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In this thesis is described the synthesis, structures and magnetic properties of coordination compounds containing CoCo or CrCr bonds. In the first part of this work a general background is given on the historical evolution of this type of coordination chemistry. In the second chapter the possibility of incorporating a {Co 3 } cluster with dipyridylamide ligands and intermetallic bonds into one-dimentional coordination polymers is discussed. The interactions between spin centers and the effect of the bridging ligand were studied, and changes in the spin crossover properties were monitored and compared to the precursor. In the third chapter the Single-Molecule Magnet properties of a series of {Cr 3 } clusters are presented. The influence of the axial ligand and the symmetry of the molecule was considered and correlated to the magnetic properties. In the fourth chapter the phenomenon of coordination induced spin transition in a {Co 3 } cluster with dipyridylformamidinate ligands is discussed. Changes in magnetism and optical properties as a result of the breaking and restoring of a CoCo bond were monitored as a function of temperature and light irradiation.

i Titre : La synthèse et l'étude des matériaux moléculaires magnétiques à base de Co (II) et Cr (II), les clusters trinucléaires contenant des liaisons M-M Résumé : Dans cette thèse est décrite la synthèse et les propriétés magnétiques des composés de coordination contenant des liaisons CoCo ou CrCr. Le contexte général sera discuté dans la première partie de ce travail en considérant l'évolution historique de ce type de chimie de coordination. Dans le deuxième chapitre, la possibilité d'intégrer un cluster {Co 3 } avec des ligands dipyridylamide et liaisons intermétalliques, dans des polymères de coordination unidimensionnels est discutée. Les interactions entre les porteurs de spin et l'effet du ligand pontant sont étudiés. Les changements des propriétés de transition de spin sont contrôlés en comparant par rapport au précurseur. Dans le troisième chapitre, les propriétés de molécule aimant d'un cluster de {Cr 3 } analogue à celui du {Co 3 }, sont étudiées. L'influence du ligand axial et la symétrie de la molécule sont également considérés et corrélées avec les propriétés de la molécule. Dans le quatrième chapitre, l'effet de la transition de spin induite par la coordination est étudié sur un exemple de cluster de {Co 3 } avec des ligands dipyridylformamidinate. La rupture et le rétablissement d'une liaison CoCo est contrôlée par le biais de la température et de la lumière. L'effet de la rupture de la liaison intermétallique sur les propriétés magnétiques et structurales est aussi étudié.
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GENERAL INTRODUCTION

The history of metal-metal-bond chemistry started with the synthesis of dichromium tetraacetate in 1844 [1]. Although the concept of metal-metal bonding was not known at that time, the unusual properties of the crystals, such as their unexpected red color and poor solubility, suggested that the bonding environment of the Cr(II) ion was not typical [2]. Since then, a variety of other compounds, including carbonyl compounds [3], containing intermetallic bonds have been reported. For many of them the correct formula was unknown and the idea of an intermetallic bond was not firmly proposed [4]. The development of X-ray crystallography gave a great momentum to the field of metal-metal bonding, and resulted in two of the domain's seminal papers, published in 1963 [5] and 1964 [6]. Figuring as the main author on both papers was the late F. A. Cotton, one of the greatest contributors to metalmetal bond chemistry in history. The first paper presented the description of the [Re 3 Cl 8 ] 3- ion, the first structurally-characterized example of a compound with intermetallic double bonds. The second paper reported the crystal structure of the [Re 2 Cl 8 ] 2-anion, which possesses a quadruple bond between two Re(III) ions, as well as explained the concept of the quadruple bond for the first time. Since then, for more than five decades, the field of metalmetal bond chemistry has thrived and is still developing at a fast pace.

A common geometry for complexes with intermetallic bonds is the "paddlewheel" or "lantern" type. For our present use, we adopt the following definition: A paddlewheel compound possesses two or more metal ions in a linear array, surrounded by four bridging ligands. This class of compounds includes complexes based on ligands such as acetate (R-COO -) [7], formamidinate (R-N=CH-N --R) [8] or other more complicated ligands [9]. One particularly fascinating class of paddlewheel compounds consists of the Extended Metal Atom Chains (EMACs) [10], which usually supported by olygopyridylamide ligands. The simplest ligand of this type, dipyridylamine (Hdpa) forms complexes of the general formula [M 3 (dpa) 4 X 2 ], with M = Cr(II) [11], Co(II) [12], Ni(II) [13], Cu(II) [14], Ru(II) and Rh(II) [15] and X = Cl -, Br -, CN -, SCN -, etc.

For a long time, the magnetic properties of compounds with metal-metal bonds were not taken into account, for the simple reason that most of them are diamagnetic. A direct bond between two paramagnetic metal ions usually leads to the pairing of the uncoupled electrons and full neutralization of the spins. A notable exception is diruthenium compounds, where accidental degeneracy of the * and * orbitals give complexes with a non-zero spin.

Although somewhat more rare, there are several examples of mixed valence complexes with a non-zero spin state based on metals other then ruthenium [16]. However, the advantage of the Extended Metal Atom Chains (EMACs) is that the number of metal ions is typically odd, meaning that, in the cases of paramagnetic metal ions, the final spin state will always be greater than zero.

The work done during this thesis is based on EMACs and concerns two major directions in the field of Molecular Magnetism: Single Molecule Magnets (SMMs), compounds able to exhibit slow relaxation of magnetization, and magnetic "switches" such as Spin Crossover (SCO) compounds. The latter compounds are known to change their spin state with an external stimulus like temperature, light, pressure, etc. Each of the working chapters is built in a way to discuss a problem or a challenge faced during the work.

The first part of my thesis presents a description of the historical path of the development of the metal-metal bond chemistry, starting with the first examples of such complexes and describing the main subclasses developed later, in a similar way as described above but in much greater detail.

In the second part of this work, we focused on the [Co 3 (dpa) 4 X 2 ] EMAC, known to possess SCO [17]. Our goal was to use the [Co 3 (dpa) 4 ] 2+ cation as a building block in onedimensional coordination polymers. The objective was to induce cooperativity between the spin centers and, as a result, to obtain a compound with an abrupt spin transition, possibly with hysteresis. As a metalloligand, a variety of [M IV F 6 ] 2-complexes were chosen. The fluoride ligand is known to be able coordinate to two metal ions, thus acting as a bridging ligand [18].

In the third section, we focused on the [Cr 3 (dpa) 4 X 2 ] system and its SMM properties.

Recently a similar compound, [Cr 5 (tpda) 4 Cl 2 ], where Htpda = orthotripyridyldiamine, was reported to exhibit slow relaxation of magnetization under applied field [19]. In another paper published shortly thereafter, indeed during our research in this field, the trinuclear compound [Cr 3 (dpa) 4 Cl 2 ]•CH 2 Cl 2 was also reported to exhibit SMM behavior, with similar magnetic parameters as [Cr 5 (tpda) 4 Cl 2 ] [20]. My work done on this system focused on the influence of the axial ligand X -on the SMM properties in [Cr 3 (dpa) 4 X 2 ] complexes with X = Cl -, Br -, I -, F -, SCN -, SeCN -and CN -.

In the fourth part of this thesis, we describe another kind of magnetic switch.

Coordination Induced Spin State Switching (CISSS) materials are a small class of complexes that change their spin state with spontaneous changes in the coordination sphere of the complex. Such an example is described in the last chapter of this work, where the compound [Co 3 (dpyF) 4 ](BF 4 ) 2 , where HdpyF = ortho-dipyridylformamidine [21], is shown to undergo large changes in the spin state caused by changes in the coordination sphere of the metal ions in the complex.

The last part of my thesis consists of general conclusions and perspectives, which summarize the work described in this thesis. It describes the main goals pursued in contradiction with the main challenges faced during this work.

Chapter I The Chemistry of Complexes with Metal-Metal Bonds

I.1. Introduction to metal-metal bonding, a short history

In the years between its foundation by Alfred Werner in the first decade of the 20 th C, and the beginning of the 1960s, coordination chemistry was limited primarily to mononuclear compounds. In this period there were only isolated examples of polymetallic coordination clusters or metal-metal (M-M) bond-containing complexes. Werner himself described many polynuclear complexes, mostly examples that were the result of polymerization or oligomerization of isolated units [1]. Later, in the period between the late 1930s and 1950s, a number of complexes with metal-metal bonds were identified, mostly polycarbonyl complexes of 3d metals [2].

One of the earliest examples of a compound, that we know today to contain a covalent metal-metal bond, is dichromium tetraacetate dihydrate, [Cr 2 (CH 3 COO) 4 (H 2 O) 2 ], discovered by E.-M. Peligot in 1844. This complex was described in the form of red transparent crystals, which decomposed quickly upon exposure to air [3]. The formula was given as Cr(CH 3 CO 2 ) 2 •H 2 O. In 1950, King and Garner et al., while working on other Cr(II) carboxylates, remarked that the red color and the poor solubility of these crystals was in contrast to common and very soluble blue crystals of Cr(II) salts. They attributed this to a different kind of bonding in the molecule, specifically as a result of d 3 s hybridization [4]. The concept of an intermetallic bond, however, was not proposed at that time.

Another class of compounds wrongly interpreted as being typically Wernerian was the molybdenum halides. In the period 1857-1861 the Swedish chemist W. A. Blomstrand reported a series of compounds with the general formula of Mo 3 Cl 6 , featuring a stable Linus Pauling emphasized the importance of the development of knowledge regarding the existence of covalent bonding between metals. In 1947, in his award address for the Theodore William Richards Medal [8], he referred to Brosset's publications regarding [Mo 6 Cl 8 ] 4+ and K 3 [W 2 Cl 9 ] also containing intermetallic bonds [9]. He also quoted some of his own work on Ta 6 Cl 14 •7H 2 O and Ta 6 Br 14 •7H 2 O, molecules with tantalum-tantalum bonds [10].

None of the above-cited works on intermetallic bonding, published prior to 1963, really captured the attention of the general scientific community. This changed with the publication of the crystal structure of Cs 3 [Re 3 Cl 12 ] [11] and later, the publication of the structure of the [Re 2 Cl 8 ] 2-anion [12] by F. A. Cotton. These two events marked the beginning of the now broad field of M-M bond chemistry, demonstrating a paradigm shift away from the typical Wernerian concept of coordination compounds being built from only one metallic center surrounded by a set of ligands.

During a study of a "CsReCl 4 " species using X-ray crystallography, which was still a nontrivial method to characterize chemical compounds, Cotton discovered an unexpected molecular structure. The compound was found to have the molecular formula Cs 3 [Re 3 Cl 12 ],

and was proposed as the first example of a compound with a double M-M bond [13].

[Re 3 Cl 12 ] 3-consists of a triangle of three Re(III) ions, such that each Re(III) ion forms a bond with the other two Re(III) ions (Fig. I.3). One Cl  anion bridges each of the three pairs of Re(III) ions and three more Cl  anions act as terminal ligands to each Re(III) center. The Re-Re distances are equal, and at 2.477(3) Å (at r.t.), shorter than the sum of the Van der Waals radii of two Re atoms (VdW radius = 2.35 Å) [14]. The proposed molecular orbital diagram includes six doubly occupied orbitals coninciding with the three Re-Re edges of the triangle, which correspond to three double bonds. Reported in 1964, the structure of the [Re 2 Cl 8 ] 2-cluster represents the first example of a molecule possessing a M-M quadruple bond [12]. In this case, two Re(III) ions are in close proximity to each other, with a bond distance of 2.27 Å. Each Re(III) ion has four Cl -ions surrounding it in a distorted square planar geometry, where the Re(III) ions are out of the plane, due to their close approach to one another and the repulsions between the Cl -ions (Fig. [15]. This δ bond necessitates an eclipsed conformation of the molecule, and serves as an impediment for rotation around the metal axis. Finally, hybridized s, p x , p y and orbitals are responsible for the formation of the Re-Cl bonds in a square planar configuration. Today, a large number of coordination compounds with quadruple M-M bonds have been published, all based on the d 4 configuration, namely, Cr(II) [3,16,17], Mo(II) [18], W(II) [19], Re(III) [12,20] and Tc(III) [21].

I.4).

More recently, many new compounds have been reported where a quintuple M(I)-M(I) bond is present. [22]. Other authors worth mentioning would be Theopold et. al, who focused on designing Cr pairs with ligands based on ethylenediamine [23], Tsai et al. with amidinate ligands [24] and Kempe's team, with their studies on pyridylamine-based Cr pairs [25]. From this class [Cr I 2 (L -) 2 ], for L -= (CH 3 ) 2 N-C(N-2,6-diisopropyl-phenyl) 2 -, holds the record of the shortest M-M bond ever recorded, measuring only 1.7293 (12) Å [26]. Other cases of quintuply bonded metals are found in Mo(I)-Mo(I) compounds developed in Tsai's team [27]. For the case of a sextuple bond there are no real cases confirmed but a model of the Cr 2 dimer in the gas phase is proposed [28]. 

I.2. Paddlewheel compounds with metal-metal bonds I.2.1. The design of paddlewheel compounds

A paddlewheel compound is a complex with two (or more) metal atoms in close proximity to each other wrapped by four bridging ligands. 1 The name of this class of complexes comes from their shape. An important factor in the synthesis of paddlewheel complexes is the design of the ligand, which must be sterically appropriate for the formation of the metal-metal bond. The distance between the coordinating atoms must be close to the possible distances between the two metal atoms. Also the ligands around the metals should not impede the metal-metal bonding or each other. The ideal ligand is a polydentate ligand able to bridge two or more metal atoms. In general the angles between atoms participating in the bridge in the ligand must not deviate too much from 110-120° (Fig. I.6a). 3 Ref. d 4 …d 3 Ref. d 4 …d 4 Ref.

d 5 …d 4 Ref. Mo(III)-Mo(III) [29] Mo(II)-Mo(III) [35] Re(III)-Re(III) [12] Re(II)-Re(III) [41] W(III)-W(III) [30] W(II)-W(III) [36] Tc(III)-Tc(III) [37] Tc(II)-Tc(III) [42] Cr(III)-Cr(III) [31] V(I)-V(II)

[32b] Cr(II)-Cr(II) [38] Os(III)-Os(IV) [43] V(II)-V(II) [32] Mo(II)-Mo(II) [39] Nb(II)-Nb(II) [33,34] W(II)-W(II)

[40] 3 2.5 2 1.5 d 5 …d 5 Ref. Ref. Ru(III)-Ru(III) [44] Ru(II)-Ru(III) [48,49] Ir(III)-Ir(III) [51] Rh(II)-Rh(III) [54] Re(II)-Re(II) [45] Os(II)-Os(III) [50] Ru(II)-Ru(II) [52] Ir(II)-Ir(III)

[55] Tc(II)-Tc(II) [46] Os(II)-Os(II) [53] Fe(I)-Fe(II) [56] Os(III)-Os(III)

[47] 1 0.5 d 7 …d 7 Ref.

d 8 …d 7 Ref. Rh(II)-Rh(II) [57] Ni(II)-Ni(III) [62] Co(II)-Co(II) [58] Co(I)-Co(II) [63] Ir(II)-Ir(II)

[59] Pd(III)-Pd(III)

[60] Pt(III)-Pt(III) [61] One of the important features of paddlewheel complexes is that the use of unsymmetrical ligands (Fig I. [68], Tc [69], Re [70], Ru [48], Rh [71], Os [72], and Pt [61]. The class of carboxylate paddlewheel compounds is today quite vast and varied.

Compounds with a mixed valence state and with various axial ligands are in abundance in the literature. Many mixed-carboxylate paddlewheel complexes are also known, including dimers or polymers linked via the carboxylic acid or polymers linked via axial ligands [73].

With the discovery of new bridging ligands, the extension of the chemistry of paddlewheel compounds with various properties, particularly redox properties, continued.

Among the first examples were those incorporating the 2-hydroxy-6-methylpyridine (Hmhp) [74] was found to have the lowest ionization potential ever observed, even lower than the Cs atom, the most easily oxidized element [85]. 

I.3.2. Coordination compounds with metal-metal bonds supported by the Hdpa or dpa - ligand

The multitude of coordination compounds with the Hdpa or dpa -ligand can be placed Great effort has been put into the study of dinuclear compounds with a M-M bond, especially of the form [M 2 (dpa) 4 ], for M 2 = Cr 2 [38], Mo 2 [39], W 2 [40], MoW [95] (Fig. The one electron (for M = Mo and W) [99] and two electron oxidation products (for M = Mo, W and Cr) [97] have been studied. Upon oxidation, an elongation of the M-M bond distances is observed, consistent with a decrease in the bond order from 4 to 3.5, attributed to the removal of one of the electrons from the HOMO participating in metal-metal bonding [99]. The two electron oxidized compounds show a modification of the coordination sphere, such that the previously noncoordinated pyridinic nitrogen now binds to the metal atom, To date, there is only one example of a heteronuclear EMAC with a nuclearity higher than three. It is a complex based on the tpda 2-ligand (where H 2 tpda = orthotripyridyldiamine) containing three Ni(II) ions and two Ru(II) ions in a linear array (Fig. 

I.18a) and

I.4. The chemistry of the dpyF -ligand

A rather overlooked ligand in metal-metal bond chemistry is N,N'-bis(2pyridyl)formamidine (HdpyF), also known as N,N'-bis(2-pyridyl)methanimidamine, (Fig. The chemistry of the dpyF -paddlewheel complexes has been extended by using a variety of similar ligands like dipyrimidyl-orthoformate (dpmyF - In 1931 Cambi and Szeg reported a series of Fe(III) dithiocarbamato complexes, with various modifications on the ligand system [1]. Room temperature magnetic susceptibility measurements revealed that some of the compounds showed a magnetic moment corresponding to an S = 1/2 low spin (LS) state, while others showed values corresponding to an S = 5/2 high spin (HS) state. Furthermore, some of the compounds showed room temperature values corresponding to a HS state and, upon cooling, the values changed to indicate a LS state. This seminal work identified the first examples of complexes showing a spin state conversion, commonly called Spin Crossover (SCO). Since Cambi's paper was published, a variety of compounds with such behavior has been found, most commonly Fe(II) [2], Fe(III) [3] and Co(II) [4] complexes. Mn(III), Mn(II), Cr(II) and Co(III) SCO complexes are much rarer [5]. Compounds that are expected to display SCO are usually complexes of first row transition metals with an octahedral coordination sphere and 3d 4 to 3d 7 electrons. For the d 8 configuration, in particular Ni(II), changes in spin state may occur via geometrical rearrangements and is thus considered as a separate case, referred to as Coordination Induced Spin State Switching [6].

There are very few examples of SCO compounds of 4d or 5d transition metals [7].

This is because while moving from 3d to 4d metals or from 4d to 5d metals of the same group, with the same oxidation state and ligand sphere, the ligand field strength increases by about 50% and 25% respectively, whereas the spin-pairing energy does not significantly change [8]. Most coordination complexes of 4d and 5d metals are therefore in the low spin state at all measurable temperatures.

II.1.2. Methods of determination of SCO

Spin crossover in coordination compounds is a result of changes in electronic configuration, manifesting as alterations in magnetic, optical, and vibrational properties.

These differences allow one to monitor a compound demonstrating temperature-induced SCO behavior using various accessible methods.

By far the most commonly used method to examine SCO is variable temperature magnetic susceptibility measurements. A change in the number of the unpaired electrons is accompanied by a change in the T value, where  is the susceptibility defined as M/H and T is the temperature. In solution, this change is gradual and adheres to a Boltzmann distribution.

In solid state, there are different regimes that a SCO compound can adopt, including a gradual conversion (Fig. II.2c) [9]. An abrupt transition is observed when interactions between the molecules, such as H-bonding,  stacking, covalent bonding, Van der Waals interactions, etc., induce cooperativity into the system, giving rise to a "domino effect", where all molecules cooperatively change their spin state in a small temperature range. In many cases SCO is accompanied by color changes in the material (Fig. II.3). This

gives the possibility to track the phenomenon using variable temperature UV/Vis spectroscopy in solution or in the solid state [10]. Because in octahedral complexes, SCO involves a promotion of electrons from the metal-based t 2g orbitals to metal-ligand anti-bonding e g orbitals, the metal-ligand bonds will be attenuated in the HS state. This phenomenon can thus be monitored by single crystal X-ray diffraction since the changes in bond distances are usually significant enough to be observed [11]. In Co(II) octahedral systems the transition from LS S = 1/2 to HS S = 3/2 is evidenced by an increase of about 10 pm in the CoL distances. Complexes based on Fe(III) undergo increases in the bond distances of about 10-13 pm with the change of their spin state from LS S = 1/2 to HS S = 5/2, while Fe(II) compounds show particularly large changes of 200-220 pm (10% of the HS bond distance), when transiting from LS S = 0 to HS S = 2 [11]. Therefore, crystal structure data are usually collected at least at two temperatures, one higher and one lower than T 1/2 (where T 1/2 is the temperature where 50% of the molecules are HS and 50% are LS), in order to observe the differences in structure between HS and LS states [12]. The majority of articles treating SCO compounds thus include crystal structures obtained at various temperatures, along with the temperature dependence of the magnetic susceptibility to reveal a full picture of the behavior of the compounds.

A spin transition in many cases is accompanied by a change of the crystallographic space group. Often this is an indication of a first order phase transition followed by reorganization in the lattice.

II.1.3. An EMAC demonstrating SCO: [Co 3 (dpa) 4 Cl 2 ]

The [Co 3 (dpa) 4 Cl 2 ] complex (1), where Hdpa = 2,2'-dipyridylamine (Fig. II.4), has been of interest for many years to chemists and molecular materials physicists since it is one of the very few complexes with metal-metal bonding that exhibits SCO. Its unusual behavior has raised many questions regarding its properties [13], and thus it has been one of the most well studied EMACs since its discovery in 1994 by S.

-M. Peng et al. [14]. In 1997, F. A.

Cotton et al. reported an improved synthesis with yields of 40 % [15]. Since then, a variety of crystal structures of 1 have been published with different solvents of crystallization and different crystallographic space groups [13,14,16]. Today the compound can be made in almost 85% yield [17]. A. Cotton [15].

According to the procedure used by Anhydrous CoCl 2 was added at room temperature and the mixture allowed to reflux for 5 h

and then stirred at room temperature overnight. a minor spontaneously resolved solvatomorph was observed [18]. Both enantiomers were characterized by circular dichroism and racemization in solution was not observed. One of the most interesting aspects that has driven research into 1 and related compounds is the core geometry, that is, whether the MM distances are identical (or similar), giving a "symmetrical" structure or different, giving an "unsymmetrical" structure. A wellknown example is the crystallization of 1 from CH 2 Cl 2 and hexanes, briefly presented above.

Both the symmetrical and unsymmetrical compounds crystallize in the same batch from the slow diffusion of hexanes into dichlormethane as s- The structure reported by Peng in 1994, the first ever published crystal structure of 1

(example 1 in Table II The co-crystallization of two solvatomorphs, one symmetrical and one unsymmetrical, led to an attempt to apply the term bond stretch isomers to this case [15]. The concept of bond where due to an alien ligand atom impurity, the bond distance appears to be longer or shorter [21]. Thus, any new published example of bond stretch isomers is treated with skepticism, as was the example of 1. A theoretical study by Rohmer et al. in 1998 suggests that even if the molecule shows this difference in CoCo bond distances, the notion of bond stretch isomer cannot be applied to this molecule due to the way the definition was formulated [22]. By definition it is required that the molecule has two distinctive forms, differing by one or more bond distances, showing two energetic minima with a distinguishable barrier between them.

In the case discussed by Rohmer, however, the minima for s-1 and u-1 are not separated by a distinguishable barrier. Instead one minimum is observed attributed to a geometry close to the one for the symmetrical structure, but this curve is extremely shallow with respect to a distortion of the metallic framework. In a broader interpretation of Hoffman's description of the notion, 1 could be considered as a bond stretch isomer, however in the current state it is not applicable since there is no obvious energy barrier between the two minima. In summary, 1 can thus show spin state switching in two ways, depending on its symmetry. In the unsymmetrical system, the type of interactions between two proximal metals change from ferromagnetic to antiferromagnetic, thus changing the spin state of the complex.

II

In the symmetrical system, the spin crossover is reminiscent of the classical spin crossover described above, where one electron is promoted from a lower energy to a higher energy orbital. Nonetheless, as opposed to classic mononuclear systems, here the entire cluster is considered as the magnetic unit. Copyright © 2000, American Chemical Society).

II

II.1.4. Extended structures of EMACs

The current project concerns the task of linking SCO {Co 3 } clusters to one another hexafluorometallates is based on direct fluorination of metal chloride salts or potassium chlorometallate salts [33]; or by treating the pure metal with a mixture of HF and H 2 O 2 [34].

Compared to oxo and cyanido ligands, there are relatively few examples of F -acting as bridging ligands. It has been observed, however, that fluoride bridges tend to be highly directional, forming a 180° angle between the metals with which it is coordinated [35,36],

thus favoring the formation of strictly linear chains. A feature that gives this kind of control over the structure is helpful in designing materials and predicting their magnetic properties.

The use of the hexafluorometallates as linkers in 1D structures is currently of growing interest [35,37]. We have therefore selected a series of [MF 6 ] 2-complexes, where M = Ti(IV), Zr(IV), Sn(IV), Re(IV), Os(IV) and Ir(IV), to assemble the [Co 3 (dpa) 4 ] 2+ units. The axial geometry and relative charges of the two building units may promote the formation of onedimensional neutral polymers.

II.2. Results and discussion

II.2.1. Synthesis

Many of the hexafluorometallates used were purchased as ammonium salts and converted into tetraphenylphosphonium salts using PPh 4 Cl (Eq. II.8). (PPh 4 ) 2 [MF 6 ] precursors were chosen due to their high solubility in MeCN and moderate solubility in DMF. We found that use of the ammonium salts directly causes decomposition of the Co 3 clusters and that the potassium or sodium salts have very poor solubility in organic solvents. PPh 4 Cl and (NH 4 ) 2 [MF 6 ] were dissolved separately in water and the two solutions were mixed together. 

Crystals of (PPh

4 ) 2 [MF 6 ]•2H 2 O, M = Ti(IV) (4•2H 2 O), Zr(IV) (5•2H 2 O),

II.2.2. FT-IR and Raman measurements

The FT-IR analysis of the green crystals of [Co 3 (dpa) 4 (MF 6 )]•2DMF in the range of 550- II. 3). An explanation may be the crystallographic observation that none of the M-F bonds are equal in distance and none of the F ligands have equal environment. Because the salts were dried, the crystallinity of the compound was lost and any traces of symmetry were removed. This may contribute to the randomness of the M-F and F-M-F vibrations that led to the broadening and in some cases splitting of the peaks. vibrations reported in literature were confirmed by the measurements on our precursor salt and registered also on the spectrum of 16•2DMF. A new peak was observed on the spectrum of the chain in the region 347 cm -1 that could be attributed to the Co-F stretch. This peak is found on the five spectra of the measured chains and in none of the spectra for the precursors. ) is less obvious. The peaks above 750 cm -1 all correspond to pyridine vibrations. Specifically, the peak at 1267 cm -1 corresponds to symmetric C-N-C stretches, while those at 1042 and 710 cm -1 appear due to in-plane deformation modes of the pyridinic rings.

At lower energies, some of the peaks corresponding to the {Co 3 } cluster are not apparent or appear to be considerably shifted with respect to the literature values. For example, while we were able to confirm the Co-Co-Co symmetrical stretch at 273 cm -1 , the unsymmetrical Co-Co-Co stretch was not observed. This seems logical, as this vibration is observed in the far-IR spectra and thus is forbidden in the Raman spectrum. The same reasoning can be used for the absence of the Co-F stretch in the Raman spectrum of 14•2DMF. The intense peak for the symmetric Re-F symmetrical stretch appears at 617 cm -1 in the spectrum of the precursor (NH 4 ) 2 [ReF 6 ], but is not observed in this area in the spectrum of 14•2DMF. Instead an intense peak appears at 710 cm -1 in the polymer, which we tentatively assign as the symmetric Re-F stretching vibration. The asymmetric stretch and the F-Re-F bends are observed close to the frequencies where they are found in the precursor. 1.0015 and -0.5779e. Å -3 0.9072 and -0.7325e. show very similar behavior, a temperature independent T value between 100 and 300 K of 0.67, 0.55 and 0.56 cm 3 K mol -1 respectively. For 12•2DMF an abrupt and irreversible increase in the T value is observed above 310 K. This is attributed to solvent loss and is consistent with the TGA data, which showed DMF loss at room temperature, unusual especially when compared with the other isostructural EMAC polymers.

a R 1 = Σ||F o | -|F c ||/ Σ|F o |. b wR 2 = [Σ[w(F o 2 -F c 2 ) 2 ]/ Σ[w(F o 2 ) 2 ]] 1/2 , w = 1/σ 2 (F o 2 ) + (aP) 2 + bP, where P = [max(0 or F o 2 ) + 2(F c 2 )]/3.
3 a R 1 = Σ||F o | -|F c ||/ Σ|F o |. b wR 2 = [Σ[w(F o 2 -F c 2 ) 2 ]/ Σ[w(F o 2 ) 2 ]] 1/2 , w = 1/σ 2 (F o 2 ) + (aP) 2 + bP, where P = [max(0 or F o 2 ) + 2(F c 2 )]/3.
Å -3 a R 1 = Σ||F o | -|F c ||/ Σ|F o |. b wR 2 = [Σ[w(F o 2 -F c 2 ) 2 ]/ Σ[w(F o 2 ) 2 ]] 1/2 , w = 1/σ 2 (F o 2 ) + (aP) 2 + bP, where P = [max(0 or F o 2 ) + 2(F c 2 )]/3.
The slight decrease at low temperature is suggestive of weak antiferromagnetic interactions between the {Co 3 } spin centers via the diamagnetic [MF 6 ] 2-linkers. On the basis of the Hamiltonian , the experimental susceptibility was described using the Bonner-Fisher model for linear chains of S = 1/2 (Eq. II.9) [47]:

Eq. II.9

Where N -Avogadro's number, k B -Boltzmann constant, Ttemperature, -Bohr magneton, and . Overall, these new coordination polymers do not show any sign of spin crossover. To search for the reasoning behind this behavior, a literature study on the effect of the axial ligands on the SCO of the {Co 3 } cluster was carried out. While it has been observed that the axial ligand has a major impact on the T 1/2 , there is no clear trend. Examples of [Co 3 (dpa) 4 X 2 ]

with X = CN -, NCNCN -, NCS - [24], Br - [26], Cl - [13] all demonstrate SCO, but display very different χT = f(T) curves. A study in our team on the effect of various axial halides on the SCO properties of the {Co 3 } cluster has therefore been launched by A. Srinivasan. To date, she has observed that, for s-[Co 3 (dpa) 4 X 2 ], the T 1/2 value is similar for I -, Br -, and Cl -.

However, the complex with F -in the axial position, [Co 3 (dpa

) 4 F 2 ]•2CH 2 Cl 2 , 17•2CH 2 Cl 2 ,
showed surprising behavior. Magnetic measurements on this compound revealed that the presence of axial F -ions stabilizes the low spin state of the Co 3 cluster, pushing the SCO to a very high temperature, beyond our measurement capabilities (work of A. Srinivasan).

II.2.5. A change of strategy

The observation that axial fluoride stabilizes the LS state in [Co 3 (dpa) 4 F 2 ] necessates a change of strategy in our aim to obtain one-dimensional SCO coordination polymers.

Changing the axial ligand would, of course, mean changing the metalloligand entirely. After the difficulty in determining a reliable synthesis for the polymers using the hexaflurometalllates, we wished first explore other avenues. One strategy could be to try to compensate the effect of the F -ligand by using a different equatorial ligand. 

II.3. Conclusions and perspectives

The idea of assembling coordination polymers with an abrupt spin transition and possible thermal bistability gave mixed results. The biggest success of this project was the assembly of polymers using EMACs, something that has presented a synthetic challenge for long time [51]. The successful synthesis of these compounds and their unambiguous characterization allowed the first study of interactions between cobalt EMACs and heterometals.

In the case of paramagnetic [MF 6 ] 2-linkers, ferromagnetic interactions were established between the spin centers from the metal and the S = 1/2 spin from the {Co 3 } EMAC. It is known from theory that, in the case of interactions between paramagnetic species that contain unpaired electrons on the e g level with paramagnetic species that contain unpaired electrons on the level, ferromagnetic coupling will be established between spin centers.

Ideally the theory works if the orbitals are orthogonal and the angle between the interacting spin centers is as close as possible to 180° [52]. In our case the F -bridging ligand forms an angle of exactly 180° between the interacting spin centers. Therefore, the interactions between the unpaired electron in the σ nb orbital of the [Co 3 (dpa) 4 ] 2+ core with the three unpaired πbased electrons, from the Re(IV) or with the π-based electron from the Ir(IV), would be expected to be ferromagnetic, which is the case.

We were disappointed to find that the coordination polymers do not retain the SCO seen in [Co 3 (dpa) 4 Cl 2 ] and related molecules as a fluoride substituent in the axial position appears to stabilize the LS state. Even the addition of an electron donating methyl group in the para position of the pyridyl ring in dpa -was not enough to preserve SCO in the detectable range. [13]) may also play a role in this behavior.

However, it should be mentioned that the bond distances in the compound Before continuing the study of SCO in 1D networks built from the {Co 3 } core, a better understanding of the influence of the axial ligands on the SCO properties of the [Co 3 (dpa

[Co 3 (dpa) 4 F 2 ]•2CH
) 4 X 2 ]
EMAC is needed. The current work of PhD student A. Srinivasan, involves the synthesis and measurements of the [Co 3 (dpa) 4 X 2 ] with the halides F -, Cl -, Br -and I -, alerted us to the fact the fluoride may not be the best choice as a linker. Further work is needed on the influence of the ligand enviroment on SCO of the trinuclear cobalt species. While the F -ligand may not the best candidate for the assembly of spin-crossover coordination polymers, its tendency to provide strong spin coupling and form angles close to 180° when bridging two metal centers makes it a good candidate for the assembly of Single Chain Magnets, another goal in molecular magnetism these days.

In the future one might try to find new linkers that would act as bridges between two coordination centers, possibly with softer ligand field, like CN -based compounds, considering the work of Shatruk et al. [31] including dicyanides, polycyanides, etc. Indeed, our preliminary work suggests that coordination polymers can be formed using [Ag(CN) 2 ] - and [Au(CN) 2 ] -, although these compounds were not magnetically characterized. This class of trans-cyanido metalloligand could also be extended to [M IV (CN) 2 X 4 ] 2-complexes, where X = F -, Cl -, Br -or I -and M(IV) being any tetravalent metal. Finally, acetylides and related compounds [25] containing -C≡C-R-C≡C -moieties, may also be interesting bridging ligands, as it is known that they are good mediators for either ferro- [53] or antiferro- [54] magnetic interactions between metal centers. [35], Zr [40], Ir, Os [38], were prepared according to the respective literature procedures.

II.4. Experimental section

Physical measurements

Elemental analysis was carried out by the Service d'Analyse Elémentaire of the University of Lorraine, Nancy, France.

IR spectra were measured on a Nicolet 6700 FT-IR using Smart iTR accessories between 450-4000 cm -1 and 150-600 cm -1 .

Crystallography. Crystals were selected under immersion oil in ambient conditions and attached to a MiTeGen microloop. The crystals were mounted in a stream of cold nitrogen at 200(2) K and centered in the X-ray beam using a video camera. Data collection was performed on a Bruker APEX II Quasar diffractometer with Mo K α (λ = 0.71073 Å)

radiation. The data were collected using a routine to survey reciprocal space, and were indexed by the APEX II program [START_REF]Bruker-AXS APEX2, SADABS, and SAINT Software Reference Manuals[END_REF]. The structures were solved using direct methods and refined by least-squares refinement on F 2 followed by difference Fourier synthesis [56]. All hydrogen atoms were introduced at idealized positions and were allowed to ride on the neighboring atoms with relative isotropic displacement coefficients. 

Raman analysis was performed in a Horiba

III.1.1. Single-Molecule Magnets

Magnets have been of intense interest ever since the first magnet was discovered by the ancient Greeks [2]. The unusual properties of these materials have generated numerous studies to find various applications for them in different fields. For example, research on permanent magnets has found use in data storage technologies. Their ability to trap a certain spin orientation under a magnetic field gave the possibility to simulate the binary code, considering two distinct orientations of the spins, and name them "1" and "0". By simulating the binary code, memory storage devices were modeled. Today, magnets are widespread.

They are used in engines, audio technologies, computing, sensors, medicine, etc.

Below are shown three types of magnetic behavior (Fig. III.1). In simple paramagnets, there are negligible inter-spin interactions. Therefore, once aligned under a magnetic field, these materials show almost instant relaxation of the magnetization when the field is removed.

In ferromagnets, the value of the magnetization depends strongly on the thermal and field history of the sample. Below a certain Curie temperature, if the sample is put under a magnetic field, its spins align parallel and remain so after the field is removed. Once the temperature increases above the Curie temperature relaxation occurs. Molecules that show interactions between spin centers or intermolecular interactions exhibit properties close to those of simple paramagnets. At low temperature the sample is magnetized, when the field is removed the sample shows slow relaxation of the magnetization. Above a characteristic temperature the material behaves as a simple paramagnet. This phenomenon is called superparamagnetism [3]. The temperature at which the material switches between a paramagnet and a superparamagnet is called blocking temperature. single molecule thus considerably reducing the size of the memory storage supports. To this day it is still debatable whether this technology will ever be used [6], however it is worth noting that this study has led to a strong, intensive collaboration between chemists and physicists and resulted in a vast amount of knowledge regarding the magnetism of molecules with quantum properties.

Complexes exhibiting SMM behavior are known for 3d [5,7], 4d [8], 5d [9], 4f [10] and 5f [11] metal ions. Manganese chemistry has been one of the most fruitful sources of SMM behavior so far, with examples of mononuclear [12], dinuclear [13] and polynuclear [14] manganese complexes and in combination with other metal ions [15]. Other examples are compounds comprised of Fe 1 [16], Fe 4 [17], Fe 8 [18], Ni 4 [19], Ni 8 [20], Co 4 [21] etc., and many examples with lanthanides [22]. Examples of heteronuclear SMMs are known for Ni 4 Fe 4 [23], Cr 4 Dy 4 [24], Mn 6 Dy 6 [25] and many more. To this day this is still a very fertile topic and many new examples are added constantly.

III.1.2. Basic theoretical aspects

To behave as an SMM, a molecule must display slow relaxation of magnetization below a characteristic blocking temperature (defined at a given timescale) resulting in the most simple case from a high-spin ground state, S T combined with a large uniaxial magnetic anisotropy, as measured by the zero-field splitting (ZFS) parameter, D. The simplest model employed for SMM characterization at low temperature is defined by the following Hamiltonian:

Eq. III.1

The eigenvalues of which are Eq. III.2

where m S is the spin projection onto the quantization axis. In total a spin can have 2S+1 spin orientations according to figure III.2. For example, a system with S = 2 will have (2S+1) = 5 distinct orientations. Electrons may occupy three energy levels (E -2 = E 2 , E -1 = E 1 and E 0 ). At zero Kelvin, in zero field the electrons populate the ground state, m s = 2 for D < 0, with 50 % orientation up (m s = 2) and 50% orientation down (m s = -2). At higher temperatures thermal population of the other m s levels will occur.

Under a magnetic field, the applied Hamiltonian is different, adding the contribution of the Zeeman effect that governs the interaction of the spin, , with the external magnetic field, .

Eq. III.3

Eq. III.4

According to the equation III.4, under applied field the positive m s sublevels will increase in energy while the negative ones will be stabilized energetically ( Once the field is removed, the system must come to the previous equilibrium where the m s = +2 and the m s = -2 states will be equal in energy again and the equilibrium at zero field will be reestablished. This is a process that has an exponential progress in time and can be described by the Arrhenius law:

Eq. III.5

Of which the time constant by itself has an exponential Arrhenius dependence on the temperature Eq. III.6

The τ is the relaxation time at a certain temperature, T. The ∆ A is the energy barrier, k B is the Boltzmann constant and τₒ is the preexponential factor that denotes the relaxation time at an infinitely high temperature. For this reason, the relaxation time increases exponentially with decreasing temperature. For example in the case of the before-mentioned Mn 12 complex (S = 10), the relaxation time will be of the order of 10 -7 -10 -8 s at 60 K, a few seconds at 4 K, and about two months at 2 K. SMM behavior [30]. The [Cr 3 (dpa) 4 Cl 2 ]•CH 2 Cl 2 example, 20•CH 2 Cl 2 , had very similar magnetic properties to its pentanuclear analogue, with a barrier of ~10(4) K and the preexponential factor τ0 = 2.9(5) × 10 -6 s. For M = Mo(II) and W(II), the energy barriers were not determined due to very small frequency dependence of the " value that could not yield a meaningful Arrhenius analysis.

III.2. EMAC SMMs based on

Naturally the question appeared as to the source of the SMM behavior in these compounds. In the current work, an extended study was developed to test a series of {Cr 3 } clusters, with a large variety of axial ligands, and to develop a pattern in the changes of the properties of these SMMs. We searched for a correlation between the symmetry of the molecule and its SMM properties, as well as the nature of the axial ligand.

III.2.2. The chemistry of [Cr 3 (dpa) 4 Cl 2 ]

The preferred method of synthesis for [Cr 3 (dpa) 4 Cl 2 ] is the same as that for the [Co 3 (dpa) 4 Cl 2 ] cluster. Anhydrous CrCl 2 is added to a solution of Li(dpa) in THF in stoichiometry of 3:4 and refluxed for 20 h [26]. An intermediate product of this reaction, the red, dinuclear [Cr 2 (dpa) 4 ] complex, can be isolated at room temperature [1]. The equilibrium is pushed towards the formation of the trinuclear species via reflux at the temperature of boiling THF.

The chemistry of the axial positions is basically the same for all the trinuclear EMACs. To replace the chlorido ligand with other axial ligands, the same path as for the {Co 3 } cluster is followed (Chapter II,1.3.4) [1]. The only remark is that the [Cr 3 (dpa) 4 ] 2+ core is sensitive to oxidation and the generally preferred reagents for the removal of the axial Cl  ligands are thallium salts, like TlBF 4 or TlPF 6 . A number of [Cr 3 (dpa) 4 X 2 ] compounds have been synthesized, with X = Br -, I -, BF 4 -, OCN -, SCN -, NC -, NO This asymmetry with respect to the Cr•••Cr distances is found in the majority of the other Cr EMACs synthesized so far. However a few {Cr 3 } compounds are symmetrical, with the Cr ellipsoid having the shape of almost a sphere, located exactly in the middle [1] (Fig.

III.5c

). From the series of compounds published so far, those with X = CN - [31] and Ph-C≡C - [31] The elongation of an ellipsoid is very common in crystallography and is not often worth modeling as a disordered. In the case of {Cr 3 } systems it is important to model this disorder, even when barely noticeable, especially considering the sensitivity of this system to ligand field and temperature [1]. Often this is hard to accomplish even with a good quality crystal structure, therefore extreme caution is required during refinements. Despite differences in the symmetry of the trichromium EMACs, they all show a temperature independent T value of ~2.9-3 cm 3 K mol -1 , consistent with the spin state of S = 2 (g ≈ 2) [1]. For unsymmetrical compounds, the reasoning is simple. Of the three Cr(II) ions, each having four 3d electrons, two of them form a quadruple bond between each other, forming a diamagnetic pair. The remaining isolated atom is high spin Cr(II) (S = 2) and is responsible for the spin state of the entire molecule. In the rare cases of symmetrical {Cr 3 } clusters, the following MO diagram was proposed [27] (Fig. III.6). As the δ and π orbital interactions are considered to be negligible, these orbitals are nearly degenerate. Thus, by filling the orbitals and maximizing the spin multiplicity, ten unpaired electrons are obtained.

Nine of them are localized on the individual Cr atoms in sets of three and couple antiferromagnetically with each other. In ensemble with the remaining tenth electron situated on a σ nb orbital, this arrangement gives a total spin of S = 2. This is another example of a three-center three-electron bond, in which one electron is situated in a σ nb orbital therefore yielding a bond order of 0.5 [27]. A similar case was described in heterometallic trinuclear It has been demonstrated that the geometry of the {Cr 3 } core can be tuned by the axial ligand. In all of the cases with an unsymmetrical set of ligands the molecule was determined to be highly unsymmetrical [26,32] (Fig. III.5d). To favor the formation of symmetrical Cr clusters it is required the addition of ligands with higher donor abilities, like CN -or Ph-C≡C - on the axial positions or by adding donor ethyl groups on the pyridyl rings of the equatorial positions [1].

Studies in solution show a slightly different picture [35]. Surface enhanced Raman scattering spectra of some Cr 3 EMACs were recorded. Molecules of [Cr 3 (dpa) 4 X 2 ] for X = Cl - or SCN -, were adsorbed on the surface of Ag nanoparticles in aqueous solutions, to negate crystal packing effects [35]. The results showed that absorbed particles of the [Cr 3 (dpa) The rapid decrease in χT below 15 K corresponds to the zero-field splitting [30]. The data was modeled with the Hamiltonian for S = 2 (Eq. III.7) [37]. The fit yielded g It is well documented that the addition of heavy atoms in the ligand sphere of a magnetically active complex in many cases leads to the increase of the D parameter [30,38].

R 1 = Σ||F o | -|F c ||/ Σ|F o |. b wR 2 = [Σ[w(F o 2 -F c 2 ) 2 ]/ Σ[w(F o 2 ) 2 ]] 1/2 , w = 1/σ 2 (F o 2 ) + (aP) 2 +
This method is often used strategically to increase the ZFS magnitude in SMMs. It has been used for the synthesis of the Cr(II)•••M M series of complexes, for M = Mo(II) and W(II).

The Mo(II) and W(II) metal ions both form a diamagnetic pair that in this case is considered as a heavy-ion ligand. The D values were found to be -1.640, -2.187 and -3.617 cm -1 when moving from M = Cr to M = W.

With this in mind, the lack of a heavy ion effect promoted by the axial ligand in the [Cr 3 (dpa) 4 X 2 ] system was an unexpected result. However, in the literature one can find at least one isoelectronic system where this effect is absent. The [Mn III (acen)X] series, with H 2 acen = N,N'-ethylenebis(acetylacetone)imine and X -= Cl -, Br -, I -, SCN -, have a square pyramidal Mn(III) ion with S = 2. It has been shown that the variation of the halide ligand in the axial position of this complex virtually has no effect on the EPR spectra, the value remaining always in the region D ~ -2.9 K [39]. The fact that the disordered central Cr(II) ellipsoids could be modeled anistropically could suggest that there is less electron density centered between the disordered parts of the Cr(II) ion in 22•CH 2 Cl 2 , compared to the other {Cr 3 } clusters. This suggests that the molecule may be unsymmetrical at all temperatures and that no conversion to the symmetrical form occurs. This idea is consistent with the observation that strong field ligands, such as cyanide and phenylacetylide, tend to stabilize symmetrical structures at around 200 K, while weaker field ligands promote unsymmetrical structures [1,31]. However, with the data we have on hand, this is only speculation. Detailed low temperature (20 K) X-ray diffraction experiments would have to be performed in conjunction with a careful examination of the electron density to support this hypothesis. Furthermore, solution studies, such as those reported in reference [35] would be useful to determine the relative proportions of symmetrical and unsymmetrical species at a given temperature.

III

III.4. Conclusions and perspectives

The study on the influence of the axial and equatorial ligands on the dynamics of the ). The results on crystallography obtained by us are confirmed in literature [36] and explained using Density Functional Theory (DFT) calculations; they show a rearrangement in the bonding manifold that establishes a three-center three-electron bond [27]. These results in combination with those from the magnetic measurements in ac field obtained by us and others reported in the literature [30] suggest that: 1) the Single-Molecule Magnet properties arise from the symmetrical form of the molecule at low temperature; and 2) this property is intrinsic to Cr•••Cr•••Cr symmetry in the molecule and is not influenced significantly by the axial or equatorial ligands, except perhaps insofar as the weak field iodide ligand does not support a symmetrical structure at low temperature. EPR measurements also describe a system that is not influenced by the axial ligand, although further experiments on the rest of the series of molecules remains to be done.

It was unexpected to find the compound 22•CH 2 Cl 2 having a relaxation of magnetization outside the detectable region of the susceptometer (Fig. III.23). The effect of a heavy halogen on the SMM properties of the metal-metal bonded {Cr 3 } cluster is opposite to the one anticipated. Where usually the incorporation of a heavy halogen or chalcogen in the system was expected to enhance the ZFS magnitude [30,38], it is not the case here. It is unknown what is the symmetry of this particular molecule below 15 K; the temperature at which the PPMS measurements are done. An argument in the favor of the idea presented above would be a crystal structure of 22•CH 2 Cl 2 collected at 15-20 K that, from technical reasons, we were not able to provide.

The system described in this chapter does not show particularly impressive parameters for a Single Molecule Magnet and our attempts at improving it did not end in success. More effort spent on improving the SMM properties of the {Cr 3 } cluster does not seem reasonable, especially as it is not obvious how one could improve the properties by altering the ligand field via coordination chemistry. Instead, more interesting results could be obtained from combining the {Cr 3 } moieties in oligomers or polymers to obtain Single Chain Magnets (SCM). With the appropriate bridging ligands, like the F -ion, that was shown in Chapter 2 to be a good mediator for strong ferromagnetic interactions between spin centers. The acetylide type of compounds, as discussed also in the second chapter, [40] containing -C≡C-R moieties or the diacetylide itself could be used as bridging linkers. In literature it is known that these linkers are mediators for strong ferro- [41] or antiferro- [42] magnetic interactions between metal centers.

III.5. Experimental part Materials

All reactions were carried out under dry inert atmosphere using Schlenk techniques and glovebox methods. Solvents tetrahydrofurane (THF), diethyl ether (Et 2 O), acetonitrile (CH 3 CN), toluene (C 6 H 5 -CH 3 ) and dichloromethane (CH 2 Cl 2 ) were purified using an Innovative Technologies solvent purification system. Anhydrous dimethylformamide (DMF) was purchased from Alfa Aesar and used as received. Dry hexane was purchased from Aldrich and degassed prior to use. 2,2'-dipyridylamine (Hdpa) was purchased from Aldrich and recrystallized from hot hexane before use. The products KI and KBr were purchased from Prolabo Chemicals. Anhydrous CrCl 2 was purchased from Strem Chemicals and stored in a glovebox. KNCS was purchased from Alfa Aesar. For the purpose of the chemistry all the used reagents were stored in a glovebox in inert and dry atmosphere. Solution of ( t Bu 4 N)F (1M) in THF was purchased from Aldrich in a sealed bottle and stored in a fridge. The product TlBF 4 was synthesized via metathesis from the mixture of Tl 2 CO 3 and HBF 4 with subsequent drying at 80 °C, under vacuum.

Physical measurements

Elemental analysis was carried out by the Service d'Analyse Elémentaire of the University of Lorraine, Nancy, France.

The IR spectra were measured on a Nicolet 6700 FT-IR using a Smart iTR accessory between 550 and 4000 cm -1 .

Crystallography Crystals were selected under immersion oil in ambient conditions and attached to a MiTeGen microloop. The crystals were mounted in a stream of cold nitrogen and centered in the X-ray beam using a video camera. Data collection was performed on a Bruker APEX II Quasar diffractometer with Mo K α (λ = 0.71073 Å) radiation. The data were collected using a routine to survey reciprocal space, and were indexed by the APEX II program [43]. The structures were solved using direct methods and refined by least-squares refinement on F 2 followed by difference Fourier synthesis [44]. All hydrogen atoms were introduced at idealized positions and were allowed to ride on the neighboring atoms with relative isotropic displacement coefficients.

W-band (ca. 94 GHz) EPR spectra were recorded on a Bruker Elexsys E600 spectrometer, equipped with a CF935 4He cryostat (Oxford Instruments) to work at low temperature. Samples were obtained by grinding a few crystals of the selected compound in glove-box. For each sample the obtained microcrystalline powder was then mixed with wax

inserted in an open end W-band EPR tube (0.8 mm external diameter). To further reduce exposition of the sample to air, the tube was taken out from the glove-box in a sealed Schlenk, mounted on the sample holder rod under nitrogen flux, pre-cooled in a bath of liquid N 2 and inserted in the spectrometer at 100 K.

Magnetic measurements

The magnetic susceptibility measurements were obtained with the use of MPMS-XL Quantum Design SQUID magnetometer and PPMS-9

susceptometer. These magnetometer and susceptometer work between 1.8 and 400 K for dc applied fields ranging from -7 to 7 T (MPMS-XL). ac susceptibility measurements were measured with an oscillating ac field of 3 Oe with frequency between 1 to 1500 Hz (MPMS)

and with an oscillating ac field of 1 to 6 Oe with frequency between 10 to 10000 Hz (PPMS).

The magnetic data were corrected for the sample holder, paratone oil and the intrinsic The crystals were collected in inert atmosphere and washed with DCM and hexanes and left to dry. Yield 34.4 mg (64.5 %). FT-IR (ῡ, cm To the dark brown mixture was added 232 mg (1.89 mmol) of CrCl 2 . The red mixture was stirred for 20 min at room temperature and refluxed for 20 h. After the reaction a green precipitate was observed on the bottom of the flask. The solid was filtered, washed with 2 x 15 mL THF, and then extracted with 50 mL of toluene and layered with hexanes. After a week of diffusion dark green crystals grew on the walls of the flask. The crystals were harvested, washed with petroleum ether and dried with a flux of argon. Yield 530 mg (65 %).

FT-IR (ῡ, cm Chapter IV [Co 3 (dpyF) 4 ](BF 4 ) 2 has been characterized structurally, magnetically and photomagnetically.

Reflectivity, TGA and DSC measurements are also included. enough, all the known complexes to possess CISSS are photosensitive and show light-induced spin state switching. This phenomenon can be observed in solution [2] or in solid state, for example, in crystals [3] or on polymeric surfaces [4].

IV

At least two types of phenomena which can be considered to be characteristic of A change of conformation caused by rotation around a single bond can create conditions for a spin crossover in a very specific case. If a molecule can pack in two different lattices, one type of packing could stabilize either HS or LS while the other one could establish new interactions between the molecules (H-bonding, π-π stacking etc) and trigger a SCO. This is not considered a CISSS case, as the energy changes in the system are not created by the establishment of new intramolecular interactions but rather by the intermolecular interactions [6].

b) Ligand coordination/decoordination changes the coordination sphere of the metal by increasing or decreasing the coordination number around the metal. This is known for solvents [7] or anions [1,7] being able to coordinate to the metal. propyltetrazole, reported by Gütlich et al. in 1984 [8]. This complex displays thermallyinduced SCO, and furthermore, when irradiated with green light (~515 nm) at 10 K, is converted from the stable low spin (LS) state into the metastable high spin (HS) state (Fig.

IV.4). This phenomenon is called Light Induced Excited Spin State Trapping (LIESST).

Below 20 K, the HS state can last for weeks. In the absence of light, relaxation to the LS state is accelerated with increasing temperature. The process can be described using a Jablonsky diagram (Fig. IV.4). When the compound is photo-excited it transits from the stable 1 A 1 state into the 1 T 1 state followed by two relaxation steps 1 T 1 → 3 T 1 → 5 T 2 , thus populating the metastable 5 at r.t., to 0.13 cm 3 K mol -1 at 20 K, suggesting the presence of strong antiferromagnetic interactions (J = -100 cm -1 ) between the Cu(II) ions [11]. No further investigations on these compounds were done. Our first objective was therefore to perform the full characterization of the temperature dependent magnetic properties of [Co 3 (dpyF) 4 ](PF 6 ) 2 , specifically with respect to potential SCO properties.

[Co 3 (dpyF) 4 ](PF 6 ) 2 is a nontypical trinuclear paddlewheel compound in which three However, I found that the solubility of the final product was not what was described, and I was unable to prepare analytically pure samples. I was able, however, to obtain a few crystals of the desired compound from a solution of acetonitrile and diethyl ether. The structure that we collected at 200 K is similar to the published one, with the bond distances and angles in The structure of [Co 3 (dpyF) 4 ](BF 4 ) 2 •solvent at 270 K was determined using X-ray crystallography. It crystallized in the space group I4/m (Table IV. Indeed, acetonitrile and BF 4 -appear to be disordered over the same position in an area of the cell corresponding to the large voids. The non-integer quantity of acetonitrile suggests that it can be quickly lost from the crystal channels; this idea is supported by the observation that, at 135 K, the electron count in the small void spaces is relatively constant at 41 e -, while the electron count in the large voids is significantly larger, at 176 e -, as solvent loss is likely hindered at lower temperatures. Therefore, the fully solvated molecular formula is likely [Co 3 (dpyF) 4 ](BF 4 ) 2 •2MeCN, with Z = 4. The R1(I>2σI) value, after the SQUEEZE algorithm was applied, was improved to 3.48 % (Table IV.3). Considering the speed with which the compound loses solvent, a dried sample was prepared and magnetic measurements were performed in the same conditions as for the freshly filtered sample. Here, data treatment was performed using the formula [Co 3 (dpyF) 4 ](BF 4 ) 2 .

The measurements reveal a one-step increase in χT from 3.1 to 12.0 cm 3 K mol -1 between 50 and 200 K. Changes in the shape of magnetic susceptibility curves have been previously observed after sample drying [14] however the drop in χT, especially in the high temperature region where the plateau is reached, cannot yet be explained. It may be partially due to the uncertainty in the mass of the solvated sample, due to the rapid solvent loss discussed above.

IV.2.4. Temperature dependent X-ray crystallography and DSC measurements

For a better understanding of this system, temperature dependent single crystal X-ray measurements were performed. Data were collected at 270, 135 and 85 K. However, we were not able to solve any structure at 85 K, as the several crystals used did not survive the decrease in temperature, even at very slow pace (1 K/min). Multiple cracks were observed on the surface of the crystals after each attempt at collecting the structure. The data collected by B. Kauffmann at 20 K at the Soleil synchrotron, could not be satisfactorily treated, even if no degradation in the crystal or frame quality was observed.

The molecular structure at 270 K has been discussed above, the principal feature being ), this corresponds to the second step of the spin conversion from 9.8 to 13.1 cm 3 K mol -1 . This is consistent with the observation of a possible crystallographic phase transition in this temperature region, as discussed above. Peaks corresponding to the first step were not observed, suggesting that this process does not result in a phase transition, but only a broad spin conversion, even if this step appears hysteretic in the magnetic data. The reflectivity curve obtained from the freshly filtered sample was expected to be identical to that of the magnetic susceptibility curve, also on a freshly filtered sample. However, the reflectivity curve is, for the most part, superimposable with the susceptibility curve for the dried sample. We conclude that, as reflectivity measures surface phenomena rather than bulk phenomena, it is likely that there has been significant solvent loss on the surface of the crystals during sample preparation and measurement, consistent with the TGA results. On the other hand, the response from the sample in a magnetic field comes from the entire volume of the crystal, which still retains solvent. Having confirmed the thermal evolution of the sample, we turned our attention to its potential photoactivity. The sample was thus cooled to 10 K and then exposed to white light (0.4 mW/cm 2 ) for 5 h while being kept at a constant temperature of 10 K. The sample was then warmed to room temperature and the dynamics of the reflectivity signal were recorded (Fig. IV.16). The spectra suggest that the excited state can be photo-induced at low temperature, although the spectrum of the photo excited sample at 10 K is not identical to the one at 270 K. This could mean that the light did not penetrate through the crystal far enough to reach the entire volume of the sample and saturation did not occur. This may be caused by weak light source or thick crystals. The optical properties of [Co 3 (dpyF) 4 ](BF 4 ) 2 were further investigated using specific wavelengths for photoexcitation experiments. Like in the above measurements, white light is still used as the probe for spectroscopy. The irradiations were performed with one of 14 different LEDs. Detailed measurements were performed in order (I) to find the most efficient wavelength for photo-excitation, and (II) to study the effect of the light power under a fixed irradiation time at the optimum wavelength. To test the different LEDs, the sample was brought to 10 K by cooling at 10 K/min in the dark, and a spectrum is first collected. The compound was then irradiated with one LED for 20 minutes with a power of 0.8 mW/cm 2 . A new spectrum is recorded. To recover the low spin state, the compound was reheated at 270 K, and then placed again in the dark at 10 K, before being irradiated with the next LED. 

IV.3. Conclusions and perspectives

The ion of [Co 3 (dpyF) 4 ] 2+ was first published in 1998 by F. A. Cotton et al. in the form of the PF 6 -salt. In the paper emphasis is put primarily on the synthetic challenges, crystallographic structure, and only a very short description of its magnetism is included, reporting a magnetic moment at room temperature of 6.60 MB, equivalent to 5.45 cm 3 K mol 1 [10]. In order to study the variable temperature magnetic properties, we intended to synthesize [Co 3 (dpyF) 4 ](PF 6 ) 2 . Unfortunately, we were unable to reproduce the synthesis, which led to the decision of changing the counterion. A reevaluation of the [Co 3 (dpyF) 4 ] 2+ cation, this time in the form of the BF 4 -salt, suggested that the reported value of the magnetic susceptibility at room temperature may be significantly underestimated, as we found it to be closer to 13 cm 3 K mol 1 . The original paper ends with the phrase, quote: "More detailed studies of the magnetic properties are planned", although no further studies on this compound were ever published since then.

Although [Co 3 (dpyF) 4 ](BF 4 ) 2 is synthetically easy to prepare, this system posed many other difficulties, which may explain why these types of compounds have not been fully studied. It possesses strong disorder regarding the counterions and especially the solvent found in the structure. The fact that the product is not able to retain crystallinity for a long period of time had to be taken into account during every experiment. Certainly, the goal now is to obtain more easily handled crystals, by perhaps changing the packing by modified crystallization conditions or even the change of the counterion. However, despite the difficulties, the results obtained motivated us to further study this system, although we are still far from understanding its behavior.

The complexity of the system is revealed by magnetic measurements in combination with the temperature dependent X-ray crystallography. The χT = f(T) curve suggests a twostep spin crossover, however X-ray measurements describe a more complex behavior. The The crystal structures of the dpyF -complexes of Fe(II) [10] and Cr(II) [15] have been published. In the case of Cr(II), the crystal structure reveals a Cr-Cr bond already at high temperature and is thus unlikely to follow the same behavior as the Co(II) analogue. The room temperature Fe(II) structure, however, has the same symmetry in the arrangement of the metal ions in the molecule: three metal ions with the same coordination manifold as Co(II) ions and no bonding between metals. Dimerization might be expected in this case.

A heterometallic complex of this kind is known for Co the reaction between a functionalized orthopyridylamine with TEOF, the same way the synthesis of the HdpyF has been carried out. We believe that one has to truly understand this system from all the points of view and so far, there are many unanswered questions regarding the behavior and magnetic properties of the [Co 3 (dpyF) 4 ] 2+ ion.

••Co•••M, Co•••M•••Co or M•••Co•••M,

IV.4. Experimental part

Materials

All reactions were carried out under dry inert atmosphere using Schlenk techniques and glovebox methods. Tetrahydrofuran (THF), diethyl ether (Et 2 O), acetonitrile (CH 3 CN) and dichloromethane (CH 2 Cl 2 ) were purified using an Innovative Technologies solvent purification system. Anhydrous CoCl 2 was purchased from Aldrich and kept in an oven at 130 °C several days before use. 2-aminopyridine and triethylorthoformate were purchased from Alfa Aesar. TlBF 4 was synthesized via metathesis from the mixture of Tl 2 CO 3 and HBF 4 with subsequent drying. For the purpose of the chemistry all the used reagents were stored in a glovebox in inert and dry atmosphere.

Physical measurements

IR spectra were measured on a Nicolet 6700 FT-IR using Smart iTR accessories between 550-4000 cm -1 and 150 -600 cm -1 .

Elemental analyses have been carried out following the classical Pregl-Dumas

technique on a ThermoFischer Flash EA 1112 instrument at the Institute de Chimie de la Matière Condensée de Bordeaux (ICMCB). Crystallography. Crystals were selected under immersion oil in ambient conditions and attached to a MiTeGen microloop. The crystals were mounted in a stream of cold nitrogen and centered in the X-ray beam using a video camera. Data collection was performed on a Bruker APEX II Quasar diffractometer with Mo K α (λ = 0.71073 Å) radiation. The data were collected using a routine to survey reciprocal space, and were indexed by the APEX II program [17]. The structures were solved using direct methods and refined by least-squares refinement on F 2 followed by difference Fourier synthesis [18]. All hydrogen atoms were introduced at idealized positions and were allowed to ride on the neighboring atoms with relative isotropic displacement coefficients. with an oscillating field of 3 to 6 Oe with a frequency from 1 to 10000 Hz but no out-of-phase signal was detected above 1.8 K. Prior to the experiments, the field-dependent magnetization was measured at 100 K in order to detect the presence of any bulk ferromagnetic impurities.

Magnetic

The sample appeared to be free of any significant ferromagnetic impurities. The magnetic data were corrected for the sample holder and the intrinsic diamagnetic contributions.

Reflectivity measurements. Surface reflectivity measurements were performed on a home-built system at different temperatures in the 10-300 K window using a freshly filtered sample. Heating and cooling rates were kept at 4 K/min during the measurements. The setup collects the light reflected by the sample (sum of diffused and diffuse reflected light) that is analyzed by a high sensitivity Hamamatsu 10083CA spectrometer between 500 and 1000 nm.

The spectra are compared to a white reference obtained with a NIST traceable standard for reflectance (SphereOptics, ref SG3058). The background, collected with the light switched off, is subtracted from all the measurements. The reflectivity can be plotted as a function of temperature, time or wavelength. Different light emitting diodes (LEDs) operating between 365 and 1050 nm and bought from Thorlabs were used for excitation measurements. As the samples are potentially photosensitive, the exposure time was minimized during all the measurements keeping them in the dark except during the spectra measurements when the white light is shined on the surface of the sample (P = 0.4 mW/cm 2 ). The temperature dependence of the reflectivity spectra was followed during a heating/cooling cycle. For all the excitation/de-excitation experiments performed at 10 K, the sample was initially placed at this temperature keeping the sample in the dark to avoid any excitation. 

GENERAL CONCLUSIONS AND FUTURE PERSPECTIVES

15 K they are all symmetrical (with the possible exception of the iodide adduct) and that the molecule in its symmetrical form shows slow relaxation of magnetization.

In the fourth chapter an unusual spin-state switching system was described. Such a large transition from T = 5.2 to 13.1 cm 3 K mol -1 is unheard of in typical SCO systems. It appears to be caused by the formation and rupture of a Co-Co bond with temperature.

Systems of this kind are unknown in literature, therefore we report the first metal-metal bond induced spin transition. This transition seems to occur with a phase transition and a change of space group in the crystalline phase, even though the correct space group at low temperature was not identified. Irradiation with red light at 10 K provoked full photoexcitation of the system to the HS state.

Before thinking of applications of these systems one should achieve good understanding of their behavior and its origin. Whether it is SCO or SMM behavior we needed a deeper analysis of the {Co 3 } or {Cr 3 } cores themselves. We hope that such information was provided in the current work and will help achieve the next goals set for these systems. Materials that possess room temperature spin transition with thermal bistability are a goal in the field of SCO compounds. With this goal in mind the project, presented in the second chapter, started. Using the experience gained from this project one can propose other, better linkers to achieve polymeric materials that incorporate the [Co 3 (dpa) 4 ] 2+ core like the NC -or R-C≡C -linkers.

The project around the third chapter was set to provide better understanding of the system of [Cr 3 (dpa) 4 ] 2+ core and to learn the influence of the axial ligand on the SMM properties of this system. Having this stable {Cr 3 } core one could think of incorporating it into 1D, 2D or 3D polymeric webs that would include moieties that favor ferromagnetic coupling between spin centers.

Considering that the compound described in the fourth chapter has unique properties the research can go in all the directions possible. First of all it is necessary to know how stable the balance, between the coupled/uncoupled states is; analogs of this compound must be synthesized and tested. More effort must be put to identify more exactly the spin state and the , avec M = Cr(II) [11], Co(II) [12], Ni(II) [13], Cu(II) [14], Ru(II) et Rh(II) [15] et X = Cl-, Br-, CN-, SCN-, etc. Dans des matériaux paramagnétiques classiques les interactions inter-spin sont négligeables.

Par conséquent, une fois alignés sous un champ magnétique, ces matériaux montrent une relaxation presque instantanée de l'aimantation lorsque le champ est retiré. Dans les matériaux ferromagnétiques, la valeur de l'aimantation dépend fortement de l'historique thermique et magnétique de l'échantillon. En dessous de la température de Curie, si l'échantillon est placé sous un champ magnétique, ses spins s'alignent parallèlement et le restent après le retrait du champ. Une fois que la température augmente au-dessus de la température de Curie, la relaxation se produit. Les molécules qui montrent des interactions entre des centres de spin ou des interactions intermoléculaires fortes présentent des propriétés proches de celles des matériaux paramagnétiques classiques. Toutefois, à basse température, lorsque l'échantillon est aimanté l'échantillon montre une relaxation lente de l'aimantation en absence de champ magnétique. Au-dessus d'une température caractéristique, le matériau se comporte comme un composé paramagnétique simple. Ce phénomène est appelé superparamagnétisme [26]. La température à laquelle le matériau passe d'un comportement paramagnétique à un comportement superparamagnétique est appelée température de blocage. n'a montré aucune évidence de relaxation lente par les mesures de susceptibilité magnétique ac en phase ou hors phase. Ces résultats sont résumés dans le Tableau 1. Le fait que la barrière d'énergie Δ eff /k B ne varie pas significativement entre les échantillons qui présentaient une relaxation lente de l'aimantation signifie qu'il n'y a pas de différence significative du comportement de SMM avec la variation des ligands axiaux. Cet accouplage partiel de deux centres Co (II) en formant une liaison CoCo peut être considéré à la lumière des données magnétiques. La diminution du produit T se produit en deux étapes: de 13,1 à 9,8 cm 3 K mol -1 (3,3 cm 3 K mol -1 ) et de 9,8 à 5,3 cm 3 K mol -1 (4,5 cm 3 K mol -1 ). Ainsi, il est possible que la première diminution du produit T soit due à cet accouplage partiel, alors que la deuxième diminution soit le résultat d'un accouplage complet. 
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[Mo 3

 3 Cl 4 ] 2+ core [5a]. Structures for this compound and its Br -analogue were proposed by R. Weinland in 1924 [5b] and A. Werner in 1905 [5c], respectively (Fig. I.1). Other attempts to explain the bonding in these molybdenum(II) chloride molecules were made by K. Lindner, who proposed different structures all following the general Wernerian idea that polynuclear complexes could be obtained simply by joining octahedra and or tetrahedra on common triangular faces [5d].

Figure I. 1 .

 1 Figure I.1. Proposed geometries of Mo 3 Cl 6 by R. Weinland and Mo 3 Br 6 by A. Werner.

Figure I. 2 .

 2 Figure I.2. Graphic depiction of the structure of the [Mo 6 Cl 8 ] 4+ ion; black circles -Mo, white circles -Cl; (Reproduced with permission from Ref. [7]; Copyright © 1991 Published by Elsevier B.V.).

Figure I. 3 .

 3 Figure I.3. Graphic depiction of the [Re 3 Cl 12 ] 3-ion.

Figure I. 4 .

 4 Figure I.4. Graphic depiction of the [Re 2 Cl 8 ] 2-anion.

Figure I. 5 .

 5 Figure I.5. Molecular orbital diagram showing the formation of a quadruple bond between two d 4 metals, like Re(III), Cr(II), Mo(II) or W(II).

Figure I. 6 .

 6 Figure I.6. (a) Schematic representation of the type of bridging ligand required for M-M bond complexes X and Ydonor atoms; (b) the acetate ion.

Figure I. 7 .Table I. 1 .

 71 Figure I.7. Schematic general MO diagrams of the known M-M bond orders.

  6a) may give rise to different regioisomers (Fig. I.8). A pure regioisomer may crystallize under certain crystallization conditions, while in other cases mixtures of isomers can crystallize in the same unit cell. Usually, the most abundant regioisomer is the trans-(2,2) followed by(3,1), cis-(2,2) and (4,0). In some cases this may serve as an impediment for crystallization of isomerically pure compounds. In other cases the solubility of the isomers differs which improves the chances of crystallizing pure compounds[64].

Figure I. 8 .

 8 Figure I.8. Schematic representation of the four possible variations of the stereoisomers for paddlewheel compounds.

Figure I. 9 .

 9 Figure I.9. Schematic representation of paddlewheel compounds based on the acetate ion, M = a transition metal, X, X' = coordinated solvent, anion or nothing.

  and 2-amino-6-methylpyridine, (Hmap) [75b] classes of ligands (Fig. I.10). Paddlewheel compounds with four mhp  or map  ligands are known for quadruply bonded Cr(II), Mo(II) and W(II) [76]. Examples with other metals include Ru(II,III), Rh(II,II) and (II,III) and Pd(II) [77]. These ligands are also found in open paddlewheel compounds with mixed ligands such as [Re 2 (mhp) 2 (Hmhp)Cl 4 ] and [Re 2 (mhp) 2 (OOCR)X 3 ], for R = CH 3 , C 2 H 5 and X = Cl -, Br - [78a], as well as [Ru 2 (mhp) 2 (OOCCH 3 ) 2 Cl], [78b].

Figure I. 10 .

 10 Figure I.10. (Top) Pyridine-based ligands (a) Hmhp and (b) Hmap; (bottom) The synthesis of paddlewheel complexes using the mhp  ligand and Group 6 metals [79].

Figure I. 11 .

 11 Figure I.11. (a) R-amidinate and (b) p-R-phenyl-formamidinate type of ligands.

Figure I. 12 .

 12 Figure I.12. 1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]pyrimidine (Hhpp).

Figure I. 13 .

 13 Figure I.13. Other important types of ligands used to form paddlewheel complexes.

Figure I. 14 .

 14 Figure I.14. Schematic representations of the reaction equations for the synthesis of Hdpa.

Figure I. 15 .

 15 Figure I.15.The periodic table highlighting the elements that form complexes with Hdpa (red) and dpa -(blue), according to data registered up to 2016; (Reproduced with permission from ref.[93] Copyright © 2016 Taylor & Francis).

Figure I. 16 .

 16 Figure I.16. Cis/trans configurations of Hdpa and coordination modes for Hdpa and dpa -.

  in a few categories depending on the number of metal centers in the molecule: monometallic, bimetallic, trimetallic and polymeric. From this array, there are many examples of complexes with metal-metal bonds incorporating dpa -and a few examples with Hdpa. The first example of an Hdpa complex with a M-M bond is [Rh 2 (Hdpa) 4 ]Cl 2 •MeOH (Fig. I.17) [94]. It was synthesized by dissolving [Rh 2 (O 2 CCH 3 ) 4 ]•2MeOH in molten Hdpa (1:10). The final compound has two Hdpa ligands coordinating in the b mode, and two others in the g mode with C-Rh bonding. The Rh-Rh distance is 2.567(1) Å (213 K).

Figure I. 17 .

 17 Figure I.17. Schematic drawing of the [Rh 2 (Hdpa) 4 ] 2+ cation.

  Rh 2[96] (Fig.I.18b). The Cr 2 , Mo 2 , W 2 and MoW pairs form coordination compounds having a quadruple bond of 2.1-2.2 Å between the metals, with four dpa -ligands in the equatorial positions bridging in the d coordination mode in a trans configuration[97].The Rh 2 complex features two different coordination modes. Two dpa  ligands adopt the coordination mode d, while other two adopt the e mode. Both Rh(II) ions are pentacoordinated and have a distance of 2.4005(6) Å (at 213 K), attributed to a single bond[96]. A similar compound with M = V(II) is also known. In [V 2 (dpa) 4 ], (Fig.I.18c) the dpa  ligands are in coordination mode trans-e, forming two hexacoordinated V 2+ ions with no metal to metal bonding[98].

Figure I. 18 .

 18 Figure I.18. Schematic drawing of the (a) Cr(II), Mo(II), W(II), (b) Rh(II), (c) V(II) paddlewheel compounds of formula [M 2 (dpa) 4 ].

I. 3 . 3 .

 33 similar to that observed in [V 2 (dpa) 4 ] (Fig. I.18c). The metal-metal bond distances for Mo 2 , W 2 and MoW increase to 2.7-2.8 Å, consistent with elongated triple bonds [97]. In [Cr 2 (dpa) 4 ] 2+ however, the Cr-Cr distance is 3.197(3) Å (at 100 K). This long distance, combined with the observation that the compound is paramagnetic, suggests a lack of any bonding between the two chromium ions. Extended Metal Atom Chains (EMACs) One of the largest and, perhaps, most interesting, class of dpa  -based compounds is the class of linear trinuclear complexes. They have the general formula of [M 3 (dpa) 4 X 2 ] with M being a divalent metal atom and X an anion or a neutral solvent molecule. This class of molecules has been called "Extended Metal Atom Chains" (EMACs) by F. A. Cotton's team, while in S.-M. Peng's group the "Metal-String Complex" terminology is used. The three metal atoms are situated on one axis and four dpa -ligands wrap around the metal core. Each nitrogen atom is coordinated to a separate metal atom, such that the four ligands adopt the coordination mode i (Fig. I.16). The dpa -ligand is not parallel to the M•••M•••M axis but rather twisted by an angle of 15-25°, depending on the metals involved (Fig. I.19). This helicoidal wrapping results in chiral compounds, which are obtained as racemic mixtures.Most commonly, the terminal metal atoms are coordinated by a Cl -ligand.

Figure I. 19 .

 19 Figure I.19. The coordination geometry for [M 3 (dpa) 4 Cl 2 ] EMACs.

Figure I. 20 .I. 3 . 3 . 1 .

 20331 Figure I.20. The first structure of the [Ni 3 (dpa) 4 Cl 2 ] proposed by Hurley and Robinson.

Figure I. 21 .I. 3 . 3 . 2 .

 21332 Figure I.21. Schematic molecular orbital diagrams for [M 3 (dpa) 4 Cl 2 ], M = Cr(II), Co(II), Rh(II) and Ru(II).

Figure I. 22 .

 22 Figure I.22. Schematic representation of the temperature-induced longitudinal isomerization along the M-M axis in [M 2 (dpa) 4 ] complexes.

Figure I. 23 .

 23 Figure I.23. EMACs based on polypyridylamide ligands.

Figure I. 24 .

 24 Figure I.24. Schematic representation of nickel EMACs with: a) (n=0) bis-1,8-naphthyrid-7-yl-amide; b) (n=1) 2,6-bis(1,8-naphthyridylamido)pyridine; c) (n=2) bis[6-(1,8naphthyridylamido)pyridyl]amide [133]; d) bis[2-(1,8-naphthyridin-7-yl-amido)-1,8naphthyridin-7yl]amide [134] and e) 2-phenyldipyridyltriamido-1,8-naphthyridine ligands [135].

Figure I. 25 .

 25 Figure I.25. A series of other equatorial ligands used in the assembling of EMACs.

I. 26 )

 26 . The synthesis was accomplished using the H 2 tpda ligand, Ni(OAc) 2 and [Ru 2 (OAc) 4 Cl], with the addition of NaSCN during the reflux in molten naphthalene. The final product has two Ni(II) atoms, a Ru 2 (II,III) pair and a Ni(I) ion [146], suggesting redox processes similar to those found in the nickel EMACs with naphthyridine, where there is also an isolated Ni(I) ion (Fig. I.24).

Figure I. 26 .

 26 Figure I.26. The schematic drawing of the [Ni 3 Ru 2 (tpda) 4 (NCS) 2 ] complex.
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  .25e and Fig. I.27) [147]. The earliest mention of the synthesis of this compound is from 1948, in a publication by M. Katayanagi et al. involving the combination of one mole of triethylorthoformate with two moles of orthoaminopyridine and refluxing at 150 °C. The final product presents as white deliquescent needles.

Figure I. 27 .

 27 Figure I.27. Graphic depiction of the synthesis of HdpyF ligand.

Figure I. 28 .

 28 Figure I.28. Coordination modes for HdpyF and dpyF -ligands.

Figure I. 29 .

 29 Figure I.29. Schematic drawing of some of the most notable paddlewheel complexes containing the dpyF -ligand.

Figure II. 1 .

 1 Figure II.1. Splitting of the 3d orbitals in an octahedral ligand field for Co(II) (d 7 ) ion with the spectroscopic terms associated with each configuration.

  II.2a) or an abrupt transition (Fig. II.2b), eventually with hysteresis (Fig.

Figure II. 2 .

 2 Figure II.2. Three cases of SCO types: (a) gradual conversion, (b) abrupt transition, (c) abrupt transition with hysteresis.

Figure II. 3 .

 3 Figure II.3. Color of the low spin (left) and high spin (right) states of an unspecified Fe(II) complex. (Reproduced with permission from [2d], Copyright © 2016 Wiley & Sons).

Figure II. 4 .II. 1 . 3 . 1 .

 4131 Figure II.4. A schematic drawing of 1.

Figure II. 5 .

 5 Figure II.5. The protonated (a) and deprotonated (b) forms of 2,2'-dipyridylamine.

Figure II. 6 .

 6 Figure II.6. Repulsion of the two protons causing the wrapping of dpa -around the Co 3 axis.

Figure II. 7 .

 7 Figure II.7. Room temperature 1 H-NMR of 1 in CD 2 Cl 2 with attribution of s. Signals a-d are assigned to the corresponding H atoms as shown at the top. (Reproduced with permission from [19]. Copyright © 1999, American Chemical Society).

  stretch isomerism was introduced by Hoffman in 1972, in a theoretical study on a series of hypothetical molecules of the type (CH) 5 + and (CH) 4 CO [20]. He proposed that a molecule can exist in two identical forms where the only difference is in one or several bond distances. This phenomenon is distinctive from structural, geometrical or optical isomerism, the difference between isomers in this case being minimal. In reality very few examples have been provided. Most putative examples have proven to contain crystallographic artifacts,

. 1 . 3 . 3 .

 133 Electronic structure of [Co 3 (dpa) 4 Cl 2 ]. In the symmetrical form, the tricobalt core in [Co 3 (dpa) 4 Cl 2 ] is considered to be a typical example of a 3-center 3-electron bond. As two electrons are in bonding orbitals, with the third in a non-bonding orbital, the bond order between cobalt atoms is formally 0.5. The molecular orbital diagram calculated by Density Functional Theory (DFT) is shown in Fig. II.8a and b [22]. The twenty one electrons from the three Co(II) atoms organize in nine pairs filling all of the  or orbitals, one pair occupies a  orbital and the lone electron is found in the  nb orbital.

Figure II. 8 .

 8 Figure II.8. Molecular-orbital diagram of the symmetrical version of 1 in its (a) ground and (b) first excited state, from ref [22],  eff = f(T) curves for manually separated crystals of (c) 1•CH 2 Cl 2 and (d) 1•2CH 2 Cl 2 . (The  eff = f(T) plots were reproduced with permission from [13]. Copyright © 2000, American Chemical Society).

  ferrocene, (Fig. II.9)[27].

Figure II. 9 .

 9 Figure II.9. Cyclic voltammogram of [Co 3 (dpa) 4 Cl 2 ] in CH 2 Cl 2 . (Reproduced with permission from Ref. [27]. Copyright © 2000, American Chemical Society).

Figure II. 10 .

 10 Figure II.10. Molecular orbital diagrams for the three spin states of [Co 3 (dpa) 4 Cl 2 ](BF 4 ) (a, b, c) and its  eff = f(T) dependence (d). (Figure II.10d is reproduced with the permission from Ref. [27].

  using metalloligand bridges. The idea of assembling trinuclear EMACs into 1D or 2D polymers has not been widely explored. Successful attempts have been made by S.-M. Peng et al.[29] and J. Zhang and Zhu[30] to link [Ni 3 (dpa) 4 ] 2+ moieties in 1D structures using the methoxysquarate (C4 O 4 H 3 CH 3 ) and azide (N 3 -) ions in the first case and benzenedicarboxilic acid (C 6 H 4 (COOH) 2 ) in the second case. The [Ni 3 (dpa) 4 (N 3 )](PF 6 ) polymer displayed antiferromagnetic interactions between the marginal S = 1 Ni(II) ions, through the central S = 0 Ni(II) ion, or through both the central Ni(II) ion and the bridging N 3 -ligand. This is revealed on the  eff = f(T) curve, which shows a gradual decrease in the  eff value from 2.75 to 0.3   with decreasing temperature from 300 to 5 K [29], with J = -95 cm -1 . M. Shatruk et al. reported combinations of [M 3 (dpa) 4 ] 2+ , M = Co(II) and Ni(II) with [M(CN) 6 ] 3-, M = Fe(III) and Co(III), in which the first 2D grids constructed from {Co 3 } moieties were proposed, however no crystal structures of these webs could be obtained [31]. The magnetic properties described for the grids reported by M. Shatruk et al. are different for each particular case. For example, the combination of the [Co 3 (dpa) 4 ] 2+ moiety with [Co(CN) 6 ] 3-ion gave a molecule with the empirical formula {[Co 3 (dpa) 4 ] 2.06 [Co(CN) 6 ]}Cl 1.1 . This compound exhibits spin-glass behavior with a spin-freezing point of 4.8 K, due to magnetic superexchange between the paramagnetic [Co 3 (dpa) 4 ] 2+ S = 1/2 units, via the diamagnetic [Co(CN) 6 ] 3-metalloligands. The evolution of the T value in temperature reveals a SCO, a switch from LS [Co 3 (dpa) 4 ] 2+ moieties to a mixture of symmetrical and unsymmetrical HS moieties, based on the T value. The combination of [Co II 3 (dpa) 4 ] 2+ and [Fe III (CN) 6 ] 3-led to the formation of an anticipated 2D grid followed by a full electron transfer between the {Co 3 } and {Fe} structural units, with an empirical formula of {[Co III 3 (dpa) 4 ] 1.97 [Fe II (CN) 6 ]}Cl 0.8 and diamagnetic Fe(II) centers. The gradual increase of the T value with temperature persists, suggesting that the [Co 3 (dpa) 4 ] 3+ groups undergo a SCO. The combination between [Ni 3 (dpa) 4 ] 2+ and [Co(CN) 6 ] 3-gave{[Ni 3 (dpa) 4 ] 1.57 [Co(CN) 6 ]}Cl 0.3 . The normalized T product for one structural unit of [Ni 3 (dpa) 4 ] 2+ in this grid is in good agreement with the values obtained for antiferromagnetically coupled terminal Ni(II) S =1 ions via the central diamagnetic Ni(II) ion. Judging by the magnetic data the Ni 3 /Fe(III) grid, with the formula {[Ni 3 (dpa) 4 ] 1.74 [Fe(CN) 6 ]}Cl 0.45 , undergoes a partial electron transfer between the {Ni 3 } and the {Fe} moieties at room temperature, while at low temperature the state containing only Fe(III) ions is stabilized. Our objective is to induce cooperativity in the [Co 3 (dpa) 4 ] 2+ spin crossover moieties by assembling them into coordination polymers. Hexafluorometallate linkers were chosen in order to give rigid extended chains and contribute positively to the SCO of the Co(II) core towards the obtaining of a much sharper spin transition, possibly with hysteresis (Fig. II.2b,c). II.1.5. Hexafluorometallates Hexafluorometallate(IV) compounds have been known for almost a century. The most commonly used member of this family, the hexafluorosilicate anion, is found in nature as cryptohalite and bararite, two polymorphs with the formula (NH 4 ) 2 [SiF 6 ] [32]. The corresponding hexafluorosilicate salt can be obtained, often inadvertently, by the manipulation of acidic fluoride salts or complexes in glass vessels. The general synthesis for

  ) 2 was obtained by treating 1 with 2.2 equiv. of AgBF 4 in MeCN and stirring overnight. The solution was filtered and layered with diethyl ether yielding dark green crystals of [Co 3 (dpa) 4 (MeCN) 2 ](BF 4 ) 2 , as two polymorphs, 10•MeCN•0.5Et 2 O and 10•MeCN•Et 2 O, in 68% yield. However, the simple combination of equimolar solutions of [Co 3 (dpa) 4 (BF 4 ) 2 ] and (PPh 4 ) 2 [MF 6 ] (M = Re IV , Zr IV and Sn IV ) immediately gave a dark precipitate, insoluble in all common solvents. Finally, the desired coordination polymers, [Co 3 (dpa) 4 (MF 6 )]•2DMF, M = Ti (11•2DMF), Zr (12•2DMF), Sn (13•2DMF), Re (14•2DMF), Ir (15•2DMF) and Os (16•2DMF), were reproducibly obtained by the slow diffusion of a MeCN solution of (PPh 4 ) 2 [MF 6 ] into a DMF solution of [Co 3 (dpa) 4 (MeCN) 2 ](BF 4 ) 2 in long glass tubes in a drybox, to avoid decomposition of the {Co 3 } precursor.

1800 cm - 1 (

 1 Fig. II.11a) yielded spectra similar to that of the precursor 1, with the exception of the DMF present in the polymer sample (Fig. II.11b). The peak at ~1670 cm -1 is a characteristic peak for DMF and is the most obvious change in the IR spectrum compared to 1. Another feature that is different is the peak at 1153 cm -1 in the spectrum for coordination polymers, using 12•2DMF as an example in Fig. II.11b. From the literature, it is known that symmetrical and unsymmetrical [Co 3 (dpa) 4 Cl 2 ] molecules give slightly different solid-state spectra [39]. As previously discussed, [Co 3 (dpa) 4 Cl 2 ] exists as a mixture when crystallized out of dichlromethane and hexanes. This manifests by a splitting of the peak around 1153 cm -1 , which is related to pyridine vibrations, into two peaks at 1153 and 1164 cm -1 , corresponding to s-1•CH 2 Cl 2 and u-1•CH 2 Cl 2 , respectively. The fact that the peak at 1164 cm -1 is not present in the spectrum sugests that there are no unsymmetrical Co-Co-Co moieties in the coordination polymers 11•2DMF-16•2DMF.

Figure II. 11 .

 11 Figure II.11. Peaks registered on far FT-IR spectra in the range of 1800-550 cm -1 of (a) [Co 3 (dpa) 4 (MF 6 )]•2DMF, for M = Ti (IV); Zr(IV); Sn(IV); Re(IV); Ir(IV) and Os(IV); lines correspond DMF peaks, and (b) Hdpa, 1•CH 2 Cl 2 and 12•DMF, with important peaks highlighted. The spectra are shifted vertically for clarity.

Figure II. 12 .

 12 Figure II.12. Peaks registered on far FT-IR spectra in the range of 1800-550 cm -1 of fresh and old samples of 13•2DMF. The spectra are shifted vertically for clarity.

Figure II. 13 .

 13 Figure II.13. Peaks registered on far FT-IR spectra of 12-16•2DMF compared to their precursors: 1•CH 2 Cl 2 and the dried salts of Zr, Sn, Re, Ir and Os (PPh 4 ) 2 [MF 6 ] salts in the 600-150 cm -1 range, with important peaks highlighted. The spectra are shifted vertically for clarity.

Figure II. 15 .

 15 Figure II.15. Thermal ellipsoid plot of the [Co 3 (dpa) 4 (MeCN) 2 ] 2+ complex ion in one of the molecules in 10•MeCN•0.5Et 2 O. Copurple, Nlight purple, Cdark grey. The ellipsoids are drawn at 50% probability. H atoms were removed for clarity.

  ] 2-unit serves as a bridging ligand between the metal in the hexafluorometallate and the marginal Co(II) ion from the {Co 3 } cluster in a perfectly linear polymer (Fig. II.17). The chains are racemic; the two enantiomers of the [Co 3 (dpa) 4 ] 2+ moieties alternate along the chainThere is a disorder on the position of the ligand in the {Co 3 } clusters, showing that both enantiomers can be found in the same position. This disorder is manifested in different percentage depending on the measured crystal, ranging from 50/50 occupancy to 85/15 occupancy.

Figure II. 17 .

 17 Figure II.17. Thermal ellipsoid plots of 13•2DMF polymer and its packing with the view along a, b and c axes. Copurple, Fyellow, Nlight purple, Cdark grey, Ored, Sngrey. The ellipsoids are drawn at 50% probability. H atoms were removed for clarity.

  The chains are arranged in a strictly parallel fashion and grow along the long axis of the unit cell. The Co1-Co2 and Co2-Co3 distances are in the range of 2.27-2.29 Å (TableII.11) which is shorter by 0.03-0.05 Å than in the precursor 1. The MF bond distances of the axial fluorides are slightly longer than those of the equatorial fluorides. The newlyformed Co-F bond varys very little with the metal in the chain and is in the region of 2.10-2.11 Å for Co1-F1 and 2.15-2.18 Å for Co3-F2. The DMF molecules in the structure are severely disordered. Two molecules of DMF occupy four positions with 1/2 occupancy (Fig. II.18). TGA was performed on five of the six samples specifically to confirm the number of DMF molecules in the structure and also to determine their thermal stability (Fig. II.19). The analysis shows a loss in mass at about 150 °C of ~12% for all the samples, which is the equivalent of two molecules of DMF per structural unit. For the sample 12•2DMF mass loss at room temperature is observed meaning that the system is losing solvent at room temperature.

Figure II. 18 .

 18 Figure II.18. The arrangement of the DMF molecules in [Co 3 (dpa) 4 (MF 6 )]•2DMF at (right) halfoccupancy and (left) full occupancy. Ored, Nlight purple, Cdark grey.

Figure II. 19 . 1 . 2 , 10 ,

 191210 Figure II.19. Thermogravimetric analysis on (a) 12•2DMF (Zr), (b) 13•2DMF (Sn), (c) 14•2DMF (Re), (d) 15•2DMF (Ir) and (e) 16•2DMF (Os) with the specified mass attributed to solvent loss, (1 K/min).

Figure II. 20 .

 20 Figure II.20. Temperature dependence of T at 1000 Oe for the mixture between 10•MeCN•0.5Et 2 O and 10•MeCN•Et 2 O.

Figure II. 21 .

 21 Figure II.21. Temperature dependence of T for 7•2H 2 O (Re), 8•2H 2 O (Ir) and 9•2H 2 O (Os) measured on crystalline samples by direct current magnetization under the field of 0.1 T (work of K. S. Pedersen).

Figure II. 22 .

 22 Figure II.22. (left) Temperature dependence of the χT product at 1000 Oe in the 1.85-300 K window and (right) field dependence of magnetization for 11•2DMF, 12•2DMF and 16•2DMF. The solid line in the χT vs. T plots is the fit to Eq II.9.

Figure II. 23 . 11 Figure II. 24 .

 231124 Figure II.23. (left) Temperature dependence of the χT product at 1000 Oe in the 1.85-300 K window and (right) field dependence of magnetization for 13•2DMF. The solid lines are guides for the eye.

Figure II. 25 .

 25 Figure II.25. Schematic drawing of the 2,2'-di(4-methyl)pyridylamine.

Figure II. 26 .

 26 Figure II.26. (left) Temperature dependence of the χT product at 1000 Oe and 10000 Oe and field dependence of magnetization for [Co 3 (dmpa) 4 (MeCN) 2 ](BF 4 ) 2 •nEt 2 O, 19•nEt 2 O. The solid lines are guides for the eye.

Figure II. 27 .

 27 Figure II.27. FT-IR spectra in the region 1800-550 cm -1 of the ligand Hdmpa, [Co 3 (dmpa) 4 Cl 2 ]•C 6 H 14 , 18•C 6 H 14 and the chain formed from the combination of [Co 3 (dmpa) 4 ] 2+ core and [SnF 6 ] 2-; peaks characteristic to DMF are highlighted.

Figure II. 28 .

 28 Figure II.28. (left) Temperature dependence of the χT product at 1000 Oe in the 1.85-300 K window and (right) field dependence of magnetization for the chain formed from the combination of [Co 3 (dmpa) 4 ] 2+ core and [SnF 6 ] 2-.

  Recent results regarding the Single-Molecule Magnet (SMM) properties of chromium EMACs have motivated us to study the influence of the axial and equatorial ligands on the relaxation of magnetization in Cr 3 dipyridylamido EMACs. Complexes with a variety of axial ligands have been synthesized and evaluated, including F -, Cl -, Br -, I -, SCN -, SeCN -and CN -. Another example where the [Cr 3 (dpa) 4 Cl 2 ] unit has been modified by incorporating a methyl group in the para position of the pyridyl rings, [Cr 3 (dmpa) 4 Cl 2 ], has also been studied. The synthesis and structural characterization for the examples with Cl -, Br -, I -and CN -in the axial positions have been previously reported and reproduced in this work for comparison [1]. The examples with [Cr 3 (dpa) 4 (CN) 2 ] and [Cr 3 (dmpa) 4 Cl 2 ] clusters are rare examples where the two Cr-Cr distances are identical. However, regardless of geometry, symmetrical or unsymmetrical, the relaxation dynamics were similar. This observation raised two questions: Do the Cr-Cr distances remain constant with temperature and can the ground state of the Cr 3 clusters be experimentally verified?

Figure III. 1 .

 1 Figure III.1. Paramagnetic, superparamagnetic and ferromagnetic behavior (a) without applied field (b) with applied field and (c) after the applied field is removed.

Figure III. 2 .

 2 Figure III.2. Potential energy diagram for an S = 2 SMM in zero-field with D < 0.

  Fig. III.3a). This will lead to the population of the m s = 2 state, that is the lowest in energy (Fig. III.3b).

Figure III. 3 .

 3 Figure III.3. (a) The Zeeman splitting; (b) The potential energy diagram for S = 2 SMM with applied field.

Cr -merging the two fields III. 2 . 1 .

 21 IntroductionSince its publication in 1997, the trichromium EMAC [Cr 3 (dpa)4 Cl 2 ] (20) has received considerable interest due to its geometry, redox properties and electronic structure[26]. Like its Co analogue, the Cr trinuclear cluster comes in two distinct geometries: symmetrical and unsymmetrical (Fig.III.4). The unsymmetrical molecule is obtained due to the formation of a strong quadruple bond between two Cr(II) metal atoms. In the symmetrical molecule there is a 3-center 3-electron bond, where the spin is distributed between all three Cr(II) ions[27]. So, like with the Co(II) EMAC, the influence of the symmetry of the Cr molecule on its properties was also questioned.

Figure III. 4 .

 4 Figure III.4. Schematic drawing of [Cr 3 (dpa) 4 X 2 ] in its symmetrical (a) and nonsymmetrical (b) forms, where Xany anionic or neutral linker.

  resides on a two-fold axis, the two Cr-Cr distances were regarded as identical with a Cr(1)Cr(2) distance of 2.3647(10) Å. Later, it was noticed that the thermal ellipsoid for the central Cr(II) ion in the molecule was slightly elongated along the Cr•••Cr•••Cr axis (Fig III.5a). The elongated ellipsoid was modeled as a disordered Cr atom in two positions with 50% occupancy (Fig. III.5b). This model results in a short and a long Cr•••Cr distance in the molecule [1]. For 1•Et 2 O, the short Cr-Cr distance, of 2.278(3) Å, and the long one, 2.451(3) Å, suggests that the nature of the bonding between the Cr atoms in the molecule is not delocalized (Fig. III.4a). The short distance was attributed to a quadruple Cr-Cr covalent bond while the long one suggests a lack of bonding between the metals, and thus an isolated Cr(II) ion.

Figure III. 5 .

 5 Figure III.5. Different cases of symmetry in trinuclear Cr(II) EMACs, each ellipsoid represents a Cr(II) ion: (a)/(b) the unmodeled/modeled case of disorder on the central Cr(II) ion; (c) the rare symmetrical case; (d) the clearly unsymmetrical clusters obtained with unequal axial ligands.

  dpa  based complexes, where the trimer is composed of either Mo•••Mo•••Cr or W•••W•••Cr [34].

Figure III. 6 .

 6 Figure III.6. Molecular orbital diagram for the symmetrical trichromium EMACs.

{Cr 3 }

 3 molecule (Table III.1). The two fluoride ions coordinate to the axial positions of the Cr complex with the CrF bond distances of 2.065(2) and 2.043(2) Å (120 K) respectively. Two dichloromethane molecules interact with the F atoms through hydrogen bonding (Fig. III.7a) with the tightly packed molecules parallel to each other (Fig. III.7b).

Figure III. 7 .

 7 Figure III.7. a) Thermal ellipsoid plots of 23•2CH 2 Cl 2 where the hydrogen bonding, between the protons from the solvent and the F atoms from the complex, is highlighted with blue line; b) the packing of the molecules along the b axis of the cell; Crlight blue, Npurple, Fyellow, Clgreen, Cgrey and Hlight grey; the H atoms from the pyridyl rings were removed for clarity.

2 )In 23 •

 223 bP, where P = [max(0 or F o 2CH 2 Cl 2 , the central Cr(II) ion is slightly elongated compared to the terminal Cr(II) ions. Without the disorder modeled, the molecule is unsymmetric, with Cr-Cr distances of 2.2071(8) and 2.4654(8) Å. When the central Cr(II) ion is split over two positions with an occupancy of 0.75 and 0.25, this yields Cr-Cr distances of 2.157(6) and 2.516(6) Å for the major part, and 2.29(2) and 2.38(2) Å for the minor part (Fig. III.8).

Figure III. 8 .

 8 Figure III.8. a) Thermal ellipsoid plots of two cases the F and Cr atoms along the axis of the molecule: one when the central Cr(II) ion is modeled with no disorder and one where the central Cr(II) ion is split over two positions with an occupancy of 75 and 25%; Crlight blue, Fyellow.

24•2C 7 H 8 [ 1 ]

 781 . The Se-C≡N -ions coordinate to the Cr(II) ion through the nitrogen atom forming a C-N-Cr angle of 151.0(2)° in 25•2C 7 H 8 . The cluster crystallizes with two molecules of toluene, both disordered. The disorder was successfully modeled in a way that each toluene occupies two positions. The central Cr atom is located on an inversion center. It was modeled as disordered over two positions with a short distance of 2.2028(12) Å and a long one of 2.4892(12) Å (120 K) (Fig. III.9b).

Figure III. 9 .

 9 Figure III.9. (a) Thermal ellipsoid plots of 25•2C 7 H 8 ; (b) The atoms on the Cr•••Cr axis with the disorder on the central Cr(II) ion modeled with 1/2 occupancy; Crlight blue, Npurple, Seorange, Cgrey; the H atoms were removed for clarity.

Figure III. 10 .

 10 Figure III.10. Thermal ellipsoid plots of (a) 27•3C 7 H 8 ; (b) The atoms on the Cr•••Cr axis; Crlight blue, Npurple, Clgreen and Cgrey; solvent molecules and protons were removed for clarity.

Figure III. 11 .

 11 Figure III.11. Temperature dependence of the χT product at 1000 Oe in linear and logarithmic scale for (a) 20•Et 2 O, (b) 21•CH 2 Cl 2 , (c) 22•CH 2 Cl 2 , (d) 23•2CH 2 Cl 2 , (e) 24•0.4CH 2 Cl 2 , (f) 25•2C 7 H 8 , (g) 26• CH 2 Cl 2 and (h) 27•3C 7 H 8 . The solid line represents the fit according to Eq. III.7.

= 1 .

 1 99(2) and a zero-field splitting parameter of about -2.0 K for 20•Et 2 O. The data obtained for all the compounds studied is summarized in TableIII.2. Eq. III.7 Where x = D/k B T and C o = the reduced Curie constant; The measurements in dc field and the fits result in similar g and D/k B values. It is known that from the fit of the χT = f(T) curve reliable g and D/k B values cannot be obtained. W band EPR spectra were recorded on microcrystalline samples of 20•Et 2 O and 24•0.4CH 2 Cl 2 (Fig. III.12). The measurements show g x,y = 1.999 and g z = 1.990 for 20•Et 2 O and g x,y = 1.985 and g z = 1.970 for 24•0.4CH 2 Cl 2 , which tells us that the system has very little anisotropy and confirmed the g value obtained from the fit of χT = f(T). The D/k B values obtained from Wband EPR, which are -1.650 K for 20•Et 2 O and -1.765 K for 24•0.4CH 2 Cl 2 , however, are very different from the ones obtained from the fit of the χT = f(T) curve and not very different between each other. This suggests that in this case the magnitude of the ZFS does not vary significantly with the change of the axial ligand, despite the disparate values obtained from the fit of the χT = f(T) curve.

Figure III. 12 .

 12 Figure III.12. W-band EPR spectra recorded on microcrystalline samples of (a) 20•Et 2 O and (b) 24•0.4CH 2 Cl 2 at 5.5 K.

Figure III. 13 .

 13 Figure III.13. The frequency dependence of the χ' (left) and χ" (right) at variable fields for 20•Et 2 O. Red lines represent the fit to the Debye model.

Figure III. 14 .

 14 Figure III.14. Field dependence of the frequency maxima extracted from χ' = f( (circle) and χ" = f( (square) for 20•Et 2 O. Black arrow shows the optimum field. The red line is a guide for the eyes.

Figure III. 15 .

 15 Figure III.15. Temperature dependence at various frequencies (top) and frequency dependence at different temperatures (bottom) of the χ' (left) and χ" (right) component of the ac susceptibility at a fixed dc field of 2000 Oe for 20•Et 2 O. Solid lines are guides for the eyes. The red lines on the χ" = f( plots represent the fit to the Debye model.

Figure III. 16 .

 16 Figure III.16. The vs T -1 plot for 20•Et 2 O in 2000 Oe dc field. The solid line represents the best fit to the Arrhenius law.

For a better understanding

  of the thermal changes in bond distances, the structure of [Cr 3 (dpa) 4 Cl 2 ]•Et 2 O was collected at 298, 180, 120 and 85 K. The temperature dependence of the intermetallic distances of Cr1•••Cr2, Cr2•••Cr3 and Cr1•••Cr3 are plotted in Fig. III.17. The observed changes of Cr1•••Cr2 and Cr2•••Cr3 distances show a visible tendency towards a symmetrical molecule at low temperatures. The plot of the changes in Cr1•••Cr3 distance with temperature shows a broad minimum in the Cr1•••Cr3 distance around 120-170 K.

Figure III. 17 .

 17 Figure III.17. Thermal variation of (a) Cr1•••Cr2 and Cr2•••Cr3 interatomic distances and (b) Cr1•••Cr3 distances in [Cr 3 (dpa) 4 Cl 2 ]•Et 2 O. The solid line is a guide for the eyes.

Figure III. 18 .

 18 Figure III.18. Thermal ellipsoid plots of the atoms along the Cr•••Cr•••Cr axis in the structure 22•CH 2 Cl 2 at 85 K (a) without and (b) with modeled disorder on the positions of the central and marginal Cr positions; Crlight blue, Ipurple; ellipsoids drawn at 90% probability.

  relaxation of magnetization in Cr 3 dipyridylamido clusters yielded unexpected results. The results obtained on temperature dependent X-ray crystallography on 20•Et 2 O and ac susceptibility gives us some explanation on the source of the SMM behavior of these compounds but it does not explain why the properties do not vary with different axial (or equatorial) ligands involved. DFT calculations suggest that the ground state of the {Cr 3 } clusters is symmetrical and experimental results support this. From the experimental data, from single crystal X-ray diffraction measurements, we know that with the decrease in temperature, a visible change in the Cr•••Cr distances takes place (Fig. III.17a), that is not reflected on the χT = f(T) curve (Fig. III.11a), but may have a contribution to the SMM properties of the [Cr 3 (dpa) 4 ] 2+ moiety. This is shown in the tendency of the compound 20•Et 2 O towards a symmetrical molecule, and also in the obvious increase of the Cr1•••Cr3 distance, with the decrease in temperature (Fig III.17b

  diamagnetic contributions. Measurements were performed on polycrystalline samples of 15.11, 15.20, 16.10, 17.90, 8.60, 27.70 and 12.50 mg of freshly filtered samples covered with paratone oil (to avoid magnetic torqueing) introduced in sealed polyethylene bags (3 × 0.5 × 0.02 cm).

Synthesis [Cr 3 (dpa) 4 Cl 2 ]•Et 2 O, 20 • 1 •[Cr 3 (dpa) 4 F 2 ]•2CH 2 Cl 2 , 23 •2CH 2 Cl 2 .

 3422201342222322 Et 2 O. The synthesis used for 20 was first published byCotton et al. in 1997 [26] and is very similar to the one used for its Co analogue. In the current work the diethyl ether solvate was synthesized and used[1]. Hdpa 518 mg (3.05 mmol) was dissolved in 40 mL of THF and deprotonated with methyllithium at the 95 °C. After returning to room temperature, 285 mg (2.31 mmol) of CrCl 2 was added quickly through the neck of the Schlenk flask under a vigorous stream of argon. The mixture was stirred for 20 min at room temperature and refluxed for 20 h, after which a brownish green precipitate was formed on the bottom of the flask. The solid was filtered, washed with THF, 2 x 15 mL, and then extracted with 50 mL of CH 2 Cl 2 and layered with diethyl ether. After a week of diffusion, dark green crystals of [Cr 3 (dpa) 4 Cl 2 ]•Et 2 O, Et 2 O grew on the walls of the flask. Yield 450 mg (60 %). [Cr 3 (dpa) 4 Br 2 ]•CH 2 Cl 2 , 21•CH 2 Cl 2 . In a glovebox, 20•Et 2 O (50 mg, 0.051 mmol) and TlBF 4 (32 mg, 0.103 mmol) were added to a 20 mL scintillation vial and dissolved together in 8 mL of MeCN. The mixture was stirred overnight and then filtered through PTFE filters of 0.2 μm porosity (VWR). To this solution was added a solution of KBr (13.5 mg, 0.113 mmol) in 5 mL MeCN. The MeCN solution was stirred and heated at 50 °C for 1-2 days. To precipitate the product from MeCN a very concentrated solution must be formed. The dark solid was filtered, washed with ether and dissolved in 15 mL of CH 2 Cl 2 . This solution was filtered again from the KBF 4 and layered with hexanes. Yield 30.2 mg (56 %) [Cr 3 (dpa) 4 I 2 ]•CH 2 Cl 2 , 22•CH 2 Cl 2 . The compound was made following a similar procedure as for 2 but instead of KBr, it was used KI (18.8 mg, 0.113 mmol). The synthesis takes place spontaneously in a short time without heating. To precipitate the product from MeCN a very concentrated solution must be formed. Yield 41.2 mg (70 %) The compound 20•Et 2 O (50 mg, 0.051 mmol) and TlBF 4 (32 mg, 0.103 mmol) were put in a 20 mL scintillation vial and dissolved together in 10 mL of DCM. The mixture was stirred overnight and then filtered through PTFE filters of 0.2 μm porosity from VWR. To this solution were added two drops of THF solution of N(C 4 H 9 ) 4 F (1M). Dark brown crystals formed in a few minutes leaving a pale brown solution.

21•CH 2 Cl 2 Figure III. 21 .

 221 Figure III.21. Temperature dependence at various frequencies (up) and frequency dependence at different temperatures (down) of the χ' (left) and χ" (right) component of the ac susceptibility at a fixed dc field of 2000 Oe for 21•CH 2 Cl 2 . Solid lines are guides for the eyes. The red lines on the χ" = f( plot represent the fit to the Debye model.

Figure III. 22 .

 22 Figure III.22. The vs T -1 plot for 21•CH 2 Cl 2 in 2000 Oe dc field. The solid line represents the best fit to the Arrhenius law.

22•CH 2 Cl 2 Figure III. 23 . 23 •2CH 2 Cl 2 Figure III. 24 .

 22323224 Figure III.23. The frequency dependence of the χ' (left) and χ" (right) at variable fields for 22•CH 2 Cl 2 .No fit was applied.

Figure III. 25 . 23 •2CH 2 Cl 2 Figure III. 26 .

 2523226 Figure III.25. Field dependence of the frequency maxima extracted from χ" = f( (circle) for 23•2CH 2 Cl 2 . Black arrow shows the optimum field. The red line is a guide for the eyes.

Figure III. 27 .

 27 Figure III.27. The vs T -1 plot for 23•2CH 2 Cl 2 in 4000 Oe dc field. The solid line represents the best fit to the Arrhenius law.

24• 0 .4CH 2 Cl 2 Figure III. 28 .

 0228 Figure III.28. The frequency dependence of the χ' (left) and χ" (right) at variable fields for 24•0.4CH 2 Cl 2 . Red lines represent the fit to the Debye model.

Figure III. 29 . 2 Figure III. 30 .

 29230 Figure III.29. Field dependence of the frequency maxima extracted from χ' = f( (circle) and χ" = f( (square) for 24•0.4CH 2 Cl 2 . Black arrow shows the optimum field. The red line is a guide for the eyes.

Figure III. 31 .

 31 Figure III.31. The vs T -1 plot for 24•0.4CH 2 Cl 2 in 3500 Oe dc field. The solid line represents the best fit to the Arrhenius law.

25•2C 7 H 8 Figure III. 32 .

 832 Figure III.32. The frequency dependence of the χ' (left) and χ" (right) at variable fields for 25•2C 7 H 8 . Red lines represent the fit to the Debye model.

Figure III. 33 . 8 Figure III. 34 .

 33834 Figure III.33. Field dependence of the frequency maxima extracted from χ' = f( (circle) and χ" = f( (square) for 25•2C 7 H 8 . Black arrow shows the optimum field. The red line is a guide for the eyes.

Figure III. 35 .

 35 Figure III.35. The vs T -1 plot for 25•2C 7 H 8 in 4000 Oe dc field. The solid line represents the best fit to the Arrhenius law.

26•CH 2 Cl 2 Figure III. 36 .

 236 Figure III.36. The frequency dependence of the χ' (left) and χ" (right) at variable fields for 26•CH 2 Cl 2 . Red lines represent the fit to the Debye model.

Figure III. 37 . 26 •CH 2 Cl 2 Figure III. 38 .

 3726238 Figure III.37. Field dependence of the frequency maxima extracted from χ' = f( (circle) and χ" = f( (square) for 26•CH 2 Cl 2 . Black arrow shows the optimum field. The red line is a guide for the eyes.

Figure III. 39 .

 39 Figure III.39. The vs T -1 plot for 26•CH 2 Cl 2 in 3500 Oe dc field. The solid line represents the best fit to the Arrhenius law.

27•3C 7 H 8 Figure III. 40 .

 840 Figure III.40. The frequency dependence of the χ' (left) and χ" (right) at variable fields for 27•3C 7 H 8 . Red lines represent the fit to the Debye model.

Figure III. 41 . 8 Figure III. 42 .

 41842 Figure III.41. Field dependence of the frequency maxima extracted from χ' = f( (circle) and χ" = f( (square) for 27•3C 7 H 8 . Black arrow shows the optimum field. The red line is a guide for the eyes.

Figure III. 43 .

 43 Figure III.43. The vs T -1 plot for 27•3C 7 H 8 in 3500 Oe dc field. The solid line represents the best fit to the Arrhenius law.

1 .

 1 Coordination Induced Spin State Switching (CISSS) effect. In classic, mononuclear SCO compounds, the change in the spin state from LS to HS occurs with an increase in the radius of the metal ion and metal to ligand bond distances. While this does not usually significantly affect the geometry of the molecule, elastic interactions between molecules can provoke a first-order phase transition and "switching" phenomenon. A special and small class of molecules undergoes spin switching accompanied by dramatic changes in the coordination sphere of the metal ion, typically ligand isomerization or ligand coordination/decoordination. This phenomenon is called Coordination Induced Spin State Switching (CISSS) or Coordination Induced Spin Crossover (CISCO)[1]. Interestingly

  induced spin crossover related to a change in the coordination sphere have been reported in the literature: a) Cis-trans isomerization around a C=C double bond in organic ligands, although not directly changing the coordination sphere of the metal, provokes a change of the HOMO-LUMO gap, and thus modifies the temperature dependence of the spin state. Typically, one isomer will result in a molecule that is LS or HS at all temperatures, while the other isomer will give rise to spin crossover. Such is the case for [Fe(stpy) 4 (NCS) 2 ], where stpy = 4-styrylpyridine (Fig. IV.1), where the ligand undergoes a photoinduced isomerization on the vinyl moiety [5]. The cis isomer contains a HS Fe(II) ion at all temperatures, while the trans isomer possesses SCO.

Figure IV. 1 .

 1 Figure IV.1. Thermal ellipsoid plots of isomers Fe(cis-stpy) 4 (NCS) 2 and Fe(trans-stpy) 4 (NCS) 2 , stpy = 4-styrylpyridine, and the χT = f(T) curves for both [5]; (Reproduced with permission from [5]; Copyright © 1994, American Chemical Society).

  For example, Ni(II) porphyrins are capable of changing their spin state by the coordination and decoordination of solvent molecules in the axial postion (Fig. IV.2). The square-planar Ni(II) complex is diamagnetic (S = 0) while the axially mono-and di-coordinated Ni(II) complexes are paramagnetic (S = 1). Examples are known for L = p-nitropyridine, p-cyanopyridine and p-dimethylaminopyridine [2]. A similar process takes place during the coordination of the O 2 molecule to the heme group in the hemoglobin and myoglobin, inducing a transition from Fe(II) (S = 2) to Fe(III) (S = 1/2) in the oxy form of these complexes.

Figure IV. 2 .

 2 Figure IV.2. Schematic depiction of the transition from square planar coordination to octahedral in Ni(II) R-porphyrin complexes. (Reproduced with permission from [2]; Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim).

Figure IV. 3 .

 3 Figure IV.3. View of the two molecular structures of [FeL(CN) 2 ] in (left) LS and (right) HS states, showing the reversible transition from a hexacoordinated LS state to a heptacoordinated HS state. (Reproduced with permission from [3]; Copyright © 2007, Royal Society of Chemistry).

Figure IV. 4 .

 4 Figure IV.4. Schematic representation of reversible LIESST effect in [Fe II (ptz) 6 ](BF 4 ) 2 [8].

  into its LS state. Absorption spectra of a sample were registered after irradiation with green light and red light at 10 K. These spectra clearly showed conversion from LS into HS and back into LS state (Fig. IV.5) [8b,9].

Figure IV. 5 .

 5 Figure IV.5. Single crystal absorption spectra with the light propagating along the crystallographic c axis of [Fe(ptz) 6 ](BF 4 ) 2 in the range of the d-d transitions at (a) 293 K and (b) 20 K; (c) after irradiation at 514 nm (20 K), (d) after subsequent irradiation at 820 nm (20 K), (e) after irradiation at 980 nm (20 K) [10] (Reproduced with permission from [9], Copyright © 2016 AIC Publishing LLC).

  Co(II) ions are situated on one axis and four dpyF -ligands are coordinated to the Co(II) ions. Although the dpyF -ligand could theoretically support four metal centers with four bridging nitrogen atoms, [Co 3 (dpyF) 4 ](PF 6 ) 2 is a trimetallic compound. From each ligand, three N atoms (one from a pyridyl ring and two from the amine groups) are each coordinated to one Co(II) ion. Unlike a typical EMAC, this molecule does not have an axial ligand, instead, two N atoms from the remaining pyridyl rings coordinate to the marginal Co(II) ions. The four dpyF -ligands are thus arranged two by two in a trans manner. As a result the two terminal Co(II) ions are hexacoordinated in a distorted octahedron, while the central cobalt is tetracoordinated in a distorted square planar fashion (Fig. IV.6).

Figure IV. 6 .IV. 2 . 1 . 2 .

 6212 Figure IV.6. Schematic representation of the [Co 3 (dpyF) 4 ] 2+ complex ion.

3 )

 3 and shows the same coordination manifold as observed in the PF 6  salt (Fig. IV.8). However, both the BF 4 -anions and the solvent molecules were highly disordered and could not be acceptably modeled, although BF 4 -was clearly detected in the FT-IR spectrum of [Co 3 (dpyF) 4 ](BF 4 ) 2 •solvent. The refinement of the structure without modeling the solvent molecules or counter anions gave an R1(I > 2σI) value of 14.69% and PLATON checkcCIF alerted us to a large void spaces (25.4%) in the unit cell. Therefore, the PLATON SQUEEZE algorithm was applied [13]. Application of SQUEEZE suggested the presence of six void spaces in the unit cell. Two voids have volumes of 671 Å 3 , containing approximately 142 electrons, and lie between the molecular sheets formed in the ab plane (Fig. IV.8, lower right). The remaining four voids are much smaller, with volumes of about 64 Å 3 containing approximately 45 electrons, and lie between the molecules in a sheet (Fig. IV.8, lower left). The electron count for BF 4 -being 42 and MeCN being 22, the overall electron count (464) corresponds to eight BF 4 -anions and about six molecules of acetonitrile. Based on the number of electrons in the void spaces, it is likely that one BF 4 -anion occupies each of the small voids (which have a tetrahedral shape), while four BF 4 -anions and around six molecules of acetonitrile occupy the large voids.

Figure IV. 8 .

 8 Figure IV.8. Thermal ellipsoid plot of [Co 3 (dpyF) 4 ] 2+ ion in [Co 3 (dpyF) 4 ](BF 4 ) 2 and the packing along c (left) and b (right) axes at 270 K. Copurple, Nlight purple, Cdark grey.
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 222 shift/esd, final cycle 0.001 a R 1 = Σ||F o | -|F c ||/ Σ|F o |. b wR 2 = [Σ[w(F o 2 -/ Σ[w(F o 2 ) 2 ]] 1/2 , w = 1/σ 2 (F o + (aP) 2 + bP, where P = [max(0 or F o 2 ) + 2(F c 2 )]/3. TGA measurements were performed to evaluate the amount of solvent in the crystal structure (Fig. IV.9). According to the analysis, on the first step the sample loses ~6.9 % of its mass, upon heating until 250 °C, consistent with the loss of two molecules of MeCN per {Co 3 } unit. It is noticeable that the mass loss starts immediately, meaning that the crystals do not retain the solvent in the crystal for long time even at room temperature. These results agree with the crystallographic study, suggesting that the fully solvated molecule has the formula [Co 3 (dpyF) 4 ](BF 4 ) 2 •2MeCN.

Figure IV. 9 .

 9 Figure IV.9. Thermogravimetric analysis for [Co 3 (dpyF) 4 ](BF 4 ) 2 •nSolv compound at 1 °C/min.

Figure IV. 10 .

 10 Figure IV.10. Temperature dependence of χT at 1000 Oe for [Co 3 (dpyF) 4 ](BF 4 ) 2 •2MeCN, solvated and dried under vacuum.

a symmetrical Co 3

 3 core with long Co•••Co distances. The structure at 135 K shows an obvious elongation of the ellipsoid along the Co•••Co•••Co axis (Fig. IV.11), which may be indicative of disorder on the central Co(II) ion. The disorder was modeled by splitting Co(II) ion over three positions, the two marginal positions being related by symmetry. The disorder was set to an occupancy of 0.25, 0.50 and 0.25 (Fig. IV.11c) with satisfactory refinement. These data suggest a partial pairing of two cobalt ions at 135 K, such that 50% of the compound remains symmetric, while 50% of the compound becomes unsymmetric, and this latter arrangement is disordered over two positions. The collected data including the most important temperature dependant changes are given in Table IV.4.

Figure IV. 11 .

 11 Figure IV.11. Representation of the thermal ellipsoids of the Co(II) ions in the structure of [Co 3 (dpyF) 4 ](BF 4 ) 2 •2MeCN at 270 K (a) and 135 K with the non-modeled (b) and modeled (c) disorder. a b

Figure IV. 12 .

 12 Figure IV.12. hk0 precession images of [Co 3 (dpyF) 4 ](BF 4 ) 2 •2MeCN at 135 K and 270 K. (some spots are highlighted in light blue circles for the guidance of the reader).

13 .

 13 DSC traces on the third cooling/heating cycle of [Co 3 (dpyF) 4 ](BF 4 ) 2 •2MeCN between 110 and 250 K at 5 K/min. IV.2.5. Solid state reflectivity measurements As a change in spin state is often accompanied by a change in color in transition metal complexes, solid state reflectivity spectra of a freshly filtered sample of [Co 3 (dpyF) 4 ](BF 4 ) 2 •2MeCN were collected between 500 and 1000 nm at different temperatures. Figure VI.14 (right) shows the reversible thermal evolution of the compound as the spectra change with temperature. In a cycle of cooling/heating, the spectrum registered at room temperature was very different from those registered at low temperatures, and the original spectra could be recovered after the sample was warmed back to room temperature. The evolution of the spectra was the most marked at 671 nm (the dashed line on Fig. IV.14 left), and the reflectivity at that wavelength was plotted as a function of temperature (Fig. IV.14 right). The thermal evolution of the spectra shows the changes in the reflected and in temperature. The shape of the curve resembles the one obtained for the evolution of the magnetic susceptibility in temperature (Fig. IV.10).

Figure IV. 14 .

 14 Figure IV.14. (right) Reflectivity spectra on a crystalline sample of [Co 3 (dpyF) 4 ](BF 4 ) 2 •2MeCN at selected temperatures (spectroscopic white light halogen source, P = 0.5 mW/cm 2 ); (left) The evolution of the signal with temperature at  = 671 ± 5 nm in cooling (blue) and heating (red) modes.

Figure IV. 15 .

 15 Figure IV.15. Temperature evolution of the reflectivity signal at 671 nm and magnetic susceptibility data, for both dry and solvated samples, superposed on the same scale.

Figure IV. 16 .

 16 Figure IV.16. (left) Reflectivity spectra of [Co 3 (dpyF) 4 ](BF 4 ) 2 before and after irradiation; (right) Temperature dependence of the reflectivity spectra at 671 nm before and after irradiation (4 K/min).

  Spectra were obtained for 14 different LEDs and the difference between the reflectivity data at 671 nm for the irradiated sample and the sample kept in the dark, was calculated and plotted on a histogram (Fig. IV.17). The largest difference occured for the sample irradiated with the LED emitting light at around 660 nm. In other words the conversion from LS to HS via light irradiation for the compound is most sensitive to red light.

Figure IV. 17 .

 17 Figure IV.17. (left) Difference in absolute reflectivity (AR) at 671 nm for [Co 3 (dpyF) 4 ](BF 4 ) 2 , obtained before irradiation and after 20 min of irradiation with the 14 different LEDs (P = 0.8 mW/cm 2 ) at 10 K. (right) Reflectivity spectra of the sample before and after irradiation with red light, LED -660 nm, for 20 min.

Figure IV. 18 .

 18 Figure IV.18. (left) χT =f(time) for the sample irradiated with LED with 650 nm, 2 mW/cm 2 at 10 K; (right) χT = f(T) curve for the sample (purple) with and (black) without irradiation with LED with 650 nm Wv, 2 mW/cm 2 at 10 K.

Figure IV. 19 .

 19 Figure IV.19. Superimposed χT = f(T) curves in the limits of 0 to 1 for magnetism and photomagnetism experiments with 1 T field.

  shift of the central Co(II) ion closer to one of the terminal Co(II) ions suggest the formation of a Co-Co covalent bond which leads to the cancellation of the spins of these two ions via bonding between the ions. As a comparison, the Co-Co distance of 2.32 Å found in the s-[Co 3 (dpa)4 Cl 2 ] is attributed to a covalent Co-Co bond of the order 0.5. In the case of [Co 3 (dpyF) 4 ](BF 4 ) 2 , it would not be unreasonable to attribute the Co-Co distance of 2.30 Å to metal-metal bonding. Based on the fact that the change in χT for both steps is equal, half of the compound dimerizes first, provoking a phase transition, between 135 and 200 K, and the other half dimerizes in the low temperature step. Single crystal X-ray diffraction experiments suggest a change in unit cell, which however does not appear to be reflected on the arrangement of the coordination ion itself, but is most likely due to modifications of the positioning of the solvent or counterions around the Co(II) cluster, and may be triggered by the formation of the bond between Co(II) ions.There are no known examples of complexes possessing Coordination Induced SpinState Switching that do not show photoactivity and the example discussed in this chapter is no exception. Reflectivity measurements with white light and at 660 nm did not allow a full population of the excited state. However photomagnetism measurements did show a full conversion to the excited state at 10 K upon irradiation at 650 K, the difference likely due to the sample preparation and light penetration. Further investigations need to be done to elucidate details in the process of photoexcitation of this molecule.The field of chemistry describing compounds with Coordination Induced Spin StateSwitching is rather small and such compounds are rare and unusual. That being said, to the best of our knowledge, there are no examples of compounds that undergo reversible metalmetal bond formation and rupture as a function of temperature and associated with a spin change. The ion [Co 3 (dpyF) 4 ] 2+ is unique from this perspective and perhaps could serve as a starting point for a new class of coordination compounds with CISSS that involve the formation of a M-M bond. From this point, research on this compound can spread in all directions that will tackle the factors that influence the phenomenon of dimerization. Packing forces, counterions, functionalized ligands or even the change of metal ions should be studied.

  for M = any diamagnetic bivalent metal ion, in order to directly observe the magnetic behavior of the isolated Co(II) ion or CoCo pair. To better understand the packing forces the coordination ion [Co 3 (dpyF) 4 ] 2+ can be crystallized from different solvent systems or counterions. Because of the synthetic ease of [Co 3 (dpyF) 4 ](BF 4 ) 2 , this could serve as a starting material for a variety of complexes, including the re-synthesis of [Co 3 (dpyF) 4 ](PF 6 ) 2 •2Et 2 O•4MeCN [10]. This latter structure is dissimilar from the [Co 3 (dpyF) 4 ](BF 4 ) 2 •2MeCN structure studied in this chapter, having very different packing and the distance between the molecules considerably larger. Analogues of this ligand or functionalized ligands may tune the dimerization temperature without damaging the completeness of the process. The synthesis of a functionalized ligand would imply simply

1 H

 1 NMR spectra were collected with JEOL ECS 400 MHz instrument at room temperature, using CDCl 3 (deuterated chloroform) as solvent. Chemical shifts of 1 H NMR signals were quoted to internal standard TMS (δ = 0.00 ppm) and expressed as chemical shifts in ppm (δ), multiplicity, coupling constant (Hz), and relative intensity.The transition temperatures and enthalpy changes were measured by Differential Scanning Calorimetry with Q2000 TA instrument. DSC traces were recorded at different scanning rates, from 2 to 10 K/min in a nitrogen environment. Measurements were carried out using closed Tzero aluminum pans. Calibration of temperature and melting enthalpy was performed with an indium and tin sample. Transition enthalpy changes were deduced by integration of the DSC peaks after polynomial baseline corrections.TGA measurements have been performed on a freshly filtered polycrystalline sample (4.645 g) of [Co 3 (dpyF) 4 ](BF 4 ) 2 •solv using the thermogravimetric analyzer TGA Q50. The experiment took place with the ramp of 1 °C/min in the window 20-300 °C and 5 °C/min in the window 300-800 °C/min in a gas mixture of air/argon in proportions of 60/40 %.

  measurements. The magnetic measurements were carried out with the use of MPMS-XL Quantum Design SQUID magnetometer and PPMS-9 Quantum Design susceptometer. These instruments work between 1.8 and 270 K with applied dc fields ranging from -7 to 7 T (MPMS-XL) and -9 to 9 T (PPMS-9). Measurements were performed on a finely ground polycrystalline sample of [Co 3 (dpyF) 4 ](BF 4 ) 2 •2MeCN (13.42 mg) sealed in a polyethylene bag (3  0.5  0.02 cm; 24.93 mg). Ac susceptibility measurements were made

g

  value of each spin center in the molecule. The nature of the bonding between the Co(II) ions must be established, with the involvement of DFT calculations. As a new, poorly studied system it must be described very well before thinking about application or incorporation in other systems. L'histoire de la chimie des systèmes présentant des liaisons métal-métal a débuté avec la synthèse de l'acétate de chrome(II), Cr 2 (CH 3 COO) 4 (H 2 O) 2 , en 1844[1]. Bien que le concept de liaison métal-métal ne soit pas connu à cette époque, les propriétés inhabituelles des cristaux, telles que leur couleur rouge et leur faible solubilité, suggèrent un environnement électronique particulier de l'ion Cr(II). Depuis, une variété d'autres complexes, y compris des composés carbonyles[3], contenant des liaisons intermétalliques ont été décrits. Pour beaucoup d'entre eux, la formule exacte était inconnue et l'idée d'un lien intermétallique n'était pas fermement proposée[4]. Le développement de la cristallographie aux rayons X a donné un grand élan à la chimie des liaisons métal-métal, et a abouti à deux des articles de référence en 1963[5] et 1964[6] par F. A. Cotton, qui fut l'un des plus grands contributeurs à de ce domaine. Le premier article porte sur l'ion [Re 3 Cl 8 ] 3-, le premier exemple d'un composé avec des doubles liaisons intermétalliques structurellement caractérisé. Le second article décrits la structure cristalline de l'anion [Re 2 Cl 8 ] 2-, qui possède une liaison quadruple entre deux ions Re(III), évoquant ainsi pour la première fois le concept de liaison quadruple. Depuis plus de cinq décennies, la chimie des liaisons métal-métal a prospéré et se développe encore à un rythme rapide. La géométrie commune pour les complexes à liaisons intermétalliques est le type « roue à aubes » ou « lanterne ». Pour notre utilisation actuelle, nous adoptons la définition suivante: Un composé de type « roue à aubes » possède deux ou plusieurs ions métalliques dans un réseau linéaire, entouré par quatre ligands pontant. Cette classe de composés comprend des complexes basés sur des ligands acétates (R-COO -) [7], formamidinates (R-N=CH-N --R) [8] ou d'autres ligands plus compliqués [9]. Une classe particulièrement fascinante de composés de type « roue à aubes » se compose des Chaînes Métalliques Etendus (EMAC -Extended Metal Atom Chains) [10], qui sont le plus souvent générées par des ligands olygopyridylamide. Le ligand le plus simple est la dipyridylamine (Hdpa) qui forme des complexes de formule générale [M 3 (dpa) 4 X 2 ]

2 -y 2 et d z 2 (

 22 Les travaux effectués au cours de cette thèse portent sur les EMACs et concernent deux axes principaux du domaine du magnétisme moléculaire: les Molécules-Aimants (SMM -Single Molecule Magnet), c'est-à-dire des composés capables de présenter une relaxation lente de l'aimantation et les «commutateurs» magnétiques tels que les composés à Conversion de Spin (SCO -Spin Crossover). Ces derniers sont connus pour changer leur état de spin par une perturbation externe comme la température, la lumière, la pression, etc. Chacun des chapitres est construit de manière à discuter des problèmes et défis auxquels nous avons fait face durant ce travail de thèse.La première partie de la thèse décrit l'historique du développement de la chimie des liaisons métal-métal, en commençant par les premiers exemples de tels complexes et en décrivant plus en détail les principales sous-classes développées plus tard. Dans le deuxième chapitre, nous présentons les premiers exemples de polymères de coordination linéaire utilisant les chaînes métalliques étendus (EMAC) de Co(II). L'objectif de ce travail était d'induire une coopérativité entre les complexes à conversion de spin [Co 3 (dpa) 4 ] 2+ et ainsi obtenir des matériaux avec une transition de spin abrupte avec un éventuel effet d'hystérèse. Pour cela nous avons proposé d'utiliser le précurseur [MF 6 ] 2-de sorte à connecter les complexes {Co 3 } via deux des ions F -en trans position et ainsi former des en polymères linéaires. En utilisant cette approche, six polymères de coordination ont été synthétisés et caractérisés en utilisant des unités [MF 6 ] 2-où M = Ti(IV), Zr(IV), Sn(IV), Re(IV), Ir(IV) et Os(IV). De plus, des complexes {Co 3 }, où le ligand dpa  a été modifié par un groupe méthyle en position para des cycles pyridyle, sont présentés. Les composés de coordination des métaux de transition, en particulier ceux de la rangée 3d présentant un environnement octaédrique, peuvent être classés en deux catégories: les complexes Bas Spin (BS) et Haut Spin (HS), selon le champ du ligand. En symétrie octaédrique, les cinq orbitales 3d, sont répartis sur deux niveaux d'énergie : le niveau t 2g triplement dégénéré qui est composé des orbitales d xy , d yz et d xz , et le niveau e g doublement dégénéré, qui comporte les orbitales en d x Fig. R-1). Le fractionnement du champ de ligand, Δ, entre ces deux niveaux est lié à la force du champ du ligand. La magnitude du champ ligand par rapport à l'énergie d'appariement de spin (Π) détermine si le complexe aura une configuration BS ou HS. Si Π > Δ, (champ de cristallin faibles) la configuration HS est favorisée selon la règle de Hund. Si Π < Δ, (champ cristallin fort), la configuration LS est favorisée selon la règle de Pauli, compte tenu de la grande quantité d'énergie requise pour qu'un électron occupe les orbitales e g . Si Π ≈ Δ, le système peut présenter une conversion de spin de l'état HS vers l'état BS en diminuant la température.

Figure R- 1 .

 1 Figure R-1. Eclatement des orbitales 3d dans un champ de ligand octaédrique pour l'ion Co(II) (d 7 ) avec les termes spectroscopiques associés à chaque configuration.

Figure R- 2 .

 2 Figure R-2.Trois cas de types SCO: (a) conversion graduelle, (b) transition abrupte, (c) transition abrupte avec hystérésis.

Figure R- 3 .Figure R- 4 .

 34 Figure R-3. Un dessin schématique de [Co 3 (dpa) 4 Cl 2 ].

Figure R- 5 .

 5 Figure R-5. Dépendance en température du produit χT à 1000 Oe dans la fenêtre de 1,85-300 K pour [Co 3 (dpa) 4 (ZrF 6 )]•2DMF. La ligne continue correspond a la courbe calculée en utilisant le modèle de Bonner-Fisher [22].

Figure R- 6 .

 6 Figure R-6. Dépendance en température du produit χT à 1000 Oe dans la fenêtre de 1,85-300 K pour [Co 3 (dpa) 4 (ReF 6 )]•2DMF (a) et [Co 3 (dpa) 4 (IrF 6 )]•2DMF (b). Les lignes continues dans les diagrammes χT vs T correspondent aux courbes calculées en utilisant le modèle de Seiden [23] pour (a) et au modèle de Baker [24] pour (b).

Figure R- 7 .

 7 Figure R-7. Comportement paramagnétique, superparamagnétique et ferromagnétique (a) sans champ magnétique (b) avec champ magnétique appliqué et (c) après retrait du champ magnétique.

  compréhension des effets thermiques sur les distances de liaison, la structure cristallographique de [Cr 3 (dpa) 4 Cl 2 ]•Et 2 O a été mesurée à 298, 180, 120 et 85 K. La dépendance en température des distances intermétalliques de Cr1•••Cr2 et Cr2•••Cr3 sont représentés sur la Fig. R-9. Les changements observés sur les distances Cr1•••Cr2 et Cr2•••Cr3 montrent clairement une tendance de la molécule à devenir symétrique à basses températures.

Figure R- 9 .

 9 Figure R-9. Variation thermique des distances interatomiques Cr1•••Cr2 et Cr2•••Cr3 dans [Cr 3 (dpa) 4 Cl 2 ]•Et 2 O.

Figure R- 10 .

 10 Figure R-10. Représentation schématique du complexe cationique [Co 3 (dpyF) 4 ] 2+ .

Figure R- 11 .

 11 Figure R-11. Dépendance en température du produit χT à 1000 Oe pour [Co 3 (dpyF) 4 ](BF 4 ) 2 •2MeCN.

Figure R- 12 .

 12 Figure R-12. Représentation des ellipsoïdes thermiques des ions Co(II) dans la structure de [Co 3 (dpyF) 4 ](BF 4 ) 2 •2MeCN à 270 K (a), à 135 K sans modélisation du désordre du Co(II) central(b) et à 135 K avec modélisation du désordre du Co(II) central (c).

Malheureusement, sans une

  structure cristalline à basse température, cette hypothèse reste spéculative, bien que les données cristallographiques à 135 K montrant un accouplage partiel soient très suggestives. Des mesures photomagnétiques préliminaires ont été effectuées. L'échantillon a été placé dans un magnétomètre SQUID, refroidi à 10 K et irradié avec une lumière de 650 nm, ce qui permet de déterminer expérimentalement la valeur χT de l'échantillon à 10 K pour l'état BS et photo-excité HS. Les résultats montrés sur la Fig. R-13 révèlent une photo-

  

  The first example was reported by Power et al. in 2005 with the publication of Ar-Cr 2 -Ar, with Ar = C 6 H 3 -2,6-(C 6 H 3 -2,6-i Pr 2 ) 2

I.2.2. Examples of paddlewheel complexes with intermetallic bonds

  One of the simplest examples of a bridging ligand is the acetate ion (Fig. I.6b), with the oxygen atoms being able to coordinate to two different metal atoms. Many acetate salts of bivalent metal ions adopt the paddlewheel geometry (Fig. I.9). For example, even if the molecular formula for hydrated copper acetate is given as Cu(OAc) 2 •H 2 O on the Sigma-Aldrich website, this compound is actually a paddlewheel complex with the formula [Cu 2 (OAc) 4 (H 2 O) 2 ] [65]. It should be mentioned, however, that in this case there is no bonding between the copper centers. The Cu(II) ions adopt a square pyramidal configuration and the Cu•••Cu distance is 2.64 Å, too large to be considered a bond. From the point of view of the molecular orbital diagram, it is evident that all bonding and antibonding orbitals are filled, giving rise to a bond order of zero, which is also the case for divalent nickel

compounds. Nonethesless, there are many examples of dimetal tetraacetates with metal-metal bonds. The structure of the previously discussed hydrated chromium acetate was reported in 1953, and was found to be isostructural with dicopper tetraacetate dihydrate. The Cr-Cr distance was reported to 2.64 Å and the authors mentioned the possibility of metal-metal bonding

[66]

. In 1971, Cotton et al. reported a corrected bond distance of 2.362(

1

) Å (at r.t.)

[67]

. Today it is accepted that the Cr(II) ions in the tetraacetate complex are a diamagnetic pair that form a quadruple covalent nonpolar bond, similar to that found in the [Re 2 Cl 8 ] 2-ion (Fig. I.5). Other examples of tetraacetato dimers are those of Mo [18a], W

.3.3. Long chain EMACs and related compounds. One

  The list of heterometallic trinuclear EMACs has been lately extended by the addition of [Co 2 Rh(dpa) 4 Cl 2 ], [Ru 2 Ni(dpa) 4 Cl 2 ] and [Ru 2 Cu(dpa) 4 Cl 2 ] [126]. The [Ru 2 Cu(dpa) 4 Cl 2 ]

	atom. Such Ru(II)-Ru(III) pairing was found to be very similar to that found in
	[Ru 2	(II,III) (OAc) 4 Cl] (Fig. I.7). In the latter case the bond order between the Ru metals is 2.5
	with an electronic configuration of σ 2 π 4 δ 2 δ* π* 2 .
		Another class of heterometallic EMACs demonstrates the most complicated kind of
	metal assembly, where all the three metal atoms are different, [Cl-M'M"M'''(dpa) 4 -Cl]. In this
	context, [MoWCr(dpa) 4 Cl 2 ] was reported in 2009 by J. F. Berry's team. The synthesis of this
	compound was done by letting the [MoW(dpa) 4 ] dimer and CrCl 2 react in boiling
	naphthalene. The Cr(II) ion adds to the dimeric motif on the W side, without interfering with
	the Mo-W quadruply bonded pair, and displaying a W•••Cr distance of 2.6740(6) Å (at 103
	K) [95]. [NiCoRh(dpa) 4 Cl 2 ] was reported in 2013 by S.-M. Peng. It was obtained by refluxing
	[Co 2 Rh(dpa) 4 Cl 2 ] with Ni(OAc) 2 in naphthalene. The compound was determined to have a
	Co-Rh single bond (the first of its kind), with a Ni(II) ion in close proximity, but not bonded
	[127].
		I.3motivation for the
	development of EMAC chemistry was the interest in their conductivity properties [128]. Thus
	a large number of complexes involving different ligands were developed that favor the
	formation of long EMACs. The class that most closely approaches the chemistry of the dpa -
	ligand is that involving extended polypyridylamides. These ligands are synthesized by
	palladium-catalyzed cross-coupling of aminopyridines with chloro-or bromopyridines. For
	example the H 2 tpda (o-tripyridyldiamine) ligand is obtained from the combination of 2,6-
	dichloropyridine or 2,6-dibromopyridine with two equivalents of 2-aminopyridine.
	and [Ru 2 Ni(dpa) 4 Cl 2 ] complexes were shown to undergo an unusual intramolecular redox
	process achieving a Ru(II)-Ru(III) pair coupled antiferromagnetically with a Ni(I) or Cu(I)

Most of the metal complexes of these ligands are synthesized by the reflux in naphthalene of the ligand and metal chloride in the presence of sodium t-butanolate. Examples of reported long chain EMACs are given in Fig. I.23 and I.24.

  

Chapter II Coordination Polymers Assembled from [MF 6 ] 2-and [Co 3 (dpa) 4 ] 2+ II.1. Introduction
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II.1.1. Introduction to spin crossover

  

	Coordination compounds of the transition metals, especially those of the 3d row in an
	octahedral environment, fall into two categories: low spin (LS) and high spin (HS)
	complexes, depending on the ligand field. In the 3d level there are five d orbitals that, in
	octahedral symmetry, will split into two energy levels, the triply degenerate t 2g level,
	consisting of the d xy , d yz , and d xz orbitals, and the doubly degenerate e g level, consisting of the
	d x 2 -y 2 and d z 2 orbitals (Fig. II.1). The ligand field splitting, ∆, between these two levels is
	related to the ligand field strength. The magnitude of the ligand field splitting, compared to
	the spin-pairing energy (Π), of the complex determines whether a LS or HS configuration will
	be favored. If Π > ∆, (weak crystal field) the HS configuration is favored following Hund's
	rule. If Π < ∆, (strong crystal field) the LS configuration is favored following Pauli's rule,
	considering the large amount of energy required for an electron to occupy the orbitals. If Π
	≈ ∆, the system can exhibit gradual thermal spin crossover from high to low spin with the
	decrease of the temperature.

Peng et al., 1 was synthesized by mixing

  

	[Co(H 2 O) 6 ]Cl 2 with Hdpa (Fig. II.5a), followed by reflux in molten naphthalene, which
	served to remove the water from the system. The deprotonation of Hdpa was then performed
	in situ by the addition of a butanol solution of sodium butanolate. After a continuous reflux,
	during which time the butanol was evaporated, the mixture was cooled and washed with
	hexanes to remove the naphthalene. The desired compound was extracted with
	dichloromethane and crystallized by slow diffusion of hexanes. The compound crystallized in
	the I4 space group with two dichloromethane and one water molecules of crystallization. The
	{Co 3 } core in 1•2CH 2 Cl 2 •H 2 O is unsymmetrical, with unequal Co-Co distances of 2.290(3)
	and 2.472(3) Å. Low yields (~35%) were obtained with this procedure.

1•THF, 1•cyclohexane, 1•benzene and 1•1.75toluene•0.5hexane [16b]. II.1.3.2. Molecular and crystallographic structure of [Co 3 (dpa) 4 Cl 2 ]. The

  

	The obtained solid was filtered, washed with
	diethyl ether and extracted with dichloromethane. Like in the synthesis reported by Peng,
	crystals grew from the layering of hexanes on top of the dichloromethane solution. However,
	the complex described by Cotton et al. crystallized in the Pnn2 space group with only one
	dichloromethane molecule of crystallization. The Co-Co distances in this case were not
	significantly different: 2.3224(8) and 2.3214(8) Å. This synthesis was recently optimized by
	J. F. Berry et al. [17]. Other crystal structures containing this molecule have been
	characterized, among those: 1•Co(dpa) 2 [16a], 1•2CH 2 Cl 2 [13], 1•0.85Et 2 O•0.15CH 2 Cl 2 ,
	geometry
	of [Co 3 (dpa) 4 Cl 2 ] consists of three Co(II) ions located on one axis. Each ion is coordinated by
	four dpa -ligands in the equatorial positions and two Cl -ions are found in the axial positions
	of the terminal Co(II) ions (Fig. II.4). The dpa -ligand is not planar, but rather twists around
	the CoCoCo axis with a twist angle of about 20°, due to the repulsion between the two
	pyridyl hydrogen atoms on the ligand (Fig. II.6). This gives rise to a racemic mixture of two
	helicoidal enantiomers formed during the reaction. In the case of [Co 3 (dpa) 4 (MeCN) 2 ](PF 6 ) 2 ,

  1•CH 2 Cl 2 and u-1•2CH 2 Cl 2 (Table II.1). The solvatomorph s-1•CH 2 Cl 2 comprises about 80% of the product, crystallizing in the Pnn2 space group with almost identical CoCo distances of 2.3224(8) and 2.3214(8) Å at 110 K. The minor solvatomorph, u-1•2CH 2 Cl 2 , crystallizes in and has quite different CoCo distances of 2.295(1) and 2.440(1) Å at 133 K. However, there is no evidence indicating the existence of an unsymmetrical molecule in solution, quite the opposite. In the NMR spectrum

of 1 in CD 2 Cl 2 , only four peaks are observed, corresponding to four protons from one pyridyl group (Fig.

II.7)

. This indicates that the second pyridyl group is identical to the first one, and that the four dpa -ligands in the molecule are equivalent, suggesting that in solution the molecule is essentially symmetrical and it is the packing forces in the solid state that determines the symmetry of the molecule

[19]

.

Table II . 1 .

 II1 Reported structures of [Co 3 (dpa) 4 Cl 2 ] (1) and their CoCo distances.

		Examples	T, K	Space	Co1Co2	Co2Co3	Symm/	Ref.
				group			Unsym (S/U)	
	1	1•2CH 2 Cl 2 •H 2 O	rt	I4	2.290(3)	2.472(3)	U	14
	2	1•Co(dpa) 2	213	P4/n	2.285(1)	2.459(1)	U	16a
	3	1•CH 2 Cl 2	109	Pnn2	2.3224(8)	2.3214(8)	S	13
	4	1•2CH 2 Cl 2	133	I	2.295(1)	2.440(1)	U	13
	5	1•0.85Et 2 O•0.15CH 2 Cl 2	120	P2 1 /c	2.3191(3)	2.3304(3)	S	16b
	6	1•THF	120	Pccn	2.3111(4)	2.4402(7)	U	16b
	7	1•cyclohexane	120	P2 1 /c	2.3417(9)	2.3665(9)	S	16b
	8	1•benzene	170	Pna2 1	2.3135(8)	2.3280(8)	S	16b
	9	1•1.75toluene•0.5hexane	110	P	2.3135(6)	2.3728(6)	sl. U	16b
					2.3174(6)	2.3245(6)	S	

Table II .2. Reported

 II As opposed to the large variety of crystal structures of 1, in which 1 may be symmetrical or unsymmetrical, complexes with other axial ligands crystallize preferentially in the symmetrical configuration, including [Co 3 (dpa) 4 Cl 2 ](BF 4 ). An exception is [Co 3 (dpa) 4 (BF 4 )Cl], which is highly unsymmetrical (TableII.2).

	Examples	T, K Space	Co1Co2	Co2Co3	Symm/	Ref.
		group			Unsymm	
					(S/U)	
	[Co 3 (dpa) 4 Br 2 ]•CH 2 Cl 2 , 2•CH 2 Cl 2	111 Pnn2	2.3164(8)	2.3164(8)	S	26
	2•1.75C 7 H 8 •0.5C 6 H 14	110 P	2.3097(9)	2.3892(9)	sl. U	26
			2.3173(8)	2.3162(8)	S	
	[Co 3 (dpa) 4 (NCMe) 2 ](PF 6 ) 2 •3MeCN,	213 P	2.301(1)	2.304(1)	S	18
	3•3MeCN					
	3•MeCN•Et 2 O	163 P2 1	2.301(1)	2.299(1)	S	18
	[Co 3 (dpa) 4 (BF 4 ) 2 ]•2CH 2 Cl 2	213 P2 1 /c	2.254(2)	2.252(2)	S	16a
	[Co 3 (dpa) 4 Cl(BF 4 )]•2CH 2 Cl 2	168 C2/c	2.504(2)	2.277(2)	U	16a
	[Co 3 (dpa) 4 (NCS) 2 ]•1.5CH 2 Cl 2	213 P2 1 /c	2.3223(6)	2.3087(6)	S	24
	[Co 3 (dpa) 4 (NCS) 2 ]•5THF	213 P	2.313(2)	2.309(2)	S	24
	[Co 3 (dpa) 4 (NCS) 2 ]•2C 6 H 5 CH 3	213 Fdd2	2.3140(8)	2.3140(8)	S	24
	[Co 3 (dpa) 4 (CN) 2 ]•CH 2 Cl 2	213 Pnn2	2.3392(2)	2.3392(2)	S	24
	[Co 3 (dpa) 4 (N(CN) 2 ) 2 ]•2CH 2 Cl 2	213 P2 1 /c	2.3194(8)	2.3184(8)	S	24
	[Co 3 (dpa) 4 Cl 2 ](BF 4 )•2CH 2 Cl 2	100 P2 1 /n	2.3168(8)	2.3289(8)	S	27

{Co 3 } EMACs with various axial ligands and their CoCo distances. Some trinuclear cobalt EMACs are redox active and can adopt mixed valent states. For example, [Co 3 (dpa) 4 Cl 2 ] displays two reversible oxidations at 0.32 eV and 1.24 eV vs.

  PPh 4 ) 2 [ReF 6 ]•2H 2 O, 7•2H 2 O was obtained from [ReCl 6 ] 2-to give soluble (NH 4 ) 2 [ReF 6 ], which was converted to the tetraphenylphosphium salt in the usual way [35]. Na 2 [IrF 6 ] was obtained by direct exposure of Na 2 [IrCl 6 ]•6H 2 O to F 2 gas (10 % in Ar) at 200 °C. Metathesis with PPh 4 Cl in water yielded (PPh 4 ) 2 [IrF 6 ]•2H 2 O, 8•2H 2 O [38]. The synthesis for (PPh 4 ) 2 [OsF 6 ]•2H 2 O, 9•2H 2 O was carried out in a similar way as for 8•2H 2 O. Finding the appropriate conditions to synthesize the coordination polymers was a challenge. Mixing [Co 3 (dpa) 4 Cl 2 ], 1, synthesized using the literature protocol [15] with (PPh 4 ) 2 [ReF 6 ] in DMF, followed by crystallization by vapor diffusion of diethyl ether, yielded the desired polymer [Co 3 (dpa) 4 (ReF 6 )]•2DMF. However, this protocol did not give

and Sn(IV) (6•2H 2 O) appeared within a few minutes. The crystals were left to mature over a couple of days, collected, washed with water and recrystallized from acetonitrile as (PPh 4 ) 2 [MF 6 ]•MeCN. We worked with (PPh 4 ) 2 [MF 6 ]•MeCN as well as with the anhydrous material obtained by drying crystals of (PPh 4 ) 2 [MF 6 ]•2H 2 O under vacuum (10 -3 Torr) at 80 °C overnight to eliminate the water molecules. 2PPh 4 Cl + (NH 4 ) 2 [MF 6 ] + 2H 2 O (PPh 4 ) 2 [MF 6 ]•2H 2 O↓ + 2NH 4 Cl Eq. II.8 In cases where the hexafluorometallates were not commercially available, they were provided by K. S. Pedersen, a postdoctoral research assistant in our group. (reproducible results: the polymer was formed approximately 10% of the time, while most often the starting material [Co 3 (dpa) 4 Cl 2 ] uniquely crystallized. Therefore, to increase the reactivity of the cobalt complex, the axial chlorido ligands were substituted by more labile acetonitrile ligands. Thus [Co 3 (dpa) 4 (MeCN) 2 ](BF 4

Table II . 3 .

 II3 Peaks related to M-F bonding in far FT-IR.Raman and far-IR studies on 1 have been carried out by S.-M. Peng et. al[39,40]. In the range of 170 and 500 cm -1 the IR spectrum of 1 collected in our lab corresponds well with that which was reported in literature (TableII.4)[40]. All the peaks registered on the

	Example	M-F stretching, cm -1	F-M-F bending, cm -1
	(PPh 4 ) 2 [ZrF 6 ], 5	527, 479	218
	(PPh 4 ) 2 [SnF 6 ], 6	524, 555	247
	(PPh 4 ) 2 [ReF 6 ], 7	522, 502	237
	(PPh 4 ) 2 [IrF 6 ], 8	522, 555	254
	(PPh 4 ) 2 [OsF 6 ], 9	521, 541	246
	12•2DMF	523, 511	219
	13•2DMF	522, 572	246
	14•2DMF	539, 500	239
	15•2DMF	522, 562	261
	16•2DMF	522, 551	252

spectrum of 1•CH 2 Cl 2 were also found on the spectrum of 16•2DMF, with the exception of the peak at 193 cm -1 , attributed to the Co-Cl stretch. This is as expected, since the Co-Cl moiety is no longer present in the coordination polymers. The peaks characteristic for the [OsF 6 ] 2-

Table II .

 II 

	Example	(cm 1 )	(cm 1 )	(cm 1 )	(cm 1 )
		From literature	1•CH 2 Cl 2	(PPh 4 ) 2 [OsF 6 ]	16•2DMF
	Co-N bend	178 [40]	182	-	173
	Co-Cl str	187 [40]	193	-	-
	 (ring-ring)	215 [40]	221	-	217
	F-Os-F bend	259 [41b]	-	246	252
	Co-Co-Co bend	251 [40]	260	-	252 (covered)
	C-N-C bend	270 [40]	272	-	273
	Co-N str.	291 [40]	293	-	287
	Co3 asym str	313 [40]	314	-	317
	Co-F str	-	-	-	347
	 (ring-ring)	359 [40]	356	-	365
	Co-N str	401 [40]	397	-	398
	 (ring)	429 [40]	425	-	428
		456 [40]	457, 462	-	462
	Os-F str	547 [41b]	-	521, 541	522, 551

4. Peaks registered on far FT-IR spectra of the chain 16•2DMF (Os) and its precursors, from the literature and repeated in this work. Preliminary Raman measurements were carried out on samples of 14•2DMF (Re) and (NH 4 ) 2 [ReF 6 ] and are reported along with literature values on Table II.5. Our spectrum of (NH 4 ) 2 [ReF 6 ] compares favorably with what was reported in the literature. However, the spectrum of 14•2DMF (Fig. II.14

Table II .

 II [Co 3 (dpa) 4 (MeCN) 2 ](BF 4 ) 2 , 10 is present as two solvatomorphs in the crystallization recipient: 10•MeCN•0.5Et 2 O, which crystallizes in P2 1 2 1 2 1 (Fig. II.15), and 10•MeCN•Et 2 O, which crystallizes in P2 1 (Table II.6). In 10•MeCN•0.5Et 2 O, there are two {Co 3 } clusters in the asymmetric unit, one with a clockwise helicity and the second with a counter-clockwise helicity with respect to the wrapping of the dpa -ligands around the metal axis. Despite the presence of both enantiomers, the structure could not be solved in a centrosymmetric space group. On the other hand, 10•MeCN•Et 2 O appears to only contain the clockwise, or , enantiomer. With a Flack parameter of 0.008(3), this chiral crystal appears to be a result of spontaneous resolution. In 10, two MeCN molecules are coordinated to the axial positions, while BF 4 -ions act as counterions. The replacement of the axial Cl

	Example	Frequency according to	This work	This work
		literature	(NH 4 ) 2 [ReF 6 ]	14•2DMF
	CoX str.	190 [40]	-	-
	CoCoCo sym str	276 [40]	-	273
	CoCoCo asym str	313,331 [40]	-	-
	CoCo asym str	383 [40]	-	-
	ReF sym str	627 [42]	617	710 (?)
	ReF asym str	539 [42]	532	556
	FReF bend	222, 241[42]	217	234

5. Important peaks registered on Raman spectra of the chain 14•2DMF (Re) and its precursors, from literature and in this work.

Figure II.14. Raman spectra of 14•2DMF and the (NH 4 ) 2 [ReF 6 ] salt. II.2.3. Crystal Structures II.2.3.1. Precursors. -ions in 1 with MeCN in 10 does not significantly change the geometry of the complex, although the average Co-Co distances, 2.301(1) and 2.305(1) Å in 10•MeCN•0.5Et 2 O and 10•MeCN•Et 2 O, are shorter than that in the precursor 1•CH 2 Cl 2 (2.337(1) Å, Table II.7).

Table II .

 II 

	Chemical formula moiety	C 44 H 38 Co 3 N 14 , 2(BF 4 ), (C 2 H 3 N),	C 44 H 38 Co 3 N 14 , 2(BF 4 ), (C 2 H 3 N),
		0.5(C 4 H 10 O)	(C 4 H 10 O)
	Empirical formula	C 48 H 51 B 2 Co 3 F 8 N 15 O 0.5	C 50 H 51 B 2 Co 3 F 8 N 15 O
	Formula weight / g.mol -1	1196.45.4	1228.47
	Temperature / K	120(2)	100(2)
	Wavelength / Å	0.71073	0.71073
	Space group	P 2 1 2 1 2 1	P 2 1
	Unit cell dimensions	a = 13.0793(8)	a = 11.6556(9)
	a, b and c /Å	b = 23.6655(15)	b = 21.914(2)
		c = 32.829(2)	c = 11.7175(10)
	 / °	90	113.307(3)
	Volume / Å 3	10161.6(11)	2748.6(4)
	Z, Calculated density	8, 1.4971	2, 1.461
	Absorption coefficient / mm -1	1.047	0.973
	F(000)	4618	1216
	Crystal size / mm	0.40 × 0.33 × 0.15	0.21 × 0.17 × 0.06
	Orientation reflections: number,	9894, 2.40 -26.48°	9233, 1.86 -25.36°
	range ()		
	 range for data collection	1.06 to 28.88°	1.86 to 25.3635°
	Limiting indices	-17 ≤ h ≤ 17,	-14 ≤ h ≤ 11,
		-31 ≤ k ≤ 31,	-26 ≤ k ≤ 26,
		-44 ≤ l ≤ 43	0 ≤ l ≤ 14
	Reflections collected / unique	119574 / 26407 [R(int) = 0.1065]	7552 / 9233 [R(int) = 0.0275]
	Completeness to  = 25.242	98.95 %	89.72 %
	Scan method	 and  scans	 and  scans
	Absorption correction	Multi-scan	Multi-scan
	Max. and min. transmission	0.8587 / 0.6794	0.944 / 0.822
	Refinement method	Full-matrix least-squares on F 2	Full-matrix least-squares on F 2
	Data / parameters / restraints	26407 / 1332 / 0	9233 / 697 / 1
	Goodness-of-fit on F 2	1.174	1.025
	Final R indices [I > 2(I)]	R 1 a = 0.0893, wR 2 b = 0.2229	R 1 a = 0.0588, wR 2 b = 0.1559
	R indices (all data)	R 1 a = 0.1310, wR 2 b = 0.2731	R 1 a = 0.0766, wR 2 b = 0.1692
	Largest shift/esd, final cycle	0.005	0.001
	Largest diff. peak and hole	0.902 and -0.811 e.Å -3	1.3340 and -0.6296 e. Å -3
	Flack parameter	0.39(2)	0.008(3)

6. Crystal data and structure refinement for 10•MeCN•0.5Et 2 O and 10•MeCN•Et 2 O.

Table II .

 II The structure of (PPh 4 ) 2 [ZrF 6 ]•2H 2 O, crystallized from water in the P space group, was published in 1989[43]. The structure contains an axially elongated octahedron of [ZrF 6 ] 2- with two water molecules linked through hydrogen bonding to two trans F -ligands. The Re(IV) and Ir(IV) analogues were reported more recently, in 2014[35] and 2016[38], respectively, where the compounds were shown to be isostructural with(PPh 4 ) 2 [ZrF 6 ]•2H 2 O.The structures of (PPh 4 ) 2 [MF 6 ]•2H 2 O for M = Ti, Sn and Os were not known prior to this work, however the synthesis of [SnF 6 ] 2-ion was reported in 1962[44] and [OsF 6 ] 2-in 1956[45]. The structure of (PPh 4 ) 2 [TiF 6 ] has been published in the form of 4•MeCN[46]. Except for (PPh 4 ) 2 [TiF 6 ]•2H 2 O (4•2H 2 O) and (PPh 4 ) 2 [SnF 6 ]•2H 2 O (6•2H 2 O), the preparation and characterization of the [MF 6 ] 2-based salts was done by K. S. Pedersen. The structures of (PPh 4 ) 2 [TiF 6 ]•2H 2 O and (PPh 4 ) 2 [SnF 6 ]•2H 2 O are represented in Fig. II.16 and the Single-crystal X-ray diffraction analysis revealed the structures of [Co 3 (dpa) 4 (MF 6 )]•2DMF, where M = Ti (11•2DMF), Zr (12•2DMF), Sn (13•2DMF), Re (14•2DMF), Ir (15•2DMF) and Os (16•2DMF), to consist of a linear neutral polymer formed of alternating [Co 3 (dpa) 4 ] 2+ and [MF 6 ] 2-units with 2 molecules of DMF perstructural unit of the polymer. In total, we have crystallographically characterized six isostructural compounds in the P4/ncc space group (Tables II.9 and II.10). In the structure it is revealed that the axial F -atom from the [MF 6

	M-F4	1.8633(8)	1.978(3)	1.9505(9)	1.954(1)	1.9339(8)	1.9411(1)
	M-F5	1.8565(6)	1.9844(5)	1.9541(7)	1.958(1)	1.9354(9)	1.9425(1)
	M-F6	1.8491(8)	1.9782(8)	1.9588(8)	1.953(1)	1.9340(8)	1.9414(1)
	F1-M-F2	179.05(3)	180.00(8)	179.01(4)	179.31(5)	179.56(4)	179.44(1)
	F3-M-F5	179.06(3)	180.00(8)	179.07(4)	179.24(5)	179.58(4)	179.46(1)
	F4-M-F6	178.66(3)	180.00(9)	178.59(4)	179.39(5)	179.65(4)	179.60(1)
	Bond type		1•CH 2 Cl 2 , Å [11]	10•MeCN•0.5Et 2 O, Å	10•MeCN•Et 2 O, Å
	Co1-Co2		2.3369(4)		2.302(2)		2.3038(9)
	Co2-Co3		2.3369(4)		2.305(2)		2.3060(9)
	Co4-Co5		--		2.297(2)		--
	Co5-Co6		--		2.296(2)		--
	Co1-N eq (avg.)		1.9876(1)		1.979(7)		1.975(5)
	Co2-N eq (avg.)		1.906(3)		1.889(7)		1.898(5)
	Co3-N eq (avg.)		1.9876(1)		1.980(7)		1.978(5)
	Co4-N eq (avg.)		--		1.981(7)		--
	Co5-N eq (avg.)		--		1.887(7)		--
	Co6-N eq (avg.)		--		1.979(7)		--
	Co1-N ax		--		2.083(7)		2.073(4)
	Co3-N ax		--		2.104(7)		2.078(4)
	Co4-N ax		--		2.085(7)		--
	Co6-N ax		--		2.090(7)		--

7. Selected bond distances for 1•CH 2 Cl 2 , 10•MeCN•0.5Et 2 O and 10•MeCN•Et 2 O.

M-F distances and F-M-F angles for all the hexafluorometallates collected at 120 K (except for 5•2H 2 O, which is at room temperature

[43]

) are given in Table

II

.8. Table II.8. Bond distances and angles in the (PPh 4 ) 2 [MF 6 ]•2H 2 O molecules. Bond type 4•2H 2 O 5•2H 2 O [43] 6•2H 2 O 7•2H 2 O 8•2H 2 O 9•2H 2 O M-F1 1.8822(7) 2.012(3) 1.9847(9) 1.967(1) 1.9511(9) 1.9591(1) M-F2 1.8957(7) 2.0124(6) 1.9762(9) 1.972(1) 1.9460(9) 1.9651(1) M-F3 1.8586(7) 1.984(2) 1.9529(7) 1.951(1) 1.9288(9) 1.9367(1) Figure II.16. Thermal ellipsoid plots of (right) (PPh 4 ) 2 [SnF 6 ]•2H 2 O and (left) (PPh 4 ) 2 [TiF 6 ]•2H 2 O. Sngrey, Tiwhite, Fyellow, Porange, Ored, Hlight grey. The ellipsoids are drawn at 50% probability. II.2.3.2. Coordination polymers.

Table II .

 II Co 3 F 6 N 14 O 2 Ti C 46 H 46 Co 3 F 6 N 14 O 2 Zr C 46 H 46 Co 3 F 6 N 14 O 2 Sn

	Chemical formula moiety	C 40 H 32 Co 3 F 6 N 12 Ti,		C 40 H 32 Co 3 F 6 N 12 Zr,	C 40 H 32 Co 3 F 6 N 12 Sn,
			2(C 3 H 7 NO)		2(C 3 H 7 NO)	2(C 3 H 7 NO)
	Empirical formula C 46 H 46 Formula weight / g.mol -1 1165.61		1208.98	1236.45
	Temperature / K		200(2)		200(2)	200(2)
	Wavelength / Å		0.71073		0.71073	0.71073
	Space group		P 4/n c c		P 4/n c c	P 4/n c c
	Unit cell dimensions	a = 13.6891(5)		a = 13.6527(4)	a = 13.6633(12)
	a, b and c /Å		b = 13.6891(5)		a = 13.6527(4)	b = 13.6633(12)
			c = 25.2939(11)		c = 25.7947(8)	c = 25.701(2)
	Volume / Å 3		4739.8(7)		4808.0(3)	4798.1(9)
	Z, Calculated density	4, 1.633		4, 1.670	4, 1.712
	Absorption coefficient / mm -1	1.279		1.307	1.613
	F(000)		2316		2444	2484
	Crystal size / mm		0.084 × 0.075 × 0.070	0.13 × 0.07 × 0.04	0.11 × 0.03 × 0.01
	Orientation	reflections:	9247, 2.51-26.67°		9420, 2.17-26.33°	8090, 2.18-26.39°
	number, range ()					
	 range for data collection	2.104 to 28.722°		2.110 to 27.342°	2.108 to 26.414°
	Limiting indices		-18 ≤ h ≤ 18,		-17 ≤ h ≤ 17,	-17 ≤ h ≤ 17,
			-18 ≤ k ≤ 18,		-17 ≤ k ≤ 17,	-17 ≤ k ≤ 17,
			-33 ≤ l ≤ 34		-33 ≤ l ≤ 33	-32 ≤ l ≤ 32
	Reflections collected / unique	89669 / 6297 [R(int) =	85142 / 2729 [R(int) =	85142 / 2729 [R(int) =
			0.0724]		0.0643]	0.0643]
	Completeness to  = 25.242	99.7%		100 %	100 %
	Scan method		 and  scans		 and  scans	 and  scans
	Absorption correction	Multi-scan		Multi-scan	Multi-scan
	Max. and min. transmission	0.7458/ 0.6914		0.7456 and 0.6978	0.7454 and 0.6934
	Refinement method		Full-matrix	least-	Full-matrix least-squares	Full-matrix	least-
			squares on F 2		on F 2	squares on F 2
	Data / parameters / restraints	3079 / 209 / 26		2729 / 211 / 22	2469 / 211 / 22
	Goodness-of-fit on F 2	1.175		1.113	1.052
	Final R indices [I > 2(I)]	R 1 a = 0.0488 , wR 2 b =	R 1 a = 0.0496, wR 2 b =	R 1 a = 0.0387, wR 2 b =
			0.1107		0.1128	0.0972
	R indices (all data)		R 1 a = 0.0969, wR 2 b =	R 1 a = 0.0853, wR 2 b =	R 1 a = 0.0649, wR 2 b =
			0.1407		0.1331	0.1163
	Largest shift/esd, final cycle	0.001		0.000	0.000
	Largest diff. peak and hole	0.711 and -0.361 e. Å -3	0.610 and -0.799 e. Å -3	0.461 and -1.055 e. Å -

9. Crystal data and structure refinement for 11•2DMF, 12•2DMF and 13•2DMF.

Table II .

 II 

	Chemical formula moiety	C 40 H 32 Co 3 F 6 N 12 Re,	C 40 H 32 Co 3 F 6 N 12 Ir,	C 40 H 32 Co 3 F 6 N Os,
			2(C 3 H 7 NO)		2(C 3 H 7 NO)	2(C 3 H 7 NO)
	Empirical formula		C 46 H 46 Co 3 F 6 N 14 O 2 Re	C 46 H 46 Co 3 F 6 N 14 O 2 Ir	C 46 H 46 Co 3 F 6 N O 2 Os
	Formula weight / g.mol -1	1303.96		1309.97	1307.98
	Temperature / K		200(2)		200(2)	200(2)
	Wavelength / Å		0.71073		0.71073	0.71073
	Space group		P 4/n c c		P 4/n c c	P 4/n c c
	Unit cell dimensions	a = 13.6578(4)		a = 13.7071(13)	a = 13.6719(13)
	a, b and c /Å		b = 13.6578(4)		b = 13.7071(13)	b = 13.6719(13)
			c = 25.5535(7)		c = 25.505(3)	c = 25.558(2)
	Volume / Å 3		4766.6(3)		4791.9(8)	4777.3(8)
	Z, Calculated density	4, 1.817		4, 1.5963	4, 1.7932
	Absorption coefficient / mm -1	3.637		3.852	3.755
	F(000)		2584		2224	2517
	Crystal size / mm		0.260 × 0.11 × 0.10	0.230 × 0.09 × 0.09	0.111 × 0.04 × 0.04
	Orientation	reflections:	9927, 2.98-26.13°		9877, 2.97-26.30°	9974, 2.11-28.32°
	number, range ()					
	 range for data collection	2.109 -26.180°		1.60-26.34°	1.60-26.34°
	Limiting indices		-16 ≤ h ≤ 16,		-17 ≤ h ≤ 17,	-18 ≤ h ≤ 18,
			-16 ≤ k ≤ 16,		-17 ≤ k ≤ 17,	-18 ≤ k ≤ 18,
			-31 ≤ l ≤ 31		-31 ≤ l ≤ 31	-34 ≤ l ≤ 34
	Reflections collected / unique	54328 / 2391 [R(int) =	57170 / 2446 [R(int) =	122699/ [R(int)
			0.0357]		0.0419]	= 0.0439]
	Completeness to  = 25.242	100 %		99.7 %	99.7 %
	Scan method		 and  scans		 and  scans	 and  scans
	Absorption correction	Multi-scan		Multi-scan	Multi-scan
	Max. and min. transmission	0.6938 and 0.5322		0.7454 and 0.5932	0.7457 and 0.6552
	Refinement method		Full-matrix	least-	Full-matrix least-squares	Full-matrix	least-
			squares on F 2		on F 2	squares on F 2
	Data / parameters / restraints	2391 / 206 / 12		2442 / 211 / 22	2978 / 212 / 22
	Goodness-of-fit on F 2	1.138		1.114	1.093
	Final R indices [I > 2(I)]	R 1 a = 0.0316, wR 2 b =	R 1 a = 0.0321, wR 2 b =	R 1 a = 0.0254, wR 2 b =
			0.0769		0.0691	0.0571
	R indices (all data)		R 1 a = 0.0449, wR 2 b =	R 1 a = 0.0580, wR 2 b =	R 1 a = 0.0444, wR 2 b =
			0.0854		0.0870	0.0677
	Largest shift/esd, final cycle	0.002		0.000	0.003
	Largest diff. peak and hole	0.7752 and -0.6632 e. Å -		
			3			

10. Crystal data and structure refinement for 14•2DMF, 15•2DMF and 16•2DMF.

Table II .

 II 11. Bond distances and angles in the [Co 3 (dpa) 4 (MF 6 )] polymers

		11•2DMF	12•2DMF	13•2DMF	14•2DMF	15•2DMF	16•2DMF
	Co1-Co2	2.278(1)	2.275(2)	2.274(1)	2.270(1)	2.267(1)	2.270(1)
	Co2-Co3	2.287(1)	2.290(2)	2.288(2)	2.278(1)	2.274(1)	2.279(1)
	Co1-F1	2.101(4)	2.102(5)	2.104(5)	2.115(4)	2.118(4)	2.117(3)
	Co3-F2	2.163(4)	2.155(5)	2.174(5)	2.182(4)	2.179(4)	2.176(3)
	M-F1 ax	1.907(4)	2.032(5)	2.003(5)	1.961(4)	1.950(4)	1.962(3)
	M-F2 ax	1.910(4)	2.044(5)	2.008(5)	1.970(4)	1.964(4)	1.975(3)
	M-F3 eq	1.831(4)	1.975(4)	1.929(4)	1.929(4)	1.918(4)	1.917(3)
	Co1-N1	1.949(3)	1.953(4)	1.948(4)	1.951(3)	1.953(3)	1.947(3)
	Co2-N2	1.908(5)	1.911(5)	1.916(4)	1.916(4)	1.923(8)	1.915(5)
	Co3-N3	1.958(4)	1.968(5)	1.963(4)	1.958(4)	1.963(4)	1.958(3)
	Co1-Co2-Co3	180.00	180.00	180.00	180.00	180.00	180.00
	M-F1-Co1	180.00	180.00	180.00	180.00	180.00	180.00
	Co3-F2-M	180.00	180.00	180.00	180.00	180.00	180.00

  Co 3 (dpa) 4 Cl 2 ] but with an ethyl group in the para position of each pyridyl ring of the ligand. [Co 3 (depa) 4 Cl 2 ] demonstrates SCO, with a T 1/2 at 214 K, lower than that found in [Co 3 (dpa) 4 Cl 2 ]. As part of her thesis work, A. Srinivasan synthesized an analog of this compound using the ligand 2,2'-di-(4-methyl)-pyridylamine, which has a methyl group in the para position of the pyridyl rings (Fig. II.25). [Co 3 (dmpa) 4 Cl 2 ]•C 6 H 14 , 18•C 6 H 14 shows SCO behavior with a T 1/2 = 170 K, considerably lower than that of [Co 3 (dpa) 4 Cl 2 ]•CH 2 Cl 2

The compound [Co 3 (depa) 4 Cl 2 ], where Hdepa = 2,2'-di-(4-ethyl)-pyridylamine, is known in the literature

[50]

. It is analogous to [

  The observations that the Co-Co bond distances in the chains are considerably shorter

	(for example 2.270(1)/2.278(1) Å (200 K) for [Co 3 (dpa) 4 (ReF 6 )]•2DMF, 14•2DMF compared
	to 2.3224(8)/2.3214(8) Å (109 K) for 1•CH 2 Cl 2

  2 Cl 2 are of 2.330(1) and 2.315(1) Å (120 K), which is in the same region as for 1•CH 2 Cl 2 but longer than in the [MF 6 ] 2-based chains. This compound also does not retain SCO, suggesting that the nature of the axial ligand is more important that the CoCo distances.

  CH 3 CN) and dichloromethane (CH 2 Cl 2 ) were purified using an Innovative Technologies solvent purification system. Anhydrous dimethylformamide (DMF) was purchased from Alfa Aesar and used as received. 2,2'-dipyridylamine (Hdpa) was purchased from Aldrich and recrystallized from hot n-hexane before use. Anhydrous CoCl 2 was purchased from Aldrich and kept in an oven at 130 °C several days before use. (PPh 4 ) 2 [MF 6 ], M = Ti, Sn were obtained from combining commercially available (NH 4 ) 2 [MF 6 ] (Aldrich) with 2 eq. of PPh 4 Cl in water, followed by slow evaporation. (PPh 4 ) 2 [MF 6 ]•2H 2 O, M = Re

Materials

All reactions were carried out under a dry argon or nitrogen atmosphere using Schlenk techniques and glovebox methods. Solvents tetrahydrofuran (THF), diethyl ether (Et 2 O), acetonitrile (

Co 3 (dpa) 4 Cl 2 ]•CH 2 Cl 2 , 1•CH 2 Cl 2 was

  .38, 13.48, 11.94, 20.97, 21.36, 20.29 and 18.66 mg respectively) sealed in a polyethylene bag (or a polypropylene bag if the measurements are carried out at temperatures higher than 300 K) (3.0  0.5  0.02 cm;33.46, 26.80, 27.43, 21.60, 29.12, 19.75 and 24.78 mg respectively). Ac susceptibility measurements were made with an oscillating field of 3 to 6 Oe with a frequency from 1 to 10000 Hz but no out-of-phase signal was detected above 1.8 K. Prior to the experiments, the field-dependent magnetization was measured at 100 K in order to detect the presence of any bulk synthesized according to the published procedure[14]. Hdpa (1.37 g, 8.00 mmol), was placed in a roundbottomed Schlenk flask and dissolved in THF (50 mL). The ligand precursor solution was cooled to -95 °C using mixture of liquid nitrogen and acetone and treated with a stoichiometric amount of methyllithium (5 mL of a 1.6 M solution in Et 2 O, 8.0 mmol). After warming to room temperature, the mixture was stirred another 30 min., after which anhydrous CoCl 2 (0.780 g, 6.00 mmol) was added to the ligand mixture. The mixture is then stirred for an hour at room temperature, heated to reflux, and stirred overnight. Subsequent filtration of the solid, washing with diethyl ether, extraction with CH 2 Cl 2 and layering with hexane yielded dark green blocks of 1•CH 2 Cl 2 on the walls of the crystallization flask after one week. Yield 1.30 g (70%)

JobinYvonXplora microscope equipped with a cooled Andor CCD detector. The parameters of the present analysis are: objective Olympus 50x LWD, ∼1 μm laser spot size with excitation wavelength 532 nm, grating 600 lines per mm and SiO 2 calibration.

Magnetic measurements. The magnetic measurements were carried out with the use of MPMS-XL Quantum Design SQUID magnetometer and PPMS-9 Quantum Design susceptometer. These instruments work between 1.8 and 400 K with applied dc fields ranging from -7 to 7 T (MPMS-XL) and -9 to 9 T (PPMS-9). Measurements were performed on a finely ground polycrystalline sample of 10 -16 (15ferromagnetic impurities. The samples appeared to be free of any significant ferromagnetic impurities. The magnetic data were corrected for the sample holder and the intrinsic diamagnetic contributions.

Synthesis [

[Co 3 (dpa) 4 (MeCN) 2 ](BF 4 ) 2 , 10•MeCN•0.5Et 2 O and 10•MeCN•Et 2 O were

  obtained by dissolving [Co 3 (dpa) 4 Cl 2 ]•CH 2 Cl 2 , 1•CH 2 Cl 2 (100 mg, 0.099 mmol) with AgBF 4 (40 mg,

	[Co 3 (dpa) 4 (MF 6 )]•2DMF. Thin glass tubes of 0.8 cm inner diameter and 20 cm in
	length were manually prepared, washed and dried in an oven overnight at 130 °C and
	transferred into a glovebox. Crystals of [Co 3 (dpa) 4 (MeCN) 2 ](BF 4 ) 2 •MeCN (50 mg, 0.043
	mmol) were dissolved in DMF, with final concentration of 5 mg/mL. A given (PPh 4 ) 2 [MF 6 ]
	salt (50 mg) was dissolved in MeCN with the same concentration of 5 mg/mL. The solution
	of [Co 3 (dpa) 4 (MeCN) 2 ](BF 4 ) 2 (1 mL) was transferred to the tube. On top of the solution, 4
	mL of a 1:1 mixture of DMF/MeCN was transferred dropwise to form a layer between the Co
	reagent and the solvent mixture. On top of DMF/MeCN mixture, 1 mL of the (PPh 4 ) 2 [MF 6 ]
	solution was layered dropwise. The tube was covered with parafilm to limit evaporation of the
	solvents. In 3-4 weeks dark green block-shaped crystals of [Co 3 (dpa) 4 (MF 6 )]•2DMF grew on
	the walls of the tube at the interface of the two reagents.

0.20 mmol) and in MeCN. The solution was stirred overnight and crystallized using diethyl ether vapor diffusion. Dark blue crystals were harvested after one week. Yield 97 mg (85 %). [Co 3 (dmpa) 4 (MeCN) 2 ](BF 4 ) 2 •nEt 2 O, 19•nEt 2 O was obtained by dissolving [Co 3 (dmpa) 4 Cl 2 ]•C 6 H 14 , 18•C 6 H 14 (100 mg, 0.089 mmol) and TlBF 4 (52 mg, 0.18•mmol) in MeCN. The solution was stirred overnight and crystallized using diethyl ether vapor diffusion. Dark brown crystals were harvested after one week. Yield 97 mg (68 %).

[Co 3 (dpa) 4 (TiF 6 )]•2DMF, 11•2DMF: yield 18 mg (32%). FT-IR (ῡ, cm -1 ): 656, 741,

763, 885, 1025, 1084, 1152, 1284, 1316, 1363, 1421, 1459, 1471, 1550, 1596, 1606, 1671. 

.3. Molecular structure of [Cr 3 (dpa) 4 Cl 2 ]

  The reaction of [Cr 3 (dpa)4 Cl 2 ] with one equivalent of a Ag + salt will lead to the removal of one axial Cl -ligand, while a second equivalent of Ag + salt will lead to the one electron oxidation of the cluster. The direct reaction with two equivalents of AgBF 4 yielded [Cr 3 (dpa) 4 F(BF 4 )](BF 4 )[26,33]. It is believed that the F -ligand comes from decomposition of The geometry of [Cr 3 (dpa) 4 Cl 2 ] is globally analogous to [Co 3 (dpa) 4 Cl 2 ], and these molecules adopt isostructural crystal packing when crystallized in the same conditions out of dichloromethane/hexanes, toluene/hexanes, and dichloromethane/diethyl ether. The first crystal structure, [Cr 3 (dpa) 4 Cl 2 ]•CH 2 Cl 2 , was reported in 1997[26]. As the central Cr(II) ion

	BF 4	-.
			Cyclic voltammetry measurements of [Cr 3 (dpa) 4 Cl 2 ] in CH 2 Cl 2 give two reversible
	oxidations at 0.067 V and 0.853 V vs. Fc/Fc + [1]. It is known that the majority of these
	compounds, even in their reduced forms, are unsymmetrical along the metal axis. This comes
	from the fact that the Cr(II) ion, like most of the d 4 metals (Mo(II), W(II), Re(III), etc), when
	paired have the possibility to form strong quadruple bonds. This case is not an exception as in
	the cluster there is a diamagnetic Cr Cr pair and an isolated Cr(II) atom at a distance of more
	than 2.45 Å. Once oxidized, this cluster does not change its geometry significantly. The Cr 2
	Compounds with the general formula [Cr 3 (dpa) 4 Cl 2 ]X, where X = Cl -, AlCl 4 -, FeCl 4 -, I 3	-, and
	PF 6	-, have been obtained. The unsymmetrical [Cr 3 (dpa) 4 F(BF 4 )](BF 4 ) and
	[Cr 3 (dpa) 4 FCl](BF 4 ) complexes have also been published [34].
	III.2

3

-

[1]

, Ph-C≡C -

[31]

, as well as the monosubstituted [Cr 3 (dpa) 4 Cl(PF 6 )] and [Cr 3 (dpa) 4 Cl(BF 4 )]

[26,32] 

complexes. 4+ pair remains untouched while the isolated Cr(II) is oxidized to Cr(III)

[33]

. While there are a few examples of symmetrical Cr 3 6+ EMACs

[1]

, once oxidized, they all become unsymmetrical with a very distinguishable isolated Cr(III) atom.

The first oxidation step being so accessible, there are a fair number of compounds published so far possessing the Cr 3 7+ cluster, by varying the counterion and the axial ligands.

  in the axial positions, and [Cr 3 (depa) 4 Cl 2 ] [1], where depa --2,2'-di(4ethyl)pyridylamido ligand, are found to be symmetrical molecules. The example with the Ph-C≡C -ligand crystallizes in P2 1 /c with Cr-Cr bond distances of 2.427(2) and 2.430(2) Å respectively. [Cr 3 (dpa) 4 (CN) 2 ]•CH 2 Cl 2 and the [Cr 3 (depa) 4 Cl 2 ]•C 6 H 14 have an inversion center passing through the central Cr atom therefore the Cr-Cr bond distances are almost identical:

	2.3700(3) and 2.3781(5) Å, respectively.

Results and discussion III.3.1. Synthesis of trichromium EMACs

  Et 2 O (Cl), 21•CH 2 Cl 2 (Br), 22•CH 2 Cl 2 (I) and 26•CH 2 Cl 2(CN) were previously reported by Cotton et al.[1], however the synthesis for some of them has been slightly modified for the current work. In the literature, the synthesis of 21•CH 2 Cl 2 , 22•CH 2 Cl 2 and 26•CH 2 Cl 2 is described as a metathesis between [Cr 3 (dpa) 4 (MeCN) 2 ](BF 4 ) 2and the respective KX salt, for X -= Br -, I -or CN -in CH 3 OH as solvent, with the crystallizations performed from CH 2 Cl 2 /hexane diffusion. Instead, we preferred to prepare [Cr 3 (dpa) 4 (MeCN) 2 ](BF 4 ) 2 in situ in MeCN , from 20 and TlBF 4 . Then a MeCN solution of the respective counterion was added to yield 21, 22 or 26. The MeCN solvent was removed with vacuum and the crystallizations were performed in similar conditions to obtain structures consistent with the published structures[1].

	4 Cl 2 ]
	are present in both symmetrical and unsymmetrical forms. [Cr 3 (dpa) 4 (NCS) 2 ], however, only
	exists in the symmetrical form.
	Single crystal X-ray measurements at low temperature revealed interesting results. In a paper by Iversen et al., [36] a study is described where the crystal structure of [Cr 3 (dpa) 4 Cl 2 ]•0.85Et 2 O•0.15CH In the current work, a series of Cr(II) EMACs have been synthesized with the general formula [Cr 3 (dpa) 4 X 2 ], for X = Cl -(20), Br -(21), I -(22), F -(23), SCN -(24), SeCN -(25) and have been prepared for the first time in the current work. The synthesis of 23•2CH 2 Cl 2 required dissolving [Cr 3 (dpa) 4 (MeCN) 2 ](BF 4 ) 2 in CH 2 Cl 2 and mixing with a stoichiometric NC The products 23•2CH 2 Cl 2 (F), 24•0.4CH 2 Cl 2 (SCN), 25•2C 7 H 8 (SeCN) and 27•3C 7 H 8 amount of (

2 Cl 2 was collected at 100 K and 15 K. The structure collected at 100 K was done by using a conventional X-ray diffraction source. The data show a slight difference in bond distances, d(Cr1-Cr2) being 0.029 Å shorter than d(Cr2-Cr3). This can be contrasted to what was observed by Berry, et al. who modeled the [Cr 3 (dpa) 4 Cl 2 ]•Et 2 O with distances of 2.249(3) Å and 2.468(3) Å. The collection at 15 K was performed using synchrotron radiation and the results showed that the molecule is essentially symmetrical with a difference in Cr-Cr bond distances of only 0.0020(1) Å. An obvious change in the bond distances suggests a tendency to stabilize the symmetrical state of the molecule at low temperature. This hypothesis is supported by theoretical calculations (gas phase molecular calculations) that show that the ground state is symmetrical [27], similar to what was found for the theoretical treatment of the cobalt analogue 1. III.3. -(26). [Cr 3 (dmpa) 4 Cl 2 ], (27), where dmpa -= 2,2'-di(4-methyl)pyridylamine, was also synthesized and characterized. The compounds 20•t Bu 4 N)F. The product crystallized immediately due to its poor solubility in CH 2 Cl 2 . The synthesis for 24•0.4CH 2 Cl 2 and 25•2C 7 H 8 was carried out in the same manner as for 21, 22 and 26 with a simple metathesis in MeCN between [Cr 3 (dpa) 4 (MeCN) 2 ](BF 4 ) 2 and KX, for X -= SCN -(24) and SeCN -(25). The crystallization was carried out in CH 2 Cl 2 /hexane for 5•0.4CH 2 Cl 2 and toluene/hexane for 25•2C 7 H 8 . The compound [Cr 3 (dmpa) 4 Cl 2 ]•3C 7 H 8 , 27•3C 7 H 8 was synthesized in a similar manner as 20•Et 2 O, where the ligand Hdmpa was dissolved in THF and deprotonated using a MeLi solution. After mixing with CrCl 2 , it was set for reflux overnight. The green crude solid was filtered, extracted with toluene and layered with hexane to cleanly yield green block-shaped crystals in moderate yield. III.3.

2. Crystallographic characterization of the compounds [

  Cr 3 (dpa) 4 Cl 2 ]•Et 2 O, 20•Et 2 O, crystallizes in the P2 1 /c space group with one molecule of diethyl ether per {Cr 3 } molecule and is isostructural with the ether solvate of the Co analogue. The two Cl ions are coordinated to the Cr-Cr-Cr cluster positioning themselves on Cr 3 (dpa) 4 Br 2 ]•CH 2 Cl 2 , 21•CH 2 Cl 2 , [Cr 3 (dpa) 4 I 2 ]•CH 2 Cl 2 , 22•CH 2 Cl 2 and [Cr 3 (dpa) 4 (CN) 2 ]•CH 2 Cl 2 , 26•CH 2 Cl 2 were synthesized in the same conditions. Like the chlorido analogue, [Cr 3 (dpa) 4 Br 2 ]•CH 2 Cl 2 is isostructural to [Co 3 (dpa) 4 Br 2 ]•CH 2 Cl 2 (2•CH 2 Cl 2 ), crystallizing in the Pnn2 space group [1]. Compounds 21•CH 2 Cl 2 , 22•CH 2 Cl 2 and 26•CH 2 Cl 2 have one molecule of dichloromethane as solvent of crystallization, which is disordered in 21•CH 2 Cl 2 and 26•CH 2 Cl 2 at 120 K. In the cases of 21•CH 2 Cl 2 and 22•CH 2 Cl 2 , the central Cr atom is delocalized over two positions along the axis of the complex. Again, this is attributed to the formation of the quadruple Cr Cr bond of 2.217(3) Å for 21•CH 2 Cl 2 and 2.165(14) for 22•CH 2 Cl 2 . The structure for 26•CH 2 Cl 2 shows a perfectly symmetrical complex with a central Cr(II) ion localized on a center of inversion thus having two Cr(II)-

	Cr(II) bond distances of 2.3715(15) Å.
	[Cr 3 (dpa) 4 F 2 ]•2CH 2 Cl 2 , 23•2CH
	the same axis, forming an almost linear chain, with (Cr-Cr-Cr) = 178.9(1)° and (Cl-Cr-
	Cr) = 179.30(8)° and 177.58(9)°. The central Cr atom is disordered on two positions forming,

at 120 K, a short distance of 2.2419(16) Å, attributed to the quadruply bonded pair, and a long distance of 2.4524(15) Å suggesting a lack of bonding between the metals. [2 Cl 2 was synthesized for the first time in the current work. It crystallizes in the C2/c space group with two molecules of dichloromethane per

Table III . 1 .

 III1 Crystal data and structure refinement for [Cr 3 (dpa) 4 F 2 ]•2CH 2 Cl 2 , 23•2CH 2 Cl 2 , [Cr 3 (dpa) 4 (SCN) 2 ]•0.4CH 2 Cl 2 , 24•0.4CH 2 Cl 2 , [Cr 3 (dpa) 4 (SeCN) 2 ]•2C 7 H 8 , 25•2C 7 H 8 and [Cr 3 (dmpa) 4 Cl 2 ]•3C 7 H 8 , 27•3C 7 H 8 .

		23•2CH 2 Cl 2	24•0.4CH 2 Cl 2	25•2C 7 H 8	27•3C 7 H 8
	Chemical formula moiety	C 40 H 32 Cr 3 N 12 F 2 •2CH 2 Cl 2	C 42 H 32 Cr 3 N 14 S 2 •0.4CH 2 Cl 2	C 42 H 32 Cr 3 N 14 Se 2 •2C 7 H 8	C 48 H 48 Cr 3 N 12 Cl 2 •3C 7 H 8
	Empirical formula Formula weight / g•mol -1	C 42 H 36 Cr 3 N 12 Cl 4 F 2 1044.62	C 42.4 H 32.8 Cr 3 N 14 S 2 Cl 0.8 986.90	C 56 H 48 Cr 3 N 14 Se 2 1231.01	C 69 H 72 Cr 3 N 12 Cl 2 1296.31
	Temperature / K	120(2)	120(2)	120(2)	100(2) K
	Wavelength / Å	0.71073	0.71073	0.71073	0.7749
	Space group	C2/c	C2/c	C2/c	I4 1 /acd
	Unit cell dimensions	a = 20.6925(10)	a = 62.257(4)	a = 17.2073(7)	a = 19.0892(6)
	a, b and c /Å	b = 13.8613(5)	b = 15.5186(9)	b = 18.8948(9)	b = 19.0892(6)
		c = 17.3066(8)	c = 23.1170(13)	c = 16.8321(7)	c = 70.473(3)
	 / °	119.048(2)	106.344(4)	107.628(2)	90
	Volume / Å 3	4339.6(3)	4869	5215.6(4)	25680.3(19)
	Z, Calculated density	4, 1.5966	16, 1.5242	8, 1.5625	16, 1.341
	Absorption coefficient / mm -1	1.035	0.945	2.011	0.800
	F(000)	2124	10029	2469	10816
	Crystal size / mm	0.081 × 0.042 × 0.041	0.193 × 0.407 × 0.023	0.407 × 0.050 × 0.046	0.060 × 0.050 × 0.040
	Orientation reflections: no., range ()	22661, 2.25-25.82°	4869, 2.25-18.91°	34701, 1.64-25.43°	34701, 2.41 to 29.88°
	 range for data collection	2.12-25.52°	0.68-20.93°	1.64-25.43°	2.326 -29.883°
	Limiting indices	-25 ≤ h ≤ 22,	-62 ≤ h ≤ 59,	-20 ≤ h ≤ 19,	-24 ≤ h ≤ 24,
		0 ≤ k ≤ 16,	0 ≤ k ≤ 15,	0 ≤ k ≤ 22,	-24 ≤ k ≤ 24,
		0 ≤ l ≤ 21	0 ≤ l ≤ 23	0 ≤ l ≤ 20	-90 ≤ l ≤ 90
	Reflections collected / unique	4179/ 3150 [R(int) = 0.0482]	11312/ 6645 [R(int) = 0.0482]	4818/ 4082 [R(int) = 0.0355]	126362/ 7148 [R(int) = 0.0575]
	Completeness to  = 26.34	99.85 %	99.18 %	99.6 %	99.9 %
	Scan method	 and  scans	 and  scans	 and  scans	 and  scans
	Absorption correction	Multi-scan	Multi-scan	Multi-scan	Multi-scan
	Max. and min. transmission	0.7452 and 0.7072	0.7440 and 0.5860	0.7453 and 0.6235	0.969 and 0.907
	Refinement method	Full-matrix least-squares on F 2	Full-matrix least-squares on F 2	Full-matrix least-squares on F 2	Full-matrix least-squares on F 2
	Data / parameters / restraints	4179 / 359 / 0	11312 / 1391 / 0	4818 / 450/ 0	7148 / 446 /174
	Goodness-of-fit on F 2	1.0655	1.1599	1.0770	1.044
	Final R indices [I > 2(I)]	R 1 a = 0.0365, wR 2 b = 0.0848	R 1 a = 0.0992, wR 2 b = 0.2130	R 1 a = 0.0264, wR 2 b = 0.0642	R 1 a = 0.0392, wR 2 b = 0.1049
	R indices (all data)	R 1 a = 0.0564, wR 2 b = 0.0966	R 1 a = 0.1704, wR 2 b = 0.2604	R 1 a = 0.0359, wR 2 b = 0.0697	R 1 a = 0.0495, wR 2 b = 0.1130
	Largest shift/esd, final cycle	0.0002	0.0005	0.0025	0.002
	Largest diff. peak and hole	0.8700 and -0.7845e. Å -3	2.7956 and -2.47125e. Å -3	0.3366 and -0.6292 e. Å -3	0.783 and -0.389 e. Å -3
	a				

III.3.3. Magnetic measurements III.3.3.1. Magnetic measurements in dc field and EPR. The magnetic properties of polycrystalline samples of 20•Et 2 O, 21•CH 2 Cl 2 , 22•CH 2 Cl 2 , 23•2CH 2 Cl 2 , 24•0.4CH 2 Cl 2 , 25•2C 7 H 8 , 26•CH 2 Cl 2 and 27•3C 7

  H 8 have been examined. Magnetic measurements in dc field for the compounds 20•Et 2 O and 26•CH 2 Cl 2 have been reported before [1] and confirmed by us. All the compounds show a temperature independent χT value of ~3 cm 3 K mol -1 down to about 15 K (Fig. III.11). The data obtained for the compounds 23•2CH 2 Cl 2 , 24•0.4CH 2 Cl 2 , 25•2C 7 H 8 and 27•3C 7 H 8 are in agreement with the published results. They correspond to the Curie behavior for a system with four unpaired electrons.

Table III .2. The

 III 

	Compounds	g	D/k B , K
	[Cr 3 (dpa) 4 Cl 2 ]•Et 2 O (20•Et 2 O)	1.99(2)	-2.0(1)
	[Cr 3 (dpa) 4 Br 2 ]•CH 2 Cl 2 (21•CH 2 Cl 2 )	1.92(6)	-2.3(3)
	[Cr 3 (dpa) 4 I 2 ]•CH 2 Cl 2 (22•CH 2 Cl 2 )	1.86(4)	-2.5(2)
	[Cr 3 (dpa) 4 F 2 ]•2CH 2 Cl 2 , (23•2CH 2 Cl 2 )	1.99(4)	-5.9(2)
	[Cr 3 (dpa) 4 (NCS) 2 ]•0.4CH 2 Cl 2 (24•0.4CH 2 Cl 2 )	2.01(3)	-3.6(2)
	[Cr 3 (dpa) 4 (NCSe) 2 ]•2C 7 H 8 (25•2C 7 H 8 )	2.05(6)	-3.4(2)
	[Cr 3 (dpa) 4 (CN) 2 ]•CH 2 Cl 2 (26•CH 2 Cl 2 )	1.97(1)	-3.4(5)
	[Cr 3 (dmpa) 4 Cl 2 ]•3C 7 H 8 (27•3C 7 H 8 )	2.00(4)	-3.2(2)

g and D parameters obtained from fitting of the χT = f(T) curve.

.3.4. Temperature dependence of CrCr distances in 20•Et 2 O

  Apart from the lack of effect of the axial ligand, we were also surprised to note that the relaxation dynamics for the symmetrical [Cr 3 (dmpa)4 Cl 2 ]•3C 7 H 8 , (27•3C 7 H 8 ) were similar to those of the other {Cr 3 } complexes, all of which are unsymmetrical at 120 K. This observation suggests that the structures at 120 K are not necessarily representative of the structures below 10 K. In light of the results reported by Iversen et al. on the crystal structure of 20•0.85Et 2 O•0.15CH 2 Cl 2 collected at 15 K [36], we were interested to examine the

correlation between temperature and bond distance modifications ourselves. Notably, Iversen did not model disorder in the structure of 20•0.85Et 2 O•0.15CH 2 Cl 2 , and reported similar CrCr distances of 2.3480(2) and 2.3773(2) Å at 100 K. However, a simple visual examination of the structure revealed that the ellipsoid of the central Cr(II) ion at both 100 and 15 K was elongated along the axis. The elongation on the structure at 15 K was barely detectable but still visible

[36]

. With the help of Dr. Brice Kauffmann, by using the facilities at the Soleil Synchrotron we were able to collect a structure of 20•Et 2 O at 20 K. We were still able to model the central Cr(II) ion over two positions, with a 50% occupancy for each, meaning that the molecule is not strictly symmetrical. However the CrCr distances found in this new structure, of 2.317(1) and 2.435(1) Å, were considerably more symmetrical than those found at 120 K, of 2.242(2) and 2.488(2) Å.

3 (dpa) 4 (NCS) 2 ]•0.4CH 2 Cl 2 , 24•0.4CH 2 Cl 2 .

  Chapter III: [Cr 3(dpa) 4 X 2 ] complexes and their Single-Molecule Magnet properties 123 Elemental analysis, calc: C 50.04, N 16.92, H 3.53 ([Cr 3 (dpa) 4 F 2 ]•1.2CH 2 Cl 2 ); found: C 49.85, N 16.92, H 3.77. The compound was made using a similar procedure as for 2 by using KNCS (11 mg, 0.113 mmol) instead of KBr. The synthesis takes place spontaneously in a short time without heating. After one week of diffusion green-In a glovebox, 20•Et 2 O (50 mg, 0.051 mmol)and TlBF 4 (32 mg, 0.103 mmol) were added to a 20 mL scintillation vial and dissolved together in 8 mL of MeCN. The mixture was stirred overnight and then filtered through PTFE filters of 0.2μm porosity from VWR. To this solution was added a solution of 5 mL of MeCN containing 15 mg (0.104 mmol) of KNCSe. A dark green-brownish precipitate was formed in a few seconds. The precipitate was filtered and washed with MeCN and dissolved in 15 mL of toluene. The solution was filtered again to clean it from KBF 4 and layered with hexane in a Schlenk tube. After one week of diffusion brown needles were formed on the walls of the flask. The crystals were collected in inert atmosphere, washed with hexane and left to dry.

	brownish needles were formed on the walls of the flask. Yield 32.5 mg (64.3%). FT-IR (ῡ,
	cm -1 ): 2024, 1605, 1595, 1547, 1455, 1420, 1363, 1309, 1248, 1277, 1153, 1106, 1052, 1013,
	977, 917, 880, 856, 800, 761, 737, 644, 626. Elemental analysis, calc: C 51.60, N 19.87, H
	3.35; found: C 51.40, N 19.48, H 3.45.
	[Cr 3 (dpa) 4 (NCSe) 2 ]•2C 7 H 8 , 25•2C 7 H 8 . Yield 39.7 mg (63.2 %) FT-IR (ῡ, cm -1 ): 2043, 1604, 1593, 1545, 1455, 1417, 1353, 1308,
	1277, 1247, 1163, 1151, 1108, 1082, 1055, 1013, 915, 881, 856, 769, 760, 750, 732, 696, 645,
	623. Elemental analysis, calc: C 54.63, N 15.93, H 3.90; found: C 54.49, N 15.72, H 4.06.
	[

-1 ):1603, 1592, 1546, 1453, 1412, 1352, 1306, 1276, 1151, 1108, 1053, 1014, 972, 917, 881, 849, 763, 752, 736, 719, 684, 645, 624. [Cr

Cr 3 (dpa) 4 (CN) 2 ]•CH 2 Cl 2 , 26•CH 2 Cl 2 .

  The compound was synthesized following a similar procedure as for 2•CH 2 Cl 2 but instead of KBr, it was used KCN (7.5 mg, 0.115 mmol).Heating was used for dissolving the KCN in MeCN. The MeCN solution was evaporated to dryness and the solid was extracted with CH 2 Cl 2 , filtered and set for crystallization via layering with dry hexane. Yield 41.2 mg(83 %) 

[Cr 3 (dmpa) 4 Cl 2 ]•3C 7 H 8 , 27•3C 7 H 8 .

  Hdmpa (500 mg, 2.52 mmol) was dissolved in 40 mL of THF. The solution was cooled in a dry ice/acetone bath, and 1.6 mL of 1.6 M of MeLi in diethyl ether was added dropwise. The ligand solution became yellow and then dark brown.

  -1 ): 3032, 2917, 2590, 2520, 2162, 1943, 1616, 1608, 1532, 1492, 1473, 1405, 1381, 1335, 1309, 1294, 1235, 1187, 1130, 1081, 1025, 1001, 946, 904, 854, 798, 740, 731, 695, 645, 622. Elemental analysis, calc: C 56.17, N 15.91, H 4.92, ([Cr 3 (dmpa) 4 Cl 2 ]•H 2 O•0.2C 7 H 8 ); found: C 56.45, N 15.51, H 4.89.

Coordination induced spin state switching in [Co 3 (dpyF) 4 ](BF 4 ) 2 IV.1. Introduction A

  relatively new direction in the search for new magnetic switchable materials is the study of Coordination Induced Spin State Switching (CISSS) complexes, where a change in spin state is accompanied by a change in metal coordination environment. The [Co 3 (dpyF) 4 ] 2+cation, dpyF -= bis(2-pyridyl)-formamidinate, can be considered a trinuclear EMAC, but one with no metal to metal bonds at room temperature. Spin state switching in this molecule appears to be driven by the formation, at low temperature, of a Co-Co bond that lowers the χT product of the material. Preliminary photomagnetic results suggest that the HS state can then be recovered by light irradiation. Our initial results suggest that this complex demonstrates the first example of spin state switching induced by the formation of a metal-metal bond.

  T 2 state. Later, in 1986, Hauser et al. discovered that this phenomenon is reversible in [Fe II (ptz) 6 ](BF 4 ) 2 . By using red light irradiation on a single crystal, the complex was converted from the metastable HS state

Table IV . 2 .

 IV2 Table IV.2 Selected distances and angles for [Co 3 (dpyF) 4 ](PF 6 ) 2 •4MeCN•Et 2 O at 200 K.

	distance type	Distance, Å	distance type	Distance, Å	angle type	Angle, deg.
	Co1-N1 Due to the synthetic problems encountered, we decided to replace PF 6	-with BF 4	-. The
	synthesis and crystallization of the coordination compound [Co 3 (dpyF) 4 ](BF 4 ) 2 was done in
	the same way as described for [Co 3 (dpyF) 4 ](PF 6 ) 2 •4MeCN•2Et 2 O [10]. HdpyF was dissolved
	in THF and deprotonated using an ether solution of MeLi. The solution was cannulated into a
	flask containing CoCl 2 and TlBF 4 and the mixture was refluxed in THF under inert
	atmosphere for four hours. The crude yellow solid was extracted with MeCN and crystallized
	by ether vapor diffusion. Red-orange crystals grew over a week.	
	IV.2.2.					

Crystal structure and magnetism of [Co 3 (dpyF) 4 ](BF 4 ) 2

  

Table IV . 3 .

 IV3 Crystal data and structure refinement for [Co 3 (dpyF) 4 ](BF 4 ) 2 •2MeCN with SQUEEZE algorithm applied.

	Chemical formula moiety	C 44 H 36 Co 3 N 16 , 2(BF 4 ), 2(C 2 H 3 N)
	Empirical formula	C 44 H 36 Co 3 N 16
	Formula weight / g.mol -1	1221.2
	Temperature / K	270(2)
	Wavelength / Å	0.71073
	Space group	I4/m
	Unit cell dimensions	a = 12.7807 (9)
	a, b and c /Å	b = 12.7807 (9)
		c = 32.465 (3)
	Volume / Å 3	5303.0 (9)
	Z, Calculated density	4, 1.210
	Absorption coefficient / mm -1	0.971
	F(000)	1972
	Crystal size / mm	0.257 × 0.235 × 0.080
	Orientation reflections: number, range ()	9595, 2.25-27.85°
	 range for data collection	1.712 to 29.079 °
	Limiting indices	-17 ≤ h ≤ 17,
		-17 ≤ k ≤ 17,
		-44 ≤ l ≤ 42
	Reflections collected / unique	2606/3516 [R(int) = 0.0271]
	Completeness to  = 25.242	99.8%
	Scan method	 and  scans
	Absorption correction	Multi-scan
	Max. and min. transmission	0.7458/ 0.6806
	Refinement method	Full-matrix least-squares on F 2
	Data / parameters / restraints	3516 / 143 / 0
	Goodness-of-fit on F 2	

  •••Mo-Mo trimer, with the same coordination manifold for the Co(II) ion [16]. In this case the Co(II) ion has been determined to be LS S = 1/2. This is dramatically different to what was observed for [Co 3 (dpyF) 4 ](BF 4 ) 2 , where it appears that all three Co(II) ions are HS S = 3/2, (although the absolute values of the χT product must be verified by repeated experiments). This raises the interest in synthesizing various heterometallic dpyF -based complexes containing the Co(II) ion in different positions, like Co•

  Photomagnetism. Photomagnetic experiments were carried out at Institut de Chimie de la Matière Condensée de Bordeaux (ICMCB) and utilized a Quantum Design SQUID magnetometer MPMS-XL and a 150 W halogen lamp (LEICA CLS 150 XD) coupled to an optical fiber that was directed into the magnetometer cavity. A 5.4 mg sample of

	[Co 3 (dpyF) 4 ](BF 4 ) 2 •2MeCN was introduced into a preformed straw at a distance of 3 cm from
	the optical fiber end [incident light flux = 2 mW/cm 2 ]. Sample temperatures were corrected
	for light-induced heating (avg. +2 K with red light (650 nm) of 2 mW/cm 2 ) by calibrating the
	experimental sample temperatures to the data collected in the absence of light.
	Synthesis
	HdpyF. In this synthesis 4.76 g (50.6 mmol) of o-aminopyridine are mixed with a
	100% excess of triethyl orthoformate (TEOF), 8.45 mL (50.8 mmol) with an addition of a
	drop of HCl (2M) as a catalyst. The mixture is refluxed for 9 h in a 100 mL roundbottomed
	[Co 3 (dpyF) 4 ](BF 4 ) 2 . The ligand HdpyF (200 mg, 0.95 mmol) was put in a 100 mL
	round bottomed Schlenk flask and dissolved in 30 mL of THF. The mixture was cooled down
	to -90 °C in a mixture of liquid and frozen acetone. To the ligand solution was added a
	stoichiometric amount of MeLi to obtain Li(dpyF). After letting the mixture to warm up, the
	ligand solution was transferred in a flask containing a solid mixture of CoCl 2 (98 mg, 0.74
	mmol) and TlBF 4 (442 mg, 1.51 mmol). The entire contain was set for reflux at 75 °C for 3 h.

flask at 130 °C under a stream of nitrogen. After cooling, the crude product was recrystallized from toluene/hexane mixture and dried for two days, at 10 -4 -10 -5 Torr to eliminate any traces of water. Yield: 1.60 g (32 %), HNMR (CDCl 3 ): 1 H: 6.98 (broad, H 4 ); 7.04 (t, H 2 ); 7.60 (t, H 3 ); 8.34 (d, H 1 ); 9.55 (H CH ); 10.49 (H NH ). The product is present as yellow powder that is filtered, washed with DCM from traces of ligand, extracted with MeCN and set for vapor diffusion in ether. Red-orange rectangle crystals grew during a week. Yield 290 mg (< 40 %) FT-IR (ῡ, cm -1 ): 1596, 1547, 1495, 1471, 1435, 1415, 1342, 1317, 1298, 1235, 1161, 1042 (BF 4 -), 1012 (BF 4 -), 945, 827, 774,

Table 1 .

 1 Le temps de relaxation et la température de blocage pour les composés donnés. Cr 3 (dpa) 4 I 2 ]•CH 2 Cl 2 pas de relaxation lente dans la région de fréquence détectable [Cr 3 (dpa) 4 F 2 ]•2CH 2 Cl 2 Cr 3 (dpa) 4 (CN) 2 ]•CH 2 Cl 2

	Composés

It should be mentioned that compounds with a mixture of bridging and non-bridging ligands, are sometimes also referred to as "paddlewheel" or "open paddlewheel" complexes.
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Distances and angles are presented in Table IV.1. The crystallographically equivalent Co•••Co distances of 2.865(1) Å (at 213 K) were considered to be too large to attribute to any direct bonding between the metal centers. The complex has a 2+ charge and crystallizes with two PF 6 -anions, two diethyl ether molecules and four acetonitrile molecules in the P2 1 /c space group. We herein summarize all the results we obtained during this thesis work followed by a discussion of future perspectives for this project.

The first chapter gives a general look over the history of the development of metalmetal bond chemistry, including the main turning points, from the earliest examples recorded, the first acknowledgements of an intermetallic bond and the first crystal structures of such compounds, to the point where metal-metal bond chemistry is today. This is a mature chemistry field whose growth reached a peak during the years of activity of one of its main contributors, F. A. Cotton. The importance of this field must not be underestimated as it contains examples of compounds with unusual interactions, that rarely are encountered in other systems, like the delocalized bonding between metal centers or bonds of the order higher than three (like the quintuple bond that was discovered fairly recently).

In chapter two we describe a series of six linear neutral polymers with the general formula [Co 3 (dpa) 4 (MF 6 )]•2DMF, where, M = Ti(IV), Zr(IV), Sn(IV), Re(IV), Ir(IV) and Os(IV). Crystallographic, IR and magnetic characterization was presented. Two main goals were set for this project: Synthesis of coordination polymers using the [Co 3 (dpa) 4 ] 2+ building block and the design of materials with sharp spin transition by inducing cooperativity to the spin centers. Considering the synthetic challenge set in front of us, great effort was put in achieving the first goal. Crystallizing such materials was difficult since the polymerization occurs very quickly resulting in precipitation, from which the precursors cannot be recovered.

The second goal can be considered a partial success. Even though the coordination chains obtained did not possess SCO, we learned very much about the influence of the axial (particularly the F -ligand) and equatorial ligands on the SCO properties of {Co 3 } and in perspective other systems of similar or better design can be proposed.

In the third chapter we set the study of the influence of the axial ligand on the SMM properties of the compounds with the formula [Cr 3 (dpa) 4 X 2 ]. For this a series of complexes were synthesized, where X = Cl -, Br -, I -, F -, SCN -, SeCN -, NC -, and and addionally, [Cr 3 (dmpa) 4 Cl 2 ] where dmpa = 2,2'-di(4-methyl)pyridylamine. Full ac characterization was carried out, and from the results obtained we can conclude that the contribution of the axial ligand to the SMM properties of the {Cr 3 } system is minimal. From DFT calculations published prior to this work we know that the ground state for these complexes is symmetrical with a 3-center 3-electron bond. Temperature dependent X-ray crystallography allowed us to follow the conversion from an unsymmetrical to symmetrical forms.We have concluded that regardless of the symmetry in the {Cr 3 } clusters at higher temperatures, at temperatures below RÉSUMÉ préliminaires suggèrent pour la première fois une commutation de spin induite par la formation d'une liaison métal-métal. Le [Co 3 (dpyF) 4 ](BF 4 ) 2 a été caractérisé structurellement, magnétiquement et photomagnétiquement. Des mesures de réflectivité, thermogravimétrique (ATG) et calorimétrique (AED) ont également été effectuées.

Dans les composés à conversion de spin classiques, le changement de la conformation BS à HS se produit avec une augmentation du rayon ionique du centre métallique et de la longueur des liaisons métal-ligand. Bien que ceci n'influence pas de manière significative la géométrie de la molécule, les interactions élastiques entre les molécules peuvent provoquer une transition de phase du premier ordre et un phénomène de «commutation». Dans de rare cas, la commutation de spin est accompagnée d'un changement spectaculaire de la sphère de coordination, typiquement une isomérisation du ligand ou une coordination/décoordination d'un ligand. Ce phénomène est appelé commutation d'état de spin induit par la coordination (CISSS) ou conversion de spin induite par la coordination [33].

De façon intéressante, tous les complexes connus présentant du CISSS sont photosensibles et montrent une commutation de spin induite par la lumière. Ce phénomène peut être observé en solution [34] ou à l'état solide, par exemple, dans les cristaux [35] ou sur les surfaces polymères [36].