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VIII. Abstract 

The work presented in this thesis focuses on exploring the versatile chemistry of 4-aryl 

substituted 1,2,4-triazole derivatives. The ligands 4-(4'-nitrophenyl)-1,2,4-triazole (npt) 

and 4-(4'-carboxyphenyl)-1,2,4-triazole (Hcpt) were prepared following a modified 

known synthetic strategy. Reaction of either of these ligands with transition metal or 

lanthanide precursor salts resulted in two novel complexes, namely 

[FeI,
3(npt)6(EtOH)4(H20)2](ptol)6-4(EtOH) (1) and [ D y ^ - O H ^ -

0)2(cpt)6(MeOH)6(H20)]2-15(MeOH) (5), and of five analogous compounds. 

In the case of 1, the structural analyses and the magnetic properties indicated that the 

complex consisted of a linear trinuclear Spin Crossover Fe11 compound with a Tm of 148 

K. For this complex, the SC-XRD analyses were performed at 100 and 181 K in order to 

characterize the structural changes occurring during the spin transition. For 5, the 

magnetic and structural data indicated that the complex was a dumbbell-shaped cubane 

dimer {Dyln
4}2 for which each cubane unit is a Single-Molecule Magnet with a small 

effective energy barrier. 
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Chapter 1. Introduction 

The development of novel materials for their usage in optical and electronic devices is an 

important area of chemistry that gave rise to a strong interest in the scientific community 

since the early 1980s.1"10 One of the current limitations in this field of chemistry is the 

fact that the top-down approach, commonly known as the race towards miniaturization, 

will one day reach its limitation which corresponds to the size of one molecule. Hence, 

researchers have explored the possibility of using molecules themselves as relevant 

devices for applications that can not be achieved by using conventional solid-state 

materials.11"12 

Since the 1980s, the scientific interest in the development of molecules with unique 

properties for relevant applications slowly shifted towards a new category of chemistry 

named molecular magnetism.13 This new science consists of developing and designing 

novel materials that exhibit unique magnetic properties. To date, the researchers in this 

area have been focused mainly on the development of Spin Crossover (SCO) complexes, 

Single-Molecule Magnets (SMMs) and Single-Chain Magnets (SCMs), as these three 

kinds of compounds are very promising for their potential applications in electronic and 

optical devices.14"22 They also are categorized as molecular switches, which are 

compounds that exhibit bistability between two distinct states.12 In general, for a complex 

to be considered as such, the change between the two distinct states must be triggered by 

the alteration of a physical parameter such as the applied magnetic field, the temperature 

or the pressure. Commonly, the two states are regarded as either "ON" or "OFF", the 
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former case usually being the one exhibiting a measurable physical response. In addition, 

the change between the two states is usually reversible over multiple cycles and 

measurable with conventional methods including magnetometry. Often, the intensity of 

the chemical, electrical or optical output varies in intensity during the switching process. 

1.1 Spin Crossover (SCO) Materials 

SCO materials are relevant molecular switches because they exhibit bistability between 

two electronic configurations, namely the Low Spin (LS) state and the High Spin (HS) 

state. For such materials, triggering between either of these two states is performed by 

either 1) a variation in temperature, 2) a variation in pressure, 3) light irradiation or 4) 

pulsed magnetic fields.23"25 The fact that SCO compounds exhibit a considerable stability 

over successive HS->LS transition cycles, a short addressing time in the scale of 

nanoseconds due to the electronic nature of the spin transition and, in some exceptional 

cases, a hysteresis effect are some of the main advantages of developing such materials 

for applications in electronic devices. 

To date, the most studied SCO phenomenon has been for the Fe11 3d6 transition metal.26"32 

In this case, the spin transition occurs between the h^e^ and the h£e% electronic 

configurations. The properties of the latter event, such as the crossover temperature or the 

behaviour, are strictly dependent on both the ligand-field strength and the cooperative 

behaviour of the ligands for a given complex. As shown in Figure 1.1, the crossover 

temperature is related to the ligand-field strength; the stronger it is, the higher the 

crossover temperature is going to be.33 However, in some exceptional cases where 

2 



electron-donating or withdrawing effects are observed, the crossover temperature may 

not be in direct relation with the parameter in question. There are five different 

behaviours of spin transition: 1) gradual, 2) abrupt, 3) with hysteresis, 4) multi-stepped 

and 5) incomplete.27 In general, the three first behaviours are associated to the level of 

cooperative interactions, such as hydrogen bonds or electrostatic interactions, between 

the ligands in a crystal lattice. For example, a gradual SCO is associated with complexes 

where cooperative interactions between the ligands are poor or non-existent. For 

compounds where hysteresis is observed, the complexes are usually interacting through 

hydrogen bonds in the crystal lattice. When multiple SCO steps are observed throughout 

the magnetic data, the behaviour is exclusively associated to the fact that two or more 

distinct lattice sites exist in either the crystal lattice or the molecule itself. Finally, an 

incomplete spin transition is associated to the presence of residual spin fractions in either 

the LS state (residual HS fraction) or the HS state (residual LS fraction). It is noteworthy 

to mention that a gradual spin transition is usually accompanied with an incomplete SCO 

behaviour. 
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Figure 1.1 Representation of the LS and the HS states for Fe" and of the relation between the cubic ligand 

field parameter (A) and the ligand field strength. 

For their potential usage in electronic devices, the design of compounds with a crossover 

temperature (Ti/2) near or above room temperature is of strong interest.14"22 Although 

many compounds with a T[/2 above 300 K have already been reported, the design of SCO 

compounds with unique magnetic properties is still a considerable challenge. The main 

difficulty towards achieving the synthesis of novel SCO complexes is the design of novel 

ligands that will achieve the required ligand-field strength for the phenomenon to occur 

and that will provide a synthetic control over the SCO behaviour of the compound. As 

explained by Giitlich and co-workers,26 SCO compounds can be synthesized by reacting 

ligands with a strong ligand-field, such as pyridines, triazoles and Schiff-base derivatives, 

with Fe precursor salts. Some examples of such ligands are shown in Scheme 1.1. 
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Scheme 1.1 Representations of ligands leading to a SCO complex when reacted with a Fe11 precursor salt. 

It is noteworthy to mention that the SCO behaviour is usually accompanied with 

structural changes in the crystal lattice of a compound.34"37 These changes in the distances 

and angles occur on two distinct levels; for a HS->LS transition, both the coordination 

distances of the metal ions and the distances between the molecules in a crystal lattice are 

shortened. The former case arises from a different orbital occupancy and, for Fe11, is of 

approximately 0.15-0.20 A which corresponds to an approximate decrease of 18-23% in 

the coordination sphere's volume of the ion. The decrease of intermolecular distances is 

also in direct relation with the SCO phenomenon and will usually result in a decreased 

unit cell volume. Currently, the major problem associated with these changes is the fact 

that crystals, upon spin transition, crack easily due to an increase in the crystal stress. 
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Hence, detailed structural data obtained through SC-XRD on SCO compounds in both 

their HS and LS states remains very elusive. The synthesis of complexes exhibiting a spin 

transition and that retain their crystallinity is still a difficult challenge to overcome. 

For the purpose of this research, one of our goals consisted of exploring the possibility of 

synthesizing novel SCO compounds using 4-aryl substituted 1,2,4-triazole ligands and of 

analyzing their magnetic behaviour. The latter type of ligands is described in details in 

the following chapter of this work. 

1.2 Single-Molecule Magnets (SMMs) 

SMMs are categorized as molecular switches because they exhibit bistability between 

two distinct magnetization states when subjected to an applied magnetic field: the in-

phase and the out-of-phase states. "44 For this type of complexes, the switching between 

the two states can be triggered by changing the direction of the magnetic field and the 

bistability phenomenon is caused by the presence of slow relaxation of the magnetization. 

The latter behaviour is observed due to the presence of an anisotropic energy barrier, U, 

which is the result of the combination of the spin ground state (S) and the uniaxial 

anisotropy (D). A representation of this energy barrier and of its behaviour giving rise to 

the slow relaxation of the magnetization is shown in Scheme 1.2. For most SMMs, the 

size of this energy barrier is approximated using the formula U = S2|D| for integer spin 

value or U = (S-1/4)2|D| for half-integer spin values. 
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The spin ground state of a given complex is determined by considering the magnetic 

coupling of its ions. There are two categories of magnetic coupling; ferromagnetic 

interactions, where the spins of two ions are coupled positively, and antiferromagnetic 

interactions, where the spins of the ions are coupled negatively. For example, for a 

complex where two Dyin ions are coupled ferromagnetically, the spin ground state is S = 

5 due to the addition of the spins of the Dym ion, each having five unpaired electrons (S = 

5/2). For SMMs, since the anisotropic energy barrier is directly related to the spin ground 

state of the molecules, researchers are currently aiming at synthesizing molecules with 

large spin ground states. Usually, high spin first row transition metal centres or 

lanthanide ions are favoured in the preparation of SMMs due to their large spin ground 

state. In addition, ligands that promote ferromagnetic interactions between the ions, such 

as Schiff-base derivatives, are favoured over ligands promoting antiferromagnetic 

interactions. 

For a given complex, the uniaxial magnetic anisotropy arises from the deformation of the 

orbitals along the easy axis of the complex, which can be the result of spin-orbit coupling 

and/or of a Jahn-Teller effect. For synthesizing SMMs, first row transition metals, such as 

Mn111, Mnlv, Fe11 and Co11, or late lanthanide ions, including Tb111, Dy111 and Ho111, are 

favoured. For first row transition metals, spin-orbit coupling is most often observed for 

metal centres coordinated in an octahedral environment and takes place due to the 

presence of the dxy, dyz and dxz orbitals degeneracy. In the case of lanthanide, the effect 

arises from the degeneracy of the / orbitals. When a Jahn-Teller distortion is observed 
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along the z-axis of an ion, the degeneracy of the dx
2.y

2 and dz
2 orbitals is lost, which gives 

rise to the uniaxial magnetic anisotropy. 

For SMMs, the size of this energy barrier not only determines the amount of energy 

required for such molecules to lose their magnetization, but also the blocking temperature, 

which is the temperature below which a complex exhibits the SMM behaviour. As 

mentioned above, the size of the energy barrier is directly related to the uniaxial 

anisotropy and the spin ground state of the complex. Hence, the size of this energy barrier 

is high dependent on the nature of the complex itself and is impossible to predict 

beforehand. 
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Scheme 1.2 Schematic representation of the anisotropic energy barrier of SMMs and of its relation with the 

direction of the applied magnetic field. 
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In the field of molecular magnetism, the assessment of the size of the energy barrier can 

be performed using two methods; the measurement of the alternate current (ac) 

susceptibility out-of-phase component or the measurement of the magnetization as a 

function of the direct current (dc) applied magnetic field. For the former case, when slow 

relaxation of the magnetization occurs, an out-of-phase component that is temperature 

and frequency dependent is observed. This signal arises from the few molecules that are 

not in-phase (i.e. aligned towards the same direction) with the applied magnetic field 

upon reversal of its direction at a specific frequency. For the latter case, the measurement 

is performed by slowly reversing the direction of the magnetic field upon multiple cycles. 

The magnetic moment of the sample, which is a projection of the magnetic moment of 

each individual molecule along the easy axis of the crystal, is then viewed as a function 

of the applied dc magnetic field. Upon reversal of the magnetization, the presence of a 

hysteresis loop that is sweep-rate dependent in the field dependence of the magnetization 

data confirms the presence of the SMM phenomenon. It is noteworthy to mention that the 

anisotropic energy barrier that is calculated from the experimental data is considered to 

be "effective" due to the presence of Quantum Tunneling of the Magnetization (QTM) 

between the two relevant magnetization states. 

The first SMM45 was synthesized by Lis in 1980 but its magnetic properties were not 

characterized before 1993 by Gatteschi and co-workers.46 The compound, 

[Mn1II
8Mnlv

4(«3-0)i2(CH3COO)16(H20)4]-4(H20)-2(CH3COOH) (Mn^-Acetate), 

consisted of a MnIV cubane centered in a non planar ring of eight Mn111 ions. The 

molecular structure of this compound is shown in Figure 1.2. In this case, the ions were 
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linked by twelve ju^-oxide moieties. The metallic core was encapsulated in sixteen acetate 

ligands and four coordinated water molecules, which acted as a protective shell 

surrounding the metallic core of the molecule. When an external magnetic field was 

applied, the complex exhibited slow relaxation of the magnetization caused by the 

presence of an effective anisotropic energy barrier of 62 K, which was the combination of 

an uniaxial anisotropy of -0.72 K and of a spin ground state of S = 10. In this case, the 

uniaxial anisotropy arose from the Jahn-Teller distortion of the Mn01 ions of the outer 

ring. The spin ground state of S = 10 resulted from the antiferromagnetic coupling of the 

ferromagnetically coupled {MnIV4} cubane core (S = 6) with the ferromagnetically 

coupled {Mnm
8} outer ring (S = 16). Since this discovery, researchers have been working 

towards the synthesis of novel SMMs with unique structural and magnetic properties and 

towards the synthesis of Mn)2-Acetate derivatives. 

Figure 1.2 The molecular structure of Mn12-Acetate. Colour code: Black (C), Dark Grey (Mn™), Grey 
(Mn111), Light Grey (O). 

10 



Another example of SMM that was characterized in 2000 by Oshio and co-workers 

consisted of the tetranuclear complex [Fen
4(sae)4(MeOH)4] (H2sae = 2-

salicylideneamino-1-ethanol) which was composed of four Fe11 ions organized in a 

cubane connectivity. For this complex, the Fe11 ions were linked by four ^3-oxide 

moieties from the ligands. Upon measurement of its magnetic properties, the complex 

exhibited a SMM behaviour with an energy barrier of 28.4 K. It is noteworthy to mention 

that in this case, the magnetic anisotropy arose from the spin-orbit coupling present for 

the Fe11 ions. 

Currently, researchers are aiming towards increasing the size of the anisotropic energy 

barrier for the potential usage of SMMs at room temperature. To date, most of the 

synthesized SMMs of interest have exhibited energy barriers with sizes varying between 

50 and 86 K. These complexes were synthesized by reacting either transition metal or 

lanthanide salts with Schiff-base,49"56 carboxylate,57"60 polyalcohol61"64 and/or oximate65"68 

derivatives. Recently, our group published a novel complex for which the energy barrier 

was determined to be of 71 K.69 To our knowledge, this consisted of the highest energy 

barrier reported to date. This compound, a dinuclear {Dy2J complex, was synthesized by 

reacting a novel Schiff-base ligand with a Dym precursor salt. We believed that the large 

anisotropic barrier was obtained due to the ferromagnetic combination of the intrinsic 

anisotropy and the large spin ground state of the Dym ions. 

For the purpose of this research, we believed that the exploration of possible reactions 

between novel ligands, including 4-aryl substituted 1,2,4-triazoles, with lanthanide 
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precursor salts could result in complexes presenting SMM behaviour with large 

anisotropic energy barriers as shown in our previous work. 

1.3 Summary of the thesis and scope of study 

This research was focused on exploring the versatile chemistry of 4-aryl substituted 

1,2,4-triazole ligands in the field of molecular magnetism. In Chapter 2, the previous 

literature regarding this category of ligand and the synthetic strategy that was used for the 

preparation of the ligands, Hcpt and npt, are described. The previously reported synthesis 

was altered in order to facilitate the purification process and to increase the yield of the 

reactions. For npt, the ligand was designed in order to synthesize a novel trinuclear linear 

complex with unique SCO properties. For Hcpt, we believed that the carboxylic acid 

functional group of the ligand could be reacted with lanthanide precursor salts in order to 

create lanthanide-only clusters, which are known to exhibit slow relaxation of 

magnetization. We also thought that the 1,2,4-triazolyl functional group of the ligand 

could promote unique topologies and supramolecular interactions between the molecular 

units in the crystal lattice. Chapter 3 describes the structural, optical, magnetic and 

thermogravimetric properties of the novel SCO trinuclear linear complex 

[Fen3(npt)6(EtOH)4(H20)2](ptol)6-4(EtOH) (1, npt = 4-(4'-nitrophenyl)-1,2,4-triazole) 

and of three of its Co11 (2 and 3) and Ni11 (4) analogues. The measurement of the magnetic 

properties of 1 revealed that the compound exhibited a gradual SCO behaviour with a 

transition temperature (Ti/2) of 148 K. The characteristics of a novel Dy111 dumbbell-

shaped cubane SMM, [Dym4Cw3-OH)2(u3-0)2(cpt)6(MeOH)6(H20)]2-15(MeOH) (5, Hcpt 

= 4-(4'-carboxyphenyl)-1,2,4-triazole), and of its Ho111 (6) and Tbm (7) analogues, are 
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described in Chapter 4. To our knowledge, this compound consisted of the first 

lanthanide-only cubane that exhibited slow relaxation of the magnetization. The 

structural analyses of 5 indicated that the dumbbell-shaped species were organized in a 2-

D sheet due to the electrostatic interactions between the equatorial ligands of the complex. 

Finally, the general conclusions and recommendations for future work are described in 

Chapter 5 and all the experimental procedures are described in Chapter 6 of this work. 
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Chapter 2. Ligands Design and Syntheses 

2.1 4-aryl substituted 1,2,4-triazoles ligands in inorganic chemistry 

Since the early 1900s, triazole-based organic compounds have been widely studied in the 

fields of biology and biochemistry due to their presence in fish oils. However, before the 

work of Bayer and co-workers published in 1974,1 their behaviour in the field of 

synthetic inorganic chemistry remained unexplored due to the difficulty of preparing 

1,2,4-triazole-based ligands. To our knowledge, the first triazole-based coordination 

complex was reported by Haasnoot and co-workers in 1977. In this work, a polymeric 1-

D chain was synthesized by reacting three equivalents of 4-77-1,2,4-triazole with one 

equivalent of [Fen(H20)6](BF4)2. The polymer, for which the optical and magnetic 

properties were measured, exhibited a SCO behaviour with a T\a of approximately 378 K 

and presented a wide spin transition hysteresis of 32 K. Since its discovery, the 

characterization of this polymeric compound and of many analogous complexes has been 

of great interest due to their potential applications in polymer science.3 The general 

stmcture of these 1-D chains is shown in Scheme 2.1. To date, the properties of these 1-D 

chains have been well studied by many researchers.4"16 It has been demonstrated that 

functionalizing the 1,2,4-triazole ligand with an alkyl functional group on the 4 position 

or with small functional groups such as methyl-, ethyl- or amino- on the 3rd and 5th 

positions lead to analogous polymeric compounds. 
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Scheme 2.1 Drawing of the general structure of 1-D triazoles-based chains. 

Over the years, it has been demonstrated that the downside of these polymeric complexes 

was and still is the lack of stmctural information.3 X-ray analyses of these compounds 

were difficult to achieve due to the polymeric nature of the compound itself and of the 

ligand, which favoured disorder in the crystal lattice. In most cases, stmctural analyses of 

these complexes were performed by either Powder X-ray Diffraction (PXRD) or by 

Extended X-ray Absorption Fine Stmcture (EXAFS). These analyses provided very little 

information on the properties of the chains in either the LS or the HS states and further 

investigations were often required. In addition to this lack of stmctural information, most 

of these Fe11 complexes were reported to be air-sensitive. However, it was established that 

the air sensitivity of these complexes is related to both the bulkiness of the counter anion, 

which acts as a protective shell for the polymeric chains, and the bulkiness of the 

substituting functional groups. 
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In 1984, Reedijk and co-workers reported a trinuclear linear complex, 

[Fen3(Ettrz)6(H20)6](CF3S03)6 (Ettrz = 4-ethyl-1,2,4-triazole), which was composed of 

two structurally unique Fe11 ions; the peripheral Fe11 ions, coordinated to three ligands and 

three solvent molecules, and the central ion, coordinated to six ligands. Stmctural 

analyses of this compound clearly demonstrated that the coordination environment of the 

central ion was similar to those previously reported for the Fe11 1-D chains. In addition to 

this similarity, magnetic and mossbauer analyses revealed that the central ion also 

behaves in a similar SCO fashion, more specifically with a transition temperature of 

approximately 203 K. It is worth mentioning that this publication provided for the first 

time reliable stmctural information on such 1,2,4-triazoles-based complexes in both the 

LS and the HS states. 

Later, in 1994, Kahn and co-workers15 reported another trinuclear complex for which the 

substituting functional group on the 1,2,4-triazole ligand was 4-methoxyphenyl instead of 

ethyl. This complex, [Fen3(mpt)6(H20)6](ptol)6-2(MeOH)-8(H20) (mpt = 4-(4'-

methoxyphenyl)-1,2,4-triazole), consisted of a trinuclear linear unit synthesized using a 

4-aryl substituted 1,2,4-triazole ligand. In this work, the stmctural and magnetic 

observations in relation to the characteristics of the ligand and of the counter anions led 

to three major conclusions: 1) the bulkiness of the substituting functional group on the 4th 

position of the triazole determines whereas a compound crystallizes as 1-D chain or as 

trinuclear linear complex, 2) the ligand's substituting functional group affects the 

magnetic behaviour of the trinuclear unit and 3) the nature of the counter anions also 

contributes to the magnetic behaviour of the complex. For example, as reported in this 
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work by Kahn et al., using tetrafluoroborate instead of /?-tolylsulfonate as a counter anion 

led not only to an absence of the crossover phenomenon, even if the coordination 

environment of the central ion was similar for both compounds, but also to a difference in 

the coordination behaviour of the peripheral Fe ions. 

Since 1994, many studies and reviews17 have been published regarding the magnetic 

properties and potential applications of 1,2,4-triazole-based 1-D chains and trinuclear 

complexes in relation to both the ligand's substituting functional groups and the counter 

anions. These studies not only allowed the development of a wide diversity of 1,2,4-

triazole-based complexes but also confirmed the observations first stated by Kahn and co­

workers mentioned above. It is now well established that using bulky substituting 

moieties on the triazole's fourth position favours the synthesis of trinuclear complexes 

while using less bulky derivatives leads to 1-D chains. Furthermore, in order to 

synthesize SCO triazole-based complexes, one should favour the usage of bulky counter 

anions such as triflate or />tolylsulfonate in order to reach suitable ligand-field strengths 

and to prevent oxidation of the SCO metal centres. 

Since 1984, many analogous Ni , Co and Cu trinuclear complexes " have been 

published for which the molecular structures were similar to the trinuclear unit first 

reported by Reedijk and co-workers. These reports proved that by changing the nature of 

both the ligand and the precursor salt, one can control the magnetic properties of these 

trinuclear units. For the purpose of this research, we believed that a large number of Fe11, 

Co11 and Ni11 analogous 1-D chains or trinuclear complexes could be theoretically 

21 



synthesized in order to control the SCO properties of these 1-D chains, in the case of Fe11, 

or to study the effect of the substituting functional group on the magnetic properties of 

the trinuclear units. 

7 R TT 

In 2005, Guo and co-workers reported a mononuclear Co complex, 

[Con(cpt)2(H2O)4]T0H2O, for which the ligand's substituting functional group was 4-

carboxyphenyl. The molecular structure of this compound is shown in Figure 2.1. Despite 

the statements mentioned above, reacting this aryl-based ligand with a cobalt precursor 

salt did not yield the expected trinuclear linear complex, but instead resulted in this 

mononuclear moiety. Stmctural analyses revealed that the complex consisted of a single 

Co ion with two deprotonated ligands in its axial positions and four coordinating water 

molecules in its equatorial positions. In addition, the study revealed that the packing 

arrangement of the molecules consisted of a 2-D sheet where the units are linked by 

hydrogen-bonds between the coordinating water molecules and the deprotonated 

carboxylate extremities of the ligands. 

Figure 2.1 The molecular structure [Con(cpt)2(H2O)4]-10H2O. Colour code: Black (O), Grey (C), Light 
Grey (N), White (Co). 
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Later on, in 2007, Domasevitch and co-workers published a similar compound, 

[Mn(cpf)2(H20)2] (M = Co11, Cu11 and Cd11), for which the carboxylate functional group 

was coordinated to the metal centres along with two water molecules instead of the 

triazolyl functional group. The stmctural analyses of this compound revealed that the 

units were organized in a similar 2-D sheet reinforced by the presence of JT-JT stacking 

between the ligands and hydrogen-bonds between the triazolyl extremities and the 

coordinated water molecules. 

The magnetic measurements for these two monomeric compound were not reported, but 

these publications opened the door to the possibility of using 4-aryl substituted 1,2,4-

triazoles ligands for the synthesis of Metal-Organic Frameworks (MOFs), where both the 

triazoles and substituting functional group would be coordinated to metal ions, and to the 

possibility of synthesizing complexes where the carboxylic acid moiety of the reported 

ligand would act as the principal coordinating moiety. It is noteworthy to mention that 

these results also proved that 4-aryl functionalized 1,2,4-triazole ligands have the 

possibility of either electrostatically interacting or, as reported, n-n stack with similar 

species. 

To our knowledge, only six complexes for which the ligands consisted of 4-aryl 

substituted 1,2,4-triazole derivatives have been reported to date. The ligands' stmctures 

and their coordination behaviour are shown in Scheme 2.2. In the case of Hcpt, the 

9R 9Q TT TT TT 

reported compounds ' consisted of mononuclear Co , Cu and Cd complexes for 
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which either the triazolyl or the carboxylate functional groups were coordinated to the 

metal centres, as mentioned above. For mept, two Fe11 complexes were reported as a 

pentanuclear assembly, [ F e ^ m e p t ^ N C S ^ ^ F e ^ m e p f ^ N C S ^ ^ O ^ ] , by Haasnoot 

and co-workers.30 For these complexes, each of the Fe11 moieties are coordinated to mept 

ligands, water molecules and/or NCS" units and the dinuclear complexes presented a SCO 

behaviour with a T\i2 of approximately 111 K. For the three remaining ligands, mpt, hpt 

and ptz, the compounds consisted of linear Fe11, Co11 and Ni11 trinuclear species, 

respectively, as previously mentioned. 

M 

15,26,27 

> ^ 
N M 

N 
> ^ 

M 
^^YJ N ^ \ / - \ / 
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N **T^U OH 
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M 

4-(4-carboxyphenyl)-1,2,4-triazole (Hcpt) 
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N^\_y=\ / N ^ \ 
N 

> ^ 
N *J^YJ 
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4-(3-hydroxyphenyl)-1,2,4-triazole (hpt) 

n 
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I 

M 

4-(2-pyridyl)-1,2,4-triazole (ptz) 

Scheme 2.2 Drawings of the reported 4-aryl substituted 1,2,4-triazole ligands and their coordination 
behaviour. 

For most of these complexes, the coordination of the metal ions occurred strictly through 

the triazolyl functional group. It is noteworthy to mention that only mept and mpt were 

reacted with Fe11 precursor salts. For the purpose of this research, we believed that these 

compounds did not represent the versatile chemistry of this category of ligand for which 
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the chemistry is strictly dependent on the substituting phenyl aromatic ring. More 

specifically, for Hcpt, we believed that not only could this ligand be reacted with a Fe11 

precursor salt in order to synthesize a SCO trinuclear unit but that it could also be reacted 

with other transition metal salts, such as Cr111, Co11, Co111, Ni11 or Cu11, or with lanthanides 

in order to either synthesize multidimensional MOFs or novel SMMs, respectively. We 

also believed that novel ligands, such as 4-(4'-nitrophenyl)-1,2,4-triazole (npt), could be 

synthesized and that reacting this type of ligand with an appropriate Fe11 precursor salt 

would result in novel SCO complexes. It is noteworthy to mention that the effect of the 

substituting functional group on the SCO behaviour of the trinuclear units has not been 

experimentally established; we believed that this avenue was also worth investigating. 

2.2 The modified synthesis of 4-aryl substituted 1,2,4-triazole ligands 

The synthesis of 4-aryl substituted 1,2,4-triazole was first reported by Bayer et al. in 

1974.1 In this work, the described preparation consisted of refluxing formylhydrazine and 

triethylorthoformate in methanol followed by the addition of a primary amide to the 

reaction, which resulted in a mixture of the triazolyl functionalized moiety and of the 

primary amine. In this work, the products were concentrated by slow evaporation of the 

solvent, leading to low purity oily materials. In order to purify the product, in the most 

recent publications referring to this synthesis, chromatography or recrystallization was 

performed. For the synthesis of Hcpt and npt, the protocol was modified in order to 

improve its overall yield. 
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For the purpose of this research, the modifications to the methodology consisted of 1) 

using ethanol instead of methanol as a solvent, 2) adding an acidic catalyst to the reaction 

and 3) using a microwave apparatus or a high pressure vessel. 

First, methanol was replaced by ethanol in order to decrease the solubility of the final 

products, Hcpt and npt, in the reaction solution. When using methanol as the solvent, the 

products were not precipitating even at room temperature, which was rendering their 

purification long and difficult to achieve. Using ethanol as the solvent permitted the 

precipitation of the materials as either a pure product or as a mixture of the starting 

material, some impurities and the product for npt and Hcpt, respectively. 

Second, the initially reported synthesis consisted of refluxing the reaction mixture over a 

long period of time in order to bring the reaction to completion. To improve the reaction 

time, a microwave apparatus was used in an attempt to heat the reaction above the boiling 

point of the reaction solvent, namely ethanol. This resulted not only in a very short 

reaction time, 5 minutes, but also in the precipitation of Hcpt as a pure powder that did 

not require further purification. In order to perform the reaction on a larger scale, a 

Synthware Glass high pressure vessel was used instead of the microwave apparatus, 

which allowed heating of the reaction mixtures up to 180 °C. The only inconveniences of 

this change were slightly longer reaction times, 30 minutes, and a less pure product in the 

case of Hcpt, which required an additional recrystallization step as detailled below. 
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Finally, as reported in the work of Bayer and co-workers, the reaction yields water 

through an amination reaction and the elimination of the aldehyde functional group 

during the ring-closing step, as shown in Scheme 2.3. For npt, adding sulphuric acid as a 

catalyst increased the yield of the reaction from 21% to 42% while in the case of Hcpt, 

the acid permitted a more efficient precipitation of the final product. It is noteworthy that 

at 180 °C, even in an acidic environment, 4-aminobenzoic acid was not totally soluble in 

the reaction mixture, which could have led to a lower yield than expected. A resume of 

the modified synthesis of the ligands, Hcpt and npt, is shown in Scheme 2.4. 
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Scheme 2.3 The mechanism of the reaction between diformylhydrazine and a primary amine yielding the 
1,2,4-triazole functional group. 
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Scheme 2.4 The modified synthesis of 4-aryl substituted 1,2,4-triazole ligands. R = N02, COOH. 

As mentioned above, the reaction between 4-aminobenzoic acid and diformylhydrazine 

using a Synthware Glass high pressure vessel led to an impure precipitate of Hcpt. Hence, 

an additional purification step was required. It was first determined that chromatography 

could not be used in order to purify the product since the latter is poorly soluble in any 

solvents when protonated. Solubility tests have demonstrated that Hcpt is fairly soluble in 

DMSO, DMA and DMF, poorly soluble in water, methanol and ethanol and insoluble in 

every other common organic solvents such as benzene, diethyl ether, toluene, 

nitromethane, acetonitrile, etc.. In order to purify Hcpt, recrystallization was performed 

by first dissolving the impure product in hot DMF. The mixture was then cooled at room 

temperature and diethyl ether was added in order to cause the precipitation of Hcpt. Once 

the majority of the product had precipitated, the filtrate was left undisturbed for 24 hours 

to yield colorless needles that were analyzed using SC-XRD. 

2.3 Structural analyses of 4-(4'-carboxyphenyl)-l,2,4-triazole 

The stmctural analyses of Hcpt, shown in Figure 2.2, demonstrated that the compound 

crystallized in the triclinic space group P-\ as a protonated organic compound and that, 
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as shown in Figure 2.3, the packing arrangement consisted of 2-D sheets of %-n stacked 

moieties. We believed that crystallization of the molecules from the unusual DMF/diethyl 

ether recrystallization mixture occurred due to the presence of a hydrogen bond [O-H.. .0 

= 2.57(1) A] between the carboxylic acid functional groups and the DMF molecules of 

crystallization. The presence of such a hydrogen bond, along with K-TZ stacking between 

the aromatic rings of the ligands, allowed a better organization of the molecules on a 

supramolecular scale and thus crystallization of the compound. In this case, the crystals 

were analyzed not only to confirm the purity of the product but also to obtain information 

on the ligand's stmctural behaviour. It was observed that the triazolyl functional group 

was subjected to a dihedral angle of 33.5(1) ° towards the phenyl aromatic ring plane. 

This observation piqued our interest because such aromatic systems usually exhibit 

planarity between the aromatic rings. Hence, we believed that this dihedral angle could 

either be caused by a poor conjugation between the n systems of the two aromatic rings 

or by the presence of TZ-TZ stacking between the aromatic units in the crystal lattice. It is 

noteworthy that the crystal structure of this category of ligand was never reported before 

and may be worth further investigations. 

Figure 2.2 The molecular structure of Hcpt-DMF. Colour code: Black (O), Grey (C), Light Grey (N), 
Black (H, smaller). 
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Figure 2.3 The packing arrangement of Hcpt-DMF viewed along the 6-axis. Colour code: Black (O), Grey 
(C), Light Grey (N). 
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Chapter 3. A Spin Crossover Trinuclear Linear Complex 

3.1 Trinuclear Spin Crossover Complexes 

As introduced in Chapter 2 of this work, the reaction of substituted 1,2,4-triazole ligands 

with late first row transition metal precursor salts generally yields 1-D chains or 

trinuclear linear complexes. For the purpose of this research, we chose to synthesize the 

ligand npt in order to explore its chemistry and to characterize the effect of the nitro-

functional group on the SCO behaviour of a trinuclear complex. Previously, Kahn and 

co-workers1 demonstrated that the reaction of a 4-aryl substituted 1,2,4-triazole ligand 

with [Fe(H20)6](ptol)2 leads to the formation of triazole-based trinuclear complexes due 

to the bulkiness of the ligand and of the counter anion. We opted for the nitro-

functionalized ligand not only for the fact that the ligand would possess similar 

characteristics to the compound reported by Kahn et al but also because the nitro-

functional group is non coordinating. Furthermore, it is not known to favour the 

formation of hydrogen bonds between the molecular units or with the solvent molecules 

of crystallization. We believed that minimizing this type of intermolecular interactions by 

using the nitro- functional group would lead to a unique gradual SCO behaviour, as 

opposed to an abrupt spin transition observed for other similar trinuclear complexes.2"3 

Furthermore, 4-aryl substituted 1,2,4-triazole ligands have been shown to exhibit either 

electrostatic interactions or TZ-TZ stacking with similar moieties, as shown in our work and 

by the work of Guo, Domasevitch and co-workers.4"6 It is worth mentioning that, for npt, 

the nitro- functional group is coplanar with the phenyl aromatic ring. In our case, we 
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believed that the presence of this electron withdrawing group would promote electrostatic 

interactions between the aromatic ligands in the crystal lattice due to the derealization of 

the electron density of the phenyl aromatic ring towards the nitro- functional group. It is 

well established that stronger intermolecular interactions favour the crystallization of 

coordination complexes and the formation of supramolecular arrays for the study of their 

stmctural and magnetic properties. 

3.2 Synthesis of the complexes 

The synthesis of the complex [Fen3(npt)6(EtOH)4(H20)2](ptol)6-4(EtOH) (1) was carried 

out by reacting a Fe11 precursor salt, [Fe(H20)6](ptol)2, with the ligand npt in absolute 

ethanol, as shown in Equation 3.1. The solvent, in which the ligand exhibit low solubility, 

was chosen to promote crystallization of the complex. The counter anion, ̂ »-tolylsulfonate, 

was chosen because: 1) it prevents oxidation of the complex due to its bulkiness, 2) it 

favours crystallization of the complex through supramolecular interactions such as n-n 

stacking and 3) it is known to promote a SCO behaviour in Fe11 complexes. The 

crystallization was performed over 6 hours and yielded light-green plates suitable for SC-

XRD. Three analogous compounds, complexes 2, 3 and 4, were synthesized using similar 

reaction conditions. For 3 and 4, 20 mL of methanol was used instead of 30 mL of 

ethanol. The amount of solvent was lowered in order to yield a more saturated solution 

and thus promote crystallization of the complexes. At room temperature, the compounds 

exhibited rapid solvent loss, as observed by TGA (see Section 3.4). Prior to the analysis 

of their magnetic properties, 2, 3 and 4 were dried under a constant flow of nitrogen until 
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constant mass. The magnetic properties of dried complexes 2, 3 and 4 did not change 

significantly when compared to those of wet crystals. 

6npt + 3Fe(ptol)2-6H20 £ t Q H > [FeII
3(npt)6(EtOH)4(H20)2](ptol)6-4(EtOH) (3.1) 

On the other hand, when exposed to air, 1 was subjected to a rapid oxidation as expected 

for Fe11 complexes. This oxidation was accompanied by a change of the crystal colour 

from light green to dark yellow and by an increase of the magnetic moment of the sample 

at room temperature upon measurement of its magnetic properties with a fixed molecular 

mass, confirming the Fen->Feni oxidation. The magnetic properties of 1 were thus 

measured in a N2 or He inert environment. The samples were prepared in a glove box 

prior to the measurements and were directly transferred to the He environment of the 

SQUID magnetometer. In addition to the oxidation phenomenon, an absence of the SCO 

behaviour was denoted upon dryness. We believed that the absence of the spin transition 

could have been caused by the loss of solvent molecules of crystallization. Hence, the 

magnetic properties of 1 were measured on a wet sample suspended in the 

aforementioned inert environment. 

3.3 Structural analyses 

For 1, stmctural analyses were performed using SC-XRD. These analyses revealed that 

the complex crystallized in the triclinic space group P-\. The molecular structure of 1 is 

shown in Figure 3.1. The +2 oxidation state of the Fe centres was confirmed by charge 

consideration and bond-valence sum calculations (see Table Al in the annex) using the 
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parameters from the SC-XRD data collected at 181 K. The selected bond distances and 

angles of 1, 2, 3 and 4 are presented in Table 3.1, a labeled description of the core of 1 is 

presented in Figure 3.2 and the crystallographic data for all complexes is presented in 

Table A2 in the annex. Stmctural analyses indicated that 1 consisted of a linear trinuclear 

complex for which two stmcturally unique Fe11 metal centres were present: the central ion, 

hexacoordinated to six ligands, and the peripheral ions, hexacoordinated to three ligands, 

two solvent molecules (methanol or ethanol) and one water molecule. For 1, at 181 K, the 

axial bonds of the central ion, M2-N10 and M2-N10', are elongated leading to 

symmetrical bond distances of 2.170(1) A, which are longer than the symmetrical bond 

distances of 2.146(1) and 2.139(1) A for M2-N1 and M2-N6, respectively. This 

elongation is expected for a HS Fe11 centre and may indicate the presence of spin-orbit 

coupling.7 For the peripheral ions, no elongations were denoted along any of the axes. 

When compared to the data available in the literature, the coordination distances of the 

central ion corresponded closely to those expected for a HS Fe11 ion coordinated to six 

o 

1,2,4-triazoles ligands. It is noteworthy to mention that the bond distances and angles 

were similar to those observed for the trinuclear units previously reported. " The mam 

differences between these published compounds and 1 were the presence of coordinated 

solvent molecules to the peripheral ions, as opposed to water molecules only, and the 

different ligand substitutions. In order to compare the SCO properties of the complex 

with those of the literature, only the magnetic behaviour and the stmctural properties of 

the central ion were of interest. 
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Figure 3.1 The molecular structure of 1 measured at 181 K. The hydrogen atoms and counter ions are 
omitted for clarity. Colour code: White (Fe), Black (O), Light Grey (N), Grey (C). 

Table 3.1 Selected bond distances (A) and angles (°) of 1, 2, 3 and 4. 

Complexes 
77K 

Ml-07 
Ml-08 
Ml-09 
M1-N2 
M1-N5 
M1-N9 
M2-N1 
M2-N6 
M2-N10 

07-M1-N9 
08-M1-N5 
09-M1-N2 
N1-M2-N6 
N1-M2-N10 
N10-M2-N6 

] 
181 

2.133(1) 
2.100(1) 
2.098(1) 
2.164(1) 
2.159(1) 
2.166(1) 
2.146(1) 
2.139(1) 
2.170(1) 
176.24(5) 
176.73(5) 
178.75(5) 
88.88(5) 
90.25(5) 
90.87(5) 

[ 
100 

2.124(1) 
2.085(1) 
2.094(1) 
2.145(1) 
2.140(1) 
2.149(1) 
2.005(1) 
2.004(1) 
2.018(1) 
174.79(5) 
173.92(5) 
176.46(5) 
88.04(5) 
90.84(5) 
88.53(5) 

2 
202 

2.077(4) 
2.077(4) 
2.140(4) 
2.133(5) 
2.115(4) 
2.133(4) 
2.129(4) 
2.133(4) 
2.162(4) 
178.5(2) 
178.5(2) 
176.4(2) 
88.5(2) 
90.3(2) 
90.6(2) 

3 
202 

2.062(6) 
2.083(5) 
2.101(6) 
2.118(6) 
2.080(7) 
2.116(6) 
2.125(6) 
2.147(6) 
2.138(7) 
176.0(2) 
177.4(2) 
175.4(2) 
87.9(2) 
90.2(2) 
89.2(2) 

4 
202 

2.071(5) 
2.091(5) 
2.075(4) 
2.069(5) 
2.044(5) 
2.058(5) 
2.102(5) 
2.100(5) 
2.105(5) 
177.6(2) 
179.8(2) 
179.2(2) 
89.8(2) 
90.2(2) 
89.4(2) 



Figure 3.2 Labelled core of 1. Colour code: White (Fe), Black (O), Light Grey (N). 

As mentioned in section 3.2, the crystals of 1 were subjected to both a rapid oxidation 

upon exposure to air and a rapid solvent loss when taken out of the mother liquor. The 

packing arrangement of 1, shown in Figure 3.3, demonstrated that the molecules were 

organized in a lattice-like arrangement. The first layer consisted of the cationic Fe11 metal 

centres and the anionic SO3" extremities of the />-tolylsulfonate counter anions. The 

second layer was made of the functionalized benzene aromatic rings of both the ligands 

and the /?-tolylsulfonate counter anions and of the solvent molecules of crystallization. It 

is noteworthy to mention that the sulfonate extremities of the counter anions were located 

close to the metal centres due to supramolecular interactions between the ligands 

aromatic systems and the counter anions aromatic rings and to the ionic interactions 

between the negatively charged sulfonate groups and the Fe11 cations. This arrangement 

of the ligands and of the counter anions is shown in Figure 3.4. 
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Figure 3.3 The packing arrangement of 1 viewed along the b-axis The/?-tolylsulfonate counter anions, the 
solvents of crystallization and the hydrogen atoms are omitted for clanty Colour code: White (Fe), Black 

(O), Light Grey (N), Grey (C) 
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Figure 3.4 The packing arrangement of 1 viewed along the axial axis of the molecule. The solvents of 
crystallization and the hydrogen atoms are omitted for clarity. Colour code: White (Fe), Black (O), Light 

Grey (N). 

As denoted by the magnetic measurements depicted in section 3.5, the central ion 

presented a spin transition with a T\a of 148 K. It is important to mention that the 

coordination environment of the central ion of 1 was similar to those observed for 

triazole-based 1-D chains. Based on ligand-field strength considerations and on the 

different coordination environments of the ions, the ligand-field for the central ion was 

assumed to be stronger than the ligand-fields of the peripheral ions, which suggested the 

presence of two distinct SCO behaviours for 1. 

In order to confirm the occurrence of the spin transition in 1, the same crystal was also 

measured at 100 K using SC-XRD. At this temperature, as shown in section 3.5, the 
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trinuclear unit would theoretically be in its HS-LS-HS state. For 1, at 100 K, the bond 

distances between the six ligands and the central ion was of 2.005(1), 2.004(1) and 

2.017(1) A for Fe2-Nl, Fe2-N6 and Fe2-N10, respectively. These were significantly 

shorter than those measured at 181 K with an average decrease of 0.14(1) A. The latter 

corresponded closely to a Fe11 HS->LS spin transition for which the bond distances are 

shortened by approximately 0.15-0.20 A. Furthermore, the coordination volume of the 

central ion was decreased by approximately 20%, which was also consistent with the data 

previously reported for a HS->LS SCO that would result in a decrease of 18-23%.9"12 An 

ORTEP diagrams' comparison of the two central ions measured at 100 K and 181 K is 

shown in Figure 3.5 and a shadow superposition of the two structures is shown in Figure 

Al in the annex. 

The SCO phenomenon is usually accompanied by a decrease in the volume of the unit 

cell which causes crystal crumbling. For 1, the unit cell volume decreased by 

approximately 60.5(4) A3, which was lower than the average decrease observed for 

similar compounds. For example, in the case of many trinuclear linear compounds, the 

average decrease consisted of approximately 150 A3.2"3' 9"12 The bulkiness of the 

nitrophenyl functional groups on the triazole moiety and the presence of the bulky p-

tolylsulfonate counter anions, which induced rigidity in the crystal lattice due to 

supramolecular interactions, could have been the cause of this smaller decrease. At low 

temperature, the shortest intermolecular distances for 1 were of 11.53(1), 9.25(1) and 

14.14(1) A along the a, b and c-axes, respectively, while at 181 K, these were of 11.55(1), 

9.33(1) and 14.21(1) A. The decrease of these intermolecular distances was very small 
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when compared to the large distance separating the trinuclear units in the crystal lattice. 

These observations could have indicated that 1 was most likely to retain its SCO 

behaviour upon multiple cool-thaw cycle, assuming that the crystals were kept in an inert 

environment during the measurement to prevent oxidation. 

100 K 181 K 
Figure 3.5 ORTEP diagrams comparison of the coordination environment of the central Fe11 ion of 1 at 100 

and 181 K. Thermal ellipsoid plots are drawn at 50 %. Colour code: Light Grey (Fe), Dark Grey (N). 

Stmctural analyses of 2, 3 and 4 measured at 202 K revealed that all three complexes 

were analogous to 1. In the case of 2, the compound presented similar bond distances and 

angles and a comparable packing arrangement. For 3 and 4, as aforementioned in section 

3.2, the reaction solvent was changed to methanol. Hence, the coordinated solvent 

molecules on the peripheral ions were methanol molecules instead of ethanol molecules. 

Furthermore, for 4, the numbers of crystallization molecules was also different; two 

methanol molecules and one water. For each of the three complexes, the bond distances 

and angles of the metallic core were similar to those of 1. 

The molecular stmcture and the packing arrangement of 2 are shown in Figures 3.6 and 

3.7, respectively. Regarding the packing arrangement, differences were noticed in the 

intermolecular distances which were of 11.59(1), 9.42(1) and 14.29(1) A along the a, b 
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and c-axes, respectively. Similarly to 1, an absence of intermolecular cooperative 

interactions was denoted which could suggest, along with the large intermolecular 

distances, an absence of long-range magnetic effect. 

Figure 3.6 The molecular structure of 2. The hydrogen atoms and counter ions are omitted for clarity. 
Colour code: White (Co), Black (O), Light Grey (N), Grey (C). 
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Figure 3.7 The packing arrangement of 2 viewed along the 6-axis. The/?-tolylsulfonate counter anions, the 
solvents of crystallization and the hydrogen atoms are omitted for clarity. Colour code: White (Co), Black 

(O), Light Grey (N), Grey (C). 

The molecular structure of 3 is shown in Figure 3.8 while its packing arrangement is 

shown in Figure 3.9. Along with the different coordinated solvent molecules, stmctural 

differences were denoted in regard to the dihedral angles of the ligands. The dihedral 

angles of each symmetrical ligand for all four compounds are denoted in Table 3.2. For 3, 

one of the three ligands of this complex presented a larger dihedral angle, namely a 

difference of 24.0(2) ° when compared to Ligand 2 of complex 1. By considering the 

packing arrangement, it was denoted that intermolecular electrostatic interactions were 

present between these ligands of the trinuclear units. The distance between these 

interacting ligands, shown by fragmented lines in Figure 3.9, was of 3.24(1) A. We 
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believed that these short distances were due to the nature of the interactions between the 

phenyl aromatic rings and the nitro- functional group. These interactions were occurring 

along the c-axis and led to a much different unit cell and a more pronounced lamellar 

organization of the molecules. 

Figure 3.8 The molecular structure of 3. The hydrogen atoms and counter ions are omitted for clarity. 
Colour code: White (Co), Black (O), Light Grey (N), Grey (C). 
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Figure 3.9 The packing arrangement of 3 viewed along the a-axis. Electrostatic interactions between the 
ligands are represented by the dark black fragmented lines. The/>-tolylsulfonate counter anions, the 

solvents of crystallization and the hydrogen atoms are omitted for clarity. Colour code: White (Co), Black 
(O), Light Grey (N), Grey (C). 

Table 3.2 Dihedral angles (°) of the ligands of 1, 2, 3 and 4. 

1 
2 
3 
4 

Ligand 1 
40.6(1) 
41.8(1) 
35.5(1) 
52.5(1) 

Ligand 2 
39.1(1) 
38.2(1) 
63.1(1) 
37.2(1) 

Ligand 3 
36.8(1) 
34.9(1) 
29.9(1) 
37.3(1) 

In the case of 4, the molecular stmcture is shown in Figure 3.10 and the packing 

arrangement is shown in Figure 3.11. In this case, two occurrences of electrostatic 

interactions between the ligands of the trinuclear units were denoted. The distances 

between the interacting ligands were of 3.48(1) and 3.21(1) A for Ligand 1 and Ligand 3. 

For Ligand 1, a difference of 11.9(2) ° in the dihedral angle of the ligand was denoted, 

which confirmed the presence of these electrostatic interactions. Again, these interactions 
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led to a much different packing arrangement, hence a different unit cell, and a better 

lamellar organization of the molecules. It is noteworthy to mention that for 3 and 4, when 

exposed to air, the crystals were loosing solvent at a much faster rate than the crystals of 

1 and 2. This could have been either due to the different lamellar organization of the 

trinuclear units or to the different nature of the solvents of crystallization. 

Figure 3.10 The molecular structure of 4. The hydrogen atoms and counter ions are omitted for clanty. 
Colour code- White (Ni), Black (O), Light Grey (N), Grey (C). 
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Figure 3.11 The packing arrangement of 4 viewed along the b-axis. Electrostatic interactions between the 
ligands are represented by the dark black fragmented lines. The /?-tolylsulfonate counter anions, the 

solvents of crystallization and the hydrogen atoms are omitted for clarity. Colour code: White (Ni), Black 
(O), Light Grey (N), Grey (C). 

3.4 Thermogravimetric analyses 

Thermogravimetric analyses of each complex were performed between 25 and 300 °C at 

the rate of 10 °C/min under a constant nitrogen flow. For 1, the data, shown in Figure 

3.12, indicated a four steps desolvation process. At room temperature, a positive 

derivative was denoted. The decrease of less than 1% in the total mass of the sample 

could have been caused by the loss of a small amount of solvent of crystallization and 

could have indicated that the first desolvation step occurs at or below 25 °C. The exact 

percentage of this loss could not be calculated due to the lack of data below 25 °C and to 

the presence of a shoulder at 41 °C. The two next desolvation steps were observed at 71 
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and 93 °C. When combined, these two steps accounted for 5.9% of the total mass of the 

sample, which would correspond to four ethanol molecules (Calc. 6.4%). Since the total 

percentage was lower than the theoretical one, the data was in agreement with the fact 

that a first desolvation step could occur below 25 °C. Furthermore, these two desolvation 

steps were in agreement with the stmctural data presented in section 3.3, which indicated 

the presence of four solvent molecules of crystallization located between the lamellas of 

trinuclear units. This lamellar organization of the molecules and the presence of p-

tolylsulfonate counter anions could have been the cause of this rapid solvent loss at room 

temperature. For 1, at 150 °C, a fourth desolvation step was observed which 

corresponded to a decrease of 3.1% in the sample's total mass. This accounted to the loss 

of two ethanol molecules (Calc. 3.2%). As denoted in section 3.3, the peripheral ions of 1 

were coordinated to two ethanol molecules and one water molecule each. Hence, we 

believed that this decrease corresponded to the loss of one ethanol molecule per ion, 

leading to Fe11 peripheral ions with different coordination environments at higher 

temperature. Experimental assessments revealed that the losses of the solvent molecules 

of crystallization were reversible while the losses of the coordinated solvent molecules on 

the peripheral ions at 150 °C were not. 
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Figure 3.12 Thermogravimetric analyses of 1 measured between 25 and 300 °C at a rate of 10 °C/min 
under a constant nitrogen flow. 

For 2 and 3, for which the data are shown in Figure 3.13 and 3.14, similar behaviours 

were denoted over the same temperature range. In both cases, all four molecules of 

crystallization were lost below 100 °C and two additional coordinated solvent molecules 

were lost between 150 and 200 °C. For 2, the temperatures at which these decreases 

occurred were 49 and 169 °C while for 3, the temperatures were 55 and 170 °C. 
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Figure 3.13 Thermogravimetric analyses of 2 measured between 25 and 300 °C at a rate of 10 °C/min 
under a constant nitrogen flow. 
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Figure 3.14 Thermogravimetric analyses of 3 measured between 25 and 300 °C at a rate of 10 °C/min 
under a constant nitrogen flow. 

In the case of 4, the data shown in Figure 3.15 indicated a more gradual loss of the 

solvent of crystallizations and of the coordinated solvent molecules. At room temperature, 

the positive derivative was even more pronounced than for the three other complexes. 

Since the decreases overlapped over each other in the data curve, it was difficult to assess 

the exact percentage loss for each step. However, at 225 °C, the total percentage loss was 

8.2% which corresponded to the loss of one water and six methanol molecules (Calc. 

8.1%). When compared to compounds 1, 2 and 3, two additional solvent molecules were 

lost in the heating process. As for the three other compounds, the losses of solvents of 

crystallization were reversible while the losses of coordinated solvent molecules were 

irreversible. 
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Figure 3.15 Thermogravimetric analyses of 4 measured between 25 and 300 °C at a rate of 10 °C/min 

under a constant nitrogen flow. 

3.5 Magnetic properties 

dc susceptibility measurements of 1 were performed between 1.8 and 300 K under an 

external dc field of 1000 Oe. The %T vs T plot of 1 is shown in Figure 3.16. At room 

temperature, the %T product was of 10.12 cm3 K mol"1 which was in the range of values 

expected for three Fe11 HS ions. Upon cooling, the compound presented a gradual spin 

transition with a T\/2 of 148 K. The data then reached a plateau at approximately 100 K 

before decreasing again down to the value of 2.25 cm K mol" . The rapid decrease at low 

temperature can be attributed to either the presence of magnetic anisotropy in the 

complex or to weak antiferromagnetic interactions between the peripheral metal centres. 

Due to a combination of both of these factors in these trinuclear units, their respective 

contribution could not be determined. 

As mentioned in section 3.3, ligand-field strength considerations suggested that two 

different SCO behaviours are expected for the trinuclear molecules; one for the central 
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Fe ion coordinated to six ligands and one for the peripheral ion coordinated to three 

solvent molecules and three ligands. At 100 K, the %T product was of 7.71 cm3 K mol"1, 

which was higher than the range of values expected for two HS Fe11 ions linked through 

one LS Fe l ion. This larger value was consistent with a spin transition where some of the 

central ions are trapped in the HS state, as expected for a gradual SCO. As described in 

the literature, the gradual SCO behaviour is associated with an absence of cooperative 

interactions between the molecular units in the crystal lattice. Such an observation was 

depicted in section 3.3. Furthermore, a large separation between the trinuclear units was 

also observed, which supported 1) the absence of intermolecular interactions between the 

units, 2) the gradual behaviour of the spin transition and 3) the absence of long-range 

magnetic ordering at low temperature. 

These observations were consistent with the previously reported data for similar 

trinuclear units. In the cases where large distances between the species were observed in 

the crystal lattice, gradual SCOs were denoted. The opposite observation was presented 

when smaller distances where in hand. Usually, the large separations between the units 

were attributed to either the bulkiness of the ligands or to the bulkiness of the counter 

anions. The bulkier these were, the larger was the distance separating the units. In 

addition, a similar behaviour was denoted for triazole-based 1-D chains for which the size 

of the substituting functional group played an important role in the nature of the SCO 

behaviour. 
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The crossover temperature (T\/2) for similar trinuclear complexes have been reported to 

vary between 180 K and 300 K depending on the size of the substituting functional group 

and on the nature of the counter anion. For 1, the crossover temperature was of 148 K 

which was slightly lower than those observed for other trinuclear linear units. In the case 

where 4-methoxyphenyl was the substituting group, the crossover temperature was of 245 

K. For this compound, the higher crossover temperature was attributed to an electron-

donating effect from the trans-mtthoxy to the triazolyl group through aromatic 

conjugation between the two rings. Based on the ligand-field theory, we believed that the 

lower transition temperature was caused by an electron-withdrawing effect from the 

nitro- fiinctionalized aromatic substitution instead of the more common alkyl substitution 

on the triazole's fourth position. 
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Figure 3.16 The dc susceptibility of 1 measured between 1.8 and 300 K under an applied dc field of 1000 

Oe. 

For 2 and 3, the %T vs T plots are shown in Figure 3.17 and 3.18, respectively. At room 

temperature, the %T products were in the range of expected values for three HS Co11 ions. 

Upon cooling, the data decreased steadily down to the values of 2.16 and 1.98 cm K mol" 

'. At 5 K, the presence of a shoulder in the curve suggested a spin ground state of 3/2 for 
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either of the compounds, which was not confirmed due to the presence of magnetic 

anisotropy and/or intermolecular antiferromagnetic interactions at low temperature. 

0 50 100 150 200 250 300 350 
7(K) 

Figure 3.17 The dc susceptibility of 2 measured between 1.8 and 300 K under an applied dc field of 1000 
Oe. 
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Figure 3.18 The dc susceptibility of 3 measured between 1.8 and 300 K under an applied dc field of 1000 

Oe. 
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The dc susceptibility data for complex 4 is shown in Figure 3.19. At room temperature, 

the ^p roduc t was lower than the expected Curie constant of 3.36 cm3K mol"1 for three 

non-interacting Ni11 ions (Ni11 S = 1: g ~ 2.12, C = 1.12 cm3K mol"1). Upon cooling, the 

data decreased down to the value of 1.15 cm K mol" at 5 K, which indicated a spin 

ground state of S = 1. This decrease could be due to the presence of antiferromagnetic 
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interactions between the peripheral ions and the central ion. Below that temperature, the 

data further decreased down to the value of 0.56 cm3 K mol"1 at 1.8 K. Above 15 K, the 

data was well fitted to a Heisenberg model for a linear trinuclear HS Ni11 system 

(Equations 3.2 and Equation Al in the annex), which resulted in the following fitting 

parameters: g = 2.116(2), J\ = -8.5(1) cm"1. In this case, the interaction between the 

peripheral units (J2) was approximated to be 0 cm"1 in respect to the linear model. 

0 50 100 150 200 250 300 350 
7(K) 

Figure 3.19 The dc susceptibility of 4 from 1.8 to 300 K under an applied dc field of 1000 Oe and fitting of 
the data, resulting in the following parameters: g = 2.116(2), J] = -8.5(1) cm"' and J2 ~ 0 cm"1. 

H = -2JX [§& + S2S3\- 2J2S{S3 (3.2) 

The field dependence of the magnetization of 1, 2, 3 and 4 was measured at 1.8, 3, 5 and 

8 K between 0 and 7 T. For 1, 2 and 3, the data is presented in Figures A2, A3 and A4 in 

the annex while the data for 4 is shown in Figure 3.20. For the three former complexes, 

the magnetization data increased quickly below 1 T and then slowly to reach non 

saturated maximum values of 6.18, 2.85 and 2.63 [iB at 1.8 K and 7 T for 1, 2 and 3, 

respectively. The absence of saturation in each three cases suggested the presence of 

significant magnetic anisotropy and/or the presence of low lying excited states. For 4, the 
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data measured at 3 K increased slowly below 1 T to reach a saturation value of 2.00 p,B at 

7 T, which was consistent with a spin ground state of S = 1. 
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Figure 3.20 Field dependence of the magnetization of 4 at 1.8 (circles), 3 (squares), 5 (diamonds) and 8 K 

(triangles) measured between 0 and 7 T. 
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Chapter 4. Lanthanide-only Cubane-Shaped Dumbbells 

4.1 Cubane Single-Molecule Magnets (SMMs) 

The current major interest of the scientific community in the field of molecular 

magnetism is the formation of novel SMMs that will lead to higher energy barriers, and 

thus the potential usage of SMMs in high capacity data storage devices. To date, first-row 

transition metal complexes with cubane topologies have been extensively studied for 

their unique SMMs properties.1"9 It has been previously demonstrated that reacting 

lanthanide precursor salts with carboxylic acid derivatives leads to cubane-shaped 

lanthanide-only complexes.10"13 As mentioned in section 1.2, lanthanide ions possess an 

intrinsic anisotropy and a large spin ground state. Hence, we believed that reacting such 

salts with the Hcpt ligand could lead to the formation of a novel cubane complex with a 

high energy barrier. Furthermore, the ligand Hcpt have been known to exhibit 

electrostatic interactions or TZ-TZ stacking with similar moieties. We believed that using 

this ligand could lead to the formation of a supramolecular array of SMMs, which would 

allow scientists to characterize the exact nature of the SMM phenomenon. 

The ligand, Hcpt, was chosen because it possesses two asymmetrical coordination sites, 

which favour the formation of complexes with unique topologies, and a rigid backbone, 

which supports the formation of Metal-Organic Frameworks (MOFs). Based on the hard-

soft/acid-based concept,14 it is well established that the hard lanthanide ions prefer to 

coordinate to acidic carboxylate functional groups instead of basic triazolyl groups. For 

the purpose of this research, we believed that the weakly coordinating triazolyl group of 
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the Hcpt ligand would promote electrostatic interactions between the ligands and thus 

improve the supramolecular arrangement of the molecules in the crystal lattice. 

4.2 Synthesis of the complexes 

In order to synthesize a novel lanthanide-only SMM, we decided to explore the reaction 

of the Hcpt ligand with various lanthanide precursor salts. The treatment of lanthanide 

trichloride or trinitrate hydrates with Hcpt in the presence of NaN3 in a 2:1:2 molar ratio 

in 25 mL of a 5:1 mixture of methanol and DMF yielded compounds 5, 6 and 7 for the 

lanthanides Dy111, Ho111 and Tb111, respectively. The chemical equation for the formation of 

the cubane clusters is summarized in Equation 4.1. 

12Hcpt + 8LnCl3-6H20 • 
MeOH/DMF (4.1) 

[Lnni
4(«3-OH)2^3-0)2(cpt)6(MeOH)6(H20)2]2-x(MeOH) 

In these reactions, the sodium azide employed did not coordinate to the lanthanide ions. 

However, the azide salt acted as a mild base in order to deprotonate the Hcpt ligand. 

When stronger bases were used, the compounds usually precipitated very quickly, which 

was resulting in polycrystalline powders unsuitable for Single-Crystal X-ray Diffraction 

(SC-XRD). Using the exact 4:3 ligand-to-metal ratio was also resulting in such powders. 

A ligand-to-metal ratio of 2:1 and a cosolvent, namely dimethylformamide (DMF), were 

used in the reaction mixture in order to promote the crystallization of the complexes and 

to increase the solubility of the Hcpt ligand in the reaction mixture. In the absence of 
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DMF, the compounds were precipitating very quickly resulting in polycrystalline 

powders. 

4.3 Structural analyses 

Stmctural analyses of 5 revealed that the compound was composed of a tetranuclear 

cubane complex, {Dy4}, that crystallized in its dimeric form, {Dy4}2. The dimeric 

molecular stmcture of 5 is shown in Figure 4.1. For complexes 6 and 7, unit cell 

measurements and intensity data collections were carried out. From the collected data, the 

atoms connectivity was obtained, which confirmed that the complexes were isomorphous 

to 5. However, due to the poor diffraction of the crystals, both structures could not be 

refined with acceptable RI factors. 

For 5, the complex was composed of two cubane units, {Dym4(«3-0)2C«3-OH)2}6+, where 

each moiety was encapsulated by six carboxylate groups from the cpf ligand. Two of the 

ligands linked the cubane moieties through coordination of the 1,2,4-triazolyl functional 

group to the Dyl ion to form the dimeric cubane-shaped dumbbell complex. A fully 

labeled view of the core of 5 is shown in Figure 4.2 while the selected bond distances and 

angles are shown in Table 4.1. The core of the cubane units were composed of four Dy111 

ions, two JU^-0 and two //3-OH. On average, the bond distances between 013 and 015 and 

their respective Dy111 ions, except between 015 and Dyl, were of 2.40(2) A while the 

bond distances between 014 and 016 and their respective ions were of approximately 

2.35(2) A. These differences in the bond distances suggested that the cubane stmcture 

was most likely composed of two //3-hydroxides (013 and 015) and two //3-oxides (014 
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and 016). We believed that these differences in the bond distances were the cause of the 

asymmetrical distortion of the cubane core. It is noteworthy to mention that there was an 

absence of counter anions in the crystal lattice. Hence, the +3 oxidation states of the 

dysprosium ions were determined by charge considerations. 

Table 4.1 Selected bond distances (A) and angles (°) of 5. 

Bond distances 
Dyl-015 
Dyl-014 
Dyl-013 
Dyl-N12 
Dy2-014 
Dy2-013 
Dy2-016 
Dy3-016 
Dy3-015 
Dy3-013 
Dy4-015 
Dy4-016 
Dy4-014 

(A) 
2.31(1) 
2.35(1) 
2.41(1) 
2.77(2) 
2.37(1) 
2.36(1) 
2.33(1) 
2.36(1) 
2.40(1) 
2.39(1) 
2.41(1) 
2.34(1) 
2.39(1) 

Angles (°) 
Dyl-013-Dy2 
Dyl-014-Dy2 
Dyl-015-Dy3 
Dyl-013-Dy3 
Dyl-015-Dy4 
Dyl-014-Dy4 
Dy2-013-Dy3 
Dy2-016-Dy3 
Dy2-014-Dy4 
Dy2-016-Dy4 
Dy3-015-Dy4 
Dy3-016-Dy4 

107.3(4) 
108.9(5) 
107.8(4) 
105.1(4) 
105.8(4) 
104.8(4) 
104.5(4) 
106.4(5) 
103.7(4) 
106.6(5) 
103.9(4) 
107.4(5) 

.III Each Dy ion was eight coordinated to three ligands, three ^3 bridging units and two 

solvent molecules, or, in the case of Dyl, one solvent molecule and one coordinating 

triazolyl functional group from the symmetrical cubane moiety. This unique symmetrical 

coordination of the 1,2,4-triazolyl functional group of two of the ligands led to the 

formation of the dumbbell-shaped octanuclear complex, {Dy^. The coordination 

distance of the triazolyl nitrogen atom to the Dyl atom was of 2.77(2) A while the 

average Dym-N coordination distance is usually closer to 2.5 A. Furthermore, the bond 

distances between non coordinated electrostatically interacting ligands and the cubane 

core were of approximately 4.63(1) A. The combination of these two factors suggested a 

weak coordination strength for the ligands forming the {Dy4}2 dimer. We believed that 

the derealization of the electron density of the triazolyl functional group towards the 

phenyl aromatic ring and the coordinated carboxylate functional group could have been 
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the cause of this weak coordination and of the presence of electrostatic interactions 

between the bridging ligands. The presence of this weak coordination was further 

supported by the fact that the bridging ligands had dihedral angles of 45.6(1) °, which 

was larger than the free ligand's dihedral angle of 33.5 ° (see section 2.3). 
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Figure 4.1 The molecular structure of 5. Thermal ellipsoids are set at 50% probability. The hydrogen atoms and the solvent molecules are omitted for 
2 clanty Colour code- White (Dy), Black (O), Light Grey (N), Grey (C), and Black (H) 



Figure 4.2 Ellipsoidal representation of the cubane core of 5 at 50% probability. Colour code: White (Dy ), 
Black (O), Light Grey (N), Black (H). 

The packing arrangement of 5 viewed along the ab plane is shown in Figure 4.3. The 

molecular {Dy4}2 moieties were organized in a 2-D sheet through electrostatic 

interactions of their equatorial ligands. We believed that the coordination of the 

carboxylate functional group to the Dy111 ions decreased the electron density located at the 

carboxylate end of the ligand and that the electron density located on the triazole 

aromatic ring was increased due to the derealization of the 7i-nitrogen electrons in the 

aromatic system. Hence, we though that these two combined effects favoured the 

presence of electrostatics interactions between the ligands and the formation of the 

observed 2-D arrangement of the dumbbell-shaped species. For 5, the equatorial spaces 

between the ligands, for which the distances and angles are described in Scheme 4.1, was 

occupied by four methanol molecules and two axial sheets' ligands. 
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Figure 4.3 The packing diagram of 5 viewed along the ab plane. The hydrogen atoms, except for the core 
hydrogen atoms, and the solvent molecules are omitted for clarity. Color code: White (Dy), Black (O), 

Light Grey (N), Grey (C), Black (H). 

19.23 A 

15.89 A 

8.33 A 

12.65 A 

Scheme 4.1 Drawing of the quadrilateral space between the {Dym
4}2 dumbbell units in the crystal lattice 

describing its edge distances (A) and angles (°). 
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4.4 Magnetic properties 

dc susceptibility measurements of 5, which are shown in Figure 4.4, were performed on a 

polycrystalline sample between 1.8 and 300 K under an external field of 1000 Oe. At 

room temperature, the /T product was of 55.7 cm3 K mol"1 which was close to the 

expected Curie constant15 of 56.7 cm3 K mol"1 for four non interacting Dy111 ions (Dy111: S 

= 5/2, L = 5, g = 4/3, and C = 14.17 cm3 K mol"1). Upon cooling, the data slowly 

decreased to reach the minimal value of 33.1 cm3 K mol"1 at 1.8 K. The declining yT 

product could be explained by three factors: 1) the presence of antiferromagnetic 

interactions between the lanthanide ions of the cubane core, 2) the depopulation of the 

ground-state Dy111 sublevels that result from spin-orbit coupling and a low symmetry 

crystal field or 3) magnetic anisotropy. Due to the combination of all these effects in 

these tetranuclear complexes, it was difficult to quantify the contribution of each factor. 

60 

50 

0 50 100 150 200 250 300 
7"(K) 

Figure 4.4 The dc susceptibility of 5 from 1.8 to 300 K under an external dc-applied field of 1000 Oe. 

dc susceptibility measurements were also performed on samples of 6 and 7, which 

exhibited a similar behaviour upon cooling. The data for these two compounds is shown 

in Figure 4.5 and 4.6. At room temperature, the -/T products were of 54.2 and 46.5 cm3K 
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mol"1, which were close to the expected Curie constants of 56.3 and 47.3 cm3 K mol"1 at 

for four non interacting ions (Ho111: S = 2, L = 6, g = 5/4, and C = 14.08 cm3 K mol"1, Tb111: 

S = 3, L = 3, g = 3/2, and C = 11.82 cm3 K mol"1). 

0 50 100 150 200 250 300 
r(K) 

Figure 4.5 The dc susceptibility of 6 from 1.8 to 300 K under an external dc-applied field of 1000 Oe. 

50^ 

0 50 100 150 200 250 300 
T(K) 

Figure 4.6 The dc susceptibility of 7 from 1.8 to 300 K under an external dc-applied field of 1 000 Oe. 

For 5, the field dependence of the magnetization between 1.8 and 8 K, shown in Figure 

4.7, revealed an absence of saturation under large dc-applied fields. At 1.8 K and above 1 

T, the magnetization increased slowly to reach a non-saturated value of 22.7 ^p at 7 T. 

This lack of saturation is either indicative of the presence of magnetic anisotropy and/or 
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the presence of low lying excited state, which is in agreement with the dc susceptibility 

data described above. For 6 and 7, the data, which is shown in Figure A5 and A6 in the 

annex, respectively, presented a similar behaviour; the magnetization value increased 

slowly to reach unsaturated values of 22.8 and 19.8 //p, respectively, at 1.8 K and under a 

field of 7 T. 

0 1 2 3 4 
H r1(TK"1) 

Figure 4.7 Field dependence of the magnetization of 5 measured at 1.8 (circles), 3 (squares), 5 (diamonds) 
and 8 K (triangles) between 0 and 7 T. 

The temperature dependencies of the ac susceptibility were measured for all three 

complexes under an ac field of 3 Oe oscillating with frequencies ranging between 10 and 

1500 Hz. For 6 and 7, no out-of-phase susceptibility signals were observed at 1.8 K. For 

5 (Figure 4.8), upon cooling, a frequency-dependent increment of the out-of-phase 

component was denoted. The data reached a maximum value of 1.5 cm3 mol"1 at 1.8 K 

and 1500 Hz. This suggested the presence of slow relaxation of the magnetization, which 

could have been the signature of a SMM behaviour. 
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Figure 4.8 Temperature dependence of the in-phase (%\ top) and out-of-phase (x", bottom) components of 

the ac susceptibility of 5 using frequencies between 10 and 1500 Hz. 

In order to determine the exact nature of the possible SMM behaviour of 5, field 

dependence of the magnetization measurements were performed on a single crystal of the 

complex between 0.04 K and 7 K and under dc applied fields ranging from -1.4 T to 1.4 

T on a//-SQUID apparatus. The measurements were performed by applying the magnetic 

field along the easy axis of the crystal. At 0.04 K, the complex exhibited a small Ms vs H 

hysteresis loop, which is shown in Figure 4.9. The sweep rate dependency of this 

hysteresis loop, shown in Figure 4.10, confirmed that 5 exhibited a slow relaxation of the 

magnetization that is characteristic for SMMs. We believed that the large separation 

between the tetranuclear units of 5 pointed to an absence of intermolecular magnetic 

interactions and thus confirmed this SMM behaviour. The occurrence of a step-like 

70 



behaviour indicated either the presence of quantum tunneling of the magnetization (QTM) 

or individual reversal of the magnetization of each Dy111 ion. The former is usually 

observed for polynuclear lanthanide systems. Furthermore, for such complexes, the shape 

and positioning of the steps usually originates from either the weak exchange interactions 

and from the orientation of the applied field in relation to the anisotropic plane of the 

molecule. The small coercivity of the hysteresis loop shown in Figure 4.9 suggested a 

small effective energy barrier for 5, the size of which might be caused by the commonly 

occurring QTM in lanthanide systems. 

-1 -0.5 0 0.5 
u0H (T) 

Figure 4.9 Field dependence of the normalized magnetization of 5 between 0.04 K and 7 K under dc-
applied fields ranging from -1.5 to 1.5 T, where Ms is the magnetization at saturation. 

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 
MO" 0") 

Figure 4.10 Field sweep-rate dependence of the M/Ms vs H hysteresis loop for 5 at 0.04 K. 
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Chapter 5. General conclusions and recommendations 

The main goal of this work consisted on exploring the chemistry of 4-aryl substituted 

triazole ligands in the field of molecular magnetism. For the purpose of this research, two 

ligands, Hcpt and npt, have been synthesized using a modified synthetic strategy in order 

to ease the purification process and to increase the overall yield of the ligand preparation. 

Using these ligands, two new complexes presenting unique magnetic properties have 

been synthesized and characterized. 

The first complex consisted of a trinuclear linear Fe11 compound, 

[Fe1I
3(npt)6(EtOH)4(H20)2](ptol)6-4(EtOH) (1). Using similar reaction conditions, three of 

its Co11 (2 and 3) and Ni11 (4) analogues were also synthesized. Stmctural analyses of 

these molecules indicated that the complexes were made of two stmcturally unique metal 

centres: the central ion and the peripheral ions. In the case of 1, based on the ligand-field 

strength theory,1 this suggested the presence of two distinct SCO behaviours, as expected 

for such trinuclear linear moieties. To our knowledge, only one other Fe11 trinuclear linear 

complex was previously published using a 4-aryl substituted ligand.2 

The thermogravimetric analyses performed on compounds 1, 2, 3 and 4 revealed that they 

were subjected to rapid desolvation steps which were taking place between 25 °C and 200 

°C. Above 150 °C, these measurements indicated that the complexes were losing two or 

four coordinated solvent molecules on either of the peripheral ions, and that this 

desolvation process was irreversible. In the case of 1, 2 and 3, we believed that the loss of 
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these coordinated solvent molecules was leading to five-coordinate peripheral ions and in 

the case of 4, to four-coordinate peripheral ions. 

The magnetic properties of each of these four complexes were measured. For 4, the dc 

susceptibility data was well fitted to a Heisenberg model for a trinuclear linear moiety 

giving rise to the following fitting parameters: g = 2.116(2), J\ = -8.5(1) cm"1. J\ 

represented the interactions between the central ion and the peripheral ions. The 

interaction between the two peripheral units (J2) was approximated to be 0 cm"1 in respect 

to the linear model. 

For 1, the magnetic data revealed that the Fe11 complex exhibited a gradual SCO 

behaviour with a Tm of 148 K. In this case, stmctural analyses were performed at 100 

and 181 K. The latter measurements, along with the measurement of the magnetic 

properties, confirmed that the gradual nature of the spin transition was due to the absence 

of cooperative interactions between the molecules in the crystal lattice. In combination to 

the previously reported data on similar 1-D chains and trinuclear units,3"4 these 

measurements proved that a control over the nature and the crossover temperature of the 

SCO behaviour can be achieved through ligand design. More specifically, the nitro-

functionalization of the 4-aryl substituted 1,2,4-triazole ligand led to a lower crossover 

temperature and a gradual spin transition, while the methoxy- functionalization led to a 

higher crossover temperature and an abmpt spin transition. Not only did the 

measurements presented an insight on the magnetic properties of this complex, but they 

also provided relevant stmctural information on such systems which could help guide 

75 



researchers towards the design of a trinuclear unit for potential applications in electronic 

devices. Further work is currently underway in our laboratory to increase the amount of 

data available on this category of systems using 4-aryl substituted 1,2,4-triazole ligands. 

The second complex of interest, [Dyni
4(«3-OH)2C«3-0)2(cpt)6(MeOH)6(H20)]2-15(MeOH) 

(5, cpt = 4-(4'-carboxyphenyl)-1,2,4-triazole), consisted of an octanuclear dumbbell-

shaped {Dy4J2 compound where two cubane-shaped cores were linked by two bridging 

ligands. Two isomorphous analogues, namely the Ho111 (6) and Tb111 (7) complexes, were 

also synthesized using similar reaction conditions. 

For 5, the cubane-shaped cores were composed of two //3-oxides, two //3-hydroxides and 

four Dy111 ions. We believed that the asymmetrical nature of the bridging units of the 

cubane core caused a denotable stmctural distortion. In addition, the stmctural analyses 

of 5 indicated that the dumbbells were organized in a 2-D sheet due to electrostatic 

interactions between the equatorial ligands of the molecules. This arrangement of the 

molecules was similar to those observed for two dimensional MOFs. 

The measurement of the magnetic properties of 5 indicated that the compound exhibited 

slow relaxation of magnetization below 1.8 K. In the literature,5"8 similar cubane-shaped 

lanthanide-only complexes did not present SMM behaviour and the absence of the 

phenomenon was usually attributed to the presence of antiferromagnetic interactions 

between the ions. For 5, we believed that the presence of slow relaxation of the 

magnetization was caused by the distortion of the cubane-shaped core. 
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It is worth mentioning that the design of the cubane-shaped complex 5 represented a first 

step towards a novel synthetic strategy based on supramolecular interactions between the 

ligands in order to organize and isolate SMMs in multidimensional environments. Further 

research is currently being done in our laboratory in order to increase the distortion of the 

cubane-shaped core, which would result in an improved SMM behaviour for the complex. 
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Chapter 6. Experimental methods 

6.1 Ligand syntheses 

6.1.1 4-(4'-carboxyphenyl)-l,2,4-triazole (Hcpt) 

The ligand, 4-(4'-carboxyphenyl)-1,2,4-triazole (Hcpt), was synthesized according to a 

modified known procedure. The intermediate, N,N'-diformylhydrazine, was prepared by 

heating an ethanolic solution (20 mL) of N-formylhydrazine (0.45 g, 7.5 mmol) and 

triethylorthoformate (TEOF) (1.87 mL, 11.3 mmol) at 180 °C for five minutes in a 

Biotage Initiator 60 microwave apparatus. To generate Hcpt, solid 4-aminobenzoic acid 

(PABA) (1.0 g, 7.5 mmol) was added to the solution and the mixture was heated again at 

180 °C at 9 bar of pressure for five minutes with vigorous stirring. As the temperature 

decreased, the ligand precipitated as a pale-yellow powder, which was centrifuged for 15 

minutes at 3000 RPM and dried in vacuo for 1 hour. Recrystallization of the ligand was 

carried out by dissolving the bulk pale-yellow powder in 45 mL of N,N'-

dimethylformamide (DMF) at 120 °C for 30 minutes. The solution was then cooled to 

room temperature and 10 mL of diethyl ether was slowly added to the mixture. The 

precipitated pale-yellow powder was filtered and colorless needles were obtained from 

the filtrate after one week without disturbance. Yield = 0.78 g, 55%. 

6.1.2 4-(4'-nitrophenyl)-l,2,4-triazole (npt) 

The ligand was prepared according to a modified known synthetic strategy by first 

mixing formylhydrazine (0.90 g, 15 mmol), triethylorthoformate (0.0037 L, 25 mmol) 

and ethanol (40 mL) in a Synthware Glass high pressure vessel. The solution was stirred 
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at 180°C for 30 minutes. The latter was cooled down to 60 °C in a warm water bath and 

4-nitroaniline (2.1 g, 15 mmol) was slowly added to the solution. Four drops of sulfuric 

acid were added to the mixture as a catalyst. The mixture was heated again to 180°C for 

30 minutes resulting in a dark red solution. Upon cooling, a dark yellow powder 

precipitated which was filtered, washed with ethanol ( 3 x 5 mL) and diethyl ether ( 3 x 5 

mL) and dried in vacuo for 1 hour. Yield = 1.18 g, 42%. 

6.2 Complexes syntheses 

6.2.1 [MII
3(npt)6(EtOH)4(H20)2](ptol)6-4(EtOH) (1,2) 

The complexes were synthesized by adding 5 mL of an ethanolic solution of 

[M(H20)6](ptol)2 (0.125 mmol, M = Fe (1), Co (2)) to a solution of npt (0.047 g, 0.25 

mmol) in ethanol (25 mL). The solutions were stirred for 3 minutes at room temperature 

to obtain a clear solution. Crystallizations of the complexes were performed over a period 

of six hours to provide light green or light brown plate-like crystals of 1 and 2, 

respectively, suitable for Single-Crystal X-ray Diffraction. Yield = 43% (1, 0.046 g) and 

37%o (2, 0.040 g), based on the metal salts. 

6.2.2 [Mn3(npt)6(MeOH)4(H2O)2](pt0l)6-x(MeOH>y(H2O) (3, 4) 

Compounds 3 and 4 were synthesized by adding a solution of [M(H20)6](ptol)2 (0.125 

mmol, M = Co (3), Ni (4)) in methanol (5 mL) to a solution of npt (0.047 g, 0.25 mmol) 

in methanol (15 mL). The solutions were stirred at room temperature for 10 minutes. The 

crystallizations of the complexes were done over two days to provide light brown or 
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purple plate-like crystals for 3 (x = 4, y =0) and 4 (x = 2, y = 1), respectively. Yield = 

13% (3, 0.014 g) and 50% (4, 0.053 g), based on the metal salts. 

6.2.4 [Lnm
4C«3-OH)2C«3-0)2(cpt)6(MeOH)6(H20)]2-x(MeOH) (6, 7, 8) 

The complexes, [Lnin4Cu3-OH)2Cu3-0)2(cpt)6(MeOH)6(H20)]2 (Ln = Dy (6-15MeOH), Ho 

(7T4MeOH), Tb (8T8MeOH)), were prepared by slowly adding a solution of NaN3 

(0.016 g, 0.50 mmol) and Hcpt (0.024 g, 0.25 mmol) in DMF (2 mL) and MeOH (3 mL) 

to a solution of LnCl3-6H20 (0.25 mmol, Ln = Dy (6), Ho (7), Tb (8)) in MeOH (25 mL). 

The mixture was stirred for 15 minutes at room temperature and then filtered. The filtrate 

was left undisturbed for several days to provide plate-like crystals suitable for Single-

Crystal X-ray Diffraction. Yields = 0.109 g (6, 76.0%), 0.019 g (7, 13.1%) and 0.034 g (8, 

23.3%). 

6.3 Infrared spectroscopy 

Infrared analyses were obtained by using a Nicolet Nexus 550 FT-IR spectrometer in the 

4000-650 cm"1 range. The spectra were recorded in the solid state by preparing KBr 

pellets and are shown below as Figures 6.1 through 6.7. 
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Figure 6.1 The infrared spectrum of Hcpt. 

1000 

Hcpt (KBr, cm"1): 3462 (br), 3026 (br), 2793 (s), 2501 (br), 1898 (m), 1696 (m), 1607 

(m), 1529 (m), 1451 (m), 1373 (s), 1307 (br), 1249 (s), 1214 (s), 1183 (s), 1082 (s), 1016 

(s), 868 (s), 771 (s), 694(s). 
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Figure 6.2 The infrared spectrum of npt. 

1000 

npt (KBr, cm"1): 3444 (br), 3120 (m), 1600 (m), 1528 (m), 1462 (s), 1342 (m), 1311 (s), 

1244 (m), 1111 (s), 1080 (m), 991 (s), 848 (s), 751 (s), 680 (s). C,H,N analysis (%) found 

(calcd for npt): C 50.29 (50.53), H 2.04 (3.18), N 29.27 (29.46). 
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Figure 6.3 The infrared spectra of 1 (solid line) and 2 (dotted line). 

1 (KBr, cm"1): 3379 (br), 3097 (w), 1657 (s), 1618 (s), 1600 (s), 1526 (m), 1494 (s), 1441 

(s), 1344 (s), 1258 (s), 1218 (s), 1173 (s), 1122 (s), 1051 (s), 1033 (s), 1010 (s), 854 (s), 

815 (s), 750 (s), 682 (s). 

2 (KBr, cm"1): 3293 (br), 3097 (w), 2970 (s), 1617 (s), 1600 (s), 1531 (m), 1495 (s), 1442 

(s), 1343 (s), 1256 (s), 1216 (s), 1164 (s), 1121 (s), 1061 (s), 1033 (s), 1008 (s), 952 (s), 

850 (s), 815 (s), 749 (s), 678 (s). 
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Figure 6.4 The infrared spectra of 3 (solid line) and 4 (dotted line). 

3 (KBr, cm"1): 3248 (br), 3097 (w), 1618 (s), 1601 (s), 1550 (s), 1526 (m), 1496 (s), 1343 

(s), 1257 (s), 1216 (s), 1167 (S), 1121 (s), 1062 (s), 1033 (s), 1008 (s), 984 (s), 852 (s), 

815 (s), 750 (s), 710 (s), 681 (s), 666 (s). 

4 (KBr, cm"1): 3249 (br), 3098 (w), 1617 (s), 1601 (s), 1551 (s), 1524 (m), 1496 (s), 1343 

(s), 1258 (s), 1229 (s), 1168 (s), 1120 (s), 1069 (s), 1032 (s), 1009 (s), 985 (s), 852 (s), 

815 (s), 750 (s), 710 (s), 679 (s), 653 (s). 
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Figure 6.5 The infrared spectrum of 5. 

5 (KBr, cm"1): 3451 (br), 1641 (m), 1600 (m), 1563 (m), 1522 (m), 1409 (m), 1375 (s), 

1310 (s), 1243 (s), 1109 (s), 1093 (s), 865 (s), 777 (s), 689 (s). 
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Figure 6.6 The infrared spectrum of 6. 

6 (KBr, cm"1): 3441 (br), 1651 (m), 1605 (m), 1563 (m), 1528 (m), 1413 (m), 1384 (s), 

1307 (s), 1244 (s), 1091 (s), 1006 (s), 865 (s), 789 (s), 699 (s). 
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Figure 6.7 The infrared spectrum of 7. 

7 (KBr, cm"1): 3436 (br), 1651 (m), 1605 (m), 1563 (m), 1532 (m), 1413 (m), 1310 (s), 

1377 (s), 1243 (s), 1093 (s), 1005 (s), 865 (s), 787 (s), 705 (s). 

6.4 NMR spectroscopy 

NMR analyses were conducted on a Bruker Avance 400 spectrometer equipped with an 

automatic sample holder and a 5 mm auto-tuning broadband probe with Z gradient. The 

spectra of Hcpt and npt are shown below as Figures 6.8 and 6.9, respectively. *H NMR 

(Hcpt, DMSO-d6, 400 MHz): 13.19 (s, 1H), 9.20 (s, 2H), 8.06 (d, 2H), 7.85 (d, 2H). *H 

NMR (npt, Acetone-d6, 400 MHz): 9.04 (s, 2H), 8.46 (d, 2H), 8.07 (d, 2H). 
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Figure 6.8 The NMR spectrum of Hcpt 
[ppmj 
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Figure 6.9 The NMR spectrum of npt 
[ppm] 
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6.5 Single-Crystal X-ray Diffraction 

Plate-like crystals of the compounds suitable for Single-Crystal X-ray Diffraction were 

mounted on glass fibers. Unit cell measurements and intensity data collections were 

performed on a Bruker-AXS SMART 1 k CCD diffractometer using graphite 

monochromated MoKa radiation (X = 0.71073 A). The data reduction included a 

correction for Lorentz and polarization effects, with an applied multi-scan absorption 

correction (SADABS). In all cases, the reflection data were consistent with a triclinic 

system P-\. The crystal structures were solved and refined using the SHELXTL program 

suite. Direct methods yielded non-hydrogen atoms. All hydrogen atom positions were 

calculated geometrically and were riding on their respective atoms. 

In the case of compound 1, the data were measured on a Bruker Kryoflex diffractometer 

at 100 and 181 K. The positions of the coordinated ethanol molecules were calculated at 

both temperatures. 

For 2, the largest residual electron density peak (0.657 e/A3) was associated with a 

solvent molecule and full-matrix least-squares refinement on F gave Ri = 0.0671 and 

wR2 = 0.1309 at convergence. 

The data of complex 5 were truncated at 23.26°. The hydrogen atoms of the coordinated 

water molecules could not be located from the difference Fourier maps; they are therefore 

included in the chemical formula but absent from the res and cif files, creating a 

discrepancy in the cifcheck file. Some of the methanol solvent molecules of 
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crystallization were disordered and were either modeled at 50% occupancy or were 

modeled over two positions as a 50:50 isotropic mixture with light restraints. The largest 

residual electron density peak (2.550 e"/A3) was associated with the Lnl atom. Full-

matrix least-squares refinement on F2 gave Ri = 0.0813 and wR2 = 0.2487 at convergence. 

For complexes 6 and 7, unit cell measurements and intensity data collections were carried 

out. From the collected data, molecular structure and the connectivity were obtained 

which confirmed that the complexes were isomorphous. However, due to the poor 

diffraction of the crystals, both structures could not be refined with acceptable Ri factors. 

6.6 Magnetic Measurements 

The magnetic susceptibility measurements were obtained using a Quantum Design 

SQUID magnetometer MPMS-XL operating between 1.8 and 300 K for dc applied fields 

ranging from -7 to 7 T. Polycrystalline samples of each complex were wrapped in a 

polyethylene membrane, dc susceptibility measurements were performed under a field 

ranging from 0 to 7 T between 1.8 and 300 K. ac susceptibility measurements were done 

under an oscillating ac field of 3 Oe and ac frequencies ranging from 1 to 1500 Hz. The 

magnetization data was collected at 100 K to check for ferromagnetic impurities that 

were absent in all samples. A diamagnetic correction was applied for the sample holder. 

The sample masses were of 13.8, 16.0, 16.8, 16.9, 6.6, 5.1, and 5.5 mg for 1, 2, 3, 4, 5, 6 

and 7, respectively. 
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6.7 Thermogravimetric analysis 

Differential thermal analyses (DTA) and thermal gravimetric analyses (TGA) were 

recorded using an SDT 2960 Simultaneous DSC-TGA instrument under N2 flow (100 

mL/min) at a heating rate of 10 °C/min between 25 and 300 °C. 

6.8 Elemental analyses 

Samples were weighed into aluminum capsules. The capsules were loaded into a Perkin-

Elmer Series II 2400 CHNS/O Analyzer. Each sample is flash combusted at 924 °C and 

carried by helium through a column of reducing/oxidizing chemicals to get N2, C02 and 

H20. The gases are separated as they pass through a gas chromatograph column so that 

the TCD (thermal conductivity detector) can detect each gas separately. The routine 

analytical precision (2sigma) is as follows: N, H and S = +/-0.1%, C = +/-0.3%. C,H,N 

analysis (%) found (calcd) Hcpt: C 56.32 (57.14), H 4.09 (3.73), N 23.35 (22.21). npt: C 

50.29 (50.53), H 2.04 (3.18), N 29.27 (29.46). 
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Annex 

Table Al Bond valence sum calculations of 1, 2, 3 and 4. 

Ml" Ml"1 M2n M2m 

1 2.12 2.35 2.13 2.41 

2 2.20 2.22 2.38 2 38 

3 2.51 2.53 2.69 2.69 

4 2.23 2 36 2 31 2 31 

Conclusion 
Fe l=Fe" 
Fe2 = Fe" 
Col= Co" 
Co2 = Co" 
Col= Co" 
Co2 = Co11 

Ni l=Ni" 
Ni2 = Ni" 

Figure Al Shadow superposition of the molecular structures of 1 measured at 100 (shadow) and 181 K 
(clear). 
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Figure A2 Field dependence of the magnetization of 1 at 1.8 (circles), 3 (squares), 5 (diamonds) and 8 K 
(triangles) from 0 to 7 T. 

4 
H(T) 

Figure A3 Field dependence of the magnetization of 2 at 1.8 (circles), 3 (squares), 5 (diamonds) and 8 K 
(triangles) from 0 to 7 T. 
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a = — 
kT 

b = ± 
kT 

*r = 
Ng2MB

2 

3k 

Equation Al 

84exp(6a + 6b) + 30exp(6b) + 6exp(-4a + 6b) + 30exp(4a + 2b) + 6exp(2b) + 6exp(2b) 

7exp(6a + 6b) + 5exp(6b) + 3exp(-4a + 6b) + 5exp(4a + 2b) + 3exp(2b) +1 exp(-2a + 2b) + 3exp(2b) 

0 0.5 1 1.5 2 2.5 3 3.5 4 
HT"1(TK"1) 

Figure A5 Field dependence of the magnetization of 6 measured at 1.8 (circles), 3 (squares), 5 (diamonds) 
and 8 K (triangles) between 0 and 7 T. 
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Figure A6 Field dependence of the magnetization of 7 measured at 1.8 (circles), 3 (squares), 5 (diamonds) 
and 8 K (triangles) between 0 and 7 T. 
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Table A2 Crystallographic data of 1, 2, 3, 4, 5 and Hcpt-DMF. 

Complexes 
77K 

Empirical formula 
Fw 

Cryst. syst. 
Space group 

a/A 
b/A 
c/A 
a/° 

p/° 
y/° 

V/A3 

z 
Radiation 
Dc/g cm"3 

R,(/>2<r(/))a 

wR2(/> 2ff(7 ))b 

1 
181 100 

Cio6Hi3oFe3N24040S6 

2740.25 
Triclinic 

P-\ 
14.6130(7) 
15.1960(7) 
16.3954(8) 
107.505(2) 
99.989(3) 
110.731(2) 
3083.3(3) 

i 

14.5077(7) 
15.0789(7) 
16.319(1) 
107.611(3) 
100.282(3) 
110.437(2) 
3022.8(3) 

Mo-Ka 
1.476 

0.0412 
0.0995 

1.505 
0.0389 
0.1011 

2 
202 

Cl06Hi3oC03N2404oS6 

2749.49 
Triclinic 

P-\ 
14.677(5) 
15.268(5) 
16.480(5) 

107.590(4) 
99.874(4) 
110.825(4) 
3124.9(17) 

i 
i 

Mo-Ka 
1.461 

0.0671 
0.1541 

3 
202 

C98H114C03N24O40S6 

2637.28 
Triclinic 

P-\ 
13.5049(16) 
14.7832(18) 

17.414(2) 
65.672(2) 
69.922(2) 
83.052(2) 
2974.6(6) 

1 
1 

Mo-Ka 
1.472 

0.0670 
0.1726 

4 
202 

C96 32H109 28N24N13O39 32S6 

2600.81 
Triclinic 

P-\ 
15.056(2) 
16.698(2) 
16.718(2) 

103.588(2) 
109.528(2) 
111.430(2) 
3368.0(8) 

1 
1 

Mo-Ka 
1.282 

0.0782 
0.2361 

5 
202 

CnsHissDygNseC-ei 
4591.21 
Triclinic 

P-\ 
16.446(4) 
16.476(4) 
19.793(5) 
91.545(4) 
96.707(4) 
101.977(4) 

5203(2) 
1 
1 

Mo-Ka 
1.465 

0.0813 
0.2487 

Hcpt-DMF 
202 

C12H16N403 

264.29 
Triclinic 

P-\ 
3.917(1) 
10.563(4) 
15.144(6) 
81.941(5) 
89.277(9) 
87.82(1) 
619.9(4) 

2 
Mo-Ka 
1.416 

0.0859 
0.1477 

h wR2 = m_w(F0
2 __ Fc

2f]/I.[w(F0
2)2]]U2, w = M^F2) + [(apf + bp], wherep = [max (F2, 0) + 2Fc

2]/3. 


