]•n solvents (Rx = H4, Br2, Cl2, F2, F4) (Figure I-8).47 In these systems, the TCNQRx ligands coordinate to the Ru centers through their four cyano groups. The electron-rich carboxylate-bridged paddlewheel diruthenium (II, II) complexes can act as the donor and the TCNQRx moieties as acceptors, leading potentially to a mixed-valence state of [{Ru2 4.5+ }-(TCNQRx •-)-{Ru2 4.5+ }]. Only in the case of TCNQF4, a full transfer of one electron took place, leading to the mixed-valence state; all the other analogs stayed essentially in the [{Ru2 4+ }-(TCNQRx)-{Ru2 4+ }] state. The conductivity values (twopoint, pressed powder) ranged from 1.7×10 -7 S cm -1 in the case of TCNQH4 to 4.4×10 -5 S cm -1 for the TCNQF4 system. These results were in agreement with the stronger electron affinity of TCNQF4 among the series TCNQRx acceptors. Whereas compounds of the type [{Ru2 4+ }-(TCNQRx)-{Ru2 4+ }] (Rx = H4, Br2, Cl2, F2) showed an expected magnetic behavior for isolated [Ru2 II,II ] units, the TCNQF4 •-analog exhibited antiferromagnetic order below 95 K. Upon application of an external magnetic field of 4.74 T, a spin-flip transition to a saturated paramagnetic phase was observed. Other [Ru2]2-TCNQ systems with completely different topologies have also been synthesized and exhibit both ferromagnetic order (TC = 107 K) and moderate electronic conductivity at room-temperature (9.7×10 -5 S cm -1 ).48 

Figure I- 8 .

 8 Figure I-8. Crystal structure of [{Ru2(O2CCF3)4}2(TCNQF4)]•C7H8. Color scheme: Ru brown, O red, N blue, F green, C dark grey. The hydrogen atoms and the toluene molecule in the crystal lattice are omitted for clarity. Reproduced from Ref. 47.

Figure I- 9 .

 9 Figure I-9. Crystal packing of (a) phase I and (b) phase II of Cu(TCNQ). Solid bonds are used for one network and open bonds for the adjacent one. Reprinted with permission from Ref. 49. Copyright 1999 American Chemical Society.

  Inspired by these examples, in 2003 Clérac et al. modified the stoichiometry between paramagnetic metal ions and TCNQ to 1:2 (compared to 1:1 in the previously described Cu-TCNQ and DMDCNQI systems), with the aim of introducing interesting magnetic properties into the final materials. The use of acetonitrile solvated transition metal cations, [M II (CH3CN)x][BF4]2 (M II = Mn, Fe, Co, Ni; x = 4 for Mn and x = 6 for Fe, Co, Ni) and [Bu4N][TCNQ] afforded four new coordination networks with the general formula

  274 eV, respectively (Figure I-10 a). These values are intermediate between those determined for the two phases of Cu(TCNQ).A detailed analysis of the magnetic properties of all four compounds was undertaken using combined dc and ac magnetic measurements. Although the dc studies suggested an ordinary three-dimensional ordered phase, ac susceptibility and heat capacity measurements revealed that M II (TCNQ)2 behaves as a glassy magnet. Figure I-10 b shows the temperature dependence of the ac susceptibilities, χ¢ and χ¢¢, for Mn(TCNQ)2. Both χ¢ and χ¢¢ exhibit a slight frequency dependence shift on the peak maxima as the frequency increases from 1 Hz to 801 Hz, which is not expected to occur for true three-dimensional ordered magnets.

Figure I- 10 .

 10 Figure I-10. (a) Semi-logarithm plots of the conductivity σ (S cm -1 ) versus 1/T for M II (TCNQ)2. (b) Temperature dependence of the ac susceptibilities χ¢ and χ¢¢ (left and right, respectively) for Mn(TCNQ)2 under zero dc magnetic field and 1 Oe oscillating field. Reprinted with permission from Ref. 52. Copyright 2003 American Chemical Society.

Scheme I- 4 .

 4 Scheme I-4. Redox states of 2,5-dihydroxybenzoquinone (dhbq).

Figure I- 11 .

 11 Figure I-11. (a) Local coordination environment of the Fe III centers in (NnBu4)2[Fe2(dhbq)3]. (b) A portion of the crystal structure emphasizing the bridging capability of (dhbq) n-ligands. (c) A larger portion of the three-dimensional porous structure of (NnBu4)2[Fe2(dhbq)3]. Orange, red, and gray spheres represent Fe, O, and C atoms, respectively; the (NnBu4) + cations are omitted for clarity. Reprinted with permission from Ref. 55. Copyright 2015 American Chemical Society.

(dhbq) 2 -

 2 /3-• moieties. Naturally, electronic conductivity measurements were performed on this compound (Figure I-12 a), revealing a room-temperature value of 0.16 S cm -1 (two-point measurements on pressed pellets). The presence of paramagnetic metal centers and radical linkers prompted the authors to also investigate the magnetic properties. Antiferromagnetic interactions between the Fe III centers and the radical (dhbq) 3-• ligands lead eventually to ferrimagnetic order below 12 K (Figure I-12 b).

8 [

 8 Fe III 2(dhbq)3] displays a ~20-fold decreased room-temperature conductivity value of 6×10 -3 S cm -1 (Figure I-12 a). With regards to the magnetic properties, a higher Tc of 22 K is observed for the reduced compound, due to the presence of additional (dhbq) 3-• radicals. Analogous materials with the general composition (NnBu4)2[M II 2(dhbq)3] (M II = Mn, Co, Ni, Zn, Cd) have also been synthesized; however, their magnetic and electrical properties were not investigated.56 

Figure I- 12 .

 12 Figure I-12. (a) Temperature dependence of the logarithm of the electrical conductivity of (NnBu4)2[Fe2(dhbq)3] and Na0.9(NnBu4)1.8[Fe III 2(dhbq)3], shown by blue squares and orange circles, respectively. Arrhenius fits to the data are shown by black lines. (b) Temperature dependence of the χ¢¢ at zero dc magnetic field and in a 4 Oe ac oscillating magnetic field for (NnBu4)2[Fe2(dhbq)3]. Reprinted with permission from Ref. 55. Copyright 2015 American Chemical Society.

2 [

 2 structural distortion, which is accompanied by a difference in the magnetic order temperature. In the desolvated sample, (Me2NH2)2[Fe2(Cl2dhbq)3], an abrupt increase in the χ¢¢ was observed below 26 K. The decreased value in the desolvated compound was assumed to originate from the weaker magnetic interactions between Fe III and (Cl2dhbq) 3-• , due to the distortion of the framework and/or the appearance of defects.The porosity of the aforementioned materials allowed the authors to perform post-synthetic redox reactions. Crystals of (Me2NH2)2[Fe2(Cl2dhbq)3] were soaked into a DMF solution of cobaltocene and after two days, black single crystals of the reduced compound (Cp2Co)1.43(Me2NH2)1.57[Fe2(Cl2dhbq)3]•4.9DMF were isolated.58 Combined crystallographic, inductively coupled plasma optical emission spectroscopy (ICP-OES) measurements, Mössbauer and Raman spectroscopies revealed that in this compound obtained upon reduction, Fe III centers are coordinated to three (Cl2dhbq) 3-• ligands in a very similar 2D network as in the pristine systems (Figure I-13 a). The saturation value of the magnetization at 1.8 K and 5 T was found to be 6 μB, very close to the value of 7 μB expected for two S = 5/2 Fe III centers antiferromagnetically coupled to three S = 1/2 (Cl2dhbq) 3-• radical species. Finally, this compound exhibited ferrimagnetic order below 105 K, as illustrated by the abrupt increase in the out-of-phase ac susceptibility below this temperature (Figure I-13 b). The 25 K difference in the critical temperature between the pristine and reduced networks illustrates an overall strengthening of the magnetic exchange interactions when the organic linkers bear one full Fe2(Cl2dhbq)3]•2H2O•6DMF, in which each ligand contained two-thirds of an unpaired electron.

Figure I- 13 .

 13 Figure I-13. (a) X-ray crystal structure of [Fe2(Cl2dhbq)3] 3-, as observed in (Cp2Co)1.43(Me2NH2)1.57[Fe2 (Cl2dhbq)3]•4.9DMF, viewed along the crystallographic c axis (upper) and

  and V II . The more diffuse orbitals of these early transition metals are expected to provide a better orbital overlap with the π* orbitals of the ligand. PXRD measurements confirmed that all three new MOFs of these metals ((H2NMe2)2[M2(Cl2dhbq)3], M = Ti, V and (H2NMe2)1.5[Cr2(dhbq)3]) are isostructural to the chloranilate Fe phase (Figure I-14 a). IR and UV-vis-NIR spectroscopy measurements on the Cr analogue suggested

Figure I- 14 .

 14 Figure I-14. (a) Structure of a single sheet from the two-dimensional M-X2dhbq MOFs (X = H, Cl and M = Cr, Ti, V). Solvent molecules and cations within the pores are omitted for clarity. Metal, C, O, and X atoms are depicted as dark green, grey, red, and light green spheres, respectively. (b) Variabletemperature conductivities for the V, Ti and Cr systems in green, light blue and purple circles, respectively. The solid black lines are the best fits to different variable-range hopping models. Reprinted with permission from Ref. 59. Copyright 2018 American Chemical Society.

Figure I- 15 .

 15 Figure I-15. (a) Molecular representation of the Mn-benzoquinone redox-active building block, before and after reduction. (b) Alternating current susceptibility data for Na3(Me4N)2[Mn2(Cl2dhbq 3-• )3] at zero dc field at selected ac frequencies. Reproduced from Ref. 61 with permission from the Royal Society of Chemistry.

  This is a family of planar networks with extended π-conjugation in plane. They are made of transition metal ions bridged by benzene-or triphenylene-derived ligands with N, O, S or Se donor atoms that impose a square planar coordination environment for the metal centers (Figure I-16 a). The 2D honeycomb sheets are able to stack either in an eclipsed or staggered fashion (Figure I-16 b

Figure I- 16 .

 16 Figure I-16. (a) Portion of the structure of the π-conjugated 2D hexagonal systems made of benzeneor triphenylene-derived ligands. M and X correspond to different metal ions (e.g. Co, Ni, Cu) and donor atoms (e.g. O, N, S, Se), respectively. (b) Eclipsed and staggered packing modes observed in the semiconducting metal-organic graphene analogues. Metal centers, donor atoms and C atoms are shown as brown, blue and grey spheres, respectively. Reprinted with permission from Ref. 42b and 66. Copyright 2016 and 2019 John Wiley and Sons.

Figure I- 17 .

 17 Figure I-17. (a) Schematic structure of Fe-PTC 2D MOF. (b) Zero-field cooled (ZFC) and field-cooled (FC) measurements of the magnetization as a function of temperature under an applied magnetic field of 100 Oe. (Inset: Temperature dependence of the remnant magnetization). Reprinted with permission from Ref. 67. Copyright 2018 Springer Nature.

Scheme I- 5 .

 5 Scheme I-5. Representation of the tetracyanoethylene (TCNE) radical anion.

  Its structure consists of chains of alternating [Fe(C5Me5)2] + cations and [TCNE] -• anions (Figure I-18), in which the low spin diamagnetic Fe II centers in Fe II (C5Me5)2 have been oxidized by the TCNE to low-spin, paramagnetic (S = ½) Fe III ions. Concomitantly, the diamagnetic TCNE molecule is reduced to the [TCNE] -• radical anion during the synthesis.

Figure I- 18 .

 18 Figure I-18. Structure of [Fe(C5Me5)2] + [TCNE] -• . (a) Chains of alternating [Fe(C5Me5)2] + and [TCNE] -• and (b) view normal to the independent chains. Fe, C, N, and H atoms are shown as orange, black, light blue and pink spheres, respectively. Reprinted from Ref. 80 with permission from Elsevier.

  improved formula V II [TCNE] -• z[TCNE] 2-1-z/2 (1< z <2) with V II (S = 3/2), [TCNE] -• (S = ½), and [TCNE] 2-(S = 0) was assigned. Even though the formation of [TCNE] 2- was not expected and is not yet fully understood, its presence in the structure has unequivocally been proven. In the limiting case of z = 1, a three-dimensional structural model has been proposed (Figure I-19 a). The structure can contain layers in which each V II ion is coordinated to four μ4-[TCNE] -• ligands, while diamagnetic [TCNE] 2-linkers bridge the metal centers in the third direction. The field-cooled magnetization curve (Figure I-19 b) under an applied dc field of 5 Oe shows a sharp increase at 400 K. This behavior is characteristic of long-range magnetic order below that temperature. The magnetization value at 2 K and 19.5 kOe is very close to the value expected for a repeating unit containing one S = 3/2 V II center that is antiferromagnetically coupled to two S = ½ [TCNE] -• radical ligands. Thus, strong antiferromagnetic interactions between the V II and [TCNE] -• spins (~ -100 K) 82a lead to ferrimagnetic order below 400 K.

Figure I- 19 .

 19 Figure I-19. (a) A proposed structure and (b) field-cooled and zero field-cooled magnetization plots for V II [TCNE] -• z[TCNE] 2-1-z/2 (z = 1). V, C and N atoms are shown as orange, black and light blue spheres, respectively. Reprinted from Ref. 80 and Ref. 82b with permission from Elsevier.

  crystalline KV II [Cr III (CN)6]•2H2O•0.1KOTf (Figure I-20 a). 86 This compound exhibits a magnetic order temperature of 376 K (Figure I-20 b). Given the formula mentioned above, a complete cancellation of the magnetic spins would be expected, due to the equal number of d 3

Figure I- 20 .

 20 Figure I-20. (a) Powder X-ray diffraction pattern and (b) temperature dependence of the field-cooled magnetization of KV II [Cr III (CN)6]•2H2O•0.1KOTf. Reprinted with permission from Ref. 86. Copyright 1999 American Chemical Society.

  88 

  physical properties of the corresponding 2D materials. Finally, in Chapter VI we apply the relatively new concept of post-synthetic redox chemistry on the coordination polymers described in Chapters III and IV, and we report 2D molecule-based materials with unprecedently high magnetic order temperatures. The family of high Tc molecule-based magnets has been historically dominated by Prussian Blue Analogs (highest Tc of 376 K) and tetracyanoethylene (TCNE) radical-based systems. Herein, we extend the family of high temperature molecular magnets to pyrazine-based 2D coordination networks, which order magnetically at temperatures as high as 515 K, exceeding by 120 K the iconic V[TCNE]x with a Tc = 400 K.

  valence band and the lowest unoccupied state of the conduction band, in which no electron states are present. This energy range is called band gap (Eg) and it basically corresponds to the energy required to promote a valence electron into an unoccupied electronic state of the conduction band. The lowest point of the conduction band and the highest point of the valence band are called conduction band edge and valence band edge, respectively. The electrical conductivity of insulators is very low (σRT < ~10 -8 S cm -1 ), as the band gap is typically very large (> 4 eV) and thus, there are no electrons in the upper empty band that could move within the lattice and act as charge carriers (Figure II-1 a). On the other hand, semiconductors have much smaller band gaps. Typical semiconductors like Si have an Eg in the range of 1-1.5 eV, while wide-bandgap semiconductor materials are characterized by bandgaps in the range of 2-4 eV. 3 Semiconductors behave as insulators at absolute zero; however, as the temperature is increased, electrons are thermally excited from the valence band to the conduction band (Figure II-1 b). Both the free electrons in the conduction band and the positive holes that are created in the valence band contribute to the electrical conductivity. Therefore, by providing the appropriate amount of thermal energy, electrons are allowed to get excited across the band gap and this is the reason why the conductivity of a semiconductor increases as the temperature is increased. Finally, in metals, the upper region of valence band overlaps in energy with the lower part of conduction band and thus, a large number of electrons and holes will be available for conduction (Figure II-1 c).

Figure II- 1 .

 1 Figure II-1. Simplified diagram of the electronic band structure of insulators, semiconductors and conductors. The grey and orange areas represent the valence and conduction band, respectively. Eg is the abbreviation for the band gap. The black line corresponds to the energy overlap region in the case of metals.

Figure II- 2 .

 2 Figure II-2. Different techniques of measuring electrical conductivity of coordination polymers in the forms of single crystals, pressed pellets or thin films (a-d). The sample and the electrodes are shown as red areas and blue lines, respectively. I, V, L, s, w, and t represent current, voltage, sample length, distance between probes, sample width, and thickness of pellet, respectively. Reprinted with permission from Ref. 13. Copyright 2016 American Chemical Society.

  define a square (Figure II-2 d). The two probes along one side of the square supply the current, and the other two probes at the opposite side measure the voltage. In this way, two resistances are measured, RAB = VCD/IAB and RAC = VBD/IAC (Figure II-2 d). Taking into account the two resistances and the thickness of sample, the electrical conductivity can be calculated from Equation II-14.

Figure II- 3 .

 3 Figure II-3. Plot of inverse susceptibility (χ -1 ) vs. temperature (T) for paramagnetic materials (grey line), as well as materials exhibiting ferromagnetic (green line) and antiferromagnetic (blue line) interactions.

Figure II- 4 .

 4 Figure II-4. Plot of the magnetic susceptibility-temperature product (χΤ) vs. temperature (T) for paramagnetic materials (grey line), as well as systems exhibiting ferromagnetic (green line) and antiferromagnetic (blue line) interactions.

  moment since the spins of separate domains point in different directions and eventually, they are cancelled out. Application of an external magnetic field, H, will cause the spins inside all domains to align parallel to H (FigureII-5). The domains will remain aligned when the external field is removed, creating a magnetized state.20 

Figure II- 5 .

 5 Figure II-5. Representation of the magnetic domains of a ferromagnetic material. (left) Random orientation of the domains in the absence of a magnetic field, H. (right) Parallel alignment of the domains with the magnetic field upon its application.

  and eventually to the same saturation point as the one achieved in the beginning. The field dependence of the magnetization for a ferromagnetic and ferrimagnetic material is represented in the form of a hysteresis loop and can be visualized in Figure II-6.21 

Figure II- 6 . 23 Figure II- 7 .

 6237 Figure II-6. Magnetic hysteresis of a ferromagnetic and ferrimagnetic material. Mrem, Msat and Hcoerc represent the remanent magnetization, saturation magnetization and coercive field, respectively.

20 Figure II- 8 .Figure II- 9 .

 2089 Figure II-8. Phase diagram of (a) an antiferromagnet with low anisotropy, (b) a metamagnet (antiferromagnet with high anisotropy). AF, SF and Para are abbreviations for antiferromagnetic, spinflop and paramagnetic states, respectively.

Figure II- 10 .

 10 Figure II-10. A typical X-ray absorption spectrum, depicting the XANES (blue part) and EXAFS (grey part) regions, respectively.

Figure II- 11 .

 11 Figure II-11. (left) Experimental hutch of the ID12 beamline at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The incoming X-rays, the 17 T magnet, as well as the sample's position are emphasized in the figure. (right) The cryostat and the sample holder used for the measurements are shown in the up and bottom part, respectively.

  General Information on Electrical Conductivity, Magnetism and X-Ray Absorption Spectroscopy 67 primarily used to deduce information about the oxidation states of the probed elements. A metal K-edge XANES spectrum, which is primarily associated with the excitation of an 1s core electron to valence states, consists of three regions; the pre-edge, rising-edge and near-edge (Figure II-12).

Figure II- 12 .

 12 Figure II-12. The pre-edge, rising-edge and near-edge regions of a XANES spectrum shown in orange, grey and blue regions, respectively.

  such as Cl, the 3p orbitals are directly involved in bonding with transition metal ions. When Cl is coordinated to an open-shell first-row transition metal ion, it shows a characteristic pre-edge feature which is associated with a transition from the 1s orbital of Cl to a molecular orbital that has a component of Cl 3p and metal 3d character. Therefore, the Cl K pre-edge intensity provides direct access to the Cl 3p character in the metal 3d orbitals and thus, serves as a complementary probe of the metal's electronic structure.27 

Equation II- 27 ,

 27 commonly known as the EXAFS equation, is a summation over all the coordination shells around the absorbing atom and thus, allows us to determine Nj, Rj, and σj 2 by knowing the scattering amplitude fj(k) and phase-shift δj(k). Both fj(k) and δj(k) depend on the atomic number of the scattering atom. Fourier transform of χ(k) results in a radial distribution function, which is defined in R space. The distance found in the Fourier transform is about 0.2-0.5 Å shorter than the actual distance, due to the energy dependence of the phase factors in the sine function.

26 III. 2 . 1 . 2 .

 26212 Parallel to that, as discussed in Chapter I (Part I.3), the incorporation of redox-active ligands in extended solids is a very fruitful strategy towards promoting longrange electronic communication. a. Synthesis and structure of Immm CrCl2(pyz)Anhydrous chromium(II) chloride was reacted overnight with a large excess of pyrazine at 200°C inside a 25 mL Teflon-lined stainless-steel autoclave reactor in an oven. The starting materials were placed into the solvothermal reactor inside a N2-filled glovebox, due to sensitivity of CrCl2 to air. No solvent was used during the synthesis; pyrazine itself acts as the solvent above its melting point of 55°C (at 1 atm). This solvothermal synthesis afforded black microcrystalline powder in ~70% yield. Scanning electron microscopy (SEM) pictures showed rectangular shaped crystals of ~0.2×0.2 μm (FigureIII-1). In an attempt to obtain single crystals suitable for X-ray diffraction, different experimental conditions were also investigated. Specifically, the reaction was performed in solvent media (e.g. acetonitrile, dimethylformamide) at elevated temperatures and additionally, the reactor was allowed to slowly cool (up to 48 hours) to room-temperature. Even though a slight improvement on the crystallinity was observed when the reaction mixture was allowed to cool down slowly, as suggested from powder X-ray diffraction, no single crystals were obtained under these conditions. Elemental analysis of Cr, Cl, N, C and H was consistent with the formulation CrCl2(pyz)2 (see Supp. material). The crystal structure was solved from synchrotron X-ray powder diffraction data in collaboration with Dr. Daniel Woodruff at the University of Oxford (Figure III-2). CrCl2(pyz)2 crystallizes as a layered structure in the orthorhombic Immm space group (crystallographic data can be seen in Table III-1).

Figure III- 1 .

 1 Figure III-1. Representative scanning electron microscopy (SEM) pictures of Immm CrCl2(pyz)2 at two different magnifications.

Figure III- 2 .

 2 Figure III-2. Synchrotron powder diffractogram (blue line) of Immm CrCl2(pyz)2 obtained at room temperature (295 K). The best fit obtained from Rietveld refinement (red line), the difference (grey line) and calculated line positions (blue bars) are shown. The inset shows the enhanced high-angle portion. The wavelength was 0.82626(1) Å.

  pyz)2 layers are stacked along the crystallographic c direction and spaced apart by 5.4 Å (Figure III-3). All Cr ions are hexa-coordinated with a distorted octahedral geometry. The Cr equatorial plane, lying in the ab crystallographic plane, contains two crystallographically independent N atoms (N1 and N2), while the symmetry related Cl ions (Cl1) occupy the apical coordination sites (Figure III-3 and III-4). Without indication of a larger supercell from analysis of the powder diffraction pattern, the pyrazine rings are disordered on two positions imposed by the mirror planes of the Immm space group. Despite the orthorhombic space group, the 2D network closely approaches the symmetry of a square lattice with Cr•••Cr distances of 6.90351(4) and 6.97713(4) Å and Cr-N bond lengths of 2.003(2) and 2.059(2) Å (Figure III-3 b). Reaction between CrCl2 and pyrazine in an evacuated quartz ampoule at 200°C for one week can also yield single crystals of CrCl2(pyz)2. Crystals from this method were grown by our collaborators, Dr. K. S. Pedersen and L. Voigt, at the Technical University of Denmark. The interatomic distances and angles for Immm CrCl2(pyz)2, obtained from both structural solutions (powder and single-crystal X-ray), are presented in Table III-2.

Figure III- 3 .

 3 Figure III-3. Structure of CrCl2(pyz)2. (a) Fragment of the layered structure shown along the Cl-Cr-Cl axis (crystallographic c direction), as determined from synchrotron X-ray powder diffraction data at room temperature. (b) Perspective view of the staggered stacking of the layers perpendicular to the c direction. Cr: dark green, Cl: light green, N: blue, C: dark grey. Hydrogen atoms have been omitted for clarity.

Figure III- 4 .

 4 Figure III-4. Local coordination environment around the Cr center in CrCl2(pyz)2, as determined from synchrotron X-ray powder diffraction data at room temperature. Thermal ellipsoids are depicted in the 50% probability level. Cr: dark green, Cl: light green, N: blue, C: dark grey. Hydrogen atoms have been omitted for clarity.

Figure III- 5 .

 5 Figure III-5. Thermal ellipsoid (50% probability level) plot of the asymmetric unit of trans-[Cr III Cl2(pyridine)4](ClO4)•1/4H2O (Cr(III)), which is comprised of two crystallographically independent Cr centers with distorted octahedral environment. Cr: dark green, Cl: light green, N: blue, O: red, C: dark grey. Hydrogen atoms have been omitted for clarity.

Figure III- 6 .

 6 Figure III-6. XAS spectra at the Cr K-edge for Immm CrCl2(pyz)2, trans-[Cr II Cl2(NCNH2)4] (Cr(II)) and trans-[Cr III Cl2(pyridine)4](ClO4)•1/4 H2O (Cr(III)) reference compounds, in black, red and blue lines, respectively. Inset: Zoom in the pre-edge region. To facilitate a direct comparison, data were normalized to zero before the edge and to unity above the edge. The spectra were recorded at 3 K and with a magnetic field of 17 T.

Figure III- 7 .

 7 Figure III-7. Normalized XAS spectra at the Cl K-edge for Immm CrCl2(pyz)2 (black line), as well as Cr(II) (red line) and Cr(III) (blue line) reference compounds, respectively. Inset: Zoom in the pre-edge region. The spectra were recorded at 295 K and under zero magnetic field.

  Cr III Cl2(pyz •-)(pyz) or Cr III Cl2(pyz)2 •-. However, comparison of the N-C and C-C bond lengths between CrCl2(pyz)2 and CrI2(pyz)2 (vide infra, Chapter IV), which features exclusively neutral pyrazine linkers, strongly suggests that the unpaired electron is localized in one of the pyrazine moieties and thus, the formula can be written as Cr III Cl2(pyz •-)(pyz). Even though the crystal structure of CrI2(pyz)2 will be extensively analyzed in Chapter IV, it shall be mentioned that the N-C and C-C bond lengths amount to 1.347(5) and 1.382(9) Å, respectively, which are very close to the values of N-C = 1.355(5) Å and C-C = 1.380(8) Å of the pyrazine molecule along the crystallographic b direction in Immm CrCl2(pyz)2 (from single crystal data). Therefore, it can be assumed that the pyrazine ligand along the b direction is neutral, while the one along the a direction is reduced. In the a direction the N-C bond length is 1.370(5) and the C-C amounts to 1.362(9) Å, in agreement with the trend found from DFT calculations that upon reduction the C-C bond becomes shorter and the C-N bond elongates (calculations were done in collaboration with Dr. Elizaveta Suturina, TableS.III-3). The presence of a radical in CrCl2(pyz)2, in conjunction with the presence of paramagnetic metal centers, prompted us to investigate its magnetic properties.III.2.3. Magnetic characterization.III.2.3.a. Magnetic properties of Immm CrCl2(pyz)2.Variable-temperature direct-current (dc) magnetic susceptibility measurements were performed on freshly-prepared microcrystalline samples of CrCl2(pyz)2 in the temperature range 1.85-400 K under an applied dc field of 0.1 T (FigureIII-8 a). The molar magnetic susceptibility-temperature product, χΤ, amounts to 2.7 cm 3 K mol -1 at 400 K and significantly increases as the temperature is decreased. This is evidenced by the χΤ value at 300 K and 200 K which is 3.3 and 4.7 cm 3 K mol -1 , respectively. A sharp increase is observed below ~70 K and the χΤ reaches a maximum at 40 K before decreasing again. This behavior stems from the increase of the correlation length, ξ, and consequently the growth of magnetically correlated domains with decreasing temperature under an applied field, suggesting the onset of Chapter III. Magnetic Order and Electrical Conductivity on 2D Systems via Redox-Active Coordination Chemistry: The case of CrCl2(pyrazine)2 84 magnetic order. The thermal behavior at high temperatures highlights the presence of strong magnetic interactions between spin carriers. A direct comparison of the experimental χΤ product of 2.7 cm 3 K mol -1 at 400 K with the Curie constant values (TableIII-3) is thus not straightforward. A sudden increase in the susceptibility is observed at ~55 K, suggesting the existence of a magnetic phase transition. The temperature dependence of the susceptibility at various dc magnetic fields is shown in Figure III-8 b.
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 31 Figure III-8. (a) Temperature dependence of the χΤ product (H = 1000 Oe) of Immm CrCl2(pyz)2. (b) Temperature dependence of the magnetic susceptibility at selected dc magnetic fields.

Figure III- 9 .

 9 Figure III-9. Variable-temperature ac magnetic susceptibility data for Immm CrCl2(pyz)2 at zero dc magnetic field and in a 3 Oe ac oscillating magnetic field, under different ac frequencies.

Figure III- 10 .

 10 Figure III-10. (a) Magnetic field dependence of the magnetization for Immm CrCl2(pyz)2 at various temperatures obtained with a field sweep-rate of 30 Oe min -1 . (b) Zoomed area of the hysteresis loops in the field range -4000 to 4000 Oe.

Figure III- 11 .

 11 Figure III-11. Temperature dependence of (a) the remanent magnetization, Mrem, and (b) the coercive field, Hcoer for Immm CrCl2(pyz)2. All the points were deduced from the hysteresis plots (Figure III-10).

Figure III- 12 .

 12 Figure III-12. Field dependence of the magnetization, M, of microcrystalline Immm CrCl2(pyz)2 at selected temperatures.

Figure III- 13 .

 13 Figure III-13. The χΤ value at 300 K amounts to 1.93 cm 3 K mol -1 (Figure III-13 a), very close to the Curie constant of 1.875 for isolated S = 3/2 Cr III centers. The χΤ product remains essentially constant until 50 K, where it decreases to reach 1.70 cm 3 K mol -1 at 1.85 K. Due to the significantly large Cr … Cr distance in this compound (7.382 Å), we can hypothesize that this decrease is due to zero-field splitting, rather than intermolecular J coupling. The saturation value of the magnetization, M, at 1.85 K (Figure III-13 b) is 3.1 μΒ, in close agreement with the saturation value of 3 μΒ for g = 2 (Msat = g × S). In order to estimate the Landé factor, the M vs. HT -1 data at 1.85 K were well reproduced with S = 3/2 Brillouin function (red solid line in Figure III-13 b) and yielded g = 2.10(5).

Figure III- 13 .

 13 Figure III-13. (a) Temperature dependence of the χΤ product of the Cr(III) model compound, trans-[Cr III Cl2(pyridine)4](ClO4)•1/4 H2O, at 1000 Oe. (b) Field dependence of the magnetization, M, plotted as M vs. H/T at low temperatures. The solid red line is the best fit to the Brillouin function for S = 3/2 (see main text).

Figure III- 14 .

 14 Figure III-14. DFT-calculated spin-density (isosurface value ±0.005) in the broken-symmetry state, BS(3,1) of the [CrCl2(pyz)4] fragment in: (a, b) optimized geometry (J/hc = -2040 cm -1 ) and (c, d) geometry adapted directly from the experimentally determined coordinates of CrCl2(pyz)2 (J/hc = -1912 cm -1 ).

Figure III- 15 .

 15 Figure III-15. (a) DFT-calculated spin density of the broken-symmetry state of the hypothetical [CrCl2(pyz)4] model complex in the gas phase (isosurface value of ±0.005; blue: positive, red: negative). (b) DFT-relaxed structure of CrCl2(pyz)2 with fixed experimental lattice constants. The labelling highlights structurally distinct units.

Figure III- 16 .

 16 Figure III-16. X-ray magnetic circular dichroism spectra of CrCl2(pyz)2 (black line) and the Cr(III) model compound (red line) obtained at 3 K with a magnetic field of 17 T. The spectra are presented as the percentage of the edge jump. The labelled spectral features correspond to pre-edge † , edge ¶ and multielectron excitations § .

Figure III- 17 .

 17 Figure III-17. Kubelka-Munk transform of UV-vis-NIR reflectance spectrum of CrCl2(pyz)2 recorded at room temperature.

Figure III- 18 .

 18 Figure III-18. (a) Variable-temperature conductivity for Immm CrCl2(pyz)2, using the two-contact method. (b) Plot of ln(σ) vs. T -1/3 , showing the linear relationship between the two. The black line represents the Mott's variable-range hopping fit for CrCl2(pyz)2 (see main text). The data collected on cooling and heating in the temperature range 300-40 K are depicted as blue and red circles, respectively.

Figure III- 19 .

 19 Figure III-19. (a) Temperature dependence of the conductivity, σ, for Immm CrCl2(pyz)2 using the fourpoint probe method. The grey line represents the Mott's variable-range hopping fit (see main text). (b) Plot of ln(σ) vs. T -1 for Immm CrCl2(pyz)2 and the corresponding Arrhenius fits at high (300-188 K, dark yellow line) and low (174-50 K, black line) temperatures, respectively.

  reached. Therefore, the temperature gradient is actually creating a charge gradient, which is what actually is being measured. The Seebeck coefficient can have either positive or negative values, depending on the nature of the charge carriers. It is negative for negatively charged carriers (electrons), and positive for positively charged carriers (holes).

Figure III- 20 .

 20 Figure III-20. Temperature dependence of the Seebeck coefficient for Immm CrCl2(pyz)2 between 260 and 340 K. The black line represents the linear fit.

  Figure III-21 to be on the order of 0.5 eV.

Figure III- 21 .

 21 Figure III-21. Fermi edge region of the UV photoelectron spectrum of Immm CrCl2(pyz)2 (purple circles) and the metallic reference (Mo, grey circles) at room-temperature.

Figure III- 22 .

 22 Figure III-22. (a) Band structure calculations for the ferrimagnetic state of Immm CrCl 2 (pyz) 2 using the Heyd-Scuseria-Ernzerhof (HSE) functional. The symmetry points in the Brillouin zone correspond to M = (1/2,1/2,0), Γ = (0,0,0) and X = (1/2,0,0). Black and red bands denote spin up and down. The Fermi level was arbitrarily shifted to the valence band maximum. (b) First-principles projected density of states (pDOS) computed using the HSE exchange-correlation functional (see Supp. Material) of the ferrimagnetic state of Immm CrCl2(pyz)2, showing the major contributions of the N-p, C-p and Cr-d states to the conduction band.
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CrCl2(pyrazine) 2 :

 2 Synthesis and characterization of the new structural phase. III.3.1. Realization of a new structural phase: Magnetic and structural evidence. A close investigation of the high temperature magnetic properties of Immm CrCl2(pyz)2 reveals a reproducible and reversible bump at ~350 K on the susceptibility-temperature product vs. temperature plot (Figure III-23). Having in mind that the magnetic properties can be very sensitive to possible structural changes, we performed variable-temperature powder X-ray diffraction measurements on microcrystalline samples of Immm CrCl2(pyz)2 with the aim to probe any changes on the structure of the material.

Figure III- 23 .

 23 Figure III-23. Temperature dependence of the χΤ product (H = 1000 Oe) for Immm CrCl2(pyz)2. Inset: Zoom in the temperature range 250-400 K, emphasizing the observed anomaly at ~350 K.

Figure III- 24 . 2 III. 3 . 2 . 2 .

 242322 Figure III-24. Thermal variation of the lattice parameters of Immm CrCl2(pyz)2, obtained on a heating rate of 6 K min -1 . All the data points were determined by Rietveld refinement using synchrotron powder X-ray diffraction patterns. The open circles correspond to the average values obtained during heating and cooling the sample.

Figure III- 25 .

 25 Figure III-25. Rietveld refinement of powder X-ray diffraction data for I4/mmm CrCl2(pyz)2 obtained at 295 K. The experimental data, the best fit, the difference and the calculated line positions are shown with blue, red, grey lines and blue bars, respectively. The inset shows the enhanced high-angle portion. The wavelength was 0.82626(1) Å.

Figure III- 26 .

 26 Figure III-26. (a) Part of a two-dimensional layer of I4/mmm CrCl2(pyz)2 along the crystallographic c direction. (b) Local coordination environment of Cr in I4/mmm CrCl2(pyz)2 and the corresponding atoms labeling scheme. Cr: dark green, Cl: light green, N: blue, C: dark grey. Hydrogen atoms have been omitted for clarity.

CrCl2(pyz) 2

 2 in the temperature range 290-380 K, with a sweep rate of 6 K min -1 . In this range, only a small variation is observed in the lattice parameters with no crossover to the thermodynamic phase, Immm (Figure S.III-3). This unexpected behavior prompted us to investigate closely the obtained results and surprisingly, the anomalous behavior observed ~330-340 K coincides with the temperature of the Immm ↔ I4/mmm transition. This can be likely assigned to the presence of small impurities of Immm CrCl2(pyz)2 during the isolation of Chapter III. Magnetic Order and Electrical Conductivity on 2D Systems via Redox-Active Coordination Chemistry: The case of CrCl2(pyrazine)2I4/mmm due to ambiguity, at the time that these measurements were performed, on how to isolate the pure I4/mmm phase.In order to probe the thermal stability of both Immm and I4/mmm CrCl2(pyz)2, thermogravimetric analysis (TGA) was performed. The two phases show somewhat different thermal behaviors (Figure S.III-4). Immm CrCl2(pyz)2 is stable up to 470 K and after this temperature, the two pyrazine molecules are leaving in two clear steps. On the contrary, I4/mmm exhibits a weight loss at much lower temperatures, at ~370 K. In order to probe the nature of the molecules that are leaving upon thermal treatment, thermogravimetric analysis/mass-spectrometry was performed (Figure S.III-5 and S.III-6). Surprisingly, a mass to charge ratio of 73, that corresponds to DMF, was evident in the mass spectrum of I4/mmm CrCl2(pyz)2.

I4/ mmm

 mmm CrCl2(pyz)2, as in the case of Immm, the definite assignment of the Cr oxidation state came from X-ray absorption spectroscopy measurements at the Cr and Cl K-edges (Figure III-27). As discussed above, the position of the lowest-energy pre-edge transition in chromium K-edge XAS reflects the oxidation state of the metal ion. In the I4/mmm CrCl2(pyz)2 Chapter III. Magnetic Order and Electrical Conductivity on 2D Systems via Redox-Active Coordination Chemistry: The case of CrCl2(pyrazine)2 103 spectrum, this feature appears at 5991.2 eV, only 0.2 eV lower than that of Immm. This observation confirms the same oxidation state for the Cr centers in both compounds. Additionally, the oscillations above the edge have the same shape for both samples, indicating an identical coordination environment around the Cr center. The Cl K-edge spectra provide further insight into the Cr electronic structure, as the pre-edge transition involves states that have contributions from both Cr 3d and Cl 3p orbitals. The spectra of the Immm and I4/mmm phases are essentially identical, with the pre-edge transition occurring at the same energy. Thus, structural and spectroscopic characterization validate the identical Cr electronic structure in both systems.

Figure III- 27 .

 27 Figure III-27. Normalized X-ray absorption spectra for Immm (black line) and I4/mmm CrCl2(pyz)2 (red line) at (a) the Cr K-edge (Inset: Zoom in the pre-edge region) and (b) the Cl K-edge, recorded at T = 3 K and μ0H = 17 T.

Figure III- 28 . 39 Figure III- 29 .

 283929 Figure III-28. Kubelka-Munk transform of IR-NIR reflectance spectra of Immm (black line) and I4/mmm (red line) CrCl2(pyz)2 recorded at room temperature. The NIR feature is enhanced 20 times to facilitate the comparison.

Figure III- 30 .

 30 Figure III-30. (a) Plot of ln(σ) vs. T -1/3 and (b) plot of ln(σ) vs. T -1/2 for I4/mmm CrCl2(pyz)2. The orange and black solid lines represent the best fits to Mott VRH for 2D and the Efros-Shklovskii VRH models, respectively (see main text).

(

  Figure III-31 a). The magnetic susceptibility-temperature product, χΤ, at 400 K is 3.01 cm 3 K mol -1 , higher than the expected value of 2.25 cm 3 K mol -1 expected for uncoupled S = 3/2 Cr III and S = ½ pyrazine radical spins with g = 2. Upon lowering the temperature, the χΤ product significantly increases (3.56 cm 3 K mol -1 and 4.66 cm 3 K mol -1 at 300 K and 200 K, respectively) and reaches a maximum value of 116 cm 3 K mol -1 at 30 K. This behavior reflects the increase of long-range magnetic correlations between spins in the network. In addition, magnetic susceptibility, χ, data collected on cooling the sample at different magnetic fields (Figure III-31 b) show a sudden increase at ~50 K, indicative of a magnetic phase transition.

Figure III- 31 .

 31 Figure III-31. (a) Temperature dependence of the χΤ product (H = 1000 Oe) for I4/mmm CrCl2(pyz)2. (b) Temperature dependence of the magnetic susceptibility at selected dc magnetic fields.

Figure III- 32 .

 32 Figure III-32. Field dependence of the magnetization, M, of microcrystalline I4/mmm CrCl2(pyz)2 at selected temperatures.

Figure III- 33 .

 33 Figure III-33. (a) Magnetic field dependence of the magnetization for I4/mmm CrCl2(pyz)2 at various temperatures, obtained with a sweep rate of 70 Oe min -1 . Inset: Zoomed area of the hysteresis loops in the field range -4000 to 4000 Oe. (b) Temperature dependence of the remanent magnetization, Mrem, and the coercive field, Hcoer (inset). All the points were deduced from the hysteresis plots.

Figure III- 34 .

 34 Figure III-34. (a) Variable-temperature ac magnetic susceptibility data for I4/mmm CrCl2(pyz)2 at zero dc magnetic field and in a 3 Oe ac oscillating magnetic field, under different frequencies. The black dashed vertical line serves as a visual guide for the ordering temperature. (b) Comparison of the χ¢¢ vs. T curves for Immm and I4/mmm CrCl2(pyz)2.

and carbon 47 K

 47 -edges). When the p orbitals of these elements contribute to the physical properties of transition metal compounds, very useful information can be extracted. For instance, the hybridization of Cr 3d and O 2p states in CrO2 has been demonstrated through O K-edge XMCD.48 X-ray magnetic circular dichroism experiments were performed at the Cl K-edge of I4/mmm CrCl2(pyz)2; a significantly strong dichroic signal is observed at ~2820 eV (Figure III-35 b, S.III-8). The signal in the K-edges of non-magnetic atoms reflects the character of the d states of neighboring magnetic atoms (in this case, Cr). A likely scenario is that the Cl p states are hybridized with the Cr d states that are orbital polarized. In this way, the Cl p states become spin and orbital polarized, and K-edge XMCD signal is observed. Therefore, a high degree of hybridization between the Cr and Cl orbitals is suggested from the XMCD on the Cl K-edge.

Figure III- 35 .

 35 Figure III-35. (a) X-ray magnetic circular dichroism spectra of Immm (black line) and I4/mmm (red line) CrCl2(pyz)2 obtained at the Cr K-edge at 3 K with a magnetic field of 17 T. The spectra are presented as the percentage of the edge jump. The labelled spectral features correspond to pre-edge † , edge ¶ and multi-electron excitations § . (b) X-ray absorption (black line) and X-ray magnetic circular

  FigureIII-36). However, noticeable changes between the Immm and I4/mmm phases are observed in the region 930-1045 cm -1 . The bands in this region originate from stretching C-N vibrations.50 The presence of two bands in Immm CrCl2(pyz)2, as opposed to a single band in I4/mmm, could be tentatively assigned to the two different types of pyrazine ligands in the former phase (neutral and reduced). On the contrary, the appearance of one band in the tetragonal phase possibly implies the existence of a fully reduced pyrazine scaffold, in which half of an unpaired electron resides in each pyrazine linker. Nonetheless, these results must be interpreted with caution, as the Raman band at 982 cm -1 in the I4/mmm spectrum (blue vertical line in FigureIII-36) is not completely absent, but significantly less intense compared to the Immm phase. Thus, any attempt to distinguish between the possibly different redox states of the pyrazine ligands in the two phases of CrCl2(pyz)2 is not straightforward.

Figure III- 36 .

 36 Figure III-36. Raman spectra collected for solid samples of Immm and I4/mmm CrCl2(pyz)2 sealed inside 0.7 mm diameter quartz capillaries, following excitation at a wavelength of 785 nm. The observed bands can be assigned to the following vibrations 50 : 256 cm -1 : stretching Cr-Cl; 669 cm -1 : bending in-plane ring (C-C and C-N); 1020 cm -1 : stretching C-N and ring breathing; 1214 cm -1 : bending in-plane (rocking) C-H and bending out-of-plane C-C; 1605 cm -1 : stretching C-C and bending in-plane (scissoring) C-H.

  Reactions at high temperature (200°C) yielded the thermodynamic product, which crystallizes in the orthorhombic space group Immm. Structural characterization from synchrotron powder diffraction data revealed that this compound consists of two-dimensional square arrays selfassembled from CrN4Cl2 octahedra that are bridged by pyrazine ligands. Interestingly, bond length analysis suggested the presence of Cr III metal ions in this system, which necessitated the reduction of the two pyrazine species around the metal center by one electron. The +III oxidation state of the Cr center was confirmed by X-ray absorption spectroscopy (XAS) measurements. XAS data were collected for CrCl2(pyz)2 and two mononuclear complexes (namely Cr(II) and Cr(III)), in which Cr has well-defined oxidation states, +II and +III, respectively. The pre-edge regions of CrCl2(pyz)2 and Cr(III) were found to largely overlap, confirming the presence of Cr III ions in the 2D system. Strong magnetic interactions between the Cr centers and the radical linkers led to ferrimagnetic order below 55 K, with an exchange coupling of ~-2000 cm -1 , as predicted from DFT calculations. The redox-activity of the pyrazine ligand resulted in the smearing of the Cr 3d and pyrazine π ligands and indeed, bulk electrical conductivity measurements demonstrated that CrCl2(pyz)2 reaches a conductivity value of 32 mS cm -1 at room temperature, with a charge transport dominated by a 2D hopping-based mechanism. This strong degree of π-d conjugation was also suggested by DFT calculations, which showed a hybridization of the π orbitals of pyrazine and the d orbitals of Cr near the Fermi level. The simultaneous implementation of magnetic order and electrical conductivity within CrCl2(pyz)2 places it amongst a unique class of materials, with great prospects in modern electronics and spintronics applications.

  Chapter III. Magnetic Order and Electrical Conductivity on 2D Systems via Redox-Active Coordination Chemistry: The case of CrCl2(pyrazine)2 a permanent magnet below ~50 K, due to strong magnetic interactions between the radical ligands and the Cr centers. Raman spectroscopy was performed for both phases in an attempt to differentiate between the redox states of the pyrazine linkers. Even though the two spectra show globally a similar behavior, small variations in the bands that correspond to the C-C and C-N vibrations, possibly suggest a different degree of electronic delocalization between Immm and I4/mmm CrCl2(pyz)2. However, we cannot definitely exclude the possibility of the tetragonal phase actually being disordered, rather than fully delocalized. A potential disorder could "force" all the pyrazine linkers to appear identical, thus promoting a tetragonal space group. Comparison of the N-C and C-C bond lengths of the pyrazine linkers between the two phases could help us draw a conclusion, but until this point, we have not been able to grow single crystals of the I4/mmm compound, which would be necessary for a reliable comparison. Finally, a comparison between CrCl2(pyz)2 and other MX2(pyrazine)2 systems (X = anionic ligand) reported in the literature, emphasizes the crucial role of choosing the appropriate building blocks when designing coordination solids with desired properties. To achieve longrange electronic communication, the metal and the ligand should have open-shell, frontier orbitals of similar energies and furthermore, exhibit maximal orbital overlap. For instance, in the family of metal-benzoquinone coordination polymers, it has been well documented that the low-lying π* orbitals of the ligand are close in energy with the d orbitals of transition metals, and indeed several systems have been reported in which metal-ligand electron transfer occurs, giving rise to high conductivity values and magnetic order. In the case of pyrazine-based extended systems, no clear relationship between the ligand and the metal orbitals has been established so far and indeed, none of the coordination polymers with the formula MX2(pyrazine)2 (X = anionic ligand, M = 3d transition metal ion) exhibit any charge delocalization and/or magnetic order at high temperature. All these systems, similar to CrCl2(pyz)2, feature square or rectangular arrays of metal centers bridged by bidentate pyrazine linkers, while anionic ligands (e.g. Cl, Br, I, NCS, OCN, BF4, ClO4, OSO2CH3) occupy the axial coordination sites. However, they all contain exclusively neutral pyrazine moieties, as no electron transfer between the metal center and the ligand has occurred. This is also reflected in their magnetic properties, where only paramagnetic behavior or antiferromagnetic order is observed at low temperatures. In all cases, the magnetic interactions between the metal centers are weak (~1 K), with the only exception being the CuX2(pyrazine)2 (X = BF4 and ClO4) whose magnetic exchange coupling was estimated as ~-15 K (-2J convention). Pyrazine-based coordination polymers are of course not only limited to the MX2(pyrazine)2 family, but are Chapter III. Magnetic Order and Electrical Conductivity on 2D Systems via Redox-Active Coordination Chemistry: The case of CrCl2(pyrazine)2 114 extended to systems with the general formulas M II (pyrazine)2L2-nX -n(Y -)2-n (n = 0,1 or 2) and M II (pyrazine)2X n-(Y -)2-n (n = 1 or 2), in which M = metal ion, L = neutral co-ligand, X = anionic co-ligand and Y = counteranion. 51

. 5 . 2 .

 52 Physical methods of characterization. Elemental analysis. Elemental analysis for C, H, Cl, Cr and N for Immm and I4/mmm CrCl2(pyz)2 were performed at Mikrolab Kolbe, Mülheim an der Ruhr, Germany. The elemental analysis for trans-[CrCl2(pyridine)4](ClO4)•1/4H2O (Cr(III)) was performed by the microanalytical services laboratory of the Department of Chemistry, University of Copenhagen using a FlashEA 1112 instrument. Thermogravimetric analysis. Thermogravimetric analysis (TGA) was carried out under a N2 flow at a rate of 5 K min -1 on a TA Q50 thermobalance. TGA-MS was performed on a NETZSCH STA 409C/CD (Erich NETZSCH GmbH & Co. Holding KG, Selb, Germany) thermogravimetric analyzer on a heating rate of 5 K min -1 . Chapter III. Magnetic Order and Electrical Conductivity on 2D Systems via Redox-Active Coordination Chemistry: The case of CrCl2(pyrazine)2

  Shklovskii variable-range hopping model (σ0 and T0 are defined as above): Seebeck coefficient measurements. The temperature dependence of the Seebeck coefficient was measured on a rectangular-shaped pellet of Immm CrCl2(pyz)2 using a Quantum Design Physical Property Measurement System (PPMS) equipped with the Thermal Transport Option (TTO) and while continuously ramping the temperature at 0.1 K min -1 . Scanning electron microscopy. Scanning electron microscopy (SEM) images were obtained on an FEI Quanta 200 ESEM FEG instrument located at the Centre for Electron Nanoscopy (Technical University of Denmark, Kgs. Lyngby, Denmark) with operating voltages in the range of 12 to 15 kV. Microcrystalline solids of Immm CrCl2(pyz)2 were directly deposited on carbon tape. Images were acquired with and without gold coating.

Figure S.III- 1 .

 1 Figure S.III-1. (a, b) Projected density of states and (c, d) band structure calculation for ferromagnetic (FI) and antiferromagnetic (AF) states of CrCl 2 (pyz) 2 using the HSE functional. In (a, b) the grey dashed line denotes the Fermi level (E F). Total and projected densities for Cr, Cl, C, and N are denoted in black, blue, orange, red and green, respectively. In(c, d), the symmetry points in the Brillouin zone correspond to M = (1/2,1/2,0), Γ = (0,0,0) and X = (1/2,0,0). Black and red bands denote spin up and down. The Fermi level was arbitrarily shifted to the valence band maximum.

Figure S.III- 2 .

 2 Figure S.III-2. DSC thermogram of Immm CrCl2(pyz)2 in the temperature range 290-400 K at different heating rates and under N2 flow.

Figure S.III- 3 .

 3 Figure S.III-3. Thermal variation of the lattice parameters of I4/mmm CrCl2(pyz)2, obtained on a heating rate of 6 K min -1 . All the data points were determined by Rietveld refinement using synchrotron powder X-ray diffraction patterns. The open circles are the average values obtained from the heating and cooling modes.

Figure S.III- 4 .

 4 Figure S.III-4. Thermogravimetric analysis (TGA) of Immm (black line) and I4/mmm (green line) CrCl2(pyz)2 at a heating rate of 5 K min -1 as a function of the temperature, under Ar atmosphere between 300 and 870 K.

Figure S.III- 5 .

 5 Figure S.III-5. Thermogravimetric analysis (TGA)/Mass-spectrometry (MS) for Immm CrCl2(pyz)2 at a heating rate of 5 K min -1 and under an Ar flow. The left axis corresponds to the weight loss in percentage (black solid line) and the right axis to the quasi multi-ion detection (QMID). The red and blue dashed lines correspond to mass to charge ratios of 73 and 80 for DMF and pyrazine molecules, respectively.

Figure S.III- 6 .

 6 Figure S.III-6. (a) Thermogravimetric analysis (TGA) / Mass-spectrometry (MS) for I4/mmm CrCl2(pyz)2 at a heating rate of 5 K min -1 and under an Ar flow. The left axis corresponds to the weight loss in percentage (green solid line) and the right axis to the quasi multi-ion (QMID) detection. The red and blue dashed lines correspond to mass to charge ratios of 73 and 80 for DMF and pyrazine molecules, respectively. (b) TGA/MS spectrum emphasizing the DMF signal.

Figure S.III- 7 .

 7 Figure S.III-7. (a) XMCD signal of I4/mmm CrCl2(pyz)2 as a function of the field, at the Cr K-edge and at 3 K. The chosen energies, E = 6001.1 eV and 6042.3 eV correspond to the dichroic signal at the main and multielectron excitation edges, respectively. (b) Field dependence of the XMCD signal at 3K at the maximum dichroisms (6001.1 and 6042.3 eV) superimposed to the M vs. H data at T = 1.85 K. The XMCD vs. H data (field sweep-rate of 2.1 T min -1 ) were scaled to the M vs. H plot (sweep-rate of 3 mT min -1 ).

Figure S.III- 8 .

 8 Figure S.III-8. (a) Field dependence of the XMCD signal for I4/mmm CrCl2(pyz)2 obtained at the Cl K-edge and at 3 K (E = 2820.1 eV). (b) Field dependence of the XMCD signal at 3K at the maximum dichroism (2820.1 eV) superimposed to the M vs. H data at T = 1.85 K. The XMCD value of 0.00875 was arbitrarily set to zero and the XMCD vs. H data (field sweep-rate of 0.1 T min -1 ) were scaled to the M vs. H plot (sweep-rate of 3 mT min -1 ).

  -1 , respectively, while the C-S stretching vibration manifests itself at 785 cm -1 (Figure IV-1). Dehydration of this compound occurs in two successive steps (Figure IV-2), each corresponding to the loss of two water molecules, as reported in the literature for other 3d methanesulfonate salts. The eventual loss of a total of four water molecules at 140°C confirms their initial presence in Cr(OSO2CH3)2(H2O)4.

Figure IV- 1 .

 1 Figure IV-1. The FT-IR spectra of anhydrous Cr(OSO2CH3)2 (red) and Cr(OSO2CH3)2(pyz)2 (blue) recorded at room temperature. The majority of the bands can be assigned to the following vibrations 4 :for Cr(OSO2CH3)2, 3036 cm -1 : CH3 asymmetric stretching; 2945 cm -1 : CH3 symmetric stretching; 1349, 1335 cm -1 : CH3 symmetric bending; 1151, 1122 cm -1 : SO3 asymmetric stretching; 1060 cm -1 : SO3 symmetric stretching; 790 cm -1 : C-S stretching and SO3 symmetric bending. The additional bands in Cr(OSO2CH3)2(pyz)2 can be assigned as: 1420-1500 cm -1 : aromatic C-C; 1250 cm -1 : symmetric C-N stretching and 805, 836 cm -1 : out-of-plane C-H bending.

Figure IV- 2 .

 2 Figure IV-2. Thermogravimetric analysis (TGA) of Cr(OSO2CH3)2(H2O)4 in an Ar atmosphere at a heating rate of 5 K min -1 . The total theoretical loss of weight for four water molecules in Cr(OSO2CH3)2(H2O)4 corresponds to 22.9%.

Figure IV- 3 .

 3 Figure IV-3. Experimental (blue solid line) and Rietveld refined (red solid line) diffraction pattern for Cr(OSO2CH3)2(pyz)2 (obtained at 297 K) along with the difference profile (grey solid line) and Bragg reflections (vertical blue sticks). The inset shows the enhanced high-angle portion. The wavelength was 1.54056 Å.

Figure IV- 4 .

 4 Figure IV-4. Crystal structure of Cr(OSO2CH3)2(pyz)2: (a) side view of the layers stacking along the b direction and (b) top view of a layer composing the structure in the ac plane. Cr: dark green, N: blue, O: red, S: yellow, C: dark grey. Hydrogen atoms have been omitted for clarity.

Figure IV- 5 .

 5 Figure IV-5. Local coordination environment around the Cr center in Cr(OSO2CH3)2(pyz)2. Cr: dark green, N: blue, O: red, S: yellow, C: dark grey. Hydrogen atoms have been omitted for clarity.

Figure IV- 6 .

 6 Figure IV-6. Normalized X-ray absorption spectroscopy (XAS) data at the Cr K-edge for Cr(OSO2CH3)2(pyz)2 (black line) at 295 K and the reference compounds Cr(II) (red line) and Cr(III) (blue line) recorded at 3 K. Inset: Magnification of the Cr K-pre-edge regions.

(

  Figure IV-9). A Curie-Weiss fit of the inverse susceptibility from 30 to 280 K resulted in θ = -40 K and g = 2.11(5). The negative Curie-Weiss temperature reveals the presence of dominant antiferromagnetic interactions between the Cr magnetic centers.

Figure IV- 8 .

 8 Figure IV-8. (a) Temperature dependence of the magnetic susceptibility-temperature product, χΤ, of Cr(OSO2CH3)2(pyz)2 at 0.1 T (black circles are the experimental points) and (b) temperature dependence of the magnetic susceptibility, χ, at 0.1 T (black circles). The solid green, blue and brown lines are the best fits of the experimental data between 15 and 280 K to the Fisher, Lines and 1D-Quantum Monte Carlo models, respectively, as discussed in the main text (vide infra).

Figure IV- 9 .

 9 Figure IV-9. Temperature dependence of the inverse of the magnetic susceptibility, χ -1 , of Cr(OSO2CH3)2(pyz)2 at 1000 Oe (black circles are the experimental points). The solid green line is the best fit of the experimental data between 30 and 280 K to the Curie-Weiss law.

  Figure IV-10 a, and the magnetization does not reach the expected 4 μΒ saturation value at 1.85 K and 7 T (Figure IV-10 b). These features suggest a possible magnetic phase transition below 15 K toward a three-dimensional antiferromagnetic state.

Figure IV- 10 .

 10 Figure IV-10. (a) Temperature dependence of the magnetic susceptibility for Cr(OSO2CH3)2(pyz)2 at different applied fields between 0.1 and 7 T for temperatures below 30 K. (b) Field dependence of the magnetization up to 7 T at different temperatures between 1.85 K and 30 K.

Figure IV- 11 .

 11 Figure IV-11. Black circles: temperature dependence of the heat capacity, Cp, per mole of Cr(OSO2CH3)2(pyz)2 measured on a microcrystalline sample under zero-applied field. The red solid line corresponds to the empirical polynomial (at the 6 th order) baseline used to determine the non-magnetic background of the heat capacity (Cbackground). Blue dots: Temperature dependence of the magnetic component (Cpm) of the heat capacity deduced from Cp -Cbackground.

Figure IV- 12 .

 12 Figure IV-12. Temperature dependence of the magnetic entropy deduced from the integration of Cpm/T per mole of Cr(OSO2CH3)2(pyz)2 measured on a microcrystalline sample under zero-applied field.

  indeed present Cr-Br bond lengths along one crystallographic direction of almost 3 Å. In contrast, Immm and I4/mmm CrBr2(pyz)2 have inplane Cr-N distances typical of a Cr III coordination sphere, while the Cr-Br bond lengths amount to ~2.5 Å. These observations prompted us to assign a +III oxidation state for the Cr centers in both compounds; however, further insight was obtained using X-ray absorption spectroscopy (XAS). XAS data were collected at the Cr and Br K-edges for Immm, I4/mmm CrBr2(pyz)2, as well as the mononuclear Cr III model complex, trans-[Cr III Br2(pyridine)4]ClO4. The experimental spectra at the Cr K-edge, shown in Figure IV-13 a, present intense rising edges that correspond to dipole allowed 1s ® 4p transitions and much lower in intensity pre-edges that are associated with the dipole forbidden 1s ® 3d transitions. The data for all three compounds largely overlap and importantly, the pre-edge feature for the model compound, which is considered the fingerprint of the Cr oxidation state, is only 0.3 eV lower than that of Immm and I4/mmm. Additionally, the Br K-edge spectra (Figure IV-13 b) are clearly alike; thus, corroborating a similar Cr electronic structure in the two CrBr2(pyz)2 structural phases and the Cr III model compound. Thus, crystallographic and spectroscopic characterization confirm the presence of Cr III ions in CrBr2(pyz)2 and consequently, the existence of an unpaired electron on the organic moieties.

Figure IV- 13 .IV. 3 . 3 .

 1333 Figure IV-13. Normalized (a) Cr K-edge and (b) Br K-edge spectra of Immm (black line), I4/mmm CrBr2(pyz)2 (green line) and trans-[Cr III Br2(pyridine)4]ClO4 (blue line) recorded at 3 K. Inset: Zoom in the pre-edge region.

Figure IV- 14 .

 14 Figure IV-14. (a) Variable-temperature conductivity data (grey circles) for I4/mmm CrBr2(pyz)2 and (b) Arrhenius fit to the high (300-220 K, black solid line) and low (145-70 K, green solid line) temperature ranges.

Figure IV- 15 .

 15 Figure IV-15. Fit (red solid line) of the variable-temperature conductivity data (grey circles) of I4/mmm CrBr2(pyz)2 to the Efros-Shklovskii VRH model (see main text).

  Figure IV-16 a). This behavior indicates the presence of long-range magnetic correlations between spins. A divergence in the magnetic susceptibility plot occurs below ~45 K upon cooling the sample in the presence of a magnetic field (Figure IV-16 b), indicative of a magnetic phase transition. To further investigate the nature of magnetic coupling in Immm CrBr2(pyz)2, variable-field magnetization data were measured at different temperatures (Figure IV-17 a). The resulting M vs. H curve saturates at a value of M = 1.96 μB at 7 T, which corresponds almost precisely to the value of 2 μB (with g = 2) expected for a repeating unit containing one S = 3/2 Cr III metal ion antiferromagnetically coupled to the S = ½ radical spin of the pyrazine ligands. The field dependence of the magnetization in the range -3000 Oe to 3000 Oe shows a hysteretic behavior with a remnant magnetization below 40 K, supporting the assignment of an ordering transition at ~38 K (Figure IV-17 b). For a more precise determination of the ordering temperature, variable-temperature ac susceptibility measurements shall be performed.

Figure IV- 16 .

 16 Figure IV-16. (a) Temperature dependence of the χT product (H = 1000 Oe) for Immm CrBr2(pyz)2. (b) Temperature dependence of the magnetic susceptibility, χ, at selected dc magnetic fields.

Figure IV- 17 .

 17 Figure IV-17. (a) Variable-field magnetization data for Immm CrBr2(pyz)2 at selected temperatures, at a sweep rate of 50 Oe s -1 . (b) Hysteresis loops between -3000 and 3000 Oe at various temperatures, under the same field sweep rate. Inset: Mremn vs. T plot.

Figure IV- 18 . 2 (

 182 Figure IV-18. (a) Temperature dependence of the susceptibility of I4/mmm CrBr2(pyz)2 at selected dc magnetic fields. (b) Magnetic field dependence of the magnetization obtained with a sweep rate of 50 Oe s -1 . Inset: Mremn vs. H plot.

Figure IV- 19 .

 19 Figure IV-19. XMCD spectra of Immm (black line), I4/mmm (green line) CrCl2(pyz)2 and the model compound trans-[Cr III Br2(py)4]ClO4 (blue line), shown as the percentage of the edge jump. The data were obtained at 3 K with a magnetic field of 17 T. The labelled spectral features correspond to preedge † , edge ¶ and multi-electron excitations § .

  Figure S.IV-4). Treatment of CrI2(THF)3 and a big excess of pyrazine inside an autoclave at 200°C, afforded single crystals of CrI2(pyz)2. CrI2(pyz)2 crystallizes as a layered structure in the tetragonal space group I4/mmm. Crystallographic data and selected bond lengths and angles are presented in Tables S.IV-3 and IV-4. The reaction was performed at several temperatures; however, no evidence of the compound crystallizing in another space group was found. The CrI2(pyz)2 layers stack along the crystallographic c axis and are separated by 6.288 Å. All Cr centers show an elongated octahedral coordination geometry, with four equivalent Cr-N bond lengths of 2.150(4) Å along the ab plane and Cr ••I distances of 3.0401(5) Å (Figure IV-21). These metric parameters point towards the assignment of a +II oxidation state for Cr, with a Jahn-Teller distortion along the c axis. Even though crystallographic analysis does not support an electron transfer between Cr and pyrazine, we performed X-ray absorption spectroscopy in order to exclude such a possibility.

Figure IV- 21 .Table IV- 4 . 4 IV. 4 . 2 .

 214442 Figure IV-21. Local coordination environment around the Cr center in CrI2(pyz)2 at 120 K. Cr: dark green, N: blue, C: dark grey, I: pink. The Cr-I and Cr-N bond lengths are depicted. Hydrogen atoms have been omitted for clarity.

Figure IV- 22 .

 22 Figure IV-22. (a) Normalized Cr K-edge XAS spectra for CrI2(pyz)2 (black line) and [CrI2(py)4]py (purple line) recorded at T = 3 K. Inset: Zoom in the pre-edge region. (b) Comparison of the pre-edge

Figure IV- 23 .

 23 Figure IV-23. Normalized I L-edge XAS spectra for CrI2(pyz)2 (black line) and [CrI2(py)4]py (purple line) obtained at the (a) I L1-and (b) I L3-edges respectively. The temperature during the measurements was set to T = 3 K.

  -1 at 1.85 K (Figure IV-24 a). This thermal behavior indicates the presence of predominant antiferromagnetic interactions between the Cr II magnetic centers. In the χ vs. T plot (Figure IV-24 a inset), the susceptibility reaches a maximum at 34 K; this feature is commonly Chapter IV. Modulation of the Magnetic and Conductive Properties of CrX2(pyrazine)2 by Substitution of the Axial Ligand observed in quadratic layer pyrazine-based coordination polymers with antiferromagnetic interactions between the spin centers. For χ -1 vs. T (Figure IV-24 b), the linear region above 48 K can be fitted to the Curie-Weiss law to give g = 2.03(5) and θ = -71 K, where θ < 0 arises from antiferromagnetic coupling between S = 2 Cr II sites. Since the Cr II ions are arranged on a square lattice, the magnetic susceptibility data were fitted to a high-temperature series expansion for the 2D Heisenberg antiferromagnet based on the Hamiltonian ℋ = -2J2DSSi•Sj. The results of the fit are shown in Figure IV.24 a; fit of the χT vs. T plot yields g = 1.87(5) and J2D/kB = -2.8 K, while from the χ vs. T plot a similar g = 1.86(5) and an intralayer coupling constant of J2D/kB = -2.8 K are obtained. Considering the significantly lower χT value at 280 K (for reminder the χT product of Cr II (OSO2CH3)2(pyz)2 at the same temperature amounts to 2.9 cm 3 K mol -1 ) and the low g value, we believe that the sample which was measured was probably not pure. Attempts to make phase pure CrI2(pyz)2 are currently undertaken by the research team of Dr. Pedersen.

Figure IV- 24 .

 24 Figure IV-24. (a) Temperature dependence of the magnetic susceptibility-temperature product of CrI2(pyz)2 at 0.1 T (black circles are the experimental points). The solid red line is the best fit of the experimental data between 22 and 280 K to the Lines model, as discussed in the text. Inset: The temperature dependence of the magnetic susceptibility at 0.1 T. The red line corresponds again to the fit to Lines model in the same temperature region. (b) Temperature dependence of the inverse of the magnetic susceptibility, χ -1 , at 0.1 T. The solid blue line is the best fit of the experimental data between 48 and 280 K to the Curie-Weiss law.

Figure IV- 25 .

 25 Figure IV-25. (a) Field dependence of the magnetization of polycrystalline samples of CrI2(pyz)2 up to 7 T at different temperatures between 1.85 K and 100 K. (b) Temperature dependence of the magnetic susceptibility at different applied fields between 0.1 and 7 T for temperatures below 150 K.

  in which Δ is the relative gap between the S = 0 and excited spin states. kB, g, μB and J are defined as above. For S = 2: Δ = -0.090700, A1 = 0.97148, A2 = 3.1730, A3 = 2.4097,A4 = 0.068357, A5 = 0.0045027, A6 = -1.5760×10 -5 , A7 = -2.8681×10 -7 ,B1 = 4.8815, B2 = 15.600, B3 = 31.416, B4 = 38.668, B5 = -0.19057, B6 = 0.023805 and B7 = -2.2655×10 -4 . Heat capacity. Heat capacity was measured on microcrystalline samples of Cr(OSO2CH3)2(pyz)2 and CrI2(pyz)2 (~7.0 mg) between 298 and 2 K by a thermal relaxation technique with a Quantum Design Physical Property Measurement System (PPMS-9) in zerodc field. A blank including a small amount of Apiezon N grease (~1.5 mg) used for thermal contact was measured prior to sample mounting and subtracted from the measured total heat capacity.

Figure S.IV- 1 .

 1 Figure S.IV-1. Ab initio ligand field d orbitals computed with CASSCF(4,5) for {Cr III Cl2[(pyrazine)4]˙} (left) and {Cr II (OSO2CH3)2(pyrazine)4} (right) fragments.

Figure S.IV- 2 .

 2 Figure S.IV-2. Crystal structure of CrBr2(THF)2 at 120 K. Cr: dark green, O: red, Br: light green, C: dark grey. Hydrogen atoms are omitted for clarity.

Figure S.IV- 3 .

 3 Figure S.IV-3. Temperature dependence of the χT product (H = 1000 Oe) for I4/mmm CrBr2(pyz)2.

Figure S.IV- 4 .

 4 Figure S.IV-4. Crystal structure of CrI2(THF)3 at 120 K. Cr: dark green, O: red, I: pink, C: dark grey. Hydrogen atoms are omitted for clarity.

Figure S.IV- 5 .

 5 Figure S.IV-5. Representation of the crystal structure of [CrI2(py)4]py at 120 K. Cr: dark green, N: blue, I: pink, C: dark grey. All hydrogen atoms and the pyridine molecule in the lattice are omitted for clarity.

Figure S-IV. 6 .

 6 Figure S-IV.6. Raman spectrum (λ = 785 nm) of Cr(OSO2CH3)2(pyrazine)2 recorded at room temperature. The majority of the bands can be assigned to the following vibrations 4,19 : 708 cm -1 : bending in-plane ring (C-C and C-N) ; 785 cm -1 : stretching C-S; 1034 cm -1 : stretching C-N; 1053 cm -1 : stretching SO2; 1166 cm -1 : stretching S-O; 1244 cm -1 : bending in-plane C-H; 1431 cm -1 : stretching CH3; 1525 cm -1 : stretching C-C.

Figure V- 1 .

 1 Figure V-1. Representative scanning electron microscopy (SEM) pictures of (a) TiCl2(pyz)2 and (b) VCl2(pyz)2 at 2 μm and 5 μm magnification, respectively.

Figure V- 2 .

 2 Figure V-2. Synchrotron powder diffractogram (blue line) of TiCl2(pyz)2 obtained at room temperature (300 K) with a wavelength of 0.82626(1) Å. The best fit (red line), the difference (grey line) and calculated line positions (blue bars) are shown. Stars mark peaks corresponding to an unidentified impurity.

Figure V- 3 .

 3 Figure V-3. Synchrotron powder diffractogram (blue line) of VCl2(pyz)2 obtained at room temperature (300 K) with a wavelength of 0.82626(1) Å. The best fit (red line), the difference (grey line) and calculated line positions (blue bars) are shown. Stars mark peaks corresponding to an unidentified impurity.

Figure V- 4 .

 4 Figure V-4. (a) Perspective view of the staggered stacking of the TiCl2(pyz)2 layers perpendicular to the c direction. (b) Fragment of the layered structure of VCl2(pyz)2 along the Cl-V-Cl axis (crystallographic c direction). Ti: light blue, V: purple, Cl: light green, N: blue, C: dark grey. Hydrogen atoms are omitted for clarity.

Figure V- 5 )

 5 , the 1s ® 3d transition energies (4965.3, 4967.1 and 4968.3 eV) coincide with those of TiCl3, as clearly evidenced by the derivatives of the XAS spectra (Figure V-5 b), suggesting the presence of Ti(III) in the extended network.

Figure V- 5 .

 5 Figure V-5. (a) XAS spectra at the Ti K-edge for TiCl2(pyz)2 and the reference compounds TiCl3 and TiCl2 recorded at room-temperature, in green, red and grey lines, respectively. (b) Pre-edge region of the Ti K-edge XAS spectra for the three compounds. The derivatives of the spectra are shown at the top to facilitate a direct comparison of the weak peaks.

(pyz) 2 (

 2 Figure V-6 b) shows an intense pre-edge absorption around 2820.5 eV, which decreases significantly in intensity for VCl2(pyz)2. In general, the pre-edge feature at the Cl K-edge serves as a direct probe of the chlorine 3p character in the d orbitals of the metal center. The decrease in pre-edge intensity, as discussed Chapter V. Effect of Metal Ion Substitution on the Electronic Structure and Magnetic Properties across a Series of Isostructural Networks 184 by DeBeer et al. 13 , reflects a decrease in covalency of the metal-chloride bond. The length of the M-Cl bond (M = Cr, Ti, V) increases from 2.34 Å in CrCl2(pyz)2 (vide supra) to 2.37 Å and 2.43 Å in the Ti and V systems, respectively. Comparison of the Cl K pre-edge region for all three compounds (Figure V-6 b) shows a decrease in intensity as we move from Cr to Ti and V. This behavior correlates well with the fact that the longer, less covalent V-Cl bond shows the lowest in intensity pre-edge transition.

Figure V- 6 .

 6 Figure V-6. (a) Normalized XAS spectra at the V K-edge for VCl2(pyz)2 and the reference compounds VCl2 and VCl3 recorded at room-temperature, in black, red and blue lines, respectively. Inset: zoom in the pre-edge region. (b) Pre-edge region of the Cl K-edge spectra of MCl2(pyz)2 (M = Cr, Ti, V) obtained at room temperature.

- 1 :

 1 C-C bending. On the contrary, the infrared spectrum of TiCl2(pyz)2 (Figure V-7 a, green line) features a broad absorption band in mid-IR region and only few very weak vibration bands are visible. Very similar behavior has been observed in the fully delocalized mixed-valence vanadium/chloro-benzoquinone 2D framework, reported by Ziebel et al. in 2018 2 , as well as in the metallic analogs of Cu(dcnqi)2

Figure V- 7 .

 7 Figure V-7. (a) Infrared spectra and (b) Kubelka-Munk transform of diffuse reflectance UV-vis-NIR spectra of TiCl2(pyz)2 (green line) and VCl2(pyz)2 (black line).

  5 K (Figure V-8 a). The Arrhenius plot of the variable temperature data (Figure V-9) shows a non-linear curve, indicative of change of activation energy with temperature. Nevertheless, high (293-140 K) and low (11-6 K) temperature Arrhenius fits afforded activation energies of 22 meV and 0.4 meV, respectively. The values of Ea were calculated from the slope of ln(σ) vs. T -1 (σ ~ exp(Ea/kBT);

Figure V- 8 .

 8 Figure V-8. (a) Temperature dependence of the electronic conductivity of TiCl2(pyz)2 (black circles) using the four-point method and the corresponding fit (purple line) to the relation σ = σ0 exp[-(T0/T) 1/2 ] in the temperature region 300-108 K (see main text). (b) Plot of ln(σ) vs. T -1/2 for TiCl2(pyz)2 in the temperature region 300-108 K, showing a linear behavior. The purple line is the best fit to σ = σ0 exp[-(T0/T) 1/2 ].

Figure V- 9 .

 9 Figure V-9. Plot of ln(σ) vs. T -1 for TiCl2(pyz)2 and the corresponding Arrhenius fits at high (293-140 K, blue line) and low (11-6 K, green line) temperatures, respectively. The calculated activation energies are also depicted in the graph.

  ) cm 3 K mol -1 (black solid line in Figure VI-10 a). Subsequently, by using the obtained Curie constant from the fitting, we calculated the expected Curie behavior in the whole temperature range (grey line in Figure VI-10 b). Finally, this Curie contribution was subtracted from the experimental data (green circles in Figure VI-10 b), to give the intrinsic nearly temperature independent susceptibility (light brown rhombuses in Figure VI-10 b) of TiCl2(pyz)2.

Figure V- 10 .

 10 Figure V-10. (a) Temperature dependence of the magnetic susceptibility, χ, at 0.1 T for TiCl2(pyz)2 (green circles) and the corresponding fit to the Curie law between 1.85-25 K (black solid line).(b) χ vs. T at 0.1 T for TiCl2(pyz)2 (green circles), the calculated χ data using the parameter C obtained from the fitting to the Curie law (grey solid line, see main text) and the difference between the two, which gives the intrinsic temperature independent magnetic susceptibility (light brown rhombuses). Inset: Semi-logarithm plot of the temperature dependence of the derived intrinsic magnetic susceptibility of TiCl2(pyz)2.

20 Figure V- 11 .

 2011 Figure V-11. Temperature dependence of (a) the magnetic susceptibility-temperature product, χΤ, and (b) magnetic susceptibility, χ, at 0.1 T for VCl2(pyz)2 (black circles). The solid red and blue lines are the best fits of the experimental data to the Lines (between 400 and 170 K) and Curely (between 400 and 135 K) models, respectively, as discussed in the text (vide infra).

Figure V- 12 .

 12 Figure V-12. (a) Temperature dependence of the magnetic susceptibility of VCl2(pyz)2 at different applied fields between 0.1 and 7 T. (b) Field dependence of the magnetization up to 7 T at different temperatures between 1.85 K and 250 K.

Figure S.V- 1 .

 1 Figure S.V-1. (a) XAS spectra at the Ti K-edge for TiCl2(pyz)2 (green line) and the reference compounds TiCl3 (red line), TiCl2 (grey line) and TiCl4 (black line, adapted from the literature 13 ) recorded at room-temperature. (b) Zoom in the pre-edge region.

Figure S.V- 2 .

 2 Figure S.V-2. (a) Temperature dependence of the magnetic susceptibility-temperature product, χΤ, at 0.1 T for TiCl2(pyz)2 (green circles). (b) Field dependence of the magnetization for microcrystalline samples of TiCl2(pyz)2 up to 7 T at different temperatures. The lines just serve as a guide for the eye.

Figure S.V- 3 .

 3 Figure S.V-3. Temperature dependence of the χΤ product for microcrystalline samples of VCl2(pyz)2 at selected magnetic fields up to 7 T.

  at the Swiss-Norwegian Beamline BM01 at the European Synchrotron Radiation Facility, in collaboration with Dr. Dmitry Chernyshov and Dr. Iurii Dovgaliuk. The microcrystalline powder was placed in a borosilicate glass capillary under inert atmosphere and the powder pattern was collected at 298 K (Figure VI-3).

Figure VI- 3 .

 3 Figure VI-3. Synchrotron X-ray powder diffraction pattern of Cr(OSO2CH3)2(pyz)2 (black solid line) and the microcrystalline solid obtained after reduction (solid blue line), collected at room temperature (298 K) with a wavelength of 0.6673 Å. The broad feature from 7-12° is due to the borosilicate glass capillary used for the measurement.

  measurements were performed (FigureVI-4) and an overall amorphous behaviour is observed, with only very few sharp peaks being present at 5.5° and 17.5°, none of which appear at the pristine non-reduced iodide network (Figure S.VI-2). Nevertheless, extracting any structural information from such a powder pattern is not straightforward.

Figure VI- 4 .

 4 Figure VI-4. Synchrotron X-ray powder diffraction pattern of the solid obtained after reduction of CrI2(pyz)2, collected at room temperature (298 K) with a wavelength of 0.6673 Å.

Figure VI- 5 .

 5 Figure VI-5. (a) Normalized XAS spectra at the Cr K-edge for the pristine 2D systems, Cr(OSO2CH3)2(pyz)2 (black line) and CrI2(pyz)2 (grey line), and the corresponding products after reduction (blue and green lines) with LiAc, recorded at 295 K under zero applied magnetic field. (b) Zoom in the pre-edge region of the spectra.

Figure VI- 6 .

 6 Figure VI-6. Normalized XAS spectra at the Cr K-edge for the two compounds isolated after reduction of Cr(OSO2CH3)2(pyz)2 (blue line) and CrI2(pyz)2 (green line) with LiAc and the Cr(II) square planar reference compound (purple line). The spectra were recorded at 295 K under zero applied magnetic field. Inset: zoom in the pre-edge region of the spectra.

Figure VI- 7 .

 7 Figure VI-7. Normalized XAS spectra at the (a) I L1-and (b) I L3-edge for CrI2(pyz)2 (grey line) and the solid isolated after reduction with LiAc (green line). The spectra were recorded at 295 K under zero applied magnetic field.

Figure VI- 8 .

 8 Figure VI-8. Magnetic field dependence of the magnetization, M, for the solid obtained upon reduction of Cr(OSO2CH3)2(pyz)2 at selected temperatures and with a field sweep rate of 7 Oe s -1 .

Figure VI- 9 .

 9 Figure VI-9. Temperature dependence of (a) remanent magnetization, Mremn, and (b) the coercive field, Hcoer, for the solid obtained upon reduction of Cr(OSO2CH3)2(pyz)2. All the points were deduced from the M vs. H data at each temperature. The green solid lines serve as a guide to the eye.

  temperatures. Similar to the reduced sulfonate system (vide supra), open hysteresis loops are observed at least up to 400 K, under a field-sweep rate of 7 Oe s -1 (Figure VI-10). Once more, due to the fact that the exact composition of the isolated solid is not known, the molecular weight of CrI2(pyz)2 was used to normalize the raw magnetic data per mole of compound. As Chapter VI. Remarkable Enhancement of the Magnetic Order Temperature in 2D Cr/pyrazine-based Layered Compounds through Post-Synthetic Redox Reactions 213 such, the saturation value of the magnetization at 1.85 K and 7 T is 2.1 μΒ, in close agreement with the expected value of 2 μΒ for S = 2 Cr II centers antiferromagnetically coupled to two S = ½ pyrazine radicals (with g = 2). However, if iodide is extracted from the axial position of chromium, as in the sulfonate reduced example, then it is well possible that the actual molecular weight of the final compound will be smaller. Furthermore, we cannot also exclude the possibility of solvent molecules being present between adjacent layers. Thus, with the current characterization techniques it is not possible to accurately determine the molecular weight. A comparison of the temperature dependence of the Mremn and Hcoer of the products obtained after reduction of Cr(OSO2CH3)2(pyz)2 and CrI2(pyz)2 is presented in Figure VI-11. Even though the absolute values of Mremn and Hcoer are not the same, both systems exhibit a very similar Tc, of ~460 K (from the extrapolation of Mremn to the temperature axis). The lower values of the remanent magnetization for the reduced iodide system can be possibly attributed to slight decomposition prior to the measurements (these data correspond to one single measurement).

Figure VI- 10 .

 10 Figure VI-10. Magnetic field dependence of the magnetization for the solid obtained after reduction of CrI2(pyz)2, at selected temperatures and with a field sweep rate of 7 Oe s -1 .

Figure VI- 11 .VI. 3 .

 113 Figure VI-11. Temperature dependence of (a) remanent magnetization, Mremn, and (b) the coercive field, Hcoer, for the solids obtained upon reduction of Cr(OSO2CH3)2(pyz)2 (green squares) and CrI2(pyz)2 (light brown squares). All the points were deduced from the M vs. H data at each temperature. The green and light brown solid lines serve as a guide to the eye.

  measurements (Figure VI-12 a). VI.3.1.b. Powder X-ray diffraction. The powder diffraction measurements were performed at the BM01 beamline at the European Synchrotron Radiation Facility, using a wavelength of 0.7829 Å. The diffraction Chapter VI. Remarkable Enhancement of the Magnetic Order Temperature in 2D Cr/pyrazine-based Layered Compounds through Post-Synthetic Redox Reactions 216 pattern at 298 K is shown in Figure VI-12 a, and exhibits several prominent peaks between 5.2° and 21.2°, in contrast to the previous systems. Variable-temperature powder diffraction measurements between 298 and 500 K, revealed a non-reversible phase transformation upon heating the sample above 380 K (Figure VI-12 b). The new phase remains stable upon cooling back to room temperature. The powder pattern at 500 K shows a crystalline structure with prominent peaks at 2θ = 6.3°, 12.8°, 14.3°, 19.3°, 20.3°, 21.3°, while weak broader peaks are observed at 6.1°, 8.8°, 9.1° and 10.9°.

Figure VI- 12 .

 12 Figure VI-12. (a) Synchrotron X-ray powder diffraction pattern of the microcrystalline solid obtained after reduction of CrCl2(pyz)2, collected at 298 K. (b) Variable temperature powder diffraction patterns collected between 298 and 500 K with a heating rate of 6 K min -1 . Inset: Zoom in the low-angle region for selected temperatures. The wavelength during all measurements was 0.7829 Å.

Figure VI- 14 .

 14 Figure VI-14. Fourier transform of the EXAFS at the Cr K-edge for Immm CrCl2(pyz)2 (brown line) and the product obtained upon reduction with LiAc (black line). The difference of the two spectra is illustrated as a purple line. The measurements were done at 295 K and in the absence of a magnetic field.

  that comprises of square planar chromium centres and can serve as a reference for confirming the oxidation state of the metal ions after reduction. The experimental spectra (Figure VI-15 a) show an overall similar behaviour in the pre-edge, rising edge and near-edge regions. Importantly, the pre-edge region, which is the fingerprint of the oxidation state, is identical for both compounds with two features appearing at exactly the same energies, at 5991.3 and 5994.4 eV. This observation confirms that the Cr ions are in the +II oxidation state and adopt a square planar coordination geometry. It is worth mentioning that the reduction products of the methanesulfonate and iodide networks show an identical behaviour (Figure VI-6).XAS data were also collected at the Cl K-edge, as the pre-edge intensity provides direct access to the Cl 3p character in the Cr 3d orbitals. As shown in Figure VI-15 b, the spectra of Immm CrCl2(pyz)2 and its reduced product are distinctly different. The pre-edge feature, that corresponds to a transition from 1s orbital of Cl to a molecular orbital that has both Cl 3p and Cr 3d character, is lower in intensity in the reduced compound. This decrease in intensity, as discussed by DeBeer et al.,14 reflects a decrease in covalency of the metal-chloride bond, which is in agreement with the EXAFS data that show that the chloride anions are no longer coordinated to the metal centres. However, the presence of even a weak pre-edge signal indicates that Cr is in the close vicinity of Cl. For comparison, the XAS spectra of LiCl were measured both in solid state and solution (Figure S.VI-5). None of them show any pre-edge transitions; thus, confirming that the chloride ions in the reduced system are not only present in the structure, but they also interact with the chromium centres, even though not through a coordination bond.

Figure VI- 15 .

 15 Figure VI-15. (a) Normalized XAS spectra at the Cr K-edge for the product obtained after reduction of Immm CrCl2(pyz)2 (black line) and the Cr(II) square planar reference compound (purple line). (b) Normalized XAS spectra at the Cl K-edge for Immm CrCl2(pyz)2 (brown line) and its reduction product (black line). All spectra were recorded at 295 K under zero applied magnetic field.

Figure VI- 16 .

 16 Figure VI-16. (a) Infrared and (b) Raman spectra collected at room temperature for Immm CrCl2(pyz)2 (brown lines) and Li[Cr(pyz)2]Cl×(THF) (black lines).

Figure VI- 17 .

 17 Figure VI-17. Rietveld refinement of the powder pattern of the solid isolated after reduction of CrCl2(pyz)2, obtained at 500 K (blue line). The best fit (red line), the difference (grey line) and calculated line positions (blue bars) are shown. Rp = 2.78% and Rwp = 4.38%. The wavelength was 0.7829 Å.

Figure VI- 18 .

 18 FigureVI-18. The compound crystallizes as a layered material, similar to the parent CrCl2(pyz)2 system. Each Cr center is four-coordinate and is bound to four pyrazine ligands in the equatorial plane (within the ab crystallographic plane), with Cr-N distance of 2.0502(6) Å. The pyrazine rings are disordered on two positions. The Cr-N bond length is very close to those observed in other complexes containing Cr II square-planar metal ions.8,15 The Cl anions (one Cl per Cr) are located between adjacent layers and their distances to the Cr centers amount to 3.599(2) Å, indicating that they are no longer coordinated to chromium. The layers stack along the crystallographic c direction and are spaced apart by ~7.2 Å. They are arranged in such a way that the Cr centers of one layer are positioned above/below the Cr ions in the adjacent layer, with a chloride ion being located at the middle of the interlayer Cr•••Cr axis. Li ions are also located between adjacent layers, above and below the pyrazine linkers. In our structural model (FigureVI-18), they appear to be disordered over two positions and as a result, a lithium ion with half occupancy can be placed in the middle of each interlayer pyrazine axis. The distance of the lithium ion from the pyrazine ring centroid is 3.6 Å, significantly larger than the distance

Figure VI- 18 .

 18 Figure VI-18. (a) Perspective view of the staggered stacking of the layers perpendicular to the c direction and (b) Fragment of the layered structure along the crystallographic c direction, as determined from the synchrotron X-ray powder diffraction data at 500 K. Li: purple, Cr: dark green, Cl: light green, N: blue, C: dark grey. Hydrogen atoms have been omitted for clarity.

Figure VI- 20 .VI. 3 . 2 .

 2032 Figure VI-20. (a) Normalized XAS spectra for Li[Cr(pyz)2]Cl•(THF) (black line) and Li[Cr(pyz)2]Cl (green line) at the Cr K-edge, recorded at room temperature and under zero applied magnetic field. (b) IR spectra collected at room temperature for Li[Cr(pyz)2]Cl•(THF) (black line) and Li[Cr(pyz)2]Cl (green line). The purple rectangular boxes denote the areas in which the main differences between the two spectra are observed.

Figure VI- 21 .

 21 Figure VI-21. (a) Magnetization (M) versus applied dc magnetic field (H) data for Li[Cr(pyz)2]Cl×(THF) at different temperatures. (b) Zoom of the M vs. H plots in the field range -2 to 2 T for selected temperatures. Hysteresis loops were recorded at a sweep rate of 3 Oe s -1 . For the data at 510 and 520 K, the average value of magnetization at each field (positive and negative) has been plotted. The high-T magnetic data (400-520 K) were scaled to the data obtained from the SQUID magnetometer (1.85-400 K). (c, d) Temperature dependence of the remanent magnetization, Mremn, and coercive field, Hcoer, deduced from the field dependence of the magnetization at each temperature. Solid lines are guides for the eye.

  350 and 520 K (Figure VI-21 d). This observation suggests that a structural change possibly takes place. It must be reminded that an evolution in the powder diffractogram is also occurring at a similar T (vide supra, Figure VI-12 b). As previously discussed (Part VI.3.1.b), the unit cell parameters of the compound at room temperature and high temperature are essentially identical in a and b, and the only difference is that lattice parameter c is shorter for the high temperature phase. Keeping in mind that THF molecules reside between adjacent layers in the Chapter VI. Remarkable Enhancement of the Magnetic Order Temperature in 2D Cr/pyrazine-based Layered Compounds through Post-Synthetic Redox Reactions 227as-synthesized material, the anomaly in the Hcoer vs. T plot is most likely associated with the loss of THF above ~350 K. In order to confirm our hypothesis, extensive magnetic characterization was performed on a sample heated under dinitrogen atmosphere at 400 K for 12 hours. As mentioned above, thermal treatment at this temperature reproducibly results in a ~23% weight loss, corresponding to 1 THF molecule and thus, the chemical formula of the heated sample can be considered as Li[Cr II (pyz •-)2]Cl.The field dependence of the magnetization for the solvent-free compound, Li[Cr(pyz)2]Cl, was measured at different temperatures (FigureVI-22) and was compared to the magnetic properties of the as-synthesized system. A slightly different behavior is observed, as the M vs. H data show a hysteretic behavior even at 520 K. Attempts to evaluate the critical temperature were not successful. Even though by increasing the T to 540 K we were able to observe a linear relationship between M and H, this is not necessarily indicative of the paramagnetic phase, but rather of the decomposition of the compound. Indeed, cycling the temperature back from 540 K to 300 K did not yield any hysteresis loops. Magnetic hysteresis can only be reproducibly observed back and forth in the temperature range 300-530 K (Figure S.VI-10). From the M vs. H data, it can be seen that at 530 K there is almost no hysteresis (FigureVI-22), implying that the Tc is only slightly higher. However, the fact that the 2D system decomposes at these temperatures does not allow us to determine accurately the Tc. Nevertheless, it can be estimated in the range ~530-540 K.

Figure VI- 22 .

 22 Figure VI-22. (a) Magnetization (M) versus applied dc magnetic field (H) data for Li[Cr II (pyz •-)2]Cl at different temperatures. (b) Zoom of the M vs. H plots in the field range -2 to 2 T for selected temperatures. Hysteresis loops were recorded at a sweep rate of 3 Oe s -1 .For the data at 520, 530 and 540 K, the average value of magnetization at each field (positive and negative) has been plotted. The high-T magnetic data (400-540 K) were scaled to the data obtained from the SQUID magnetometer (1.85-400 K). Solid lines are guides for the eye.

Figure VI- 23 .

 23 Figure VI-23. Temperature dependence of (a) the coercive field, Hcoer, and (b) remanent magnetization, Mremn, for Li[Cr II (pyz •-)2]Cl×(THF) (black squares) and Li[Cr II (pyz •-)2]Cl (green squares). All points were deduced from the field dependence of the magnetization at each temperature. Solid lines are guides for the eye.

  Li[Cr II (pyz •-)2]Cl×(THF) and Li[Cr II (pyz •-)2]Cl under an applied dc field of 50 Oe Chapter VI. Remarkable Enhancement of the Magnetic Order Temperature in 2D Cr/pyrazine-based Layered Compounds through Post-Synthetic Redox Reactions 229 (Figure VI-24). The bifurcation point in these plots, that corresponds to the temperature in which no more magnetic hysteresis is observed, can be assigned as ~515 K and ~520 K for the as-synthesized and solvent-free compounds, respectively. Even though the critical temperatures are unequivocally assigned from the M vs. H data, the bifurcation temperatures also appear very close to the Tc.

Figure VI- 24 .

 24 Figure VI-24. (a) Zero-field cooled (ZFC)/field-cooled (FC) magnetization data for the pristine Li[Cr(pyz)2]Cl×(THF) (black line) and solvent-free Li[Cr(pyz)2]Cl compounds (green line) obtained under an applied dc magnetic field of 50 Oe. (b) Zoom in the temperature range 480-530 K. The samples were introduced into the magnetometer at 300 K under zero field. Data were obtained while warming in 50 Oe (ZFC) and subsequently cooling (FC) to room temperature under the same magnetic field.
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 2 Cl×(THF), thermogravimetric analysis/mass spectroscopy (TGA/MS) was performed in the temperature range 300-1273 K and is shown in Figures VI-25 and S.VI-11. Due to its extreme sensitivity to air and moisture, special precautions had to be taken. A suspension of sample powder in cyclohexane was transferred via pipette to a pre-weighed pan in a dinitrogen glovebox. The pan containing the suspension was kept inside a vial. As soon as the vial was taken out of the glovebox, the pan was quickly transferred to the TGA instrument. Even though the cyclohexane aimed to prevent air exposure during sample loading, we cannot definitely exclude the possibility of slight amounts of oxygen coming in contact with our material. In the TGA spectrum, the initial drop in mass is due to evaporation of the cyclohexane (Figure S.VI-11). Once cyclohexane has completely evaporated, we can consider the beginning of the thermal behavior of our sample (Figure VI-25 a; we consider as 100% the initial amount of powder sample we added in the pan prior to the measurement). The TGA/MS analysis indicates four clear steps. The first step (Figure VI-25 b) between 300-355 K corresponds to ~24% weight loss, in close agreement with the loss of 1 THF molecule (as already suggested from the 23% found during the thermal treatment in a Schlenk line (vide supra)). The second pronounced step (~355-520 K) corresponds to the loss of pyrazine (Figure VI-25 c). Decomposition products of pyrazine, like acetylene (m/z = 26) and NCHCN (m/z = 53) 18 are clearly observed on the third step (Figure VI-25 d). Even though the acetylene and NCHCN fragments can be created during the ionization process in the mass spectrometry experiment, they could also be formed upon thermal decomposition of the pyrazine ligands. Finally, the loss of chloride becomes evident above ~750 K (Figure VI-25 e).This thermal behavior is indeed significantly different than the one observed upon thermal treatment of the sample in a Schlenk line under a N2 atmosphere. When the compound is heated to 400 K for as much as 15 hours, a weight loss of 23% is systematically observed, which corresponds to 1 THF molecule. However, in the thermogram (Figure VI-25 c), pyrazine is leaving at lower temperatures (~355 K), implying that the compound is not completely stable even at 400 K (the temperature in which we prepared Li[Cr(pyz)2]Cl). It is very important to mention that during the TGA/MS experiment, small amounts of oxygen possibly diffused into the sample, leading to a faster decomposition. Additionally, as shown in Figure VI-26, the nature of gas during the experiment (dinitrogen or argon) is also affecting the stability of the sample. A significantly higher stability is surprisingly observed in a N2 atmosphere. It is therefore apparent that the conditions in which each measurement is performed affects the decomposition of the compound.

Figure VI- 25 .

 25 Figure VI-25. (a) TGA of Li[Cr(pyz)2]Cl×(THF) under a flow of Ar at 5 K min -1 heating rate. The initial drop in percentage weight corresponding to cyclohexane has been omitted. The initial mass of the powder added in the pan prior to the experiment is considered as 100% in this plot. (b, c, d, e) TGA/MS thermogram depicting the loss of THF, pyrazine, decomposition products of pyrazine (C2H2 and NCHCN) and chloride, respectively. The left y axis corresponds to the percentage weight and the right y axis to the quasi multi-ion detection.

Figure VI- 26 .

 26 Figure VI-26. Comparison of the thermograms of Li[Cr(pyz)2]Cl×(THF) performed under a flow of N2 (black line) and Ar (blue line) with the same heating rate (5 K min -1 ).

" 55 K

 55 phase", we normalized the magnetization data of the doped samples with the molecular weights of both Li[Cr(pyz)2]Cl×(THF) and CrCl2(pyz)2 and then reported the average value. The calculated percentages following this methodology are shown in Figure VI-27.

Figure VI- 27 .

 27 Figure VI-27. Plot of the amount of the two phases obtained after doping (see main text) versus the different number of equivalents of LiAc.

  Figure VI-27 only serves as a proof that 2 equiv. of reducing agent are imperative to achieve a quantitative reduction and isolate the phase pure Li[Cr II (pyz •-)2]Cl×(THF). In order to decidedly reach a conclusion on the amount of each phase on the samples obtained from the intermediate reduction reactions Chapter VI. Remarkable Enhancement of the Magnetic Order Temperature in 2D Cr/pyrazine-based Layered Compounds through Post-Synthetic Redox Reactions 235 (0.5-1.9 equiv. of LiAc), we must repeat their synthesis following the same experimental and characterization protocols that have been used for Li[Cr II (pyz •-)2]Cl×(THF) (e.g. use of ultra-dry THF during the synthesis, use of both polypropylene and polyethylene bags for the magnetic measurements).

  dichroism (XMCD) experiments were performed at the Cr K-edge for Li[Cr(pyz)2]Cl•(THF) and Li[Cr(pyz)2]Cl (Figure VI-28). Both compounds show several clear features in the pre-edge

Figure VI- 28 .

 28 Figure VI-28. Normalized XAS and XMCD spectra for Li[Cr(pyz)2]Cl×(THF) (black lines) and Li[Cr(pyz)2]Cl (green lines) obtained at 295 K and under a magnetic field of 7 T. XMCD spectra are given in XAS spectra %.

Figure VI- 29 .

 29 Figure VI-29. Field dependence of the XMCD signal at 295 K at the maximum dichroism (6000.7 eV) for Li[Cr(pyz)2]Cl×(THF) (black circles) and Li[Cr(pyz)2]Cl (green circles) superimposed to the M vs. H data at T = 300 K (black and green solid lines, for Li[Cr(pyz)2]Cl×(THF) and Li[Cr(pyz)2]Cl, respectively). The XMCD vs. H data (field sweep-rate of 0.043 T min -1 ) were scaled to the M vs. H plots (sweep-rate of 0.018 T min -1 ).
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  Cr II (N(TMS)2)2(py)2], confirming a square planar coordination geometry around Cr after reduction. However, the amorphous nature of these two reduced compounds significantly complicated our efforts to obtain a structural model.Parallel to Cr(OSO2CH3)2(pyz)2 and CrI2(pyz)2, chemical reduction reactions were also performed on Immm Cr III Cl2(pyz •-)(pyz). This compound features Cr III metal ions and a reduced pyrazine linker by one electron. Strong magnetic interactions between the Cr III and pyz •-spin carriers lead to ferrimagnetic order below 55 K, as already discussed in Chapter III. Postsynthetic chemical reduction could in principle reduce both the Cr ions from the +III to +II oxidation state and the neutral pyrazine ligand to its radical form. Hence, an enhancement on the magnetic coupling strength could be observed due to the presence of an additional organic radical. The chemical reduction was performed following the same experimental conditions as for the other systems and indeed, a microcrystalline, highly magnetic compound was isolated. Combined powder diffraction measurements, elemental analysis and X-ray absorption spectroscopy techniques indicated a chemical formula of Li[Cr II (pyz •-)2]Cl×(THF), in which Cr II square-planar metal centers are bridged by reduced pyrazine linkers in 2D planes. The lithium and chloride ions, as well as the THF molecules reside between adjacent Cr/pyz layers. Extensive magnetic characterization revealed that this compound is a ferrimagnet with a critical temperature of ~515 K. Open hysteresis loops are observed below 520 K, due to strong Chapter VI. Remarkable Enhancement of the Magnetic Order Temperature in 2D Cr/pyrazine-based Layered Compounds through Post-Synthetic Redox Reactions 238 antiferromagnetic interactions between S =2 Cr II and two S = ½ pyrazine radicals. This Tc of ~515 K is the highest observed among all molecule-based magnets.Variable-temperature powder diffraction measurements between 298 and 500 K showed that a non-reversible phase change gradually occurs, starting from ~380 K. Knowing that THF molecules are present between the different layers (as confirmed by TGA measurements), the change in the powder diffractogram is associated with the release of the solvent molecules upon heating. Importantly, the Hcoer vs. T plot for Li[Cr II (pyz •-)2]Cl×(THF) shows an anomaly ~350 K, indicating also a change in the studied compound. Heating Li[Cr II (pyz •-)2]Cl×(THF) to 400 K for 12 hours gives Li[Cr II (pyz •-)2]Cl. Even though we lack at the moment an elemental analysis that would unequivocally confirm this chemical formula (elemental analysis showed the presence of 0.3 THF upon heating to 400 K), XANES measurements and magnetic characterization revealed that the Cr/pyz layers are maintained upon heating. The field dependence of the magnetization indicated that Li[Cr II (pyz •-)2]Cl has a slightly higher critical temperature. Due to the fact that the compound decomposes at exactly these temperatures, we were not able to report the exact value. However, we confidently assign the Tc to be in the range 535-540 K. Finally, Li[Cr II (pyz •-)2]Cl×(THF) and Li[Cr II (pyz •-)2]Cl are both electrical insulators with room temperature conductivity values of ~10 -10 S cm -1 .

Figure S.VI- 1 .

 1 Figure S.VI-1. Pawley refinement of the powder pattern of the solid isolated after reduction of Cr(OSO2CH3)2(pyz)2, obtained at 298 K (blue line). The best fit (red line), the difference (grey line) and calculated line positions (blue bars) are shown. The wavelength was 0.6673 Å.

Figure S.VI- 2 .

 2 Figure S.VI-2. Synchrotron X-ray powder diffraction pattern of polycrystalline sample of CrI2(pyz)2, collected at room temperature (298 K) with a wavelength of 0.6673 Å. The broad feature from 7-12° is due to the borosilicate glass capillary used for the measurement.

Figure S.VI- 3 .

 3 Figure S.VI-3. (a) M vs. H (at 1.85 K) and (b) χ vs. T (applied dc magnetic field of 1000 Oe) plots for the solid isolated after reduction of Cr(OSO2CH3)2(pyz)2, prepared under inert atmosphere (black circles) and upon exposure to air for 8 hours (blue circles).

Figure S.VI- 4 .

 4 Figure S.VI-4. (a) Normalized X-ray absorption spectra and (b) k 2 -weighted EXAFS spectra at the Cr K-edge for Immm CrCl2(pyz)2 (brown line and circles) and its reduction product (black line and circles), at 295 K and under zero applied magnetic field.

Figure S.VI- 5 .

 5 Figure S.VI-5. (a) Normalized XAS spectra at the Cl K-edge for the product obtained upon reduction of CrCl2(pyz)2 (black line) and LiCl in its solid form (blue line) and in aqueous (green line) and THF (orange line) solutions. The spectra were recorded at 295 K under zero applied magnetic field.

Figure S.VI- 6 .

 6 Figure S.VI-6.Normalized XAS spectra at the Cl K-edge for Li[Cr(pyz)2]Cl×(THF) in its as-synthesized (black line) and solvent-free (heated at 400 K) form (green line). The spectra were recorded at 295 K under zero applied magnetic field.

Figure S.VI- 7 .

 7 Figure S.VI-7. Raman spectra collected at room temperature for Li[Cr(pyz)2]Cl×(THF) (black line) and Li[Cr(pyz)2]Cl (green line). Note that a wavelength of 638 nm was used for Li[Cr(pyz)2]Cl, in contrast to the 785 nm wavelength used for Li[Cr(pyz)2]Cl×(THF).

Figure S.VI- 8 .

 8 Figure S.VI-8. IR spectra collected at room temperature for Li[Cr(pyz)2]Cl×(THF) (black line) and THF (red dashed line).

Figure S.VI- 9 .

 9 Figure S.VI-9. (a) Magnetization (M) versus applied dc magnetic field (H) data for Li[Cr(pyz)2]Cl×(THF) at selected temperatures between 500 and 300 K at a sweep rate of 3 Oe s -1 . These hysteresis plots succeed the first cycle between room temperature and 520 K. (b) Temperature dependence of the remanent magnetization, Mremn. All points were deduced from the hysteresis plots.The black squares correspond to the first thermal cycle between 300-520 K, while the purple squares are deduced from the thermal cycle between 500-300 K. Solid lines are guides for the eye.

Figure S.VI- 10 .

 10 Figure S.VI-10. (a) Magnetization (M) versus applied dc magnetic field (H) data for Li[Cr(pyz)2]Cl at selected temperatures between 500 and 300 K at a sweep rate of 3 Oe s -1 . These hysteresis plots succeed the first cycle between room temperature and 530 K. (b) Temperature dependence of the remanent magnetization, Mremn. All points were deduced from the hysteresis plots. The black squares correspond to the first thermal cycle between 300-530 K, while the purple squares are deduced from the thermal cycle between 500-300 K. Solid lines are guides for the eye.

Figure S.VI- 11 .

 11 Figure S.VI-11. Thermogravimetric analysis scan of Li[Cr(pyz)2]Cl×(THF) under an Ar flow at 5 K min -1 . The initial drop in mass is due to evaporation of the cyclohexane used to prevent air exposure during sample loading. The total mass of sample and cyclohexane at the beginning of the experiment was 21.78 mg (8.60 mg sample and 13.18 mg cyclohexane).

  CrX2(pyz)2 (X = OSO2CH3, Br, I) have been synthesized and characterized. Importantly, it was found that the nature of the axial ligand can affect the local redox potential at the chromium site and consequently, the relative energies of the metal and ligand orbitals. While CrBr2(pyz)2 closely resembled the Cl network, with Cr III metal nodes and a reduced pyrazine scaffold by one electron, the methanesulfonate and iodide systems exhibited dramatically different behaviors. X-ray powder diffraction data and X-ray absorption spectroscopy measurements confirmed the presence of Cr II ions and neutral pyrazine linkers in the latter systems, in stark contrast to the Cl and Br analogs. Both Cr(OSO2CH3)2(pyz)2 and CrI2(pyz)2 presented antiferromagnetic interactions between the high-spin Cr II centers, that led eventually to antiferromagnetic order below 10 and 25 K, respectively. The absence of any metal-or ligandbased mixed-valency rendered these compounds electrical insulators, with conductivity values at room-temperature of ~10 -10 S cm -1 . On the contrary, CrBr2(pyz)2 presented both ferrimagnetic order and high electrical conductivity. Similar to the chloride congeners, it can be isolated in the orthorhombic space group Immm and the tetragonal I4/mmm, based on the reaction conditions. Even though the physical characterization has not yet been completed, Immm was found to order ferrimagnetically below 38 K, while the tetragonal phase had a Tc ≈ 30 K and σRT = 31 mS cm -1 . Conductivity measurements on Immm are currently in progress. The work on CrBr2(pyz)2 and CrI2(pyz)2 has been done in collaboration with Laura Voigt and Dr. Kasper S. Pedersen at the Technical University of Denmark. Ab initio ligand field analysis on the molecular model fragments {Cr(L)2(pyrazine)4}, L=chloride, methanesulfonate anions, showed a significantly different splitting of the d orbitals. The small energy separation of the orbitals in the sulfonate case favored all the d electrons to be occupied at the Cr site. On the contrary, the chloride compound showed a more pronounced splitting of the d orbitals, emphasizing that if the pyrazine π states are energetically similar, a metal to ligand electron transfer can occur.

  a). Indeed, simple drop-casting of CrCl2(pyz)2 (L. Voigt and Dr. K. S. Pedersen, DTU) from DMF solutions has already yielded flakes of 2 nm thickness (Figure1 b). The isolation of homogeneous nano-sheets by micromechanical and solutionbased exfoliation is not an easy task, due to the significant interactions between the 2D layers.

Figure 1 .

 1 Figure 1. (a) Representation of the synthesis of 2D coordination solids, exfoliation of single layers and deposition onto substrates. (b) Atomic force microscopy image and height profile of exfoliated flakes of CrCl2(pyz)2.

Figure 2 .

 2 Figure 2. (a) Temperature dependence of the ex situ magnetization of the cathode material containing CrCl2(pyz)2 (red closed circles) and the Li + ion-inserted material (blue closed circles) measured at 0.1 T and (b) Field dependence of the magnetization of the same materials, measured at 300 K.

  et les instruments spécialisés (par exemple les équipements médicaux d'IRM). Alors que l'industrie continue à pousser vers une plus grande miniaturisation, des dispositifs d'appareillage plus petits avec plus de stockage d'informations tel que les disques durs d'ordinateurs nécessitent des aimants de plus en plus petits. Une solution attrayante consiste à réaliser des systèmes composés exclusivement de composants moléculaires pouvant présenter des propriétés similaires à celles des aimants traditionnels.Les aimants moléculaires présentent un certain nombre d'avantages par rapport aux aimants traditionnels. Ils peuvent être synthétisés dans des conditions douces sans nécessiter de température élevée ou d'autres procédés métallurgiques à consommation d'énergie élevée, comme dans le cas des matériaux magnétiques classiques (par exemple, le fer, le cobalt, les oxydes de chrome ou les alliages de métaux des terres rares). De plus, la souplesse de leurs structures, permet de les modifier de façon post-synthétique afin de remplir de nombreuses fonctions.Les matériaux moléculaires magnétiques peuvent également posséder une seconde propriété, par exemple : la conductivité, la chiralité, la ferroélectricité, l'activité optique, la porosité, etc. Ils ont ainsi reçu une attention considérable ces dernières années en raison de leurs applications potentielles dans les disciplines des sciences fondamentales et appliquées. Plus particulièrement, les matériaux qui présentent à la fois un ordre magnétique et une conductivité électrique sont des candidats très prometteurs pour le traitement et le stockage des données de prochaine génération. Les aimants conducteurs sont d'un intérêt considérable pour les applications de spintronique, dans lesquelles l'ensemble des spins électroniques est manipulé par des champs électriques et magnétiques pour effectuer des opérations logiques et stocker des informations. Ces derniers permettraient par exemple de créer des puces où le Résumé stockage des données et le traitement de l'information peuvent avoir lieu au même endroit, assurant le remplacement de plusieurs composants. Une famille de composés qui s'est révélée très prometteuse dans cette direction est la famille des semi-conducteurs magnétiques dilués. Ces systèmes sont synthétisés en introduisant des concentrations significatives d'éléments magnétiques dans les semiconducteurs conventionnels, offrant de grandes promesses via leurs températures de Curie assez élevées. Cependant, la distribution précise des ions métalliques dans ces composés est souvent difficile à contrôler et leur composition entièrement inorganique limite considérablement toute possibilité de modification post-synthétique. Les polymères de coordination et les matériaux MOF (Metal-Organic Frameworks) sont apparus comme des candidats plus attrayants. Le choix du ligand organique et du centre métallique peut modifier et éventuellement optimiser les propriétés chimiques et physiques de ces matériaux, ouvrant de grandes perspectives dans le domaine des semi-conducteurs ferromagnétiques. Les composants magnétiques et conducteurs existent généralement dans des sous-réseaux distincts. De plus, leurs températures d'ordre magnétique sont encore très basses pour toute application pratique. Dans cette thèse, nous avons appliqué une approche utilisant la chimie de coordination d'espèces redox-actives pour la réalisation de matériaux bidimensionnels magnétiques et conducteurs électriques. Suite à la synthèse maîtrisée du graphène, les matériaux bidimensionnels ont fait l'objet d'une attention considérable au cours des 15 dernières années. Ce matériau mince à base de carbone atomique a initié une vague d'enthousiasmes dans la communauté scientifique en raison de ses propriétés électroniques extraordinaires. Bien que le graphène apparaît comme la future alternative pour les dispositifs à base de silicium, il souffre d'inconvénients majeurs tels qu'un gap nul. Il a été démontré que d'autres matériaux 2D sans carbone, tels que le nitrure de bore hexagonal (h-BN) et différents chalcogénures de métaux de transition (TMCs) possèdent également des propriétés intéressantes. Tous ces matériaux ont cependant des limites et leur nature chimique (composition et structure) simple ne permet pas de moduler leurs propriétés électroniques, magnétiques ou optiques pour des applications spécifiques. De plus, ils sont presque tous non-magnétiques dans leurs formes initiales, limitant leur utilisation dans les technologies spintroniques émergentes. Nous proposons ici l'incorporation de ligands pontants redox-actifs comme liens entre les centres métalliques paramagnétiques pour l'obtention de polymères de coordination bidimensionnels. De tels ligands redox-actifs peuvent non seulement favoriser de fortes interactions magnétiques entre les spins, mais aussi permettre la délocalisation des charges à Résumé 264 longue distance. Le choix des ions métalliques et du ligand organique a permis d'isoler de nouveaux matériaux multifonctionnels dans lesquels coexistent un ordre magnétique à haute température et une conductivité électrique élevée. De plus, la possibilité d'effectuer des réactions d'oxydoréduction post-synthétiques dans ces polymères de coordination a conduit à une augmentation remarquable de l'interaction d'échange magnétique entre les spins et à l'observation de températures d'ordre magnétique exceptionnellement élevées. Dans cette thèse, nous décrivons la synthèse et la caractérisation détaillée de nouveaux polymères de coordination 2D par le choix judicieux du ligand organique redox-actif, la pyrazine, et des métaux de transition réducteurs Cr II , Ti II et V II . Résultats: Le chapitre I de cette thèse est une étude bibliographique sur les composés de coordination magnétiques et conducteurs. Le chapitre II décrit brièvement les techniques utilisées pendant la thèse ainsi que quelques rappels sur les propriétés magnétiques et électriques des matériaux. Le chapitre III décrit la synthèse et la caractérisation physique du composé CrCl2(pyz)2. La réaction entre le CrCl2 et la pyrazine (pyz) dans des conditions solvothermales (200 o C) a conduit au CrCl2(pyz)2, un polymère de coordination stable à l'air, dans lequel coexistent des ions métalliques Cr III , un ligand pyrazine neutre et un ligand pyrazine réduit. CrCl2(pyz)2 cristallise dans le groupe d'espace orthorhombique Immm et est formé de couches Cr/pyz dans le plan cristallographique ab, tandis que les ions chlorure sont coordinés au chrome en position axiale (Figure R-1 a). L'activité redox du ligand pyrazine et le pouvoir réducteur du chrome(II) utilisé dans la synthèse ont permis un transfert d'électron entre le centre métallique et le ligand organique. En plus de la structure cristalline, les études par spectroscopie d'absorption des rayons X ont permis de déterminer sans équivoque l'état d'oxydation +III des sites de chrome. La structure électronique unique de ce matériau et le fort degré de conjugaison π-d dans les couches de Cr III /pyrazine induisent une très forte interaction d'échange Cr III -radical (~-3000 K avec la convention -2J), stabilisant un ordre ferrimagnétique 3D en dessous de 55 K (Figure R-1 b). Parallèlement, la remarquable délocalisation électronique dans les couches de chrome/pyrazine conduit à une conductivité électrique élevée de 32 mS cm -1 (Figure R-1 c) à température ambiante, représentant une des valeurs les plus élevées rapportées dans la littérature jusqu'à présent des polymères de coordination contenant un ion métallique octaédrique.

Figure R- 1 .

 1 Figure R-1. (a) Fragment de la structure laméllaire de CrCl2(pyz)2 suivant l'axe Cl-Cr-Cl (direction cristallographique c), déterminé à partir des données de diffraction des rayons X sur poudre à température ambiante. Cr: vert foncé, Cl: vert clair, N: bleu, C: gris. Les atomes d'hydrogène ont été omis pour simplifier la figure. (b) Variation thermique de la susceptibilité magnétique imaginaire pour la phase Immm CrCl2(pyz)2 obtenue en champ statique nul et en champ oscillant à différentes fréquences. (c) Conductivité à température variable par la méthode à deux contacts.

orthorhombiqueSchéma R- 1 .

 1 Immm et également dans le groupe d'espace tétragonal I4/mmm. Même si la caractérisation complète des propriétés physiques n'est pas encore terminée, Immm stabilise un ordre ferrimagnétique en dessous de 38 K, tandis que la phase tétragonale a une Tc ≈ 30 K et une conductivité électrique σRT = 31 mS cm -1 . A l'opposé, les systèmes méthanesulfonate et iodure présentent des propriétés très différentes. Les données de diffraction des rayons X sur poudre et les mesures par spectroscopie d'absorption des rayons X ont confirmé la présence d'ions Cr II et de ligands pyrazine neutres. Ils présentent tous les deux des interactions antiferromagnétiques entre les centres Cr II haut spin, induissant un ordre antiferromagnétique inférieur à 10 et à 25 K, respectivement. L'absence de valence mixte sur le métal ou le ligand rend ces composés isolants électriquement (conductivité à température ambiante de ~10 -10 S cm -1 ). Les différentes propriétés redox de ces systèmes peuvent être rationalisées en utilisant la série spectrochimique des ligands. L'iodure est un ligand de champ plus faible que le bromure, qui à son tour est plus faible que le chlorure. Ainsi, on s'attend à ce que les ligands iodure créent une plus faible séparation énergétique entre les orbitales d par rapport à Br et Cl et par conséquent favorisent l'occupation du site Cr par les électrons (Schéma R-1). C'est effectivement le cas, car aucun transfert d'électron n'a eu lieu dans CrI2(pyz)2. Ces résultats ont clairement mis en évidence l'importance de choisir les partenaires redox appropriés lors de la conception d'aimants moléculaires possédant une conductivité électrique élevée. Représentation hypothétique de l'arrangement d'énergie orbitale de chrome et de pyrazine pour CrCl2(pyz)2, CrBr2(pyz)2 et CrI2(pyz)2. Au chapitre V, nous avons étendu nos travaux basés sur les composés isostructuraux de pyrazine à d'autres ions de métaux de transition réducteurs. Ainsi, la synthèse et la caractérisation physique du TiCl2(pyz)2 et du VCl2(pyz)2 ont pu être réalisées. Dans des conditions solvothermales, les réactions entre les sels chlorures de titane et de vanadium avec pyrazine ont donné des poudres microcristallines de composés 2D. Leurs structures ont été résolues à partir des données de diffraction des rayons X sur poudres au synchrotron, et montrent l'isostructuralité de ces composés avec celles présentées dans les chapitres précédents. Les mesures par spectroscopie d'absorption des rayons X ont révélé la présence d'ions Ti III , nécessitant la réduction d'un ligand pyrazine par un électron. La caractérisation magnétique a révélé de fortes interactions entre les ions Ti III S = ½ et le ligand réduit S = ½ radical, même à température ambiante (Figure R-2 b). La présence d'un électron délocalisé sur les ligands organiques donne une valeur de conductivité très élevée à température ambiante de ~ 0.5 S cm -1 (Figure R-2 a), qui est parmi les plus élevées observées dans les polymères de coordination en environnent octaédrique. Cette amélioration impressionnante de la conductivité électrique du TiCl2(pyz)2 indique un transport de charge très efficace et un chevauchement spatial et énergétique optimal des orbitales du métal et du ligand. Au contraire, l'ion V II ne s'est pas avéré assez réducteur vis-à-vis des ligands pyrazine. Ainsi, le composé VCl2(pyz)2 présente des centres divalents de vanadium et des pyrazines neutres. Le couplage magnétique (-J/kB ≈ 30 K) entre les centres V(II) conduit à un ordre antiferromagnétique en dessous de ~120 K. Les pyrazines neutres favorisent généralement de faibles interactions magnétiques entre les centres métalliques. VCl2(pyz)2 constitue le premier exemple de composé neutre à base de pyrazine avec des interactions magnétiques significatives et une température d'ordre supérieure à 100 K. Comme les systèmes de Cr II mentionnés ci-dessus, V II Cl2(pyz)2 est un isolant électrique avec σRT < 10 -10 S cm -1 , dû à l'absence de valence mixte.

Figure R- 2 .

 2 Figure R-2. (a) Dépendance thermique de la conductivité électrique du TiCl2(pyz)2. La ligne brune correspond au modèle Efros-Shklovskii le plus proche des données expérimentales. (b) Dépendance thermique du produit de la susceptibilité magnétique et la température, χΤ, à 1.0 T pour VCl2(pyz)2 (cercles noirs) et TiCl2(pyz)2 (cercles oranges). Les lignes rouges et bleues pleines sont les meilleures correspondances entre les données expérimentales et les modèles de Lines (entre 400 et 170 K) et de Curely (entre 400 et 135 K).

  Enfin, au chapitre VI, nous avons décrit comment des réactions d'oxydoréduction postsynthétiques dans les composés lamellaires à base de Cr/pyrazine peuvent conduire à une augmentation remarquable de la température de l'ordre magnétique. La présence unique des ligands diamagnétiques dans Cr(OSO2CH3)2(pyz)2 et CrI2(pyz)2 nous a poussé à étudier la réduction par voie chimique des ligands dans leurs formes anioniques. La réduction de ces composés 2D avec 2.1 équivalents de Li(1,2-dihydroacénaphtylène) a donné des poudres noncristallines qui présentent des cycles d'hystérésis ouvertes au-dessus de 400 K. Cependant, la nature largement amorphe de ces composés a rendu difficiles l'obtention d'informations sur la structure de ces systèmes très magnétiques. Parallèlement, nous avons réalisé des réactions d'oxydoréduction post-synthétiques sur la phase Immm de Cr III Cl2(pyz •-)(pyz), avec l'idée de réduire les ions Cr III en Cr II et la seconde pyrazine en pyz •-. Par conséquent, la température d'ordre magnétique de 55 K pourrait être augmentée grâce à une augmentation globale de la force de couplage magnétique, liée à la présence de spins supplémentaires. Contrairement aux résultats observés pour les composés contenant l'iodure et le méthanesulfonate, le produit obtenu par réduction de CrCl2(pyz)2 présente dans le diffractogramme de poudre plusieurs pics importants, ce qui nous a permis d'extraire des informations structurales. Des études combinées de cristallographie et de spectroscopie d'absorption des rayons X (dans les régions XANES et EXAFS) ont mis en évidence la formule chimique suivante Li[Cr II (pyz •-)2]Cl•(THF). La structure se compose de couches bidimensionnelles Cr II /pyz •- (dans le plan cristallographique ab), qui s'empilent le long de l'axe c (Figure R-3 a). Les centres de chrome adoptent une géométrie plane carrée. Les ions de chlore et de lithium, ainsi que les molécules de THF sont situés entre deux couches adjacentes. Il est important de noter que les études de diffraction de poudre à température variable ont révélé un changement de phase lors d'un chauffage supérieur à ~380 K, ce qui correspond à la perte de la molécule de THF au-dessus de cette température. Li[Cr II (pyz •-)2]Cl•(THF) est un ferriaimant en dessous de 520 K en raison des interactions magnétiques extrêmement fortes entre les centres Cr II (S = 2) et deux pyrazines radicalaires (S = ½ ) (Figures R-3 b et c). Cette température critique remarquablement élevée constitue la Tc la plus élevé rapportée pour les composés à base de molécules et dépasse de plus de 100 K le composé V(TCNE)x (Tc = 400 K). Bien que les aimants à haute Tc fabriqués à partir de blocs moléculaires soient dominés depuis des décennies par les Analogues du Bleu de Prusse et les systèmes à base de TCNE, nous avons obtenu ici le premier exemple d'une nouvelle famille d'aimants à base de molécules qui présente un ordre ferrimagnétique à plus de 500 K. Nous pensons que ce résultat ouvre de
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 I1 Examples of the characterized [D]x[M II M III (C2O4)3] (D = donor) materials and their magnetic and electrical properties.

	M III M II	Donor	x	TC (K) σRT	Conduction	Ground	Ref.
						(S cm -1 )	type	state
	Cr	Mn BEDT-TTF ca. 3 5.5	250	Metal	Ferro	35
			BEST	ca. 2 5.6	<10 -6	Insulator	Ferro	39
			BETS	ca. 3 5.3	1	Metal/semi Ferro	37
			BET-TTF	ca. 3 5.6	4	Metal/semi Ferro	40
			BEDO-TTF ca. 3 5.2	1.4	Metal/semi Ferro	39
	Cr	Co BEDT-TTF ca. 3 9.2	1	Metal/semi Ferro	39
			BEST	ca. 2 10.8	<10 -6	Insulator	Ferro	38
			BETS	ca. 3 9.2	2.3	Metal/semi Ferro	39
			BET-TTF	ca. 3 13.0	21	Metal/semi Ferro	39
	Rh	Mn BEDT-TTF 2.53 -	13	Metal/semi Para	41

TTF: tetrathiafulvalene, BEDT-TTF: bis(ethylenedithio)-tetrathiafulvalene, BETS: bis(ethylenedithio)tetraselenafulvalene, BEST: bis(ethylenediseleno)-tetrathiafulvalene, BET-TTF: bis(ethylenthio)tetrathiafulvalene, BEDO-TTF: bis(ethylenedioxo)-tetrathiafulvalene. Semi: semiconductor, Ferro: ferromagnet, Para: paramagnet.

  b axis (lower) with selected Fe•••Fe distances. Orange, green, red, and gray spheres represent Fe, Cl, O, and C atoms, respectively; cations and DMF molecules are omitted for clarity. (b) Temperature dependence of the ac magnetic susceptibility for the same compound, collected under zero dc field at selected frequencies. Reprinted with permission from Ref. 58. Copyright 2017 American Chemical Society.
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	(a) (EDT-TTFBr2)2FeBr4	(b) 11 (AF)	23.3	
	(DMET)2FeBr4	3.7 (AF)	1000	
	(DMET)2FeCl4	2.8 (AF)	100	
	( n Bu4N)[Ni(dmstfdt)2]	20 (F)	0.2	
	[Fe II (TCNE)(CH3CN)2][Fe III Cl4]	90 (FI)	<10 -10	
	V(TCNE)x•yCH2Cl2	400 (FI)	10 -3	76, 77
	Mn(TCNQ)2	44 (glassy magnet) 7.7×10 -5	
	Fe(TCNQ)2	28 (glassy magnet) 4.8×10 -4	
	Co(TCNQ)2	7 (glassy magnet)	6.5×10 -4	
	Ni(TCNQ)2	24 (glassy magnet) 1.4×10 -3	
	[{Ru2(O2CPh-m-F)4}2(BTDA-TCNQ)]	107 (F)	9.7×10 -5	
	[{Ru2(O2CCF3)4}2(TCNQF4)]•n(solv)	95 (metamagnet)	4.4×10 -5	
	(NnBu4)2[Fe2(dhbq)3]	8 (FI)	0.16	
	Na0.9(NnBu4)1.8[Fe2(dhbq)3]	12 (FI)	6.2×10 -3	
	Compound	Tc (K)	σRT (S cm -1 )	Ref.
	[Co II 3(pybz)2(lac)2]•2.7I2	8 (canted AF)	7×10 -6	68
	[BEDT-TTF]3[Mn II Cr III (ox)3]	5.5 (F)	250	35
	[BEDT-TTF]3[Co II Cr III (ox)3]	9.2 (F)	1	40
	[BEST]2[Mn II Cr III (ox)3]	5.6 (F)	<10 -6	39
	[BEST]2[Co II Cr III (ox)3]	10.8 (F)	<10 -6	39
	[BETS]3[Mn II Cr III (ox)3]	5.3 (F)	1	37
	[BETS]3[Co II Cr III (ox)3]	9.2 (F)	2.3	40
	[BET-TTF]3[Mn II Cr III (ox)3]	5.6 (F)	4	40
	[BET-TTF]3[Co II Cr III (ox)3]	13.0 (F)	21	40
	[BEDO-TTF]3[Mn II Cr III (ox)3]	5.2 (F)	1.4	40
	[ES(1Se)]3[Mn II Cr III (ox)3]	5.7 (F)	0.1	40
	(EDO-TTFBr2)2FeCl4	4.2 (AF)	100	69
	(EDO-TTFBr2)2FeBr4	13.5 (AF)	100	69
	(DIEDO)2Pt(mnt)2	5.5 (AF)	150	70

2.

All the reported metal-organic solids showing magnetic order and electrical conductivity.
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1. Crystallographic data for Immm CrCl2(pyz)2.
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 III2 Selected interatomic distances (Å) and angles (°) for Immm CrCl2(pyz)2. The structure was solved both from synchrotron X-ray powder data (at 295 K) and from single crystals (at 120 K).

			Immm CrCl2(pyz)2		
		powder	single crystals		powder	single crystals
	Cr-N1	2.0030(16)	2.027(3)	C2-N2	1.3334(19) 1.355(5)
	Cr-N2	2.0589(15)	2.074(3)	N1-Cr-Cl1	90	90
	Cr-Cl1	2.3370(12)	2.3337(9)	N1-Cr-N2	90	90
	C1-C1	1.327(3)	1.362(9)	Cl1-Cr-Cl1		

2.1.b. Synthesis of Cr(II) and Cr(III) model compounds.

  

	Comparison of the experimental spectra of CrCl2(pyz)2 with systems that contain Cr in well-
	established oxidation states and have an identical {CrN4Cl2} chromophore as CrCl2(pyz)2,
	would give definite answers about the nature of chromium centers in the present 2D system. To
	this end, XAS data were collected for CrCl2(pyz)2 and the two model compounds:
	trans-[Cr III Cl2(pyridine)4](ClO4) . 1/4H2O and trans-[Cr II Cl2(NCNH2)4] 30 . The latter complex,
					180	180
	C1-N1	1.3489(19)	1.370(5)	∠dihedral	42.5	43.5
				C1-N1-Cr-Cl1		
	C2-C2	1.351(3)	1.380(8)	∠dihedral	43.9	44.8
				C2-N2-Cr-Cl1		
	The observation that the metric parameters of CrCl2(pyz)2 do not resemble those commonly
	found in Cr II coordination complexes prompted us to examine the possibility of Cr being in the
	+III oxidation state. For this reason, the similar trans-[Cr III Cl2(pyridine)4](ClO4)•1/4H2O
	(Figure III-5) that contains Cr III ions was also synthesized (see Supp. Material) and compared
	to the two complexes mentioned above. Crystallographic data and refinement parameters, as
	well as selected interatomic distances can be found on Tables S.III-1 and S.III-2. The average
	Cr-N and Cr-Cl bond lengths are 2.1 Å and 2.3 Å, respectively. These bond lengths are close

The Cr-Cl bond length in Immm CrCl2(pyz)2 is 2.3370(12) Å, much shorter than the Cr-Cl bond lengths found in related Cr II complexes possessing the same {N4Cl2} chromophore.

27 

Coordination compounds featuring Cr II high-spin metal centers are commonly subjected to the Jahn-Teller effect, which manifests itself as a deviation from octahedral symmetry. Such complexes distort along one of the crystallographic axes, and this distortion normally takes the form of elongating the metal-donor atom bonds lying along this axis. A close comparison between the local coordination environment of Cr in CrCl2(pyz)2 and the related mononuclear complex trans-[Cr II Cl2(pyridine)4] reported by Cotton et al. in 1995,

28 

shows that the Cr-Cl bond length of 2.3370(12) Å is much shorter than the 2.80 Å found in the latter compound.

III.

to the ones observed in CrCl2(pyz)2; therefore, this crystallographic analysis suggests the presence of Cr III metal ions in CrCl2(pyz)2. However, since examples of Cr II compounds with no Jahn-Teller distortion have also been reported in the literature,

29 

further insight into the Cr oxidation state in CrCl2(pyz)2 was obtained using X-ray absorption spectroscopy (XAS). analogously to trans-[Cr II Cl2(pyridine)4] (vide supra), contains Cr in the +II oxidation state. It

Table III - 3 .

 III3 Curie constant values for different spin states of Cr (with g =2).

  3.1 μΒ (vide supra, Part III.2.3.b.) and thus, the local Cr magnetic moment in CrCl2(pyz)2 can be estimated at 2.3 μΒ (3.1 μΒ × 0.75). The value of 2.3 μΒ at 17 T and 3 K is very close to the one obtained from DFT calculations (2.54 μΒ, vide supra) and considerably reduced from the expected ~3 μΒ; in agreement though with the lower than expected experimental value of CrCl2(pyz)2 magnetization at saturation.

III.2.6. Determination of the electrical properties.
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 III4 Crystallographic data for I4/mmm CrCl2(pyz)2.

	Empirical formula	C8H8CrN4Cl2
	Molecular weight / g mol -1	283.08
	Temperature / K		295
	Crystal system		tetragonal
	Space group		I4/mmm
	a / Å		6.95375(12)
	b / Å		6.95375(12)
	c / Å		10.8035 (2)
	α / °			90
	β / °			90
	γ / °			90
	Volume / Å 3		522.40(3)
	Rwp			3.0134
	GoF			2.044
	Cr-N1	2.076(2)	N1-Cr-Cl1		90
	Cr-Cl1	2.345(5)	Cl1-Cr-Cl1		180
	C1-C1	1.391(2)	∠dihedral C1-N1-Cr-Cl1	43.9
	C1-N1	1.324(3)		

Table III-5. Selected interatomic distances (Å) and angles (°) for I4/mmm CrCl2(pyz)2 at 295 K. I4/mmm CrCl2(pyz)2
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 III6 Summary of all MX2(pyrazine)2 coordination polymers, whose magnetic properties have been reported in the literature (M = metal ion). AF, TN and Tc stand for antiferromagnetic, Néel temperature and critical temperature, respectively.

	Metal ion	X	Magnetic behavior Reference
		Cl	paramagnet	52
	Fe	Br	paramagnet	52
		I	paramagnet	52
		NCS	TN = 9.1 K	53
	Co	Cl	paramagnet	54
		Cl	TN = 1.5 K	55
		Br	TN = 1.9 K	55
	Ni	I	TN = 2.5 K	55
		NCS	TN = 1.9 K	55
		OCN	AF interactions	56
		ClO4	TN = 4.2 K	57
	Cu	BF4	TN = 4.3 K	58
		OSO2CH3	AF interactions	59
	Cr	Cl	Immm: Tc = 55 K I4/mmm: Tc = 50 K	60 unpublished

Table S .

 S III-1. Crystallographic data and refinement parameters for trans-[CrCl2(pyridine)4](ClO4)•1/4H2O (Cr(III)). There are two crystallographically independent Cr centers and thus, two distances are given for each metal-donor set.

	Chapter III. Magnetic Order and Electrical Conductivity on 2D Systems via Redox-Active
		Coordination Chemistry: The case of CrCl2(pyrazine)2
	Table S.III-2. Selected interatomic distances (Å) for trans-[CrCl2(pyridine)4](ClO4)•1/4H2O (Cr(III))
	Empirical formula Molecular weight / g mol -1 Temperature / K Crystal system at 150 K. Compound		C20H20.5Cl3CrN4O4.25 543.25 150 monoclinic trans-[CrCl2(pyridine)4](ClO4)•1/4H2O (Cr(III))
	Space group Temperature / K		P21/n 150
	a / Å	Cr-N1/ Å		13.4559(3) 2.1063(12), 2.1075(12)
	b / Å c / Å	Cr-N2 / Å		15.1420(4) 23.1601(6) 2.0919(12), 2.0972(12)
	α / °	Cr-N3 / Å		90 2.1084(13), 2.0953(12)
	β / °	Cr-N4 / Å		93.2000(10) 2.1021(12), 2.1020(13)
	γ / ° Volume / Å 3 Cr-Cl1 / Å		90 4711.5(2) 2.2997(4), 2.3081(4)
	Z	Cr-Cl2 / Å		8	2.2985(4), 2.3058(4)
	ρcalc / g cm -3		1.532
	μ / mm -1			5.003
	F(000)			2220.0
	Radiation θ range for data collection / ° Index ranges PBE0/def2-QZVP	Ga Ka (l = 1.34139) not reduced 6.07 to 121.408 -17 ≤ h ≤ 17, -19 ≤ k ≤ 19, -30 ≤ l ≤ 30 reduced
	Reflections collected		69333 1.388 Å	1.368 Å
	Independent reflections		10810 [Rint = 0.0350, Rsigma = 0.0230]
	Data/restraints/parameters		10810/0/643
	Goodness-of-fit on F 2		1.074
	Final R indexes [I ³ 2σ(I)] 1.326 Å	R1 = 0.0317, wR2 = 0.0812 1.369 Å
	Final R indexes [all data]		R1 = 0.0332, wR2 = 0.0825
	Largest diff. peak/hole / e Å -3		0.43/-0.49
		R1 = Σ||F 0 |-|F C ||/Σ|F 0 |, wR 2 = [Σw(F 0 2 -F C 2 ) 2 /Σw(F 0 2 ) 2 ] 1/2
					123

Table

S

.III-3. Computed bond lengths and angles for the neutral and reduced pyrazine molecules.

Cr II (OSO 2 CH 3 ) 2

  

	Cr + 2 CH 3 SO 3 H	100 ∘ C	Cr II (OSO 2 CH 3 ) 2 (H 2 O) 4	160 ∘ C
	Cr(OSO 2 CH 3 ) 2 + 2 pyrazine	Cr(OSO 2 CH 3 ) 2 (pyrazine) 2
	diffraction data (Figure IV-3) in collaboration with Dr. Philippe Negrier (LOMA, CNRS). The
	compound crystallizes in the orthorhombic Pnnm space group as a layered structure. A
	summary of the crystallographic data can be found in Table S.IV-1.
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1. Comparison of selected bond lengths (Å) and bond angles (°) for Cr(OSO2CH3)2(pyz)2 at 297 K and Immm CrCl2(pyz)2 at 295 K (vide supra, Chapter III).

Table IV - 2 .

 IV2 Exchange coupling parameter, J, and g values from the corresponding fits of

	Cr(OSO2CH3)2(pyz)2 magnetic susceptibility data to Lines, Fisher and 1D-Quantum Monte Carlo
	(QMC) models.
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 IV3 Selected bond lengths (Å) and bond angles (°) for Immm CrBr2(pyz)2.

			Immm CrBr2(pyz)2	
	Cr-N1	2.0978(3)	C2-N2	1.3731(5)
	Cr-N2	2.0239(4)	N1-Cr-Br1	90
	Cr-Br1	2.49751(12)	N1-Cr-N2	90
	C1-C1	1.3919(8)	Br1-Cr-Br1	180
	C1-N1	1.3495(4)	∠dihedral C1-N1-Cr-Br1	45.5
	C2-C2	1.3754(8)	∠dihedral C2-N2-Cr-Br1	44.4
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 IV5 Summary of the magnetic and electrical properties of the 2D materials described in this Chapter, as well as the two phases of CrCl2(pyz)2 (vide supra, Chapter III) for comparison. The electrical conductivity measurements, unless otherwise noted, have been performed using the four-point method.

  energy spacings between metal and ligand orbitals must be significantly large. Even though electronic band structure calculations would be necessary to probe with accuracy the metalligand interactions in all systems, initial attempts to rationalize the observed properties were FigureIV-7), with only 𝑑 # $ %& $ being significantly higher in energy, as expected due to the Jahn-Teller distortion. The fact that the Cr 3d orbitals are closely spaced, precludes the possibility of an electron transfer to the ligand's LUMO orbital. A similar scenario is most likely applicable to the iodide network, which experimentally shows no sign of charge delocalization. In contrast, the Cl analog displays energetically close dxy, dxz and dyz orbitals (Figure IV-7), while the 𝑑 # $ %& $ and 𝑑 '

	Compound done by ab initio ligand field analysis on CrCl2(pyz)2 and Cr(OSO2CH3)2(pyz)2. Calculations Oxid. state Magnetic order Electrical conductivity (RT)
	Cr(OSO 2 CH 3 ) 2 (pyz) 2 +II on the molecular fragments {Cr II (OSO2CH3)2(pyrazine)4} and {Cr III Cl2[(pyrazine)4]˙}, which T N = 10 K (AF order) ~10 -10 S cm -1
	CrI 2 (pyz) 2 of course oversimplify the orbital interactions present in the extended materials, revealed the +II T N = 25 K (AF order) ~10 -10 S cm -1 3d orbitals of chromium (dxy, dxz, dyz and 𝑑 ' $ ) in {Cr II (OSO2CH3)2(pyrazine)4} to be very close
	Immm CrBr 2 (pyz) 2 energetically (	+III	T c ≈ 38 K (FI order)	in progress
	I4/mmm CrBr 2 (pyz) 2 +III	T c ≈ 30 K (FI order)	31 mS cm -1
	Immm CrCl 2 (pyz) 2	+III	T c = 55 K (FI order)	32 mS cm -1 (two-contact)
				1.4 mS cm -1
	I4/mmm CrCl 2 (pyz) 2 +III	T c = 50 K (FI order)	11.6 mS cm -1

$ are arranged at higher energies. The observed large degree of charge delocalization (based on our spectroscopic observations) strongly suggests that the lowest unoccupied molecular orbital of the pyrazine ligand lies at an appropriate energy to facilitate the electron transfer, but at the same time lower in energy than the unoccupied 𝑑 # $ %& $ and 𝑑 ' $ orbitals. Although calculations have not been performed on CrBr2(pyz)2, similar findings are expected. A simplistic interpretation of the observed behaviors on the chromium halide pyrazine-based systems (Cl, Br, I) can be made based on the spectrochemical series of ligands. Iodide is a weaker field ligand than bromide, which in turn is weaker than chloride.
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	Empirical formula	C10H14CrN4O6S2
	Molecular weight / g mol -1	402.37
	Temperature / K	297(1)
	Crystal system	orthorhombic
	Space group	Pnnm
	a / Å	8.0861(18)
	b / Å	13.3429(3)
	c / Å	7.1208(15)
	α / °	90
	β / °	90
	γ / °	90
	Volume / Å 3	768.3(2)
	Z	2
	ρc / g cm -3	1.739
	Rwp (without background)	14.62

.IV-1. Crystallographic data for Cr(OSO2CH3)2(pyz)2.

Table S .

 S IV-2. Crystallographic data for Immm CrBr2(pyz)2.

	Empirical formula	C8H8Br2CrN4
	Molecular weight / g mol -1	371.99
	Temperature / K		20
	Crystal system	orthorhombic
	Space group		Immm
	a / Å	6.9180(3)
	b / Å	6.9988(3)
	c / Å	11.3407(5)
	α / °		90
	β / °		90
	γ / °		90
	Volume / Å 3	549.09(4)
	Empirical formula	C8H8I2CrN4
	Molecular weight / g mol -1	465.98
	Temperature / K	120
	Crystal system	tetragonal
	Space group	I4/mmm
	a / Å	7.0896(3)
	b / Å	7.0896(3)
	c / Å	12.5761(9)
	Volume / Å 3	632.10(8)
	Z	2
	ρcalc / g cm -3	2.448
	μ / mm -1	5.763
	F(000)	428
	Radiation	Mo Ka (l = 0.71073)
	θ range for data collection / °	3.240 to 29.374
	Index ranges	-9 ≤ h ≤ 7, -8 ≤ k ≤ 9, -15 ≤ l ≤ 17
	Reflections collected	2352
	Independent reflections	273 [Rint = 0.0318, Rsigma = 0.0106]
	Data/restraints/parameters	256/0/23
	Goodness-of-fit on F 2	1.150
	Final R indexes [I ³ 2σ(I)]	R1 = 0.0202, wR2 = 0.0423
	Final R indexes [all data]	R1 = 0.0233, wR2 = 0.0433
	Largest diff. peak/hole / e Å -3	1.122/-0.633

Table S.IV-3. Crystallographic data and refinement parameters for I4/mmm CrI2(pyz)2.

Table V - 1 .

 V1 Selected bond lengths (Å) and bond angles (°) for TiCl2(pyz)2 and VCl2(pyz)2 and I4/mmm CrCl2(pyz)2 (vide supra, Chapter III) for comparison. All structures were solved form synchrotron PXRD data at room temperature.

			TiCl2(pyz)2	
	Ti-N1	2.120(2)	Cl1-Ti-N1	90
	Ti-Cl1	2.3667(13)	N1-Ti-N1	180
	C1-N1	1.356(3)	∠dihedral C1-N1-Ti-Cl1	49.9
	C1-C1	1.365(4)		
			VCl2(pyz)2	
	V-N1	2.1338(11)	Cl1-V-N1	90
	V-Cl1	2.4263(6)	N1-V-N1	180
	C1-N1	1.3215(12)	∠dihedral C1-N1-V-Cl1	46.0
	C1-C1	1.353(2)		
		I4/mmm CrCl2(pyz)2	
	Cr-N1	2.076(2)	Cl1-Cr-N1	90
	Cr-Cl1	2.345(5)	N1-Cr-N1	180
	C1-N1	1.324(3)	∠dihedral C1-N1-Cr-Cl1	43.9
	C1-C1	1.391(2)		

Table S .

 S V-1. Crystallographic data for TiCl2(pyz)2.

	Empirical formula	C8H8TiN4Cl2
	Molecular weight / g mol -1	278.95
	Temperature / K	300
	Crystal system	tetragonal
	Space group	I4/mmm
	a / Å	7.13224(15)
	b / Å	7.13224(15)
	c / Å	10.7476(2)
	α / °	90
	β / °	90
	γ / °	90
	Volume / Å 3	546.72(3)
	Rwp	3.1735
	GoF	6.96680
	Empirical formula	C8H8VN4Cl2
	Molecular weight / g mol -1	282.02
	Temperature / K	300
	Crystal system	tetragonal
	Space group	I4/mmm
	a / Å	7.12118(4)
	b / Å	7.12118(4)
	c / Å	10.73700(6)
	α / °	90
	β / °	90
	γ / °	90
	Volume / Å 3	544.487(6)
	Rwp	1.8745
	GoF	3.91284

Table S.V-2. Crystallographic data for VCl2(pyz)2.

  Chapter VI. Remarkable Enhancement of the Magnetic Order Temperature in 2D Cr/pyrazine-based Layered Compounds through Post-Synthetic Redox Reactions 233 These idealized amounts of the individual phases are shown as thick solid lines in Figure VI-27.In order to investigate if our experimental data follow the same trend, we calculated the amounts of the different phases for each doping reaction using the following procedure.

	2 and Li[Cr(pyz)2]Cl×(THF) strongly suggests
	that the intermediate reduction reactions (0.5-1.9 equiv. of LiAc) are actually
	"disproportionation" reactions. Generally speaking, disproportionation is a redox reaction in
	which a compound of intermediate oxidation state converts to two different compounds, one of
	higher and one of lower oxidation states. In our case we can imagine that the one electron
	reduction product of CrCl2(pyz)2 is converting to 50% of CrCl2(pyz)2 and 50% of the two
	electrons reduction product, Li[Cr(pyz)2]Cl×(THF). Following the same concept, the use of

0.5 equiv. would lead to 75% of CrCl2(pyz)2 and 25% of Li[Cr(pyz)2]Cl×(THF), the use of 0.75 equiv. would give 62.5% of CrCl2(pyz)2 and 37.5% of Li[Cr(pyz)2]Cl×(THF) and so on.

Table S .

 S VI-1. Crystallographic data for Li[Cr(pyz)2]Cl.

	Temperature / K	500
	Crystal system	tetragonal
	Space group	P4/mmm
	a / Å	6.9902(3)
	b / Å	6.9902(3)
	c / Å	7.199(6)
	α / °	90
	β / °	90
	γ / °	90
	V / Å 3	353.8(3)
	Rp / %	2.78
	Rwp / %	4.38

  1 Additionally, it has been suggested from theoretical gas phase calculations (collaboration with Dr. Aaron Mailman, University of Jyväskylä, Finland) that novel redox-active ligands such as the ones shown in Scheme 1 (c and d) have a higher electron affinity than pyrazine. This suggests that they can easily accept one (or more) electrons to generate the corresponding radical anion. Indeed, all

	Compound	Oxid. state Magnetic order	Electrical conductivity (RT)
	Immm CrCl 2 (pyz) 2	+III	T c = 55 K (FI order)	32 mS cm -1 (two-contact method)
				1.4 mS cm -1
	I4/mmm CrCl 2 (pyz) 2	+III	T c = 50 K (FI order)	11.6 mS cm -1
	Cr(OSO 2 CH 3 ) 2 (pyz) 2	+II	T N = 10 K (AF order)	~10 -10 S cm -1
	CrI 2 (pyz) 2	+II	T N = 25 K (AF order)	~10 -10 S cm -1
	Immm CrBr 2 (pyz) 2	+III	T c = 38 K (FI order)	in progress
	I4/mmm CrBr 2 (pyz) 2	+III	T c = 30 K (FI order)	31 mS cm -1
	Li[Cr(pyz) 2 ]Cl•(THF)	+II	T c = ~ 515 K (FI order) insulator
	Li[Cr(pyz) 2 ]Cl	+II	T	

c = ~ 535 K (FI order) insulator

  Kosaka, W.; Kimura, S.; Miyasaka, H. Chem. Eur. J. 2018, 24, 4294.

	EF NA Eo NIR	Fermi level Avogadro's number List of Abbreviations Standard reduction potential Near-Infrared
	ES °C	Efros-Shklovskii Celsius
	ESRF Oe	European Synchrotron Radiation Facility Oersted
	1D et al. Ox	One-dimensional et (and) alii (others) oxalate
	2D eV P	Two-dimensional Electron volt Hopping probability
	3D EXAFS para	Three-dimensional Extended X-ray Absorption Fine Structure Paramagnet
	A F PBAs	Cross-sectional area Ferromagnet Prussian Blue Analogs
	ac f(k) phen	Alternating current Scattering amplitude phenanthroline
	Ac FC ppm	1,2-dihydroacenaphthylene Field-Cooled Parts per million
	AF FI PPMS	Antiferromagnet Ferrimagnet Physical Property Measurement System
	BEDO-TTF FT PSI	bis(ethylenedioxo)-tetrathiafulvalene Fourier-Transform Paul Scherrer Institut
	BEDT-TSF FTIR PTC	bis(ethylenedithio)-tetraselenafulvalene Fourier-Transform Infrared 1,2,3,4,5,6,7,8,9,10,11,12-perthiolated coronene
	BEDT-TTF g PXRD	bis(ethylenedithio)-tetrathiafulvalene Landé factor Powder X-ray Diffraction
	BEST GMR py	bis(ethylenediseleno)-tetrathiafulvalene Giant Magnetoresistance pyridine
	BEST GoF pybz	bis(ethylenediseleno)-tetrathiafulvalene Goodness of Fit 4-pyridyl benzoate
	BET-TTF H pyz	bis(ethylenthio)-tetrathiafulvalene Magnetic field pyrazine
	bpy h Q	2,2´-bipyridine Planck constant Electric charge
	BS ℋ QMC	Broken symmetry Hamiltonian Quantum Monte Carlo
	BTDA-TCNQ h QMID	bis(1,2,5-thiadiazolo)-tetracyanoquinodimethane Holes Quasi Multi-Ion Detection
	c h-BN R	Speed of light Hexagonal Boron Nitride Molar gas constant or Resistance
	C Hcoer RT	Curie constant Coercive field Room temperature
	ca HSE Rwp	circa (approximately) Heyd-Scuseria-Ernzerhof functional Weighted-profile R factor
	ClCNAn I S cm -1 ICMCB s	chlorocyanoanilate Electric current Spin Wavenumbers Institut de Chimie de la Matière Condensée de second
	Cp s-MOGs	Heat capacity Bordeaux Semiconducting Metal-Organic Graphene analogs
	Cp2Co ICP-AES SCM	Cobaltocene Inductively Coupled Plasma Atomic Emission Single-Chain Magnet
	Cp2Fe SEM	Ferrocene Spectroscopy Scanning Electron Microscope
	Cpm ID12 SF	Magnetic component of heat capacity Circular polarization beamline Spin-Flop
	CRPP IR SLS	Centre de Recherche Paul Pascal Infrared Swiss Light Source
	CVD IVCT Sm	Chemical Vapor Deposition Intervalence Charge-Transfer Magnetic entropy
	d J SMM	Dimensionality Exchange coupling parameter Single-Molecule Magnet
	dc j SQUID	Direct current Current density Superconducting Quantum Interference Device
	DCNQI K T	N,N´-dicyanoquinonediimine Kelvin Temperature
	DFT k T	Density Functional Theory Photoelectron wave vector Tesla
	dhbq kΒ T0	dihydroxybenzoquinone Boltzmann constant constant related to localization length
	DIEDO L TAG	4,5-diiodo-4ʹ,5ʹ-ethylenedioxytetrathiafulvalene Distance tris(amino)-guanidinium
	DMET lac TC	4ʹ,5ʹ-dimethyl-4,5-(ethylenedithio)-1ʹ,3ʹ-diselena-1,3-lactate Curie temperature
	Cl2dhbq Tc	dithiafulvalene 2,5-dichloro-3,6-dihydroxo-2,4-benzoquinone Critical temperature
	DMF LUMO TCNE	dimethylformamide Lowest Unoccupied Molecular Orbital tetracyanoethylene
	DMSs M TCNQ	Dilute Magnetic Semiconductors Magnetization tetracyanoquinodimethane
	dmstfdt m-F-PhCO2 Tf	dimethyl(diselenadithia)-fulvalenedithiolate m-fluorobenzoate triflate
	DOS m* TGA	Density of States Effective mass Thermogravimetric Analysis
	DSC DTU M3 TGA-MS E MeCN THF e mnt TMCs Ea MOFs TMS EDO-TTFBr2 Mremn TN EDT-TTFBr2 Msat tpy n TTF	Differential Scanning Calorimetry Thermogravimetric Analysis-Mass Spectrometry Molecular Materials & Magnetism group Technical University of Denmark tetrahydrofuran acetonitrile Energy Transition Metal Dichalcogenides maleonitriledithiolate Electrons trimethylsilyl Metal-Organic Frameworks Activation energy Néel temperature Remanent magnetization 4,5-dibromo-4ʹ,5ʹ-ethylenedioxytetrathiafulvalene 2,2´,6´,2´´-terpyridine Saturation of magnetization 4,5-dibromo-4ʹ,5ʹ-ethylenedithiotetrathiafulvalene Density tetrathiafulvalene

1 Han, W.-S.; Han, J.-K.; Kim, H.-Y.; Choi, M. J.; Kang, Y.-S.; Pac, C.; Kang, S. O. Inorg. Chem. 2011, 50, 3271. 2 See for example: (a) Taniguchi, K.; Chen, J.; Sekine, Y.; Miyasaka, H. Chem. Mater. 2017, 29, 10053. (b) Taniguchi, K.; Narushima, K.; Sagayama, H.; Kosaka, W.; Shito, N.; Miyasaka, H. Adv. Funct. Mater. 2017, 27, 1604990. (c) Fukunaga, H.; Tonouchi, M.; Taniguchi, K.;

Élaboration de Polymères de Coordination Bidimensionnels Magnétiques et Conducteurs Électriques à Base de Pyrazine Cette

  Tableau R-1. Résumé des polymères de coordination décrits dans cette thèse, ainsi que leurs propriétés magnétiques et conductrices. Sauf indication contraire, la conductivité électrique a été mesurée à l'aide d'une méthode à quatre pointes. thèse est consacrée à la synthèse et à la caractérisation physique de nouveaux polymères de coordination bidimensionnels (2D) possédant un ordre magnétique et/ou une conductivité électrique à haute température. La présence simultanée de ces deux propriétés au sein d'un même matériau représente un formidable défi pour la synthèse de matériaux multifonctionnels utilisables dans le traitement et le stockage des données de nouvelles générations. Notre approche pour synthétiser de tels systèmes implique l'utilisation du ligand pontant organique redox-actif pyrazine, et de métaux de transition réducteurs. Le chapitre I présente quelques aspects généraux sur la chimie redox, la délocalisation des charges et la valence mixte qui sont essentiels à la compréhension des résultats expérimentaux. Les différentes approches de synthèse de polymères de coordination conducteurs et magnétiques sont également décrites. Le chapitre II donne un aperçu général des concepts fondamentaux concernant la conductivité électrique, le magnétisme et la spectroscopie d'absorption des rayons X. Le chapitre III analyse la synthèse et la caractérisation physique du composé CrCl2(pyrazine)2 présentant à la fois un ordre magnétique et une conductivité électrique. Les chapitres IV et V sont consacrés à l'étude de nouveaux composés MX2(pyrazine)2 en faisant varier M (Ti, V) et X (OSO2CH3, Br et I). L'objectif est de déterminer l'effet de la nature du centre métallique et du ligand axial sur les propriétés magnétiques et électriques. Enfin, le chapitre VI illustre comment la chimie redox post-synthétique peut entraîner une augmentation impressionnante de la température de l'ordre magnétique dans les matériaux 2D à base de pyrazine.

	Compound	Oxid. state Magnetic order	Electrical conductivity (RT)
	Immm CrCl 2 (pyz) 2	+III	T c = 55 K (FI order)	32 mS cm -1 (two-contact method)
				1.4 mS cm -1
	I4/mmm CrCl 2 (pyz) 2	+III	T c = 50 K (FI order)	11.6 mS cm -1
	Cr(OSO 2 CH 3 ) 2 (pyz) 2	+II	T N = 10 K (AF order)	~10 -10 S cm -1
	CrI 2 (pyz) 2	+II	T N = 25 K (AF order)	~10 -10 S cm -1
	Immm CrBr 2 (pyz) 2	+III	T c = 38 K (FI order)	in progress
	I4/mmm CrBr 2 (pyz) 2	+III	T c = 30 K (FI order)	31 mS cm -1
	Li[Cr(pyz) 2 ]Cl•(THF)	+II	T c = ~ 515 K (FI order) insulator
	Li[Cr(pyz) 2 ]Cl	+II	T c = ~ 535 K (FI order) insulator
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A2g ® 4 T2g transition in V 2+ complexes appears in the NIR.15 
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Chapter III

Magnetic Order and Electrical Conductivity on 2D Systems via Redox-Active Coordination Chemistry:

The case of CrCl 2 (pyrazine) 2

Differential scanning calorimetry. Differential scanning calorimetry (DSC) measurements were performed with a Q2000 TA calorimeter. Thermograms were recorded at different scanning rates, from 2 to 20 K min -1 under dinitrogen atmosphere.

Spectroscopy.

FTIR spectra were obtained on a Bruker VERTEX 70v spectrometer. The sample was protected by Ar and opened in the N2 purged sample compartment and was immediately put on a diamond sample platform from an ATR accessory (MPV-Pro TM , single reflection; Harrick Scientific Products Inc.).

Raman spectroscopy. Raman spectroscopic characterization was carried out on a Horiba Jobin Yvon Xplora microscope equipped with a cooled Andor CCD detector. The microcrystalline powder was loaded in 0.7 mm diameter quartz capillaries under N2 atmosphere. The collection of the spectra was performed following excitation at a wavelength of 785 nm.

XAS and XMCD spectra were obtained at the ID12 beamline (ESRF-The European Synchrotron). We used fundamental harmonic of Apple-II type undulator for experiments at the Cr K-edge, whereas Cl K-edge data were collected using the fundamental harmonic of Helios-II type undulator. All XAS spectra were recorded using total fluorescence yield detection mode. The XMCD spectra were obtained as the difference between two consecutive XAS spectra recorded with opposite photon helicities. Furthermore, the XMCD spectra were systematically obtained in both magnetic field directions (at 17 T) in order to ensure the absence of experimental artifacts.

UV-visible-NIR diffuse reflectance spectra were collected using a CARY 5000 spectrophotometer interfaced with Varian Win UV software. The samples were held in a Praying Mantis air-free diffuse reflectance cell. Polyvinylidene fluoride (PVDF) powder was used as a non-adsorbing matrix.

The ultraviolet photoelectron spectra (UPS) were collected at the MATLINE beamline at the ASTRID2 synchrotron located at Aarhus University, Denmark. The powdered samples were pressed into the pockets on the sample plate (pocket size: 6 mm in diameter and 0.5 mm in depth; beam spot size at the sample: 0.7×1 mm). The valence band spectrum was measured by using an incident photon energy of 59.76 eV corresponding to the Fermi edge of the Mo reference.

Chapter III. Magnetic Order and Electrical Conductivity on 2D Systems via Redox-Active Coordination Chemistry: The case of CrCl2(pyrazine)2

Chapter IV 

Modulation of the Magnetic and Conductive Properties of CrX 2 (pyrazine) 2 by Substitution of the Axial Ligand

IV.2.4. Magnetic and heat capacity measurements.

The presence of neutral pyrazine ligands in the methanesulfonate 2D network suggests that magnetic coupling may occur between the Cr II centers bridged by the bidentate ligand. In an attempt to probe the nature and strength of these interactions, the temperature dependence of the magnetic susceptibility was measured between 280 and 1.8 K under an applied dc field of 0.1 T. (Figure IV-8). The molar magnetic susceptibility-temperature product, χΤ, is 2.9 cm 3 K mol -1 at 280 K, in good agreement with the presence of a high-spin S = 2 Cr II site.

(C = 3 cm 3 K mol -1 with g = 2), as already concluded from theoretical, crystallographic and spectroscopic studies (vide supra). The χΤ product steadily decreases with decreasing temperature and reaches a value of 0.08 cm 3 K mol Even though the use of the chromium(II) methanesulfonate starting material did not allow for an electron transfer between the Cr centers and the pyrazine scaffold to occur, we continued the search for suitable redox couples that could promote a metal-to-ligand electron transfer. To this end, we turned our attention to the bromide and iodide analogs, that would provide us with more information on the effect of the axial ligand substitution on the electronic and magnetic 

IV.5. Conclusions and Perspectives.

In conclusion, we have synthesized three new coordination solids with the general formula CrX2(pyz)2, where X can be the methanesulfonate, bromide and iodide ion. Structural determination of all three compounds through powder or single-crystal diffraction measurements revealed very similar structures; they are all composed of [Cr(pyz)2] 2+ layered units that stack along one direction, while the bulky anions are located between the layers and Chapter IV. completed; however, dc susceptibility data for both phases indicated an ordered ferrimagnetic state below approximately 40 K. Alternating current susceptibility measurements will be performed in due time, in order to precisely determine the ordering temperatures. Electronic conductivity measurements shall also be performed for Immm CrBr2(pyz)2; even though a drastic change compared to I4/mmm (σ295K = 31 mS cm -1 ) is not expected, the more localized nature of the unpaired electron among the pyrazine moieties in Immm (from a crystallographic point of view) will likely result in a lower conductivity value at room-temperature. The study of CrBr2(pyz)2 systems has been done in collaboration with the research group of Kasper S.

Pedersen and particularly his student Laura Voigt (PhD candidate, Technical University of Denmark). Therefore, analysis of all the current and future characterization data will be also included and extensively analyzed in her thesis manuscript. A summary of the magnetic and electrical properties of the 2D materials described in this Chapter can be found in Table IV- All reactions were performed under a dry argon or nitrogen atmosphere using Schlenk or glovebox techniques. Acetonitrile and diethylether were purified with an Innovative Technologies solvent-purification system. All chemicals were purchased from commercial sources (Sigma-Aldrich and/or Alfa Aesar) and used as received.

Synthesis of anhydrous Cr(OSO2CH3)2:

A mixture of chromium powder (2.0 g, 38 mmol) and methanesulfonic acid (6.0 g, 62 mmol) in 7 mL of water was stirred under reflux overnight, to yield a bright blue solution. While still hot, the solution was filtered under argon to remove the unreacted Cr powder and allowed to cool to room temperature. The solvent was then removed under reduced pressure and the obtained powder was heated under dynamic vacuum at 160°C for 7 hours. Yield: 55%. Elemental analysis calc. for C2H6CrO6S2 (242.19 g mol -1 ):

C: 9.92%, H: 2.50%, S: 26.48%; found C: 9.52%, H: 2.42%, S: 26.76%. Synthesis of anhydrous CrBr2: Chromium powder and an excess of bromine were allowed to react at 1000°C inside a furnace for 8 hours. The resulting CrBr3 was reduced under H2 at 600°C, leading to highly crystalline CrBr2. The latter was dissolved in THF and the corresponding solution was placed at -30°C overnight to yield CrBr2(THF)2. More details on the synthesis and crystallographic data will be given on the thesis manuscript of Laura Voigt (DTU, Denmark).

FT-IR (𝑣̅ , cm

Chapter 8 ; however, in all these cases no crystal structures have been reported, which makes the comparison of their metric parameters with the ones of TiCl2(pyz)2 a difficult task. Similarly, no crystallographically characterized Ti IV complexes with a {N4Cl2} coordination sphere were found in the literature. Nevertheless, the shorter Ti-N bond lengths in TiCl2(pyz)2 compared to trans-[Ti II Cl2(pyridine)4] suggests the presence of titanium in a higher oxidation state, which requires reduction of at least one pyrazine ligand to its radical form. To unequivocally determine the oxidation state of the Ti centers, X-ray absorption spectroscopy (XAS)

measurements were performed at the Ti and Cl K-edges.

In VCl2(pyz)2, the bonds between vanadium and the four nitrogen donor atoms of the pyrazine ligands have a length of 2.1338(11) Å, while the V-Cl bonds are significantly longer at 2.4263 (6). The adjacent layers are separated by 5.369 Å, while the V•••V distances within the square lattice are 7.12(2) Å. Initial reports on structurally characterized V(II) complexes with N-containing ligands by Cotton and co-workers revealed average V-N bond lengths of 2.17-2.32 Å. 9 However, recently, V(II) complexes with imidazole 10 -and pyrazole borate 11 based ligands were reported, and they actually show shorter V-N bonds of ~2.15 Å. In contrast vanadium complexes in the +III oxidation state feature vanadium-nitrogen bonds between 2.10-2.13 Å. 12 Thus, the crystallographic analysis is not sufficient to clearly assign the oxidation state of V in VCl2(pyz)2. Similar to the Ti network, X-ray absorption spectroscopy was used as the ultimate tool for the determination of the oxidation state.

Chapter V. Effect of Metal Ion Substitution on the Electronic Structure and Magnetic Properties across a Series of Isostructural Networks V.4. Supporting materials.

V.4.1. Synthetic protocol.

All manipulations were carried out in an Innovative Technology PureLab HE glovebox under a dinitrogen atmosphere and/or with standard Schlenk techniques. Acetonitrile (MeCN)

was dried with an Innovative Technology solvent-purification system and subsequently stored over 3 Å molecular sieves. All chemicals were purchased from commercial sources and used without further purification (TiCl2; Aldrich, 99.98% trace metal basis, VCl2; Aldrich, 85% trace metal basis and pyrazine; Aldrich, ≥99%).

Synthesis of TiCl2(pyz)2:

A 25 mL Teflon-lined stainless-steel autoclave reactor was charged with TiCl2 (0.2 g, 1.7 mmol) and pyrazine (2.0 g, 25 mmol) and placed in an oven (200°C) for 12 hours. The reactor was cooled to room temperature and the black microcrystalline product of TiCl2(pyz)2 was washed with a 20 mL of acetonitrile (MeCN) and was then dried in vacuo.

The yield was 80-85%. Due to extreme sensitivity to air and moisture, no reliable elemental analysis data have been obtained at the present moment.

Synthesis of VCl2(pyz)2:

A 25 mL Teflon-lined stainless-steel autoclave reactor was charged with VCl2 (0.2 g, 1.6 mmol) and pyrazine (2.0 g, 25 mmol) and placed in an oven (200°C) for 12 hours. The reactor was cooled to room temperature and the purple microcrystalline product of VCl2(pyz)2 was washed with a 20 mL of acetonitrile (MeCN) and was then dried in vacuo.

The yield was Elémentaire of the University of Lorraine, Nancy.

X-ray absorption spectroscopy. X-ray absorption (XAS) spectra were obtained at the ID12 beamline of the European Synchrotron Radiation Facility (ESRF). We used the fundamental harmonic of an Apple-II type undulator for the experiments at the Ti and V K-edges, whereas

Cl K-edge were collected using the fundamental harmonic of the Helios-II type undulator. All XAS spectra were recorded using total fluorescence yield detection mode. 

where μB is the Bohr magneton, kB is the Boltzmann constant and u the Langevin function:

Electrical conductivity. The 4-point resistivity measurements were carried out using a homemade prototype installed inside a Quantum Design PPMS-9 system working between 1.8 and Chapter V. Effect of Metal Ion Substitution on the Electronic Structure and Magnetic Properties across a Series of Isostructural Networks 196 400 K. Depending on the resistivity range, dc and/or ac acquisitions were performed reproducibly with the use of the Quantum Design resistivity module, ac transport module and/or with an external device (Keithley 2401 sourcemeter). These measurements were performed on pellets of microcrystalline samples (typically 7 mm diameter and 1 mm thickness; 60 mg) prepared under N2 with a manual press. The pellets were loaded in the homemade resistivity cell allowing the four aligned needle probes (mounted on strings) to be in contact with the pellet. The reported data were corrected for the four-points cell design and the pellet shape. The TiCl2(pyz)2 data were fitted to the variable-range hopping model (σ0 and T0 are defined in the main text) given by the expression:

Crystallographic methods and results. Powder X-ray diffraction (PXRD) measurements on TiCl2(pyz)2 and VCl2(pyz)2 were performed at ambient temperature on the beamline I11 at the Diamond Light Source Ltd. Samples were sealed inside 0.5 mm diameter borosilicate glass capillaries. Diffraction patterns were measured using Si-calibrated X-rays with a 0.82626(1) Å wavelength using the Mythen position-sensitive detector. A Pawley refinement was performed with the TOPAS Academic software 23 to find suitable lattice parameters. A full Rietveld refinement was performed using a model similar to that of NiCl2(pyz)2 model 24 

VI.2.1. Synthetic comments.

The methanesulfonate and iodide 2D networks (vide supra, Chapter IV) serve as ideal candidates to perform post-synthetic redox reactions, as they feature exclusively diamagnetic S = 0 pyrazine linkers between S = 2 high-spin Cr II centres and only exhibit antiferromagnetic order at relatively low temperatures, owing to the weak magnetic coupling between the chromium centres. Yet, these linkers can undergo reduction to their radical form and promote strong magnetic interactions between metal and ligand-based spins, leading eventually to ferroor ferrimagnetic order. To this end, our initial efforts to reduce the neutral pyrazine linkers were focused on the Cr(OSO2CH3)2(pyz)2 system. Chemical reduction of the latter compound was carried out with the lithium(1,2-dihydroacenaphthylene) (Li + C12H10 •-, will be referred to from now on as LiAc) reducing agent.

In principle, several other reducing agents could also be employed, such as cobaltocene and lithium, sodium salts of naphthalene. However, LiAc was eventually chosen due to its efficiency and ability to quantitative reduce both pyrazine linkers in the chromium/methanesulfonate compound (discussed vide infra). The reduction potentials of all these reducing agents have already been reported in the literature and amount to -3.23 V and -3.10 V vs. [Cp2Fe] +/0 for 1,2-dihydroacenaphthylene 1d (Figure VI-2) and naphthalene 3 in THF, respectively, while cobaltocene ([Cp2Co]) is less reducing with a reduction potential (vs. [Cp2Fe] +/0 ) of -0.9 V in the same solvent. 4 In general, post-synthetic redox chemistry on this and related coordination solids would necessitate the insertion of positively charged Chapter VI. Remarkable Enhancement of the Magnetic Order Temperature in 2D Cr/pyrazine-based Layered Compounds through Post-Synthetic Redox Reactions 204 cationic species in the framework channels or pores, in order to achieve charge balance with the newly formed negatively charged organic moieties. Thus, the choice of cobaltocene as a reducing agent was not favoured due to the big size of the corresponding [Cp2Co] + cations that would need to be accommodated between the 2D layers in our system. Similarly, the sodium salts of naphthalene and 1,2-dihydroacenaphthylene were singled out over lithium, due to the bigger size of Na ions. Having all this information in mind, the lithium salt of 1,2-dihydroacenaphthylene was chosen as the reducing agent for our initial attempts. A THF solution of the latter was added dropwise into a suspension of Cr(OSO2CH3)2(pyz)2 at a 2.1:1 molar ratio and allowed to stir for four days. A colour change of the solid compound was notably observed even after few hours of reaction, from light brown to dark grey. The solid was extensively rinsed with copious amounts of THF and isolated through vacuum filtration. The reaction was performed under anaerobic conditions and the obtained air-sensitive solid was stored under inert atmosphere.

The 2.1:1 molar ratio between the reactants was selected on the basis of reducing both pyrazine ligands per chromium centre and induce the strongest magnetic coupling possible between the metal and ligand-based spin carriers (vide infra). A slight excess of more than 2 equivalents of reducing agent (2.1 equiv.) was used in order to avoid experimental errors and achieve a full reduction of the pyrazine moieties. THF was used as the solvent since in these reaction media, Cr(OSO2CH3)2(pyz)2 appears to be stable for a prolonged period of time. Addition of the parent Cr/methanesulfonate 2D system in other solvents (e.g. dimethylformamide) results in an immediate colour change of the solution, suggesting that it is dissociating in solution.

Chapter VI. Remarkable Enhancement of the Magnetic Order Temperature in 2D Cr/pyrazine-based Layered Compounds through Post-Synthetic Redox Reactions reduction. The difference in parameter c can be attributed to different interlayer distances between the pristine and the reduced system. In the powder diffractogram obtained at 500 K, the sharp peaks at 2θ = 6.3°, 12.8°, 14.3°, 19.3° and 20.3° correspond to a significant degree of coherence within the 2D sheets, as evidenced by the corresponding (hkl) Miller indices (Figure VI-19). In contrast, the somewhat broader peak at 6.1° corresponds to the (001) planes, suggesting less coherence between the sheets. This behavior is common for layered materials. 17 As expected, similar broad peaks are observed for the diffraction from all (hk1) planes. was dried with an Innovative Technology solvent-purification system and subsequently stored over 4 Å molecular sieves (H2O content<2 ppm).

All chemicals (lithium, 1,2-dihydroacenaphthylene 99%, CrCl2 99.99%, pyrazine > 99%) were purchased from commercial sources and used without further purification.

Immm CrCl2(pyrazine)2 was synthesized as previously described in Chapter III. We are currently repeating the elemental analysis.

Synthesis of Li

FT-IR (𝑣̅ , cm -1 ): 3100(w), 3038(w), 1436(m), 1266(s), 1058(s), 997(s), 766(s).

Raman (l = 638 nm) (cm -1 ): 645, 999, 1232, 1617. Cl K-edge data were collected using the fundamental harmonic of the Helios-II type undulator.

All XAS spectra were recorded using total fluorescence yield detection mode. The sample holders were filled with powder samples in a glovebox under N2 atmosphere.

Inductively Coupled Plasma/Optical Emission Spectroscopy (ICP/OES). ICP/OES analysis was performed with a Varian 720-ES spectrometer on samples previously digested in a boiling mixture of HCl and HNO3 (1:1 ratio) and diluted with Milli-Q water.

Raman spectroscopy. Raman spectroscopic characterization was carried out on a Horiba Jobin

Yvon Xplora microscope equipped with a cooled Andor CCD detector. The samples were loaded into quartz capillaries of 0.7 mm diameter, that were prepared in a N2-filled glovebox.

Infrared spectroscopy. FT-IR spectra were recorded on a Bruker Alpha Platinum single reflection diamond ATR module in an Ar-filled glove box as neat solid samples. In general, the use of the redox-active organic ligand pyrazine, in the presence of reducing transition metals, proved to be a very efficient way for promoting long-range electronic delocalization, which in turn led to high electrical conductivity and/or high temperature magnetic order in a series of two-dimensional networks. In our opinion, this thesis has enriched the nascent field of magnetic and electrically conductive multifunctional materials.

Thermogravimetric analysis-Mass

Additionally, we believe that our report of a molecule-based material exhibiting magnetic