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Titre : Synthèse et étude de nanoaimants moléculaires redox-actifs Résumé :

Ce travail de thèse portait sur la synthèse et l'étude de complexes magnétiques redox-actifs comme prototypes pour la conception d'aimants moléculaires à haute température. L'activité redox est assurée par le ligand pontant, qui peut moduler et parfois améliorer significativement les propriétés magnétiques. Après un chapitre d'introduction présentant les derniers développements dans le domaine des matériaux magnétiques moléculaires, un accent particulier est mis sur l'importance d'avoir un fort couplage d'échange magnétique J entre les porteurs de spin. Une étude bibliographique présentant deux approches émergentes pour augmenter J dans les composés polynucléaires est également présentée et discutée. Le chapitre 2 présente les synthèses et caractérisations de complexes dinucléaires [M2(tphz)(tpy)2](PF6)n (M = Co(II) ou Ni(II); n = 4, 3, 2, tphz = tétrapyridophénazine, tpy = terpyridine) construits à partir de ligands pontant (tphz) et bloquant (tpy) fortement coordinants et redoxactifs. Les études approfondies de ces composés montrent que le ligand pontant redox-actif peut être utilisé comme un outil de choix pour promouvoir une délocalisation des spins, de forts couplages magnétiques, ainsi que de la commutabilité. L'analyse des résultats obtenus permet également de mieux comprendre les paramètres clés pour l'élaboration de systèmes fortement couplés magnétiquement. Dans le prolongement de ce travail visant à sélectionner les meilleurs composants pour la conception rationnelle d'aimants moléculaires à haute température, le chapitre 3 décrit une nouvelle série de complexes mononucléaires [Cr(III)(tphz)(tpy)](CF3SO3)n (n = 3, 2, 1). Les complexes mono-et doublement réduits présentent des interactions magnétiques remarquablement fortes entre les ions métalliques et les ligands radicalaires, et pourraient servir d'unités magnétiques intéressantes pour la conception d'aimants de plus hautes nucléarités.

Physical Constant

Introduction -enhancing the exchange coupling of molecule-based magnetic materials 1.1 General introduction

From magnetism to molecule-based magnetic materials

The discovery of magnetism and magnetic materials are dated back to thousands of years ago. A Greek shepherd, Magnes, was tending his sheep and noticed the iron end of his stick was attracted by some stone on the ground. These seemingly magical rocks were later known as natural magnets (Fe3O4) and used by Chinese to create the floating compass. [1] Since then, the understanding of the magnetic phenomenon was significantly developed by scientists, such as the identification of north and south magnetic poles and the earth is a magnet, as well as the relationship between electricity and magnetism. [2] The study of magnetic materials other than those based on iron and steel starts from the early 1900s. The first powerful AlNiCo alloy permanent magnets was produced in the 1930s. [3] The conventional magnetic materials are usually made of transition/lanthanide metals, metal oxides or alloys. Despite the broad area of applications in memory storage media and devices, the conventional magnetic materials, synthesized using metallurgical methodologies at high temperatures, have the disadvantages in high energy consumption and chemical reactivity. Molecule-based magnetic materials, which are fabricated in gentle organic and inorganic synthetic ways without requiring high temperature or other high energy consuming metallurgical processes, can be seen as a promising alternative. These materials can be constructed by molecular components and it is possible to have a certain control of their properties by changing the electronic states of metal ions and by rationally modifying the ligands.

With the reasonable design of these molecule-based magnetic materials, a new field called molecular magnetism has emerged. The research interests of molecular magnetism vary from low dimensional nanomagnet including single-molecule magnets (0D, zero-dimensional) and single-chain magnets (1D, one-dimensional), [4] showing slow relaxation and bistability below an operating or blocking temperature (TB), to 2D

(two-dimensional) molecular layers or 3D (three-dimensional) coordination polymers with long-range magnetic order below a critical temperature Tc. [5,6] Many efforts are still needed to improve the stability and operating temperature of the molecule-based magnetic materials in order to have them as a real alternative to classical magnets for technological applications. So far, the record of operating temperature for SMMs is 80 K, around the boiling point of liquid nitrogen. [7] While for SCM, the highest blocking temperature is only 14 K. [8] Therefore, the current challenge in molecular magnetism is to synthesize stable materials with high operating temperature, ideally above room temperature.

To obtain high temperature magnets with considerable memory effect (magnetic hysteresis), it is important to understand the factors that influence the magnetic properties of the materials. One critical parameter is the exchange interaction J between the spin carriers. (In this thesis, we use the notation -2J to follow the original Heisenberg-Dirac-Van Vleck (HDVV) Hamiltonian 𝐻 ̂𝐻𝐷𝑉𝑉 = -2𝐽𝑆 ⃗ 𝐴 𝑆 ⃗ 𝐵 .) The energetic separations between spin ground and excited states in polynuclear complexes are correlated to J and it should be large enough to isolate energetically the ground state in order to generate SMM behaviors. [9] Moreover, the strong interaction J increases significantly the relaxation barrier of single-chain magnets. [10] Likewise, J is directly proportional to the magnetic ordering temperature in two-and three-dimensional permanent magnets. [11] To this end, it is of great importance to have large J for all molecule-based magnetic materials. Recently, two strategies of promoting strong magnetic interactions between spin carriers have been proved to be effective: (1) the mixed-valence approach, by which an electron can be completely delocalized through the system leading to doubleexchange mechanism that overcomes the superexchange interactions; [12] (2) the radical bridge approach, for which a redox-active organic ligand is reduced or oxidized into a radical form and acts as a magnetic relay. [13] The latter method is mainly employed in this thesis.

Our research aims at synthesizing and studying redox-active nanomagnets through a rational design of the molecular components. The redox-activity will be provided by the bridging ligand. In chapter 1, we will focus on an introduction of using the redox-active ligand in order to increase the magnetic interactions between the spin carriers.

At the beginning, basic concepts and definitions in magnetism as well as a background concerning molecule-based magnets with the emphasis of the importance of exchange coupling J for these materials will be discussed. Afterwards, an overview of some examples of molecular complexes with improved magnetic interactions using both the mixed-valence and radical ligand approaches will be presented. All of these will help us to better understand the factors which govern the strength of magnetic interactions, a prerequisite for the rational design of high temperature magnetic materials.

Concepts and definition

In order to design molecular materials with interesting magnetic properties, it is necessary to understand how the magnetism arises in the sample. After long time

Magnetic memory effect-magnetic hysteresis:

As a prerequisite of being a material for data storage, molecular magnets should display magnetic hysteresis -a magnetic memory effect. Under certain temperature, when a ferromagnet is placed in a magnetic field, with the increase of the field strength, it tends to align its spin parallel to the direction of the applied field and the magnetization reaches a saturation value as Msat. When the magnetic field drops, the material retains some magnetization which is observed as remnant magnetization Mr at H = 0, meaning the magnetic information is retained by the system. To drive the magnetization to 0, a magnetic field in the opposite direction must be applied, the value of the field is the coercive field (HC). With the further increasing of the field strength in reversed direction, Msat is achieved in the opposite direction with spin alignment parallel to the applied field. Once again, when the field is decreased to 0, Mr is observed. The HC together with the Mr define the hysteresis loop and confer a memory effect to the material.

Typical hysteresis curve is shown for a ferromagnet plotted as M vs. H.

research investigations, many of general principles of magnetic behaviors are well established. Some of them will be discussed below, which is adapted from references [14,15].

Basic concepts

Diamagnetism and paramagnetism are different fundamental types of magnetism.

Diamagnetism is a property possessed by all matter and originates from the interaction of paired electrons under an applied field (H) generating a field which is in opposition to the applied field. A paramagnetic material has one or more unpaired electrons which leads to an attraction to an applied magnetic field and each unpaired electron has no effect on its neighboring ones. In a paramagnet, the spins are in random orientations, however by applying an external magnetic field, the directions of the spins can be uniformed and will revert to the randomized state upon removal of the field.

The macroscopic magnetic properties of materials are a consequence of magnetic moments associated with individual electrons. In the presence of an external magnetic field, the magnetic moment of a free atom has three principal origins: (1) the spin magnetic moment which is due to the precession of the electrons around their own spinning axis; (2) the orbital magnetic moment induced by the movement of electrons around the nucleus; (3) the change of the orbital moment because of the applied magnetic field. Among these three origins, (1) and (2) lead to paramagnetism and (3) gives rise to diamagnetism.

The magnetic moment of an atom or an ion in a free space can be described as:

𝜇 ⃗ = -𝑔𝜇 B 𝐽 ⃗ (1.1)
The g, μB, J represent landé factor, Bohr magneton (9.27410*10 -21 J•Oe -1 ) and the total angular momentum, respectively. When only spin contribution is considered:

𝜇 ⃗ = -𝑔𝜇 𝐵 𝑆 ⃗ (1.2)
With the classical approach, the magnetization of a sample under the applied field (H) related to the energy variation (E) can be explained by the equation

𝑀 = - 𝜕𝐸 𝜕𝐻 (1.3)
In quantum mechanics, under an external magnetic field, we consider a molecule with an energy spectrum Ei (i = 1, 2…). For each energy level Ei, we can define a microscopic magnetization μi as:

𝜇 𝑖 = - 𝜕𝐸 𝑖 𝜕𝐻 (1.4)
According to Boltzmann's distribution law, the average molecular magnetic moment can be obtained at a temperature T as:

𝜇̅ = ∑ (𝜇 𝑖 )exp (- 𝐸 𝑖 𝑘 𝐵 𝑇 ) 𝑛 𝑖=1
∑ exp (-𝐸 𝑖 𝑘 𝐵 𝑇 ) 𝑛 𝑖=1

(1.5)

The macroscopic molar magnetization M as the sum of the magnetic moment of each microscopic is (N-Avogadro's number, kB-Boltzmann constant) (1.7)

𝑀
The magnetic susceptibility (χ) is the quantitative response of a material to an applied magnetic field (H) and is related to the magnetization (M) via the equation:

𝜒 = 𝜕𝑀 𝜕𝐻 (1.8)
When the magnetic field is weak enough, χ is independent of H, so that 𝑀 = 𝜒𝐻 (1.9)

When χ > 0, it is paramagnetism (the presence of unpaired electron in the materials).

When χ < 0, it is diamagnetism (all the electrons are paired in the materials).

𝜒 = 𝑀 𝐻 = 𝑁 ∑ (- 𝜕𝐸 𝑖 𝜕𝐻 ) exp (- 𝐸 𝑖 𝑘𝑇 ) 𝑛 𝑖=1
𝐻 ∑ exp (-𝐸 𝑖 𝑘𝑇 )

𝑛 𝑖=1

(1.10)

For spin only S system, 𝜇 = -𝑔𝜇 𝐵 𝑆 and the magnetization is 𝑀 = 𝑁𝑔𝜇 𝐵 𝑆𝐵 𝑠 (𝑦), here 𝑦 = 𝑔𝜇 𝐵 𝑆𝐻 𝑘 𝐵 𝑇 (1.11) Bs(y) is the Brillouin function which is defined as:

𝐵 𝑆 (𝑦) = 2𝑆 + 1 2𝑆 coth ( 2𝑆 + 1 2𝑆 𝑦) - 1 2𝑆 coth ( 1 2𝑆 𝑦) (1.12)
There are two extreme cases for the Brillouin function:

(1) when at high field or/and low temperature, 𝑦 = In some cases, when a high field is applied, the magnetic moments of the sample are completely aligned, so the magnetization tends towards a saturated value (Msat).

𝑀 𝑠𝑎𝑡 = 𝑁𝑔𝜇 𝐵 𝑆 (1.14)

(2) when at weak field or/and high temperature, 𝑦 = 3𝑘 𝐵 (1.16) This is the Curie law for a spin S, where g is the landé factor.

However, the equations above for describing magnetization and magnetic susceptibility are difficult to apply practically, so Van Vleck has proposed to simplify the function with two approximation:

(1) The energy Ei is expanded with the increase of H 𝐸 𝑖 = 𝐸 𝑖 (0) + 𝐸 𝑖 (1)𝐻 + 𝐸 𝑖 (2)𝐻 2 + ⋯ (1.17) among them, Ei(0) is the energy of level i when there is no external magnetic field applied. Ei (1) and Ei (2) are first-order and second-order Zeeman coefficients, energies dependent upon the magnitude of the applied magnetic field; So (1.21)

𝜇 𝑖 = -𝐸 𝑖 (
When the applied field is 0, the magnetization vanishes (M = 0) (1.24)

∑(
Until now, we only consider the case of N isolated spins with spin state S.

But when the spins are not magnetically diluted, interactions will arise between neighboring magnetic centers. Therefore, for the case of N interacting spins, the Hamiltonian applied is

𝐻 ̂= 𝑔𝜇 𝐵 ∑ 𝐻 ⃗ ⃗⃗ • 𝑆 ⃗ 𝑖 𝑖 -2𝐽 ∑ 𝑆 ⃗ 𝑖 • 𝑆 ⃗ 𝑗 〈𝑖,𝑗〉 (1.25) 
The first term is the Zeeman effect contribution which characterizes the interaction of spin with external magnetic field, and

𝐻 ̂𝐻𝐷𝑉𝑉 = -2𝐽 ∑ 𝑆 ⃗ 𝑖 • 𝑆 ⃗ 𝑗 〈𝑖,𝑗〉 (1.26) 
is the Heisenberg-Dirac-Van Vleck (HDVV) Hamiltonian with 𝑆 ⃗ 𝑖 and 𝑆 ⃗ 𝑗 as the spin operators. [15] The magnitude of J describes the strength of interaction between pairs of spins and the value can be either positive or negative. J > 0 indicates ferromagnetic interactions and the spins tend to align in a parallel fashion; while J < 0 presents antiferromagnetic interactions with all the spins align in antiparallel.

Meanwhile, the Curie-Weiss law is also applicable to describe the thermal behavior of the system with N interacting spins. With the mean field approximation [15] valid at high dimensional, the application of the Van Here, z is the total number of neighbors that is around one spin S in the material. The Curie constant 𝐶 𝑠 = 𝑔 2 𝑁𝜇 𝐵 2 𝑆(𝑆 + 1) 3𝑘 𝐵 ⁄ , and the Weiss constant 𝜃 = 2𝑧𝐽𝑆(𝑆 + 1) 3𝑘 𝐵 ⁄ . If θ > 0, ferromagnetic interactions are dominant; if θ < 0, antiferromagnetic interactions are presented in the magnetic material.

The mechanisms of magnetic interactions

The exchange interaction is a quantum electrostatic interaction between two electrons on nearby sites. The unpaired electrons of each paramagnetic metal center are assigned to orbitals which are called magnetic orbitals.

Three types of exchange interactions [16,17] will be introduced here.

Direct interactions

The electrons on neighboring magnetic atoms interact via a direct exchange interaction, which gives a strong but short range of coupling that decreases rapidly as atoms are separated. In a system of two adjacent atoms, the electrons interact because of the spatial overlap of the orbitals (direct exchange). In case of the nonzero overlap integral, an antiparallel alignment of the spins is evoked by the kinetic exchange (antiferromagnetic interaction; the kinetic exchange is linked to the possibility of an electron on site a to delocalize on site b, and thus decrease the kinetic energy), while for zero overlap integral, the potential exchange will favor the spins to align parallel (ferromagnetic interaction).

Superexchange interactions

When the magnetic exchange coupling is mediated by a diamagnetic bridging ligand, the two next-to-nearest metal ions will interact via a so-called superexchange pathway and there will be no direct electron hopping through the magnetic orbitals of the spin carriers. The Goodenough-Kanamori rule predicts the nature of the coupling interactions in a system with two identical metal centers bridged by one atom ligand:

for example, the superexchange interaction in a 180° M n+ -O 2--M n+ (M = 3d metal ions) linear system is antiferromagnetic. While in the 90° M n+ -O 2--M n+ (M = 3d metal ions) system, the magnetic orbitals of two metal centers are orthogonal to each other and at the same time overlap with those coming from the bridging ligand. Ferromagnetic interactions are promoted between the two metal centers. However in real molecules, the geometry is always more complex. Superexchange is typically a weak interaction, especially in the case of multi-atom bridging ligands.

Double-exchange interactions.

Double-exchange, firstly proposed by Clarence Zener, is a type of magnetic exchange arising in mixed-valence species. [18] Zener has used a Mn(III)-O-Mn(IV) system to explain the mechanism: in this system, the d orbitals of Mn ions interact with the 2p orbital of O atom, two electrons are transferred simultaneously by keeping their spin directions, one from a bridging O atom to the Mn(IV) center and the other from a Mn(III) center to the O atom to fill the vacant orbital, respectively. The overall energy is lowered and ferromagnetic alignment of neighboring metal ions is generated (Figure 1.1). In that sense, the isotropic Heisenberg Hamiltonian that is used to determine the energies of the spin states in an exchange-coupled dinuclear complex is not valid. The relative energies for a symmetrical dinuclear complex are better described by the expression proposed by Anderson and Hasegawa as [19] 𝐸 ± (𝑆) = -𝐽 2 𝑆(𝑆 + 1) ± 𝐵 (𝑆 + 1 2 ) (1.29)

Here S is the total spin. Since the double-exchange process can be considered as one electron hopping through the system with spin number equals 1/2, the total spin S equals to 2S0+1/2, where S0 is the spin of the metal ions except for the hopping electron. The ± gives the symmetric and antisymmetric combination of states. The B is the electron transfer parameter in the mixed-valence compounds, which also stabilizes the ground state and can be introduced by an expression 𝐵 = 𝑡 ab 2𝑆 0 + 1 (1.30) tab represents the transfer integral between the magnetic orbitals of center a and b. The S levels were split into two by double-exchange interaction, stabilizing the ferromagnetic state. The energy separation between the pairs of the levels in therefore given by

∆𝐸 ± = 2𝐵(𝑆 + 1 2 ) (1.31)

Molecular magnetism

The successful interpretation of the magnetic properties of the "paddle-wheel" tetrakis(µ-acetato)dicopper(II) complex Cu II 2(CH3COO)4(H2O)2 by Bleaney and Bowers in 1952 could be marked as the birth of the molecular magnetism. [20] To accurately simulate the magnetic behavior of the copper acetate complex, a function is proposed:

𝜒 𝑀 = ( 2𝑁𝜇 𝐵 2 𝑔 2 𝑘 𝐵 𝑇 ) / [3 + 𝑒𝑥𝑝 ( -2𝐽 𝑘𝑇 )] (1.32) 
In this so called Bleaney-Bowers expression, g is the average landé factor of the spin carriers and the J is the magnetic interaction between the spin of the two Cu(II) ions.

At the simplest level, the exchange coupling J in this dinuclear Cu II 2(CH3COO)4(H2O)2 complex S1 and S2 can also be interpreted by the HDVV Hamiltonian as:

𝐻 ̂𝐻𝐷𝑉𝑉 = -2𝐽𝑆 ⃗ 1 𝑆 ⃗ 2 (1.33)
To further analyze the Hamiltonian, we define a total spin 𝑆 ⃗ = 𝑆 ⃗ 1 + 𝑆 ⃗ 2 , which can also be rewritten as

𝑆 ⃗ 2 = 𝑆 ⃗ 1 2 + 𝑆 ⃗ 2 2 + 2(𝑆 ⃗ 1 + 𝑆 ⃗ 2 ) or 𝑆 ⃗ 1 𝑆 ⃗ 2 = 1 2 (𝑆 ⃗ 2 -𝑆 ⃗ 1 2 -𝑆 ⃗ 2 2
) , hence,

𝐻 ̂𝐻𝐷𝑉𝑉 = -𝐽(𝑆 ⃗ 2 -𝑆 ⃗ 1 2 -𝑆 ⃗ 2 2
), the energies of the total spin will be:. 𝐸 exchange = -𝐽(𝑆(𝑆 + 1) -𝑆 1 (𝑆 1 + 1) -𝑆 2 (𝑆 2 + 1))

(1.34)

The origin of the energy can be shifted arbitrarily by a constant factor of 𝑐 = -𝐽(𝑆 1 (𝑆 1 + 1) + 𝑆 2 (𝑆 2 + 1))

Therefore, 𝐸 exchange = -𝐽(𝑆(𝑆 + 1)) (1.36) with 𝑆 𝑚𝑖𝑛 ≤ 𝑆 ≤ 𝑆 𝑚𝑎𝑥 , 𝑆 𝑚𝑖𝑛 = |𝑆 1 -𝑆 2 | and 𝑆 𝑚𝑎𝑥 = 𝑆 1 + 𝑆 2 , 𝑀 𝑆 = -𝑆, -𝑆 + 1, . . . +𝑆 -1, +𝑆.

Since S1 = S2 = 1/2, the application of the Hamiltonian leads to two spin states in this compound with Smin = 0 (singlet) and Smax = 1 (triplet). As a result, the energy separation between the ground and excited states is directly related to the exchange coupling J, which can be either positive or negative corresponding to a singlet or triplet ground state (Figure 1.2). As mentioned before, the different sign of J is an indicator of ferroor antiferromagnetic interactions.

While for Cu II 2(CH3COO)4(H2O)2 complex, the final interpretation of the magnetic interaction between two Cu(II) spins is aniferromagnetic with J/kB = -213 K. when a single molecule [Mn12O12(O2CMe)16(H2O)4] was found to retain magnetization in the absence of a magnetic field. [23] This is the first molecular compound comprising discrete, magnetically non-interacting molecular units rather than 2D or 3D extended lattice. With the ability to store information at a nanometric scale, the SMMs could meet the compelling needs for high information storage. A description of the underlying physics of this system will be discussed below.

Slow relaxation of the magnetization

In a SMM, the spins can be trapped in either "up" or "down" states, affording bistability.

When a magnetic field is applied, one of the spin states is stabilized, leading to a magnetization. Below a certain temperature (blocking temperature TB, at which the molecule's magnetic relaxation time, τ, is 100 seconds), the magnetization can be preserved after removing the applied field and it reverses slowly driven by spin-lattice interactions or Quantum Tunneling of the Magnetization (QTM). [4]. This is called slow magnetic relaxation or slow relaxation of the magnetization. [24] The most used method to detect and characterize the slow magnetic relaxation in SMMs is alternating current (ac) susceptibility measurements, which consists of two components. One is the in-phase (real, χ') component, which is the slope of the M/H curve in the low-field limit, and the other one is the out-of-phase (imaginary, χ'') 

component
𝜒 = 𝜒 ′ -𝑖χ ′′ (1.37) 𝜒 = 𝜒 ∞ + 𝜒 0 -𝜒 ∞ 1 + (𝑖𝜔𝜏) 1-𝛼 (1.38)
Here χ0 is the adiabatic magnetic susceptibility and χ∞ is the isothermal magnetic susceptibility, ω represents angular frequency of magnetic field variation and α is a parameter that allows for a distribution of relaxation times about the τ (magnetic relaxation time) for the sample. For a distribution of single relaxation processes, the expressions for χ' and χ'' are given as:

𝜒 ′ = 𝜒 ∞ + (𝜒 0 -𝜒 ∞ ) (1 + (𝜔𝜏) 1-𝛼 sin( 𝜋𝛼 2 )) (1 + 2(𝜔𝜏) 1-𝛼 sin ( 𝜋𝛼 2 ) + (𝜔𝜏) 2-2𝛼 ) (1.39) 𝜒 ′′ = (𝜒 0 -𝜒 ∞ ) ((𝜔𝜏) 1-𝛼 cos( 𝜋𝛼 2 )) 1 + 2(𝜔𝜏) 1-𝛼 sin ( 𝜋𝛼 2 ) + (𝜔𝜏) 2-2𝛼 (1.40)
For a SMM, the slow relaxation of magnetization occurs via different mechanisms (Orbach process, Raman process, Direct process, Quantum Tunneling of the Magnetization... [27,28]) (Figure 1.3), and the relaxation time can be extracted by fitting the ac magnetic susceptibility with the generalized Debye model (Equation 1.39 and 1.40):

𝜏 -1 = 𝜏 𝑂𝑟𝑏𝑎𝑐ℎ -1 + 𝜏 𝑄𝑇𝑀 -1 + 𝜏 𝑅𝑎𝑚𝑎𝑛 -1 + 𝜏 𝐷𝑖𝑟𝑒𝑐𝑡 -1 + ⋯ (1.41)
Orbach, Raman and Direct process are all phonon assisted process. In Orbach process, the spin at ground state is excited to a real state via absorbing a phonon and relaxes to the other ground state with emitting a phonon. The Raman process is similar to the Orbach process, but the absorption of a phonon excites the spin to an imaginary level, before emission of a phonon and relaxation. Direct process only involves one phonon emission when the spin of the molecule flips (Figure 1.3). Quantum tunneling of magnetization (QTM) is a process induced by transverse anisotropy (E), dipolar interactions, or nuclear hyperfine coupling, which leads to the mix of the ground ±MS levels and allows spin to flip from one ground state Ms to the other or between two excited states (where the interacting states are ±Ms ≠ S) by tunneling instead of overcoming the energy. [29] Considering all these processes, the relaxation time could be explained in more detail as:

𝜏 -1 = 𝜏 0 -1 exp (- ∆ 𝐴 𝑘 𝐵 𝑇 ) + 𝐵 1 1 + 𝐵 2 𝐻 2 + 𝐶𝑇 𝑛 + 𝐴𝐻 𝑚 𝑇 (1.42)
Here, A and C are parameters that contain the spin-phonon coupling matrix element and the speed of sound. B1 is the zero-field QTM relaxation rate, B2 is the fitting parameter. [28,30] The Orbach process is a thermally activated process and follows Arrhenius law producing a linar plot as lnτ vs. 1/T and seen as "over-barrier" process.

This barrier, as a figure of merit for SMMs, is one of the parameters that the researchers target to maximize. The Raman process is field and temperature dependent and the Direct process decreases in H m (m = 2 non-Kramers ions or m = 4 for Kramers ions).

Under an applied high dc magnetic field, the degeneracy of the ground ±MS levels are split, so that the QTM process can be suppressed.

The importance of exchange coupling J in SMMs

A large energy barrier as well as high TB are needed in an effort to enhance SMM behavior. The height of this barrier related to Orbach process depends on the total spin of the metal ions and the magnetic anisotropy. [31] Figure 1.3 Schematic representation of spin-lattice relaxation in SMMs. Black lines represent spin states.

The grey line represents an imaginary state.

To be more precise, the magnetic anisotropy is caused by Zero Field Splitting (ZFS), which removes the degeneracy of the ground state and split it into 2S + 1 microstates (MS states) [15] in zero field. [32] The ZFS is defined by the Hamiltonian as:

𝐻 ̂= 𝐷[𝑆 ⃗ 𝑧 2 -𝑆(𝑆 + 1) 3 ⁄ ] + 𝐸(𝑆 ⃗ 𝑥 2 -𝑆 ⃗ 𝑦 2 ) (1.43)
Where D and E are axial and transverse zero-field splitting parameters. Sx/y/z is the electron spin projection onto x/y/z. In the presence of a strong uniaxial anisotropy, the E parameter can be neglected which result in the simplest spin Hamiltonian as

𝐻 ̂= 𝐷𝑆 𝑧 2 (1.44)
The magnitude of the energy barrier, U, is expressed as U= [D]S 2 for integer spin systems and U = [D](S 2 -1/4) for half-integer spin systems. Therefore, enhancing two parameters of the magnetic anisotropy (D) and the total spin (S) is rather important for achieving larger energy gap, and subsequently higher operating temperature. Many efforts have been undertaken by researchers to synthesize molecules that possess high spin ground states with a large magnetic anisotropy in the previous works. [33,34] However, one more parameter that should not be overlooked is the magnetic exchange coupling J, which has an equally important influence on the magnetic properties of the nanomagnets. The separation between the ground state and excited state in polynuclear complexes can be correlated to the exchange coupling J. If the separation is small, the magnetization of the molecule can undergo fast relaxation pathways involving lowlying excited states shortcutting the overall thermal barrier, thus lowering the operating temperature. [35] So it is important to have large values of exchange coupling constant J to stabilize the ground state for the construction of the SMMs with enhanced properties.

Single-chain magnet (SCM)

The discovery of SMMs has encouraged the researchers in looking for other possible small units in the miniaturization process of future memory devices. Early in 1963, Glauber has predicted in theory that Ising spin chains will display slow relaxation of the magnetization on a macroscopic time scale. [36] This predicted behavior was first reported on a chain compound [Co(hfac)2(NITPhOMe)] (NITPhOMe = 4'-me-thoxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide, hfac = hexafluoroacetylacetonate), [37] and shortly after, on another 1D system based on repeating aldoximatebridged [Mn III Ni II Mn III ]. This type of magnets is called single-chain magnet [38] by analogy to single-molecule magnets. However, unlike the drastic improvements to the energy barrier and blocking temperature in SMM, efforts toward synthesizing singlechain magnets with large relaxation barriers have yielded limited progress. Thus the perspective goal in the synthesis of SCM is to raise the blocking temperature, as well as the energy barrier. The SCM consists of paramagnetic repeating unit as spin S, in an infinite regime where the chain can be considered infinite, the relaxation barrier is expressed as ∆ 𝜏 = 2∆ 𝜉 + ∆ 𝐴 . Within the Ising limit, where |𝐷 𝐽 ⁄ | > 4 3 ⁄ , the correlation energy is related to the magnetic parameters as ∆ 𝜉 = 4|𝐽|𝑆 2 , and the anisotropy energy is ∆ 𝐴 = |𝐷|𝑆 2 . Therefore, the overall energy barrier can be written as

∆ 𝜏 = 8|𝐽|𝑆 2 + |𝐷|𝑆 2 (1.45)
which is proportional to J, D and S. While in the Heisenberg limits, where the magnetic anisotropy is small as |𝐷| ≪ |𝐽|, the correlation energy ∆ 𝜉 ≈ 4𝑆 2 (|𝐽𝐷|) 1/2 . [39,40] All these simple analytical expressions suggest that the synthesis of magnetically anisotropic chain compounds with strong intrachain coupling represents a route to the final aim of realizing SCMs that can be operated at high temperatures.

To summarize this section, the design of molecule-based magnetic materials with high operating temperature relies on the implementation of strong magnetic coupling between spin centers, which needs to be achieved firstly by a solid understanding of the mechanism of the exchange coupling J and then by a careful choice of the linkers.

High critical temperature (Tc) magnet

The search for molecule-based compounds exhibiting spontaneous magnetization above room temperature is an important objective of research in the field of molecular magnetism. The ferro-, antiferro-, and ferrimagnetic ordering occur below a critical or magnetic ordering temperature that is defined as Tc. [41] Long-range magnetic order in molecule-based magnetic materials requires not only the presence of unpaired electron spins, but also strong magnetic interactions between adjacent spin carriers and extension of the interactions to two or three dimensions. The relationship between Tc and J within the Mean Field approximation is expressed in eqn 1.46 which shows that the magnetic ordering temperature is directly proportional to J.

𝑇 𝑐 = 2|𝑧𝐽|𝑆(𝑆 + 1) 3𝑘 𝐵 (1.46)
Here, kB is the Boltzmann's constant, J is the spin coupling between nearest neighbor spin sites, S is the spin quantum number, and z is the number of nearest neighbors. The critical temperature is highly dependent on the magnetic exchange interactions between the spin carriers. Therefore, building highly-coupled systems with large J is an efficient way for synthesizing molecule-based magnet with high operating temperature.

Two approaches to promote the large magnetic exchange coupling

In most of the reported coordination complexes, the paramagnetic metal ions are connected by a diamagnetic organic linker through superexchange coupling pathway which is usually very weak. Using short bridge such as oxygen atoms can promote strong coupling, but one of the disadvantages is the absence of well controlled directionality. The cyanide bridge provides directionality and predictability of the nature of the magnetic coupling, but it only produces moderate magnetic coupling. As alternatives, the mixed-valence system incorporated with double-exchange mechanism and the radical bridged approach with the direct exchange interaction between the metal ion and organic linker spins appear to be useful in promoting large exchange coupling.

Some progresses concerning these two approaches will be discussed below, which provides a better idea for the design of organic linkers that could act as a "mediator"

Magnetic interactions:

In a system with 3D ordering preserved after removing the applied field, the interaction between neighbouring spins can be sorted into ferromagnetism, antiferromagnetism, and ferrimagnetism, et cetera, which gives rise to the bulk magnetic properties of the material. Ferromagnetism occurs when adjacent spins are aligned parallel and in the same direction under an applied field, which results in a large magnetic moment and the magnetic moment retained even after removing the field. When the spins are antiparalleled to each other, antiferromagnetism occurs and leads to a zero magnetic moment. In the case of ferrimagnet, the neighbouring magnetic moment are not equal, spins are aligned in an antiparallel arrangement leading to residual magnetic moment that is not zero. All these different interaction fashions result in different magnets. However, the aforementioned properties may be lost due to thermal agitation. Above a certain temperature, the thermal energy is large enough to break the magnetic order and the material will become paramagnetic. This temperature is called the Curie temperature for ferro-and ferri-magnetic materials and the Néel temperature for antiferromagnet.

The arrangements of magnetic moments in:

between the spin carriers and impose the relative orientation of the metal centers to each other.

The mixed-valence system

The first reported single molecule magnet [Mn(III)8Mn(IV)4O12(CH3CO2)16(H2O)4],

[23] exhibits a high spin ground state value (S = 10) in which all the Mn centers are assigned as +III or +IV oxidation state and undergoes a very slow relaxation of the magnetization below the blocking temperature due to a negative uniaxial anisotropy (D < 0). This complex can be termed as Class I in the Robin and Day classification because all the metal centers are regarded as localized, and these sites with different specific valences cannot interconvert. [42] The paramagnetic centers are connected by the diamagnetic linkers and the coupling is classified as superexchange interactions. Here, the total spin of the complex is determined by unpaired electrons of the metal center and the interaction arranges the spins depending on geometric factors. Most permanent magnets with high ordering temperatures are based on magnetism developed via electrons hopping throughout the structure, which arises either a weakly delocalized (Class II) or a fully delocalized (Class III) system according to the Robin and Day classification. Apart from the interesting optical and conductivity properties, the magnetic properties of these systems can also be intriguing: when the mixed-valence compounds contain metal ions with more than one unpaired electron, a parallel alignment of the spin is stabilized (ferromagnetic-like coupling), due to the mechanism known as double-exchange, arising from the electron delocalization (vide supra).

Since then, many extended solids such as Heusler alloys have shown to exhibit doubleexchange mechanism. [43,44] The concept was introduced to molecular chemistry in 1983, [45,46] and the representative examples will be discussed as follows.

The most studied molecular system showing double-exchange interactions is In addition to the examples mentioned above, there are also many complexes bridged by single oxygen atoms mediating double-exchange interactions between the spin carriers. [52] However, the absence of well controlled directionality is one of the disadvantages of using single oxygen atom as bridging ligand. Alternatively, using organic bridging ligand can provide new synthetic way towards chemically rational design of high-nuclearity and high-dimensional systems.

Recently, an imidazolate-bridged [V II V III ] reported by Long et al. proves the practicality of the mixed-valence approach using organic bridging ligands (Figure 1 To conclude from aforementioned examples, double-exchange mechanism, induced by an electron delocalized between the metal centers in a mixed-valence complex, is proved to be effective in enhancing the magnetic interactions between the spin carriers. [55] Moreover, employing the organic linkers as bridging ligand, which shows the ability to support chemical modification, gives the access to high-nuclearity molecules and high-dimensional frameworks with strong magnetic coupling and itinerant electrons. Therefore, this mixed-valence approach can serve as an inspiration to explore and design strongly-coupled systems. (The black lines are the best fits). Figure was reproduced from Ref. [54]. Copyright © 2015, American Chemical Society.

The radical bridge approach

With the aim of developing large magnetic exchange coupling, researchers have evaluated a variety of different ligands. It is found that complexes connected by a diamagnetic bridging ligand, usually show weak superexchange interactions. While the use of organic radicals as linkers have proved to be more suitable for the synthesis of molecule-based magnetic materials thanks to the strong direct metal-ligand magnetic exchange interactions. [13] In order to prepare radical-bridged complexes, three methods have been developed: (1) the first one is reacting the pre-synthesized radical and metal salts to obtain the desired complex; (2) in the "in-situ" method, an electron transfer reaction happens between the metal ion and the "redox-active ligand" during the coordination process in which the metal ion is oxidized and the organic linker is reduced into its radical form; (3) the third method is a "post-synthetic" way which works in two steps. Initially a paramagnetic transition-metal-based coordination complex is synthesized involving a neutral diamagnetic "redox-active ligand", and then a redox chemistry is conducted to render the linkers into radical forms. More details concerning these three methods will be discussed in the following sections.

The radical ligand described in the first approach is the one that can be isolated and used as synthesized, such as nitronyl nitroxides, verdazyl and thiazyl radicals, [56] in which the unpaired electron is localized. [57] The heteroatoms on the ring in those radicals can be employed as ligation sites coordinated with metal ions forming complexes with strong exchange interactions between the spin carriers. Over the last decades, many examples of metal complexes with different dimensionalities based on paramagnetic metal ions and organic radicals have been reported, [56,58] including the first experimental observation of slow dynamics in a one-dimensional compound, ). [59] The temperature dependence of the magnetic susceptibility of the Ni II complex shows that there are strong ferromagnetic interactions between nickel spins and the radicals (J/kB(Ni-rad) = +139 K, 𝐻 ̂= -2𝐽 Ni-rad [𝑆 ⃗ 𝑁𝑖 • 𝑆 ⃗ rad ]). Meanwhile, the interaction between the radical and the metal ion in the manganese complex is weaker and antiferromagnetic (J/kB(Mn-rad) = -45 K,

𝐻 ̂= -2𝐽 Mn-rad [𝑆 ⃗ 𝑀𝑛 • 𝑆 ⃗ rad ]
). These two exchange constants are in good agreement with the calculated ones using ab initio wave-function-based calculations analysis that J/kB(Mn-rad) = -45 K and J/kB(Ni-rad) = +148 K. [60] Also antiferromagnetic intermolecular interactions are observed (J/kB(rad-rad) = -9 K in Mn complex and J/kB(rad-rad) = -3 K in Ni complex, 𝐻 ̂= -2𝐽 rad-rad [𝑆 ⃗ 𝑟𝑎𝑑1 • 𝑆 ⃗ rad2 ]) in the two complexes due to the π-π stacking of the radical ligands which leads to the overlap between the SOMO orbitals of the radicals. This example shows that large magnetic interaction is induced between the spin carriers when using the organic radical as ligand.

Dinuclear thiazyl radical-based complexes displaying strong magnetic interactions between the metal center and the bridging ligand have been demonstrated by the Preuss group. [61] So far, numbers of metal complexes based on pre-synthesized radicals with various topological structures and magnetic properties have been achieved, for example, longrange ordered magnets, [41] single-chain magnets, [62] and single-molecule magnets. [63] However, most of the organic radicals have a limited stability in the ambient atmosphere and also tend to be dimerized which leads to the loss of the openshell character. [64] Considering the reduced number of the choices available for radical linkers, it would be good to develop more practical methods for exploring the potentials of radicals as magnetic relay between the metal ions.

Both the in-situ and post-synthetic redox reactions approaches, in which use the redoxactive ligand to generate the radical, can be good alternatives. Since the frontier orbitals of the redox-active ligands have similar energies compared with some of the coordinated metal centers, they can be easily oxidized or reduced by the metal ions during the complex assembly. [65] Hence, judicious selection of metal-ligand units can give spontaneous redox chemistry upon complex formation, thereby generating ligand radicals in situ.

Meanwhile, the redox-active ligand can also gain or lose protons or electrons during the post-synthetic redox process with the metal center remaining at the same oxidation state. The accommodation of redox chemistry directly in the complex overcomes the difficulties of handling radical ligands and allows the isolation of redox isomers easily.

In addition, redox-active ligands have shown to be widely involved in biological coordination chemistry processes. [66,67] It is also employed to design new catalytic reactions. [68][69][70][71] Furthermore, the complexes with redox-active ligand, which featured with electron transport properties, are used to construct molecular electronic devices and redox-flow batteries. [72][73][74] As discussed previously, neutral ligands can bond to metal ions and be reduced as radical during the complexation. In magnetism, one of the most extraordinary example of metal ion-ligand couples exhibiting inner-sphere redox reactions is V(TCNE)2•1/2CH2Cl2 that shows spontaneous magnetization above room temperature. [75] The compound is obtained in the reaction of electron transfer from V 0 (C6H6)2 to TCNE (TCNE = tetracyanoethylene), which reduces the ligand into radical TCNE •-and oxidizes the metal ion V 0 to V 2+ , resulting in significant interactions between magnetic centers even at high temperature.

However, it is not always easy to trigger the inner sphere redox reactions between the metal center and the ligand because of the limited number of redox partners in terms of redox potential. Therefore, the post-synthetic method appears to be more universal.

Since the redox-active ligands can display reversible redox changes in several stable oxidation states, applying them in molecule-based materials enables chemists to tune the magnetic properties by simple oxidation or reduction. Besides, thanks to their abilities of being generated into radical forms, they are able to enhance the magnetic interactions between the magnetic sites. The following section will survey some examples of using the post-synthetic method.

An interesting example of a SMM using redox-active bridging ligand exhibiting reversible "ON/OFF" switchability is the dinuclear Co(II) complex dmp2Nin{Co[N(SiMe3)2]}2 (dmp2Nin = bis(2,6-dimethylphenyl)nindigo) (Figure 1.9). [START_REF] Fortier | A dinuclear cobalt complex featuring unprecedented anodic and cathodic redox switches for single-molecule magnet activity[END_REF] The reaction between 1 eq. ligand H2dmp2Nin and 2.1 eq. of Co[N(SiMe3)2] affords dinuclear dmp2Nin{Co[N(SiMe3)2]}2 compound. [START_REF] Fortier | Probing the redox non-innocence of dinuclear, three-coordinate Co(II) nindigo complexes: not simply β-diketiminate variants[END_REF] The cyclic voltammogram of the complex shows that it has rich redox activity with two reversible reduction processes at -1.45 V and -2.00 V, and one oxidation process at -0.12 V (vs.

FeCp2 0/+ at 0.0 V). Although this original complex does not show any SMM behavior, As a result of the strong magnetic interaction, the S = 5/2 ground state is well thermally stabilized and the complex shows SMM behaviour.

Apart from the nindigo derivative ligand mentioned above, the quinonoid-type molecule can also be employed as bridging ligands to produce molecular magnets. An The work also shows that the presence of the radical ligands has a great impact on the magnetic properties of these complexes which could help to stabilize the ground state of the complex, an important factor in constructing the SMMs.

A similar type of ligand ( NMePh LH2 = N,N',N'',N'''-tetra(2-methylphenyl)-2,5-diamino-1,4-diiminobenzoquinone) was also employed by the same group to construct dinuclear compound with different transition metal ions (M = Cr III , Mn II , Fe II , Co II ) (Figure The results show that the post-synthetic redox method could be applied to complexes with different metal ions, which is suitable as a general method. But in order to get the largest magnetic exchange coupling possible, a judicious choice of metal ions is needed.

In 𝑆 ⃗ rad ))

between the metal center and the radical, indicating that the post-synthetic method with redox-active ligand is also practical for polynuclear complexes (Figure 1.12). The presence of radical linkers produces strong, direct exchange interactions between the metal centers and ligands which helps to stabilize the ground state of the polynuclear complexes and further assist to induce the SMMs behavior. In comparison with polynuclear molecules, the influence of the magnetic exchange coupling on the operating temperature is more significant in 1D, 2D and 3D systems. This postsynthetic approach is also proved to be robust in synthesizing higher dimensional systems. T. D. Harris's group have made significant contributions in synthesizing 1D chain and high dimensional systems constructed by connecting transition metal ions with redox-active benzoquinonoid ligands. [START_REF] Jeon | Solid-state redox switching of magnetic exchange and electronic conductivity in a benzoquinoid-bridged Mn II chain compound[END_REF][START_REF] Degayner | 2D conductive iron-quinoid magnets ordering up to Tc= 105 K via heterogenous redox chemistry[END_REF][START_REF] Liu | Reversible redox switching of magnetic order and electrical conductivity in a 2D manganese benzoquinoid framework[END_REF] For 1D system, the post-synthetic reduction of a Mn( N,O L)(DMSO) ( N,O LH4 = 4,5-bis(pyridine-2-carboxamido)-1,2catechol) chain shows that there is a significant enhancement of the magnetic exchange interactions between the spin carriers from -0.6 K (𝐻 ̂= -2𝐽 Mn-Mn ∑(𝑆 ⃗ Mni 𝑆 ⃗ Mni+1 )) to -22.4 K (𝐻 ̂= -2𝐽 Mn-rad ∑(𝑆 ⃗ Mni + 𝑆 ⃗ Mni+1 ) • 𝑆 ⃗ 𝑟𝑎𝑑 ) (Figure 1.14). [START_REF] Jeon | Solid-state redox switching of magnetic exchange and electronic conductivity in a benzoquinoid-bridged Mn II chain compound[END_REF] Furthermore, the reduced high-dimensional frameworks behave as a permanent magnet with a high Tc. In the study of 2D system, the original 2D network (Me2NH2)2[Fe2L3]

•2H2O•6DMF (LH2 = 2,5-dichloro-3,6-dihydroxo-1,4-benzoquinone) has two radical and one neutral ligands, and it undergoes magnetic ordering below 80 K. [START_REF] Degayner | 2D conductive iron-quinoid magnets ordering up to Tc= 105 K via heterogenous redox chemistry[END_REF] While after further reducing the neutral ligand, the resulting compound shows an increase in the magnetic ordering to 105 K and an open hysteresis loop up to 100 K, owing to the presence of stronger magnetic exchange interactions (Figure 1.15). Ref. [START_REF] Jeon | Solid-state redox switching of magnetic exchange and electronic conductivity in a benzoquinoid-bridged Mn II chain compound[END_REF] Copyright © 2016, American Chemical Society. Bridging transition metal ions with redox-active ligand that can be stabilized in a radical form (so acting as a magnetic relay between the spin carriers) shows remarkable enhancement of the magnetic interactions and tunes the magnetic properties of the complexes, which provides a blueprint onto building high temperature molecule-based magnet. Meanwhile, the possibility of applying this approach to other metal ions with large magnetic anisotropy such as lanthanides was also considered. Usually, the exchange coupling between lanthanide ions is very weak when bridged by neutral ligands owing to the contracted f-orbitals that do not display superexchange interactions through diamagnetic linker. Thus, using radical bridging ligand could, in some extent, help to increase the magnetic coupling by a direct exchange way.

The landmark work of using radical ligand and lanthanide metal ions to synthesize SMM is the N2 3-radical bridged dinuclear complex [K(18-crown-

6)(THF)2][{[(Me3Si)2N]2(THF)Tb}2(- 2 : 2 -N2)] (Figure 1.16
), which was found to have high TB and large coercive fields. [START_REF] Rinehart | A N2 3radical-bridged terbium complex exhibiting magnetic hysteresis at 14 K[END_REF] Thanks to the highly diffuse nature of the magnetic orbital on the radical ligand, strong exchange coupling is promoted between the N2 3-radical and lanthanide metal center, which helps to induce a large relaxation barrier.

[87] Even though exchange coupling could be enhanced in lanthanide-based complexes, it is still very small comparing to that of transitional metal ions. As the unpaired electrons in Ln ions are residing in f-orbitals, which are shield by the fully filled 5s and 5p orbitals, the magnetic behavior arising from the unpaired 4f electrons of Ln complexes is much less affected by the coordinated radical ligand compared to the 3d transition metal series.

Thus it is difficult to promote large interactions in lanthanide-based complexes.

In general, two different approaches, that can improve remarkably the magnetic exchange coupling between the spin carriers, have been introduced in this chapter. The first approach, mixed-valence system via double-exchange mechanism, although very promising, has been exploited in very few complexes with organic linkers. The properties of these complexes are controlled by the degree of localization of unpaired spins. However, a thorough characterization of the product is often non-trivial. The second approach, using radical linkers to build system with strong magnetic interaction, seems more fruitful according to the large number of examples in the literature. The ability to engender and stabilize unpaired electrons on the bridging ligands provides both strong directionality and large magnetic coupling interactions between ligand-and metal-based spin carriers, which will further benefit significantly the magnetic properties of the complexes. Compared with the thoroughly studied pre-synthesized radical method (the synthesis of various radical based complexes and their characterization has been extensively done), the in-situ and post-synthetic redox methods still remain challenged, which also motivate us to design systems based on the redox-active ligands.

When designing the suitable radical linkers that can optimize the strength of the magnetic exchange, two points cannot be overlooked: firstly, the ligand should be strong coordinating to allow a good overlap between the orbitals of the spin carriers, and secondly its unpaired electron should be as delocalized as possible between the two metal ions.

The tetrapyridophenazine (tphz) ligand

Considering the aforementioned requirements to design or choose an ideal redox-active bridging ligand, an aromatic  bridging ligand tetrapyridophenazine (tphz) (Figure 1.17)

has been selected for our research. This ligand is a bis-terpyridine type fully planar molecule. It is reported to be redox-active from the cyclic voltammetry measurements of the mono-and dinuclear ruthenium complexes. [START_REF] Gourdon | Mononuclear and binuclear tetrapyrido [2, 3-a: 3', 2'-c: 2'', 3''-h: 3''', 2'''j]phenazine (tphz) ruthenium complexes[END_REF] In the Ru mononuclear complex [(tpy)Ru II (tphz)](PF6)2 (with tpy = terpyridine as capping ligand), two peaks at -0.61 and -0.75 V vs. Saturated Calomel Electrode (SCE) in DMF can be attributed to the reduction of tphz ligand, each of them involves one-electron process, meaning that this tphz ligand can be reduced twice and be stabilized in its radical form. Another peak centered at -1.26 V is assigned to the reduction of tpy ligand. When it comes to the dinuclear complex [(tpy)Ru II (tphz)Ru II (tpy)](PF6)4, there are also two one-electron reduction processes at -0.24 V and -0.84 V vs. SCE, which is ascribed to the tphz ligand based on the mononuclear complex results. Meanwhile, there is a third reduction peak at -1.5 V due to the reduction of tpy ligand. The mononuclear complex shows a ruthenium reversible oxidation wave at 1.65 V vs SCE in acetonitrile. While the oxidation peaks of the dinuclear complexes are reversible at 1.43 V and 1.87 V. The two well separated oxidation potentials are above and below the potential of the mononuclear complex, indicating a strong interaction between the two metallic centers, [START_REF] Bonhôte | Bi-and tri-nuclear ruthenium(II) complexes containing tetrapyridophenazine as a rigid bridging ligand[END_REF] and the accessibility to mixed-valence Ru II /Ru III , which is further supported by UV-Vis study (Figure 1.18): the dinuclear complex shows a band at an wavelength of 519 nm for Ru-to-tphz transition, which is higher than 472 nm of the mononuclear complex. This behavior also reflects the strong π-acceptor character of tphz and its polyaromatic character. However, the studies on these systems have only paid attention to the electronic and optical properties with no investigations of magnetic properties being undertaken to date. With its redox-activity, this tphz ligand could be a good candidate to act as a magnetic relay between the magnetic metal centers when it is in reduced form, which has been so far neither isolated nor studied. Another advantage to employ this ligand as bridging ligand is that its planarity and its extended π system are expected to support a large delocalization of the unpaired electron when reduced once, providing an excellent candidate for the design of strongly coupled magnetic architectures. Last but not least, the high symmetry of this ligand could also support mixed-valence systems, as already shown with Ru. Therefore, we believe this ligand is suitable for promoting strong magnetic coupling through the π system if the radical form is stabilized or if a double-exchange mechanism arises.

Conclusion and motivation

In this introduction Chapter, we demonstrated the importance of implementing strong exchange coupling between the spin carriers in designing high performance moleculebased magnetic materials. Two strategies have been proposed in order to surmount the challenge. One is to design and synthesize mixed-valence systems with electrons delocalized through the system. The other one of increasing interest is to install unpaired electron onto the bridging ligand to engender a large coupling between radical and unpaired electrons. Redox-active ligand could be excellent candidates to act as these organic linkers. In addition, some interesting polynuclear highly coupled complexes have been reviewed in this chapter to serve as inspirations for our work.

To achieve the goal of promoting large interactions in the system and find the right magnetic units towards high temperature molecule-based magnets, we choose the redox-active tphz ligand which could form strong metal-ligand bonds with tridentate binding mode as bridging ligand. In the second chapter of the thesis, two new series of Co/Ni-based dinuclear systems will be synthesized for the first time with the neutral, once-reduced and twice reduced forms of tphz. In the dinuclear complexes, terpyridine (tpy) was used as blocking ligands to fulfill the coordination sphere of the metal ions and make sure the coordination sphere will not change during the redox processes.

Comprehensive physical studies in terms of crystallographic, magnetic and spectroscopy properties of the complexes will be discussed in details. A good understanding of the factors that govern the strength and sign of the magnetic coupling through an aromatic bridging ligand will be provided from the investigation.

Meanwhile, general synthetic approach for the intentional design of highly-coupled system will also be presented.

Inspired by the first part of this thesis work, a continue effort will be made in order to select the best magnetic units for the high-performance magnet, this part of work will be fully described in the third chapter of this thesis.

Introduction

As discussed in the first chapter, in order to have molecule-based magnetic materials with high operating temperature, one strategy is to increase the magnetic exchange coupling between the spin carriers by a suitable choice of the linkers. Using redoxactive bridging ligands is particularly attractive since they can be reduced or oxidized into stable radical forms, which can mediate the communication/interactions between the metal sites and promote strong exchange coupling. [1][2][3][4][5][6][7][8][9][10][11][12][13][14] Meanwhile, they can provide magnetic switchability and allow a certain tuning of the properties by simple oxidation or reduction. [15] To apply this strategy, it is also crucial to have the suitable metal ions as spin carriers which not only show large ground state and magnetic anisotropy, but also provide the right singly occupied orbital that generates a good overlap with the π system of the ligand, enabling strong electron delocalization. Since the electron configurations of Ln 3+ ions are [Xe]4f n , the unpaired electrons are shielded from external interactions by 5s 2 5p 6 filled sub-shells. [16,17] It is therefore better to choose transition metal ions which can promote direct π-d conjugation in the system, allowing the efficient electron transfer.

Based on these considerations, this study aims at developing a rational design and synthesis of new molecule-based magnets constructed from redox-active bridging ligand (tphz) [5,18,19] and 3d metal ions with large intramolecular magnetic interaction. At the same time, a general understanding of the metal/organic orbital complementarity in the control of the magnetic interactions is an important aspect of this work. Our investigation starts from "prototype" dinuclear systems by reacting the tphz ligand with paramagnetic cobalt and nickel metal centers. Terpyridine (tpy) was used as capping ligands to complete the coordination sphere of the metal ions. The isolation of these dinuclear systems should allow us to undertake complete magnetic and electronic studies of both metal centers and ligand within the complex.

To this end, new dinuclear complexes [M2(tphz)(tpy)2](PF6)n (M = Co II , Ni II , n = 4, 3, 2 or 0) have been synthesized. The structural characterization, magnetic properties and theoretical modelling of the complexes are investigated in detail in the first and second part of this chapter. By comparing the significant change of the properties in the Co and Ni analogous series, the key parameters that govern the strength and sign of the exchange coupling are discussed in this chapter, which pave a way for further design of high temperature magnet.

Redox-active dinuclear Co(II) system 2.2.1 Synthetic strategy and general structural comments

The [Ru2(tphz)(tpy)2](PF6)4 complex, that is introduced in Chapter 1, was synthesized by the reaction of an excess of [Ru(tpy)(acetone)3](BF4)2 with tphz ligand in DMF at 120°C. The anions were changed afterwards by adding NH4PF6 salts. However, this synthetic method is complicated because it involves several steps including a chromatographic purification. [19] In this chapter, a new synthetic strategy has been adopted in order to obtain crystalline samples of "prototype" dinuclear systems (see experiments section for details). First CoCl2 was used to react with terpyridine to obtain Co(tpy)Cl2 as a starting material- [20] With the strongly coordinated Cl -, the formation of highly stable bis(terpyridine) metal complex is avoided. Then in the next step, Cl - was removed by TlPF6 forming TlCl, which is insoluble in the MeCN solution and acts as a driving force of the reaction. With the presence of tphz, once the Cl -is removed, the (tpy)Co 2+ can directly coordinate to the tphz ligand and give rise to the targeted dinuclear complex. Subsequent diffusion of diethyl ether vapor in the resulting dark red

solution directly yielded orange, needle-shaped crystals of 1•Co ([Co2(tphz)(tpy)2](PF6)4•3MeCN) (Figure 2.

1). The compound was first characterized

by single crystal X-ray diffraction.

In order to investigate the redox-activity of the ligand in this complex, cyclic voltammetry (CV) of 1•Co was performed in acetonitrile, revealing four redox processes, centered at -0.34 V, -1.04 V, -1.77 V and -1.93 V vs. Fc + /Fc (Figure 2.2). The rest potential is close to 0 V, indicating only reduction processes are involved, each of them involving one electron. There are no trace of the oxidation peaks even up to 2 V, so the Co(III) oxidation state is not accessible in this complex. These potentials are very close to what has been reported for the Ru analogue, [19] suggesting that the redox processes are mainly centered on the ligands, which will be further confirmed by a combination of crystal structure analysis and DFT calculations (the details will be discussed below). In the CV measurement, the first two signals correspond to the reduction of the central tphz whereas those at ca. -2 V correspond to those of the tpy ligands. The dissymmetry of the most cathodic signal is very diffusion dependent and was not further investigated.

The potentials of the three first reduction processes are well separated (by 0.7 V with the comproportionation constants of ca. 7.2×10 11 ), indicating that the mono-and doubly-reduced species are particularly stable. Remarkably, it is also observed two redox processes for the tpy moieties, indicating significant electronic coupling through both the bridging ligand and the Co centers.

Based on these redox properties, 1•Co was reacted with a slight excess of 1, 2 and 4 eq. of a strong reductant, KC8 (redox potential around -3 V), affording after recrystallization the once, twice and four times reduced analogues as For compound 1•Co to 3•Co, the powder XRD are identical between the experimental and simulated ones, confirming the purity of the samples (a slightly shift is due to the temperature difference, the powder measurements were performed at room temperature while the simulated data were based on the crystal structure collected at 120 K). In the experimental pattern of 2•Co, the first two reflections (001 and 010) are close but well separated (6.6° and 6.8°). On the simulated pattern, this separation is almost not distinguishable in this picture, but presents. This is a consequence of close metrics between b and c (Table 2.1), closer at 120 K than at room temperature. Fc + /Fc in CH3CN, using a platinum working electrode, at a 0.1 V/s scan rate, and 0.1 M (n-Bu4N)PF6 as supporting electrolyte.

[Co2(tphz)(tpy)2](PF6)3•2MeCN (2•Co), [Co2(tphz)(tpy)2](PF6)2•2MeCN (3•Co), [Co2(tphz)(tpy)2]•2THF (4•Co) (Figure 2.

Structural description of 1•Co-4•Co

Analyzing the structure of the four cobalt compounds could give us an idea of the oxidation and spin states of the Co centers.

[Co2(tphz)(tpy)2](PF6)4•3MeCN (1•Co)
crystallizes in the C2/c space group with a 2-fold axis passing through its center perpendicularly to the mean plane of the tphz ligand (Table 2.1, Table 2.

2). Each Co ion

resides in an octahedral environment involving three nitrogen atoms from the bridging ligand and another three nitrogen atoms from a capping terpyridine. At 120 K, the Co-N (Co1-N4, N5, N6) bond distances between the metal ion and tpy range from 1.875 (5) to 1.991(6) Å, indicating a Co(II) center in its low spin (LS) state. [21] 2.3). and DFT data (details will be discussed below). 

R1 = Σ||F0| -|FC||/Σ|F0| and b wR2 = [Σw(F0 2 -FC 2 ) 2 /Σw(F0 2 ) 2 ] 1/2

XAS and XMCD measurements of 1•Co, 2•Co and 3•Co

In order to further experimentally confirm the assignment of the oxidation and spin state of the cobalt metal ions in the complexes and investigate the delocalization of the magnetic moment, X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD), which directly probe the electronic structure of a given element, were employed. The techniques are particularly relevant and attractive for complexes with redox-active ligands for which the oxidation state of the metal ion could be questioned. The experiments were carried out at the ID12 beamline of the European Synchrotron Radiation Facility (Grenoble, France).

General introduction of XANES and XMCD measurements

X-rays can emit enough energy to eject a core-shell electron from an atom to an excitonic state or to the unbound state (continuum) (Figure 2.8). The absorption of the energy can be detectable as an absorption edge in the X-ray absorption spectroscopy. [28] Since every atom has core-shell electrons with well-defined binding energies, different element can be probed by tuning the X-ray energy to an appropriate absorption edge.

Due to the quantum number of the electron that is excited, the name of the edges can be called as: K-, L-, and M-, referring to different quantum number n = 1, 2, and 3, respectively. The XAS spectrum is typically consisting of two parts: X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine-structure (EXAFS).

Though the two have the same physical origin, they present different information of the local atomic structure and electronic states of a sample. In XANES, the oxidation state, coordination environment and bonding characteristics of specific elements in a sample can be probed from the shape and energy shift of the X-ray absorption pre-edge and edge regions. While the EXAFS is used to determine the distances, coordination number, and species of the neighbors of the absorbing atoms. [29] X-ray magnetic circular dichroism (XMCD) is a difference spectrum between two Xray absorption spectra taken in a magnetic field with left and right circularly polarized lights, i.e. when the helicity of the X-rays are parallel and antiparallel to the magnetization direction of the magnetic materials. XMCD is thus sensitive to magnetic polarization. This high sensitivity makes it unique for the study of spin and orbital contribution to the total magnetic moment carried by the absorbing atom, and to determine both their magnitudes and signs. [30] Experimental results The experimental results from the XAS and XMCD spectra, in shape and intensity, confirm the previous assignment of the oxidation and spin states of cobalt in 1•Co, 2•Co and 3•Co three complexes.

At

Magnetic properties of 1•Co, 2•Co and 3•Co

To evaluate and compare the strength of the magnetic coupling in this family of complexes, dc magnetic susceptibility measurements of 1•Co, 2•Co and 3•Co were performed on the polycrystalline samples under a 0.1 T applied field. Analysis of the susceptibility temperature product (χT) as a function of temperature (T) provides information about the magnetic interaction in the complexes.

For 1•Co, χT product shows a plateau at about 100-200 K with a value of 0.85 cm 3 K mol -1 , in agreement with two isolated LS Co(II) centers with gCo = 2.13(5) (Figure 2.10).

Upon cooling below 100 K, the χT value decreases down to 0.04 cm 3 K mol -1 at 1.85 K, which can be ascribed to the presence of an antiferromagnetic coupling between the two S = 1/2 Co(II) magnetic centers. J/kB and g are estimated by fitting the experimental data to the susceptibility calculated from the Van Vleck equation in the weak field approximation relative to the following isotropic spin Hamiltonian:

𝐻 ̂= -2𝐽 Co-Co (𝑆 ⃗ Co1 ⋅ 𝑆 ⃗ Co2 ) + 2𝑔 Co 𝜇 B 𝑆 ⃗ Co ⋅ 𝐻 ⃗ ⃗⃗ (2.1)
Although weak, this exchange constant of -12.7(3) K (green line in Figure 2.10; with g = 2.17 (5)) is larger than what is usually observed through diamagnetic pyrazine bridging ligand, as a consequence of the short Co-Npyz distance. [7,25] Above 200 K, the compound undergoes a spin crossover (SCO). The χT value at 400 K shows an incomplete S = 1/2 (LS) to 3/2 (HS) conversion for each cobalt ion. [34] The thermal dependence of the spin crossover is fitted using an ideal solution model (Equation 2.2 red line -Figure 2.10) with 𝜒𝑇 𝐿𝑆 and 𝜒𝑇 𝐻𝑆 being the χT products for the pure LS and HS species assuming a g value of 2.18, R the ideal gas constant and ∆𝐻 the associated enthalpy variation. The fitting results give rise to T1/2 ~ 467(5) K with an associated enthalpy variation of 27(2) kJ mol -1 [35]. To detect the reversibility of the SCO, the sample was first cooled from 220 to 1.85 K, then heated up to 400 K followed by a cooling process till 1.85 K. The magnetic behavior is roughly reversible but the partial loss of interstitial solvent molecules around 400 K prevents obtaining the exact same SCO behavior (Figure 2.11). For the monoreduced compound 2•Co, the χT product found at room temperature is 6.4 cm 3 K mol -1 , which is much larger than the expected value (4.13 cm 3 K mol -1 with g = 2) for two magnetically isolated S = 3/2 Co(II) and one S = 1/2 radical (Figure 2.12). This is however more consistent with an S = 5/2 ground state (with gST=5/2 = 2.40( 5))

𝜒𝑇 = 𝜒𝑇 𝐿𝑆 + (𝜒𝑇 𝐻𝑆 -𝜒𝑇 𝐿𝑆 ) / (1 + 𝑒𝑥𝑝 ( ∆𝐻 𝑅 ( 1 𝑇 - 1 𝑇 1/2 )) (2.2)
expected in presence of an extremely large exchange coupling between Co(II) centers and the bridging tphz •-radical. The χT values remain almost constant in the 100-300 K temperature range also indicating that the S = 5/2 ground state is well isolated from excited states, as confirmed by DFT, the first excited quartet state being about 500 K above (more details will be discussed below). The large magnitude of the magnetic interactions and the resulting temperature independence of the χT product below 300 K preclude any exact quantification of JCo-tphz•-, but an estimation of JCo-tphz•-/kB > 500 K was obtained by the susceptibility data simulating using a three spins model with PHI using the following spin Hamiltonian: [36] 𝐻 ̂= -2𝐽 At least two relaxation processes are present as the relaxation time increase at low field and then decreases above 0.1 T. Two processes can explain the low field dependence:

The Quantum Tunneling of the Magnetization (QTM) [40] or a Raman process. [41] Their associated relaxation time can be expressed as:

𝜏 QTM -1 = 𝐵 1 1 + 𝐵 2 𝐻 2 (2.5) 𝜏 Raman -1 = 𝐶 1 + 𝐵 1 𝐻 2 1 + 𝐵 2 𝐻 2 𝑇 𝑛 (2.6)
The high field regime, during which the relaxation time follows roughly a H -4 variation, can be described only by a direct relaxation [42] as:

𝜏 Direct -1 = 𝐴𝑇𝐻 4 (2.7)
On the other hand, an Orbach relaxation, [43] which is thermally activated but field independent (K is a constant), cannot be excluded:

𝜏 Orbach -1 = 𝜏 0 -1 exp (- ∆ 𝑘 B 𝑇 ) (2.8)
Therefore, due to the number of the possible relaxation pathways different models should be explored. The field dependence of the relaxation time can be well fitted by only two models:

Model 1:

𝜏 -1 = 𝜏 Raman -1 + 𝜏 Direct -1 = 𝐶 1 + 𝐵 1 𝐻 2 1 + 𝐵 2 𝐻 2 𝑇 𝑛 + 𝐴𝑇𝐻 4 (2.9) 
Model 2: By simply reducing once the complex, its magnetic properties are tuned from SCO to SMM. When it comes to the twice reduced compound 3•Co, its magnetic susceptibility measurements reveal a continuous increase of the χT product from 0.07 cm 3 K mol -1 at 1.8 K to 2.01 cm 3 K mol -1 at 400 K without reaching a plateau in this temperature range.

𝜏 -1 = 𝜏 QTM -1 + 𝜏 Direct -1 + 𝜏 Orbach -1 = 𝐵 1 1 + 𝐵 2 𝐻 2 + 𝐴𝑇𝐻 4 + 𝐾 (2.
The value at room temperature is 1.75 cm 3 K mol -1 much smaller than expected for two magnetically isolated Co(II) HS ions (3.75 cm 3 K mol -1 with gCo = 2) (Figure 2.

19).

This thermal behavior is consistent with a strong antiferromagnetic coupling between the two HS Co(II) magnetic centers leading to a singlet ground state. Indeed, the best fit of the χT vs. T data with the isotropic spin Hamiltonian: Since there are two HS Co(II) spins on this complex, the possibility of the existing magnetic anisotropy is also considered when fitting the χT product. However, the effect of magnetic anisotropy on the susceptibility is only dominant at low temperature (below 50 K) whereas the 3•Co is almost diamagnetic in this temperature range as a consequence of the well isolated S = 0 ground state. Therefore, it is impossible to extract a reliable magnitude of the magnetic anisotropy for this compound. A simulation of the magnetic data with three different values of D has been done using the PHI software [36] (with gCo = 2.03 and J/kB = -74 K) (Figure 2.20). The magnetic data are virtually identical with or without D, which means the fitting is only sensitive to the J value. which cannot be simply explained by the change of Co(II) spin state. The tentative explanation is that the spin density in the complex 3•Co is more delocalized leading to a large coupling.

𝐻 ̂= -2𝐽 Co-Co (𝑆 ⃗ Co1 ⋅ 𝑆 ⃗ Co2 ) + 2𝑔 Co 𝜇 B 𝑆 ⃗ Co ⋅ 𝐻 ⃗ ⃗⃗ (2.

NMR analysis of 1•Co, 2•Co and 3•Co

According to the magnetic measurements, complex 3•Co reveals a diamagnetic ground state well isolated from the excited state within the temperature range from 1.85 K to 400 K. In order to further detect this behavior in solution, nuclear magnetic resonance (NMR) signal shifts, as a measure of the magnetic susceptibility, were detected on 3•Co.

As a comparison, the measurements of 1•Co and 2•Co were also performed.

Paramagnetic NMR spectroscopy refers to the measurements of chemical shifts of paramagnetic complexes. Although most NMR measurements are conducted on diamagnetic compounds, the detection of the 1 H NMR signal of nickelocene ((C5H5)2Ni, two unpaired spins, S = 1) in toluene marked the beginning of solution-state NMR spectroscopy applied to paramagnetic complexes, revealing that paramagnetic samples can also be analyzed and give rise to special effects revealed by a wide chemical shift range and broadened signals due to the unpaired electrons. [47] In order to further investigate magnetic properties of 1 In order to roughly estimate the magnetic susceptibility of 3•Co in solution, Evan's method, which utilizes the difference of the NMR chemical shift of a solvent caused by the presence of a paramagnetic species, was carried out. This method was first established in 1959 in order to determine the magnetic susceptibility. [48] The 

𝜒 𝑔 = 3Δ𝑓 4𝜋𝑓𝑚 + 𝜒 0 (2.12)
Where χg is the mass paramagnetic susceptibility of the sample solution, χ0 is the gram susceptibility of pure CD3CN solvent (-0.534 × 10 -6 cm 3 g -1 ), [51] f is the operating radio frequency of the spectrometer (4 × 10 8 Hz), and m is the concentration of the sample solution in the outer tube in g cm -3 . The molar susceptibility χ is calculated from χg taking into account the diamagnetic contribution calculated from the Pascal tables. [52] The estimation of the magnetic susceptibility in solution by Evan's method gives rise to a χT value of 2.48(8) cm 3 K mol -1 at 300 K, which is quite comparable with the χT value of 1.77(8) cm 3 K mol -1 in solid state. All these NMR studies show that the magnetic behaviours of complexes 1•Co to 3•Co shown in the solid state can also be observed in solution. This bathochromic shift reflects the stronger π-acceptor character of tphz upon successive reductions. These broad absorption bands in the NIR region also indicate an unusually large electronic delocalization for non-mixed valence systems.

UV-Vis

Computational details of 1•Co-4•Co

We can see from all the experimental results above that each compound possesses peculiar properties, especially for the twice reduced 3•Co which shows a diamagnetic ground state well isolated from excited state even at room temperature. However, it is difficult to fully understand this behavior with the traditional framework of localized spins. Computational chemistry can help to rationalize the unusual magnetic properties, in an effort to better understand all the experimental results. Therefore, theoretical calculations were performed by Dr. Elizaveta A. Suturina from the University of Bath in order to visually figure out the electronic structure and magnetic interaction of the complexes. The results are shown as follows, the average N1-Co-N3 axis is taken as the z direction by convention.

DFT (density functional theory) calculations of the tphz ligand and 1•Co-4•Co

Calculations have been carried out with ORCA 4.0 program package using the crystal structure of the molecules. [54] The Highest Occupied Molecular Orbitals (HOMO), the Lowest Unoccupied Molecular Orbitals (LUMO), and LUMO+1 of the tphz have computed as show in Figure 2.25. This ligand could perfectly support a large electronic delocalization is evidenced by the very diffused orbitals through the π system. 

Ab initio ligand field analysis (CASSCF calculations)

The LS versus HS preferences is further supported by the ligand field splitting for the 

Broken symmetry approach for exchange coupling in 1•Co to 3•Co

The exchange interactions of 1•Co to 3•Co have been computed using the brokensymmetry approach. First proposed by Noodleman in 1981, [55] the broken symmetry approach has proved to be convincing in calculating the magnetic interactions between the paramagnetic centers in polynuclear complexes. [56] In the case of two identical spin centers, the broken symmetry solution is an open shell singlet state, which corresponds to a spin flip on one of the two sites. The exchange coupling constant (J) is then computed as: Therefore, the computed magnetic interaction between Co(II) HS and radical ligand is -509 K, which should be more precisely described as an antiferromagnetic exchange coupling between the dxy(Co)+π(Ntphz) orbitals and the π system of the carbon atoms of the pyrazine ring in tphz for symmetry reasons ( 

𝐽 = 𝐸 HS -𝐸 BS 〈𝑆 2 〉 HS -〈𝑆 2 〉 BS (2.
𝐻 ̂= -2𝐽(𝑆 ⃗ 1 𝑆 ⃗ 2 + 𝑆 ⃗ 2 𝑆 ⃗ 3 ) (2.16)
The equation 2.16 can be rewritten as equation 2.17 when apply 𝑆 ⃗ ′ = 𝑆 ⃗ 1 + 𝑆 ⃗ 3 and

𝑆 ⃗ 𝑇 = 𝑆 ⃗ ′ + 𝑆 ⃗ 2 into it, then we get 𝐻 ̂= -𝐽(𝑆 ⃗ 𝑇 2 -𝑆′ ⃗⃗⃗⃗2 -𝑆 ⃗ 2 2 ) (2.17)
which gives rise to energy levels as:

𝐸 = -𝐽(𝑆 𝑇 (𝑆 𝑇 + 1) -𝑆 ′ (𝑆′ + 1) -𝑆 2 (𝑆 2 + 1)) (2.18)
The origin of the energy in equation 2.18 can be shifted arbitrarily, say by a constant factor of

𝑐 = -𝐽(𝑆 2 (𝑆 2 + 1)) (2.19) 
Then one has 𝐸 = -𝐽(𝑆 𝑇 (𝑆 𝑇 + 1) -𝑆 ′ (𝑆′ + 1))

(2.20)

The energy shift is shown below ( The large energy separation between ground state and excited states can explain the observed magnetic data that the ground state is maintained even at room temperature. The exchange interaction estimated using the broken symmetry approach for 3•Co is antiferromagnetic with J/kB = -137 K, which is in the same order of magnitude with the fitting data (J/kB = -74 K). The SOMO of 3•Co (Figure 2.32) shows the unpaired electrons of HS Co(II) sites are mainly localized on dxy, dx2-y2 and dz2 orbitals.

The overall spin density calculated from the broken symmetry solution is shown in As explained in the text above, these short distances are due to the reduction of the bridging ligand, which increases the electrostatic interactions.

The magnetic exchange coupling J between two Co(II) HS metal ions through diamagnetic tppz ligand in [Co2(tppz)(dca)4] complex equals -1.58 K (fitted by the Hamiltonian H ̂= -2𝐽𝑆 ⃗ 1 𝑆 ⃗ 2 ), which is significantly smaller than the exchange coupling (-74 K) between two HS Co(II) metal ions in complex 3• Co.

Overall, the examples using the tppz ligand together with the work described in this chapter suggest that tppz and tphz ligands could support redox-active reactions.

Meanwhile, in order to promote a better control of the self-assembly, and higher spin delocalization, more planar ligands like tphz are favored. Thus, it is necessary to seek redox-active π bridging ligand mediating strong magnetic interactions, which can be considered as general tools for the design of highly coupled systems and high temperature molecule-based magnets

Concluding remarks for 1•Co, 2•Co and 3•Co

In this part, new multi-switchable "prototype" dinuclear cobalt complexes have been rationally assembled using a redox-active and strongly complexing bridging ligand (tphz). In this system, the intramolecular magnetic interactions have been tuned by successive reduction processes. The original neutral complex exhibits a weak antiferromagnetic exchange between LS Co(II), while the once reduced 2•Co stabilizes very strong antiferromagnetic couplings between the S =1/2 organic spin and the two HS Co(II) magnetic centers. This complex possesses a well isolated ST = 5/2 ground state even at room temperature. When further reducing this dinuclear complex into the twice reduction form, an overall diamagnetic compound is generated because of a strong antiferromagnetic coupling between two HS Co(II), which is also confirmed in solution by NMR studies. This work demonstrates that controllable reduction of complexes designed with redox-active ligands (and successful crystallization) offers a new route to produce materials with different spin configurations and interactions. Also, it is concluded that the largest exchange coupling is caused by a good overlap between d and -orbitals of metal ions and bridging ligand, which supports an electron delocalization through the system. This orbital consideration is often overlooked for the design of molecular magnets except with cyanide bridges for which its importance is well established. [61,62] Thus, it is essential for our work to have this idea when constructing the desired magnetic units.

Nickel based analogues

The influence of the various oxidation states of redox-active tphz ligand in modulating the magnetic exchange coupling in dinuclear Co II complexes have been intensively explored in the first part of this chapter. From the experimental and DFT analyses, strong magnetic interactions are due to a spin delocalization arising from an overlap between the π system of the bridging ligand and the singly occupied dxy orbital (the only atomic orbital strongly overlapping with the tphz π system) of the Co(II).

Therefore, in this type of radical/metal ion complexes, both electronic configurations of metal ions and the bridging ligand are indeed having an apparent influence on the nature and magnitude of the intramolecular coupling. In order to further prove and investigate the role of this dxy orbitals in controlling the magnetic interactions, Ni(II) metal ions, with fully occupied dxy orbital, are chosen as spin carriers to synthesize dinuclear prototype analogues.

Synthetic strategy and cyclic voltammetry measurements for Ni complexes

The new dinuclear nickel complex 1•Ni has been obtained by reacting Ni(tpy)Cl2, [63] TlPF6 and tphz [18,19] in CH3CN. with the reported Ru(II) and Co(II) analogues [18,19], the two processes at -0.40 and -1.25 V can be assigned to the reduction of the bridging ligand and the other two most cathodic processes to the reduction of the terpyridine ligands. The large separation between the two first redox potentials evidences the high stability of the radical form of the tphz bridging ligand in the complex, with a comproportionation constant of ca.

2.6×10 14 . The two redox events corresponding to the reduction of the terpyridine capping ligand are very close and asymmetric, due to their weak but significant electronic communication through the [Ni-tphz-Ni] moiety. 

Structural description of 1•Ni, 2•Ni and 3•Ni

XAS and XMCD measurements of 1•Ni, 2•Ni and 3•Ni

To directly probe the spin and oxidation states of the nickel metal ions in the Ni-based complexes and further confirm the structural analysis, XAS and XMCD measurements were performed. [34,64,65] The experimental XAS spectrum at the Ni K-edge (Figure 

Magnetic properties of 1•Ni, 2•Ni and 3•Ni

To quantify the strength of the magnetic coupling and compare the influence of the dxy orbital on the magnetic properties, dc magnetic measurements were performed on the Below 80 K, the progressive decrease of χT, to a minimum value of 0.38 cm 3 K mol -1 at 1.85 K, is the result of the concerted effect of weak antiferromagnetic interactions between the nickel spins and the intrinsic magnetic anisotropy of the Ni centers. The increase of the magnetization in applied magnetic field without saturation is also due to the magnetic anisotropy of the Ni sites. To estimate the magnitude of the antiferromagnetic interactions, both χT vs. T and M vs. H curves are fitted by an isotropic spin Hamiltonian with magnetic interaction, axial zero-field splitting and Zeeman terms.

𝐻 ̂= -2𝐽 Ni-Ni (𝑆 ⃗ Ni1 ⋅ 𝑆 ⃗ Ni2 ) + 2𝐷 Ni 𝑆 Ni,𝑧 2 + 2𝑔 Ni 𝜇 B 𝑆 ⃗ Ni ⋅ 𝐻 ⃗ ⃗⃗ (2.21)
The best fit gives gNi = 2.21 (5), DNi/kB = +13.6(3) K and an exchange constant of JNi-

Ni/kB = -1.86(3) K.
For the once-reduced Ni analogue, the χT value at 300 K is 4.1 cm 3 K mol -1 , significantly higher than ca. 2.8 cm 3 K mol -1 expected for an uncoupled system of two Ni(II) ions (gNi = 2.2) and one organic radical (grad = 2.0) (Figure 2.43). This result suggests the presence of a strong ferromagnetic exchange coupling between the metal center and the bridging radical tphz •-spins that is confirmed by the increase of the χT product upon cooling between 300 and 40 K. Below 40 K, a χT plateau is reached with a maximum value of 5.20 cm 3 K mol -1 , which corresponds to an ST = 5/2 spin ground state for this complex (gST=5/2 = 2.18(5)). In this system, the ferromagnetic interactions are straightforward to rationalize considering the orthogonality of the magnetic orbitals of the Ni metal ions (dx2-y2 and dz2) and the singly occupied molecular orbital (SOMO) of the bridging ligand, which is delocalized on its π system (see DFT calculations for details). Its magnitude can be estimated analytically or numerically by fitting the temperature dependence of the χT product using a three spins model with PHI, based on the following Hamiltonian:

𝐻 ̂= -2𝐽 Ni-rad (𝑆 ⃗ Ni1 + 𝑆 ⃗ Ni2 ) ⋅ 𝑆 ⃗ rad + 𝜇 B (2𝑔 Ni 𝑆 ⃗ Ni + 𝑔 rad 𝑆 ⃗ rad ) ⋅ 𝐻 ⃗ ⃗⃗ (2.22)
with grad fixed at 2, which leads to J/kB = +214(5) K (gNi = 2.17 The obtained parameters are gST=5/2 = 2.17(5), D/kB = +3.9(1) K and E/kB = +0.79(4) K. Ac susceptibility measurements were also performed on all the three Ni-based compounds, with no observed ac signal.

UV-Vis-NIR analysis of 1•Ni, 2•Ni and 3•Ni

As a comparation to the Co analogues, the UV-Vis-NIR absorption spectra of the 

Computational studies of 1•Ni, 2•Ni and 3•Ni

As previously said, the main interest and goal of this study resides in the pertinence of the direct comparison between the Ni(II) and the HS Co(II) complexes to understand the influence of metal/orbital complementarity in magnetic interactions, for which only the electronic configuration of the metal centers differs. Indeed, the experiments data show that there are significant differences in the magnetic coupling between the Ni and 

Ab initio ligand field analysis (CASSCF calculations)

The ligand field was computed with SOC-CASSCF(8,5)/def2-TZVP method, where 10 triplet and 15 quintet states were mapped onto crystal field Hamiltonian as implemented in ORCA 4.0. For the calculation, one of the Ni(II) sites was substituted with Zn, and the charge for once reduced compound was kept +4 to ensure that all unpaired electrons are localized on Ni(II). To be noticed, the average N1-Ni-N3 axis is taken as the z direction by convention.

The ligand field splitting of 3d orbitals in all Ni complexes is similar to once and twice reduced Co analogues with HS Co(II) as metal centers. For not reduced and once reduced Ni complexes, the t2g orbitals are close in energy and there is a significant splitting of eg orbitals. However, in 3•Ni complex, except for the splitting of eg orbitals, a remarkable energy difference was also observed between dxy and dxz, dyz (Figure 2.46).

The splitting of d-orbitals is characteristic for an elongated octahedron with a large splitting of eg orbitals and the dz2 orbital that is lower in energy than dx2-y2 due to the bond lengths with the axial tphz nitrogen atoms (Ni-N1 and Ni-N3, Figure 2.36) that are larger than equatorial bond lengths. 

Exchange interaction from broken-symmetry approach (DFT calculations)

The exchange interactions have been computed using the broken-symmetry approach as implemented in ORCA 4.0 with B3LYP/def-TZVP method on the basis of X-ray crystal structures. Broken-symmetry approach is basically a DFT calculation of highspin state (HS, when both Ni have spins up) and the broken-symmetry state (BS) when the spin of one of the Ni is down. From the calculations, the energy of different spin states and the exchange coupling are obtained. The Ni(II) is assumed to be in its triplet state. The exchange coupling constant (JNi-Ni) is computed as: [68,69] 𝐽 𝑁𝑖-𝑁𝑖 = -𝐸 𝐻𝑆 -𝐸 𝐵𝑆 ⟨𝑆 2 ⟩ 𝐻𝑆 -⟨𝑆 2 ⟩ 𝐵𝑆 (2.25) where expectation values are listed in Table 2.9. governing the strength and nature of the magnetic coupling via an aromatic bridging ligand.

𝐸

Conclusions and perspectives

In this chapter, two new families of dinuclear [(tpy)M(tphz)M(tpy)] n+ (M = Co(II), Ni (II), n = 4, 3, 2, 0) complexes are thoroughly investigated by experimental and theoretical methods. The only difference between these two analogues is the metal ion electronic configuration, which provides a unique platform for a direct comparison of the influence of atomic orbitals within the metal ion on controlling the strength and sign of the magnetic coupling. In Co(II) analogues with HS Co(II) as metal centers, in addition to the unpaired electrons on dx2-y2 and dz2, another unpaired electron which has a considerable impact on the magnetic properties is located on the dxy orbital. Among the five d orbitals, this dxy orbital is the only one for which the orientation allows a significant overlap with the π system of the bridging ligand, so that the spin density from this orbital can glide onto the π system. The resulted large spin delocalization was responsible of the remarkably strong antiferromagnetic coupling between the two Co(II) when twice reduced (-74 K), in marked contrast to this Ni(II) analogue (for which the intermolecular interaction is almost switched off). This comparative study allows therefore to quantify the role of the population of these two overlapping key orbitals (dxy and π) in the strength of the magnetic interactions. At least one order of magnitude is gained when an unpaired electron is located on the π orbital of the bridging ligand (SOMO): the magnetic coupling between tphz •-and Ni(II) is ferromagnetic with J/kB = +214 K (vide supra), while a huge antiferromagnetic exchange is observed for the HS-Co(II) complex (at least -500 K). It means therefore that the coupling between unpaired electrons in dxy and πtphz•-is huge and overcomes the ferromagnetic contribution between dx2-y2 + dz2 and πtphz•-. Qualitatively, this J(𝑑xy-π) interaction is larger than -700 K from a simple JCo-rad/kB -JNi-rad/kB relation.

Meanwhile, the effect of tphz ligand deserves to be highlighted. Its planarity, π system and redox-active character of the ligand significantly help to enhance the magnetic exchange coupling in the dinuclear systems.

In conclusion, those experimental results depict the factors which governs the strength and sign of the magnetic coupling via an aromatic bridging ligand. In addition to the obvious interest of using redox-active bridging ligand, the careful selection of the metal ion based on its electronic configuration is the key step to promote the strongest possible magnetic coupling when the t2g orbital, where reside the metal ion unpaired electrons, overlap the best with the π system of the radical bridge. This approach can be extended to systems with higher nuclearities and dimensionalities, for which the strong magnetic exchange will be fully exploited to design high temperature moleculebased magnets.

As a perspective, one possibility could be to extend comprehensive study of the role for all d orbitals in tuning the magnetic properties. A preliminary work has been started

with copper(II) based complex. Compared with previously discussed Co/Ni system in which there are several singly occupied d orbitals, there is only one singly occupied eg orbital in the Cu(II) ion. By analyzing the Cu(II) based system, a better understanding of the role of this particular orbital in influencing the magnetic properties can be gained.

An original Cu(II) dinuclear complex [Cu2(tphz)(tpy)2](PF6)4•3MeCN was synthesized by the reaction of (tpy)CuCl2, tphz and TlPF6 in MeCN and the magnetic property of this compound was also investigated as a preliminary result (Figure 2.52). The magnetic interaction between two Cu(II) metal ion can be referred from the best fit of the χT vs.

T plot with the following Hamiltonian:

𝐻 ̂= -2𝐽 Cu-Cu (𝑆 ⃗ Cu1 ⋅ 𝑆 ⃗ Cu2 ) + 2𝑔 Cu 𝜇 B 𝑆 ⃗ Cu ⋅ 𝐻 ⃗ ⃗⃗ (2.28)
Which gives J as -2.68 K (gCu = 2.01). With all this information in mind, this compound could be used as the starting material for future synthesis of the reduced form complexes. Attentions should also be focused on looking for the best magnetic unit for the design of high temperature magnets. In this regard, Cr(III) metal ions with d 3 electronic configuration to ensure the existence of singly occupied t2g orbitals ought to be chosen as spin carriers, all the related works will be mainly discussed in the next chapter.

Experiments section 2.5.1 Materials

Reactions for the syntheses of complexes 2•Co-4•Co and 1•Ni-3•Ni were carried out under a dry N2 atmosphere using a glovebox. Diethyl ether (Et2O), acetonitrile (CH3CN) and tetrahydrofuran (THF) were purified using an Innovative Technologies solvent purification system. CoCl2•6H2O, NiCl2, CuCl2•2H2O were purchased from Alfa Aesar, TlPF6 was purchased from Strem and used as received. Potassium-graphite (KC8) was prepared by reacting potassium (1 eq.) and graphite (8 eq.) at 120 °C under a N2

atmosphere.

[70]

Synthesis procedures

Three-steps have been involved to synthesize the tphz ligand. [18,71,72] 5-Methoxy-4,7-phenanthroline hydrogen sulfate. First, a solution of 98% H2SO4 (51 mL) in H2O (27 mL) was prepared under ice bath. Then, sodium 3nitrobenzenesulfonate (10 g, 0.044 mol), 2,5-diaminoanisole sulfate (5 g, 0.021 mol) and glycerol (93.4 g, 0.953 mol) were added to a three necked 1L flask. The solution of sulfuric acid was added under stirring. The mixture was heated under refluxing for 14 hours until a dark brown solution was obtained. The solution was cooled to room temperature, poured over ice (54 g). The pH of the solution was adjusted to 10 by using 50% NaOH. A large amount of solid Na2SO4 precipitated was formed. The solids were filtered off and washed with chloroform until the organic extracts were pale yellow.

Meanwhile, the aqueous solution was also extracted with chloroform until the chloroform extracts were pale yellow. All the extracts were combined, dried over anhydrous Na2SO4 and the solvent was removed by evaporate rotatory. The resulting dark red oil was evaporated to a paste in the fume hood for overnight. The residue was dissolved in a minimum volume of methanol (7 mL) and 98% H2SO4 was added to precipitate a brown solid. The precipitate was isolated by filtration, washed with ethanol and diethyl ether, dried in vacuo. Yield: 3.2 g (47%). 

Synthesis of Co(tpy)Cl2.

[20] 0.5 g terpyridine was dissolved in 75 mL hot ethanol.

Another solution of CoCl2•6H2O (0.5 g) in 50 mL ethanol was added to the solution of terpyridine in ethanol, the mixture was refluxing for 10 min, the green precipitate was filtered off, and washed with ethanol and diethyl ether. Yield: 0.72 g (86%). IR (solid, 𝜈 ̃/cm 

Synthesis of [Co2(tphz)(tpy)2]•2THF (4•Co)

Complex 1•Co (30 mg, 0.018 mmol, 1eq.) and 11.8 mg of KC8 (0.0874 mmol, 4.9 eq.) were stirred in 3 mL of THF at r.t. for 16 hours and filtered using a Sartorius filter. Very few black crystals of 4•Co came out from the diethyl ether diffusion into the solution with ≤ 4% yield with other byproducts.

The compound is not stable out of the mother liquor at room temperature.

In order to further qualitatively confirm the reversibility of the redox processes, compounds 1•Co and 2•Co were also synthesized by chemical oxidation of 3•Co:

Crystals of 3•Co (24 mg, 0.018 mmol, 1eq.) and AgPF6 (4.5 mg, 1 eq.) were stirred in 2 mL of CH3CN for 10 minutes at room temperature. Dark brown crystals of 2•Co were obtained after one day from slow diffusion of diethyl ether, as confirmed by unit cell determination using single-crystal X-ray diffraction.

Crystals of 3•Co (18 mg, 0.013 mmol, 1eq.) and AgPF6 (6.8 mg, 2 eq.) were stirred in 2 mL of CH3CN for 10 minutes at room temperature. Orange single crystals of 1•Co were obtained after two days from slow diffusion of diethyl ether, as confirmed by unit cell determination using single-crystal X-ray diffraction.

Synthesis of Ni(tpy)Cl2.

A solution of 1.2 g terpyridine in 100 mL ethanol was added to the solution of NiCl2 (1.5 g) in 150 mL ethanol, the suspension was refluxed for 5 hours, the dark yellow precipitate was filtered off, and washed with ethanol and diethyl ether. Yield: 1.3 g (70%). IR (solid, 𝜈 ̃/cm -1 ) 569 (w), 631 (m), 640 (s), 648 (s), 

Synthesis of [Ni2(tphz)(tpy)2](PF6)4•3MeCN (1•Ni

). 188 mg (0.521 mmol, 1.0 eq.) of

Ni(tpy)Cl2, 100 mg (0.257 mmol, 0.49 eq.) of tphz and 364 mg (1.05 mmol, 2.0 eq.) of

TlPF6 were reacted in 20 mL of CH3CN for 10 hours, the resulting orange solution was filtrated through using plastic VWR filter. Orange crystals came out from diethyl ether diffusion into the solution with an approx. 90% yield based on Ni. TGA: 26-250°C: - 

Physical measurements

Elemental analyses (EA) were performed on a ThermoFischer Flash EA 1112.

FT-IR spectra were recorded on a Thermal Scientific Nicolet TM 6700 ATR (attenuated total reflection) spectrometer equipped with a Smart iTR diamond window. UV-vis-NIR spectra were recorded using a Perkin Elmer LAMBDA 950 in dry acetonitrile.

Thermogravimetric analysis (TGA) was recorded under argon atmosphere on a

Setaram TAG 16 using a sweep rate of 5 K/min.

Crystallography: Crystallographic data on single crystals were collected with a Bruker APEX II Quasar diffractometer, equipped with a graphite monochromator centred on the path of MoK radiation ( = 0.71073 Å). The single crystals were coated with CargilleTM NHV immersion oil and mounted on a fiber loop, followed by data collection at 120 K. The program SAINT was used to integrate the data, which was thereafter corrected using SADABS. The structures were solved using direct methods and refined by a full-matrix least-squares method on F 2 using SHELXL-2014. [73,74] All non-hydrogen atoms were refined with anisotropic displacement parameters.

Hydrogen atoms were assigned to ideal positions and refined isotropically using a riding model.

For compound 1•Co, one of the two crystallographic acetonitrile molecules were found to be disordered over 2 positions with equal occupancies. Hydrogen atoms on this disordered acetonitrile molecule were not introduced but were taken into account in the formula.

For compound 3•Co, disordered acetonitrile molecules are also present, but the disorder cannot be modeled correctly without using too many restraints or constraints. Therefore, those were treated as a diffuse contribution to the overall scattering without specific atom positions using the SQUEEZE procedure in PLATON. [75] For compound 4•Co, the lattice tetrahydrofuran (THF) molecule was found to be disordered over two positions and was refined using EADP, SADI, DANG and SIMU constraints/restraints. Hydrogen atoms on this disordered THF molecule were introduced for only one of the two positions.

The crystallographic data for 1•Co-4•Co are listed in Table 2.1, Table 2.2.

The CIF files have been deposited at the Cambridge Crystallographic Data Centre as supplementary publication no. CCDC 1588321-1588324.

For compound 1•Ni, one of the two crystallographic acetonitrile molecules was found to be disordered over two positions with equal occupancies. Hydrogen atoms on this disordered acetonitrile molecule were not introduced, but were taken into account in the formula.

For compound 2•Ni, all the tested crystals were very small and weakly diffracting: the data were cut at 1.0 Å as there is no reflection above. This results in a low data/parameters ratio. The Et2O molecule was found to be disordered over two positions and refined using SADI, SIMU, EADP and EXYZ restraints and constraints.

For compound 3•Ni, disordered ether molecules are also present, but the disorder cannot be modeled correctly without using too many restraints or constraints. Therefore, those were treated as a diffuse contribution to the overall scattering without specific atom positions using the SQUEEZE procedure in PLATON.

The CIF files have been deposited at the Cambridge Crystallographic Data Centre as supplementary publication no. CCDC 1861535-1861537. X-ray absorption spectroscopy. XAS and XMCD spectra were obtained at the ID12 beamline (ESRF -The European Synchrotron). We used fundamental harmonic of Apple-II type undulator for experiments at the Co and Ni K-edge. All XAS spectra were recorded using total fluorescence yield detection mode and were subsequently corrected for reabsorption effects. The XMCD spectra were obtained as the difference between two consecutive XAS spectra recorded with opposite photon helicities. Furthermore, the XMCD spectra were systematically obtained in both magnetic field directions (at 17 T) in order to ensure the absence of experimental artifacts. The samples appeared to be free of any significant ferromagnetic impurities. The magnetic data were corrected for the sample holder and the intrinsic diamagnetic contributions. Hamiltonian 𝐻 ̂𝐻𝐷𝑉𝑉 = -2𝐽𝑆 ⃗ 𝐴 𝑆 ⃗ 𝐵 .

Magnetic susceptibility measurements

DFT and CASSFC calculations

Chapter 3

Chromium(III) complexes containing tetrapyridophenazine (tphz) ligand

General introduction

In the previous chapter, two families of "prototype" Co/Ni dinuclear complexes with (tetrapyridophenazine) tphz ligand were thoroughly investigated. The experimental and theoretical analyses of all the complexes reveal that redox-active bridging ligands are capable of mediating strong magnetic interactions between the coordinated metal ions.

Meanwhile, the dxy orbital of transitional metal ions overlaps the best with the π orbital of the tphz ligand, providing a unique pathway for electron delocalization through the compounds. To continue exploring the best magnetic units for high temperature molecule-based magnets, chromium(III) metal ion, with d 3 electron configuration, appears to be the ideal candidate. In Cr 3+ ions, all t2g orbitals are singly occupied, which guarantee the π-d conjugation and good electron communications between metal center and bridging ligand. Meanwhile, with empty eg orbitals, the observed ferromagnetic contribution in Co(II)/Ni(II) dinuclear complexes generated by the orthogonality of the singly occupied eg orbitals with Ni(II) and the SOMO of the bridging ligand can be precluded with Cr(III). The initial work aims to synthesize dinuclear compounds similar to those described in chapter 2 with Cr(III) ions as metal centers and investigate the intra-complex magnetic communication inside the complex. However, the attempt was not successful for reasons that are explained in the following. Therefore, our study focuses on three mononuclear complexes [Cr(tphz

)(tpy)](CF3SO3)n•Solvent [n = 3 (1'•Cr), 2 (2'•Cr), 1 (3'•Cr)],
which compose of a central Cr(III) ion coordinated by tphz and tpy ligands with different oxidation states. The extensive physical characterizations of these mono-compounds are performed and described in this chapter.

Synthetic strategy for 1'•Cr, 2'•Cr and 3'•Cr

The preparation of Cr III based complexes is slightly different compared to the previously discussed Co/Ni systems (chapter 2). The precursor [Cr(tpy)Cl3] was synthesized following a reported procedure from the reaction of CrCl3(THF)3 and terpyridine in refluxing THF. [1] In the strategy described in chapter 2, TlPF6 was utilized to remove the chloride anions of the Co(tpy)Cl2 or Ni(tpy)Cl2 precursors in order to facilitate the coordination procedure. However, in present case, it is harder to remove Cl -from Cr(tpy)Cl3 by TlPF6 due to the high electron withdrawing ability of the Cr(III) metal ions. Thus, triflic acid was used to replace the Cl ions with triflate anions giving Cr(tpy)(CF3SO3)3 as a starting material. Although the synthetic strategy of this compound is already reported, [2] the crystal structure has not been mentioned in the literature. Hence, the compound was characterized by X-ray diffraction. It crystalizes in the triclinic P-1 space group with one Cr metal ion coordinated to three nitrogen from the terpyridine ligand and three oxygen form triflate ions (Table 3.1, As mentioned before, the initial objective of this study was to obtain a dinuclear structure similar to those Co/Ni complexes described in chapter 2. So the first reaction was done with 2 eq. of Cr(tpy)(CF3SO3)3 and 1 eq. of tphz [4,5] in a CHCl3 and MeCN solvent mixture. Single crystal X-ray structure determination reveals that instead of the expected dinuclear structure, the final compound 1'•Cr is a mononuclear complex [Cr(tphz)(tpy)](CF3SO3)3•Et2O (Figure 3.2) with one Cr(III) ion bound by one tpy and one neutral tphz ligand. Changing the reaction condition didn't help to get the ideal dinuclear complex, we reasoned that once the [(tpy)Cr] 3+ moiety is coordinated to one side of the tphz ligand, the Cr(III) metal ion is withdrawing the electron density from tphz, so that it will be more difficult to add another [(tpy)Cr] 3+ on the other side of the ligand. Meanwhile, the short N1-N3 distance (4.15 Å) after coordination, together with the rigidity of the tphz ligand, give rise to a large N4-N6 distance (4.93 Å) on the other coordinate site (Figure 3.2), which no longer fits with a metal ion like Cr(III) ion with relatively small radius. Although the targeted dinuclear complex was not obtained at this stage, it is of interest to explore the physical properties of this mononuclear complex and to unravel the electron communication between the Cr(III) metal ion and the tphz ligand. Therefore, the redox-activity of the compound was studied with cyclic voltammetry measurements in MeCN. Quasi-reversible four-step redox processes at -0.05, -0.89, -1.36 and -2.06 V vs. Fc + /Fc are detected for 1'•Cr (Figure 3.3). The rest potential is close to 0 V, thus only reduction processes are involved. The involved reduction processes could be from neutral tphz to once or twice reduced form, from tpy to tpy a synthetic path toward new magnetic units which could be subsequently involved into (supra)molecular architectures (ex. The "complex as ligand" strategy can be applied using this mononuclear complex to build a hetero-tri-spin system), offering a straightforward access to the high temperature molecule-based magnets. In addition, the study of the magnetic coupling between the Cr metal center and the radical ligand in the mononuclear system will complete the work on Co and Ni dinuclear complexes presented in chapter 2. To that end, we have tried to synthesize the once and twice reduced complexes from the reaction between Cr(tpy)(CF3SO3)3 (1 eq), tphz (1 eq) and a moderate reducing agent, Cobaltocene (Co(Cp)2) (1 eq or 2 eq, respectively) in MeCN. Subsequent diffusion of diethyl ether vapor into the MeCN solution yielded brown or black crystals depending on the different radio of the reducing agent. Co(Cp)2 was selected as reducing agent is because: (1) it is soluble and stable in MeCN; (2) the redox strength of this reagent is suitable for the first and second reduction processes. 3.3).

Meanwhile, the valence of the Cr metal ions is also confirmed by bond valence sum calculation. [10] The existence of a Cr(II) metal ion is excluded as there is no Jahn-Teller distortion observed at the Cr site in 1'•Cr and supported by electronic spectroscopy study (vide infra).

Further structural analyses reveal that the adjacent molecules stack with π-π interactions between two tphz ligands (Figure 3.4). The shortest intermolecular distance is 3.15 Å.

The void space in the crystal packing is filled by triflate anions and the solvent diethyl ether molecules. Cr and nitrogen atoms of the tpy ligand are 2.065(6), 1.998(6) and 2.065(6) Å, in agreement with the reported C-N lengths in Cr III complexes (Table 3.3). [2] The Cr-N bond distances between Cr and tphz vary in the range of 1.900 (6) 

XAS measurements of 1'•Cr and 2'•Cr

In order to directly probe the oxidation state of the central chromium ion and to confirm the previous oxidation state assignments, XAS measurements were performed for The position of the first pre-edge transition for [Cr III (tpy 0 )2] 3+ is at 5990.3 eV). [11,17] Furthermore it supports the former attribution of the oxidation states of metal ions in 

UV-Vis-NIR analysis of 1'•Cr, 2'•Cr and 3'•Cr

The electronic absorption spectra of 

Magnetic properties of 1'•Cr, 2'•Cr and 3'•Cr

To evaluate the magnetic exchange coupling in these Cr III based complexes, and to confirm the influence of the singly occupied dxy orbital in enhancing the magnetic properties, dc magnetic measurements were performed on the polycrystalline samples of three compounds at 1 T applied field.

The temperature dependence of the χT product in 1'•Cr remains constant with a value of 1.91 cm 3 K mol -1 from 300 to 1.8 K (Figure 3.9). This is consistent with the expected value (1.875 cm 3 K mol -1 ) for a Cr III complex that contains one isotropic S = 3/2 ion with gCr = 2.02. The result is further confirmed by the fitting of M vs. HT -1 curves with an S = 3/2 Brillouin function with gCr equals 2.04 (Eq 3.1), which is also in good agreement with those reported mononuclear complexes containing Cr(III) metal center. [11] The thermal behavior of χT product below 5 K is probably due to the weak π-π intermolecular interactions, which is not considered in the analysis. According to the temperature independence of χT data below 320 K, it is impossible to accurately quantify the magnitude of the magnetic interaction between the Cr (III) metal ion and the radical tphz ligand. As discussed in the chapter 2, the estimated exchange coupling between Cr(III) and tphz radical is above 700 K, so as to isolate the ground state from the excited state, Jcr-rad is fixed as -1000 K during the fitting process. A reasonable fit of both χT vs. T and M vs. H curves are achieved with grad fixed at 2 and Jcr-rad maintained at -1000 K, which results in the final optimized parameter D/kB = 5.6 K, Jrad-rad/kB = -16 K and gcr = 2.02 (Figure 3.11).

𝑀 = 𝑁𝑔𝜇 𝐵 𝑆𝐵 𝑠 (𝑦), 𝑦 = 𝑔𝜇 𝐵 𝑆𝐻 𝑘 𝐵 𝑇 𝐵 𝑆 (𝑦) = 2𝑆 + 1 2𝑆 coth ( 2𝑆 + 1 2𝑆 𝑦) - 1 2𝑆 coth ( 1 2𝑆 𝑦) (3.1) 
Considering the large magnetic coupling between the Cr metal ion and the radical, the complex can be also seen as a macro spin ST = 1 to fit the χT product below 320 K. So a second fitting model is considered via the Hamiltonian with Zeeman term, intermolecular magnetic interaction and the magnetic anisotropy of the macro spin:

𝐻 ̂= 2𝐷𝑆 T,𝑧 2 + 2𝑔𝜇 B 𝑆 ⃗ T ⋅ 𝐻 ⃗ ⃗⃗ -2𝐽𝑆 ⃗ T ⋅ 𝑆 ⃗ T (3.3)
The model also fits well the data with gST = 1 = 2.01, D/kB = 6.07 K, J/kB = -1 K.

Therefore, both two models quantitively work for this compound. In addition, it is found that the sign of the magnetic anisotropy D/kB has no influence on the fitting result.

In the present case, high field EPR measurement will be needed to determine the magnetic anisotropy parameter. Cr III ion (S = 3/2) and two radicals (S = 1/2). This small value suggests that strong antiferromagnetic exchange interactions exist not only between Cr III ion and tphz radical, but also between tpy radical and Cr III ion, leading to a thermally well isolated ground state S = 1/2. In the range of 300-60 K, the magnitude of the χT product remains fairly constant. This behavior demonstrates that the excited states are not populated in this temperature range due to the very large intramolecular magnetic coupling. Then the χT value decreases to a minimum value of 0.17 cm 3 mol K -1 when the temperature is below 60 K, which can be explained by the magnetic coupling between tphz •-induced by π-π stacking of the ligands and/or the magnetic anisotropy caused by distorted octahedral coordination sphere of the Cr(III) metal ions. A six-spin model (Figure 3. While the lack of curvature in the χT vs. T plot between 50-300 K precludes an exact determination of interactions between the metal ion and the radical ligands. To guarantee the well isolated ground state, Jcr-tpy•and Jcr-tphz•are constrained at -1000 K in the fitting process (the determination of the value is according to the estimation from the chapter 2 that exchange coupling singly occupied dxy orbital and tphz radical is above 700 K). The best fit gives Jrad-rad/kB = -20 K and gcr = 2.08. The magnetic anisotropy D/kB of Cr(III) ions were also included in the first place, but it did not improve the fitting result. Meanwhile, the compound can be described as a single ST = 1/2 macro-spin due to the strongly antiferromagnetically coupled metal ion and radical ligands. Thus a macro spin ST = 1/2 model was also employed to fit the data using the Hamiltonian including the Zeeman terms and the intermolecular magnetic coupling.

The best fit gives gST = 1/2 = 2.13, J/kB = -2.3 K. Overall, the two models show the same quantitate results and they are all suitable for describing the magnetic behaviour of the compound.

𝐻 ̂= 2𝑔𝜇 B 𝑆 ⃗ T ⋅ 𝐻 ⃗ ⃗⃗ -2𝐽𝑆 ⃗ T ⋅ 𝑆 ⃗ T (3.5)

One explanation regarding on the large antiferromagnetic interactions between the metal ions and the radical ligands could be the singly occupied t2g orbitals of Cr(III) metal ion are strongly interacting with the SOMOs of radical tphz and tpy ligands, which provide channels for spin delocalization. To confirm this hypothesis, DFT calculations are needed for this work. 

Some attempts based on Cr(II) metal ions and tphz

As described in chapter 1, when the frontier orbitals of a redox-active ligand are spatially proximate and energetically similar to the frontier d orbitals of the transition metal, inner sphere redox reactions could happen (= intramolecular charge transfer). [23] Both the ligand and metal ions can easily change the oxidation states and be stabilized at the same time in the complex. [24] A famous example of this kind of complex is the so called "pyrazine green" [Cr III (Hpyz • )] 3+ complex [25] in which the pyrazine ligand can be reduced by Cr 2+ ions. Inspired by this compound, our group has reported a twodimensional CrCl2(pyz)2 network, from the reaction of CrCl2 and pyrazine ligand, showing huge magnetic exchange interactions (-2877 K) and high electronic conductivity. [26] These properties are induced by the redox-activity of the pyrazine ligand, which lead to a smearing of the Cr 3d and pyrazine π states. This inner redox process strategy proves to be efficient in assembling high dimensional network.

Furthermore, the ability of both the redox-active ligands and metal ions to support electron delocalization within a network offers the prospect of mixed valency, [27] which clearly has an influence on the magnetic property and the electrical conductivity of the materials. [28][29][30] As a redox-active ligand, tphz can also be reduced into radical form upon complex formation with the suitable metal ion. In order to continue our research in building the system based on Cr 3+ metal ions and redox-active tphz ligand, it is important to consider the possibility of inner sphere reaction between Cr 2+ metal ions tphz ligand, enabling the chemical assembly of targeted dinuclear or even high dimensional systems. This complex crystalizes in orthorhombic Pnnm space group. Each Cr metal ion is penta-coordinated with three N from the tphz ligand and two Cl -ions. redox reactions. [31] 

wR2 = [Σw(F0 2 -FC 2 ) 2 /Σw(F0 2 ) 2 ] 1/2
Therefore, by carefully choosing the reaction condition, the Cr 2+ -tphz system can be a promising scaffold for delocalized and tunable electronic structures in higher nuclearities and extended systems. Due to the absence of further results using 4'•Cr and 5'•Cr as starting material, these compounds were not further studied so far. 

Conclusions and perspectives

In this chapter, we have described the syntheses, structural and magnetic properties of three mononuclear Cr(III) complexes with different oxidation states of tphz and tpy ligands. The electronic states of the complexes are studied by structural analysis and Xray absorption spectroscopy. Magnetic analysis suggests that complex 1'•Cr possesses a single Cr(III) magnetic center, while complex 2'•Cr shows a S = 1 ground state with very strong antiferromagnetic magnetic interactions between Cr(III) metal center and tphz •-. The behavior of 2'•Cr further supports the results described in chapter 2 that strong interaction could be promoted when the singly occupied t2g orbital overlaps significantly with the π system of the radical bridge. Meanwhile, a strong antiferromagnetic interaction can also be observed between Cr(III) and tpy •-in 3'•Cr which is reasoned that all the t2g orbitals are populated in this complex while the dxz orbital interacts with the SOMO of radical tpy ligand and induces the large coupling.

As a continuation of designing highly coupled system as a magnetic unit, this work verifies the importance of choosing the right singly-occupied d orbital in improving π-d conjugation between the ligand and the metal ion orbitals.

Future direction based on the work presented in this chapter could be using a large size metal ion, for example lanthanide metal ion, to link two mononuclear complexes (1'•Cr to 3'•Cr) together resulting in a trinuclear complex such as [(tpy)Cr(tphz)Ln(tphz)Cr(tpy)] n+ (Figure 3.16). The large magnetic anisotropy of the lanthanide ion together with the increased magnetic exchange coupling between the magnetic centers can help to build SMMs with high operating temperature. 

Experiments section

Materials

All the reactions were carried out under an inert atmosphere using a N2 glovebox and Schlenk line techniques. Diethyl ether (Et2O), acetonitrile (CH3CN) and tetrahydrofuran (THF) were purified using an Innovative Technologies solvent purification system. The cobaltocene, CrCl3(THF)3, CrCl2 were purchased from Merck and dried before used.

Synthesis procedures

The synthesis of tphz was based on the literature procedures. [4,32,33] 

Synthesis of Cr(tpy)Cl3.[1]

A solution of terpyridine (0. 

Physical measurements

FT-IR spectra were recorded on a Thermal Scientific Nicolet TM 6700 ATR (attenuated total reflection) spectrometer equipped with a Smart iTR diamond window.

Electrochemistry: Cyclic voltammetry (CV) measurement was performed for 1'•Cr with a Metrohm Autolab PGSTAT101 equipped with a platinum working electrode.

Ferrocene was used as an internal reference. Measurements were done in MeCN with 0.1 M (n-Bu4N)PF6 as supporting electrolyte, at a scan rate of 0.1 V/s.

UV-vis-NIR spectra were recorded using a Perkin Elmer LAMBDA 950 in dry acetonitrile.

Crystallographic data were collected with a Bruker APEX II Quasar diffractometer, equipped with a graphite monochromator centred on the path of MoK radiation (λ = 0.71073 Å). The single crystals were coated with Cargille TM NHV immersion oil and mounted on a fiber loop, followed by data collection at 120 K. The program SAINT was used to integrate the data, which was thereafter corrected using SADABS. The structures were solved using direct methods and refined by a full-matrix least-squares method on F 2 using SHELXL-2014. [34] All non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms were assigned to ideal positions and refined isotropically using a riding model.

For 1'•Cr, the data were cut at 0.90 Å as there is no diffraction above. The crystal structure contains one diethyl ether solvent molecule which was found to be highly disordered. This lattice solvent molecule was modelized using SADI, DFIX and SIMU constraints/restraints. Two triflate anions were also found to be disordered and were refined using the same restraints.

For 2'•Cr, all the tested crystals were very small and weakly diffracting and thus the data were cut at 1.0 Å as there is no reflection above.

For 3'•Cr, one of the acetonitrile molecules was found to be disordered over two positions and resides on an inversion center, the two positions being therefore equivalent by symmetry. N11 and C48 atoms reside on the same position and were refined using EADP and EXYZ contraints. C47A and C47B atom positions were constrained at fixed positions as these atoms are very close to an inversion center at 0.5 0.5 0. The hydrogens on the disordered acetonitrile (on C48) were not introduced but were taken into account in the compound formula.

X-ray absoption spectroscopy. XAS were obtained at the ID12 beamline (ESRF -The European Synchrotron). We used fundamental harmonic of Apple-II type undulator for experiments at the Cr K-edge. All XAS spectra were recorded using total fluorescence yield detection mode and were subsequently corrected for reabsorption effects.

Magnetic susceptibility measurements were performed on a Quantum Design SQUID magnetometer MPMS-XL and PPMS-9 Quantum Design susceptometer at temperatures between 1.8 and 320 K and dc magnetic fields ranging from -7 to 7 T.

Measurements were performed on a crystalline powder sample of 

Conclusions

In this thesis, we aim at using radicals to design highly-coupled systems which could act as prototype for the construction of high performance molecule-based magnetic materials. In the preceding chapters, we reach several key breakthroughs which will be summarized here.

Chapter 1 begins with a brief introduction of basic concepts in magnetism and molecule-based magnetic materials, then a bibliographic study about two emerged approaches towards enhancing the magnetic interactions are presented. After discussing the interest of using redox-active ligand as a magnetic mediator, tphz ligand is selected to be used in our work for the construction of "prototype" species in order to find the right magnetic components for the design of higher nuclearities and dimensionalities systems with unpreceded magnetic and electronic behaviors.

In the second chapter, two new families of dinuclear complexes [M2(tphz)(tpy)2](PF6)n (M = Co and Ni, n = 4, 3, 2) with the redox-active strongly complexing tphz ligand are presented. In these systems, the intramolecular magnetic interactions have been tuned

by successive reduction processes. The original complex shows a weak antiferromagnetic exchange interaction between LS Co(II) ions, as well as a spincrossover behavior above 200 K. By simply reducing once the bridging ligand, the obtained compound can be turned into a single-molecule magnet with an ST = 5/2 spin ground state that is the only thermally populated state at room temperature thanks to a very strong antiferromagnetic coupling (above 500 K) between the radical linker and the metal center. While the twice reduced complex possesses a ST = 0 ground state and a large antiferromagnetic coupling between the HS Co(II) centers. For the nickel analogues, the neutral tphz ligand mediates a weak antiferromagnetic exchange coupling between the S = 1 Ni(II) centers, and its once reduced form, tphz •-, promotes a large ferromagnetic coupling of J/kB(Ni-tphz •-) = +214 K. Reducing twice the bridging ligand completely switches off the magnetic interactions within the complex, in marked contrast to the Co(II) analogues. This work illustrates the interests of using redox-active bridging ligand to promote high exchange coupling between the paramagnetic centers and to tune the magnetic properties of the complexes. Meanwhile, a clear understanding of the key factors of promoting the strongest possible coupling is provided in this work.

In particular, the use of metal ions with unpaired electrons residing on the suitable orbital which overlaps the best with the radical π system is highlighted.

After understanding the key parameters to build highly-coupled systems, further work is ongoing to synthesize better magnetic units for assembling high temperature magnets.

Chapter 3 is dedicated to three mononuclear complexes based on [tpy-Cr(III)-tphz] n+ (n = 1, 2, 3). The d 3 electron configuration of Cr(III) metal ions with empty eg orbitals preclude the ferromagnetic contribution from the orthogonality of the singly occupied eg orbital and the SOMO of the tphz radical. Therefore, with once reduced tphz ligand, both 2'•Cr and 3'•Cr show a ground state that is well isolated from the excited state even at room temperature owing to the huge antiferromagnetic exchange coupling between the metal ion and the radical ligands. Although, the targeted dinuclear complexes are not obtained, these three compounds can still be interesting building blocks for higher nuclearities systems.

Taken together, the aforementioned works might have a profound influence in the field of constructing high temperature molecule-based magnets. First, the works reveal the role of redox-active bridging ligand with different oxidation states in promoting large magnetic exchange interaction and tuning the magnetic properties of the complexes.

Second, they experimentally reveal the factors which govern the strength and sign of the magnetic coupling. Last, the comprehensive knowledge developed on the "prototype" systems will help us to choose the suitable building blocks in assembling multi-dimensional molecular magnets with desired properties.

Perspectives (including some preliminary attempts)

Polynuclear complexes with [metal-tphz] as magnetic units

The works presented in this thesis have paved the way for designing strongly magnetically coupled systems. Inspired by these accomplishments, the future work would target high nuclearity or high dimensional species with [metal-tphz] as building units. A sequential method represented in Figure P.1 could be employed to synthesize complexes with high nuclearities: the first step is the synthesis of dinuclear complex based on tphz, then after removing the coordinated anions, two tphz ligands could be added to each side of the complex. Since there would be two coordination sites available, metal salts can continue to coordinate. Using this method, the compound will form step by step, which enables us to control the number of the nucleus in the system. In this section, some future direction based on this method will be discussed. Here, some preliminary attempts have been done following the first M1 step of the procedure.

First of all, considering the singly occupied dxy orbital overlaps the best with the π system of the tphz ligand, transitional metal ions with d 3 (Cr III ), d 5 (Mn II , Fe III (HS)), and d 7 Co II (HS) electron configuration should be used as spin carriers. As for anions, the halide atoms can be one of the options, which will later be removed by thallium salts, allowing the ligands to continue the complexation (L1 step). For the same reason, some less-coordinating or easily removable ions, such as NO3 -, CF3SO3 -, PF6 -, could also be used. Three dinuclear compounds have been synthesized (Figure P.2), mainly focusing on the 3d metal ions. A bond distance analysis of the above Co and Fe complexes reveals that the metal centers are in high spin (HS) states. However, after replacing the coordinated solvent by the tphz ligand, there is a high possibility that the spin states of the metal ions will switch from HS to low spin (LS) due to the change of ligand field and bond distances.

One problem may arise for Fe complex: the LS Fe(II) ion is much smaller in size compared with HS one and is strongly coordinating; since the ligand is rigid, the other Fe metal ion may not be able to be adapted into this coordination sphere. In this consideration, it is necessary to keep the metal ion always in its HS state, one possible solution is reducing the central π-acceptor tphz ligand into radical anion leading to a weaker ligand field strength, which could stabilize Fe(II) center in HS state. [1] Except the obvious interest of tuning the magnetic properties and increasing the exchange coupling by radical ligand in these polynuclear complexes, other fascinating cases can emerge such as mixed-valence states, which will promote a ferromagneticlike coupling between the spin carriers through a double exchange mechanism, leading to species with high spin ground states and therefore potentially higher operating temperature.

The second part of the work could center on exploring 4d/5d metal ions as spin carrier.

Compared with 3d metal ions, 4d/5d metal centers have a larger spin-orbit coupling.

For this reason, larger magnetic anisotropy, which is an essential parameter for the construction of SMMs or SCMs, is expected. In addition, the 4d/5d metal ions have more diffused orbitals, which will support a better overlap between the orbitals of the metal ions and the π system of the redox-active bridging ligand to open a pathway for electron delocalization within the system, further increasing the interaction between the magnetic centers. In particular, the Nb(IV) complex on Compared with the original compound, there is one Li + metal ion coordinated to the carboxyl group of the ligand in the new complex. Therefore, either the Nb 4+ or the pyztca ligand is reduced in order to compensate the charge. This result is very promising and encouraging for the continuation work of building highly coupled system with this pyztca ligand. Overall, the usefulness of the redox-active strategy is demonstrated by comprehensive experimental and theoretical studies in this thesis. The challenge for the future work lies in the suitable choice of synthetic method and incorporation of the orbital considerations in the design of the highly coupled systems. It is believed that the foregoing research will make a valuable contribution towards creating the next generation of high temperature molecule-based magnets and conductors.

Experiments section:

Materials

Except for the synthesis of dinuclear Co and Mn complexes, all the reactions were carried out under an inert atmosphere using a N2 glovebox and Schlenk line techniques.

Diethyl ether (Et2O), acetonitrile (CH3CN) and tetrahydrofuran (THF) were purified using an Innovative Technologies solvent purification system. Anhydrous pyridine, N, N-Dimethylformamide (DMF), N, N-Dimethylacetamide (DMA) were purchased from Alfa Aesar. The Nb(THF)2Cl4 was purchased from Strem, FeCl2, Fe(CF3SO3)2, Mn(CF3SO3)2 were purchased from Merck, all above mentioned chemicals were dried prior to use. Co(NO3)2•6H2O was purchased from Alfa Aesar and used as received.

Synthesis procedures

Synthesis of [Co2(tphz)(NO3)2(DMF)2](NO3)2•2DMF. 10 mg (0.025 mmol, 1 eq.) d'une température dite « de blocage » (TB)), que des systèmes de plus hautes dimensionnalités tels que des couches moléculaires 2D ou des polymères de coordination 3D présentant des ordres magnétiques à longue portée en dessous d'une température dite « critique » Tc. [5,6] De nombreux efforts sont encore nécessaires pour améliorer la stabilité et les températures d'utilisation des aimants moléculaires afin d'en faire une véritable alternative technologique aux aimants classiques. Jusqu'à présent, la plus haute température de blocage d'une molécule-aimant est de 80 K, proche du point d'ébullition de l'azote liquide, [7] alors que pour les chaînes-aimant, celle-ci n'est que de 14 K. [8] Par conséquent, un défi actuel majeur du magnétisme moléculaire est de synthétiser des matériaux stables pouvant garder leur aimantation à température élevée, idéalement audessus de la température ambiante.

Pour obtenir des tels aimants moléculaires à haute température, il est important de comprendre les facteurs qui influencent TB ou Tc. Un des paramètres critiques est l'interaction d'échange J entre les porteurs de spin. Cette valeur correspond à la séparation énergétique entre l'état de spin fondamental et les états excités dans les complexes, et devrait être suffisamment grande pour bien isoler l'état fondamental afin de générer des comportements de molécule-aimant. [9] De plus, la barrière d'énergie d'inversion de spin des chaînes-aimants dépend directement de J. De même, J est proportionnel à la température d'ordre magnétique dans les aimants permanents bidimensionnels et tridimensionnels. [10] Il est donc très important d'avoir un grand J pour tous les matériaux magnétiques à base de molécules. Deux stratégies pour promouvoir de fortes interactions magnétiques entre les porteurs de spin sont particulièrement prometteuses : i) l'approche dite « de valence mixte », pour laquelle une délocalisation électronique conduit à un mécanisme de double échange qui surpasse en magnitude les interactions de superéchange ; ii) l'approche « radicalaire » : un ligand organique redox-actif peut être oxydé ou réduit sous la forme d'un radical, agissant ainsi comme un relais magnétique.

Dans cette thèse, nous visons à utiliser cette approche radicalaire pour concevoir un système polynucléaire fortement couplé qui pourrait servir de "prototype" pour la conception de matériaux magnétiques à base de molécules à haute température. Nous sommes parvenus à plusieurs avancées significatives dans la réalisation de cet objectif.

Les principaux résultats obtenus dans cette thèse seront résumés ci-après.

Le premier chapitre commence par une brève introduction des matériaux magnétiques 

1 ,

 1 tanh 𝑦 ≈ 1 , then 𝐵 𝑆 (𝑦) ≈ 1, then 𝑀 ≈ 𝑁𝑔𝜇 𝐵 𝑆 (1.13)
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 11 Figure 1.1 Double-exchange mechanism in M1-O-M2 system.

Figure 1 . 2 Kahn and Briat model 1 . 3 . 1

 12131 Figure 1.2 Energy level diagram for (a) ferro-and (b) antiferromagnetically coupled dinuclear system with one unpaired electron per metal center.

  which represents the magnetization dissipative processes in the sample. The frequency and temperature dependent non-zero χ" signal indicate the slow relaxation of the magnetization. The ac χ is expressed by the following equation:[25, 26] 

  tris(hydroxo)-bridged [Fe2(-OH)3(Me3tacn)2] 2+ with Me3tacn as capping ligand (Me3tacn = N,N',N''-trimethyl-1,4,7-triazacyclononane) (Figure1.4), a Class III mixed-valence compound in which electron delocalizes from one doubly-occupied dxz orbital to another singly-occupied dxz orbital of the metal centers through a direct σ-bond in between the metal centers. The double-exchange interaction favors a parallel alignment of the spins between the HS Fe II and Fe III , leading to an S = 9/2 ground state which is well separated from the excited spin states, as shown in variable-temperature magnetic susceptibility data.[47] Other examples of oxygen bridged iron dinuclear complexes ([Fe2(O)2(Lcap)2](ClO4)3, Lcap = tri(2-pyridylmethyl)amine (tpa), tri(5-methyl-2-pyridylmethyl)amine (tmtpa) and tris(5-ethyl-2-pyridylmethyl)amine (tetpa)) showing strong ferromagnetic interaction induced by double-exchange mechanism were reported by Que et al (Figure1.4).[48][49][50] These mixed-valence di--oxodiiron(III, IV) compounds were synthesized by oxidation of the -oxodiiron(III) precursors with H2O2. They have an electron delocalization between dxz magnetic orbitals of S = 1/2 Fe III and S = 1 Fe IV spins through the orbital of the bridging ligand which sets an S = 3/2 ground state.

Figure 1 .

 1 Figure 1.4 (a) General chemical structure of [Fe2(-OH)3(Me3tacn)2] 2+ (Me3tacn = N,N',N''-trimethyl-1,4,7-triazacyclononane) complex. (b) General chemical structure of ([Fe2O2(Lcap)2] 3+ ) (Lcap = tpa, tmtpa and tetpa as tripodal tetradentate blocking ligands) complexes. Figure was reproduced from Ref.[51].
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 1516 Figure 1.5 Molecular structure of [V2(-5,6-dimethylbenzimidazolate)(PY5Me2)2] 4+ ((V (fluorescent yellow), N (blue), and C (grey)). The red arrow represents double-exchange interactions between singlyand empty metal orbitals resulting from the transfer of the extra electron. Figure was reproduced from Ref.[12].

Figure

  Figure was reproduced from Ref.[53]. Copyright © 2011, AIP Publishing.

Figure 1 . 7 (

 17 Figure 1.7 (Top, a) The molecular structure of [Fe II 2(L)(Me3TPyA)2] 2+ (left) and [Fe II/III 2(L)(Me3TPyA)2] 3+ (right) (LH2 = 2,5-di(2,6-dimethylanilino)-3,6-dibromo-1,4-benzoquinone) (Fe (yellow), N (blue), O (red), Br (brown) and C (grey)). (Bottom, b) The crystal structure and temperature dependence of the χT product for not reduced (blue) and oxidized form (red) complexes.

(

  NITPhOMe)Co(hfac)2, with nitronyl nitroxide radical as bridging ligand. The following will survey two examples of radical ligand-containing mononuclear and radical ligand-bridged dinuclear transition metal complexes that showing strong magnetic interaction between the spin carriers. One interesting example using imidazole-substituted oxoverdazyl radical as ligand has been reported by Cyrille Train's group. The reactions between M(hfac)2•2H2O (M = Mn 2+ , Ni 2+ ) and the bidentate radical ligand (L = 3-(2'-imidazolyl)-1,5-dimethyl-6-oxoverdazyl (imvd •-)) generate mononuclear complexes (Figure 1.8a

Figure 1 . 8

 18 Figure 1.8 Molecular structures of (a) [(hfac)2Mn(imvd •-)] (b) [Mn(hfac)2]2(pymDTDA •-) (Mn (light pink), F (light green), N (bule), S(yellow) and C (grey)). Figure was reproduced from Ref.[59] and [61]. Copyright © 2008; 2012, American Chemical Society.

  the one-electron reduced complex [K(DME)4][(dmp2Nin •-){Co[N(SiMe3)2]}2] display slow relaxation of the magnetization under a 1200 Oe applied dc field. The SMM behavior is turned "ON/OFF" by utilizing the redox behavior of the complex. It is also worth noticing that by reducing once the bridging ligand, an strong antiferromagnetic interaction between Co(II) and the radical (-190 K, 𝐻 ̂= -2𝐽 𝐶𝑜-rad [(𝑆 ⃗ Co1 + 𝑆 ⃗ Co2 ) • 𝑆 ⃗ rad ]) is induced.

Figure 1 . 9 (

 19 Figure 1.9 (Top) Molecular Structures of dmp2Nin{Co[N(SiMe3)2]}2 (dmp2Nin = bis(2,6dimethylphenyl)nindigo) complexes (Co (pink), N (blue), Si (orange), and C (grey)). (Bottom) Variablefrequency ac susceptibility data for [K(DME)4][(dmp2Nin •-){Co[N(SiMe3)2]}2] collected under a 1200 Oe dc field. Figure was reproduced from Ref.[76]. Copyright © 2013, American Chemical Society.

Fe

  II complex bridged by benzosemiquinonoid ligand [Fe II 2( Nph L 2-)(tpa)2] 2+ was reported by T. D. Harris's group. It shows that the SMM behavior can be generated by reducing once the [Fe II 2( Nph L 2-)(tpa)2] 2+ complex to [Fe II 2( Nph L •3-)(tpa)2] + affording a S = 7/2 ground state and a relaxation barrier of Ueff = 50(1) cm -1 . Dc magnetic susceptibility measurements of the reduced form complex shows a very strong antiferromagnetic exchange coupling between the metal and the ligand radical with estimated magnitude of J/kB ≤ 1295 K (Figure1.10) (𝐻 ̂= -2𝐽 Fe-rad [(𝑆 ⃗ Fe1 + 𝑆 ⃗ Fe2 ) • 𝑆 ⃗ rad ]), the largest yet observed for an SMM.[START_REF] Jeon | An azophenine radical-bridged Fe2 single-molecule magnet with record magnetic exchange coupling[END_REF] 

Figure 1 .

 1 Figure 1.10 (a) Structure of [Fe II 2( NPh L •3-)(tpa)2] + ( NPh LH2 = N,N',N'',N'''-tetraphenyl-2,5-diamino-1,4diiminobenzoquinone) (Fe (yellow), N (blue), and C (grey)), H atoms are omitted for clarity. (b) Variabletemperature dc susceptibility data for the complex, collected under an applied field of 0.1 T. Inset: variable-frequency ac susceptibility data under zero applied dc field Figure was reproduced from Ref.[35]. Copyright © 2015, Elsevier.
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 1179 One electron reduction of the original complexes affords the reduced form analogues, and the magnetic constants of J/kB between metal center and ligand radicals are -900, -226, -442, and -570 K for the compounds with M = Cr III , Mn II , Fe II and Co II respectively (𝐻 ̂= -2𝐽 M-rad [(𝑆 ⃗ M1 + 𝑆 ⃗ M2 ) • 𝑆 ⃗ rad ]).

Figure 1 .

 1 Figure 1.11 (a) Structure of [(tpa)2M2( NMeph L 3-)] 2+ (M = Cr III , Mn II , Fe II and Co II , NMePh LH2 = N,N',N'',N'''-tetra(2-methylphenyl)-2,5-diamino-1,4-diiminobenzoquinone) (M (orange), N (blue), and C (grey)), H atoms are omitted for clarity. (b) Variable-temperature dc susceptibility data for the Cr complex (purple) under a 2 T field; Mn (blue), Fe (red) Co (green) complexes under a 1 T field. Figure was reproduced from Ref.[79]. Copyright © 2015, Royal Chemical Society.
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 112 Figure 1.12 (Top, a) Structures of original [(HAN){Co[(N(SiMe3)2]2}3] and once reduced [(HAN •-){Co[(N(SiMe3)2]2}3] -(HAN = Hexaazatrinaphenylene) complex (Co (pink), N (blue), Si (orange) and C (grey)). (Bottom, b) variable-temperature dc susceptibility data for not and once reduced complexes and plots of M vs. H (inset) at 1.8 K, 3 K and 5 K. The solid lines are the best fits. Figure was reproduced from Ref.[80]. Copyright © 2016, John Wiley & Sons, Inc.

Figure 1 .

 1 Figure 1.13 (a) The structure and the variable-temperature dc susceptibility data under 1 T applied field for the dinuclear [Ni2 (BpymTz •-)(tpa)2](BF4)3•3CH3CN (BpymTz = 3,6-bis(2-pyrimidyl)-1,2,4,5tetrazine) complex (Ni (green), N (blue), F (light green), and C (grey)). (b) The structure and the variabletemperature dc susceptibility data under 0.1 T applied field for the dinuclear [Ni4(BpymTz •-)Cl6(DMF)8]Cl•0.5H2O complex. The red lines are the best fits. Figure was reproduced from Ref.[81, 82]. Copyright © 2017, Royal Chemical Society; Copyright © 2017, American Chemical Society.

Figure 1 .

 1 Figure 1.14 (a) Crystal structure of Mn( N,O L)(DMSO) ( N,O LH4 = 4,5-bis(pyridine-2-carboxamido)-1,2catechol). (b) Variable-temperature dc magnetic susceptibility data for reduced 1D chain [Cp2Co][Mn( N,O L)] (purple) under an applied dc field of 1 T. Inset: Variable-temperature dc magnetic susceptibility data for the neutral original 1D chain Mn( N,O L)(DMSO) (dark green) and Mn( N,O L) chain (from the oxidation of the reduced chain) (light green), collected under an applied dc field of 1 T. The slight difference shown in the magnetic susceptibility data is due to the loss of the bound DMSO molecules in Mn( N,O L) chain. The black lines are the best fits of the data. Figure was reproduced from

Figure 1 .

 1 Figure 1.15 (a) The repeating unit of the (Me2NH2)2[Fe2L3]•2H2O•6DMF (LH2 = 2,5-dichloro-3,6dihydroxo-1,4-benzoquinone) framework, highlighting the oxidation state of the bridging ligand. (b) Crystal structure of the [Fe2L3] 3-in 2D network. (c) Variable-temperature ac magnetic susceptibility data under zero field for the reduced 2D network at different frequencies. (d) Variable-field magnetization data for the reduced 2D network collected at different temperatures. Figure was reproduced from Ref. [84]. Copyright © 2017, American Chemical Society.

Figure 1 .

 1 Figure 1.16 Molecular structure of [{[(Me3Si)2N]2(THF)Tb}2(- 2 : 2 -N2)] -complex. Purple, blue and grey spheres represent Tb, N and C atoms Figure was reproduced from Ref.[86].

Figure 1 .

 1 Figure 1.17 Structure of the tetrapyridophenazine ligand (tphz).

Figure 1 .

 1 Figure 1.18 UV-visible spectra of (a) mononuclear [(tpy)Ru II (tphz)](PF6)2 and (b).dinuclear [(tpy)Ru II (tphz)Ru II (tpy)](PF6)4. Figure was reproduced from Ref. [88]. Copyright © 1998, American Chemical Society.

Figure 2 . 1

 21 Figure 2.1 Molecular structure of [Co2(tphz)(tpy)2] 4+ in 1•Co at 120 K (C grey, Co purple, N blue). Thermal ellipsoids are depicted at a 50 % probability level. Hydrogen atoms, solvent molecules and counteranions are omitted for clarity.

Figure 2 . 2

 22 Figure 2.2 Cyclic voltammogram for a solution of 1•Co in CH3CN vs. Fc + /Fc at a 0.1 V/s scan rate, and 0.1 M (n-Bu4N)PF6 as supporting electrolyte.

  3). In order to further qualitatively confirm the reversibility of the redox processes, compounds 1•Co and 2•Co were also synthesized by chemical oxidation of 3•Co using AgPF6. Crystal data and structure refinement details of 1•Co-4•Co are listed in

Figure 2 . 3

 23 Figure 2.3 Molecular structure of [Co2(tphz)(tpy)2] n+ in (a) 2•Co, (b) 3•Co and (c) 4•Co at 120 K. Thermal ellipsoids are depicted at a 50 % probability level (C grey, Co purple, N blue). Hydrogen atoms, solvent molecules and counteranions are omitted for clarity.

Figure 2 . 4

 24 Figure 2.4 Powder X-ray diffractograms of 1•Co, 2•Co and 3•Co collected at room temperature. The simulated diffractograms were based on the crystal structures collected at 120 K.

Apart from the compound 1 • 1 V for 3 •Figure 2 . 5

 11325 Figure 2.5 Cyclic voltammograms for solutions of 1•Co (black, a), 2•Co (red, b) and 3•Co (blue, c) vs.

Figure 2 . 6

 26 Figure 2.6 Two perpendicular ORTEP-type views (left and right) of the cationic complexes in 1•Co (top) to 4•Co (bottom) (C grey, Co purple, N blue) at 120 K. Thermal ellipsoids are depicted at a 50 % probability level. Hydrogen atoms are omitted for clarity.

Figure 2 .

 2 Figure 2.7 N2-N2' distance (red), average dnon-arom(Cpy-Cpy) in tpy (blue), average d(Cpyz-Cpyz) in tphz (black) and average d(Cpy-Npy) in tpy in 1•Co to 4•Co

  first glance, the experimental XAS spectrum at Co K-edge for 1•Co is distinct from the spectra of 2•Co and 3•Co in the whole energy range. This result was expected from the crystal structure analysis, 1•Co has different Co(II) spin state compared with the other two compounds.

Figure 2 .

 2 Figure 2.8 X-ray absorption process (left) and schematic illustration of X-ray absorption spectrum showing the XANES and EXAFS regions (right).

Figure 2 . 9

 29 Figure 2.9 XAS and XMCD spectra at Co K-edge for 1•Co (black), 2•Co (red), 3•Co (green) complexes at 2.5 K and 17 T. XAS spectra were normalized to zero before the edge and to unity far above the edge. XMCD spectra are given in percentage of the XAS spectra. Inset: magnification of the Co K pre-edge region.

Figure 2 .

 2 Figure 2.10 Temperature dependence of the χT product for 1•Co at 0.1 T. The lines represent the best fits as discussed in the text.

Figure 2 .

 2 Figure 2.11 Temperature dependence of the χT product for 1•Co under a 0.1 T field.

Figure 2 .

 2 Figure 2.12 Temperature dependence of the χT product for 2•Co at 0.1 T. The lines represent the best fits as discussed in the text. Inset: magnetization versus field curves for 2•Co below 8 K.

Figure 2 .

 2 Figure 2.13 Frequency dependence of in-phase (χ', top) and out-of-phase (χ", bottom) of the ac susceptibility at 2 K under different dc fields for 2•Co. Solid lines are the best fit for the generalized Debye model.

Figure 2 .

 2 Figure 2.14 Field dependence of the parameters, , , 0,  and 0-, between 0 and 1 T deduced from the generalized Debye fit of the frequency dependence of the real (χ') and imaginary (χ'' ) components of the ac susceptibility at 2 K, shown in Figure 2.13, for a polycrystalline sample of 2•Co.

Figure 2 .

 2 Figure 2.15 Left: frequency dependence of in-phase (χ', top) and out-of-phase (χ", bottom) ac susceptibilities of 2•Co in 600 Oe dc field. The solid lines represent the best fits with the generalized Debye model. Right: temperature dependence of in-of-phase (χ', top) and out-of-phase (χ", bottom) ac susceptibilities of 2•Co in 600 Oe dc field. The solid lines are guides for the eye.

Figure 2 .

 2 Figure 2.16 Temperature dependence of the parameters, , , 0,  and 0-, between 1.85 and 7.5 K deduced from the generalized Debye fit of the frequency dependence of the real (χ') and imaginary (χ'') components of the ac susceptibility at 600 Oe, shown in Figure 2.15, for a polycrystalline sample of 2•Co.

10 )

 10 These two models lead to virtually identical fits. But of course, adding an Orbach process for the first model or both Raman and QTM mechanisms also fit the τ vs H data as it simply increases the number of fitted parameters in the model leading to overparametrization.Then the temperature dependence of the relaxation time has been fitted with the same models. As shown in the right part of the Figure2.17, the experimental data are well fitted by a simple combination of Raman and Direct processes (Model 1). This was achieved fixing the parameters B1 = 1632 T -2 , B2 = 4765 T -2 , C•2 n = 20906 s -1 and A = 2.0106 K -1 T -4 s -1 extracted from the fit of τ vs. H data and having only n as an additional parameter to fit the temperature dependence. The experimental data are well reproduced as shown in Figure2.17 with n = 2.0 which implied C = 5389 s -1 K -2 .

Figure 2 .

 2 Figure 2.17 vs. H at 2 K (left) and  vs. T at 600 Oe dc field (right) for 2•Co. The red line is the best fit using direct and Raman processes.

Figure 2 .

 2 Figure 2.18  vs. T at 600 Oe dc field for 2•Co. The red line is the fit using Model 2.

  11) gives rise to J/kB = -74(5) K (with gCo = 2.03(5); red line in Figure2.19), a much larger coupling than what one could initially expect through a formal diamagnetic ligand.

Figure 2 .

 2 Figure 2.19 Temperature dependence of the χT product for 3•Co at 0.1 T. The lines represent the best fits as discussed in the text.

Figure 2 .

 2 Figure 2.20 χT vs. T simulations of 3•Co with different magnetic anisotropy at 0.1 T.

•Co- 3 •For compound 1 •

 31 Co in solution,1 H NMR spectra of were collected on a JEOL ECS 400 MHz spectrometer in deuterated acetonitrile (CD3CN) at room temperature and the chemical shifts (δ), expressed in parts per million, were calibrated to residual acetonitrile ( 1 H: 1.96 ppm) signals. Co at room temperature, a slight shift of the peaks to the paramagnetic region is observed, in agreement with the described crystal structure with low spin cobalt ions (S = 1/2; Figure2.21). Variable temperature 1 HNMR studies were also performed on 1•Co with the aim to detect the SCO behavior in solution. However, the freezing and boiling points of CD3CN are 228 K and 355 K, respectively. This temperature range is only located at the beginning of the SCO based on the magnetic data.

Figure 2 .

 2 Figure 2.21 1 H-NMR spectrum in CD3CN for 1•Co at 298 K (s: residual solvent; #: silicone grease and *: diethyl ether). δ (ppm) = 77.28 (b, 4H), 40.14 (s, 4H), 21.16 (s, 4H), 18.37 (b, 4H), 13.83 (s, 4H), 10.64 (s, 4H), 7.22 (s, 4H), 6.86 (s, 4H), 2.45 (s, 2H).

Figure 2 .

 2 Figure 2.22 1 H-NMR spectrum in CD3CN for 2•Co at 298 K (s: residual solvent and *: diethyl ether). δ (ppm) = 166.37 (s, 4H), 77.52 (s, 4H), 74.18 (s, 4H), 71.61 (s, 4H), 52.32 (s, 4H), 39.96 (s, 4H), 30.65 (s, 2H), 23.60 (s, 4H), -9.49 (s, 4H).

Figure 2 .

 2 Figure 2.23 1 H-NMR spectrum of 3•Co in CD3CN at 298 K (s: residual solvent and *: diethyl ether). Note that the 1H NMR signals of the protons of tphz are broad and associated with a longer T1 relaxation. Therefore, a longer acquisition time and relaxation delay time (50 sec) were necessary to observe those signals. 1H NMR (400 MHz, 298 K, CD3CN): δ (ppm) = 10.65 (b, 4H), 9.05 (b, 4H), 8.69 (d, 4H), 8.63 (d, 4H), 8.46 (d, 4H), 8.18(b, 4H), 8.02 (dd, 2H), 7.94 (dd, 4H), 7.41 (dd, 4H).

  procedure of the Evan's NMR experiments for 3•Co is as follows: special concentric NMR tubes are used for this experiment, the diameter of the inner tube at the bottom is much smaller than at the top. The CD3CN solution containing 3•Co with a concentration of 4.92  10 -6 M is put into the outer NMR tube, while a solution of CD3CN without 3•Co goes in the inner tube. At room temperature, the difference in the NMR chemical shift of the solvent is measured as Δf(59.43 Hz).[49] The bulk magnetic susceptibility of 3•Co in solution is calculated by following the general Evan's formula described in literature:[50] 

  -NIR analysis of 1•Co, 2•Co and 3•Co To further probe the electron transfer within the complexes related to the large spin delocalization, the UV-visible near infra absorption spectra of complexes 1•Co-3•Co were recorded in dry acetonitrile (Figure 2.24). For compound 1•Co, peaks at 378 nm can be attributed to -* transition of the tphz ligand,[19] the band at ca. 420 nm might be ascribed to a Co-to-tpy transitions by analogy with the Co(tpy)2 2+ cation. The bands at 545 nm in 1•Co is most likely due to Co(LS)-to-tphz transition.[53] The Co(HS)-totphz metal to ligand charge transfer (MLCT) transition is shifted to 782 nm for 2•Co, and 1250 nm for 3•Co.

Figure 2 .

 2 Figure 2.24 UV/visible/near-IR spectra of 1•Co (black), 2•Co (red) and 3•Co (blue) in CH3CN at 298 K.

Figure 2 . 3 •

 23 Figure 2.25 HOMO, LUMO and LUMO+1 of the free tphz ligand.

Figure 2 . 2 •

 22 Figure 2.26 Energy levels as a function of charge and spin configuration. Calculations were made based on the crystal structures of 1•Co, 2•Co, 3•Co and 4•Co at 120 K (HS = High Spin, LS = Low Spin, R = Radical).For the not reduced tetra-cationic complex, 1•Co, the temperature dependence of the magnetic susceptibility shows that the HS-HS state starts to be thermally populated already at 300 K suggesting significant structural changes upon heating that were not tackled by the analysis made with lowtemperature X-ray data.

Co(II) sites in complexes 1 • 4 •

 14 Co-4•Co,[10] which shows that the cobalt centers in 1•Co and Co have larger ligand field splitting than in 2•Co and 3•Co (Figure 2.27). The larger splitting in 1•Co and 4•Co stabilizes doublet state over the quartet, thus the Co(II) sites are in low-spin state. As for 2•Co and 3•Co, the splitting is less and quartet ground state for each Co(II) ion is stabilized.

Figure 2 .

 2 Figure 2.27 Ligand field splitting for the Co(II) sites in complexes 1•Co-4•Co obtained by CASSCF (complete active space self-consistent field) calculations.

Figure 2 .

 2 Figure 2.28 SOMO of [Co2(tphz)(tpy)2] 4+ in 1•Co.

Figure 2 .

 2 Figure 2.29 The three spin states used in DFT calculations

Figure 2 .

 2 30). This is the largest exchange coupling value reported in a Co(II) HS and radical system. The reason for this strong interaction can be seen from the SOMO of 2•Co. The π orbital of the radical ligand stabilizes the singly occupied dxy orbital as compared to other orbitals, allowing the electron communication through the ligand (Figure2.30). The exchange coupling between two Co(II) HS metal ions from the above calculation is only 12 K. The magnetic anisotropy is computed with NEVPT2 to obtain D/kB = 27 K, which also matches the fitting result (D/kB ~ 27.6 (9) K) from the χT vs. T and M vs. H data with the PHI (Figure 2.12).

Figure 2 .

 2 Figure 2.30 SOMO of [Co2(tphz)(tpy)2] 3+ in 2•Co. The π orbital of the radical ligand stabilizes the singly occupied dxy orbital.

Figure 2 .

 2 Figure 2.31 Energy level diagram for [Co2(tphz)(tpy)2] 3+ in 2•Co. Note that in this picture, we did not account for spin-orbit coupling that would lift the degeneracy of the ground or excited states.

Figure 2 .

 2 Figure 2.33, and can further help us to interpret the large intramolecular magnetic interaction and the resulting well isolated ground state of [Co2(tphz)(tpy)2] 3+ and [Co2(tphz)(tpy)2] 2+ in 2•Co and 3•Co respectively.

Figure 2 .

 2 Figure 2.32 SOMO (dx2-y2 (a1, a2), dxy (b1, b2) and dz2 (c1, c2)) of [Co2(tphz)(tpy)2] 2+ in 3•Co.

Figure 2 .

 2 Figure 2.33 View of the computed spin density of the broken-symmetry solution for the complexes in (1) 1•Co, (2) 2•Co and (3) 3•Co. Colors represent different signs of the spin.

Figure 2 .

 2 Figure 2.34 The structure of tppz ligand.

Figure 2 .

 2 Figure 2.35 The coordinating modes of tppz ligand.

Figure 2 .

 2 Figure 2.36 Molecular structure of [Ni2(tphz)(tpy)2] 4+ in 1•Ni at 120 K. Thermal ellipsoids are depicted at a 50 % probability level. Grey: carbon; green: nickel; blue: nitrogen. Hydrogen atoms, solvent molecules and counteranions are omitted for clarity.

Figure 2 .

 2 Figure 2.37 Cyclic voltammogram for a solution of 1•Ni vs. Fc + /Fc in CH3CN at a 0.1 V/s scan rate, and 0.1 M (n-Bu4N)PF6 as supporting electrolyte.

Figure 2 .

 2 Figure 2.38 Molecular structures of [Ni2(tphz)(tpy)2] n+ in 2•Ni and 3•Ni at 120 K. Thermal ellipsoids are depicted at a 50 % probability level. Grey: carbon; green: nickel; blue: nitrogen. Hydrogen atoms, solvent molecules and counteranions are omitted for clarity.

Figure 2 .

 2 Figure 2.39 Cyclic voltammograms for solutions of 1•Ni (black), 2•Ni (red) vs. Fc + /Fc in dry CH3CN, using a platinum working electrode, at a 0.1 V/s scan rate, and 0.1 M (n-Bu4N)PF6 as supporting electrolyte.

Compound 1 •

 1 Ni crystalizes in monoclinic C2/c space group with two molecules of acetonitrile as solvent of crystallization. The cation is built up of two equivalent Ni(tpy) 2+ fragments bridged by a neutral tphz bridging ligand. Each Ni(II) ion resides in an octahedral environment bonded to three nitrogen atoms from tphz bridging ligand and another three nitrogen atoms from capping terpyridine. 2•Ni and 3•Ni have the similar cationic units with 1•Ni (Figure 2.38, Figure 2.40, Table 2.7). The number of the PF6 -anions decreases from 1•Ni to 3•Ni, in agreement with two successive reductions as observed for the Co series. Meanwhile, significant differences are revealed when comparing the bond distances among all three complexes (Table 2.8).

Figure 2 .

 2 Figure 2.40 Two perpendicular ORTEP-type views (left and right) of the cationic complexes in 1•Ni (top) 2•Ni (middle) and 3•Ni (bottom) (C grey, Ni green, N blue) at 120 K. Thermal ellipsoids are depicted at a 50 % probability level. Hydrogen atoms are omitted for clarity.

2. 41 ;

 41 at 2.5 K) for 1•Ni, 2•Ni and 3•Ni is dominated by the 1s to 4p transitions, which show a maximum between 8353.5 and 8353.8 eV. As expected for similar coordination sphere of the probed metal ion, the first EXAFS (Extended X-ray Absorption Fine Structure) oscillations overlap remarkably well. The much weaker pre-edge, dipoleforbidden, 1s to 3d transitions at 8336 and 8339 eV are a clear-cut fingerprint of the +2 oxidation state in agreement with the crystal structure analysis. The X-ray magnetic circular dichroism (XMCD) experiments were also performed at 2.5 K in an applied magnetic field of ±17 T (inset Figure 2.41). Considering that the spin-orbit interactions of the organic ligand atoms are negligibly small and thus cannot induce a significant orbital magnetic moment on the Ni centers.

Figure 2 . 2 •

 22 Figure 2.41 X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) at Ni K-edge region for 1•Ni (black), 2•Ni (red) and 3•Ni (green) at 2.5 K and 17 T. To facilitate a direct comparison, XAS spectra recorded were normalized to zero before the edge and to unity far above the edge. The XMCD spectra are given in percentage of the corresponding XAS spectra. Inset: magnification of the Ni K pre-edge region.

three compounds at 0. 1 T

 1 applied field. The χT product of 1•Ni remains almost constant between 300 and 80 K with a value of ca. 2.4 cm 3 K mol -1 , in good agreement with two magnetically isolated Ni(II) spins with gNi = 2.19(5) (Figure 2.42).

Figure 2 .

 2 Figure 2.42 Temperature dependence of the χT product for 1•Ni at 0.1 T. Inset: magnetization versus field curves for 1•Ni below 8 K. The solid lines represent the best fit of the experimental data as discussed in the text.

( 5 )

 5 ) and an energetically well isolated ST= 5/2 spin ground state (the first S =3/2 excited state lies at 214 K above in energy). This large coupling between the metal and ligand-based spin is significantly stronger than what has been observed in other radical bridged Ni(II) complexes,[10, 66, 67] as likely the consequence of the strong metal-ligand coordination revealed experimentally by the short Ni-N2 bond distance. The thermal behavior of the χT product between 18 and 1.85 K can be ascribed to the competition between Ni magnetic anisotropy and inter-complex magnetic interactions. The effects of the Ni(II) magnetic anisotropy on the χT vs. T data are clearly seen by the slight χT decrease between 18 and 4 K, while at lower temperatures, the χT increase highlights the presence of weak effective ferromagnetic inter-molecular interactions between complexes. To evaluate the magnetic anisotropy, the magnetization versus field curves for 2•Ni below 8 K was fitted by an ST = 5/2 macrospin model with the following Hamiltonian: 𝐻 ̂= 𝐷𝑆 𝑇,𝑧 2 + 𝐸(𝑆 T,𝑥 2 -𝑆 T,𝑦 2 ) + 𝑔𝜇 B 𝑆 ⃗ T ⋅ 𝐻 ⃗ ⃗⃗ (2.23)

Figure 2 .

 2 Figure 2.43 Temperature dependence of the χT product for 2•Ni at 0.1 T. Inset: magnetization versus field curves for 2•Ni below 8 K. The solid line represents the best fit of the experimental data as discussed in the text.

Figure 2 .

 2 Figure 2.44 Temperature dependence of the χT product for 3•Ni at 0.1 T. Inset: magnetization versus field curves for 3•Ni below 8 K. The solid lines represent the best fit of the experimental data as discussed in the text. The derivative of fitting in M vs. H curves is probably due to the presence of weak intermolecular interactions, which is beyond the scope of our objective.

complexes 1 •

 1 Ni to 3•Ni were recorded in MeCN to further confirm there is no electron delocalization through the system. All bands are attempted to be assigned by comparison to Co and Ru analogues (Figure 2.45). For compound 1•Ni, the absorption band at 380 nm can be attributed to intra ligand -* transition of the tphz ligand.Meanwhile, the band at 400 nm is probably due to the Ni-to-tpy metal-to-ligand charge transfer (MLCT) and the small transition at 486 nm is caused by Ni-to-tphz transition.In 2•Ni, the peaks at 410 nm and 590 nm are the Ni-to-tpy transition and Ni-to-tphz transition, respectively. The red shift of the MLCT bands is because of the strong stabilization of the  orbital of the tphz ligand. The two MLCT peaks in 3•Ni (490 nm and 630 nm) have a much smaller red shift and the peaks at 1200 nm in 3•Co is also absent compared to the Co analogue, suggesting that there is no electronic delocalization through the complex and further supporting the observed magnetic properties that there is only small interaction between the Ni(II) metal ions.

Figure 2 .

 2 Figure 2.45 UV/visible/near-IR spectra of 1•Ni (black) and 2•Ni (red) and 3•Ni (blue) in MeCN at 298 K.

  Co analogues. In order to have a direct view of the effect of the dxy orbital by further comparison with the Co analogues, theoretical calculations are employed on 1•Ni, 2•Ni and 3•Ni.

Figure 2 .

 2 Figure 2.46 Ligand field splitting for the Ni(II) sites in complexes 1•Ni to 3•Ni obtained by ab initio ligand field analysis based on CASSCF calculations.

  𝐻𝑆 and ⟨𝑆 2 ⟩ 𝐻𝑆 are the energy and the expectation value of the squared spin operator of the maximum multiplicity state, 𝐸 𝐵𝑆 is the energy of the open-shell singlet and ⟨𝑆 2 ⟩ 𝐵𝑆 its non-zero expectation value. The calculated JNi-Ni/kB value for 1•Ni is -4.4 K, which is comparable to the value of -1.86(3) K from the numerical fit (Figure 2.42).To further explain the small interaction, we can see from the SOMO of 1•Ni that the unpaired electrons are formally located on the dx2-y2 and dz2 orbitals of the Ni(II) centers (see Figure2.46 for ligand field splitting). Those orbitals are only weakly interacting with nitrogen σ-orbitals of the tphz bridging ligand (Figure2.47), so that the spin density remains mostly located on the metal ion in 1•Ni and interact weakly.

Figure 2 .

 2 Figure 2.47 SOMO of [Ni2(tphz)(tpy)2] 4+ in 1•Ni showing the unpaired electrons mainly localized in the dx2-y2 (left) and dz2 (right) orbitals of the Ni sites.

Figure 2 .

 2 Figure 2.48 The three spin states used in DFT calculations

(2. 27 )

 27 and the resulting JNi-R and JNi-Ni are 249 K and -1.3 K. The interaction between metal ions and radical is in good agreement with the numerical fit of the experimental data, 214 K, confirming a large coupling between Ni(II) centers and tphz •-ligands. The SOMO orbitals of Ni(II) are eg orbitals for 2•Ni, which are orthogonal to the π system of the bridging ligand (where the unpaired electron of tphz •-localized), explaining the observed ferromagnetic coupling (Figure 2.49). The exchange coupling value of 3•Ni was computed using the same method as 1•Ni with the JNi-Ni/kB value as -2.2 K, indicating a very weak intramolecular antiferromagnetic interaction in contrast to the Co analogues. The SOMO of 3•Ni showing the unpaired electrons mainly localizes in the dx2-y2 and dz2 orbitals of the Ni sites (Figure 2.50). The dx2-y2, dz2 orbitals are interacting with σ-orbitals on nitrogen atoms, preventing any spin delocalization through the system, which clearly explains this weak antiferromagnetic interaction.

Figure 2 .

 2 Figure 2.49 SOMO of [Ni2(tphz)(tpy)2] 3+ in 2•Ni.

Figure 2 .

 2 Figure 2.50 SOMO of [Ni2(tphz)(tpy)2] 2+ in 3•Ni.

Figure 2 .

 2 Figure 2.51 View of the computed spin density of the broken-symmetry solution for the complexes in 1•Ni (a), 2•Ni (b) and 3•Ni (c). Colors represent different signs of the spin density.

2. 3 . 7

 37 Concluding remarks on 1•Ni, 2•Ni and 3•Ni This new series of dinuclear [(tpy)Ni(tphz)Ni(tpy)] n+ complexes are isostructural to the Co analogues, but the magnetic properties are not identical. In 1•Ni, the neutral tphz ligand mediates a small antiferromagnetic interaction (J/kB = -1.86(3) K) between two Ni(II) magnetic centers. When reduce once the tphz ligand, a large ferromagnetic interaction of 214 K is promoted due to the orthogonality of the Ni II magnetic orbitals and the SOMO of the tphz •-. No magnetic interaction between two Ni(II) sites is observed in the twice reduced form of the complex in 3•Ni. This behaviour is explained by comprehensive DFT calculations showing that no electron is delocalized through the π system of the tphz ligand because of the fully occupied dxy orbital in Ni(II) ion. The behaviour of the complexes in solution measured by UV-vis-NIR spectra indicate no red shift of the peaks in 3•Ni, supporting again the absence of notable electron delocalization through this system. This part of work serves as a "counter example" towards our goal of constructing highly coupled magnetic units since no exchange coupling is observed in 3•Ni. However, the complete experimental and theoretical results able us to acquire a comprehensive understanding of the dominant factors

Figure 2 .

 2 Figure 2.52 The χT vs. T plot of dinuclear Cu(II) complex. Inset: Crystal structure of [Cu2(tphz)(tpy)2] 4+ at 120 K. Thermal ellipsoids are depicted at a 50 % probability level. Grey: carbon; orange: copper; blue: nitrogen. Hydrogen atoms, solvent molecules and counteranions are omitted for clarity.

  , 730(m), 746 (s), 768 (vs), 792 (m), 827 (w), 897 (w), 970 (w), 1001 (w), 1017 (m), 1031 (m), 1049 (w), 1070 (w), 1094 (w), 1139 (w), 1162 (m), 1191 (m), 1253 (m), 1292 (m), 1300 (m), 1320 (m), 1406 (m), 1447 (s), 1471 (m), 1496 (w), 1563 (m), 1577 (m), 1597 (s), 2028 (w), 2162 (w), 2580 (w), 3048 (w), 3382(w).

  , 1106 (w), 1165 (w), 1187 (w), 1205 (m), 1250 (w), 1320 (m), 1357 (s), 1400 (w), 1445 (m), 1474 (m), 1505 (m), 1580 (w), 1602 (w), 1979 (w). 1 H-NMR (CD3CN): 178.67 (b, 4H), 162.00 (b, 4H), 101.13 (s, 4H), 90.25 (s, 4H), 60.05 (s, 4H), 39.44 (s, 4H), 20.60 (s, 2H), 15.27 (s, 4H), -61.68 (s, 4H).Synthesis of [Ni2(tphz)(tpy)2](PF6)2•Et2O (3•Ni).Compound 1•Ni (30 mg, 0.018 mmol, 1eq.) and 5.6 mg of KC8 (0.041 mmol, 2.3 eq.) were stirred in 2.5 mL of THF at room temperature for 6 hours and filtered with a Sartorius filter. The solid was dissolved in DMF and filtered using plastic VWR filter (porosity 0.2 µm). Black crystals were obtained from slow diffusion of diethyl ether with an approx. 18% yield based on Ni. TGA: 25-140°C: -6.0% (calcd -5.6% for Et2O); decomp.> 380°C. Elemental analysis found (calcd) for C58H44Ni2F12N12P2O: C 51.66(52.28), H 3.98(3.33), N 11.89(12.62). IR of 3•Ni (solid, 𝜈 ̃/cm -1 ) 640 (s), 650 (m), 665 (m), 729 (s), 748 (s), 767 (vs), 822 (vs), 876 (w), 987 (m), 1016 (m), 1032 (m), 1044 (m), 1069 (w), 1080(w), 1108(m), 1165 (m), 1183 (s), 1249 (m), 1319 (s), 1345 (s), 1389 (m), 1428 (m), 1447 (s), 1489 (s), Synthesis of Cu(tpy)Cl2. A solution of 63 mg CuCl2•2H2O in 7 mL hot ethanol was added to the solution of terpyridine (95 mg) in 10 mL ethanol, the suspension was refluxed for 10 minutes, the green precipitate was filtered off, and washed with ethanol and diethyl ether. Yield: 120 mg (80%). IR (solid, 𝜈 ̃/cm -1 ) 631 (m), 644 (s), 648 (s), 670 (m), 730(m), 746 (s), 770 (vs), 791 (m), 827 (w), 897 (w), 971 (w), 1001 (w), 1018 (m), 1034 (m), 1048 (w), 1069 (w), 1094 (w), 1141 (w), 1164 (m), 1193 (m), 1252 (m), 1292 (m), 1300 (m), 1326 (m), 1409 (m), 1447 (s), 1473 (m), 1498 (w), 1563 (m), 1597 (s), 1955 (w), 3011 (w). Synthesis of [Cu2(tphz)(tpy)2](PF6)4•3MeCN 19.10 mg (0.052 mmol, 1.0 eq.) of Cu(tpy)Cl2, 10 mg (0.026 mmol, 0.49 eq.) of tphz and 36.4 mg (0.105 mmol, 2.0 eq.) of TlPF6 were reacted in 20 mL of CH3CN for 10 hours, the resulting solution was filtrated through using plastic VWR filter. Green crystals came out from diethyl ether diffusion into the solution with an approx. 90% yield based on Cu. Cell parameters: a(Å) = 21.3298(11); b(Å) = 15.3200(9); c(Å) = 21.7824(19); α(°) = 90; β(°)= 113.899(4); γ(°) = 90; V(Å 3 ) = 6507.6(8). IR (solid, 𝜈 ̃/cm -1 ) 554 (vs), 572 (m), 649 (m), 674 (m), 702 (s), 740 (s), 769 (vs), 823 (vs), 907 (w), 1020 (s), 1043 (w), 1099 (w), 1164 (w), 1188 (w), 1214 (w), 1250 (w), 1291 (m), 1328 (m), 1388 (m), 1411 (m), 1453 (m), 1477 (m), 1495 (w), 1557 (w), 1580 (w), 1605 (w), 2249 (w).

Electrochemistry: 1 •Co, 2 •Co, 3 •Co, 1 •

 1231 Cyclic voltammetry (CV) measurements were performed for compounds Ni and 2•Ni with a Metrohm Autolab PGSTAT101 equipped with a platinum working electrode. Ferrocene was used as an internal reference. Measurements were done in MeCN with 0.1 M (n-Bu4N)PF6 as supporting electrolyte, at a scan rate of 0.1 V/s.

Powder X-ray 1 H

 1 diffraction patterns were measured at room temperature using a horizontally mounted INEL cylindrical position-sensitive detector CPS 120. The detector, used in Debye-Scherrer geometry, is constituted by 4096 channels. The NAC (Na2Ca2Al2F14) cubic phase mixed with silver behenate was used as external calibration to convert the channels into angles by means of cubic spline fittings providing an angular step of 0.029° (2) between 0 and 120°. Monochromatic Cu Kα1 radiation ( = 1.5406 Å) was selected with an asymmetric focusing incident-beam curved quartz monochromator. The generator power was set to 1.0 kW (40 kV and 25 mA). The samples were introduced into 0.5 mm-diameter Lindemann capillaries which rotate along their longitudinal axes during data collection to prevent the effects of the preferred orientations. NMR spectra were collected on a JEOL ECS 400 MHz spectrometer in deuterated acetonitrile (CD3CN). Chemical shifts (δ), expressed in parts per million, were calibrated to residual acetonitrile (1H: 1.96 ppm) signals. Data were collected at 298 K.

4 & 31 .4 mg for 3 • 8 mg for 2 •

 431382 were performed on a Quantum Design SQUID magnetometer MPMS-XL at temperatures between 1.8 and 400 K and dc magnetic fields ranging from -7 to 7 T and PPMS-9 Quantum Design susceptometer. Multiple measurements were performed on a finely crystalline sample of Co and Ni complexes (11.3 & 17.5 mg for 1•Co, 8.3 & 23.4 mg for 2•Co, 15.6 & 24.9 & 12.5 mg for 3•Co, 13.76 mg for 1•Ni, 6.6 & 24.9 mg for 2•Ni, 12.1 & 2.0 mg for 3•Ni respectively) sealed in a polypropylene bag (3×0.5×0.2 cm, 19.9 & 22.9 mg for 1•Co, 28.6 & 33.6 mg for 2•Co, 18.6 & 23.1 & 15 mg for 3•Co, 19.75 mg for 1•Ni, 18.8 & 24.4 mg for 2•Ni, 21.Ni respectively) with mineral oil (7.1 & 9.7 mg for 1•Co, 10.4 & 22.Co, 12.3 & 0 & 10.9 mg for 3•Co, 17.02 mg for 1•Ni, 16.2 & 14.1 mg for 2•Ni, without for 3•Ni) to avoid the field orientation of the sample. Ac susceptibility measurements were collected with an oscillating field of 1 to 6 Oe with a frequency from 1 to 10000 Hz. Prior to the experiments, the field dependent magnetization was measured at 100 K in order to detect the presence of any bulk ferromagnetic impurities.

  have been carried out using ORCA 4.0 program package on the crystal structure of the molecules. Energies and corresponding spin densities have been computed with (Becke-three-parameter-Lee-Yang-Parr exchangecorrelation functional) B3LYP functional and def2-TZVP basis set for various spin states corresponding to high-spin/low-spin Co(II) or Ni(II) sites. Ab initio ligand field calculations have been done with CASSCF(8,5)/def2-TZVP for 10 quartet and 40 doublet states of modified structures where one of the Co(II) ions have been replaced with Zn(II) and for 10 triplet and 15 singlet states of modified structures where one of the Ni(II) ions have been replaced with Zn(II). Spin-Hamiltonian parameters D and g have been computed for 2•Co using the CASSCF(15,11)/NEVPT2 (NEVPT2 refers to N-electron valence-state second-order perturbation theory) with 5 octet states, 10 sextet and 10 quartet states. The exchange coupling value is the same notation -2J compared with the experimental data following the original Heisenberg-Dirac-Van Vleck (HDVV)

Figure 3 . 1 )

 31 Figure 3.1). The trivalence of the Cr center can be easily determined based on charge balance. The Cr-N bond distance between Cr(III) ion and terpyridine is 2.058(3), 1.967(3) and 2.058(3) Å, in agreement with the reported value with Cr metal in +3 oxidation states,[3] further confirming the assignment of the Cr oxidation state.

Figure 3 . 1

 31 Figure 3.1 Molecular structure of Cr(tpy)(CF3SO3)3 at 120 K. Thermal ellipsoids are depicted at a 50 % probability level. Grey: carbon; orange: chromium; blue: nitrogen; yellow: sulfur; red: oxygen; green: fluorine. Hydrogen atoms are omitted for clarity.

Figure 3 . 2

 32 Figure 3.2 Molecular structure of [Cr(tphz)(tpy)] 3+ in 1'•Cr at 120 K. Thermal ellipsoids are depicted at a 50 % probability level. Grey: carbon; orange: chromium; blue: nitrogen. Hydrogen atoms, solvent molecules and counteranions are omitted for clarity

Figure 3 . 3

 33 Figure 3.3 Cyclic voltammogram for a solution of 1'•Cr vs. Fc + /Fc in CH3CN at a 0.1 V/s scan rate, and 0.1 M (n-Bu4N)PF6 as supporting electrolyte.

Both 2 '

 2 •Cr and 3'•Cr crystallize in the triclinic P-1 space group (Figure 3.5). In 2'•Cr, the asymmetric unit contains one [Cr(tphz)(tpy)] 2+ complex, two triflate anions and one MeCN solvent molecule. The Cr coordination sphere is fulfilled by three N from the tphz ligand and another three N from tpy ligand like for 2'•Cr. The distances between

Figure 3 . 4 Figure 3 . 5

 3435 Figure 3.4 View of the π-π stacking in the 1'•Cr complex. Grey: carbon; orange: chromium; blue: nitrogen. Hydrogen atoms, solvent molecules and counteranions are omitted for clarity

Figure 3 . 6

 36 Figure 3.6 View of the π-π stacking in the (a) 2'•Cr and (b) 3'•Cr crystal structures (C grey, Cr orange, N blue) at 120 K. Thermal ellipsoids are depicted at a 50 % probability level. Hydrogen atoms are omitted for clarity.

1'•Cr and 2 '

 2 •Cr. The XAS experiment was not conducted for 3'•Cr due to the limited beam time. The two strong peaks at the Cr K-edge (Figure3.7; at 295 K) for 1'•Cr and 2'•Cr between 6006 and 6026 eV induced by the 1s to 4p transitions and the well overlapping EXAFS (Extended X-ray Absorption Fine Structure) region for these two complexes, indicating the similar coordination sphere of the Cr metal ion.[13][14][15] At the pre-edge, the 1'•Cr and 2'•Cr complexes display similar behaviors with two weak peaks seen within the energy range between 5990 and 5995 eV (dipole-forbidden, 1s to 3d quadrupole transitions). It is reported that the position of the first pre-edge feature of octahedral Cr(III) complexes occurs at 5989.9-5990.7 eV (ex. [Cr III ( t bpy 0 )3] 3+ t bpy = 4,4'-di-tert-butyl-2,2'-bipyridine, [Cr III (tpy 0 )2] 3+ , [Cr III (tpy 0 )(tpy •-)] 2+ , [Cr III (tpy •-)2] + ), while the position of the first pre-edge feature of low-spin Cr(II) complexes ranges between 5989.0 and 5989.5 eV (ex. [Cr II (CN)6] 4-and [Cr II ( t BuNC)6] 2+ ), depending on the ligand environment.[16] Therefore, in 2'•Cr the first pre-edge feature at 5991 eV is considered to be a strong evidence that the chromium center is in +3 oxidation state. in good agreement with 1'•Cr and the reported complex containing a Cr(III) center (ex.

1 '

 1 •Cr and 2'•Cr from the crystal structure. The small difference in the pre-edge for 1'•Cr and 2'•Cr is probably due to the large energy separation between t2g and eg orbitals in 2'•Cr, which needs to be further confirmed by theoretical calculations.

Figure 3 . 7 X

 37 Figure 3.7 X-ray absorption spectroscopy (XAS) at Cr K-edge region for 1'•Cr (black) and 2'•Cr (red) at 295 K. To facilitate a direct comparison, XAS spectra recorded were normalized to zero before the edge and to unity far above the edge. Inset: magnification of the Cr K pre-edge region.

1 '•Cr, 3 '

 13 •Cr and 3'•Cr were recorded in acetonitrile to further validate the oxidation state of the ligands in support of the structural analysis (Figure3.8). The absorption bands are tentatively assigned based on the reported spectra of Cr(tpy)2 n+ (n = 1, 2 ,3) and the dinuclear Co and Ni systems discussed in the previous chapters.[18][19][20] For compound 1'•Cr, peaks at 267, 323, 348 and 367 nm can be attributed to π to π* transition of the ligands; and those at 408, 434, 480 and 532 nm can be assigned to ligand to metal charge transfer (LMCT), which is similar in location to the reported π to π* (between 200-400 nm) and LMCT bands (400-550 nm) in Cr(tpy)2 3+ , [Cr(ddpd)(tpy)] 3+ (ddpd = N,N'-dimethyl-N,N''-dipyridin-2-ylpyridine-2,6-diamine) and [Cr(ddpd)(tpy-COOEt)] 3+ complexes in MeCN.[18] An extra peak at 576 nm for this compound is due to metal to ligand charge transfer (MLCT). The above described peaks can also be observed in the spectra of 2'•Cr and 3'•Cr. Besides, the band at 724 nm for 2'•Cr and 801 nm for 3'•Cr indicate the πacceptor character of tphz upon successive reductions, a similar behavior that has also been noticed in the reduced form of Co dinuclear complexes. In 3'•Cr, there are small signals detected at 973 and 1132 nm in the spectrum, which is also observed in the near infrared region for the reported [Cr III (tpy •-)(tpy 0 )] 2+ (905, 1000 nm), [Cr III (tpy •-)2] + (883 nm) and Li(tpy •-) (950 nm),[17, 21] can be assigned as π* to π* transitions of terpyridine ligand, supporting the presence of radical terpyridine ligands.

Figure 3 .

 3 Figure 3.8 UV/visible/near-IR spectra of 1•Cr (black) and 2•Cr (red) and 3•Cr (blue) in MeCN at 298 K.

Figure 3 . 9 For 2 ' 2 ( 3 . 2 )Figure 3 .

 3922323 Figure 3.9 Temperature dependence of the χT product for 1'•Cr at 1 T. Inset: M vs. HT -1 for 1'•Cr at different temperatures. The solid lines represent the best fit of the experimental data as discussed in the text.

Figure 3 .

 3 Figure 3.11 Temperature dependence of the χT product for 2'•Cr at 1 T. Inset: magnetization versus field curves for 2'•Cr below 8 K. The solid line represents the best fit of the experimental data with the four spins model.

12 )( 3 . 4 )Figure 3 .

 12343 Figure 3.12 The six spins fitting model for the 3'•Cr.

Figure 3 .

 3 Figure 3.13 Temperature dependence of the χT product for 3'•Cr at 1 T. Inset: the six spins fitting model for 3'•Cr. The solid lines represent the best fit of the experimental data with the six spins model.

Figure 3 .

 3 Figure 3.14 Molecular structure of the Cr2(tphz)Cl2 (4'•Cr) (C grey, Cr yellow, N blue, Cl green) at 120 K. Thermal ellipsoids are depicted at a 50 % probability level. Hydrogen atoms are omitted for clarity.

Figure 3 .

 3 Figure 3.16 A possible synthetic procedure of heterometallic trinuclear complexes.

Figure P. 1 A

 1 Figure P.1 A potential sequential synthetic procedure for systems with controlled and higher nuclearities.

Figure P. 2

 2 Figure P.2 Molecular structures of dinuclear systems [Co2(tphz)(NO3)2(DMF)2](NO3)2•2DMF (left), Fe2(tphz)(CF3SO3)2Cl2(MeCN)2 (middle), [Mn2(tphz)(CF3SO3)2(MeCN)2(H2O)2](CF3SO3)2 (right). Some of the anions and the hydrogens are omitted for clarity. Co (dark pink), Fe (yellow), Mn (light pink), C (grey), O (red), S (light orange), N (blue), Cl (dark green), F (light green).

  The attempt starts from Nb metal salts: the reaction between Nb(THF)2Cl4 and tphz in DMF results in a mononuclear complex Nb(tphz)Cl4. The crystal structure of this compound shows that Nb metal ion is coordinated on one side of tphz ligand with 4 Cl - ions to fulfill the coordination sphere (Figure P.3).

Figure P. 3

 3 Figure P.3 Crystal structures of Nb(tphz)Cl4, some of the anions and the hydrogens are omitted for clarity. Nb (light blue), C (grey), N (blue), Cl (dark green).

Figure P. 4 A

 4 Figure P.4 A possible synthetic procedure of 1D coordination polymers based on Nb metal ions.

Figure P. 5 A

 5 Figure P.5 A potential synthetic procedure for dinuclear system with pyztca ligand.

Figure

  Figure P.6 Crystal structures of dinuclear systems Fe2(pyztca)(DMF)4Cl2 (left), Nb2(pyztca)(DMF)4Cl4•DMF (right). Some of the anions and the hydrogens are omitted for clarity. Fe (yellow), C (grey), O (red), N (blue), Cl (dark green).

  Figure P.5 was successfully reduced with a strong reducing reagent, Li-napthalenide, affording a new compound shown in Figure P.7.

Figure P. 7

 7 Figure P.7 Molecular structures of LiNb2(pyztca)(DMF)4Cl4. Some of the anions and the hydrogens are omitted for clarity. Nb (light blue), C (grey), N (blue), Cl (dark green), Li (black).

Furthermore, this ligand

  provides many coordination modes, making possible the assembly of high dimensional frameworks. An example is shown below that there are four Fe(II) metal ions coordinated to the ligand (Figure P.8) and at least two dimensions can be expanded based on this compound.

Figure P. 8

 8 Figure P.8 Molecular structure of [Fe4(pyztca)(DMA)14](BF4)4. Counteranions and hydrogen atoms are omitted for clarity. Fe (yellow), C (grey), O (red), N (blue).

à

  base de molécules, soulignant l'importance d'un grand couplage d'échange pour améliorer les propriétés magnétiques. Les deux stratégies considérées pour augmenter les interactions magnétiques sont la création de systèmes à valence mixte ainsi que l'utilisation de ligands redox-actif comme médiateurs magnétiques. Des exemples de complexes polynucléaires fortement couplés reportés dans la littérature sont étudiés et discutés afin d'illustrer la robustesse des deux stratégies. A la lumière de cette étude bibliographique, un ligand pontant polyaromatique, la tétrapyridophénazine (tphz), (Figure R.1) est sélectionné pour construire des espèces dinucléaires "prototypes" afin d'étudier et de pouvoir sélectionner les meilleurs composants magnétiques pour la conception ultérieure de systèmes de plus hautes nucléarités et dimensionnalités pouvant conserver leur aimantation à haute température.

Figure R. 1

 1 Figure R.1 Ligand pontant tétrapyridophénazine (tphz).

Figure R. 2

 2 Figure R.2 Structure cristalline de [Co2(tphz)(tpy)2] 4+ dans 1•Co à 120 K. Les ellipsoïdes d'agitation thermiques sont représentées avec une probabilité de 50 %. Les atomes d'hydrogène, les molécules de solvant et les contre-anions sont omis par souci de clarté.

Figure R. 3

 3 Figure R.3 Voltampérogramme cyclique d'une solution de 1•Co dans de l'acétonitrile, avec 0,1 M de (n-Bu4N)PF6 comme électrolyte, à une vitesse de balayage de 0,1 V/s.

Figure R. 4 3 •

 43 Figure R.4 Dépendance en température du produit χT pour (a) 1•Co (b) 2•Co et 3•Co Les lignes représentent les meilleurs fits. En insert: magnétisation vs. courbes de champ pour 2•Co à 0,1 T.

Figure R. 5

 5 Figure R.5 Représentation de la densité de spin calculée pour les complexes en (1) 1•Co, (2) 2•Co et (3) 3•Co.

Figure R. 6

 6 Figure R.6 Eclatement du champ de ligands pour les sites de Co(II) dans les complexes 1•Co -4•Co obtenus par calculs CASSCF.

Figure R. 7

 7 Figure R.7 SOMO (dx2-y2 (a1, a2), dxy (b1, b2) et dz2 (c1, c2)) de [Co2(tphz)(tpy)2] 2+ dans 3•Co.

Figure R. 8

 8 Figure R.8 Structure cristalline de [Ni2(tphz)(tpy)2] 4+ dans 1•Ni à 120 K. Les ellipsoïdes d'agitation thermiques sont représentées avec une probabilité de 50 %. Gris: carbone, vert: nickel ; bleu: azote. Les atomes d'hydrogène, les molécules de solvant et les contre-anions sont omis par souci de clarté.

Figure R. 9

 9 Figure R.9 Dépendance en température du produit χT pour (a) 1•Ni (b) 2•Ni (c) 3•Ni. En insert: magnétisation vs. courbes de champ à 0,1 T. Les lignes représentent les meilleurs fits.

Figure R. 10

 10 Figure R.10 Eclatement du champ de ligands pour les sites Ni(II) dans les complexes 1•Ni à 3•Ni obtenu par calculs CASSCF.

Figure R. 11

 11 Figure R.11 Vue de la densité de spin calculée pour les complexes cationiques dans 1•Ni (a), 2•Ni (b) et 3•Ni (c).

Figure R. 12

 12 Figure R.12 Structure cristalline de [Cr(tphz)(tpy)] 3+ dans 1'•Cr à 120 K. Les ellipsoïdes d'agitation thermiques sont représentées avec une probabilité de 50 %. Gris: carbone, orange: chrome; bleu: azote. Les atomes d'hydrogène, les molécules de solvant et les contre-anions sont omis par souci de clarté.

  

  addition to dinuclear complexes, polynuclear complexes showing SMMs with redox-

	active ligands have been synthesized. For example, Layfield's group has used the
	electron-deficient tris(bidentate) ligand hexaazatrinaphenylene (HAN) to coordinate
	with Co(II) amide Co[(N(SiMe3)2]2 resulting in a triangular type trinuclear compound.
	For this unreduced compound [(HAN){Co[(N(SiMe3)2]2}3]•toluene, the magnetic
	interaction between the Co(II) centers is antiferromagnetic with J/kB = -6 K
	( 𝐻 ̂= -2𝐽 Co-Co (𝑆 ⃗ Co1 • 𝑆 ⃗ Co2 + 𝑆 ⃗ Co2 • 𝑆 ⃗ Co3 + 𝑆 ⃗ Co1 • 𝑆 ⃗ Co3 ) ).[80] However, with radical
	form of HAN •-ligand, the exchange coupling in [K(18-c-6)][(HAN •-)-
	{Co[(N(SiMe3)2]2}3]•2toluene estimated to be -417 K (𝐻 ̂= -2𝐽 Co-rad (∑ 𝑆 ⃗ Coi • 2 𝑖=1

Table 2
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.1 and Table 2

.

2. Due to the high instability of 4•Co, only structural analysis is performed for this compound.
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	Compound	[Co2(tphz)(tpy)2](PF6)4•3MeCN (1•Co)	[Co2(tphz)(tpy)2](PF6)3•2MeCN (2•Co)
	Formula	Co2C60H43N15P4F24	Co2C58H40N14P3F18
	FW (g• mol -1 )	1671.83	1485.81
	Crystal color	orange	brown
	Crystal size (mm)	0.20  0.15  0.04	0.07  0.03  0.01
	Crystal system	monoclinic	triclinic
	Space group	C2/c	P-1
	Temperature (K)	120	120
	a (Å)	20.927(2)	8.7692(9)
	b (Å)	15.3159(16)	13.1731(12)
	c (Å)	21.930(4)	13.5140(13)
	α (º)	90	95.191(4)
	β (º)	113.138(7)	101.525(5)
	γ (º)	90	94.803(5)
	V (Å 3 )	6463.5(15)	1515.0(3)
	Z	4	1
	μ (mm -1 )	0.737	0.736
	θmin -θmax	2.02° -26.88°	2.32° -24.89°
	Refl. coll. / unique	51016 / 6904	28192 / 5408
	Completeness to 2θ (%)	99.1	96.1
	Rint	0.1020	0.0546
	Refined param./restr.	488 / 0	431 / 0
	Goodness-of-fit	1.094	1.067
	a R1 (I > 2σ(I))	0.0943	0.0871
	b wR2 (all data)	0.2382	0.2652
	a		

1 Crystal data and structure refinements for 1•Co and 2•Co

Table 2 .

 2 2 Crystal data and structure refinements for 3•Co and 4•Co

	Compound	[Co2(tphz)(tpy)2](PF6)2 •2MeCN (3•Co)	[Co2(tphz)(tpy)2]•2THF (4•Co)
	Formula	Co2C58H40N14P2F12	C62H50Co2N12O2
	FW (g• mol -1 )	1340.84	1113.00
	Crystal color	black	black
	Crystal size (mm)	0.09  0.04  0.02	0.30  0.07  0.04
	Crystal system	monoclinic	monoclinic
	Space group	P21/c	P21/c
	Temperature (K)	120	120
	a (Å)	8.9168(5)	9.0826(3)
	b (Å)	20.1288(13)	17.0651(7)
	c (Å)	15.0073(10)	15.9341(6)
	α (º)	90	90
	β (º)	95.565(3)	91.305(2)
	γ (º)	90	90
	V (Å 3 )	2680.9(3)	2469.07(16)
	Z	2	2
	μ (mm -1 )	0.778	0.734
	θmin -θmax	2.72° -21.37°	1.75° -25.24°
	Refl. coll. / unique	43327 / 5710	17840 / 4853
	Completeness to 2θ (%)	99.6	96.8
	Rint	0.0572	0.1437
	Refined param./restr.	370 / 0	355 / 35
	Goodness-of-fit	1.051	1.074
	a R1 (I > 2σ(I))	0.0714	0.0751
	b wR2 (all data)	0.1940	0.2345
	a R1 = Σ||F0| -|FC||/Σ|F0| and b wR2 = [Σw(F0 2 -FC 2 ) 2 /Σw(F0 2 ) 2 ] 1/2	

The Co-Npyz bond distance (Co1-N2) between Co(II) and tphz is 1.936(5) Å, while due to the rigidity of the bridging ligand, the other two Co-Npy distances (Co1-N1 and Co1-N3) are significantly longer (2.353(6) and 2.286(6) Å) (Table

2

.3). The structures of the cations in 2•Co, 3•Co and 4•Co are similar to 1•Co, each Co center is surrounded by six nitrogen atoms from tpy and tphz. The two Co centers are The evolution of the Co-N bond distances in the four complexes reveals the distinct spin and oxidation states of the metal centers (see Table 2.3 for more details). While the Co-Npy distances (Co-N1, N3) remain rather long due to the rigidity of tphz in this series of complexes, it is more meaningful to compare the bond distance between Co and terpyridine ligands to assign the spin states. The average Co-N distances between Co and tpy ligands are 2.122 and 2.116(3) Å in 2•Co and 3•Co, consistent with Co(II) in its high spin (HS) state, which will be further confirmed by DFT, X-ray absorption spectroscopy and magnetometry (vide infra). In 4•Co, this average bond distance is 1.965(4) Å, similar to 1•Co and thus a low spin (LS) state is expected.
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	). These

distances also suggests a particularly good overlap between the Co and tphz orbitals, which could enable stronger magnetic coupling than in tppz-based systems already known to mediate significantly strong magnetic coupling (see the discussion section).

[4,[22][23][24][25][26][27] 

The possibility to be in presence of Co(III) in 1•Co and Co(I) in 3•Co or 4•Co was also considered, but excluded after combined analysis of the experimental results

Table 2

 2 

	.3 Selected bond distances (Å) in 1•Co-4•Co complexes.
		1•Co	2•Co	3•Co	4•Co
	Co-N1	2.353(6) 2.344(6) 2.396(4) 2.650(4)
	Co-N2	1.936(5) 1.970(5) 1.923(3) 1.976(5)
	Co-N3	2.286(6) 2.320(6) 2.269(4) 2.144(4)
	Co-N4	1.991(6) 2.129(6) 2.152(3) 2.001(4)
	Co-N5	1.875(5) 2.089(5) 2.069(3) 1.885(4)
	Co-N6	1.947(6) 2.148(6) 2.128(3) 2.008(4)
	C-C(pyz) a	1.405(8) 1.397(8) 1.381(6) 1.378(8)
	C-N(pyz) a,b	1.331(8) 1.356(8) 1.375(6) 1.392(7)
	N2•••N2'	2.763(1) 2.821(7) 2.856(4) 2.892(6)
	darom.(Cpy-Cpy) in tphz b	1.392	1.392	1.399	1.399
	d(Cpy-Npy) in tphz b	1.349	1.353	1.352	1.352
	darom.(Cpy-Cpy) in tphz b	1.383	1.381	1.380	1.388
	dnon-arom.(Cpy-Cpy) in tpy b 1.469	1.490	1.484	1.441
	d(Cpy-Npy) in tpy b	1.348	1.339	1.340	1.358
	Shortest d(Co…Co)	9.06	8.77	8.93	9.08

a pyz = pyrazine part of tphz; b average distance.
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 2 4 Energy of the spin states produced by the B3LYP/TZV DFT calculations

	configuration	E (a.u.)	<S 2 >
	UUU	-5500.92119	15.7789
	UUD	-5500.92661	3.6406
	UDU	-5500.93123	9.5526
	Two exchange interactions can be calculated with the following equations:

Table 2

 2 

.5), and can be illustrated by the computed energy level diagram shown in Figure 2.31,

Table 2 .5 Energy spectra for 2•Co.
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	ST	(ST+1)ST	S'	S'(S'+1)	E	Es
	7/2	63/4	3	12	-15J/4	-7J
	5/2	35/4	3	12	13J/4	0
	3/2	15/4	2	6	9J/4	-J
	5/2	35/4	2	6	-11J/4	-6J
	3/2	15/4	1	2	-7J/4	-5J
	1/2	3/4	1	2	5J/4	-2J
	1/2	3/4	0	0	-3J/4	-4J

Table 2 .

 2 6 Estimated spin density using Mulliken spin population analysis.

	Compound	Number of unpaired electrons on the Co site	Spin population at the Co site	Delocalization in % of the Co spins on the ligands
	1•Co	1	0.9711	3
	2•Co	3	2.7086	10
	3•Co	3	2.5819	14
	2.2.			

8 Discussion Comparison of complexes based on tphz and tppz ligand

  Both tphz and tppz (2,3,5,6-tetra(2-pyridyl)pyrazine) (Figure2.34) ligands possess two trans-terpyridine coordination sites that can be used as a bis-chelated linker for the preparation of dinuclear compounds. They are also reported to be redox-active. Similar

	to the tphz ligand, the cyclic voltammetry of [(tpy)Ru(μ-tppz)Ru(tpy)](PF6)3 complex
	shows three reduction processes in MeCN with two at -0.76 and -1.25 V coming from
	tppz ligand and at -1.83 V vs. Fc + /Fc from terpyridine ligand.[58, 59] Therefore, both
	ligands can be good candidates as radical-ligands with various charges. Unlike tphz
	ligand, tppz ligand is non-planar when coordinated in bridging mode. Although it could
	provide multiple coordination modes shown in Figure 2.35,[26] this geometrical aspect

also increases the difficulty in designing the bis-chelated dinuclear complexes to support significant electronic communication. Many mononuclear or dinuclear complexes have been reported using tppz ligand as bridging ligand.

[34, 60] 

Table 2 .

 2 7 Crystal data and structure refinements. result of the increasing electrostatic interactions between the cationic metal and the bridging ligand. Those bond distances are particularly short, but in perfect agreement with the reported cobalt series. The Ni-N1, Ni-N3 bond distances are relatively long due to the rigidity of the tphz ligand. The average Ni-N bond distance

	Compound	[Ni2(tphz)(tpy)2](PF6)4 •3MeCN (1•Ni)	[Ni2(tphz)(tpy)2](PF6)3 •2Et2O (2•Ni)	[Ni2(tphz)(tpy)2](PF6)2 •Et2O (3•Ni)
	Formula	Ni2C60H43N15P4F24	Ni2C62H54N12O2P3F18	C58H44N12Ni2OP2F12
	FW (g• mol -1 )	1671.39	1551.50	1332.41
	Crystal color	orange	brown	black
	Crystal size (mm)	0.12  0.06  0.02	0.12  0.08  0.02	0.18  0.03  0.01
	Crystal system	monoclinic	monoclinic	monoclinic
	Space group	C2/c	C2/c	P21/c
	Temperature (K)	120	120	120
	a (Å)	21.3407(14)	33.430(3)	8.9028(6)
	b (Å)	15.3842(14)	12.9935(16)	20.1557(12)
	c (Å)	21.633(2)	16.4397(19)	15.2276(11)
	α (º)	90	90	90
	β (º)	113.749(6)	114.415(5)	98.903(3)
	γ (º)	90	90	90
	V (Å 3 )	6500.9(10)	6502.3(13)	2699.6(3)
	Z	4	4	2
	μ (mm -1 )	0.802	0.759	0.855
	θmin -θmax	1.69° -24.49°	1.34° -20.89°	2.02° -25.45°
	Refl. coll. / unique	69168 / 5382	76581 / 3419	47326 / 4976
	Completeness to 2θ (%)	99.6	99.7	99.5
	Rint	0.0495	0.0413	0.0688
	Refined param./restr.	488 / 0	466 / 72	370 / 0
	Goodness-of-fit	1.104	1.098	1.090
	a R1 (I > 2σ(I))	0.0693	0.0596	0.0653
	b wR2 (all data)	0.2008	0.1759	0.1629
	( a R1 = Σ||F0| -|FC||/Σ|F0| and b wR2 = [Σw(F0 2 -FC 2 ) 2 /Σw(F0 2 ) 2 ] 1/2 ).	

The average Ni-N2 distance, between Ni(II) and nitrogen atom from the pyrazine ring of tphz ligand decreases from 1.980(4) to 1.921(4) Å upon the two successive reductions as a complexes is reduced, which is also observed in the Co analogues and can be taken as an important signature of the presence of the reduced tphz ligand.
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		1•Ni	2•Ni	3•Ni
	Ni-N1	2.268(5) 2.267(7) 2.305(4)
	Ni-N2	1.980(4) 1.962(6) 1.921(4)
	Ni-N3	2.336(5) 2.338(7) 2.326(4)
	Ni-N4	2.089(5) 2.097(7) 2.100(4)
	Ni-N5	1.975(4) 2.002(6) 1.997(3)
	Ni-N6	2.078(5) 2.084(7) 2.114(4)
	C-C(pyz) a	1.391(7) 1.384(10) 1.382(6)
	C-N(pyz) a,b	1.331(7) 1.359(9) 1.375(6)
	N2•••N2'	2.758	2.807	2.840
	darom.(Cpy-Cpy) in tphz b	1.390	1.394	1.396
	d(Cpy-Npy) in tphz b	1.346	1.350	1.350
	darom.(Cpy-Cpy) in tpy b	1.385	1.379	1.382
	dnon-arom.(Cpy-Cpy) in tpy b	1.481	1.483	1.479
	d(Cpy-Npy) in tpy b	1.343	1.343	1.345
	Shortest intermolecular d(Ni…Ni)	9.158	8.795	8.682

8 Selected bond distances (Å) in 1•Ni, 2•Ni and 3•Ni complexes. a pyz = pyrazine part of tphz; b average distance.
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 2 9 Computed E and corresponding S 2 values.

	HS		E (Hartrees)	<S 2 >
	UUU		-5751.845296	8.7733
	UDU		-5751.842137	4.7649
	UUD		-5751.843736	2.7691
	Thus, the exchange coupling JNi-R and JNi-Ni can be calculated as:
	𝐽 𝑁𝑖-𝑅 = -	𝐸 𝑈𝑈𝑈 -𝐸 𝑈𝐷𝑈 ⟨𝑆 2 ⟩ 𝑈𝑈𝑈 -⟨𝑆 2 ⟩ 𝑈𝐷𝑈	(2.26)
	𝐽 𝑁𝑖-𝑁𝑖 = -	3 4	1 2 ⟨𝑆 2 ⟩ 𝑈𝑈𝑈 + (𝐸 𝑈𝑈𝑈 + 𝐸 𝑈𝐷𝑈 ) -𝐸 𝑈𝑈𝐷 1 4 ⟨𝑆 2 ⟩ 𝑈𝐷𝑈 -⟨𝑆 2 ⟩ 𝑈𝑈𝐷

  g (51.5 mmol) sodium borohydride were added stepwise to the solution, starting from the sodium borohydride. The mixture was refluxed for 15 minutes more after adding, and the solvent was removed by evaporate rotatory. The resulting solid was dissolved in 60 mL water, and the pH of the solution was adjusted to 12 by 5M NaOH.

	Black precipitate was obtained by filtration, washed with water.
	Purification were as follows: The black precipitate was dissolved completely in 125 mL
	0.3M HCl, under stirring, 56 mL 2M HCl was added to precipitate the
	tetrahydrochloride salt of the final compound. After filtration, the resulting red solid
	was dissolved in 80 mL hot water. The pH of the solution was adjusted to 12 by adding
	2M NaOH solution under stirring. The precipitate was filtered off, washed with water
	and dried in vacuo. Yield: 500 mg (24%), 1 H-NMR ((CD3)2S=O): 8.05 (dd, 4H); 9.30
	(d, 4H); 9.42 (d, 4H). IR (solid,
	1 H-NMR (D2O): 4.10 (s, 3H); 7.30
	(s, 1H); 7.91, 7.99 (2 overlapping dd, 2H); 8.89 (dd, 1H); 8.94 (dd, 1H); 9.13 (dd, 1H);
	9.34 (d, 1H).
	4,7-Phenanthroline-5,6-dione. 5-Methoxy-4,7-phenanthroline hydrogen sulfate (3.2 g;
	10.4 mmol) was dissolved in 98% H2SO4 (12 mL) under stirring. Fuming HNO3 (5 mL)
	was added dropwise to the solution with ice bath cooling. The solution was heated at
	92˚C for 16 hours, then poured onto ice, and neutralized to pH 7 by the stepwise
	addition of ammonium bicarbonate under ice bath. Pale yellow precipitate was come
	out after staying under ice bath for 2 hours, and was isolated by filtration, washed with
	chilled H2O, chilled acetone and chilled diethyl ether, and dried in vacuo overnight.
	Yield: 2.05 g (93%). The 1H NMR were identical to those reported previously. 1 H-
	NMR (D2O with a drop of H2SO4): 7.92 (dd, 2H); 8.50 (d, 2H); 8.85 (d, 2H).

Tetrapyrido[2,3-a:3'2'-c:2'',3''-h:3'''2'''-j]phenazine. Under argon protection, 7.53 g (97.7mmol) of ammonium acetate was dissolved in anhydrous 110 mL MeOH, the solution was refluxed at 70˚C. 2.05 g (9.8 mmol) of 4,7-phenanthroline-5,6-dione and 1.95 𝜈 ̃/cm -1 ) 687 (vs), 768 (vs), 795 (vs), 953 (w), 996 (w), 1058 (w), 1083 (w), 1162 (m), 1213 (m), 1278 (s), 1278 (s), 1307 (w), 1330 (m), 1375 (vs), 1408 (s), 1497 (s), 1548 (m), 1592 (m), 1980 (w), 2160 (w), 3171 (s).

  7.3% (calcd -7.3% for 3 CH3CN); decomp.> 270°C. Elemental analysis found (calcd) for C60H43Ni2F24N15P4: C 42.70(43.12), H 2.83(2.59), N 12.58(12.57). IR of 1•Ni (solid,

	𝜈 ̃/cm -1 ) 649 (m), 669 (m), 704 (s), 734 (s), 768 (vs), 823 (vs), 1017(s), 1039 (w), 1099
	(w), 1162 (w), 1187 (w), 1213 (w), 1251 (w), 1326 (s), 1387 (m), 1414(m), 1453 (m),
	1475 (m), 1506 (w), 1533 (w), 1560 (w), 1581 (w), 1604 (w), 2251 (w). 1 H-NMR
	(CD3CN): 150.32 (b, 4H), 101.59 (b, 4H), 78.23 (s, 4H), 77.53 (s, 4H), 47.37 (s, 4H),
	44.68 (s, 4H), 17.35 (s, 2H), 14.24 (s, 4H), 12.35 (s, 4H).
	Synthesis of [Ni2(tphz)(tpy)2](PF6)3•2Et2O (2•Ni). Compound 1•Ni (50 mg, 0.030
	mmol, 1eq.) and 4.5 mg of KC8 (0.033 mmol, 1.1 eq.) were stirred in 3 mL of THF at
	room temperature for 4 hours and filtered with a Sartorius filter. The solid was dissolved
	in CH3CN and filtered using plastic VWR filter (porosity 0.2 µm). Dark brown crystals
	were obtained from slow diffusion of diethyl ether with an approx. 42% yield based on

Ni. TGA: decomp.> 350° C. Elemental analysis found (calcd) for C62H54Ni2F18N12P3O2: C 47.64(48.00), H 3.53(3.51), N 10.63(10.83). IR of 2•Ni (solid, 𝜈 ̃/cm -1 ) 643 (m), 650

  Ni dinuclear systems.[2, 6, 7] However, the attribution of each peak is not obvious because both metal ion and ligand are redox-active in this compound. The large peak separation shows the potential of stabilizing all five complexes. The obtention of the [(tpy)M(tphz)] n+ fragments with different oxidation states could open

	•-and from Cr(III) to Cr(II)
	by comparing with the data reported for [Cr(tpy)2] 3+ compounds and the previously
	mentioned Co/
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 3 1 Crystal data and structure refinements

			[Cr(tphz)(tpy)](CF3SO3)3
	Compound	Cr(tpy)(CF3SO3)3	
			•Et2O (1'•Cr)
	Formula	C18H11CrF9N3O9S3	C46H33CrF9N9O10S3
	FW (g• mol -1 )	732.48	1190.99
	Crystal color	Red	Orange
	Crystal size (mm)	0.14×0.11×0.03	0.3×0.02×0.01
	Crystal system	Triclinic	Triclinic
	Space group	P-1	P-1
	Temperature (K)	120	120
	a (Å)	13.3872(15)	10.6856(11)
	b (Å)	13.4166(16)	13.1212(12)
	c (Å)	15.6840(18)	18.0622(18)
	α (º)	81.472(6)	72.344(4)
	β (º)	68.974(5)	83.075(4)
	γ (º)	85.355(6)	86.981(4)
	V (Å 3 )	2599.2(5)	2395.2(4)
	Z	4	2
	μ (mm -1 )	0.801	0.475
	θmin -θmax	1.535°-26.515°	1.190°-23.339°
	Refl. coll. / unique	75346 / 10603	134816 / 6907
	Completeness to 2θ (%)	98.2	99.7
	Rint	0.1043	0.1072
	Refined param./restr.	775 / 0	703 / 71
	Goodness-of-fit	1.020	1.059
	a R1 (I > 2σ(I))	0.0455(6805)	0.1036(5191)
	b wR2 (all data)	0.1188 (10603)	0.3183(6907)
	a R1 = Σ||F0| -|FC||/Σ|F0| and b wR2 = [Σw(F0 2 -FC 2 ) 2 /Σw(F0 2 ) 2 ] 1/2	
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		[Cr(tphz)(tpy)](CF3SO3)2	[Cr(tphz)(tpy)]2(CF3SO3)2
	Compound		
		•MeCN (2՚•Cr)	•3MeCN•2Et2O (3'•Cr)
	Formula	C43H26CrF6N10O6S2	C94H75Cr2F6N21O8S2
	FW (g• mol -1 )	1008.86	1908.87
	Crystal color	Brown	Black
	Crystal size (mm)	0.3×0.08×0.01	0.3×0.2×0.1
	Crystal system	Triclinic	Triclinic
	Space group	P-1	P-1
	Temperature (K)	120	120
	a (Å)	9.863(3)	10.8374(5)
	b (Å)	12.837(3)	13.4385(6)
	c (Å)	16.566(6)	15.1456(8)
	α (º)	98.506(13)	81.115(2)
	β (º)	100.189(12)	87.233(2)
	γ (º)	98.847(12)	76.720(2)
	V (Å 3 )	2006.4(11)	2120.85(18)
	Z	2	1
	μ (mm -1 )	0.484	0.393
	θmin -θmax	1.270°-23.631°	1.573°-26.075°
	Refl. coll. / unique	21537 / 5745	100958 / 8358
	Completeness to 2θ (%)	95.4	99.4
	Rint	0.1500	0.025
	Refined param./restr.	614/0	604/0
	Goodness-of-fit	1.027	1.109
	a R1 (I > 2σ(I))	0.0735(3032)	0.0334(7763)
	b wR2 (all data)	0.2007(5745)	0.0969(8358)
	a R1 = Σ||F0| -|FC||/Σ|F0| and b wR2 = [Σw(F0 2 -FC 2 ) 2 /Σw(F0 2 ) 2 ] 1/2	
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	3 Selected bond distances (Å) in 1'•Cr, 2'•Cr and 3'•Cr complexes.
		1'•Cr	2'•Cr	3'•Cr
	Cr-N1	2.143(6)	2.119(6)	2.126(15)
	Cr-N2	1.980(6)	1.900(6)	1.912(15)
	Cr-N3	2.122(6)	2.108(6)	2.125(16)
	Cr-N7	2.054(6)	2.065(6)	2.039(15)
	Cr-N8	1.973(6)	1.998(6)	1.936(15)
	Cr-N9	2.050(6)	2.065(6)	2.066(15)
	C-C(pyz) a	1.409(10), 1.397(10)	1.410(10), 1.384(9)	1.393(2), 1.393(3)
	C-N(pyz) a,b	1.342	1.358	1.362
	N2•••N2'	2.772	2.851	2.850
	darom(Cpy-Cpy) in tphz b	1.409	1.408	1.411
	d(Cpy-Npy) in tphz b	1.350	1.342	1.349
	darom(Cpy-Cpy) in tpy b	1.377	1.377	1.388
	dnon-arom(Cpy-C'py) in tpy b	1.468	1.473	1.449
	d(Cpy-Npy) in tpy b	1.349	1.355	1.369
	Shortest intermolecular			
		3.173	3.354	3.269
	distance			

a pyz = pyrazine part of tphz; b average distance.
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	Compound	Cr2(tphz)Cl4 (4'•Cr)	Cr(tphz)Cl2(DMF) (5'•Cr)
	Formula	C24H12Cl4Cr2N6	C27H19CrCl2N7O
	FW (g• mol -1 )	630.20	580.39
	Crystal color	Dark red	Black
	Crystal size (mm)	0.2×0.04×0.01	0.15×0.07×0.02
	Crystal system	Orthorhombic	Monoclinic
	Space group	Pnnm	P21/n
	Temperature (K)	120	120
	a (Å)	6.8110(2)	14.3948(10)
	b (Å)	11,9558(4)	11.2662(7)
	c (Å)	14.4367(4)	15.9668(11)
	α (º)	90	90
	β (º)	90	107.457(3)
	γ (º)	90	90
	V (Å 3 )	1175.59(6)	2470.1(3)
	Z	2	4
	µ (mm -1 )	1.407	1.561
	θmin -θmax	2.82-25.35	2.46-21.17
	Refl. coll. / unique	25120/9967	67135/4532
	Completeness to 2θ(%)	100	99.5
	Rint	0.0300	0.1078
	Refined param./restr.	88/0	345/0
	Goodness-of-fit	1.098	1.100
	a R1 (I > 2σ(I))	0.0646	0.0437
	b wR2 (all data)	0.1923	0.1198
	a R1 = Σ||F0| -|FC||/Σ|F0| and b		
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	5 Selected bond distances (Å) in 4'•Cr-5'•Cr complexes.
		4'•Cr	5'•Cr
	Cr-N1	2.388(4)	2.150(4)
	Cr-N2	2.073(7)	1.945(4)
	Cr-N3	2.388(4)	2.133(4)
	Cr-Cl1	2.234(2)	2.352(1)
	Cr-Cl2	2.193(3)	2.329(1)
	Cr-O1		1.998(3)
	C-C(pyz) a,b	1.406	1.368
	C-N(pyz) a,b	1.335	1.394
	N2•••N2'(N5)	2.78	2.82
	darom(Cpy-Cpy) in tphz b	1.405	1.397
	d(Cpy-Npy) in tphz b	1.345	1.353

a pyz = pyrazine part of tphz; b average distance.

  Cr(tpy)(SO3CF3)2 (0.013 mmol, 1 eq.), 5 mg tphz ligand (0.013 mmol, 1 eq.) and 5.2 mg Co(Cp)2 (0.027 mmol, 2.1 eq.) were reacted in 2 mL MeCN at 70°C for 15 h, the resulting brown solution was filtered through plastic VWR filter (porosity 0.2 µm).

	Black crystals were obtained from slow diffusion of diethyl ether. Yield: 5 mg, 41%
	based on Cr. IR (solid, 𝜈 ̃/cm -1 ) 664 (m), 670 (m), 713 (s), 763 (vs), 827 (m), 930 (s),
	997 (s), 1027 (vs), 1078 (s), 1116 (vs), 1145 (vs), 1222 (vs), 1256 (vs), 1348 (m), 1387
	(m), 1448 (m), 1502 (w), 1578 (m), 1601 (m), 2199 (w), 3073 (w).
	Synthesis of Cr2(tphz)Cl4 (4'•Cr) 6.3 mg (0.051 mmol, 2 eq.) CrCl2 was added to a 4
	mL MeOH/DCM (1:1) solution of 10 mg (0.026 mmol, 1 eq.) tphz, the reaction mixture
	was stirred for 3 hours. The filtrate solution was kept in -4°C for 5 days. Long dark red
	crystals came out. Yield: 4 mg, 25% based on Cr. IR (solid, 𝜈 ̃/cm -1 ) 556 (m), 575 (w),
	590 (w), 616 (w), 698 (vs), 755 (s), 796 (m), 829 (w), 992 (w), 951 (w), 1002 (w), 1090
	through plastic VWR filter (porosity 0.2 µm). Black crystals were obtained from slow
	diffusion of diethyl ether. Yield: 5 mg, 33%. IR (solid, 𝜈 ̃/cm -1 ) 657 (m), 700 (s), 756
	(s), 788 (s), 999 (m), 1044 (w), 1060 (w), 1088 (m), 1122 (w), 1160 (m), 1175 (m),
	1208 (w), 1252 (m), 1292 (s), 1351 (vs), 1381 (m), 1434 (w), 1457 (w), 1482 (m), 1505
	(s), 1583 (s), 1605 (w), 1635 (vs), 2025 (w), 2161 (w), 2927 (w), 3066 (w).
	38 g, 1.6 mmol) in THF (15
	mL) is added to a solution of CrCl3(THF)3 (0.54 g, 1.5 mmol) in THF (30 mL). The
	reaction mixture was refluxed for 12 hours, resulting in the formation of a green
	suspension. The precipitate was filtrated, washed with THF, and dried in vacuo. Yield:

0.35 g, 61.2%. IR (solid, 𝜈 ̃/cm -1 ) 555 (m), 566 (w), 583 (w), 653 (s), 675 (m), 734 (m), 783 (vs), 827 (w), 886 (w), 905 (w), 926 (w), 980 (w), 1024 (s), 1040 (m), 1050 (m), 1069 (w), 1099 (w), 1137 (w), 1157 (m), 1171 (w), 1185 (w), 1242 (m), 1290 (w), 1302 (w), 1228 (m), 1301 (w), 1365 (vs), 1387 (s), 1448 (s), 1468 (s), 1601 (w).

Synthesis of Cr(tphz)Cl2(DMF) (5'•Cr) 6.3 mg CrCl2 (0.051 mmol, 2 eq.) and 10 mg tphz (0.026 mmol, 1 eq.) were reacted in 2 mL DMF and the solution was filtered

and relaxation time, τ0, of 4.2 × 10 -7 s at low temperature.[53] 
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Chapter 2

Magnetic properties modulation with redox-active bridging ligand

The second reaction was attempted by directly reacting CrCl2 and tphz in DMF solution with the ratio of 2:1. The resultant compound is a mononuclear complex Cr(tphz)Cl2(DMF) (5'•Cr) (Figure 3.15). The Cr metal ion is coordinated to one side of the tphz ligand, two Cl -ion and one DMF molecule. The electronic states of these two complexes are determined by a careful investigation of the bond lengths (Table 3 

Synthesis of Fe2(tphz)(CF3SO3)2Cl2(MeCN)2. 10 mg (0.025 mmol, 1 eq.) tphz, 3.3 mg (0.025 mmol, 1 eq.) FeCl2 and 9.2 mg (0.025 mmol, 1 eq.) Fe(CF3SO3)2 were reacted in 2 mL MeCN for 15 hours, the resulting green solution was filtered through plastic VWR filter (porosity 0.2 µm). Black crystals were obtained from slow diffusion of diethyl ether with an approx. 57% yield based on Fe. Cell parameters (T = 120 K): 

Synthesis of 2, 3, 5, 6-pyrazinetetracarboxylate.[3]

A hot solution (150 mL H2O) of 30.9 g KMnO4 was added dropwise to a slurry of 2.7 g of phenazine in 30 mL of hot water containing one pellet of KOH (5%). The reaction was taken at 70-80°C for 4 hours. After adding a few drops of ethanol to destroy the excess permanganate, the mixture was filtered and the solid MnO2 was washed with water (2 × 20 mL). The filtrate was concentrated to 40 mL and acidified with HCl to pH 2-3. After cooling, a white crystalline powder of the targeted product formed and was isolated by filtration.

Yield: 1.6 g (42%). 13 Synthesis of [Fe4(pyztca)(DMA)14](BF4)4. 20 mg H4pyztca (0.078 mmol, 1 eq.) and 52.7 mg (0.156 mmol, 2 eq.) of Fe(BF4)2 were reacted in 2 mL pyridine for 15 hours, the blue precipitate was filtered and dissolved in 2 mL DMA. Blue crystals were obtained from slow diffusion of diethyl ether with an approx. 31% yield based on Fe. 

Résumé