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Anilate-Based Mixed Valence Multifunctional 2D Coordination Polymers

This work reports on the design, synthesis and characterization of novel anilate-based functional molecular materials showing luminescent, magnetic and/or conducting properties. The family of anilate ligands comprises several derivatives obtained by introducing various substituents (H, F, Cl, Br, I, CN, etc.) at the 3 and 6 positions of the common 2,5-dihydroxy-1,4-benzoquinone XV Chart 1 -Ligands HKClCNAn H 2 Cl 2 An H 2 An H 2 Br 2 An H 2 I 2 An H 2 NO 2 An H 2 Th 2 An DOBDC F 4 BDC

framework. Their electronic/structural features, coordination modes, ability to mediate magnetic exchange interactions between coordinated d and/or f-metal centers, and to work as efficient antenna ligands towards NIR lanthanide ions, make them suitable candidates for the preparation of the materials reported.

In Chapter 1, the synthesis of a multifunctional mixed-valence Fe II Fe III anilate-based coordination polymer, obtained by using the chlorocyanilate ligand (ClCNAn 2-), formulated as

[TAG][Fe II Fe III (ClCNAn) 3 ]•(solvate) (TAG = tris(amino)-guanidinium) is reported. This compound is characterized by single crystal X-Ray, at 150K and 10K, magnetic, m ss uer and conductivity measurements. Moreover, correlation of conductivity difference between anilate and pioneer oxalate based Fe II Fe III 2D coordination polymers are explained using theoretical calculations (small-polaron hopping model).

In Chapter 2, the series of 2D layered coordination polymers based on chlorocyanilate ligand as building blocks formulated as [Ln 2 (ClCNAn) 3 (DMF) 6 ]•(DCM) x (Ln III = Yb (1) (x = 0), Nd (2) and Er (3) (x = 2)) are reported. The synthesis, structural characterization, photophysical studies, time-resolved photoluminescence studies performed on both the bulk and nanosheets, effects induced by the exfoliation process on the photo-physical properties of the nanosheets are discussed.

In Chapter 3, the new family of NIR-emitting lanthanide coordination polymers based on chlorocyanilate ligand and carboxylate ligands (di-hydroxy-terephthalic acid (DOBDC) and tetrafluoroterephthalic acid (F 4 -BDC)), which are the commonly used ligands to obtain 2D (4). The synthesis, structural characterization along with its magnetic characterization is described.

In Chapter 5, using the above-mentioned anilate ligands with the BEDT-TTF organic donor, 

Molecular Materials

Molecular materials, namely materials built from molecular building blocks, are promising materials for the future generation of electronic devices and technologically important systems at the nanoscale level because of their chemical and physical properties. In the last decade, there have been tremendous developments in molecule-based materials, especially in the field of electrical conductivity, magnetism and optics. Since their synthesis and physical properties can be tuned by using the conventional synthetic methods of organic, coordination and supramolecular chemistry, this opens unprecedented possibilities for the design of objects with the desired chemical and electronic properties. Owing to their important perspectives in both fundamental sciences and applications in molecular electronics, considerable efforts are in course to design and investigate new molecule-based materials showing improved or novel physical properties.

The area of molecular materials with interesting technological properties started almost 85 years ago with the discovery of the first metal complex showing spin-crossover transition [Fe(S 2 CNEt 2 ) 2 Cl]. [1][2][3] Since then, the field of molecular materials has been enlarged

including systems showing spin-crossover transitions, [5][6][7][8] ferri-/ferromagnets, single-molecule magnets, 14 metals and semi-/superconductors, [9][10][11][12][13] chromophores for non-linear optics, [15][16] and Vis-NIR emitters based on lanthanide complexes. Some of the important discoveries in this field related to conductivity, magnetism, and luminescence are reported as follows.

In 1842, Knop et al. 4 reported on the first molecular metal based on the tetracyanoplatinate anion. This system was later studied in detail and was formulated as K 2 [Pt(CN) 4 ]Br 0.3 •3H 2 O, with conductivity values of 300 S cm -1 (ζ∥ , RT ) and 10 -5 S cm -1 (ζ⊥ , RT ). 5 In 1973, the discovery of the first organic metal, the TTF-TCNQ system, represents an important milestone in the field of molecular conductors. 6,7 This compound is a chargetransfer salt formed by combining the TTF donor and the TCNQ acceptor, showing a r. [TTF][Ni(dmit) 2 ] 2 system represents the first superconductor, 9 with a Tc of 1.62 K under a pressure of 7 kbar).

In 1967, the pioneer work of Wickman et al., [1][2][3] with the discovery of [Fe(S 2 CNEt 2 ) 2 Cl], showing a magnetic ordering at T= ca. 2.5 K, was the start of the field of Molecular Magnetism. In this compound, the Fe III ion is found in S = 3/2 spin state,
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intermediate between the high spin (S = 5/2) and the low spin (S = 1/2) states. In 1968, Ito et al., 10 reported Fe III 4 [Fe II (CN) 6 ] 3 •xH 2 O, also known as -Prussian Blue‖, exhibiting ferromagnetic ordering with a Tc of 5.5 K. In this system, superexchange magnetic interactions are mediated by bridging ligands connected between paramagnetic d metal centers. Since then, other important achievements were reported: i) [Cr III (NH 3 ) 6 ][Cr III (CN) 6 ] and [Cr III (NH 3 ) 6 ][Fe III Cl 6 ] bimetallic systems, showing ferromagnetic (Tc = 0.66 K) and ferrimagnetic ordering (Tc = 2.85 K) respectively, by Reiff and Carlin; 11,12 ii) the heterobimetallic polymeric compounds of general formula [N(Bu) 4 ][M II Cr III (ox) 3 ], a novel class of molecular ferromagnets, by Okawa et al., 13 in 1992. In these systems, the oxalate ligand acts as a bridging ligand between two paramagnetic metals Cr III and M II (M II = Mn, Fe, Co, Ni, Cu, ) and it is able to mediate superexchange magnetic interactions, leading to longrange ferromagnetic ordering with Tc between 6 In addition to mono-functional materials, a more recent and appealing goal in the field of material science is multifunctionality. Integrating independent properties which typically do not occur at the same time in a single crystal lattice or in conventional inorganic solids is the fundamental scientific challenge. The proper selection of molecular building blocks allows for the combination of two or more physical properties such as magnetism and conductivity to coexist in a single material. 15 The first example of multifunctional magnetic molecular conductors showing coexistence of two different physical properties, was the [perilene] 2 [M(mnt) 2 ] system. 16,17 Since then, different combinations of multifunctional materials have been synthesized and fully characterized. Some of the most recent and significant advances in this field are: (i) the first paramagnetic superconductor 18 [BEDT-TTF] 4 [H 3 OFe III (ox) 3 ]•C 6 H 5 CN; 18 (ii) the first antiferromagnetic superconductor λ-(BETS) 2 [FeBr 4 ]; 19 (iii) the first ferromagnetic metal, [BEDT-TTF] 3 [Mn II Cr III (ox) 3 ]; 20 (iv) the first chiral conductor showing coexistence of ferromagnetism, metal-like conductivity, and chirality, [(S,S,S,S)-TM-BEDT-TTF]x[MnCr(ox) 3 ] •CH 2 Cl 2 ; 21 (v) the first chiral conductor showing eMChA effect, 22 (S,S)-or (R,R)-[DM-EDT-TTF] 2 ClO 4 , and (vi) [{Mn II 2 Mn III 2 (hmp) 6 (MeCN) 2 }{Pt(mnt) 2 } 4 ][Pt(mnt) 2 ] 2 (hmp -= 2-hydroxymethyl-pyridinate; mnt 2-= maleonitriledithiolate), the first hybrid material exhibiting SMM behavior and electronic conductivity in the same system, formed by tetranuclear [Mn 4 ] as SMM, and conductive [Pt(mnt) 2 ] 2 . 23 (More details of these systems are discussed in Section 1.3) A summary of the most appealing applications of these materials in different fields ranging from data storage to telecommunication is reported in Scheme 1.

Scheme 1

Since the discovery of graphene, the search for other atomically thin layers grows up rapidly and a new and less explored field has emerged with 2D CPs, enclosing CPs and MOFs, which are layered inorganic materials that, in bulk, show stacked structures with weak van der Waals interactions between adjacent sheets, but with strong covalent bonding within each sheet (vide infra). 24,25 These 2D materials have the potential to be exfoliated micromechanically into nano-sized sheets, but owing to the fragility of the starting crystals, there are only few reports on stable crystalline ultrathin nano-sheets. More details on the exfoliation methods are reported in Annexes 2.

Metal-Organic Frameworks and Coordination Polymers

Recently, there has been intense scientific interest in MOFs and CPs owing to their designability, in terms of the combination of their organic bridging ligands and metal nodes.

According to IUPAC 2013, 26 the definition and explanation for Coordination Polymers is "A coordination compound with repeating coordination entities extending in 1, 2, or 3 dimensions". "Comment-Coordination polymers do not need to be crystalline; therefore, the more appropriate terms (for crystalline states) 1-periodic, 2-periodic, and 3-periodic cannot be used throughout. These compounds may even be regarded as salts in some cases, such as those mainly formed by carboxylates. The prefix 1D-, 2D-, or 3D-is acceptable for indicating the degree of extension of the coordination polymer.‖ PART I
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And for MOFs as "A metal-organic framework, abbreviated to MOF, is a coordination

network with organic ligands containing potential voids". 26 "Comment-This wording accounts for the fact that many systems are dynamic and changes in structure and thus corresponding changes in potential porosity or solvent and/or guest filled voids may occur depending on temperature, pressure, or other external stimuli. For these reasons it is also not required that a MOF is crystalline. Arguments based on both theory and experiment can be used, suggesting that some of these CPs (i.e., those that can be described as salts) with direct anion-cation binding are more prone to form structures with open frameworks exhibiting permanent porosity than those forming positively charged networks.

However, the grey zone between these extremes is large and increasing a definition based on such a charge distinction would be too restrictive.‖ One of the criteria a MOF needs to fulfill is that it contains potential voids, but no physical measurements of porosity or other properties are demanded. Scheme 2. Schematic representation of MOFs. Reprinted with the permission from Ref. 27 MOFs are an emerging class of porous materials with potential applications in gas storage, separations, catalysis, biological and chemical sensing etc. Schematic representations of their most appealing applications are shown in Scheme 3.

Scheme 3. Some of MOFs applications

MOFs with peculiar porosities are recently reported: (i) Zn 4 O(BTE)(BPDC), where BTE 3-=4,4′,4″-[benzene-1,3,5-triyl-tris(ethyne-2,1-diyl)]tribenzoate and BPDC 2-=biphe-nyl-4,4′-dicarboxylate (MOF-210), has Brunauer-Emmett-Teller (BET) and Langmuir surface areas of 6240 and 10,400 m 2 /g, respectively, and a total carbon dioxide storage capacity of 2870 m 2 /g; 28,29 (ii) Zn 4 O(BTB) 2 , where BTB 3-=1, 3,5-benzenetribenzoate (MOF-177), has a surface area of 4526 m 2 /g, it adsorbs between 4.2 and 9.3 molecules of H 2 per formula unit.

(iii) Zn 4 O(BDC) 3 (MOF-5) has a surface area of 2500-3000 m 2 /g; 30,31 (iv) M 2 (dobdc) 3 , (M II = Mg, Co, Ni) has BET surface area of 1525 m 2 /g for Mg II . 28,32,33 The surface areas of MOFs can be generally controlled by the ligand design. In general, when the ligand length is extended, the surface area of the material is increased. 34 For instance, the constructed with the extended ligand (TCBPA 3-= tris(4-carboxybiphenyl)amine) that contains one more phenyl ring on the branches of the ligand, 35 has a greater surface area (3670 m 2 g -1 ) than the NTB 3--based MOF. 36 Despite numerous advantages, applications of several MOFs are ultimately limited by their stability. Structural transformation (Guest-induced crystal-to-amorphous and crystal-tocrystal transformation) with the removal or exchange of solvent molecules from the voids is a major concern regarding their stability. It can be largely controlled by the structure and the nature of the chemical bonds with the organic ligands. 37,38 With this perspective, the search for new ligands for the synthesis of MOFs is also of great importance in this field. The most commonly used ligands for the synthesis of MOFs and 2D CPs are shown in Figure 1. between coordinated water and phz. Reprinted with the permission from Ref. 39 .

Thereafter, a lot of anilato-based structures were obtained, mainly 1D-2D chains, and compounds forming honeycomb layers showing a (6,3)-topology*(see footnote). [41][42][43][44][45] For the first time, Abrahams et. al., 43,44 reported on a series of 2D neutral CPs with lanthanides and anilato-bridged ligands. These are formed with two M III Further interest for the anilate ligands is related to their ability to form 3D structures with the (10,3)-a topology. This 3D systems, [(n-Bu) 4 N] 2 [M II 2 (H 2 An) 3 ] (M II = Mn, Fe, Ni, Co, Zn and Cd) and [(n-Bu) 4 N] 2 [Mn 2 (Cl 2 An) 3 ], 46 shows a double interpenetrating (10,3)-a lattice with opposite stereochemical configuration that afford an overall achiral structure. The versatility of the anilate-based derivatives is finally demonstrated by the formation of a 3D adamantanelike network in the [Ag 2 (Cl 2 An)], 47 In 2011 Nikitina et. al., 48 obtained the first example of bimetallic 2D-anilate based network, in which chloranilate ligand coordinates Fe III and Mn II . In 2013, Mercuri et. al., 49 synthetized a new family of compounds characterized by 2D honeycomb network, where Cr III Perspective view of one hexagonal channel running along the c direction with the solvent molecules in the center (in yellow) (right). Reprinted with permission from Ref. 49 Ferrimagnetic interactions between Cr III and Mn II ions were mediated through the chloroanilate bridge, and this compound shows a T c of 5.7 K. Noteworthy the T c was influenced by changing the X substituent groups (X = Cl, Br, I, H) at the 3,6 positions of the anilato moiety, in particular as the electronegativity of X-substituents decreases; the T c increases (Figure 5). spin-crossover complexes as charge-compensating cationic species. The weak nature of the intermolecular interactions between the magnetic layers allows them to be exfoliated both via the Scotch-tape and liquid-assisted methods. The thicknesses of the flakes obtained by solution methods (ca. 5 nm) were higher than those obtained by micromechanical methods, while the lateral size is significantly smaller (of the order of hundreds of nm) (Figure 7). Recently, J. Long et. al., 52 reported a rare example of a 3D Multifunctional MOF, formulated as (NBu 4 ) 2 Fe III 2 (H 2 An) 3 composed by Fe III bridged between the paramagnetic linkers, that additionally shows ligand-centered mixed-valence. H 2 An is the parent member of the anilates which it is known that can afford the redox processes as reported in Scheme A1.2 (see Annex 1). This compound shows magnetic ordering 53 and a relevant value of r.t. conductivity (0.16(1) Scm -1 ).

Molecular Conductors

Molecular conductors have attracted remarkably the interest of material scientists (vide supra) since the discovery, in 1973, of the TTF-TCNQ 54 charge-transfer salt, showing r.t. electrical conductivity of 500 Scm -1 and a metallic state down to ca. 55 K (Figure 8). These pioneeristic results addressed the scientific efforts to explore TTF-based derivatives, with the aim of increasing the intermolecular interactions between the donors, which are responsible for the metal-like conducting properties. Subsequently, in 1980, Bechgaard et al. 56 reported on the first organic superconductor, the [TM-TSF] 2 [PF 6 ] system, showing a metal-superconductor transition at 1.2 K under the pressure of 10 kbar. The Bechgaard (TM-TSF) 2 X series (X= AsF 6 , PF 6 ) was synthesized using the electrocrystallization technique which consists in the electrochemical oxidation of the organic donor on the surface of an electrode in a H-shaped cell (see Annex 4 for details) in the presence of a supporting electrolyte. The TM-TSF organic donor, in the presence of n-Bu 4 NPF 6 or n-Bu 4 NClO 4 , afforded 1D single-chains organic metals and superconductors (Figure 9). 56 Afterwards different TTF-based derivatives were synthesized and among them the BEDT-TTF organic donor, in particular, has been shown to be the most successful donor affording the largest number of molecular conductors and the majority of the known molecular superconductors. Among them, the -[BEDT-TTF] 2 [CuN(CN) 2 Br] system shows a metalsuperconductor transition temperature of ca. 11.6 K, which represents the highest Tc value for this class of compounds. 57 The first paramagnetic superconductor, [BEDT-TTF] 4 [H 2 OFe III (ox) 3 ]•C 6 H 5 CN 18 (Figure 10) and the first ferromagnetic conductor, [BEDT-TTF] 3 [Mn II Cr III (ox) 3 ] 20 (Figure 11) were successfully obtained by combining, via electrocrystallization, the mononuclear [Fe(ox) 3 ] 3- and the [Mn II Cr III (ox) 3 ] -(2D honeycomb with oxalate bridges) charge-compensating anions with the BEDT-TTF organic donor, as magnetic and conducting carriers, respectively. II Cr III (ox) 3 ]; Right: honey-comb anionic layer.

Reprinted with the permission from Ref. 20 Furthermore, by combining the BETS molecule with the zero-dimensional FeCl 4 -anion, a field-induced superconductivity with -d interaction was observed which may be mediated through S···Cl interactions between the BETS molecule and the anion. 19 The introduction of chirality in these materials represents one of the most recent advances in material science. 58 In 2010, Galán-Mascarós and Coronado et. al., 21 reported the first chiral magnetic conductor, formulated as [(S,S,S,S)-TM-BEDT-TTF] x [MnCr(ox

) 3 ]•CH 2 Cl 2,
showing coexistence of ferromagnetism, metal-like conductivity, and chirality. In this case, the (S,S,S,S)-TM-BEDT-TTF chiral donor layers are responsible for both the electrical conductivity and optical activity and the layered bimetallic oxalate-based anionic network (heterobimetallic [MnCr(ox) 3 ] -layers) is responsible for the magnetic properties (Figure 12). In 2014, Avarvari,Rikken et al.,22 demonstrated a synergy between chirality and conductivity, in the bulk crystalline chiral conductor, (S,S)-or (R,R)-[DM-EDT-TTF] 2 ClO 4 . In this system, two enantiomers show electrical magneto-chiral anisotropy (eMChA) effect with anisotropy factors opposite in sign, but equal in magnitude, field, and current dependencies (Figure 13).

This system represents the most recent and significant advance in this field. PART I

Molecular Conductors Based on Anilates

The ability of the anilate moiety to work as molecular building block for molecular conductors has been recently explored. There are few examples of organic molecular conductors based on TTF and anilate derivatives. Among them following are the chargetransfer salts: (i) α′-(BEDT-TTF) 2 HCNAn, 59 based on cyananilic acid (H 2 CN 2 An) and BEDT-TTF, showing a r.t. conductivity of 0.20-0.83 Scm -1 and activation energy of 0.15 eV; (ii) (TMTTF) 2 HCNAn, 60 based on TM-TTF organic donor, showing a r.t. conductivity of 0.03 Scm -1 and activation energy of 0.05 eV.

The first family of magnetic molecular conductors based on BEDT-TTF and the tris(chloranilato)ferrate(III) anionic complex, were recently obtained by Mercuri and Avarvari et al., 61 obtained by slightly changing the stoichiometric donor/anion ratio and the solvents (Figure 14). Subsequently Gomez et. al., 62 reported on [(BEDT-TTF Reprinted with permission from Ref. 61 The introduction of chirality in these materials was also reported by Avarvari, Mercuri et al., 63 These systems, formulated combining the [Fe III (Cl 2 An) 3 ] 3-anionic complex, K + , forming 2D honeycomb anionic layers with chloranilate bridges and the chiral organic donor, as magnetic and conducting carriers respectively.

Aim of the Work

The aim of this thesis is to explore the versatility of anilate-ligands as molecular building blocks for constructing functional and multifunctional CPs, MOFs showing magnetic and/or conducting and/or luminescent properties and chiral/achiral Molecular Conductors.

Anilate derivatives have been selected as suitable ligands because of their electronic/structural features, coordination modes and redox properties and also for their ability to mediate magnetic exchange interactions between coordinated metal centers and to work as efficient antenna for lanthanides.

This family of ligands comprises several derivatives obtained by introducing various substituents (H, F, Cl, Br, I, NO 2 , OH, CN, Me,..) at the 3 and 6 positions of the 2,5-dihyroxy-1,4-benzoquinone framework, and in this work we mainly focus on the only known asymmetric anilate ligand, ClCNAn 2-because it is a green luminophore and its ability to PART I

PART II Results and Discussion

INTRODUCTION

Molecular materials combining conducting (π-type, delocalized) and magnetic (d-type, localized) electrons have attracted major interest in molecular science since they can exhibit the coexistence of two distinct physical properties, furnished by the two independent networks, or novel and improved properties when they interact. [1][2][3][4][5][6][7][8][9] In this context, heterobimetallic oxalate bridged compounds have been thoroughly used as a magnetic lattice of multifunctional magnetic materials. 10 They are formed by anionic networks [M II M III (ox) 3 ] - with magnetic ions linked through bis-bidentate bridging oxalate ligands. The second property is provided by the charge compensating cation, thus combining the long-range magnetic ordering of the oxalate network with paramagnetism, 8,11 photochromism, 12,13 electrical conductivity, 14,15 proton conductivity, [16][17][18][19] ferroelectricity, 16 chirality, [20][21][22] or single-molecule magnet behavior. 23 In recent years, CPs based on the 3,5-disubstituted-2,6-dihydroxy-1,4benzoquinone (H 2 dhbq, see Chart 1), also called anilate ligand in its dianionic form (H 2 An 2- or X 2 An 2-), have been thoroughly developed. 24,25 They usually present 2D-layered or 3Dextended networks with larger cavities than those obtained in oxalate-based CPs due to the larger size of the bridging ligand. 24,[26][27][28][29][30] More recently, Miyasaka et al. have been able to increase the magnetic ordering temperature in the previously reported ferrimagnet (NBu 4 )[Mn II Cr III (Cl 2 An) 3 ] from 10 to 40 K. 31 Taking advantage of the porosity of the material, they inserted Li + ions into the pores of the 2D network in order to generate a radical Cl 2 An •3-(S = 1/ 2) and produce a new exchange interaction between the radical ligand and the metal centers, thus giving further proof of the potential of the anilate ligand to enhance the magnetic coupling in the extended network. In this context, coexistence of electrical conductivity and magnetic ordering in Fe III anilate based CPs has been reported simultaneously by two research groups in 2015. 32 In both cases, the conducting properties were attributed to the presence of radical anilate bridging ligand species. The role played by the Fe II /Fe III and L 2-/L 3-mixed valency was further discussed by Robson et al. with a more recent result based on an interpenetrated 3D network of formula (NBu 4 )[Fe 2 (F 2 An) 3 ]. 32 Another advantage of the anilate ligand is that it can be substituted on the 3 and 6 positions of the aromatic ring by a large variety of substituents. Recently, the asymmetric ClCNAn 33 ligand has been combined to the redox-active molecule BEDT-TTF to prepare an organic semiconductor with formula [HClCNAn] 2 [BEDTTTF] 34 and to lanthanide ions in a series of CPs of general formula [Ln 2 (ClCNAn) 3 (DMF) 6 ]• (CH 2 Cl 2 )x (Ln III = Yb, x = 0; Ln III = Nd or Er, x = 1) which present NIR emission properties as bulk and nanosheets. 35 In this work, we investigated this nonsymmetric anilate ligand to prepare the mixed-valence CP of formula [TAG][Fe II Fe III (ClCNAn) 3 ]•(solvate) (1), where TAG is the C 3 -symmetric tris(amino)guanidinium cation, never used so far in such CPs. Thorough structural characterization and study of the magnetic and conducting properties of this crystalline material are described.

Since mixed-valence Fe II Fe III oxalate-based CPs were previously reported to present a very poor conductivity, we also investigated the origin and mechanism of the transport properties in mixed-valence Fe II Fe III networks based on oxalate-related bridging ligands, i.e., oxalate, squarate, H 2 An 2-, and ClCNAn 2-.

EXPERIMENTAL SECTION

General Remarks.

Tris(amino)-guanidinium chloride (TAGCl) and KHClCNAn 33 were prepared according to the reported procedures. Reagents of analytical grade were purchased from Zentek (TCI) and used without further purification. The solvents, of HPLC grade, were purchased from Thermofisher Scientific Alfa-Aesar.

Synthesis

[TAG][Fe II Fe III (ClCNAn) 3 ]•(solvate) (1)An aqueous solution (8 mL) of KHClCNAn (64 mg, 0.27 mmol) was placed in the bottom of a test tube, above was carefully layered a solution of TAGCl (42 mg, 0.3 mmol) in a mix of water (2 mL) and THF (2 mL), in the middle, and then a solution of Fe ( 

Measurement details X-ray Crystallography

Data collection was performed at 150 K on an Agilent Supernova diffractometer with Cu α (λ = 1.54184 Å). A single cryst l of 1 w s mounted on gl ss fi er loop using a viscous hydrocarbon oil to coat the crystal and then transferred directly to the cold nitrogen stream for data collection. The structure was solved by direct methods with the SIR97 program and refined against all F2 values with the SHELXL-97 program using the WinGX graphical user interface. All non-hydrogen atoms were refined anisotropically except for the C and N atoms from the cationic entity CN 6 H 9 + , and hydrogen atoms were placed in calculated positions and refined isotropically with a riding model. The program SQUEEZE from PLATON was used to calculate the potential solvent-accessible void volume and the nature of the disordered Chapter 1 solvent molecules. It has indicated a total void space of 885 Å 3 and 293 electrons/cell. This corresponds to 29 molecules of water that have been inserted in the formula of the compound.

A summary of crystallographic data and refinement results are listed in Table 1.1. 

Raman spectroscopy

The Raman spectrum of 1 was carried out at room temperature on single crystals by using a 

Magnetic measurements

Magnetic measurements were carried out on polycrystalline samples with a Quantum Design MPMS-XL-7T SQUID magnetometer (Quantum Design, Inc., San Diego, CA, USA).

Magnetic measurements (dc) were carried out under an applied field of 1000 Oe. Zero-fieldcooled/field-cooled/remanent magnetization (ZFC/FC/RM) were collected under an applied field of 25 Oe. Alternating current susceptibility measurements were carried out with an alternating magnetic field of 3.95 Oe in the 1-1500 Hz frequency range.

Mössbauer spectroscopy

M ssbauer spectra were collected in transmission mode using a conventional constantacceleration spectrometer and a 25 mCi 57Co source in a Rh matrix. The velocity scale was calibrated using α-Fe foil. Isomer shifts, IS, are given relative to this standard at room temperature. The low-temperature spectrum was collected in a bath cryostat with the sample in He exchange gas. The absorber was obtained by gently packing the powdered sample into a perspex holder. The spectra were fitted to Lorentzian lines using a nonlinear least-squares method.

Single-crystal transport measurements

Electrical transport measurements were performed on hexagonal-shaped single crystals. Gold wires (17 μm diameter) were glued with silver paste either on two edges or on both faces of the crystals (for conductivity measurements parallel and perpendicular to the 2D planes, respectively). Two-probe dc measurements were performed applying a constant voltage in the range 0-5 V and measuring the current using a Keithley 6487 Picoammeter/Voltage Source.

Low temperature was provided by a homemade cryostat equipped with a 4 K pulse tube.

Theoretical calculations

Density functional theory (DFT)-based calculations were carried out adopting the hybrid TPSSh functional, 35 which has been shown to give good high-spin-low-spin relative energies for spin-crossover complexes involving iron 35 and the standard double-δ + polarization basis set 6-31G (d). Geometries were optimized forcing a D 3 symmetry and a high-spin configuration using the Gaussian 09 code.

RESULTS AND DISCUSSION

Synthesis

The synthesis of the mixed-valence compound 1 differs from that of the heterobimetallic oxalate and anilate based CPs. In such cases, the tetrabutylammonium salt of (tris-oxalato)metal(III) or (tris-anilato)-metal(III) complex was first prepared and isolated.

The precursor thus obtained was then reacted with the second metal salt by diffusion 

Crystal Structure

Compound 1 crystallizes in the trigonal polar space group P3. The structure is formed by anionic 2D layers of formula [Fe II Fe III (ClCNAn) 3 ] -in the ab plane, alternating with cationic layers of TAG. The anionic layer presents the well-known honeycomb structure, which is similar to other extended oxalate 36,37 and anilate-based 2D networks. 28 The distance between two anionic layers corresponds to the value of the c parameter (9.430(4) Å). The cationic and anionic 2D layers are eclipsed, leading to hexagonal channels along the c axis which are filled only by solvent molecules. When compared to the previously reported anilate-based layered CPs, 24,28,39 here the use of the smaller cation results in a drastic increase of the void space inside the hexagonal channels (885 Å 3 ). This represents 58% of the total volume, thus increasing the porosity of the 2D material (Figure 1.2). sites. We can therefore consider that in this description the Fe II and Fe III ions are spatially distributed and disordered over the two sites. As mentioned in the Experimental Section, very weak superstructure reflections were detected on the diffraction pattern, which indicates that the exact structural ordering may be more complex than this description in the P3 space group. However, the quality of the X-ray diffraction data, and especially the weakness of the superstructure reflections, does not allow going further. The current description leads to two

Fe II and two Fe III different local environments in the cryst l, which is consistent with the results from ss uer spectroscopy (vide infra).

Raman Spectroscopy

Raman spectra are valuable probes to investigate the oxidation state of coordinated benzoquinone derivatives. 26 Therefore, in order to confirm the oxidation state of the bridging ligand a Raman study at room temperature was performed and a comparison between the Raman spectra of 1 and the free KHClCNAn ligand is reported in Figure 1.4. The strong and broad band centered at ca. 1574 cm -1 can be assigned to a ν(C=C) + ν(C꞊O) combination band, and the significant observed downshift from 1627 cm -1 for the free ligand can be attributed to a weakened double-bond character of these terminal groups because of the coordination with the metal ion; the weak band centered at ca. 1675 cm -1 present in the free ligand spectrum can be assigned to the ν(C꞊O) vibration mode for the uncoordinated C꞊O groups of the free ligand and in fact is not observed in 1. The two bands observed in the 

Magnetic Properties

The magnetic properties were measured on a polycrystalline sample of 1. The product of the molar magnetic susceptibility times the temperature (χ m T) presents a value of 9.7 emu•K•mol -1 at 300 K, which corresponds to the expected spin-only value (7.38 emu•K• mol -1 ) with a g = 2.2 (Figure 1.5). When the temperature is lowered, χ m T slightly decreases, suggesting weak antiferromagnetic interactions between paramagnetic centers through the anilate bridges. Below 50 K, χ m T increases until reaching a value of ∼27 emu•K•mol -1 at 7 K, followed by a sharp decrease at lower temperatures. This suggests a magnetic ordering, which was confirmed by zero-field-cooled/field-cooled (ZFC/ FC) and remnant magnetization measurements under a very low magnetic field (Figure 1.6). The ZFC and FC plots diverge below 3.5 K, indicating the appearance of an irreversibility or memory effect. The remnant magnetization becomes non negligible at the same temperature, confirming the existence of spontaneous magnetization below this temperature. The magnetic ordering was also confirmed by susceptibility measurements under alternating magnetic field (ac susceptibility, Figure 1.7a). This shows the appearance of an out-of phase signal and an ordering temperature Tc slightly dependent on the frequency, which can be observed for both super paramagnets and spin glasses. 41 The fitting of this frequency dependent behavior to a simple Arrhenius model (Figure 1.7b) yields parameters paramagnets (or single-molecule magnets, with values of η 0 between 10 -8 and 10 -10 s). 42,43 This η 0 value falls within the range reported for magnetic spin-glass systems (10 -12 -10 -14 s) 43,44 and is then consistent with a glassy magnet behavior as observed in many 2D magnetic materials. [45][46][47] Moreover, the Mydosh parameter θ, calculated from the ac data, has a value of 0.08, in good agreement with the expected values for a noncanonical spin glass. 32,48 Isothermal magnetization measurements at low temperatures show a fast increase of the magnetization at low fields that becomes more gradual at higher fields (Figure 1.8). The sharp increase at low fields (H<1000 Oe) also supports the appearance of spontaneous magnetization due to strong interactions between metal centers. The magnetization saturates at higher fields reaching ∼5 μB, far from the expected 9 μB for parallel alignment of spin carriers. This confirms the ferrimagnetic nature of the spontaneous magnetization that stabilizes a ground state with an intermediate spin, characteristic of a glassy ferrimagnet as suggested by the initial decrease in the χ m T at high temperatures. An additional proof of the magnetic ordering is the presence of a hysteresis loop at 2 K with a coercive field of 60 Oe. 

Mössbauer spectroscopy

M ssbauer spectroscopy has been used to confirm the oxidation state of the Fe metal centers (Figure 1.9). At 10 K three broad absorption peaks are observed. They may be interpreted by two quadrupole doublets. However, due to the large width of the absorption peaks a significantly better fit is obtained with four quadrupole doublets. The estimated isomer shift, IS, and quadrupole splitting, QS, are consistent with the presence of high-spin

Fe III and high-spin Fe II in octahedral coordination by anionic oxygen atoms. 49 The estimated relative areas indicate that approximately one-half of the Fe cations are in the +3 state and the other half in the +2 state. The two doublets observed for each oxidation state are consistent with the occupation of Fe(1) and Fe(2) crystallographic sites by both Fe II and Fe III . The roomtemperature spectrum shows only one asymmetric doublet with IS and QS consistent with an average oxidation state of +2.5. 50 The temperature dependence of the M ssbauer spectra of the anilate CP is similar to the behavior observed for other mixed-valence iron compounds, namely, molecular complexes. 51,52 The intermediate isomer shift at room temperature corresponds to a charge-delocalized state on the M ssbauer spectroscopy time scale of ∼10 -7 s, i.e., a chargetransfer frequency ≥ 10 8 s -1 . As the temperatures decreases, the frequency of charge delocalization gradually decreases, and at 10 K the Fe II and Fe III states are localized when compared to the M ssbauer effect time window (i.e., the lifetime of the Fe II and Fe III states becomes longer than 10 -7 s). The parallel roomtemperature conductivity value ζ ∥ is about 2 × 10 -3 S/cm, almost 3 orders of magnitude higher than the perpendicular room-temperature conductivity ζ ⊥ (7 × 10 -6 S/cm). 

Relationship between the electrical conductivity and the nature of the bridging ligand

The fairly good conductivity of compound 1 as well as of the few recently reported anilato-based Fe II Fe III CPs 27,53 is in sharp contrast with the low conductivity found for the oxalate-based ones. 53 To gain insight into the origin of the good conductivity in our anilatebased CP and to point out the crucial role of the bridging ligand, we have undertaken a theoretical study on the electron transfer in 2D Fe II with the surroundings. In other words, before the electron transfer can actually take place a

Fe III species with the Fe II geometry (and viceversa) must be created. This rearrangement is however energetically unfavorable, so that the electron transfer will only occur when as a result of some vibrational process the two Fe centers reach equal coordination geometries (Figure 1.11a). Thus, to understand the differences in thermally activated conductivity one must focus on the evaluation of the energetic cost of such -equalization‖ of the two sites.

A simple yet usually very insightful analysis relies on the assumption that the structural distortion around each center may be described by a simple harmonic oscillator 2 , where k i is the force constant, d i the Fe-L distance, and d 0 its equilibrium value. Within this approximation the energy of the whole system is 2 , where for the sake of simplicity the 1/2 factors have been included in the force constants. Here let us assume that complex A is in the Fe III state and complex B in the 2 . In other words, the minimal energy required to make the coordination environments on both Fe centers equal, that is, the height of the barrier for thermally activated electron transfer, depends basically on the difference squared between the radii of the Fe III and Fe II coordination environments in their equilibrium geometries. 

E i = 1/2 k i (d i -d 0 )
E tot = k III (d A - d III ) 2 + k II (d B -d II )
E M = (k II k III /(k II + k III ))(d II -d III )

Chapter 1

The model can be more simply depicted by using a cut through the two surfaces in which we plot the energy along the dotted path joining the two minima through the M point, which is taken as the origin (Figure 1.12). This gives two parabolas corresponding to the energy of the whole system with either an Fe II Fe III or an Fe III Fe II configuration and crossing at the M point. Note that when the two complexes are not totally isolated from their surroundings, the energy necessary to distort the complexes has an additional contribution from the environment. This is particularly important in the case of 2D lattices where the distortion of one site contributes to the distortion of all its neighboring sites. This contribution is usu lly included considering generic p r meter λ, which is the vertic l ioni tion energy from one minimum to the other curve or in other words the energy necessary to transfer the electron from A to B without considering a previous structural equalization of both centers.

The barrier for thermal electron transfer in the absence of interaction (i.e., the energy difference between the minima and the crossing point of the two curves) is then simply λ/4. In the real case there is always some degree of electronic interaction between the two sites and a gap, 2V AB , is opened at point M, and the barrier for thermal electron transfer is consequently lowered to λ/4 -V AB . Unfortunately, there is no simple way to evaluate V AB without having recourse to long and costly computations, but since we are here interested only in looking for trends when the ridging lig nd is ch nged, it seems s fe to consider th t λ/4 will e the leading term in the energy barrier, so that we can make our comparisons neglecting the effects of the nature of the ligands on V AB .

It is now easy to relate the main parameters (mainly structural) of this simple model to the transport measurements. The diagram in Figure 1.12 is completely general and applicable to any electron transfer process. In an extended system, when the dimensions of the zone where the necessary atomic rearrangement controlling the electron transfer occurs are of the order of the coordination sphere of a single site as in the present case, one talks about a system with small polarons. 53 The polaron energy, W P , is the energy gained when the system relaxes after addition of one electron. In this small-polaron scenario the conductivity is dominated by thermally activated electron hopping with the mo ility given y the equ tion μ = μ 0 e -W H /k , where W H is the electron hopping barrier, i.e., the energy cost to reach the geometry under which the electron transfer is possible. As far as it is assumed that the variation of energy is a quadratic function of the structural parameters, the energy cost per site to re ch the "equ li tion" geometry is 1/4 W P , and taking into account that there are two sites involved in the transfer, it follows that W H = 1/2 W P . Since according to the Franck-Condon

PART II

principle the energy to optically excite one electron from one to the other site (i.e., λ in Figure 1.12) is twice the polaron energy it follows that W H = 1/2 W P = λ/4. high-spin-low-spin relative energies for spin-crossover complexes involving iron. 54 The According to the data in Figure 1.12b, W H = 0.214, 0.057, 0.044, and 0.037 eV for oxalate, squarate, dhbq 2-, and ClCNAn 2-, respectively. Despite the simplicity of the approach, these numbers are very reasonable when compared with W H estimations based on experimental data for Fe II Fe III solids like magnetite (∼0.15 eV) and partially substituted ferrites (∼0.11 eV) which are in between those calculated for oxalate and the other three ligands. Thus, we believe that the simple approach captures the essence of the electron transfer process, although the activation energies are smaller than the experimental ones. This is not unexpected since the Fe sites are immersed in a quite rigid 2D network, which must le d to notice le incre se in the p r meter λ nd hence in the rrier estim ted here y λ/4.

Therefore, W

H = E M =F(d II -d III )
geometries
According to the values in Figure 12b electrons should be much less mobile in oxalate networks than in anilate ones, which is in good agreement with experimental observations. 27,55 What is the reason for this finding? The F values for the oxalate ligands are in between those for both the dhbq 2-and the ClCNAn than those for the dhbq 2-and ClCNAn 2-ligands. Thus, the determining factor for the lower conductivity of the oxalate systems lies in the difficulty to cope with the extra electron of the high-spin Fe II situation. The occurrence of extensive delocalization through the benzene ring of dhbq 2-and ClCNAn 2-acts as a buffer for the electronic rearrangement needed by the presence of the extra electron. Note that when the ligands are more similar, the F factor depending on the force constants may become the key factor. According to Figure 1.12b this is, for instance, the case when comparing the dhbq 2-and ClCNAn 2-ligands. The squarate ligand is also associated with a small W H value, not much different from those of the dhbq 2- and ClCNAn 2-lig nds. However, the (Δd) 2 term is intermediate between those of the oxalate and dhbq 2-and ClCNAn 2-pair of ligands. Clearly, in that case the F term plays an important role. Both the geometrical constraints imposed by the four-member ring as well as the delocalization in the central part of the ligand influence the electron transfer tendency.

We thus conclude that the present approach provides a simple, yet insightful, model to rationalize the transport results for these Fe II Fe III mixed-valence CPs and that the polymers based on the dhbq 2-and ClCNAn 2-ligands rank among the most effective ones in promoting the electron delocalization through a small-polaron hopping mechanism.

CONCLUSIONS

The mixed-valence Fe Single-crystal electron transport measurements in the 2D plane and perpendicular on it show semiconducting behavior of the material with a rather high RT value of 2 × 10 -3 S/cm for the in-plane conductivity, much higher than the one reported in the oxalate-based 2D Fe II Fe III CPs. In order to shed light on this difference and on the electron transport mechanism on these fast developing multifunctional families of 2D CPs, the small-polaron hopping approach to the electron transfer process has been applied to a series of mixed-valence Fe II Moreover, the mechanism of electron transport in the mixed-valence Fe II Fe III CPs with bridging oxalate-type ligands h s een disclosed, pointing out the higher "el sticity" of the anilate network compared to the oxalate one.

ABSTRACT

The 

INTRODUCTION

Interest in anilate derivatives, has recently been revived because of their ability to construct 2D layered architectures with peculiar physical properties, from organic ferroelectrics, [1][2][3] purely organic molecular conductors, [4][5][6][7] layered magnets [8][9][10][11][12] (including spincrossover systems) to magnetic conductors. [13][14][15] Conducting/magnetic Fe II /Fe III mixed-valence MOFs 10,16 and rare examples of conducting 2D iron-quinoid MOFs, 17,18 magnetically ordered up to Tc=105 K, 19 have been recently obtained by Harris et al.. Furthermore these magnetic hybrid CPs, being formed by a 2D anionic network and cations inserted within or between the layers, with interlayer weak van der Waals interactions, can behave as graphene related magnetic materials and the first attempts to successfully exfoliate spin-crossover systems 11,12 and MOFs into individual nanosheets have been reported very recently by Coronado et al. 11 and Gomez et al., 10 respectively. It should be emphasized that 2D nanomaterials showing sheet-like structures are an emerging class of materials that exhibit unprecedented physical, chemical and optical properties due to their unique 2D structural features and promising applications 20 and the search for materials that can be exfoliated to the monolayer scale represents a hot topic in materials chemistry.

Anilates are scarcely investigated for the construction of lanthanide-based materials with respect to the plethora of ligands used in the classical lanthanide coordination 21 and supramolecular chemistry, 22 in CPs and hybrid materials 23 with strategic applications as OLEDs, 24 biomedical analysis, medical diagnosis and cell imaging. 25 Ligands, in fact, play a crucial role in determining the physical properties of lanthanide complexes since they either can work as antennas for efficient sensitization of the lanthanide-ion luminescence or their electronic properties can influence the magnetic properties of the related highly anisotropic lanthanides-based materials. 26 Since the report of Abrahams et al. 27,28 37 and biological imaging. 25,38 In this 

EXPERIMENTAL SECTION

General Remarks

KHClCNAn was synthesized as reported in the literature. 35 Reagents of analytical grade were 

Measurement Details

X-ray Crystallography

Single crystals of the compounds were mounted on glass fiber loops using a viscous hydrocarbon oil to coat the crystal and then transferred directly to the cold nitrogen stream for data collection. Data collection was performed at 150 K on an Agilent Supernova with CuKα (λ = 1.54184 Å). The structures were solved by direct methods with the SIR97 program and refined against all F 2 values with the SHELXL-97 program using the WinGX graphical user interface. All non-hydrogen atoms were refined anisotropically except as noted, and hydrogen atoms were placed in calculated positions and refined isotropically with a riding model. A summary of crystallographic data and refinement results are listed in Table 2.1. 

R1(F) = ΣǁF 0 |-|F C ǁ/Σ|F 0 |; b wR2(F 2 ) = [Σw(F 0 2 -F C 2 ) 2 /ΣwF 0 4 ] 1/2 ; c S(F 2 ) = [Σw(F 0 2 -F C 2 ) 2 /(n+r-p)] 1/2 .

Morphological characterization

Nanosheets morphology was investigated by AFM (NT-MDT Smena instrument) operated in noncontact mode using sharp Si tips (NT-MDT ETALON HA_NC). Topography (height) images were analyzed using free software (WSxM 5.0). 42 , the chloro and cyano substituents are equally distributed over the same position.

RESULTS AND DISCUSSION

Synthesis

The Yb III ion is nine-coordinated in a slightly distorted monocapped square antiprismatic geometry, completed by six oxygen atoms from three ClCNAn The two different 2D networks we observed can be explained in terms of different sizes of the lanthanide ion as previously highlighted by Gomez et al.. 36 In fact even small changes in the size of Ln III ion play a key role in determining the shape and size of the cavities in compounds' structures. Indeed, despite the fact that the coordination number of the lanthanide ions are the same in the three structures, in compound 1 the Yb III ion (the smallest one in this series) shows a different coordination geometry, which results in a stronger distortion of the cavities in the 2D layers (rectangular cavities) whereas in compounds 2 and 3 the Er III and Nd III adopt the same coordination geometry leading the usual regular honeycomb (6,3) topology structure, with hexagonal cavities.

Because in all compounds the coordinated DMF molecules are overlapped/interpenetrated with the neighbor layers, the overlapping distance has to be considered in order to determine the number of layers from the thickness of the exfoliated sheets. The height of a monolayer (h 0 ) and the inter-layer distance (d) can be easily calculated from the crystal structure (Figure 2.5). The number of layers ( ) of a 2D crystal slab of thickness h can thus be calculated as:

( ) ⁄
A summary of these parameters is reported in was effective in providing exfoliation of 1-3 layered compounds down to the monolayer limit. TEM images confirm the presence of overlapped sheets for both samples (Figure 2.9a-c).

The contrast of the TEM images indicates that the layers are very thin. High resolution images for exfoliated compound 1 are reported in Figure 2.9d-f. For compound 1 we were able to observe well defined lattice fringes with interplanar average distances of 2.9 Å and 2.6 Å, which can be ascribed to the (-135) and (-3-15) planes of crystal 1 respectively (Figure 2.10).

It is worth noting that due to possible sample degradation under electron beam irradiation, lattice fringes have so far been observed only in a few stable MOFs. 44,45 

Photophysical Studies

Crystals of KHClCNAn and of Ln III compounds 1-3 were investigated by absorption and photoluminescence spectroscopy. Cw absorptance spectra are depicted in Figure 2.11a. The absorption onset of the ligand is clearly visible at ~600 nm in KHClCNAn (4) and at ~650 nm in the Ln III compounds. For longer wavelengths, Ln III absorption transitions dominate the spectra.

PL spectroscopy was conducted with near-UV impulse excitation in the near UV above the ligand absorption onset; pulsed excitation enabled acquisition of excited-state lifetimes and emission spectra simultaneously. Given the maximum irradiation energy density of ~300 J/cm 2 per pulse used in PL experiments, and assuming that at the pump wavelength, the ligand absorption cross-section yields a molar decadic absorption coefficient no larger than 10 3 cm -1 mol -1 dm 3 in solution, 35 an upper bound of ~2×10 -3 excited states per ligand per pulse is estimated for the photoexcitation level reached in all compounds, meaning that both the excited-state dynamics and emission spectra were investigated in a regime of linear response.

Time-integrated PL spectra of all compounds are reported in Figure 2.11b. Ligand-centered emission (dots), which was identified based on the KHClCNAn emission band peaked at 650 nm, exhibits a ~50 nm red-shift with respect to the absorption onset in both KHClCNAn and lanthanide compounds. Ln III emission lines peaked at ~980 nm in 1, at ~900, ~1070 and ~1350 nm in 2, and at ~1550 nm in 3 proving that the ligands act as optical antennas towards the lanthanide ions. The Vis-NIR emission spectrum of 1 under UV photoexcitation shows strong similarities with the one reported very recently for a ClCNAn 2--based Yb III compounds. 46 As shown in Figure 2.11c, the PL emission of KHClCNAn is short-lived, decaying monoexponentially with a characteristic time of 200 (10) ps. Because to its short lifetime, the emission is ascribed to singlet radiative recombination, contrary to previous triplet assignment. 36 In the lanthanide compounds, the ligand-centered PL is strongly quenched; its emission lifetime decreases to ~40 ps in 3 and to ~30 ps in 1, while in 2 the ligand recombination dynamics is completely limited by resolution. PL lifetime shortening is attributed to enhanced intersystem (singlet-to-triplet) crossing due to the presence of the Ln III ions, based on the well-known heavy-atom effect, 47 already reported in quinolinolate-based complexes of the same NIR-emissive lanthanides. 48 In lanthanide coordination compounds with organic ligands, enhancement of intersystem crossing can result in efficient sensitization of the Ln III luminescence through energy transfer from the ligand triplet states to the Ln III ions. 21,48 The quantum efficiency of intersystem crossing can be evaluated as Ln III emission decay occurs in the time scale of a few s in all Ln III compounds (Figure III 49 and Yb III 46,50 to a few ms for Er III . [51][52][53] The observed lifetimes were traced back to vibrational deactivation of the Ln III excited states 21,50,[54][55][56] In dropcast nanosheets, absorption artifacts related to light diffusion were eliminated by inferring absorptance from total transmittance and reflectance measurements (Figure 2.13a).

PART II

The ligand-centered PL band peaked at ~460 nm is still present, and the red emission band centered at ~680-720 nm is clearly recovered (Figure 2.13b). The initial decay of the ligandcentered emission is nearly resolution-limited across the whole 400-800 nm spectral range both for 1-NS and 3-NS, whereas the red PL band of 2-NS decays monoexponentially with practically the same characteristic time as for KHClCNAn (Figure 2 

CONCLUSIONS

A fundamental study of the synthesis, X-ray structure and photophysical properties of 

INTRODUCTION

MOFs and CPs, have been an attractive field of current investigation due to their promising applications 1,2 in wide areas of gas adsorption 1 and storage, 3 luminescence, 4 chemical separation, catalysis, 5 and biomedicine. 6 Their crystalline frameworks holding intriguing structures depend mainly on the linkers/ligands used. Among the different organic linkers for the construction of MOFs, carboxylates, especially dicarboxylates, are the most popular ones, due to their versatile coordination modes depending on the metal ions. For example, BDC have been used for synthesis of some of the most frequently studied MOFs, like MOF-5, 7 MIL-53, [START_REF] Clemente-León | Multifunctional magnetic materials obtained by insertion of a spin-crossover Fe III complex into bimetallic oxalate-based ferromagnets[END_REF] MIL-100, 10,11 etc. and for luminescent MOFs 12,13 and DOBDC has been used as a ligand for the synthesis of the M Ln III ions 13 . Lanthanide MOFs/CPs, 4,13 hereafter Ln-MOFs, are of great interest for their practical applications as OLEDs, 16 biomedical analysis, sensors and cell imaging. 17 However, it is known that Ln III centers cannot efficiently absorb light due to forbidden 4f-4f transitions.

A strategy for the sensitization of Ln-MOFs is to incorporate chromophores as ligands, acting as antennas for absorption and then energy transfer to the Ln III centers (antenna effect). 13,18 Numerous studies report on the use of π-conjugated organic molecules as efficient antenna ligands, in the synthesis of photo luminescent materials. 13,19,20 Recently, fluorinated linkers has attracted increasing attention, as these compounds are supposed to show enhanced adsorption properties [21][22][23][24] as well as improved luminescence 25 The ability of anilate derivatives to construct 2D layered architectures with lanthanides [28][29][30][31][32] and the light-harvesting capability of the ClCNAn 2-ligand towards these NIR emissive (Er III , Yb III and Nd III ) CPs, 33 [Ln 2 (ClCNAn) 3 (DMF) 6 ]•(DCM) x } n (Ln III = Yb (x = 0), Nd, and Er (x = 2)) are already been discussed in Chapter 2. Therefore in order to enlarge the family of anilate-based lanthanide MOFs/CPs the use of an ancillary ligand along with the anilate linker would be advisable in order to achieve more robust supramolecular frameworks and/or improved luminescent properties.

Here we report a series of heteroleptic 2D layered CPs formulated as The role of the mixed ligands on the Ln-MOFs/CPs supramolecular architectures will be investigated and a preliminary study of their photophysical properties will be reported. 

EXPERIMENTAL SECTION

Materials and Methods

KHClCNAn was synthesized as reported in the literature. 34 Reagents of analytical grade were purchased from Zentek (TCI) and used without further purification. The solvents, of HPLC grade, were purchased from Thermofisher Scientific Alfa-Aesar. 

Synthesis

Measurement Details

X-ray Crystallography.

Single crystals of the compounds were mounted on glass fiber loops using a viscous hydrocarbon oil to coat the crystal and then transferred directly to the cold nitrogen stream for data collection. Data collection was performed at 150 K on an Agilent Supernova with CuKα (λ = 1.54184 Å). The structures were solved by direct methods with the SIR97 program and refined against all F2 values with the SHELXL-97 program using the WinGX graphical user interface. All non-hydrogen atoms were refined anisotropically except as noted, and hydrogen atoms were placed in calculated positions and refined isotropically with a riding model. A summary of crystallographic data and refinement results are listed in Table 3.1. 

R1(F) = ΣǁF 0 |-|F C ǁ/Σ|F 0 |; b wR2(F 2 ) = [Σw(F 0 2 -F C 2 ) 2 /ΣwF 0 4 ] 1/2 ; c S(F 2 ) = [Σw(F 0 2 -F C 2 ) 2 /(n+r-p)] 1/2 .

Photophysical characterization.

Continuous-wave (Cw) diffuse reflectance (Rd) of ground crystals were measured using a dual-beam spectrophotometer equipped with an integrating sphere accessory (Agilent Cary Even though the ratio Ln III salt/ClCNAn 2-/carboxylate ligand in the reaction is 2:1:1, the formula ratios are 2:2.5:0.5 for 1-2 and 2:2:1 for 3-4 respectively, indicating that the anilate ligand has a stronger affinity towards Ln III than the carboxylate ligand.

RESULTS AND DISCUSSION

Synthesis

Despite the fact that the coordination modes of DOBDC 2-and F 4 BDC 2-are the same, the shape of the 2D layers is different. In the case of DOBDC 

Photophysical Studies

Crystals of compounds 1-4 were investigated by absorption and photoluminescence spectroscopy. Cw absorptance spectra are depicted in Figure 3.8a. The absorption onset of the ligand in the Ln III compounds 1-4 is clearly visible at ∼650 nm, showing a red shift from free ligand KHClCNAn ∼600 nm. 33 It is difficult to differentiate the contribution from individual ligands as a broad peak is observed. For longer wavelengths, Ln III absorption transitions dominate the spectra.

Ligand-centered emission in UV-visible spectra of compounds 1-4 is shown in 

CONCLUSIONS

A Preliminary photophysical studies show that these ligands act as efficient antennas towards

Ln III ions, with Ln III emissions decay monoexponentially with characteristic times of 11. 

INTRODUCTION

Lanthanide-based CPs and MOFs attract considerable attention in material science because of their fascinating supramolecular architectures and richness in their optical 1 (Visible-NIR region, Eu III and Tb III and Nd III , Er III and Yb III respectively) and magnetic properties (Ho III , Tb III and Dy III ) with applications in telecommunications, bioimaging and information storage. [2][3][4] The large anisotropic magnetic moment shown by the latter makes them appealing for the preparation of magnetic materials. 3,[5][6][7] Recently, interest in anilate derivatives, [8][9][10] has been extensively renovated because of their ability to construct 2D layered architectures with peculiar physical properties, ranging from organic ferroelectrics, [11][12][13] layered magnets 10,[14][15][16][17][18] (including spin-crossover systems) magnetic conductors 19,20 to multifunctional MOFs. 21,22 Anilates are also used for the construction of lanthanide-based materials, since the first report of Abrahams et al. 23,24 25 Recently, Gomez et.al., 16,26 highlighted the key role of the antiferromagnetism. 26,30 We report herein the synthesis and structural characterization of the series of 

(1-x)(H 2 An) 3 ]• 24H 2 O} n (Ln 2 = Gd or Ce).

EXPERIMENTAL SECTION

General Remarks

KHClCNAn was synthesized as reported in the literature. 9 Reagents of analytical grade were purchased from Zentek (TCI) and used without further purification. The solvents, of HPLC grade, were purchased from Thermofisher Scientific Alfa-Aesar. (80°C) for 24h. The reactor was cooled to room temperature and the dark red crystals suitable for X-ray analysis were obtained.

Synthesis

Measurement details X-ray Crystallography

Single crystals of the compound 1-3 were mounted on glass fiber loops using a viscous hydrocarbon oil to coat the crystal and then transferred directly to the cold nitrogen stream for data collection. X-ray diffraction data of 1-1' were collected with a Bruker APEX-II diffractometer (Mo-Kα, 0.71073) with a APEX II CCD detector. Data collection of 2-3 was performed at 150 K on an Agilent Supernova with CuKα (λ = 1.54184 Å). The structures were solved by direct methods with the SIR97 program and refined against all F 2 values with the SHELXL-97 program using the WinGX graphical user interface. All non-hydrogen atoms were refined anisotropically except as noted, and hydrogen atoms were placed in calculated positions and refined isotropically with a riding model. 

a R1(F) = ΣǁF 0 |-|F C ǁ/Σ|F 0 |; b wR2(F 2 ) = [Σw(F 0 2 -F C 2 ) 2 /ΣwF 0 4 ] 1/2 ; c S(F 2 ) = [Σw(F 0 2 -F C 2 ) 2 /(n+r-p)] 1/2 .

Magnetic Studies

Magnetic measurements were performed on a crystalline powder by using a Quantum Design MPMS-XL magnetometer. The magnetic susceptibility data were recorded in the temperature range of 2-300 K in an external field of 1000 Oe. The diamagnetic corrections were calculated by using Pascal's constants. 31 The dynamic magnetic susceptibility data were obtained in the frequency range of 0.1-1000 Hz in an oscillating field of 3 Oe.

RESULTS AND DISCUSSION

Synthesis

The ClCNAn The obtained solid was recrystallized in DMSO to get crystals suitable for X-Ray studies.

Although carboxylate ligands were used in the synthesis along with ClCNAn forming honeycomb arrangement with regular hexagonal cavity, and 1', with more distorted hexagonal cavity, ultimately give rise to rectangular cavity), while keeping the same (6,3) topology. This change can be attributed to the larger steric effect produced by DMSO compared to that produced by DMF as already been highlighted by Gomez et.al. 26 Compound 3 crystallizes in the triclinic P1 space group. The asymmetric unit contains The water molecule occupies one of the capped position of the tri-capped trigonal prism and the anilato ligands connect one position of the upper square with one of the bottom one (Figure 4.3e). This special disposition of the anilato ligands around the Dy III ions generates the (4,4)-2D square lattice observed in compound 3. This similar kind of arrangement is also seen in the compound 16 where Dy III possess regular monocapped square antiprismatic geometry giving rise to more regular square cavity. A summary of all compounds with their topology and cavity shape is reported in Table 4.2. 

[H 3 O][Dy(ClCNAn) 2 (H 2 O)]•4H 2 O reported by Gomez et. al.,

Magnetic Studies

The three compounds 1, 2 and 3 show a similar magnetic behaviour. The room temperature  m T products for 1-3 (28.8, 27.1 and 25.9 cm 3 •K•mol -1 ) are consistent with the expected value for magnetically diluted Dy cations, with small differences between them indicating slightly different single ion anisotropy. As temperature decreases,  m T decreases very fast, suggesting strong single ion anisotropy, although a contribution from magnetic superexchange between spin carriers promoted by the bridging ligands cannot be discarded at this point. Accordingly, the magnetization data at 2 K does not reach saturation even at 7 T, re ching ≈ 11  B , away from the theoretical maximum saturation values. We studied ac magnetic measurements to determine the appearance of SMM behaviour (Figure 4.5). At first sight, no out-of-phase susceptibility signal was found for any of them.

However, a detailed analysis of the data shows slightly differences for these materials, since in the case of 2 and 3, a weak but measurable '' m appears at very high frequencies. This suggests SMM behaviour is probably masked by fast quantum tunnelling of the magnetization (QTM). We carried out ac magnetic measurements in the presence of an external magnetic field, an easy experiment to suppress QTM. The magnetic studies of 1' are under investigation.

CONCLUSIONS

A series of 2D layered CPs, based on the ClCNAn Under an applied dc magnetic field, to remove tunneling, there observed an appearance of a frequency dependent out-of-phase susceptibility, which suggests SMM behavior. However, the blocking temperature is too low, and could not detect its maximum in χ'' above 2 K.

Porosity measurements (Nitrogen Adsorption Measurements) of these compounds are in progress.

INTRODUCTION

During the last 40 years molecular conductors have remarkably attracted the interest of material scientists since the pioneering work of Ferraris et al., 1 where the TTF organic donor was combined with the TCNQ organic acceptor, yielding the charge transfer complex (TTF)(TCNQ). The new compound showed unique conducting properties comparable to those of a classical metal, 1 which have never been observed before in a purely organic material.

Nevertheless, compounds containing radical species, e.g. TTF •+ Cl -salt 2 or TCNQ-based systems with different metal cations, 3 were previously reported. With the aim of increasing the intermolecular interactions between the units that are responsible for the conducting properties, several TTF-based derivatives have been subsequently explored. In particular, the BEDT-TTF (Chart 2) has been shown to be the most successful donor, affording the largest number of 2D conducting materials, [4][5][6] ranging from Mott insulators and conductors to the majority of the known molecular superconductors. Most of these materials are formed of partially charged BEDT-TTF molecules and different types of closed-shell or magnetic inorganic anions, 4 while several examples of salts with organic ions such as polycyanocarbons, 7 fluoroalkyl sulfonates, 8 polynitrophenolates, 9 squarate and rhodizonate, 10 and haloanilates [11][12][13] have been described as well. Anilic acids (I; X = Cl, Br, I, NO 2 , CN, etc.) are of special interest in the context of the band-filling control of organic conductors, since they give rise to anionic species with modulable charges such as monoanionic (II) and dianionic (III) forms, following a mono-or bis-deprotonation process of the two hydroxyl groups. The form III prevails in aqueous media due to the strong resonance stabilization of the negative charge (Scheme 5.1).

Scheme 5.1. Protonation Equilibria for a Generic Anilic Acid

Moreover, the interest in anilic acids has been recently renewed, since they have been used as molecular building blocks for obtaining different types of functional materials such as organic ferroelectrics or as components in their dianionic forms III of multifunctional molecular materials showing peculiar physical properties. 12,[14][15][16][17][18][19][20][21] In fact anilates are very attractive Chapter 5

building blocks because of (i) their interesting redox properties, 22 (ii) their ability to mediate magnetic superexchange interactions when the ligand coordinates two metal ions in the 1,2bis-bidentate coordination mode, 14 and (iii) the possibility of modulating the strength of this magnetic superexchange interaction by varying the substituents (X) on the 3,6-positions of the anilato ring. 23 Moreover, the presence of different substituents in the anilato moiety gives rise to intermolecular interactions such as H bonding, halogen bonding, π-π stacking, and dipolar interactions, which may influence the physical properties of the resulting material. In this context cyananilic acid, bearing two CN groups, H-bonding acceptor sites, has afforded 2:1 salts in which it is present in the monoanionic form II, a 1D antiferromagnetic CT salt with the TM-TTF organic donor and a Mott insulator with BEDT-TTF, respectively. 12,13,24,25 As a progression of these studies, we focus our scientific efforts on fully organic TTF salts based on hetero-and homosubstituted anilate derivatives in order to investigate the influence of the different substituents on the physical properties of the resulting radical cation salts.

We report herein the synthesis by electrocrystallization, thorough structural analysis, Raman studies, and physical properties of radical cation salts based on BEDT-TTF and the heterosubstituted X = Cl/CN anilate (1) and the homosubstituted X = Cl anilate (2). Band structure calculations of compound 1 will be also discussed in order to correlate the structure with the conducting properties.

EXPERIMENTAL SECTION

General Remarks

KHClCNAn was synthesized according to the literature procedure. 32 BEDT-TTF was prepared following the Larsen procedure. 33 H 2 Cl 2 An was purchased from Zentek (TCI) and used without further purification. Crystals were grown by the electrocrystallization technique.

Solvents used for electrocrystallization experiments (HPLC grade) were dried under basic alumina and degassed with argon prior to use.

Synthesis

[BEDT-TTF] 2 [HClCNAn] (1): KHClCNAn (9.19mg) was dissolved in 8 mL of CH 2 Cl 2 and placed in the cathode chamber of an H-shaped electrocrystallization cell. BEDT-TTF (5 mg) was dissolved in 8 mL of CH 2 Cl 2 and placed in the anode chamber of the cell. A current density of 0.5 μA cm -2 was applied. Black prismatic single crystals of 1 were grown at 20 °C on the anode surface of a platinum-wire electrode over a period of 2 weeks.

[BEDT-TTF][HCl 2 An] (2): H 2 Cl 2 An (8.08mg) was dissolved in 8 mL of CH 2 Cl 2 and placed in the cathode chamber of an H-shaped electrocrystallization cell. BEDT-TTF (5 mg) was dissolved in 8 mL of CH 2 Cl 2 and placed in the anode chamber of the cell. A current density of 0.3 μA cm -2 was applied. Black prismatic single crystals of 2 were grown at 20 °C on the anode surface of a platinum-wire electrode over a period of 2 weeks.

Measurement details X-ray Crystallography

Single crystals of the compounds were mounted on glass fiber loops using a viscous hydrocarbon oil to coat the crystal. Data collection was performed at 293 K on an Agilent Supernova instrument with Cu Kα radiation (λ = 1.54184 Å). The structures were solved by direct methods with the SIR97 program and refined against all F 2 values with the SHELXL-97 program using the WinGX graphical user interface. All non-hydrogen atoms were refined anisotropically except as noted, and hydrogen atoms were placed in calculated positions and refined isotropically with a riding model. A summary of crystallographic data and refinement results is given in Table 5.1. 

R1(F) = ΣǁF 0 |-|F C ǁ/Σ|F 0 |; b wR2(F 2 ) = [Σw(F 0 2 -F C 2 ) 2 /ΣwF 0 4 ] 1/2 ; c S(F 2 ) = [Σw(F 0 2 -F C 2 ) 2 /(n+r-p)] 1/2 .

Raman Studies

Raman spectra were carried out at room temperature on single crystals by using a micro

Raman spectrometer (Horiba Labram 300) equipped with a He-Ne laser (λ 632.81 nm) laser in the 80-2000 cm -1 range, with a 20 LWD objective (<0.25 mW/μm 2 on the crystal). A 180°

reflective geometry was adopted. The samples were mounted on a glass microscope slide, and the scattering peaks were calibrated against a Si standard (n = 520.7 cm -1 ). A typical spectrum was collected with a 300 s time constant at <1 cm -1 resolution and was averaged over three scans. No sample decomposition was observed during the experiments.

Single-Crystal Conductivity Measurements.

Electrical transport measurements were performed on platelet-shaped single crystals for 1.

Gold contacts were evaporated on both faces of the crystals, and gold wires (17 μm diameter)

were glued with silver paste on those contacts. Four-probe dc measurements were performed, applying a constant current of 1 μA and measuring the voltage using a Keithley 2401 source meter. Low temperature was provided by a homemade cryostat equipped with a 4 K pulse tube. For compound 2, electrical resistivity was measured on needle-shaped single crystals using a four or two contacts methods (depending on the size of the single crystals) on different single crystals of 2 in the temperature range of 300-150 K. dc measurements were performed, applying a constant current of 0.1 μA.

Band-Gap calculations

The tight-binding band structure calculations were of the extended Hückel type. 34 A modified Wolfsberg-Helmholtz formula 35 

RESULTS AND DISCUSSION

Synthesis

The KHClCNAn and H 2 Cl 2 An were combined in electrocrystallization experiments with the ET donor, using the same reagent stoichiometric ratios and solvent mixture at different current densities. Two crystalline salts formulated as [BEDT-TTF] 2 [HClCNAn] (1) and [BEDT-TTF][HCl 2 An] (2) were obtained.

Crystal Structures

The compound 1 crystallizes in the monoclinic space group P2/c. It consists of two BEDT-TTF donor molecules for one monoanionic (HClCNAn) -unit, with one independent donor and half of the anion in the asymmetric unit (Figure 5.1). Due to the different types of interactions, the donor layer contains dimers of BEDT-TTF, for which we observe strong S•••H hydrogen bonds between the terminal ethylenedithio groups and short S•••S intermolecular contacts (Table 5.3). Similar to the case for the donor layer, in the anilate layer one can observe chains of (HClCNAn) -molecules along the a axis, with strong interactions via hydrogen bonds between C═O and C-OH/C-O -groups (Table 5.4). 

S•••S d(S•••S) (Å) S1•••S8 4.2762 S2•••S6 4.4961 S4•••S6 3.6607 S3•••S5 3.6081 S3•••S6 3.8861 S4 ii •••S4 iii 3.9335 S7•••S8 3.5766
Symmetry transformations used to generate atoms: Since the anion is located on an inversion center, the Cl and CN substituents are disordered with an sof value of 0.5. Finally, both chloro and cyano substituents present two types of interactions: one interchain interaction with a (HClCNAn) -from the upper and lower chains and one hydrogen bond with an ethylenedithio group from the neighboring BEDT-TTF molecules (Figure 5.3). Å). Since the electrocrystallization experiment was started with the H 2 Cl 2 An, one can conclude that partial deprotonation occurred during the process. As the stoichiometry of the salt is 1:1, one could argue that the anilate is under its monoanionic form II, and thus the donor would e r the ch rge +1. However, the inspection of the centr l C═C (1.367(6) Å) and internal C-S bonds (Table 5.2) of the donor would be more in favor of a mixed valence 

(i)-x, -y, 1-z. (ii)1-x, 1-y,-z (iii) -1+x, 1-y, -0.5+z
in °) in 1 D-H•••A d(D•••H) d(H•••A) d(D •••A) <(DHA) C10-H10A•••O1 i 0.
S•••S d(S•••S) (Å) S1•••S2 3.4438 S2•••S3 3.7461 S3•••S4 4.8371
D-H•••A d(D•••H) d(H•••A) d(D •••A) <(DHA) O2-H•••O1 0.

Raman Studies

Raman measurements were performed on compounds 1 and 2 in order to gain information on the oxidation degree of BEDT-TTF molecules. An approximately linear dependence between the charge degree of the donor and the Raman-active C═C stretching frequencies in insulating, conducting, and superconducting BEDT-TTF-based salts has previously been established. 27 The two totally symmetric Raman-active C═C stretching modes av 3 and av 4 , with almost equal contributions of the stretching vibrations of the lateral C═C bonds and the central C═C bond of the BEDT-TTF donor, found in the 1400-1500 cm -1 range in most of the known BEDT-TTF-based salts, have been used as charge-sensitive vibrational probes.

Raman spectra of 1 and 2 are reported in Figure 5.7. 1 shows a strong peak at 1470 cm -1 that can be assigned to the totally symmetric C═C stretching vibration aν 4 of the BEDT-TTF molecule, which is consistent with the observed 2:1 stoichiometry of this salt, where the donor possesses a +0.5 charge state. Two peaks at 1466 and 1495 cm -1 are observed instead in the Raman spectrum of 2 that may be assigned to the aν 4 and aν 3 totally symmetric C═C stretching vibrations of the BEDT-TTF molecule in a partial oxidation state. This is consistent with the Q value calculated by the bond distance analysis from the X-ray data (Table 5.2), suggesting a mixed valence (mixed protonation) character for compound 2. 

Transport Properties and Band Structure Calculations

The conductivity measurements in compound 1 shows a room-temperature conductivity value of 2 × 10 -2 S cm -1 for 1 which is typical for a semiconductor. The temperature dependence of the resistivity indicates an activated regime (Figure 5. 8, left). The Arrhenius plot of ln ρ vs 1/T shows line r eh vior th t c n e fitted to the l w ln ρ = ln ρ 0 + E a /T with an activation energy E a of 1900 K.

Compounds 2 show a room-temperature conductivity, 10 -1 S cm -1 (four contacts), and 10 -2 S cm -1 (two-contact), semiconducting behavior as shown by the increase of the resistivity as the temperature is decreased (Figure 5.8, right), with activation energies of ca. 4300 K. In agreement with the previous structural analysis the strength of interaction I is twice as strong as interaction II. Thus, the chains are strongly dimerized as far as the HOMO•••HOMO interactions are concerned. The coupling between these chains depends on the strength of interactions III and IV. Interaction III is associated with the shorter S•••S contacts. However, these contacts are of the lateral type associated with moderate π type interactions so that the interaction is only modest. Finally, interaction IV is not very favorable in terms of both distance and orientation, its value thus being much smaller. However, every donor is associated with two of these interactions at both ends of the donor. Because of these interactions, the intrachain and interchain interactions are interrelated. Thus, the donor layers of compound 1 may be described as a series of fairly interacting strongly dimerized chains along a.

The previous analysis is substantiated by the calculated band structure shown in Figure 5.10.

The band structure along the chain direction (Γ-X) shows two bands with opposite curvature with a large dimerization gap at X, as expected for a strongly dimerized chain. Consequently, the upper band is built from the antibonding combination of the two HOMO orbitals (ψ -) of the dimer associated with interaction I, whereas the lower band is built from the bonding combination (ψ + ). In addition, the full dispersion of the upper band is almost the same as that along the chain direction, whereas for the lower band the full dispersion is considerably larger than the dispersion along the chain. This means that the interchain interactions have a relatively small influence on the interactions of the antibonding ψ -orbital of the dimers of different chains but noticeably affect those of the bonding ψ + orbital. In the upper band interactions III and IV tend to cancel along a large part of the Brillouin zone, whereas in the lower band they add up. This is very clear when one looks, for instance, at the Γ-Y direction (i.e., the interchain direction) in Figure 5.10. Ultimately this is due to the bonding vs antibonding character of the ψ + and ψ -orbitals of the dimers. 5.8, these lateral contacts are considerably shorter than those along the uniform chains. Since every donor makes a total of six contacts along the interchain direction but only two along the intrachain direction one could suspect that the dominant HOMO … HOMO interactions would be those along the interchain direction. This feature may be relevant in understanding the transport properties of this salt since analysis of the crystal structure suggest a partial oxidation state of the BEDT-TTF, something that must be related to an incomplete deprotonation of the chloranilic acid. Thus, one could maybe have some control over this parameter and influence the number of holes in the BEDT-TTF donors. A convenient way to have a hint on the strength of different HOMO … HOMO interaction is to calculate the absolute value of the so-called HOMO … HOMO interaction energy, | HOMO-HOMO |, associated with each interaction. 28 The calculated values for the three interactions are reported in Table 5. The calculated band structure is shown in Figure 5.12. The total dispersion of the HOMO bands is quite sizable (~ 0.4 eV) and the dispersion along the chain direction is three times larger than that along the interchain direction. This is in agreement with the previous analysis. With a 1:1 stoichiometry and from the one-electron viewpoint half of these levels would be empty and the system should be metallic. However, as it is well known, 37 in some metallic conductors when studied with the same computational approach. In other words, the effective mass of the doping electrons will be relatively large. The fact that the system is not strictly 1D (Figure 5.12) may help in either stabilizing the metallic state or conferring activated but high conductivity to the system. In any case, pressure could most likely have a strong impact on the strength of the interactions along the chain and maybe stabilize the metallic state. 100× is the percentage of neutral BEDT-TTF donors or, equivalently, of non deprotonated H 2 Cl 2 An molecules). They correspond to pseudo-1D systems as predicted. Note that the warping of the two lines is not really the same (see the zone around ) so that the nesting of the Fermi surface is only partial and the usual metal to insulator transition of 1D metallic systems, which in the present case would lead to incommensurate modulations with wave vector q = a*/2+(1+)b*/2, could be maybe avoided. In that case the system would keep the metallic state up to low temperatures.

CONCLUSIONS

Two radical cation salts based on BEDT-TTF and the organic anions chlorocyanoanilate and chloranilate have been prepared by electrocrystallization starting from the KHClCNAn and the H 2 Cl 2 An, respectively. While for the first anion a 2:1 salt crystallized with a clear mixed valence state for the donor nd -1 ch rge for the nion, the second s lt showed 1:1 stoichiometry. In both compounds donor-anion segregation occurs, with an arrangement of the donor molecules either in α′-type donor packing pattern or in parallel columns twisted by 45° with respect to each other, respectively. The anions play a very important role, as they can tune the oxidation state of BEDT-TTF by the deprotonation degree and influence the solid-state architecture through establishment of a complex set on intermolecular interactions.

The salt (BEDT-TTF) 2 (HClCNAn) shows activated conductivity supported by band structure calculations which suggest a Mott localization to explain the semiconducting behavior. The salt (BEDT-TTF)(HCl 2 An) is rather intriguing, as the bond distances within the donor are in agreement with a partial oxidation state of BEDT-TTF which would involve an incomplete deprotonation of the starting H 2 Cl 2 An, and no dimerization is observed within the chains.

Moreover, a combination of other BEDT-TTF related donors, including chiral ones, 21,29- 31 with diverse hetero-/homosubstituted anilates is envisaged in our groups.

CHAPTER 6

Anilate-based Magnetic Molecular Conductors

PART II

INTRODUCTION

π-d molecular materials, i.e., systems where delocalized π-electrons of the organic donor are combined with localized d-electrons of magnetic counter ions, have attracted considerable attention in current materials science for their potential applications in molecular electronics since they can exhibit coexistence of two distinct physical properties, furnished by the two networks, or novel and improved properties due to the interactions established between them. [1][2][3][4][5][6] As far as the magnetic and conducting properties are concerned, important milestones in the field of magnetic molecular conductors have been achieved using as molecular building blocks the BEDT-TTF organic donor 4,5,7 or its selenium derivatives, and Anilato-based metal complexes [11][12][13] are interesting molecular building blocks to be used as paramagnetic counterions, as the presence of different substituents at the 3,6 positions of the anilato moiety gives rise to intermolecular interactions such as H bonding, halogen bonding, π-π stacking, and dipolar interactions, which may influence the physical properties of the resulting material making it versatile for the construction of the above-mentioned multifunctional conducting/magnetic molecule-based materials. [14][15][16][17][18][19][20][21][22][23] Recently, multifunctional magnetic molecular conductors based on the tris(chloranilato)ferrate(III) [Fe(Cl 2 An) 3 ] 3- anionic complex 11,12 as paramagnetic building block, with the BEDT-TTF organic donor as a potential building block of conducting layers, were reported by Mercuri, Avarvari et 24 Very recently, a complete series of chiral magnetic molecular conductors based on chloranilate-bridged heterobimetallic network 25 and the chiral TM-BEDT-TTF, 26 as enantiopure (R,R,R,R and S,S,S,S) and racemic mixture, were also reported by Mercuri, Avarvari et 

R1(F) = ΣǁF 0 |-|F C ǁ/Σ|F 0 |; b wR2(F 2 ) = [Σw(F 0 2 -F C 2 ) 2 /ΣwF 0 4 ] 1/2 ; c S(F 2 ) = [Σw(F 0 2 -F C 2 ) 2 /(n+r-p)] 1/2 .
Single Crystal Conductivity Measurements.

Conductivity measurements were carried out on different single crystals of compound 1 with the two contacts methods in the temperature range of 300-150K. The Electrical transport measurements were performed on block-shaped single crystals. Compound 2 was measured on platelet-shaped single crystals.

PART II

146 | P a g e

RESULTS AND DISCUSSIONS

Synthesis

The tris(chlorocyanaanilato)ferrate(III) complex [PPh 4 ] 3 [Fe(ClCNAn) 3 ] 13 

Crystal Structures

The crystals structures of the two hybrid systems consist of homoleptic tris-chelated anionic complexes and BEDT-TTF radical cations. In each system, the metal complexes exhibit octahedral coordination geometry, with the Fe III ion surrounded by six oxygen atoms of three ClCNAn 2-chelating ligands. These complexes are chiral according to the metal coordination, but both Λ and Δ enantiomers are present in the crystal lattices with Fe•••Fe distances of ca.

9.322Å and 11.77 Å for 1 and 11.7606 Å and 13.145 Å for 2. In Figure 6.1, the molecular structure of the anionic complex in 2 is reported. The metal-oxygen bond distances in compounds 1 and 2 vary in the 1.987(5)-2.034(4) Å range (Table 6.2) and are similar to the distances observed in the corresponding BEDT-TTF radical cation salt with the homosubstituted chloranilate complex 24 . 2. Thus, the calculated Q value for compound 1 is +3, as expected from the sum of the charge calculated for each of the four BEDT-TTF donor molecules present in this salt (Table 6.2). The Noteworthy by using the same experimental conditions: the BEDT-TTF organic donor, (1)

4:1

BEDT-TTF] 3 [Fe(Cl 2 An) 3 ]•3CH 2 Cl 2 •H 2 O 3:1 ACN [BEDT-TTF] 5 [Fe(ClCNAn) 3 ] 2 •2ACN (2) 5:2 
δ-[BEDT-TTF] 5 [Fe(Cl 2 An) 3 ]•4H 2 O
5:1

Transport Properties

The conductivity measurements in compound 1 show r.t. conductivity between ca. 2 x 10 -3 S.cm -1 and 10 -4 S.cm -1 (depending on the quality of crystals). This conductivity decreases as the sample is cooled in agreement with semiconducting behavior (Figure 6.10, left) with average activation energy E a of ca. 1905K. Raman studies to confirm the organic donor charge calculated from structural data, band structure calculations and magnetic measurements of 1 and 2 compounds are in progress.

CONCLUSIONS

Two radical cation salts based on BEDT-TTF and [Fe(ClCNAn) 3 ] 3- tris(chlorocyanilato) ferrate(III) anionic complex have been prepared by electrocrystallization, by using CH 2 Cl 2 for 1 and CH 3 CN for 2. In CH 2 Cl 2 , a 4:1 donor:anion salt, 1, was obtained showing a combination of partial and neutral state for the donor; while 2 showed a 5:2 donor:anion ratio with a combination of neutral and over-oxidized charge state for the donor. 

PERSPECTIVES

On the basis of the obtained results, the following perspectives can be envisaged:

I.
As far as the mixed valence Fe III /Fe II CP is concerned, it is noteworthy that (i) As far as the NIR-Lanthanide MOFs/CPs materials are concerned, novel ClCNAnbased 2D CPs/MOFs with NIR-emitting lanthanides and different antenna ligands will be prepared in order to study the capability of the individual ligands to work as valuable antennas towards lanthanides; the photophysical properties of the obtained bulk materials will be investigated by time-resolved photoluminescence spectroscopy. Nanosheets of the most promising materials, in terms of luminescence, will be prepared by the bottom-up and/or topdown strategy and synthetic protocols will be optimized for sensing applications. Furthermore, mixed lanthanide, 2D homo-/heteroleptic CPs/MOFs, will be prepared and characterized as bulk and nanoparticles, because, as noteworthy, these 2D layered CPs show emission bands in the 980-1350 nm spectral region, the so-called biological window, and therefore these systems can be envisaged for applications in biology and nanomedicine as luminescent dual-center nanothermometers.

V.

As far as magnetic molecular conductors are concerned, new systems will be prepared by combining tris-chelated octahedral anilate-based anionic complexes with chiral/achiral TTF-derivatives, in order to perform a systematic study on different TTF-based organic donors for establishing a structure/property relationship in anilate-based charge-transfer radical salts. The influence of chirality on the physical properties of obtained materials is of ever-grown interest in material science, especially the electrical magneto-chiral anisotropy effect, which is scarcely investigated. In this context: (i) Interestingly, the structure of H 2 (NH 2 ) 2 An reveals the presence of an highly polarized zwitterionic structure with the protons located on the amino groups. The molecular and crystal structures of alkali metal salts of some anilic acids have also been reported. The X-ray analysis reveals that the carbon ring system for the anilate in their dianionic form takes the planar conformation but is not in a quinoidal form, having four C-C bonds of equal length Changing the nature of substituent in 3,6-position is also possible to tune the properties of these materials.

Anilates are interesting building blocks because of: (i) their interesting redox properties; (ii) their ability to mediate magnetic superexchange interactions when the ligand coordinates two metals ions in the 1,2-bis-bidentate coordination mode; (iii) the possibility of modulating the strength of this magnetic superexchange interaction by varying the substituents (X) on the 3,6 position of the anilato-ring; moreover the presence of different substituents in the anilato moiety give rise to intermolecular interactions such as H-Bonding, Halogen-Bonding, π₋π stacking and dipolar interactions which may influence the physical properties of the resulting material. Therefore these features provide an effective tool for engineering a great variety of new materials with unique physical properties. 15,16,17 

Annex 2 Exfoliation

The study of 2D materials is a hot topic in material science and nanotechnology since graphene was first discovered by Novoselov 1 in 2004, by using adhesive tapes for mechanical exfoliation. Owing to the ultrathin thickness at atomic scale, these materials possess novel properties in many fields, such as carrier concentration, mobility and thermal conductivity.

In order to prepare 2D materials, there are two methods: top-down exfoliation 2,3 and bottomup synthesis. [4][5][6][7] The bottom-up approach is so-called because it typically requires precursors that are reacted together in their molecular form to synthesize sheets of 2D materials. The topdown exfoliation involves the exfoliation of a bulk layered material down to monolayer or few layer 2D sheets. Most commonly used methods for top-down exfoliation are: (i) Micromechanical exfoliation (also called scotch-tape method), which is simple and efficient way to produce the cleanest, highly crystalline and atomically thin microsheets of a layered material. However, it is difficult to get uniform samples through mechanical exfoliation, as it gives randomly dispersed layers on the substrates. And the process to find proper samples is time-consuming 8 . Nanosheets can be made by soaking the bulk materials into appropriate solvents 8,9 and using proper ultrasound. The mechanism is as follows: first, ions are intercalated between the layers in a liquid environment, weakening the interlayer interactions. Then, sonication results in an exfoliated dispersion nanosheet formation. In -good‖ solvents, i.e. those with appropriate surface energy, the exfoliated nanosheets are stabilised against reaggregation.

Otherwise, with -bad‖ solvents, reaggregation and sedimentation will occur. Ultrasonication does not allow good control over the size and thickness of flakes; however, the ability to

Annex 3 Fundamentals of Lanthanide Luminescence

General Introduction of lanthanides

In the periodic table, lanthanide series comprises 15 elements ranging from lanthanum (Z= 57) to lutetium (Z= 71) having general configurations of [Xe]4f n 5d 1 6s 2 . Lanthanide elements form +3 oxidation states as a stable oxidation state in the whole series, with some exceptions of Ce IV , Eu II , Sm II 

Lanthanide spectroscopy

As already mentioned, the 4f electrons of the lanthanides are well shielded from the environment by the closed 5s 2 and 5p 6 outer shells and therefore the spectroscopic and magnetic properties of these ions (e.g., electronic spectra and crystal-field splitting) are largely independent of environment (solvent, coordinated ligands, etc.).

The degeneracy (N) of a 4f n electronic configuration is given by

( ) n = number of 4f electrons.
This degeneracy is partly or totally lifted by several interactions acting on the Ln III ion such as electron repulsion (electrostatic interaction between electrons in the 4f shell), spin-orbit coupling (interaction between spin magnetic moment of electron and magnetic field created by the movement of electron around the nucleus), crystal-field effect (interactions between the 4f electrons and the electrons of ligands) and eventually the Zeeman effect (due to the external magnetic field).

After the introduction of electron repulsion, spin multiplicity, 2S + 1 is further splitted into several J terms due to spin-orbit coupling and each free-ion level is characterized by 2S+1L J terms (Russell-Saunders coupling scheme, also called LS coupling scheme)), where, S = total spin quantum number, L = total orbital angular momentum quantum number and J = total angular momentum.

When the lanthanide ion is surrounded by ligands, the 4f electron distribution is perturbed both by nephelauxetic effects (a drift of ligand electron density into the lanthanide ion causes an expansion of the 4f shell and reduces the 4f-4f interactions) and crystal field effects. In the latter case, the surrounding ligands destroy the spherical symmetry of the -free-ion‖ inducing a partial removal of the degeneracy of individual 4f terms, thus making f-f transitions slightly allowed, ie, the individual J-levels are split up further by the crystal field, J mixing is allowed.

These levels are called crystal-field levels (or Stark levels). Due to the shielding by the external 5s and 5p orbitals the magnitude of this splitting is moderate and the average energy gap between the levels by the crystal-field effect is of the order of a 10 2 cm -1 .

The position of both the absorption and emission bands of the lanthanide ions does not change significantly upon coordination with respect to the free ion spectra, thus each band can be easily recognised and provides the fingerprints for the corresponding lanthanide ion.

However, in systems with an orthorhombic or lower symmetry, all degeneracy is lifted by the crystal field. When the lanthanide is placed in a magnetic field, there is an additional perturbation: the Zeeman perturbation. All remaining degeneracy is destroyed. The number of Stark sublevels depends on the site symmetry of the lanthanide ion, and these can be thermally populated at room temperature, yielding emission spectra that are more complex. According to Hund's rule the ground term for the free ion can be explained by:  Rule 1: highest spin multiplicity.

 Rule 2: In case, if there is more than one term with the same spin multiplicity, the term with the highest total orbital angular momentum (or L value) is the ground state.

 Rule 3: For electronic shells that are less than half-filled, the ground state has the lowest possible J value. For electronic shells that are more than half-filled, the ground state has the highest possible J value.

ie., J ranges from L-S ≤ J ≤ L+S and takes, for the fundamental level, the value J = L-S for n < 7 (La-Eu) and J = L+S for n ≥ 7 (Gd-Lu). 

Luminescence and Selection Rules

There are three types of optical transitions in lanthanide compounds:

1.

Allowed f↔d transitions

Interconfigurational 4f n ↔4f n-1 5d 1 transition are parity allowed. They show broader bands than f-f transitions and their energy is highly dependent on the ligand-field strength, since 5d orbitals have large radial expansion, allowing extensive tuning of the absorption and/or emission wavelengths. However, these transitions are highly energetic so that they are usually observed only for Ce III , Pr III , and Tb III .

2.

Allowed charge-transfer (CT) transitions CT transitions, either LMCT or MLCT are also allowed. As they correspond to either reduction or oxidation of the metal ion, it usually occur at high energies. Typically, the lowest energies for LMCT transitions are associated with easily reducible ions such as Sm III , Eu III , Tm III , or Yb III .

Forbidden Intraconfigurational f↔f transitions

Absorption or emission of photons is promoted by operators linked to the nature of light:

 the odd-parity electric dipole operator (ED)

 the even-parity magnetic dipole operator (MD) Magnetic dipole transitions are parity allowed but their intensity is much smaller while the very weak EQ transitions have rarely been identified. In addition to the parity selection rule, other rules are operative, on S, L, J (see Table A3.1), as well as symmetry-related selection rules that can be derived from group-theoretical considerations. Important parameters characterizing the emission of light from an Ln III ion are the lifetime of the excited state, η obs = 1/k obs and the quantum yield Q:



Q=

The quantum yield depends on the rate at which the excited level is depopulated, k obs , and on the radiative rate k rad :

where subscript and superscript -Ln‖ mean that excitation has been performed directly into the 4f excited state and is called the intrinsic quantum yield. The rate constant k obs is the sum of the rate constants characterizing the various radiative and radiation-less deactivation processes. (vide infra, Section 3.5 )

Sensitized lanthanide luminescence

As most of the 4f transitions are forbidden by selection rules, and, although several mechanisms, such as the coupling with vibrational states, may relax them to some extent, the absorption cross section (molar extinction coefficient: ε < 10 mol -1 dm 3 cm -1 ) and the emission intensity after a direct excitation of the lanthanide ion remain, however, very low.

A way to overcome this drawback is to encapsulate the lanthanide ion with a suitable organic ligand (chromophore) (-antenna effect‖) which can allow indirect excitation of the lanthanide ion by populating its higher levels by means of an energy transfer mechanism (sensitized emission). This two-step excitation process makes the considerable Stokes shift between the excitation and the emission wavelength allows the separation of the wavelengths due to scattered radiation or ligand photoluminescence.

The mechanism of energy transfer from organic ligands to the lanthanide ion involves mainly three steps:

(i) ligand absorption from the ground singlet state (S 0 ) to the excited singlet state (S 1 ) (S 0 → S 1 );

(ii) S 1 state decays non-radiatively to the triplet state (T 1 ) of ligand via InterSystem Crossing (ISC: S 0 → T 1 /T 2 )

(iii) nonradiative energy transfer from the long-lived T 1 state of the ligand to nearest lowlying 4f levels of the Ln III ion excited states. In some cases the direct energy-transfer from the S 1 singlet state to the excited Ln III levels is also observed. But, this state is short-lived and the process is much less probable than ISC or radiative or nonradiative decays.

After the indirect excitation by energy transfer, the lanthanide ion may undergo a radiative transition to a lower 4f-state by a characteristic line-like photoluminescence, or may be deactivated by radiationless processes (section 3.5). The scheme of the processes is shown in Scheme A1.1. The high spin-orbit coupling between the heavy, paramagnetic, lanthanide ion and the ligand, considerably favours the ISC mechanism (heavy atom effect) which populates the ligand triplet state (usually 3ππ*) and produces an intramolecular energy transfer to the 4f states rather than a radiationless thermal decay that usually takes place in the absence of the lanthanide ion.

Ligand-to-metal charge-transfer

The ligand-to-metal energy transfer can be described on the basis of two theoretical models considering different dipolar-multipolar donor (ligand) -acceptor Ln III interactions.

Dexter Energy Transfer (Exchange mechanism)

After the excitation of ligand, the electron in the triplet state is transferred to one of the excited Ln III states. Simultaneously, an electron from the highest occupied 4f orbital is transferred to the ligand, filling up the gap created by the initial photo excitation. The rate of transfer depends on (i) the overlap integral J DA between the emission spectrum of the donor (ligand) and the absorption spectrum of the acceptor (Ln III ion) and (ii) the distance between the donor and the acceptor, r DA , according to an exponentially decreasing function, Selection Rules for these energy transfer process:-

• ΔJ = 0, ± 1 (J = J' = 0 excluded) for a Dexter mechanism;

• ΔJ = ± 2, ± 4, ± 6 for a F rster mechanism; where ΔJ is referred to a transition from the lanthanide ground state.

In general, the sensitization of the lanthanide ion seems to occur from the ligand triplet state via a Dexter mechanism although, in some cases, energy transfer from singlet states cannot be ruled out. For efficient energy transfer to the lanthanide ion, the triplet states of the ligand must be closely matched to or slightly above the metal ion's emitting resonance levels. These mechanisms are summarized in Table A3.2.

Table A3.2 Dexter and Förster Energy-Transfer processes

Dexter Förster

Electronic exchange implying an overlap between the ligand and the metal orbitals (through bond)

Columbic or dipole-dipole interaction between the dipole moments associated with the T1 

Luminescence Quenching

The excited states of lanthanide ions do not decay solely by radiative processes. If the excited state and the next lower state energy gap is relatively small, luminescence will be in strong competition with the non-radiative decay of the excited state. The electronic excitation energy can also be dissipated by vibrations of the matrix, by a process known as multiphonon relaxation. In other words, phonon relaxations correspond to the collisional decay of an excited energy level, due to the crystalline lattice vibrations. It can occur through coupling of the lanthanide energy levels with the vibrational modes in the direct surrounding of the lanthanide ion.

As the quantum yield of a luminescent lanthanide ion depends on the energy gap between the lowest-lying excited state of the metal ion and the highest sublevel of its ground multiplet, the smaller this gap, easier is its de-excitation by non-radiative deactivation processes, for instance through vibrations of bound ligands, particularly high energy vibrations such as O-H

or C-H.

These quenching effects lead to shorten luminescent lifetimes (η obs ) some orders of magnitude than the natural radiative emission lifetime (η r ) of the free lanthanide ion. The overall rate constant (κ obs ) for such deactivation processes, is inversely proportional to the measured lifetime, is given by: κ obs = ⁄ obs Regarding radiationless deactivation, not only vibrations intervene but, also, back energytransfer processes as well as quenching by charge-transfer states occurs, which are not always easy to identify.

The best way to minimize vibration-induced deactivation processes is to design a rigid metalion environment, devoid of high-energy oscillators and protecting the Ln III ion from solvent interaction. Such an environment contributes to reduce collision-induced deactivation in solution. However, considerable weakening of the quenching ability of O-H vibrations is observed in some cases if the coordinated water molecules are involved in strong intra-or inter-molecular H-bonding.

The efficiency of the NIR Ln III ion luminescence is severely limited by quenching Halogenation is preferred for the C-band window (infrared) because the third overtone of the C-D vibration absorbs in it. In addition, fluorination does not modify significantly the energy of the triplet levels, so the resonant transfer to the lanthanide ion is not affected. In the late

Annex 4 Electrocrystallization Technique

Among the electrochemical techniques the electrocrystallization technique is widely used to obtain single crystals of high quality, which are essential for physical and chemical characterization, such as single-crystal X-Ray diffraction and four-probe conductivity measurements of molecular conductors and/or magnetic conductors.

Principle

The method requires an electroactive species, neutral or charged, whose electro-oxidation (or reduction) leads to a stable radical. If soluble, the generated radical species may diffuse into solution, but under optimum conditions of concentration, solvent, temperature, and current density, slow oxidation of the organic donor occurs and in the presence of the proper counterion it crystallizes on the electrode.

Once the experimental conditions are optimized, high quality single crystals suitable for the desired material can be obtained. Rate of crystal growth can be controlled by the use of a stable and constant direct current, which allows the number of electrons delivered to the electrode to be fine-tuned, thus controlling the local concentration of electroactive species. To ensure reproducible experimental conditions, the value of current density (the current intensity/electrode surface ratio) should be taken into account rather than the current intensity.

The three other parameters, namely concentration, solvent, and temperature, essentially control the solubility of the crystalline phase. The choice of the solvent is limited by its ability to dissolve both the organic donor and the electrolyte, therefore sometimes, a mixture of two or more solvents are also used. Moreover, it plays an important role on the solubility of the starting materials and the final product, on the redox potentials of the species in solution, and on the electrode/solution and crystal/solution surface tension, affecting the crystals quality and, in some cases, the crystal phase. The appropriate combination of these factors, together with the use of high-purity starting materials, ultimately determines the success of the electrocrystallization experiment.

Let's consider the oxidation of a neutral donor molecule. The salt generated at the electrode may crystallize with a 1:1 stoichiometry as shown in the equation below:
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When the donor is a planar conjugated organic molecule with delocalized  electrons, the radical cation formed at the electrode associates with one or more neutral donor molecules, forming materials with different stoichiometries, for instance 1:2, 2:3, etc. This often leads to the formation of mixed-valence salts, which usually show good conducting properties. n(D + . , X -) + mD 0 (nD + . , mD 0 ,nX -)

Experimental Setup

Electrocrystallization is commonly performed in H-shape cell, where there are two chambers (anodic and cathodic) separated by a porous frit and each chamber contains a Pt electrode. In the anodic compartment, a degassed solution of the organic donor mixed with the counterion is placed, whereas in the cathodic compartment, only the counterion (which also works as electrolyte). The porous frit allows a slow diffusion of these two solutions. The electrodes are connected to a stable current source, which consequently affect the rate of crystal growth. The concentration of species in solution, solvent and temperature usually influence the solubility of the crystalline phase. An electrosynthesis usually lasts from few days to several weeks and it is performed in a thermostatic, free of vibrations and dark ambient.

Electrocrystallization is the most employed technique for the preparation of crystalline molecular conductors. However; it presents some disadvantages, such as the ultra-careful and accurate preparation of the experiments, duration of time, and the low yield (often few milligrams). Nevertheless, it allows to obtain the desired materials as high-quality single crystals, the morphological form suitable for their full structural and physical characterization. The CT in these systems can be generalized by the equation: where D, is the donor, A, the acceptor, and the exponent  quantifies the charge-transfer degree between the two molecules and can be complete (= 1) or partial (0 < < 1). The  value depends on the difference between the oxidation potential of the donor E ox (D) 

Electrical conductivity

One of the most and interesting properties in solids is the electrical conductivity.  is defined as:

where, n is the number of charge carriers (electrons or holes) per unit volume, Ze is their charge (in the case of an electron, only e) and μ is their mobility i.e. the velocity of charge carriers in the presence of electric field.  is the physical property that quantifies the ability of a given material to transport charge carriers when it is subjected to the action of an electric potential.

According to Ohm's law, which is the most fundamental law in electricity, there is a linear relationship between the electric potential, V and the electrical current of intensity I:

The resistance value (R) is connected to the intrinsic nature of the material, i.e. its atomic and electronic structure, and to geometrical factors not correlated to its composition such as its length l and its section s, as stated by the Second Ohm's Law where,  is the resistivity or specific resistance and quantifies the resistance of a certain material independently from its geometrical features.

Conductivity or specific conductance, expressed in S cm -1 , is the reciprocal of the resistivity, as stated by the following expression Depending on the conductivity values , materials are classified as insulators ( < 10 -6 S cm - 1 ), semiconductors (10 -6 < < 10 S cm -1 ), metals (10 < < 10 7 S cm -1 ) or superconductors > 10 7 S cm -1 ).

Metallic conductors either have a partially filled valence band, or an overlap between valence and conduction bands; as a consequence, in the applied electric field, electrons can move and generate the net flow of current; whereas insulators have a large gap (E g ) between the bands.

Semiconductors have an energy gap which is sufficiently small, that the thermal energy can excite electrons from valence band to conduction band and these activated electrons are free to migrate (leaving holes in valence band) and can carry current (Figure A5.5). Therefore the The number of activated electrons (n) in the conduction band can be expressed as a function of band gap E g and temperature T given by:

n exp(-Eg/2kBT)
Since the conductivity is proportional to the electrons in the conduction band, band gap of a semiconductor can be calculated from variable temperature conductivity measurements, using the Arrhenius-type equation:

σT = σ0 exp(-Ea/kBT)

where ζ T is the conductivity at temperature T, ζ 0 is a material specific constant, E a is the activation energy (defined as half the band gap), k B is the Boltzmann constant and T is temperature. Thus, by plotting ln ζ T vs 1/T, the Ea can be calculated.

Reference

(1) 
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Annex 6 Fundamentals of Molecular Magnetism

A magnetic field is produced by an electrical charge in motion, for example, electrical current flowing through a conductor. The imaginary lines that represents magnetic field showing the direction and intensity are called Lines of Force or more commonly " gnetic Flux" (Φ). In the presence of magnetic field, , all materials acquire a dipole moment and the response of the material is called Magnetic induction, or flux density. In free space, the magnetic induction is a linear function of the magnetic field can be given by the relation: where is the universal constant, permeability of vacuum.

Physical Quantities

Some of the important physical quantities that represent the response of magnetic materials to the magnetic field are: magnetic moment, magnetization, susceptibility and permeability.

 Magnetic Moment

Magnetism arises from the electronic orbital and spin motion in an atom. The spin and orbital moments imparts magnetic moment on each electron, force them to behave as tiny magnets.

The rotational force experienced by a magnet when placed in a magnetic field perpendicular to its magnetic axis is defined as the Magnetic Moment of a Magnet. In a molecule, the overall magnetic moment is a combination of the following:

magnetic moments due to its unpaired electron spins (paramagnetic contribution)

orbital motion of its electrons (diamagnetic contribution)

magnetic moment of its nuclear spins
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Magnetization, , is the density of permanent or induced magnetic dipole moments (i.e. the dipole per unit volume) in a magnetic material.

M = ( ) ( )

and the magnetic induction, , inside the material is given by the relation:

The relationship between , , and :

( ) eqn 1 
The unit of is ampere per metre (A/m) and in Tesla (T).

In general, the magnetization of a material depends on the magnetic field acting on it. For many materials, is proportional to :

eqn 2
where, is the magnetic susceptibility. It is a dimensionless quantity since it is a property of the material. eqn 1 can be rewritten as:

( ) eqn 3 
where, is the magnetic permeability of vaccum, is the magnetic permeability of any medium, equal to ( ) and is the relative magnetic permeability, equal to .

Generally, and are used to characterize magnetic materials.

Types of Magnetism

Diamagnetism

In diamagnetic materials, atoms do not have permanent net magnetic moments, their diamagnetic susceptibility is due to the change in orbital motion of electrons caused by the influence of an external magnetic field. And the applied magnetic field induce a magnetic field in the opposite direction and hence diamagnetic materials are repelled by the magnetic field.

Although all materials exhibit diamagnetic susceptibility, not all are classified as diamagnets.

Some materials have a net magnetic moment per atom due to an unpaired electron spin are classified as paramagnetism or even to ordered magnetic states as ferromagnetism. In either case the paramagnetic or ferromagnetic susceptibility is much greater than diamagnetic susceptibility and paramagnetism or ferromagnetism will be the dominant effects. -The Curie law According to Curie's law, the susceptibilities of paramagnetic solids are inversely propotional with temperature, as shown in Figure A6.2. This dependence can be described using the equation where is the Curie constant. The materials which obey this law are those in which the magnetic moments are localized at the atomic or ionic sites. These can be considered to be -diluted‖ magnetic materials, in which the magnetic atoms are surrounded by a number of nonmagnetic atoms, like transition metal complexes.

- 

Ferromagnetism

In ferromagnetic materials like iron, each atom behaves as tiny magnet, and the magnetic moments are all aligned within microscopic portions of materials called magnetic domains.

Below Curie temperature, these domains can align in the direction of an external magnetic field, leaving as permanent magnet.

black and red arrows represent the net magnetic moment in a magnetic domain. The most important properties of ferromagnets is their high permeability, susceptibility and the permanent magnetization. So, in order to characterize the properties of a ferromagnetic material it is necessary to measure hysteresis curve. A hysteresis loop shows the relationship between the induced magnetic induction ( ) or flux density and the magnetic field ( ) (Figure A6.5). It is well known that ferromagnets can be magnetized, i.e. once exposed to a magnetic field they retain their magnetization even when the field is removed. The retention of magnetization distinguishes ferromagnets from paramagnets which although they acquire a magnetization in an applied magnetic field, cannot retain the magnetization once the field is removed.

From magnetization measurements as a function of the applied field it can be seen that a ferromagnet in its initial state is not magnetized. Application of an external magnetic field causes a magnetization increase in the direction of field. If is increased indefinitely, magnetization reaches saturation at a value denoted as . This value represents a state where all the magnetic dipoles within the material are aligned in the direction of the magnetic field.

When a ferromagnet is subjected to the action of an external magnetic field, once magnetized and the field is reduced to zero, the value of the magnetization does not assume the initial zero value but assume a certain nonzero value represented by the remanent magnetization .

The remanent magnetization can be reduced to zero by applying a reverse magnetic field of strength called coercive field. This value is strongly correlated with the thermal history of the sample. 

Antiferromagnetism

Antiferromagnetic order, in which nearest-neighbour moments of same magnitude in a magnetic structure are, aligned anti-parallel and hence no net magnetization. This phenomenon is, analogous to ferromagnetism in that they both originate from (super)exchange magnetic coupling interactions extended over a magnetic structure and only differ in the direction of alignment of the magnetic moments in the ordered state, leading to strong differences in the resulting magnetic properties.

There are two ways to explain this behaviour. One consists in considering the magnetic material as divided in two magnetic sublattices A and B, with the magnetic moments of each sublattice interacting with a positive coupling coefficient, whereas the interactions between the two sublattices have a negative coefficient. This ensures that the magnetic moments of the
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Another way is to describe the system with a negative interaction between nearest neighbors.

The Curie-Weiss also applies to antiferromagnets for values above the ordering temperature, the Néel temperature , the Curie-Weiss law becomes

For antiferromagnets, the appears as a negative temperature below the absolute zero, hence, the plot of against intercepts the temperature axis in the negative region at . Classification of materials by their magnetic properties are summarised in Table A6.1. The main features of a spin glass are:

 Paramagnetic behaviour above the freezing temperature T f .

 Characteristic shape of zero-field cooling/field cooling magnetization, with small irreversibility.

 A peak in χ', accompanied by a relaxation process visible in χ".

 A distorted hysteresis in magnetization versus field dependence in T < T f , lack of saturation.

A detailed description of spin glasses magnetism can be found in ref. 3,4 An example of such materials is reported in Chapter 1. ordering of the oxalate network with paramagnetism, 3 photochromism, 4 electrical conductivity, 5 proton conductivity, 6 ferroelectricity, 7 chirality, 8 or single-molecule magnet behavior. 9 In recent years, coordination polymers based on the 3,5-disubstituted-2,6-dihydroxy-1,4-benzoquinone (H 2 dhbq, see Scheme 1), also called anilate ligand in its dianionic form (dhbq 2-or X 2 An 2-), have been thoroughly developed. 10 They usually present 2D-layered 11 or 3D-extended networks 12 with larger cavities than those obtained in oxalate-based coordination polymers due to the larger size of the bridging ligand. More recently, Miyasaka et al. have been able to increase the magnetic ordering temperature in the previously reported ferrimagnet (NBu 4 )[Mn II Cr III (Cl 2 An) 3 ] (Cl 2 An 2-= chloranilate) from 10 to 40 K. 13 Taking advantage of the porosity of the material, they inserted Li + ions into the pores of the 2D network in order to generate a radical Cl 2 An •3-(S =1/ 2) and produce a new exchange interaction between the radical ligand and the metal centers, thus giving further proof of the potential of the anilate ligand to enhance the magnetic coupling in the extended network. In this context, coexistence of electrical conductivity and magnetic ordering in Fe III anilatebased coordination polymers has been reported simultaneously by two research groups in 2015. 14 In both cases, the conducting properties were attributed to the presence of radical anilate bridging ligand species. The role played by the Fe II /Fe III 
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■ EXPERIMENTAL SECTION

Tris(amino)-guanidinium chloride (TAGCl) 19 and potassium chlorocyananilate (KHClCNAn) 16 were prepared according to the reported procedures. All other chemicals were commercially available and used as received without further purification.

Synthesis of [TAG][Fe II Fe III (ClCNAn) 3 ]•(solvate) (1). An aqueous solution (8 mL) of KHClCNAn (64 mg, 0.27 mmol) was first placed in the bottom of a test tube, then it was carefully layered a solution of TAGCl (42 mg, 0.3 mmol) in a mixture of water (2 mL) and THF (2 mL) in the middle, and then a solution of Fe ( 

C-O + ν C-C ), 869 (δ C-Cl + ν C-O ).
Structural Characterization. Data collection was performed at 150 K on an Agilent Supernova diffractometer with Cu Kα (λ = 1.54184 Å). A single crystal of 1 was mounted on a glass fiber loop using a viscous hydrocarbon oil to coat the crystal and then transferred directly to the cold nitrogen stream for data collection. The structure was solved by direct methods with the SIR97 program and refined against all F 2 values with the SHELXL-97 program using the WinGX graphical user interface. All non-hydrogen atoms were refined anisotropically except for the C and N atoms from the cationic entity CN 6 H 9 + , and hydrogen atoms were placed in calculated positions and refined isotropically with a riding model. The program SQUEEZE from PLATON was used to calculate the potential solvent-accessible void volume and the nature of the disordered solvent molecules. It has indicated a total void space of 885 Å 3 and 293 electrons/cell. This corresponds to 29 molecules of water that have been inserted in the formula of the compound. A summary of crystallographic data and refinement results are listed in Table 1.

Data collection was performed at 10 K on a SuperNova Microfocus diffractometer equipped with a two-dimensional ATLAS detector using Mo Kα radiation (λ = 0.71073 Å) and a Helijet He open-flow cryosystem. The unit-cell determination and data reduction were performed using the CrysAlisPRO program suite (Rigaku Oxford Diffraction, 2017) on the full data set. The data have been indexed using the trigonal setting with cell parameters a = b = 13.5493( 16) Å and c = 9.484(3) Å. In addition, the diffraction pattern showed the presence of very weak (1/3 1/3 1/3) superstructure reflections, which were not taken into account in the structure determination. The corresponding crystal structure was refined on F 2 by weighted full matrix least-squares methods using the SHELXL program ( Sheldrick, 2008). All non-hydrogen atoms were refined anisotropically except for the C and N atoms from the cationic entity CN 6 H 9 + , and hydrogen atoms were placed in calculated positions and refined isotropically with a riding model. The program SQUEEZE from PLATON was used to calculate the potential solvent-accessible void volume and the nature of the disordered solvent molecules.

CCDC-1858728 (150 K) and 1858527 (10 K) contain the supplementary crystallographic data for this paper.

Raman Measurements. The Raman spectrum of 1 was carried out at room temperature on single crystals by using a micro Raman spectrometer (Horiba Labram 300) equipped with a He-Ne laser (λ = 632.81 nm) in the 80-2000 cm -1 range with a 20 LWD objective (<0.25 mW/μm 2 on the crystal). A 180°reflective geometry was adopted. The samples were mounted on a glass microscope slide, and the scattering peaks were calibrated against a Si standard (ν = 520.7 cm -1 ). A typical spectrum was collected with a 300 s time constant at <1 cm -1 resolution and averaged over three scans. The KHClCNAn FT-Raman spectrum was recorded at room temperature on a capillary tube by using a Bruker RFS/100 FT-Raman spectrometer equipped with a Nd:YAG laser (λ = 1064 nm) in a backscattering geometry. No sample decomposition was observed during the experiments. The choice of the FT-Raman spectrometer was required because of the fluorescence of the ligand under He-Ne laser irradiation.

Magnetic Measurements. Magnetic measurements were carried out on polycrystalline samples with a Quantum Design MPMS-XL-7T SQUID magnetometer (Quantum Design, Inc., San Diego, CA, USA). Magnetic measurements (dc) were carried out under an applied field of 1000 Oe. Zero-field-cooled/field-cooled/remanent magnetization (ZFC/FC/RM) were collected under an applied field of 25 Oe. Alternating current susceptibility measurements were carried out with an alternating magnetic field of 3.95 Oe in the 1-1500 Hz frequency range.

Mossbauer Spectroscopy. Mossbauer spectra were collected in transmission mode using a conventional constant-acceleration spectrometer and a 25 mCi 57 Co source in a Rh matrix. The velocity scale was calibrated using α-Fe foil. Isomer shifts, IS, are given relative to this standard at room temperature. The low-temperature spectrum was collected in a bath cryostat with the sample in He exchange gas. The absorber was obtained by gently packing the powdered sample into a perspex holder. The spectra were fitted to Lorentzian lines using a nonlinear least-squares method.

Single-Crystal Transport Measurements. Electrical transport measurements were performed on hexagonal-shaped single crystals. Gold wires (17 μm diameter) were glued with silver paste either on two edges or on both faces of the crystals (for conductivity measurements parallel and perpendicular to the 2D planes, respectively). Two-probe dc measurements were performed applying a constant voltage in the range 0-5 V and measuring the current using a Keithley 6487 Picoammeter/Voltage Source. Low temperature was provided by a homemade cryostat equipped with a 4 K pulse tube.

Theoretical Calculations. Density functional theory (DFT)based calculations were carried out adopting the hybrid TPSSh functional, 20 which has been shown to give good high-spin-low-spin relative energies for spin-crossover complexes involving iron 21 and the standard double-ζ + polarization basis set 6-31G(d). 22 Geometries were optimized forcing a D 3 symmetry and a high-spin configuration using the Gaussian 09 code. 23 ■ RESULTS AND DISCUSSION Synthesis. The synthesis of the mixed-valence compound 1 differs from that of the heterobimetallic oxalate and anilatebased coordination polymers. In such cases, the tetrabutylammonium salt of (tris-oxalato)metal(III) or (tris-anilato)metal(III) complex was first prepared and isolated. The precursor thus obtained was then reacted with the second metal salt by diffusion techniques to grow the bimetallic extended network. Here we have slowly diffused a solution of Fe II ClO 4 •xH 2 O and a solution of tris(amino)-guanidinium chloride (TAGCl) into a solution of KHClCNAn. Due to the partial oxidation of the Fe II ions under aerobic conditions, black hexagonal crystals of the Fe II Fe III compound 1 were obtained after 1 week.

Crystal Structure. Compound 1 crystallizes in the trigonal polar space group P3. The structure is formed by anionic 2D layers of formula [Fe II Fe III (ClCNAn) 3 ] -in the ab plane, alternating with cationic layers of TAG. The anionic layer presents the well-known honeycomb structure, which is similar to other extended oxalate 24 and anilate-based 2D networks. 11a-e It consists of a hexagonal layer with Fe II and Fe III ions linked through the anionic bis-bidentate ClCNAn 2-ligands (Figures 1 andS1 andS2). As usual for this type of 2D networks, the two crystallographically independent metal centers present alternated chirality (Δ configuration for Fe1 and Λ configuration for Fe2 in the crystal used to solve the structure). The intralayer metal-metal distance is 7.860 Å. The average Fe-O distances are very similar between both metal centers (2.037(12) Å for Fe1 and 2.047(13) Å for Fe2, see Table 2), which may indicate an electron delocalization and an average oxidation state of +2.5 for each Fe center (vide infra). The cationic layer is formed by one crystallographically independent TAG cation and water molecules. The TAG cation has an occupancy of 1/3, which is one-half of the Fe atoms, and is located only on one-half of the vertices of the hexagons. The structure of the cation is planar, with the C8-N2 and N2-N3 distances (1.394(15) and 1.558 (17) Å respectively, see Table S1) in agreement with distances reported in the literature for other TAG-based compounds. 25 Anionic and cationic layers present intermolecular H-bonding interactions between the terminal amino groups of the TAG cation and the chloro substituents of the anilate ligands (Figure 1). The distance between two anionic layers corresponds to the value of the c parameter (9.430(4) Å). The cationic and anionic 2D layers are eclipsed, leading to hexagonal channels along the c axis which are filled only by solvent molecules. When compared to the previously reported anilate-based layered coordination polymers, 11a-h here the use of the smaller cation results in a drastic increase of the void space inside the hexagonal channels (885 Å 3 ). This represents 58% of the total volume, thus increasing the porosity of the 2D material (Figure S3). As a consequence, the compound shows a fast release of the solvent molecules after filtration, and the nature of these solvent molecules could not be attributed without ambiguity. In order to reach a good reliability factor and since 293 electrons per hexagonal cavity were determined by the SQUEEZE program, 29 molecules of water have been integrated in the empirical formula (see Table 1). However, 
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TGA analysis could not confirm the precise nature of the solvent molecules (Figure S4). Since a mixture of three solvents has been used during the synthesis (water, THF, and acetone), the formula of the compound should be defined as [TAG][Fe II Fe III (ClCNAn) 3 ]•(solvate). By comparison with the 150 K crystal structure, the overall honeycomb 2D structural architecture in the trigonal P3 space group is retained at 10 K. Accordingly, the asymmetric unit still contains two symmetrically independent iron sites (Fe1 and Fe2). The unit cell parameters and unit cell volumes are slightly lower at 10 K, owing to usual thermal contraction effects. The intralayer metal-metal distance (7.8243(7) Å) and average Fe-O distances (2.020( 14) Å for Fe1 and 2.043( 14) Å for Fe2) are not significantly different from the 150 K values. Accordingly, the 10 K crystal structure does not evidence a specific ordering of the Fe II and Fe III ions on the symmetrically independent Fe1 and Fe2 sites. We can therefore consider that in this description the Fe II and Fe III ions are spatially distributed and disordered over the two sites. As mentioned in the Experimental Section, very weak superstructure reflections were detected on the diffraction pattern, which indicates that the exact structural ordering may be more complex than this description in the P3 space group. However, the quality of the X-ray diffraction data, and especially the weakness of the superstructure reflections, does not allow going further. The current description leads to two Fe II and two Fe III different local environments in the crystal, which is consistent with the results from Mossbauer spectroscopy (vide infra).

Raman Spectroscopy. Raman spectra are valuable probes to investigate the oxidation state of coordinated benzoquinone derivatives. 26 Therefore, in order to confirm the oxidation state of the bridging ligand a Raman study at room temperature was performed and a comparison between the Raman spectra of 1 and the free KHClCNAn ligand is reported in Figure 2.

The strong and broad band centered at ca. 1574 cm -1 can be assigned to a ν(CC) + ν(CO) combination band, and the significant observed downshift from 1627 cm -1 for the free ligand can be attributed to a weakened double-bond character of these terminal groups because of the coordination with the metal ion; the weak band centered at ca. 1675 cm -1 present in the free ligand spectrum can be assigned to the ν(CO) vibration mode for the uncoordinated CO groups of the free ligand and in fact is not observed in 1. The two bands observed in the 1400-1250 cm modes, thus supporting extensive electron delocalization between the Fe centers in 1 at room temperature, as clearly shown by Mossbauer spectra (vide infra). Magnetic Properties. The magnetic properties were measured on a polycrystalline sample of 1. The product of the molar magnetic susceptibility times the temperature (χ m T) presents a value of 9.7 emu•K•mol -1 at 300 K, which corresponds to the expected spin-only value (7.38 emu•K• mol -1 ) with a g = 2.2 (Figure 3). When the temperature is lowered, χ m T slightly decreases, suggesting weak antiferromagnetic interactions between paramagnetic centers through the anilate bridges. Below 50 K, χ m T increases until reaching a value of ∼27 emu•K•mol -1 at 7 K, followed by a sharp decrease at lower temperatures. This suggests a magnetic ordering, which was confirmed by zero-field-cooled/field-cooled (ZFC/ FC) and remnant magnetization measurements under a very low magnetic field (Figure S5). The ZFC and FC plots diverge below 3.5 K, indicating the appearance of an irreversibility or memory effect. The remnant magnetization becomes nonnegligible at the same temperature, confirming the existence of spontaneous magnetization below this temperature.

The magnetic ordering was also confirmed by susceptibility measurements under alternating magnetic field (ac susceptibility, Figure 4a). This shows the appearance of an out-ofphase signal and an ordering temperature T c slightly dependent on the frequency, which can be observed for both superparamagnets and spin glasses. 27 The fitting of this frequencydependent behavior to a simple Arrhenius model (Figure 4b) yields parameters with no physical meaning, including a τ 0 = 10 -12 , very different to what is found in superparamagnets (or single-molecule magnets, with values of τ 0 between 10 -8 and 10 -10 s). 28 This τ 0 value falls within the range reported for magnetic spin-glass systems (10 -12 -10 -14 s) 29 and is then consistent with a glassy magnet behavior as observed in many 2D magnetic materials. 30 Moreover, the Mydosh parameter φ, calculated from the ac data, 31 has a value of 0.08, in good agreement with the expected values for a noncanonical spin glass. 14a,32 Isothermal magnetization measurements at low temperatures show a fast increase of the magnetization at low fields that becomes more gradual at higher fields (Figure 5). The sharp increase at low fields (H < 1000 Oe) also supports the appearance of spontaneous magnetization due to strong interactions between metal centers. The magnetization saturates at higher fields reaching ∼5 μ B , far from the expected 9 μ B for parallel alignment of spin carriers. This confirms the ferrimagnetic nature of the spontaneous magnetization that stabilizes a ground state with an intermediate spin, characteristic of a glassy ferrimagnet as suggested by the initial decrease in the χ m T at high temperatures. An additional proof of the magnetic ordering is the presence of a hysteresis loop at 2 K with a coercive field of 60 Oe.

Mossbauer spectroscopy has been used to confirm the oxidation state of the Fe metal centers (Figure 6). At 10 K three broad absorption peaks are observed. They may be interpreted by two quadrupole doublets. However, due to the large width of the absorption peaks a significantly better fiti s obtained with four quadrupole doublets. The estimated isomer shift, IS, and quadrupole splitting, QS, are consistent with the presence of high-spin Fe 3+ and high-spin Fe 2+ in octahedral coordination by anionic oxygen atoms. 33 The estimated relative areas indicate that approximately one-half of the Fe cations are in the +3 state and the other half in the +2 state. The two doublets observed for each oxidation state are consistent with the occupation of Fe(1) and Fe(2) crystallographic sites by both Fe 2+ and Fe 3+ . The room-temperature spectrum shows only one asymmetric doublet with IS and QS consistent with an average oxidation state of +2.5. 34 The temperature dependence of the Mossbauer spectra of the anilate coordination polymer is similar to the behavior observed for other mixed-valence iron compounds, namely, molecular complexes. 35 The intermediate isomer shift at room temperature corresponds to a charge-delocalized state on the Mossbauer spectroscopy time scale of ∼10 -7 s, i.e., a chargetransfer frequency ≥ 10 8 s -1 . As the temperatures decreases, the frequency of charge delocalization gradually decreases, and at 10 K the Fe 2+ and Fe 3+ states are localized when compared to the Mossbauer effect time window (i.e., the lifetime of the Fe 2+ and Fe 3+ states becomes longer than 10 -7 s).

Transport Properties. Since a mixed-valence state and electron delocalization have been evidenced in 1, we could expect this coordination polymer to present transport properties; therefore, electrical conductivity measurements have been carried out on single crystals. The hexagonal shape of the crystals allows determining the direction of the {001} plane and then to measure the conductivity parallel (σ ∥ ) and perpendicular (σ ⊥ ) to the 2D layers, corresponding to the ab plane. The temperature dependence of the resistivity indicates that 1 is a semiconductor (Figure 7). The parallel roomtemperature conductivity value σ ∥ is about 2 × 10 -3 S/cm, almost 3 orders of magnitude higher than the perpendicular room-temperature conductivity σ ⊥ (7 × 10 -6 S/cm).

Relationship between the Electrical Conductivity and the Nature of the Bridging Ligand. The fairly good conductivity of compound 1 as well as of the few recently reported anilato-based Fe II Fe III coordination polymers 11g,14b is in sharp contrast with the low conductivity found for the oxalate-based ones. 36 To gain insight into the origin of the good conductivity in our anilate-based coordination polymer and to point out the crucial role of the bridging ligand, we have undertaken a theoretical study on the electron transfer in 2D Fe II Fe III networks based on bis(bidentate) oxalate-type ligands in which we consider the conductivity dominated by thermally activated small-polaron hopping. We are interested in a simple, pragmatic approach, highlighting the role of the bridging ligand, and in this comparative work, we decided to focus on four ligands: oxalate, squarate (C 4 O 4 2-, dianion of 3,4dihydroxycyclobut-3-ene-1,2-dione), dhbq 2-, and ClCNAn 2-, with different electron delocalization capabilities.

The basic reasoning behind the small-polaron hopping approach to the electron transfer process in either discrete or extended mixed-valence systems 37,38 is qualitatively illustrated in Figure 8. ) complexes in close proximity. Although the electron transfer between them is between levels of the Fe t 2g orbital set, which are formally nonbonding, such transfer leads, in general, to an increase/ decrease of the M-L distances in the Fe II /Fe III L 6 units due to the expansion/contraction of the electron cloud. As a consequence of the fact that electrons move much faster than nuclei, the much faster electron transfer occurs in such a way that the geometry cannot change during the process and the system cannot exchange thermal energy with the surroundings. In other words, before the electron transfer can actually take place a Fe III species with the Fe II geometry (and viceversa) must be created. This rearrangement is however energetically unfavorable, so that the electron transfer will only occur when as a result of some vibrational process the two Fe centers reach equal coordination geometries (see Figure 8a). Thus, to understand the differences in thermally activated conductivity one must focus on the evaluation of the energetic cost of such "equalization" of the two sites.

A simple yet usually very insightful analysis relies on the assumption that the structural distortion around each center may be described by a simple harmonic oscillator 2 , where k i is the force constant, d i the Fe-L distance, and d 0 its equilibrium value. Within this approximation the energy of the whole system is 2 , where for the sake of simplicity the 1/2 factors have been included in the force constants. Here let us assume that complex A is in the Fe III state and complex B in the Fe II 2 . In other words, the minimal energy required to make the coordination environ- ments on both Fe centers equal, that is, the height of the barrier for thermally activated electron transfer, depends basically on the difference squared between the radii of the Fe III and Fe II coordination environments in their equilibrium geometries.

E i = 1/2 k i (d i -d 0 )
E tot = k III (d A -d III ) 2 + k II (d B -d II )
E M =(k II k III /(k II + k III ))(d II -d III )
The model can be more simply depicted by using a cut through the two surfaces in which we plot the energy along the dotted path joining the two minima through the M point, which is taken as the origin (Figure 9). This gives two parabolas corresponding to the energy of the whole system with either an Fe II Fe III or an Fe III Fe II configuration and crossing at the M point. Note that when the two complexes are not totally isolated from their surroundings, the energy necessary to distort the complexes has an additional contribution from the environment. This is particularly important in the case of 2D lattices where the distortion of one site contributes to the distortion of all its neighboring sites. This contribution is usually included considering a generic parameter λ, which is the vertical ionization energy from one minimum to the other curve or in other words the energy necessary to transfer the electron from A to B without considering a previous structural equalization of both centers. The barrier for thermal electron transfer in the absence of interaction (i.e., the energy difference between the minima and the crossing point of the two curves) is then simply λ/4. In the real case there is always some degree of electronic interaction between the two sites and a gap, 2V AB , is opened at point M, and the barrier for thermal electron transfer is consequently lowered to λ/4 -V AB . Unfortunately, there is no simple way to evaluate V AB without having recourse to long and costly computations, but since we are here interested only in looking for trends when the bridging ligand is changed, it seems safe to consider that λ/4 will be the leading term in the energy barrier, so that we can make our comparisons neglecting the effects of the nature of the ligands on V AB .

It is now easy to relate the main parameters (mainly structural) of this simple model to the transport measurements. The diagram in Figure 9 is completely general and applicable to any electron transfer process. In an extended system, when the dimensions of the zone where the necessary atomic rearrangement controlling the electron transfer occurs are of the order of the coordination sphere of a single site as in the present case, one talks about a system with small polarons. 38 The polaron energy, W P , is the energy gained when the system relaxes after addition of one electron. In this small-polaron scenario the conductivity is dominated by thermally activated electron hopping with the mobility given by the equation μ = μ 0 e -W H /k , where W H is the electron hopping barrier, i.e., the energy cost to reach the geometry under which the electron transfer is possible. As far as it is assumed that the variation of energy is a quadratic function of the structural parameters, the energy cost per site to reach the "equalization" geometry is 1/4 W P , and taking into account that there are two sites involved in the transfer, it follows that W H = 1/2 W P . Since according to the Franck-Condon principle the energy to optically excite one electron from one to the other site (i.e., λ in Figure 9)i s twice the polaron energy it follows that W H = 1/2 W P = λ/4. Therefore,

W H = E M =F(d II -d III ) 2 , with F = k II k III /(k II + k III ) and d M =(k II d II + k III d III )/(k II + k III ).
In that way it is possible to correlate the transport (W H ) and structural (k II , k III , d II , and d III ) features for a series of compounds.

How are these parameters tuned by the nature of the bridging ligand? The values of k II , k III , d II , and d III can be evaluated from density functional calculations (DFT). We carried out structural optimizations of Fe II L 3 and Fe III L 3 complexes with the four ligands oxalate, squarate, dhbq 2-, and ClCNAn 2-using the TPSSh functional, which is known to give good high-spin-low-spin relative energies for spincrossover complexes involving iron. 21 The geometries were optimized forcing a D 3 symmetry and a high-spin configuration. In that way we obtained the d M-L parameter which is the distance between the Fe atom and the midpoint to the closest C-C bonds (between the C atoms bonded to the coordinating O atoms) which corresponds to d II or d III of the above discussion. Once the optimal d M-L parameter for each Fe II and each Fe III complex was found, the values of k II or k III were obtained by reoptimizing the structure for fixed d M-L ± δ values and fitting the energy to a second-order polynomial. The results for the four ligands are reported in Figure 9b.

According to the data in Figure 9b W H = 0.214, 0.057, 0.044, and 0.037 eV for oxalate, squarate, dhbq 2-, and ClCNAn 2-, respectively. Despite the simplicity of the approach, these numbers are very reasonable when compared with W H estimations based on experimental data for Fe II Fe III solids like magnetite (∼0.15 eV) 38 and partially substituted ferrites (∼0.11 eV) 39 which are in between those calculated for oxalate and the other three ligands. Thus, we believe that the simple approach captures the essence of the electron transfer process, although the activation energies are smaller than the experimental ones. This is not unexpected since the Fe sites are immersed in a quite rigid 2D network, which must lead to a noticeable increase in the parameter λ and hence in the barrier estimated here by λ/4. According to the values in Figure 9b electrons should be much less mobile in oxalate networks than in anilate ones, which is in good agreement with experimental observations. 36,11f,14b What is the reason for this finding? The F values for the oxalate ligands are in between those for both the dhbq 2-and the ClCNAn 2-ones, yet W H is five times larger. It is clear that the factor determining the large difference is (Δd) 2 , i.e., the square of the difference in the d values for Fe in the two oxidation states. Because of the quadratic dependence, this term has an overwhelming influence on the final value of W H . Comparing the d II and d III distances for the oxalate, dhbq 2-, and ClCNAn 2-ligands in Figure 9b it is clear that whereas the d III values are fairly similar, d II for the oxalate ligand is markedly larger than those for the dhbq 2-and ClCNAn 2-ligands. Thus, the determining factor for the lower conductivity of the oxalate systems lies in the difficulty to cope with the extra electron of the high-spin Fe II situation. The occurrence of extensive delocalization through the benzene ring of dhbq 2-and ClCNAn 2-acts as a buffer for the electronic rearrangement needed by the presence of the extra electron. Note that when the ligands are more similar, the F factor depending on the force constants may become the key factor. According to Figure 9b this is, for instance, the case when comparing the dhbq 2-and ClCNAn 2-ligands. The squarate ligand is also associated with a small W H value, not much different from those of the dhbq 2-and ClCNAn 2- ligands. However, the (Δd) 2 term is intermediate between those of the oxalate and dhbq 2-and ClCNAn 2-pair of ligands. Clearly, in that case the F term plays an important role. Both the geometrical constraints imposed by the four-member ring as well as the delocalization in the central part of the ligand influence the electron transfer tendency.

We thus conclude that the present approach provides a simple, yet insightful, model to rationalize the transport results for these Fe II Fe III mixed-valence coordination polymers and that the polymers based on the dhbq 2-and ClCNAn 2-ligands rank among the most effective ones in promoting the electron delocalization through a small-polaron hopping mechanism.

■ CONCLUSIONS

The mixed-valence Fe II Fe III 2D coordination polymer [TAG]-[Fe II Fe III (ClCNAn) 3 ] based on the asymmetric chlorocyanoanilate ligand and containing, for the first time in such 2D networks, the tris(amino)-guanidinium (TAG) cation has been synthesized and crystallized in the polar noncentrosymmetric space group P3 thanks to the C 3 symmetry of the cation and its ability to engage in intermolecular hydrogen bonding with the chlorine atoms of the ligand. Magnetic susceptibility measurements in combination with Mossbauer spectroscopy are indicative of a spin-glass behavior with magnetic ordering below 4 K and the presence of intermediate Fe(+2.5) oxidation state at RT and charge localization Fe II Fe III at 10 K, with a statistic occupational crystallographic site according to the 10 K Mossbauer spectra, also confirmed by the X-ray structure at 10 K. Single-crystal electron transport measurements in the 2D plane and perpendicular on it show semiconducting behavior of the material with a rather high RT value of 2 × 10 -3 S/cm for the in-plane conductivity, much higher than the one reported in the oxalate-based 2D Fe II Fe III coordination polymers. In order to shed light on this difference and on the electron transport mechanism on these fast developing multifunctional families of 2D coordination polymers, the small-polaron hopping approach to the electron transfer process has been applied to a series of mixed-valence Fe II Fe III oxalate-related coordination polymers containing as bridging ligands oxalate 2-, squarate 2-, dhbq 2-, and ClCNAn 2-. The results are clearly indicative of a much lower electron hopping barrier in the anilate complexes than in oxalates.

These results open the way toward the use of the TAG cation in such multifunctional binuclear/bimetallic transition metal or lanthanide coordination polymers, possibly endowed with multiferroic properties thanks to the crystallization in polar space groups. Moreover, the mechanism of electron transport in the mixed-valence Fe II Fe III coordination polymers with bridging oxalate-type ligands has been disclosed, pointing out the higher "elasticity" of the anilate network compared to the oxalate one.

■ INTRODUCTION

Interest in anilate derivatives, namely 3,6-disubstituted 2,5dihydroxybenzoquinones, has recently been revived because of their ability to construct two-dimensional (2D) layered architectures with peculiar physical properties, from organic ferroelectrics, 1-3 purely organic molecular conductors, [4][5][6][7] and layered magnets [8][9][10][11][12] (including spin-crossover systems) to magnetic conductors. [13][14][15] Conducting/magnetic Fe(II)/Fe-(III) mixed-valence metal-organic frameworks (MOFs) 10,16 and rare examples of conducting 2D iron-quinoid MOFs, 17,18 magnetically ordered up to T c = 105 K, 19 have recently been obtained by Harris et al. Furthermore, these magnetic hybrid coordination polymers (CPs), being formed by a 2D anionic network and cations inserted within or between the layers, with interlayer weak van der Waals interactions, can behave as graphene-related magnetic materials, and the first attempts to successfully exfoliate spin-crossover systems 11,12 and MOFs into individual nanosheets have been reported very recently by Coronado et al. 11 and Gomez et al., 10 respectively. It should be emphasized that 2D nanomaterials showing sheetlike structures make up an emerging class of materials that exhibit unprecedented physical, chemical, and optical properties because of their unique 2D structural features and promising applications, 20 and the search for materials that can be exfoliated to the monolayer scale represents a hot topic in materials chemistry.

Anilates are scarcely investigated for the construction of lanthanide-based materials with respect to the plethora of ligands used in classical lanthanide coordination 21 and supramolecular chemistry, 22 in coordination polymers (CPs) and hybrid materials 23 with strategic applications as OLEDs, 24 biomedical analysis, medical diagnosis, and cell imaging. 25 Ligands, in fact, play a crucial role in determining the physical properties of lanthanide complexes because they can work as antennas for efficient sensitization of the lanthanide-ion luminescence or their electronic properties can influence the magnetic properties of the related highly anisotropic lanthanide-based materials. 26 Since the report of Abrahams et al. 27,28 on a series of Ln 2 (H 2 An) 3 •24H 2 O (Ln = Ce, La, Yb, or Y), a three-dimensional monometallic lanthanoid assembly, Na 5 [Ho(THB) 2 ] 3 •7H 2 O (THB = tetrahydroxybenzene), 29 showing peculiar magnetic properties (ferromagnetism with a Curie temperature of 11 K), a [{Ho 2 (H 2 An) 3 (H 2 O) 6 }• 18H 2 O] n 30 2D honeycomb network, and a series of (i) bimetallic CPs with the formula {[Nd 2 Ln 2 (1-x)(H 2 An) 3 ]• 24H 2 O} n (Ln 2 = Gd or Ce) 31 and (ii) 2D monometallic CPs, based on the hydranilate and chloranilate ligands, have been reported. 32 Recently, some of us synthesized and fully characterized a new heterosubstituted anilate ligand, the chlorocyananilate (ClCNAn 2-), where a simple change of one chloro substituent on the chloranilate with a cyano group affects the electronic properties of the anilate moiety, inducing interesting luminescence properties in the class of anilate-based ligands and their p and d transition metal complexes. 8,[33][34][35] Very recently, new Ln(III)-containing layered compounds, with the general formula [Ln 2 (ClCNAn) 3 (Solv.) 6 ]•nH 2 O(n = 0-2), have been reported by Gomez et al. 36 by combining the chlorocyananilate ligand with Ln = Ce(III), Pr(III), Yb(III), and Dy(III) lanthanide ions and three different solvents such as H 2 O, dimethyl sulfoxide (DMSO = Solv.), and dimethylformamide (DMF = Solv.). The role of the Ln(III) size and the size and shape of the solvent in the crystal structure of the obtained compounds has been discussed in detail. The lightharvesting ability of the chlorocyananilate ligand toward the different lanthanides, especially the near-infrared (NIR)emissive Yb(III) ion, has not been studied, even though this ligand is an interesting candidate for sensitizing efficiently the lanthanide emission because does not contain CH or OH groups, the most important IR quenchers. No fundamental studies of 2D layered materials containing the chlorocyananilate ligand and NIR-emissive lanthanides have been reported so far, although Er(III), Yb(III), and Nd(III) complexes are attracting ever-growing interest because of their technological applications mainly in telecommunications 37 and biological imaging. 25,38 In this work, we report a fundamental study of the synthesis, structural characterization lanthanides is investigated. The aim is to produce stable nanosized sheets by using the well-known top-down strategy involving the traditional sonication-assisted solution exfoliation, starting from fully characterized bulk 2D neutral NIRemissive CPs. The obtained 2D nanosheets are characterized by atomic force microscopy (AFM), 39,40 high-resolution transmission electron microscopy (HR-TEM), and continuous-wave transient optical spectroscopy. A comparison between the photophysical properties of the CPs as bulk and nanosheets, performed in an EtOH suspension and drop-cast on a glass substrate, is also reported.

■ EXPERIMENTAL SECTION

Materials and Methods. Reagents of analytical grade were purchased from Sigma-Aldrich and used without further purification. The solvents were of high-performance liquid chromatography grade. Potassium chlorocyananilate (KHClCNAn) was synthesized as reported in the literature, 35 Nanosheets of compounds 1-3 (hereafter 1-NS-3-NS, respectively) were fabricated by a top-down sonication-assisted liquid exfoliation method. Delamination was achieved by sonicating the dried powder of samples of 1-3 (1 mg) in absolute anhydrous ethanol (EtOH, 2 mL) for 20 min at room temperature, according to the literature. 41 After centrifugation, the suspensions were further diluted 10 times (100 μL of suspension and 900 μL of EtOH) to allow dynamic light scattering (DLS) (Malvern ZETASIZER NANO instrument) to fulfill all measurement requirements, even though DLS measurements on the pristine suspensions (1 mg/2 mL) yielded the same results. Undiluted suspensions of 1-NS-3-NS in EtOH were deposited by being drop-cast onto SiO 2 /Si substrates (20 μL), glass substrates (200 μL), and carbon-coated copper grids (5 μL) for AFM, photophysical, and TEM measurements, respectively.

X-ray Crystallography. Single crystals of the compounds were mounted on glass fiber loops using a viscous hydrocarbon oil to coat the crystal and then transferred directly to the cold nitrogen stream for data collection. Data were collected at 150 K on an Agilent Supernova instrument with Cu Kα radiation (λ = 1.54184 Å). The structures were determined by direct methods with the SIR97 program and refined against all F 2 values with the SHELXL-97 program using the WinGX graphical user interface. All non-hydrogen atoms were refined anisotropically except as noted, and hydrogen atoms were placed in calculated positions and refined isotropically with a riding model.

Morphological Characterization. Nanosheet morphology was investigated by AFM (NT-MDT Smena instrument) performed in noncontact mode using sharp Si tips (NT-MDT ETALON HA_NC). Topography (height) images were analyzed using free software (WSxM version 5.0). 42 TEM and HR-TEM images were obtained with a JEM 2010 UHR instrument equipped with a Gatan Imaging Filter (GIF) with a 15 eV window and a 794 slow scan CCD camera.

Photophysical Characterization. Continuous-wave (Cw) diffuse reflectance (R d ) of ground crystals, regular transmittance (T r )of nanosheet suspensions in EtOH, and total (specular/regular + diffuse) reflectance (R)/transmittance (T) of dropcast nanosheets Crystal Structures. Compounds 1-3 are neutral polymeric 2D networks of the chlorocyananilate ligand alternating with Ln(III) ions. Two types of networks can be observed depending on the Ln(III) ion as shown in Scheme 1. The use of Yb(III) has resulted in a solvent-free 2D network that crystallizes in monoclinic space group P2 1 /n, while the Nd(III) and Er(III) networks crystallize in monoclinic space group C2/ c and contain one dichloromethane solvent molecule in the cavities of the layers. It is not uncommon in the lanthanides series to obtain different crystalline structures in spite of the similar experimental conditions used, a feature that is generally due to the slight differences between the ionic radii of the lanthanide. The asymmetric unit of 1 consists of one Yb 3+ ion, one and one-half molecules of the ClCNAn 2-ligand, and three DMF molecules giving rise to the formula [Yb 2 (ClCNAn) 3 (DMF) 6 ] n (Figure 1a). In the anilate ligand, because of the inversion center, for the half-molecule of asymmetric chlorocyananilate, the chloro and cyano substituents are equally distributed over the same position.

The Yb(III) ion is nine-coordinated in a slightly distorted monocapped square antiprismatic geometry, completed by six oxygen atoms from three ClCNAn 2-ligands and three oxygen atoms from three DMF molecules (Figure 1b). Yb-O bond lengths and O-Yb-O angles fall in the range of 2.278-2.514 Å and 66-142°, respectively. The Yb(III) centers are quite isolated as the shortest Yb•••Yb distance is 8.633 Å. The structure shows 2D layers with (6,3) topology in which each Yb(III) ion is connected to three other Yb(III) ions through bis-bidentate chlorocyananilate ligands forming six-membered rings with rectangular cavities along the b-c plane (Figure 1ce). Neighbor layers are eclipsed along the a axis. The coordinated DMF molecules face toward the cavities and toward neighboring layers. This results in a non-negligible overlap of the 2D layers (Figure 1d) and in numerous interlayer interactions between the DMF molecules of one layer and the Yb(III) centers of the neighbor layer. All the interlayer contacts are detailed in Figure S1 and Table S1.

Compounds 2 and 3 are isostructural; therefore, only the structure of 2 is discussed in detail hereafter (see Figure S3 and Table S3 for compound 3). The asymmetric unit consists of one Nd(III) ion, three half-molecules of the ClCNAn 2-ligand, The Nd(III) ion is nine-coordinated and shows a tricapped trigonal prism geometry, completed by six oxygen atoms from three ClCNAn 2-ligands and three oxygen atoms from three DMF molecules (Figure 2b). This different geometry of the Ln(III) center compared to that of Yb(III) in compound 1 results in a more regular honeycomb(6,3) topology structure, with hexagonal cavities (Figure 2c) filled by dichloromethane solvent molecules (two molecules per formula unit). Consecutive 2D layers are arranged in an alternate way along the c axis (Figure 2d,e). Nd-O bond lengths and O-Nd-O angles fall in the range of 2.419-2.561 Å and 64-142°, respectively. The shortest distance between Nd(III) centers is 8.93 Å. As in 1, there is an overlap of the 2D layers by the coordinated DMF molecules and numerous interlayer interactions between Nd(III) centers and methyl groups from the DMF molecules (see Figure S2 and Table S2). A summary of crystallographic data and refinement results are listed in Table 1.

R1(F) = ∑||F 0 | -|F C ||/∑|F 0 |. b wR2(F2) = [∑w(F 0 2 -F C 2 ) 2 /∑wF 0 4 ] 1/2 . c S(F2) = [∑w(F 0 2 -F C 2 ) 2 /(n + r -p)] 1/2 .
The two different 2D networks we observed can be explained in terms of different sizes of the lanthanide ion as previously highlighted by Gomez et al. 36 In fact, even small changes in the size of Ln(III) ion play a key role in determining the shape and size of the cavities in the compounds' structures. Indeed, despite the fact that the coordination numbers of the lanthanide ions are the same in the three structures, in compound 1 the Yb(III) ion (the smallest one in this series) shows a different coordination geometry, which results in a stronger distortion of the cavities in the 2D layers (rectangular cavities), whereas in compounds 2 and 3, the Er(III) and Nd(III) adopt the same coordination geometry leading the usual regular honeycomb(6,3) topology structure, with hexagonal cavities.

Because in all compounds the coordinated DMF molecules are overlapped/interpenetrated with the neighbor layers, the overlapping distance has to be considered to determine the number of layers from the thickness of the exfoliated sheets. The height of a monolayer (h 0 ) and the interlayer distance (d) can be easily calculated from the crystal structure (Figure 3). The number of layers (n) of a 2D crystal slab of thickness h can thus be calculated as

=+ - n hhd 1(
) / 0 A summary of these parameters is reported in Table 2 for compounds 1-3.

Synthesis and Morphological Characterization. Exfoliation of crystals of compounds 1-3 was successfully achieved by a sonication-assisted solution method in different solvents such as acetone, methanol, ethanol, and acetonitrile. DLS measurements performed at different times after sonication showed monomodal distributions of the hydrodynamic diameter of the nanosheets, with good stability over several days (Figure 4a-c). The stability of the nanosheet suspensions was visually confirmed by the long-lived observation of Tyndall scattering of laser light (Figure 4d).

Morphological characterization of the exfoliated materials was performed by AFM on 1-NS-3-NS. Panels a and b of Figure 5 display topography (height) scanning images over substrate areas covered with nanosheets of compounds 1 and 3, respectively. Randomly distributed nanosheets with lateral dimensions of up to a few micrometers are clearly evident, for which height profiles are depicted in panels c and d of Figure 5, respectively. The lateral size of the nanosheets is clearly larger than their hydrodynamic diameter, which is, in fact, proportional through a shape factor to the diameter of the sphere with the equal volume as the nanosheet. 43 The nanosheets exhibit a markedly quantized height distribution. According to the values of monolayer thickness and interlayer distance reported in Table 2 and given the limited absolute accuracy (∼0.5 nm) in determining the zero height level due to substrate roughness, results are consistent with a thickness distribution ranging from one to four layers. Repeated scans over the same nanosheet resulted in a progressive deterioration of its topography with the emergence of an increasing number of nanoholes as a possible consequence of the sample-tip interaction (Figure S4). Collected data clearly demonstrate that the sonication-assisted solution method was effective in providing exfoliation of 1-3 layered compounds down to the monolayer limit.

TEM images confirm the presence of overlapped sheets for both samples (Figure 6a-c). The contrast of the TEM images indicates that the layers are very thin. High-resolution images for exfoliated compound 1 are reported in Figure 6d-f. For compound 1, we were able to observe well-defined lattice fringes with interplanar average distances of 2.9 and 2.6 Å, which can be ascribed to the (-135) and (-3-15) planes of crystal 1, respectively (Figure S5). It is worth noting that because of possible sample degradation under electron-beam irradiation, lattice fringes have so far been observed in only a few stable MOFs. 44,45 Photophysical Studies. Crystals of KHClCNAn and of Ln(III) compounds 1-3 were investigated by absorption and photoluminescence spectroscopy. Cw absorptance spectra are depicted in Figure 7a. The absorption onset of the ligand is clearly visible at ∼600 nm in KHClCNAn (4) and at ∼650 nm in the Ln(III) compounds. For longer wavelengths, Ln(III) absorption transitions dominate the spectra.

Photoluminescence (PL) spectroscopy was conducted with near-ultraviolet impulse excitation above the ligand absorption onset; pulsed excitation enabled acquisition of excited-state lifetimes and emission spectra simultaneously. Given the maximum irradiation energy density of ∼300 μJ/cm 2 per pulse used in PL experiments, and assuming that at the pump wavelength, the ligand absorption cross section yields a molar decadic absorption coefficient no larger than 10 3 cm -1 mol -1 dm 3 in solution, 35 an upper bound of ∼2 × 10 -3 excited states per ligand per pulse is estimated for the photoexcitation level reached in all compounds, meaning that both the excited-state dynamics and emission spectra were investigated in a regime of the linear response.

Time-integrated PL spectra of all compounds are shown in Figure 7b. Ligand-centered emission (dots), which was identified based on the KHClCNAn emission band that peaked at 650 nm, exhibits an ∼50 nm red-shift with respect to the absorption onset in both KHClCNAn and lanthanide compounds. Ln(III) emission lines peaked at ∼980 nm in 1, ∼900, ∼1070, and ∼1350 nm in 2, and ∼1550 nm in 3, proving that the ligands act as optical antennas toward the lanthanide ions. The visible-NIR emission spectrum of 1 under UV photoexcitation is strongly similar with the one reported very recently for a chlorocyananilate-based Yb(III) compound. 46 As shown in Figure 7c, the PL emission of KHClCNAn is short-lived, decaying monoexponentially with a characteristic time of 200 (10) ps. Because of its short lifetime, the emission is ascribed to singlet radiative recombination, contrary to previous triplet assignments. 36 In the lanthanide compounds, the ligand-centered PL is strongly quenched; its emission lifetime decreases to ∼40 ps in 3 and ∼30 ps in 1, while in 2, the ligand recombination dynamics is completely limited by resolution. PL lifetime shortening is attributed to enhanced intersystem (singlet-to-triplet) crossing due to the presence of the Ln(III) ions, based on the well-known heavy atom effect, 47 a l r e a d yr e p o r t e db ys o m eo fu si nq u i n o l i n o l a t e -b a s e d complexes of the same NIR-emissive lanthanides. 48 In lanthanide coordination compounds with organic ligands, enhancement of intersystem crossing can result in efficient sensitization of the Ln(III) luminescence through energy transfer from the ligand triplet states to the Ln(III) ions. 21,48 The quantum efficiency of intersystem crossing can be evaluated as 1τ/τ 0 , where τ and τ 0 are the ligand-centered PL lifetimes in the presence and absence of the heavy atom, respectively, and τ 0 is well-approximated by the PL lifetime of KHClCNAn. A very high efficiency (η) is thus inferred for intersystem crossing in all lanthanide compounds: ∼0.8 in 3, ∼0.85 in 1, and >0.85 in 2.

Lanthanide-centered emission transients are reported in panels d and e of Figure 7. As one can clearly see in Figure 7d, Ln(III) emission sensitization takes place within a few tens of nanoseconds from the impulse excitation. The activation of the Ln(III) emission exhibits an instantaneous component whose characteristic time is limited by the 1 ns temporal resolution of the NIR PL detection apparatus, superimposed on a delayed component occurring on the time scale of tens of nanoseconds. In compound 3, no instantaneous component is detected, and the time profile can be fitted with a single-component exponential rise function with a characteristic time of 16 ns. This time constant is much longer than the 40 ps decay time of the ligand-centered emission, thereby corroborating our understanding of Ln(III) emission sensitization as a multistep relaxation process involving, in sequence, intersystem crossing and energy transfer from ligand triplet states to the Ln(III) ions.

Ln(III) emission decay occurs on the time scale of a few microseconds in all Ln(III) compounds (Figure 7e). Nd(III) and Er(III) emissions decay monoexponentially with characteristic times of 0.79 and 2.1 μs, respectively, whereas the Yb(III) emission transient is best fitted by a biexponential decay function with characteristic times of 1.2 and 9.7 μs, having fractional amplitudes of 0.13 and 0.87, respectively. The faster component, most likely arising from a distinct population of excited Yb(III) ions undergoing more efficient nonradiative deactivation, could in fact be minimized upon careful selection of the photoexcited sample spot. The Ln(III) excited-state lifetimes of compounds 1-3 are 2-3 orders of magnitude shorter than the radiative lifetimes, which range from a fraction of a millisecond for Nd(III) 49 and Yb(III) 46,50 to a few milliseconds for Er(III). [51][52][53] The observed lifetimes were traced back to vibrational deactivation of the Ln(III) excited states 21,50,[54][55][56] due to the presence of the C-H groups of the coordinated (DMF) solvent molecules, being as little as 3-4 Å from the Ln(III) ions (Tables S1-S3).

Cw absorptance and transient PL measurements of nanosheet suspensions and drop-cast nanosheets are reported in Figures 8 and9, respectively. In all nanosheet suspensions, absorptance spectra exhibit a strong wavelength-dependent background arising from the loss of regular transmittance due to light diffusion (Figure 8a). The weak ligand-centered emission of the nanosheet suspensions spectrally peaks at ∼460 nm, occurring, in fact, in the same spectral region as the emission of the ligand anions in a diluted EtOH solution, 5 (Figure 8b). The ligand-centered emission is still dominated by a fast component with a characteristic time as short as 56 ps (2-NS) and a fractional amplitude of >0.90 in all compounds (Figure 8c). The residual component with a small (<0.10) fractional amplitude decays on the time scale of a few nanoseconds (not shown), as also observed in 5. As one can clearly see in Figure 8b, lanthanide-centered emission spectra were only weakly perturbed by the exfoliation procedure. The activation of the lanthanide-centered emission is instantaneous within the resolution of the NIR PL detection apparatus (Figure 8d), while its decay is faster than in the crystals. Ln(III) PL decay is monoexponential with a characteristic time of 0.13 μs for Nd(III) (2-NS) and biexponential for Yb(III) (1-NS) and Er(III) (3-NS) with amplitude-weighted average lifetimes of 0.88 and 0.13 μs, respectively (Figure 8e).

In drop-cast nanosheets, absorption artifacts related to light diffusion were eliminated by inferring absorptance from total transmittance and reflectance measurements (Figure 9a). The ligand-centered PL band that peaked at ∼460 nm is still present, and the red emission band centered at ∼680-720 nm is clearly recovered (Figure 9b). The initial decay of the ligandcentered emission is nearly resolution-limited across the whole 400-800 nm spectral range for both 1-NS and 3-NS, whereas the red PL band of 2-NS decays monoexponentially with practically the same characteristic time as for KHClCNAn (Figure 9c). Further shortening of the Ln(III) average lifetime to 0.38 μs was observed for Yb(III) in 1-NS; conversely, 1.8and 2.2-fold increases in lifetime with respect to that of the nanosheet suspension were reported for Nd(III) in 2-NS and Er(III) in 3-NS, respectively (Figure 9e). A summary of Ln(III) PL time constants is presented in Table 3.

The persistence of photophysical signatures of ligand-tolanthanide coordination, that is, (i) the red-shift of the fundamental absorption band, (ii) the accelerated decay of ligand-centered emission, and (iii) UV sensitization of the NIR lanthanide emission upon sonication of the materials, demonstrates the successful exfoliation of these 2D layered CPs. The appearance of the blue emission band and the accelerated decay of the Ln(III) PL in the nanosheets were ascribed to the creation of electronic defect states and nonradiative recombination centers by the exfoliation process. Effects of nanosheet-solvent interaction on the nanosheet emission properties were envisaged. In particular, partial recovery of the Nd(III) and Er(III) PL lifetimes observed upon nanosheet drop-casting onto the glass and solvent evaporation suggested that the C-H/O-H groups of the solvent molecules can contribute to vibrational quenching of the NIR nanosheet emission in the suspensions and that the process is reversible. Last, deterioration of the NIR emission performance observed for Yb(III) in dropcast 1-NS was attributed to nanosheet aggregation and/or nanosheetsubstrate interaction effects.

■ CONCLUSIONS

A fundamental study of the synthesis Further studies of this novel class of materials will involve (i) the preparation and characterization of nanosheets of these materials by the bottom-up strategy, by using the surfactantassisted synthesis to improve their yield on planar substrates and to tune their thickness, and (ii) mixed lanthanide neutral CPs showing the same supramolecular architectures, as bulk and nanoparticles, because, as worth noting, these 2D layered CPs show emission bands in the 980-1350 nm spectral region, the so-called biological window, and therefore can be envisaged for applications in biology and nanomedicine as luminescent dual-center nanothermometers. The work in France was supported by the CNRS, the University of Angers, the Erasmus program (mobility grant to N.M.), and the RFI Regional project LUMOMAT (grant to A.A., Project ASCO MMM). The authors thank Sylvie Dabos-Seignon (University of Angers) for preliminary AFM characterization, Andrea Ardu (University of Cagliari) for support with HR-TEM measurements, and Alessandro Mattoni (IOM-CNR Cagliari) for fruitful theoretical discussions. Mariangela Oggianu (University of Cagliari) is also greatly acknowledged for support with DLS measurements and nanosheets drop-cast on glass substrates.

INTRODUCTION

During the last 40 years molecular conductors have remarkably attracted the interest of material scientists since the pioneering work of Ferraris et al., 1 where the tetrathiafulvalene (TTF) organic donor was combined with the tetracyanoquinodimethane (TCNQ) organic acceptor, yielding the charge transfer complex (TTF)(TCNQ). The new compound showed unique conducting properties comparable to those of a classical metal, 1 which have never been observed before in a purely organic material. Nevertheless, compounds containing radical species, e.g. TTF •+ Cl -salt 2 or TCNQ-based systems with different metal cations, 3 were previously reported. With the aim of increasing the intermolecular interactions between the units that are responsible for the conducting properties, several TTFbased derivatives have been subsequently explored. In particular, the bis(ethylenedithio)tetrathiafulvalene molecule (BEDT-TTF or ET, Chart 1) has been shown to be the most successful donor, affording the largest number of twodimensional (2D) conducting materials, [4][5][6] ranging from Mott insulators and conductors to the majority of the known molecular superconductors. Most of these materials are formed of partially charged ET molecules and different types of closedshell or magnetic inorganic anions, 4 while several examples of salts with organic ions such as polycyanocarbons, 7 fluoroalkyl sulfonates, 8 polynitrophenolates, 9 squarate and rhodizonate, 10 and haloanilates [11][12][13] have been described as well. Anilic acids (I; X = Cl, Br, I, NO 2 , CN, etc.) are of special interest in the context of the band-filling control of organic conductors, since they give rise to anionic species with modulable charges such as monoanionic (II) and dianionic (III) forms, following a mono-or bis-deprotonation process of the two hydroxyl groups. The form III prevails in aqueous media due to the strong resonance stabilization of the negative charge (Scheme 1). Moreover, the interest in anilic acids has been recently renewed, since they have been used as molecular building blocks for obtaining different types of functional materials such as organic ferroelectrics or as components in their dianionic forms III of multifunctional molecular materials showing peculiar physical properties. 12,[14][15][16][17][18][19][20][21] In fact anilates are very attractive building blocks because of (i) their interesting redox properties, 22 (ii) their ability to mediate magnetic superexchange interactions when the ligand coordinates two metal ions in the 1,2-bis-bidentate coordination mode, 14 and (iii) the possibility of modulating the strength of this magnetic superexchange interaction by varying the substituents (X) on the 3,6-positions of the anilato ring. 23 Moreover, the presence of different substituents in the anilato moiety gives rise to intermolecular interactions such as H bonding, halogen bonding, π-π stacking, and dipolar interactions, which may influence the physical properties of the resulting material. In this context cyananilic acid, bearing two CN groups, H-bonding acceptor sites, has afforded 2:1 salts in which it is present in the monoanionic form II, a 1D antiferromagnetic CT salt with the tetramethyl-TTF (TM-TTF) organic donor and a Mott insulator with ET, respectively. 12,13,24,25 As a progression of these studies, we focus our scientifice fforts on fully organic TTF salts based on hetero-and homosubstituted anilate derivatives in order to investigate the influence of the different substituents on the physical properties of the resulting radical cation salts.

We report herein the synthesis by electrocrystallization, thorough structural analysis, Raman studies, and physical properties of radical cation salts based on BEDT-TTF and the heterosubstituted X = Cl/CN anilate (1)a n dt h e homosubstituted X = Cl anilate (2). Band structure calculations of compound 1 will be also discussed in order to correlate the structure with the conducting properties.

RESULTS AND DISCUSSION

Synthesis. The chlorocyananilic and chloroanilic acids were combined in electrocrystallization experiments with the ET donor, using the same reagent stoichiometric ratios and solvent mixture at different current densities. Two crystalline salts formulated as [BEDT-TTF] 2 [HClCNAn] (1) and [BEDT-TTF][HCl 2 An] (2) were obtained.

Crystal Structures. The compound 1 crystallizes in the monoclinic space group P2/c. It consists of two BEDT-TTF donor molecules for one monoanionic (HClCNAn) -unit, with one independent donor and half of the anion in the asymmetric unit (Figure S1 S1 in the Supporting Information). As there is only one crystallographically independent molecule of BEDT-TTF for half an (HClCNAn) - anion, the average charge of each donor molecule is +0,5. This is consistent with the analysis of the bond lengths according to the procedure described by Day et al., 26 1. Thus, the Q value for 1 amounts to +0.34 ± 0.1, clearly indicating a mixed valence state for the BEDT-TTF donors. With the knowledge that the estimated charge is very sensitive to the crystal quality, the difference from the expected value of +0.5 is not surprising. The crystal packing shows segregation of BEDT-TTF molecules in the ac plane separated by layers of (HClCNAn) - and chains of organic donors along the a axis (Figure 1). The BEDT-TTF molecules inside a chain do not have the same orientation, the intrachain interactions being of the twisted mode (Figure 1 and Figure S2 in the Supporting Information). Due to the different types of interactions, the donor layer contains dimers of BEDT-TTF, for which we observe strong S•••H hydrogen bonds between the terminal ethylenedithio groups and short S•••S intermolecular contacts (Table S2 in the Supporting Information). Similar to the case for the donor layer, in the anilate layer one can observe chains of (HClCNAn) -molecules along the a axis, with strong interactions via hydrogen bonds between CO and C-OH/ C-O -groups (Figure S3 and Table S3 in the Supporting Information).

Since the anion is located on an inversion center, the Cl and CN substituents are disordered with an sof value of 0.5. Finally, both chloro and cyano substituents present two types of interactions: one interchain interaction with a (HClCNAn) - Scheme 1. Protonation Equilibria for a Generic Anilic Acid Table 1. Bond Distance Analysis for the BEDT-TTF Molecule in 1 and 2 from the upper and lower chains and one hydrogen bond with an ethylenedithio group from the neighboring BEDT-TTF molecules (Figure 2). Compound 2 crystallizes in the monoclinic space group I2/a, with one independent half of the donor and half of the anion both located on inversion centers in the asymmetric unit, thus affording a 1:1 stoichiometry (Figure S4 in the Supporting Information). Similar to the case for 1, the two independent C-O distances in the anilate molecule are consistent with the presence of two CO (1.235(4) Å) and two C-O(H) bonds (1.294(4) Å). Since the electrocrystallization experiment was started with the chloranilic acid H 2 Cl 2 An, one can conclude that partial deprotonation occurred during the process. As the stoichiometry of the salt is 1:1, one could argue that the anilate is under its monoanionic form II, and thus the donor would bear the charge +1. However, the inspection of the central C C (1.367(6) Å) and internal C-S bonds (Table S4 in the Supporting Information; see also Table 1) of the donor would be more in favor of a mixed valence state, all the more since the crystal structure is of excellent quality. Interestingly, the crystal packing shows donor/anion segregation in the ac plane, with formation of uniform chains of BEDT-TTF with no dimerization, separated by layers of anilate anions (Figure 3 and Figure S5 S5 in the Supporting Information). The BEDT-TTF molecules lie parallel to one another along the b axis, but the orientation between donors from adjacent chains is twisted by 45°. This peculiar orientation implies that one BEDT-TTF donor establishes short S•••S contacts with three donors from a neighboring chain. The same type of packing is observed for the anilate layer (Figure S6 in the Supporting Information), although the (HCl 2 An) -molecule is engaged in several interchain interactions with the neighboring anionic molecules, through hydrogen bonds between CO and C-OH groups (Table S6 in the Supporting Information). Finally, S•••Cl donor-anion interactions are observed as well between the chloro substituents and the S atoms of ethylenedithio groups from the neighboring BEDT-TTF molecules (Figure 4).

Raman Studies. Raman measurements were performed on compounds 1 and 2 in order to gain information on the oxidation degree of BEDT-TTF molecules. An approximately linear dependence between the charge degree of the donor and the Raman-active CC stretching frequencies in insulating, conducting, and superconducting BEDT-TTF-based salts has previously been established. 27 The two totally symmetric Raman-active CC stretching modes av 3 and av 4 , with almost equal contributions of the stretching vibrations of the lateral CC bonds and the central CC bond of the BEDT-TTF donor, found in the 1400-1500 cm -1 range in most of the known BEDT-TTF-based salts, have been used as chargesensitive vibrational probes. Raman spectra of 1 and 2 are reported in Figure 5. 1 shows a strong peak at 1470 cm -1 that can be assigned to the totally symmetric CC stretching vibration aν 4 of the BEDT-TTF molecule, which is consistent with the observed 2:1 stoichiometry of this salt, where the donor possesses a +0.5 charge state. Two peaks at 1466 and 1495 cm -1 are observed instead in the Raman spectrum of 2 that may be assigned to the aν 4 and aν 3 totally symmetric CC stretching vibrations of the BEDT-TTF molecule in a partial oxidation state. This is consistent with the Q value calculated by the bond distance analysis from the X-ray data (Table 1), suggesting a mixed valence (mixed protonation) character for compound 2.

Transport Properties and Band Structure Calculations. As the crystals of compound 2 were too small, conductivity measurements were performed only on single crystals of compound 1. The room-temperature conductivity value of 2 × 10 -2 Sc m -1 for 1 is typical for a semiconductor. The temperature dependence of the resistivity indicates an activated regime (Figure 6).

The Arrhenius plot of ln ρ vs 1/T shows a linear behavior that can be fitted to the law ln ρ =l nρ 0 + E a /T with an activation energy E a of 1900 K.

In order to get deeper insight into the activated conductivity of compound 1, tight-binding band structure calculations of the extended Huckel type were performed. The donor layers of compound 1 contain two symmetry-equivalent molecules making four different intermolecular interactions (labeled I-IV in Figure 7). The S•••S contacts smaller than 4.0 Å associated with the different interactions are reported in Table 2. There are two intrachain (I and II) and two interchain (III and IV) interactions. The intrachain interactions are of the twisted mode, although the two interactions are not exactly of the same type. The shift of the center of the two CC bonds is small for interaction I but considerably larger for interaction II. As a result, the C-H group of the terminal ethylenedithio groups pointing toward the other donor makes four S•••H hydrogen bonds in interaction I (3.020 (×2), 3.046 (×2) Å) but two in interaction II (2.971 (×2) Å). This leads to a series of noticeably shorter S•••S interactions and a tighter HOMO-HOMO overlap for interaction I (i.e., the S atoms of the fivemembered rings, which are those bearing the stronger coefficients in the HOMO, are those associated with the shorter S•••S contacts). In the understanding of the transport properties of this salt we need to have a hint as to the strength 28 The calculated values for the four interactions are reported in Table 2.

In agreement with the previous structural analysis the strength of interaction I is twice as strong as interaction II. Thus, the chains are strongly dimerized as far as the HOMO••• HOMO interactions are concerned. The coupling between these chains depends on the strength of interactions III and IV. Interaction III is associated with the shorter S•••S contacts. However, these contacts are of the lateral type associated with moderate π type interactions so that the interaction is only modest. Finally, interaction IV is not very favorable in terms of both distance and orientation, its value thus being much smaller. However, every donor is associated with two of these interactions at both ends of the donor. Because of these interactions, the intrachain and interchain interactions are interrelated. Thus, the donor layers of compound 1 may be described as a series of fairly interacting strongly dimerized chains along a.

The previous analysis is substantiated by the calculated band structure shown in Figure 8. The band structure along the chain direction (Γ-X) shows two bands with opposite curvature with a large dimerization gap at X, as expected for a strongly dimerized chain. Consequently, the upper band is built from the antibonding combination of the two HOMO orbitals (ψ -) of the dimer associated with interaction I, whereas the lower band is built from the bonding combination (ψ + ). In addition, the full dispersion of the upper band is almost the same as that along the chain direction, whereas for the lower band the full dispersion is considerably larger than the dispersion along the chain. This means that the interchain interactions have a relatively small influence on the interactions of the antibonding ψ -orbital of the dimers of different chains but noticeably affect those of the bonding ψ + orbital. In the upper band interactions III and IV tend to cancel along a large part of the Brillouin zone, whereas in the lower band they add up. This is very clear when one looks, for instance, at the Γ-Y direction (i.e., the interchain direction) in Figure 8. Ultimately this is due to the bonding vs antibonding character of the ψ + and ψ -orbitals of the dimers.

The previous observations are relevant in understanding the origin of the activated conductivity of 1. Because of the 2:1 stoichiometry and the fact that the anion carries a single negative charge, the HOMO bands must contain one hole. Thus, the lower HOMO band in Figure 8 is full and the upper is half filled. Consequently, the activated conductivity is not a consequence of the occurrence of a gap in the band structure but of the localization of electrons in the upper band. This is likely because of the strong dimerization and the weak interaction between the dimeric units of the layer as far as the ψ orbital is concerned. In other words, the electrons tend to stay localized in the antibonding ψ -orbital of the dimeric units (interaction I), according to the so-called Mott localization mechanism, and an activation energy is required to jump between units. The occurrence of disorder does not seem to play an important role in triggering the localization. The particular nature of the donor lattice, with both a strong dimerization along the chains and competing interdimer interactions, lies at the origin of the activated conductivity of this salt.

CONCLUSIONS

Two radical cation salts based on BEDT-TTF and the organic anions chlorocyanoanilate and chloranilate have been prepared by electrocrystallization starting from the monopotassic chlorocyanoanilate salt and the chloroanilic acid, respectively. While for the first anion a 2:1 salt crystallized with a clear mixed valence state for the donor and -1 charge for the anion, the second salt showed a 1:1 stoichiometry. In both compounds donor-anion segregation occurs, with an arrangement of the donor molecules either in a α′-type donor packing pattern or in parallel columns twisted by 45°with respect to each other, respectively. The anions play a very important role, as they can tune the oxidation state of BEDT-TTF by the deprotonation degree and influence the solid-state architecture through establishment of a complex set on intermolecular interactions. The salt (BEDT-TTF) 2 (HClCNAn) shows activated conductivity supported by band structure calculations which suggest a Mott localization to explain the semiconducting behavior. The salt (BEDT-TTF)(HCl 2 An) is rather intriguing, as the bond distances within the donor are in agreement with a partial oxidation state of BEDT-TTF which would involve an incomplete deprotonation of the starting chloranilic acid, and no dimerization is observed within the chains. The balance between charge transfer on the donor and deprotonation degree of the acid in this compound is worthy of further investigation together with its conducting properties. Moreover, a combination of other BEDT-TTF related donors, including chiral ones, 21,[29][30][31] with diverse hetero-/homosubstituted anilates is envisaged in our groups.

■ EXPERIMENTAL SECTION General Considerations. KHClCNAn was synthesized according to the literature procedure. 32 BEDT-TTF was prepared following the Larsen procedure. 33 H 2 Cl 2 An was purchased (Sigma-Aldrich). Crystals were grown by the electrocrystallization technique. Solvents used for electrocrystallization experiments (HPLC grade) were dried under basic alumina and degassed with argon prior to use.

Synthesis. [BEDT-TTF] 2 [HClCNAn] (1). KHClCNAn was dissolved in 8 mL of CH 2 Cl 2 and placed in the cathode chamber of an H-shaped electrocrystallization cell. BEDT-TTF (5 mg) was dissolved in 8 mL of CH 2 Cl 2 and placed in the anode chamber of the cell. A current density of 0.5 μAc m -2 was applied. Black prismatic single crystals of 1 were grown at 20 °C on the anode surface of a platinum-wire electrode over a period of 2 weeks.

[BEDT-TTF][HCl 2 An] (2). H 2 Cl 2 An was dissolved in 8 mL of CH 2 Cl 2 and placed in the cathode chamber of an H-shaped electrocrystallization cell. BEDT-TTF (5 mg) was dissolved in 8 mL of CH 2 Cl 2 and placed in the anode chamber of the cell. A current density of 0.3 μAc m -2 was applied. Black prismatic single crystals of 2 were grown at 20 °C on the anode surface of a platinum-wire electrode over a period of 2 weeks.

X-ray Crystallography. Single crystals of the compounds were mounted on glass fiber loops using a viscous hydrocarbon oil to coat the crystal. Data collection was performed at 293 K on an Agilent Supernova instrument with Cu Kα radiation (λ = 1.54184 Å). The structures were solved by direct methods with the SIR97 program and refined against all F 2 values with the SHELXL-97 program using the WinGX graphical user interface. All non-hydrogen atoms were refined anisotropically except as noted, and hydrogen atoms were placed in calculated positions and refined isotropically with a riding model. A summary of crystallographic data and refinement results is given in Table 3.

Raman Measurements. Raman spectra were carried out at room temperature on single crystals by using a micro Raman spectrometer (Horiba Labram 300) equipped with a He-Ne laser (λ 632.81 nm) laser in the 80-2000 cm -1 range, with a 20 LWD objective (<0.25 mW/μm 2 on the crystal). A 180°reflective geometry was adopted. The samples were mounted on a glass microscope slide, and the scattering peaks were calibrated against a Si standard (n = 520.7 cm -1 ). A typical spectrum was collected with a 300 s time constant at <1 cm -1 resolution and was averaged over three scans. No sample decomposition was observed during the experiments.

Single-Crystal Conductivity Measurements. Electrical transport measurements were performed on platelet-shaped single crystals. Gold contacts were evaporated on both faces of the crystals, and gold wires (17 μm diameter) were glued with silver paste on those contacts. Four-probe dc measurements were performed, applying a constant current of 1 μA and measuring the voltage using a Keithley 2401 source meter. Low temperature was provided by a homemade cryostat equipped with a 4 K pulse tube.

Band Structure Calculations. The tight-binding band structure calculations were of the extended Huckel type. 34 Am o d i fied Wolfsberg-Helmholtz formula 35 was used to calculate the nondiagonal H μν values. All valence electrons were taken into account in the calculations, and the basis set consisted of Slater-type orbitals of double-ζ quality for C 2s and 2p and S 3s and 3p and of single-ζ quality for H. The ionization potentials, contraction coefficients, and exponents were taken from previous work. 36 ■ ASSOCIATED CONTENT * S Supporting Information
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Additional figures and tables as mentioned in the text (PDF) 

R1(F)=∑||F o | -|F c ||/∑|F o |. b wR2(F 2 )=[ ∑w(F o 2 -F c 2 ) 2 / ∑wF o 4 ] 1/2 . c S(F 2 )=[ ∑w(F o 2 -F c

General Introduction

The aim of the present work is to highlight the key role of anilates in engineering new materials with new or improved magnetic and/or conducting properties and new technological applications. Only homoleptic anilato-based molecular building blocks and related materials will be discussed. Selected examples of para-/ferri-/ferro-magnetic, spin-crossover and conducting/magnetic multifunctional materials and MOFs based on transition metal complexes of anilato-derivatives, on varying the substituents at the 3,6 positions of the anilato moiety, will be discussed herein, whose structural features or physical properties are peculiar and/or unusual with respect to analogous compounds reported in the literature up to now. Their most appealing technological applications will be also reported.

Derivatives of the 2,5-dioxy-1,4-benzoquinone framework, containing various substituents at the 3 and 6 positions, constitute a well-known motif observed in many natural products showing important biological activities such as anticoagulant [1], antidiabetic [2], antioxidative [3], anticancer [4], etc. Structural modifications of the natural products afforded related compounds of relevant interest in medicinal chemistry [5,6]. Furthermore, the 2,5-dihyroxy-1,4-benzoquinone (DHBQ) represents the parent member of a family of organic compounds traditionally called anilic acids that, in their deprotonated dianionic form, act as valuable ditopic ligands towards transition metal ions [7].

Anilic acids are obtained when the hydrogens at the 3 and 6 positions of the DHBQ are replaced by halogen atoms or functional groups (see below). They can be formulated as H 2 X 2 C 6 O 4 (H 2 X 2 An) where X indicates the substituent and C 6 O 4 the anilate moiety (An). A summary of the anilic acids reported in the literature to the best of our knowledge is reported in Table 1. The synthetic methods to obtain the anilic acids described in Table 1 are reported in Schemes 1-3 respectively.

Anilic acids (I) undergo a mono and double deprotonation process of the two hydroxyl groups giving rise to the monoanionic (II) and dianionic (III) forms (Scheme 4: III prevails in aqueous media due to the strong resonance stabilization of the negative charge). The molecular and crystal structures of the protonated anilic acids [24,30-38] are characterized by similar features: (i) a centrosymmetric quasi-quinonoid structure with C=O and C=C distances in the 1.215-1.235 Å and 1.332-1.355 Å ranges, respectively; (ii) a planar structure of the benzoquinone ring; and (iii) moderate-strong H-Bonding and π-stacking interactions in the crystal structure [30,32,36-38]. It should be noted that the crystal structure of H 2 (NO 2 ) 2 An hexahydrate and H 2 (CN) 2 An hexahydrate reveal the presence of hydronium nitranilates and hydronium cyananilates, respectively [35,36], as a result of their strong acidity (pK a values for H 2 (NO 2 ) 2 An: -3.0 and -0.5) [11]. The structure of the nitranilic acid hexahydrate is characterized by the presence of the Zundel cation, (H 5 O 2 ) 2+ , whose proton dynamic has been recently studied by using a multi-technique approach [39]. Interestingly, the structure of H 2 (NH 2 ) 2 An reveals the presence of an highly polarized zwitterionic structure with the protons located on the amino groups [24]. The molecular and crystal structures of alkali metal salts of some anilic acids have also been reported [40-47]. The X-ray analysis reveals that the carbon ring system for the anilates in their dianionic form takes the planar conformation but is not in a quinoidal The crystal structures of the anilate anions are dominated by π-stacking interactions between quinoid rings. Since the dianions are characterized by (i) π-electron delocalization on the O-C-C(-X) -C-O bonds and (ii) strong repulsion due to double negative charges, their crystal structures are interesting redox properties [70]; (ii) their ability to mediate magnetic superexchange interactions when the ligand coordinates two metals ions in the 1,2-bis-bidentate coordination mode; (iii) the possibility of modulating the strength of this magnetic superexchange interaction by varying the substituents (X) on the 3,6 position of the anilato-ring [71]; moreover the presence of different substituents in the anilato moiety give rise to intermolecular interactions such as H-Bonding, Halogen-Bonding, π-π stacking and dipolar interactions which may influence the physical properties of the resulting material. Therefore, these features provide an effective tool for engineering a great variety of new materials with unique physical properties.

The aim of the present work is to highlight the key role of anilates in engineering new materials with new or improved magnetic and/or conducting properties and new technological applications. Only homoleptic anilato-based molecular building blocks and related materials will be discussed. Selected examples of para-/ferri-magnetic, spin-crossover and conducting/magnetic multifunctional materials based on transition metal complexes of anilato-derivatives, on varying the substituents at the 3,6 positions of the anilato moiety, will be discussed herein, whose structural features or physical properties are peculiar and/or unusual with respect to analogous compounds reported in the literature up to now. Their most appealing technological applications will be also reported.

Anilato-Based Molecular Magnets

Introduction

In the design of molecule-based magnets the choice of the interacting metal ions and the bridging ligand plays a key role in tuning the nature and magnitude of the magnetic interaction between the metal ions, especially when the bridge contains electronegative groups that may act as "adjusting screws. A breakthrough in this area is represented by the preparation in 1992 by Okawa et al. [72] of the family of layered bimetallic magnets based on the oxalate (C 2 O 4 2-) ligand, formulated as [(n-Bu) 4 N]M II Cr(C 2 O 4 ) 3 ] (M II = Mn, Fe, Co, Ni and Cu) showing the well-known 2D hexagonal honeycomb structure [73,74]. These systems show ferromagnetic order (M III = Cr) with ordering temperatures ranging from 6 to 14 K, or ferrimagnetic order (M III = Fe) with T c ranging from 19 to 48 K [75-79]. In these compounds the A + cations play a crucial role in tailoring the assembly of the molecular building-blocks and therefore controlling the dimensionality of the resulting bimetallic framework. In addition, the substitution of these electronically innocent cations with electroactive ones can increase the complexity of these systems, adding novel properties to the final material. In the last 20 years many efforts have been addressed to add in these materials a further physical property by playing with the functionality of the A + cations located between the bimetallic layers. This strategy produced a large series of multifunctional molecular materials where the magnetic ordering of the bimetallic layers coexists or even interacts with other properties arising from the cationic layers, such as paramagnetism [2,76-80], non-linear optical properties [2, 81,82], metal-like conductivity [83,84], photochromism [2, 81,85,86], photoisomerism [87], spin crossover [88-93], chirality [94-97], or proton conductivity [2, 98,99]. Moreover, it is well-established that the ordering temperatures of these layered magnets are not sensitive to the separation determined by the cations incorporated between the layers, which slightly affects the magnetic properties of the resulting hybrid material, by emphasizing its 2D magnetic character [2,75-80,95,100,101]. The most effective way to tune the magnetic properties of such systems is to act directly on the exchange pathways within the bimetallic layers. This can be achieved either by varying M II and M III or by modifying the bridging ligand. So far, only the first possibility has been explored, except for a few attempts at replacing the bridging oxalate ligand by with the dithioxalate one, leading to a small variations of the ordering temperatures [102-105].

In this context, anilates, larger bis-bidentate bridging ligands than oxalates, are very challenging as their coordination modes are similar to the oxalato ones and it is well-known that they are able to provide an effective pathway for magnetic exchange interactions [7].

One of the most interesting anilato-based structures obtained so far are the H 2 An 2--and Cl 2 An 2-based honeycomb layers [47,106-110]. In these 2D compounds the structure is similar to that of the oxalate honeycomb layers, but all reported systems to date are homometallic (i.e., they contain two M II or two M III ions of the same nature type). The layers formed with two M II ions contain a 2-charge per formula, [M II 2 (X 2 An 47,110] and [Y 2 (Br 2 An) 3 ]•12H 2 O systems [47]. Further interest for the anilate ligands is related to their ability to form 3D structures with the (10,3)-a topology, similar to the one observed with the oxalate [111]; these structures are afforded when all the ML 3 units show the same chirality, in contrast with the 2D honeycomb layer, which requires alternating Λ-ML 3 and ∆-ML 3 units. This 3D structure with a (10,3)-a topology has been recently reported for the [(n-Bu) 4 . Because these ligands are able to mediate antiferromagnetic exchange interactions, it should be expected that 2D heterometallic lattices of the [M II M III (X 2 An) 3 ] -type, would afford ferrimagnetic coupling and ordering. Furthermore, if the magnetic coupling depends on the X substituents on the ligand, as expected, a change of X is expected to modify the magnetic coupling and the T c . This is probably the most interesting and appealing advantage of the anilate ligands since they can act as the oxalate ligands, but additionally they show the possibility of being functionalized with different X groups. This should lead to a modulation of the electronic density in the benzoquinone ring, which, in turn, should result in an easy tuning of the magnetic exchange coupling and, therefore, of the magnetic properties (ordering temperatures and coercive fields) in the resulting 2D or 3D magnets. It should be highlighted that among the ligands used to produce the majority of known molecule-based magnets such as oxalato, azido, or cyano ligands, only the anilates show the this ability, to our knowledge.

A further peculiar advantage of these 2D materials is that the bigger size of anilate ligands compared with oxalate ones may enable the insertion within the anion layer of the charge-compensating counter-cation, leading to neutral layers that may be exfoliated using either mechanical or solvent-mediated exfoliation methods [114]. To date, examples of exfoliation of magnetic layered coordination polymers are rare and some of the few examples of magnetic 2D coordination polymers exfoliated so far are the Co 2+ or Mn 2+ The metal complexes are involved in an extensive network of moderately strong hydrogen bonds (HBs) between the peripheral oxygen atoms of the ligand and crystallization water molecules; HBs are responsible, as clearly shown by the analysis of the Hirshfeld surface, for the formation of supramolecular layers that run parallel to the a crystallographic axis, showing an unprecedented H-bonded 2D architecture in the family of the anilato-based H-bonded networks [116]. DFT theoretical calculations pointed out the key role of the H substituent on the hydranilato ligand in modulating the electron density of the whole complex and favoring the electron delocalization toward the peripheral oxygen atoms of the ligands, compared with the other components of the family of halogenated tris-chelated anilato-based complexes (Figure 1); these peripheral oxygen atoms act, in turn, as suitable HB-acceptors in the observed supramolecular architecture. The magnetic properties of 1 show a typical paramagnetic behavior of quasi-isolated spin centers, while those of 2 are quite intriguing and might find their origin in some kind of charge transfer between the Cr metal ions and the hydranilate ligands, even though the observed magnetic behavior do not rule out the possibility to have extremely small magnetic coupling also mediated by HB interactions (Figure 2). Variable-temperature magnetic measurements on a solid sample of 3 have been performed in the 2-300 K. At room temperature, the effective moment, µ eff (T) is 2.93 µ B /Fe, and µ eff (T) decreases with decreasing temperature until it reaches a plateau at ca. 55 K, indicating a strong antiferromagnetic interaction within the Fe III OFe III unit. Below 55 K, χ(T) is constant at 4.00 µ B , which is attributed solely to [Fe(Cl 2 An) 3 ] 3-. The χ(T) data were fit to a model for a coupled S = 5/2 dimer and an S = 5/2 Curie-Weiss term for the uncoupled [Fe(Cl 2 An) 3 ] 3-. The best fit had J/kB of -165 K (115 cm -1 ), g = 2.07, θ = -1 K, and the spin impurity ̺ = 0.05. This experimentally determined J value for 3 is in the range observed for other oxo-bridged Fe(III) complexes with TPA as capping ligand, that is,

J = -107 ± 10 cm -1 [118].
By replacing X = H at the 3,6 positions of the benzoquinone moiety with X = Cl, Br, I, the new tris(haloanilato)metallate(III) complexes with general formula [A] 3 [M(X 2 An) 3 ] (A = (n-Bu) 4 N + , (Ph) 4 P + ; M = Cr(III), Fe(III); X 2 An = chloranilate (Cl 2 An 2-, see Chart 1), bromanilate (Br 2 An 2-) and iodanilate (I 2 An 2-)), have been obtained [119]. To the best of our knowledge, except for the tris(chloranilato)ferrate(III) complex obtained by Miller et al. [117] no reports on the synthesis and characterization of trischelated homoleptic mononuclear complexes with the previously mentioned ligands are available in the literature so far. The magnetic behaviour of all complexes, except 8a, may be explained by considering a set of paramagnetic non-interacting Fe(III) or Cr(III) ions, taking into account the zero-field splitting effect similar to the Fe(III) hydranilate complex reported in Figure 2a. The presence of strong XB interactions in 8a are able, instead, to promote antiferromagnetic interactions among paramagnetic centers at low temperature, as shown by the fit with the Curie-Weiss law, in agreement with the formation of halogen-bonded supramolecular dimers (Figure 5). The crystal structures of the M(III) chlorocyananilate complexes consist of homoleptic tris-chelated complex anions of formula [M(ClCNAn) 3 ] 3-(M = Cr(III), Fe(III), Al(III)), exhibiting octahedral geometry and [(n-Bu) 4 N] + or [Ph 4 P] + cations. The 10a-12a complexes are isostructural and their crystal packing is characterized by the presence of C-N• • • Cl interactions between complex anions having an opposite stereochemical configuration (Λ, ∆), responsible for the formation of infinite 1D supramolecular chains parallel to the a crystallographic axis (Figure 6). The Cl• • • N interaction can be regarded as a halogen-bond where the chlorine behaves as the halogen-bonding donor and the nitrogen atom as the halogen-bonding acceptor, in agreement with the electrostatic potential that predicts a negative charge accumulation on the nitrogen atom of the cyano group and a positive charge accumulation on the chlorine atom. 16), is the first heterometallic 3D lattice based on anilato ligands. This compound shows a very interesting topology containing two interpenetrated (10,3) chiral lattices with opposite chiralities, resulting in achiral crystals. This topology is unprecedented in the oxalato-based 3D lattices due to the smaller size of oxalateo compared to the anilato. Attempts to prepare 16 in larger quantities result in 16 ′ , the 2D polymorph of 16, and as far as we know, this 2D/3D polymorphism has never been observed in the oxalato families showing the larger versatility of the anilato-ligands compared to the oxalato one. In Figure 7 the structures of 13-16 compounds are reported.

- In these compounds, the monovalent cations act not only as charge-compensating counterions but also as templating agents controlling the dimensionality of the final system. In particular the chiral cation [(H 3 O)(phz) 3 ] + , obtained in situ by the interaction between phenazine molecules and hydronium cations, appears to template and favor the crystallization process. In fact, most of the attempts to obtain single crystals from a mixture of the (n-Bu 4 )N + salts of the [M III (X 2 An An interesting feature of 17-19 is that they show hexagonal channels, which contain solvent molecules, resulting from the eclipsed packing of the cationic and anionic layers (Figure 11). 20, the only compound with the [NBu 4 ] + cation whose structure has been solved, shows a similar layered structure as 17-19 but the main difference is the absence of hexagonal channels since the honeycomb layers are alternated and not eclipsed (Figure 12). This eclipsed disposition of the layers generates an interesting feature of these compounds, i.e., the presence of hexagonal channels that can be filled with different guest molecules. 17-19 infact present a void volume of ca. 291 Å 3 (ca. 20% of the unit cell volume), where solvent molecules can be absorbed, opening the way to the synthesis of layered metal-organic frameworks (MOFs). All components of this series show ferrimagnetic long-range order as shown by susceptibility measurements, but the most interesting feature of this family is the tunability of the critical temperature depending on the nature of the X substituents: infact, as an example, an increase in Tc from ca. 5.5 to 6.3, 8.2, and 11.0 K (for X = Cl, Br, I, and H, respectively) is observed in the MnCr derivatives (Figure 13). 17 is, therefore, the first structurally (and magnetically) characterized porous chiral layered magnet based on anilato-bridged bimetallic layers. This chirality is also expected to be of interest for studying the magnetochiral effect as well as the multiferroic properties, as has already been done in the oxalato family [94,107,121,126]. Moreover, the bigger size of the anilato compared to the oxalato ligand leads to hexagonal cavities that are twice larger than those of the oxalato-based layers. Therefore a larger library of cations can be used to prepare multifunctional molecular materials combining the magnetic ordering of the anionic layers with any additional property of the cationic one (the chirality of the phenazinium cation is only the first example). In the following section selected examples of cationic complexes spanning from chiral and/or achiral tetrathiafulvalene-based conducting networks to spin-crossover compounds to will be discussed. [116,119] are very interesting molecular building blocks to be used as paramagnetic counterions, also because they offer the opportunity of exchange coupling at great distance through the anilate bridge (See Section 2.3), being therefore extremely versatile in the construction of the above mentioned achiral and chiral conducting/magnetic molecule-based materials.
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Anilato-Based Multifunctional Molecular Materials

Furthermore multifunctional materials with two functional networks responding to an external stimulus are also very challenging in view of their potential applications as chemical switches, memory or molecular sensors [160]. For the preparation of such responsive magnetic materials two-network compounds a magnetic lattice and spin-crossover complexes as the switchable molecular component are promising candidates. These molecular complexes, which represent one of the best examples of molecular bistability, change their spin state from low-spin (LS) to high-spin (HS) configurations and thus their molecular size, under an external stimulus such as temperature, light irradiation, or pressure [161,162]. Two-dimensional (2D) and three-dimensional (3D) bimetallic oxalate-based magnets with Fe(II) and Fe(III) spin-crossover cationic complexes have been obtained, where changes in size of the inserted cations influence the magnetic properties of the resulting materials [89,90,92,93]. By combining [Fe III (sal 2 -trien)] + (sal 2 -trien = N,N ′ -disalicylidene triethylenetetramine) cations with the 2D Mn II Cr III oxalate-based network, a photoinduced spin-crossover transition of the inserted complex (LIESST effect), has been observed unexpectedely; this property infact is very unusual for Fe(III) complexes. The bigger size of anilates has the main advantage to enable the introduction of a larger library of cations, while the magnetic network, the family of layered ferrimagnets described in Section 2.3, showing higher Tc's, can be porous and/or chiral depending on the X substituent on the anilato moiety.

Interestingly, Miller et al. [29] reported on the formation and characterization of a series of heteroleptic isostructural dicobalt, diiron, and dinickel complexes with the TPyA = tris(2pyridylmethyl)amine ligand and bridged by the 2,5-di-tert-butyl-3,6-dihydroxy-1,4-benzoquinonate (DBQ 2-or DBQ• 3-) anilato derivative, where the more electron donating tert-butyl group, has been targeted to explore its influence on the magnetic properties, e.g., spin coupling and spin crossover. In particular, Co-based dinuclear complex with DBQ• 3-has shown valence tautomeric spin crossover behavior above room temperature, while Fe-based complexes exhibit spin crossover behavior. Spin crossover behavior or ferromagnetic coupling have been also observed in the heteroleptic dinuclear Fe(II) complexes {[(TPyA)Fe II (DBQ 2-)Fe II (TPyA)](BF 4 ) 2 and {[(TPyA)Fe II (Cl 2 An) Fe II (TPyA)](BF 4 ) 2 }, respectively [163], where the former does not exhibit thermal hysteresis, although shows ≈ room temperature SCO behavior. Thus, greater interdinuclear cation interactions are needed to induce thermal hysteresis, maybe through the introduction of interdinuclear H-bonding. Therefore 2,3,5,6tetrahydroxy-1,4-benzoquinone (H 2 THBQ) has been used as bridging ligand and the [(TPyA)Fe II (THBQ 2-)FeII(TPyA)](BF 4 ) 2 obtained complex shows coexistence of spin crossover with thermal hysteresis in addition to an intradimer ferromagnetic interaction [29].

Achiral Magnetic Molecular Conductors

The first family of conducting radical cation salts based on the magnetic tris(chloranilato)ferrate(III) complex have been recently obtained by reacting the BEDT-TTF donor (D) The common structural feature for the three phases is the presence of dimerized oxidized BEDT-TTF units in the inorganic layer, very likely due to intermolecular S•••Cl contacts and also electrostatic interactions. While in 24, of 3:1 stoichiometry, the three BEDT-TTF molecules are fully oxidized in radical cations, in 25 and 26, of 5:1 and 6:1 stoichiometry, respectively, only the donors located in the inorganic layers are fully oxidized, while those forming the organic slabs are in mixed valence state. 24 presents an unusual structure without the typical alternating organic and inorganic layers, whereas 25 and 26 show a segregated organic-inorganic crystal structure where layers formed by Λ and ∆ enantiomers of the paramagnetic complex, together with dicationic BEDT-TTF dimers, alternate with layers where the donor molecules are arranged in the δ (25) and α''' (26) packing motifs.

The crystal packing of 25 and 26 plane showing the organic-inorganic layer segregation are reported in Figures 14 and15 The hybrid inorganic layers of 24, 25 and 26 shows alternated anionic complexes of opposite chirality that surround dimers of mono-oxidized BEDT-TTF radical cations. This packing motif, shown in Figure 16 for 24, points out the templating influence of the Cl•••S interactions intermolecular interactions between the chloranilate ligand and the dimerized BEDT-TTF molecules.

The peculiar α''' structural packing motif observed in 26 is quite unusual [138,165]. In fact, the BEDT-TTF molecules stack in columns with an arrangement reminiscent of the α structural packing [165], but with a 2:1:2:1 alternation of the relative disposition of the molecules, instead of the classical 1:1:1:1 sequence (Figure 14). The α'''-phase can be regarded as 1:2 hybrid of θ-and β''-phases.

--••• - The structural analyses and the band structure calculations are in agreement with the intrinsic semiconducting behaviour shown by the three materials (Figure 21). This first family of isostructural chiral conducting radical cation salts based on magnetic chloranilate-bridged heterobimetallic honeycomb layers demonstrates (i) the versatility of these anions for the preparation of π-d multifunctional molecular materials where properties such as charge transport, magnetism and chirality coexist in the same crystal lattice; (ii) they are fundamental importance for a rational design of chiral conductors showing the eMChA effect as a synergy between chirality and conductivity. 
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Spin-Crossover Complexes

The family of bimetallic Mn II Cr III anilate (X 2 An; X = Cl, Br )-based ferrimagnets with inserted the following spin-crossover cationic complexes: [Fe III (sal 2 -trien)] + , (X = Cl) (31) and its derivatives, [Fe III The bimetallic anilate layer show the well-known honeycomb structure, which is similar to that found for other extended oxalate or anilate-based networks (Figure 22). A consequence of the replacement of oxalate by the larger anilate ligands is the presence of pores in the structures, which are filled with solvent molecules.

In contrast to the 2D compounds obtained with [Fe III (sal 2 -trien)] + and derivatives, the structure of 35 is formed by anionic 1D [Mn II Cl 2 Cr III (Cl2An) 3 ] 3-chains surrounded by [Fe II (tren(imid) 3 )] 2+ , Cl -and solvent molecules. These chains are formed by [Cr III (Cl 2 An) 3 ] 3-complexes coordinated to two Mn(II) ions through two bis-bidentate chloranilate bridges, whereas the third choranilate is a terminal one. The octahedral coordination of Mn(II) ions is completed with two chloride ions in cis. This type of structure has been found for other oxalate-based [169] and homometallic anilate-based compounds [7,170,171], but it is the first time that it is obtained for heterometallic anilate-based networks (Figure 23). The anilate-based layers with inserted [Fe III (acac 2 -trien)] + complexes may be viewed as neutral layers that interact with each other via van der Waals interactions. Thus, in 37, the shortest contacts between neighbouring layers involve Br atoms from Br 2 An ligands and CH 2 and CH 3 groups from [Fe III (acac 2 -trien)] + complexes of neighbouring layers. This type of structure, formed by neutral layers, has never been observed previously in oxalate or anilate-based 2D networks. The close contact of the cationic complexes with the magnetic network results in an increase of the T c (ca. 11 K) with respect to that of previous anilate-based compounds (ca. 10 K), even though to not favour the spin crossover of the inserted complexes which remain the HS state. The weak natures of the intermolecular interactions between the magnetic neutral layers play a crucial role for the exfoliation of the layers. In fact this new magnetic network is very peculiar since it can be easily exfoliated by using the so-called Scotch tape method which is a micromechanical method, capable to produce in a very efficient way, highly crystalline thin microsheets of a layered material [173-175]. To the best of our knowledge this method has never been applied to such layered materials. Flakes of 37, with different sizes and thicknesses randomly distributed over the substrate have been obtained. AFM topography images revealed that the they show maximum lateral dimensions of ca. 5 mm, with well-defined edges and angles (Figure 26). The heights of the largest flakes of 37 are around 10-20 nm, while smaller microsheets with heights of less than 2 nm were also found.

The presence of terraces with different heights indicatse that this magnetic network is layered. Interestingly the Scotch tape method has been successful used also to exfoliate the 2D anilate-based compound [Fe III (sal 2 -trien)][Mn II Cr III (Cl 2 An) 3 ](CH 2 Cl 2 ) 0.5 (CH 3 OH)(H 2 O) 0.5 (CH 3 CN) 5 , (31), described above [168], which exhibits the typical alternated cation/anion layered structure. In this case rectangular flakes of larger lateral size than those isolated in 37 (up to 20 microns) have been obtained with well-defined terraces and a minimum thickness of ca. 2 nm, which may correspond to that of a single cation/anion hybrid layer (ca. 1.2 nm). These results show that it is possible to exfoliate 2D coordination polymers formed by a 2D honeycomb anionic network and cations inserted within or between the layers. The thicknesses of the flakes obtained by micromechanical methods are clearly lower than those obtained by solution methods (ca. 5 nm), where the lateral size of the flakes is of the order of hundreds of nm (significantly smaller). The solution-based exfoliation procedure is less effective in the neutral coordination polymers which can be completely delaminated (with a thickness ca. 1-1.5 nm) [115, 170,176-183]. The stronger interlayer interactions in these hybrid compounds compared with the weaker van der Waals interactions observed in neutral 2D coordination polymers could be responsible of the lower degree of exfoliation.

The hybrid nature of these layered materials, providing the opportunity to produce smart layers where the switching properties of the cationic complexes can tune the cooperative magnetism of the anionic network, represents the real challenge of these results. The observed χ M values of 40, 41, and 42 are the sum of the guest and host contributions; no exchange has been observed between the two spin sublattices while are observed magnetic-field dependent susceptibility (40, 41) and strong antiferromagnetic coupling around 300 K (42). These peculiar magnetic behaviors are due to the intrachain coupling in guests which are arranged in 1D columns. In the case of 42 the antiferromagnetic interactions through the column dominates the layers structure above 80 K and this is due to the 1D columns with rare S•••S contacts of TTF cations. As shown in The tetrabutylammonium countercations are crucial for templating the 3D structure, compared with other 1D or 2D hydranilate-based materials [7,108,125,186-188] since were located inside the pores and appear to fill the pores almost completely with no large voids present. Similar cation-dependent morphology changes have been observed for transition metal-oxalate coordination compounds with analogous chemical formula [A + ] 2 M II 2 (ox) 3 [72,81,189-191]. The electronic absorption spectrum broad absorbance extending across the range 4500-14,000 cm -1 , with ν max = 7000 cm -1 . This intense absorption features are attributed to ligand-based IVCT. Notably, a solid-state UV-vis-NIR spectrum of a molecular Fe III semiquinone-catecholate compound shows a similar, though narrower, IVCT band at ν max = 5200 cm -1 [192]. Since all the iron centers are trivalent as confirmed by Mössbauer spectroscopy, the origin of the IVCT must be the organic dhbq 2-/3-moieties. Interestingly a very sharp absorption edge is observed at low energy (4500 cm -1 ), one of the best-known signatures of Robin-Day Class II/III mixed-valency [193-196]. This represents the first observation of a Class II/III mixed-valency in a MOF which is also indicative of thermally activated charge transport within the lattice. 43 infact behaves as an Arrhenius semiconductor with a room-temperature conductivity of 0.16(1) S/cm and activation energy of 110 meV and it has been found to be Ohmic within ±1 V of open circuit. To the best of our knowledge, this is the highest conductivity value yet observed for a 3D connected MOF. The chemical reduction of 43 by using a stoichiometric amount of sodium naphthalenide in THF, for a stoichiometric control of the ligand redox states, affords 44, formulated as (Na) 0.9 (NBu 4 ) 1.8 Fe III 2 (H 2 An) 3 , which shows a highly crystalline powder X-ray diffraction (PXRD) pattern that overlays with that simulated for 45 and is much closer to a fully H 2 An 3--bridged framework. 44 shows a lower conductivity of 0.0062(1) S/cm at 298 K and a considerably larger activation energy of 180 meV which is consistent with a further divergence of the H 2 An 3-/H 2 An 2- ligand ratio from the optimal mixed-valence ratio of 1:1 (Figure 31). Due to the presence of H 2 An 3-radicals a peculiar magnetic behavior is expected on the basis of previously studied metal-organic materials with transition metals bridged by organic radicals which have shown strong magnetic coupling, leading to high temperature magnetic ordering [197]. Variable-temperature dc magnetic measurements under an applied magnetic field of 0.1 T revealed strong metal-radical magnetic interactions, leading to magnetic ordering less than 8 K (Figure 32) due to the strong magnetic coupling that has previously been observed in Fe III Below 250 K the observed strong deviations from the Curie-Weiss behavior, observed in systems with strong π-d interactions [199], have been attributed to the competition between ferromagnetic and antiferromagnetic interactions, both maybe present in 43, leading to magnetic glassiness [200]. A Curie-Weiss fit of the inverse magnetic susceptibility data from 250 to 300 K results in a Curie temperature of θ = 134 K and a Curie constant of C = 6.1 emu•K/mol. The positive Curie temperature reveals that ferromagnetic interactions are dominant at high temperature and its magnitude suggests that quite high temperature magnetic coupling occurs. In contrast, the magnetic behavior at low temperature indicates that ferrimagnetic coupling predominates. Thus, the low magnetic ordering temperature is attributed to a competition of ferromagnetic and antiferromagnetic interactions that prevent true three-dimensional order, until antiferromagnetic metal-radical interactions, and thus bulk ferrimagnetic order, prevail at low temperature. 44 was expected to show an increased magnetic, ordering temperature due to the greater number of paramagnetic linkers. Indeed, a higher magnetic transition temperature of 12 K was observed and the room-temperature χ M T product is 11.2 emu•K/mol, compared to 10.9 emu•K/mol for 43. Finally, low temperature (2 K) magnetic hysteresis measurements shown in Figure 32c reveal that 44 is a harder magnet than 43, with coercive fields of 350 and 100 Oe observed, respectively. These materials are rare examples of a MOF formed by metal ions bridged by paramagnetic linkers that additionally shows ligand-centered mixed valency where magnetic ordering and semiconducting behaviors stem from the same origin, the ferric semiquinoid lattice, differently from multifunctional materials based on tetrathiafulvalene derivatives with paramagnetic counterions where separate sub-lattices furnish the two distinct magnetic/conducting properties. Therefore they represent a challenge for pursuing magnetoelectric or multiferroic MOFs.

Guests Intercalation of Hydrogen-Bond-Supported Layers

Anilates are also particularly suitable for the construction of microporous MOFs with strong magnetic coupling and they have been shown to generate extended frameworks with different dimensionality and large estimated void volumes, which could potentially give rise to materials with permanent porosity 33). These channels are occupied by disordered DMF molecules, as was confirmed by microelemental analysis and thermogravimetric analysis (TGA). To precisely determine the Tcs of 45 and 45a, variable-temperature ac susceptibility data under zero applied field were collected at selected showing for 45a slightly frequency dependent peak in both in-phase (χ M ′ ) and out-of-phase (χ M ") susceptibility and give a Tc = 80 K. The frequency dependence can be quantified by the Mydosh parameter, in this case φ = 0.023, which is consistent with glassy magnetic behavior. Such glassiness can result from factors such as crystallographic disorder and spin

The thermal variation of the magnetic properties (χ M T product vs. T) is reported in Figure 36. The χ M T value at room temperature was 14.4 cm 3 K mol -1 , which nearly corresponds to the expected value of 13.9 cm 3 K mol -1 for Ho 3+ ion (J = 8, L = 6, S = 2, and g = 5/4). The thermal variation of the field-cooled magnetization (FCM) and the remnant magnetization (RM) showed that a spontaneous magnetization has been observed at T C = 11 K (Figure 36a) with a M-H hysteresis loop at 2 K indicating a value of 170 Oe for H C and a value of 6.4 µ B at 50 kOe for M (Figure 36b), close to the expected value of 6. The ferromagnetic ordering is due to the effective mediation of the magnetic interactions between Ho 3+ ions by the π orbitals of H 2 An 4-. Interestingly this material opens the way to explore the chemistry and physical properties of related systems with different lanthanides which can result in very challenging luminescent/magnetic microporous materials.

The molecular packing and physical properties of all compounds discussed in this work are summarized in Table 2. 

Conclusions

The compounds described in this work are summarized in Table 2. It can be envisaged that the real challenge of anilate-based materials is due to their peculiar features: (i) easy to modify or functionalize by the conventional synthetic methods of organic and coordination chemistry, with no influence on their coordination modes (ii) easy to tune the magnetic exchange coupling between the coordinated metals by a simple change of the X substituent (X = H, F, Cl, Br, I, NO 2 , OH, CN, Me, Et, etc.) at the 3,6 positions of the anilato moiety; (iii) influence of the electronic nature of the X substituents on the intermolecular interactions and thus the physical properties of the resulting materials. The novel family of complexes of the anilato-derivatives containing the X=Cl, Br, I, H, and Cl/CN substituents with d-transition Fe(III) and Cr(III) metal ions (3-10) are a relevant example of the crucial role played by halogens n their physical properties, either at the electronic level, by varying the electron density on the anilate ring, or at the supramolecular level, affecting the molecular packing via halogen-bonding interactions. It is noteworthy that halogen-bonding interactions observed in 9b are responsible for a unique magnetic behaviour in this family. Moreover the anilato derivatives having Cl/CN substituents and their complexes with Al(III) metal ions (12a,b), show unprecedented properties such as luminescence in the visible region (green and red luminophores, respectively), never observed in this family to the best of our knowledge. The paramagnetic anionic complexes has shown to be excellent building blocks for constructing via the "complex as-ligand approach": (i) new 2D and 3D heterometallic lattices with alkaline M(I) and d-transition M(III) metal ions (13-16); (ii) 2D layered molecular ferrimagnets (17-23) which exhibit tunable ordering temperature as a function of the halogen electronegativity; it is noteworthy how subtle changes in the nature of the substituents (X = Cl, Br, I, H) have been rationally employed as "adjusting screws" in tuning the magnitude of the magnetic interaction between the metals and thus the magnetic properties of the final material; the additional peculiarity of these molecular magnets is that they form void hexagonal channels and thus can behave as layered chiral magnetic MOFs with tunable size which depends, in turn, on the halogen size. The paramagnetic anionic complexes worked well as magnetic components of multifunctional molecular materials based on BEDT-TTF organic donors (24-27) which has furnished the pathway for combining electrical conductivity with magnetic properties, in analogy with the relevant class of [M(ox) 3 ] 3-(ox = oxalate) tris-chelated complexes which have produced the first family of molecular paramagnetic superconductors. The introduction of chirality in the BEDT-TTF organic donor has been successful and a complete series of radical-cation salts have been obtained by combining the TM-BEDT-TTF organic donor in its (S,S,S,S) and (R,R,R,R) enantiopure forms, or their racemic mixture (rac), with 2D heterobimetallic anionic layers formed "in situ" by self-assembling of the tris(chloranilato)ferrate(III) metal complexes in the presence of potassium cations in the usual honey-comb packing pattern (28-30). Another advantage of anilato-ligands compared to the oxalato ones is their bigger size leading to hexagonal cavities that are twice larger than those of the oxalato-based layers, where a large library of cationic complexes can be inserted. When using spin crossover cations such as [Fe III (sal 2 -trien)] + , (X = Cl) (31) and its derivatives and the [M III (acac 2 -trien)] + , M = Fe or Ga complex (32-38), which has a smaller size than the [Fe III (sal 2 -trien)] + complex, 2D anilate-based materials have been obtained showing in the former the typical alternated cation/anion layered structure while in the latter neutral layers never observed previously in oxalate or anilate-based 2D networks, where the spin crossover cations are inserted in the centre of the hexagonal channels. This novel type of structure opens the way to the synthesis of a new type of multifunctional materials in which small templating cations are confined into the 1D channels formed by 2D anilate-based networks and could be a useful strategy for the introduction of other properties such as electric or proton conductivity in addition to the magnetic ordering of the anilate-based network. Interestingly this type of magnetic hybrid coordination polymers can be considered as graphene related magnetic materials. In fact being formed by a 2D anionic network and cations inserted within or between the layers, with interlayer ionic or weak van der Waals interactions, they have been successfully exfoliated using either the micromechanical Scotch tape method leading to good quality micro-sheets of these layered magnets or solvent-mediated exfoliation methods. Interestingly the hybrid nature of these magnetic layers provides the unique opportunity to generate smart layers where the switching properties of the inserted complexes can modulate the cooperative magnetism of the magnetic network. 39-42 are interesting examples of host-guest intercalation compounds formed by the common 2D hydrogen-bond supported layers and ferrocene/decamethylferrocene and TTF functional guests showing intralayer AFM exchange via hydrogen-bonds and stacking interactions among [Fe(Cl 2 An) 2 (H 2 O) 2 ] -monomers and the Heisenberg AFM intrachain stacking interactions in 1D arrays of ferrocene/decamethylferrocene and TTF cations. Interestingly these compounds shows how hydrogen-bond-supported anionic layers based on iron-chloranilate mononuclear complexes can be used as inorganic hosts for the intercalation of guest cations to construct new types of multilayered inorganic-organic hybrid materials. It is noteworthy that these layers are so flexible that they can include and stabilize various kinds of guests in the channels showing the versatility of the anilate building blocks and the challenge of the molecular approach as synthetic procedure.

Finally 43 and 44 are rare examples of a MOF formed by metal ions bridged by paramagnetic linkers, the hydranilates, that additionally shows ligand-centered Robin-Day Class II/III mixed valency, observed for the first time in a MOF. Interestingly 43 exhibits a conductivity of 0.16 ± 0.01 S/cm at 298 K, one of the highest values yet observed in a MOF and the origin of this electronic conductivity is determined to be ligand mixed-valency. In these materials the magnetic ordering and semiconducting behaviors stem from the same origin, the ferric semiquinoid lattice, differently from multifunctional materials based on tetrathiafulvalene derivatives with paramagnetic counterions where separate sub-lattices furnish the two distinct magnetic/conducting properties. Therefore they represent a challenge for pursuing magnetoelectric or multiferroic MOFs. 45 represents also the first structurally characterized example of a microporous magnet containing the Cl 2 An 3-•chloranilate radical species, showing Tc = 80 K and solvent-induced switching from Tc = 26 to 80 K. Upon removal of DMF and H 2 O solvent molecules, this compound undergoes a slight structural distortion, which is fully reversible, to give the desolvated phase (Me 2 NH 2 ) 2 Fe 2 (Cl 2 An) 3 ], 45a, and a fit to N 2 adsorption data, at 77 K, of this activated compound gives a BET surface area of 885(105) m 2 /g (the second highest reported for a porous magnet up to now) confirming the presence of permanent microporosity. These results highlight the ability of redox-active anilate ligands to generate 2D magnets with permanent porosity. 46 is another interesting example of a monometallic lanthanoid assembly which consist of a 3-D network framework showing regular square-grid channels and ferromagnetism with a curie Temperature of 11 K. This is the first structurally characterized example of magnetic lanthanoid assemblies opening the way to the preparation of 3D magnetic/luminescent MOFs.
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 4 photoluminescence studies on these compounds are described.

  purely organic semiconductors formulated as [BEDT-TTF] 2 [HClCNAn] (1) and [BEDT-TTF][HCl 2 An] (2) are obtained by electrocrystallization. Their structural characterization, transport properties and band structure calculation are reported. In Chapter 6, structural diversity and physical properties of П-d hybrid multifunctional paramagnetic molecular conductors obtained by combining BEDT-TTF and [Fe(ClCNAn) 3 ] 3-as conducting and magnetic carrier respectively are reported. These compounds are formulated as [BEDT-TTF] 4 [Fe(ClCNAn) 3 ]•3H 2 O (1) and [BEDT-TTF] 5 [Fe(ClCNAn) 3 ] 2 •2CH 3 CN (2). Their structural characterization, transport properties and magnetic properties are described. The framework of the thesis is as follows: Part I -General Introduction on Molecular Materials, State of the Art on Anilate-based MOFs and Coordination Polymers and Molecular Conductors together with aim of the work. Part II -Results and discussions, which is divided into 6 Chapters whose content has been summarized above. Part III -Conclusions and the Perspectives. Part IV -Annexes where additional information (overview on anilate ligands, exfoliation, fundamentals of lanthanide luminescence, electrocrystallization technique, fundamentals of conductivity and molecular magnetism) are discussed. XIII LIST of ACRONYMS

Scheme 4 .

 4 Scheme 4. Schematic representation of organic linkers (vide supra) and their corresponding MOFs.

[

  Zn 4 O(NTB) 2 ]•3DEF•EtOH (DEF = N,N'-diethylformamide) porous MOF, obtained by solvothermal reaction in of Zn(NO 3 ) 2 with 4,4',4‖ -nitrilotrisbenzoate (NTB 3 ) 3 has a surface area of 1121 m 2 g -1 , while the [Zn 4 O-(TCBPA) 2 ]•19DMA•4H 2 O MOF, (SNU-77H)

(Scheme 5 ) 5 .

 55 Scheme 5. Crystal packing of [Zn 4 O(NTB) 2 ] 3 •DEF•EtOH and [Zn 4 O-(TCBPA) 2 ]• 19DMA•4H 2 O with their corresponding linkers, highlighting the difference in void size.

Figure 2 .

 2 Figure 2. Crystal structure of {[Cu(Cl 2 An)(H 2 O) 2 ](phz)} n . Dotted lines show hydrogen bond link

Figure 3 .

 3 Figure 3. Crystal Structure of [Ce 2 (Cl 2 An) 3 ]•12H 2 O. Solvent molecules are omitted for clarity

  [H 3 O][Y(Cl 2 An) 3 ]•8CH 3 OH and [Th(Cl 2 An) 2 ]•6H 2 O 44 compounds.

  3 O)(phz) 3 ][MnCr(Cl 2 An) 3 (H 2 O)] and [NBu 4 ][MnCr(X 2 An) 3 ] (X= Cl, Br, I, H). The former compound, reported in Figure 4, presents a void volume of ca. 291 Å 3 (ca. 20% of the unit cell volume) which opens the way to the synthesis of MOFs by using anilate ligands as linkers (More details about anilates are given in Annex 1).

Figure 4 .

 4 Figure 4. View of crystal structure of [(H 3 O)(phz) 3 ][MnCr(Cl 2 An) 3 (H 2 O)] in the ab plane (left).

Figure 5 .

 5 Figure 5. Magnetic properties of the series of [NBu 4 ][MnCr(X 2 An) 3 ], X = Cl , Br , I and H. Anionic layer in the inset. Reprinted with the permission from Ref. 49 The first examples of 2D and 3D heterometallic lattices based on anilato ligands combining M I and a M III ions of chemical formula (PBu 3 Me) 2 [NaCr(Br 2 An) 3 ] and (PPh 3 Et) 2 [KFe(Cl 2 An) 3 ](DMF) 2 have been obtained by Gomez et. al. 50 It shows that 2D lattices are formed by hexagonal [M I M III (X 2 An) 3 ] 2-anionic honeycomb layers, with (PBu 3 Me) + or (PPh 3 Et) + cations inserted between the layers. (NBu 3 Me) 2 [NaCr(Br 2 An) 3 ], isthe first heterometallic 3D lattice based on anilato ligands (Figure6).

Figure 6 .

 6 Figure 6. a) Structure of NBu 3 Me) 2 [NaCr(Br 2 An) 3 ] in bc plane. b) Central Projection of one layer. cations are omitted for clarity. The first exfoliation study on 2D anilate-based layered CPs was performed by Abhervé, Coronado et al. 51 on [Fe III (sal 2 -trien)][Mn II Cr III (Cl 2 An) 3 ](CH 2 Cl 2 )0.5(CH 3 OH)(H 2 O)-0.5(CH 3 CN) 5 compound, showing a typical alternated cation/anion layered structure with

Figure 7 .

 7 Figure 7. (a) Optical microscopy image (top), AFM image (bottom) and height profiles obtained by mechanical exfoliation on a 285 nm SiO 2 /Si substrate. b) Tyndall effect of crystals obtained after liquid exfoliation. Reprinted from Ref. 51 with permission from the Royal Society of Chemistry.

Figure 8 .

 8 Figure 8. Crystal Structure of TTF-TCNQ in ac plane. Reproduced from Ref 55 .

Figure 9 .

 9 Figure 9. Crystal Structure of [TM-TSF] 2 [PF 6 ]. Reprinted with the permission from Ref.56 

Figure 10 .

 10 Figure 10. Left: Crystal Structure of [BEDT-TTF] 4 [H 2 OFe III (ox) 3 ]•C 6 H 5 CN in bc plane. Right side shows anionic layer.

Figure 11 .

 11 Figure 11. Left: Crystal Structure of [BEDT-TTF] 3 [Mn II Cr III (ox) 3 ]; Right: honey-comb anionic layer.

Figure 12 .

 12 Figure 12. Packing of [(S,S,S,S)-TM-BEDT-TTF]x[MnCr(ox) 3 ] •CH 2 Cl 2 in bc plane.

Figure 13 .

 13 Figure 13. (a) Packing diagram of [(S,S)-DM-EDT-TTF] 2 ClO 4 in the ab plane (H atoms and ClO 4 anions have been omitted for clarity). (b) Lateral view in the bc plane. Reprinted with the permission from Ref.22 

) 6 [

 6 Fe(C 6 O 4 Cl 2 ) 3 ] •(H 2 O) 1.5 •(CH 2 Cl 2 ) 0.5 , with a very unusual BEDT-TTF phase, called ζ 21 with r.t. electrical conductivity of ca. 10 S cm -1 .

Figure 14 .

 14 Figure 14. Crystal packing of δ-[BEDT-TTF] 5 [Fe(Cl 2 An) 3 ]•4H 2 O and α'''-[BEDT-TTF] 18 [Fe(Cl 2 An) 3 ] 3 •3CH 2 Cl 2 •6H 2 O along the bc plane showing the organic-inorganic layer segregation. Reprinted with permission from Ref.61 

  as β-[(S,S,S,S)-TM-BEDT-TTF] 3 PPh 4 [K I Fe III (Cl 2 An) 3 ]•3H 2 O, β-[(R,R,R,R)-TM-BEDT-TTF] 3 PPh 4 [K I Fe III (Cl 2 An) 3 ]•3H 2 O and β-[(rac)-TM-BEDT-TTF] 3 PPh 4 [K I Fe III (Cl 2 An) 3 ]•3H 2 O were successfully obtained by



  mediate magnetic interactions and to be a component of multifunctional CPs and MOFs was scarcely investigated. The present work has been particularly carried out as follows:  Design, Synthesis, Structural and Physical properties (conducting/magnetic) of multifunctional homo-metallic CPs based on 3d-transition metal ions.  Design, Synthesis, Structural and Luminescent properties of homoleptic CPs based on NIR emitting lanthanides (4f) and study of the ClCNAn 2-ability to work as an efficient antenna towards NIR lanthanides. Design, Synthesis, Morphological and Luminescent studies of their corresponding Nanosheets and Comparison bulk/nanosheets.  Design, Synthesis, Structural and Luminescent properties of heteroleptic (of ClCNAn 2- /carboxylates) CPs based on NIR emitting lanthanides (4f); study of ClCNAn 2-and carboxylate derivatives ability to work as an efficient antenna towards NIR lanthanides. Design, Synthesis, Structural and Conductivity properties of BEDT-TTF-based purely organic molecular conductors.  Design, Synthesis, Structural and Conductivity properties of BEDT-TTF-based d paramagnetic molecular conductors.

9. 22

 22 %. FT-IR ( max/cm -1 ): 2221 (C≡N), 1631, 1492 (C-O +C-C), 869 (C-Cl +C-O).

2 .

 2 R1(F) = ΣǁF 0 |-|F C ǁ/Σ|F 0 |; b wR2(F 2 ) = [Σw(Data collection was performed at 10 K on a SuperNova Microfocus diffractometer equipped with a two-dimensional ATLAS detector using Mo Kα radiation (λ = 0.71073 Å) and a Helijet He open-flow cryosystem. The unit-cell determination and data reduction were performed using the CrysAlisPRO program suite (Rigaku Oxford Diffraction, 2017) on the full data set. The data have been indexed using the trigonal setting with cell parameters a = b = 13.5493(16) Å and c = 9.484(3) Å. In addition, the diffraction pattern showed the presence of very weak (1/3 1/3 1/3) superstructure reflections, which were not taken into account in the structure determination. The corresponding crystal structure was refined on F2 by weighted full matrix least-squares methods using the SHELXL program (Sheldrick, 2008). All non-PART II hydrogen atoms were refined anisotropically except for the C and N atoms from the cationic entity CN 6 H 9 + , and hydrogen atoms were placed in calculated positions and refined isotropically with a riding model. The program SQUEEZE from PLATON was used to calculate the potential solvent-accessible void volume and the nature of the disordered solvent molecules.

  Raman spectrometer (Horiba Labram 300) equipped with a He-Ne laser (λ = 632.81 nm) in the 80-2000 cm -1 range with a 20 LWD objective (with a Nd:YAG laser (λ = 1064 nm) in a backscattering geometry. No sample decomposition was observed during the experiments. The choice of the FT-Raman spectrometer was required because of the fluorescence of the ligand under He-Ne laser irradiation.

  techniques to grow the bimetallic extended network. Here we have slowly diffused a solution of Fe II ClO 4 •xH 2 O and a solution of TAGCl into a solution of KHClCNAn. Due to the partial oxidation of the Fe II ions under aerobic conditions, black hexagonal crystals of the Fe II Fe III compound 1 were obtained after 1 week.

Figure 1 . 1 .

 11 Figure 1.1. a) Structure of 1 in the ac plane and b) in the ab plane. c) Asymmetric unit d) Hbonding intermolecular interactions (dashed lines) between the cationic and anionic layers. Colour code: C, black; H, cyan; O, red; N, blue; Cl, yellow; Fe, green.

1400-1250 cm - 1

 1 region are assigned to the ν(C-C) + ν(C-O) combination band and ν(C-C) vibration, respectively, and according to Harris et al. 40 confirm the assignment of ligand oxidation state as dianionic ClCNAn 2-, supporting structural findings. The observed band at 592 cm -1 can be assigned to a ν(Fe-O) + ν(C-C) combination stretching mode, as already found in previously reported dianionic anilate-based honeycomb-like networks. 32 No bands can be unambiguously assigned to Fe II -O and Fe III -O vibrational modes, thus supporting extensive electron delocalization between the Fe centers in 1 at room temperature, as clearly shown by M ssbauer spectra (vide infra).

Figure 1 . 4 .

 14 Figure 1.4. Comparison of Raman spectra of 1 and the KHClCNAn ligand, performed at room temperature with a He-Ne laser (λ = 632,81 nm) and a Nd:YAG (λ = 1064 nm), respectively.

Figure 1 . 5 .

 15 Figure 1.5. Temperature dependence of the product of the molar magnetic susceptibility times the temperature (χ m T) of 1 under an applied field of 1000 Oe.

Figure 1 . 6 .

 16 Figure 1.6. Temperature dependence of zero-field cooled (ZFC) and field cooled (FC) susceptibilities at 25 Oe and remanent magnetization (red curve) in the temperature range 2-20K.

  with no physical meaning, including a η 0 = 10 -12 , very different to what is found in super

Figure 1 . 7 .Figure 1 . 8 .

 1718 Figure 1.7. (a) Temperature dependence of the in-phase (χ′) and out-of-phase (χ′′) ac susceptibility of 1, and (b) Arrhenius plot for the frequency dependence of the position of the peak in χ′′ vs 1/T.

Figure 1 . 9 . 1 . 3 . 6

 19136 Figure 1.9. (a) Mössbauer spectra of 1 taken at 295 and 10 K and (b) estimated parameters from the spectra. The lines over the experimental points are the calculated functions. On the spectrum taken at 10 K this function is the sum of four quadrupole doublets shown slightly shifted for clarity. IS, isomer shift relative to metallic α-Fe at 295 K; QS, quadrupole splitting; I, relative areas. Estimated errors are < 0.02 mm/s for IS, QS, < 2% for I.1.3.6 Transport properties

Figure 1 . 10 .

 110 Figure 1.10. (a) Electrical resistivity ρ // plotted as log ρ // versus the inverse temperature, measured with a 4V voltage applied in the ab plane. The red line is the fit to the data with the law ρ = ρ 0 exp (Ea/T) giving the activation energy Ea. (b) Room-temperature resistivity (ρ) and conductivity (ζ) values measured along (⁄⁄) and perpendicular (┴) to the 2D layers.

Fe

  II state, but there is a totally equivalent expression interchanging A and B. If we plot the two energy surfaces E tot (d A ,d B ) we see that they cross along the line d A = d B (Figure 1.11b). The initial and final configurations (respectively, top and bottom configurations in Figure 1.11a) correspond to minima in the lower surface and the structures for which d A = d B to the crossing seam. The situation is more conveniently analyzed by using a contour plot of the bottom surface (Figure 1.11c), obtained by joining the two bottom halves of the two intersecting surfaces. The two minima correspond to the configurations Fe III A •••Fe II B (zone noted as F in Figure 1.11c) and Fe II A •••Fe III B (noted as I). The point on the d A = d B line for which the total energy is minimal (M) is found by taking the derivative of the energy function with d A = d B = d M and equating it to zero. It is found that d M = (k II d II + k III d III )/(k II + k III ) and the corresponding energy

Figure 1 . 11 .

 111 Figure 1.11. (a) Schematic representation of the three consecutive steps during the electron transfer with two neighboring pseudooctahedral Fe(chelate) 3 centers shown along the C 3 axis. (b) 3D plot of the energy surface E tot as a function of d A and d B . (c) Contour plot of the bottom surface from the E tot plot displayed in b.

  were optimized forcing a D 3 symmetry and a high-spin configuration. In that way we obtained the d M-L parameter which is the distance between the Fe atom and the midpoint to the closest C-C bonds (between the C atoms bonded to the coordinating O atoms) which corresponds to d II or d III of the above discussion. Once the optimal d M-L parameter for each Fe II and each Fe III complex was found, the values of k II or k III were obtained by reoptimizing the structure for fixed d M-L ± δ v lues nd fitting the energy to second-order polynomial.The results for the four ligands are reported in Figure1.12b.

Figure 1 . 12 .

 112 Figure 1.12. (a) Energy plot for a Fe II Fe III to Fe III Fe II electron transfer process. (b) Calculated parameters for the four studied bridging ligands. Distances are expressed in Angstroms, energies in kcal.mol -1 , and k and F in kcal.mol -1 •Å -2 .

  Fe III oxalaterelated CPs containing as bridging ligands oxalate 2-, squarate 2-, dhbq 2-, and ClCNAn 2-. The results are clearly indicative of a much lower electron hopping barrier in the anilate complexes than in oxalates. These results open the way toward the use of the TAG cation in such multifunctional binuclear/bimetallic transition metal or lanthanide CPs, possibly endowed with multi ferroic properties thanks to the crystallization in polar space groups.

  photophysical properties of the nanosheets are also discussed.

  photophysical studies of 2D layered CPs, formulated as {[Ln 2 (ClCNAn) 3 (DMF) 6 ]•(DCM) x } n (Ln III = Yb (x=0) and Nd, Er (x=2)), obtained by reacting Ln III salts with the KHClCNAn, shown in Chart 1. The ability of the ClCNAn 2-ligand to work as a valuable antenna in sensitizing the NIR-emitting Er III , Yb III and Nd III lanthanides is investigated. The aim is to produce stable nanosized sheets by using the well-known top-down strategy involving the traditional sonication-assisted solution exfoliation, starting from fully characterized bulk 2D Neutral NIR-emissive CPs. The obtained 2D nanosheets are characterized by AFM, 39,40 HR-TEM, and continuous-wave transient (Cw/transient) optical spectroscopy. A comparison between the photophysical properties of the CPs as bulk and nanosheets, performed both in EtOH suspension and dropcast on a glass substrate, is also reported.

Chart 2 . 1 .

 21 Coordination mode of the ligand in compounds 1-3.

ClCNAn 2 -

 2 -based Ln III compounds {[Ln 2 (ClCNAn) 3 (DMF) 6 ](CH 2 Cl 2 ) x } n (Ln = Yb (1), Nd (2), Er (3)) 1-3 have been synthesized by self-assembling the ClCNAn 2-ligand and the Ln III ion as reported in Scheme 2.1. Crystals suitable for XRD were obtained by carefully layering a solution of the KHClCNAn, in DMF onto the top of a solution of the Ln III salts in DCM/DMF mixture.

2 Figure 2 . 1 .

 221 Figure 2.1. Structure of compound 1. (a) Asymmetric unit with atom labelling scheme. (b) Distorted monocapped square antiprismatic coordination geometry of the Yb center. (c) View of one rectangular cavity. (d) View of three consecutive layers in the ac plane. (e) View of the eclipsed layers in the bc plane. DMF molecules are omitted for clarity. (f) Color code: Yb = green, O = red, Cl = light green, C = black, N = blue and H = cyan. In (d) and (e) different colors are used to represent the different layers.

Figure 2 . 2 .

 22 Figure 2.2. Unit cell of the compound 1 showing the H-contacts between Yb III and the C-H oscillators, responsible of the quenching of lanthanide emission. Pink dotted lines are d(Ln III •••C-H) within 4-5 Å and blue dotted line corresponds to d(Ln III •••C-H) within 3-4 Å. Compounds 2 and 3 are isostructural, therefore only the structure of 2 is discussed in detail hereafter. The asymmetric unit consists of one Nd III ion, three half-molecules of ClCNAn 2- ligand, three DMF molecules coordinated to the Nd III center and one DCM solvent molecule giving rise to the formula {[Nd 2 (ClCNAn) 3 (DMF) 6 ]•(DCM) 2 } n (Figure 2.3a). The chloro and cyano substituents from the ClCNAn 2-ligand are equally distributed over the same position as in 1.The Nd III ion is nine-coordinated and shows a tricapped trigonal prismgeometry, completed 

Figure 2 . 3 .

 23 Figure 2.3. Structure of compound 2. (a) Asymmetric unit with atom labelling scheme. (b) Distorted tri-caped trigonal prismatic coordination geometry of the Nd center. (c) View of one hexagonal cavity. (d) View of three consecutive layers in the ac plane. Solvent molecules are omitted for clarity. (e) View of the alternated hexagonal layers in the ab plane. DMF and solvent molecules are omitted for clarity. Color code: Nd = purple, O = red, Cl = light green, C = black, N = blue and H = cyan. In (d) and (e) different colors are used to represent the different layers.

Figure 2 . 4 .

 24 Figure 2.4. Unit cell of the compound 2 showing the H-contacts of Nd III ••• C-H oscillators, responsible of the quenching of Ln III emission. Pink dotted lines are distance of H and Ln III (d(Nd III •••C-H)) within 3-5 Å.
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 2627 Figure 2.6. Hydrodynamic diameter distributions of 1-NS-3-NS suspensions in EtOH, measured at different times after preparation: (a) 1-NS; (b) 2-NS; (c) 3-NS. (d) Tyndall effect for 1-NS suspension in EtOH.

Figure 2 . 8 .

 28 Figure 2.8. AFM topography kinetics for a selected nanosheet of compound 1 obtained by sonication-assisted liquid exfoliation in ethanol and deposited on a SiO 2 /Si substrate. Topography

Figure 2 . 9 .

 29 Figure 2.9. TEM images of samples 1 (a-b), 3 (c) and HR-TEM with FFT (inset) of sample 1 (d-f).

Figure 2 . 10 .

 210 Figure 2.10. Theoretical XRD pattern calculated by CIF data of compound 1.

Figure 2 . 11 .

 211 Figure 2.11. Optical absorption and photoluminescence (PL) characterization of crystals of 1-3 [1: Yb III compound, black symbols; 2: Nd III compound, blue symbols; 3: Er III compound, red symbols] and of KHClCNAn (4, magenta symbols). All PL spectra and temporal traces were normalized to unity for better comparison among different compounds. (a) Cw absorptance spectra. (b) PL spectra: Ligand-centered PL (dots); Lanthanide-centered PL (continuous lines). (c) Ligand-centered PL decay transients. (d) Lanthanide-centered PL time traces shown on a 0.2-s range to highlight PL signal activation. (e) Same as (d) but shown on a 10-s range to visualize signal decay.

Figure 2 .

 2 Figure 2.12b, lanthanide-centered emission spectra were only weakly perturbed by the exfoliation procedure. The activation of the lanthanide-centered emission is instantaneous within the resolution of the NIR PL detection apparatus (Figure 2.12d), while its decay is faster than in the crystals: Ln III PL decay is monoexponential with characteristic time of 0.13 μs for Nd III (2-NS) and biexponential for Yb III (1-NS) and Er III (3-NS) with amplitudeweighted average lifetimes of 0.88 and 0.13 μs, respectively (Figure 2.12e).

Figure 2 . 12 .

 212 Figure 2.12. Optical absorption and PL characterization of suspensions of 1-NS-3-NS in EtOH. All PL spectra and temporal traces were normalized to unity for better comparison among different compounds. PL spectra and temporal traces of KHClCNAn crystals (4, magenta symbols) and HClCNAn -/ClCNAn 2-anions in EtOH solution at 5×10 -4 mol•dm -3 concentration (5, green symbols) are shown for reference. (a) Cw absorptance spectra. (b) PL spectra: Ligand-centered PL (dots); Lanthanide-centered PL (continuous lines). (c) Ligand-centered PL decay transients. (d) Lanthanidecentered PL time traces shown on a 0.2-s range. (e) Same as (d) but shown on a 2-s range.

Figure 2 . 13 .

 213 Figure 2.13. Optical absorption and PL characterization of 1-NS-3-NS dropcast onto glass substrates. All PL spectra and temporal traces were normalized to unity for better comparison among different compounds. PL spectrum and temporal trace of KHClCNAn crystals (4, magenta symbols) are shown for reference. (a) Cw absorptance spectra. (b) PL spectra: Ligand-centered PL (dots); Lanthanidecentered PL (continuous lines). (c) Ligand-centered PL decay transients integrated over 400-550 nm and 600-800 nm spectral windows (lines and dots, respectively). (d) Lanthanide-centered PL time traces shown on a 0.2-s range. (e) Same as (d) but shown on a 2-s range.

[Ln 4 (

 4 ClCNAn) 5 (DOBDC) 1 (DMSO) 10 ] n .(DMSO) 2 (Ln III = Yb (1), Er (2)) and [Ln 2 (ClCNAn) 2 (F 4 BDC)(DMSO) 6 ] n (Ln III = Yb (3), Er (4)) obtained by the self-assembly of Ln III , ClCNAn 2-, DOBDC 2-or F4BDC 2-by using conventional one-pot synthetic methods.

Chart 3 . 1 .

 31 Coordination modes of ClCNAn 2-, DOBDC 2-, F 4 -BDC2- 

  5000 UV-vis-NIR). The optical absorptance (fraction of absorbed irradiance, A) was estimated as 1 -Rd for crystals. Ligand-centered photo-luminescence was excited at 370 nm by 200 fs long pulses delivered by an optical parametric amplifier (Light Conversion TOPAS-C) pumped by a regenerative Ti:sapphire amplifier (Coherent Libra-HE) running at a repetition frequency of 1 kHz and measured by a streak camera (Hamamatsu C10910) equipped with a grating spectrometer (Princeton Instruments Acton SpectraPro SP-2300). Lanthanide-centered photoluminescence was excited by a passively Q-switched powerchip laser (Teem Photonics PNV-M02510) delivering 310 ps long pulses at a 355 nm wavelength and a 1 kHz repetition rate, wavelength dispersed by a grating spectrometer (Princeton Instruments Acton SpectraPro 2300i), and detected by a NIR array detector (Andor iDus InGaAs 1.7 μm) for spectral measurements and a photomultiplier (Hamamatsu H10330A-75) connected to a 1 GHz digital oscilloscope (Tektronik TDS 5104) for time-resolved measurements; 10 mm (1 mm) quartz cuvettes were used for Tr (PL).

Compounds 1 -Scheme 3 . 1 : 1 (

 1311 Scheme 3.1: General reaction scheme for the synthesis. ClCNAn 2- DOBDC 2- F 4 BDC 2- Yb(III) 1 3 Er(III) 2 4

Figure 3 . 1 .

 31 Figure 3.1. (a) The coordination environment of Yb III centres in 1 with atom labelling scheme. Solvent molecules are omitted for clarity. (b) Distorted square antiprismatic coordination geometry of the two crystallographically independent Yb centres (Yb1 and Yb2).

In 1 ,

 1 Yb(ClCNAn) n zig-zag chains are formed by ClCNAn 2-ligand bridging adjacent Yb1 and Yb2 along b axis (Figure 3.2 a). ClCNAn 2-and DOBDC 2-ligands are alternatively linked to these 1D chains to give a 2D Ln(ClCNAn) n layer along the bc plane, forming hexagonal cavities (noted as I, Figure 3.2 b) and rectangular cavities (noted as II, Figure 3.2 c) respectively. The layers are eclipsed along the a axis (Figure 3.2 d). These 2D layers shows ladder-like arrangement (Figure 3.2c, down) with (6,3)-2D topology (see footnote in section 1.2.1), where each Yb1 ion is connected to three other Yb1 ions through bisbidentate ClCNAn 2-ligands forming six-membered rings with hexagonal cavities (cavity I) filled with one DMSO solvent molecule. The different coordination mode of the DOBDC 2-gives rise to larger rectangular cavities (cavity II) formed by six Yb ions, four ClCNAn 2-and two DOBDC 2-(Figure 3.2 f). In the bc plane, these cavities are alternatively arranged in the same layer. The coordinated DMSO molecules face towards the cavities and towards neighboring layers (Figure 3.3). This results in a non-negligible overlap of the 2D of one hexagonal and rectangular cavities. Color code: Yb = green, O = red, Cl = light green, C = black, N = blue and H = cyan.
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 333435 Figure 3.3. Unit cell showing the H contacts of Yb III •••C-H oscillators, responsible of the quenching of Ln III emission. Pink dotted lines are distance of H and Ln III (d(Yb III •••C-H)) within 4-5 Å. Compound 1a crystallizes in the monoclinic C2/m space group. The asymmetric unit contains one half molecule of Yb III ion, one HClCNAn -ligand, four half molecules of coordinated water molecules, one half molecule of Cl -anion and two and half solvent water molecules giving rise to the [Yb(HClCNAn) 2 (H 2 O) 4 ]Cl•5H 2 O formula. The HClCNAn - ligand is coordinated in the 1,2 bidentate coordination mode (Figure 3.4a). The Yb III ion is coordinated to four oxygen atoms from two anilate ligands and four oxygen from four H 2 O molecules and shows trigonal dodecahedron geometry (Figure 3.4b). Compound 1b crystallizes in the triclinic P-1 space group. The asymmetric unit contains one Yb III ion, one DOBDC -ligand, half molecule of ClCNAn 2-, five coordinated water molecules and one Cl -anion giving rise to the formula [Yb 2 (DOBDC) 2 (H 2 O) 10 (μ-ClCNAn)]Cl 2 . The ClCNAn 2-ligand is coordinated in the bis-1,2 bidentate coordination mode as in 1, while DOBDC -is coordinated in a monodentate coordination mode (Figure 3.4c). The chloro and cyano substituents from the ClCNAn 2-are disordered and equally distributed over the two positions as in compound 1. The Yb III ion is coordinated to eight oxygen atoms, two from ClCNAn 2-ligand, one from DOBDC 2-and four from H 2 O molecules and shows a distorted square antiprismatic coordination geometry (Figure 3.4d).
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 37 Figure 3.7. Unit cell showing the H contacts of Yb III •••C-H oscillators, responsible of the quenching of Ln III emission. Pink dotted lines are distance of H and Ln III (d(Yb III •••C-H)) within 4-5 Å.
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 38 photoluminescence measurements; more measurements are required for a better understanding. As perspective, visible spectra will be repeated in quartz substrates in order to avoid background emission from the glass substrates and thin layers of drop-cast nanosheets of these compounds may allow us to distinguish the absorption bands of the individual ligands.

  new series of heteroleptic NIR emisive lanthanide MOFs/CPs [Ln 4 (ClCNAn) 5 (DOBDC) 1 (DMSO) 10 ] n .(DMSO) 2 (Ln III -Yb (1), Er (2)) and [Ln 2 (ClCNAn) 2 (F 4 BDC)(DMSO) 6 ] n (Ln III -Yb (3), Er (4)) with mixed ligands (ClCNAn 2- and carboxylate ligands (DOBDC 2-, F 4 BDC 2-) were prepared. The two Ln III ions are eightcoordinated with two crystallographically independent Ln III ions showing two different coordination environments: a distorted trigonal dodecahedron geometry for Ln1 (eight oxygen atoms, four from two ClCNAn 2-ligands, one from the DOBDC 2-ligand and three from coordinated DMSO molecules) and a more significantly distorted trigonal dodecahedron geometry for Ln2 (eight oxygen atoms, six from three ClCNAn 2-ligands and two from coordinated DMSO molecules). Compounds 3-4 form a distorted trigonal dodecahedron geometry, being coordinated by six O from three ClCNAn 2-, one from F 4 BDC 2-and three from DMSO molecules, showing only one coordination environment. This series represent the first family of heteroleptic lanthanide MOFs/CPs based on anilate and carboxylate ligands.

[ 2 (

 2 solvents and size of lanthanides in the structures of the series of layered compounds, formulated as [Ln 2 (Br 2 An) 3 (solv.)n] G (Ln III = Er, solv.= H 2 O, DMF, DMSO; G = Guest) based on bromanilate ligands and ClCNAn 2-ligands [Ln 2 (ClCNAn) 3 (sol.) 6 ]•G (Ln III = Ce, Pr, solv= DMF; Yb, Pr, sol = DMSO; Dy, sol= H 2 O) respectively. Very recently, our groups have reported 27 a series of 2D layered CPs based on NIR-emitting lanthanide ions formulated as [Ln 2 (ClCNAn) 3 (DMF) 6 ] n •(DCM)x (Ln III = Er, Nd and Yb). These compounds were also exfoliated to monolayers and their photophysical properties as bulk and nanosheets were discussed in chapter 2. Also, a novel series of heteroleptic 2D layered CPs based on anilateand carboxylate-based ligands and NIR-emitting lanthanides (Yb III , Er III ) were discussed in chapter 3. The aim of the present work is to investigate the magnetic properties of the systems based on ClCNAn 2-and carboxylate derivatives DOBDC and F 4 BDC, focusing on Dy III lanthanide ion. The magnetic properties of lanthanide-anilate-based materials are in fact scarcely studied. There are few reports on (i) a 3D monometallic lanthanoid assembly, Na 5 [Ho(THB) 2 ] 3 •7H 2 O (THB = tetrahydroxybenzene), showing ferromagnetism with a Curie temperature of 11 K; 28 (ii) a [{Ho 2 (H 2 An) 3 (H 2 O) 6 }•18H 2 O] n complex based on hydranilate; 29 (iii) layered 2D compounds, [Ln 2 (ClCNAn) 3 (sol.) 6 ]•G (Ln III = Ce, Pr, solv= DMF; Yb, Pr, sol Ln 2 (NO 2 An) 3 (H 2 O) 10 ]•6H 2 O (Ln III = Sm, Gd, Tb, Dy, Ho and Er) forming dimers, Br 2 An) 3 (DMSO) n ]•2DMSO•mH 2 O with n = 6 and m = 0 for Ln = La, Ce, Pr, Nd, Sm, Eu and Gd ; n = 4 and m = 2 for Ln = Tb, Dy, Ho, Er, Tm and Yb showing weak

compounds formulated as [Dy 2 (

 2 ClCNAn) 3 (DMSO) 6 ] n (1), [Dy 2 (ClCNAn) 3 (DMSO) 6 ] n (1'), {[Dy 2 (ClCNAn) 3 (DMF) 6 ]•(DCM) 2 } n (2) and {[(Me 2 NH 2 ) 2 [Dy 2 (ClCNAn) 4 (H 2 O) 2 ] n •(DMF)} n (3). Surprisingly 1 and 1' are allotropes showing different crystal structures (Tetragonal and Monoclinic with Space Groups I4/m and P2/n respectively) and they represent the first example of allotropy observed in CPs. The magnetic properties shows the appearance of SMM behaviour.
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 41 a) Coordination mode of the ClCNAn 2-ligand in compounds 1-3.

Dy 2 ([Dy 2 ({(Me 2 NH 2 ) 2 [

 22222 ClCNAn) 3 (DMSO) 6 ] n (1): An aqueous solution (5 mL) of Dy(NO 3 ) 3 •5H 2 O (0.6 mmol, 290.14 mg) was added dropwise to an aqueous yellow solution (35 mL) of DOBDC (0.3 mmol, 60 mg) and NaOH (1.5 mmol, 60 mg) solution. KHClCNAn (0.3 mmol, 72 mg) was added to the mixture showing an immediate color change from yellow to red. After ca. 4h of stirring at 90°C, the mixture was allowed to cool at room temperature, and the purple solid insoluble in water and in almost organic solvents was separated from the mother liquor by filtration, washed several times with fresh water and dried under vacuum. Compound 1 was recrystallized in DMSO to give orange crystals suitable for X-ray analysis after several weeks. ClCNAn) 3 (DMSO) 6 ] n (1'): This compound was synthesized in a similar manner to 1, by using F 4 BDC (0.3 mmol, 71.4 mg) and NaOH (0.6 mmol, 24 mg) instead of DOBDC. {[Dy 2 (ClCNAn) 3 (DMF) 6 ]•(DCM) 2 } n (2): This compound was synthesized in a similar manner as in literature 27 using Dy(NO 3 ) 3 •5H 2 O (0.6 mmol, 290.14 mg) instead of YbCl 3 .5H 2 O. Dy 2 (ClCNAn) 4 (H 2 O) 2 ]•(DMF)} n (3): A 50ml Teflon-lined stainless-steel autoclave reactor was charged with Dy(NO 3 ) 3 •5H 2 O (0.15 mmol, 72.5 mg) and KHClCNAn (0.45 mmol,108 mg) in solvent mixture of DMF (5ml) and H 2 O (20ml) and placed in an oven

[ 21 Scheme 4 . 1 .

 2141 Scheme 4.1. Synthetic Strategy for compounds 1-3.
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 32 Crystal Structures Compounds 1-3 are 2D polymeric coordination networks of ClCNAn 2-with Dy III ions. 1-2 are neutral networks while 3 are formed by 2D alternated anionic/cationic layers. Compound 1 crystallizes in the tetragonal I4/m space group. The asymmetric unit contains one Dy III ion of 0.5 occupancy, two half molecules of ClCNAn 2-ligand with 1 and 0.5 occupancies and two DMSO molecules with occupancy factor of 1 and 0.5 giving rise to the formula [Dy 2 (ClCNAn) 3 (DMSO) 6 ] n . In the anilate ligand, because of the inversion center, for the half independent molecule of ClCNAn 2-, the chloro and cyano substituents are equally distributed over the same position. S atoms from the DMSO solvent molecules are disordered. The Dy III ion is nine-coordinated in a slightly distorted monocapped square antiprismatic geometry, completed by six oxygen atoms from three ClCNAn 2-ligands and three oxygen atoms from three DMSO molecules (Figure 4.1a). Dy-O bond lengths and O-Dy-O angles fall in the range of 2.283-2.46 Å and 64.3-139.9°, respectively. Each Dy III ion is connected to three other Dy III ions through bis-bidentate ClCNAn ligands forming eight-membered and four-membered rings ((8,3) and (4,3)-2D topologies; (see footnote in section 1.2.1) with square cavities of different sizes along the ba plane (Figure 4.1 b, d). These square cavities are regular, with two close Dy-Dy diagonal distances (24.75 Å, 24.75 Å); (12.42 and 12.23 Å) and the orthogonal Dy-Dy-Dy angles inside the square (90• each) for the eight-membered and four-membered square cavity respectively. Neighbor layers are alternated following the sequence ...ABAB… generating square cavities along the c axis. (Figure 4.1 c-d).

Figure 4 . 1 . 16 withFigure 4 . 2 .

 411642 Figure 4.1. Structure of compound 1. (a) Distorted monocapped square antiprismatic coordination geometry of the Dy III center. (b) View of square cavity (eight membered and four membered). (c) View of three consecutive layers in the ac plane. (d) View of the alternated layers in the ba plane. Color code: Dy = violet, O = red, Cl = light green, C = black, N = blue and H = cyan. In (c) and (d) different colors are used to represent the different layers. The allotrope 1' crystallizes in the Monoclinic P2/n space group. The asymmetric unit of 1' consists of one Dy III ion, three half molecule of ClCNAn 2-ligands and three DMSO molecules giving rise to the formula [Dy 2 (ClCNAn) 3 (DMSO) 6 ] n . The chloro and cyano substituents from the asymmetric ClCNAn ligand are equally distributed over the same position as in 1. S atoms from the DMSO solvent molecules are disordered. Dy III ion is nine-coordinated in slightly distorted tricapped trigonal prism geometry, completed by six oxygen atoms from three ClCNAn 2-ligands and three oxygen atoms from three DMSO molecules (Figure 4.2 b). Dy-O bond lengths and O-Dy-O angles fall in the range of 2.321-2.475 Å and 63.89-146.3°, respectively. The shortest Dy•••Dy distance is 8.778 Å.The structure shows corrugated layers with 2D (6,3)-topology, where each Dy III ion is connected to three other Dy III ions through bis-bidentate ClCNAn 2-ligands forming sixmembered rings with distorted hexagonal cavities along the bc plane (Figure4.2 c-d-e). The two consecutive layers are parallel and are eclipsed forming distorted hexagonal cavities, that appear as rectangles along the a axis. The coordinated DMF molecules face towards the cavities and towards neighboring layers. Similar type of CPs was reported by Gomez. et. al.16 with Pr III .

2 ) 2 [Figure 4 . 3 .

 2243 Figure 4.3. Structure of compound 3. (a) Distorted tri-capped trigonal prismatic coordination geometry of two Dy III centers. (b) View of one square cavity. (c) View of three consecutive layers in the bc plane. (d) View of the eclipsed square layers in the ab plane. The cations are omitted for clarity. (e) ligand bridged between Dy III , O atom from water molecule are highlighted in yellow. Color code: Dy= violet, O = red, Cl = light green, C = black, N = blue and H = cyan. In (c) and (d) different colors are used to represent the different layers.
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 44 Figure 4.4. Magnetic susceptibility of the three complexes as a function of T.inset: Magnetisation curve for 1 and 3.

Figure 4 . 5 .

 45 Figure 4.5. Frequency and field dependence of the in-phase (χ‗) and out-of-phase (χ-) signal of the susceptibility.

Figure 5 . 1 .

 51 Figure 5.1. View of the independent molecule of donor and half of the anion in the structure of (1) together with the atom numbering scheme. H atoms are shown in cyan color. The structure of the anion is planar with two different C-O distances, corresponding to two C═O onds (1.215(8) Å) nd two C-O bonds for one C-OH and one C-O -(intermediate value of 1.287(8) Å), which was expected as we started from the monoanionic salt KHClCNAn. As there is only one crystallographically independent molecule of BEDT-TTFfor half an (HClCNAn) -anion, the average charge of each donor molecule is +0,5. This is consistent with the analysis of the bond lengths according to the procedure described by Day et al.,26 which consists of the empirical equation Q = 6.347 -7.463δ, rel ting the ch rge Q to the p r meter δ defined y δ = ( + c) -(a + d), where a-d represent ver ged v lues of C═C and five-membered-ring C-S bonds, as illustrated in Table5.2. Thus, the Q value for 1 amounts to +0.34 ± 0.1, clearly indicating a mixed valence state for the BEDT-TTF donors. With the knowledge that the estimated charge is very sensitive to the crystal quality, the difference from the expected value of +0.5 is not surprising.The crystal packing shows segregation of BEDT-TTF molecules in the ac plane separated by layers of (HClCNAn) -and chains of organic donors along the a axis (Figure5.2). The BEDT-TTF molecules inside a chain do not have the same orientation, the intrachain interactions being of the twisted mode (Figure5.2 b,c).

Figure 5 . 2 .

 52 View of the crystal structure of 1 along the b axis (a) and a axis (b). Color code: C, black; H, gray; N, blue; O, red; S, yellow; Cl, green. c) Crystal packing of donor layer of (1) in the crystallographic bc plane: Each donor molecule BEDT-TTF in the dimer is highlighted in different colors. d) Crystal packing of anilate layer in the crystallographic ac plane (bottom).

Figure 5 . 3 .

 53 Figure 5.3. Intermolecular interactions (dashed lines) in the structure of 1. Color code: C, black; H, gray; N, blue; O, red; S, gold; Cl, light green. Compound 2 crystallizes in the monoclinic space group I2/a, with one independent half of the donor and half of the anion both located on inversion centers in the asymmetric unit, thus affording a 1:1 stoichiometry (Figure 5.4).

Figure 5 . 4 .

 54 Figure 5.4. View of the independent half of molecules of donor and anion of the asymmetric unit in the structure of 2 together with the atom numbering scheme. H atoms are shown in cyan color. Similar to the case for 1, the two independent C-O distances in the anilate molecule re consistent with the presence of two C═O (1.235(4) Å) nd two C-O(H) bonds (1.294(4)
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 55 a g e state, all the more since the crystal structure is of excellent quality. Interestingly, the crystal packing shows donor/anion segregation in the ac plane, with formation of uniform chains of BEDT-TTF with no dimerization, separated by layers of anilate anions (Figure 5.5). In the donor layers, the chains develop along the b axis especially through CH•••S intermolecular interactions. The intrachain S•••S distances are rather long, with the shortest contact amounting to 3.93 Å for S2•••S4. Lateral interchain S•••S contacts established between donors from neighboring chains are much shorter, ranging from 3.44 to 3.74 Å (Table 5.5). The BEDT-TTF molecules lie parallel to one another along the b axis, but the orientation between donors from adjacent chains is twisted by 45°. This peculiar orientation implies that one BEDT-TTF donor establishes short S•••S contacts with three donors from a neighboring chain. The same type of packing is observed for the anilate layer (Figure 5.5 d), although the (HCl 2 An) -molecule is engaged in several interchain interactions with the neighboring anionic molecules, through hydrogen onds etween C═O nd C-OH groups (Table 5.6). Finally, S•••Cl donor-anion interactions are observed as well between the chloro substituents and the S atoms of ethylenedithio groups from the neighboring BEDT-TTF molecules (Figure 5.6). View of the crystal structure of 2 along the a axis (top) and b axis (bottom). Color code: C, black; H, gray; O, red; S, gold; Cl, light green.

Figure 5 . 6 .

 56 Figure 5.6. Intermolecular anion-anion and anion-donor interactions (dashed lines) in the structure of 2. Color code: C, black; H, gray; O, red; S, gold; Cl, light green.

Figure 5 . 7 .

 57 Figure 5.7. Raman spectra of 1 (red line) and 2 (black line) performed with a He-Ne laser (λ = 632.81 nm)

Figure 5 . 8 .

 58 Figure 5.8. Electric l resistivity ρ for single cryst ls of compounds 1 (left), 2 (right) plotted s log ρ versus the inverse temper ture. The red line is the fit to the d t with the l w ρ = ρ 0 exp(E a /T) giving the activation energy Ea. In order to get deeper insight into the activated conductivity of compound 1, tight-binding band structure calculations of the extended Hückel type were performed. The donor layers of compound 1 contain two symmetry-equivalent molecules making four different intermolecular interactions (labeled I-IV in Figure 5.9). The S•••S contacts smaller than 4.0 Å associated with the different interactions are reported in Table 5.7. There are two intrachain (I and II) and two interchain (III and IV) interactions. The intrachain interactions are of the twisted mode, although the two interactions are not exactly of the same type. The shift of the center of the two C═C bonds is small for interaction I but considerably larger for interaction II. As a result, the C-H group of the terminal ethylenedithio groups pointing toward the other donor makes four S•••H hydrogen bonds in interaction I (3.020 (×2), 3.046 (×2) Å) but two in interaction II (2.971 (×2) Å). This leads to a series of noticeably shorter S•••S interactions and a tighter HOMO-HOMO overlap for interaction I (i.e., the S atoms of the five-membered rings, which are those bearing the stronger coefficients in the HOMO, are those associated with the shorter S•••S contacts). In the understanding of the transport properties of this salt we need to have a hint as to the strength of the HOMO•••HOMO interactions for I-IV, since there are the HOMO bands which are going to be partially emptied by oxidation. This may be done by looking at the absolute value of the so-called HOMO•••HOMO interaction energy, |β HOMO- HOMO |, associated with each interaction. The calculated values for the four interactions are reported in Table 5.7.

Figure 5 . 9 .

 59 Figure 5.9. Donor layer of the salt 1 where the four different intermolecular interactions are labeled.
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 510 Figure 5.10. Calculated band structure for the donor layers of compound 1 where Γ = (0, 0), X = (a*/2, 0), Y = (0, b*/2), M = (a*/2, b*/2), and S = (-a*/2, b*/2).The previous observations are relevant in understanding the origin of the activated conductivity of 1. Because of the 2:1 stoichiometry and the fact that the anion carries a single negative charge, the HOMO bands must contain one hole. Thus, the lower HOMO band in Figure5.10 is full and the upper is half filled. Consequently, the activated conductivity is not a consequence of the occurrence of a gap in the band structure but of the localization of electrons in the upper band. This is likely because of the strong dimerization and the weak inter ction etween the dimeric units of the l yer s f r s the ψ or it l is concerned. In other words, the electrons tend to st y loc li ed in the nti onding ψ -orbital of the dimeric units (interaction I), according to the so-called Mott localization mechanism, and an activation energy is required to jump between units. The occurrence of disorder does not seem to play an

Figure 5 . 11 .

 511 Figure 5.11. Donor … donor interactions in [BEDT-TTF][HCl 2 An]. Only one molecule of the central uniform chain is shown. The labels n, n+1,…. Refer to the different molecules within a chain; the midpoint of the central C=C bond of molecules with the same index (n, n+1,…) are at the same height along the b direction. The donor network in [BEDT-TTF][HCl 2 An] is built from a series of uniform chains running along the b-direction and parallel to each other but twisted by 45 o . As shown in Fig. 10 each donor of one chain (n) makes short S … S contact with three donors of the next chain (n+1, n and n-1), two of them being of the same type (II in Figure 5.11). As shown in Table

8 .

 8 It is immediately clear that the lateral interactions, even if associated with S … S contacts which are considerably shorter than the intrachain ones, play only a secondary role. This is specially so for interaction II associated with a very short contact of 3.444 Å. Since the intrachain interaction (III) is substantial and taking into account the number and strength of interchain interactions, the band structure of 2 should exhibit a pseudo-1D behavior with stronger interactions along b.
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 512 Figure 5.12. Calculated band structure for the donor layers of [BEDT-TTF][HCl 2 An] where  = (0, 0), X = (a*/2, 0), Y = (0, b*/2) and M = (a*/2, b*/2).
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 513 Figure. 5.13. Calculated Fermi surface for the donor layers of [BEDT-TTF][HCl 2 An] when  is +0.1 (left) and +0.2 (right).If the metallization can be realized it is interesting to know if the metallic state could survive until low temperatures. shown in Figure5.13 are the hypothetical Fermi surfaces calculated when the average charge of BEDT-TTF is (1-) for  values of 0.1 and 0.2 (i.e.

  charge-compensating anions ranging from simple mononuclear complexes [MX 4 ] n-(M = Fe III , Cu II ; X = Cl, Br) 8-10 and [M(ox) 3 ] 3-(ox = oxalate) to layered structures such as the bimetallic oxalate-based layers of the type [M II M III (ox) 3 ] -(M II = Mn, Co, Ni, Fe, Cu; M III = Fe, Cr).

CH 2 6 . 2 . 3

 2623 Cl 2 and placed in the cathode chamber of an H-shape electrocrystallization cell. BEDT-TTF (5 mg) was dissolved in 8 mL of CH 2 Cl 2 and placed in the anode chamber of the cell. A current density of 1 μA cm -2 was applied. Black blocks of single crystals of 1 were grown at 20 °C on the anode electrode over a period of three weeks. [BEDT-TTF] 5 [Fe(ClCNAn) 3 ] 2 •2CH 3 CN (2). TPPh 3 [Fe(ClCNAn) 3 was dissolved in 8 mL of CH 3 CN and placed in the cathode chamber of an H-shape electrocrystallization cell. BEDT-TTF (5 mg) was dissolved in 8 mL of CH 3 CN and placed in the anode chamber of the cell. A current density of 3 μA cm -2 was applied. Black prismatic single crystals of 2 were grown at 20 °C on the anode electrode over a period of one month. Measurement details X-ray Crystallography.Data collection was performed at 150 K on an Agilent Supernova diffractometer with Cu Kα (λ = 1.54184 Å). Single crystals of 1 and 2 were mounted on a glass fiber loop using a viscous hydrocarbon oil to coat the crystal and then transferred directly to the cold nitrogen stream for data collection. The structure was solved by direct methods with the SIR97 program and refined against all F2 values with the SHELXL-97 program using the WinGX graphical user interface. All non-hydrogen atoms were refined anisotropically except as noted, and hydrogen atoms were placed in calculated positions and refined isotropically with a riding model. The program SQUEEZE from PLATON was used for 1 to calculate the potential solventaccessible void volume and the nature of the disordered solvent molecules. It has indicated a total void space of 378.8 Å 3 and 127 electrons/cell. This corresponds to 3 molecules of water that have been inserted in the formula of the compound. A summary of crystallographic data and refinement results are listed in Table6.1.

  Scheme 6.1. BEDT-TTF Organic Donor (D), [Fe(ClCNAn) 3 ] 3-Anionic Complex (A) and Experimental Conditions Used for the synthesis of Compounds 1-2.

Figure 6 . 1 .

 61 Figure 6.1. ORTEP drawing for the tris(chlorocyanilato)ferrate(III) anionic complex (Δ enantiomer) in 2.

  The C-O bond distances are influenced by the coordination to the metal center. The oxygen atoms coordinated to the metal have C-O distances slightly longer than those of the peripheral oxygen atoms, which show a major double bond character. Compound 1 crystallizes in the monoclinic space group P2 1 /c. The asymmetric unit consists of four independent BEDT-TTF donor molecules (indicated as A, B, C and D) for one [Fe(ClCNAn) 3 ] 3-complex (Figure 6.2). The crystal packing of 1 is unusual and consists of hybrid organic-inorganic layers formed by repeating units of D-A-B-C BEDT-TTF molecules along ba plane intercalated by [Fe(ClCNAn) 3 ] 3-complexes of opposite chirality as shown in Figure 6.3. Very short S•••S contacts (3.29-3.61 Å) less than the sum of the van der Waals radii (3.65 Å) are present between the B and C molecules which form strong dimers (Figure 6.4).
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 62 Figure 6.2. Asymmetric Unit of 1: BEDT-TTF molecules are labeled as A, B, C, D.
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 6364 Figure 6.3. View of the crystal packing of 1 along the bc plane (top); ba plane with labeled A, B, C and D BEDT-TTF molecules (bottom).

Figure 6 . 5 .

 65 Figure 6.5. DABC BEDT-TTF molecules surrounded by metal complexes. Intermolecular Cl•••S (violet) and N•••S interactions (blue) lower than the sum of the van der Waals radii between the BEDT-TTF molecules and the ClCNAn ligands are highlighted are highlighted (Å). Cl2-S17C 3.53, Cl2-S19C 3.44, Cl2-S23C 3.61, Cl2-S29D 3.52, Cl2B-S31D 3.45, Cl3-S32D 3.60, N3-S21C 3.60, N2-S17C 3.40, N2-S21C 3.63, N1-S3A 3.63. The analysis of the bond distances for each crystallographically independent BEDT-TTF molecule, according to the procedure described by Day et. al., 27 consists of the empirical equation Q = 6.347 -7.463δ, relating the charge Q to the parameter δ defined by δ =(b + c) -(a + d), where a-d represent averaged values of C=C and five-membered-ring C-S bonds, as

  analysis of the central C=C and internal C-S bond lengths confirms that B and C molecules associated in dimers bears a charge of +1, whereas D and A molecules are present in a mixed-valence state. The BEDT-TTF molecular packing in compound 1, along with the mixed-valence state of the A, D donor molecules, bearing 0.53 and 0.59 positive charge, respectively, allows for delocalization of the charge, in agreement with transport properties. Compound 2 crystallizes in the triclinic centrosymmetric space group P-1. The asymmetric unit consists of two and half independent BEDT-TTF molecules (indicated as A-C), one [Fe(ClCNAn) 3 ] 3-anionic complex and one acetonitrile solvent molecule (Figure 6.6). The crystal packing of 2 shows pseudo-segregation of organic and hybrid organicinorganic layers (Figure 6.7).

Figure 6 . 6 .

 66 Figure 6.6. Asymmetric Unit of 2. BEDT-TTF molecules are labeled as A, B, C.

Figure 6 . 7 :

 67 Figure 6.7: Crystal packing of 2 in bc plane. Solvent molecules are omitted for clarity. The hybrid organic-inorganic layer consists of BEDT-TTF dimers (AA) surrounded by metal complexes of opposite chirality in the bc plane establishing Cl•••S and N•••S interactions (Figure 6.8). The organic donor layer is unusual and consists of B and C molecules arranged almost perpendicular to each other: B molecules interact in face-to-face manner forming strong dimers (BB) (Figure 6.9b) while the C molecules, which are almost perpendicular to B, interact laterally. Intra-and inter-layer interactions between donor molecules are highlighted in Figure 6.9b-d.

Figure 6 . 9 .Figure 6 . 9 .

 6969 Figure 6.9. AA dimer surrounded by metal complexes of opposite chirality. S•••S contacts and intermolecular interactions lower than the sum of the van der Waals radii between the BEDT-TTF molecules and the ClCNAn ligands are highlighted. Cl•••S contacts in green, N•••S contacts in dark blue; S•••S contacts in blue (Å). S3A-S6A 3.33, S4A-S5A 3.44, Cl3-S3A 3.46, Cl3-S6A 3.46, N2-S6A 3.48.

CH 2

 2 Cl 2 and CH 3 CN solvents, but by simply replacing [PPh 4 ] 3 [Fe(Cl 2 An) 3 ] tris(chloranilate)ferrate(III) complex with [PPh 4 ] 3 [Fe(ClCNAn) 3 ] tris(chlorocyananilate) ferrate(III) complex, different radical cation salts with 4:1 and 5:2 D:A ratio instead of 3:1 and 5:1 D:A 18 have been obtained as highlighted in Table 6.4. The intermolecular interactions such as Cl•••S and N•••S contacts play a role in the crystal packing of compound 1 and 2.

  TTF] 4 [Fe(ClCNAn) 3 ]•3H 2 O

  Compound 2 shows a r.t. conductivity between 10 -3 S.cm -1 (at 12.9 GPa) and 2 x 10 -4 10 S.cm -1 (at 2.1 GPa). It shows a semiconducting behavior as shown by the increase of the resistivity as the temperature is decreased (Figure6.10, right), with an activation energy of 92 meV at 12.9 GPa.

Figure 6 . 12 .

 612 Figure 6.12. Temperature dependence of the electrical resistivity ρ for single crystals of compounds 1 (left) and 2 (right).

1 and 2 2 ) 2 [

 222 Scheme 1The mixed-valence FeII Fe III 2D CP, formulated as [TAG][Fe II Fe III (ClCNAn) 3 ], containing, for the first time in such 2D networks, the tris(amino)-guanidinium (TAG) cation has been synthesized. This system has been thoroughly characterized through X-ray diffraction analysis, magnetic, conductivity, Raman and Mössbauer studies. 2D CPs based on NIR-emitting lanthanides (Yb III , Nd III , Er III ) and the ClCNAn 2- ligand, formulated as [Ln 2 (ClCNAn) 3 (DMF) 6 ]•(DCM) x (Ln III = Yb (x = 0)(1), Nd (2) and Er(3) (x = 2)), have been prepared and fully characterized. These layered compounds were

  this compound crystallize in the Polar trigonal space group P3, therefore the ferroelectric properties on this compound are worth to be investigated. (ii) new homologue systems where the ClCNAn 2-ligand is replaced by its Cl, Br or I analogues will be prepared. This could allow for a systematic study on the crystalline structure and properties of obtained materials due to the different electronic nature of substituents.II.Novel heterobimetallic ClCNAn-based (M III /M II ) complexes will be prepared with TAG + as cation (M III = Fe, Cr; M II = Mn, Co), in order to investigate their magnetic and/or ferroelectric properties. In this context, a heterobimetallic system with Fe III and Co II , on ClCNAn 2-as building block, was prepared and preliminary characterized by SEM and Elemental Analysis. It can be formulated as TPPh 3[Fe III Co II (ClCNAn) 3 ] and its structural characterization and physical properties studies are in progress.

Figure1.

  Figure1. SEM image of TPPh 3 [Fe III Co II (ClCNAn) 3 ]

Figure 2 .

 2 Figure 2. Anionic layer of [M II 2 (ClCNAn) 3 ] 2-(M II = Mn (left), Co (right)) IV.

  Scheme A1.2 Protonation equilibria for a generic anilic acid. The molecular and crystal structures of the protonated anilic acids are characterized by. (i) a centrosymmetric quasi-quinonoid structure with C=O and C=C distances in the 1.215-1.235 Å and 1.332-1.355 Å ranges, respectively; (ii) a planar structure of the benzoquinone ring; and (iii) moderate-strong H-Bonding and π-stacking interactions in the crystal structure. It should be noted that the crystal structure of H 2 (NO 2 ) 2 hexaydrate and H 2 (CN) 2 An hexahydrate reveal the presence of hydronium nitranilates and hydronium cyananilates, respectively, as a result of their strong acidity (pKa values for H 2 (NO 2 ) 2 An: -3.0 and -0.5). The structure of the nitranilic acid hexahydrate is characterized by the presence of the Zundel cation, (H 5 O 2 ) 2+ , whose proton dynamic has been recently studied by using a multi-technique approach.

( 1 .

 1 Scheme A1.4. Synthesis of thiophenyl (3a,b) and 3,4-ethylenedioxythiophenyl (4a,b) derivatives of 1,4-benzoquinone. A simple change of one chloro substituent on the chloranilate ligand with a cyano group affects the electronic properties of the anilate moiety inducing unprecedented luminescence properties in the class of anilate-based ligands and their metal complexes. ClCNAn 2-is a unique example of a heterosubstituted anilate ligand, was synthesized by treating 2,3-dicyano-5,6-dichloro-1,4-benzoquinone with a concentrated water solution of potassium hydroxide, and then acidifying with concentrated hydrochloric acid, as shown in SchemeA1.3. The dianionic form of this ligand (ClCNAn 2-) is a green luminophore, with maximum emission band around 550 nm.

Figure A2. 1 .

 1 Figure A2.1. Schematic representation of Scotch-tape mechanical exfoliation (ii) liquid exfoliation. It include ion intercalation, ion exchange and sonication-assisted exfoliation.Nanosheets can be made by soaking the bulk materials into appropriate solvents8,9 

  , Yb II and Tb IV due to the presence of an empty, half-filled or completely-filled 4f shell. The electronic configuration of trivalent, Ln III ions is [Xe]4f n (n = 0-14); some divalent Ln II ions have similar f-electronic configuration [Xe]4f n + 1 (n = 3, 5, 6, 9, 12, 13; Ln = Nd, Sm, Eu, Dy, Tm, Yb), while the electronic configuration of the others is [Xe]4f n 5d 1 (n = 0, 1, 2, 7, 8, 10, 11, 14; Ln = La, Ce, Pr, Gd, Tb, Ho, Er, Lu). The 4f orbitals (Figure A3.1) are well shielded by the Xe core, transforming the valence 4f orbitals into -inner orbitals.‖ As a consequence, there is a gradual decrease in the atomic and ionic radii in the lanthanide series from Ce (Z= 58), to Ln (Z =71) due to the poor shielding of nuclear charge by 4f electrons; the 6s electrons are drawn towards the nucleus, thus resulting in a smaller atomic radius. This phenomenon is termed as lanthanide contraction. Ln III ions are hard Lewis acids and, they preferentially bind to hard bases, ie ligands having negatively charged donor atoms, forming stronger bonds (O > N > S). Ln III ions usually exhibit coordination numbers from 6 to 12 with eight and nine being most common.

Figure A3. 1 .

 1 Figure A3.1. Representation of 4f orbitals An important feature of the lanthanide ions is their photoluminescence. Several lanthanide ions show luminescence in the visible or near-infrared spectral regions upon irradiation with

Figure A3. 2 :

 2 Figure A3.2: Energy levels splitting for the Eu 3+ ions with 4f 6 configuration.

Figure A3. 3 .

 3 Figure A3.3. Energy levels splitting for the Eu 3+ ions with 4f 6 configuration. However, the relative positions of the energy levels of the excited states can be determined only by calculations. The first synopsis of the 4f n energy levels of all trivalent lanthanides spanning the entire UV, visible and NIR spectral ranges was given by G.H. Dieke. Dieke diagram (Figure A3.4) shows that the energy levels of the emissive lanthanide ions are often markedly subdivided into two main groups consisting of closely spaced levels. The f-f transitions which originate the luminescent emission of lanthanide ions usually occur from the lowest level of the higher multiplet (populated by non-radiative cascade decay from the excited upper levels) to the ground manifolds.

Figure A3. 4 .

 4 Figure A3.4. Dieke diagram of the energy levels of lanthanides.

  the electric quadrupole operator (EQ) Laporte's parity selection rule implies that ED 4f-4f transitions are forbidden. However, when the lanthanide ion undergoes the influence of a ligand-field, non-centrosymmetric interactions mix electronic states of opposite parity into 4f wavefunctions, which relax the selection rule and the transitions become partially allowed. These transitions are then called induced (or forced) electric dipole transition. Major contributions to their intensity are due to the mixing of 4f n configuration with opposite parity 4f n-1 5d 1 configuration, LMCT states, and/or vibrational levels. Some induced ED transitions are highly sensitive to small changes in the chemical environment of the metal ion and are denoted hypersensitive or sometimes pseudoquadrupolar transitions because they follow the selection rules of EQ transitions. While the intensity of regular ED transitions varies by factors 2-5 depending on the composition of the inner coordination sphere of the metal ion, hypersensitive transitions can be enhanced up to 200-fold.

Scheme A1. 1 .Scheme A3. 2 :

 12 Scheme A1.1. Schematic representation of antenna effect and sensitized luminescence. A, absorption; F, fluorescence; P, phosphorescence; L, lanthanide-centered luminescence; ISC, intersystem crossing; ET, energy transfer; S, singlet; T, triplet. Full vertical lines: radiative transitions, dotted vertical lines: non-radiative transitions.In a simplified model, the luminescence quantum yield Q Ln L of sensitized luminescence from a lanthanide complex can be written as:

  After the excitation of the ligand, to the donor triplet state (via, singlet state and ISC), the excited electron returns to its initial orbital, while, transition dipole moments of the ligand and Ln III ion couple resulting in excitation of the electron Ln III states. The rate of energy transfer via this mechanism depends on (i) the spectral overlap J DA defined above, (ii) the luminescence quantum yield of the donor Q D , (iii) the lifetime of the donor excited state, (iv) the relative orientation of the donor and acceptor transition dipoles ĸ, and (v) the distance between the donor and the acceptor according to a 1/r DA 6 dependence.

  state and the 4f orbitals, (through space) Short range 6-20Ǻ Long range 30-100 Ǻ spectral overlap is independent of the oscillator strength of the transitions spectral overlap depends on the oscillator and Triplet -Triplet transfer Singlet -Singlet transfer only Rate constant of exchange transfer , K dexter ~ K Forster ~ ⁄ ΔJ = 0, ± 1 (J = J' = 0 excluded) ΔJ = ± 2, ± 4, ± 6

  phenomena, as relatively low energy-gap between excited and ground states of NIR Ln III ions can easily be bridged by high-energy vibrations (O-H, N-H, C-H, C-O, etc.) and their overtones (Figure A3.5). To overcome this situation, deuteration (C-D) and halogenation (C-F) of the organic ligands has been proven as remedy: absorptions are decreased (C-D) or absent (C-F) because the third overtone of C-D is located at 1.5 μs and the third overtone of C-F is located at 2.6 μs.

Figure A4. 1 .

 1 Figure A4.1. Picture of a generic H-shape electrocrystallization cell equipped with electrodes. Due to the high number of parameters involved in the outcome of an electrosynthesis, several experiments are often required to optimize the experimental conditions for obtaining high quality single crystals. Moreover, the electrical properties of a material can be strongly dependent on the type and amount of its impurities. For this reason, in order to have reproducible results, great attention must be given to set up the experiment:

  Many of the molecular conductors known in the literature are charge-transfer (CT) salts or radical salts prepared via electrocrystallization (Annex 4). The milestone in this field was the discovery of the purely-organic metal-like conductor TTF-TCNQ via CT. Some of the important requirements to form conducting organic salts are(i) generation of charge carriers (ii) efficient packing promoting intermolecular interactions, thus, allowing a good flow of electrons. For instance, face-to-face stacks allows for a good overlap between adjacent orbitals. (iii) minimum columbic interactions to minimize electron repulsion. Charge carriers are generated as stable charged species or neutral radicals. In CT salts, by the combination of two redox reagents; donor, (electron donating species with a relatively low ionization potential, I D ) and acceptor, (the electron acceptor species with a relatively high electron affinity, E A ), a fraction of the electron charge is transferred from the donor(s) to the acceptor(s) and forms the CT complex D •+ A •-. Generally, donor and acceptors are planar molecules with an extended -delocalization as shown in Figure A5.1.

Figure A5. 1

 1 Figure A5.1 Some of the important donors and acceptors.

-

  Scheme A5.1.

Figure A5. 2 .

 2 Figure A5.2. Schematic representation of mixed and segregated stacks. D represents donor and A represents acceptor Segregated stacks of TTF donor and TCNQ acceptor in the TTF-TCNQ system is shown in Figure A5.3.

Figure A5. 2 .

 2 Figure A5.2. Segregated stacks of TTF and TCNQ molecules for the compound TTF-TCNQ Another important feature determining the conductivity of molecular conductors is the intermolecular interactions (origin of the band structure) in the molecular packing. Along the stacks, conductivity has the maximum value, due to a favorable overlap between the MOs of the building units. The interactions between different stacks are instead usually weaker, resulting in lower conductivity in the direction perpendicular to them. Additionally, molecular materials are subjected to structural distortions, (Peierls distortion), that is, the dimerization between building blocks at low temperature. This results in a energy gap opening between the valence and conduction bands and, consequently, metal to insulator transition.The concept of CT salts has been also extended to those systems where one of the components is a cationic or anionic species which acts as a counterion of the donor or the

Figure A5. 4 .

 4 Figure A5.4. Schematic representation of the structural phases exhibited by the donor molecules and its derivatives with classification symbols.

  conductivity of a semiconductor increases with temperature, as greater number of electrons are mobilised.

Figure A5. 5 .

 5 Figure A5.5. Energy bands for an insulator (a), semiconductor (b), metal (c); CB, conduction band; VB, valence band; and Eg, energy gap.

Figure A5. 5 .

 5 Figure A5.5. Schematic Representation of Orbital and Spin Magnetic Moment.

  Magnetic moments (represented by small black arrows) of diamagnetic material in the presence of external magnetic field H.ParamagnetismParamagnetism is observed in all materials having a permanent net magnetic moment per atom at high temperature. The atomic magnetic moments of a paramagnetic material are randomly orientated as a result of their thermal energy, but can be aligned in the direction of an external magnetic field.Both spin and orbital magnetic moments give contributions to the magnetization which lead to positive susceptibility values for paramagnets. The susceptibilities of paramagnets have typically values of the order 10 -3 -10 -5 and at low fields is proportional to , although deviations from proportionality occur at very high fields where the magnetization begins to saturate. The paramagnetic behaviour of materials can be explained using different models.

Figure A6. 2

 2 Figure A6.2 Temperature dependence of paramagnetic susceptibility for a Curie paramagnet.

  The Curie-Weiss law It is a modified or generalized version of the Curie law, which can be represented by the following equation ( ) where is again the Curie constant and is another constant with dimensions of temperature. can be either positive, negative or zero. corresponds, to the Curie law. Materials having undergo a paramagnetic to ferromagnetic transition and are called ferromagnets, whereas materials having undergo a paramagnetic to antiferromagnetic transition and are called antiferromagnets. The constant is also indicated with the symbol and assumes the name of Weiss constant (Figure A6.3).The real transition temperatures from a paramagnetic to ferromagnetic or antiferromagnetic state are both positive and are called Curie temperature and Néel temperature respectively. However, the susceptibility of ferromagnets and antiferromagnets only follows the Curie-Weiss law in the paramagnetic region. For lower temperatures, once the material becomes ordered, the susceptibility behaves in a more complicated way and no longer has a unique value for a given field strength.

Figure A6. 3

 3 Figure A6.3 Thermal variation of the 1/ for a paramagnet. 1 represents paramagnet that follows Curie law (ϴ = 0); 2, a paramagnet that undergoes a paramagnetic transition to ferromagnetic transition and follows the Curie-Weiss law (ϴ > 0); 3, a paramagnet that undergoes a paramagnetic transition to antiferromagnetic and follows the Curie-Weiss law (ϴ < 0); the slope of each line is C -1 .

  The variation of susceptibility and magnetization as a function of the temperature for a ferromagnet are reported in FigureA6.4. 

Figure A6. 4 .

 4 Figure A6.4. Variation of as a function of for a typical ferromagnet.

  All ferromagnets when heated to sufficiently high temperatures become paramagnets. At the permeability of the material drops suddenly and both coercivity and remanence become zero.

Figure A6. 5 .

 5 Figure A6.5. Hysterisis loop of typical ferromagnetic close to T = 0 K. H C -coercivity field, M R -remnant magnetization or retentivity.

For > 0

 0 , these materials undergo a transition from the ordered antiferromagnetic state to the disordered paramagnetic state. And for < 0, the susceptibility does not follow the Curie-Weiss and behaves in a more complex way. The variation of the susceptibility as a function of the temperature is shown in Figure A6.6.

Figure A6. 6 .

 6 Figure A6.6. Variation of as a function of the for an antiferromagnet; usually the maximum of the susceptibility, corresponding to .The Néel temperature of antiferromagnets is the analogous of the Curie temperature of ferromagnets. Both mark the transition temperature above which the material is disordered and becomes paramagnetic.

  materials, where conventional magnetic-range ordering (vide supra) is not possible, for instance, spin glasses. Spin glasses are disordered magnets characterised by the competition between ferromagnetism and antiferromagnetic interactions. Below a certain temperature (called the freezing temperature, T f ) the spins freeze into a highly irreversible metastable frozen state without the usual long-range spatial magnetic order.

  and L 2-/L 3-mixed valency was further discussed by Robson et al. with a more recent result based on an interpenetrated 3D network of formula (NBu 4 )[Fe 2 (F 2 An) 3 ] (F 2 An 2-= fluoranilate). 12d Another advantage of the anilate ligand is that it can be substituted on the 3 and 6 positions of the aromatic ring by a large variety of substituents.15 Recently, the asymmetric chlorocyananilate (ClCNAn 2-, see Scheme 1)16 ligand has been combined to the redox-active molecule bis(ethylenedithio)-tetrathiafulvalene (BEDT-TTF) to prepare an organic semiconductor with formula [HClCNAn] 2 [BEDT-TTF]17 and to lanthanide ions in a series of coordination polymers of general formula [Ln 2 (ClCNAn) 3 (DMF) 6 ]• (CH 2 Cl 2 ) x (Ln = Yb, x = 0; Ln = Nd or Er, x = 1) which present NIR emission properties as bulk and nanosheets.18 In this work, we investigated this nonsymmetric anilate ligand to prepare the mixed-valence coordination polymer of formula [TAG][FeII Fe III (ClCNAn) 3 ]•(solvate) (1), where TAG is the C 3 -symmetric tris(amino)-guanidinium cation, never used so far in such coordination polymers. Thorough structural characterization and study of the magnetic and conducting properties of this crystalline material are described. Since mixed-valence FeII Fe III oxalate-based coordination polymers were previously reported to present a very poor conductivity, we also investigated the origin and mechanism of the transport properties in mixed-valence FeII Fe III networks based on oxalate-related bridging ligands, i.e., oxalate, squarate, dhbq 2-, and ClCNAn 2-.

  -1 region are assigned to the ν(C-C) + ν(C-O) combination band and ν(C-C) vibration, respectively, and according to Harris et al. 14c confirm the assignment of ligand oxidation state as dianionic ClCNAn 2-, supporting structural findings. The observed band at 592 cm -1 can be assigned to a ν(Fe-O) + ν(C-C) combination stretching mode, as already found in previously reported dianionic anilate-based honeycomb-like networks. 14a No bands can be unambiguously assigned to Fe II -O and Fe III -O vibrational

Figure 1 .

 1 Figure 1. Structure of 1 in the ac plane (top left) and in the ab plane (top right). H-bonding intermolecular interactions (dashed lines) between the cationic and the anionic layers (bottom). Color code: C, black; H, cyan; O, red; N, blue; Cl, yellow; Fe, green.

Figure 2 .

 2 Figure 2. Comparison of Raman spectra of 1 and the KHClCNAn ligand, performed at room temperature with a He-Ne laser (λ = 632,81 nm) and a Nd:YAG (λ = 1064 nm), respectively.

Figure 3 .

 3 Figure 3. Temperature dependence of the product of the molar magnetic susceptibility times the temperature (χ m T)o f1 under an applied field of 1000 Oe.

  Consider a system formed by two separated highspin Fe II L 6 (t 2g 4 e g 2 ) and high-spin Fe III L 6

Figure 4 .

 4 Figure 4. (a) Temperature dependence of the in-phase (χ′) and out-of-phase (χ′′) ac susceptibility of 1, and (b) Arrhenius plot for the frequency dependence of the position of the peak in χ′′ vs 1/T.

Figure 5 .

 5 Figure 5. (a) Isothermal magnetization of 1 at different temperatures and (b) magnetic hysteresis loop at 2K.

  state, but there is a totally equivalent expression interchanging A and B. If we plot the two energy surfaces E tot (d A ,d B ) we see that they cross along the line d A = d B (Figure 8b). The initial and final configurations (respectively, top and bottom configurations in Figure 8a) correspond to minima in the lower surface and the structures for which d A = d B to the crossing seam. The situation is more conveniently analyzed by using a contour plot of the bottom surface (Figure 8c), obtained by joining the two bottom halves of the two intersecting surfaces. The two minima correspond to the configurations Fe III A •••Fe II B (zone noted as F in Figure 8c) and Fe II A •••Fe III B (noted as I). The point on the d A = d B line for which the total energy is minimal (M) is found by taking the derivative of the energy function with d A = d B = d M and equating it to zero. It is found that d M =( k II d II + k III d III )/(k II + k III ) and the corresponding energy

Figure 6 .

 6 Figure 6. (a) Mossbauer spectra of 1 taken at 295 and 10 K, and (b) estimated parameters from the spectra. Lines over the experimental points are the calculated functions. On the spectrum taken at 10 K this function is the sum of four quadrupole doublets shown slightly shifted for clarity. IS, isomer shift relative to metallic α-Fe at 295 K; QS, quadrupole splitting; I, relative areas. Estimated errors are <0.02 mm/s for IS and QS and <2% for I.

Figure 7 .

 7 Figure 7. (a) Electrical resistivity ρ ∥ plotted as log ρ ∥ versus the inverse temperature, measured with a 4 V voltage applied in the ab plane. Red line is the fit to the data with the law ρ = ρ 0 exp(E a /T) giving the activation energy E a . (b) Room-temperature resistivity (ρ) and conductivity (σ) values measured along (∥) and perpendicular (⊥) to the 2D layers.

Figure 8 .

 8 Figure 8. (a) Schematic representation of the three consecutive steps during the electron transfer with two neighboring pseudooctahedral Fe(chelate) 3 centers shown along the C 3 axis. (b) 3D plot of the energy surface E tot as a function of d A and d B . (c) Contour plot of the bottom surface from the E tot plot displayed in b.

Figure 9 .

 9 Figure 9. (a) Energy plot for a Fe II Fe III to Fe III Fe II electron transfer process. (b) Calculated parameters for the four studied bridging ligands. Distances are expressed in Angstroms, energies in kcal.mol -1 , and k and F in kcal.mol -1 •Å -2 .

  , and photophysical characteristics of 2D layered CPs, formulated as [Ln 2 (ClCNAn) 3 (DMF) 6 ] n •(DCM) x [Ln = Yb (x = 0) and Nd and Er (x = 2)], obtained by reacting Ln(III) salts with the monoprotonated chlorocyananilic acid (3-chloro-6-cyano-2,5dihydroxybenzoquinone) (Chart 1). The ability of the chlorocyananilate ligand to work as a valuable antenna in sensitizing the NIR-emitting Er(III), Yb(III), and Nd(III)

  while Er(NO 3 ) 3 •5H 2 O, Yb(NO 3 ) 3 • 5H 2 O, and Nd(NO 3 ) 3 •6H 2 O were purchased from Sigma-Aldrich and used without further purification. Syntheses. [Yb 2 (ClCNAn) 3 (DMF) 6 ] n (1). Yb(NO 3 ) 3 •5H 2 O (0.06 mmol, 26.94 mg) dissolved in 5 mL of dichloromethane (DCM) and 2 mL of DMF was placed in the bottom of the test tube. KHClCNAn (0.03 mmol, 7.2 mg) in 5 mL of DMF was carefully layered on the top with a blank solution of DMF (1 mL) between the layers. After 3 weeks, red hexagonal crystals were formed. Crystals were suitable for X-ray diffraction (XRD) measurements. {[Ln 2 (ClCNAn) 3 (DMF) 6 ]•(DCM) 2 } n [Ln = Nd (2)o rE r( 3)]. This compound was synthesized in a similar manner at an identical scale as mentioned for 1, except using Nd(NO 3 ) 3 •5H 2 O (0.06 mmol, 26.3 mg) for 2 and Er(NO 3 ) 3 •5H 2 O (0.06 mmol, 26.6 mg) for 3 instead of Yb(NO 3 ) 3 •5H 2 O.

Chart 1 . 1 Figure 1 .

 111 Scheme 1

Figure 2 .

 2 Figure 2. Structure of compound 2. (a) Asymmetric unit with its atom labeling scheme. (b) Distorted tricapped trigonal prismatic coordination geometry of the Nd center. (c) View of one hexagonal cavity. (d) View of three consecutive layers in the a-c plane. Solvent molecules have been omitted for the sake of clarity. (e) View of the alternate hexagonal layers in the a-b plane. DMF and solvent molecules have been omitted for the sake of clarity. Color code: Nd, purple; O, red; Cl, light green; C, black; N, blue; H, cyan. In panels d and e, different colors are used to represent different layers.

  three DMF molecules coordinated to the Nd(III) center, and o n eD C Ms o l v e n tm o l e c u l eg i v i n gr i s et ot h ef o r m u l a {[Nd 2 (ClCNAn) 3 (DMF) 6 ]•(DCM) 2 } n (Figure2a). The chloro and cyano substituents from the asymmetric chlorocyananilate ligand are equally distributed over the same position as in 1.

Figure 3 .

 3 Figure 3. Perspective view of 1 in the b-c plane (top). View of 2D layers showing the thickness of the first monolayer (h 0 ) and interlayer distance (d) in (a) 1 and (b) 3.

Figure 4 .

 4 Figure 4. Hydrodynamic diameter distributions of suspensions of 1-NS-3-NS in EtOH, measured at different times after preparation: (a) 1-NS, (b) 2-NS, and (c) 3-NS. (d) Tyndall effect for the suspension of 1-NS in EtOH.

Figure 5 .

 5 Figure 5. AFM characterization of nanosheets of compounds 1 and 3 obtained upon crystal exfoliation using the sonication-assisted method in an EtOH solution, deposited on SiO 2 /Si substrates. (a) Topography (height) image of nanosheets of compound 1 on a false-color scale. (b) Same as panel a but for compound 3. (c) Height profiles of nanosheets of compound 1 extracted along the lines drawn in panel a. (d) Same as panel c but for compound 3.

Figure 6 .

 6 Figure 6. TEM images of samples (a and b) 1 and (c) 3 and (d-f) HR-TEM images with FFT (inset) of sample 1.

Figure 7 .

 7 Figure 7. Optical absorption and photoluminescence (PL) characterization of crystals of 1-3 [1, Yb(III) compound, black symbols; 2, Nd(III) compound, blue symbols; 3, Er(III) compound, red symbols] and KHClCNAn (4, magenta symbols). All PL spectra and temporal traces were normalized to unity for better comparison among different compounds. (a) Cw absorptance spectra. (b) PL spectra: ligand-centered PL (dots) and lanthanide-centered PL (solid lines). (c) Ligand-centered PL decay transients. (d) Lanthanide-centered PL time traces shown over a 0.2 μs range to highlight PL signal activation. (e) Same as panel d but shown over a 10 μs range to visualize signal decay.

Figure 8 .

 8 Figure 8. Optical absorption and photoluminescence (PL) characterization of suspensions of 1-NS-3-NS in EtOH. All PL spectra and temporal traces were normalized to unity for better comparison among different compounds. PL spectra and temporal traces of KHClCNAn crystals (4, magenta symbols) and HClCNAn -/ClCNAn 2-anions in an EtOH solution at a 5 × 10 -4 mol dm -3 concentration (5, green symbols) are shown for reference. (a) Cw absorptance spectra. (b) PL spectra: ligand-centered PL (dots) and lanthanide-centered PL (solid lines). (c) Ligand-centered PL decay transients. (d) Lanthanide-centered PL time traces shown over a 0.2 μs range. (e) Same as panel d but shown over a 2 μs range.

Figure 9 .

 9 Figure 9. Optical absorption and photoluminescence (PL) characterization of 1-NS-3-NS drop-cast onto glass substrates. All PL spectra and temporal traces were normalized to unity for better comparison among different compounds. The PL spectrum and temporal trace of KHClCNAn crystals (4, magenta symbols) are shown for reference. (a) Cw absorptance spectra. (b) PL spectra: ligand-centered PL (dots) and lanthanidecentered PL (solid lines). (c) Ligand-centered PL decay transients integrated over 400-550 and 600-800 nm spectral windows (lines and dots, respectively). (d) Lanthanide-centered PL time traces shown over a 0.2 μs range. (e) Same as panel d but shown over a 2 μs range.

  in the Supporting Information). The structure of the anion is planar with two different C-O distances, corresponding to two CO bonds (1.215(8) Å) and two C-O bonds for one C-OH and one C-O -(intermediate value of 1.287(8) Å), which was expected as we started from the monoanionic salt KHClCNAn (Table

  which consists of the empirical equation Q = 6.347 -7.463δ, relating the charge Q to the parameter δ defined by δ =( b + c) -(a + d), where a-d represent averaged values of CC and five-membered-ring C-S bonds, as illustrated in Table

  in the Supporting Information). In the donor layers, the chains develop along the b axis especially through CH•••S intermolecular interactions. The intrachain S•••S distances are rather long, with the shortest contact amounting to 3.93 Å for S2•••S4. Lateral interchain S•••S contacts established between donors from neighboring chains are much shorter, ranging from 3.44 to 3.74 Å (Table

Figure 1 .

 1 Figure 1. View of the crystal structure of 1 along the b axis (top) and a axis (bottom). Color code: C, black; H, gray; N, blue; O, red; S, yellow; Cl, green.

Figure 2 .

 2 Figure 2. Intermolecular interactions (dashed lines) in the structure of 1. Color code: C, black; H, gray; N, blue; O, red; S, gold; Cl, light green.

Figure 3 .

 3 Figure 3. View of the crystal structure of 2 along the a axis (top) and b axis (bottom). Color code: C, black; H, gray; O, red; S, gold; Cl, light green.

Figure 4 .

 4 Figure 4. Intermolecular anion-anion and anion-donor interactions (dashed lines) in the structure of 2. Color code: C, black; H, gray; O, red; S, gold; Cl, light green.

Figure 5 .

 5 Figure 5. Raman spectra of 1 (red line) and 2 (black line) performed with a He-Ne laser (λ = 632.81 nm).

Figure 6 .

 6 Figure 6. Electrical resistivity ρ for single crystals of compounds 1 plotted as log ρ versus the inverse temperature. The red line is the fit to the data with the law ρ = ρ 0 exp(E a /T) giving the activation energy E a .

Figure 7 .

 7 Figure 7. Donor layer of the salt 1 where the four different intermolecular interactions are labeled.

Table 2 .

 2 S•••S Distances Shorter Than 4.0 Å and Absolute Values of the β HOMO-HOMO Interaction Energies (eV) for the Different Donor•••Donor Interactions in Compound 1 at Room Temperature interaction S•••S (<4.0 Å) |β HOMO-HOMO | •••HOMO interactions for I-IV, since there are the HOMO bands which are going to be partially emptied by oxidation. This may be done by looking at the absolute value of the so-called HOMO•••HOMO interaction energy, |β HOMO-HOMO |, associated with each interaction.

Figure 8 .

 8 Figure 8. Calculated band structure for the donor layers of compound 1 where Γ = (0, 0), X = (a*/2, 0), Y = (0, b*/2), M = (a*/2, b*/2), and S = (-a*/2, b*/2).

Scheme 4 .

 4 Scheme 4. Protonation equilibria for a generic anilic acid.

Scheme 5 .

 5 Scheme 5. Resonance structures for a generic anilate dianion. The π-electron delocalization over the O-C-C(-X) -C-O bonds is highlighted.

  ) 3 ] 2-(X = Cl, H), and, accordingly, two monocations are needed to balance the charge. The only known examples of this [M II 2 L 3 ] 2-series are the [M 2 (H 2 An) 3 ] 2-(M = Mn and Cd) [106] and [M 2 (Cl 2 An) 3 ] 2-(M = Cu, Co, Cd and Zn) systems [108]. The layers formed with two M III ions are neutral and the reported examples include the [M 2 (H 2 An) 3 ]•24H 2 O (M III = Y, La, Ce, Gd, Yb and Lu) [109,110], [M 2 (Cl 2 An) 3 ]•12H 2 O (M III = Sc, Y, La, Pr, Nd, Gd, Tb, Yb, Lu) [2,

  N] 2 [M II 2 (H 2 An) 3 ] (M II = Mn, Fe, Ni, Co, Zn and Cd) and [(n-Bu) 4 N] 2 [Mn 2 (Cl 2 An) 3 ] systems [112], showing a double interpenetrating (10,3)-a lattice with opposite stereochemical configuration that afford an overall achiral structure. The versatility of the anilate-based derivatives is finally demonstrated by the formation of a 3D adamantane-like network in the compounds [Ag 2 (Cl 2 An)] [113], [H 3 O][Y(Cl 2 An) 3 ]•8CH 3 OH and [Th(Cl 2 An) 2 ]•6H 2 O [110]

2. 2 .

 2 Molecular Paramagnets Two new isostructural mononuclear complexes of formula [(Ph) 4 P] 3 [M(H 2 An) 3 ]•6H 2 O (M = Fe(III) (1) or Cr(III) (2) have been obtained by reacting the hydranilate anion with the Fe(III) and Cr(III) paramagnetic metal ions [116]. The crystal structure of 1 consists of homoleptic tris-chelated octahedral complex anions [Fe(H 2 An) 3 ] 3-surrounded by crystallization water molecules and (Ph) 4 P + cations.

Figure 1 .

 1 Figure 1. View of the crystal packing of 1: (a) with metal complexes and water molecules in spacefill model highlighting the supramolecular topology; (b) highlighting the hydrogen bond (HB) interactions occurring between the water molecules and the metal complexes. The 11 HBs are indicated with colored letters. HB donors and acceptor are also indicated. Symmetry codes are omitted. Reprinted with permission from Reference [116]. Copyright 2014 American Chemical Society.

Figure 2 . 1 .

 21 Figure 2. (a) Temperature dependence of χT product at 1000 Oe (where χ is the molar magnetic susceptibility equal to M/H per mole of Fe(III) complex) between 1.85 and 300 K for a polycrystalline sample of 1. The solid line is the best fit obtained using a Curie-Weiss law. Inset shows field dependence of the magnetization for 1 between 1.85 and 8 K at magnetic fields between 0 and 7 T. The solid line is the best fit obtained using S = 5/2 Brillouin function; (b) Temperature dependence of χT product at 1000 Oe (where χ is the molar magnetic susceptibility equal to M/H per mole of Fe(III) complex) between 1.85 and 300 K for a polycrystalline sample of 2. Inset shows field dependence of the magnetization for 2 between 1.85 and 8 K at magnetic fields between 0 and 7 T. Reprinted with permission from Reference [116]. Copyright 2014 American Chemical Society.

Figure 3 .

 3 Figure 3. (left) ORTEP view of 3. The atoms are represented by 50% probable thermal ellipsoids. Hydrogen atoms, solvent, and [BF 4 ] -are omitted for clarity; (right) µ eff (T) for 3 taken at 300 Oe. The solid line is the best fit curve to the model. Reprinted with permission from [117]. Copyright 2006. American Chemical Society.

  The crystal structures of these Fe(III) and Cr(III) haloanilate complexes consist of anions formed by homoleptic complex anions formulated as [M(X 2 An) 3 ] 3-and (Et) 3 NH + , (n-Bu) 4 N, or (Ph 4 )P + cations. All complexes exhibit octahedral coordination geometry with metal ions surrounded by six oxygen atoms from three chelate ligands. These complexes are chiral according to the metal coordination of three bidentate ligands, and both Λ and ∆ enantiomers are present in their crystal lattice. Interestingly the packing of [(n-Bu) 4 N] 3 [Cr(I 2 An) 3 ] (8a) shows that the complexes form supramolecular dimers that are held together by two symmetry related I• • • O interactions (3.092(8) Å), considerably shorter than the sum of iodine and oxygen van der Waals radii (3.50 Å). The I• • • O interaction can be regarded as a halogen bond (XB), where the iodine behaves as the XB donor and the oxygen atom as the XB acceptor (Figure 4a). This is in agreement with the properties of the electrostatic potential for [Cr(I 2 An) 3 ] 3- that predicts a negative charge accumulation on the peripheral oxygen atoms and a positive charge accumulation on the iodine. Also in [(Ph) 4 P] 3 [Fe(I 2 An) 3 ] (9b) each [Fe(I 2 An) 3 ] 3-molecule exchanges three I• • • I XBs with the surrounding complex anions. These iodine-iodine interactions form molecular chains parallel to the b axis that are arranged in a molecular layer by means of an additional I• • • I interaction with symmetry related I(33) atoms (3.886(2) Å), which may behave at the same time as an XB donor and acceptor. Additional XB interactions can be observed in the crystal packing of 9b (Figure 4b).

Figure 4 .

 4 Figure 4. (a) Portion of the molecular packing of 8a where four complex anions are displayed (Symmetry code ' = 1 -x; 1 -y; 1 -z); (b) halogen bonds between the complex anions (Symmetry codes ' = x; y + 1; z, " = 3/2 -x; 3/2 -y; 1 -z, "' = x; y -1; z). Adapted with permission from Reference [119]. Copyright 2014 American Chemical Society.

Figure 5 .Chart 2 .

 52 Thermal variation of χ m for 8a. Solid line is the best fit to the Curie-Weiss law. Inset shows the isothermal magnetization at 2 K. Solid line represents the Brillouin function for an isolated S = 3/2 ion with g = 2. Anions. Reprinted with permission from Reference [119]. Copyright 2014 American Chemical Society. A simple change of one chloro substituent on the chloranilate ligand with a cyano group affects the electronic properties of the anilate moiety inducing unprecedented luminescence properties in the class of anilate-based ligands and their metal complexes. The synthesis and full characterization, including photoluminescence studies, of the chlorocyananilate ligand (ClCNAn 2-), a unique example of a heterosubstituted anilate ligand has been recently reported [120], along with the tris-chelated metal complexes with Cr(III), (10) Fe(III), (11) and Al(III) (12) metal ions, formulated as [A] 3 [M III (ClCNAn) 3 ] (A = (n-Bu) 4 N + or Ph4P + ) shown in Chart 2. [A] 3 [M(X 2 An) 3 ] tris(haloanilato)metallate(III) complexes (A = (n-Bu) 4 N + , (Ph) 4 P + ; M = Cr(III), Fe(III), Al(III); ClCNAn 2-= chlorocyananilate).

Figure 6 .

 6 Figure 6. (a) Portion of the molecular packing of 11a showing the Cl• • • N interactions occurring between the complex anions; (b) View of the supramolecular chains along the a axis. [(n-Bu) 4 N] + cations are omitted for clarity. Reprinted with permission from Reference [120]. Copyright 2015 from The Royal Society of Chemistry.

Figure 7 .Figure 8 .

 78 Figure 7. View of the hexagonal honeycomb layer in 13 with the (PBu 3 Me) + cations in the hexagons. Color code: Cr = green, Na = violet, O = red, C = gray, Br = brown, and P = yellow. H atoms have been omitted for clarity. (Down) View of two adjacent layers in 15 showing the positions of the Fe(III) centers and the Na 2 dimers. H and Cl atoms have been omitted for clarity. (Right) Perspective view of the positions of the metal atoms in both interpenetrated sublattices (red and violet) in 16. Adapted with permission from Reference [121]. Copyright 2015 American Chemical Society.

Figure 9 .

 9 Figure 9. View of the crystal structure of 17: (a) Side view of the alternating cationic and anionic layers; (b) Top view of the two layers; (c) Top view of the anionic layer; (d) Top view of the cationic layer showing the positions of the metal centers in the anionic layer (blue dashed hexagon). Reprinted with permission from Reference [125]. Copyright 2013 American Chemical Society.

•

  

Figure 10 .

 10 Figure 10. (a) ∆-[(H 3 O)(phz) 3 ] + cation showing the O-H•••N bonds as dotted lines; (b) side view of two anionic and one cationic layers showing ∆-[(H 3 O)(phz) 3 ] + and the ∆-[Cr(Cl 2 An) 3 ] 3-entities located above and below. Parallel phenazine and anilato rings are shown with the same color. Color code: C, brown; O, pink; N, blue; H, cyan; Cl, green; Mn, yellow/orange; Cr, red. Reprinted with permission from Reference [125]. Copyright 2013 American Chemical Society.

Figure 11 .

 11 Figure 11. Structure of 18: (a) perspective view of one hexagonal channel running along the c direction with the solvent molecules in the center (in yellow); (b) side view of the same hexagonal channel showing the location of the solvent molecules in the center of the anionic and cationic layers showing the O-H•••N bonds as dotted lines. Reprinted with permission from Reference [125]. Copyright 2013 American Chemical Society.

Figure 12 .

 12 Figure 12. (a) Structure of 20: (a) view of the alternating anionic and cationic layers; (b) projection, perpendicular to the layers, of two consecutive anionic layers showing their alternate packing. Reprinted with permission from Reference [125]. Copyright 2013 American Chemical Society.

Figure 13 .

 13 Figure 13. Magnetic properties of the [NBu 4 ][MnCr(X 2 An) 3 ] family, X = Cl (20), Br (21), I (22) and H (23): (a) Thermal variation of the in phase (χm ′ ) AC susceptibility at 1 Hz.; (b) Linear dependence of the ordering temperature (Tc, left scale, red) and the Weiss temperature (θ, right scale, blue) with the electronegativity of the X group. Solid lines are the corresponding linear fits. Adapted with permission from Reference [125]. Copyright 2013 American Chemical Society.

3. 1 .

 1 Introductionπ-d molecular materials, i.e., systems where delocalized π-electrons of the organic donor are combined with localized d-electrons of magnetic counterions, have attracted major interest in molecular science since they can exhibit coexistence of two distinct physical properties, furnished by the two networks, or novel and improved properties due to the interactions established between them[127-130]. The development of these π-d systems as multifunctional materials represents one of the main targets in current materials science for their potential applications in molecular electronics[78,127-130]. Important milestones in the field of magnetic molecular conductors have been achieved using as molecular building blocks the bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) organic donor[123,131-133] or its selenium derivatives, and charge-compensating anions ranging from simple mononuclear complexes [MX 4 ] n-(M = FeIII , Cu II ; X = Cl, Br)[134-136] and [M(ox) 3 ] 3-(ox = oxalate = C 2 O 4 2-) with tetrahedral and octahedral geometries, to layered structures such as the bimetallic oxalate-based layers of the type [M II M III (ox) 3 ] -(M II = Mn, Co, Ni, Fe, Cu; M III = Fe, Cr) [123,124,131-133,137-140].In these systems the shape of the anion and the arrangement of intermolecular contacts, especially H-bonding, between the anionic and cationic layers influence the packing motif of the BEDT-TTF radical cations, and therefore the physical properties of the obtained charge-transfer salt[141]. Typically, the structure of these materials is formed by segregated stacks of the organic donors and the inorganic counterions which add the second functionality to the conducting material. The first paramagnetic superconductor [BEDT-TTF] 4 [H 3 OFe III (ox) 3 ]•C 6 H 5CN [123] and the first ferromagnetic conductor, [BEDT-TTF] 3 [MnII Cr III (ox) 3 ][49] were successfully obtained by combining, via electrocrystallization, the mononuclear [Fe(ox) 3 ] 3-and the [MnII Cr III (ox) 3 ] -(2D honeycomb with oxalate bridges) anions with the BEDT-TTF organic donor, as magnetic and conducting carriers, respectively. Furthermore, by combining the bis(ethylenedithio)tetraselenafulvalene (BETS) molecule with the zero-dimensional FeCl 4 -anion, a field-induced superconductivity with π-d interaction was observed which may be mediated through S•••Cl interactions between the BETS molecule and the anion [134]. Clues for designing the molecular packing in the organic network, carrier of conductivity, were provided by the use of the paramagnetic chiral anion [Fe(croc) 3 ] 3-(croc = croconate = C 5 O 5 2-) as magnetic component of two systems: α-[BEDT-TTF] 5 [Fe(croc) 3 ]•5H 2 O [142], which behaves as a semiconductor with a high room-temperature conductivity (ca. 6 S cm -1 ) and β-[BEDT-TTF] 5 [Fe(croc) 3 ]•C 6 H 5 CN [143],which shows a high room-temperature conductivity (ca. 10 S cm -1 ) and a metallic behavior down to ca. 140 K. The BEDT-TTF molecules in the α-phase are arranged in a herring-bone packing motif which is induced by the chirality of the anions. Therefore, the packing of the organic network and the corresponding conducting properties can be influenced by playing with the size, shape, symmetry and charge of the inorganic counterions. The introduction of chirality in these materials represents one of the most recent advances[144] in material science and one of the milestones is represented by the first observation of the electrical magneto-chiral anisotropy (eMChA) effect in a bulk crystalline chiral conductor [145], as a synergy between chirality and conductivity [146-148]. However, the combination of chirality with electroactivity in chiral TTF-based materials afforded several other recent important results, particularly the modulation of the structural disorder in the solid state , [130-138] and hence a difference in conductivity between the enantiopure and racemic forms [149-151] and the induction of different packing patterns and crystalline space groups in mixed valence salts of dimethylethylenedithio-TTF (DM-EDT-TTF), showing semiconducting (enantiopure forms) or metallic (racemic form) behaviour [152]. Although the first example of an enantiopure TTF derivative, namely the tetramethyl-bis(ethylenedithio)-tetrathiafulvalene (TM-BEDT-TTF), was described almost 30 years ago as the (S,S,S,S) enantiomer [153,154], the number of TM-BEDT-TTF based conducting radical cation salts is still rather limited. They range from semiconducting salts [155], as complete series of both enantiomers and racemic forms, to the [TM-BEDT-TTF] x [MnCr(ox) 3 ] ferromagnetic metal [156], described only as the (S,S,S,S) enantiomer. The use of magnetic counterions, particularly interesting since they provide an additional property to the system, was largely explored in the case of the above-mentioned metal-oxalates [M(ox) 3 ] 3-(M = Fe 3+ , Cr 3+ , Ga 3+ , ox = oxalate) [124,140], present as ∆ and Λ enantiomers in radical cation salts based on the BEDT-TTF donor. Other paramagnetic chiral anions, such as [Fe(croc) 3 ] [142,143] or [Cr(2,2'-bipy)(ox) 2 ] - (bipy = bipyridine) [157], have been scarcely used up to now. However, in all these magnetic conductors the tris-chelated anions were present as racemic mixtures, except for the ∆ enantiomer of [Cr(ox) 3 ] 3-[158]. As far as the π-d systems are concerned, the number of conducting systems based on enantiopure TTF precursors is even scarcer [156,159]. One example concerns the above-mentioned ferromagnetic metal [TM-BEDT-TTF] x [MnCr(ox) 3 ] [156], while a more recent one is represented by the semiconducting paramagnetic salts [DM-BEDT-TTF] 4 [ReCl 6 ] [159]. In this context, anilate-based metal complexes

  Scheme 8.Molecular structures for the complex anion [Fe(Cl 2 An) 3 ] 3-and the bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) organic donor, and experimental conditions used for obtaining 24-26 compounds.

  respectively.

Figure 14 .Figure 15 .

 1415 Figure 14. Crystal packing of 25 (left) and 26 (right) along the bc plane showing the organic-inorganic layer segregation. Crystallization water and CH 2 Cl 2 molecules were omitted for clarity. Reprinted with permission from Reference [164]. Copyright 2014 American Chemical Society.-

Figure 16 .

 16 Figure 16. C-C dimer surrounded by two metal complexes of opposite chirality in 24. Symmetry related S•••S contacts and intermolecular interactions lower than the sum of the van der Waals radii between the BEDT-TTF molecules and the chloranilate ligands are highlighted. (Å): S3C•••S6C 3.48, S4C•••S5C 3.57, Cl6•••S6C 3.40, C13C•••S6C 3.41. Reprinted with permission from Reference [164]. Copyright 2014 American Chemical Society.

-Figure 17 .

 17 Figure 17. (a) Temperature dependence of the electrical resistivity ̺ for 25 and 26 single crystals. The inset shows the Arrhenius plot. The black lines are the fit to the data with the law ̺ = ̺ 0 exp(Ea/T) giving the activation energy Ea; (b) Thermal variation of the magnetic properties (χ m T) for 24. Solid line is the best fit to the model (see text). Reprinted with permission from Reference [164]. Copyright 2014 American Chemical Society.

Figure 20 .

 20 Figure 20. (a) Thermal variation of the electrical conductivity for 28 and 30. The inset shows the Arrhenius plot. The red line is the Arrhenius fit to the data for 30; (b) Thermal variation of magnetic properties (χT product) at 1000 Oe (where χ is the molar magnetic susceptibility equal to the ratio between the magnetization and the applied magnetic field, M/H, per mole of Fe(III) complex) between 1.85 and 280 K for a polycrystalline sample of 30. The solid line is the Curie-Weiss best fit. Inset: M vs. H/T plot for 30 between 1.85 and 8 K at magnetic fields between 0 and 7 T. The solid line is the best fit obtained using S = 5/2 Brillouin function. Adapted with permission from Reference [167]. Copyright 2015 American Chemical Society.

Figure 21 .

 21 Figure 21. Electronic structure for 28. Calculated band structure of: (a) the [(TM-BEDT-TTF) 6 ] 2+ donor layers; (b) the isolated -B-E-C-chains and (c) the isolated -A-D-F-chains, where Γ = (0, 0), X = (a*/2, 0), Y = (0, b*/2), M = (a*/2, b*/2) and S = (-a*/2, b*/2). Reprinted with permission from Reference [167]. Copyright 2015 American Chemical Society.

  (4-OH-sal 2 -trien)] + , (X = Cl) (32), [Fe III (sal 2 -epe)] + , (X = Br) (33), [Fe III (5-Cl-sal 2 -trien)] + , (X = Br) (34), and [Fe II (tren(imid) 3 )] 2+ , (X = Cl) (35), (Chart 4a,b) have been prepared and fully characterized [168]. In Chart 4a, the ligands of the Fe(III) and Fe(II) spin crossover complexes are shown. The structures of 32-34 consist of bimetallic anionic layers with a 2D bimetallic network of formula [Mn II Cr III (X 2 An) 3 ] (X = Cl, Br) with inserted Fe(III) cationic complexes and solvent molecules.

Figure 24 .Figure 25 .

 2425 Figure 24. Thermal variation of magnetic properties (χ m T product vs. T) at an applied field of 0.1 mT of: (a) 31 (empty blue, squares), 32 (full circles), 33 (full red diamonds), and 34 (empty circles); (b) 35. Adapted with permission from Reference [168]. Copyright 2014 American Chemical Society.

31 and 37 Figure 26 .Figure 27 .

 372627 Figure 26. Images of flakes of 37, obtained by mechanical exfoliation on a 285 nm SiO 2 /Si substrate, by Optical microscopy (left), AFM (atomic force microscopy) (middle) and height profiles (right). Reprinted from Reference [172] with permission from The Royal Society of Chemistry.

AScheme 10 .

 10 Scheme 10. Reprinted with permission from Reference [184]. Copyright 2003 American Chemical Society.

Figure 28 .Figure 29 .

 2829 Figure 28. 57 Fe Mössbauer spectra of: (a) 39; (b) 41, showing the overlap of one singlet and one quadrupole doublet typical of low-spin iron(III) and high-spin iron(III) respectively; and (c) 42. Reprinted with permission from Reference [184]. Copyright 2014 American Chemical Society.

Figure 31 .

 31 Figure 31. Variable-temperature conductivity data for 43 and 44, shown by blue squares and orange circles, respectively. Arrhenius fits to the data are shown by black lines. Adapted with permission from Reference [185]. Copyright 2015 American Chemical Society.

Figure 32 .

 32 Figure 32. (a) DC magnetic susceptibility data for 43 (blue squares) and 44 (orange circles); (b) Inverse of magnetic susceptibility versus temperature for 43 and 44. Curie-Weissfits to the data in the temperature range 250-300 K are shown by solid blue (43) and orange lines (44); (c) Magnetization (M) versus applied dc magnetic field (H) data for 43 and 44 in blue and orange, respectively. Hysteresis loops were recorded at a sweep rate of 2 mT/s. Solid lines are guides for the eye. Adapted with permission from Reference [185]. Copyright 2015 American Chemical Society.

  [112]. Very recently Harris et al. [201] have reported on the synthesis and full characterization of (Me 2 NH 2 ) 2 [Fe 2 L 3 ]•2H 2 O•6DMF (45), the first structurally characterized example of a microporous magnet containing the Cl 2 An 3-•chloranilate radical species, where solvent-induced switching from Tc = 26 to 80 K has been observed. 45 shows the common 2D honeycomb layered packing where the layers are eclipsed along the crystallographic c axis, with a H 2 O molecule located between Fe centers, leading to the formation of 1D hexagonal channels (Figure

Figure 33 .

 33 Figure 33. View of the crystal structure of [Fe 2 L 3 ] 2-, along the crystallographic c axis (upper) and b axis (lower), with selected Fe•••Fe distances (Å). Orange = Fe, green = Cl, red = O, and gray = C. Adapted with permission from Reference [201]. Copyright 2015 American Chemical Society.

Figure 36 .

 36 Figure 36. Thermal variation of magnetic properties of 46. (a) field-cooled magnetization (FCM) obtained with decreasing temperature at an applied field of 10 Oe (red filled circles). RM obtained with increasing temperature without an applied field; (b) M-H hysteresis plot. Inset shows the magnetic field dependence of magnetization at 2 K; (c) Schematic representation of magnetic ordering. Red, blue, and light gray represent Ho, O, and C atoms, respectively. Adapted with permission from Reference [206]. Copyright 2009 American Chemical Society.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  In Chapter 4, series of 2D layered coordination polymers based on chlorocyanilate ligand and Dy III are reported. These compounds are formulated as [Dy 2 (ClCNAn) 3 (DMSO) 6 ] (1),

	[Dy 2 (ClCNAn) 6 (DMSO) 6 ]	(1'),	[Dy 2 (ClCNAn) 3 (DMF) 6 ](CH 2 Cl 2 )	(3),
	(Me 2 NH 2 ) 2 [Dy 2 (ClCNAn) 4 (H 2 O) 2 ]•(DMF)		

  t.

	electrical conductivity (ζ RT ) of 500 S cm -1 . Molecular conductors based on metal-dithiolenes
	complexes	also	had	a	great	impact	in	this	field.	Among	them,
	[(H 3 O) 0.33 Li 0.8 ][Pt(mnt) 2 ](H 2 O) 1.67 represents the first metal-like conductor 8 and

  and 15 K, as a function of the coordinated CH 3 ) 16 (H 2 O) 4 ]•4H 2 O•2CH 3 COOH cluster, the first example of a new class of molecular magnets commonly called single-molecule magnets (SMMs).

	metal	ions.	In	1993,	Sessoli,	Gatteschi	et	al., 14	reported	on	the
	Mn III 8 Mn IV 4 O 12 (O 2								

  by using the electrocrystallisation technique. Three different hybrid

	systems,	formulated	as	[BEDT-TTF] 3 [Fe(Cl 2 An) 3 ]•3CH 2 Cl 2 •H 2 O,	δ-[BEDT-
	TTF]				

5 [Fe(Cl 2 An) 3 ]•4H 2 O (r.t. conductivities of ca. 2 S•cm -1 ) and α'''-[BEDT-TTF] 18 [Fe(Cl 2 An) 3 ] 3 •3CH 2 Cl 2 •6H 2 O systems (r.t. conductivities of ca. 8 S•cm -1 ) were

  ClO 4 ) 2 •xH 2 O (51 mg, 0.2 mmol) in acetone (3 mL) on top. After one week black hexagonal crystals appear at the interface suitable for XRD measurement. Elemental Anal. C 22 H 67 N 9 O 41 C l3 Fe 2 calcd. C, 19.84; H, 5.07; N, 9.47 % found: C, 19.32; H, 5.23; N,

Table 1 . 1 .

 11 Crystallographic data for compound 1 at 150 K and 10 K.

	150 K	10 K

Table 1 . 2 .

 12 Selected Fe-O bond distances (Å) in compound 1

	Fe-O distances	150K (Å)	10K(Å)
	Fe1-O1	2.000(6)	1.937(7)
	Fe1-O2	2.086(6)	2.103(7)
	Fe2-O3	2.073(7)	2.117(7)
	Fe2-O4	2.018(6)	1.974(7)
	By comparison with the 150 K crystal structure, the overall honeycomb 2D structural
	architecture in the trigonal P3 space group is retained at 10 K. Accordingly, the asymmetric
	unit still contains two symmetrically independent iron sites (Fe1 and Fe2). The unit cell
	parameters and unit cell volumes are slightly lower at 10 K, owing to usual thermal
	contraction effects. The intralayer metal-metal distance (7.8243(7) Å) and average Fe-O

distances (2.020

(14) 

Å for Fe1 and 2.043(

14

) Å for Fe2) are not significantly different from the 150 K values (Table

1

.2). Accordingly, the 10 K crystal structure does not evidence a specific ordering of the Fe II and Fe III ions on the symmetrically independent Fe1 and Fe2

  2 , with F = k II k III /(k II + k III ) and d M = (k II d II + k III d III )/(k II + k III ). In that way it is possible to correlate the transport (W H ) and structural (k II , k III , d II , and d III ) features for a series of compounds. How are these parameters tuned by the nature of the bridging ligand? The values of k II , k III , d II , and d III can be evaluated from density functional calculations (DFT). We carried out structural optimizations of Fe II L 3 and Fe III L 3 complexes with the four ligands oxalate, squarate, dhbq 2-, and ClCNAn 2-using the TPSSh functional, which is known to give good

  II Fe III 2D CP [TAG][FeII Fe III (ClCNAn) 3 ] based on the asymmetric chlorocyanoanilate ligand and containing, for the first time in such 2D networks, the TAG cation has been synthesized and crystallized in the polar noncentrosymmetric space group P3 thanks to the C 3 symmetry of the cation and its ability to eng ge in intermolecul r hydrogen onding with the chlorine toms of the lig nd. K and the presence of intermediate Fe(+2.5) oxidation state at RT and charge localization FeII Fe III t 10 , with st tistic occup tion l cryst llogr phic site ccording to the 10 ss uer spectr , lso confirmed y the -ray structure at 10 K.

		gnetic suscepti ility me surements in
	com in tion with	ss uer spectroscopy re indic tive of	spin-glass behavior with
	magnetic ordering below 4	

  on a series of Ln 2 (H 2 An) 3 •24H 2 O (Ln= Ce, La, Yb, Y), a 3D monometallic lanthanoid assembly,

	Na 5 [Ho(THB) 2 ] 3 •7H 2 O), (THB=Tetrahydroxy-benzene), 29 showing peculiar magnetic
	properties	(ferromagnetism	with	a	Curie	temperature	of	11	K),	a
	[Ho 2 (H 2 An) 3 (H 2 O) 6 ]•18H 2 O 30 2D honeycombnetwork and a series of i) bimetallic CPs of
	formula {[Nd 2 Ln 2 (1-x)(H 2 An) 3 ]•24H 2 O} n (Ln 2 = Gd, Ce) 31 and ii) 2D monometallic CPs,
	based on the hydranilate and chloranilate ligands, have been reported 32 . Recently, in our

research group synthesized and fully characterized a new heterosubstituted anilate ligand, the ClCNAn, where a simple change of one chloro substituent on the chloranilate with a cyano group affects the electronic properties of the anilate moiety, inducing interesting luminescence properties in the class of anilate-based ligands and their p-and d-transition metal complexes.

  8,[33][34][35] Very recently, new Ln III -containing layered compounds, with general formula {[Ln 2 (ClCNAn) 3 (solv.) 6 ]•nH 2 O} n (n=0-2), have been reported by Gomez et al.36 by combining the ClCNAn 2-ligand with lanthanides ions (Ln III =Ce, Pr, Yb and Dy) and three different solvents such as H 2 O, DMSO and DMF. The role of the Ln III size and the size and shape of the solvent on the crystal structure of the obtained compounds has been discussed in detail. The light-harvesting ability of the ClCNAn 2-ligand towards the different lanthanides, especially the NIR emissive Yb III ion, has not been instead studied, even though this ligand, is an interesting candidate for sensitizing efficiently the lanthanide emission since doesn't contain CH or OH groups, the most important IR quenchers. No fundamental studies on 2D layered materials containing the ClCNAn 2-ligand and NIR-emissive lanthanides are reported so far, although Er III , Yb III and Nd III complexes show ever-growing interest for their technological applications mainly in telecommunications

2.2.2 Synthesis [Yb 2 (ClCNAn) 3 (DMF) 6 ] n (1) Yb

  

	Chapter 2
	purchased from Zentek (TCI) and used without further purification. The solvents, of HPLC
	grade, were purchased from Thermofisher Scientific Alfa-Aesar.
	(NO 3 ) 3 •5H 2 O (0.06 mmol, 26.94 mg) dissolved in 5 mL of
	DCM and 2 mL of DMF was placed in the bottom of the test tube. KHClCNAn (0.03 mmol,
	7.2 mg) in 5 mL of DMF was carefully layered on the top with a blank solution of DMF (1
	mL) in between. After three weeks red hexagonal crystals were formed. Crystals were suitable
	for XRD measurements.
	{[

Ln 2 (ClCNAn) 3 (DMF) 6 ]•(DCM) 2 } n (Ln = Nd (2), Er (3)) This

  

	compound was synthesized
	in a similar manner at an identical scale as mentioned for 1, except using Nd(NO 3 ) 3 •5H 2 O
	(0.06 mmol, 26.3 mg) for 2 and Er(NO 3 ) 3 •5H 2 O (0.06 mmol, 26.6 mg) for 3 instead of
	Yb(NO 3 ) 3 •5H 2 O.
	Nanosheets of compounds 1-3 (hereafter 1-NS-3-NS) were fabricated by a top down
	sonication-assisted liquid exfoliation method. Delamination was achieved by sonicating the
	dried powder of 1-3 (1 mg) samples in absolute anhydrous ethanol (EtOH, 2 mL) for 20 min
	at room temperature, according to literature. 41 After centrifugation, the suspensions were
	further diluted 10 times (100 µl suspension and 900 µl for EtOH) to allow DLS experiments
	(Malvern ZETASIZER NANO instrument) to fulfill all measurement requirements, even
	though DLS measurements on the pristine suspensions (1 mg/2 mL) yielded the same results.
	Undiluted 1-NS-3-NS suspensions in EtOH were deposited by drop-cast onto SiO 2 /Si
	substrates (20 µl), glass substrates (200 µl) and carbon-coated copper grids (5 µl) for AFM,
	photophysical, and TEM measurements, respectively.

Table 2 .1. Crystallographic data for compounds 1-3.

 2 

			1	2	3
		Empirical formula	C 39 H 42 Cl 3 N 9 O 18 Yb 2	C 41 H 46 Cl 7 N 9 O 18 Nd 2	C 41 H 46 Cl 7 N 9 O 18 Er 2
		Fw	1377.25	1489.50	1535.54
		Crystal color	red	red	red
		Crystal size (mm3)	0.10 * 0.05 * 0.02	0.10 * 0.05 * 0.03	0.10 * 0.07 * 0.05
		Temperature (K)	150.00(10)	150.00(10)	150.00(10)
		Wavelength (Å)	1.54184	1.54184	1.54184
		Crystal system, Z	Monoclinic, 2	Monoclinic, 4	Monoclinic, 4
		Space group	P2 1 /n	C2/c	C2/c
		a (Å)	9.7317(3)	13.8900(2)	13.7965(4)
		b (Å)	13.5934(5)	23.0192(4)	22.5774(8)
		c (Å)	19.6218(6)	18.1488(3)	17.9680(8)
			90	90	90
			96.451(3)	98.162(2)	98.075(4)
			90	90	90
		V (ų)	2579.27(15)	5744.06(16)	5541.3(4)
		ρcalc (g.cm-³) μ(CuKα) (mm-1) ζ range (°)	1.773 8.629 3.96-73.51	1.722 17.272 3.74-76.34	1.829 9.227 3.78-74.01
		Data collected	12606	14212	11988
		Data unique	5034	5875	5493
		Data observed	4160	5653	4820
		Number of	334/6	366/0	373/2
		parameters/restraints			
		R(int)	0.0425	0.0255	0.0379
		R1(F),a I > 2ζ(I)	0.0427	0.0427	0.0500
		wR2(F2),b all data	0.1224	0.1202	0.1376
	a	S(F2),c all data	1.070	1.107	1.182

Scheme 2.1 PART II 2.3.2 Crystal Structures Compounds

  1-3 are neutral polymeric 2D networks of ClCNAn 2-ligand alternating with Ln III ions. Two types of networks can be observed depending on the Ln III ion as shown in

	Scheme 2.1. The use of Yb III has resulted in a solvent-free 2D network which crystallizes in
	the monoclinic space group P2 1 /n, while the Nd III and Er III networks crystallize in the
	monoclinic space group C2/c and contain one dichloromethane solvent molecule in the
	cavities of the layers. It is not uncommon in the lanthanides series to obtain different
	crystalline structures in spite of the similar experimental conditions used, a feature that is
	generally due to the slight differences between the ionic radii of the lanthanide. The
	asymmetric unit of 1 consists of one Yb III ion, one and one-half molecules of ClCNAn 2-
	ligand and three DMF molecules giving rise to the formula [Yb 2 (ClCNAn) 3 (DMF) 6 ] n (Figure
	2.1a). In the anilate ligand, because of the inversion center, for the half-molecule of ClCNAn 2-

Table 2

 2 

	.2 for compounds 1-3.

thickness distribution ranging from one to four layers. Repeated scans over the same nanosheet resulted in a progressive deterioration of its topography with the emergence of an increasing number of nanoholes as a possible consequence of the sample-tip interaction (Figure 2.8). Collected data clearly demonstrate that the sonication-assisted solution method

  .13c). Further shortening of the Ln III average lifetime down to 0.38 μs was observed for Yb III in 1-NS; conversely, 1.8 and 2.2 fold increases in lifetime with respect to the nanosheet suspension were reported for Nd III in 2-NS and Er III in 3-NS, respectively (Figure 2.13e). A summary of Ln III PL time constants is presented in Table 2.3.

Table 2 .3. Ln

 2 

	III PL fractional amplitudes ( ), time constants ( ), and amplitude-weighted average
		lifetimes ( ) in bulk and exfoliated crystals of 1-3.	
	Compound		(s)		(s)	(s)
	1	0.13	1.2	0.87	9.7	8.6
	2	1	0.79	-	-	0.79
	3	1	2.1	-	-	2.1
	1-NS (suspension)	0.20	0.30	0.80	1.03	0.88
	2-NS (suspension)	1	0.13	-	-	0.13
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	vibrational quenching of the NIR nanosheet emission in the suspensions.
	Further studies on this novel class of materials will involve i) the preparation and
	characterization of nanosheets of these materials by the bottom-up strategy, by using the
	surfactant-assisted synthesis in order to improve their yield on planar substrates and to tune
	their thickness and ii) mixed lanthanides neutral CPs showing the same supramolecular
	architectures, as bulk and nanoparticles, since, noteworthy, these 2D layered CPs show
	emission bands in the 980-1350 nm spectral region, the so-called biological window and
	therefore can be envisaged for applications in biology and nanomedicine as luminescent dual-
	center nanothermometers. 57
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Yb 4 (ClCNAn) 5 (DOBDC) 2 (DMSO) 10 ] n .(DMSO) 2 (1) An aqueous

  

	solution (5 mL) of
	YbCl 3 •5H 2 O (230 mg, 0.6 mmol) was added dropwise to an aqueous yellow solution (35 mL)
	of DOBDC (60 mg, 0.3 mmol) and NaOH (60 mg, 1.5 mmol) solution. KHClCNAn (72 mg,
	0.3 mmol) was added to the mixture showing an immediate colour change from yellow to red.
	After ca. 4h of stirring at 90°C, the mixture was allowed to cool to room temperature, and the
	purple precipitate insoluble in water and in almost organic solvents was separated from the
	mother liquor by filtration, washed several times with fresh water and dried under vacuum.
	Compound 1 was recrystallized in DMSO to give after several weeks orange crystals suitable
	for X-ray analysis. Yield: 70%. From the reaction filtrate were obtained two more types of
	crystals corresponding to two complexes of formula [Yb(HClCNAn) 2 (H 2 O) 4 ]Cl•xH 2 O (1a)
	and [Yb 2 (DOBDC) 2 (H 2 O) 10 (μ-ClCNAn)]Cl 2 (1b).

[Er 4 (ClCNAn) 5 (DOBDC) 1 (DMSO) 10 ] n .(DMSO) 2 (2). This

  

	a similar manner to 1, using Er(NO 3 ) 3 •5H 2 O (230 mg, 0.6 mmol) instead of YbCl 3 •5H 2 O.
	compound was synthesized in

[Yb 2 (ClCNAn) 2 (F 4 BDC)(DMSO) 6 ] n (3) This

  

	compound was synthesized in a similar
	manner to 1, using F 4 BDC (60 mg, 0.3 mmol) and NaOH (60 mg, 1.5 mmol) instead of
	DOBDC.
	[

Er 2 (ClCNAn) 2 (F 4 BDC)(DMSO) 6 ] n (4) This

  

	compound was synthesized in a similar
	manner to 3, using Er(NO 3 ) 3 •5H 2 O (230 mg, 0.6 mmol) instead of YbCl 3 •5H 2 O.

Table 3 .

 3 

		1	2	3	4
	Empirical formula C 63 H 74 Cl 5 Yb 4 N 5 O	C 67 H 76 Cl 5 Er 4 N 5 O 38	C 34 H 36 Cl 2 Ybr 2 F 4 N 2	C 67 H 76 Cl 4 Er 4 F 8 N 4
		38 S 12	S 12	O 18 S 6	O 36 S 12
	Fw	2809.44	2790.34	1445.34	2860.94
	Crystal color	orange	orange	red	red
	Crystal size (mm3) 0.3*0.25*0.15	0.10 * 0.05 * 0.03	0.05 * 0.03 * 0.01	0.05 * 0.03 * 0.01
	Temperature (K)	150	293	150	150
	Wavelength (Å)	1.54184	1.54184	1.54184	1.54184
	Crystal system, Z	Triclinic, 6	Triclinic, 2	Triclinic, 1	Triclinic, 1
	Space group	P-1	P-1	P-1	P-1
	a (Å)	9.3113(3)	9.3113(3)	9.2044(3)	9.1849(3)
	b (Å)	10.7084(3)	10.7084(3)	9.8156(4)	9.7764(3)
	c (Å)	24.9514(12)	24.9514(12)	14.7964(6)	14.8035(5)
	α (°) β (°) γ (°)	91.141(3) 100.381(4) 90.467(3)	91.141(3) 100.381(4) 90.467(3)	104.062(4) 93.533(3) 107.249(4)	103.718(3) 93.278(3) 107.223(3)
	V (ų)	2446.50(16)	2446.50(16)	1225.47(8)	1221.78(8)
	ρcalc (g.cm-³) μ(CuKα) (mm-1) ζ range (°)	1.907 11.172 3.60-73.72	1.894 10.469 3.60-77.03	1.959 12.258 3.11-73.64	1.950 10.361 3.10-73.34
	Data collected	19755	17423	8261	8509

1. Crystallographic data for compounds 1-4

  new series of 2D layered CPs based on the heterosubstituted ClCNAn 2-and Dy III are herein reported. The resulting compounds are formulated as [Dy 2 (ClCNAn) 3 (DMSO) 6 ] n (1), Me 2 NH 2 ) 2 [Dy 2 (ClCNAn) 4 (H 2 O) 2 ]•(DMF)} n (3). Compounds 1-3 consist of neutral polymeric 2D networks of the ClCNAn 2-ligand alternating with Dy III ions, and 3 has 2D anionic layer [Dy 2 (ClCNAn) 4 (H 2 O) 2 ] 2-alternated with the cationic layer of Me 2 NH 2 + ions. These compounds have a very diverse topology, where compound 1 forms (8,3) and (4,3)-2D topology (see footnote in section 1.2.1) with eight-membered and four-membered ring with square cavities, 2 and 3 forms 2D (6,3)-topology with six-membered rings, (rectangular

	[Dy 2 (ClCNAn) 3 (DMSO) 6 ] n	(1'),	{[Dy 2 (ClCNAn) 3 (DMF) 6 ]•(DCM) 2 } n	(2),
	{[(			

1, 2

.6, 0.57 and 3.83 μs for 1-4 respectively.

Further studies of this series involve: (i) photophysical studies in the visible region in order to investigate the capability of the individual ligands to work as valuable antennas; (ii) the preparation and full characterization of nanosheets of these materials by the bottom-up and top-down strategy for sensing applications; and (iii) mixed lanthanide, heteroleptic CPs/MOFs, as bulk and nanoparticles, because, as noteworthy, these 2D layered CPs show emission bands in the 980-1350 nm spectral region, the so-called biological window, and therefore can be envisaged for applications in biology and nanomedicine as luminescent dualcenter nanothermometers.
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ABSTRACT

A cavity for 2 and regular hexagonal cavity for 3) and 3 forms (4,4)-2D topology with distorted square cavities. The magnetic behavior of 1, 2 and 3 shows SMM behavior.

Table 4 .

 4 Empirical formula C 66 H 72 Cl 6 Dy 4 N 6 O 36 S 12 C 16.50 H 18 C l1.50 DyN 1.50 O 9 S 3 C 20 H 10 Cl 3 Dy 2 N 3 O 14

		1	1'	3
	Fw	2772.71	693.18	947.66
	Crystal color	red	red	red
	Crystal size	0.10 * 0.05 * 0.02	0.10 * 0.05 * 0.03	0.10 * 0.07 * 0.05
	(mm3)			
	Temperature (K)	293(2)	293(2)	150.00(10)
	Wavelength (Å)	0.71073	0.71073	1.54184
	Crystal system, Z	Tetragonal, 2	Monoclinic, 4	Monoclinic, 4
	Space group	I4/m	P2/n	C2/c
	a (Å)	20.1356(13)	9.7771(7)	11.5432(4)
	b (Å)	20.1356	16.3575(13)	12.2497(5)
	c (Å)	14.9195(10)	15.1790(11)	12.3357(6)
		90	90	62.654(4)

1. Crystallographic data for compounds 1, 1' and 3.

Table 4 . 2 .

 42 Summary of compounds 1-3 described in the text.

	Compounds	Coordination	Topology , Cavity
		number	
	[Dy 2 (ClCNAn) 3 (DMSO) 6 (DOBDC) 0 ] n (1)	nine	(8,3) and (4,3)-2D, square

[Dy 2

(ClCNAn) 

3 (DMSO) 6 (F 4 BDC) 0 ] n (1') nine (6,3)-2D, rectangle [Dy 2 (ClCNAn) 3 (DMF) 6 ](CH 2 Cl 2 ) (2) eight (6,3)-2D, hexagon (Me 2 NH 2 ) 2 [Dy 2 (ClCNAn) 4 (H 2 O) 2 ]•(DMF) (3) nine (4,4)-2D, distorted square

Table 5 .

 5 

	1	2

1. Crystallographic data for compounds 1 and 2.

Table 5 . 2 .

 52 Bond distances analysis for the BEDT-TTF molecule in 1 and 2.

			1	2
		a	1.355(8)	1.367(6)
			1.738(6)	1.731(3)
		b	1.739(7) 1.730(7)	1.742(3)
			1.739(6)	
			1.751(6)	1.746(3)
		c	1.746(6) 1.751(7)	1.742(3)
			1.749(6)	
			1.330(10)	1.352(4)
		d	1.322(9)	
	δ = (b+c) -(a+d)	δ	0.8047	0.7625
	Q = 6.347 -7.4638•δ	Q	0.34	0.66

Table 5 . 3 .

 53 Selected intermolecular short S•••S contacts in 1

Table 5 . 4

 54 

. Hydrogen bonding parameters (distances in Å and angles

Table 5 . 5

 55 

. Selected intermolecular short S•••S contacts in 2

Table 5 .6. Hydrogen

 5 

bonding parameters (distances in Å and angles in °) in 2

Table 5 . 7

 57 

	I	3.550 (×2), 3.622 (×2), 3.822 (×2), 3.900	0.4482
	II	3.759 (×2), 3.790 (×2), 3.790, 3.886 (×2)	0.2255
	III	3.536, 3.553, 3.562, 3.566, 3.822	0.1217
	IV	3.838	0.0437

. S•••S distances shorter than 3.9 Å and absolute values of the HOMO-HOMO interaction energies (eV) for the different donor•••donor interactions in the compound 1 at room temperature. Interaction S...S (<3.9 Å) |HOMO-HOMO| (eV)

Table 5 .

 5 

	8. S•••S distances shorter than 4.0 Å and absolute values of the  HOMO-HOMO interaction
	energies (eV) for the different donor•••donor interactions in 2.
	Interaction	S...S (<4.0 Å)	|HOMO-HOMO| (eV)
	I	3.678	0.0423
	II	3.444, 3,746	0.0151
	III	3.939 (x2)	0.1348

  half-filled 1D systems are almost invariably non-metallic because large electron repulsion effects tend to localize one electron at every site. To predict if a partial doping of the system, by filling these bands with additional electrons because of the incomplete deprotonation of the H 2 Cl 2 An, would lead to a metallic behavior or not is a challenging question. Both the strength of the transfer integral along the chain, on-site electron-electron repulsions and the possible

influence of the random potential of the anilate layer (because of the presence of H 2 Cl 2 An in both its deprotonated and neutral forms) should be taken into account. Certainly, the HOMO … HOMO interactions are quite sizable and not far, even if smaller, than those found PART II 136 | P a g e

  al.. As a progression of these studies we reacted, by electrocrystallization, the BEDT-TTF organic donor with the heterosubstituted TPPh 3 [Fe(ClCNAn) 3 ] 3 anilato complex, in two different solvents, in order to investigate the influence of the different substituents at

	formulated	as	[BEDT-TTF] 4 [Fe(ClCNAn) 3 ]•3H 2 O	(1)	and	[BEDT-TTF] 5
	[Fe(ClCNAn) 3 ] 2 •2CH 3 CN (2) were obtained and we describe herein their synthesis, crystal
	structures and physical properties.			
	6.2 EXPERIMENTAL SECTION			
	6.2.1 General Remarks			
	TPPh 3 [Fe(ClCNAn) 3 ] was synthesized according to the literature procedure. 13 BEDT-TTF
	(Zentek, TCI) was used as received. Crystals were grown by the electrocrystallization
	technique. Solvents used for electrocrystallization experiments (HPLC grade), purchased from
	Termofisher Scientific Alfa-Aesar, were dried under basic alumina and degassed with argon
	prior to use.					
	6.2.2 Synthesis.			

the 3,6 positions of the anilato moiety as well as solvent effects on the crystal packing and physical properties of the resulting radical cation salts. Two different hybrid systems [BEDT-TTF] 4 [Fe(ClCNAn) 3 ]•3H 2 O (1). TPPh 3 [Fe(ClCNAn) 3 ] was dissolved in 8 mL of

Table 6 . 1 .

 61 Crystallographic data for compounds 1 and 2.

			1	2
		Empirical formula	C 61 H 38 Cl 3 FeN 3 O 15 S 32	C 48 H 23 Cl 3 FeN 4 O 12 S 20
		Fw	2241.06	1651.10
		Crystal color	black	black
		Crystal size (mm3)	0.2 * 0.1 * 0.08	0.2 * 0.1 * 0.08
		Temperature (K)	150.00(10)	150.00(10)
		Wavelength (Å)	1.54184	1.54184
		Crystal system, Z	Monoclinic, 4	Triclinic, 2
		Space group	P2 1 /c	P-1
		a (Å)	18.2791(10)	13.8508(5)
		b (Å)	21.9785(10)	14.5382(6)
		c (Å)	22.4369(11)	18.3072(7)
			90	67.487(4)
			111.722(6)	79.770(3)
			90	61.563(4)
		V (ų)	8373.9(7)	2994.6(2)
		ρcalc (g.cm -³) μ(CuKα) (mm-1) ζ range (°)	1.778 10.334 2.60-72.80	1.831 10.338 2.61-73.62
		Data collected	36687	23006
		Data unique	16234	11621
		Data observed	12047	9812
		Number of	1021/15	793/4
		parameters/restraints		
		R(int)	0.0626	0.0472
		R1(F),a I > 2ζ(I)	0.1459	0.0788
		wR2(F2),b all data	0.3882	0.2174
	a	S(F2),c all data	1.056	1.023

Table 6 .

 6 

	Bonds	Distances (Å)	
		1	2
	Fe-O(1)	2.003(9)	2.006(4)
	Fe-O(2)	1.997(8)	2.022(4)
	Fe-O(5)	2.001(9)	2.026(4)
	Fe-O(6)	2.011(9)	1.987(5)
	Fe-O(9)	2.018(9)	2.034(4)
	Fe-O(10)	2.004(9)	2.015(4)
	Average	2.006	2.015

2. Fe-O Bond Distances (Å) for the Anionic Complex in Compounds 1 and 2

Table 6 . 2 :

 62 Bond Distance Analysis and Selected Bond Distances (Å) for the BEDT-TTF Donor

			Molecules in 1		
			A	B	C	D
		a	1.372(22)	1.373(20)	1.425(20)	1.351(16)
		b	1.721(14)	1.716(13)	1.711(12)	1.735(11)
			1.739(15)	1.715(13)	1.705(12)	1.735(11)
			1.721(15)	1.733(14)	1.704(13)	1.725(11)
			1.744(14)	1.722(14)	1.712(14)	1.737(11)
		c	1.762(14)	1.724(14)	1.751(12)	1.750(13)
			1.746(14)	1.736(12)	1.767(12)	1.750(11)
			1.758(13)	1.733(14)	1.757(13)	1.739(12)
			1.765(11)	1.750(14)	1.725(11)	1.718(12)
		d	1.329(18)	1.388(20)	1.336(18)	1.354(18)
			1.347(18)	1.322(20)	1.344(18)	1.347(18)
	δ=(b+c)-(a+d)	δ	0.779	0.729	0.693	0.770
	Q= 6.347-7.4638•δ	Q	0.53	0.90	1.17	0.59

Table 6 . 3 .

 63 Bond Distance Analysis and Selected Bond Distances (Å) for the BEDT-TTF Donor Molecules in 2.

			A	B	C
		a	1.389(10)	1.391(9)	1.448(10)
		b	1.700(7)	1.718(7)	1.700(7)
			1.723(6)	1.714(8)	1.696(5)
			1.719(6)	1.722(8)	
			1.711(6)	1.718(7)	
		c	1.751(8)	1.734(9)	1.708(6)
			1.724(10)	1.726(6)	1.725(7)
			1.746(9)	1.745(6)	
			1.728(8)	1.740(8)	
		d	1.339(11)	1.360(12)	1.376(8)
			1.344(10)	1.348(11)	
	δ=(b+c)-(a+d)	δ	0.72	0.70925	0.5905
	Q= 6.347-7.4638•δ	Q	0.97	1.05	1.94

Table 6 . 4 .

 64 Comparison of radical-cation salts obtained by using [PPh 4 ] 3 [Fe(ClCNAn) 3 ] and [PPh 4 ] 3 [Fe(Cl 2 An) 3 ] in CH 2 Cl 2 (DCM) and CH 3 CN (ACN) solvents.

Table A6 .

 A6 

1. Summary of magnetic materials by their properties

  ClO 4 ) 2 • xH 2 O (51 mg, 0.2 mmol) in acetone (3 mL) was added on the top. After 1 week black hexagonal crystals suitable for XRD measurement appeared at the interface. Anal. Calcd for C 22 H 67 N 9 O 41 Cl 3 Fe 2 :C , 19.84; H, 5.07; N, 9.47. Found: C, 19.32; H, 5.23; N, 9.22. FT-IR (ν max/cm -1 ): 2221 (ν C≡N ), 1631, 1492 (ν

Table 1 .

 1 Crystallographic Data for Compound 1 at 150 and 10 K

		150 K	10 K
	empirical formula	C 22 H 67 N 9 O 41 Cl 3 Fe 2	C 22 H 67 N 9 O 41 Cl 3 Fe 2
	fw	1331.90	1331.90
	cryst color	black	black
	cryst size (mm 3 )	0.20 × 0.20 × 0.05	0.22 × 0.19 × 0.06
	wavelength (Å)	1.54184	0.71073
	cryst syst, Z	trigonal, 1	trigonal, 1
	space group	P3	P3
	a (Å)	13.616(2)	13.5493(16)
	b (Å)	13.616(2)	13.5493(16)
	c (Å)	9.430(4)	9.484(3)
	α (deg)	90	90
	β (deg)	90	90
	γ (deg)	120	120
	V (Å 3 )	1514.1(8)	1507.8(6)
	ρ calcd (g•cm -3 )	1.461	1.467
	μ(Cu Kα) (mm -1 )	5.994	0.653
	θ range (deg)	3.75-73.74	2.15-26.36
	data collected	3465	8947
	data unique	2610	3976
	data obsd	1360	1612
	R(int)	0.0459	0.0604
	no. of parameters/restraints	140/4	125/2
	R1(F), a I >2 σ(I)	0.0395	0.0715
	wR2(F 2 ), b all data	0.1258	0.2391
	S(F 2 ), c all data	0.891	1.095
	a		

Table 2 .

 2 Selected Fe-O Bond Distances (Å) in Compound 1

	Fe-O distances	150 K (Å)	10 K (Å)
	Fe1-O1	2.000(6)	1.937(7)
	Fe1-O2	2.086(6)	2.103(7)
	Fe2-O3	2.073(7)	2.117(7)
	Fe2-O4	2.018(6)	1.974(7)

Table 1 .

 1 Crystallographic Data for Compounds 1-3 123 empirical formula C 39 H 42 Cl 3 N 9 O 18 Yb 2 C 41 H 46 Cl 7 N 9 O 18 Nd 2 C 41 H 46 Cl 7 N 9 O 18 Er 2

	Fw	1377.25	1489.50	1535.54
	crystal color	red	red	red
	crystal size (mm 3 )	0.10 × 0.05 × 0.02	0.10 × 0.05 × 0.03	0.10 × 0.07 × 0.05
	temperature (K)	150.00(10)	150.00(10)	150.00(10)
	wavelength (Å)	1.54184	1.54184	1.54184
	crystal system, Z	monoclinic, 2	monoclinic, 4	monoclinic, 4
	space group	P2 1 /nC 2/cC 2/c
	a (Å)	9.7317(3)	13.8900(2)	13.7965(4)
	b (Å)	13.5934(5)	23.0192(4)	22.5774(8)
	c (Å)	19.6218(6)	18.1488(3)	17.9680(8)
	α (deg)	90	90	90
	β (deg)	96.451(3)	98.162(2)	98.075(4)
	γ (deg)	90	90	90
	V (Å 3 )	2579.27(15)	5744.06(16)	5541.3(4)
	ρ calc (g cm -3 )	1.773	1.722	1.829
	μ(Cu Kα) (mm -1 )	8.629	17.272	9.227
	θ range (deg)	3.96-73.51	3.74-76.34	3.78-74.01
	no. of data collected	12606	14212	11988
	no. of unique data	5034	5875	5493
	no. of data observed	4160	5653	4820
	no. of parameters/restraints	334/6	366/0	373/2
	R(int)	0.0425	0.0255	0.0379
	R1(F), a I >2 σ(I)	0.0427	0.0427	0.0500
	wR2(F2), b all data	0.1224	0.1202	0.1376
	S(F2), c all data	1.070	1.107	1.182

a

Table 2 .

 2 Miller Indices of the Exfoliation Plane (Σ),

	Monolayer Thickness (h 0 ), and Interlayer Distance (d)o f Layered Compounds 1-3
	compound	∑	h 0 (Å)	d (Å)
	1	101	12.39	8.30
	2	001	14.83	8.98
	3	001	14.48	9.00

Table 3 .

 3 Ln(III) PL Fractional Amplitudes (A i ), Time Constants (τ i ), and Amplitude-Weighted Average Lifetimes (τ) in Bulk and Exfoliated Crystals of 1-3

	compound	A 1	τ 1 (μs)	A 2	τ 2 (μs)	τ (μs)
	1	0.13	1.2	0.87	9.7	8.6
	2	1	0.79	--0.79
	3	1	2.1	--2.1
	1-NS (suspension)	0.20	0.30	0.80	1.03	0.88
	2-NS (suspension)	1	0.13	--0.13
	3-NS (suspension)	0.82	0.089	0.18	0.31	0.13
	1-NS (drop-cast)	0.33	0.11	0.67	0.52	0.38
	2-NS (drop-cast)	1	0.23	--0.23
	3-NS (drop-cast)	0.41	0.12	0.59	0.41	0.29
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Table 3 .

 3 Crystallographic Data for Compounds 1 and 2

		12
	empirical formula	C 27 H 17 NO 4 S 16 Cl	C 16 H 9 O 4 S 8 Cl 2
	fw	967.83	592.61
	cryst color	black	brown
	cryst size (mm 3 )	0.15 × 0.15 × 0.03	0.10 × 0.05 × 0.03
	temp (K)	293.00(10)	293.00(10)
	wavelength (Å)	1.54184	1.54184
	cryst system, Z	monoclinic, 2	monoclinic, 2
	space group	P2/cI 2/a
	a (Å)	7.6647(3)	13.2766(4)
	b (Å)	6.7891(3)	4.12130(10)
	c (Å)	34.1205(12)	38.5124(15)
	α (deg)	90	90
	β (deg)	93.593(3)	92.935(3)
	γ (deg)	90	90
	V (Å 3 )	1772.02(12)	2104.51(12)
	ρ calc (g cm -3 )	1.814	1.870
	μ(Cu Kα) (mm -1 )	10.111	10.435
	θ range (deg)	2.60-73.85	4.60-73.43
	no. of data collected	14654	6871
	no. of unique data	3555	2086
	no. of obsd data	3381	1902
	R(int)	0.0279	0.0389
	no. of params/restraints	234/0	140/0
	R1(F), a I >2 σ(I)	0.0775	0.0412
	wR2(F 2 ), b all data	0.1711	0.1327
	S(F 2 ), c all data	1.244	1.106
	a		

Table 1 .

 1 Names, molecular formulas and acronyms of the anilic acids reported in the literature to date.

  2- 

	Substituent, X Formula	Anilic Acid Name	Acronyms	Anilate Dianion Name	Acronyms	Ref.
	H F Cl Br I NO 2 OH CN Cl/CN NH 2 CH 3 CH 2 CH 3 iso-C 3 H 7 C 6 H 5 C 4 H 3 S C 6 H 5 O 2 S C 4 H 9	H 4 C 6 O 4 H 2 F 2 C 6 O 4 H 2 Cl 2 C 6 O 4 H 2 Br 2 C 6 O 4 H 2 I 2 C 6 O 4 H 2 N 2 C 6 O 8 H 4 C 6 O 6 H 2 N 2 C 8 O 4 H 2 ClNC 7 O 4 H 6 N 2 C 6 O 4 H 8 C 8 O 4 H 12 C 10 O 4 H 16 C 12 O 4 H 12 C 18 O 4 H 8 C 14 O 4 S 2 H 12 C 18 O 8 S 2 H 20 C 14 O 4	Hydranilic acid Fluoranilic acid Chloranilic acid Bromanilic acid Iodanilic acid Nitranilic acid Hydroxyanilic acid Cyananilic acid Chlorocyananilic acid Aminanilic acid Methylanilic acid Ethylanilic acid Isopropylanilic acid Phenylanilic acid Thiophenylanilic acid 3,4-ethylene dioxythiophenyl anilic acid 2,3,5,6-tetrahydroxy-1,4-benzo quinone	H 2 H 2 An H 2 F 2 An H 2 Cl 2 An H 2 Br 2 An H 2 F 2 An H 2 (NO 2 ) 2 An H 2 (OH) 2 An H 2 (CN) 2 An H 2 ClCNAn H 2 (NH 2 ) 2 An H 2 Me 2 An H 2 Et 2 An H 2 iso-Pr 2 An H 2 Ph 2 An H 2 Th 2 An H 2 EDOT 2 An H 2 THBQ	Hydranilate Fluoranilate Chloranilate Bromanilate Iodanilate Nitranilate Hydroxyanilate Cyananilate Chlorocyananilate Aminanilate Methylanilate Ethylanilate Isopropylanilate Phenylanilate Thiophenylanilate 3,4-ethylene dioxythiophenyl anilate 2,5-di-tert-butyl-3,6-dihydroxy-1,4-benzoquinonate	H 2 An 2-F 2 An 2-Cl 2 An 2-Br 2 An 2-I 2 An 2-(NO 2 ) 2 An 2-(OH 2 ) 2 An 2-[16-20] [8-10] [11] [12,13] [14] [14] [15] (CN) 2 An 2-[21,22] ClCNAn 2-[23] (NH 2 ) 2 An 2-[24] Me 2 An 2-[25] Et 2 An 2-[25] iso-Pr 2 An 2-[26] Ph 2 An 2-[10,27] [28] Th 2 An 2-EDOTAn 2-[28] THBQ 2-[29]

  2,2-dimethylsuccinate frameworks showing antiferromagnetic ordering in the bulk [115].

  An 2-= chloranilate, Br 2 An 2-= bromanilate and I 2 An 2-= iodanilate).

	Cation	Cl 2 An 2-	Br 2 An 2-	I 2 An 2-
		Cr(III)	Fe(III)	Cr(III)	Fe(III)	Cr(III)	Fe(III)
	(n-Bu) 4 N + (Ph) 4 P + (Et) 3 NH +	4a 4b 4c	5a 5b 5c	6a 6b -	7a 7b -	8a 8b -	9a 9b -
	Chart 1. [A] 3 [M(X 2 An) 3 ] tris(haloanilato)metallate(III) complexes (A = (n-Bu) 4 N + , (Ph) 4 P + ; M = Cr(III),
	Fe(III); Cl 2						

Table 2 .

 2 Molecular Packing and Physical Properties of anilato-based magnetic/conducting molecular materials.

	Compound	Molecular Packing	Physical Properties	Ref.
	[(Ph) 4 P] 3 [Fe(H 2 An) 3 ]•6H 2 O 1	Homoleptic tris-chelated octahedral complex. strong HBs between oxygen atoms water molecules of the ligand and crystallization	PM J/k B = -0.020 K	[116]
	[(Ph) 4 P] 3 [Cr(H 2 An) 3 ]•6H 2 O 2	Homoleptic tris-chelated octahedral complex. π-π interactions	PM Weak magnetic coupling due to ions and the hydranilate ligands charge transfer between the Cr metal	[116]
	[(TPA)(OH)Fe III OFe III (OH) (TPA)][Fe(Cl 2 An) 3 ] 0.5 (BF 4 ) 0.5 • 1.5MeOH•H 2 O 3	Homoleptic trischelated complex	µ eff (RT) = 2.93 µ B Strong AFM interaction within J/k B = -165 K Below 55 K, µ(T) is constant at 4.00 µ B Fe III OFe III with a plateau at 55 K.	[117]
	[(n-Bu) 4 N] 3 [Cr(Cl 2 An) 3 ] 4a	Homoleptic tris-chelated octahedral complex.	PM ZFS	[119]
	[(Ph) 4 P] 3 [Cr(Cl 2 An) 3 ] 4b	Homoleptic tris-chelated octahedral complex. π-π interactions	PM ZFS	[119]

Table 2 .
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ABSTRACT

The mixed-valence Fe II Fe III 2D CP formulated as [TAG][Fe II Fe III (ClCNAn) 3 ]•(solvate) (TAG = tris(amino)-guanidinium) crystallized in the polar trigonal space group P3. In the solid-state structure, determined both at 150 and at 10 K, anionic 2D honeycomb layers [Fe II Fe III (ClCNAn) 3 ] -establish in the ab pl ne, with n intr l yer met l-met l dist nce of 7.860 Å, alternating with cationic layers of TAG. The simil r Fe-O dist nces suggest electron delocalization and an average oxidation state of +2.5 for each Fe center. The cation imposes its C 3 symmetry to the structure nd eng ges in intermolecul r N-H•••Cl hydrogen onding with the ligand. Magnetic suscepti ility ch r cteri tion indic tes m gnetic ordering elow 4 nd the presence of hysteresis loop t 2 with coercive field of 60 Oe. ss uer measurements are in agreement with the existence of Fe (+2.5) ions at RT and statistic charge localization at 10 K. The compound shows semiconducting behavior with the in-plane conductivity of 2 × 10 -3 Scm -1 , 3 orders of magnitude higher than the perpendicular one. A small-polaron hopping model has been applied to a series of oxalate-type Fe II Fe III 2D CPs, providing a clear explanation on the much higher conductivity of the anilate-based systems than the oxalate ones.

ABSTRACT

The synthesis, structural characterization and preliminary photophysical studies of 2D Compounds 1 and 2 present unusual structures without the typical alternating organic and inorganic layers, where layers of 1 are formed by Λ and Δ enantiomers of the anionic paramagnetic complex, together with mixed-valence BEDT-TTF tetramers and layers of 2 are formed by Λ and Δ enantiomers of the paramagnetic complex, together with dicationic BEDT-TTF dimers. Compounds 1 and 2 show semiconducting behaviors with r.t. conductivities of ca. 6 x 10 -3 S cm -1 and 10 -3 S cm -1 respectively, due to strong dimerization between the donors. (iii) New BEDT-TTF systems where the heterosubstituted chlorocyananilato ligand in the tris(chlorocyananilato)ferrate(III) anionic complex is replaced by its Br or I analogues will be prepared. A systematic study of the influence of the electronic nature of the X = Br and I on the crystal packing and the conducting properties of the obtained materials due to different intermolecular interactions will be performed. 
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ABSTRACT:

The mixed-valence Fe II Fe III 2D coordination polymer formulated as [TAG][Fe II Fe III (ClCNAn) 3 ]•(solvate) 1 (TAG = tris(amino)-guanidinium, ClCNAn 2-= chlorocyanoanilate dianionic ligand) crystallized in the polar trigonal space group P3. In the solid-state structure, determined both at 150 and at 10 K, anionic 2D honeycomb layers [Fe II Fe III (ClCNAn) 3 ] -establish in the ab plane, with an intralayer metal-metal distance of 7.860 Å, alternating with cationic layers of TAG. The similar Fe-O distances suggest electron delocalization and an average oxidation state of +2.5 for each Fe center. The cation imposes its C 3 symmetry to the structure and engages in intermolecular N-H•••Cl hydrogen bonding with the ligand. Magnetic susceptibility characterization indicates magnetic ordering below 4 K and the presence of a hysteresis loop at 2 K with a coercive field of 60 Oe. Mossbauer measurements are in agreement with the existence of Fe(+2.5) ions at RT and statistic charge localization at 10 K. The compound shows semiconducting behavior with the in-plane conductivity of 2 × 10 -3 S/cm, 3 orders of magnitude higher than the perpendicular one. A small-polaron hopping model has been applied to a series of oxalate-type Fe II Fe III 2D coordination polymers, providing a clear explanation on the much higher conductivity of the anilate-based systems than the oxalate ones.

■ INTRODUCTION

Molecular materials combining conducting (π-type, delocalized) and magnetic (d-type, localized) electrons have attracted major interest in molecular science since they can exhibit the coexistence of two distinct physical properties, furnished by the two independent networks, or novel and improved properties when they interact. 1 In this context, heterobimetallic oxalatebridged compounds have been thoroughly used as a magnetic lattice of multifunctional magnetic materials. Nd, and Er (x = 2)) based on the heterosubstituted chlorocyananilate ligand, are reported. These compounds consist of neutral polymeric 2D networks of the chlorocyananilate ligand alternating with Ln(III) ions. They form six-membered rings with rectangular cavities, where neighbor layers are eclipsed along the a axis (Yb), and a regular honeycomblike structure, with hexagonal cavities filled by dichloromethane solvent molecules (Nd and Er), where neighbor layers alternate along the c axis. Several interlayer interactions between lanthanide centers and dimethylformamide molecules, facing the cavities, are present in all compounds. Free-standing nanosheets, obtained by a top-down strategy involving sonication-assisted solution synthesis and characterized by atomic force microscopy and high-resolution transmission electron microscopy, show lateral dimensions on the micrometer scale, thicknesses down to the monolayer, and the presence of lattice fringes. Time-resolved photoluminescence studies performed on both the bulk and nanosheets clearly demonstrate that the chlorocyananilate ligand acts as an efficient antenna toward Ln(III) ions and that emission sensitization occurs as a multistep relaxation process involving, in sequence, intersystem crossing and energy transfer from ligand triplet states to the Ln(III) ions. Effects induced by the exfoliation process on the photophysical properties of the nanosheets are also discussed. dominated by parallel offset π-π stacking arrangement, similarly to what found in aromatic systems. Monoanionic alkali salts are, instead, able to stack in a perfect face-to-face parallel arrangement with no offset, where single bonds are sandwiched between double bonds and vice versa, with short distances of the ring centroids (3.25-3.30 Å), as thoroughly described by Molčanov et al. [43,45,46]. This arrangement minimizes of π-electrons repulsions while maximizing σ-π and dipolar attractions [45].

Synthesis and Physical Properties of Purely

An overview of the coordination modes shown by the anilate dianions is reported in Scheme 6: It is noteworthy that among the described coordination modes, I and II are the most common, whereas III, IV and V have been only rarely observed.

Kitagawa and Kawata reported on the coordination chemistry of the anilic acids in their dianionic form (anilate ligands) with particular attention to the DHBQ 2-(H 2 An 2-) and its chloro derivative, chloranilate (Cl 2 An 2-) [7]. Since the first observation of a strong magnetic interaction between paramagnetic metal ions and the H 2 An x-(x = 3, 1) radical species, reported by Gatteschi et al. [48] several types of metal complexes ranging from finite discrete homoleptic and heteroleptic mononuclear systems to extended homoleptic and heteroleptic polymeric systems showing a large variety of peculiar crystal structures and physical properties, have been obtained so far [7,49-60]. Valence Tautomerism is an essential phenomenon in anilato-based systems [29,61-64] and it has been observed for the first time by Sato et al. [64] in the heteroleptic dinuclear complex, [(CoTPA) 2 (H 2 An)](PF 6 ) 3 , (TPA = tris(2-pyridylmethyl)amine) that exhibits a valence tautomeric transition with a distinct hysteresis effect (13 K) around room temperature and photoinduced valence tautomerism under low temperature.

Slow magnetic relaxation phenomena are also one of hot topic in magnetochemistry and very recently Ishikawa, Yamashita et al. [65] reported on the first example of slow magnetic relaxation observed in a chloranilato-based system, the new field induced single-ion magnet, [Co(bpy) 2 (Cl 2 An)]•EtOH, (bpy = bipiridyl) a heteroleptic six-coordinate mononuclear high-spin cobalt(II) complex, formed by 1D π-π stacked chain-like structures through the bpy ligands. This compound undergoes spin-phonon relaxation of Kramers ions through two-phonon Raman and direct spin-phonon bottleneck processes and the observed slow relaxation of the magnetization is purely molecular in its origin.

The interest in the anilate chemistry has been recently renovated since uncoordinated anilic acids have been recently used as molecular building blocks for obtaining different types of functional materials such as organic ferroelectrics or as a component of charge transfer salts showing peculiar physical properties [66-69]. Anilates in fact are very challenging building blocks because of: (i) their 9 of 56 These compounds behave as versatile metallotectons, which are metal complexes able to be involved in well identified intermolecular interactions such as HBs and can therefore serve as building blocks for the rational construction of crystals, especially with HB-donating cations or size-tunable cationic metallotectons to afford porous coordination polymers or porous magnetic networks with guest-tunable magnetism (See Section 2.3).

By using the chloranilate ligand, In conclusion, this family of anionic complexes are versatile precursors (i) for constructing 2D molecule-based Ferrimagnets with tunable ordering temperature as a function of the halogen electronegativity (Section 2.2); (ii) as magnetic components for building up multifunctional molecular materials based on BEDT-TTF organic donors-based conductivity carriers (Section 3.2), in analogy with the relevant class of [M(ox) 3 ] 3-tris-chelated complexes which have produced the first family of molecular paramagnetic superconductors [122-124]. Moreover, the ability of chlorocyananilate to work as the antenna ligand towards lanthanides, showing intense, sharp and long-lived emissions, represents a challenge due to the pletora of optical uses spanning from display devices and luminescent sensors to magnetic/luminescent multifunctional molecular materials.

Molecular Ferrimagnets

The novel family of molecule-based magnets formulated as [Mn II . These compounds were obtained by following the so-called "complex-as-ligand approach". In this synthetic strategy, a molecular building block, the homoleptic [M III (X 2 An) 3 ] 3-tris(anilato)metallate octahedral complex (M III = Cr, Fe; X = Cl, Br, I, H), is used as ligand towards the divalent paramagnetic metal ion Mn(II). 2D anionic complexes were formed leading to crystals suitable for an X-ray characterization in the presence of the (n-Bu) 4 N + bulky organic cation or the [H 3 O(phz) 3 ] + chiral adduct (Scheme 7).

Cationic Layer

Anionic Layer (27) shows the same layered structure and physical properties as 26. In Figure 18, a view of the θ 21 BEDT-TTF packing motif is reported. 

Chiral Magnetic Molecular Conductors

The first family of chiral magnetic molecular conductors Compounds 28-30 are isostructural and crystallize in the triclinic space group (P1 for 28 and 29, P-1 for 30) showing the usual segregated organic-inorganic crystal structure, where anionic chloranilate-bridged heterobimetallic honeycomb layers obtained by self-assembling of the Λ and ∆ enantiomers of the paramagnetic complex with potassium cations, alternate with organic layers where the chiral donors are arranged in the β packing motif (Figure 19). The use of the "complex as ligand approach" during the electrocrystallization experiments has been successful for obtaining these systems where the self-assembling of the tris(chloranilato)ferrate(III) anion with potassium cations afforded anionic layers, that further template the structure in segregated organic and inorganic layers. The common structural features of the three systems are: (i) the presence of inorganic layers associated in double-layers, as a result of two major intermolecular interactions, 

Anilato-Based Multifunctional Organic Frameworks (MOFs)

A rare example of Metal Organic Framework MOF composed by Fe III bridged by paramagnetic linkers that additionally shows ligand mixed-valency has been reported by J. Long et al. Abstract : This work reports on the design, synthesis and characterization of novel anilate-based functional molecular materials showing luminescent, magnetic and/or conducting properties. The family of anilate ligands comprises several derivatives obtained by introducing various substituents (H, F, Cl, Br, I, CN, etc.) at the 3 and 6 positions of the common 2,5-dihydroxy-1,4-benzoquinone framework. Among the anilate ligands, the only known heterosubstituted anilate with Cl/CN substituents at the 3,6 positions, ClCNAn 2-, have been selected for preparing a novel family of 2D layered coordination polymers (2D CP) with both 3d metal ions and 4f lanthanide ions, through a general and straightforward synthetic strategy. i) Mixed-valence Fe II Fe III 2D CP, formulated as [TAG][Fe II Fe III (ClCNAn)3], containing, the tris(amino)guanidinium (TAG) cation for the first time in such 2D networks has been synthesized and thoroughly characterized. ii) 2D CPs based on NIR-emitting lanthanides (Yb III , Nd III , Er III ) and the ClCNAn 2- ligand, have been prepared and characterized. These layered compounds were exfoliated to nanosheets, by sonication-assisted solution synthesis. Time-resolved photoluminescence studies performed on both the bulk and nanosheets are also highlighted. iii) Novel family of heteroleptic 2D CPs based on NIR-emitting lanthanides and mixed ligands (ClCNAn 2-and carboxylate ligands (DOBDC and F4-BDC)), were prepared and characterized. vi) Novel family of 2D CPs based on Dy III and ClCNAn 2- were prepared in order to investigate their magnetic properties. v) Furthermore, the ability of anilate ligands to work as components of BEDT-TTF-based molecular conductors have been demonstrated through the synthesis, via electrocrystallization technique.

vi) П-d hybrid multifunctional paramagnetic molecular conductors BEDT-TTF and [Fe(ClCNAn)3] 3-) were also studied.