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ENGINEERING MAGNETIC ANISOTROPY IN MONONUCLEAR COBALT(II) COMPLEXES AND LANTHANIDE-BASED METALLACROWNS

ces complexes permettent de rationaliser les résultats expérimentaux et surtout de prévoir les propriétés de nouveaux complexes. Les chapitres 4 et 5 concernent deux séries de SMM de structure métallacrown de formule LnGa4 (Ln = Tb III , Dy III , Ho III , Er III , Yb III ) avec les ligands basés sur l'acide salicylhydroxamique (H3shi) et l'acide 3-hydroxy-2-naphtohydroxamique (H3nha). Les calculs théoriques préliminaires permettent de rationaliser la différence entre les propriétés des magnétiques dues aux différents ions lanthanide. Enfin, une conclusion générale avec des perspectives sont récapitulées au chapitre 6.
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Université Paris-Saclay China, but the objects made from magnetic materials have been found in archaeological sites dating from much further back in China. 2,3 In ancient Chinese civilization, lodestones were called "soft stones". This is the general name of all strongly magnetic oxides existing in nature and having a permanent magnetic character. Now we know that they are the magnetic minerals based on iron: -Fe2O3, FeO-TiO2-Fe2O3, sometimes also FeS1+x and especially magnetite Fe3O4. 2 The Chinese writings of Gui Guzi (400-320 BC) and Han Fei (280-233 BC), showed that the orientation of natural lodestone towards the earth's poles had also been known for a very long time. 2 Additionally, the remarkable physical properties of this material were used as the first compass that was invented during the period of 3 rd and 4 th century BC during the Han Dynasty of China. 1 The oldest "directional tool" (called Sinan in Chinese, means Directing South) known was made: it was a natural lodestone sculpted and polished into the form of a spoon. This "directional spoon", the ancestor of the compass, was described by Wang Chong (27-97) in Lun Heng: "This instrument resembles a spoon, and when it is placed on a plate on the ground, the handle points to the south". On an etching dating from the Han period, we see a spoon placed on a small square tray (Figure 1.1), it is commonly accepted that this is a painting of a directional instrument.
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During the following centuries, the magnetic compasses were further refined but the origin of magnetism was not understood until the early 17 th century, when English scientist introduced the notion of a magnetic field, as the force acting on a unit magnetic charge at all points in space. However, in contrast to electric charges, magnetic charges seem to only exist in pairs, constituting "magnetic dipoles". [5][6][7][8] In 1820, another key-experiment by Danish physicist Hans Christian Øersted (1777-1851) opened new perspectives in the understanding of magnetism by showing that a magnetic field could be created by the circulation of an electric current in a conducting wire (Figure 1.2). This experiment demonstrated the relationship between electricity and magnetism. Following experiments involving the effects of magnetic and electric fields on one another were then carried on by French scientist André-Marie Ampère (1775-1836) who showed that a current carrying a circular coil generates a magnetic field identical to that created by a magnetic dipole, and suggested that the magnetism of matter could be due to small electrical current loops circulating on the atomic scale. English scientist Michael Faraday (1791-1869) constructed the first dynamo and French scientist Pierre-Simon de 

Laplace (1749-1827) established the expression for the force acting on a current carrying conductor in a magnetic field. 4 But it was the Scottish scientist, James Clerk Maxwell (1831-1879), who provided the mathematical frame finally that allowed the description of electromagnetism by showing, in the 19 th century, that electricity and magnetism represent different aspects of the same fundamental force field. 9 The discovery of the electron in 1897 by English physicist Joseph John Thomson (1856-1940) 10 and the ensuing refinement of the theory through quantum mechanics would usher in a new era of scientific discovery in the 20 th century. Some major discoveries range from the advent of magnetic refrigeration 11 to superparamagnetism 12 to high temperature superconductors 13 . The present day understanding of magnetism based on the theory of the motion and interactions of electrons in atoms (quantum electrodynamics) stems from the work and theoretical models of two German scientists, Ernest Ising (1900-1998) 14 and Werner Karl Heisenberg (1901-1976) 15 . Werner Karl Heisenberg was also one of the founding fathers of modern quantum mechanics, which provided the tools for describing the magnetic properties, starting a revolution that we are still observing. Many new concepts were introduced, and some of them have had a fundamental impact on magnetism, most important among them spin and exchange. 4 With the improvement of structural, magnetic characterization techniques and quantum mechanics approaching, coordination chemists began to study magnetic properties of compounds, which gave rise to the field of molecular magnetism. 16,17 Actually, Université Paris-Saclay 4 molecular magnetism is an essentially multidisciplinary field, which involves synthetic chemistry, coordination chemistry, theoretical chemistry, solid state physics, and so on, with chemists, physicists, and material scientists (including some biologists) working to advance the field. 17 Molecular magnetism has the potential applications to unlock novel spintronic devices, 18,19 to supply high-density storage devices, to act as qubits, 20,21 to probe physical phenomena at the boarder of the classical and quantum regimes, and to serve as magnetic refrigerants. 11 This potential provides the motivation to probe these molecules. Indeed, Olivier Kahn (1942-1999) 22 in our laboratory is considered to be the father of molecular magnetism by many chemists, and has contributed in a crucial manner to the understanding of the exchange coupling phenomenon in coordination complexes, promoting the Goodenough-Kanamori rules using combined theoretical and experimental approaches. 17,[23][24][25] Thus, it became possible to engineer molecular magnetic materials to obtain predictable magnetic behavior, which was the birth of the field of Molecular Magnetism. In 1991, the field saw a revolution due to the discovery, by Dante Gatteschi (University of Florence), of what was then called Single Molecule Magnets (SMMs). [26][27][28] Magnetic anisotropy was the main physical phenomenon to study in order to deeply understand the magnetic behavior of SMMs. Herein, my research thesis is focused on the synthesis of mononuclear SMM complexes with the objective of understanding the origin of magnetic anisotropy using mainly an experimental approach; theoretical calculations are also used to provide a rationalization and more importantly as a predictive tool.

Fundaments of Single Molecule Magnets

Before introducing molecule-based SMM materials, it is essential to first discuss, briefly, some fundamental theory of magnetism at the microscopic level.

Magnetism originates from the presence of the spin and orbital angular momenta of unpaired electrons, which generate a magnetic moment. 29 Within a magnetic material, there can be several atoms that have unpaired electrons, generating a magnetic moment within the molecules. To minimize the magnetic energy in magnets, there are regions of space where all the magnetic moments align parallel or antiparallel with each other, known as domains.

Basically, the energy of a d n atom or ion due to various electronic and nuclear interactions is the meaning of each term is given in Table 1.1.

Here we concentrate on magnetic and electronic interactions of intermediate magnitude, namely spin-orbit coupling, Zeeman effect and spin-spin interaction, which laid the foundation for the discussion of SMMs. Furthermore, if you are interested in in-depth examination of theory of molecular magnetism, please refer to several books on the topic. 16,17,30,31 Nuclear magnetic resonance, nuclear quadrupole resonance and Mössbauer spectroscopy

Spin-Orbit Coupling and Zeeman Effect

Spin-Orbit Coupling (SOC) is due to the interaction between the spin and the orbital angular momenta of unpaired electrons. 29 The coupling splits the electron's energy levels due to electromagnetic interaction between the electron's spin and the magnetic field generated by the electron's orbit around the nucleus. This, together with the non-cubic crystal field generated by the ligands, is responsible of the lift of the degeneracy of the spin levels in the absence of an applied magnetic field and leads to what is called Zero-Field Splitting (ZFS).

ZFS is responsible of the magnetic anisotropy in transition metal ions and has profound effects on the magnetic properties.

An energy level diagram which illustrates the phenomenon of ZFS is presented in (represents 3d transition metals) system. In this case, the effect of SOC is said to be of second order because the lift of the degeneracy of the spin ground state is due to its coupling with the excited states via the spin-orbit operator. In an axial crystal field, the four-fold degeneracy, ms = ±1/2, ±3/2, is partially resolved with the ±3/2 states separated an amount 2D (in units of energy, usually cm -1 ) from the ±1/2 states. The nature of the ground ms state (±1/2 or ±3/2) depends on several parameters and particularly on the magnitude and the symmetry of the crystal field. The influence of these parameters will be discussed in this work. 3); while if D < 0, the ±3/2 levels have the lowest energy. 16 The Zeeman effect depicts the removal of the degeneracy of the ms levels in the presence of an applied direct-current (dc) magnetic field. In Figure 1.3, an S = 3/2 metal ion in an applied dc magnetic field, the energy of the ms = -3/2 level is stabilized, whereas the energy of the ms = +1/2 level is destabilized. In the absence of ZFS, when the dc magnetic field is applied parallel the anisotropy axis or when the applied field is much larger that ZFS, the energy of the ms sub-levels is expressed by

E = gBmsH (1.2)
where g is the Landé-factor, B is the Bohr magneton, and H is the applied dc magnetic field.

Exchange Interactions

In polynuclear systems, there is an exchange interaction between neighboring metal atoms via the bridging ligands or organic radicals known as exchange coupling, which is expressed by the coupling parameter, J. Generally, there are two types of coupling, ferromagnetic (J > 0), where the electron spins are aligned parallel in the ground state, and antiferromagnetic (J < 0), where the spins are oriented antiparallel in the ground state.

Goodenoug and Kanamori established rules that allows predicting the ferro-or antiferromagnetic nature of the exchange interaction knowing the geometrical structure between two metal ions, their rules were applied mainly on oxides but they have, of course, a general character. 23,24 Later, Kahn 17 introduced formally the idea of overlap and orthogonality between magnetic orbitals that allowed chemists to simply predict the nature of the exchange coupling interaction in molecular systems; Anderson had already mentioned the same idea with a less formal development. 33 For lanthanides, the exchange coupling is quite weak (< 1 cm -1 ) because the f-orbitals are contracted, 34 but they possess a very large SOC that leads to large magnetic anisotropy and thus to interesting mononuclear complexes that behave as SMMs.

Total Spin Hamiltonian

The ZFS within a 2S+1  state without first-order angular momentum can be expressed by the phenomenological Hamiltonian:

𝐻 ̂ZFS = 𝑆 ̂⋅ 𝐷 ̂⋅ 𝑆 ̂ (1.3)
where 𝐷 ̂ is a symmetric and traceless tensor. In matrix notation, the total spin Hamiltonian considering the Zeeman perturbation is then

𝐻 ̂ = 𝜇 B 𝑆 ̂⋅ 𝒈. 𝐻 ⃗ ⃗ + 𝑆 ̂⋅ 𝐷 ̂⋅ 𝑆 ̂ (1.4)
𝒈 being the g-tensor. Assuming the 𝐷 ̂ and 𝒈 tensors colinear, equation 1.4 could be rewritten as

𝐻 ̂ = 𝑔 u 𝜇 B 𝑆 ̂u ⋅ 𝐻 u + 𝐷 [𝑆 ̂z 2 - 𝑆 T (𝑆 T +1) 3 ] + E(𝑆 ̂x 2 -𝑆 ̂y 2 ) (1.5)
If we consider the isotropic magnetic coupling, equation 1.5 becomes

𝐻 ̂ = -𝐽 12 𝑆 ̂1 ⋅ 𝑆 ̂2 + 𝐷 [𝑆 ̂z 2 - 𝑆 T (𝑆 T +1) 3 ] + E(𝑆 ̂x 2 -𝑆 ̂y 2 ) + 𝑔 u 𝜇 B 𝑆 ̂u ⋅ 𝐻 u (1.6)
where J12 is the exchange coupling parameter; 𝑆 ̂1 and 𝑆 ̂2 are the corresponding spin operators;

ST is the total spin state; 𝑆 ̂x, 𝑆 ̂y, 𝑆 ̂z and 𝑆 ̂u are the corresponding spin operators; H is the magnetic field along direction u = x, y, z. D and E are the axial and rhombic ZFS At low temperatures, the degeneracy (21) of the spin ground state S (10 in the case on Mn12(OAc)) of the molecule is lifted at zero dc magnetic field by the axial anisotropy into its ms components with ms = ±S as the ground levels due to the Ising-type anisotropy of these complexes that is the result of the presence of a four-fold principle symmetry axis for the molecule. The height of the barrier U corresponds to the energy gap between the lowest level ms = ±S and the top level ms = 0. The energy barrier U is equal to DS 2 (D(S 2 -1/4) for halfinteger spin systems), where S is the ground-state spin and D is the axial ZFS parameter. 35 There are two diagnostic methods to probe the relaxation of the magnetization of SMMs, one is the frequency-dependence of the alternating-current (ac) magnetic susceptibility, and the other is the magnetic hysteresis loop of the magnetization vs. applied dc magnetic field. It is important to note that the definition of a SMM is not straightforward because the slow relaxation of the magnetization is a property that is time-dependent. One strict definition is the opening of a magnetic hysteresis at zero dc magnetic field. However, the quantum nature of the isolated molecules leads in most cases to a tunneling of the magnetization at zero dc magnetic field precluding an opening of the loop, in most cases. Another less strict definition is the mere presence of a relatively slow relaxation of the magnetization observed in the ac data at a frequency weaker than 1500 Hz, provided that the relaxation is mainly due to an Orbach mechanism (relaxation over an energy barrier) in an Ising-type molecule and not to other mechanisms such as the Raman one.

Alternating-Current Magnetic Susceptibilities

In the ac studies, a small ac magnetic field (3.0 Oe) is applied, oscillating at a frequency range of 0.1 -1500 Hz. Out-of-phase (or the imaginary part of the susceptibility) ac peaks (") as well as a decrease in the in-phase (real part) ac susceptibility signal (') are observed when the magnetic moment of the molecule cannot relax fast enough to keep inphase with the oscillating field (Figure 1.5). originally developed to describe the low frequency dependence of the dielectric constant in polar liquids. 37 Casimir and Du Pré proposed the first thermodynamic model for relaxation of a magnetic system in an oscillating magnetic field. 38 This model was further modified in order to take into account the presence of more than one relaxation time, or a distribution of relaxation times, obtaining the following expression for magnetic susceptibility:

𝜒(𝜔) = 𝜒 s + 𝜒 0 -𝜒 s 1+(𝑖𝜔𝜏 𝑐 ) 1-𝛼 (1.11)
where c represents the characteristic relaxation time while the parameter  ranges from 0 to 1, represents the width of the relaxation time distribution ( is equal to zero in the case of one relaxation time). The parameter 0 represents the isothermal susceptibility (susceptibility in the limit of zero frequency of the applied magnetic field, obeys the Curie law). s is the adiabatic susceptibility (susceptibility at a high frequency of the applied ac oscillating field, very slow relaxation, the system has no time to exchange energy with the external world).

Decomposing of equation (1.11) gives the expressions for in-phase '() and out-ofphase "() susceptibilities:

𝜒′(𝜔) = 𝜒 s + 𝜒 0 -𝜒 s 2 ×(1 - sinh[(1-𝛼) ln(𝜔𝜏 𝑐 )] cosh[(1-𝛼) ln(𝜔𝜏 𝑐 )]+cos[(1 2 ⁄ )(1-𝛼)𝜋]
)

(1.12)

𝜒 ′′ (𝜔) = χ 0 -𝜒 s 2 ×(1 - sin[(1 2 ⁄ )(1-𝛼)𝜋] cosh[(1-𝛼) ln(𝜔𝜏 𝑐 )]+cos[(1 2 ⁄ )(1-𝛼)𝜋] ) (1.13) 
The experimental data are usually plotted in the complex plane as " vs. ' for different temperatures and fitted to the equation of a semi-circular arc (Cole-Cole or Argand plot):

𝜒 ′′ (𝜒 ′ ) = - 𝜒 0 -𝜒 s 2 tan[(1-𝛼)( 𝜋 2 )] + √ (𝜒 ′ -𝜒 s )(𝜒 0 -𝜒 ′ ) + (𝜒 0 -𝜒 s ) 2 4 tan 2 [(1-𝛼)( 𝜋 2 
)]

(1.14)

with three adjustable parameters 0, s and . 37,39 An example of and this method has already been applied earlier in the determination of 0 in Mn12(OAc) 41 and Ueff and 0 in Fe3Ln. 42 Tunneling of the Magnetization (QTM), Raman, and Orbach relaxation processes. Those can be described by four consecutive terms in the following equation:

𝜏 -1 = 𝐴𝐻 2 𝑇 + 𝐵 1 1+𝐵 2 𝐻 2 + 𝐶𝑇 𝑛 + 𝜏 0 -1 exp (-𝑈/𝑘 B 𝑇) (1.16)
where A, B1, B2, C, and n are coefficients, H is the applied dc magnetic field, T is the temperature, U is the thermal barrier of Orbach relaxation process, τ0 is the attempt time, and kB is the Boltzmann constant. 43 with increasing field sweep rate. 36 Owing to the molecular nature, SMMs exhibit some striking quantum effects that affect the magnetization reversal mechanism, and the most prominent is QTM, 31,[44][45][46][47][48][49] which produces the characteristic steps at the resonance fields in the hysteresis curve of SMMs, and these are different from the traditional superparamagnets. 19 The QTM phenomenon is the ability to reverse magnetic moment without going over the energy barrier (it tunnels through the barrier) between suitable sublevels. 48 Because QTM only occurs when there is a coincidence of the energy of the ms levels, the QTM steps only occur at some critical magnetic fields (H = nD/gB, n = 1, 2 …) (Figure 1.8). ). The loops exhibit a series of steps, which are due to resonant quantum tunneling between energy levels. As the temperature is lowered, there is a decrease in the transition rate due to reduced thermally assisted tunneling. The hysteresis loops become temperature-independent below 0.6 K, demonstrating quantum tunneling at the lowest energy levels. Reprinted with permission from reference 19 . Copyright 2008 Nature Publishing Group. 

Advantages and Outlook

SMMs have several advantages over traditional magnetic nanoparticles: i) Easy Design and Synthesis. Chemically they could be synthesized with ease under mild reaction conditions, i.e. in solution at ambient temperature, in contrast to many traditional nanomagnets where high temperatures are usually not required.

ii) Good Solubility. They are truly soluble in organic solvents and water, not forming colloidal solutions as nanoparticles do, which allows deposition of the molecules evenly on a surface for potential applications.

iii) Easy Characterization. They can be crystallized, thus providing ordered arrays with (usually) a single orientation that can be well defined by single-crystal X-ray crystallography.

iv) Nanoscale Dimensions. They are a collection of truly monodisperse objects of nanoscale dimensions, even though interaction with a substrate may lead to some distortion from the crystallographic structure.

v) Well-Resolved Quantum Effects. Magnetically, they possess a single, well-defined ground-state spin and often display well-resolved quantum effects (vide infra).

SMMs have been proven to have intriguing properties and need to be explored further.

At present, there are several research approaches employed in the SMM field:

i) Design synthesis of new SMMs with high energy barriers and blocking temperatures. 40,[51][52][53][54][55][56] ii) Eliminating quantum tunneling. 57 Common strategies to reduce quantum tunneling include limiting rhombic anisotropy 58 and increasing the strength of magnetic coupling that act as a bias to avoid tunnelling. 54,59,60 iii) Synthesis of SMMs in a controlled fashion to investigate different ideas of magnetism and quantum physics. [60][61][62] iv) Achieving large coercive fields at high temperatures in the magnetic hysteresis experiments. 52 v) Grafting of SMM on surfaces to study the possibility of using them for applications such as memories for ultra-dense devices. 19,63,64 1.

Magnetic Measurements and Data Analysis

To characterize the SMM behavior, several experiments need to be performed.

Typically, since the source of SMM behavior is molecular, the crystal structure of the material should be collected via X-ray diffraction firstly. Secondly, magnetic susceptibility and magnetization data should be collected to attempt to determine the magnetic coupling parameter J between magnetic centers in the case of polynuclear complexes, and the spin state populations. And more importantly, it is necessary to measure the magnetic anisotropy: its magnitude and nature.

A Superconducting QUantum Interference Device (SQUID) is a very sensitive magnetometer used to measure extremely weak magnetic moments, based on superconducting loops containing Josephson junctions. In our laboratory, it's the SQUID XL7, which could measure the magnetic moment of a well-ground sample down to 1.8 K. By varying and extracting experimental parameters, we can obtain valuable information on the corresponding magnetic properties of a material.

Magnetization studies on a single crystal at very low temperatures using an array of Micro-SQUIDs 65,66 give valuable information on the relaxation processes. They also allow for the hysteresis loop along the easy axis of magnetization to be measured at low temperature (down to 40 mK). This is a key-experiment for determining axial anisotropy and thus true SMM behavior. 31 The magnetization vs. field and the susceptibility vs. temperature give also important information on the magnetic properties and particularly on the magnetic anisotropy of the compounds. It is not easy to have analytical expression for the magnetization when a molecule possesses magnetic anisotropy and when the measurement is carried out on a powder, because one must evaluate the magnetization for a statistical orientation of the anisotropy axes. This is usually done numerically. We will, however, give below the expression of the magnetization in the case of an isotropic sample, the Brillouin function.

In classical mechanics, when a sample is perturbed by an external magnetic field, its magnetization is related to its energy variation through

𝑀 = - 𝜕𝐸 𝜕𝐻 (1.17)
The molar magnetization weighted according to Boltzmann distribution laws which leads to 17

𝑀 = 𝑁 A ∑ (𝜕𝐸 𝑛 /𝜕𝐻)e -𝐸 𝑛 /𝑘 B 𝑇 𝑛 ∑ e -𝐸 𝑛 /𝑘 B 𝑇 𝑛 (1.18)
where M is the magnetization, NA is Avogadro's number, En is the energy of quantum state |n, H is dc magnetic field, kB is the Boltzmann constant. Equation (1.18) is considered the fundamental equation of molecular magnetism, as it does not lean on any approximations. 17 Although it is general, it is often difficult to apply. Indeed, it requires knowledge on the En = f(H) variations for all thermally populated states to calculate the En/H derivatives. To simplify the use of this equation, many of the equations described below are derived from equation (1.18) based on various assumptions and approximations, 17 

𝑀 = 𝑁 A 𝐻 ∑ ( 𝐸 𝑛 (1) 2 𝑘 B 𝑇 -𝐸 𝑛 (2) )e -𝐸 𝑛 (0) /𝑘 B 𝑇 𝑛 ∑ e -𝐸 𝑛 (0) /𝑘 B 𝑇 𝑛 (1.19) 𝜒 = 𝑁 A ∑ ( 𝐸 𝑛 (1) 2 𝑘 B 𝑇 -𝐸 𝑛 (2) )e -𝐸 𝑛 (0) /𝑘 B 𝑇 𝑛 ∑ e -𝐸 𝑛 (0) /𝑘 B 𝑇 𝑛 (1.20) 𝑀 = 𝑁 A 𝑔𝜇 B 𝑆[𝐵 S (𝑥)] (1.21) 𝐵 S (𝑥) = 1 𝑆 [(𝑆 + 1 2 )coth (𝑆 + 1 2 ) 𝑥 - 1 2 coth ( 𝑥 2 )] (1.22) 𝑥 = 𝑔𝜇 B 𝑆𝐻 𝑘 B 𝑇 (1.23)
where M is the magnetization, NA is Avogadro's number, 𝐸 𝑛 (0) is the energy of level n in zero dc magnetic field, 𝐸 𝑛 (1) and 𝐸 𝑛 (2) are first-and second-order Zeemann coefficients, respectively, kB is the Boltzmann constant, g is the Landé-factor, B is the Bohr magneton, S is the spin state and BS(x) is the Brillouin function proper and H is the dc magnetic field. Now,

coth(𝑦) = 1 + 1 2 𝑦 2 + ⋯ 𝑦 + 1 6 𝑦 3 + ⋯ ≅ (1 + 1 2 𝑦 2 ) ( 1 𝑦 ) 1 + 1 6 𝑦 2 ≅ ( 1 𝑦 ) (1 + 1 2 𝑦 2 ) (1 - 1 6 𝑦 2 ) ≅ ( 1 𝑦 )(1 + 1 3 𝑦 2 )
or for small y,

coth(𝑦) = 1 𝑦 + 𝑦 3
Thus, in the two cases, the limiting behaviors of the Brillouin function are: i) For x >>1 , which is usually the case at large applied dc magnetic fields or low temperatures, the magnetization can be simplified

𝐵 s (𝑥) = 1 𝑆 [(𝑆 + 1 2 ) - 1 2 ] =1 𝑀 = 𝑁 A 𝑔𝜇 B 𝑆 (1.24) 
which corresponds to when the magnetic signal is saturated.

i) For x <<1, 𝐵 S (𝑥) = 1 𝑆 [(𝑆 + 1 2 ) 1 (𝑆 + 1 2 ) 𝑥 + 1 3 (𝑆 + 1 2 ) 𝑥] - 1 2 ( 2 𝑥 + 𝑥 6 )] = 1 𝑆 [ 1 3 (𝑆 + 1 2 ) 2 𝑥 - 1 12𝑥 ] = 𝑥 3𝑆 (𝑆 2 + 𝑆 + 1 4 - 1 4 ) = 𝑥(𝑆 + 1) 3 
In fact, gBH/kBT <<1,

𝑀 = 𝑁 A 𝑔𝜇 B 𝑆 𝑥(𝑆+1) 3 = 𝑁 A 𝑔𝜇 B 𝑆 𝑔𝜇 B 𝐻(𝑆+1) 3𝑘 B 𝑇 = 𝑁 A 𝑔 2 𝜇 B 2 𝑆(𝑆+1) 3𝑘 B 𝑇 𝐻 (1.25) 𝜒 = 𝑀 𝐻 = 𝑁 A 𝑔 2 𝜇 B 2 𝑆(𝑆+1) 3𝑘 B 𝑇 = 𝑔 2 𝑆(𝑆+1) 8𝑇 (1.26) 𝜒𝑇 = 𝑀 𝐻 𝑇 = 𝑁 A 𝑔 2 𝜇 B 2 𝑆(𝑆+1) 3𝑘 B (1.27)
which is commonly the situation when the Curie law is observed. 16 Actually, equation (1.25) is the simplified Van Vleck equation 30 at low applied dc magnetic fields and high temperatures, in general, it can be used to describe the dc susceptibility data for well isolated single-spin paramagnets or for polynuclear complexes at high temperatures.

The First SMM: Mn12(OAc)

The first studied SMM is the Mn III 8Mn IV 4O12(O2C2H3)16(H2O)4 complex (Figure 1.9), commonly called Mn12(OAc). 31 Lis et al. synthesized this molecule in 1980. 67 The main structural features of this complex are eight Mn III ions surrounding a Mn IV -oxo cubane core (Figure 1.9). 26 A maximum of M" was found at 7 K at a frequency of 500 Hz.

In 1993, a follow-up paper in Nature by Sessoli et al. discovered that the complex displayed a magnetic hysteresis, like a bulk ferromagnet (Figure 1.11). In ferromagnets, hysteresis originates from moving Bloch walls. 27 However, in the case of Mn12(OAc), the source of this hysteresis was different from that of bulk ferromagnets. 27 In 1998, Hill et al. did the single crystal Electron Paramagnetic Resonance (EPR) measurements of Mn12(OAc). They found that the D value was -0.47 cm -1 , thus confirming that D was negative and supporting the ground spin state spin sub-levels was ±10, The energy barrier was determined to be 44.5 cm -1 . 68 

Single Ion Magnets:

Single Ion Magnets (SIMs) are SMMs made from mononuclear complexes rather than polynuclear one. Alternatively, they can be called Mononuclear Single-Molecule Magnets (MSMMs). 69,70 Monometallic SMM is probably better but herein, we have chosen to use the SIM acronym rather than e.g. MSMM, which is more awkward. 69 

Why the focus shift from SMMs to SIMs?

Since the birth of SMMs, more and more scientists focus on increasing the effective energy barrier (Ueff) and the blocking temperature (TB). Early studies that focused on obtaining high ground spin state S led to a vast effort towards building complexes with the highest possible nuclearity in order to maximize the effective energy barrier. However, several theoreticians pointed out that the stumbling block encountered was that D itself was found to be inversely proportional to S 2 . [71][72][73] In other words, incorporating large numbers of paramagnetic centers into a molecule is probably counterproductive in terms of generating large cluster anisotropies (Dcluster). 74 Another issue is that the anisotropy axis for a given ion within a polymetallic complex is not aligned with that of another ion within the same complex, leading to a diminished overall anisotropy. 69,75 For example, even in the approximately isostructural [Mn III 3O(Rsao)3(X)(sol) 3-4] (where R = H, Me, t Bu; X = O2CR (sao = salicylaldoxime, R = H, Me, Ph etc.); sol = py and/or H2O) family of SMMs, Dcluster values of the ferromagnetically coupled S = 6 analogues are measurably smaller than the antiferromagnetically coupled S = 2 ones. 74,76 By employing a single ion, this scenario would be avoided providing the chemist is able to generate large anisotropy within the mononuclear complexes that would lead to high values of both Ueff and TB. 74 However, because the spin will be lower than in polynuclear complexes, quantum effect may dominate. There are many nice reports of SIMs based on lanthanide systems since the properties of [LnPc2](NBu4), (Pc = pthalocyanine; Ln = Tb, Dy; NBu4 = tetrabutylammonium), were reported by Ishikawa and co-workers in 2003 (vide infra). 77 The origin of the large blocking temperatures in lanthanide based SIMs is the large magnetic anisotropy due to the large spin orbit coupling. The drawback in lanthanide molecules is the contraction the f electrons that preclude controlling their anisotropy by the ligand fields. While for the transition metal ions based complexes the symmetry can be better controlled even though their anisotropy is not as large as for lanthanides. The first transition metal SIM was the four-coordinated trigonal pyramidal high spin Fe II compound K[(tpa Mes )Fe] (H3tpa Mes = Tris((5-mesityl-1H-pyrrol-2-yl)methyl)amine). 78 The Fe II ion lies in a trigonal pyramidal geometry, with an N4 coordination sphere (Figure 1.12). Magnetization measurements and fits at different temperatures led to D = -39.6 cm -1 , together with a small rhombic contribution, E = -0.4 cm -1 . This transverse contribution arises from a small structural distortion around the Fe II ion, which reduces the three-fold symmetry.

No out-of-phase signal for the ac magnetic susceptibility could be detected under an applied zero dc magnetic field. When a dc magnetic field of 1500 Oe was applied, a blocking of the magnetization was observed leading to Ueff = 42 cm -1 (Figure 1.13). This value was much lower than the theoretical energy barrier value U = S 2 |D| = 4  39.6 = 158 cm -1 due to tunneling and direct pathways for the relaxation of the magnetization. Several derivatives of tpa (tpa = tris(2-pyridylmethyl)amine) with similar geometries of Fe II were reported later. 79 Reprinted with permission from reference 78 . Copyright 2010 American Chemical Society.

(Ph4P)[Mn III (opbaCl2)(py)2]

The (Ph4P)[Mn(opbaCl2)(py)2] complex, where H4opbaCl2 = N,N'-3,4-dichloro-ophenylenebis-(oxamic acid), py = pyridine, and Ph4P = tetraphenylphosphonium, was reported by Vallejo and co-workers in 2013, 80 it exhibits a SIM behavior under an applied dc magnetic field. The complex contains an axially elongated Mn III ion, with a mixed N2O2 donor set in the equatorial positions, provided by the ligand, and two axial N atoms provided by pyridine molecules (Figure 1.14). A high field/frequency EPR (HFEPR) powder study was performed yielding a value for the ZFS of D = 3.421(2) cm -1 and a transverse component E of 0.152(2) cm -1 , and the fit of the dc magnetization data gave D = 3.27 cm -1 , E = 0.11 cm -1 (E/D almost equal 0.33) and for g = 1.99. Ac magnetic susceptibility measurements revealed SIM behavior under an applied dc magnetic field of 1000 Oe, with a calculated effective barrier for magnetization orientation, Ueff = 18 K (12.5 cm -1 ) (Figure 1.15 left).

Measurements of a single crystal using a Micro-SQUID (Figure 1.15 right) reveal closed hysteresis loops at zero dc magnetic field, due to the fast QTM, consistent with the absence of out-of-phase signals at zero dc magnetic field. The absence of an opening of the hysteresis loop at zero dc magnetic field is due, among other things, to the presence of the transverse anisotropy E that mixes the ms sub-levels wave functions and create a pathway for relaxation by quantum tunneling. 

[K(crypt-222)][Fe I (C(SiMe3)3)2]

The two-coordinated linear Fe I complex [K(crypt-222)][Fe(C(SiMe3)3)2] was reported by Zadrozny and co-workers in 2013 (Figure 1.16). 81 Fe I has a half-integer spin of S = 3/2 the same as for Co II . According to Kramers' theorem, QTM should be minimized in such halfinteger systems, which should show slow relaxation of the magnetization, even in the absence of an applied dc magnetic field. Ab initio calculations confirmed the success of the strategy that consists in reducing the ligand field around the metal center, as well as indicating large energy splitting of the ms sublevels, which should lead to a significant energy barrier. Ac alternating current magnetic susceptibility measurements reveal slow magnetic relaxation 

[Fe II (1-ptz)6](BF4)2

An interesting application recently proposed for a specific polymorph of the compound [Fe(1-ptz)6](BF4)2 (where ptz is propyltetrazole, Figure 1. 19) complex, which is a classic spin crossover (SCO) compound that behaves as an SMM when driven from the diamagnetic Low Spin (LS, S = 0) state to the paramagnetic High Spin (HS, S = 2) state at low temperature upon light irradiation in the solid state. 82 The local symmetry of the Fe II ions gives rise to an axial magnetic anisotropy: HFEPR data gives D = -14.8 cm -1 , together with a transverse component of E = -0.95 cm -1 . The effective barrier to reorientation of the magnetization under an applied dc magnetic field of 2000 Oe, is 15 cm -1 extracted according to the Arrhenius law (Figure 1.20). The ability to turn the SIM behavior on and off by photoswitching between the HS and LS states is a way to address them (Figure 1.21). 69,83 

[(PNP)Fe III Cl2]

The [(PNP)FeCl2] (PNP = N[2-P(CHMe2)2-4-methylphenyl]2, Figure 1.22) complex which also exhibits a thermal SCO transition from S = 5/2 to 3/2 was reported in 2012 by Mossin and co-workers. 84 The ac SQUID data (Figure 1 4, Figure 1.28) complex has been reported to exhibit SIM properties in 2014 by Chen and coworkers. 89 The Co II ion is coordinated to four oxygen atoms from the two crown molecules, leading to a distorted square anti-prismatic geometry, which is the first eight-coordinated 3d mononuclear complex to show a slow relaxation of the magnetization. The fits of the magnetic data give values of D = -37.6 cm -1 and E = 0.1 cm -1 , with a rather modest Ueff = 17 cm -1 (under an applied dc magnetic field of 500 Oe, Figure 1.29). Single-crystal dc magnetization measurements were performed using a Micro-SQUID (Figure 1.30), a field sweep rate and a temperature-dependent hysteresis loops were observed, suggesting the complex is a real SMM. An opening of the hysteresis loop was observed below 1 K when the magnetic field was different from zero, the loop width increases with increasing sweep rate and decreasing temperature. However, the loop at 0.03 K is smaller than those at 0.1 -0.5 K, which poses questions about the genuine SIM nature of this complex. 89 [Co(SPh)4](Ph4P)2 is notable example of a system showing slow relaxation in the absence of an applied dc magnetic field, reported by Long and co-workers in 2011. 91 The tetrahedral complex (Figure 1.31), has an S = 3/2 ground state with an axial ZFS of D = -70 cm -1 , and relatively low rhombicity with E/D < 0.09. It displays an out-of-phase susceptibility signal in the absence of an applied dc magnetic field (Figure 1.32), which is quite rare for mononuclear transition ion complexes. At very low temperatures, ac magnetic susceptibility data show the magnetic relaxation time, τ, to be temperature-independent, while above 2.5 K thermally activated Arrhenius behavior is apparent with Ueff = 21(1) cm -1 and τ0 = 1.0(3) × 10 -7 s (Figure 1.32). Under an applied dc magnetic field of 1000 Oe, τ more closely approximates an Arrhenius behavior over the entire temperature range. 91 is also a notable SIM example, which was reported by Rechkemmer and co-workers in 2016. 92 The complex has also a tetrahedral ( 93 Nevertheless, the excellent agreement between the two values is surprising because the rather large rhombic parameter E that usually reduces the theoretical energy barrier due to quantum tunneling and direct relaxation pathways. Probably, the rather large applied dc magnetic field quenches completely the QTM, but in this case relaxation by the direct process that depends on the square of the applied dc magnetic field should be active and thus reduce the magnitude of the energy barrier. Co II ion resides in a trigonal bipyramidal environment with the axial ligand Cl was reported by Woods and co-workers in 2016. 94 Static and dynamic magnetic data show a slow relaxation of the magnetization in an applied dc magnetic field of 2000 Oe. The ZFS parameters deduced from static susceptibility and magnetizations (D = -8.49 cm -1 , E = 0). In this case, Ueff was found equal to 16.4 cm -1 , which corresponds to the theoretical barrier (Figure 1.38). 94 The main difference with the preceding complex is the absence of transverse anisotropy because the exact C3v of the complex. Despite the strict axial symmetry, a dc magnetic field was necessary to observe the blocking of the magnetization by ac susceptibility studies, while one would have expected a blocking at zero dc magnetic field because the wavefucntions of the ±3/2 sub-levels cannot mix with the ±1/2 ones and no QTM would be expected. There are two possible explanations to presence of QTM: i) the hyperfine interaction between the electronic and the I = 7/2 nuclear spin of Co II and/or ii) the Raman process that cannot be neglected at temperatures higher than 1 or 2 K. 94 . Copyright 2016 American Chemical Society.

[(sIPr)Co II N(Dmp)]

For the [(sIPr)CoN(Dmp)] (Dmp = 2,6-dimesitylphenyl, Figure 1.39) complex, the Co II ion resides in a linear environment as reported by Gao and co-workers in 2016. 95 The two-coordinated cobalt(II) imido complexes featuring highly covalent Co=N cores exhibit slow relaxation of magnetization under an applied zero dc magnetic field (Figure 1 And the "energy barrier" extracted is probably not due to an Orbach process. from HFEPR measurements. 98 No experimental demonstration of slow relaxation of the magnetization during the dynamic magnetic susceptibility measurements was observed, which is not surprising because the ms = ±1 ground level are mixed by the weak rhombic term (transverse anisotropy) activating the relaxation by QTM and precluding its blocking. 98 [Ni II (MDABCO)2Cl3](ClO4)

[Ni(MDABCO)2Cl3](ClO4) (MDABCO + = 1-methyl-4-aza-1-azoniabicyclo[2.2.2]
octanium cation, Figure 1.44 left) was reported by Murrie and co-workers in 2015. 99 The complex only exhibits slow relaxation behavior (Figure 1.45) in the presence of a dc magnetic field, with energy barriers of 25.2, 27.1 and 27.8 K in dc magnetic fields of 500, 1000 and 2000 Oe respectively (Figure 1.46). The most notable feature of this complex though, is the fact that the authors suggest a D value of -535 cm -1 based on HFEPR studies, with a corresponding E value of < 0.18 cm -1 . Again here, the slow relaxation of the magnetization cannot be due to an Orbach process but rather to a Raman type relaxation, so that the complex cannot be said to have a SIM behavior. 

Lanthanide Magnetism and Important SIMs

Lanthanide ions possess magnetic properties different from 3d ions due to the intrinsic nature of 4f orbitals. The characters of lanthanide ions are summarized as follows:

i) The 4f electrons are screened by 5d and 6s orbitals so that the orbital momentum is largely conserved in the crystal field other than Eu III ( 7 F0), Gd III ( 8 S7/2), and Lu III ( 1 S0).

ii) The SOC of lanthanide ions is much stronger than that of the transition metal ions.

iii) The 2S+1 LJ multiplet pattern of Ln III ions is derived from Pauli Principle and Hund's rule by taken the Coulombic interaction and the SOC into consideration. The crystal field effect acts as a much weaker interaction on 4f ions that further splits the 2S+1 LJ multiplet (Figure 1.47). For simplicity, the Russell-Saunders coupling approach is most commonly used to describe the energy levels for free lanthanide ions. 100 The energy levels are then further split by the crystal field. The cumulative effect of SOC and crystal field splitting for a Dy III ion is shown in Figure 1.48. 101 The crystal field splitting varies with the coordination environments and determines the magnetic anisotropy and spin-lattice relaxation behavior of Ln-SIMs. 86 iv) The orbital angular momentum of the lanthanide ions is generally not quenched by the crystal field. The Landé-factor gJ has the form:

𝑔 J = 3𝐽(𝐽+1)+𝑆(𝑆+1)-𝐿(𝐿+1) 2𝐽(𝐽+1) (1.28)
and for the molar magnetic susceptibility of free lanthanide ions:

𝜒 M = 𝑁 A 𝑔 J 2 𝜇 B 2 3𝑘 B 𝑇 𝐽(𝐽 + 1) (1.29)
The magnetization:

𝑀 = 𝑁 A 𝑔 J 𝜇 B 𝐽[𝐵 J (𝑥)] (1.30)
where S is replaced by J in the equation 1.20, and the saturated magnetization for free lanthanide ions is also similar:

𝑀 = 𝑁 A 𝑔 J 𝜇 B 𝐽 (1.31)
where J is the total quantum number (J = L + S), L is the total angular quantum number, S is the total spin quantum number, M is the magnetization, NA is Avogadro's number, kB is the Boltzmann constant, B is the Bohr Magneton, and BJ(x) is the Brillouin function proper and H is the dc magnetic field. Reprinted with permission from reference 86 . Copyright 2016 American Chemical Society.

LnPc2 series: [TbPc2](NBu4) -the First Lanthanide SIM

Ln-SMMs containing ligands derived from phthalocyanine are among the most important SMMs ever reported. 77,[104][105][106][107] The most common molecular structural motif is the double-decker, or sandwich, structure containing [Pc'2Ln] ±/0 units, usually with a D4d symmetry, and a square-antiprismatic coordination geometry. Pc' can be the parent phthalocyaninate ligand or a substituted analogue, and the complex can be a cation, an anion, or uncharged by virtue of the redox non-innocence of Pc ligands.

The magnetic behavior of the phthalocyanine based complexes [TbPc2](NBu4) and K with a pre-exponential factor (τ0) of 1.6 × 10 -8 s. And then, several Ln-POM complexes replacing Er III by other lanthanides were reported subsequently. [110][111][112][113] The main difference between the [LnPc2] and Ln-POM series is the more compressed D4d symmetry of the Ln-POMs. In the former, the Tb III (and the Dy III ) complex is a SMM, while in the latter the Er III We take the Gd III POM as the example, because, Gd III as a free ion, it has an isotropic electronic ground state with L = 0 and S = 7/2. It is therefore a model crystal-field probe: its magnetic anisotropy is almost exclusively determined by the Coulomb interaction with nearby ions. 114 The potassium(I) salts of [Gd(W5O18)2] 9-and [Gd(P5W30O110)2] 12-were studied by Martínez-Pérez in 2012. 111 Their ac susceptibility measurements have been extended down to 13 mK using a Micro-SQUID susceptometer, which show that the complexes behave as SMMs at low temperatures with an energy barrier Ueff = 2.22 K for [Gd(W5O18)2] 9-, which agrees with the theoretical anisotropy energy barrier Ucalc = 2.15 K calculated from the D value found for this complex. 111

[Dy(bbpen)Br]

The first SMM with effective energy barrier over 1000 K, which is the complex Reprinted with permission from reference 53 . Copyright 2016 American Chemical Society.

[Dy(O t Bu)2(py)5](BPh4)

To date, the largest effective energy barrier SMM is the complex [Dy(O t Bu)2(py)5](BPh4) (py = pyridine, Figure 1.57), was reported by Ding and co-workers in 2016. 55 The massive magnetic anisotropy is due to bis-trans-disposed tertbutoxide ligands with weak equatorial pyridine donors, approaching the proposed schemes for hightemperature Dy III SMM, where the axial electron donation must be larger than the equatorial one in order to enhance the axial anisotropy and thus the energy barrier. The alternating current susceptibility studies give out-of-phase peaks above 100 K (Figure 1.58), with the peaks showing a strong frequency and temperature dependence. And the effective energy barrier Ueff = 1815 K (Figure 1.59) entirely consistent with ab initio prediction. 55 The blocking temperature, TB, that corresponds to the temperature where the zero field cooled (ZFC) magnetization is maximum was found equal to 14 K (Figure 1.60). 

Metallacrowns

Part of this dissertation is devoted to the preparation, the study of the magnetic properties and the preliminary luminescence study at low temperature of Ln-containing complexes based on metallacrowns (MCs). We will, thus, introduce the structural features of MCs here. We will also mention the only case of a MC based mononuclear lanthanide complex to present a SMM behavior where luminescence was investigated. Many polynuclear MC based complexes were reported. 115,116 The MC complexes are an exceptional class of coordination compounds as they have proven to combine a variety of beneficial synthetic and structural features in a most singular way, since their discovery in 1989 by Pecoraro and Lah. [116][117][118] MCs 

Energy levels and emission spectra

The ground and excited states of the Ln III ions are shown in Figure 1.65 (bottom).

While the metal ions on the periphery (Ce III -Pm III , Ho III -Yb III ) have relatively small energy gaps between adjacent levels, the central metals (Sm III -Dy III ) display larger gaps, particularly for Gd III . Hence, for the former, non-radiative deactivation processes such as coupling to solvent vibrational modes are more efficient, and these ions are only weakly emissive. For the central group, the luminescent electronic transitions also involve a change in spin multiplicity. As a result, their luminescence is particularly long-lived (microseconds to milliseconds). For the Co II complexes, the aim was to tune the magnetic anisotropy by changing the nature of the tetradentate organic ligand and the terminal ligand. Almost all these complexes behave as SMMs with an energy barrier to the reversal of the magnetization that can be linked to their magnetic anisotropy and thus to the nature of the organic ligands. For the lanthanide complexes, we chose the MC structure because of their high symmetry, which allows performing a correlation between the nature of the lanthanide ion and their SMM The first SMM was polynuclear transition metal cluster with large spin ground state (S) and relatively moderate ZFS value (D) associated to the ground state. 1,2 More recently, research efforts have focused on building mononuclear SMMs with the intent to better control and tune the magnetic anisotropy, on one hand, and on the other hand to have complexes with a better stability that can be manipulated in solution. The interest in mononuclear complexes started with the discovery of the SMM behavior in the doubledecker lanthanide complexes family. [3][4][5][6][7][8][9][10][11][12][13][14][15][16][17] These complexes benefit from the large SOC of the f-block elements inherent to the single ion, which induces large magnetic anisotropy in the presence of the crystal field of the ligands. The nature of magnetic anisotropy that may induce an Ising or planar magnetization is intimately related to the symmetry imposed by the ligands. But, for lanthanides the f orbitals are deeply buried beneath the valence shell, and the control of the symmetry of the molecules by the ligands is difficult in most cases. This is not the case for transition metal ions where the effect of the ligand crystal field on the metal electrons is larger, thus allowing a better control of the symmetry and thus of the magnetic anisotropy. It is important to note that for transition metal ions the SOC effect is weaker than for lanthanides leading, generally, to magnetic anisotropy with weaker magnitude. Despite this drawback, the magnitude of the magnetic anisotropy may be large enough in transition metal mononuclear complexes to observe the SMM behavior. The most notable examples are a linear Fe I complex, a tetrahedral Co II complex, and a trigonal bipyramidal Co II complex. [18][19][20][21][22][23][24] As mentioned above, mononuclear complexes present clear advantages over polynuclear clusters, as they can be easily manipulated in solution and on surfaces, which is a requirement if one wants to employ them as single quantum bits for quantum information applications. 25 The interest in mononuclear transition metal SMMs stems, thus, from the possibility to more easily control their coordination geometry and in turn tune and shape their magnetic anisotropy. strict C3v symmetry, even though its anisotropy is much weaker than the isostructural Ni II complex. 18 It was found that the ZFS parameter D changes when the Cl -is replaced by Br - (from 8.1 to 4.6 cm -1 , respectively). The difference in magnitude was rationalized in terms of the  donating effects of the ligands and the arrangements of the packing between molecules. Building upon these results we designed the study reported below. We explored the effect of the counter anion on the magnetic anisotropy of the [Co(Me6tren)Cl] + complex and the effect of substituting the chloride axial ligand by the fluoride and the iodide anions.

Experimental Section

Syntheses

All starting materials were obtained commercially and were used without further purification unless otherwise stated. The ligand Me6tren and all reported cobalt(II), zinc(II) complexes were synthesized according to literature procedures or minor alterations thereof. 18,[26][27][28] And the new complexes were synthesized similarly.

Tris(2-(dimethylamino)ethyl)amine: Me6tren

Scheme 2.1. Synthesis of Tris(2-(dimethylamino)ethyl)amine.

Aqueous formaldehyde (49.0 mL, 660 mmol, 37 wt%) was added to a solution of 3.00 mL (19.9 mmol) of tris(2-aminoethyl)amine and 135 mL of acetic acid in acetonitrile (600 mL) and allowed to stir for 1 h. Subsequently, the reaction mixture was cooled to 0 °C and 10.0 g (26.4 mmol) of sodium borohydride slowly added. After being stirred for 48 h, all solvents were removed, the residue was made strongly basic with 3 M aqueous sodium hydroxide, and extracted several times with DCM. The DCM extracts were combined, dried (MgSO4), and the solvent removed. The residue was dissolved in pentane, filtered, and the filtrate reduced to dryness to give Me6tren as pale yellow oil (4.32 g, 94%). 1 

Physical Measurements

General procedures

Elemental analyses for C, H, N were performed on a Thermo Scientific Flash analyzer.

IR spectra were recorded on a Bruker TENSOR-27 FT-IR spectrometer equipped with an attenuated total reflectance (ATR) sample holder in the 4000 -500 cm -1 range. NMR spectra were recorded on a Bruker Aspect 300 NMR spectrometer. X-ray diffraction data were collected by using a Bruker Kappa VENTURE PHOTON 100 diffractometer with graphitemonochromatic Mo K radiation (λ = 0.71073 Å). Magnetic data were collected using a Quantum Design MPMS XL7 SQUID magnetometer. Electron Paramagnetic Resonance (EPR) data were collected on the standard Bruker ELEXSYS 500 spectrometer and the standard HFEPR Grenoble spectrometer.

X-ray Crystallography

X-ray diffraction data were collected by using a Kappa VENTURE PHOTON 100

Bruker diffractometer with IµS microfocus graphite-monochromated MoK radiation (λ = 0.71073 Å). Crystals were mounted on a CryoLoop (Hampton Research) with Paratone-N (Hampton Research) as cryoprotectant and then flash frozen in a nitrogen-gas stream at 100 K. The temperature of the crystal was maintained at the selected value (100 K) by means of a 700 series Cryostream cooling device to within an accuracy of ±1 K. The data were corrected for Lorentz polarization, and absorption effects. The structures were solved by direct methods using SHELXS-97 29,30 and refined against F 2 by full-matrix least-squares techniques using SHELXL-97 29,30 or SHELXL-2014 31 with anisotropic displacement parameters for all nonhydrogen atoms. Hydrogen atoms were located on a difference Fourier map and introduced into the calculations as a riding model with isotropic thermal parameters. All calculations were performed by using the crystal structure crystallographic software package WINGX. 32,33 The crystal data collection and refinement parameters are given in 

Magnetic Measurements

The direct-current (dc) and alternating-current (ac) magnetic susceptibility measurements were performed on powdered samples that were mulled in eicosane to prevent torqueing of the samples in high applied magnetic fields on a Quantum Design MPMS-XL7

SQUID magnetometer operating with a working temperature range of 1.8 -300 K and dcapplied fields ranging from -7 to 7 T. Polycrystalline samples were ground using a small mortar and pestle, transferred to a gelatin capsule of known mass, and weighed. A small amount of melted eicosane was added and left to solidify. The entire capsule was then weighed, and a piece of brown tape was applied to hold the capsule together. The capsule was then inserted into a clear plastic drinking straw. Holes were punched into the straw to allow air to escape. Diamagnetic corrections were applied for the sample holder from previous direct measurements, and molar diamagnetic susceptibilities were calculated from Pascal's constants. Ac susceptibility measurements were carried out under an oscillating-drive field of 3 Oe and ac frequencies ranging between 0.1 and 1500 Hz within an optimum dc magnetic field.

Micro-SQUID Measurements

The magnetization studies on an oriented single crystal using a Micro-SQUID array were performed by Wolfgang Wernsdorfer (Insitut Néel, CNRS, Université Grenoble Alpes, France). 34 The field aligned parallel to the easy-axis of magnetization by the transversal field method. 35 Measurements were performed at a temperature range from 0.03 to 5 K in fields up to 1.1 T with sweep rates between 0.008 and 0.280 T/s, and exhibits field stability of better than 1 T. The time resolution is approximately 1 ms. The field can be applied in any direction of the Micro-SQUID plane with precision greater than 0.1 by separately driving three orthogonal coils. In order to ensure good thermalization, the single crystal was fixed with apiezon grease.

Electron Paramagnetic Resonance (EPR) Measurements

High Field/Frequency Electron Paramagnetic Resonance (HFEPR) spectra were collected on the standard HFEPR Grenoble spectrometer [36][37][38][39][40] at the Laboratoire National des Champs Magnétiques Intenses by Anne-Laure Barra, who recorded the spectra and helped us to analyze them.

Computational Details

Theoretical calculations were performed by Benjamin Cahier in the group in order to analyze the relation between the structure and the value of the ZFS in the different complexes.

Experimental structures were used for calculations. The position of the hydrogen atoms was optimized using DFT calculations (UB3LYP/6-311g). The ab initio calculations were done using the two-step approach implemented in the MOLCAS code. [41][42][43][44][45] The first step consists in calculating the non-relativistic Born-Oppenheimer Hamiltonian using complete active space self-consistent field (CASSCF) methods. 46 The second step takes into account the SOC using the Spin-Orbit Restricted Active Space-State Interaction (SO-RASSI) method. 47,48 For CASSCF calculations, the active space contains seven electrons in 10 orbitals (five 3d orbitals plus five diffuse 4d orbitals). 42,44,45 The ground electronic state was described by a state-specific calculation while excited states (nine quartets and 40 doublets) were obtained using state-average calculations. ANO-RCC basis set was used with the following contraction scheme: 6s5p4d2f1g for Co II , 5s5p3d1f for Cl and S, 6s3p2d1f for N, 6s3p for C and 2s for H.

All the calculated electronic states were included in the SO-RASSI calculations. 45,49 The D values are reported in Table 2.23 and are in good agreement with the experimental values.

Results and Discussion

Syntheses

In the direct approach, the reaction can occur between the ligands and simple metal salts. In our case, different reactions between Me6tren, and a series of cobalt(II) and zinc(II) salts were screened under different conditions such as a variety of solvents, chemical ratios, or the use of different counter ions, etc…

The formation of complexes 2-1 to 2-8 are summarized in equations 2.1 to 2.8, respectively.
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The complex 2-1 was synthesized using the same procedure reported by our group. 18 During the synthesis, the ligand Me6tren was used in slight excess which leads to an increase of the yield of the reaction. Ethanol is essential in the reactions since it helps to completely dissolve all the reactants and more importantly leads to the precipitation of the complex 2-1.

For the synthesis of complexes 2-2 to 2-8, the ligand Me6tren was also used in slight excess increasing the yield of the final compounds. It should be mentioned that no precipitate is obtained for the reactions of complexes 2-3, 2-6 to 2-8. The X-ray quality crystals were obtained by vapor diffusion of diethyl ether into the corresponding reaction mother solutions.

For the reactions 2.6 to 2.8, we cannot use the CoF2 because it is insoluble in organic solvents.

An alternative solution consists in using cobalt(II) perchlorate and tetrabutylammonium fluoride hydrate to do the reactions.

Description of Structures

Partially labeled structure of complexes 2-1 to 2-8 are shown in the figures below.

The general structure of the cations for complexes 2-1 to 2-8 consists in the transition metal ion five-coordinated by four amino nitrogen atoms from the neutral Me6tren ligand and one halide ion as an axial ligand. The geometry is trigonal bipyramid and the symmetry of the complexes is strictly C3 (C3v if only the first coordination sphere is taken into account) apart when the axial ligand is F -where a small distortion is observed. The charge balance is provided by a perchlorate, hexafluorophosphate or halide anion.

Some important interatomic distances and angles of these eight complexes are listed in Table 2.2, Table 2.4 and Table 2.6.

Complexes 2-1, 2-2 and 2-3

The complexes 2-1, 2-2 and 2-3, which have the same cation [Co(Me6tren)Cl] + (Figure 2.1), but with three different counter-ions, ClO4 -, PF6 -, Cl -, respectively. They crystallize in the space groups R3c, R3H, P213, respectively (Table 2.1). We will detail the description of the complex 2-1 because it was the first complex of the series; the structure of the other complexes is similar. respectively. More details can be found in the paper published in Chemical Science. 18 The comparison of the parameters of the three complexes (2-1, 2-2 and 2-3) is shown in Table 2.1 and Table 2.2. The main structural difference among the three complexes concerns the cobalt(II) ligand bond lengths. The Co-Ne distances decreases when going from complexes 2-1 to 2-3, while the axial bond lengths increase. We will see below whether these differences do or do not have an impact on the magnetic anisotropy. 

Complexes 2-4 and 2-5

The two complexes possess the same counter-ion (ClO4 -) and a different axial ligand (Br -, I -for complexes 2-4 and 2-5 respectively; Figure 2.2; Table 2.3 and Table 2.4). 

Complexes 2-6, 2-7 and 2-8

Complexes 2-6, 2-7 and 2-8 are isostructural. The main difference between the complexes that have the axial F -ligand and all the others is the presence of a water molecule that interacts with the fluoride via a hydrogen bond (Figure 2.3). This leads to a distortion of the 𝑁 1 𝐶𝑜𝐹 1 ̂ that is equal to 170.8° instead of 180° in the other complexes. The effect is also present in the coordination sphere of the metal ions for bond lengths and angles as shown in 

Magnetic Studies

Direct current magnetic susceptibility studies

The thermal variation of the molar magnetic susceptibility (MT) for complexes 2-1 to 2-8 (except for the diamagnetic Zn II complex 2-7), are plotted from respectively. MT has the same behavior for the seven complexes. It is constant between room temperature and ca. 40 K with values in the range 2.37 -2.26 cm 3 mol -1 K for all the complexes, which is expected for a S = 3/2 spin moment with a g-value in the range 2.24 -2.17. For the complex 2-8 diluted in the diamagnetic Zn II matrix (Table 2.7), the MT value at room temperature is 0.253 cm 3 mol -1 K, which is very close to the dilution used during the synthesis i.e. 12%. a in wavenumbers (cm -1 ), the sign (+/-) cannot be confirmed here. ] + 𝐸(𝑆 ̂x 2 -𝑆 ̂y 2 ) for S = 3/2 where 𝑆 ̂, 𝑆 ̂x, 𝑆 ̂y, 𝑆 ̂z are spin operators, 𝐻 ⃗ ⃗ is the applied dc magnetic field vector, g is the Landé factor that was assumed to be scalar, B is the Bohr Magneton, D and E are the axial and rhombic ZFS parameters respectively. The rhombic parameter E is zero for complexes 2-1 to 2-5 because of the presence of a three-fold principal symmetry axis, but for complexes 2-6 and 2-8, the parameter E is non-zero, even though it was assumed to be the case in order to avoid overparametrization during the fit procedure. The magnetization data were fitted leaving the g and the D values free during the fit and leading to the parameters presented in Table 2.8 for complexes 2-1 to 2-8 (except for the diamagnetic Zn II complex 2-7). These data suggest that the magnetic anisotropy is the Ising-type i.e. the Ms = ±3/2 sub-levels lie lower in energy than the ±1/2 ones and there is an easy axis of magnetization. It is not possible to obtain a fit with positive D values. Note that R in the figures corresponds to the agreement factor between the calculated and experimental data. 

High field/frequency electron paramagnetic resonance studies

In order to confirm the magnetization results and specifically the negative sign of D, HFEPR measurements were carried out at different frequencies and up to an applied dc magnetic field of 16 T for complexes 2-1 and 2-6. The results for 2-1 were already reported; they confirm the negative D value that was found equal to -8.1 cm -1 . 18 For complex 2-6, the spectra were recorded at 220.8, 331. Ac susceptibility measurements may bring complementary information on the dynamics of the magnetization reversal at higher temperatures. And applying a dc magnetic field may slow down the QTM and make other processes more visible. We, first, measured the ac susceptibility at T = 2 K (or 2.3 K) for different frequencies and at different values of the applied dc magnetic field in order to find the optimum filed value where the relaxation is slower. This optimum field corresponds, normally, to the one where QTM is suppressed and where the direct mechanism is minimized.

Complexes 2-1, 2-2 and 2-3

The dynamic magnetic properties of these three complexes are similar, we describe the data of complex 2-1 in more details.

For complex 2-1, field optimization experiment was studied at T = 2 K using an applied dc magnetic field in range 0 -4000 Oe. Figure 2.17 top presents the plots of " = f() from µ0H = 0 to 4000 Oe. For µ0H = 0 Oe, the maximum of the curve is at a frequency value larger than 1500 Hz, cannot accessible with our SQUID magnetometer. Upon increasing the field, the maximum at high frequency seems to decrease in intensity, while another peak appears around 100 Hz, whose intensity increases when the field is increased. One can see the presence of a quasi isobestic point for the curves. This may correspond to two relaxation processes with contributions controlled by the applied dc magnetic field. Figure 2.17 bottom

shows that the optimum field where the high frequency relaxation process has almost vanished in favor of the low frequency one is larger than 2800 Oe. We thus performed the ac measurements for µ0H = 2800 Oe. Figure 2.18 shows the variation of the in-phase and the out-of-phase components of the ac susceptibility vs. frequency at different temperatures. As expected for SMMs, the relaxation of the magnetization (maximum of the plots in Figure 2.18 left) slows down upon decreasing the temperature. ). They were fitted using a generalized Debye model 50,51 which allows extracting the relaxation times () and their distribution () for each temperature (Table 2.9). Université Paris-Saclay 99

The fit of the '= f(), "= f() and " = f(') were carried out using a home-made program:

𝜒 ′ (𝜈 𝑎𝑐 ) = 𝜒 ∞ + (𝜒 0 -𝜒 ∞ )[1 + (2𝜋𝜈 𝑎𝑐 𝜏) 1-𝛼 sin ( 𝛼𝜋 2 )] 1 + 2(2𝜋𝜈 𝑎𝑐 𝜏) 1-𝛼 sin ( 𝛼𝜋 2 ) + (2𝜋𝜈 𝑎𝑐 𝜏) 2(1-𝛼) 𝜒 ′′ (𝜈 𝑎𝑐 ) = 𝜒 ∞ + (𝜒 0 -𝜒 ∞ )[(2𝜋𝜈 𝑎𝑐 𝜏) 1-𝛼 cos ( 𝛼𝜋 2 )] 1 + 2(2𝜋𝜈 𝑎𝑐 𝜏) 1-𝛼 sin ( 𝛼𝜋 2 ) + (2𝜋𝜈 𝑎𝑐 𝜏) 2(1-𝛼)
where ∞ is the adiabatic susceptibility (at ac  ∞), 0 is the isothermal susceptibility (at ac  0) and is the average relaxation time of magnetization.

Then, the extracted relaxation times for each temperature were used to plot the ln() = f(1/T) curve (Figure 2.20). Assuming that the relaxation is thermally activated i.e. only an Orbach process is responsible of the reorientation of the magnetization, it is possible to fit the ln() = f(1/T) curve with a straight line that provides the magnitude of the effective energy barrier for the reorientation of the magnetization Ueff that is found equal to 20.6 K (14.3 cm -1 ); the 0 value was found equal to 3.4  10 -8 s. The Ueff value is very close to the theoretical value 2|D| (16.2 cm -1 ). This is in line with mainly an Orbach process for the relaxation of the magnetization. The  value is found to be in the range 0.2 -0.4, corresponding to a relatively weak distribution of the relaxation times. This may be due to tiny magnetic inhomogenoeties within the compounds due to the fact that all the molecules do not feel exactly the same applied dc magnetic field. In order to get a better insight and to detect small differences in the relaxation times among similar complexes, it is necessary to study the diluted ones, where the interaction between the molecules that may influence the relaxation processes are minimized. ). e pre-exponential factor in seconds (s).

To sum up, one can conclude that the three complexes possess very close local structure around the Co II ion, but with small differences. These differences lead to slightly different D values (from the magnetization data) and to relaxation times of 3  10 -3 , 2  10 -3 and 8  10 -4 s at T = 1.8 K for complexes 2-1, 2-2 and 2-3 respectively, correlated with the magnitude of the axial magnetic anisotropy parameters (Table 2.10). We did not perform studies on the complexes diluted in the diamagnetic Zn II matrix. The absence of a blocking of the magnetization in the complex with iodide as the axial ligand (2-5) is not surprising because of the weak value of the ZFS parameter found from the magnetization studies. When the axial ligand is Br -(2-4), it is possible to observe a blocking of the magnetization but when only applying a large field and at temperatures smaller than when the axial ligand is the chloride (complexes 2-1, 2-2 and 2-3). This is also due to the relatively weak magnetic anisotropy. Field optimization experiment was carried out at T = 2 K with an applied dc magnetic field range 0 -3800 Oe for complex 2-6 (fluoride as the axial ligand) (Figure 2.32 top). For zero applied dc magnetic field, the maximum of the " = f() curve is above 1500 Hz (cannot thus be observed with our SQUID), which corresponds to a rather fast relaxation of the magnetization. One also notices the presence of a kink at around 50 Hz, suggesting the presence of a slower relaxation process. Upon applying a dc magnetic field of 200 Oe, the intensity of the kink around 50 Hz slightly increases. A further increase of the applied dc magnetic field leads to the disappearance of the maximum assumed to be at a frequency higher than 1500 Hz and the increase of the value of " of the low frequency maximum with a shift towards low frequency. At dc magnetic field of 2200 Oe, the maximum of the " = f() is around 2 Hz. If the dc magnetic field is further increased, the frequency of the maximum of the curve stays constant until a value of 3200 Oe, and then shifts back towards high frequency (Figure 2.32). From these observations, one may conclude to the presence of two relaxation processes, one rather fast and the other slower.

Figure 2.32. Out-of-phase susceptibility measurements at 2 K with a frequency range from 1 to 1500 Hz under various applied dc magnetic fields (top) and plot of frequency maxima vs. applied dc magnetic fields (bottom) for complex 2-6.
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The fast one can be assigned to molecules with predominant QTM relaxation, while the slower to molecules that undergo relaxation with a predominant Orbach mechanism.

Upon increasing the field, the number of molecules with a fast relaxation process decreases, while the number of those with the slower process increases. The increase of the frequency of the maximum of the " = f() plots when the dc magnetic field becomes larger than 3200 Oe is due to the direct relaxation mechanism that depends on the magnitude of the applied dc magnetic field. These observations lead to the conclusion that the slow relaxation process is probably the result of several mechanisms including the Orbach, the direct and may be the Raman one.

In order to get information on the dependence of the relaxation time with temperature, The ln() = f(1/T) curve (Figure 2.35) has three parts: a linear one at high temperature corresponding mainly to an activated mechanism (Orbach), a more leveled part at low temperature where the relaxation time is almost temperature independent that may correspond mainly to a QTM and at intermediate temperature dependence. We, first, fitted only the linear part of the curve (Figure 2.35 left) in order to estimate the effective energy barrier Ueff that was found equal to 27.1 cm -1 , and a 0 value of 5  10 -9 s. In order to fit the whole curve, one must consider all the relaxation mechanisms. We, thus, attempted to fit the dependence of the relaxation time using the following general expression:

𝜏 -1 = 𝐴𝐻 2 𝑇 + 𝐵 1 1 + 𝐵 2 𝐻 2 + 𝐶𝑇 𝑛 + 𝜏 0 -1 exp (-𝑈/𝑘 B 𝑇)
where 𝐴𝐻 2 𝑇, 𝐵 1 1+𝐵 2 𝐻 2 , 𝐶𝑇 𝑛 and 𝜏 0 -1 exp (-𝑈/𝑘 B 𝑇), correspond to the direct, the QTM, the Raman and the Orbach processes respectively; A, B1, B2, C, and n are coefficients, H is the applied dc magnetic field, T is the temperature, U is the thermal barrier of the Orbach relaxation mechanism, τ0 is the attempt time, and kB is the Boltzmann constant. [52][53][54] Two fits were performed, one considering QTM of the magnetization and the other excluding this process. As shown in Figure 2.35, right and in Table 2.12, it is possible to obtain good fits in the two cases. The fit including the QTM gives parameters showing that this process is negligible (when the applied dc magnetic field is 2200 Oe). Thus, the shape of the ln() = Table 2.12. Fit parameters from ln() = f(1/T) plot under an applied dc magnetic field of 2200 Oe for complex 2-6. It is, thus, possible to fit the ac data using the generalized Debye model considering the two relaxation processes and extract the parameters corresponding to the fast and the slow one (Table 2.13). Table 2.14. Fit parameters from ln() = f(1/T) plot under an applied dc magnetic field µ0H = 400 Oe for complex 2-6. The ac studies of complex 2-6 were also performed under an applied dc magnetic field of 1000 Oe. Only one relaxation process is visible at the difference to the two processes observed under an applied dc magnetic field of 400 Oe as depicted in The fit of the linear part of the ln() = f(1/T) plot leads to Ueff = 24.4 cm -1 and 0 = 1.1  10 -8 s. Fitting the whole curve using the general formula including all the mechanisms provides an effective energy barrier of 28.6 cm -1 (Figure 2.46 and Table 2.16). The Ueff value obtained is slightly lower than that corresponding to the slow process under an applied dc magnetic field of 400 Oe. However, the difference is too small to be able to make a conclusion on the effect of the applied magnetic field. The important point is that the value of the energy barrier is very close to the theoretical one of 2|D| determined from the EPR studies.

Parameters H A B1 B2 C n 0 Ueff R/GOF Units T s -1 T -2 K -1 s -1 T -2 s -1 K -5 - s cm -1 - 2-6 a 0.
Parameters H A B1 B2 C n 0 Ueff R/GOF Units T s -1 T -2 K -1 s -1 T -2 s -1 K -5 - s cm -1 - 2-
It, thus, appears that the dominant mechanism of relaxation at high temperature is the Orbach mechanism. But even though the QTM mechanism is avoided at low temperature, the relaxation by the Raman and the direct mechanisms are still active at slightly higher temperature. The contribution of the direct mechanism increases when the applied dc magnetic field increases (see next section) because the better mixture between the wavefunctions of the ms = ±3/2 sublevels. Table 2.16. Fit parameters from ln() = f(1/T) plot under an applied dc magnetic field µ0H = 1000 Oe for complex 2-6. We, then, measured the ac susceptibility in the absence of a dc magnetic field, fitted the data with the generalized Debye model (Figure 2.49, Figure 2.50 and Table 2.17) and extracted the dependence of the relaxation times with temperature. The relaxation time is almost temperature independent below 2.4 K (Table 2.17), which suggests that the QTM process is the dominant one. The fit of the ln() = f(1/T) plot was performed for the linear part, and then for the whole curve as indicated in Table 2.18. The value obtained using the equation

Parameters H A B1 B2 C n 0 Ueff R/GOF Units T s -1 T -2 K -1 s -1 T -2 s -1 K -5 - s cm -1 - 2-6 a 0.1 Orbach - - - - - 1.
𝜏 -1 = 𝐵 1 + 𝐶𝑇 𝑛 + 𝜏 0 -1 exp (-𝑈/𝑘 B 𝑇)
are C = 0.0012781 s -1 K -5 , n = 5, τ0 = 2.1  -10 s and Ueff = 31.4 cm -1 with B1 fixed at 1046.3 s -1 , where the direct process is not considered because the applied dc magnetic field is equal to zero. The exponent n of the Raman mechanism should be equal to 9 for a Kramers doublet but weaker values (n = 4 -5) were reported. 53,54 These values will be subsequently 2.20. The parameters of the fits are coherent with the different processes: the B2 parameter is weaker for the fast process than for the slow one indicating that the QTM mechanism contributes more to the fast process, while the A parameter is larger for the fast process suggesting a larger contribution of the direct mechanism to the fast process than to the slow one; the C parameter indicates that the contribution of the Raman relaxation mechanism is almost the same for the two processes and finally B1 and n were fixed during the fit of the data. This analysis shows that the slow process is mainly due to the Orbach mechanism for the relaxation of the magnetization over the energy barrier, while the fast process is mainly dominated by the direct and the QTM mechanisms, the Raman mechanism contributing in the same manner for the two processes. The data measured under an applied field of 400 and 1000 Oe are similar (Figure 2.60, The dependence of the relaxation time with temperature is depicted in Figure 2.64 and In conclusion of this experimental part, the dilution the Co II -containing molecules in the diamagnetic Zn II matrix has a large influence on the relaxation time. For the pure compound, an optimum applied field of 2200 Oe is necessary to reach a compromise allowing to decrease the contribution the QTM mechanism and limiting the effect of the relaxation by the direct mechanism leading to a relaxation time of 0.04 s at T = 1.8 K. While for the 10% diluted compound, the necessary optimum field is only 1000 Oe, which allows limiting the contribution of the direct mechanism and thus reaching a relaxation time value of 6 s at T = 1.8 K, two orders of magnitude larger than for the pure compound. The Raman mechanism that contributes to the relaxation of the magnetization was found to be almost independent form the value of the applied dc magnetic field for each compound. However, its contribution is almost one order of magnitude larger for the non-diluted compound (C = 0.04 and 0.01 for complexes 2-6 and 2-8 respectively, see Table 2.12 and Table 2.22), highlighting the role of the environment of this relaxation process.

Magnetization versus dc magnetic field hysteresis loops

In order to assess the field dependence of the magnetization for the isolated molecules, we used the Micro-SQUID set up where it is possible to measure a single crystal oriented with the magnetic field parallel to its easy magnetization axis. 34,35 We will first present the published results obtained on the diluted 2-1 compound ([Co0.1Zn0.9(Me6tren)Cl](ClO4)) 18 and then compare them with those of 2-8 ([Co0.12Zn0.88(Me6tren)F](ClO4)). It important to note that complex 2-1 crystallizes in the trigonal space group R3c where the molecules are aligned with their anisotropy axes along the crystallographic c axis. Furthermore, the molecules possess a threefold symmetry axis and a C3v local symmetry. While complex 2-8 crystallizes in the monoclinic P21/n space group, and the molecules do not have a strict threefold symmetry axis. The molecules lie along the crystallographic b axis of the crystal making an angle of 147.4° between their pseudo threefold symmetry axis. This disposition leads to an experimental easy axis of magnetization not collinear with the local anisotropy axis of each molecule that is expected to be very close to the Co-F bond as it is along the Co-Cl bond in complex 2-1. Such non-alignment may affect the hysteresis loop of the single crystal. The magnetization vs. field hysteresis loop at different temperatures with a sweep field rate equal to 0.07 T/s is depicted in Figure 2.66, for the diluted 2-1 complex. At T = 0.03 K, an opening of the hysteresis loop is observed when the magnetic field is different from zero and persists until T = 1 K. Two main steps are observed. One near zero magnetic field that corresponds to the reversal of the QTM and one at 0.39 T. The step at high magnetic field is not due to QTM because the avoided crossing between the ms = -1/2 and the ms = +3/2 is expected around 8.4

T for 2-1 because |D| = 8.12 cm -1 and gz = 2.22 for this complex. It is due to a reversal of the magnetization through the direct relaxation mechanism involving non-coherent tunneling events combined with the emission or absorption of phonons. The spin-lattice relaxation time for such a direct transition is essentially, limited by the phonon density of states at the spin resonance and the spin-phonon coupling. 55 As the temperature decreases from 1 K to 0.03 K, the number of molecules that undergo relaxation by thermal activation diminishes and those that undergo relaxation by tunneling increases. The result is a larger value for the plateau for the red curve (T = 0.03 K) than the green one (T = 1 K) because a larger number of molecules have already tunneled at the lowest temperature. To confirm that the reversal in due to tunneling, the magnetization was cycled at different sweep rates from 0.002 to 0.280 T/s at T = 0.03 K (Figure 2.67). At 0H = -1 T, all the molecules are in the ms = +3/2 state. When the magnetic field reaches zero, there is resonance between the +3/2 and the -3/2 ms levels and part of the molecules tunnel to ms = -3/2 state, while the remaining stay in the ms = +3/2 state. This is the origin of the step near zero magnetic field. The tunnel probability decreases when the sweep rate is increased, 56,57 therefore, when the same experiment is carried out at higher sweep rates, the number of molecules tunneling is less important and the hysteresis loop is slightly larger (Figure 2.67). There are 8 steps observed in the hysteresis loops, they have been assigned to the hyperfine interaction resulting from the coupling between electronic spin and the I = 7/2 nuclear spin of cobalt(II). 18 The measurements carried out on complex 2-8 are similar to those made on the chloride-containing complex. But, in this case, the hysteresis loop persists at until T = 2 K (Figure 2 The main conclusion when comparing the results of the fluoride-containing complex to the chloride one is the slower relaxation of the former compared to the latter. Thus, a large axial anisotropy may lead to an opening of the hysteresis loop at higher temperature despite the presence of the transverse anisotropy. Of course, the opening occurs in the presence of a magnetic field, where the QTM is a precluded, but where the direct mechanism is active.

Furthermore, the opening of the hysteresis loop at very low temperature and at zero dc magnetic field is very weak in the perfectly symmetric 2-1 complex. This is usually attributed to the QTM mechanism. However, the origin of this mechanism is not clear in this Kramers doublet where the ms = ±3/2 wave functions are pure (do not mix with the ±1/2 ones). The hyperfine coupling may be invoked, but this hypothesis must be examined further. Another possibility is the coupling between the molecules through the lattice (spin lattice) despite the 10% dilution. We have examined this possibility by performing Mirco-SQUID measurements on a 5% diluted sample of complex 2-1 with no observable difference. One may need to isolate more efficiently the molecules to access the bistability at zero dc magnetic field and the work is in progress in this direction. 

Theoretical Calculations and Tentative of Magneto-Structural Correlation

Experimental geometries were used for the theoretical study. The ab initio calculations have been performed using the two-step approach implemented in the ORCA code in which the SOC and spin-spin coupling (SSC) relativistic effects are included a posteriori. 58,59 Because the SOC contribution to the ZFS parameters is more important than the SSC one, the rationalization of the magnitude and the sign of D only uses the spin-orbit operator (see equation 2.9) that couples the ground state ms components with those of the excited states.

𝐻 ̂𝑆𝑂 = ∑ 𝜉 𝑖 𝑙 ̂𝑖 ⋅ 𝑠î 𝑖 = ∑ 𝜉 𝑖 ( 𝑖 𝑙 ̂𝑧𝑖 ⋅ 𝑠ẑ 𝑖 + 1 2 (𝑙 ̂+𝑖 ⋅ 𝑠-𝑖 + 𝑙 ̂-𝑖 ⋅ 𝑠+ 𝑖 )) (2.9) 
The D values are reported in Table 2.23, E was systematically found to be equal to zero as expected from the C3v symmetry of the complex except for the complex 2-6.

Comparing the values obtained at several levels of correlations, one may first notice that the inclusion of dynamic correlation, using the energies of the NEVPT2 method, reduces substantially the |D| values. At this level, the calculated values are in good agreement with the experimental data. 18 This allows us to perform a rationalization of the origin of negative D in these trigonal bipyramidal complexes. consequence is that the four orbitals are mixed and one cannot assign one pair of orbitals to one pair of levels. The calculations show that the two lowest energy levels can be expressed as a mixture of the four orbitals. This is also the case of the two other energy levels. The consequence is that the ground energy state 4 A2 coming from the e 4 e 2 a1 1 electronic configuration and the first excited state 4 A1 coming from the e 3 e 3 a1 1 configuration mix together via the spin-orbit operator in a way to give a negative contribution to the overall axial anisotropy parameter D. It is worth noting that if the symmetry were D3 and not C3, no mixing between the ground and the excited states exist and thus the main negative contribution to D vanishes. It is, thus, the C3 symmetry that is mainly responsible of the large Ising-type anisotropy of these compounds as demonstrated by Cahier et al. 60 We will not perform a detailed analysis of the relationship between the structure of the complexes and the anisotropy. We will only comment the results of the calculations and try to extract only general ideas on the effect of the axial ligands on the anisotropy.

The ab initio calculation results of the energy spectrum for the four complexes are depicted in Figure 2.71. The evolution of the energy spectrum shows that the energy difference between the ground and the first excited state decreases when going from X = I -to X = F -. Since the |D| value is proportional to the inverse of the energy difference, the contribution of the first excited state is larger (in absolute value) for X = F -than for X = I -. Another feature of the energy spectra is the evolution of the energy of the second excited state ( 4 E) that increases when going from X = I -to X = F -, leading to weaker positive contribution to D for the latter than for the former.

It is important to note that the 4 E state is obtained by an excitation from the ground e orbitals to the a1 orbital. It is thus the energy difference between the ground e orbitals and the a1 orbital that determine the contribution of the 4 E state i.e. the positive contribution to D. In order to rationalize the effect of the 4 E state, we determined from calculations the energy of the d orbitals for the four complexes as depicted in Figure 2.72. The energy difference between the ground e orbitals and the a1 orbital increases through the I -to F -series leading to an increase of the energy difference between the ground and the 4 E states and thus to an increase of the overall negative D value, as observed experimentally. This effect can be related to the Co-X bond length that is the weakest for X = F -. The axial ligand F -has thus a large crystal field effect along the z axis of the complex leading to a 4 E state with higher energy and thus to more negative D value. This relatively simple analysis allows rationalizing part of the origin of the larger |D| value for X = F -. 

Conclusions and Outlook

The main conclusion from this work is that we can engineer and tune the magnetic anisotropy and the barrier to the reorientation of the magnetization of trigonal bipyramidal Co II complexes by chemical design. Despite the presence of a transverse anisotropy term in the F-containing complex, the effective energy barrier Ueff (32 cm -1 ) was the largest in the series.

The theoretical calculations allow preliminary magneto-structural correlation that leads to the conclusion that the presence of a ligand with a large crystal field along the principal symmetry axis (z) leads contributes to a larger Ising-type anisotropy because its contribution decreases the positive contribution to D. The origin of the difference in energy between the ground and the first excited states that has a large influence on the D value is related to the energy difference between the two sets of e orbitals (Figure 2.72). The origin of this difference is not simple to analyze qualitatively without including the effect of electron repulsion. However, it appears clearly that an interesting way to increase the negative contribution to D is to reduce the energy difference between the two sets of e orbitals. One possibility to do so is to reduce the crystal field in the equatorial plane. This should lead to a reduction of the energy difference between the two sets of e orbitals and thus to a reduction of the energy difference between the ground and the first excited states leading to a larger negative contribution to D. The efforts in this direction are presented in the next chapter. The results obtained on the Co II complexes with the Me6tren series highlighted the effect of the axial ligand on the magnitude of the axial magnetic anisotropy and the relaxation times at 1.8 K. The analysis of the theoretical calculations demonstrated that changing the axial ligand X from I -to F -allowed increasing the |D| value keeping the Ising-type anisotropy. As mentioned in Chapter 2, the Co-L bond distances in the equatorial plane may also influence the magnitude of the axial magnetic anisotropy. This distance is related to the difference in energy between the ground 4 A2 and the first excited 4 A1 states that contribute the most to the axial anisotropy. We thus reasoned that decreasing the energy difference between these two energy states will increase their mixing by the Spin-Orbital Operator and thus leads to a larger (in absolute value) D parameter. We, thus, used a tetradentate ligand with three sulfur atoms instead of three nitrogen atoms that may coordinate to Co II in the equatorial plane assuming that the Co-S bond distances will be larger than the Co-N ones.

Larger equatorial distances lead to less energy separation between the e orbitals and thus to larger axial magnetic anisotropy. We could obtain with Cl -, as the axial ligand, D values as large as 23 cm -1 in absolute value. 1 We prepared several complexes with two sulfur-containing tetradentate ligands depicted below: Scheme 3.1. Schematic view of the sulfur-containing tetradentate ligands. 

Syntheses

All starting materials were obtained commercially and were used without further purification unless otherwise stated. NS3 iPr , NS3 tBu and all cobalt(II), zinc(II) complexes were synthesized according to literature procedures or minor alterations thereof. [2][3][4] And the new complexes were synthesized similarly. 

Tris(2-(isopropylthio)ethyl)amine: NS3 iPr

Tris(2-chloroethyl)amine hydrochloride (i).

A 250 mL two-necked round-bottom flask, which was fitted with a dropping funnel and a reflux condenser, was charged with thionyl chloride (52 mL, 0.70 mol) and chloroform (80 mL). A solution of triethanolamine (29.80 g, 0.20 mol) in 50 mL of chloroform was added dropwise to this solution. The addition was carried out at ambient temperature for 1 h. The reaction continued at room temperature until gas evolution stopped, and then the mixture was heated at reflux for 4 h. After cooling to room temperature, a white solid precipitate was formed, which was filtered and washed with CHCl3 (50 × 3 mL) and dried overnight in a vacuum oven. Tris(2-chloroethyl)amine hydrochloride (i) was obtained in 80 % yield (38.56 g).

Tris(2-chloroethyl)amine (ii). Sodium hydroxide (2.00 g, 0.05 mol) was added portionwise to a solution of complex i (12.05 g, 0.05 mol) and 30 mL of water. The reaction was stirred for 1 h. The solution was extracted with CHCl3 (20 × 3 mL) and the organic layer was further washed with (20 × 3 mL) distilled water, dried over anhydrous MgSO4. The solvent was removed and the heavy oil product was obtained by vacuum-distillation (7.26 g, 71% yield). 153 in an efficient fume hood. The apparatus must be connected to a series of washing bottles charged with chromic acid mixture or other absorbing solutions.) All glassware must be previously dried. A two-necked flask was equipped with a reflux condenser topped with a drying tube (CaCl2) and a 500-mL dropping funnel with external warming bath. With stirring, anhydrous 2-Propanol (200 mL) was added and refluxed at 360 K, followed by sodium (2.30 g, 0.10 mol) in small portions. Upon reaction of all the sodium, the flask was allowed to cool to room temperature. 2-Propanethiol (9.29 mL, 0.10 mol), and 50 mL of warm anhydrous 2-Propanol were poured into the dropping funnel, which was heated by warm water. The solution was added dropwise with stirring to the sodium iso-propoxide solution during a 1 h period. The warming bath was then drained off, and a solution of N(CH2CH2Cl)3 (ii) (6.81 g, 0.033 mol) of dissolved in 20 mL of anhydrous 2-Propanol was placed in the dropping funnel.

Tris(2-(isopropylthio)ethyl)amine (NS3 iPr ). (Cautions: The 2-Propanethiol used in this synthesis is a poisonous gas with an obnoxious odor. All procedures must be carried out

The sodium iso-propoxide solution was heated to 323 -333 K, and slowly added over 4 h.

The mixture was then refluxed for 1 h, and cooled to room temperature. The NaCl, which precipitates, was filtered, and the solution was concentrated under reduced pressure. The residue was diluted with diethyl ether, filtered, concentrated, and vacuum-distilled. The ligand was collected at 408 -409 K / 2 torr to yield 7.91 g (0.023 mol) of NS3 iPr (74.1% yield). 1 H NMR (CDCl3, 300 MHz, ppm from TMS): 1.183 -1.279 (18H, (CH3)2CHS-); 2.92 (3H, (CH3)2CHS-); 2.62 (6H, Me2CHSCH2CH2-); 2.69 (6H, Me2CHSCH2CH2-). MS-ESI: m/z calcd for C18H39NS3: 323.2, found: 324.1. 

2-(tert-butylthio)-N-(2-(tert-butylthio)ethyl)-N((neopentylthio)methyl)ethan

2-(tert-butylthio)-N-(2-(tert-butylthio)ethyl)-N((neopentylthio)methyl)ethan-1-amine (NS3 tBu ).

(Cautions: The tert-Butylmercaptan used in this synthesis is a poisonous gas with an obnoxious odor. All procedures must be carried out in an efficient fume hood. The apparatus must be connected to a series of washing bottles charged with chromic acid mixture or other absorbing solutions.) All glassware must be previously dried. A two-necked flask was equipped with a reflux condenser topped with a drying tube (CaCl2) and a 500-mL dropping funnel with external warming bath. With stirring, anhydrous tert-Butyl alcohol (200 mL) was added and refluxed at 360 K, followed by sodium (2.30 g, 0.10 mol) in small portions. Upon reaction of all the sodium, the flask was allowed to cool to room temperature. 2-Methyl-2propanethiol (11.28 mL, 0.10 mol), and 50 mL of warm anhydrous tert-Butyl alcohol were poured into the dropping funnel, which was heated by warm water. The solution was added dropwise with stirring to the sodium tert-butoxide solution during a 1 h period. The warming bath was then drained off, and a solution of N(CH2CH2Cl)3 (ii) (6.81 g, 0.033 mol) of dissolved in 20 mL of anhydrous tert-Butyl alcohol was placed in the dropping funnel. The sodium tert-butoxide solution was heated to 323 -333 K, and slowly added over 4 h. The mixture was then refluxed for 1 h, and cooled to room temperature. The NaCl, which precipitates, was filtered, and the solution was concentrated under reduced pressure. The residue was diluted with diethyl ether, filtered, concentrated, and vacuum-distilled. The ligand was collected at 427 -429 K /2 torr to yield 8.45 g (0.023 mol) of product (70% yield). 1 H NMR (CDCl3, 300 MHz, ppm from TMS): 1.185 -1.266 (27H, (CH3)3CS-); 2.54 (6H, Me3CSCH2CH2-); 2.62 (6H, Me3CSCH2CH2-). MS-ESI: m/z calcd for C18H39NS3: 365.3, found: 366.2291.

[Co(NS3 iPr )Cl](BPh4) (3-1)

To a hot solution of CoCl2 (65.1 mg, 0.5 mmol) in 1-butanol (3 mL), NS3 iPr (194.2 mg, 0.6 mmol) in 1-butanol (1 mL) were added followed by NaBPh4 (171.1 mg, 0.5 mmol) in1butanol (2 mL). Then the solution was cooled down to room temperature at ambient condition. A purple precipitate was formed, it was filtered, washed with 1-butanol and petroleum ether, and dried in vacuum at room temperature. Yield, 78.7%, 290 mg. X-ray 

Physical Measurements

Unless otherwise stated, all starting materials were obtained commercially and were used without further purification. General procedures, X-ray Crystallography, Magnetic Measurements, and Micro-SQUID Measurements are aforementioned in Chapter 2.

Electron Paramagnetic Resonance (EPR) Measurements

X-band EPR 5 spectra were recorded on a Bruker ELEXSYS 500 spectrometer equipped with a Bruker ER4119HS X band resonator, an Oxford Instrument continuous flow ESR 900cryostat and a temperature control system in the Laboratoire de Chimie Inorganique, Institut de Chimie Moléculaire et des Matériaux d'Orsay (ICMMO), Université Paris-Sud, Université Paris-Saclay, France. EPR samples were collected by Christian Herrero during the course of electrolysis and immediately frozen in liquid N2. The EPR tubes were put through 5 cycles of vacuum/helium in order to purge oxygen from the samples before being entered into the EPR spectrometer.

The HFEPR was done in Grenoble at the Laboratoire de Champs Magnétiques Intenses in collaboration with Anne-Laure Barra, who recorded the spectra and helped us to analyze them.

Computational Details

Theoretical calculations have been performed in order to rationalize the values of the ZFS parameters that were determined experimentally. As these parameters are very sensitive to the geometrical features, the theoretical study was performed using experimental geometries obtained from the X-ray crystal data. Ab initio calculations were done using the two-step Complete Active Space Self Consistent Field (CASSCF) method followed by the Spin-Orbit State-Interaction (SO-SI) 6 method implemented in the MOLCAS code. 7 More 

Results and Discussion

Syntheses

In the direct approach, the reaction can occur between the ligands and simple metal salts. In our case, different reactions among NS3 iPr , NS3 tBu and a series of cobalt(II) and zinc(II) salts were screened under different conditions such as a variety of solvents, or chemical ratios, or the use of different counter-ions, etc…

The formation of complexes 3-1 to 3-4 are summarized in equations 3.1 to 3.4, respectively.

During the syntheses, the ligands NS3 iPr , NS3 tBu were used in slight excess leading to an increase of the yields. In addition, anhydrous cobalt(II) salts and solvents are essential in these reactions otherwise no product could be obtained. In equation 3.1, sodium tetraphenylborate can induce precipitation while the other counter-ions such as perchlorate do not work. But precipitates were obtained when the ligand NS3 tBu was used (equations 3.2 to 3.4).

Description of Structures

Partially labeled structure of complexes 3-1 to 3-4 are shown in Figure 3.1 to Figure 3.3, respectively. Some important interatomic distances and angles of these four complexes are listed in Table 3.1 and Table 3 

Complex 3-1

Complex 3-1 crystallizes in the space group P-1 (Table 3.1 and Table 3.2). The cation structure for complex 3-1 is depicted in Figure 3.1. Charge balance is provided by a tetraphenylborate anion. Complex 3-1 has two crystallographically independent molecules in the asymmetric unit, reference isomers 3-1(i) and 3-1(ii) below. For isomers 3-1(i), the Co II ion lies 0.352 Å below the equatorial plane of the three sulfur atoms with an in-equatorial (Å) and angles (°) for complexes 3-1 to 3-4.

𝑆

Complexes 3-2, 3-3 and 3-4

Complexes 3-2 and 3-3 (Figure 3.2) crystallize in the space group P21/c (Table 3.1 and Table 3.2). Complexes 3-2 and 3-4 only have one crystallographically independent molecule in the asymmetric unit but complex 3-3 has two, reference isomers 3-3(i) and 3-3(ii), as for complex 3-1. More importantly, complex 3-4 (Figure 3.3) crystallizes in the cubic space group P213, which is the main difference from the other complexes, the molecules have strict C3 symmetry. Similar crystallographic parameters can be found in the Table 3.1 and Table 3.2 or the paper published in Inorganic Chemistry. 8 a in wavenumbers (cm -1 ), the sign (+/-) cannot be confirmed here.

Magnetization versus dc magnetic field studies

The magnetization vs. the applied magnetic field for complexes 3-1 to 3-4 are plotted in Figure 3.6 to Figure 3.9, respectively, in the form of M = f(0H) and M = f((0H/T). They have similar behavior for the four complexes.

To quantify the magnitude of the ZFS parameter, we fitted the magnetic data using ] + 𝐸(𝑆 ̂x 2 -𝑆 ̂y 2 ) for S = 3/2 where 𝑆 ̂, 𝑆 ̂x, 𝑆 ̂y, 𝑆 ̂z are spin operators, 𝐻 ⃗ ⃗ is the applied magnetic field vector, g is the Landé factor that was assumed to be scalar, B is the Bohr Magneton, D and E are the axial and rhombic ZFS parameters respectively. We assume that the rhombic parameter E is zero for complex 3-4 because of the presence of an exact C3 principal symmetry axis, but for complexes 3-1, 3-2 and 3-3, their parameters of E are non-zero. We, however, assumed that E is zero when performing the fit in order to avoid overparametrezation. Then the magnetization data were fitted with the g and D values free leading to the parameters in Table 3.4 for complexes 3-1 to 3-4. These data suggest that the magnetic anisotropy is of the Ising-type i.e. the Ms = ±3/2 sub-levels lie lower in energy than the ±1/2 ones and there is an easy axis of magnetization. It is not possible to obtain a good fit of the data with positive D values. a in wavenumbers (cm -1 ).

Electron paramagnetic resonance studies

In order to validate the magnetization results, we performed a powder EPR study at several frequencies, at different temperatures for the 460 GHz frequency for complex 3-1.

Unfortunately, the quality of the recorded spectra was rather poor. In addition, no spectra could be obtained for the other complexes, perhaps due to non-resonant absorption of the microwave power by the sulfur ligand. Thus, only a few transitions could be identified and the resulting information on the magnetic anisotropy of the system is limited. At the lowest temperature, only one signal is observed at low frequencies corresponding to an effective g- This signal, coming from an excited level, is attributed to a transition inside the Ms = ±1/2 levels because it can be followed with an effective g description. As no other signal could be surely identified, it is not possible to extract the parameters governing the magnetic anisotropy directly from the EPR spectra. Thus, we limited the analysis to checking the Field optimization experiments at low temperature were carried out. The dynamic magnetic properties of these four complexes are similar, we describe the complexes 3-1 and 3-2 in more details. Some magnetic parameters extracted for these complexes can be found in Table 3.5, Table 3.6 and Table 3.7.

value
The fit of the '= f(), "= f() and " = f(') were carried out using a home-made program as aforementioned in Chapter 2.

Complex 3-1

Field optimization experiment was carried out at T = 2 K with an applied dc magnetic field range 0 -2400 Oe for complex 3-1 (Figure 3.12 top). Under an applied zero dc magnetic field, no maximum in the frequency-dependent ac susceptibility plot could be observed. Upon increasing the field (200 Oe), a maximum appears around 50 Hz. It shifts towards low frequency when increasing the field up to 2400 Oe (Figure 3.12 top). The variation of the frequency value of the maximum of " vs. µ0H shows that the optimum applied dc magnetic field is between 2000 and 2400 Oe (Figure 3.12 bottom). We thus performed the ac measurements for µ0H = 2000 Oe (Figure 3.13), which show the variation of the in-phase and the out-of-phase components of the ac susceptibility vs. frequency at different temperatures. As expected for SMMs, the relaxation of the magnetization (maximum of the plots, Figure 3.13 left) slows down upon decreasing the temperature. It is worth noting that the plots are wide and dissymmetric suggesting the presence of more than one relaxation process.

Figure 3.12. Out-of-phase susceptibility measurements at 2 K with a frequency range from 1 to 1500 Hz under various applied dc magnetic fields (top) and plot of frequency maxima vs. applied dc magnetic fields (bottom) for complex 3-1. Fitting the linear parts of the ln() = f(1/T) plots (Figure 3.19) provides the magnitude of the effective energy barriers for the reorientation of the magnetization Ueff that is found equal to 46.1 K (32 cm -1 ) and 0 is 2.1  10 -11 s for the slow process and 30.0 K (20.8 cm -1 ) and 0 is 2.1  10 -8 s for the fast process (Table 3.6). The effective energy barrier is weaker for the fast process because one may reasonably assume that the QTM and/or the direct mechanisms contribute more than the Orbach one. The Ueff value for the slow process is probably not very accurate because there are only three points to fit, it is however larger than for the fast one. It is possible to assign the two relaxation processes to the two independent molecules in the unit cell, especially that, theoretical calculations give D values equal to -13 and -23 for the isomers 3-1(ii) and 3-1(i) respectively. However, the "optimum" applied dc magnetic field may not be optimum for the two independent molecules. For isomer 3-1(ii) the field is probably not large enough to completely avoid the QTM mechanism to remain active.

In such a case, the fast process may be the result of the relaxation of one of the molecules (isomer 3-1(ii) that has the small |D| value), while the slow one is due to the contribution of the two molecules. This interpretation may explain why the slow process still has contribution that is temperature independent due to the fact that the applied dc magnetic field is not large enough for the molecule with the weak |D| value. We did not attempt to fit the data considering the other relaxation mechanisms. ). e pre-exponential factor in seconds (s).

Complexes 3-2, 3-3 and 3-4

The dynamic magnetic properties of these three complexes are similar, we describe the data of complex 3-2 in more details. The Cole-Cole plots for complex 3-2 at 3000 Oe were obtained with a temperature range 1.80 -4.00 K (Figure 3.22). They were fitted using a generalized Debye model 9,10 which allows extracting the relaxation times () and their distribution () for each temperature (Table 3.7). It is worth noting that fitting the first three points of the ln() = f(1/T) plot (Figure 3.23) for complex 3-2 provides the magnitude of the effective energy barriers for the reorientation of the magnetization Ueff that is found equal to 17.0 K (11.8 cm -1 ) and 0 is 1.9

 10 -6 s (Table 3.6). Actually, there is no clear linear part showing that the relaxation in the 1.8 -4 K temperature range has little contribution from an Orbach mecahnism and that other processes dominate such as the direct and the multiphonon Raman-like ones. 8,11,12 It should be mentioned that for complex 3-4, the ln() = f(1/T) plot (Figure 3.31) is different from the complex 3-2 and 3-3, probably because the rhombic ZFC parameter E = 0.

The fit of the linear dependence leads to an effective energy barriers for the reorientation of the magnetization Ueff equal to 19.4 K (13.5 cm -1 ) and 0 is 2.0  10 -9 s (Table 3.6). 

Magnetization versus dc magnetic field hysteresis loops

To probe the SMM behavior of complex 3-1, and to gain further insight into its low temperature behavior, single crystal magnetization measurements were performed using a Micro-SQUID 13,14 instrument at temperatures ranging from 0.03 to 5 K. The field was aligned parallel to the easy axis of magnetization by using the transverse field method. 15 Opening of the hysteresis loops were observed below T = 2 K in the presence of a magnetic field (Figure 3.32 left), indicating that the complex exhibits slow relaxation of the magnetization. The effect of the QTM between the Ms = ±3/2 states is evidenced by the fast steps at zero dc magnetic field. The tunnel rate is very fast because even at the faster field sweep rate of 0.28 T/s the hysteresis loop remains closed at µ0H = 0 Oe, which is consistent with the results of the aforementioned ac studies. In order to see better the slow relaxation at non-zero dc magnetic field, we recorded hysteresis loops starting from M = 0, at 0.03 K, and with scan rates in the range of 0.004 -0.280 T/s (Figure 3.32 right). As soon as a small field is applied, tunneling is blocked and a large amount of molecules are in the Ms = +3/2 state and this amount decreases slowly upon increasing the magnetic field, revealing a large SMMtype hysteresis. At higher fields, the Ms = +3/2 relaxes to the Ms = -3/2 state via the direct relaxation mechanism, emitting a phonon. obtained, as it is not possible to distinguish between the magnetism of the two independent molecules. We used the experimental geometries for our study. The ab initio calculations were done using the two-step approach implemented in the MOLCAS code. [16][17][18][19][20] The values of D for the two isomers 3-1(i) and 3-1(ii) were found equal to -23.0 and -13.1 cm -1

respectively. The energy difference between the ground ( 4 A2) and the first excited state ( 4 A1)

were found equal to 2719 and 3221 cm -1 for 3-1(i) and 3-1(ii) respectively. These energy gaps are coherent with a larger |D| value for isomer 3-1(i), as explained in the preceding chapter. The energy difference between 4 A2 and 4 A1 is mainly related to 1 (Figure 3. Finally, it is interesting to compare the relaxation times of the two complexes measured after applying an optimum dc magnetic field. Isomer 3-1(i) has a relaxation time of 0.036 s at T = 1.8 K (Table 3.5), while the [Co(Me6tren)Cl] + has a relaxation time of 2.9  10 -3 s, The larger axial magnetic anisotropy leads to a slower relaxation time, as expected. It was unfortunately not possible to prepare the Zn II analog of the sulfur-containing complexes to study the effect of dilution on their relaxation behavior.

Complexes 3-2 to 3-4

The values of D and E, for these three complexes, and their average for the crystallographically different molecules of complex 3-3 are reported in Table 3.8, and are in relatively good agreement with the values obtained from the fit of the magnetic data. There is a synergistic effect between the axial (-donating) and equatorial (-donating) ligands on E1 that may, if they are complementary i.e. large axial -donation and weak equatorial -donation, further increase the negative contribution to D. The influence of structural parameters on the magnetic properties of the three compounds were also analyzed.

Complex 3-3 has the shortest Co-S bond lengths (Table 3.9), which induces a larger E1 value and thus decreases the negative contribution to D. Furthermore, the axial Co-Na bond distance is the longest for 3-4 resulting in a weaker -donating effect of the axial amine that decreases E2 and therefore brings a larger positive contribution to D. The combination of these two effects is in line with an overall less negative D value for 3-4 than for 3-2 and 3-2.

The effect of the axial X ligands is more difficult to rationalize as they contribute by both their and -donating effects in addition to their distance to the metal ion that depends on their size. Br -has a better -donating effect than NCS -, which decreases E1 and brings a larger negative contribution to D but its bond length with Co II is longer, which has the opposite effect. In 3-3(ii), D is more negative than in the other compounds. One may assume that the -donating effect of Br -is the leading effect. From the spectrochemical series, Br -is considered to induce a weaker ligand field than NCS -, which is consistent with a smaller E1 and thus a larger negative contribution to D, as observed. In summary, the weaker -donation of sulfur (because of longer Co-S bond lengths) together with the larger -donation of Br - contribute to a weaker E1 for Br -than for NCS -and rationalize the largest negative D value in 3-3(ii). a in Angstrom (Å); b in degree (°), 𝜃 = 180°-NCoS ̂; c in wavenumbers (cm -1 )

Finally, the larger rhombic parameter E for 3-3 than for 3-2 is due to the larger deviation of the Co-S bond lengths and SCoS ̂ angles from the average values in the former than in the latter. The fact that E is equal to zero for 3-4 is, of course, due to its C3 symmetry.

Finally, the "larger" -donation effect of Br -invoked above is not simple to rationalize, it is probably due to several structural parameters such as the Co-Br bond length and probably the The central Dy III ion is bridged to the [12-MCGa III -4] ring by four benzoates and four shi 3- ligands. The four hydroximate oxygen atoms (OMC) present in a planar square, while the four oxygen atoms (OBz) of benzoate serve as another square, and adopts an eight-coordinated square antiprism geometry (quasi-double decker structure), which was confirmed by the continued shape measurements (CShM) SHAPE analysis, 38,39 the results are listed in Table 4.7 for the five complexes. The smaller the value is, the closer the coordination geometry to the ideal model is. Regarding the lanthanide inner coordination sphere, the skew angle () defined as the offset between the two squares defined by the mean planes through the coordinating oxygen atoms (O2, O5, O8, O11 and O101, O111, O121, O131) ( corresponds to a slight elongation of the square antiprism along the four-fold axis because the ideal ratio of dpp/din is 0.841. 23,24 It worth noting that the ratio of dpp/din for the double-decker complexes [DyPc2] and [DyPc2](NBu4) are 0.997 and 1.001 respectively corresponding to a large elongation. 40 41 The Ln-POM complex DyMo10 (0.944) 20 is also more elongated than the metallacrown complex we obtained. All the LnGa4shi4 compounds ( however, the molecule possesses a pseudo-C4 symmetry. The negative charge of the 12-MC-4 metallacrown is balanced by one pyridinium cation, which was found to form a hydrogen bond with an adjacent pyridine solvent molecule. Meanwhile, the analysis of the packing arrangement reveals that there are some intermolecular forces between neighboring molecules, σ-π and π-π interactions (Figure 4.2 and Table 4.4). 

Sandwich [Ln2Ga8(shi)8(C6H2C2O4)4(DMF)6Na2]•(DMF)x•(H2O)y

Single crystal X-ray analysis of complexes 4-6 to 4-10 revealed that the binuclear lanthanide MC complexes have also a distorted D4d symmetry (Figure 4.3), as noted in Table 4.8. They are isostructural and crystallize in the monoclinic P21/n space group. Therefore, only the dysprosium(III) complex 4-7 will be described in detail. The four organic ligands shi 3-bridge the Ga III ions forming a [12-MCGa III -4] ring with -[Ga-N-O]as the repeat unit.

Two Ga III ions are five-coordinated with shi (Oiso) of isophthalate serve as another square, and adopts an eight-coordinated square antiprism geometry (quasi-double deck structure), which was also confirmed by the continued shape measurements (CShM) SHAPE analysis, 38,39 the results are listed in Table 4.13 for the five complexes. The skew angle () defined as the offset between the two squares defined by the mean planes through the coordinating oxygen atoms (O1, O4, O18, O20 and O7, O10, O13, O16) (Figure 4.3) are equal to 39.98, 49.07, 48.80 and 42.16 (Table 4.9).

In contrast to the ideal D4d symmetry with = 45, the minimum of the mean absolute deviation for (MAD) in Table 4.10 indicates that the Dy III coordination site can be described as a slightly distorted square antiprism. Dy-O distances also support this minor distortion because they range from 2.575 to 2.908 Å (average value 2.750 Å, Table 4.12).

The distance dpp ( It is worth noting that the apart from the Er III -containing complex, the agreement between the calculated and the experimental magnetization is rather good. This aspect will be commented in the theoretical section. Calculations are performed within the crystallographic geometry using the MOLCAS 8.0 suite of programs 47 . Solvent molecules were not considered in the calculations. All atoms except the Ga III ones are described with all electron basis sets ANO-RCC 48,49 , Ln III atoms with TZP quality, the O in the first coordination sphere with TZP, N and other O atoms with DZP quality and other atoms with DZ quality. Ga III atoms are described by Dolg ECP with 3 valence electrons 50 . First, a multistate CASSCF (Complete Active Space Self Consistent Field) calculation is performed 51 with an active space of n electrons in the 7 4f orbitals for a

Ln III of configuration 4f n . Spin-orbit coupling is evaluated as a state interaction between the CASSCF wave functions using the RASSI (Restricted Active Space State Interaction) code. 52 Spin-Orbit integrals are evaluated within the AMFI approximation 53 . The calculation of all the properties is implemented in a local program: g factors are calculated according to the reference 54 even in the case of non-degenerate states and magnetic susceptibility according to reference 55 .

The calculations carried out on the mononuclear complexes allow determining the nature of the ground state, the associate gi values and the energy spectrum of the 2S+1 LJ manifold split by the crystal field of the ligands. It is also possible to determine the orientation of the g-tensor with respect to the molecular frame. The calculated energy spectrum of the 5 complexes is given in Table 4.17. The calculated magnetic data calculated from these energy spectra are not in good agreement with the experimental ones, apart for the Ho III complex. However, a fairly good agreement could be obtained by rescaling the energy spectra of the Dy III and the Yb III complexes as shown in Table 4.18. For Tb III , only the energy of the first level was reduced from 5.9 to 1.5 cm -1 in order to better reproduce the magnetization data. For the Er III complex, a mere rescale does not allow obtaining a good agreement for the magnetization curves at all temperatures; the magnetization values at high field are less saturated than the experimental ones (Figure 4.13). The fact that the magnetization is less saturated is usually due to the presence of several excited states close to the ground one with energy differences that are poorly reproduced by calculations. There is no clear reason why calculations give results not compatible with the experimental data, even after increasing the dimension of the CAS. 

Luminescence Studies

The interest in lanthanide-containing complexes is also due to their optical behavior and the potential applications of their luminescence for imaging. [56][57][58][59][60][61][62][63] Luminescence studies allow determining the energy spectra of the low-lying sub-levels, thus providing experimental data that can be compared to theoretical calculations. Such studies have already been carried out by several groups on Yb III complexes. 64,65 But more data on different complexes are necessary to get better insight in the correspondence between experimental and theoretical energy spectra. We have measured the luminescence spectrum of the Yb III complexes 4-5 and state. In order to determine the energy of the ground ±mJ sub-levels, it is necessary to perform an unambiguous assignment of the bands. Temperature dependent spectra must be measured in order to do so. We are working in this direction for a series of other highly symmetrical Yb III -containing complexes. 

Summary and Conclusions

Using the MC synthetic approach, we have structurally and magnetically characterized five mononuclear half-sandwich Ga III /Ln III MC complexes (4-1 to 4-5). The half-sandwich complexes possess benzoate ligands on one side of the complex bridging the central lanthanide ion to the four peripheral Ga III , thus stabilizing the MC structure.

Replacing benzoate by isophtalate that have an angle of 120° between its carboxylate groups allows linking two half-sandwich molecules and obtaining the sandwiched binuclear species The one pot reaction H3nha, Ga(OTf)3, isopathalic acid, and sodium bicarbonate with Dy(OTf)3 in in CH3OH/pyridine mixture afforded an MC that adopts the sandwich 12-MC-4 topology, and the negative charge of which is counter-balanced by two pyridinium cations (Scheme 5.2).

Description of Structures

Complex 5-1

Single crystal X-ray analysis of complex 5-1 (Figure 5.1) revealed that the monolanthanide MC complexes have distorted square antiprism geometry, as noted in Table 5.1, which crystallizes in the monoclinic P21/c space group and it is similar to the complex 4-2 in the chapter 4. However, for complex 5-1, the two [12-MCGa III -4] rings were charged and bridged by two sodium(I) cations linked to two methanol molecules and four nha 3-ligands (Figure 5.1 left). Additionally, each [12-MCGa III -4] ring has two coordination forms, 68% of complex 5-1(i) and 32% of complex 5-1(ii) (Figure 5.2). Therefore, one complex (5-1(i)) will be described in more detail, the four organic ligands nha 3-and bridges Ga III ions forming a 5.2) and to the ideal D4d symmetry (= 45). The different tables (Table 5. 

Résumé En Français

Comme nous le savons, les applications sont déterminées par des propriétés, qui sont essentiellement déterminées par la structure. L'interaction entre la forme (structure Dans cette série de composés, j'ai étudié l'influence du ligand axial X sur la nature et l'amplitude de l'anisotropie magnétique. J'ai montré que la série des halogénures, l'anisotropie la plus forte est obtenue pour le ligand axial fluorure (F -). J'ai aussi étudié l'effet du cation Y qui influence l'interaction entre les molécules qui affectent le comportement d'aimant moléculaire. Au chapitre 3, on étudie l'influence du changement du ligand tétradenté. Le remplacement des trois atomes d'azote qui se trouvent en position équatoriale dans la sphère de coordination de cobalt(II) par des atomes de soufre induit une augmentation des distances Co-L dans le plan équatorial qui conduit à une plus forte anisotropie. Les calculs théoriques effectués sur ces complexes permettent de rationaliser les résultats expérimentaux et surtout de prévoir les propriétés de nouveaux complexes. Les chapitres 4 et 5 concernent deux séries de SMM 12-MC-4 basées sur LnGa4 (Ln = Tb III , Dy III , Ho III , Er III , Yb III ) avec les ligands basés sur l'acide salicylhydroxamique (H3shi) et l'acide 3-hydroxy-2naphtohydroxamique (H3nha). J'ai préparé plusieurs complexes et étudié leurs propriétés magnétiques. Les calculs théoriques permettent de rationaliser la différence entre les propriétés des magnétiques dues aux différents ions lanthanide. Enfin, une conclusion générale avec des perspectives sont récapitulées au chapitre 6.

Title: Engineering magnetic anisotropy in mononuclear cobalt(II) complexes and lanthanide-based metallacrowns Keywords: Anisotropy, Zero-Field Splitting, Single Molecule Magnets, Cobalt, Lanthanide, Metallacrown

Abstract: As we know, the applications are determined by properties, which are essentially determined by structure. The interplay between form (molecular structure) and function (physical properties) can be exploited engineering by the ligand, the metal ion, the metallacrown approach and so on. The work focuses on the synthesis and the study of the magnetic behavior of mononuclear cobalt(II) complexes with trigonal geometry and on the study of mononuclear lanthanide complexes that possess a metallacrown structure.

For the cobalt(II) complexes, the aim was to tune the magnetic anisotropy by changing the nature of the tetradentate organic ligand and the terminal ligand. Almost all these complexes behave as Single Molecule Magnets with an energy barrier to the reversal of the magnetization that can be linked to their magnetic anisotropy and thus to the nature of the organic ligands. The lanthanide containing metallacrown complexes are highly symmetric, which allows performing a correlation between the nature of the lanthanide ion and their Single Molecule Magnet properties.

The dissertation will be composed of 6 chapters. Chapter 1 introduces the background of the magnetism, Single Molecule Magnets, Single Ion Magnets, and some important SIMs. Chapter 2 focuses on a family of trigonal bipyramidal complexes [Co(Me6tren)X]Y. We show that the axial ligand affects the SMM behavior allowing us to prepare a complex with a magnetic bistability at T = 2 K. In Chapter 3, we examine the effect of changing the coordinated atoms (sulfur instead of nitrogen) in the equatorial coordination sphere of cobalt(II). We demonstrate that this slight change improves the SMM behavior. Chapter 4 and 5, which concern two series of 12-MC-4 SMMs based on LnGa4 (Ln = Tb III , Dy III , Ho III , Er III , Yb III ) with the ligands salicylhydroxamic acid (H3shi) and 3-hydroxy-2-naphthohydroxamic acid (H3nha), respectively, where we correlate the nature of the lanthanide ion to its magnetic behavior using ab initio calculations. At last, the understanding gained from this dissertation research, along with future research directions will be recapitulated in Chapter 6.
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 12 Figure 1.2. Danish physicist Hans Christian Øersted and his historic experiment.

calculated by means of the following Hamiltonian 30 :

 30 𝐻 ̂= 𝐻 ̂EL+ 𝐻 ̂CF+ 𝐻 ̂LS+ 𝐻 ̂SS+ 𝐻 ̂ZE+ 𝐻 ̂HF+ 𝐻 ̂ZN+ 𝐻 ̂II+ 𝐻 ̂Q(1.1)

Figure 1 . 3 ,

 13 Figure 1.3, in the case where the ground state is not orbitally degenerate (L = 0) for an S = 3/2

Figure 1 . 3 .

 13 Figure 1.3. The behavior of an S = 3/2 state (center). The usual Zeeman splitting is illustrated on the left, while on the right the effect of ZFS is illustrated. The degeneracies are partially resolved before the magnetic field affects the levels.
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 174 , and, if we assume that Dxx + Dyy + Dzz = 0, they are related to the principal values Duu (u = x, y, z) of the D-tensor through Single Molecule Magnets SMMs are a class of bistable metal-organic compounds that display superparamagnetic behavior below a certain blocking temperature (TB). In this temperature range, SMMs may exhibit magnetic hysteresis of purely molecular origin. (see Figure 1.4) This hysteresis has its origin in the slow relaxation of the magnetization of the isolated molecules. The slow relaxation of the magnetization is due to the presence of an energy barrier U to the reorientation of the magnetization resulting from to the large spin value of the ground state and its Ising-type magnetic anisotropy, as depicted in Figure 1.4 for the most studied family of complexes: Mn12(OAc).
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 14 Figure 1.4. Heuristic depiction of dynamics of the magnetization for SMMs. Schematic representation of the energy landscape of a SMM with a spin ground state S = 10. The magnetization reversal can occur via quantum tunneling between energy levels (blue arrow)when the energy levels in the two wells are in resonance. Phonon absorption (green arrows) can also excite the spin up to the top of the potential energy barrier (U) with the quantum number M = 0, and phonon emission descends the spin to the second well.19 
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 15 Figure 1.5. In-phase (', top) and out-of-phase (", bottom) ac susceptibility signals for [Mn12O12(O2CR)16(H2O)4] at different oscillation frequencies. Reprinted with permission from reference 36 . Copyright 2009 Royal Society of Chemistry.
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 41 Cole-Cole plots (plot of M" vs. M' at a given temperature) shows weakly flattened semi-circles (Figure 1.6). Fitting the Cole-Cole plots allows extracting the relaxation time at a given temperature and the corresponding  value. 40 Actually, many SMMs do not show a full peak in the out-of-phase ac magnetic susceptibility, above 1.8 K; therefore, it is not possible to determine Ueff and 0 by the above method. Bartolomé et al., is only one characteristic relaxation process of the Debye type with one energy barrier and one time constant, suggested to use equation 1.15 to evaluate roughly the energy barrier and 0: ln("/') = ln(0) -Ueff/kBT (1.15)
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 16 Figure 1.6. Heuristic depiction of for Cole-Cole plots of [Co(NS3 iPr )Cl](BPh4) for the slower relaxation processes. Reprinted with permission from reference 40 . Copyright 2015 Royal Society of Chemistry.
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 1326 Hysteresis and Quantum Tunneling of the MagnetizationSMMs may display hysteresis in the plot of magnetization vs. applied dc magnetic field (Figure1.7) with an opening at zero dc magnetic field if the QTM pathway is not present. It is showed that the hysteresis loops of SMMs are marked differently from those of bulk traditional magnets in which coercive field increases with decreasing temperature and
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 17 Figure 1.7. Heuristic depiction of dynamics of the magnetization. The Hysteresis loops of single crystals of [Mn12O12(O2CCH2C(CH3)3)16(CH3OH)4] SMM at different temperatures and a constant field sweep rate of 2 mT/s (data from reference50 ). The loops exhibit a series of steps, which are due to resonant quantum tunneling between energy levels. As the temperature is lowered, there is a decrease in the transition rate due to reduced thermally assisted tunneling. The hysteresis loops become temperature-independent below 0.6 K, demonstrating quantum tunneling at the lowest energy levels. Reprinted with permission from reference19 . Copyright 2008 Nature Publishing Group.
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 18 Figure 1.8. Heuristic schematic representation of the change in energy of ms sublevels as the magnetic field is swept from zero to a non-zero value. Resonant magnetization tunneling occurs when the ms sublevels are aligned between the two halves of the diagram.
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 19 Figure 1.9. Crystal structure of Mn III 8Mn IV 4O12(O2C2H3)16(H2O)4. Mn IVpurple; Mn IIIblue; Ored; Cblack; H atoms were omitted for clarity. The figure was reproduced from a crystal structure from reference 67 . Copyright 1980 International Union of Crystallography.

Figure 1 .

 1 Figure 1.10. The ac magnetic susceptibility data for Mn12(OAc) is shown. The inset features the out-of-phase magnetic susceptibility, indicating frequency dependence. Taken directly from reference 26 . Copyright 1993 American Chemical Society.

Figure 1 . 11 .

 111 Figure 1.11. The dc magnetic hysteresis of Mn12(OAc) is shown. The data was collected along the crystal c axis. The closed circles represent data collected at 2.2 K, and the open circles for data collected at 2.8 K. Taken directly from reference 27 . Copyright 1993 Nature Publishing Group.
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 2 Important Transition Metal SIMsThe first 3d SIM: K[(tpa Mes )Fe II ]

Figure 1 .

 1 Figure 1.12. A view of the anion [(tpaMes)Fe] -(left). Cblack; H atoms were omitted for clarity; a simplified view of the orbital splitting (right). Reprinted with permission from reference 78 . Copyright 2010 American Chemical Society.

Figure 1 . 13 .

 113 Figure 1.13. Arrhenius plot constructed from data obtained under an applied dc magnetic field of 1500 Oe. The solid red line corresponds to a linear fit to the thermally activated region(left); Variable-frequency out-of-phase ac susceptibility data K[(tpa Mes )Fe] (right).Reprinted with permission from reference78 . Copyright 2010 American Chemical Society.
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 1 Figure 1.14. A view of the complex [Mn(opbaCl2)(py)2] -. Nblue; Ored; Clgreen; Cblack; H atoms were omitted for clarity. Reprinted with permission from reference 80 . Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 1 .

 1 Figure 1.15. Temperature dependence of the out-of-phase magnetic susceptibility under an applied dc magnetic field of 1000 Oe and 4 Oe oscillating field (left, inset: Arrhenius plot), and, the sweep rate dependence of the magnetization at 0.5 K (right, inset: at 0.03 K). Reprinted with permission from reference 80 . Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

  at zero dc magnetic field (Figure1.17 left) and an effective spin-reversal barrier of Ueff = 226(4) cm -1 (Figure1.17 right), pretty large observed for a SMM based on a transition metal. The blocking of the magnetization is observed below 4.5 K and the hysteresis loops (Figure1.18) collected at an average sweep rate of 50 Oe/s is open only in the presence of an applied magnetic field. This feature results from the presence of tunneling pathways for the magnetization despite the large energy barrier values (Figure1.17 left).

Figure 1 .

 1 Figure 1.16. A view of the complex [Fe(C(SiMe3)3)2] -(left). Cblack; H atoms were omitted for clarity. Energies of the 3d orbitals extracted from an ab initio computational analysis of [Fe(C(SiMe3)3)2] -(right). Reprinted with permission from reference 81 . Copyright 2013 Nature Chemistry, Macmillan Publishers Ltd.

Figure 1 .

 1 Figure 1.17. Dynamic magnetic susceptibility data for the complex [K(crypt-222)][Fe(C(SiMe3)3)2], measured under an applied zero dc magnetic field (left); Arrhenius plot of the natural logarithm of the relaxation time, , vs. the inverse temperature (right). Reprinted with permission from reference 81 . Copyright 2013 Nature Chemistry, Macmillan Publishers Ltd.

Figure 1 .

 1 Figure 1.18. Variable-field magnetization data for the complex [K(crypt-222)][Fe(C(SiMe3)3)2. Reprinted with permission from reference 81 . Copyright 2013 Nature Chemistry, Macmillan Publishers Ltd.

Figure 1 .

 1 Figure 1.19. A view of the complex [Fe(1-ptz)6] 2+ . Nblue; Cblack; H atoms were omitted for clarity. Reprinted with permission from reference 83 . Copyright 2013 American Chemical Society.

Figure 1 .

 1 Figure 1.20. Dynamic magnetic susceptibility data for the complex [Fe(1-ptz)6](BF4)2, for HSβ* at oscillating frequencies between 1 and 1500 Hz and temperatures between 1.9 and 5 K. Arrhenius plot of the natural logarithm of the relaxation time, , vs. the inverse temperature (inset). Taken directly from reference 83 . Copyright 2013 American Chemical Society.

Figure 1 .

 1 Figure 1.21. Excitation and de-excitation cycling between the HS and LS configuration of [Fe(1-ptz)6](BF4)2, represented as a variation in the MT product at 10 K, under a 5000 Oe dc magnetic field. Taken directly from reference 83 . Copyright 2013 American Chemical Society.

  Figure 1.22. A view of the complex [(PNP)FeCl2]. Cblack; H atoms were omitted for clarity. Reprinted with permission from reference 85 . Copyright 2012 American Chemical Society.

Figure 1 .

 1 Figure 1.23. Dynamic magnetic susceptibility (left) and Cole-Cole plots (right) data for the complex [(PNP)FeCl2] under an applied zero dc magnetic field, and Arrhenius plot of the natural logarithm of the relaxation time, , vs. the inverse temperature (inset). Reprinted with permission from reference 85 . Copyright 2012 American Chemical Society.

Figure 1 .

 1 Figure 1.25. Dynamic magnetic susceptibility data for the complex[Co(IMes)2](BPh4) (left), and Arrhenius plot of the natural logarithm of the relaxation time, , vs. the inverse temperature (right). Reprinted with permission from reference 87 . Copyright 2015 The Royal Society of Chemistry.

Figure 1 .

 1 Figure 1.26. Energy level diagram depicting selected -spin frontier molecular orbitals of [Co(terpy)Cl2] and [(Co(terpy)(NCS)2)] and [Co(terpy)2] 2+ . The increase in the number of spins for [Co(terpy)2] 2+ comes at the cost of an -spin, resulting in an overall decrease in the molecular spin state. Taken directly from reference 74 . Copyright 2016 The Royal Society of Chemistry.

Figure 1 .

 1 Figure 1.27. Dynamic magnetic susceptibility data for the complexes [Co(terpy)Cl2] (left) and [(Co(terpy)(NCS)2)] (right). Taken directly from reference 88 . Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 1 .

 1 Figure 1.28. A view of the complex [Co(12C4)2](I3)2. Cblack; and H atoms were omitted for clarity. Reprinted with permission from reference 89, 90 . Copyright 2011 American Chemical Society.

Figure 1 .

 1 Figure 1.29. Dynamic magnetic susceptibility data for the complex [Co(12C4)2](I3)2] (12C4) (top), and Arrhenius plot of the natural logarithm of the relaxation time, , vs. the inverse temperature (bottom). Taken directly from reference 89 . Copyright 2014 American Chemical Society.

Figure 1 .

 1 Figure 1.30. Field dependence of the normalized magnetization in the temperature range 0.03 -1 K at field sweep rate 0.14 T/s for the complex [Co(12C4)2](I3)2] (12C4), Taken directly from reference 89 . Copyright 2014 American Chemical Society.

Figure 1 .

 1 Figure 1.31. A view of the complex [Co(SPh)4] 2-. Copurple; Syellow; Cgrey; H atoms were omitted for clarity (left). Electronic configuration and d-orbital energy level splitting for the molecule, with energies derived using the angular overlap model (right). Taken directly from reference 91 . Copyright 2011 American Chemical Society.

Figure 1 .

 1 Figure 1.32. Molar out-of-phase ac susceptibility collected at 2 K under applied dc magnetic fields from 0 to 1 kOe in 100 Oe increments for the complex [Co(SPh)4](Ph4P) (left), and Arrhenius plot of the natural logarithm of the relaxation time, , vs. the inverse temperature (right). Reprinted with permission from reference 91 . Copyright 2011 American Chemical Society.

  Figure 1.33), with an axial parameter D = -115 cm -1 . It also displays a single molecule magnet behavior in the absence of an applied dc magnetic field (Figure 1.34). Ac magnetic susceptibility was performed and an energy barrier of Ueff = 118 cm -1 was derived from a straight-line fit of the 10 highest temperature relaxation points, according to the Arrhenius law whereas the theoretical energy barrier calculated from the D value, |2D| is 230 cm -1 .

Figure 1 .

 1 Figure 1.33. A view of the complex [Co(bmsab)2] 2-. Coviolet; Nblue; Ored; Syellow; Cgrey; H atoms were omitted for clarity (left). Molecular orbital diagram showing the calculated d-orbital splitting for (HNEt3)2[Co(bmsab)2]. Horizontal lines depict orbital energies while arrows pointing up or down stand for single electron spins (right). Taken directly from reference 92 . Copyright 2016 Nature Publishing Group.

Figure 1 .

 1 Figure 1.34. Dynamic magnetic susceptibility data for the complex (HNEt3)2[Co(bmsab)2] (top), and Arrhenius plot of the natural logarithm of the relaxation time, , vs. the inverse temperature (bottom). Taken directly from reference 92 . Copyright 2016 Nature Publishing Group.

Figure 1 .

 1 Figure 1.35. A view of the complex [Co(tbta)N3] + . Colight green; Bviolet; Cyellow; H atoms were omitted for clarity. Reprinted with permission from reference 93 . Copyright 2015 American Chemical Society.

Figure 1 .

 1 Figure 1.36. Dynamic magnetic susceptibility data for the complex [Co(tbta)N3](ClO4) (left), and Arrhenius plot of the natural logarithm of the relaxation time, , vs. the inverse temperature (right). Reprinted with permission from reference 93 . Copyright 2015 American Chemical Society.

Figure 1 .

 1 Figure 1.37. A view of the complex [Co(TPMA)Cl] + . Copurple; Nblue; Clgreen; Cgrey; H atoms were omitted for clarity. Taken directly from reference94 . Copyright 2016 American Chemical Society.

Figure 1 .

 1 Figure 1.38. Dynamic magnetic susceptibility data for the complex [Co(TPMA)Cl](Cl) (left), and Arrhenius plot of the natural logarithm of the relaxation time, , vs. the inverse temperature (right). Reprinted with permission from reference94 . Copyright 2016 American Chemical Society.
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 381 Figure 1.39. A view of the complex [(sIPr)CoN(Dmp)]. Cblack; H atoms were omitted for clarity. Reprinted with permission from reference95 . Copyright 2016 American Chemical Society.

Figure 1 .

 1 Figure 1.40. Static (a) and dynamic (b) magnetic susceptibility data for the complex [(sIPr)CoN(Dmp)]; (c) Arrhenius plot of the natural logarithm of the relaxation time, , vs. the inverse temperature; (d) Variable-field magnetization data at the sweep rate of 700 Oe/s under 2 -9.5 K. Taken directly from reference 96 . Copyright 2016 American Chemical Society.

Figure 1 .

 1 Figure 1.41. A view of the complex [Ni(6-Mes)2] + . Cblack; H atoms were omitted for clarity. Reprinted with permission from reference 97 . Copyright 2013 American Chemical Society.

Figure 1 . 42 .

 142 Figure 1.42. Dynamic magnetic susceptibility data under a 600 Oe dc magnetic field for the complex [Ni(6-Mes)2](Br). Taken directly from reference 97 . Copyright 2013 American Chemical Society.

Figure 1 .

 1 Figure 1.43. A view of the complex [Ni(Me6tren)Cl] + . Cblack; H atoms were omitted for clarity. Reprinted with permission from reference 98 . Copyright 2013 American Chemical Society.

Figure 1 .

 1 Figure 1.44. A view of the complex [Ni(MDABCO)2Cl3] + . Cgrey; H atoms were omitted for clarity. d-orbital splitting for high-spin Ni II in an ideal trigonal bipyramidal environment and the effect of a symmetry-lowering Jahn-Teller distortion that removes the orbital degeneracy. Reprinted with permission from reference 99 . Copyright 2015 The Royal Society of Chemistry.

Figure 1 . 45 .

 145 Figure 1.45. Dynamic magnetic susceptibility data under a 2000 Oe dc magnetic field for the complex [Ni(MDABCO)2Cl3](ClO4). Taken directly from reference 99 . Copyright 2015 The Royal Society of Chemistry.

Figure 1 .

 1 Figure 1.46. Arrhenius plot of the natural logarithm of the relaxation time, , vs. the inverse temperature for the complex [Ni(MDABCO)2Cl3](ClO4) under different dc magnetic fields 500 Oe (a), 1000 Oe (b), 2000 Oe (c). Taken directly from reference 99 . Copyright 2015 The Royal Society of Chemistry.

Figure 1 .

 1 Figure 1.47. Energy splitting schematic diagram of the electronic structures of lanthanide ions in logarithmic energy scale. Reprinted with permission from reference 86 . Copyright 2016 American Chemical Society.

Figure 1 .

 1 Figure 1.48. Low energy electronic structure of the Dy III ion with sequential perturbations of electron-electron repulsions, spin-orbit coupling, and the crystal field. Reprinted with permission from reference 101 . Copyright 2011 Royal Society of Chemistry.

[

  Figure 1.50. A view of the complex [LnPc2] -. Lngreen; Nblue; Cblack; H atoms were omitted for clarity. Reprinted with permission from reference 108 . Copyright 1996 American Chemical Society.

Figure 1 . 51 .

 151 Figure 1.51. Dynamic magnetic susceptibility data for the complexes [TbPc2](NBu4) (left, open marks) and [DyPc2](NBu4) (right, open marks) and their diluted complexes (filled marks). Taken directly from reference 77 . Copyright 2003 American Chemical Society.

Figure 1 .

 1 Figure 1.52. Splitting of the spin-orbit coupled (J) ground state by the crystal field for [LnPc2] -complexes. 105, 106 Taken directly from reference 105 . Copyright 2004 American Chemical Society.

  one is a SMM, which corresponds to the expected behavior inferred from the model presented in Figure 1.53.

Figure 1 .

 1 Figure 1.53. A view of the complex [ErW10O36] 9-POM and projection showing the Er III ion square-antiprismatic coordination. Taken directly from reference 109 . Copyright 2008 American Chemical Society.

Figure 1 . 54 .

 154 Figure 1.54. Dynamic magnetic susceptibility data, and Arrhenius plot of the natural logarithm of the relaxation time, , vs. the inverse temperature for the complexes [ErW10O36] 9-POM. Taken directly from reference 109 . Copyright 2008 American Chemical Society.

[

  Dy(bbpen)Br] (H2bbpen = N,N'-bis(2-hydroxybenzyl)-N,N'bis(2methylpyridyl)ethylenediamine, Figure 1.55) reported by Liu and co-workers in 2016. 53The Dy III ion has a pentagonal bipyramidal local geometry. The investigation of the dynamic magnetic susceptibility (Figure1.56) reveals an effective energy barrier (Ueff = 1025 K) for the relaxation of magnetization and a pronounced magnetic hysteresis (loops up to 14 K).53 

Figure 1 .

 1 Figure 1.55. A view of the complex [Dy(bbpen)Br]. Ored; Cblack; H atoms were omitted for clarity. Reprinted with permission from reference 53 . Copyright 2016 American Chemical Society.

Figure 1 . 56 .

 156 Figure 1.56. Dynamic magnetic susceptibility data and Arrhenius plot of the natural logarithm of the relaxation time, , vs. the inverse temperature for the [Dy(bbpen)Br].Reprinted with permission from reference53 . Copyright 2016 American Chemical Society.

Figure 1 .

 1 Figure 1.57. A view of the complex [Dy(O t Bu)2(py)5](BPh4). Ored; Cbalck; H atoms were omitted for clarity. Reprinted with permission from reference 55 . Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 1 . 58 .

 158 Figure 1.58. Dynamic magnetic susceptibility data for the complex [Dy(O t Bu)2(py)5](BPh4). Reprinted with permission from reference 55 . Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 1 . 59 .

 159 Figure 1.59. Arrhenius plot of the natural logarithm of the relaxation time, , vs. the inverse temperature for the [Dy(O t Bu)2(py)5](BPh4). Reprinted with permission from reference 55 . Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 1 .

 1 Figure 1.60. Variable-temperature magnetic susceptibility for the [Dy(O t Bu)2(py)5](BPh4), under Field Cooled (FC) and Zero-Field-Cooled (ZFC) conditions with a dc magnetic field of 2000 Oe. The ZFC measurements were made with increasing temperature. Taken directly from reference 55 . Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

  scheme: MX[ring size-MCM'Z(L)-ring oxygens]Y, where M is the bound central metal and its oxidation state; X is any bound anions; M' is the ring metal and its oxidation state; Z is the third heteroatom of the ring, usually N; L is the organic ligand used in the complex and Y is any unbound anions.119 

Figure 1 . 61 . 54 various

 16154 Figure 1.61. Examples of the analogy between organic crown ethers and metallacrowns.

Figure 1 . 62 .Figure 1 .

 1621 Figure 1.62. Diagrams displaying the design strategy for MCs based on the chelate ring geometry. The square shaped 12-MC-4 is generated from ligands which form a 90° internal angle between the lines bisecting the alternating 5-and 6-membered rings. The deprotonated form of H3shi is pictured (top); The pentagonal 15-MC-5 is generated from ligands which form a 108° internal angle between the lines bisecting the fused 5-membered rings. The deprotonated form of H2picHA is pictured (bottom). The MC ring structure is highlighted in bold. Reprinted with permission from reference 123 . Copyright 2014 American Chemical Society.

Feng 57 1. 5

 575 Lanthanide LuminescenceLanthanide complexes have been known for their luminescent optical properties before chemists discover their SMM properties. The f-f emission transitions in the trivalent rare earth ions are characterized by narrow line widths and long luminescence lifetimes.126 These sharp transitions can range from the near-infrared (NIR) region for Pr III , Nd III , Ho III , Er III , Tm III and Yb III , visible region for Pr III , Sm III , Eu III , Tb III , Dy III and Ho III and the ultraviolet (UV) region for Gd III (Figure1.65 top).126 These luminescence properties found new applications in material science for OLEDs, 127-130 telecommunications, 131 solar energy conversion, 132 sensing,[133][134][135] time-resolved luminescent immuno-assay,136, 137 or timeresolved microscopy, 138, 139 bio-imaging.[140][141][142] Additionally, the longer wavelengths of the NIR emission allows for greater sensitivity of detection and tissue penetration depth in biological imaging applications.125 

Figure 1 . 65 . 3 [

 1653 Figure 1.65. Luminescence spectra of some lanthanide complexes in the visible (top left) and NIR (top right) spectroscopic range and corresponding lanthanide(III) ion partial energy diagram (bottom). Taken directly from reference 136 . Copyright 2009 American Chemical Society.

Figure 1 .

 1 Figure 1.66. A view of the complex [YbZn4(quinha)4(iqn)4(DMF)4](CF3SO3)3. Ored; Nblue; Cblack; and H atoms were omitted for clarity. Reprinted with permission from reference 143 . Copyright 2015 The Royal Society of Chemistry.

Figure 1

 1 Figure 1.67. Dynamic magnetic susceptibility data for the complex [YbZn4(quinha)4(iqn)4(DMF)4](CF3SO3)3. Reprinted with permission from reference 143 . Copyright 2015 The Royal Society of Chemistry.

Figure 1 .

 1 Figure 1.68. Arrhenius plot of the natural logarithm of the relaxation time, , vs. the inverse temperature for the [YbZn4(quinha)4(iqn)4(DMF)4](CF3SO3)3. Reprinted with permission from reference 143 . Copyright 2015 The Royal Society of Chemistry.

Figure 1 . 69 .

 169 Figure 1.69. Energy levels of the 2 F7/2 ground state multiplet determined from the (a) dc fit ( = 116 cm -1 ), (b) ac fit (Ueff/kB = 16 cm -1 ), and (c) the luminescence spectrum ( = 169 cm -1 ). The area of Gaussian deconvolution corresponding to the four Kramers doublets (dark cyan) and one hot transition (orange). Taken directly from reference 143 . Copyright 2015 The Royal Society of Chemistry.
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 6 Thesis AimsThis work comprises two main parts. The first part focuses on the synthesis and the study of the magnetic behavior of mononuclear Co II complexes with trigonal bipyramidal geometry and the second part on the study of mononuclear lanthanide complexes that possess a MC structure.

  properties. The dissertation will be composed of 6 chapters. The present Chapter 1 introduces the background of the magnetism, SMMs, SIMs, and some important SIMs. Chapter 2 focuses on a family of trigonal bipyramidal complexes [Co(Me6tren)X]Y (Me6tren = tris(2-(dimethylamino)ethyl)amine, Figure 1.70, left) with the axial ligand (X) and counter-ion (Y). In Chapter 3, the tetradentate ligand Me6tren has been replaced by two similar tetradentate ligands with three sulfur atoms (Figure 1.70, middle and right).

Figure 1 . 70 .CHAPTER 2

 1702 Figure 1.70. Schematic of the Me6tren (left), NS3 iPr (middle) and NS3 tBu (right).

Chapter 2

 2 Engineering the Ising-type Anisotropy in [Co(Me6tren)X]Y Complexes Feng SHAO: 0000-0001-8606-8628 Université Paris-Saclay 74 Our group has previously shown that imposing a trigonal bipyramidal symmetry around Co II and Ni II cations leads to Ising-type magnetic anisotropy (negative D value) that is very large for the Ni II complex. 18, 19 The anisotropy arises from the axial symmetry imposed by the organic ligand Tris(2-(dimethylamino)ethyl)amine (Me6tren). The [Ni(Me6tren)Cl](ClO4) complex has a D value close to -200 cm -1 , due to the quasi first-order SOC. 19 Blocking of the magnetization was not observed because QTM is usually large in S = 1 systems due to the presence of a tiny transverse anisotropy resulting from a dynamic Jahn-Teller effect, which leads to fast relaxation of the magnetization. Slow relaxation of the magnetization and an opening of the hysteresis loop (both parameters are indicative of SMM behavior) were observed in the Co II analog ([Co(Me6tren)Cl](ClO4), S = 3/2), which has a
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 72345678 08; N, 13.05. IR(KBr) ν/cm -1 : 3431 (w), 2983 (m), 2903 (m), 2852 (m), 2795 (w), 2017 (w), 1486 (s), 1475 (s), 1461 (s), 1435 (m), 1359 (w), 1300 (s), 1248 (w), 1174 (m), 1091 (s), 1053 (s), 1023 (m), 1006 (m), 938 (m), 913 (m), 807 (m), 778 (m), 742 (w), 622 (s), 602 (m), 573 (w), 486 (m), 411 (w), 382 (w) cm -1 . Single-crystal unit cell: trigonal, space group R3c, a = 9.891(5) Å, b = 9.891(5) Å, c = 33.183(5) Å,  = 90°,  = 90°,  = 120°, V = 2811(2) Å 3 . To a solution of CoCl2•6H2O (118.97mg, 0.5 mmol) in EtOH (5 mL), Me6tren (138.24 mg, 0.6 mmol) in EtOH (3 mL) were added dropwise with stirring, followed by tetrabutylammonium hexafluorophosphate (193.72 mg, 0.5 mmol) was added portionwise, which inducing precipitation isolated by filtration and dried in air. X-ray quality crystals 2-2 were obtained by vapor diffusion of diethyl ether into MeOH solution. Yield, 86.43%, 203 mg. Elem Anal. Calcd: C, 30.68; H, 6.44; N, 11.93. Found: C, 30.84; H, 6.32; N, 11.77. Single-crystal unit cell: Trigonal, space group R3H, a = 10.2778(8) Å, b = 10.2778(8) Å, c = 16.0130(13) Å,  = 90°,  = 90°,  = 120°, V = 1464.9(3) Å 3 . [Co(Me6tren)Cl](Cl) (2-To a solution of CoCl2•6H2O (118.97mg, 0.5 mmol) in EtOH (5 mL), Me6tren (138.24 mg, 0.6 mmol) in EtOH (3 mL) were added dropwise with stirring for 3 h, X-ray quality crystals 2-3 were obtained by vapor diffusion of diethyl ether into abovementioned solution. Yield, 77.72%, 140 mg. Elem Anal. Calcd: C, 40.01; H, 8.39; N, 15.55. Found: C, 39.69; H, 68.53; N, 15.44. Single-crystal unit cell: Cubic, space group P213, a = 11.8163(4) Å, b = 11.8163(4) Å, c = 11.8163(4) Å,  = 90°,  = 90°,  = 90°, V = 1649.85(17) Å 3 . [Co(Me6tren)Br](ClO4) (2-To a solution of CoBr2•H2O (118.38 mg, 0.5 mmol) in EtOH (10 mL), Me6tren (138.24 mg, 0.6 mmol) in EtOH (5 mL) were added dropwise with stirring, followed by NaClO4 (157.76 mg, 0.5 mmol) was added portionwise, which inducing precipitation isolated by filtration and dried in air. X-ray quality crystals 2-4 were obtained by vapor diffusion of diethyl ether into MeOH solution. Yield, 76.81%, 180 mg. Elem Anal. Calcd: C, 30.75; H, 6.45; N, 11.95. Found: C, 28.07; H, 5.96; N, 10.93. Single-crystal unit cell: Cubic, space group P213, a = 12.4738(4) Å, b = 12.4738(4) Å, c = 12.4738(4) Å,  = 90°,  = 90°,  = 90°, V = 1940.87(19) Å 3 . [Co(Me6tren)I](ClO4) (2-To a solution of CoI2 (156.37 mg, 0.5 mmol) in EtOH (10 mL), Me6tren (138.24 mg, 0.6 mmol) in EtOH (5 mL) were added dropwise with stirring, followed by NaClO4 (157.76 mg, 0.5 mmol) was added portionwise, which inducing precipitation isolated by filtration and dried in air. X-ray quality crystals 2-5 were obtained by vapor diffusion of diethyl ether into MeOH solution. Yield, 81.45%, 210 mg. Elem Anal. Calcd: C, 27.95; H, 5.86; N, 10.86. Found: C, 28.07; H, 5.96; N, 10.93. IR (KBr) ν/cm -1 : 3436 (w), 3010 (w), 2981 (w), 2913 (w), 2876 (w), 1643 (w), 1481 (m), 1473 (m), 1295 (m), 1108 (s), 1084 (s), 1035 (m), 1015 (m), 998 (m), 934 (m), 773 (m), 624 (m) cm -1 . Single-crystal unit cell: Cubic, space group P213, a = 12.6169(7) Å, b = 12.6169(7) Å, c = 12.6169(7) Å,  = 90°,  = 90°,  = 90°, V = 2008.4To a hot solution of Co(ClO4)2•6H2O (182.96 mg, 0.5 mmol) in EtOH (5 mL), Me6tren (138.24 mg, 0.6 mmol) in EtOH (3 mL) were added dropwise with stirring, followed by tetrabutylammoniumfluoride trihydrate (157.76 mg, 0.5 mmol) was added portionwise. Then the stirred solution was cooled down to room temperature at ambient condition. X-ray quality crystals 2-6•0.5H2O were obtained by vapor diffusion of diethyl ether into cooled solution. Yield, 76.78%, 160 mg. Elem Anal. Calcd: C, 34.58; H, 7.50; N, 13.44. Found: C, 34.50; H, 7.78; N, 13.32. IR (pure) ν/cm -1 : 3611 (w), 3322 (w), 2989 (w), 2900 (w), 2856 (w), 2813 (w), 1633 (w), 1472 (m), 1294 (m), 1105 (s), 1067 (s), 939 (m), 779 (m), 624 (m) cm -1 . Single-crystal unit cell: Monoclinic, space group P21/n, a = 9.6785(5) Å, b = 14.8653(8) Å, c = 13.1096(7) Å,  = 90°,  = 91.074(2)°,  = 90°, V = 1885.80(17) Å 3 . [Zn(Me6tren)F](ClO4) (2-To a hot solution of Zn(ClO4)2•6H2O (186.20 mg, 0.5 mmol) in EtOH (5 mL), Me6tren (138.24 mg, 0.6 mmol) in EtOH (3 mL) were added dropwise with stirring, followed by Tetrabutylammoniumfluoride trihydrate (157.76 mg, 0.5 mmol) was added portionwise. Then the stirred solution was cooled down to room temperature at ambient condition. X-ray quality crystals 2-7•0.5H2O were obtained by vapor diffusion of diethyl ether into cooled solution. Yield, 61.43%, 130 mg. Elem Anal. Calcd: C, 34.05; H, 7.38; N, 13.24. Found: C, 33.68; H, 7.57; N, 13.09. IR (pure) ν/cm -1 : 3610 (w), 3300 (w), 3210 (w), 3017 (w), 2987 (w), 2883 (w), 2853 (w), 1625 (w), 1473 (m), 1294 (m), 1099 (s), 937 (m), 777 (m), 622 (m) cm -1 . Single-crystal unit cell: Monoclinic, space group P21/n, a = 9.6596(4) Å, b = 14.8339(6) Å, c = 13.1289(6) Å,  = 90°,  = 91.251(2)°,  = 90°, V = 1880.79(14) Å 3 . To a hot solution of Co(ClO4)2•6H2O (18.30 mg, 0.05 mmol) and Zn(ClO4)2•6H2O (167.58 mg, 0.45 mmol) in EtOH (5 mL), Me6tren (138.24 mg, 0.6 mmol) in EtOH (3 mL) were added dropwise with stirring, followed by tetrabutylammoniumfluoride trihydrate (157.76 mg, 0.5 mmol) was added portionwise. Then the stirred solution was cooled down to room temperature at ambient condition. X-ray quality crystals 2-8•0.5H2O were obtained by vapor diffusion of diethyl ether into cooled solution. Yield, 66.28%, 140 mg. Elem Anal. Calcd: C, 34.11; H, 7.40; N, 13.26. Found: C, 33.60; H, 7.51; N, 13.18. IR (pure) ν/cm -1 : ), 1067 (s), 939 (m), 783 (m), 623 (m) cm -1 . Single-crystal unit cell: Monoclinic, space group P21/n, a = 9.6651(5) Å, b = 14.8493(7) Å, c = 13.1275(6) Å,  = 90°,  = 91.232(2)°,  = 90°, V = 1883.62(16) Å 3 .

Figure 2 . 1 .

 21 Figure 2.1. A view of the molecular structure for complex 2-1. Cblack; H atoms and counter-ions were omitted for clarity.

Feng

  

Figure 2 . 2 .

 22 Figure 2.2. A view of the molecular structure for complexes 2-4 (left) and 2-5 (right); Cblack; Brbrown; Iviolet; H atoms and counter-ions were omitted for clarity.
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 24 Figure 2.7,

Below 40 K 8 .

 408 , MT decreases and reaches values close to 1.2 cm 3 mol -1 K for complexes 2-1 to 2-6 and 0.145 cm 3 mol -1 K for the diluted complex 2-This decrease can be qualitatively assigned to a ZFS of the S = 3/2 manifold. The fit of the susceptibility data with the spin Hamiltonian that includes the ZFS part allows extracting the axial ZFS parameter D and the g value for all complexes. It is not possible to discriminate between negative and positive D values from these data. The fit results are presented in Table 2.7.

Figure 2 . 4 .

 24 Figure 2.4. Temperature dependence of the T product ( (exp), -(best fit)) for complexes 2-1 (left) and 2-2 (right).

Figure 2 . 5 .

 25 Figure 2.5. Temperature dependence of the T product ( (exp), -(best fit)) for complexes 2-3 (left) and 2-4 (right).

Feng 89 Figure 2 . 6 .

 8926 Figure 2.6. Temperature dependence of the T product ( (exp), -(best fit)) for complexes 2-5 (left) and 2-6 (right).
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 272 Figure 2.7. Temperature dependence of the T product ( (exp), -(best fit)) for complex 2-8.

Feng 91 Figure 2 . 8 .

 9128 Figure 2.8. Magnetization vs. µ0H (left) and vs. µ0H/T (right) at variable temperatures ( (exp), -(best fit)) for complex 2-1.

Figure 2 . 9 .

 29 Figure 2.9. Magnetization vs. µ0H (left) and vs. µ0H/T (right) at variable temperatures ( (exp), -(best fit)) for complex 2-2.

Feng 92 Figure 2 . 10 .

 92210 Figure 2.10. Magnetization vs. µ0H (left) and vs. µ0H/T (right) at variable temperatures ( (exp), -(best fit)) for complex 2-3.

Figure 2 . 11 .

 211 Figure 2.11. Magnetization vs. µ0H (left) and vs. µ0H/T (right) at variable temperatures ( (exp), -(best fit)) for complex 2-4.
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 93212 Figure 2.12. Magnetization vs. µ0H (left) and vs. µ0H/T (right) at variable temperatures ( (exp), -(best fit)) for complex 2-5.

Figure 2 . 13 .

 213 Figure 2.13. Magnetization vs. µ0H (left) and vs. µ0H/T (right) at variable temperatures ( (exp), -(best fit)) for complex 2-6.

Figure 2 . 14 .

 214 Figure 2.14. Magnetization vs. µ0H (left) and vs. µ0H/T (right) at variable temperatures ( (exp), -(best fit)) for complex 2-8.

95 Figure 2 . 15 .

 95215 Figure 2.15. Experimental EPR spectra of complex 2-6 at 15 K with three frequencies.

Figure 2 . 16 .

 216 Figure 2.16. Calculated EPR spectra of complex 2-6 at 15 K with three frequencies.
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 4 Alternating current magnetic susceptibility studies

Feng 97 Figure 2 . 17 .

 97217 Figure2.17. Out-of-phase susceptibility measurements at 2 K with a frequency range from 1 to 1500 Hz under various applied dc magnetic fields (top) and plot of frequency maxima vs. applied dc magnetic fields (bottom) for complex 2-1.

Figure 2 . 18 .

 218 Figure 2.18. Frequency dependent in-phase and out-of-phase ac magnetic susceptibilities ( (exp), -(fit)) for complex 2-1 under an applied dc magnetic field of 2800 Oe.

Feng

  plots for complex 2-1 at 2800 Oe were obtained with a temperature range 1.8 -2.3 K (Figure2.19

Figure 2 .

 2 Figure 2.19. Cole-Cole plots ( (exp), -(fit)) for complex 2-1 under an applied dc magnetic field of 2800 Oe.

Figure 2 .

 2 Figure 2.20. ln() = f(1/T) plot ( (exp), -(linear fit)) for the relaxation processes for complex 2-1 under an applied dc magnetic field of 2800 Oe.

Figure 2 .

 2 Figure 2.21. Out-of-phase susceptibility measurements at 2 K with a frequency range from 1 to 1500 Hz under various applied dc magnetic fields (top) and plot of frequency maxima vs. applied dc magnetic fields (bottom) for complex 2-2.

Figure 2 . 22 .

 222 Figure 2.22. Frequency dependent in-phase and out-of-phase ac magnetic susceptibilities ( (exp), -(fit)) for complex 2-2 under an applied dc magnetic field of 2800 Oe.

FengFigure 2 .

 2 Figure 2.23. Cole-Cole plots ( (exp), -(fit)) for complex 2-2 under an applied dc magnetic field of 2800 Oe.

Figure 2 .

 2 Figure 2.24. ln() = f(1/T) plot ( (exp), -(linear fit)) for the relaxation processes for complex 2-2 under an applied dc magnetic field of 2800 Oe.

FengFigure 2 . 25 .

 225 Figure 2.25. Out-of-phase susceptibility measurements at 2 K with a frequency range from 1 to 1500 Hz under various applied dc magnetic fields (top) and plot of frequency maxima vs. applied dc magnetic fields (bottom) for complex 2-3.

Figure 2 . 26 .

 226 Figure 2.26. Frequency dependent in-phase and out-of-phase ac magnetic susceptibilities ( (exp), -(fit)) for complex 2-3 under an applied dc magnetic field of 2800 Oe.

Feng 5 Field optimization experiment for complex 2 - 4

 524 was carried out at T = 2 K with an applied dc magnetic field range 1000 -10000 Oe (Figure2.29 top), which reveals that the optimum applied dc magnetic field is 10000 Oe. (Figure2.29 bottom). Below 1000 Oe field, no maxima in the frequency-dependent ac susceptibility plot could be observed. The out-ofphase and the in-phase susceptibilities were thus measured at 10000 Oe (Figure2.30), but the data were not of enough good quality to go further in the analysis, to fit the data and extract the relaxation times and the energy barrier values. For complex 2-5, applying the dc magnetic field in the range 0 -4000 Oe (Figure2.31) does not lead to an out-of-phase susceptibility response.

Figure 2 .

 2 Figure 2.29. Out-of-phase susceptibility measurements at 2 K with a frequency range from 1 to 1500 Hz under various applied dc magnetic fields (top) and plot of frequency maxima vs. applied dc magnetic fields (bottom) for complex 2-4.

FengFigure 2 . 30 .

 230 Figure 2.30. Frequency dependent in-phase and out-of-phase ac magnetic susceptibilities for complex 2-4 under an applied dc magnetic field of 10000 Oe.

Figure 2 .

 2 Figure 2.31. Out-of-phase susceptibility measurements at 2 K with a frequency range from 1 to 1500 Hz under various applied dc magnetic fields for complex 2-5.
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  we measured the ac susceptibility as a function of the frequency at different temperatures using the optimum applied dc magnetic field 0H = 2200 Oe (Figure2.33). The " = f() plots (Figure2.33 right) show that the maximum of the curves shifts towards low frequency upon cooling down as expected for a SMM behavior.
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 233641 Figure 2.33. Frequency dependent in-phase and out-of-phase ac magnetic susceptibilities ( (exp), -(fit)) for complex 2-6 under an applied dc magnetic field of 2200 Oe.

Figure 2 .

 2 Figure 2.34. Cole-Cole plots ( (exp), -(fit)) for complex 2-6 under an applied dc magnetic field of 2200 Oe.

  T) plot can be explained by the presence of the direct and the Raman processes. The energy barrier is slightly larger (31 instead of 27 cm -1 ) when these additional processes are considered. Finally, it is worth noting that the energy barrier is very close to that found from the EPR data (2|D| = 34 cm -1 ).

Figure 2 .

 2 Figure 2.35. ln() = f(1/T) plot ( (exp), -(fit)) for the relaxation processes for complex 2-6 under an applied dc magnetic field of 2200 Oe. Left: only consider Orbach process; right: including Direct, QTM, Raman and Orbach processes.

a

  relaxation fit only considering Orbach relaxation; b relaxation fit with Direct, Raman and Orbach relaxations, without considering QTM; c relaxation fit considering all relaxations (Direct, QTM, Raman and Orbach).

Feng

  get insights in the different relaxation processes, we performed the same studies and fits with applied dc magnetic fields 0H = 400 and 1000 Oe. For 0H = 400 Oe, the in-phase (Figure 2.36 left) and out-of-phase (Figure 2.36 right) susceptibilities plots show the presence of two relaxation processes, one fast with maxima of " at frequencies larger than 1500 Hz and the other slower at frequencies smaller than 100 Hz. The two processes are shown in the Cole-Cole plots (Figure 2.37).

Figure 2 .

 2 38 and Figure 2.40 present ac theoretical data extracted from the experimental ones for the fast and the slow relaxation processes respectively. The corresponding Cole-Cole plots are depicted in Figure 2.39 and Figure 2.41. The  values for the two relaxation processes (0.059 and 0.112 for fast and the slow processes respectively at T = 1.8 K) are smaller than for the other complexes where it was not possible to separate two processes. This is in line with the presence of a dominant relaxation pathway for each process.

Figure 2 . 36 .

 236 Figure 2.36. Frequency dependent in-phase and out-of-phase ac magnetic susceptibilities ( (exp), -(fit)) for complex 2-6 under an applied dc magnetic field of 400 Oe.

Figure 2 .

 2 Figure 2.37. Cole-Cole plots ( (exp), -(fit)) for complex 2-6 under an applied dc magnetic field of 400 Oe.

Figure 2 . 38 .

 238 Figure 2.38. Deconvoluted frequency dependent in-phase and out-of-phase ac magnetic susceptibilities for complex 2-6 under an applied dc magnetic field of 400 Oe at difference temperatures for the fast processes.

Figure 2 .

 2 Figure 2.39. Deconvoluted Cole-Cole plots for complex 2-6 under an applied dc magnetic field of 400 Oe at difference temperatures for the fast processes.

Figure 2 . 40 .

 240 Figure 2.40. Deconvoluted frequency dependent in-phase and out-of-phase ac magnetic susceptibilities for complex 2-6 under an applied dc magnetic field of 400 Oe at difference temperatures for the slow processes.

Figure 2 .

 2 Figure 2.41. Deconvoluted Cole-Cole plots for complex 2-6 under an applied dc magnetic field of 400 Oe at difference temperatures for the slow processes.

  In order the get a more quantitative analysis of the relaxation times, we plotted the ln() = f(1/T) curves for the two processes and fitted them considering the different mechanisms. The linear part of the curve corresponding to the slow process was first fitted with only the Orbach mechanism and leads to Ueff = 30.1 cm -1 and 0 = 6.6 10 -10 s (Figure2.42 left). When considering all the other mechanisms with or without QTM, it is possible to fit the whole curve leading to a slight increase of the energy barrier value (Figure2.42 right and Table2.14). For the slow process, the contribution of the QTM mechanism is not a major one. While for the fast process, the ln() = f(1/T) curve (Figure2.43) is almost temperature independent. The slight dependence observed has no physical meaning because the large uncertainty on the extracted  values due to the absence of maxima for the " = f() curves (Figure 2.38 right); the maxima are at high frequencies and are not accessible with our apparatus as mentioned above.

Figure 2 .

 2 Figure 2.42. ln() = f(1/T) plot ( (exp), -(fit)) for the slow relaxation processes for complex 2-6 under an applied dc magnetic field of 400 Oe, only consider Orbach process (left) and all the processes (right).

Figure 2 .

 2 Figure 2.43. ln() = f(1/T) plot for the fast relaxation process for complex 2-6 under an applied dc magnetic field of 400 Oe.
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 244244 Figure 2.44. Frequency dependent in-phase and out-of-phase ac magnetic susceptibilities ( (exp), -(fit)) for complex 2-6 under an applied dc magnetic field of 1000 Oe.

Figure 2 .

 2 Figure 2.45. Cole-Cole plots ( (exp), -(fit)) for complex 2-6 under an applied dc magnetic field of 1000 Oe.

Figure 2 .

 2 Figure 2.46. ln() = f(1/T) plot ( (exp), -(fit)) for the relaxation processes for complex 2-6 under an applied dc magnetic field of 1000 Oe. Left: only consider Orbach process; right: including Direct, QTM, Raman and Orbach processes.
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 28 ~10% dilution of the complex 2-6 in the diamagnetic [Zn(Me6tren)F] + matrix)Field optimization experiment was carried out at T = 2 K by measuring the out-ofphase signal vs. frequency at different applied dc magnetic fields in the range 0 -2200 Oe (Figure2.47 top). Plotting the frequency of the maxima of the " = f() curves vs. the applied field allowed determining the optimum field that corresponds to the minimum of the curve.As explained above, when a magnetic field is applied (200 Oe in this case), the value of the maximum present at high frequency decreases (or vanishes) and in the same time another maximum present at high frequency (around 200 Hz at 0H = 0 Oe in Figure2.47 top) decreases and another maximum appears at lower frequency (around 0.6 Hz) corresponding to a slower relaxation process. Upon increasing the magnitude of the applied, the maximum shifts towards lower frequency and reaches a value around 0.1 Hz at 0H = 1000 Oe. Then it shifts back towards higher frequency, which is the signature of a speed-up of the relaxation time when the applied field is larger than 1000 Oe. The low frequency shift corresponds to decrease of the contribution of the QTM process that may be considered as negligible at 0H = 1000 Oe, and the re-increase of the frequency of the maximum is due to the larger contribution of the direct mechanism. The direct mechanism corresponds to a relaxation from an excited to the ground ms level by the emission of a phonon. Thus, when the field becomes too large, this mechanism contributes to the relaxation of the magnetization and the frequency value of the maximum of the " = f() shifts back to high frequency (Figure2.47 top).The comparison of the data " = f() at T = 2 K for different values of the applied dc magnetic fields (Figure2.32 top and Figure2.47 top) highlights the effect of dilution on the relaxation behavior of the [Co(Me6tren)F] + complex. The dilution allows observing an out-ofphase signal at 0H = 0 Oe. In addition, the dilution shifts the fast and the slow relaxation processes towards low frequencies, highlighting the effect of the interaction between the molecules on the relaxation processes and showing that one must not only consider the individual molecules when analyzing the relaxation of the magnetization. Even though the dilution does not avoid completely intermolecular interaction between the magnetic molecules, one may assume that the processes observed in the diluted compound are mainly due to the individual Co II molecules.

FengFigure 2 . 48 .

 248 Figure 2.48. Fit of the inverse of  vs. applied dc magnetic fields ( (exp), -(fit)) for complex 2-8.

Figure 2 . 49 .

 249 Figure 2.49. Frequency dependent in-phase and out-of-phase ac magnetic susceptibilities ( (exp), -(fit)) for complex 2-8 under zero dc magnetic field.

Figure 2 .

 2 Figure 2.50. Cole-Cole plots ( (exp), -(fit)) for complex 2-8 under an applied zero dc magnetic field.

Figure 2 .

 2 Figure 2.51. ln() = f(1/T) plot ( (exp), -(fit)) for the relaxation processes for complex 2-8 under zero dc magnetic field. Left: only consider Orbach process; right: including QTM, Raman and Orbach processes.
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 184 Fit parameters from ln() = f(1/T) plot under an applied dc magnetic field µ0H = 0 Oe for complex 2relaxation fit only considering Orbach relaxation; b relaxation fit with QTM, Raman and Orbach relaxations without considering Direct relaxation. In order to get insight in the different relaxation processes and the corresponding mechanisms, we carried out measurements of the ac data under several applied dc magnetic fields (0H = 200, 400 and 1000 Oe; 1000 Oe is the optimum magnetic field where the QTM and the direct mechanisms are minimized). The ac data measured under an applied field of 200 Oe show the presence of two relaxation processes (Figure 2.52, Figure 2.53 and Table 2.19). The data were deconvoluted into a fast (Figure 2.54 and Figure 2.55) and a slow process (Figure 2.56 and Figure 2.57) in order to extract the parameters corresponding to the two processes. At T = 1.8 K, the relaxation time of the fast process is around 4 ms, while for the slow process it is around 750 ms. The ln() = f(1/T) curves (Figure 2.58 and Figure 2.59) were fitted for the two processes considering different situations as indicated in Table

FengFigure 2 . 52 .

 252 Figure 2.52. Frequency dependent in-phase and out-of-phase ac magnetic susceptibilities ( (exp), -(fit)) for complex 2-8 under an applied dc magnetic field of 200 Oe.

Figure 2 .

 2 Figure 2.53. Cole-Cole plots ( (exp), -(fit)) for complex 2-8 under an applied dc magnetic field of 200 Oe.

FengFigure 2 . 54 .

 254 Figure 2.54. Deconvoluted frequency dependent in-phase and out-of-phase ac magnetic susceptibilities for complex 2-8 under an applied dc magnetic field of 200 Oe at different temperatures for the fast process.

Figure 2 . 55 .

 255 Figure 2.55. Deconvoluted Cole-Cole plots for complex 2-8 under an applied dc magnetic field of 200 Oe at different temperatures for the fast process.

FengFigure 2 . 56 .

 256 Figure 2.56. Deconvoluted frequency dependent in-phase and out-of-phase ac magnetic susceptibilities for complex 2-8 under an applied dc magnetic field of 200 Oe at different temperatures for the slow process.

Figure 2 . 57 .

 257 Figure 2.57. Deconvoluted Cole-Cole plots for complex 2-8 under an applied dc magnetic field of 200 Oe at different temperatures for the slow process.

Figure 2 . 61 ,

 261 Figure 2.61, Figure 2.62, Figure 2.63 and Table 2.21). The two relaxation processes cannot be separated anymore because the magnetic field is now large enough to minimize the contribution of the QTM mechanism. The relaxation time, at T = 1.8 K, is now equal to 6 s under an applied field of 1000 Oe instead of 0.75 s for 0H = 200 Oe. In addition, the distribution of relaxation times has decreased upon increasing the applied dc magnetic field value.

Figure 2 . 60 .

 260 Figure 2.60. Frequency dependent in-phase and out-of-phase ac magnetic susceptibilities ( (exp), -(fit)) for complex 2-8 under an applied dc magnetic field of 400 Oe.

FengFigure 2 .

 2 Figure 2.61. Cole-Cole plots ( (exp), -(fit)) for complex 2-8 under an applied dc magnetic field of 400 Oe.

Figure 2 . 62 .

 262 Figure 2.62. Frequency dependent in-phase and out-of-phase ac magnetic susceptibilities ( (exp), -(fit)) for complex 2-8 under an applied dc magnetic field of 1000 Oe.

FengFigure 2 .

 2 Figure 2.63. Cole-Cole plots ( (exp), -(fit)) for complex 2-8 under an applied dc magnetic field of 1000 Oe.

Figure 2 .

 2 Figure 2.65 for 0H = 400 and 1000 Oe respectively. The experimental data show mainly a linear dependence of ln() with 1/T suggesting that the Orbach mechanism is the dominating one. But since the relaxation time is slower for 0H = 1000 Oe, this field is indeed the optimum one to minimize the effects of the direct and the QTM mechanisms to the relaxation of the magnetization. The parameters allowing to obtain the best fit of the data are presented in Table 2.22 for 0H = 400 and 1000 Oe.

Feng 22 .

 22 Fit parameters from ln() = f(1/T) plot under an applied dc magnetic field µ0H = 400 and 1000 Oe for complex 2
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 266 Figure 2.66. Magnetization vs. fields on a single crystal of 2-1 with its easy axis aligned with the fields at different temperatures.

Figure 2 . 67 .

 267 Figure 2.67. Magnetization vs. fields on a single crystal of 2-1 with its axis aligned with the fields at 0.03 K with different sweep rates (left) and together with a zoom in the -0.1 -0.1 T region (right).

  .68), while it stayed open until T = 1 K for the former. The hysteresis loops were also measured for as a function of the sweep rate (Figure2.69) showing the dependence of the width of the loops with the sweep rate that is a signature of the SMM behavior. When zooming in the -0.1 -0.1 T range, a weak opening of the hysteresis is observed at zero dc magnetic field. However, one cannot see the steps due to the hyperfine interaction as for the diluted 2-1 complex. This is probably due to the non-alignment of the anisotropy axes of the molecules that leads to a weak broadening of the loops precluding the observation of the hyperfine structure.

Figure 2 . 68 .

 268 Figure 2.68. Magnetization vs. fields on a single crystal of complex 2-8 with its easy axis aligned with the fields at different temperatures.

FengFigure 2 . 69 .

 269 Figure 2.69. Magnetization vs. fields on a single crystal of complex 2-8 with its axis aligned with the fields at 0.03 K with different sweep rates (left) and together with a zoom in the -0.1 -0.1 T region (right).
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Figure 2 . 70 .

 270 Figure 2.70. Removal of the degeneracy of the d orbitals in a trigonal bipyramidal (C3v) crystal field.

Figure 2 .

 2 Figure 2.71. Energy spectrum of the [Co(Me6tren)X] + complexes including only the states that have the largest contribution to D. The number indicates the contribution of a given state to the overall D value.
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Figure 2 . 72 .

 272 Figure 2.72. Energy spectrum of d orbitals for the [Co(Me6tren)X] + complexes.

a

  means axial; b in Angstrom (Å); c in degree (°), 𝜃 = 180°-N a CoN e ̂; d in wavenumbers (cm -1 ); e means equatorial.
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 3 Engineering the Ising-type Anisotropy in Trigonal Bipyramidal Co II Complexes Based on Two Types of S-based Ligands 3.1 Introduction

Chapter 3

 3 Engineering the Ising-type Anisotropy in [Co(NS3 R )X

Scheme 3 . 2 .

 32 Scheme 3.2. Synthesis of tris(2-(isopropylthio)ethyl)amine.

Chapter 3

 3 Engineering the Ising-type Anisotropy in [Co(NS3 R )X

  Scheme 3.3. Schematic representation of the synthesis of the ligand NS tBu .

  quality crystals were obtained by vapor diffusion of diethyl ether into an ethanol/acetone (v/v 1:1) solution of 3-1. Elem Anal. Calcd: C, 62.77; H, 7.29; N, 1.8. Found: C, 62.33; H, 7.00; N, 1.76. IR (KBr) ν/cm -1 : 3468 (s), 3053 (s), 2981 (s), 1579 (w), 1477 (m), 1455 (m), 1423 (m),

Feng

  ethanol (1 mL). Then the stirred solution was cooled down to room temperature at ambient condition. A purple precipitate was formed, it was filtered, washed with 1-butanol and petroleum ether, and dried in vacuum at room temperature. Yield, 5.1%, 15 mg. X-ray quality crystals were obtained by vapor diffusion of diethyl ether into an ethanol/acetone (v/v 1:1) solution of 3-4. Elem Anal. Calcd: C, 39.20; H, 6.75; N, 4.81. Found: C, 39.08; H, 6.78; N, 4.80. IR (KBr) ν/cm -1 : 3436 (m), 2960 (m), 2863 (w), 2067 (s), 1457 (w), 1365 (w), 1159 (w), 1099 (w), 623 (m) cm -1 . Single-crystal unit cell: Cubic, space group P213, a = 14.1508(5) Å, b = 14.1508(5) Å, c = 14.1508(5) Å,  = 90°,  = 90°,  = 90°, V = 2833.6(3) Å 3 .
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  Theoretical Calculations part in this chapter. The theoretical calculations were performed and analyzed by Benjamin Cahier.

  .

2 .

 2 The cation structure for complexes 3-1 to 3-4 consists of a five-coordinated Co II ion by one nitrogen atom and three sulfur atoms from the neutral NS3 iPr or NS3 tBu ligands and one halide/thiocyanate axial ligand. The ligands are distributed at the apices of a trigonal bipyramid with crystallographic pseudo C3 symmetry apart from the 3-4 (NCS axial ligand) that has a strict C3 symmetry with no distortion); the three equatorial sites are occupied by the sulfur atoms and the axial sites are occupied by the nitrogen and

Feng

  thiocyanate ion. The charge balance is provided by a tetraphenylborate or perchlorate anion.

Figure 3 . 1 .

 31 Figure 3.1. A view of the molecular structure for complex 3-1. Cblack; H atoms and counter-ions were omitted for clarity.

Feng 1 .

 1 Crystallographic data structure refinement for complexes 3-1 to 3

Figure 3 . 2 .

 32 Figure 3.2. A view of the molecular structure for complexes 3-2 and 3-3. Cl/Brbrown; Cblack; H atoms and counter-ions were omitted for clarity.

Figure 3 . 3 .

 33 Figure 3.3. A view of the molecular structure for complex 3-4. Cblack; H atoms and counter-ions were omitted for clarity.
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 333331 Magnetic Direct current magnetic susceptibility studiesThe thermal variation of the molar magnetic susceptibility (MT) for complexes 3-1 to 3-4 are plotted in Figure3.4 and Figure3.5, respectively. MT has the same behavior for the four complexes.

Figure 3 . 4 .

 34 Figure 3.4. Temperature dependence of the T product ( (exp), -(best fit)) for complexes 3-1 (left) and 3-2 (right).

Figure 3 . 5 .

 35 Figure 3.5. Temperature dependence of the T product ( (exp), -(best fit)) for complexes 3-3 (left) and 3-4 (right).

  the spin Hamiltonian 𝐻 ̂ = 𝑔𝜇 B 𝑆 ̂⋅ 𝐻 ⃗ ⃗ + 𝐷 [𝑆 ̂z 2 -S T (S T +1) 3

  of 7.05 (Figure 3.10). With the increase of the frequency, this signal splits in two components of comparable intensity, with effective g-values of g1eff = 7.14 and g2eff = 6.95 respectively. These two signals originate from the ground energy level (Ms = -3/2) as their intensity decreases with the increase of temperature. Conversely, another signal appears at temperature larger than 5 K; it corresponds to an effective g-value of g3eff = 3.18. From the rough temperature dependence performed (measurements at 5, 15, 25 and 40 K), the signal intensity goes through a maximum around 25 K with an uncertainty of ±10 K (Figure 3.11).

  compatibility with the resonances expected using the values obtained from ab initio calculations (see below). Fixing the g-values, according to the magnetic measurements, to gx = gy = 2.2 and gz = 2.4, we find that g1eff corresponds to |E/D| = 0.09, close to the values obtained from the ab initio calculations. Conversely, for the same set of fixed g-values, g2eff corresponds to |E/D| = 0.18, far from the calculated values. However, both signals have comparable intensities, pointing towards signals associated to the different molecules present in the cell; this may correspond to the two different isomers 3-1(i) and 3-1(ii). Finally, the HFEPR study allows determining a minimum value for the axial anisotropy parameter |D|, due to the absence of new signals (up to 662 GHz): |D| > 15 cm -1 .

Figure 3 .

 3 Figure 3.10. Powder EPR spectra of 3-1 recorded at 5 K with four frequencies, showing the signals corresponding to g1eff and g2eff.

Figure 3 . 4

 34 Figure 3.11. Powder EPR spectra of 3-1 recorded at 460 GHz with four different temperatures. At 5 K, only the signals corresponding to g1eff and g2eff are visible (at 4.7 and 4.8 T respectively). At higher temperature, a third signal can be followed, corresponding to g3eff (at 7.2 T).
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 313 Figure 3.13. Frequency dependent in-phase and out-of-phase ac magnetic susceptibilities ( (exp), -(fit)) for complex 3-1 under an applied dc magnetic field of 2000 Oe.

Figure 3 .

 3 Figure 3.14. Cole-Cole plots ( (exp), -(fit)) for complex 3-1 under an applied dc magnetic field of 2000 Oe.

Figure 3 . 15 .

 315 Figure 3.15. Deconvoluted frequency dependent in-phase and out-of phase ac magnetic susceptibilities for complex 3-1 under an applied dc magnetic field of 2000 Oe at difference temperatures for the fast processes.

Figure 3 .

 3 Figure 3.16. Deconvoluted Cole-Cole plots for complex 3-1 under an applied dc magnetic field of 2000 Oe at difference temperatures for the fast processes.

Figure 3 . 17 .

 317 Figure 3.17. Deconvoluted frequency dependent in-phase and out-of phase ac magnetic susceptibilities for complex 3-1 under an applied dc magnetic field of 2000 Oe at difference temperatures for the slow processes.

Figure 3 .

 3 Figure 3.18. Deconvoluted Cole-Cole plots for complex 3-1 under an applied dc magnetic field of 2000 Oe at difference temperatures for the slow processes.

Figure 3 .

 3 Figure 3.19. ln() = f(1/T) plot ( (exp), -(linear fit)) for the relaxation processes (left: slow; right: fast) for complex 3-1 under an applied dc magnetic field of 2000 Oe.
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Field

  optimization experiment was carried out at T = 2 K with an applied dc magnetic field range 0 -4000 Oe for complex 3-2 (Figure3.20 top). Under zero dc magnetic field, no maximum in the frequency-dependent ac susceptibility plot could be observed, but upon increasing the field, the maximum appears, as shown in Figure3.20 top. The variation of the frequency value of the maximum of " vs. µ0H shows that the optimum applied dc magnetic field is between 3000 and 3400 Oe (Figure3.20 bottom). We thus performed the ac measurements for µ0H = 3000 Oe (Figure3.21). As expected for SMMs, the relaxation of the magnetization (maximum of the " plots, Figure3.21 right) slows down upon decreasing the temperature.

Figure 3 .

 3 Figure 3.20. Out-of-phase susceptibility measurements at 2 K with a frequency range from 1 to 1500 Hz under various applied dc magnetic fields (top) and plot of frequency maxima vs. applied dc magnetic fields (bottom) for complex 3-2.

Figure 3 . 21 .

 321 Figure 3.21. Frequency dependent in-phase and out-of-phase ac magnetic susceptibilities ( (exp), -(fit)) for complex 3-2 under an applied dc magnetic field of 3000 Oe.

Figure 3 .

 3 Figure 3.22. Cole-Cole plots ( (exp), -(fit)) for complex 3-2 under an applied dc magnetic field of 3000 Oe.

Figure 3 .

 3 Figure 3.23. ln() = f(1/T) plot ( (exp), -(linear fit)) for the relaxation processes for complex 3-2 under an applied dc magnetic field of 3000 Oe.

Figure 3 .

 3 Figure 3.24.Out-of-phase susceptibility measurements at 2 K with a frequency range from 1 to 1500 Hz under various applied dc magnetic fields (top) and plot of frequency maxima vs. applied dc magnetic fields (bottom) for complex 3-3.

Figure 3 . 25 .

 325 Figure 3.25. Frequency dependent in-phase and out-of-phase ac magnetic susceptibilities ( (exp), -(fit)) for complex 3-3 under an applied dc magnetic field of 3000 Oe.

Figure 3 .

 3 Figure 3.26. Cole-Cole plots ( (exp), -(fit)) for complex 3-3 under an applied dc magnetic field of 3000 Oe.

Figure 3 .

 3 Figure 3.27. ln() = f(1/T) plot ( (exp), -(linear fit)) for the relaxation processes for complex 3-3 under an applied dc magnetic field of 3000 Oe.

Figure 3 .

 3 Figure 3.28. Out-of-phase susceptibility measurements at 2 K with a frequency range from 1 to 1500 Hz under various applied dc magnetic fields (top) and plot of frequency maxima vs. applied dc magnetic fields (bottom) for complex 3-4.

Figure 3 . 29 .

 329 Figure 3.29. Frequency dependent in-phase and out-of-phase ac magnetic susceptibilities ( (exp), -(fit)) for complex 3-4 under an applied dc magnetic field of 1600 Oe.

Figure 3 .

 3 Figure 3.30. Cole-Cole plots ( (exp), -(fit)) for complex 3-4 under an applied dc magnetic field of 1600 Oe.

Figure 3 .

 3 Figure 3.31. ln() = f(1/T) plot ( (exp), -(linear fit)) for the relaxation processes for complex 3-4 under an applied dc magnetic field of 1600 Oe.

Feng

  

Figure 3 . 32 .

 332 Figure 3.32. Magnetization vs. field on a single crystal of complex 3-1 with its easy axis aligned with the field at different temperatures (left) and at 0.03 K with different sweep rates (right).
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  Theoretical calculations were performed to validate the experimental values of D

  33), because the first excited state is obtained by an excitation between the two sets of degenerate orbitals separated by 1. This effect translated to a weaker energy difference in complexes that have larger equatorial metal-ligand (Co-S) distances. We, therefore, obtain a larger |D| value for [Co(NS3 iPr )Cl] + (3-1(i)) than for [Co(NS3 iPr )Cl] + (3-1(ii)) (-23.0 and -13.1 cm -1 , respectively). In addition to their size sulfur atoms possess -donating character that reduces the energy differences between 4 A2 and 4 A1, bringing an additional negative contribution to D.

Figure 3 .

 3 Figure 3.33. a) Schematic energy diagram of the lowest quadruplets for a trigonal bipyramidal Co II complex; b) X-ray crystal structure of complex 3-1: Cgrey; Nlilac; Syellow; Clgreen; H atoms and counter ions were removed for clarity; c) orbital energy diagram for a trigonal bipyramidal Co II complex.
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  the magnitude of D for the two isomers is in line with the ac data of complex 3-1, where two relaxation processes were observed. Indeed, as suggested in the magnetic section, isomer 3-1(ii) is expected to have a slower relaxation time than isomer 3-1(i) because of its larger axial anisotropy.It is possible to compare the results of isomer 3-1(i) to those of the [Co(Me6tren)Cl] + complex. Comparing the Co-L equatorial bond lengths of isomer 3-1(i) (average dCo-S = 2.40 Å) to that of[Co(Me6tren)Cl] + (dCo-N = 2.15 Å) that both have the same axial Cl ligand but differ by the nature of the equatorial ligands (S instead of N) rationalize the difference in the D values that was found equal to -23 cm -1 for the former and -8 cm -1 for the latter. This result highlights the major effect of the equatorial ligands in tuning the magnetic anisotropy of trigonal bipyramidal Co II complexes.

Figure 3 .

 3 Figure 3.34. Calculated CASSCF energies for complexes 3-2, 3-3(i), 3-3(ii) and 3-4.

Figure 3 .

 3 Figure 3.35. and -types overlap between the axial ligand and the symmetry related d orbitals.

8 3. 5 - 1

 851 angle that deviate from 180° leading to a non-negligible interaction of the  orbitals of Br -with the metallic d orbitals. A more complete analysis taking into account these effects and based on the study of model complexes can be found in the Inorganic Chemistry paper recently published. Summary and ConclusionsComplex 3The conclusion from this work is that we can engineer and tune the anisotropy and the barrier of the reorientation of the magnetization of trigonal bipyramidal Co II complexes by chemical design. Despite the presence of a transverse anisotropy term in the sulfur based complexes, the effective energy barrier Ueff was increased from 16 cm -1 ([Co(Me6trenCl)] + ) to 32 cm -1 in the present case. The reduction of the value of the energy barrier from the theoretical one (46 cm -1 corresponding the isomer with the largest |D| value) is about 30%. It is usually ascribed to multiphonon mechanisms (Raman type) that are active at high temperatures.21 At low temperature where the Micro-SQUID data were recorded, the multiphonon mechanisms are negligible.22 At these temperatures only direct and quantum tunneling mechanisms are active. The fast relaxation at zero dc magnetic field observed in the M = f(µ0H) loops are mainly due to the nature of the wavefunctions within the Kramers lowlying doublet. The presence of a rhombic term due to the lack of the strict axial symmetry of the complexes mixes the Ms wavefunctions (-1/2 with +3/2 and +1/2 with -3/2). The degenerate ground state Kramers doublet is not a pure ±3/2 state but has contribution from the ±1/2 wavefunctions; this mixing increases the QTM when other processes are present, such as hyperfine interaction.

Complexes 3 -2 to 3- 4

 34 Scheme 4.1. Synthesis of LnGa4shi4 and Ln2Ga8shi4 complexes.
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 32 Description of StructuresHalf-sandwich [LnGa4(shi)4(C6H5CO2)4(C5H5N)(CH3OH)]•C5H6N•C5H5N•CH3OHSingle crystal X-ray analysis of complexes 4-1 to 4-5 revealed that the mononuclear MC complexes have a slightly distorted D4d symmetry, as noted in Table4.1. They were isostructural and crystallized in the monoclinic P21/n space group. Therefore, only the dysprosium(III) complex 4-2 will be described in detail. The four organic ligands shi 3-and bridges Ga III ions form a [12-MCGa III -4] ring with -[Ga-N-O]as the repeat unit. Two Ga III ions are five-coordinated with shi 3-ligands and benzoate ligands. While the other two Ga III ions are six-coordinated with one pyridine ligand and one methanol solvent bound axially.

Figure 4 . 1 left

 41 ), is equal to 41.12, 42.39, 48.49 and 48.29, and the ideal value of the D4d symmetry (Table4.2) is 45. The minimum of the mean absolute deviation for (MAD) in Table4.3indicates that the Dy III coordination site can be described as a slightly distorted square antiprism. Dy-O distances also support this minor distortion because they range from 2.294 368 Å (average value 2.332 Å, Table4.5). In addition, the ratio (0.915) between the interplanar distance dpp = 2.527 Å (Figure4.1 top left), calculated as the distance between the upper and lower planes containing the four oxygen atoms, and the average distance between the four neighboring oxygen atoms placed in each plane, din = 2.763 Å (Figure4.1 top left),

FengFigure 4 . 1 .

 41 Figure 4.1. Molecular structure of complex 4-2 obtained from X-ray diffraction: (top left) side-view perspective showing din and dpp; (top right) top-down view showing and  structural features of the [12-MCGa III -4] core; (bottom) square-antiprismatic coordination geometry around the central Dy III ion. Dygreen; Gatan; Ored; Nblue; Cgrey; H atoms and solvent molecules coordinated to Ga III were omitted for clarity.

Figure 4 . 2 .

 42 Figure 4.2. The packing arrangement of complex 4-2 with σ-π distances (Å) (left, shown as dashed line) and intermolecular π-π distances (right, shown as noted corresponding to different color to the middle pyridine). The shortest intermolecular Dy III -Dy III distances is 11.9314(3) Å.

  Abbreviations: OP -Octagon, HPY -Heptagonal pyramid, HBPY -Hexagonal bipyramid, CU -Cube, SAPR -Square antiprism, TDD -Triangular dodecahedron, JGBF -Johnson -Gyrobifastigium (J26), JETBPY -Johnson Elongated triangular bipyramid (J14), JBTP -Johnson Biaugmented trigonal prism (J50), BTPR -Biaugmented trigonal prism, JSD -Snub disphenoid (J84), TT -Triakis tetrahedron, ETBPY -Elongated trigonal pyramid.
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 4443 Figure 4.3. Molecular structure of complex 4-7 obtained from X-ray diffraction: (left) sideview perspective showing din and dpp; (middle) top-down view showing and  structural features of the [12-MCGa III -4] core; (bottom) square-antiprismatic coordination geometry around the central Dy III ion. Dygreen; Gatan; Ored; Nblue; Cgrey; H atoms and solvent molecules coordinated to Ga III were omitted for clarity.

FengFigure 4 . 4 .

 44 Figure 4.4. The packing arrangement of complex 4-7. Dygreen; Gatan; Ored; Nblue; Cgrey; H atoms and solvent molecules coordinated to Ga III were omitted for clarity.
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 334331145 Magnetic Direct current magnetic susceptibility studiesHalf-sandwich [LnGa4(shi)4(C6H5CO2)4(C5H5N)(CH3OH)]•C5H6N•C5H5N•CH3OHThe direct-current (dc) magnetic susceptibility measurements were carried out between 2 and 300 K at 1000 and 10000 Oe (Figure4.5 -Figure4.9 left; Table4.14). AtChapter 4 Single Molecule Magnet Behavior in Ln III [12-MCGa III shi-χMT = 11.56, 13.96, 13.80, 11.56 and 2.49 cm 3 mol -1 K for complexes 4respectively, which are in good agreement with the expected values for mononuclear Tb III (S = 3, L = 3, 7 F6, g = 3/2, χMTfree ion = 11.81 cm 3 mol -1 K), Dy III (S = 5/2, L = 5, 6 H15/2, g = 4/3, χMTfree ion = 14.17 cm 3 mol -1 K), Ho III (S = 2, L = 6, 5 I8, g = 5/4, χMTfree ion = 14.48 cm 3 mol -1 K), Er III (S = 3/2, L = 6, 4 I15/2, g = 36/5, χMTfree ion = 11.48 cm 3 mol -1 K), and Yb III (S = 1/2, L = 3, 2 F7/2, g = 8/7, χMTfree ion = 2.53 cm 3 mol -1 K) complexes (Table4.14). The red lines in the Figure4.5 -Figure4.9 left, represent the calculation values from their corresponding structures. Due to the thermal depopulation of the Stark sublevels and to the presence of significant anisotropy, the χMT values decrease at low temperature.Sandwich [Ln2Ga8(shi)8(C6H2C2O4)4(DMF)6Na2]•(DMF)x•(H2O)yFor the complexes 4-6 to 4-10, the magnetic coupling between the lanthanide ions can be ignored because of the large isophtalate bridge between the two LnGa4 species. The dc magnetic susceptibility measurements were carried out between 2 and 300 K at 1000 and 10000 Oe (Figure 4.5 -Figure 4.9 right). At room temperature, χMT = 23.28, 28.96, 28.18, 23.54 and 4.96 cm 3 mol -1 K for complexes 4-6 to 4-10, respectively (Table 4.14), which are in good agreement with the expected values of two non-interacting Ln III ions.

Figure 4 . 5 .

 45 Figure 4.5. Temperature dependence of the T product for complexes 4-1 (left, ( (exp), -(calculated)) and 4-6 (right).

FengFigure 4 . 6 .

 46 Figure 4.6. Temperature dependence of the T product for complexes 4-2 (left, ( (exp), -(calculated)) and 4-7 (right).

Figure 4 . 7 .

 47 Figure 4.7. Temperature dependence of the T product for complexes 4-3 (left, ( (exp), -(calculated)) and 4-8 (right).

Figure 4 . 8 .

 48 Figure 4.8. Temperature dependence of the T product for complexes 4-4 (left, ( (exp), -(calculated)) and 4-9 (right).
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 449 Figure 4.9. Temperature dependence of the T product for complexes 4-5 (left, ( (exp), -(calculated)) and 4-10 (right).
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 332 Magnetization versus dc magnetic field studiesThe magnetization vs. the applied magnetic field M = f(0H) for complexes 4-1 to 4-10, are plotted from Figure 4.10 to Figure 4.14, respectively. M = f(0H) has the similar behavior for the ten complexes, which does not saturate at high fields (up to 6 T) and at low temperatures. This behavior is indicative of highly magnetically anisotropic systems. The red lines in the Figure 4.10 -Figure 4.14 left, represent the theoretical values obtained from ab initio calculations (see below).

Figure 4 . 10 .

 410 Figure 4.10. Magnetization vs. µ0H at variable temperatures for complexes 4-1 (left, ( (exp), -(calculated)) and 4-6 (right).

Figure 4 . 11 .

 411 Figure 4.11. Magnetization vs. µ0H at variable temperatures for complexes 4-2 (left, ( (exp), -(calculated)) and 4-7 (right).

Figure 4 . 12 .

 412 Figure 4.12. Magnetization vs. µ0H at variable temperatures for complexes 4-3 (left, ( (exp), -(calculated)) and 4-8 (right).

Figure 4 .

 4 Figure 4.19. ln() = f(1/T) plot ( (exp), -(linear fit)) for the relaxation processes for complex 4-2 under an applied dc field of 800 Oe.

FengFigure 4 . 20 .

 420 Figure 4.20. Out-of-phase susceptibility measurements at 2 K with a frequency range from 1 to 1500 Hz under various applied dc fields for complex 4-3.

Figure 4 .

 4 Figure 4.21. Out-of-phase susceptibility measurements at 2 K with a frequency range from 1 to 1500 Hz under various applied dc fields (left) and plot of frequency maxima vs. applied dc fields (right) for complex 4-4.
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 422 Figure 4.22. Frequency dependent in-phase and out-of-phase ac magnetic susceptibilities ( (exp), -(fit)) for complex 4-4 under an applied dc field of 800 Oe.

Figure 4 .

 4 Figure 4.23. Cole-Cole plots ( (exp), -(fit)) for complex 4-4 under an applied dc field of 800 Oe.

FengFigure 4 . 26 .

 426 Figure 4.26. Frequency dependent in-phase and out-of-phase ac magnetic susceptibilities ( (exp), -(fit)) for complex 4-5 under an applied dc field of 800 Oe.

Figure 4 .

 4 Figure 4.27. Cole-Cole plots ( (exp), -(fit)) for complex 4-5 under an applied dc field of 800 Oe.

FengFigure 4 .

 4 Figure 4.28. ln() = f(1/T) plot ( (exp), -(linear fit)) for the relaxation processes for complex 4-5 under an applied dc field of 800 Oe.

Figure 4 . 6 . 4 - 7 Field optimization for complex 2 - 7

 464727 Figure 4.29. Out-of-phase susceptibility measurements at 2 K with a frequency range from 1 to 1500 Hz under various applied dc fields for complex 4-6.

Figure 4 .Figure 4 . 31 .

 4431 Figure 4.30. Out-of-phase susceptibility measurements at 2 K with a frequency range from 1 to 1500 Hz under various applied dc fields for complex 4-7.

Figure 4 .

 4 Figure 4.32. Out-of-phase susceptibility measurements at 2 K with a frequency range from 1 to 1500 Hz under various applied dc fields for complex 4-8.
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 433 Figure 4.33. Out-of-phase susceptibility measurements at 2 K with a frequency range from 1 to 1500 Hz under various applied dc fields for complex 4-9.

Figure 4 . 34 .

 434 Figure 4.34. Frequency dependent in-phase and out-of-phase ac magnetic susceptibilities for complex 4-9 under an applied dc field of 1800 Oe.
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 435 Figure 4.35. Out-of-phase susceptibility measurements at 2 K with a frequency range from 1 to 1500 Hz under various applied dc fields (left) and plot of frequency maxima vs. applied dc fields (right) for complex 4-10.

Figure 4 . 36 .

 436 Figure 4.36. Frequency dependent in-phase and out-of-phase ac magnetic susceptibilities ( (exp), -(fit)) for complex 4-10 under an applied dc field of 2200 Oe.

FengFigure 4 .

 4 Figure 4.37. Cole-Cole plots ( (exp), -(fit)) for complex 4-10 under an applied dc field of 2200 Oe.

Figure 4 .

 4 Figure 4.38. ln() = f(1/T) plot ( (exp), -(linear fit)) for the relaxation processes for complex 4-10 under an applied dc field of 2200 Oe.
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Figure 4 .

 4 39 depicts the energy spectra before rescaling of the data.
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 4 Single Molecule Magnet Behavior in Ln III [12-MCGa III shi-

Figure 4 . 40 .

 440 Figure 4.40. The anisotropy (violet stick) of calculation for complexes 4-2 (top) and 4-5 (bottom), Dycyan; Ybgreen; Gatan; Ored; Nblue; C, H atoms and solvent molecules coordinated to Ga III were omitted for clarity.

4- 10 (

 10 Figure 4.41) at 77 K. It is worth noting that the emission spectra of the two complexes are similar but not identical highlighting the difference in the energy spectra of their ±mJ sublevels due to the small differences in their structure. Seven emission bands can be observed, while only 4 are due to the emission from the ground sub-level (mJ = ±5/2) of the first excited 2 F5/2 state to the four mJ = ±1/2, ±3/2, ±5/2 and ±7/2 sub-levels of the ground 2 F7/2 state. The Chapter 4 Single Molecule Magnet Behavior in Ln III [12-MCGa III shidue to emission from the mJ = ±3/2 and ±1/2 sub-levels of the excited 2 F5/2

Figure 4 . 41 .

 441 Figure 4.41. The luminescence spectrum for complexes 4-5 and 4-10 at 77 K.

( 4 -6 to 4 - 10 ).

 4410 The coordination sphere around the lanthanide ions is very close to a square antiprism. The SHAPE analysis for the complexes reveals a slightly elongated and distorted antiprism geometry. Magnetic studies showed that the Dy III /Er III /Yb III species (LnGa4shi4 and Ln2Ga8shi8) display a slow relaxation of the magnetization below 4 K with rather fast relaxation times and small energy barrier to the reorientation of their magnetization. The ab initio calculations confirm the moderate SMM behavior and show that even though the Dy III and the Yb III complexes possess magnetic anisotropy close to the Ising-type, the orientation
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 1 Scheme 5.2. Synthesis of complexes 5-1 and 5-2.

[ 12 -

 12 MCGa III -4] ring with -[Ga-N-O]as the repeat unit. Four Ga III ions are five-coordinated with nha 3-ligands and benzoate ligands. While the two neighbor Ga III ions of them are bridged two Na I ions via the oxygen from nha 3-ligands. The central Dy III ion is bridged to Dy(OTf) 3 [Dy 2 Ga 8 nha 8 ipa 4 ](pyr) 2 (5-2) -MCGa III -4] ring by four benzoates and four nha 3-ligands. The four hydroximate oxygen atoms (OMC) presents a planar square, while the four oxygen atoms (OBz) of benzoate serve as another square, and adopts an eight-coordinated square antiprism geometry (quasidouble deck structure, Figure 5.1), which was also confirmed by the continued shape measurements (CShM) SHAPE 1, 2 analysis, like complex 4-2 in chapter 4 and the results are listed in Table 5.6. The smaller value means the closer coordination geometry to the ideal model. Regarding the lanthanide inner coordination sphere, the skew angle () through the coordinating oxygen atoms (O1A, O2A, O3A, O4A and O5A, O6A, O7A, O8A) are very slightly twisted (44.98, 44.58 45.91 and 45.67) with respect to each other (Table

3 )

 3 and figures (Figure5.1) below give the information on the structural parameters and show that the local coordination sphere is similar to the related complexes with the shi 3-ligand described in chapter 4. At last, the analysis of the packing arrangement reveals that sodium(I) bridged molecules are arranged parallel to each other (Figure5.3).

Figure 5 . 1 .

 51 Figure 5.1. Molecular structure of complex 5-1 obtained from X-ray diffraction: (top left) side-view perspective showing din and dpp; (top right) top-down view showing and  structural features of the [12-MCGa III -4] core; (bottom) square-antiprismatic coordination geometry around the central Dy III ion. Dygreen; Gatan; Na -Pink; Ored; Nblue; C grey; H atoms and solvent molecules coordinated to Ga III were omitted for clarity.
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 555 Figure 5.5. The packing arrangement of complex 5-2. Dygreen; Gatan; Ored; Nblue; Cgrey; H atoms and solvent molecules coordinated to Ga III were omitted for clarity.

  Abbreviations: OP -Octagon, HPY -Heptagonal pyramid, HBPY -Hexagonal bipyramid, CU -Cube, SAPR -Square antiprism, TDD -Triangular dodecahedron, JGBF -Johnson -Gyrobifastigium (J26), JETBPY -Johnson Elongated triangular bipyramid (J14), JBTP -Johnson Biaugmented trigonal prism (J50), BTPR -Biaugmented trigonal prism, JSD -Snub disphenoid (J84), TT -Triakis tetrahedron, ETBPY -Elongated trigonal pyramid
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 55511 Figure 5.10. Out-of-phase susceptibility measurements at 2 K with a frequency range from 1 to 1500 Hz under various applied dc fields (left) and plot of frequency maxima vs. applied dc fields (right) for complex 5-2.

Figure 5 .

 5 Figure 5.12. Cole-Cole plots ( (exp), -(fit)) for complex 5-2 under an applied dc field of 800 Oe.

  moléculaire) et la fonction (propriétés physiques) peut être exploitée par le ligand, l'ion métallique, l'approche métallacrown et ainsi de suite. Les travaux de cette thèse portent sur la synthèse et l'étude du comportement magnétique de complexes mononucléaires de cobalt(II) de géométrie bipyramide trigonale et sur l'étude de complexes mononucléaires de lanthanides possédant une structure de type métallacrown.Pour les complexes de cobalt(II), l'objectif a été de modifier l'anisotropie magnétique en modifiant la nature du ligand organique tétradenté et du ligand terminal en gardant, autant que faire se peut, la géométrie et même la symétrie des complexes. Dans le cas des complexes de métaux de transition, une anisotropie magnétique non négligeable est le résultat de l'effet conjugué du couplage spin-orbite et d'une géométrie basse. Nous avons donc focalisé sur les complexes de cobalt(II) de géométrie bipyramide trigonale (bpt). Pour ce faire, nous avons utilisé deux ligands tétradentes qui conduisent aux complexes schématisés cidessous : La nature tétradente du ligand organique et sa géométrie imposent des complexes avec une géométrie bpt. Le cinquième site de coordination est occupé par un ligand monodente électronique peut influencer l'anisotropie magnétique. De plus, les atomes Y dans le plan équatorial peuvent être des atomes d'azote ou des atomes de soufre établissant des liaisons différentes dans le plan équatorial et influençant ainsi la nature et l'amplitude de l'anisotropie magnétique. Nous avons préparé une série de complexes avec le ligand Me6tren où Y = N(CH3)2 avec X = F -, Cl -, Br -et I -. Les complexes avec ce ligand tétradente possèdent une symétrie strictement axiale C3v, à part le cas où X = F -où la symétrie dévie légèrement. Nous avons montré (i) la présence d'un axe facile de l'aimantation colinéaire à l'axe principal de symétrie C3, et (ii) que l'amplitude de l'anisotropie augmente en allant de X = I -à -F. Les calculs théoriques permettent de rationaliser les deux effets. La présence d'un axe de facile aimantation au sein des composés est due à la présence d'un premier état excité qui se couple à l'état fondamental par l'opérateur de spin-orbite suivant la direction z (colinéaire à l'axe de symétrie C3) et apporte donc une forte contribution où le moment orbital est bloqué suivant l'axe z. Le remplacement du ligand I par Br -, Cl -et puis F -conduit à une diminution de la longueur de la liaison Co-X qui d'une augmente la contribution de ce même état excité et d'autre diminue la contribution du deuxième état excité et renforce donc l'amplitude de l'anisotropie magnétique axiale. Nous avons aussi étudié l'influence du changement de la nature des atomes liés au cobalt(II) dans le plan équatorial. Quand les groupes N(CH3)2 du ligand tétradente sont remplacés par les groupes S(isopropyl) ou S(terthiobuthyl), les distances Co-X deviennent plus longues. L'allongement des liaisons dans le plan équatorial conduit à un couplage plus fort avec le premier état excité qui favorise l'anisotropie axiale conduisant à une augmentation de cette anisotropie. Dans le cas de ce dernier ligand, l'analyse de l'anisotropie est plus complexe à cause de l'apparition d'une anisotropie rhombique (transverse) due à la non équivalence des longueurs des trois liaisons Co-S dans le plan équatorial. Nous avons montré que cette distorsion peut renforcer l'amplitude de la contribution axiale de l'anisotropie. Presque tous les complexes de cobalt(II) se comportent comme des molécules-aimants avec une barrière énergétique à l'inversion de l'aimantation qui peut être liée à leur anisotropie magnétique et donc à la nature des ligands. Seulement le complexe où X = I -ne se comporte pas comme une molécule-aimant car l'amplitude de l'anisotropie est faible conduisant à une faible barrière énergétique. Nous avons aussi étudié l'anisotropie magnétique dans une série de complexes mononucléaires à base de lanthanides possédant la structure métallacrown. La structure métallacrown conduit, en principe, à des complexes de symétrie relativement élevé permettant d'avoir une anisotropie quasi axiale avec une composante transverse presque nulle. L'intérêt de ces études est de pouvoir établir une corrélation entre la nature de l'ion lanthanide et l'anisotropie. Cette deuxième partie est moins aboutie que la première, mais ouvre des possibilités intéressantes car nous avons commencé à étudier les propriétés de luminescence de ces composés. L'étude de la luminescence dans les composés les plus simples (Ce III et Yb III ) permettra de déterminer expérimentalement leur spectre d'énergie et ainsi comparer avec les résultats des modèles théoriques. J'ai commencé cette partie du travail qui sera continuée dans une autre thèse. La thèse est composée de 6 chapitres. Le chapitre 1 présente l'état de l'art du magnétisme, des molécules-aimants (SMMs et SIMs) en se basant sur quelques exemples importants de la littérature. Le chapitre 2 se concentre sur une famille de complexes de géométrie bipyramide trigonale de formule générale [Co(Me6tren)X]Y avec le ligand axial (X) et le contre-ion (Y) induisant le comportement SMM. Dans cette série de composés, l'influence du ligand axial X sur la nature et l'amplitude de l'anisotropie magnétique a été étudiée. Nous avons montré que, pour la série des halogénures, l'anisotropie la plus forte est obtenue pour le ligand axial fluorure (F -). L'effet du cation Y qui influence l'interaction entre les molécules et affecte légèrement le comportement d'aimant moléculaire a aussi été étudié. Au chapitre 3, on étudie l'influence du changement du ligand tétradenté. Le remplacement des trois atomes d'azote qui se trouvent en position équatoriale dans la sphère de coordination de Co par des atomes de soufre induit une augmentation des distances Co-L dans le plan équatorial qui conduit à une plus forte anisotropie. Les calculs théoriques effectués sur ces complexes permettent de rationaliser les résultats expérimentaux et surtout de prévoir les propriétés de nouveaux complexes. Les chapitres 4 et 5 concernent deux séries de SMM de structure métallacrown de formule LnGa4 (Ln = Tb III , Dy III , Ho III , Er III , Yb III ) avec les ligands basés sur l'acide salicylhydroxamique (H3shi) et l'acide 3-hydroxy-2-naphtohydroxamique (H3nha). Les calculs théoriques préliminaires permettent de rationaliser la différence entre les propriétés des magnétiques dues aux différents ions lanthanide. Enfin, une conclusion générale avec des perspectives sont récapitulées au chapitre 6. Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France Titre: Ingénierie de l'anisotropie magnétique dans les complexes mononucléaires de cobalt(II) et les métallacrowns à base de lanthanides Mots clés: Anisotropie, Levée de dégénérescence au champ nul, Molécules-Aimants; Cobalt, Lanthanide, Métallacrown Résumé: Comme nous le savons, les applications sont déterminées par des propriétés, qui sont essentiellement déterminées par la structure. L'interaction entre la forme (structure moléculaire) et la fonction (propriétés physiques) peut être exploitée par le ligand, l'ion métallique, l'approche métallacrown et ainsi de suite. Les travaux portent sur la synthèse et l'étude du comportement magnétique de complexes mononucléaires cobalt(II) de géométrie bipyramide trigonale et sur l'étude de complexes mononucléaires de lanthanides possédant une structure de type métallacrown.Pour les complexes de cobalt(II), l'objectif a été de modifier l'anisotropie magnétique en modifiant la nature du ligand organique tétradenté et du ligand terminal en gardant, autant que faire se peut, la géométrie et même la symétrie des complexes. Presque tous ces complexes se comportent comme des molécules-aimants avec une barrière énergétique à l'inversion de l'aimantation qui peut être liée à leur anisotropie magnétique et donc à la nature des ligands. Et les complexes métallacrown à base de lanthanides étant hautement symétriques, permet de les utiliser comme modèles pour effectuer une corrélation entre la nature de l'ion lanthanide et leurs propriétés d'aimants.La thèse est composée de 6 chapitres. Le chapitre 1 présente l'état de l'art du magnétisme, des molécules-aimants (SMMs et SIMs), et quelques exemples importants. Le chapitre 2 se concentre sur une famille de complexes de géométrie bipyramide trigonale de formule générale [Co(Me6tren)X]Y avec le ligand axial (X) et le contre-ion (Y) induisant le comportement SMM.
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	Comme nous le savons, les applications sont déterminées par des propriétés, qui sont
	essentiellement déterminées par la structure. L'interaction entre la forme (structure
	moléculaire) et la fonction (propriétés physiques) peut être exploitée par le ligand, l'ion
	métallique, l'approche métallacrown et ainsi de suite. Les travaux de cette thèse portent sur la
	synthèse et l'étude du comportement magnétique de complexes mononucléaires de cobalt(II)
	de géométrie bipyramide trigonale et sur l'étude de complexes mononucléaires de lanthanides
	possédant une structure de type métallacrown.
	Pour les complexes de cobalt(II), l'objectif a été de modifier l'anisotropie magnétique
	en modifiant la nature du ligand organique tétradenté et du ligand terminal en gardant, autant
	que faire se peut, la géométrie et même la symétrie des complexes. Presque tous ces
	complexes se comportent comme des molécules-aimants avec une barrière énergétique à
	l'inversion de l'aimantation qui peut être liée à leur anisotropie magnétique et donc à la
	nature des ligands. Et les complexes métallacrown à base de lanthanides étant hautement
	symétriques, permet de les utiliser comme modèles pour effectuer une corrélation entre la
	nature de l'ion lanthanide et leurs propriétés d'aimants.
	La thèse est composée de 6 chapitres. Le chapitre 1 présente l'état de l'art du
	magnétisme, des molécules-aimants (SMMs et SIMs) en se basant sur quelques exemples
	importants de la littérature. Le chapitre 2 se concentre sur une famille de complexes de
	géométrie bipyramide trigonale de formule générale [Co(Me6tren)X]Y avec le ligand axial (X)
	et le contre-ion (Y) induisant le comportement SMM. Dans cette série de composés,
	l'influence du ligand axial X sur la nature et l'amplitude de l'anisotropie magnétique a été
	étudiée. Nous avons montré que, pour la série des halogénures, l'anisotropie la plus forte est
	obtenue pour le ligand axial fluorure (F -). L'effet du cation Y qui influence l'interaction entre
	les molécules et affecte légèrement le comportement d'aimant moléculaire a aussi été étudié.
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		.1. Atomic/electronic representation of Hamiltonians and their corresponding
	spectroscopic technique.		
	Hamiltonian Representation	Energy magnitude (cm -1 ) 30, 32	Spectroscopic technique
	𝐻 ̂EL	Electronic energy and electron repulsion energy	10 4 -10 5	Electronic spectroscopy
	𝐻 ̂CF	Crystal field	10 4 -10 5	Electronic spectroscopy
	𝐻 ̂LS	Spin-orbit coupling	0 -10 2 for transition metals; 10 3 for lanthanides	Magnetism and electronic spectroscopy
	𝐻 ̂SS	Spin-spin interaction	0 -10 2	Magnetism and electron paramagnetic resonance
	𝐻 ̂ZE	Electronic Zeeman effect	0 -1	Magnetism and electron paramagnetic resonance
	𝐻 ̂HF	Hyperfine interaction	-	Electron paramagnetic resonance
	𝐻 ̂ZN	Nuclear Zeeman effect	-	Nuclear magnetic resonance
	𝐻 ̂II	Internuclear interaction	-	Nuclear magnetic resonance
	𝐻 ̂Q	Nuclear quadrupole effect 10 -7	

Table 1 .
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	Tripositive lanthanide ion	Ionic configuration	Ground state term	Excited state term	Energy separation (cm -1 )	Spin orbital experimental (cm -1 )	gJ	MT (cm 3 K mol -1 )	Saturated magnetization
	Ce	4f 1	2 F5/2	2 F7/2	2200	643	6/7	0.81	2.14
	Pr	4f 2	3 H4	3 H5	2100	800	4/5	1.60	3.20
	Nd	4f 3	4 I9/2	4 I11/2	1900	900	8/11	1.64	3.27
	Pm	4f 4	5 I4	5 I5	1600	-	3/5	0.90	2.40
	Sm	4f 5	6 H5/2	6 H7/2	1000	1200	2/7	0.09	0.71
	Eu	4f 6	7 F0	7 F1	400	1415	5	0.00	0.00
	Gd	4f 7	8 S7/2	6 P	30000	-	2	7.88	7.00
	Tb	4f 8	7 F6	7 F5	2000	1620	3/2	11.82	9.00
	Dy	4f 9	6 H15/2	6 H13/2	-	1820	4/3	14.14	10.00
	Ho	4f 10	5 I8	5 I7	-	2080	5/4	14.06	10.00
	Er	4f 11	4 I15/2	4 I13/2	6500	2360	6/5	11.46	9.00
	Tm	4f 12	3 H6	3 H5	-	2800	7/6	7.28	7.00
	Yb	4f 13	2 F7/2	2 F5/2	10000	2940	8/7	2.53	4.00

2. Summary of experimental spin-orbit interaction parameters, electronic configuration, spectroscopic terms of the ground states and first excited states and their separation together with the magnetic parameters for the tripositive lanthanide ions.
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	Complexes	2-1	2-2	2-3
	formula	C12H30N4CoCl2O4	C12H30N4CoClPF6	C12H30N4CoCl2
	Mr	424.23	469.75	360.23
	cryst syst	Trigonal	Trigonal	Cubic
	space group	R3c	R3H	P213
	a, Å	9.891(5)	10.2778(8)	11.8163(4)
	b, Å	9.891(5)	10.2778(8)	11.8163(4)
	c, Å	33.183(5)	16.0130(13)	11.8163(4)
	, deg	90	90	90
	, deg	90	90	90
	, deg	120	120	90
	cell volume, Å 3	2811(2)	1464.9(3)	1649.85(2)
	Z	6	3	4
	T, K	100(1)	293(1)	100(1)
	F000	1338	729	764
	μ, mm -1	1.22	1.10	1.36
	reflns collected	13201	6273	19327
	reflns unique	2790	2300	2370
	R1	0.032	0.063	0.026
	wR2 (all data)	0.080	0.141	0.045
	GOF	1.05	1.06	1.02

1. Crystallographic data structure refinement for complexes 2-1 to 2-3.
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	Complexes	2-1	2-2	2-3
	b d CoN a	2.176	2.209	2.220
	b d CoN e	2.152	2.143	2.133
	b d CoX	2.282	2.284	2.306
	b d Co-𝑁 𝑒 𝑁 𝑒 ′ 𝑁 𝑒 ′′	0.327	0.338	0.332
	c N e CoN e ̂	117.73	117.57	117.62
	c N e CoX ̂	98.74	99.08	98.97
	c N a CoX ̂	180	180	180
	c N a CoN e ̂	81.26	80.91	81.03
	d 𝜃	8.74	9.09	8.97

2. Relevant Co II -ligand bond distances (Å) and angles (°) for complexes 2-1 to 2-3. a means axial; b in Angstrom (Å); c in degree (°); d 𝜃 = 180°-N a CoN e ̂; in degree (°); e means equatorial.
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	Complexes	2-1	2-4	2-5	2-6
	formula	C12H30N4CoCl2O4 C12H30N4CoBrClO4 C12H30N4CoIClO4	C12H32N4CoFClO5
	Mr	424.23	468.69	515.68	425.79
	cryst syst	Trigonal	Cubic	Cubic	Monoclinic
	space group	R3c	P213	P213	P21/n
	a, Å	9.891(5)	12.4738 (4)	12.6169(7)	9.6785(5)
	b, Å	9.891(5)	12.4738 (4)	12.6169(7)	14.8653(8)
	c, Å	33.183(5)	12.4738 (4)	12.6169(7)	13.1096(7)
	, deg	90	90	90	90
	, deg	90	90	90	91.074(2)
	, deg	120	90	90	90
	cell volume, Å 3	2811(2)	1940.87(19)	2008.4(3)	1885.80(2)
	Z	6	4	4	4
	T, K	100(1)	100(1)	100(1)	100(1)
	F000	1338	964	1036	900
	μ, mm -1	1.22	3.10	2.40	1.09
	reflns collected	13201	34624	72315	115911
	reflns unique	2790	3260	2054	5775
	R1	0.032	0.041	0.020	0.049
	wR2 (all data)	0.080	0.082	0.041	0.084
	GOF	1.05	1.02	1.08	1.09

3. Crystallographic data structure refinement for complexes 2-1, 2-4 to 2-6.
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	Complexes	2-1	2-4	2-5	2-6
	b d CoN a	2.176	2.210	2.201	2.203
	b d CoN e	2.152	2.137	2.141	2.132; 2.134; 2.149
	b d CoX	2.282	2.459	2.666	1.906
	b d Co-𝑁 𝑒 𝑁 𝑒 ′ 𝑁 𝑒 ′′	0.327	0.333	0.321	0.322
	c N e CoN e ̂	117.73	117.61	117.79	116.93; 117.26; 119.15
	c N e CoX ̂	98.74	98.97	98.63	97.15; 99.32; 99.50
	c N a CoX ̂	180	180	180	178.74
	c N a CoN e ̂	81.26	81.03	81.37	80.75; 81.56; 81.74
	d 𝜃	8.74	8.97	8.63	9.25; 8.44; 8.26

. Relevant Co II -ligand bond distances (Å) and angles (°) for complexes 2-1, 2-4 to 2-6. a means axial; b in Angstrom (Å); c in degree (°); d 𝜃 = 180°-N a CoN e ̂; in degree (°); e means equatorial.
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	𝑁 𝑒 𝐶𝑜𝐹 1 ̂ angles of 97.15°, 99.32°, 99.50°. The Co-N1 bond length (2.203 Å) is slightly longer
	than the equatorial ones (2.132, 2.134, 2.149 Å respectively). The Co-F1 distance is equal to
	1.906 Å, much shorter than the other Co II -halide distances. The 𝑁 𝑒 𝐶𝑜𝑁 𝑒 ′ ̂ and the 𝑁 𝑎 𝐶𝑜𝑁 𝑒 ̂
	angles are equal to 116.93°, 117.26°, 119.15° and 80.75°, 81.56°, 81.74°, respectively (Table
	2.5 and Table 2.6).

5 and Table 2.6. 2-6 crystallizes in the space group P21/n. The Co II ion lies 0.322 Å below the equatorial plane of the three nitrogen atoms with three different inequatorial

Figure 2.3. A view of the molecular structure for complexes 2-6 (left) and 2-8 (right). Flight green; Coblue; Zngrey; Cblack; most H atoms and counter-ions were omitted for clarity.
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	Complexes	2-6	2-7	2-8
	formula	C12H32N4CoFClO5	C12H32N4ZnFClO5	C12H32N4Co0.12Zn0.88FClO5
	Mr	425.79	432.23	491.16
	cryst syst	Monoclinic	Monoclinic	Monoclinic
	space group	P21/n	P21/n	P21/n
	a, Å	9.6785(5)	9.6596(4)	9.6651(5)
	b, Å	14.8653(8)	14.8339(6)	14.8493(7)
	c, Å	13.1096(7)	13.1289(6)	13.1275(6)
	, deg	90	90	90
	, deg	91.074(2)	91.251(2)	91.232(2)
	, deg	90	90	90
	cell volume, Å 3	1885.80(2)	1880.79(2)	1883.62(2)
	Z	4	4	4
	T, K	100(1)	100(1)	100(1)
	F000	900	912	1020
	μ, mm -1	1.09	1.49	2.34
	reflns collected	115911	34584	84158
	reflns unique	5775	6573	9163
	R1	0.049	0.036	0.049
	wR2 (all data)	0.084	0.092	0.061
	GOF	1.09	1.10	1.03

5. Crystallographic data structure refinement for complexes 2-6 to 2-8.
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	Complexes	2-6	2-7	2-8(Co)	2-8(Zn)
	b d CoN a	2.203	2.210	2.125	2.220
	b d CoN e	2.132; 2.134; 2.149	2.130; 2.131; 2.148	2.073; 2.120; 2.187	2.143; 2.129; 2.139
	b d CoX	1.906	1.919	2.006	1.909
	b d Co-𝑁 𝑒 𝑁 𝑒 ′ 𝑁 𝑒 ′′	0.322	0.282	0.210	0.297
	c N e CoN e ̂	116.93; 117.26; 119.15	117.59; 117.68; 119.58	116.06; 120.47; 120.85	117.55; 117.36; 119.41
	c N e CoX ̂	97.15; 99.32; 99.50	96.19; 97.97; 98.63	94.24; 96.25; 95.68	98.52; 98.95; 96.46
	c N a CoX ̂	178.74	178.64	176.95	178.54
	c N a CoN e ̂	80.75; 81.56; 81.74	81.73; 82.67; 82.83	82.73; 84.80; 86.20	81.53; 82.29; 82.27
	d 𝜃	9.25; 8.44; 8.26	8.27; 7.23; 7.17	7.27; 5.20; 3.80	8.47; 7.71; 7.73

. Relevant Co II -ligand bond distances (Å) and angles (°) for complexes 2-6 to 2-8. a means axial; b in Angstrom (Å); c in degree (°); d 𝜃 = 180°-N a CoN e ̂; in degree (°); e means equatorial.
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	Complexes	2-1	2-2	2-3	2-4	2-5	2-6	2-7	2-8
	a |D|	8.2	8	6.8	8	6	11	N/A	11
	g	2.24	2.23	2.17	2.25	2.20	2.25	N/A	2.25

. ZFS parameters D and Landé g-factor from MT fit for complexes 2-1 to 2-8.
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	Complexes	2-1	2-2	2-3	2-4	2-5	2-6	2-7	2-8
	a D	-6.20	-5.37	-5.11	-3.51	-2.09	-16.67	N/A	-19.62
	g	2.24	2.33	2.17	2.22	2.15	2.39	N/A	2.41

. ZFS parameters D and Landé g-tensor from M = f(µ0H) fit for complexes 2-1 to 2-8.

a in wavenumbers (cm -1 ).
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	Complexes	Temperature	0	∞		
		1.80 K	0.7176499292	0.2592461725	0.3743402040	0.0028940236
		2.00 K	0.6469177364	0.2845216884	0.2564638623	0.00113808160
	2-1					
		2.15 K	0.6145932696	0.2749628873	0.2396132294	0.0005603109
		2.30 K	0.5923126750	0.2167967583	0.2667213528	0.0002282341
		1.80 K	0.8812986695	0.1774288328	0.2110747220	0.0019909085
		2.00 K	0.8082100679	0.17618355130	0.2098974452	0.0006971637
	2-2					
		2.20 K	0.7616431267	0.1248699307	0.2528865335	0.0002748907
		2.40 K	0.7153213588	0.1049990860	0.2507290400	0.0001158328
		1.80 K	0.6997166352	0.4207985665	0.2863856124	0.0008501904
		2.00 K	0.6543275446	0.4121279778	0.2491465591	0.0003554725
	2-3					
		2.15 K	0.6256408531	0.3726950031	0.2332497920	0.0001541062
		2.30 K	0.6050046801	0.3727330695	0.2572216449	0.0000921729

. Cole-Cole fit parameters under an applied dc magnetic field of 2800 Oe for complexes 2-1 to 2-3.

Feng SHAO: 0000-0001-8606-8628
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	Complexes	2-1	2-2	2-3
	a D	-6.20	-5.37	-5.11
	b g	2.24	2.33	2.17
	c OFR	2600 -4000	2400 -3000	2600 -3000
	d Ueff	14.3	14.2	13.0
	e 0	3.4  10 -8	2.5  10 -8	2.7  10 -8
	e  (1.8 K)	2.89  10 -3	1.99  10 -3	8.5  10 -4

10. Magnetic parameters for complexes 2-1 to 2-3. a ZFS parameter D in wavenumbers (cm -1 ); b Landé g-tensor; c Optimum Field Range in Øersted (Oe); d effective energy barriers in wavenumbers (cm -1
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 2 11. Cole-Cole fit parameters under an applied dc magnetic field of 2200 Oe for complex 2-6.

	Complex	Field	Temperature	0	∞		
			1.80 K	0.9607425460 0.0853909470 0.3218999380 0.0414665540
			2.00 K	0.8852336430 0.0892928340 0.3330568170 0.0340223460
			2.15 K	0.8301024940 0.0878521900 0.3310240500 0.0280583130
			2.30 K	0.7809503890 0.0977592420 0.3137109680 0.0237608600
	2-6	2200 Oe	2.45 K	0.7294083200 0.0968522760 0.2844872310 0.0169017290
			2.60 K	0.6895133620 0.0957527030 0.2602714670 0.0111030450
			2.75 K	0.6497642920 0.0868766230 0.2329673270 0.0061708270
			3.00 K	0.5994955220 0.0559441000 0.2636517090 0.0019433420
			3.30 K	0.5515515270 0.0422502800 0.2427576550 0.0006559970
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	Complex	Field	Temperature	0	∞		
			1.80 K	0.677187224	0.00990897	0.059148615	8.816  10 -5
			2.00 K	0.622550299	0.012784887	0.065836172	8.831  10 -5
			2.15 K	0.552007685	0.009817878	0.057593598	9.514  10 -5
			2.30 K	0.491239676	0.010285108	0.033919766	0.000101152
		400 Oe	2.45 K	0.449314947	0.009918687	0.0309097	0.000108595
		(fast)	2.60 K	0.423785474	0.010021521	0.030992572	0.0001165
			2.75 K	0.397590245	0.010054009	0.02874303	0.000124777
			3.00 K	0.34661333	0.010010652	0.027168892	0.000125206
			3.25K	0.289207555	0.010004125	0.026970349	0.000115754
			3.50 K	0.175698621	0.009979225	0.026931362	0.000129356
	2-6						
			1.80 K	1.152501533	0.579997946	0.112494883	0.008226771
			2.00 K	1.036334845	0.519720857	0.128865903	0.005596696
			2.15 K	0.999790317	0.520024412	0.134657395	0.004582136
			2.30 K	0.977624854	0.51999241	0.140702389	0.003893391
		400 Oe	2.45 K	0.937909475	0.5200037	0.124084603	0.003360608
		(slow)	2.60 K	0.898250974	0.519999675	0.094195111	0.002886900
			2.75 K	0.861472624	0.520005189	0.052865669	0.002265817
			3.00 K	0.828147707	0.519941939	0.049999821	0.001156978
			3.25 K	0.802741008	0.519906455	0.041660119	0.000477636
			3.50 K	0.827517923	0.520043838	0.040468818	0.000145091

13

. Cole-Cole fit parameters under an applied dc magnetic field of 400 Oe for complex 2-6.

  6 

	a 0.04 slowOrbach	-	-	-	-	-	1.6  10 -10	30.1	0.99163
	b 0.04 slowNoQTM	49288	-	-	0.050437	5	1.71  10 -9	28.535	5.48  10 -4
	c 0.04 slowAll	58170	10153	384370	0.050437	5	3.54  10 -10	31.897	5.46  10 -4

a slow relaxation fit only considering Orbach relaxation; b slow relaxation fit with Direct, Raman and Orbach relaxations, without considering QTM; c slow relaxation fit considering all relaxations (Direct, QTM, Raman and Orbach).

Table 2 .

 2 15. Cole-Cole fit parameters under an applied dc magnetic field of 1000 Oe for complex 2-6.

	Complex	Field	Temperature	0	∞		
			2.00 K	0.8449066893 0.2005028732 0.3415162549 0.0115420561
			2.15 K	0.7839641699 0.1915497740 0.3376821947 0.0090621669
			2.30 K	0.7436173463 0.1841489369 0.3388575113 0.0077273797
			2.45 K	0.6991172442 0.1778851518 0.3280177814 0.0063202860
			2.60 K	0.6575428483 0.1767335185 0.2872631769 0.0048887821
	2-6	1000 Oe					
			2.75 K	0.6206910403 0.1748505104 0.2358063996 0.0034392616
			3.00 K	0.5661916002 0.1682975022 0.1517503316 0.0015378248
			3.25 K	0.5280423388 0.1597380085 0.1165292611 0.0006563167
			3.50 K	0.4910421935 0.1509775755 0.0911431046 0.0002626373
			3.75 K	0.4605690892 0.1387163393 0.0736908155 0.0001140000

Table 2 .

 2 17. Cole-Cole fit parameters under zero dc magnetic field for complex 2-8.

	Complex	Field	Temperature	0	∞		
			1.80 K	0.103991353	0.025738949	0.491116665	0.000924747
			2.00 K	0.093663147	0.023887468	0.484951892	0.000938302
			2.20 K	0.086473742	0.022219914	0.480627168	0.000900749
			2.40 K	0.079025932	0.022257653	0.449554986	0.000940478
			2.60 K	0.072309547	0.033593963	0.229566969	0.00179169
	2-8	0 Oe					
			2.80 K	0.067097114	0.033457145	0.099770221	0.001308191
			3.00 K	0.062881035	0.025512217	0.119508184	0.000528573
			3.20 K	0.059022292	0.02179594	0.081185378	0.00025027
			3.40 K	0.055788166	0.013465375	0.104879893	0.000100511
			3.60 K	0.052813628	0.008947568	0.1254518	4.56192E-05

Table 2 .

 2 19. Cole-Cole fit parameters under an applied dc magnetic field of 200 Oe for complex 2-8.

	Complex	Field	Temperature	0	∞		

Table 2 . 20
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	Parameters	H	A	B1	B2	C	n	0	Ueff	R/GOF
	Units	T	s -1							

. Fit parameters from ln() = f(1/T) plot under an applied dc magnetic field µ0H = 200 Oe for complex 2-8.

T -2 K -1 s -1 T -2 s -1 K -5 - s cm -1 -

  fast relaxation fit only considering Orbach relaxation; b fast relaxation fit considering all relaxations (Direct, QTM, Raman and Orbach); c slow relaxation fit only considering Orbach relaxation; d slow relaxation fit considering all relaxations (Direct, QTM, Raman and Orbach).

	a 0.02 fastOrbach	-	-	-	-	-	7.0  10 -10	27.2	0.99397
	b 0.02 fastAll	1181.6	1046.3	72440	0.00088044 5	2.257  10 -11 32.577	2.86  10 -4
	2-8								
	c 0.02 slowOrbach	-	-	-	-	-	3.0  10 -10	31.7	0.99982
	d 0.02 slowAll	7.43	1046.3	1924500	0.0018902	5	5.270  10 -10 30.591	4.91  10 -4

a

Table 2 .

 2 21. Cole-Cole fit parameters under an applied dc magnetic field of 400 and 1000 Oe for complex 2-8.

	Complex	Field	Temperature	0	∞		

Table 2 .

 2 23. Relevant Co II -ligand bond distances and angles and anisotropy parameters for complexes 2

-1 to 2-6.

  

	Complexes	2-1	2-2	2-3	2-4	2-5	2-6
	Space group	R3c	R3H	P213	P213	P213	P21/n
	b d CoN a	2.176	2.209	2.220	2.210	2.201	2.203
	b d CoN e	2.152	2.143	2.133	2.137	2.141	2.132; 2.134; 2.149
	b d CoN e 𝑎𝑣𝑒𝑎𝑔𝑒	2.152	2.143	2.133	2.137	2.141	2.1383
	b d CoX	2.282	2.284	2.306	2.459	2.666	1.906
	b d Co-𝑁 𝑒 𝑁 𝑒 ′ 𝑁 𝑒 ′′	0.327	0.338	0.332	0.333	0.321	0.322
	c N e CoN e ̂	117.73	117.57	117.62	117.61	117.79	116.93; 117.26; 119.15
	c N e CoX ̂	98.74	99.08	98.97	98.97	98.63	97.15; 99.32; 99.50
	c N a CoX ̂	180	180	180	180	180	178.74
	c N a CoN e ̂	81.26	80.91	81.03	81.03	81.37	80.75; 81.56; 81.74
	c 𝜃	8.74	9.09	8.97	8.97	8.63	9.25; 8.44; 8.26
	gT	2.24	2.23	2.17	2.25	2.20	2.25
	d DT	8.2	8	6.8	8	6	11
	gMH	2.24	2.33	2.17	2.22	2.15	2.39
	d DMH	-6.2	-5.4	-5.1	-3.5	-2.1	-16.7
	d DHFEPR	-8.12	-	-	-	-	-17.7
	d DCALC	-10.3	-	-	-5.5	-1.52	-20.23
	d ECALC	0	0	0	0	0	0.27
	d Ueff	14.3	14.2	13.0	-	-	27.1

  1 𝐶𝑜𝐶𝑙 1 ̂ angles of 103.49°, 94.84°, 95.86° respectively. The Co-N1 bond length is 2.263 Å. The Co-Cl1 distance is equal to 2.255 Å. The 𝑆 1 𝐶𝑜𝑆 1 ′ ̂ and the 𝑁 1 𝐶𝑜𝑆 1 ̂ angles are equal to 122.08°, 124.02°, 108.25° and 82.87°, 81.94°, 81.54° respectively (Table 3.1 and Table 3.2). And for isomers 3-1(ii), the Co II ion lies 0.415 Å below the equatorial plane of the three sulfur atoms with an in-equatorial 𝑆 1 𝐶𝑜𝐶𝑙 1 ̂ angles of 103.82°, 99.40°, 96.98° respectively.

The Co-N1 bond length (2.408 Å) is larger than for isomer 3-1(i). The Co-Cl1 distance is equal to 2.266 Å. The 𝑆 1 𝐶𝑜𝑆 1 ′ ̂ and the 𝑁 1 𝐶𝑜𝑆 1 ̂ angles are equal to 113.40°, 121.40°, 116.35° and 79.60°, 81.29°, 79.81° respectively. For more details, see the Table

3

.1 and Table

3

.2 or the paper published in Chemical Communication.

1 

Table 3 .

 3 2. Relevant Co II -ligand bond distances

	formula	C39H53BNS3CoCl C18H39NS3CoCl2O4 C18H39NS3CoBrClO4 C19H39N2S4CoClO4
	Mr	737.19	559.51	603.97	582.14
	cryst syst	Triclinic	Monoclinic	Monoclinic	Cubic
	space group	P-1	P21/c	P21/c	P213
	a, Å	11.5577(5)	15.2642(5)	15.8788(13)	14.1508(5)
	b, Å	18.1837(8)	10.9170(3)	28.594(2)	14.1508(5)
	c, Å	18.2006(8)	17.0452(5)	11.7160(9)	14.1508(5)
	, deg	97.507(2)	90	90	90
	, deg	92.728(2)	115.0890(10)	96.219(3)	90
	, deg	92.840(2)	90	90	90
	cell volume, Å 3	3782.0(3)	2572.41(13)		2833.6(3)
	Z	4	4	4	4
	T, K	100(1)	100(1)	100(1)	100(1)
	F000	1564	1180	2504	1228
	μ, mm -1	0.72	1.14	1.45	1.12
	reflns collected	153139	65003	134662	43924
	reflns unique	24980	7856	16248	2921
	R1	0.043	0.056	0.075	0.068
	wR2 (all data)	0.089	0.081	0.222	0.120
	GOF	1.01	1.04	1.131	1.115

Table 3 .

 3 3. ZFS parameters D and Landé g-factor from MT fit for complexes 3-1 to 3-4.

	Complexes	3-1	3-2	3-3	3-4
	a D (+/-)	12	13	17	9
	g	2.28	2.29	2.29	2.39

Table 3 .

 3 

	4. ZFS parameters D and Landé g-tensor from M = f((0H) fit for complexes 3-1 to
	3-4.				
	Complexes	3-1	3-2	3-3	3-4
	a D	-19.9	-21.4	-20.2	-11.0
	g	2.43	2.42	2.39	2.48

Table 3 .

 3 5. Cole-Cole fit parameters under an applied dc magnetic field of 2000 Oe for complex 3-1.

	Complex	T / K		s		
		1.80	0.60655	0.04996	0.11613	0.035960405
		2.00	0.64742	0.05104	0.11311	0.021673529
		2.25	0.73203	0.07352	0.13037	0.010603178
		2.375	0.75822	0.08038	0.09804	0.004831523
	3-1(slow)	2.50	0.74157	0.05737	0.10427	0.002552686
		2.75	0.68920	0.04134	0.09190	0.000862512
		3.00	0.74640	0.08366	0.12477	0.000271624
		3.25	0.65083	0.08264	0.12318	0.000162255
		3.50	0.59318	0.10883	0.08033	0.000100015
		1.80	1.27049	0.04323	0.39044	0.002806275
		2.00	1.06812	0.04504	0.37278	0.001863941
		2.25	0.86153	0.03648	0.34488	0.001275364
		2.375	0.70654	0.03464	0.27036	0.000690317
	3-1(fast)	2.50	0.66204	0.03677	0.27586	0.000454918
		2.75	0.59858	0.04188	0.22443	0.000176098
		3.00	0.45248	0.01175	0.29063	8.39391E-05
		3.25	0.45978	0.00600	0.19207	2.74887E-05
		3.50	0.44403	0.01211	0.24820	9.30660E-06

Table 3 .

 3 6. Magnetic parameters for complexes 3-1 to 3-4.

	Complexes	3-1	3-2	3-3	3-4
	a D	-19.9	-21.4	-20.2	-11.0
	b g	2.43	2.39	2.39	2.48
	c OFR	2000 -2400	3000 -3600	3000 -4000	1000 -1800
	d Ueff	32	-	21.1	19.4
	e 0	2.1  10 -11	-	4.5  10 -8	2.0  10 -9
	a ZFS parameter D in wavenumbers (cm -1 ); b Landé g-tensor; c Optimum Field Range in Øersted (Oe); d
	effective energy barriers in wavenumbers (cm -1			

Table 3 .

 3 7. Cole-Cole fit parameters under an applied dc magnetic field of 3000, 3000 and 1600 Oe for complexes 3-2 to 3-4 respectively.

	Complexes	T / K		s		
		1.80	0.802019415	0.075391306	0.187801062	0.001003366
		2.00	0.735305411	0.073996102	0.184656074	0.000817578
		2.25	0.678669309	0.064270631	0.190685189	0.000653469
		2.50	0.626325808	0.066062582	0.181677628	0.000533317
		2.75	0.580800033	0.071138174	0.163385368	0.000441315
	3-2					
		3.00	0.542741505	0.069674761	0.159149990	0.000358516
		3.25	0.508934827	0.063853304	0.151311433	0.000282315
		3.50	0.479844332	0.071840615	0.122420071	0.000230888
		3.75	0.454514540	0.070289279	0.115851185	0.000177762
		4.00	0.431697651	0.058331282	0.117793690	0.000125724
		1.80	0.828108381	0.103977443	0.298528199	0.001569637
		2.00	0.759930388	0.107651910	0.290507465	0.001352130
		2.25	0.692424449	0.121017605	0.254045335	0.001147989
		2.50	0.635029072	0.126932867	0.216448304	0.000931581
		2.75	0.588361244	0.137938498	0.159680125	0.000745154
	3-3					
		3.00	0.547282986	0.136508446	0.122685019	0.000544785
		3.25	0.510987074	0.132452132	0.087659721	0.000379869
		3.50	0.480294094	0.130926457	0.058723646	0.000261352
		3.75	0.453957836	0.108279505	0.055899585	0.000158243
		4.00	0.430627632	0.059220211	0.060070061	0.000087899
		1.80	1.091520903	0.079200601	0.261360811	0.010142145
		2.00	0.935617913	0.112580386	0.130900252	0.002756536
	3-4					
		2.25	0.835310836	0.078552252	0.118864405	0.000546540
		2.50	0.746054140	0.055442273	0.033410814	0.000130196

Table 3 .

 3 8. D and E values obtained for CASPT2 calculations.

Table 4

 4 .3 and Table 4.6) present a weak axial elongation of the square antiprism formed by the eight-coordinated oxygen ion. The planarity of the [12-MCGa III -4] ring is closely similar to the Mn II (OAc)2[12-MCMn III N-4] 26 and slightly more planar than Na I Ln III (benzoate)4[12-MCMn III N-4] 42 or K I Ln III (benzoate)4[12-MCMn III N-4] 43 . The four Ga III ions are crystallographically inequivalent;

Table 4 .

 4 1. Crystallographic data structure refinement for complexes 4

-1 to 4-5. Complexes 4-1(Tb) 4-2(Dy) 4-3(Ho) 4-4(Er) 4-5(Yb)

  

	formula	C73H60N7O22Ga4Tb	C73H60N7O22Ga4Dy	C73H60N7O22Ga4Ho	C73H60N7O22Ga4Er	C73H60N7O22Ga4Yb
	Mr	1825.08	1828.66	1831.09	1833.42	1839.20
	cryst size, mm 3	0.07 × 0.06 × 0.03	0.20 × 0.19 × 0.06	0.13 × 0.10 × 0.04	0.12 × 0.07 × 0.02	0.09 × 0.08 × 0.05
	cryst syst	Monoclinic	Monoclinic	Monoclinic	Monoclinic	Monoclinic
	space group	P21/n	P21/n	P21/n	P21/n	P21/n
	a, Å	17.1409(11)	17.1202(3)	17.0538(5)	17.0849 (4)	17.0584(19)
	b, Å	17.1668(11)	17.1515(3)	17.1687(5)	17.1267 (4)	17.1545(19)
	c, Å	24.1889(16)	24.2068(17)	24.2569(9)	24.2345 (8)	24.334(3)
	, deg	90	90	90	90	90
	, deg	94.590(2)	94.605(7)	94.869(2)	94.730(2)	94.856(4)
	, deg	90	90	90	90	90
	cell volume, Å 3	7094.9(8)	7085.1(5)	7076.6(4)	7067.1	7095.4
	Z	4	4	4	4	4
	T, K	100(1)	85(2)	100(1)	100(1)	100(1)
	F000	3648	3651	3656	3660	3668
	μ, mm -1	2.57	7.958	2.69	2.764	2.888
	 range, deg	2.3-29.7	3.1-68.3	2.3-22.2	2.3-25.3	2.3-30.1
	reflns collected	204245	191116	134863	163019	238326
	reflns unique	21823	12987	21661	21640	21762
	Rint	0.0979	0.0660	0.1968	0.1021	0.0995
	R1	0.0442	0.0346	0.0930	0.0472	0.0982
	wR2 (all data)	0.0918	0.0869	0.2513	0.1190	0.2524
	GOF	1.023	1.068	1.053	1.053	1.202
	largest diff. peak and hole (e•Å -3 )	2.81, -0.80	2.57, -0.72	3.35, -2.41	2.50, -1.42	6.44, -3.51

Table 4 . 2

 42 

. Characteristic parameters ( ) of a square anti-prism geometry for complexes 4-1 to 4-

5. Angle / ˚ 4-1(Tb) 4-2(Dy) 4-3(Ho) 4-4(Er) 4-5(Yb) Ideal D4d 24, 44

  

		O2	52.32	O2	52.47	O1	53.84	O1	54.37	O1	54.50	57.23
		O5	53.54	O5	53.62	O4	53.81	O4	53.81	O4	54.33	57.23
		O8	53.93	O8	54.11	O7	52.48	O7	52.78	O7	53.08	57.23
		O11	53.25	O11	53.44 O10	53.56 O10	54.08 O10	54.29	57.23
		O13	60.56 O101 60.18 O15	60.92 O15	60.49 O15	60.12	57.23
		O16	58.74 O111 58.29 O18	60.33 O18	59.61 O18	59.38	57.23
		O18	63.59 O121 63.08 O19	58.06 O19	58.07 O19	57.30	57.23
		O20	61.67 O131 61.41 O21	62.55 O21	62.31 O21	61.29	57.23
		O2	41.36	O2	41.42	O1	41.23	O1	41.36	O1	41.15	45
		O5	42.47	O5	42.39	O4	42.65	O4	42.37	O4	42.09	45
		O8	48.41	O8	48.49	O7	48.51	O7	48.47	O7	48.60	45
		O11	48.36	O11	48.29 O10	48.01 O10	48.29 O10	48.50	

Feng SHAO: 0000-0001-8606-8628 Université Paris-Saclay 200Table 4 . 3

 43 The average values for bond lengths of Ln-O; b MAD = mean absolute deviation, skew angle  for the ideal D4d ligand field symmetry is 45°; c din means the average distance between the four neighboring atoms placed in each square; d dpp means the distance between two centroids from the upper and lower planes respectively; e dpp/din is 0.841 for the ideal square antiprism.23, 44 

	Complexes	Ln-Oave a / Å	MAD b / ˚	din c / Å	dpp d / Å	dpp/din e
	4-1(Tb)	2.339	3.235	2.775	2.525	0.910
	4-2(Dy)	2.332	3.243	2.763	2.527	0.915
	4-3(Ho)	2.311	3.160	2.735	2.514	0.919
	4-4(Er)	2.309	3.258	2.733	2.513	0.920
	4-5(Yb)	2.294	3.465	2.711	2.508	0.925

. Structural parameters of a square anti-prism geometry for complexes 4-1 to 4-5. a

Table 4 .

 4 

	Complexes dLn-Ln(min)	dσ-π				dπ-π			
	4-1(Tb)	11.9405(7)	3.2595(2)	3.0539(2)	3.6536(2)	3.6342(2)	3.6779(2)	3.7507(2)	3.6342(2)	3.6536(2)	3.7507(2)	3.6779(2)
	4-2(Dy)	11.9314(3)	3.2302(2)	3.0288(2)	3.6575(2)	3.6375(3)	3.6784(2)	3.7432(3)	3.6375(3)	3.6575(2)	3.7432(3)	3.6784(2)
	4-3(Ho)	11.9349(8)	3.2708(1)	3.0389(1)	3.6447(1)	3.6244(1)	3.7047(1)	3.7271(1)	3.6244(1)	3.6447(1)	3.7271(1)	3.7047(1)
	4-4(Er)	11.9127(5)	3.2559(1)	3.0407(1)	3.6581(1)	3.6411(1)	3.6732(1)	3.7343(1)	3.6411(1)	3.6581(1)	3.7343(1)	3.6732(1)
	4-5(Yb)	11.9320(11)	3.2623(4)	3.0623(3)	3.7039(4)	3.5330(4)	3.7018(4)	3.7326(3)	3.5330(4)	3.7039(4)	3.7326(3)	3.7018(4)

4 Interaction parameters for complexes 4-1 to 4-5.

Table 4 .

 4 6. The distance between the four neighboring atoms placed in each square for complexes 4-1 to 4-5.

	din / Å

Table 4 .

 4 7. SHAPE analysis of eight-coordinated geometry for complexes 4

-1 to 4-5.

  

	Label	OP	HPY	HPBY	CU	SAPR	TDD	JGBF	JETBPY	JBTP	BTPR	JSD	TT	ETBPY
	Symmetry	D8h	C7v	D6h	Oh	D4d	D2d	D2d	D3h	C2v	C2v	D2d	Td	D3h
	4-1(Tb)	29.509	23.687	16.407	9.164	0.405	2.358	16.463	29.276	2.884	1.805	5.447	9.994	24.338
	4-2(Dy)	29.692	23.661	16.362	9.107	0.395	2.331	16.470	29.310	2.896	1.856	5.443	9.940	24.364
	4-3(Ho)	29.909	23.626	16.234	9.116	0.411	2.348	16.332	29.173	2.902	1.837	5.468	9.958	24.396
	4-4(Er)	29.883	23.680	16.332	9.040	0.372	2.316	16.503	29.392	2.895	1.908	5.459	9.871	24.450
	4-5(Yb)	30.125	23.583	16.129	8.889	0.366	2.287	16.451	29.422	2.919	1.977	5.472	9.723	24.560

  3-ligands and isophthalate ligands. While the other two Ga III ions are six-coordinated with one water molecule and one DMF solvents bound axially. The central Dy III ion is bridged to the [12-MCGa III -4] ring by four isophthalates and four shi 3-ligands, meanwhile, four isophthalates bridged two [12-MCGa III -4] rings. The four hydroximate oxygen atoms (OMC) form a planar square, while the four oxygen atoms

Table 4 . 8
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	Complexes	4-6(Tb2)	4-7(Dy2)	4-8(Ho2)	4-9(Er2)	4-10(Yb2)
	formula	C118H118Ga8N18Na2 O56Tb2	C118H130Ga8N18Na2 O56Dy2	C118H118Ga8N18Na2 O56Ho2	C118H118Ga8N18Na2 O56Er2	C118H118Ga8N18Na2 O56Yb2
	Mr	3605.88	3625.15	3617.91	3622.56	3634.13
	cryst size, mm 3	0.32 × 0.17 × 0.11	0.41 × 0.29 × 0.12	0.29 × 0.13 × 0.04	0.28 × 0.13 × 0.04	0.29 × 0.12 × 0.04
	cryst syst	Monoclinic	Monoclinic	Monoclinic	Monoclinic	Monoclinic
	space group	P21/n	P21/n	P21/n	P21/n	P21/n
	a, Å	14.6832(7)	14.6631(5)	14.6517(14)	14.6621(7)	14.6643(5)
	b, Å	21.8429(11)	21.8204(7)	21.848(2)	21.8274(11)	21.8542(7)
	c, Å	21.722(1)	21.7429(8)	21.770(2)	21.7260(12)	21.7423(7)
	, deg	90	90	90	90	90
	, deg	106.304(2)	106.526(1)	106.425(4)	106.276(2)	106.165(1)
	, deg	90	90	90	90	90
	cell volume, Å 3	6686.6(6)	6669.4(4)	6684.6(11)	6674.4(6)	6692.4(4)
	Z	2	2	2	2	2
	T, K	100(1)	100(1)	100(1)	100(1)	100(1)
	F000	3600	3628	3608	3612	3620
	μ, mm -1	2.735	2.802	2.861	2.938	3.073
	 range, deg	2.4-30.5	2.2-31.5	2.2-30.2	2.2-30.5	2.3-30.5
	reflns collected	100257	140882	126518	134772	109215
	reflns unique	20244	22311	20499	20483	20156
	Rint	0.0461	0.0321	0.0834	0.0386	0.0468
	R1	0.0531	0.0426	0.0601	0.0436	0.0500
	wR2 (all data)	0.1150	0.1183	0.1588	0.1175	0.1371
	GOF	1.118	1.048	1.086	1.093	1.060

. Crystallographic data structure refinement for complexes 4-6 to 4-10. largest diff. peak and hole (e•Å -3 ) 3.46, -1.40 4.68, -2.34 4.28, -1.96 4.44, -1.47 5.97, -1.
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 4 9. Characteristic parameters ( ) of a square anti-prism geometry for complexes 4

-6 to 4-10. Angle / ˚ 4-6(Tb2) 4-7(Dy2) 4-8(Ho2) 4-9(Er2) 4-10(Yb2) Ideal D4d 24, 44

  

		O1	61.64 O18	61.35	O1	60.80	O1	60.51	O1	59.88	57.23
		O3	60.45	O4	60.20	O3	59.65	O3	59.35	O3	58.79	57.23
		O7	61.50	O1	61.31	O7	60.44	O7	60.32	O7	59.58	57.23
		O5	59.96 O20	59.69	O5	59.25	O5	58.87	O5	58.14	57.23
		O11	52.97 O16	53.09 O11	53.17 O11	53.39 O11	53.69	57.23
		O14	51.24	O7	51.31 O14	51.65 O14	51.98 O14	52.34	57.23
		O20	52.20 O13	52.38 O20	52.55 O20	52.75 O20	53.06	57.23
		O17	53.30 O10	53.41 O17	53.33 O17	53.66 O17	54.05	57.23
		O1	40.69 O18	39.98	O1	40.04	O1	39.99	O1	40.05	45
		O3	48.98	O4	49.07	O3	49.08	O3	49.06	O3	49.20	45
		O7	48.66	O1	48.80	O7	48.74	O7	48.92	O7	48.91	45
		O5	42.29 O20	42.16	O5	42.15	O5	42.04	O5	41.85	45

Table 4 .

 4 The average values for bond lengths of Ln-O; b MAD = mean absolute deviation, skew angle  for the ideal D4d ligand field symmetry is 45°; c din means the average distance between the four neighboring atoms placed in each square; d dpp means the distance between two centroids from the upper and lower planes respectively; e dpp/din is 0.841 for the ideal square antiprism.23, 44 

	Complexes	Ln-Oave a / Å	MAD b / ˚	din c / Å	dpp d / Å	dpp/din e
	4-6(Tb2)	2.349	3.665	2.768	2.575	0.930
	4-7(Dy2)	2.335	3.933	2.750	2.565	0.932
	4-8(Ho2)	2.327	3.908	2.734	2.573	0.941
	4-9(Er2)	2.319	3.988	2.726	2.565	0.941
	4-10(Yb2)	2.306	4.053	2.707	2.563	0.947

10. Structural parameters of a square anti-prism geometry for complexes 4-6 to 4-10.

a

Table 4 .

 4 

	Bond length / Å

11

. Lanthanide center bonds with oxygen for complexes 4-6 to 4-10.

(Tb2) 4-7(Dy2) 4-8(Ho2) 4-9(Er2) 4-10(Yb2) Feng SHAO: 0000-0001-8606-8628 Université Paris-Saclay 206Table 4 .

 4 12. The distance between the four neighboring atoms placed in each square for complexes 4-6 to 4-10.

					din / Å					
	4-6(Tb2)		4-7(Dy2)		4-8(Ho2)		4-9(Er2)		4-10(Yb2)
	O1-O3	2.860	O18-O4	2.838	O1-O3	2.815	O1-O3	2.798	O1-O3	2.771
	O3-O7	2.932	O4-O1	2.908	O3-O7	2.881	O3-O7	2.865	O3-O7	2.825
	O7-O5	2.898	O1-O20	2.875	O7-O5	2.846	O7-O5	2.829	O7-O5	2.797
	O5-O1	2.920	O20-O18	2.900	O5-O1	2.869	O5-O1	2.856	O5-O1	2.817
	O11-O14	2.588	O16-O7	2.575	O11-O14	2.571	O11-O14	2.574	O11-O14	2.572
	O14-O20	2.647	O7-O13	2.632	O14-O20	2.632	O14-O20	2.627	O14-O20	2.624
	O20-O17	2.620	O13-O10	2.610	O20-O17	2.605	O20-O17	2.606	O20-O17	2.603
	O17-O11	2.676	O10-O16	2.664	O17-O11	2.655	O17-O11	2.652	O17-O11	2.646
	O-Oave	2.768	O-Oave	2.750	O-Oave	2.734	O-Oave	2.726	O-Oave	2.707

Table 4 .

 4 

	Label	OP	HPY	HPBY	CU	SAPR	TDD	JGBF	JETBPY	JBTP	BTPR	JSD	TT	ETBPY
	Symmetry	D8h	C7v	D6h	Oh	D4d	D2d	D2d	D3h	C2v	C2v	D2d	Td	D3h
	4-6(Tb2)	30.450	22.959	16.296	8.826	0.522	2.295	16.611	29.219	2.989	1.877	5.410	9.688	24.589
	4-7(Dy2)	30.547	22.946	16.231	8.758	0.525	2.265	16.559	29.257	3.003	1.900	5.401	9.622	24.562
	4-8(Ho2)	30.898	22.985	16.189	8.691	0.525	2.261	16.654	29.320	3.042	1.970	5.426	9.958	24.751
	4-9(Er2)	30.885	22.999	16.120	8.642	0.509	2.234	16.590	29.333	3.034	2.019	5.401	9.495	24.763
	4-10(Yb2)	31.125	22.969	16.064	8.558	0.504	2.213	16.571	29.369	3.055	2.120	5.404	9.409	24.836
	Abbreviations: OP -Octagon, HPY -Heptagonal pyramid, HBPY -Hexagonal bipyramid, CU -Cube, SAPR
	-Square antiprism, TDD -Triangular dodecahedron, JGBF -Johnson -Gyrobifastigium (J26), JETBPY -
	Johnson Elongated triangular bipyramid (J14), JBTP -Johnson Biaugmented trigonal prism (J50), BTPR -
	Biaugmented trigonal prism, JSD -Snub disphenoid (J84), TT -Triakis tetrahedron, ETBPY -Elongated
	trigonal pyramid.												

13

. SHAPE analysis of eight-coordinated geometry for complexes 4-6 to 4-10.

Table 4 .

 4 

14. Expected a and experimental b room temperature MT values (cm 3 mol -1 K) for complexes 4-1 to 4-

10. Complexes 4-1(Tb) 4-2(Dy) 4-3(Ho) 4-4(Er) 4-5(Yb) 4-6(Tb2) 4-7(Dy2) 4-8(Ho2) 4-9(Er2) 4-10(Yb2)

  

	gJ	3/2	4/3	5/4	6/5	8/7	3/2	4/3	5/4	6/5	8/7
	a MT	11.82	14.14	14.06	11.46	2.53	23.64	28.28	28.12	22.92	5.06
	b MT	11.56	13.96	13.80	11.56	2.49	23.28	28.96	28.18	23.54	4.96

Table 4 .

 4 15 Cole-Cole fit parameters under an applied dc magnetic field of 800 Oe for complexes 4

-2, 4-4, 4-5 and

  

	Complexes	Temperature	0	∞		
		1.80 K	7.3715623120	0.2686045410	0.4512059977	0.0345974083
		2.00 K	6.4814403340	0.3089439370	0.4269622774	0.0244206240
		2.20 K	5.9401790524	0.3122588766	0.4210129682	0.0191558392
		2.40 K	5.3397954270	0.3114469653	0.4151132503	0.0138392142
		2.60 K	4.6976342809	0.3882302184	0.3648431316	0.0094565169
		2.80 K	4.2640135092	0.4362628505	0.3278258357	0.0070763999
		3.00 K	3.9741389034	0.4257512876	0.3198949549	0.0054761439
	4-2	3.20 K 3.40 K	3.6571358890 3.4120180120	0.4804435348 0.4956241707	0.2718303693 0.2463723815	0.0042742802 0.0033400814
		3.60 K	3.2130307527	0.5017288394	0.2267547123	0.0026322871
		3.80 K	3.0379401190	0.5029850199	0.2110417098	0.0020844570
		4.00 K	2.8809990096	0.5063160740	0.1976078467	0.0016593327
		4.50 K	2.5658615668	0.5284316456	0.1708103160	0.0009451760
		5.00 K	2.3006862319	0.5764657221	0.1549205354	0.0005492242
		5.50 K	2.0913612940	0.7128434078	0.1180783799	0.0003629330
		6.00 K	1.9186976124	0.8642993986	0.0744750290	0.0002555999
		1.80 K	5.246359500	0.509306666	0.069418757	0.000725573
		2.00 K	4.828949695	0.514724596	0.064713062	0.000554802
	4-4	2.25 K 2.50 K	4.401117411 3.939165626	0.319238518 0.549190723	0.081133564 0.046797677	0.000354693 0.000235646
		2.75 K	3.599151792	0.524775910	0.040044402	0.000139016
		3.00 K	3.309192143	0.887428649	0.010494654	0.000090964
		1.80 K	0.732841294	0.087366787	0.132129062	0.001328243
		2.00 K	0.676361900	0.076723937	0.140391227	0.001114053
		2.25 K	0.611314735	0.073106913	0.142138468	0.000906361
		2.50 K	0.545311215	0.073001031	0.126190966	0.000704428
	4-5	2.75 K	0.493856466	0.069672110	0.106973767	0.000554664
		3.00 K	0.452461524	0.062211002	0.093184978	0.000429613
		3.50 K	0.387982098	0.078783812	0.043587003	0.000284483
		4.00 K	0.340255366	0.082906982	0.031116781	0.000169384
		4.50 K	0.303558438	0.044139011	0.048186186	0.000084583
		1.83 K	1.3761444145	0.1856151509	0.0704753841	0.0007213603
		2.00 K	1.2587022823	0.1640470156	0.0736783452	0.0005804930
		2.20 K	1.1680647782	0.1403343000	0.0785754368	0.0004670721
		2.40 K	1.0704416325	0.1404842438	0.0677893276	0.0003841142
	4-10	2.60 K 2.80 K	0.9910088599 0.9256948506	0.1260679706 0.1159009546	0.0611074190 0.0545641964	0.0003073685 0.0002534283
		3.00 K	0.8673328560	0.1088076887	0.0488150007	0.0002090351
		3.30 K	0.7934558610	0.1026582624	0.0391474495	0.0001587682
		3.60 K	0.7325852531	0.0455409645	0.0603367351	0.0001106628
		4.00 K	0.6640367143	0.0403498440	0.0502831465	0.0000798682

1600 Oe for complex 4-10.

Table 4 .

 4 

	Complexes	4-2	4-4	4-5	4-7	4-9	4-10
	a OFR	600 -1600	800 -1000	800 -1200	-	-	1800 -2200
	b TF	800	800	800	800	1800	2200
	c Ueff	16.3	9.9	13.1	-	-	9.0
	d 0	5.1  10 -6	7.8  10 -7	1.4  10 -6	-	-	3.1  10 -6
	a Optimum Field Range in Øersted (Oe); b Test Field in Øersted (Oe); c effective energy barriers in wavenumbers
	(cm -1 ). d pre-exponential factor in seconds (s).				
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. Magnetic parameters for complexes 4-1 to 4-10.

Table 4 .

 4 15 and Table 4.16.

Table 4 .

 4 17. Energy spectrum for the 5 mononuclear complexes 4-1 to 4-5 before rescaling.

			Energies / cm -1		
	Tb	Dy	Ho	Er	Yb
	0	0	0	0	0
	5.894	0	1.053	0	0
	28.806	56.028	22.312	42.633	97.998
	58.063	56.028	34.828	42.633	97.998
	68.277	72.493	41.376	50.247	237.041
	129.943	72.493	46.226	50.247	237.041
	134.673	104.617	52.311	75.454	303.718
	194.045	104.617	96.442	75.454	303.718
	194.866	145.232	155.92	156.887	
	252.493	145.232	167.553	156.887	
	253.124	162.348	184.258	201.879	
	352.617	162.348	187.952	201.879	
	352.713	178.219	191.137	224.263	
		178.219	192.844	224.263	
		411.224	196.416	258.11	
		411.224	247.27	258.11	
			247.879		

Table 4 .

 4 18. Energy spectrum for the 5 mononuclear complexes 4-1 to 4-5 after rescaling. The rescaled states are highlighted in red.
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 5 1. Crystallographic data structure refinement for complexes 5-1 and 5-2.

	Complexes	5-1	5-2
	formula	Dy2Ga8C158H138N8O51Na2	Dy4Ga16C370H208N41O89
	Mr	3893.58	8417.28
	cryst syst	Monoclinic	Triclinic
	space group	P21/c	P-1
	a, Å	14.3157 (12)	16.2671(5)
	b, Å	16.9523(14)	21.0276(6)
	c, Å	36.063(3)	30.7190(10)
	, deg	90	97.303(2)
	, deg	97.236(2)	102.284(2)
	, deg	90	102.8470(10)
	cell volume, Å 3	8682.2(13)	9840.9(5)
	Z	4	1
	T, K	100(2)	100(2)
	F000	5248	4187
	μ, mm -1	4.250	1.825
	 range, deg	2.1-30.7	1.0-30.6
	reflns collected	192276	248204
	reflns unique	26708	59850
	Rint	0.0918	0.0546
	R1	0.1356	0.0781
	wR2 (all data)	0.3468	0.2699
	GOF	1.096	0.818
	largest diff. peak and hole (e•Å -3 )	3.40, -2.27	9.49, -2.03
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 5 2. Characteristic parameters ( ) of a square anti-prism geometry for complexes 5

-1 and 5-2. Angle / ˚ 5-1(i) 5-1(ii) 5-2(i) 5-1(ii) Ideal D4d 3, 4

  

		O1A	61.18	O1B	66.29	O3	57.98	O2	59.81	57.23
		O2A	64.42	O2BB	55.56	O7	58.93	O5	57.89	57.23
		O3A	60.63	O3B	57.26	O11	58.12	O10	57.63	57.23
		O4A	58.70	O4B	67.63	O15	59.88	O13	58.18	57.23
		O5A	51.33	O5B	55.86	O19	59.57	O31	51.93	57.23
		O6A	55.73	O6B	53.87	O23	51.47	O33	52.89	57.23
		O7A	52.84	O7B	43.95	O24	55.56	O37	60.05	57.23
		O8A	51.06	O8B	51.16	O28	51.63	O39	51.51	57.23
		O1A	44.98	O1B	47.93	O3	47.12	O2	48.26	45
		O2A	44.58	O2BB	44.27	O7	43.28	O5	42.05	45
		O3A	45.91	O3B	45.58	O11	41.23	O10	41.37	45
		O4A	45.67	O4B	48.61	O15	47.57	O13	49.03	45

Table 5 .

 5 3. Structural parameters of a square anti-prism geometry for complexes 5-1 and 5-2. The average values for bond lengths of Ln-O; b MAD = mean absolute deviation, skew angle ϕ for the ideal D4d ligand field symmetry is 45°; c din means the average distance between the four neighboring atoms placed in each square; d dpp means the distance between two centroids from the upper and lower planes respectively; e dpp/din is 0.841 for the ideal square antiprism.3, 5 

	Complexes	Ln-Oave a / Å	MAD b / ˚	din c / Å	dpp d / Å	dpp/din e
	5-1(i)	2.317	0.505	2.741	2.513	0.917
	5-1(ii)	2.332	1.963	2.734	2.541	0.929
	5-2(i)	2.342	2.545	2.768	2.571	0.929
	5-2(ii)	2.348	3.468	2.760	2.605	0.944

a

Table 5 .

 5 6. SHAPE analysis of eight-coordinated geometry for complexes 5-1 and 5-2.

	Label	OP	HPY	HPBY	CU	SAPR	TDD	JGBF	JETBPY JBTP BTPR	JSD	TT	ETBPY
	Symmetry	D8h	C7v	D6h	Oh	D4d	D2d	D2d	D3h	C2v	C2v	D2d	Td	D3h
	5-1(i)	29.785 23.377 17.733 10.506	0.413	2.666 17.271	29.172	2.738	1.598	5.512 11.324	24.684
	5-1(ii)	30.452 22.790 17.240 10.206	0.614	2.624 17.087	29.375	2.602	1.528	5.346 10.954	25.173
	5-2(i)	30.439 23.259 15.756	9.487	0.505	2.102 14.811	28.876	2.138	1.529	4.425 10.298	23.995
	5-2(ii)	31.131 22.412 15.421	8.885	0.628	2.211 14.891	28.307	2.469	1.956	5.016	9.658	23.191

Table 5 .

 5 7. Cole-Cole fit parameters under an applied dc magnetic field of 800 Oe for complex 5-2.

	Complexes	Temperature	0	∞		
		1.83 K	12.8358398375	0.1415122513	0.4933297160	0.0021718987
		2.00 K	11.8129973067	0.5234111741	0.4905791902	0.0020240115
		2.25 K	10.6651523933	0.9286091106	0.4820533827	0.0018178426
		2.50 K	9.4936093903	1.1454761880	0.4734175083	0.0014692021
		2.75 K	8.5795348872	1.4920116766	0.4527990931	0.0012775140
		3.00 K	7.8269526129	1.6673271936	0.4327960391	0.0010454363
	5-2					
		3.50 K	6.6828849348	2.0130447120	0.3992207783	0.0007273072
		4.00 K	5.8409713175	2.0487307439	0.3846404548	0.0004182837
		4.50 K	5.1975509957	2.2821559033	0.3610679550	0.0002939481
		5.00 K	4.6710290682	2.5238912397	0.3250024131	0.0002203042
		5.50 K	4.2603464083	2.3951282176	0.3355495468	0.0001195573
		6.00 K	3.9140735453	2.6810924691	0.3149971390	0.0001166745

Université Paris-Saclay

Acknowledgements I love brevity, so I'll keep this short and sweet. Firstly, I deeply thank Victoria and Talal for giving me a chance at continuing my graduate career. They have given me the freedom to explore different areas of research and I am a better scientist for it. I am pretty grateful for their encouragement, understanding, support, invaluable guidance and constructive criticism all these years. And Talal gave me a great opportunity to work in United States, where I met Vincent L. Pecoraro, who has been tremendously helpful in learning matallacrowns. I also warmly thank the rest of my committee -Prof. Lorenzo Sorace, Prof. Dominique Luneau, Dr. Yves Journaux, Dr. Guillaume Rogez and Dr. Anne

Acknowledgements

It has been my privilege to get to know you all. I greatly thank the Collaborative Program between China Scholarship Council and Université Paris-Sud (No. 201306310014), and Marie Curie International Research Staff Exchange Scheme Fellowship within the 7 th European Community Framework Program, studying in aboard is a dream come true for me, meanwhile a little sacrifice by my family, last but not least, I'd like to thank my family: my little brother Ming and my parents.

quinolinehydroxamic acid (quinHA) 125 and so on. The Zn II ion is d 10 hand and the magnitude of the magnetic anisotropy on the other hand. We demonstrated that, in the low temperature range, the relaxation time of the complex with the weaker axial anisotropy (but with E = 0) is the slowest and that its energy barrier corresponds to what is expected if all other relaxation effects are absent. While for the complex with the largest axial anisotropy parameters (but with E ≠ 0) the relaxation is much faster. The main reason behind the "better" properties of complex 3-4 is the absence of the rhombic term due to the C3v symmetry point group that prevents tunneling between the low-lying ±3/2 sub-levels, while the ground levels of the other complexes are made from mixtures of the ±3/2 and ±1/2 wave functions allowing a pathway for quantum tunneling. Therefore, in order to design Co II complexes with slow relaxation times and large barrier to the reorientation of the magnetization one needs not only to perform large axial anisotropy but the rhombic term must be strictly equal to zero. For large axial anisotropy terms to be obtained, the D2d symmetry seems to be efficient as recently demonstrated, 12 but one must succeed to avoid small distortions that deviate from the strict symmetry, which is still a challenge.

CHAPTER 4 Single Molecule Magnet Behavior in Ln III [12-

MCGa III shi-4] Complexes

Introduction

Single Molecule Magnets (SMMs) [1][2][3] have received increasing attraction because of their magnetic bistability, which could have potential applications in high density storage, spintronics 4 and quantum processing. 5 Towards this goal it is essential to design SMMs at high temperatures. Increasing the spin (S) value of the ground state 6 or/and the magnitude of the Ising-type magnetic anisotropy 7 (negative ZFS parameter D) are the two strategies that authors have focused on for transition metal ion based complexes.

Employing metal ions with strong unquenched orbital angular momentum, such as lanthanides and actinides, which possess large intrinsic anisotropy, turned out to be a rewarding strategy to obtain SMMs with potentially high blocking temperatures. [8][9][10] The interest for lanthanide-containing complexes started after the discovery by Ishikawa of the SMM behavior in the [LnPc2] (pc = phtalocyanine) family of complexes, and pparticularly the Tb III derivative. [11][12][13] Other lanthanide based complexes with larger energy barriers were reported, subsenquently. 14,15 In the same time, efforts were made to calculate the energy spectrum of the complexes in order to rationalize their magnetic behavior and to, eventually, predict the properties of new complexes. [16][17][18][19] This task is pursued by many groups. In order to be able to perform a magneto-structural correlation, it is necessary to carry out studies on a series of isostructural complexes with different lanthanide ions, which allows studying the effect of the nature of the lanthanide on the magnetic anisotropy. Such effort along this direction have been initiated by Gatteschi et al. 16 on the [LnPc2] complexes. But there is still much work to do in order to get insights into the influence of the different parameters on the magnetic behavior, particularly correlating structure, theoretical calculation, magnetic behavior and luminescence.

To do so, it is easier to consider a series of complexes with well-defined symmetry as the pseudo D4d one of [LnPc2] complexes or the polyoxometallates reported by Coronado et al. [20][21][22][23][24] Another series of lanthanide-containing complexes where the symmetry can be controlled is the metallacrown (MC) one discovered by Pecoraro in 1989. [25][26][27][28][29][30][31][32][33][34][35][36] With this in mind, we focused on two new families of Ga together with the structure of only the Dy III derivative. 37 We prepared the whole series and succeeded to obtain single crystals that allowed studying their structure and their magnetic behavior and performing theoretical calculations. X-ray diffraction analysis demonstrates that within each series the complexes are isostructural: the half-sandwich with a [12-MCGa III shi-4] core and four benzoate molecules bridging the central Ln III ion to the Ga III ring ions and the sandwich with two [12-MCGa III shi-4] cores bridging four isophthalate molecules with the central Ln III ion to the Ga III ring metals. As analyzed below using the SHAPE program, the local structure of the lanthanide ions within these complexes is very close to a square antiprism with a pseudo D4d local symmetry. However, slight deviation from the strict symmetry is enough to impact their magnetic behavior.

Experimental Section

Syntheses

All starting materials were obtained commercially and were used without further purification unless otherwise stated.

Half-sandwich [LnGa4(shi)4(C6H5CO2)4(C5H5N)(CH3OH)]•C5H6N•C5H5N•CH3OH

The process was slightly modified from the previously reported method. 37 

Physical Measurements

Unless otherwise stated, all starting materials were obtained commercially and were used without further purification. General procedures, X-ray Crystallography, and Magnetic

Measurements are aforementioned in Chapter 2. Electron Paramagnetic Resonance (EPR)

Measurements are aforementioned in Chapter 3.

Results and Discussion

Syntheses

Half-sandwich [LnGa4(shi)4(C6H5CO2)4(C5H5N)(CH3OH)]•C5H6N•C5H5N•CH3OH

The one pot reaction H3shi, Ga 

Alternating current magnetic susceptibility studies

Relevant ac data can be found from The same studies were carried out on all the complexes and the data were analyzed similarly when an out-of-phase was observed. The Er III -and Yb III -containing complexes show a slow relaxation of their magnetization but with rather short relaxation times in the order of 10 -3 s (Table 4.15). Apart from the Dy III complex, the  values are below 0.13 Only the two low-lying levels are relatively close with an energy difference of 1.5 and 1.05 cm -1 for Tb III and Ho III , respectively. This is in full agreement with an absence of slow relaxation of the magnetization for these two complexes.

For the Kramers ions (Dy III , Er III and Yb III ), the energy difference between ground Kramers doublet and the first excited ones are equal to 33.6, 42.6 and 118 cm -1 respectively, which is compatible with the observation of a slow relaxation of the magnetization if the ground mJ sub-levels are pure and had axial anisotropy (large values). We already know from the simple examination of the data of the non-Kramers ions that the ground sub-levels are not pure, this should also be the case for the Kramers ones. The composition of the sub-levels determined form calculations show that for Dy III , the first Kramers doublet (KD) had 90% weight of the mJ = ±15/2 sub-levels. While for Er III , the first KD has only 45% weight of the ±15/2, 20% of the ±13/2 and 23% of the ± 11/2 mJ sub-levels (and less contribution from other sub-levels). For Yb III , the weight for the ground KD is 73% and 15% for the mJ = ±7/2 and ±3/2 respectively. These compositions are in line with a rather Ising-type magnetic anisotropy for the Dy III and the Yb III complexes, while the Er III complex has a less Ising-type The values of the components of the g tensors were determined for the Dy III and the Yb III complexes (Table 4. 19). It was also done for the Er III , but because calculations do not fairly reproduce the magnetic data we will not comment further on this complex. For the two compounds, the anisotropy of the ground levels is rather of the Ising-type even though there are weak components in the other two directions. This is in line with observation of blocking of the magnetization for these two compounds but with a rather small barrier.

The orientation of the principal components of g-tensor for the Dy III and the Yb III complexes relatively to the molecular frame are depicted in Figure 4.40. The principal gtensor axes are not oriented along the pseudo four-fold axis of the molecules. This is the result of the structural distortion from the strict square antiprism D4d symmetry. A more detailed analysis is necessary in order to relate the nature of the distortion to the nature of ground state and the axial anisotropy. 

Experimental Section

Syntheses

All starting materials were obtained commercially and were used without further purification unless otherwise stated.

3-hydroxy-2-naphthohydroxamic acid: H3nha

Scheme 5.1. Synthesis of 3-hydroxy-2-naphthohydroxamic acid. 

Physical Measurements

Unless otherwise stated, all starting materials were obtained commercially and were 

Magnetization versus dc magnetic field studies

The magnetization vs. the applied magnetic field M = f(0H) for complexes 5-1 and 5-2, are plotted in Figure 5.7. M = f(0H) has the similar behavior for the two complexes. A slight difference is observed at high field where the magnetization of 5-2 is more saturated than that of 5-1. This is probably due to a slightly larger separation in the energy spectrum of complex 5-2 in comparison to complex 5-1. 

Alternating current magnetic susceptibility studies

Complex 5-1 and 5-2

Field optimization studies were performed at T = 2 K with an applied dc field range 0 -1200 Oe (Figure 5.8), but the maxima in the frequency-dependent ac susceptibility plot cannot be observed for 5-1. We performed the ac measurements at different temperatures in the presence of a dc field of 1000 Oe as shown in Figure 5.9, but no further analysis could be carried out.

The field optimization experiment for complex 5-2 reveals that the optimum applied dc magnetic field is between 800 and 1000 Oe (Figure 5.10). In the presence of a dc field of 800 Oe, the maxima in the frequency-dependent ac susceptibility plots are present and a slow relaxation of its magnetization can be observed (Figure 5.11). The Cole-Cole plots at 800 Oe were obtained in the temperature range 1.83 -6.0 K (Figure 5.12), and were fitted using a generalized Debye model 6,7 which allows extracting the relaxation times () and their distribution () for each temperature (Table 5.7). Fitting the linear parts of the ln() = f(1/T) plot (Figure 5.13) provides the magnitude of the effective energy barriers for the reorientation of the magnetization Ueff that is found equal to 15.9 K (11.1 cm -1 ) and 0 is 7.9  10 -6 s. It is worth noting that the difference in the dynamic behavior between the two complexes can be related (at least qualitatively) to the magnetization data. Indeed, the less saturated magnetization data for 5-1 suggested that the energy separation among the lowlying ±mJ sub-levels is smaller than for 5-2 which leads to a larger mixture of the wavefunctions for the former than for the latter and thus probably to less Ising-type character for the ground state. Because of the lack of time, we did not perform ab initio calculations that would confirm our qualitative interpretation of the experimental data.

Summary and Conclusions

A slight difference in the local structure around the Dy III ions between the two complexes may be the origin of the different dynamic behavior. Another possibility may be due to the interaction among the molecules within the crystal. It would be interesting to prepare diluted compounds and compare their behavior in order to get insight into the origin of the difference in the slow relaxation behavior of the two complexes.

CHAPTER 6 Conclusions and Future Directions

Understanding the relationship between geometrical and electronic structure and their impact on magnetic anisotropy is essential in the field of molecular magnetism. For molecular complexes, magnetic anisotropy is the consequence of spin-orbit coupling and low symmetry and is thus intimately linked to the number of single electrons and their distribution in different orbitals. The number of single electrons is determined by the chemical nature and the oxidation state of the metal ion, while their distribution in the different orbitals depends on both the symmetry imposed by the organic ligand and the number of electrons. For instance, for nickel(II), it is possible to have diamagnetic square planar complexes, fivecoordinated trigonal bipyramidal or square pyramidal complexes and octahedral complexes depending on both the nature of the organic ligands and electronic configuration of the Ni II ion. [1][2][3][4] The synthetic chemist is able, making the right choice, to privilege one of these geometries and eventually symmetries, thus influencing the magnetic anisotropy of the final complex. 3 However, once the geometry (or the symmetry) is fixed, subtle changes in the local structure of the coordination sphere impacts the nature and the magnitude of magnetic anisotropy. Again, if we take the example of Ni II complexes, it is well understood that axially distorted six-coordinated complexes may present Ising-type of XY anisotropy depending on the compression or the elongation along the four-fold axis of the complex. 2 In this work, we focused on cobalt(II) that possesses three single electrons and examined the case of five-coordinated trigonal bipyramidal (Figure 6.1) complexes with the objective of understanding and then tuning the magnitude of the Ising-type anisotropy already discovered in this type of complexes. 5 The flexibility of the organic ligand in the generic complex depicted in Figure 6.1, which allows examining the chemical effect of the axial ligand X and the peripheral ones Y. We demonstrated that for long Co-Y peripheral bonds and short Co-X axial bond leads to Ising-type anisotropy with larger magnitude than in the case of short Co-Y and long Co-X bond lengths. 6,7 We were able, using ab initio calculations, to link these structural features to the energy scheme of the d orbital and thus present a qualitative magneto-structural correlation in this type of complexes. A more detailed and quantitative analysis for these complexes and will be detailed in the PhD We have also studied the magnetic behavior of a series of mononuclear lanthanide complexes possessing a square antiprism geometry with a pseudo four-fold symmetry. It was already pointed out, based on a quadruple electrostatic model, that the organization of the electronic density coming from the ligands around the lanthanide(III) ions determine their magnetic anisotropy. 8 For the oblate ions (Tb III , Dy III , Ho III ), the Ising-type anisotropy (mJ = ±J sublevels with minimum energy) is obtained by minimizing the ion ligand electronic repulsion thus when the electronic density of the ligands sandwiches the metal ions. While for the prolate ions (Er III , Yb III ), the electronic density of the ligands must lie in a plane around the metal ions in order to minimize the electronic repulsion and stabilize the ±mJ sublevels with largest value. In the case we studied (Figure 6.2), the oxygen ligands impose a slightly elongated antiprism geometry, which is not the ideal situation for any of the lanthanide(III) ions. This is why, even though an Ising-type anisotropy is obtained, the energy separation between the ground and the excited sub-levels is not large and more importantly there is a large mixing of the wavefunctions that reflects the non-strict axial symmetry imposed by the ligands resulting from the local structural distortion. In order to obtain large Ising-type anisotropy (large separation between the ground and the excited levels and pure ground wavefunctions) for the Tb III and the Dy III complexes, the antiprism geometry must be