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Chapter 1 

Introduction 

Magnetism is a topic which is highly underrated although it has a profound impact on our day 

to day life it is much less researched on in academia. It all started with the ancient Greeks, 

originally those near the city of Magnesia, and also the early Chinese who knew about strange 

and rare stones, possibly chunks of iron ore struck by lightning, with the power to attract iron 

in a magical way. A steel needle stroked with such a "lodestone" became "magnetic" as well, 

and the Chinese found that such a needle, when freely suspended, pointed north-south. This 

led to the discovery and subsequent exploitation of magnets and magnetism, and human 

civilization has tremendously benefited from it ever since. Magnets are so essential and 

ubiquitous to a plethora of devices in our daily life that sometimes they are taken for granted. 

Be it the simple speakers or headphones, or the complicated motors or telecommunication 

devices, magnets find an application almost everywhere. Modern day magnetic materials 

include magnetic alloys and oxides, particularly ferrites such as MgFe2O4, which can function 

in transformer cores, magnetic recording or information storage devices. The global market 

for magnetic materials is valued at $50 billion and has a projected growth rate of 10% 

annually. Additionally, with the advent of GNR (genetics, nanotechnology and robotics) this 

burgeoning field of magnetism and magnetic materials will undoubtedly expand as the 21
st
 

century progresses, since magnets will be crucial to the development of the so called “smart 

materials” and “smart systems.” The behavior of any magnetic material is essentially 

dependent on the presence of unpaired electrons, or more precisely the spin associated with 

the unpaired electrons. The magnetic field associated with a magnetic substance is the result 

of an electrical charge in motion, specifically the spin and orbital angular momenta of 

electrons within atoms of a material. These materials are so called atom-based magnets which 

mean that their active spins are located in the atomic orbitals of the constituent metal ions.
1  

They often have transition or lanthanide metal ions with unpaired spins, which provide the 

magnetic moment, and organic groups to mediate magnetic interactions between these metal 

centres. This has produced magnetic materials of various dimensions, and some with long-

range magnetic ordering.
2
 They not only have the potential use as functional materials, but 

also exhibit fascinating structural diversity. As a result, there has been an increasing interest 

in designing 1D, 2D and 3D magnetic systems which can provide a better understanding of 

magneto-structural relationships.
3
 These systems have been found to exhibit diverse magnetic 
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properties.
4
 The molecular approach offers a unique opportunity because the properties of the 

precursors and magnetic bridges can be chosen beforehand in order to obtain magnets with 

desired physical properties.
 

An exciting development was the discovery of single molecule magnets (SMMs),
5
 which are 

magnetic molecular clusters. These molecules exhibit slow relaxation of magnetisation at low 

temperatures, and thus represent a molecular approach to nanomagnets. Their special 

characteristics arise from purely molecular properties. These molecules should possess a spin 

ground state (S), where S ≥ ½, and a uniaxial magnetoanisotropy, where D < 0. The 

combination of these properties can lead to an energy barrier to the thermal relaxation of the 

magnetisation. The magnetic bistability arising from this energy barrier indicates potential 

applications for these materials in information storage devices, whereas a single molecule can 

act as the smallest possible unit of magnetic memory. They have many important advantages 

over conventional nanoscale magnetic particles composed of metals, metal alloys or metal 

oxides because of their uniform size, solubility in organic solvents and readily alterable 

peripheral ligands. In order to obtain new SMMs, polynuclear metal compounds which 

contain interacting metal centres held together by bridging units, such as oxygen atoms 

derived from oxides, hydroxide, alkoxide and carboxylates have been synthesised. Much 

effort has been applied in the design and synthesis of such compounds and in the investigation 

of their magnetic properties. Extended networks of magnetically coupled SMMs can lead to 

new magnetic behaviour induced by the intrinsic properties of the magnetic units, such as the 

high-spin state, the Ising-type anisotropy and quantum effects. 

In this research, the goal was to synthesize and study a range of compounds starting from 

discrete molecules to extended solids. A variety of magnetic properties, such as SMM 

behaviour and long-range magnetic ordering, was expected from these compounds. In this 

way, a comprehensive study on different kinds of magnetic behaviour in different systems can 

be achieved. To synthesise such compounds, a commonly used strategy is to employ 

appropriate bridging ligands that can bind several metal centres and transmit magnetic 

interactions. In this context, triazine based compartmental ligands and   tridentates diol 

ligands with a central pyrazole unit were used as scaffolds with different metal ions under 

various reaction conditions. It has been observed that heterometallic complexes can have 

interesting magnetic properties; therefore, more than one type of metal ion was used to obtain 

compounds containing two different transition metal ions (3d-3d) or of transition and 

lanthanide metal ions (3d-4f). The effect of ligand modifications on the structure and 

properties of the complexes was also investigated. 
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Motivation and Concepts 

The development of molecule-based magnets requires the specific alteration of magnetic 

properties by established organic or coordination chemistry techniques and the combination of 

magnetic properties with other mechanical, electrical and/or optical properties in harmony 

with simplicity of fabrication.
6
 The rational design of polynuclear complexes with high spin 

ground states between the paramagnetic centers is central to the development of new classes 

of molecule-based magnets. Different strategies (e.g, double exchange, spin polarization and 

orthogonality of magnetic orbitals) are to be used in order to prepare high-spin molecules in a 

single cluster, in which one of the well known strategies is spin polarisation mechanism. This 

mechanism arises from the molecular orbital model proposed by Longuet-Higgis for 

conjugated alternate hydrocarbons,
7
 which results in ferromagnetic or antiferromagnetic 

coupling between two radicals depending on the nature of the bridge. When the radicals are 

separated by a meta-phenylene bridge they are ferromagnetically coupled because two 

unpaired electrons reside in a pair of mutually orthogonal but degenerate SOMOs.  

 

                                                 

                                                     

Scheme 1.1. meta-Phenylene based linkage with α and β spin distribution.  

 

A consequence of this molecular orbital behavior is the alternation of α and β spin density 

induced on the bridging atoms, which has actually been detected and measured in some cases. 

This simple principle has been behind the preparation of numerous polyradicals exhibiting a 

very high spin ground state. Though this mechanism is well known for organic polyradicals 

systems, it has received limited attention in the case of metal coordinated systems. We can 

apply this knowledge in our choice of ligands (Scheme 1.1). Initially this concept has been 

applied to binuclear transition metal complexes bridged in meta-phenylene arrangement using 

a variety of bridging ligands, and in some cases it exhibits ferromagnetic interactions between 

the metal ions.
8
 However, many complexes with the same kinds of bridging ligands exhibit 

antiferromagnetic interactions between the transition metal ions.
9
 The orientation of the 

magnetic orbital on each metal site relative to the plane of the bridging benzene ring was 
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found to be crucial for a ferromagnetic or an antiferromagnetic contribution of the super 

exchange interaction as well as of the spin-polarization mechanism.  

 

               

 

Scheme 1.2.  

 

Based on spin-polarisation concept, some well-known example of different meta-phenylene 

bridged transition metal complexes with ferromagnetically coupled systems are shown in 

Scheme 1.2. It displays that pyrimidine is the ferromagnetic exchange coupler in dinuclear 

oxovanadium complex (Scheme 1.2.A),
10

 and the application of modified 1,3,5-

trihydroxybenzene (phloroglucinol) ligands, or 1,3,5-trithiocyanurate ligands also led to the 

ferromagnetic exchange coupler in trinuclear Cu(II) (Scheme 1.2.B),
11 

or Ti(III) complexes 

(Scheme 1.2.C)
12

 respectively. In this context, we wanted to investigate whether modified 

1,3,5-triazine-ligands may be used for the synthesis of trinuclear transition metal complexes 

with ferromagnetic interactions between the paramagnetic centers (other than Ti
III

 centre) 

based on the spin-polarization mechanism. Thus, our first aim of this research was to 

synthesize trinuclear transition metal complexes involving triazine-N in metal ion 

coordination, and to get a high spin ground state through spin polarisation mechanism, that 

may lead to the development of new types of molecule-based magnets. And these three-

directional trimetallic units could be a valuable precursor for the assembly of 2D sheets with 

inherent threefold symmetry, such as 2D honeycomb networks.
13

 It is noteworthy that there 

are only few structurally characterized complexes known to date in which all triazine-N are 

involved in metal coordination,
14

 and very few of them feature paramagnetic metal centers. 

Hence, designing of appropriate ligand is the key to obtain the paramagnetic trimetallic 

complex involving triazine-N in metal ion binding site. Varieties of compartmental ligands 

are sketched in this work (Scheme 1.3), those are listed below: 
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Scheme 1.3. 

 

In principle triazine based trimetallic complex can formed in two ways, either in strategies I, 

or in strategies II (Scheme 1.4), for first case, we designed the ligand H3L
1
, H3L

3
, H3L

5
, and

 

L
7
 and for second case, we designed the ligand H3L

2
, H3L

4
, and H3L

6
. In the first case, 

complex can be stabilised by strong ζ-donor site of the the ligand such as amide (in H3L
1
), or 
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hydroxyl group (in H3L
3
 and H3L

5
) and in later complex can stabilise through five and six 

membered chelation by hydroxyl group and strong N-donor pyridine (in H3L
2
) or six and 

seven membered chelation by hydroxyl groups (in H3L
4
, and H3L

6
). Chapter 3 and 4 report 

the synthesis and spectroscopic characterisation of all compartmental ligands, and its relevant 

metal complexes. 

 

                            
 

Scheme 1.4. 

 

Another aim of this research work was to design and synthesis of new molecule based 

materials and characterise their magnetic behaviour. In order to construct the polnynuclear 

complexes, the concept of self-assembly of the paramagnetic metal ions with suitable 

pyrazole containing ligand was applied. In principal pyrazoles are very useful functional 

bridging ligands since they allow the connection of two metal ions by a variable 

superexchange pathway.
15

 Substitutions in the heterocyclic ring can render novel ligands, thus 

providing a variety of coordination compounds.
16

 In recent years, 3(5)-methyl-5(3)-(2-

hydroxyphenyl)pyrazole (H2L
8
) is very useful and versatile ligand, which exhibits a rich 

coordination chemistry.
17

 But from magnetic point of view most of the cluster is showing 

intramolecular antiferromagnetic interaction between the metal ions
17a, b, c

 and gives rise to 

zero spin ground state, and in very few cases show ferromagnetic interaction.
17d, e

 Thus, the 

choice of new ligands is prerequisite for new molecule based magnets. So we modified the 

previously reported ligand H2L
8 

and synthesized a new pyrazole based diol ligand H2L
9
 

(Scheme 1.5) which can be regarded as an attractive scaffold for assembling multinuclear 

complexes because 

 (i) it may act as a tridentate ligand with sufficient flexibility in one arm (the hydroxyethyl 

subunit); (ii) and it provides, after deprotonation, two distinct potential bridging units 

(phenoxy and alkoxy).  
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Scheme 1.5. 

 

In this work, initial attempts were made to explore polynuclear metal complexes with high 

spin ground state and high magnetic anisotropy using self-assembly of 3d transition metal 

ions (mainly, Mn
II
, Fe

II
, Co

II
, and Ni

II
) with those ligands (Scheme 1.5) and despite the 

advanced synthetic methods and magnetic properties of polynuclear complexes of the d-block 

homo metals, less attention has been devoted to the synthesis and magnetic properties of 

mixed metal ions, even though SMMs will lead to larger magnetic anisotropy, higher ground 

spin states and a better understanding of quantum tunneling effects through synergy of 

heterometal spins. Therefore, our research was focused on new SMMs with mixed anisotropic 

paramagnetic metal ions, mainly high spin Mn(III) with other 3d or 4f metal ions. The 

strategy is obviously to take advantage of the Mn
III

 ion‟s significant spin, and/or its large 

single-ion zero-field splitting, as reflected in a large magnetic anisotropy (D) value, to 

generate “better SMMs” distinctly different from the homometallic ones. Thus construction of 

new heterometal SMMs by the development of new reaction systems with those ligands is 

another area of research interest. 
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Chapter 2 

 
Introduction to Magnetochemistry 
 

2.1. Basic terms and definitions of magnetic properties 

Magnetochemistry is the study of the interrelationship between the structure of a compound and 

its magnetic properties. Magnetic measurements can give information about the electronic 

structure and magnetic exchange interactions in metal complexes. This brief introduction defines 

and explains basic magnetic properties. For additional details, standard text books are 

available.
18

 

Behavior of a substance in magnetic field: When a substance is placed in a magnetic field 

(H), the density of lines of force in the sample, known as the magnetic induction or magnetic 

flux density (B) is related to (H) by the permeability of the substance (μ): 

 

                                               B = μH                                        

 

                                              B = μ0H + μ0M                             

 

where μ0 is the permeability of free space and M is the magnetization or magnetic moment of 

the sample. Here, μ0H is the induction generated by the field alone and μ0M is the additional 

induction contributed by the sample. The magnetic susceptibility is defined as the ratio of 

magnetization to the field. 

 

                                             = M / H                                           

 

and therefore, 

 

                                          μ = μ0(1 + χ)                                        

 

The ratio μ/μ0, which equals to (1+χ), is known as the relative permeability, μr. The magnetic 

behaviour of all materials can be categorized by the values of χ and μr and by their 

temperature dependence and field dependence. For a vaccum, μr = 1. When χ is negative, the 

μr < 1 and the substance are diamagnetic. Such a substance allows a smaller number of lines 

of force to pass through it (as compared to that in vacuo), and thus it prefers to move to the 

region of the lowest magnetic field strength. On the other hand, when χ is positive, then μr > 1 
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and the substance is paramagnetic. Such a substance allows more lines of force to pass 

through it, and therefore prefers to move to the region of the highest magnetic field. 

 

Effects of temperature-Curie and Curie-Weiss Laws: The susceptibilities of different 

kinds of magnetic materials are distinguished by both their temperature dependence and their 

absolute magnitudes. Many paramagnetic substances obey the simple Curie law, especially at 

high temperature. This states that the magnetic susceptibility is inversely proportional to 

temperature: 

 

                                                     = C / T                                         

 

Where C is the Curie constant. The Curie law is obeyed in materials where not any 

spontaneous interaction between adjacent unpaired electrons. When there are some 

spontaneous interactions between adjacent spins, a better fit to the high-temperature, 

paramagnetic behaviour is often provided by the Curie-Weiss law: 

 

                                                = C/ (T-)                                       

 

where θ is the Weiss constant. Depending on the ferro- or antiferromagnetism, θ is positive or 

negative, respectively. These two types of behavior are shown in Figure 2.1.  

 
  

 

 

Figure 2.1. −1
 versus T  plot and  versus Τ plot for the ferromagnetic, antiferromagnetic and paramagnetic 

materials. 

 

Diamagnetic substances have their magnetic susceptibility invariant to temperature, whereas 

the magnetic susceptibility of a paramagnet follows an inverse relationship with temperature. 
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An antiferromagnet has a characteristic Néel temperature (TN) above which it behaves like a 

paramagnet, but below this temperature, its magnetic susceptibility decreases with decreasing 

temperature (Figure 2.1, right). A ferromagnet has a characteristic Curie temperature (Tc) 

above which it behaves like a paramagnet, but below this temperature, its magnetic 

susceptibility increases rapidly. 

 

Magnetic hysteresis: When a ferromagnetic material is magnetized in one direction, it will 

not relax back to zero magnetization when the imposed magnetizing field is removed. It must 

be driven back to zero by a field in the opposite direction. When the magnetization is plotted, 

a loop called a hysteresis loop results (Figure 2.2). The lack of retraceability of the 

magnetization-curve is the property called hysteresis, and it is related to the existence of 

magnetic domains in the material. Once the magnetic domains are reoriented, it takes some 

energy to turn them back again. This property of ferromagnetic materials is useful as a 

magnetic “memory”. When the ferromagnetic material retains an imposed magnetization 

indefinitely, it is termed as a “permanent magnet”. The magnetic memory aspects of iron and 

chromium oxides make them useful in audio tape recording and for the magnetic storage of 

data on computer disks. As shown in Figure 2.2 , the phenomena can be described in the 

following way: Starting at zero field, the material follows a non-linear magnetization curve 

and reaches the saturation level, when all the spins are aligned along the direction of a field 

(Figure 2.2, point a).  

 

                 

 

Figure 2.2. The plot of magnetization (M) versus magnetic field (H) for a ferromagnetic compound is illustrated 

by showing the orientations of the electrons in each domain at different points of the loop. 

 

As the field is decreased and drops to zero, the ferromagnetic material retains a considerable 

degree of magnetization (Mr). It can be thought of as “remembering” the previous state of 
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magnetization. At this point, when H = 0, a ferromagnet is not fully demagnetized and only a 

partial domain reorientation has happened. When a reverse field is applied, at a given point 

the magnetization reaches zero (-Hc). This field required to demagnetize a ferromagnetic 

material is called the “coercive field” (Hc, point b). Saturation of magnetization also achieved 

by applying an opposite field (point c) and then decreasing the field and reversing it again in 

the opposite direction completes the loop after going through a point with zero magnetization 

(point d). 

 

2.2. Single Molecule Magnets (SMMs) 

A single molecule can show all the above mentioned properties of a bulk magnet. These 

single molecules, termed as single-molecule magnets (SMMs) were discovered during the 

course of investigations into the miniaturization of the size of magnetic devices. Many 

difficulties have been encountered in the “top-down” approach. For example, these are often 

nano particles with inhomogeneous size distributions of the domains. Decreasing the domain-

size also makes the magnet less efficient. As a result, research is now intensely focused on the 

“bottom-up” approach in order to produce nano-scale materials starting from the atomic or 

molecular level.
19

 The ability of a single molecule to behave like a bulk magnet caught the 

attention of researchers because such systems may lead to the smallest possible magnetic 

devices.
20

 These SMMs are of interest because they exhibit magnetic bistability of pure 

molecular origin. The slow relaxation in the magnetization is the source of this interesting 

behaviour and is due to the presence of an energy barrier which has to be overcome in the 

reversal of the magnetic moment. This behaviour has been compared to that of super 

paramagnetic materials. Super paramagnetic behaviour occurs when a single magnetically 

ordered domain has a reorientation barrier that is comparable to the thermal energy.
21

 As a 

consequence, the magnetization flips freely and its time average is zero, as in a paramagnet. 

In an external field, it behaves like a paramagnet until the temperature is sufficiently reduced 

such that the barrier can not be easily overcome. Thus the magnetization is blocked, below a 

blocking temperature, TB, and the super paramagnet reverts to its usual bulk behaviour (i.e. 

ferro-, ferri-, or antiferromagnetic). For a molecule to have a barrier in a system of ground 

spin S, it must have the magnetic sub-states, M = ±S lying lowest in energy. In the case of 

axial symmetry, where the system has an integer spin in the ground state, the height of the 

energy barrier (ΔE) can be associated with the difference between the lowest energy M = ±S 

states and the highest energy M = 0 state. For a negative axial zero-field splitting parameter, 

D, ΔE = |D|S
2
 (for integer-spin) and ΔE = |D|(S

2
–1/4) (for integer-spin). To produce new 
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nanomagnetic materials based on molecular clusters, it is therefore necessary to achieve a 

reasonably large ground state spin. For this purpose S = 5/2 ions such as high-spin Mn
II
 and 

Fe
III

 are well-suited metal ions for SMM. Subsequently a large ground state spin can be 

achieved just by using a small number of ions.            

 

                               

 

Figure 2.3. Structure of [Mn12O12(CH3COO)16(H2O)4]·2CH3COOH·4H2O (abbreviated Mn12-ac).
5
 Green, blue, 

red and grey centres represent Mn
IV

, Mn
III

, O and C atoms, respectively. The arrows indicate the resultant spin 

orientation of different Mn ions. Four Mn
4+ 

(3d
3
, S = 3/2) are ferromagnetically coupled for a total spin of S = 6. 

The remaining eight Mn
3+

 (3d
4
, S = 2) are also ferromagnetically coupled to one another in a crown structure 

resulting into a total spin of S = 16. The Mn
3+

 crown is antiferromagnetically coupled to the inner Mn
4+

 cubane, 

yielding a total spin of S = 10 

 

The prototypical SMM [Mn12O12(CH3COO)16(H2O)4]·2CH3COOH·4H2O,
5, 22

 abbreviated to 

Mn12-ac, is a suitable example to illustrate SMM behaviour. The structure of the compound is 

shown in (Figure 2.3). The Mn12-ac cluster contains twelve manganese ions, bridged via 

oxygen atoms. In the structure, four Mn
IV

 ions reside on the alternating vertices of a central 

cubane. All of these Mn
4+

 (3d
3
, S = 3/2) ions are ferromagnetically coupled. The other 

vertices are occupied by four μ4-oxo groups. The other eight ions are Mn
3+

, and they define a 

crown-like geometry surrounding the Mn4-cubane. All these eight Mn
3+ 

(3d
4
, S = 2) ions are 

also ferromagnetically coupled. Although the Mn
4+ 

and Mn
3+ 

ions in the inner cubane and 

outer crown are ferromagnetically coupled among themselves, the total spins of these two 

parts are coupled antiferromagnetically to give a total net spin of 10 (8  2 - 4  3/2 = 10).         
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Figure 2.4. Energy level diagram of S = 10, and the horizontal lines are the energies of the spin microstates 

belonging to the S = 10 multiplet (top-left), and possible tunneling mechanisms (left-bottom) for a Mn12 

complex. In-phase χM´T, and out-of-phase χM˝, ac susceptibility signals (top-right), and typical hysteresis loops 

(bottom-right) with steps, for a Mn12 SMM. 

 

To reverse the spin of the molecule from along the - 10 (spin up) to the + 10 (spin down) axis 

of the molecule, a potential energy barrier, U = S
2
|D| ≈ 50 cm

-1
 (as S = 10, D = -0.5 cm

-1
) for 

Mn12ac, must be overcome (Figure 2.4; top-left). For this reason, SMMs exhibit slow 

magnetization relaxation at low temperatures. Experimental evidence for this behavior is 

supported by the appearance of concomitant frequency-dependent in-phase (χM') and out-of-

phase (χM'') signals in alternating current (ac) magnetic susceptibility measurements, as shown 
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in Figure 2.4 (top-right). Frequency-dependent ac signals are necessary but not sufficient 

proof that an SMM has been obtained. The observance of hysteresis loops in magnetization 

versus direct current (dc) field scans, with coercivities increasing with decreasing temperature 

and increasing scan rates, is an unambiguous confirmation that an SMM has been obtained.
23 

Sometimes the hysteresis loops have steps (Figure 2.4; bottom-right), which are due to 

quantum tunneling, and each step corresponds to a sudden increase in the magnetization 

relaxation rate. The QTM can be of different kinds (Figure 2.4; bottom-left) and these will be 

discussed later (chapter 6). 

From a magnetic point of view, SMMs are preferred over classical nanoscale magnetic 

particles because they have a single, well defined ground state spin S which is a true quantum 

spin system, and highly ordered assemblies of SMMs can be obtained in crystalline form. At 

the same time, from a synthetic chemist‟s point of view, these SMMs can be easily 

synthesized at room temperature by solution methods and we can obtain a collection of truly 

mono disperse particles of nanoscale dimensions which have true solubility (rather than 

colloid formation) in organic solvents. Additionally, the central core containing the metals is 

engulfed in a protective shell of organic groups which can be easily varied by ligand 

substitution, thus providing advantages for certain applications. Due to the strong need for 

SMMs with even larger S values and more negative D values, numerous synthetic strategies 

aimed at the improvement of these materials have been considered. Several new strategies and 

SMMs will be discussed in the ensuing chapters. 

 

2.3. Synthetic strategies for making polynuclear complexes 

Several synthetic routes are being pursued to construct new magnetic materials that, ideally, 

satisfy the criteria for SMMs. Two well-known approaches have been developed in the 

literature. The first one can be termed “rational molecular design”. In this approach, the 

components of the reaction system display lower flexibility, such that the geometry and 

properties of the products can often be forecasted. Some very interesting systems have been 

created in this manner, taking advantage of the linearity of the cyanide ligand in combination 

with the predictable geometry and electronic structure of specific transition metals.
24

 An 

alternative “rational” approach, the synthesis of complicated polytopic and polynucleating 

ligands, has allowed the preparation of many magnetically interesting clusters with 

fascinating pre-determined geometries.
25

  

The second approach is based on the serendipitous self-assembly of flexible ligands with 

metal ions.
26

 A prerequisite for successful application of self-assembly is to accept the 
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impossibility of understanding the influence of all factors involved in a reaction on the 

resulting product. Therefore a wide range of conditions for any specific reaction is explored. 

The substitution pattern of the ligand or ligands, the metal salt, the metal: ligand ratio, the 

crystallisation solvent, the solution concentration and the crystallisation temperature may all 

play a role in the formation of a complex. Although this synthetic approach produces 

unpredictable results, minor variations in the ligands may influence the structure and 

solubility. The use of mixtures of organic ligands can form complexes of higher 

nuclearities.
26a-c

 Different coligands having carboxylate or hydroxyl groups can also be 

fruitful to construct large polynuclear clusters. Varying the coligand by increasing the number 

of donor groups might lead to the incorporation of more metal centres. When alcohol-based 

solvents (methanol or water) were employed, hydrolysis reactions of the solvents can be 

expected, forming hydroxy or oxo ligands. One further possible variation is to add bridging 

species like acetate or azide, which can act as additional linkers between the metal ions, or 

can fill any empty coordination sites on the metal centres. 

Heterometallic complexes can be obtained using two different types of metal ions. The 

presence of two types of metal centres can give rise to interesting magnetic properties and can 

allow further investigation of the exchange interaction between two different metal ions.
26d-f

 

This was pursued using two different transition metals or a combination of transition and 

lanthanide metal ions. The lanthanide ions behave as hard acids prefering oxygen (O-) rather 

than nitrogen (N-) donors, while d-block metal ions are borderline acids, having a tendency to 

coordinate to N-donors as well as O- donors. Consequently, a typical approach in constructing 

3d-4f complexes is by self-assembly of different metal ions with ligands containing both O- 

and N-donors. Thus O- and N- donor ligands are may be suitable for the synthesis of mixed-

metal clusters. 

The transition metal ions used in the following chapters were Mn(II), Fe(II), Co(II), Ni(II) and 

Fe(III). With O- and N- donors, Mn(II) has five unpaired electrons in its high-spin state which 

can give large ground state spins on aggregates. It can be easily oxidized to Mn(III), which is 

anisotropic in octahedral geometry, and can give rise to high zero-field splitting values (D) 

leading to a significant barrier to magnetisation reversal (U). As a result, mixed valence 

manganese compounds are likely to have a combination of both high spin and high 

anisotropy. Cu(II) ions have one unpaired electron, making the interpretation of magnetic 

interactions relatively straightforward. Fe(III), Fe(II), Co(II), and Ni(II) have also significant 

number of unpaired electrons in their high-spin state, and they can also have a zero-field 

splitting (depending on the envirnement) which can be useful for synthesizing SMMs.  
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Lanthanides (Ln) have the advantages that they can have a large number of unpaired f 

electrons and considerable single-ion anisotropy. The origin of SMM behaviour in lanthanide 

containing compounds is, however, more complicated than that of d-block transition metal 

ions since there is likely to be a significant orbital component. The effect of spin-orbit 

coupling increases as the atomic number increases, with the exception of the 4f
7
 

configuration, which has no first-order angular momentum. As a result, it is useful to 

synthesise Gd analogues of Ln complexes in order to interpret the magnetic properties.  

Recently, most of the research has been directed solely towards lanthanide clusters but not 

hybrid lanthanide–transitionmetal clusters.
27

 The use of lanthanides to modulate the magnetic
 

properties of transition-metal single-molecule magnets has become faciniated research area, 

mainly as a result of the magnetic anisotropy of some lanthanides that can increase the 

blocking temperature for reversal of magnetization. 

 

2.4. Thesis overview 

The thesis is organized in the following ways. Chapter 3 reports the synthesis, and 

characterisation of new 1,3,5 triazine-based compartmental ligands, and its multiredox metal 

complexes of Cu(II), and Mn(III)
 
whose relevance span the magnetic materials as well as the 

bioinorganic research areas. Chapter 4 describes the synthesis and magnetic properties of new 

mononuclear, dinuclear and 1-D coordination polymer of Mn(II) with sodium azide and 

sodium dicyanamide as auxiliary ligands. Chapter 5 depicts the synthesis, and spectroscopic 

characterisation of new pyrazole-derived ligand scaffolds, and its tetranuclear alkoxo bridged 

cube shaped complexes with high spin ground states of Fe(II) and Ni(II). Chapter 6 is 

concerned with the new family of 1-D exchange biased Mn
III

2Ni
II

3-heterometal SMMs, where 

the exchange bias can be controlled by chemical and structural modifications. Chapter 7 

consists of the use of pyrazole based diol ligand to synthesize the magnetically interesting 

new mixed valent Mn(II/III) clusters and a new family of Mn2Ln2-heterometal SMMs. 

Chapter 8 presents the synthesis of  a new pyrazolate-based bridging ligand with two phenol 

side arms (H3L
12

), and the study of its binuclear (Cu
2+

 and Ni
2+

) and tetranuclear (Zn
2+

) 

complexes in metal-radical chemistry. 
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Chapter 3 

Triazine-Based Compartmental Ligands and their 

Binuclear Cu(II), Tetranuclear Mn(III), and Fe(III) 

Complexes: Syntheses, Structures, Magnetic Properties 

and Spectro-Electrochemistry 

3.1. Introduction  

1,3,5-Triazine (s-triazine) derivatives are of considerable current interest in coordination 

chemistry and supramolecular chemistry.
28, 29

 Among the many reasons for this are: (i) the 

electron-deficient s-triazine ring has shown the ability to exhibit unsual anion--contacts
30

 

and intricate H-bonding networks;
31

 (ii) s-triazine is a rigid three-directional C3-symmetric 

tecton and its derivatives may serve as versatile ligands towards transition metals;
32

 and (iii) 

the meta-phenylene disposition of the triazine-N atoms may give rise to ferromagnetic 

interactions via the spin-polarization mechanism in cases where several metal ions are bound 

to the triazine ring.
14f

 With regard to the latter two aspects, however, the electron-deficient 

1,3,5-triazine has proven quite reluctant to bind to three metal ions. As a result there are only 

few structurally characterized complexes known to date in which all triazine-N are involved 

in metal coordination,
14

 and very few of them feature paramagnetic metal centers. 

Furthermore, s-triazine appears to be quite susceptible to hydrolytic ring cleavage upon metal 

activation.
33

 Hence the potential of the s-triazine ring as a magnetic coupler in the field of 

molecular magnetism is hardly exploited yet.  

A further interesting aspect is the redox properties of s-triazine, which makes 2,4,6-

trisubstituted triazines important building blocks in electronic and polymeric materials.
34

 This 

may also lead to new facets in triazine coordination chemistry in cases where the triazine 

behaves as a non-innocent ligand. In the last two decades it has been increasingly realized that 

oxidations of transition metal complexes can be either metal- or ligand-centered.
35

 In view of 

the biological relevance of tyrosl radicals, much work in this field has focused on the redox 

properties of metal phenolate complexes.
36

 In this contribution new triazine based ligands 

(Scheme 1.3) with different substituents in 1,3,5 positions were prepared. Syntheses and 

spectroscopic characterisation of some relevant metal complexes using those lignads are 

described in detail in this chapter. 
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3.2. Ligand Synthesis 

All the triazine-based compartmental ligands were synthesized by the reaction with cyanuric 

chloride and a nucleophile, in where cyanuric chloride as the sole starting material. 

Compound H3L
1
 was obtained in one step process as outlined in Scheme 3.1. Reaction of 6 

equiv. of pyridine-2-carboxylic acid hydrazide
37

 with 1 equiv. of cyanuric chloride in dry 

acetonitrile under reflux for 6 h, leds to the desired product in 30% yield. It was characterized 

by NMR spectroscopy, EI mass spectrometry and micro analysis.   

                                                 

 

   

Scheme 3.1. Synthesis of ligands H3L
1
. 

 

The compound H3L
2
 was obtained in multistep process as outlined in Scheme 3.2, where 3-

hydroxo-2-bromo pyridine is used as precursor. It was transformed into the corresponding 

trimethylsilyl derivative of 2-Bromo-3-(trimethylsilyloxy)pyridine
38

 by treating with 

hexamethyldisilazane. To this n-BuLi was added in THF at low temperature, followed by 

drop wise addition of 1/3 equiv. of cyanuric chloride to afford triazine containing 

trisubstituted trimethylsilyl derivative as a red solid. Finally trimethylsilyl group was 

deprotected by treating with dry methanol and led to the desired product 2,4,6-Tris(3-

hydroxy-2-pyridyl)-1,3,5-triazine in 11% yield. It was confirmed by NMR spectroscopy, EI 

mass spectrometry and micro analysis.  
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Scheme 3.2. Synthesis of ligand H3L
2
. 

 

The schiff-base type of ligands H3L
3
, H6L

4
,
 
H3L

5
,
 
H6L

6
,
 
and L

7
 have been made in two step 

process in where the inetrermediates 1 & 2 (Scheme 3.3) are obtained upon reaction of 

cyanuric chloride with the respective hydrazine derivative (e.g, methyl hydrazine or 2-

hydroxyethyl hydrazine). Addition of the hydrazine is best carried out at 0
°
C, the reaction 

mixture then warmed to room temperature and finally heated to reflux for 3 h. and then 

condensation of 3 equivalents of corresponding aldehyde with 1 equivalent of intermediates 1 

or 2 in methanol gave a desired liganda as a white powders in 25-94% yield, in which H3L
5
 is 

well soluble in organic solvents like CHCl3, CH2Cl2, Et2O, EtOAc, hot THF, PhCl, and 

DMSO. However solubility of H3L
3
, H3L

4
, and L

7 
are only in hot DMF and DMSO, in 

contrast H6L
6
 is sparingly soluble only in CHCl3, and hot DMSO. All the ligands have been 

characterized by NMR spectroscopy, EI mass spectrometry and micro analysis (Chapter 9.2). 

To further confirm the integrity of the triazine core, single crystals of intermediate 1 (as the 

hydrochloride salt) and H3L
5
 were grown from MeCN and chlorobenzene, respectively, and 

characterised by X-ray diffractometry. Compound 1 crystallizes in the monoclinic space 

group P21/c, while H3L
5
 crystallizes in the monoclinic space group P21/n with two molecules 

and one chlorobenzene in the asymmetric unit. Molecular structures of 1 and H3L
5
 are 

depicted in Figure 3.1.  
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Scheme 3.3. Synthesis of 1,3,5 substituted triazine ligand H3L
3
, H6L

4
,
 
H3L

5
,
 
H6L

6
 
 
and L

7
. 

 

The amine and triazine hydrogen atoms of the cation 1 and the chlorine anion are part of a 

network of manifold intermolecular and intramolecular hydrogen bonding interactions which 

are depicted in Figure 3.1 and Figure 3.2. In H3L
5
 three phenolic hydrogens present are 

involved in intramolecular hydrogen bonding to the respective imino nitrogens leading to the 

formation of a six-membered ring (N-C-C-C-O-H). The metric parameters involved in this 

interaction, viz., H···N (av.1.81 Å) and the O-H···N bond angles (av 146.1°), are in keeping 

with the hydrogen bonding trends observed in such types of interacting units.
39

 Stacking or 

close contacts between ring atoms are found in both compounds which were not shown here.  
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Figure 3.1. View of the molecular structures of 1 (left) and H3L
5
 (right). In case of 1 counter ion is omitted for 

clarity, and for ligand H3L
5
, most of the solvent molecules and hydrogen atoms are omitted for clarity. Selected 

atom distances (Å) for 1: N1-C1 1.3623(2), N1-C3 1.3675(3), N3-C3 1.3194 (2), C2-N3 1.3592(2), C2-N2 

1.3580(3), C1-N2 1.3184(2). Selected atom distances (Å) for H3L
5
. N1-C1 1.3424, N2-C2 1.3327, N3-C3 

1.3375, N5-C5 1.2865, N9-C37 1.2737 , N7-C21 1.2897, O1-H1 0.82, O2-H2 0.82, O3-H3 0.82. 

 

 

                       
   

Figure 3.2. Plot of the hydrogen bonding interactions in 1. Selected intermolecular distances (Å) and angles 

(deg): N7···Cl1 3.504(2), N7···Cl1‟ 3.571(2), N8···Cl1‟‟ 3.324(2), N9···N8‟‟‟ 3.104(2), N9···Cl1
IV

 3.514(2); 

N7–H7A···Cl1 168(2), N7–H7B···Cl1‟ 126(2), N8–H8B···Cl1‟‟ 170(2), N9–H9A···N8‟‟‟ 142(2), N9–

H9B···Cl1
IV

 177(2). Symmetry transformations used to generate equivalent atoms (‟): x, 1.5–y, z–1/2; (‟‟) x, y, –

1+z; (‟‟‟) 1–x, 1–y, 1–z; (
IV

) 1–x, y+1/2, 1.5–z. 
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3.3. Synthesis and Structural Characterisation of Metal Complexes 

Initially we attempted to synthesize triazine-based trimetallic complexes with ligands H3L
1
, 

and H3L
2
 although none of them yielded the desired product. A plausible reason is the 

hydrolysis of triazine core in presence of transition metal salts, and formation of some 

undesired hydrolysed product which were almost impossible to characterise by elemental 

analysis, mass spectrometry, or some other spectroscopic studies. Thus we avoided these 

ligands, and employed schiff-base type ligands H3L
3
, H6L

4
,
 
H3L

5
 and H6L

6
 that may be 

useful to open new perspectives in several of these directions. Firstly, the chelate substituents 

attached to the 2,4,6-positions, together with the N atoms of the central 1,3,5-triazine core in 

H3L
3
 (or H3L

5
) establish three potentially tridentate {N,N,O} coordination pockets that were 

anticipated to enforce metal binding by all of the triazine-N; in H3L
4
 (or H3L

6
) the dangling R 

= –CH2CH2OH groups might even provide a fourth donor site for each metal. Hence triazine-

based trimetallic complexes with strong magnetic coupling and a high-spin ground state might 

become accessible with such ligand scaffolds. Secondly, phenol groups have been chosen as 

terminal donors, since the resulting metal phenolates might act as redox-active moieties, in 

addition to the central triazine. It should be metioned that due to solubility problem of the 

ligand H3L
3
, and H6L

4
, abstain those ligands in this work, and research focoused on metal 

complexes with ligand H3L
5
, and H6L

6
. Decoration of the phenol groups with bulky 

peripheral substituents (tert-butyl) in H3L
5 

and H6L
6
 serves several purposes, namely 

increasing solubility, avoiding metal-bridging of the phenolate-O, and preventing unwanted 

radical reactivity of phenoxyl radical species. Here we attempted initial studies towards the 

coordination chemistry of these new ligands, which turned out to differ from our expectations 

and to strongly depend on the choice of the metal ion. Three unusual complexes, binuclear 

(Cu
2+

) and tetranuclear (Mn
3+

 or Fe
3+

) were obtained and thoroughly characterized, where in 

all cases the triazine framework had undergone partial hydrolysis to give new ligands H3L
5a 

and H5L
6a

 (Scheme 3.4). 
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Scheme 3.4.  Self-assembly of the binuclear, and tetra nuclear complexes through an in situ ligands hydrolysis 

reaction. 

 

3.3.1. Dinuclear Cu(II) complex: The reaction of H3L
5
 with 3 equivalents of 

Cu(NO3)2∙3H2O and 3 equivalents of NEt3 in a chloroform/methanol mixture (10:1) yielded a 

deep green solution, and removal of the solvent left a green crystalline material. Dark green 

crystals of complex 3 were obtained by slow evaporation of a methanol solution of the crude 

material, X-ray crystallographic analysis revealed the molecular structure (Figure 3.3). 
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Figure 3.3. View of the molecular structure of the cation of 3. Solvent molecules, counter ions, and hydrogen 

atoms are omitted for clarity. Only one of the two crystallographically independent cations is shown. Selected 

atom distances (Å): Cu1-O2 1.8593(3), Cu1-N5 1.9493(4), Cu1-N1 1.9726(3), Cu1-O4 2.0022(3), Cu1-O5 

2.4185(4), Cu2-O3 1.8680(3), Cu2-N7 1.9288(4), Cu2-N2 1.9674(3), Cu2-O6 1.9845(3), Cu2-O7 2.4553(3), 

Cu1-Cu2 6.0178(6), Cu1-Cu2 6.0178(6). Selected bond angles (deg): O2-Cu1-N5 93.437(2), N5-Cu1-N1 

80.813(1), N1-Cu1-O4 95.472(1), N1-Cu1-O5 94.437(2), O3-Cu2-N7 93.661(2), N7-Cu2-N2 80.945(1), N2-

Cu2-O6 95.307(2), N2-Cu2-O7 89.829(1). 

 

Partial hydrolysis of H3L
5
 has apparently taken place, yielding the triazine-derived new ligand 

H3L
5a

 (Scheme 3.4). In H3L
5a

 the central triazine core is still intact, but it has lost one of its 

chelate arms via C-N bond cleavage and an O atom is found instead. In the resulting complex 

3 two copper(II) ions are hosted in the two remaining ligand compartments, ligated by the 

phenolato-O, the hydrazine-N, and the adjacent triazine-N. Two independent molecules are 

found in the crystal lattice that differ by the solvent molecules that complete the copper(II) 

coordination spheres: [(L
5a

)Cu2(H2O)2(MeOH)2]
+
 (shown in Figure 3.3). In all cases the 

copper(II) ions are found in square-pyramidal environment with one of the solvent ligands at 

rather long (Jahn-Teller) distance in apical position. The other solvent ligands are located in 

the basal copper(II) coordination planes and, according to the O∙∙∙O distances (2.58 - 2.60 Å), 

form hydrogen bonds to the triazine-bound O1 atom (Chart 3.1). These hydrogen atoms, 

however, could not be located during refinement.  

 

      

Chart 3.1. Schematic drawing of the cation of 3. 
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3.3.2. [22]-Grid complex of Mn(III): The reaction of H6L
6
, Mn(NO3)2·xH2O, and NEt3 in 

1:3:6 molar ratio in a chloroform/methanol mixture (5:2) under aerobic conditions afforded a 

red crude product, from which red crystals of the new tetranuclear complex [(H2L
6a

Mn)4] (4) 

could be obtained by slow evaporation of an acetonitrile/methanol (2:1) solution. If the 

experiment is carried out with an excess of Mn(NO3)2·xH2O or an excess of H6L
6
 under 

similar conditions, only a yellow amorphous products are obtained, indicating that the 

formation of 4 is quite sensitive to the stoichiometry of the two starting materials in this 

reaction. X-ray crystallography showed that compound 4 crystallizes in the monoclinic space 

group C2/c; the molecular structure of 4 is depicted in Figure 3.4.  

 

                     
 

 

Figure 3.4. View of the molecular structure of 4. Hydrogen atoms are omitted for clarity. Symmetry 

transformation used to generate equivalent atoms (‟): 1–x, y, 1.5–z. 

 

In 4 the triazine framework of H6L
6
 has undergone the same hydrolytic degradation as 

observed above, viz. one of the chelate arms is replaced by an O atom. The resulting H5L
6a 

acts as a trianionic ligand where the –CH2CH2OH groups remain protonated; one of these –

CH2CH2OH groups of each ligand strand is involved in intramolecular H-bonding to the 

triazine-bound O1 atom, the other –CH2CH2OH group is free dangling. This group was found 

to be disorderd about two positions. Metal ions have been oxidized to Mn
III

, which prefers 
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six-coordination. As a result complex 4 features a so-called [2×2]-grid structure composed of 

four ligand strands [H2L
6a

]
3-

 and four metal ions. While the Lehn group
40 

recently reported a 

triazine-based [2×2]-grid complex with Co
II
 ions, 4 is the first such grid structure with 

bridging triazine-derived rings for Mn
III

. Due to the bulky peripheral di-tert-butylphenolato 

groups the grid motif in 4 has a remarkable size of approximately 20  20 Å. 

 

                               
 

Figure 3.5. View of the central tetrametallic grid core of compound 4. Solvent molecules, counter ions, 

hydrogen atoms, the side arms of the aromatic ring, and N-bound hydroxyl ethyl are omitted for clarity. Selected 

atom distances (Å): Mn1-O13 1.8776(1), Mn1-O3 1.8920(1), Mn1-N11 2.0332(0), Mn1-N1 2.0472(1), Mn1-N5 

2.1764(1), Mn1-N15 2.1804(1), Mn2-O15 1.8999(1), Mn2-O5 1.8822(1), Mn2-N12 2.0305(0), Mn2-N2 

2.0467(1), Mn2-N7 2.1961(1), Mn1-N17 2.1726(1), Mn1-Mn2 6.0282(2), Mn1-Mn2´ 6.0762(2). Selected bond 

angles (deg): N1-Mn1-N5 74.991(2), N1-Mn1-O3 158.421(3), N1-Mn1-N15 110.269(2), N1-Mn1-N11 

90.334(2), N1-Mn1-O13 91.700(2), N5-Mn1-O3 85.324 (2), N5-Mn1-N15 172.144, N2-Mn2-N7 75.241(2), N2-

Mn2-O5 158.726(3), N2-Mn2-N17´ 111.567(2), N2-Mn2-N12´ 90.374(2), N2-Mn2-O15´ 91.428, N7-Mn2-O5 

85.624(3), N7-Mn2-N17´ 169.455. Symmetry transformation used to generate equivalent atoms (‟): 1–x, y, 1. 5–

z.  

 

The metal ions in 4 are located at the corners of a perfect square, and the overall grid has 

crystallographic C2 symmetry (and non-crystallographic S4 symmetry). Due to ligand 

constraints, and because Mn
III

 is a strong Jahn-Teller ion, the octahedral {N4O2} coordination 

environment (Figure 3.5) is quite distorted with substantial elongation along the N5-Mn1-N15 

and N7-Mn2-N17 axes. Bond lengths are found in the ranges Mn-Nax: 2.17 – 2.19 Å; Mn-Neq: 

2.03 – 2.04 Å, and Mn-Oeq: 1.87 – 1.89 Å; characteristic angles are Nax-Mn-Nax: 170.0– 

172.1° and Neq-Mn-Neq 88.6 – 96.4°. Interestingly, Jahn-Teller axes of all four metal ions in 4 
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are roughly parallel. The distance between the triazine rings of parallel ligand strands is 

around 5.3 Å, which is considered too far for - stacking. 

3.3.3. Tetranuclear Fe(III) complex: The reaction of ligand H6L
6
, ferric nitrate and NEt3 in 

1:3:6 molar ratio in methanol-chloroform mixture (2:5) afforded a black solid crude product 

from which block shaped black crystals of the new tetranuclear complex [Fe
III

4(2-

O)(H2O)4(H2L
6a

)2(L
t-Bu

2)2](NO3)2 5 was obtained by slow evaporation of an acetonitrile 

solution. X-ray crystallography showed that 5 crystallize in the orthorhombic space group 

Aba2; the molecular structure of 5 is depicted in Figure 3.6. It should be mentioned that 

counter anion could not be located in the refinement. IR spectroscopy, mass spectrometry, and 

elemental analysis suggest that two nitrate ions are the counter anionic parts of cation 5. Due 

to low quality of the X-ray crystallographic structure determination, metric parameters cannot 

be discussed in detail. 

 

             
 

Figure 3.6. View of the molecular structure of the cation of 5. Solvent molecules, counter ions, most of the 

hydrogen atoms, are omitted for clarity 

 

In 5 the triazine framework of H6L
6
 has undergone hydrolysis in similar manner as mentioned 

above, one of the chelate arms is replaced by an O atom and gave a new ligand H5L
6a

. In the 

resulting complex 5, two Fe(III) ions are resided in the two ligand compartments, and 

chelated by the phenolato-O, the hydrazine-N, and the adjacent triazine-N, thus formed a 

dinuclear complex. These two dinuclear complexes are connected by a triazine-bound O atom 

and an alkoxide µ2-O atom, thus giving rise to a tetranuclear cluster. Two terminal positions 

of the Fe atoms are capped by hydrolysed side product 3,5-di-tert-butylsalicylaldehyde (HL
t-
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Bu
2). Cyrstallographically in complex 5 there are two types of Fe atoms; one side is Fe(1) and 

Fe(1´) and another side is Fe(2) and Fe(2´). Here all the Fe atoms are fashioned in hexa 

coordinated arrangement and exhibit a distorted octahedral geometry. 

 

3.4. Spectroscopy in Solution 

All new complexes were characterized by ESI mass spectrometry to clarify the stability of the 

complexes in solution. In order to elucidate the locous of the oxidised species of compound 3 

and 4 in solution, electrochemical, spectro-electrochemical experimets, resonance Raman 

spectroscopy and EPR-spectroscopy were performed.  

3.4.1. Species in solution:  

 

                        

Figure 3.7. Positive ion ESI-MS spectrum of methanolic solution of 3 (top), and HRESI-MS spectrum of 

methanolic solution of 4 (bottom). The inset shows the observed and calculated isotopic distribution pattern for 

the ion [Cu2(L
5a

)]
+ 

for 3, and [Mn4(H2L
6a

)4-H]
+ 

for 4. 



 

 29 

 

Posative ion ESI-MS spectrum of methanol solution of complex 3, show molecular ion peak 

at m/z 740.3 for [Cu2(L
5a

)]
+
; suggests that complex 3 is stable in solution. High-resolution 

(HR) ESI-MS spectrum of MeOH solution of  complex 4 diplays two prominent peaks at m/z 

2918.4 and 1459.7 characteristic for singly and doubly charged ions of [Mn4(H2L
6a

)4-H]
+
, and 

[Mn4(H2L
6a

)4]
2+

 implies that tetra nuclear grid-type complex stay intact in solution, and the 

spectrum of complex 3, and 4 are shown in Figure 3.7. Posative ion ESI-MS spectrum of 

acetonitrile solution of complex 5 shows three predominant peaks at m/z 2115.8, and 1027.9 

characteristic for singly and doubly charged ions of [MNO3]
+
, and [M2NO3+H]

2+ 

respectively which suggests that tetranuclear Fe(III) cluster is also intact in solution. These 

observations are important for analyzing the electrochemical and spectro-electrochemical 

experiments. 

 

3.4.2. Electrochemistry: Cyclic voltammograms (CVs) and square-wave voltammograms 

(SWs) of complexes 3, and 4 have been recorded in CH3CN, or THF solution respectively, 

containing 0.10 M [N(n-Bu)4]PF6 as a supporting electrolyte. Small amounts of ferrocene 

were added after the completion of each set of experiments as an internal standard, and all 

potentials are referenced to the Fc
+
/Fc couple and all redox potential obtained from the 

voltammograms are compiled in Table 3.1. 

Figure 3.8 displays the CVs and SW of complex 3. On the anodic side, there is one reversible 

oxidation wave at E1/2
2
 = +0.62 V, and one irreversible oxidation wave at Ep,ox

3
 = +1.19 V. 

Closer investigation of the first reversible oxidation revealed a broadening of the wave and a 

small inflection on both the rising part of the forward and the reverse waves. Likewise, this 

wave appeared to be rather broad when compared to the internal ferrocene standard in both, 

cyclic and square wave voltammetry. Successful simulations of square wave voltammograms 

required two closely spaced individual peaks at +0.587 and 0.649 V (∆E1/2 = 62 mV). 

Simulation of the experimental CVs
41

 likewise showed that the inflection of the rising 

portions of each peak can only be accommodated by two individual, closely spaced one-

electron processes. Figure 3.8d documents the agreement between the experimental and the 

simulated CVs. The obtained half-wave potentials of +0.583 and +0.637 V are in satisfactory 

agreement with those obtained from Square wave voltammetry and result in essentially the 

same E1/2 value (54 mV). Complex 3 also displays a reduction. At low sweep rates the 

reduced species adsorbs to the electrode surface as is evident from the sharp peak 

superimposed on the reduction wave and the associated cathodic stripping peak. This renders 
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the reduction wave rather ill-defined with a peak at approximately -0.92 V. At sweep rates of 

1 V/s or higher the reduction wave constitutes a quasi-reversible couple at E1/2 = -0.84 V. Its 

peak current is about 40% of that of the first reversible oxidation which points to a one-

electron process. The substantially larger peak-to-peak separation of 335 mV at v = 2.0 V/s 

compared to 246 mV for the oxidation signals sluggish electron transfer kinetics because of 

either intrinsically slow structural reorganisation, partial electrode fouling or both. 

 

                                               

 

Figure 3.8. Cyclic voltammograms (in left side) of complex 3 in acetonitrile (0.1 M) [(n-Bu)4N]PF6) at 20°C 

recorded at a glassy carbon working electrode versus a Ag/AgNO3 reference electrode. (a) Reduction (*marks 

the internal Fc-standard), (b) 1
st
 oxidation, (c) 1

st 
and 2

nd
 Oxidation at v = 100 mV/s, and (d) comparison of 

reversible oxidation wave of complex 3 with experimental vs. simulated v = 100mV/s, circle and bold line 

indicates simulated and experimental respectively (in right side), in addition (e) square-wave voltammograms 

(bottom, right) of reversible oxidation wave of compound 3. 

 

 

 

 

 

e 
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Table 3.1. Electrochemical data of compound 3 and 4. 

                           CV data
[a]

 Square wave voltammetry
[a] 

Compound E1/2
red

[V] E1/2
ox

 [V]
[c] 

E
3
 [V]

[b] 
E1/2

2
 [V]

[c] 

3 -0.84  0.583,
[c]

 0.637
[c] 

1.19
 

0.587, 0.649 

4 -1.24
[b] 

0.100, 0.187, 

0.292, 0.366
 

0.78 0.092, 0.180, 0.287, 0.365 

[a] Potentials are given relative to the Fc/Fc
+
 reference. Compound 3: CH3CN (0.1 M [(n-Bu)4N](PF6); 

compound 4: THF (0.1 M [(n-Bu)4N](PF6)) at 293 K. [b] Peak potential for an irreversible redox process. [c] 

Data obtained from digital simulation of experimental CVs or from deconvolution of the experimental SWVs, 

respectively.  

 

The CVs of complex 4 at scan rates 100mV/s is depicted in Figure 3.9. Complex 4 exhibits 

one irreversible reduction at Ep,red
1
 = -1.24 V as well as apparently two reversible oxidation 

waves at ca. +0.16 and +0.33 V. 
 

 

       

   
Figure 3.9. Cyclic voltammograms of complex 4 in THF (0.1 M) [(n-Bu)4N](PF6) at 20°C recorded with scan 

rate at v = 100 mV/s (a and c) or at sweep rates of 50, 100, 200, 500 and 1000 mV/s (b). (c) and (d): Comparison 

of the experimental and simulated voltammograms of complex 4 obtained with the data in Table 2. Experimental 

are given as solid lines and simulated curves as open circles (c) or as broken lines (d). 

 

(d) (c) 

(b) (a) 
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Square wave voltammetry, however, shows that the anodic behavior of 4 is even more 

complex. In fact, the experimental peak shape is only reproduced by envoking a total of four 

consecutive one-electron processes. Two data sets for the individual peak/half-wave potentials 

were obtained from deconvolution of the experimental SWVs and from digital simulation of 

the CVs are shown in Figure 3.9c and 3.9d. Individual data sets differ by no more than 8 mV 

and agree with the presence of two pairs of two closely spaced (E1/2 = 74–88 mV) one-

electron waves with some larger spacing of 105-107 mV between the second and third redox 

processes. The total four-electron nature of the composite anodic waves was further 

corroborated by a combination of linear sweep voltammetry and chronocoulometry according 

to the method of Baranski et al.
42  

The two or four oxidations of complexes 3 and 4 could, in principle, originate from either 

metal-based (n M
n+

/M
(n+1)+

) or ligand-based (n times phenolate/phenoxy radical) couples as is 

sketched in Schemes 3.5 and 3.6 respectively. In order to resolve this ambiguity and to 

identify the oxidation sites in the two complexes, UV/Vis/NIR spectroelectrochemical 

measurements were conducted. 
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Scheme 3.5. Proposed redox properties scheme of compound 3; (a) metal based two electrons oxidation, and (b) 

ligand based two electrons oxidation. 
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Scheme 3.6. Proposed redox properties scheme of compound 4; (a) metal based four electrons oxidation, and (b) 

ligand based four electrons oxidation.  
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3.4.3. Spectroelectrochemistry: UV-vis spectra were recorded in situ during electrolysis. 

This allowed for the progress of the oxidation to be followed and the electronic spectra of the 

oxidized complexes to be measured. 

Experiments on 3 were performed in MeCN and in MeNO2. The experiments were 

complicated by the rather low solubility of 3 and by slow decomposition of the oxidized 

forms. Neutral 3 shows three absorption bands in the range between 200 and 1200 nm. The 

high energy bands at 324 and 424 nm originate from π-π* transition of the coordinated 

phenolic chromophores, while the low energy band at 1126 nm is the d-d transition of the d
9
 

Cu(II) ions. UV-vis spectra recorded during the electrolysis are depicted in Figure 3.10. 

Stepwise oxidation is accompanied by a blue shift of the prominent UV band from 324 to 305 

nm, an intensity decrease of the asymmetric band at 424 nm and the growth of a new weaker 

band at 510 nm. Of particular note is the appearance of a broad feature near 1070 nm. Closer 

inspection shows that this band is composed out of two underlying sub-bands. It is quite 

revealing and consistent with the presence of two individual, closely spaced one-electron 

processes that the relative areas of these sub-bands change during stepwise conversion to the 

fully oxidized dication. Thus, at early stages the lower energy component at 1140 nm 

dominates while the higher energy feature appears at ca. 920 nm. In the final state the higher 

energy component dominates and has shifted to ca. 980 nm while the low energy component 

maintains its position. Due to the proximity of the two underlying oxidation waves partially 

oxidized samples necessarily contain a mixture of the reduced 3, monooxidized 3
+
 and 

dioxidized 3
2+

 forms. The changing appearance of the low-energy band with progressive 

oxidation can thus be explained by slight differences in the intrinsic absorption profiles of 

monooxidised dication and the dioxidized trication in that spectral region. We can, however, 

not exclude that substitution of the aquo and MeOH ligands by acetonitrile contribute to the 

changing absorption profile in that spectral region. Indeed, back reduction resulted in the 

overall recovery of the spectrum of 3 but with a slight shift of the visible band from 424 nm to 

418 nm. Results in CH3NO2/[n-Bu4N][PF6] are grossly similar to those in CH3CN. They show 

a more uniform growth and decrease of the composite low-energy band but a split higher 

energy band with peaks at 425 and 407 nm after a full oxidation-reduction cycle instead of 

just the 425 nm one of pristine 3, which may again point to ligand substitution processes. The 

same spectral features were observed during chemical oxidation upon addition of 2 

equivalents of ceric ammonium nitrate to the CH3CN solution of compound 3 at -78°C. The 

oxidised species proved to be rather unstable and decayed within 10 minutes even at -78°C. 

Pertinent to the question about the identitiy of the redox sites involved in the anodic processes 
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of 3 is the 510 nm band of oxidized 3
n+

. This feature is reminiscent of the phenolate-to-copper 

(III) charge transfer (CT) transition,
36a-c

 which argues for metal centred oxidation processes. 

 

 

                    

Figure 3.10. Spectroscopic changes upon stepwise oxidation (CH3CN/NBu4PF6) of 3 to 3
3+

 (left) and upon 

stepwise reduction of 3
3+

 (right). The blue and red bold line denotes spectrum of the starting complex, and 

oxidised complex respectively.  

 

Table 3.2. Electronic Properties of Compounds 3 and 4. 

compound max [nm] (ε [104 M-1cm-1])[a] 

3 324 (0.4621), 424 (0.2754), 1126(0.0069) 

[3]
2+ 

              305 (0.4043), 424 (0.224), 510 (0.1549), 980 (0.0234), 1140 (0.0251) 

4                      259 (0.3863), 318 (0.3594), 367 sh (0.1763), 400 sh (0.1507), 458 sh (0.0763) 

740 (0.00568) 

[4]
4+

               259 (0.2966), 325 (0.4870), 377 sh (0.1999), 434 sh (0.0800), 473 sh (0.0608), 

560 (0.0988), 670 (0.040), 846 (0.029), 1094 (0.0180) 

[a] UV/Vis spectra recorded in CH3CN-1,2/NBu
4
PF

6,and THF-1,2/NBu
4
PF

6 (0.1 M) at 298 K. 

 

UV/Vis/NIR spectroelectrochemical measurements of complex 4 were recorded in THF/0.2 

M [n-Bu4N][PF6] (Figure 3.11). Bands at 259, 318, 400 and 458 nm originate from π-π* 

transitions of the phenolic chromophores, while weak low energy bands at 740 and 1360 nm 

are assigned as d-d transitions of the d
4
 Mn

3+
 ions. Slow oxidation did not allow for a 

resolution of the close-lying individual oxidations. This is because potential differences are 

too small and none of the intermediate redox states between 4 and 4
4+

 has an own 

characteristic absorption. Thus, only the gross changes from 4 to 4
4+

 can be discussed.  



 

 35 

                      
 

 Figure 3.11. Spectroscopic changes upon stepwise oxidation (THF/NBu4PF6) of complex 4 to 4
4+

. The inset 

shows the spectrum of low energy part of the spectrum. The blue and red line denotes spectrum of the starting 

complex, and oxidised complex respectively. 

 

Upon increase of the voltage, broad unstructured absorptions appear in the 500 to 1000 nm 

range. Individual peak positions can be extracted by spectrum deconvolution but must be 

regarded with all necessary caution inherent to such procedures. Deconvoluted peaks at 846, 

670 and 560 nm are closely similar to those for Mn
IV

-phenolate from Mn(salen),
43 

thus 

oxidised species of the compound 4 can be assigned as Mn
IV

 species. 

 

3.4.4. EPR spectroscopy: The X-band EPR spectrum of compound 3 in CH3CH2CN have 

been recorded at 145 K. It display a signal at g = 2.07 which is characteristic for typical Cu
II 

complex
36 

(Figure 3.12), and the EPR spectrum of compound [3]
2+ 

in CH3CH2CN, generated 

chemically by 2 equivalent ceric ammonium nitrate, and have been recorded at 145 K. The 

spectrum is showed in Figure 3.12. Oxidation of 3 is found an EPR silent species
36a

 (<10% of 

their original intensity at 145 K; g = 2.08), that can be ratinalised by either phenoxyl radicals 

which is antiferromagnetically coupled to Cu
II
 ion (S = ½) individually, or high valent low 

spin Cu
III

 species. Thus further spectroscopic analysis (say, resonance Raman spectroscopy, 

X-ray absorption spectroscopy) will be needed to clarify the electronic properties of the 

oxidised species of compound 3. 
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Figure 3.12. X-band EPR sectrum of 3 (in black line), and [3]
2+ 

(red line) in CH3CH2CN (1 mM) at 145 K. 

 

The X-band EPR spectrum of compound 4 in THF at low temperature has been recorded, but 

no significant Mn
III

 signal was observed. Furthermore we attempted to measure the 

chemically oxidised species of 4 by AgX (X = SbF6, BF4, OTf) in THF (or in CH2Cl2/OEt2 

mixture), the spectrum showed typical reduced species of Mn
II
 through partial decomposition. 

 

3.4.5. Resonance Raman (rR) Spectroscopy: The resonance Raman spectroscopy (rR) is 

particularly useful for gaining insight into the structural and electronic properties of both 

metal-phenoxyl radical as well as metal-phenolate species, and moreover, to distinguish 

between them.
44

 Laser excitation into the π-π* UV/vis band (λmax ~ 400 nm) of mono- and 

bis(phenoxyl radical) copper(II) complexes – prepared by chemical or electrochemical 

oxidation of those copper-phenolate compounds – resulted in resonance Raman spectra very 

similar to those of free phenoxyl radicals,
36

 with two dominant features at ~ 1500 cm
-1

 (ν7a, 

predominantly C-O stretching) and ~1600 cm
-1

 (ν8a, Cortho-Cmeta ring stretching). The ν7a band 

in these complexes occurs at ~ 250 cm
-1 

higher energy than in the metal-phenolate precursors, 

indicative of increased C-O double bond character in the coordinated phenoxyl radicals. The 

Raman spectra of the copper-phenolate complexes generally show a set of multiple features 

between 1100 and 1600 cm
-1

. 

The rR spectrum of oxidised 3 in 500-1800 cm
-1

 range obtained in CH3CN at -40
°
C exhibited 

new bands at 726, 1048, 1182, 1280, 1570, and 1646 cm
-1

 (Figure 3.13), which corresponds to 

phenolate-to-Cu(III) transition.
36e 

The energy of 1048, and 1182 cm
-1 

are assigned as in- plane 

aromatic modes, and the energy of 1280 and 1570 cm
-1

 are assigned as C-O stretching and 
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Cortho-Cmeta ring stretching vibrations respectively. Thus from the rR spectroscopy it is evident 

that oxidised 3 is bis-copper (III) species and not bis(phenoxyl radical)copper(II).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.13. Reesonance Raman (rR) spectrum of 3 (blue), and (3)

2+
 (red) at 230K (λex = 457 nm). 

 

3.5. Spectroscopy in the Solid states 

In order to gain further insight into the electronic structure of the cluster cores, all the 

compounds were characterized by temperature dependent magnetic susceptibility 

measurements, and in addition compound 5 was characterized by zero-field Mössbauer 

spectroscopy. 

3.5.1. Magnetic Properties: Magnetic susceptibility data were collected for 3-5 in the 

temperature range from 295 to 2.0 K in order to characterize the exchange coupling within the 

triazine core. No significant field dependence was observed when data were measured at 

applied fields of 0.2 and 0.5 T. The temperature dependence of the molar magnetic 

susceptibility M and of the product MT is shown in Figure 3.14.  

The observed MT value at room temperature is 0.76 cm
3
Kmol

–1
 (corresponding to an 

effective moment μeff = 2.47 μB) for 3, 11.78 cm
3
Kmol

–1
 (corresponding to an effective 

moment μeff = 9.71 μB) for 4, and 15.35 cm
3
Kmol

–1
 (corresponding to an effective moment μeff 

= 11.08 μB) for 5, those are close to the theoretical value expected for two uncoupled 

copper(II) ions (0.77 cm
3
Kmol

–1
 or μeff = 2.49 μB for g = 2.03) for 3, for four uncoupled Mn

III
 

ions (11.89 cm
3
Kmol

–1
 or μeff = 9.75 μB for g = 1.99) for 4, and four uncoupled Fe

III
 ions 
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(19.56 cm
3
Kmol

–1
 or μeff = 12.52 μB for g = 2.12) for 5 .  Upon lowering the temperature, in 

the case of 3 M goes through a broad maximum at 55 K while MT drops and gradually tends 

to zero, which is indicative of significant antiferromagnetic coupling between the two 

copper(II) ions and an ST = 0 ground state. For complex 4, MT remains almost constant over 

a wide temperature range and decreases more rapidly only at low temperatures, suggesting 

that antiferromagnetic coupling is much weaker in the grid complex. The MT value of 5 

decreases gradually upon lowering the tempertaure, from 15.35 cm
3
Kmol

–1 
(11.08 μB) at 295 

K to 9.15 cm
3
Kmol

–1 
(8.56 μB) at 25 K. Below 25 K MT decreases more rapidly to reach 2.62 

cm
3
Kmol

–1 
(4.58 μB) at 2 K, indicating that dominant antiferromagnetic coupling within the 

tetranuclear entities. 

Experimental data were simulated using a fitting procedure to the appropriate Heisenberg–

Dirac-van-Vleck (HDvV) spin Hamiltonian for isotropic exchange coupling and Zeeman 

splitting (eq. 3.1) for complex 3, (eq. 3.2; assuming equal J values for all four metal-metal 

bridges) for complex 4, and (eq. 3.3; consider two different coupling constant J1, and J2) for 

complex 5.  

                     
 
 

A Curie–Weiss-behaved paramagnetic impurity () that presumably causes the increase of M 

at very low temperatures and temperature-independent paramagnetism (TIP) were included 

according to calc = (1  PI)· + PI·mono + TIP. Table 3.3 summarizes the magnetic 

parameters obtained from best fit analyses.  
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Figure 3.14. Plots of M (solid circles) and MT (open circles) versus temperature for 3 (top), 4 (middle), and 5 

(bottom) at 0.5 T. The solid lines represent the simulated curves. 

   

Table 3.3. Best Fit Parameters of Magnetic Data Analysis for Complexes 3-5. 

 

compound g J  [cm-1] │D│ [cm
-1

]  [%] TIP [10
-6 

cm3mol-1] 

3 2.03 -30    - 1.9 1.7 

4 1.99 -0.07  0.3 1.0 0 

5 2.12 -1.00 and -14.7    - 0.7 834.2 
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In agreement with the qualitative evaluation of the M curves, very weak antiferromagnetic 

coupling occurs in the Mn
III

 system, while antiferromagnetc coupling is significantly stronger 

in case of Cu
II
, despite very similar intramolecular distances between adjacent metal ions 

(~6.0 Å). At first sight the antiferromagnetic interaction seems to contradict with the 

anticipated spin-polarization mechanism that would result from the meta-phenylene type 

arrangement of the two metal ions. Close inspection of the molecular structure of 3 shows that 

the magnetic dx2-y2 orbitals of the square-pyramidal Cu
II
 ions are located in the equatorial 

plane, which is roughly parallel to the plane of the triazine ring. The strong dζ-n orbital 

overlap between the dx2-y2 orbitals of Cu1 and Cu2 and the triazine-N1 and -N2 atoms appears 

to cause a pronounced spin delocalization effect in the Cu–N bonds, which thus provides an 

efficient antiferromagnetic superexchange pathway through the triazine bridge. Similar 

antiferromagnetic coupling via -bond superexchange was found also in some pyrimidine-

bridged dinuclear copper(II)-complexes.
45

 

In case of the Mn
III

 compound 4 both dζ and dπ spins are involved. One should thus expect π- 

and ζ-pathways to be operative, with ferro- and antiferromagnetic contributions through π-

spin polarisation and -spin superexchange mediated through the triazine core. Apparently 

antiferromagnetic contributions prevail, leading to weak overall antiferromagnetic coupling 

within the triazine core and an ST = 0 ground state.   

In case of the Fe
III

 compound 5, weak antiferromagnetic coupling (J2= -1.00 cm-1) is also 

found through the triazine core due to the above mentioned reason. In addition to that a 

relatively strong antiferromagntic exchnage interaction (J2= -14.7 cm-1) occurs through oxo 

bridge, as has previously been observed for many other binuclear oxo-bridged Fe
III 

complexes.
46

 

 

3.5.2. Mössbauer Spectroscopy: Mössbauer spectra of compound 5 have been recorded at 

295 K, and 7 K. The spectrum is shown in Figure 3.15, and the spectral fits to the data are 

obtained by using Lorentzian line doublets with isomer shifts δ and quadrupole splitting ΔEQ 

as summarized in Table 3.4. At 295 K the spectrum exhibits a quadrupole-split doublets 

appearing as two very broad and asymmetric absorptions. As could be expected from the 

partly split absorptions it was not possible to fit the spectra at 295 K by considering a unique 

quadrupole-split doublet. In order to satisfactorily fit the spectra, it was necessary to consider 

two nested quadrupole-split doublets, i.e. of very close isomer shift (δ), in line with a very 

similar N2O4 environment for all four Fe sites, but significantly different quadrupole splittings 

(ΔEQ).  
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Figure 3.15. Mössbauer spectra of 5 recorded in zero field at 295 (top), and 7 K (bottom). Blue and red spectra 

(top) are fitted to the experimental values (circles), and the red solid line (bottom) is fitted to the experimental 

values (circles).  

 

 

Table.3.4. Mössbauer spectral data for 5. 

 

T(K) δ (nm s
-1

) ΔEQ (nm s
-1

) Г1/2 [mm s
-1

] Area ratio (%) 

295 0.41 

0.36 

1.13 

0.66 

0.37 

0.37 

53 

46 

7 0.54 1.08 0.36 100 

 
For ligand environment and symmetry reasons discussed in the crystal structure section, the 

ferric sites may be associated by two Fe(1) and Fe(1´) on one hand and Fe(2) and Fe(2´) on 

the other hand. Consequently, the simulated data obtained was satisfactory with the area ratio 

of each doublet to ~50%. However at 7 K, the spectrum exhibits one doublet only with isomer 
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shift (δ) 0.54, and quadrupole splitting (ΔEQ) 1.08, (see Table 3.4). The isomer values are in 

accord with the d
5
 h.s. nature of the ferric centers,

47
 and the value for the quadrupole splitting 

is remarkably large in view of the fact that the d
5
 configuration has no valence contribution of 

the electric field gradient; presumably this reflects the ionic nature bonds to the iron-ligands. 

 

3.6. Conclusions 

In this chapter we have described the multistep syntheses of a new family of triazine based 

compartmental ligands, in which to confirm the integrity of triazine core one of the ligand 

H3L
5
 and its intermediate 1 were corroborated by X-ray diffraction analysis. We were able to 

isolate unusal binuclear Cu
II
, tetranuclear Mn

III
, and Fe

III
 as a metal assisted hydrolysed 

product. Redox properties of binuclear copper(II) and tetranuclear grid complex of 

manganese(III) reveal that both complexes possess significant redox stability towards 

oxidation. Moreover, spectroelectro chemistry, EPR spectroscopy, and rR-spectroscopy 

suggests that in both cases metal based oxidation occurs and formed high-valent metal-

phenolate species, that may be fruitful in exploring the devolepment of efficient oxidation 

catalyst. 
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Chapter 4 

Triazine Based Mononuclear, Dinuclear, and 1-D Chain 

Complexes of Manganese (II) with Some Auxiliary 

Ligands: Synthesis, Structures, and Magnetic Properties 

4.1. Introduction 

In recent years, the synthesis and characterization of new low-dimensional materials (one or 

two-dimensional) that may show ferromagnetic long-range cooperative phenomena 

(molecular magnets)
48 

have been the main focus of interest in the molecular magnetism area. 

At present, the field of molecular magnetism is addressing the synthesis and study of discrete 

polynuclear molecules in an attempt to improve our understanding of the mechanism involved 

in magnetic coupling
49

 and the production of new paramagnetic clusters.
50 

Among the most used short bridging ligands such as oxalate, cyanide, dicyanamide, and azide 

(N3
−
), the latter has proved to be very versatile by displaying remarkable diversities in both 

crystal engineering and magnetism.
51 

 This particular property is due to the fact that azide can 

link metal ions in µ-1,3(end-to-end, EE), µ-1,1(end-on, EO), µ-(1,1,1), μ-(1,1,3), μ-(1,1,1,1), 

and μ-(1,1,3,3) or other modes resulting in numerous materials of low dimensionalities.
52, 48

 

The magnetic exchange mediated via an azido bridge can be ferro- or antiferromagnetic, 

depending on the bridging mode and bonding parameters. It has been widely stated that the 

exchange is generally ferromagnetic in nature for the EO mode and antiferromagnetic for the 

EE mode, although an increasing number of exceptions have been reported recently.
51, 53

 The 

structures and thus the magnetic properties of metal azido systems are obviously sensitive to 

the coligands employed. To date, various coligands have been introduced into the metal-azido 

system, giving rise to an abundant range of polymeric complexes showing a wide variety of 

magnetic properties.
54, 48

 Among the first-row transition-metal azides, the exchange 

interaction between the high-spin Mn
II
 centres is desirable because it contains the highest 

possible number of unpaired electrons. So, here we prepared novel 2,4,6-Tris[{N-methyl-N´-

(pyridine-2-yl)methylidene}hydrazino]-1,3,5-triazine as a co-ligand and observe the 

behaviour of this particular ligand over Mn-azide system. The synthesis, structural 

characterisation, and magnetic properties of new triazine based manganese (II) compounds 

with sodium azide, and sodium dicyanamide as auxiliary ligands are described in detail in this 

chapter.  
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4.2. Synthesis and Structural Characterisation of Metal Complexes  

Compound L
7
 was obtained as a white powder in 94% yield by condensation of 2-

pyrdinecarboxaldehyde with 2,4,6-Tris(N-methylhydrazino)-1,3,5-triazine  in methanol, that 

was already discussed in previous chapter. The reaction of ligand L
7
 with 1 equivalent of 

Mn(NO3)2∙xH2O in methanol at room temperature mononuclear compound 6 was isolated. 

However in presence of excess metal salt with 1 equivalent of sodium azide interestingly 

azide bridged dinuclear compound 7 was isolated (Scheme 4.1). In both cases, nitrate and 

methanol molecule are occupied in the axial position of the metal ion in the crystal structure, 

those labile group can be replaced by similar or different kind of auxiliary bridging ligands 

(such as sodium azide, hydrogen cyanamide, dicyanamide etc.) and may be possible to make a 

symmetric or an asymmetric 1-D chain kind of compound. Therefore those mononuclear and 

dinuclear compounds 6 and 7 can act as good precursor for making polymeric structures. 

However when the compound 6 was treated with excess sodium azide in methanol at room 

temperature only mononuclear compound 8 was isolated rather than expected product. It was 

also obtained with ligand, metal salt, and sodium azide molar ratio in 1:1:2 in methanol at 

room temperature. 

 

                

L7

Mn(NO3)2.xH2O

      (1:1)

[Mn(L7)(NO3)(H2O)](NO3) (6)

[Mn2(L7)2(N3)(NO3)(H2O)](NO3)2  (7)
Mn(NO3)2.xH2O

+ NaN3 (1:2.3:1)

Mn(NO3)2.xH2O

+ NaN3 (1:1:2)

Mn(NO3)2.xH2O

+ NaN3 (1:1:1)

[Mn(L7)(N3)2] 2CH3OH (8)

[Mn(L7)(N3)]n(NO3)n (9)

excess NaN3

excess NaN3

Mn(NO3)2.xH2O

+ Nadca (1:1:1)

[Mn(L7)(dca)(H2O)](NO3) (10)

                                   
  

Scheme 4.1. Synthetic scheme of complex 6-10. 

 

Surprisingly with ligand, metal salts, and sodium azide molar ratio in 1:1:1 in methanol at 

room temperature, µ-1,3 (end to end) azide bridged 1-D polymeric compound 9 was isolated 
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(Scheme 4.1). However in same molar ratio at reflux condition a mixture of mononuclear 

compound 8, and chain compound 9 were isolated. Thus it suggests that nature of self-

assembly highly depend upon the reaction condition as well as stoichiometry of the ligand, 

metal, and sodium azide molar ratio. Using same stoichiometry with sodium dicyanamide in 

methanol at room temperature, only mononuclear dicyanamide complex 10 was isolated, it 

may be due to bent nature of the dicyanamide inhabit to formation of chain compound. 

Molecular structure of compound 6 and 8 are depicted in Figure 4.1. In both cases, Mn(II) ion 

having unusual hepta coordinated pincer-like binding motif, in where two N sites from py, 

two sp
2
 hydrazone N sites and N1 site of the central triazine ring coordinate to the metal ion 

in equatorial position and axial position are occupied by nitrate and water molecule (for 

compound 6) and two azide ions (for compound 8).  

   

                 

              
       

Figure 4.1. View of the molecular structure of 6 (top) and 8 (bottom). In the interests of clarity all hydrogen 

atoms have been omitted. Selected atom distances (Å) for 6: Mn1-N1 2.27(2), Mn1-N8 2.37(2), Mn1-N6 

2.34(2), Mn1-O4 2.16(2), Mn1-O1 2.15(2), H10-H17 2.31(2), Selected bond angles (°) for 6: N1-Mn1-N8 

65.94(4), N1-Mn1-N5 66.32(3), N5-Mn1-N6 68.99(3), N8-Mn1-N9 68.95(4), N6-Mn1-93.11(3), O1-Mn1-O4 

166.1(2), and Selected atom distances (Å) for 8: Mn1-N1 2.28(2), Mn1-N8 2.38(2), Mn1-N6 2.41(2), Mn1-N13 

2.21(1), Mn1-N16A 2.18(1), H10-H17 2.17(1), Selected bond angles (°) for 8: N1-Mn1-N8 65.50(2), N1-Mn1-

N5 66.18(3), N5-Mn1-N6 68.02(2), N8-Mn1-N9 68.54(3), N6-Mn1-93.34(2), N131-Mn1-N16A 173.49(4). 
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Such kind of pincer-like binding motif of the metal ion enforces to make a twisted 

conformation of the two py rings in equatorial plane to minimize the steric interaction. The 

bond lengths between two twisted pyridine rings H atoms (at 6
th

 position of the pyridine) are 

2.31 Å for 6 and 2.17 Å for 8. The dihedral angles between the two planes N1-N5-N6-Mn1, 

and N1-N8-N9-Mn1 are 13.16° and 9.7° for 6, and 8 respectively. Methanol solvent molecule 

is H-bonding with two axial azide ions in compound 8, which may diminish the twisted 

conformation. 

                      

                       
 
Figure 4.2. View of the molecular structure of 7. In the interests of clarity all hydrogen atoms have been 

omitted. Selected atom distances (Å) for 7: Mn1-N1 2.27(2), Mn2-N21 2.28(2), Mn1-N9 2.32(2), Mn2-N29 

2.38(2), Mn1-N9 2.33(2), Mn2-N29 2.37(2), Mn1-N33 2.22(2), Mn2-N35 2.19(2), Mn1-O1 2.23(2), Mn2-O4 

2.18(2), H10-H17 2.31(2), H40-H47 2.21 (2).  Selected bond angles (°) for 7: Mn1-N33-N34 155.1(8), Mn2-

N35-N34 149.9(8), Mn1-N33-N35-Mn2 156.9(15), N9-Mn1-N6 93.2(6), N26-Mn2-N29 94.0(6). 

 

Molecular structure of compound 7 (space group P-1) is shown in Figure 4.2. Compound 7 

features a distorted pentagonal bipyramidal geometry at the heptacoodinated metal ions where 

the equatorial position of the metal ions are occupied by two N-sites from py, two sp
2
 

hydrazones N-sites and N-site of the triazine ring as like before, and axial position are bridged 

by µ-1,3 (end to end) azide binding mode form a binuclear complex. The structural 

parameters of the equatorial position is quite similar as like complexes 6 and 8, and only 

differences is the coordination sphere of metal ions in axial position. Two different bond 

angle of Mn1-N33-N34, and Mn2-N35-N34 in compound 7 are 155.1°, 149.9° respectively 
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implies that asymmetric µ-1,3 binding mode occurs of the azide ion. The dihedral angle 

between the mean planes Mn1-N33-N34-N35 and Mn2-N35-N34-N33 (η) is 22.93°. 

The 1D chain structure of compound 9 (space group P-1) as determined by X-Ray 

crystallography is depicted in Figure 4.3, and details of their selected bond length and bond 

angles are shown in Figure 4.4. 

                                       

             
 

 

Figure 4.3 View of the molecular structure of 9. In the interests of clarity all hydrogen atoms have been omitted. 

 

Here the equatorial position of the Mn(II) ion is occupied by N sites of py, hydrazone, and 

triazine ring like before in pincer-binding motif, but axial position linked by μ-1,3-azido 

ligands to give a anticipated extended 1D structure. The structural parameters (Figure 4.3) of 

the metal ion are quite similar with the dinuclear complex 7, except the bond angle between 

the azide linkages.  The bond angle of Mn1-N15-N14 and Mn1
´
-N13-N14 are 158.9° and 

159.01° respectively, and the standard deviation between the angle of Mn1-N15-N14 and 

Mn1´-N13-N14 is ~0.08 which implies that symmetric µ-1,3 binding mode occurs in azide. 

The dihedral angle between the mean planes Mn1-N15-N14-N13 and Mn1
´
-N13-N14-N15 (η) 

is 9.54°. It should be mentioned that those angles are major factor to determine the magnetic 

properties of compound 7, and 9. 
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Figure 4.4. View of the molecular structure of 9. In the interests of clarity all hydrogen atoms have been 

omitted. Selected atom distances (Å) for 9: Mn1-N1 2.27(2), Mn1-N5 2.34(2), Mn1-N6 2.34(2), Mn1-N13 

2.26(1), Mn1-N15 2.21(1), Mn1´-N13 2.26(1), Mn1´´-N15 2.21(1), H10-H17 2.22(1). Selected bond angles (°) 

for 9: N6-Mn1-N9 92.6(5), N5-Mn1-N6 69.1(5), N8-Mn1-N9 68.6(5), N1-Mn1-N5 66.4(9), Mn1-N15-N13 

159(6), Mn1´-N13-N15 158.9(6), Mn1-N13-N15 158.9(6), Mn1´´-N15-N13 159(6). 

 

Infrared spectroscopy is a useful tool to elucidate the details of azide coordination, bond 

positions in the azide stretching region exhibit relatively minor variations for the systems 

investigated here. Compound 8, and 9 show strong adsorptions at 2037, and 2054 cm
-1 

respectively, while compound 7 show two dominant bands at 2108 cm
-1

 and 2061 cm
-1

 

charecteristic for asymmetric µ-1,3 binding mode. 

Molecular structure of compound 10 is depicted in Figure 4.5. It crystallises in triclinic space 

group P-1. The coordination environment of the Mn
II
 ion is similar as like mononuclear 

complex 6, difference are only mainly expressed in the axial position of the metal ion, in 

where  dicyanamide as abridging ligand instead of nitrate. 
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Figure 4.5. View of the molecular structure of 10. In the interests of clarity all hydrogen atoms have been 

omitted. Selected atom distances (Å) for 10: Mn1-N1 2.27(2), Mn1-N8 2.37(2), Mn1-N6 2.34(2), Mn1-O4 

2.16(2), Mn1-O1 2.15(2), H10-H17 2.31(2), and Selected bond angles (°) for 10: N1-Mn1-N8 65.94(4), N1-

Mn1-N5 66.32(3), N5-Mn1-N6 68.99(3), N8-Mn1-N9 68.95(4), N6-Mn1-93.11(3), O1-Mn1-O4 166.1(2). 

 

 

4.3. Magnetic Properties 

In order to gain further insight into the electronic structure of all the compounds temperature 

dependent magnetic susceptibility measurements was performed. 

Magnetic susceptibility data were collected for all the complexes in the temperature range 

from 295 to 2.0 K. No significant field dependence was observed when data were measured at 

applied fields of 0.2 and 0.5 T. The temperature dependence of the molar magnetic 

susceptibility M and of the product MT is shown in Figure 4.6. The observed MT value at 

295 K is 4.3 cm
3
Kmol

–1
 (corresponding to an effective moment μeff = 5.84 μB) for 6, 8.15 

cm
3
Kmol

–1
 (corresponding to an effective moment μeff = 8.08 μB) for 7, 4.6 cm

3
Kmol

–1
 

(corresponding to an effective moment μeff = 6.1 μB) for 8, 4.20 cm
3
Kmol

–1
 (corresponding to 

an effective moment μeff = 5.8 μB) for 9, and  4.2 cm
3
Kmol

–1
 (corresponding to an effective 

moment μeff = 5.8 μB) for 10. These are close to the theoretical value expected for one 

manganese(II) ion (4.2 cm
3
Kmol

–1
 or μeff = 5.8 μB for g = 1.96) for 6, (4.6 cm

3
Kmol

–1
 or μeff = 

6.06 μB for g = 2.05) for 8, (4.45 cm
3
Kmol

–1
 or μeff = 5.97 μB for g = 2.02) for 9, and (4.12 

cm
3
Kmol

–1
 or μeff = 5.75 μB for g = 1.94) for 10, and for two uncoupled manganese(II) ions 

(8.5 cm
3
Kmol

–1
 or μeff = 8.23 μB for g = 1.97) for 7. In case of the compound 6, 8, and 10, 

MT value remains constant with decreasing the temperature, thus indicating there is no any 

significant intermolecular magnetic interaction of the manganese ion and those are nicely  
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Figure 4.6. Plots of M (solid circles) and MT (open circles) versus temperature for 6 (a), 7 (b), 8 (c), and 10 (c) 

at 0.5 T and 9 (d) at 0.2 T. The solid black lines represent the simulated curves. 

 

 

obey the curie law, and at low temperature, MT value slowly decreases, that may be due to 

saturation. For compound 7 and 9 upon lowering the temperature, MT value gradually 

decreases, which is in accordance with overall antiferromagnetic coupling and an S = 0 

ground state. Experimental data were simulated using a fitting procedure to the appropriate 

Heisenberg–Dirac-van-Vleck (HDvV) spin Hamiltonian for isotropic exchange coupling and 

Zeeman splitting (eq. 4.1) for 7 and 9. 

 

(a) 

(e) 

(b) 

(c) 
(d) 
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Table 4.2 summarizes the magnetic parameters obtained from best-fit analyses. The results 

indicate that there exists an intramolecular antiferromagnetic spin exchange interaction 

between the two Mn
II
 ions in both complexes. The magnetic behavior is in good agreement 

with this fact, where the super-exchange interaction in the M-N-N-N-M mode is 

antiferromagnetically coupled. It is also in accordance with those of µ-1,3-azide-bridged Mn
II 

complexes.
51, 55

  

 

Table 4.2. Best Fit Parameters of Magnetic Data Analysis for Complexes 6-10 

 

compound g J  [cm
-1

] PI [%] TIP [10
-6

 cm
3
mol

-1
] 

6 1.96     - 0 248.9 

7 1.97 -1.75 1.5 472.3 

8 2.05     - 0 0 

9 2.02 -1.53 5 0 

10 1.94      - 0 353.8 

 

4.4. Conclusions 

From the above study it can be inferres that for the generation of new magnetic materials with 

particular triazine as a coligand, the choice of the metal atom and correct auxiliary ligand is 

very important. Using sodium azide as a complementary ligand, a novel triazine based 

mononuclear, dinuclear, and 1-D chain complex of Mn
II
 were isolated, conflictingly only 

mononuclear complex was observed in presence of sodium dicyanamide. In the dinuclear and 

chain structure, azide ion act as a µ1,3 binding mode, and mainly mediates an 

antiferromagnetic interaction between the Mn
II
 ions. Studies of these types of similar 

compounds with different secondary ligand are in progress, from which it may be able to 

determine the role of weak interactions over the magnetic behaviour of a molecule. 
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Chapter 5 

Pyrazole Based Homometallic Complexes: M4O4 (M= Ni
II
, 

Co
II
, Fe

II
) Cubes with High-Spin Ground States  

 
5.1. Introduction 

The last two decades have witnessed an upsurge in studies related to magnetism with the aim 

of understanding the phenomenon of exchange coupling.
18

 Particularly, designed synthesis of 

multinuclear complexes exhibiting ferromagnetic exchange coupling has attracted the 

unbeaten interest of inorganic chemists, and deals with twofold challenges: i) synthesis and ii) 

control of the mechanism of exchange coupling.
8
  

When the interacting centers are sufficiently close so that the exchange interaction is mediated 

via small bridging group like oxo, hydroxo, etc, then the sign of the interaction depends on the 

relative symmetries of the two magnetic orbitals involved, in accord with the Goodenough-

Kanamori rules,
56 

and this principle has been exploited in controlling the magnetic properties 

of polynuclear coordination complexes.
18, 57

 When the interacting orbitals are not close 

together, the interaction is more dependent on the orbitals of the bridging ligand in two 

mechanistic ways: i) superexchange and ii) spin polarization mechanisms, among which the 

superexchange mechanism is predominant in metal complexes. The isotropic superexchange 

interaction is expressed by the spin Hamiltonian, H = -2ΣJijSi·Sj, where J is the exchange 

coupling constant. When two homo-metal ions are bridged by an anion with a bridging angle 

of 180°, strong antiferromagnetic interactions (J < 0) occur. There are two ways to have 

ferromagnetic interactions. When different metal ions with orthogonal magnetic orbitals are 

bridged with a bond angle of 180°, ferromagnetic interactions occur, and if two homo-metal 

ions are bridged with a bond angle of 90°, the magnetic orbitals become orthogonal giving 

rise to a high-spin ground state. 

Transition metal complexes with a cubane structure are a very important class of compounds,  

which have four metal ions and four anions are alternately aligned in the cube, often have a 

high-spin ground state
58

 because the magnetic orbitals of the metal ions are accidentally 

orthogonal. In this regard here I designed new pyrazole based tridentate diol ligand (Scheme 

1.5) which can bridges to the four metal ions; build a new cubane core structure. Owing to the 

flexibility in the coordination geometry around metal centers, these cubanes can show ferro- 

as well as antiferromagnetic exchange interacttions depending on the M–O–M bridging angles 

and distortion of the M4O4 cubes. The major aim of modern magneto-chemists is to develop a 
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better understanding of the structural and chemical features governing the electron spin-spin 

interactions in these versatile geometric arrays of four metal ions. Thus ligand synthesis, 

cluster synthesis, and spectroscopic characterisation of metal cubes composed of nickel (II), 

cobalt(II), and iron(II) are described in this chapter.  

 

5.2. Ligand Synthesis 

The new ligand 2-{3-(2-hydroxyphenyl)-1H-pyrazol-1-yl}ethanol (H2L
9
) has been 

synthesized in two steps starting from 2-hydroxy acetophenone (Scheme 5.1). The 

intermediate 1-(2-hydroxyphenyl)-3-dimethylaminoprop-2-enone was obtained according to 

literature method
59

 and was then heated to reflux with excess -hydroxyethyl hydrazine in 

methanol solution for 2 h. Extraction of the crude product with light petroleum using a soxhlet 

apparatus gave H2L
9
 as needle-shaped white crystals in 45% yield. The molecular structure of 

H2L
9
 has been determined by X-ray crystallography (Figure 5.1). It forms a propeller-like 

hydrogen-bonded tetramer via the aliphatic OH groups, while the phenolic OH groups are 

involved in intramolecular hydrogen-bonding to the pyrazole-N. 

 

 
 
Scheme 5.1. General Synthesis of the New Ligands H2L

9
, and H2L

10
.   

 

Analogous ligand H2L
10 

has been synthesized in multistep process starting from 2-hydroxy 

acetophenone (Scheme 5.1). The intermediate 1-(2-hydroxyphenyl)-3-phenylpropane-1,3-

dione was obtained according to literature method
60

 and was then heated to reflux with excess 

-hydroxyethyl hydrazine in methanol solution for 2 h as like before, and then crude product 

was extracted with light petroleum using a soxhlet apparatus gave a desired product in 5 % 
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yield. Here percentage of yield is relatively poor, that probably due to steric congestion 

between the bulky phenyl group at C-2 position of the pyrazole, and its neighbour‟s hydroxyl 

ethyl group, and prefers other conformation (see Scheme 5.1). 

 

                           

                                 

 

Figure 5.1. View of the molecular structure of H2L
9
. Selected atom distances (Å) for H2L

9
: N1-N2 1.3511(22), 

O1-H1 0.9426(338), O2-H2 0.9426(338), N2-H1 1.7930(385), N2-H2 2.9913(332), N2-C3 1.3427(24), C1-C2 

1.3757(28), N1-C2 1.3432(28), N1-C10 1.4607(26), C10-C11 1.5096(32). 

 

Another promising enantiomerically pure ligand H2L
11 

was designed by incoporating a chiral 

centre to the adjacent aliphatic hydroxyl group. It
 
has been synthesized by modifying the 

previously reported procedure (Scheme 5.2).
61

  

 

                       
 

Scheme 5.2. General synthesis of ligand H2L
11 

 

The reaction of 3-(2-methoxyphenyl) pyrazole
62

 with equimolar amount of sodium hydride in 

toluene/DMF mixture followed by ring opening reaction of (R)-styrene oxide affords a desired 
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O-protected ligand, and then deprotection with boron tribromide in CH2Cl2 gave a desired 

product in 70% yield.  

Here all the tridentate ligands are a very useful means to build high-nuclearity clusters. In this 

work, H2L
9
 is selected to investigate 3d transition metal complexes, 3d-3d, and 3d-4f mixed 

metal clusters. 

 

5.3. Cluster synthesis and structural characterisation 

Treatment of a methanolic solution of H2L
9
 with 1 equiv of Ni(OAc)2·4H2O and 2 equiv of 

NaOH lead to the rapid precipitation of a dark green solid, that was recrystallised by layering 

a solution of CH2Cl2 with n-hexane to afford  large green crystals of [Ni4(MeOH)4(L
9
)4] (11).  

In a similar manner complexes [Co4(MeOH)3(H2O)(L
9
)4] (12), and  [Fe4(MeOH)4(L

9
)4] (13) 

were obtained using NEt3 as a base and Co(ClO4)2·6H2O, and FeCl2·4H2O as metal salt 

respectively.  

Molecular structure of compounds 11-13 are shown in Figure 5.2. A comparison of selected 

interatomic distances and angles are provided in Table 5.1. Complexes 11, and 13 crystallize 

in the tetragonal space group I41/a and complex 12 crystallizes in triclinic space group P-1. 

Complexes 11-13 have tetranuclear cubane core structures, in which four M
II
 (M= Ni, Co, Fe) 

ions are bridged by µ3-alkoxo groups, giving an approximately cubane array of alternating 

metal ions and oxygen atoms. The six coordination sites of the M
II
 ions are occupied by four 

oxygen atoms and one nitrogen atom from a chelating pyrazole based ligand and methanol 

molecules. The peripheral ligation is completed by four terminal MeOH ligands for 

complexes 11, and 13, and three terminal MeOH and one H2O ligands for compound 12, these 

are participate in intramolecular hydrogen-bonding interaction (O∙∙∙∙∙O distances: 2.59-2.68 

Å) with the phenoxo-type O atoms of the (L
9
)
2-

 ligands, across four of the six faces of the 

cubane. As a result those four faces exhibit shorter M∙∙∙∙∙M separations, smaller M-O-M (M= 

Ni, Co, Fe) angles, and smaller M-O-O-M dihedral angles (Table 5.1). In addition, all 

complexes appear to posses a tetragonal elongation of the metal coordination, which occurs 

along the O-M-O vector involving the methanol and trans alkoxo ligands, with M-O ((L
9
)
2-

-

ethoxo) on this vector of 2.12-2.14 Å for 11, 2.19-2.25 Å
 
for 12, and 2.26-2.27 Å

 
for 13 in 

„axial‟ versus 2.02-2.06 Å
 
for 11, 2.04-2.09 Å for 12, and 2.04-2.13 Å for 13 for the 

“equatorial” M-O (L
9
)
2-

-ethoxo) bonds. Thus, all complexes display tetragonal elongation in 

the metal co-ordination sphere. The bridging angle of the M-O-M bonds, is crucial factor to  
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Fiugure 5.2. Molecular structure of Ni4(MeOH)4(L

9
)4 (11) (a), Co4(MeOH)3(H2O)(L

9
)4 (12) (b), and 

Fe4(MeOH)4(L
9
)4 (13) (c). 

(a) 

(b) 

(c) 
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Table 5.1: Selected Interatomic Distances (Å) and Angles (deg) for 11-13 

Parameter 11 12 13 

M···M
a
 3.08 3.09-3.12 3.16 

M···M
b
 3.17 3.29-3.30 3.32 

M···O
c
 2.01-2.06 2.03-2.11 2.05-2.13 

M···O
d
 2.11-2.14 2.19-2.25 2.26-2.27 

O···O
e
 2.64 2.59-2.64 2.68 

MOM
a
 95.07-98.0 92.51-97.87 91.98-98.63 

MOM
b
 100.3 102.14-102.64 100.56 

MOOM
a
 166 163-164 166 

MOOM
b
 175 178-180 179 

a
 Across the four hydrogen-bonded faces. 

b
 Across the two non-hydrogen bonded faces. 

c
  "Equatorial" (L

9
)

2-
 -

ethoxo. 
d
 "Elognated" (L

9
)

2-
 -ethoxo. 

e
 OH···O. 

 

determine the sign of the magnetic exchange interactions through oxygen bridges, usually it 

shows ferromagnetic to antiferromagnetic when the M-O-M bridging angles increase above 

98
°
. It should be mentioned that several M

II
4 (M = Cu

2+
-Mn

2+
) complexes with cubane core             

have been reported previously using schiff base type of tridentate ligand.
58

 Here this is the 

first time such kind of distorted cubane core was observed with novel pyrazole based ligand 

scaffold.  

 

5.3. Spectroscopy in Solution 

In order to clarify the stability of all new complexes in solution, UV/Vis spectroscopy, ESI 

mass spectrometry, and electrochemical experimets were performed. 

5.3.1. Stability of the Cube Complexes in Solution: Positive ion ESI-MS spectrum of 

dichlomethane solution of compound 11 show molecular ion peak at m/z 1042.9, and 1064.9 

characteristic for single charged ions of [(L
9
)4Ni4+H]

+ 
and [(L

9
)4Ni4+Na]

+ 
respectively. It 

suggests that complex 11 is stable in solution. Positive ion ESI-MS spectrum of 

dichlomethane solution of compound 12 also display molecular ion peak at m/z 1045.0 for 

[(L
9
)4Co4 +H]

+ 
implies that tetra nuclear cube-type complex stay intact in solution, and the 

spectrum of complex 11, and 12 are shown in Figure 5.3. 
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Figure 5.3. Positive ion ESI-MS spectra of 11 (top) and 12 (bottom) in CH2Cl2-CH3OH mixture. The insets show 

the experimental and expected isotropic distribution pattern for [(L
9
)4Ni4 + H]

+
 and [(L

9
)4Co4 + H]

+ respectively. 

 

5.3.2. UV-visible spectroscopy: The UV-vis spectra of complexes 11, 12, and 13 in CH2Cl2 

(Figure 5.4) showed intense   * bands at 335 nm, 325, and 309 nm respectively, and in 

addition complex 11 possesses d-d band at 532 nm, and complex 12 displays two weak d-d 

bands at 561 and 481 nm. Complex 13 exhibits two distinct d-d bands at 517 and 790 nm.        
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Figure 5.4. UV-visibale spectra of compound 11 (top), 12 (middle), and 13 (bottom) in CH2Cl2 at room 

temperature. 
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5.3.3. Electrochemistry: Cyclic voltammograms (CVs) of complex 12, and 13 have been 

recorded in CH2Cl2, containing 0.10 M [N(n-Bu)4]PF6 as a supporting electrolyte (Figure 5.5). 

Small amounts of decamethyl ferrocene were added after the completion of each set of 

experiments as an internal standard, and all potentials are referenced versus the Fc
+
/Fc couple. 

 

          

 

Figure 5.5. Cyclic Voltammograms of complex 12 (in left), and 13 (in right) in CH2Cl2 (0.1 M) [(n-Bu)4N](PF6) 

at 20 °C recorded at a glassy carbon working electrode versus a Ag/AgNO3 reference electrode. 

 

The CVs of complex 12 show an irreversible oxidation wave at E
1

p, ox = 0.14 V, probably for 

two electron oxidation, and complex 13 displays two irreversible oxidation wave at E
1

p, ox = 

0.546 V, and E
2

p, ox = 0.778 V on the anodic side plausibly owing overall three eletron 

oxidation occurs in the oxidation cycle. In both cases perhaps metal based oxidation occurs in 

the oxidation cycle, and Co
2+

 undergoes to Co
3+

, and Fe
2+

 converts to Fe
3+

. According to the 

CVs data, redox stability of the ferrous cube is relatievely better in comparision to cobalt 

cube. 

 

5.4. Spectroscopy in the solid states 

In order to gain further insight into the electronic structure of the cubane cores, all the 

compounds were characterized by temperature dependent magnetic susceptibility 

measurements, and magnetisation measurement. In addition zero-field Mössbauer 

spectroscopy was performed for compound 13. 

5.4.1. Magnetic properties: Magnetic susceptibility data were collected for complexes 11-13 

in the temperature range from 295 to 2.0 K in order to characterize the exchange coupling 

within the cubane core. No significant field dependence was observed when data were 

measured at applied fields of 0.2 and 0.5 T. The temperature dependence of the molar 

magnetic susceptibility M and of the product MT is shown in Figure 5.6. The observed MT 
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value at 295 K is 5.34 cm
3
Kmol

–1
 (corresponding to an effective moment μeff = 6.54 μB) for 

11, 11.06 cm
3
Kmol

–1
 (corresponding to an effective moment μeff = 9.41 μB) for 12, 17.14 

cm
3
Kmol

–1
 (corresponding to an effective moment μeff = 11.71 μB) for 13 and these are close 

to the theoretical expected for four uncoupled M
II
 ions (hs-Ni

II
 4.92 cm

3
Kmol

–1
 or μeff = 6.25 

μB for g = 2.22; hs-Co
II
 11.70 cm

3
Kmol

–1
 or μeff = 9.68 μB for g = 2.50; hs-Fe

II
 14.37 

cm
3
Kmol

–1
 or μeff = 10.72 μB for g = 2.19). Upon lowering the temperature, in the case of 12 

χM goes through a broad maximum at 15 K while MT drops and gradually tends to zero, 

which is indicative of significant antiferromagnetic coupling between the four cobalt(II) ions 

and an S = 0 ground state. However in case of 11 and 13, MT value increases gradually with 

decreasing temperature to reach 7.48 cm
3
Kmol

–1 
(corresponding to an effective moment μeff = 

7.73 μB) at 8 K for 11, and 38.32 cm
3
Kmol

–1 
(corresponding to an effective moment μeff = 

17.51 μB) at 10 K for 13. This behaviour is consistent with overall ferromagnetic 

intramolecular interactions between the four metal(II) ions and an ST = 4 for complex 11, and 

ST = 8 for complex 13. The decreases of MT observed at low tempertaure (below 8 K for 

complex 11 and 10 K for complex 13) may be attributed to the effects of ZFS and/or 

antiferromagnetic intermolecular interactions. 

Experimental data were simulated using a fitting procedure to the appropriate Heisenberg–

Dirac-van-Vleck (HDvV) spin Hamiltonian for isotropic exchange coupling and Zeeman  

 

 

 

 

 

 

 

splitting (eq. 5.1) for complexes 11-13, where J2 characterises exchange across the two faces 

of the M4 cubane that are not bridged by hydrogen bonds, while J1 characterizes the remaining 

four pairwise interactions (Scheme 5.3). Table 5.2 summarizes the magnetic parameters 

obtained from best fit analyses.  

 

Scheme 5.3. 
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Figure 5.6. Plots of M (solid circles) and MT (open circles) versus temperature for 11 (top), 12 (middle), and 

13 (bottom) at 5000 G. The solid red lines represent the simulated curves. 
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The g values 2.2 for complex 11, 2.5 for complex 12, and 2.19 for complex 13 are consistent 

with those typically observed for other alkoxo bridged cube structures of Ni
II
, Co

II
, and Fe

II
 

respectively. The average values for the three complexes were as follows: J1 = +6.86 cm
-1

, J2 

= −4.86 cm
-1

, g = 2.22 for complex 11, J1 = +1.57 cm
-1

, J2 = −3.94 cm
-1

, g = 2.5 for complex 

12, and J1 = +7.04 cm
-1

, J2 = −4.90 cm
-1

, g = 2.19 for complex 13.  

 

Table 5.2: Best Fit Parameters of Magnetic Data Analysis for Complexes 11-13     

complex g J1 [cm
-1

] J2  [cm
-1

]  │D│ [cm
-1

]  [%] TIP [10
-6

 cm
3
mol

-1
] 

11 2.22 +6.86 -4.86 10 0.1 227.3 

12 2.50 +1.57 -3.94   0 5 400.0 

13 2.19 +7.04 -4.90 7.5 1 1907.9 

 

The studies of a number of M
II

4 complexes with distorted cubane structures and bridging O 

atoms have revealed that the observed exchange interaction between metal centres make a 

transition from ferromagnetic to aniferromagnetic as the M-O-M bridging angles increase 

above 98
°
, and M-O-O-M dihedral angles increase above 170.

63
 Thus for the present 

complexes, the four-hydrogen bonded faces of the cubane (characterised by J1) display angles 

typical for ferromagnetic interactions, while the remaining two faces (characterised by J2 ) 

possess angles consistent with antiferromagnetic exchange interactions, which gives the 

different coupling constants (see Table 5.2). In case of Ni
II

4 and Fe
II

4 cubes the coupling 

constant J1 is greater than J2 (J1> J2), and that gives overall ferromagnetic coupling and high 

spin ground states ST = 4, and ST = 8 respectively, but in case of the Co
II

4 cube intramolecular 

antiferromagnetic coupling J2 is greater than the ferromagnetic coupling J1 (i.e, J2> J1), which 

finally gives an ST = 0 ground state. This could be due to little distortion of the bond angles of 

Co-O-Co across the two non hydrogen bonded faces compared to the other complexes (see 

Table 5.1). The field dependence magnetization (0-5 T) of compound 11-13 measured at 2 K 

is shown in Figure 5.7 in the form of M/Nβ vs. H. In case of the Ni
II
 compound 11 and Fe

II 

compound 13, no any true saturation occur upto 5 T, it rises, and may be saturate at higher 

magnetic field. The magnetization reaches a value of ~7.3 Nβ (for 11) and ~16.5 Nβ (for 13) 

at 5 T, these are close to the expected S = 4 value of 8 Nβ for the Ni4 system, and S = 8 value 

of 16 Nβ for the Fe4 system indicating the presence of ferromagnetic interaction between the 

neighbouring metal(II) ions.
64
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Figure 5.7. Plot of magnetisation vs H at 2K for complex 11 (top), 12 (middle), and 13 (bottom). 
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The magnetisation curve of the cobalt complex shows an unusual behavior: it increases at first 

almost linearly with the magnetic field, and then rises; it may be saturate at higher magnetic 

fields, which is consistent with metamagnetic-like behavior. Such kind of property is nicely 

fitted with recently reported square gird complex of cobalt(II) with bis(bipyridyl)-pyrimidine-

based ligand system.
65

 

 

5.4.3. Mössbauer spectroscopy: A Mössbauer spectrum of compound 13 was recorded at 80 

K and the spectrum is shown in Figure 5.8. Spectral fits to the data are obtained by using 

Lorentzian line doublets with isomer shifts (δ) and quadrupole splitting (ΔEQ) summarized in 

Table 5.3. The isomer shifts (δ) of 1.23, and quadrupole splitting (ΔEQ) of 2.73 clearly 

idicates that all the iron atoma are equivalent and high-spin Fe(II).
66 

The high ΔEQ signifies an 

important axial distortion which can correspond to the long Fe-O bond. 

 

                       
 

 
Figure 5.8. Mössbauer spectra of 13 recorded in zero field at 80 K. Red solid curve is fitted to the experimental 

values (circles).  

 
Table.5.3. Mössbauer spectral data for 13. 

 

T(K) δ (nm s
-1

) ΔEQ (nm s
-1

) Г1/2 [mm s
-1

] Area ratio (%) 

80 1.21 2.73 0.36 100 
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5.5. Conclusions 

In this chapter we have described series of new phenol-pyrazole based tridentate diol-ligands,  

in which to confirm the integrity of pyrazole core one of the ligand H2L
9 

was confirmed by X-

ray diffraction analysis. It forms a propeller-like hydrogen-bonded tetramer via the aliphatic 

OH groups. In presence of weak donor ligand methanol, H2L
9 

shows a high tendency toward 

the selective formation of stable tetranuclear cube structures with metal ions such as Ni
II
, Co

II
, 

and Fe
II
. The molecular structures of the [Ni4(MeOH)4(L

9
)4] (11), [Co4(MeOH)3(H2O)(L

9
)4] 

(12), and  [Fe4(MeOH)4(L
9
)4] (13) posses distorted octahedral geometry around the metal 

centers. No dissociation or scrambling of the cube cores is observed in solution. Magnetic 

susceptibility and magnetisation measurements show a combination of ferromagnetic and 

antiferromagnetic pair wise exchange interactions are operative between the orthogonal 

arrangements of the M
II 

centre in the metal cubes, leading to high spin ground state ST = 4 for 

complex 11, and ST = 8 for complex 13, and on the other side metamagnet like behavior are 

operative with Co
II
 as the spin carrier in complex 12. 
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Chapter 6 

A New Family of Heterometal Single Molecule Magnets: 

Observation of Quantum Tunnelling Steps in the 

Hysteresis Loops of Linear {Mn2Ni3} Clusters 
 

6.1. Introduction 

Since the discovery of the first SMM of a dodecanuclear manganese complex
5
 in 1993, 

various derivatives of this so-called Mn12 archetype have been investigated,
22 

and much effort 

has been devoted to the synthesis and characterisation of new polynuclear clusters that display 

slow magnetic relaxation below a certain blocking temperature (TB). There are now many 

examples of homometal SMMs, mostly containing Mn
III

, but also other metal ions such as V, 

Fe, Co, or Ni. Still, the Mn12 family
22

 represented the SMMs with the highest TB (~ 3.5 K) and 

anisotropy barriers Ueff (up to 74 K) until 2007, when a Mn6 complex with enhanced blocking 

temperature (~ 4.5 K) and an effective energy barrier to magnetization reversal of 86.4 K was 

found, the record holder to date.
 67, 68

 

Of particular value are species that exist in structurally related families, where the subtle 

effects of structural or electronic variation on the SMM properties can be investigated. In 

addition, although by definition the individual molecules should be well isolated for the 

manifestation of SMM behaviour, the molecular properties that are required for a sufficiently 

large energy barrier to magnetization reversal do not preclude the presence of intermolecular 

interactions. Thus, several complexes that feature intermolecular contacts in the form of either 

pairwise
69

 or extended interactions have been found to display slow relaxation of the 

magnetization associated with an energy barrier of molecular origin, but with the quantum 

tunnelling of magnetisation (QTM) shifted away from zero field.
70 

 These are so-called 

“exchange-biased SMMs”, and they represent useful subjects for the study of the effects of 

the intermolecular interactions on the behaviour arising from the energy barrier to 

magnetization reversal. Moreover, it has been suggested that such intermolecular interactions 

may provide a means of fine-tuning the quantum tunnelling of magnetization in SMMs.
71, 72

 

Modulation of the intermolecular interactions clearly requires proper adjustment of ligand 

functionalities in the oligometallic clusters. 

The combination of different metal ions in a single cluster for achieving large magnetic 

anisotropy and high spin ground states significantly extends the structural landscape for 

SMMs, but has been explored relatively little until now.
73, 25c

 In present work, attempts were 

made to explore new exchange biased heterometal SMMs using self-assembly of mixed 
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Mn
III

/Ni
II
 metal ions with tridentate diol ligand 2-[3-(2-hydroxyphenyl)-1H-pyrazol-1-

yl]ethanol (H2L
9
). 

 

6.2. Synthesis and structural characterisation of metal complexes  

Reaction of H2L
9
 with MnX2∙xH2O (X= Cl, Br) and NiCl2∙6H2O in the presence of NEt3 in 

acetonitrile at room temperature gave complexes [Mn
III

2Ni
II

3X2(L
9
)4(HL

9
)2(H2O)2] (X = Cl: 

14; X = Br: 15). Both compounds could be crystallized from dichloromethane solutions as 

14∙8CH2Cl2 or 15∙8CH2Cl2, respectively, and 14 could also be obtained in crystalline form 

from 1,2-dichloroethane solution as 14∙6C2H4Cl2. In all cases the complexes crystallize in the 

triclinic space group P-1 as quasi-linear centrosymmetric Mn-Ni-Ni-Ni-Mn molecules, with 

the central nickel atom situated on a centre of inversion. Overall molecular topologies 

determined by X-ray crystallography are very similar, and the molecular structure of 14 from 

both solvates and 15 are shown in Figure 6.1. Relevant atom distances and bond angles and 

collected in Table 6.1. Both complexes contain a [Mn2Ni3(-O)8] core where the coordination 

number of all metal atoms is six and the coordination environment is more or less distorted 

octahedral. Complexes 14 and 15 differ only by the terminal ligands bound to Mn, which are 

either Cl in 14 or Br in 15. Oxidation states of the metal ions, Mn
III

 and Ni
II
, are confirmed by 

bond valence sum calculations
74 

and by the relatively short bonds for the Mn
III

 ions (see Table 

6.1). The string of metal ions can be best visualized as five edge-sharing octahedra (Figure 

6.2, bottom). The three Ni
II
 ions are doubly bridged by phenoxy-O atoms, while both 

peripheral Mn
III

 ions are linked to the Ni
II

3 core via double alkoxy-O bridging. Mn
III

 ions are 

found in {NO4X} environment with equatorial position occupied by the {ONO} donor site of      

a tridentate ligand [L
9
]
2-

 and an alkoxo-O of another ligand, and with the terminal halide (Cl 

or Br) and a water molecule in the axial positions. As expected, the Mn
III

 ions exhibit a strong 

Jahn-Teller elongation along the Cl/Br–Mn–OH2 axis (Figure 6.2, top and middle) with Mn–

O/Cl distances of 2.34/2.61 Å in 14∙8CH2Cl2, 2.36/2.62 Å in 14∙6C2H4Cl2, and Mn-O/Br 

distances of 2.34/2.78 Å in 15∙8CH2Cl2. In case of nickel the octahedral environment is more 

regular with the central Ni
II
 featuring a {NO5} and the other Ni

II
 a {N2O4} coordination 

sphere. Interestingly, two of the six pyrazole-based ligands in 14 and 15 are only deprotonated 

once.  
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Figure 6.1. Molecular structure of compound 14 in 14·8CH2Cl2 (top), 14 in 14·6C2H4Cl2 (middle), 15 in 

15·8CH2Cl2 (bottom). Most hydrogen atoms and solvent molecules are omitted for clarity. Symtmetry 

transformation used to generate equivalent atoms: (´) 1-x, 1-y, 1-z. 
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Figure 6.2. Coordination environment of the metal atoms of 14 in 14·6C2H4Cl2 (top), 15 in 15·8CH2Cl2 

(middle). The arrows emphasize the Jahn-Teller axes. Symmetry transformation used to generate equivalent 

atoms: (´) 1–x, 1–y, 1–z. Bottom: Emphasis of the five edge-sharing octahedral of the Mn
III

-Ni
II
-Ni

II
-Ni

II
-Mn

III
 

core in 14. 
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Table 6.1. Selected distances [Å] and angles [°] for 14∙8CH2Cl2, 14∙6C2H4Cl2 and 

15∙8CH2Cl2
a,b 

compound 14∙8CH2Cl2 14∙6C2H4Cl2 15∙8CH2Cl2 

Ni1–N1 2.173(7) 2.176(2) 2.186(4) 

Ni1–O1 2.030(6) 2.015(2) 2.026(3) 

Ni1–O3 2.120(6) 2.123(2) 2.116(3) 

Ni2–N3 2.022(7) 2.016(2) 2.030(4) 

Ni2–O1 2.014(6) 2.022(2) 2.012(3) 

Ni2–O2‟ 2.062(6) 2.060(2) 2.065(3) 

Ni2–O3 2.061(6) 2.048(2) 2.056(3) 

Ni2–O4 2.121(6) 2.099(2) 2.127(3) 

Ni2–O6 2.043(6) 2.045(2) 2.047(3) 

Mn1–N5 1.977(7) 1.986(2) 1.994(4) 

Mn1–O2‟ 1.889(6) 1.893(2) 1.891(3) 

Mn1–O5 1.872(6) 1.859(2) 1.866(4) 

Mn1–O6 1.888(6) 1.886(2) 1.886(3) 

Mn1–O7 2.344(6) 2.357(2) 2.337(4) 

Mn1–X1 2.609(3) 2.6196(9) 2.7775(9) 

Ni1···Ni2 3.1089(11) 3.0904(4) 3.1106(6) 

Ni2···Mn1 3.0447(17) 3.0339(5) 3.0457(10) 

O4···X1 3.17(1) 3.238(4) 3.238(4) 

O7···O3 2.77(1) 2.757(5) 2.757(5) 

    

N1–Ni1–N1‟   180  

O1–Ni1–O1‟  180  

O3–Ni1–O3‟  180  

N3–Ni2–O2‟ 171.7(3) 170.8 (1) 170.5(1) 

O1–Ni2–O6 164.7(2) 164.8(1) 165.0(1) 

O3–Ni2–O4 177.9(2) 179.1(1) 178.9(1) 

N5–Mn1–O2‟ 167.2(3) 171.6(1) 169.4(2) 

O5–Mn1–O6 175.9(3) 175.6(1) 177.6(2) 

O7–Mn1–X1 175.4(2) 173.7(1) 174.5(1) 

O4–H4···X1 - 170(4) 175(5) 

O7–H7A···O3 - 168(5) 154(7) 
a 
Symmetry transformation used to generate equivalent atoms: (‟) 1–x, 1–y, 1–z. 

b 
X = Cl: 14; X = Br: 15 

 

The remaining neutral alcohol function of these partially deprotonated [HL
9
]

-
 serves as a 

terminal ligand to the Ni
II

3 core and exhibits a strong intramolecular H-bond to the 

neighbouring Mn-bound halide ion [d(O4∙∙∙Cl1) = 3.17(1) Å in 14∙8CH2Cl2 and 3.238(4) Å in 

14∙6C2H4Cl2; d(O4∙∙∙Br1) = 3.238(4) Å in 15∙8CH2Cl2];
75

 the Ni-O4 bond is elongated 

compared to all other Ni2-O and Ni2-N bonds (2.10– 2.13 Å versus 2.01- 2.07 Å). Another 

important intramolecular H-bond involves the Mn
III

-bound water and the proximate 

phenolato-O3 atom [d(O7∙∙∙O3) ≈ 2.76 Å]. These two H-bonding interactions displayed by the 

axial ligands at Mn fix the Cl/Br–Mn–OH2 axis relative to the O3-Ni2-O4 axis, i.e., the Mn1 

and Ni2 coordination octahedra have their elongated axes aligned parallel.  
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Table 6.2. Selected intermolecular distances [Å] for 14∙8CH2Cl2, 14∙6C2H4Cl2 and 

15∙8CH2Cl2 

 

Atom1 Atom2 Symm. op. 1 Symm. op. 2 Distance Length–VdW 

14∙8CH2Cl2:      

Cl1 H61A x, y, z 1–x, 1–y, 2–z 2.664 –0.286 

O5 H62A x, y, z 1–x, 1–y, 2–z 2.401 –0.319 

O7 H64B x, y, z x, 1+y, z 2.385 –0.335 

Cl4 H46 x, y, z 1–x, 2–y, 2–z 2.935 –0.015 

Cl2 H61B x, y, z x, y, z 2.894 –0.056 

Cl3 H43 x, y, z –1+x, –1+y, z 2.737 –0.213 

Cl2 H61B x, y, z 1–x, 1–y, 2–z 2.872 –0.078 

Cl7 H51B x, y, z –1+x, y, z 2.926 –0.024 

14∙6C2H4Cl2:      

Cl1 H41 x, y, z –x, –y, –z 2.836 –0.114 

Cl1 H61A x, y, z x, y, –1+z 2.788 –0.162 

O5 H62A x, y, z x, y, –1+z 2.593 –0.127 

Cl1 H63A x, y, z x, y, –1+z 2.938 –0.012 

Cl4A H10A x, y, z x, y, z 2.835 –0.115 

Cl6A H23 x, y, z x, y, z 2.781 –0.169 

Cl6B H23 x, y, z x, y, z 2.840 –0.110 

Cl3 H43 x, y, z –x, –y, 1–z 2.946 –0.004 

Cl4A H50B x, y, z 1–x, –y, 1–z 2.935 –0.015 

Cl4A H61B x, y, z 1–x, 1–y, 2–z 2.889 –0.061 

Cl4B H50B x, y, z 1–x, –y, 1–z 2.907 –0.043 

Cl7A H21 x, y, z 2–x, –y, 1–z 2.872 –0.078 

15∙8CH2Cl2:      

Br1 H31A x, y, z 2–x, 1–y, 2–z 3.035 –0.015 

Br1 H41 x, y, z 2–x, 2–y, 2–z 2.998 –0.052 

Br1 H61B x, y, z 1–x, 1–y, 2–z 2.992 –0.058 

Br1 H62B x, y, z 1–x, 1–y, 2–z 3.022 –0.028 

O5 H62B x, y, z 1–x, 1–y, 2–z 2.456 –0.264 

O7 H64A x, y, z x, 1+y, z 2.579 –0.141 

Cl2 H61B x, y, z x, y, z 2.947 –0.003 

Cl3 H43 x, y, z –1+x, –1+y, z 2.849 –0.101 

 

 

With respect to the magnetic properties it is also important to note that the Jahn-Teller axes of 

the Mn
III

 ions at both ends of the Mn
III

-Ni
II
-Ni

II
-Ni

II
-Mn

III
 core are roughly parallel to each 

other. Since classic hydrogen bonds in 14 and 15 are only intramolecular, intermolecular 

interaction might occur via short C–H···X (X = Cl, Br, O) contacts. In this context short 

contacts are defined as a distance shorter than the sum of the van der Waals radii of the 

respective atoms with a C–H···X angle greater than 90°. Such distances were determined 

using the program Mercury
76

 and are listed in Table 6.2.  

Interestingly within the given range no direct molecular contacts of two or more 

[Mn
III

2Ni
II

3Cl2(L
9
)4(HL

9
)2(H2O)2] units are observed for 14∙8CH2Cl2. Instead the CH2Cl2 
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solvent molecules containing the atoms Cl2/3 and Cl4/5 provide interactions to a 

neighbouring molecules 14 via a network of C–H···X (X=Cl, O) contacts (Figure 6.3). 

However, H-Atoms from neighbouring [Mn
III

2Ni
II

3Cl2(L
9
)4(HL

9
)2(H2O)2] molecules are not 

too far away.  The closest contact between the manganese bound chlorine atom and the next 

H-atom of a [Mn
III

2Ni
II

3Cl2(L
9
)4(HL

9
)2(H2O)2] moiety is 3.013 Å (Cl1···H41–C41[2–x,2–y,2–

z]). The latter belongs to a pyrazol-group. For 14∙6C2H4Cl2 a direct molecular contact via the 

manganese bound clorine atom to a hydrogen atom (H41) of a neigbouring 

[Mn
III

2Ni
II

3Cl2(L
9
)4(HL

9
)2(H2O)2] molecule can be found. Other intermolecular contacts via 

solvent molecules are also present (Figure 6.4). The disordered C2H4Cl2 solvent molecule 

containing the atoms Cl6/7 also acts as a bridge with close C–H···X contacts between two 

[Mn
III

2Ni
II

3Cl2(L
9
)4(HL

9
)2(H2O)2] units. This interaction is not shown in Figure 6.4. In case of  

15∙8CH2Cl2 two short contacts of the bromine atom of one [Mn
III

2Ni
II

3Br2(L
9
)4(HL

9
)2(H2O)2] 

to  neighbouring hydrogen atoms H–C (H31A and H41) are present, achieving a direct contact 

to the next [Mn
III

2Ni
II

3Br2(L
9
)4(HL

9
)2(H2O)2] molecules. Additional intermolecular contacts 

via solvent molecules containing Cl2/Cl3 are present (Figure 6.5).  

 

 

      
 

 
Figure 6.3. Emphasis of some intermolecular C–H···X contacts in 14∙8CH2Cl2. Symmetry transformation used 

to generate equivalent atoms: (‟) 1–x, 1–y, 2–z. Other symmetry transformations are given in the figure.  
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Figure 6.4. Emphasis of some intermolecular C–H···X contacts in 14∙6C2H4Cl2. Symmetry transformations used 

to generate equivalent atoms: (‟) 1–x, 1–y, 1–z, (‟‟) –x, –y, –z, (‟‟‟) x, y, –1+z. Other symmetry transformations 

are given in the figure.   

 

                      
 

 
Figure 6.5. Emphasis of some intermolecular C–H···X contacts in 15∙8CH2Cl2. Symmetry transformations used 

to generate equivalent atoms: (‟) 2–x, 2–y, 2–z, (‟‟) 1–x, 1–y, 2–z, (‟‟‟) 2–x, 1–y, 2–z.  
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It seems that in all compounds at least one close intermolecular contact between two 

[Mn
III

2Ni
II

3X2(L
9
)4(HL

9
)2(H2O)2] molecules is present between the manganese bound halide 

atom and the hydrogen atom of a neighbouring pyrazole group, namely H41. Since a center of 

inversion is present within each molecule a chain is formed within the crystal (Figure 6.6). 

However, one should keep in mind that this is only one of several interactions which in a 

whole build up a 3-dimensional network. 

 

     
 

 
Figure 6.6. Emphasis of intermolecular C–H···Cl contacts in 14∙8CH2Cl2. Symmetry transformations used to 

generate equivalent atoms: (‟) 1–x, 1–y, 1–z, (‟‟) –1+x, –1+y, –1+z.  
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6.3. Magnetic properties 

Magnetic properties of 14·8CH2Cl2 and 15·8CH2Cl2 were investigated using a commercial 

SQUID MPMS system as well as a home-made micro-Hall-bar magnetometer.
77

 We have 

performed susceptibility measurements of a powder sample of 14·8CH2Cl2 (Figure 6.7; left) 

and 15·8CH2Cl2 (Figure 6.7; right) using the SQUID magnetometer. The measurements were 

done at magnetic field values of 0.5, 1.0, and 5 T in a temperature range between 2 and 300 

K.  

          

 
       

 
Figure 6.7. Susceptibility vs. temperature of a microcrystalline sample of 14 (in 14·8CH2Cl2) (left) and 15 (in 

15·8CH2Cl2) (right). The various fields are indicated in the inset. The straight line is a Heisenberg fit to the data 

(see text). 

 

The observed MT value (considering dimer) at room temperature is 20 cm
3
Kmol

–1
 

(corresponding to an effective moment μeff = 12.65 μB) for 14, and 18.00 cm
3
Kmol

–1
 

(corresponding to an effective moment μeff = 12.00 μB) for 15, those are consistent with the 

theoretical value expected for dimer of two uncoupled manganese(III), and three uncoupled 

nickel(II) ions (18.52 cm
3
Kmol

–1
 or μeff = 12.18 μB for g = 2.03). In both cases, upon lowering 

the temperature, the MT value is nearly temperature independent up to 150 K for 14, and 100 

K for 15, and then increases gradually to reach 42 cm
3
Kmol

–1
 (corresponding to an effective 

moment μeff = 18.34 μB) at 8 K for 14 and 37.5 cm
3
Kmol

–1
 (corresponding to an effective 

moment μeff = 17.33 μB) at 8 K for 15. This behavior is consistent with overall intramolecular 

ferromagnetic coupling between the two manganese(III) and three nickel(II) ions and an ST = 

7 for both cases. 
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Experimental data were simulated using a fitting procedure to the appropriate Heisenberg–

Dirac-van-Vleck (HDvV) spin Hamiltonian for isotropic exchange coupling (eq. 6.1) for 

complexes 14-15. 

 

                     )()( 3221232111int NNNNNMNM SSSSJSSSSJH                  (6.1) 

 

Where J1 is the Mn-Ni exchange coupling parameter and J2 is the Ni-Ni exchange coupling 

parameter. 

From the numerically calculated best fit, shown with red lines in Figure 6.8, we obtained J1 ≈ 

18 K and J2 ≈ 12 K with a g-factor g = 2.1 for 14, and J1 ≈ 42 K and J2 ≈ 18 K with a g-factor 

g = 2.1 for 15. This leads to the conclusion that we deal with a purely ferromagnetically 

coupled system with a ground-state spin of ST = 7 in both cases. 

 

 

Figure 6.8. Magnetization versus field data for different orientations of a single crystal of 14∙8CH2Cl2 (left) and 

15∙8CH2Cl2 (right) at 1.8 K and the corresponding powder data. The red lines represent best fits. The inset shows 

a top view of a typical crystal. Axis 1, 2 and 3 are the different orientations indicated by the sketch in the inset. 

 

Variable-field magnetization measurements for a polycrystalline sample and for a single 

crystal with different field orientations of 14∙8CH2Cl2 and 15∙8CH2Cl2 are depicted in Figure 

6.8. While the magnetization of the powder sample and of the single-crystal sample at 

orientations axis 2 and 3 for 14∙8CH2Cl2 or axis 2 for 15∙8CH2Cl2 is not saturated at a field of 

5 T, the crystal oriented along axis 1 saturates already at about 0.6 T. From the saturation 

value MS ≈ 14.2 µB for 14∙8CH2Cl2 and MS ≈ 13.9 µB for 15∙8CH2Cl2 one can also conclude a 

spin ground state of ST = 7 in both cases, assuming a g-factor of 2.03. These values are 

consistent with the values obtained from the powder susceptibility data. 
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Since the ground-state multiplet is sufficiently well separated from the first exited multiplet, a 

giant spin Hamiltonian of the form 

 

                                  

2 2 21
1

3
z x yH D(S S(S )) E(S S )    

 

 

can be applied to the single crystal measurements depicted in Figure 6.8. From a numerical fit 

of this equation to the data, we were able to obtain estimation for the uniaxial anisotropy 

parameter D ≈ -0.5 K for 14∙8CH2Cl2 and D ≈ -0.45 K for 15∙8CH2Cl2. Within this 

framework, one can get an estimation for the effective energy barrier for spin reversal of 

Ueff = |D|S
2
 ≈ 24.5 K for 14∙8CH2Cl2 and 22.05 K for for 15∙8CH2Cl2. Unfortunately, we were 

unable to determine a reliable value of the E parameter with this method, as the sample 

crystals were rather small (≈20 µg) and very thin. Furthermore, the softness of the crystal 

made it almost impossible to align them with the necessary angular precision. 

To probe the presence of slow dynamics in these molecular systems and thus the presence of 

SMM behavior, ac susceptibility measurements were performed systematically on these 

compounds. The measurements were made in the frequency range 10–1488 Hz and 

temperature between 1.8 and 4.25 K. Figure 6.9 and 6.10 shows the results of the ac-magnetic 

susceptibility measurements for 14∙8CH2Cl2 and 15∙8CH2Cl2 respectively as the plots of m´ 

versus T, and m´´ versus T. In both cases below circa 3 K, a frequency-dependent decreases in 

the in-phase (m´) signal (Figure 6.9; left and Figure 6.10; left) and a concomitant increases in 

the out-of-phase (m´´) signal (Figure 6.9; right and Figure 6.10; right) were observed. This 

behavior is indicative of the slow relaxation of the magnetization, which is unusual for a 

paramagnet without an applied field. Moreover, in AC-external magnetic field, frequency 

dependence of real (m′) and imaginary (m′′) parts of m can be plot, which known as a Cole-

Cole or Argand plot (inset in Figure 6.9; right for 14∙8CH2Cl2, and inset in Figure 6.10; right 

for 15∙8CH2Cl2). At a fixed temperature the almost perfect semi-circle of the cole-cole plot in 

both complexes is a clear evidence of a relaxation process with a single relaxation time 0. 

Thus such kind of behavior suggest that both complexes might be a new family of SMMs, but 

do not confirm that the both complexes are SMMs, as intermolecular interactions and phonon 

bottlenecks can have similar AC susceptibility responses.
78
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Figure 6.9. Plots of in-phase (m', left) and out-of-phase (m'', right) ac susceptibility versus temperature for a 

microcrystalline sample of 14∙8CH2Cl2. The data were collected in an ac field of 2.56 Oe oscillating at the 

indicated frequencies. The inset in the lower Figure shows a Cole-Cole plot (m'' versus m'). 

 

 

 

Figure 6.10. Plots of in-phase (m', left) and out-of-phase (m'', right) ac susceptibility versus temperature for a 

microcrystalline sample of 15∙8CH2Cl2. The data were collected in an ac field of 2.56 Oe oscillating at the 

indicated frequencies. The inset in the lower Figure shows a Cole-Cole plot (m'' versus m'). 

 

Confirmation was therefore sought by magentisation versus DC field scans on single crystals 

of 14∙8CH2Cl2 and 15∙8CH2Cl2 using an array of micro-Hall-bar magnetometer. This 

magnetometer is equipped with several 10 × 10 m
2
 Hall bars. Micrometer-sized single 

crystals of the sample were placed on top of the active area of the Hall bars. The crystals were 

oriented with the easy axis approximately parallel to the applied magnetic field. The 

measurements were performed at several temperatures in the range of 0.3 – 2.0 K, and sweep 

rates in the range of 12 mTs
-1 

– 200 mTs
-1

.  
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Figure 6.11. Magnetisation (M) versus dc field hysteresis loops for a single crystal of 14∙8CH2Cl2 at constant 

sweep rate and variable temperature (a) and constant temperature and variable sweep rate (b). 

 

 

 

Figure 6.12. Magnetisation (M) versus dc field hysteresis loops for a single crystal of 15∙8CH2Cl2 at constant 

sweep rate and variable temperature (a) and constant temperature and variable sweep rate (b). 

 

Magnetization hysteresis loops were observed below circa 1.5 K for both compound, at which 

point the coercivity increases with decreasing temperature and increasing field sweep rate 

(Figure 6.11 for 14∙8CH2Cl2, and Figure 6.12 for 15∙8CH2Cl2), as expected for an SMM 

below its blocking temperature (TB). Compound 14∙8CH2Cl2 and 15∙8CH2Cl2 are thus new 

SMMs. The surprising features in Figure 6.11 and Figure 6.12 are the highly resolved QTM 

steps at periodic field positions. Although both compounds have similar model parameters 

and show sharp QTM steps, the overall shape of the hysteresis loops looks different and is 

mainly determined by relaxation paths caused by intermolecular interactions. At the moment, 

it is not possible to accurately simulate the discussed 3D-like intermolecular coupling scheme 

because the dimension of the resulting Hamiltonian exceeds the memory capacity of currently 

(a) (b) 

(a) (a) (b) 
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available computers. In the case of 14∙8CH2Cl2 the first relaxation step in the hysteresis loop 

is above the zero crossing of the magnetic field, while in the case of 15∙8CH2Cl2 it is below 

the zero crossing. This can be understood by assuming intermolecular ferromagnetic 

interaction in case of 14∙8CH2Cl2 and antiferromagnetic interaction in case of 15∙8CH2Cl2.
69, 

70b
 It can be due to different magnetic dipolar interaction between the clusters of both 

compounds (intermolecular distance between Mn···Mn is 7.56 Å for 14∙8CH2Cl2, 7.72 Å for 

15∙8CH2Cl2). Thus weak ferro and antiferromagnetic intermolecular interaction in the crystal 

lattice gives a significant effect on the manifestation of slow relaxation of magnetisation. 

Hence these complexes represent a new family of “exchange-biased single-molecule 

magnets”, where the exchange bias can be controlled by chemical and structural 

modifications. 

 

6.4. HF-ESR Spectroscopy 

High field electron spin resonance (HF-ESR) has an improtant tool to unambiguously 

detremine the spin of the ground states as well as sign and magnitude of the axial ZFS 

parameter D. The measurements were performed on an oriented powder sample of 

14∙8CH2Cl2 in magnetic fields up to 15 T. Owing to a strong magnetic anisotropy (see below) 

the single crystalline powder particles in the sample were aligned in the magnetic field along 

their crystalline magnetic anisotropy axis. A typical ESR spectrum at a frequency ν of 332 

GHz and T = 20 K is shown in Figure 6.13. The spectrum possesses a relatively simple 

structure consisting of seven well defined almost equally spaced absorption lines with a 

separation of the resonance fields Bres by ~ 1 T. The intensity of the lines continuously 

decreases with increasing the magnetic field strength. Measurements at different excitation 

frequencies reveal a linear relationship between ν and Bres for each absorption line. The 

respective ν vs. Bres dependencies (resonance branches) are plotted together in Figure 6.13. 

The slope d/dB of all resonance branches is practically the same. This enables a 

straightforward determination of the g-factor g = (h/B)d/dB which for 14∙8CH2Cl2 amounts 

to g = 2.09. Here h is the Planck constant and B is the Bohr magneton. Note a sizable 

deviation of the g-factor from the value of 2 characteristic of Mn(III) ions. It is obviously due 

to the contribution of Ni(II) species to the total g-factor of the complex since Ni(II) ions  

usually possess g values in the range 2.2–2.3.
79

 As shown in Figure 6.13 the extrapolation of 

the ν(Bres)-dependence of the leftmost line in the ESR spectrum (line 1) to zero magnetic field 

yields the magnitude of the magnetic anisotropy gap Δ is amounting to 150 GHz (7.2 K). 

Since Δ is related with the anisotropy parameter Dmol of the molecular complex as |Dmol| = 
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Δ/(Stot
2
 - (Stot - 1)

2
), where Stot is the total spin of the complex, with Stot = 7 one obtains the 

absolute value of Dmol for 14∙8CH2Cl2 |Dmol| = 11 GHz (0.55 K).
80, 81
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Figure 6.13. Frequency ν versus resonance magnetic field Bres dependence of the ESR lines (symbols) and a 

representative ESR spectrum of 14∙8CH2Cl2 at T = 20 K. Solid lines are linear fits to the experimental data 

points. Inset: Comparison of the experimental and modelled ESR spectra (see the text).  

 

The sign of Dmol can be unambiguously determined from the T-dependence of the ESR 

spectrum which is presented in Figure 6.14. Here, one observes a remarkable shift of the 

spectral weight to lower magnetic fields at low temperatures whereas the positions of the lines 

do not change. Such kind of the redistribution of the ESR spectral weight occurs in the case of 

a spin doublet ground state |±Stot
Z
> corresponding to the negative sign of Dmol, whereas for the 

case of a singlet state |0>, i.e. for a positive sign of Dmol, the spectral weight should shift to 

higher fields.
81

 Thus the HF-ESR results give clear evidence for a bistable „easy axis‟ ground 

state of the 14∙8CH2Cl2 complex with a substantial anisotropy barrier U = Stot
2
|Dmol| = 27 K 

between two degenerate ground states Stot
Z
 = +7 and Stot

Z
 = -7.  

Finally, with the above obtained parameters the ESR spectrum of 14∙8CH2Cl2 was modelled 

using the Easy Spin toolbox for Matlab
82

 for the case of the parallel orientation of the „easy 
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axis‟ of the complex to the direction of the magnetic field, i.e. the situation which is expected 

for the oriented powder sample.  
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Figure 6.14. Temperature dependence of the ESR spectra of 14∙8CH2Cl2 at ν = 249 GHz. Note a considerable 

shift of the spectral weight to low fields with decreasing the temperature indicative of a negative sign of the 

anisotropy parameter D (see the text). 

 

As can be seen in the inset of Figure 6.13 the simulation captures well the main features of the 

experimentally observed ESR spectrum: the extent of the fine structure of the spectrum, the 

number of lines and their relative intensities. The minor discrepancies between the model and 

the experiment could be due to an imperfect alignment of the powder particles as well as to 

the simplifications of the model.  
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6.4. Conclusions 

A new family of pentanuclear Mn2Ni3 compmexes have been synthesized and charecterised. 

These species posses a significant easy axis-type magnetoanistropy (D ≈ -0.45-0.55 K) 

together with ferromagnetic intramolecular exchange interactions resulting in an ST = 7 

ground state. In combination, these two molecular properties give rise to an energy barrier 

(~22-27 K) to thermal relaxation of the magnetisation. Magnetization versus direct-current 

field sweeps below 1.5 K revealed sweep rate dependent hysteresis loops with magnetization 

relaxation, definitely indicating that both complexes are single-molecule magnets that exhibit 

quantum tunnelling of magnetization (QTM) through an anisotropy barrier. Detailed magnetic 

measurements have revealed that relatively weak intermolecular interactions are manifest in 

both compounds. Despite the common molecular attributes, the intermolecular interactions 

were found to be ferromagnetic for 14∙8CH2Cl2 and antiferromagnetic for 15∙8CH2Cl2. The 

sign of the intermolecular exchange is related to the three dimensional arrangement of the 

clusters in the crystal, and the nature of the crystal packing is itself dependent on small 

chemical and structural changes to the molecules. Thus, these complexes represent a new 

family of “exchange-biased SMMs”, where small chemical changes ultimately control the 

nature of the “exchange-bias”. 
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Chapter 7 
 
High Nuclearity Aggregate of Mixed Valent Manganese 

Clusters and Heteronuclear Mn
III

2Ln
III

2 SMMs: Synthesis, 

Structural Characterization, and Magnetic Properties 
 
7.1. Introduction 

A bottom-up approach to the synthesis and crystallization of high-nuclearity, magnetically 

coupled transition-metal aggregates is currently a major focus of research in the area of 

nanoscale materials.
83

 In this field, nanoscale molecules exhibiting single-molecule magnet 

(SMM) behavior are of special interest owing to their potential applications in data storage 

and quantum computation as quantum bits. Manganese carboxylate aggregates have been a 

fruitful source of new SMMs in recent years
84 

because these clusters include the necessary 

ingredients of SMMs, i.e., large-spin ground states (S) and a large uniaxial anisotropy (D) 

(here arising from the presence of Jahn-Teller distorted Mn
III

 ions), giving rise to the 

superparamagnetic-like property governed by an energy barrier in the form of Δ = |D|ST
2
 for 

integer spin and |D|(ST
2
 - 1/4) for half-integer spin to magnetisation relaxation, although a 

recent reappraisal of this suggests that the relationship is linearly dependent on the spin ST,
85

 

in turn directing research toward increasing the anisotropy in new systems. 

One approach is to synthesize high-nuclearity, mixed-valance manganese clusters via self-

assembly techniques, in which the perfect alignment of the Jahn-Teller axes with the largest 

possible number of paramagnetic centres should be most advantageous for large D value. 

Although there are many examples of mixed-valance Mn
II
/Mn

III
 clusters, and the Mn

III
 centers 

induce a local anisotropy through Jahn-Teller distortions, only a few clusters possess a 

resultant anisotropy. This is because in most of the compounds, the Jahn-Teller axes cancel 

each other out due to the molecular symmetry. For example, it has been observed that a Mn10 

“supertetrahedron”, which is composed of a Mn
II

4Mn
III

6 core and possesses a ground state 

spin of ST = 22, has no significant anisotropy.
86

 More recently, a Mn19 cluster complex, which 

derives from two such tetrahedral units sharing a vertex, and has a record ground spin state of 

83/2, also not shows any significant anisotropy.
87

 

Another strategy is to synthesize mixed transition metal/lanthanide (Ln) compounds, 

particularly Mn–Ln ones, as an attractive area. The strategy is obviously to take advantage of 

the lanthanide ion‟s significant spin, and/or its large anisotropy, as reflected in a large D 

value, to generate SMMs distinctly different from the homometallic ones. Indeed, there are 

now several Mn–Ln SMMs,
88, 89, 90 

 including Mn11Ln4,
88a 

Mn11Gd2,
89a 

Mn12Gd2,
88c

 Mn5Dy4,
89 
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b 
Mn2Dy2,

88b
 and Mn6Dy6.

90 
Among them, Mn5Dy4

89b
 has the highest energy barrier for 3d-4f 

SMMs at 38.6 K, Although this value is less than those of pure Mn
III

 
67

 or Ln
III

-based 

SMMs,
91

 it indicates a promising avenue toward producing SMMs with higher energy 

barriers, with the challenge being to discover how the interplay of the mixed 3d and 4f ions 

can be optimized to achieve this goal. At present, many parameters need to be explored and a 

useful way forward is to compare properties for an isostructural series of compounds, as we 

show here.  

 

7.2. Syntheses, Structures and Magnetic Properties of Mixed Valent 

Manganese Clusters 
 

To synthesize high nuclearity metal clusters various kinds of ligands have been used till to 

date but it has been observed that alkoxy ligands are very efficient in this purpose because 

they can make different kinds of bridges between the metal centers. Special attention was paid 

in selecting the ligands to ensure that the ligands are flexible, multi-dentate and capable of 

forming μ-oxo bridges between different metal centers. It was observed that tridentate diol 

ligands were appropriate candidates for the synthesis of polynuclear manganese clusters. 

 

7.2.1. Synthesis, Structure and Magnetic Behavior of Mixed Valent [Mn
III

2 

Mn
II 

(L
9 
)2(OAc)2 (OMe)2 (MeOH)2]·MeOH (16) 

 

 Trinuclear mixed valent Mn complex 16 has been synthesized by reaction of 2-[3-(2-

Hydroxyphenyl)-1H-pyrazol-1-yl]ethanol (H2L
9
) with Mn(OAc)2

.
4H2O, in presence of  

n
Bu4NOH in 1:1.5:2 molar ratio in methanol at room temperature. The molecular structure is 

depicted in Figure 7.1. It includes a central octahedral Mn(II) ion, Mn2, flanked by two 

tetragonally distorted Mn(III) ions, Mn1, and Mn3. The separation between Mn1∙∙∙Mn2 and 

Mn2∙∙∙Mn3 are 3.062(4), 3.033(4) Å respectively, and the angles between the 

Mn1∙∙∙Mn2∙∙∙Mn3 168.297(11) giving rise to almost linear structure. The coordination 

environment of the central Mn2 is composed of two oxygen atoms (O5, O8) from bridging 

ligand acetates, two alkoxy oxygen atoms (O2, O11) from the ligand [(L
9
)

2-
], and two alkoxy 

oxygen atoms (O3, O7) from two methoxy groups, forming a distorted octahedral structure. 

The Mn2−O bond lengths are in the range of 2.13-2.21 Å which are consistent with Mn(II)−O 

distances reported in the literature.
92 

The coordination environment of Mn3 displays a 

distorted octahedral structure. The equatorial position of Mn1 is coordinated by the tridentate 

ligand (O1, N1, O2), an alkoxy oxygen atom (O3) from the methoxy group, and axial position 

is occupied by one acetate oxygen (O4), and one methanol molecule (O4). The coordination 

environment of Mn3 also exhibits a distorted octahedral structure that is very similar to Mn1. 
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The average bond length of Mn1 and Mn3 are in the range of 1.86-2.0 Å in equatorial, and 

2.21-2.37 Å in axial which are typical for Mn(III) ion showing a Jahn-Teller elongation, 

where the Jahn-Teller axes of the two Mn(III) centres are almost parallel to each other. The 

methanol molecules are present as lattice solvent and form hydrogen bonds with the 

coordinated acetate (O8····H13 1.70 Å) and methanol (O13···H 1.83 Å). 

 

            
   
 

Figure 7.1. Molecular structure of trinuclear cluster 16. Colour code Mn(III) green, Mn(II) purple, N blue, O 

red, C black, H white.  

 

The magnetic susceptibility of 16 was measured from 300 K to 2 K in order to characterize 

the exchange coupling within the mixed valent trinuclear core of Mn. No significant field 

dependence was observed when data were measured at applied fields of 0.2 and 0.5 T. The 

temperature dependence of the molar magnetic susceptibility M and of the product MT is 

shown in Figure 7.2. The observed MT value at 295 K is 10.13 cm
3
Kmol

–1 
(corresponding to 

an effective moment μeff = 9.0 μB), this value is agreement with the value (10.36 cm
3
Kmol

–1
 

or μeff = 9.11 μB) expected for the presence of one uncoupled Mn(II) (S = 5/2, g = 2.0) and two 

uncoupled Mn(III) ions (S = 2, g = 2.0). Upon decreasing the temperature the MT product 

continuously decreases to reach 1.91 cm
3
Kmol

–1 
(corresponding to an effective moment μeff = 

3.91 μB) at 2 K, indicating a dominant antiferromagnetic interaction and non zero ground state 

spin for 16. 
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Figure 7.2. Plots of M (solid circles) and MT (open circles) versus temperature for 16 at 0.5 T. The solid lines 

represent the simulated curves. 

 

The fitting of the magnetic data for this complex was done using the following Hamiltonian: 

 

                                               H = -2J(S1S2 + S2S3)        ……….(7.1) 

 

Where, J is the exchange interaction in the trimer between adjacent Mn(II) and Mn(III) ions; 

S1 = S3 = 2 for Mn(III) and S2 = 5/2 for Mn(II) ions. Fitting the data gave J = -2.63 cm
-1

, 

gMn(III) = 2.16, g Mn(II)  = 1.87, │D│ = 5.9 cm
-1

.  

To determine the spin ground state, magnetization data were collected at 1, 3 and 5 T in the 

temperature range 2-290 K (Figure 7.3) and plotted as reduced magnetization (M / Ngβ) vs. 

(µBB/ kT), where N is the Avogadro‟s number, β is the Bohr magneton and k is the 

Boltzmann's constant. For a system occupying only the ground state and experiencing no 

zero-field splitting (D), the various isofield lines would be superimposed and M / Nβ would 

saturate at a value S. The non-superposition of the variable temperature variable field (VTVH) 

plots at low temperature clearly indicates the presence of zero-field splitting (ZFS or D), and 

the reduced magnetization measurement yielded a ground state ST
 
= 3/2.  The M versus H 

measurements at 2 K (Figure 7.3, bottom) reveals that the magnetisation reaches a value of 

3.43 Nβ at 5 T which is close to the expected S 
 
= 3/2 value of 3 Nβ for the Mn

III
2Mn

II
 system, 

indicating the presence of antiferromagnetic interaction between the manganese(III) and 

Mn(II) ions. However there is no any true saturation occur upto 5 T,
 
indicating presence of 

magnetic anisotropy and or low lying excited states. Attempts to fit the data by using the 
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method of full-matrix diagonalization of the spin Hamiltonian matrix including axial ZFS 

produced best fits with, J = -2.90 cm
-1

, gMn(III) = 2.2, gMn(II)  = 2.0, │D│= 3.0 cm
-1

. Those "J" 

and g values are close to the values evaluated from the susceptibility measurements at 1 T 

described earlier and thus confirm the credibility of the simulated parameters. The variable 

temperature variable field (VTVH) plot is shown in the Figure 7.3 (top). It has alraedy been 

outlined that the main source of the molecular anisotropy is due to presence of Jahn-Teller 

distorted Mn
III

 

ions. The projections of this single-ion anisotropy onto the molecular 

anisotropy axis will determine the molecular parameter D. 

 

                          

                       

 

 Figure 7.3. Plot of reduced magnetization (M / Ngβ) vs. (µBB / kT) (top), and magnetisation M (or M/Nβ) versus 

applied field H (bottom) for 16 at 2 K. 
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As we already mentioned earlier that the Jahn-Teller axis of two manganese (III) ions are 

almost parallel to each other, so it is expected compound 16 possesses significant magnetic 

anisotropy (D) and it may reflect the slow relaxation of magnetisation across the energy 

barrier in single molecule magnet (SMM). To get more insight into the characterisation of the 

system precise ST
 
and D values are required. In order to determine these values and fully 

elucidate the sign of the ZFS (D), high-frequency EPR (HFEPR) technique is needed that 

under progress.  

 

                        

 

Figure 7.4. Plots of in-phase (χ´, top) and out-of-phase (χ´ ´ , bottom) ac susceptibilities versus temperature for 

complex 16. 

 

To investigate whether 16 might be a SMM, ac susceptibility measurements were performed 

in the two frequencies 500, and 1500 Hz at temperatures between 2 and 10 K and with a zero 

applied dc field (Figure 7.4).  
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Below circa 3 K, a frequency-dependent decrease in the in-phase (χ´) signal (Figure 7.4; top) 

and a concomitant increase in the out-of-phase (χ´´) signal (Figure 7.4; bottom) were 

observed. Such χ´´ signals suggest that the complex might be a SMM. To confirm SMM 

behavior, the measurements of magnetization vs. direct current field of single crystals of 16 

using a micro-hall apparatus at low temperature is in progress. 

 

7.2.2. Synthesis, Structure and Magnetic Behavior of Hexanuclear [Mn
III

4 

Mn
II

2(L
9
)4Cl4 (H2O)4(µ4-O)2]·4 CH3CN (17) 

 
The reaction of H2L

9 
with MnCl2·4H2O and Mn(ClO4)2∙6H2O in presence of NEt3 in dry 

acetonitrile under inert atmosphere at room temperature gave a block shaped red crystal of 17. 

X-ray crystallography showed that compound 17 crystallizes in the monoclinic space group 

P21/n. The molecular structure of compound 17 is showed in Figure 7.5, and selected bond 

lengths, bond angles, and structural core are shows in Figure 7.6. The central core of 

compound 17 contains [Mn
III

4Mn
II

2(µ4-O)2(µ-Cl)2]
10+

 ladder like unit possess incomplete 

face-sharing triple cubane core. The asymmetric unit contains a half of the entire molecule, 

and a crystallographic inversion center is located at the center of the core. The cluster core 

consists of six manganese ions, two phenoxide O atoms, two µ4-O atoms, and four alkoxide O 

atoms from (L
9
)
2-

, and two chloride atoms (Figure 7.6). The oxidaion state of the metal ions is 

confirmed by bond valence sum calculations,
74

 and the relatively short bonds are assigned as 

the Mn
III 

ions (see Figure 7.6). The structure consists of two Mn
II
 and four Mn

III
, and those are 

bridged by alkoxide O
 
atoms, and two Cl

 
atoms forming a distorted incomplete cube structure. 

The average bond distance of Mn(1,3)-O(1,2,3,4,5) (1.87-2.00 Å) are noticeably shorter 

compare to Mn(2)-O(2,2´,5,5´) (2.14-2.20 Å) in equatorial. According to the bond length data, 

Mn
II
 are assigned as central Mn(2) and Mn(2´), and Mn

III
 ions are attributed as Mn1, Mn1´, 

Mn3, and Mn3´.
92

 The coordination enviornment of all Mn ions exhibit distorted octahedral 

geometry. The equatorial position of Mn1 is occupied by (O1, N1, O2) atoms from the ligand 

(L
9
)
2-

, and a μ4-oxo (O5) atom, and axial positions are occupied by a phenoxo oxygen (O3) 

atom from another ligand, and a water molecule (O6). The coordination environment of Mn3 

is also similar to Mn1, where equatorial position is capped by tridentate ligand (O3, N3, O4) 

and a μ4-oxo (O5) atom, and axial position is occupied by a μ-chloro (Cl1), and a water 

molecule (O7). The coordination surrounding of Mn2 also displays a distorted octahedral 

geometry, where axial positions are filled by μ-chloro (Cl2), and a μ4-oxo (O5) atom, and 

equatorial position is engaged by (O2, O4´, O5´, Cl1).  
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Figure.7.5. View of the molecular structure of complex 17. In the interests of clarity all the hydrogen atoms of 

the ligand have been omitted. Colour code Mn(III) green, Mn(II) purple, N blue, Cl green, O red, C black, H 

white. 

 

                                
 

Figure.7.6. View of the molecular structure of metal-X (X=O, Cl) core of complex 17. Selected interatomic 

distances [Å] and angles [
°
]: Mn1-O1 1.896(2), Mn1-O2 1.886(31), Mn1-O5 1.91(32), Mn1-N1 1.886(31), Mn1-

N1 2.004(35), Mn1-O3 2.450(27), Mn1-O6 2.21(38), Mn2-O2 2.141(31), Mn2-O5´ 2.184(32), Mn2-O4´ 

2.20(27), Mn2-Cl1 2.521(12), Mn2-Cl2 2.484(13), Mn2-O5 2.358(30), Mn2-Cl2 2.484(13), Mn3-O3 1.900(32), 

Mn3-O4 1.870(32), Mn3-N3 1.996(38), Mn3-O5 1.893(27), Mn3-O7 2.29(32), Mn3-Cl1 2.669(12), H6A-Cl1 

2.5214(6215), O1-H7A 1.8727(594), H7B-Cl2 2.3158(522),  Mn1-O2-Mn2 105.099(129), Mn1-O5-Mn2 

96.665(108), Mn1-O5-Mn3 106.516(143), Mn1-O3-Mn3 87.914(111), Mn2-O5-Mn3 107.155(124), Mn2-Cl1-

Mn3 82.740(36). Symtmetry transformation used to generate equivalent atoms: (´) 1-x, 1-y, 1-z. 
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The average bond length of Mn1-O or (Mn3-O) are 1.88-2.00 Å or (1.87-1.99 Å)
 
in 

equatorial, and 2.20-2.45 Å or (2.28-2.66 Å) in axial which are typical for Mn
III

 ion showing 

Jahn-Teller elongation. The Jahn-Teller axes of the Mn
III 

ions in the core are orthogonal to 

each other. In addition there is intra-, and intermolecular hydrogen bonding contact found 

within the crystal lattice. The coordinated water molecules is intermolecularly hydrogen 

bonded with neighbouring coordinated chloro (Cl1····H6A 2.521/ Cl2···H7B 2.316 Å) or 

phenoxo oxygen atom (O1····H7A 1.872 Å), and acetontrile as a lattice solvent which involes 

in intermolecular hydrogen bonding with Cl atom of the cluster, formed a 3-D networkers, 

that  is not shown here for simplicity. 

The magnetic susceptibility of the compound 17 was measured under 0.1 T field in the 2-300 

K temperature range in order to characterize the exchange coupling within the core of 

[Mn
III

4Mn
II

2(µ4-O)2(µ-Cl)2]
10+

.  

 

                
 

Figure 7.7. Plots of M (solid circles) and MT (open circles) versus temperature for 17 at 0.1 T.  
 

The temperature dependence of the molar magnetic susceptibility M and of the product MT 

is shown in Figure 7.7. The χMT value per cluster at 300 K is 23.3 cm
3
Kmol

–1 
(corresponding 

to an effective moment μeff = 13.66 μB), slightly higher than the theoretical value (20.7 

cm
3
Kmol

–1
 or μeff = 12.9 μB for g = 2) expected for four uncoupled Mn(III) (S = 2, g = 2.0), 

and two uncoupled Mn(II) ions (S = 5/2, g = 2.06). Upon lowering the temperature, χM goes 

through a broad maximum at 27 K and MT gradually tends to zero, in accordance with 

overall intramolecular antiferromagnetic coupling and an ST = 0 ground state. The individual 

exchange interaction between the Mn1····Mn2, Mn1····Mn3, and Mn2····Mn3 pairs, are 

underway. 
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7.3. Synthesis, Structure and Magnetic behavior of Heteronuclear [NHEt3] 

[(L
9
)2Mn

III
2{(NO3)2 Ln

III
}2(O2CPh)3 (µ4-O)]·x CH3CN·y CH2Cl2 [Ln = Gd

III
 

(18), Tb
III

 (19), Dy
III

 (20)] 

In the previous chapter we already shown that the pyrazole based tridentate diol ligand H2L
9
 

is very efficient in preparing the heterobimetallic compounds. The interesting aspect of H2L
9
 

is that it possesses three coordination sites. Two of those sites are hard donor phenoxy and 

alkoxy tend to bind to oxophilic lanthanide ions, and the remaining one is the soft-donor 

nitrogen tends to bind to transition metal ions. Thus sequential reaction of deprotonated ligand 

of H2L
9
 with Mn(O2CPh)2·2H2O followed by reaction with the appropriate Ln(NO3)2·6H2O 

[Ln = Gd
III

 (18), Tb
III

 (19), Dy
III

 (20)] afforded heterobimtallic compounds 18-20 in 39-52% 

yield.  

Complexes 18-20 are isostructural and crystallize in a monoclinic unit cell (space group: P 

21/c). Here molecular structure of compound 18 is depicted in Figure 7.8 as an example. The 

structural core is shown in Figure 7.9. Relevant atom distances and bond angles are collected 

in Table 7.1  

 

              

 

Figure 7.8. View of the molecular structure of compound 18. Organic H atoms, and counter cation [NHEt3]
+ 

are 

omitted for clarity. Colour code O-red, N-blue, C-black, Mn
III

 green, Gd
III 

firebrick.  
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Figure 7.9. View of the molecular structure of [Mn2Gd2(µ4-O)]
10+ core of compound 18. Colour code O-red, N-

blue, C-black, Mn
III

 green, Gd
III 

firebrick.  

 

Table 7.1. Selected interatomic distances [Å] and angles [
°
] of compound 18 

                                                              18                                                            

Mn1-O1 1.9096(30) Mn2-O3 1.8974(33) 

Mn1-N1 1.9880(36) Mn2-N3 1.9976(36) 

Mn1-O5 1.8612(30) Mn2-O5 1.8651(28) 

Mn1-O11 2.0818(33) Mn2-O10 2.0719(33) 

Mn1-O2 1.8735(30) Mn2-O4 1.8740(35) 

Mn1-O6 2.6419(37) Mn1····Mn2 3.2546(10) 

Gd1-O1 2.428(30) Gd2-O3 2.4168(29) 

Gd1-O4 2.3997(31) Gd2-O2 2.3729(31) 

Gd1-O5 2.3738(33) Gd2-O5 2.4177(27) 

Gd1-O6 2.4177(31) Gd1-O7 2.3200(37) 

Mn1-O5-Mn2 121.716(153) Mn1-O5-Gd1 99.600(125) 

Mn1-O1-Gd1 99.366(199) Mn2-O5-Gd2 99.886(124) 

Mn1-O2-Gd2 104.600(137) Gd1-O5-Gd2 129.467(128) 

Mn1-O6-Gd1 79.846(98) Mn2-O3-Gd2 98.977(131) 

Mn2-O4-Gd1 103.880(138) Gd1····Gd2 4.3331(3) 

 

The central core of compound 18 contain [Mn2Gd2(µ4-O)]
10+

 like unit with the two Mn
III

 and 

two Gd
III

 arranged in a distorted tetrahedral shaped by a µ4-O bridge. Both Mn atoms are 

coordinated by {ONO} chelate arms of the ligand (H2L
9
), and rest position is occupied by an 

μ4-oxo atom, and syn, syn-benzoate bridging ligand formed a six coordinated distorted 

octahedral structure. The interatomic distance between the Mn···Mn is 3.26 Å. Gd and Mn 

atoms are bridged by an alkoxide O atom, a phenoxide O atom from the ligand, one syn, anti-

benzoate bridge, and the Mn
III

···Gd
III

 distances range from 3.2516(8) to 3.3805(8) Å. Both Gd 
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atoms are interconected by a μ4-oxo atom and two syn, syn-benzoate bridging ligand. The 

interatomic distance between the Gd···Gd is 4.33 Å. The average bond distances of Mn1-O(1, 

2, 5)(1.86-1.91 Å) or Mn2-O(3, 4, 5)(1.86-1.90 Å) in equatorial is noticeably shorter 

compared to Mn1-O(11, 6) (2.08-2.64 Å) or Mn2-O(9, 10) (2.07-2.89 Å) in axial position, 

suggest that both Mn atoms have significant Jahn-Teller elongation. 

 

Magnetic susceptibility data was collected for all complexes in the temperature range from 

300 to 2.0 K in order to characterize the exchange coupling within the [Mn
III

2Ln
III

2(µ4-O)]
10+ 

core. No significant field dependence was observed when data was measured at applied fields 

of 0.5, and 0.1 T for 18, 0.5, and 0.05 T for 19, and 0.5, and 0.2 T for 20. The temperature 

dependence of the molar magnetic susceptibility M and of the product MT is shown in 

Figure 7.10.  

              

 

 
 

Figure 7.10. Plots of M (solid circles) and MT (open circles) versus temperature for 18 at 0.5 T (left-top), 19 at 

0.5 T (right-top), and 20 at 0.5 T (bottom). 

 

The observed MT value at 300 K is 20.6 cm
3
Kmol

–1 
(corresponding to an effective moment 

μeff = 12.84 μB), close to the value (21.7 cm
3
Kmol

–1
 or μeff = 13.19 μB) expected for the 
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presence of two uncoupled Mn
III

 (S = 2, g = 2.0) and two uncoupled Gd
III

 ions (
8
S7/2, S = 7/2, 

L= 0) for 18. The MT value decreases gradually with decreasing temperature to reach 16.4 

cm
3
Kmol

–1 
(corresponding to an effective moment μeff = 11.5 μB) at 8 K, consistent with 

dominant antiferromagnetic exchange interactions within complex 18. Below 8 K, the MT 

value decreases steeply to reach 14.2 cm
3
Kmol

–1 
(corresponding to an effective moment μeff = 

10.7 μB) at 2 K indicating a non zero ground state spin for 18. 

For complexes 19 and 20, the MT values at all temperatures are higher than the 

corresponding ones for 18 (Figure 7.10). The observed MT value at 300 K is 25.3 cm
3
Kmol

–

1
, less than the value (29.6 cm

3
Kmol

–1
) expected for the presence of two uncoupled Mn

III
 (S = 

2, g = 2.0) and two uncoupled Tb
III

 ions (
7
F6, S = 3, L= 3) for 19. The MT value decreases 

gradually with decreasing temperature to reach 21.4 cm
3
Kmol

–1
 at 35 K, consistent with 

dominant antiferromagnetic exchange interactions within complex 19. Below 25 K, the MT 

value decreases steeply to reach 10.5 cm
3
Kmol

–1 
at 2 K indicating a non zero ground state 

spin for 19.  

For 20, the MT value of 29.4 cm
3
Kmol

–1
 at 300 K is less than the expected value for two 

uncoupled Mn
III

 (S = 2, g = 2.0) and two uncoupled Dy
III

 (
6
H15/2, S = 5/2, L= 5) ions of 34.74 

cm
3
Kmol

–1
, and the MT decrease steadily with decreasing temperature to reach 25.1 

cm
3
Kmol

–1
 at 60 K; the behavior being consistent with antiferromagnetic exchange 

interactions within 20. After 60 K, the MT value decreases steeply to reach 13.8 cm
3
Kmol

–1 

at 2 K indicating a relatively large ground state spin compare to complex 20. 

The molar dc magnetic susceptibility values of the above-mentioned complexes are indicative 

of the contribution of the lanthanide ion to the net experimental magnetic susceptibility 

observed and consequently the resulting magnetic properties of these complexes (vide infra). 

This is hypothesized because all of these complexes have two Mn
III 

centers, in addition to the 

Ln ions, and the free-ion MT value (in cm
3
Kmol

–1
) of individual Ln

3+
 ions in decreasing 

order is Dy (14.17) > Tb (11.82) > Gd (7.88). Accordingly, the magnitude of the MT with 

decreasing temperatures and even at 300 K, follows the same descending pattern, i.e., 20 > 19 

> 18 , as that of the free-ion MT values of the constituent Ln
3+

 ions of these complexes. Thus, 

both the data are satisfyingly consistent and the overall nature of the plots for all the 

complexes is very similar as can be seen in Figure 7.10. The calculation of individual pairwise 

exchange parameters (Jij) within the Mn2Ln2 molecules is in progress. 

The field dependence of the magnetisation (0–5 T) at 1.8 K (Figure 7.11) for each of the 

compounds 18-20 shows a relative increase of the magnetisation at low fields, followed by an 

almost linear increase without clear saturation up to 5 T, where it reaches a value of 14.96 μB 
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for 18, 12.1 μB for 19, and 12.9 μB for 20 indicating the presence of non zero ground state in 

these compounds, probably the ground state ST is ~7, but to get more precise information 

about spin ground state S and magnetic anisotropy term D, the fitting of the single crstal 

magnetisation measurement should also be done, that are in progress.  

                 

 
 
 

Figure 7.11. Plots of magnetisation M / Molecule (µB) versus applied field H for 18 (top-left), 19 (top-right), and 

20 (bottom) at 1.8 K. 

 

As a result of non zero ground state, and anisotropy present in these compounds, the 

alternating current (ac) susceptibility measurements were checked under zero dc field in the 

frequency range 10–1488 Hz at temperatures (Figure 7.12). In all cases in-phase (m´) value 

gradually increases with decreasing temperature, indicate the population of low-lying excited 

states. There is no any frequency dependence in-phase signal observed at low temperature 

(Figure 7.12).  



 

 99 

                        

 

           

Figure 7.12. Plots of in-phase (m´, left) and the out-of-phase (m´ ´, right) ac susceptibilities versus temperature 

for complex 18 (top), 19 (middle), and 20 (bottom). 

 

On the otherhand frequency dependence out-of-phase signals are clearly detected below 3 K 

for 18, and below 4 K for 19 and 20 indicating that these compounds exhibit slow relaxation 

of the magnetization. Thus these complexes might be SMMs. 

To confirm further the SMM properties of 18 we used our home-made micro-Hall-bar 

magnetometer
77

 in order to perform low-temperature single-crystal magnetization 
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measurements. Magnetization vs. field hysteresis, the diagnostic property of a magnet, was 

indeed observed below 2.1 K at a field sweep rate of 50 mTs
-1

 (Figure 7.13).  

 

                    

         

 
Figure 7.13. Magnetization (M) versus applied DC field H hysteresis loops for single crystals of 18. The 

resulting loops are shown at the indicated temperatures (top), and indicated field sweep rates (bottom). The 

magnetisation is normalised to its saturation value Ms. 

 

The hysteresis loops exhibit increasing coercivity with decreasing temperature at a constant 

sweep rate (Figure 7.13, top) and increasing coercivity with increasing field sweep rate at a 

constant temperature (Figure 7.13, bottom). This is as expected for the superparamagnet-like 
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properties of a SMM. Thus it is confirmed that complex 18 to be a new addition to the family 

of SMMs. The blocking temperature (Tb) is ~2.1 K, above which there is no hysteresis, i.e., 

the spin relaxes faster to equilibrium than the time scale of the hysteresis loop measurements. 

It is worth to mention that to the best of our knowledge this is the highest blocking 

temperature (Tb = 2.1 K) so far in Mn-Ln chemistry array till to date.
89b 

 

 

7.4. Conclusions 

In this chapter, we have shown that the versatile H2L
9
 ligand provided access to new mixed 

valence trinuclear, and octanuclear clusters of Mn(II/III) and assembled a new family of 3d-4f 

compounds containing Mn
III

. The trinuclear mixed valent Mn(II/III) complex showed slow-

relaxation behavior at low temperature, suggests a new SMMs. All the Mn-Ln compounds 

show single-molecule magnet behavior that is tuned by the choice of the lanthanide ion, in 

particular for compound 18, the highest blocking temperature reported to date for a 

heterometallic Mn-Ln SMMs. The series of molecular magnets reported in this chapter 

highlight the importance of simple chemical approaches to obtain targeted series of pure 

molecular species showing interesting magnetic properties. 
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Chapter 8 

New Binucleating Pyrazolate Ligands with Phenol Side 

arms- Potential Scaffolds for Bimetallic Multiradical 

Chemistry 
 

8.1. Introduction 

The presence of amino acid radicals like tyrosine-based radicals
93

 as an electron reservoir in 

redox enzymes that activate dioxygen has stimulated model studies
94

 with structurally defined 

small-molecule analogues of metallobiomolecules to elucidate the molecular basis of their 

reactivity. These model compounds have often the potential for being developed into new 

catalysts for oxygen activation that are capable of unusual substrate oxidations. In this regard 

the fungal enzyme galactose oxidase (GO),
95 

 whose active site contains one copper ion 

coordinated to a tyrosyl (phenoxyl) radical and catalyzes the two-proton and two-electron 

oxidation of primary alcohols to the corresponding aldehydes in the presence of dioxygen, has 

stimulated important developments in the field of aerial oxidation of alcohols catalyzed by 

copper(II)-containing GO analogues.  

The crystal structure
95a, b

 of GO shows a distorted square-pyramidal copper site with two 

histidine nitrogen and two oxygen (from one axial and one equatorial tyrosine) donor atoms, 

plus an exogenous water in the equatorial site, which is also the binding site for the substrate 

(Figure 8.1). The copper(II) center with tyrosine (Tyr 272) radical in the equatorial position 

which is responsible for hydrogen atom abstraction from the substrate is the active form of 

Galactose Oxidase. GO thus contains two electron redox centers: 1e- per copper, shuttling 

between Cu(I) and Cu(II), and 1e- from tyrosine radical.  

To model the active site of GO, several biomimetic approaches have been developed during 

the last decade.
94

 Consequently, a large number of complexes of the first-row transition 

metals with noninnocent ligands have been characterized. Tetradentate salen type ligands 

have been commonly used to provide a coordination sphere similar to that of the enzyme. 

Particular mononuclear phenolatocopper (II) complexes with salen type ligands can undergo a 

one-electron oxidation into magnetically interacting phenoxyl copper(II) complexes.
36a-c

 The 

localization of the oxidation site in such complexes could, however, lead to discrepancies as 

electrons can be removed either from the metal center (leading to an M
(n+1)+

 closed shell 

ligand) or from the ligand (leading to an M
n+

 open shell ligand), and this situation could 

become even more complicated when valence tautomerism exists between these two forms, as 
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in nickel porphyrins:
 96

 in this case, the two forms the M
(n+1)+

 closed-shell porphyrin and the 

M
n+

 open-shell porphyrin are in equilibrium.  

 

 

 
Figure 8.1. Structure of GOase. (A) The active site showing the copper ligands, the thioether bond between 

Tyr272 and Cys228, and the stacking interaction with Trp290. (B) An overview of the GOase monomer showing 

domains 1 and 2 and showing the locations of the residues Cys383, Tyr436 and Val 494 (shown in mauve and 

highlighted by yellow labels), which form the basis of the present study. The active site residues are shown in 

atom colouring and are labelled by arrows. Non-covalent bond interactions are shown as dotted lines.11-12 (C) 

Schematic diagram of Goase (active form), L = H2O. 

 

In this regard, bimetallic transition metal complexes have received a lot of attention
97 

mainly 

due to the increasing interest in cooperative effects between individual metal centers. Here we 

designed new pyrazolate-based bridging ligand with two phenol side arms in the 3- and 5-

positions of the heterocycle, the anionic pyrazolate has a high tendency to span two metal 

ions, and individual coordination spheres as well as metal-metal separations can be tuned by 

appropriate alterations of the appended chelate substituents. Type B bimetallic complexes 

with pyrazolate-bridging ligands can be described as an extended version of the metal-salen 

skeleton (Chart 8.1). Preferred metal-metal separations range from 4.1-4.5 Å, depending on 

the secondary bridging moiety of the metal ions. Mononuclear salen type complexes A with 

Zn
2+

, Cu
2+

, Ni
2+

 ions have proven highly successful for metal-radical chemistry and 

reactivities of primary alcohols oxidation.
98, 36a-c, 99

 

(A) 

(B) 

(C) 
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Chart 8.1. 

 

For their bimetallic analogues B, a similarly rich bio- mimetic chemistry is just emerging and 

offers great prospects due to the potential of the highly preorganized proximate metal ions to 

work in concert during substrate transformations.
100, 101, 102

 Here we have synthesized a new 

pyrazolate-based bridging ligand with two phenol side arms (H3L
12

), where o-, and p-position 

of the phenolate contains t-butyl group (that can prevent the radical initiated decomposition), 

and studied its binuclear complexes with Cu
2+

, Ni
2+

 and tetranuclear complex with Zn
2+

 in 

metal-radical chemistry.
 

 
8.2. Ligand Synthesis  

The new ligand H3L
12

 was synthesized in a multistep sequence starting from 3,5-dimethyl 

pyrazole (Scheme 8.1). The intermediate 3,5-bis(chloromethyl)-1-(tetrahydropyran-2-yl)-1H 

pyrazole was obtained in 5 steps according to the literature method,
103a, b 

and was then treated 

with phthalimide in dry DMF, followed by a reaction with hydrazine hydrate,
103c

 and 

subsequently deprotection of the THP group by hydrochloric acid, gave 3,5-bis(aminoethyl) 

pyrazol dihydrochloride as a desired starting precursor. Final step is the condensation of 2 

equivalent 3,5-di-tert-butyl-salicylaldehyde with 1 equivalent neutralised 3,5-bis(aminoethyl) 

pyrazole dihydrochloride in methanol afforded the ligand H3L
12

 as yellowish solid in 98% 

yield. It was characterized by NMR (
1
H, 

13
C) spectroscopy, mass spectrometry and 

microanalysis. 

      



 

 105 

 
 

 

Scheme 8.1. General Synthesis of the Novel Ligand H3L
12 

 

8.3. Synthesis and Molecular Structure of Metal Complexes 

The reaction of H3L
12

 with 2 equivalents of Cu(BF4)2·4H2O and 3 equiv. of NaOMe in 

methanol yielded a deep green solution, and slow evaporation of the resulting solution 

afforded needle shaped green crystal of [(L
12

)Cu2(µ-MeOH
...

OH)]·2.5 MeOH 21, which was 

suitable for X-ray crystallographic analysis; Figure 8.2 shows the obtained molecular 

structure. In the resulting complex 21, two copper(II) ions are hosted in the two ligand 

compartments, ligated by the phenolato-O, the imine-N, and the adjacent pyrazole-N, and 

both copper(II) ions are found in roughly square planar environment.  

 

              
 
Figure 8.2. View of the molecular structure of [(L

12
)Cu2(µ-MeOH

...
OH)]·2.5 MeOH 21. Solvent molecules, 

hydrogen atoms are omitted for clarity. Colour code. Cu green, O red, N blue, C black. 
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The methanol, and water solvent ligands are located in the copper(II) coordination planes and, 

form intramolecular hydrogen bond [O∙∙∙O distance 2.41Å] (Chart 8.2). The inter-atomic 

distance between the two Cu
2+

 ions is 4.43 Å.  

The bond lengths Cu1-O1 (or Cu1´-O1´ ), Cu1-O2, Cu1´-O3 (1.9055(3), 1.9842(6), 1.8633(9) 

Å respectively) are shorter than Cu1-N1, Cu1-N2 (or Cu1´-N1´, Cu1´-N2´) [1.9978(4), 

1.9262(4) Å respectively]. Bond angles O1-Cu1-N2, N1-Cu1-N2, N1-Cu1-O2, O1-Cu1-O2 

(or O1´-Cu1´-N2´, N1´-Cu1´-N2´, N1´-Cu1´-O2´, O1´-Cu1´-O3)  are close to 90
°
, 

(92.897(1)
°
, 83.536(2)

°
, 93.172(2)

°
, 91.457(2)

°
 respectivly), which suggesting that both ions 

are in roughly square planar environments. It should be noted that the two planes of Cu1, O1, 

O2, N1, N2 and Cu1´, O1´, O3, N1´, N2´ are slightly twisted by 12.3
°
. 

 

                                  

 

Chart 8.2. Schematic diagram of compound 21. 

 

Upon reaction of H3L
12 

with 2 equiv. of Cu(OAc)2·H2O in methanol at room temperature 

afforded a deep green precipitate immediately, and then recrystallised  by CHCl3-hexane 

mixture yielded needle shaped green crystals of [(L
12

)Cu2(µ-OAc)]·1.33 CHCl3 22, and in 

similarway using Ni(OAc)2·4H2O instead of Cu(OAc)2·H2O, yellow crystals of compound 

[(L
12

)Ni2(µ-OAc)]·1.33 CHCl3 23, was isolated in quantitavie yield. A crystallographic 

analysis afforded the molecular structures as depicted in Figure 8.3, and 8.4 respectively. In 

both cases, two metal ions are resided in the two ligand compartments as like before and those 

are bridged by acetate form a square planar complex as anticipated. The inter-atomic 

distances between the two metal ions are 4.12 Å for complex 22, and 4.17 Å
 
for complex 23. 

The bond lengths Cu1-O1, Cu1-N3, Cu1-O3 (1.8729(1), 1.9434(3), 1.9574(2) Å respectively) 

are slightly shorter than Cu2-O2, Cu2-N4, Cu2-O4 [1.893(2), 1.9450(2), 1.9629(1) Å 

respectively]. In contrast the bond length of Cu1-N1 (1.9321(2) Å) is longer than Cu2-N2 

(1.8633(9) Å), clearly says that co-ordination environment of the both copper ions (Cu1 and 

Cu2) are not identical in 22. The bond angles O1-Cu1-N3, O1-Cu1-O3, N1-Cu1-N3, N1-Cu1-

O3 (93.158(8)
°
, 87.789(7)

°
, 82.621(9)

°
, 98.601(8)

°
 respectively) or O2-Cu2-N4, O2-Cu2-O4, 

N2-Cu2-N4, N2-Cu2-O4 (93.326(8)
°
, 96.696(8)

°
, 82.38(8)

°
, 97.678(2)

°
 respectively), differes 
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slightly from 90
°
, suggesting that both ions are in roughly square planar environments and the 

angles between the two planes of Cu1, O1, N1, N3 and  Cu2, O2, N2, N4 is 18
°
 implies that 

both copper atoms are not coplanar, slightly twisted by bridging ligand acetate. 

 

                      
 
Figure 8.3. View of the molecular structure of [(L

12
)Cu2(µ-OAc)]·1.33 CHCl3 22. Solvent molecules, hydrogen 

atoms are omitted for clarity. Colour code. Cu green, O red, N blue, C black. 

 

 

              
 

 

Figure 8.4. View of the molecular structure of [(L
12

)Ni2(µ-OAc)]·1.33 CHCl3 23. Solvent molecules, hydrogen 

atoms are omitted for clarity. Colour code. Ni yellow, O red, N blue, C black. 

 

The geometry of the both nickel atoms is roughly square planar in 23:  The bond lengths Ni1-

O1 (or Ni2-O2), Ni1-O3 (or Ni2-O4) (1.83(1), 1.87(1) Å respectively) are slightly shorter 

than Ni1-N1 (or Ni2-N2), Ni1-N3 (or Ni2-N4) lengths (1.88(1), 1.84(1) Å respectively). The 

bond angles O1-Ni1-N3, O1-Ni1-O3, N1-Ni1-N3, and N1-Ni1-O3  or O2-Ni2-N4, O2-Ni2-

O4, N2-Ni2-N4, and N2-Ni2-O4 are differ slightly from 90
°
(93.04(5)

°
, 82.585(5)

°
, 85.173(6)

°
, 

99.294(5)
°
 respectively), or (93.796(5)

°
, 82.357(6)

°
, 84.487(6)

°
, 99.351(5)

°
). Both nickel 

atoms are not coplanar, those are slightly twisted by bridging ligand acetate as like before (the 

angle between the two plane of Ni1, N1, N3, O1, and Ni2, N2, N4, O2 is 11.50
°
). The inter-



 

 108 

atomic distance between the two nickel atoms is 4.12 Å. Selected interatomic distances, and 

bond angles of compounds 21-23 are given in Table 8.1. 

 

Table 8.1. Selected bond lengths (Å) and angles (
o
) for 21-23. 

                                                                         21                                                           

Cu1-O1 1.9055(3) Cu1´-O1´ 1.9055(3) 

Cu1-O2 1.9842(6) Cu1´-O3 1.8633(9) 

Cu1-N1 1.9978(4) Cu1´-N1´ 1.9978(4) 

Cu1-N2 1.9262(4) Cu1´-N2´ 1.9262(4) 

O1-Cu1-O2 91.457(2) O1´-Cu1´-O2´ 91.457(2) 

O1-Cu1-N2 92.897(1) O1´-Cu1´-N2´ 92.897(1) 

N1-Cu1-N2 83.536(2) N1´-Cu1´-N2´ 83.536(2) 

N1-Cu1-O2 93.172(2) N1´-Cu1´-O2´93.172(2) 

                                                                        22 

Cu1-O1 1.8729(1) Cu2-O2 1.893(2) 

Cu1-O3 1.9574(2) Cu2-O4 1.9629(1) 

Cu1-N1 1.9321(2) Cu2-N2 1.8633(9) 

Cu1-N3 1.9434(3) Cu2-N4 1.9450(2) 

O1-Cu1-O3 87.789(7) O2-Cu2-O4 96.696(8) 

O1-Cu1-N3 93.158(8) O2-Cu2-N4 93.326(8) 

N1-Cu1-N3 82.621(9) N2-Cu2-N4 82.38(8) 

N1-Cu1-O3 98.601(8) N2-Cu2-O4 97.678(2) 

                                                                       23 

Ni1-O1 1.8336(1) Ni2-O2 1.8379(1) 

Ni1-O3 1.8708(1) Ni2-O4 1.8794(1) 

Ni1-N1 1.8869(1) Ni1- Ni2 4.1742 (2) 

Ni1-N3 1.8436(0) Ni2-N4 1.8463(1) 

O1-Ni1-O3 82.585(5) O2-Ni2-O4 82.357(6) 

O1-Ni1-N3 93.040(5) O2-Ni2-N4 93.796(5) 

N1-Ni1-N3 85.173(6) N2-Ni2-N4 84.487(6) 

N1-Ni1-O3 99.294(5) N2-Ni2-O4 99.351(5) 

 

The reaction of H3L
12

 with 2 equivalents of Zn(ClO4)2·6H2O, and 3 equivalents of NaO2CPh 

in methanol gave a light yellow precipitate immediately, and recrystallised by CHCl3-hexane 

mixture yielded yellow crystals of Zn4(L
12

)2(H2L
12

)2 24. However due to low quality of the 

crystals the molecular structure of this compound could not be determined from X-ray 

crystallographic analysis. But based on elemental analysis, mass spectrometry, and NMR (
1
H, 

13
C) spectroscopy proposed structure of compound 24 is [2×2]-grid structure composed of 

four metal ions and four ligand strands in which two fully deprotonated rigid ligands (L
12

)
3-

 

and two partially deprotonated flexible ligand (H2L
12

)
- 
(see Chart 8.3). 
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Chart 8.3. Proposed structure of compound Zn4(L
12

)2(H2L
12

)2 24. 

 

8.4. Magnetic Properties of Cu(II) complexes 
 

In order to gain the electronic structure of the copper(II) complexes with different secondary 

bridging ligands, compounds 21, and 22 were characterised by temperature dependent 

magnetic susceptibility measurement.  

 

Magnetic susceptibility data were collected for two dinuclear copper (II) complex in the 

temperature range from 295 to 2.0 K in order to characterize the exchange coupling within the 

pyrazole core. No significant field dependence was observed when data were measured at 

applied fields of 0.2 and 0.5 T. The temperature dependence of the molar magnetic 

susceptibility M and of the product MT is shown in Figure 8.5. The observed MT value at 

room temperature is 0.76 cm
3
Kmol

–1
 (corresponding μeff = 2.47 μB) for 21, and 0.94 

cm
3
Kmol

–1
 (corresponding μeff = 2.73 μB) for 22, those are close to the theoretical value 

expected for two uncoupled copper (II) ions (0.82 cm
3
Kmol

–1
 or μeff = 2.57 μB for g = 2.1) for 

21, and 22. In both cases, upon lowering the temperature, χM goes through a broad maximum 

at 49 K for 21 and 52 K for 22, while MT drops and gradually tends to zero, which is 

indicative of significant antiferromagnetic coupling between the two copper(II) ions and an ST 

= 0 ground state.  
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Figure 8.5. Plots of M (solid circles) and MT (open circles) versus temperature for 21 (left), and 22 (right) at 

0.5 T. The solid black lines represent the simulated curves. 

 

Experimental data were simulated using a fitting procedure to the appropriate Heisenberg–

Dirac-van-Vleck (HDvV) spin Hamiltonian for isotropic exchange coupling and Zeeman 

splitting (eq. 8.1) for both complexes. 

 

                                       

 

A Curie–Weiss-behaved paramagnetic impurity () that presumably causes the increase of M 

at very low temperatures and temperature-independent paramagnetism (TIP) were included 

according to calc = (1  PI)· + PI·mono + TIP. Table 8.2. Summarizes the magnetic 

parameters obtained from best fit analyses.  

                 

Table 8.2: Best Fit Parameters of Magnetic Data Analysis for Complexes 21 and 22.  

 

complex g J  [cm-1]         PI [%]
a TIP [10

-6
cm3mol-1] 

21 2.1 -27.53           3.3  12.9 

22 2.1  -36.88           15.0  868.9 

a 
PI indicate paramagnetic impurity. 

 

The magnitude of the antiferromagnetic interaction of both compounds (J = -27.53 cm
-1

 for 

21, and J = -36.88 cm
-1

 for 22) implies that primary pathway for the magnetic excahnge 

intearaction is through the pyrazolate bridges.
104a

 The coupling through the H-bonded 

MeOH···OH moeity in 21, and accetate moeity in 22 are negligable. The result for both 

complexes are lying well with reported J values for many other known dicopper(II) 

complexes that are spanned by pyrazolate bridges feature square-planar or tetragonal metal 

 BSSgSSJH B )ˆˆ(ˆˆ2ˆ
2121   (8.1) 
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ions where the magnetic dx2-y2 orbitals are located within the plane of the bridging 

heterocycles.
104 b, c  

 

8.5. Spectroscopy in Solution 

All new complexes were characterized by ESI mass spectrometry to clarify the stability of the 

complexes in solution. In order to elucidate the locous of the oxidised species of those 

complexes in solution, electrochemical, spectro-electrochemical experimets and EPR-

spectroscopy were performed.  

8.5.1. Mass Spectrometry: ESI-MS spectra of CHCl3 solution of complexes 21, and 22 

shows a major peak at m/z 682.9, and 683.2 respectively, for the ion of [L
12

Cu2]
+
, which 

implies that the binuclear entity is stable in solution.  MALDI-MS spectrum of compound 24 

in dithranol matrix displays prmoinent peak at m/z 2488.3 , 1930.3, 1305.7,  and 1242.6 

characteristic for [Zn4(L
12

)2(H2L
12

)2+H
+
], [Zn4(L

12
)2(H2L

12
)]

+
, [Zn3(L

12
)2-H

+
], and 

[Zn2(L
12

)2+H
+
] respectively confirming that tetranuclear grid-type [22] complex stays intact 

in solution (Figure 8.6). These observations are important for analyzing the electrochemical 

and spectroelectrochemical experiments. 

 

 

           

 

Figure 8.6. MALDI-MS spectrum of 24 in dirathanol (matrix). The inset shows the observed and calculated 

isotopic distribution pattern for the ions [Zn4(L
12

)2(H2L
12

)2+H
+
]. 
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8.5.2. Electrochemistry: The redox properties of all complexes have been recorded in 

CH2Cl2, containing 0.10 M [N(n-Bu)4]PF6 as a supporting electrolyte. Small amount of 

ferrocene was added after the completion of each set of experiments as an internal standard, 

and all potentials are referenced versus the Fc
+
/Fc couple. Figure 8.7 (top) and Figure 8.8 

displays cyclic voltammograms (CVs) of 22, 23, 21, and 24 respectively. Figure 8.7 (bottom) 

displays square-wave voltammograms (SWs) of 22 and 23 as an example for copper and 

nickel complexs. All redox potential obtained from the voltammograms is compiled in Table 

8.2. The CV curves of 21-23 (Table 8.2) display two fully reversible close spaced oxidation 

waves E1/2
(0/+)

 = 0.648, and E1/2
(+/2+)

 = 0.787 V for 21, E1/2
(0/+)

 = 0.570, and E1/2
(+/2+)

 = 0.650 V 

for 22, E1/2
(0/+)

 = 0.572, E1/2
(+/2+)

 = 0.682 V for 23. Coulometric titrations showed that 

compound 21-23 displays two sequential one electron oxidation processes, and both waves 

are electrochemicall fully reversible. However compound 24 displays three sequential one-

electron transfer steps the first two of which are merged into a single broad wave at E1/2
(0/2+)

 =  

0.68 and third third wave appear at E1/2
(2+/3+)

 = 0.90 V.  

 

           
 

 

Figure 8.7. Cyclic voltammograms and square-wave voltammograms of complex 22 (in left-hand), and complex 

23 (in right-hand) in dichloromethane (0.1 M) [(n-Bu)4N]PF6) at 20°C recorded at a glassy carbon working 

electrode versus a Ag/AgNO3 reference electrode. 
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Both waves are electrochemically only quasireversible with a half-width of 120 mV for the 

first wave and peak-to-peak separations of ca. 155 or 120 mV for the first and the second 

wave respectively. In all cases no any reduction process was observed at potentials above 

−1.5 V.  

 

    
 
 
 Figure 8.8. Cyclic voltammograms and square-wave voltammograms of complex 21 (left) and 24 (right) in 

dichloromethane (0.1 M) [(n-Bu)4N]PF6) at 20°C recorded at a glassy carbon working electrode versus a 

Ag/AgNO3 reference electrode.  

 

As will be shown and discussed below, electrochemical oxidation of 21-24 is ligand centered 

and leads successively to the formation of mono and bisphenoxyl radical species for 21-23, 

and trisphenoxyl radical species for 24 as shown in Scheme 8.2a, and 8.2b respectively.   

          

 

[MII
2(L12)(X)] [MII

2(L12 )(X)]+ [MII(L12 )(X)]2+

+ e-
+ e-

- e-
- e-

[MII
4(L12)2(H2L12)2] [MII

2(L12 )2(H2L12)2]2+

+ 2e-
+ e-

- 2e-
- e-

[MII
2(L12 )2(H2L12)2]3+

(a)

(b)

    

 

Scheme 8.2: General redox properties scheme of [M
II

2(L
12

)(X)] (M= Cu
2+

, Ni
2+

; X= OCOCH3, MeOH···OH) 21-

23 (a) and [M
II

4(L
12

)2( H2L
12

)2] (M= Zn
2+

) 24 (b). 

 

The difference between the half-wave potentials for both processes in compounds 21-24 

indicates that oxidation of one phenolate moiety in the complex influences the second one, a 

result suggests a possible structural rearrangement of the coordination sphere upon oxidation 
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and the existence of electrochemical communication through pyrazole bridged in these 

complexes with two equivalent phenolate groups.  

 

Table 8.2. Redox properties of compound 21-24 
 

                    CV data
[a]

 Square wave voltammetry
[a]

 

compound Ep 

[mV] 

E1/2
(0/+)

 

[V] 

E1/2
(+/2+)

 

[V] 

E1/2
(2+/3+)

 

[V] 

E1/2
(0/+)

 

 [V] 

E1/2
(+/2+)

 

 [V] 

21 139 0.648 0.787    

22 80 0.570 0.650  0.562 0.654 

23 110 0.572 0.682  0.570 0.685 

 24  0.680
[b] 

0.900
[c]  

[a] Potential values given relative to the Fc/Fc
+
 reference electrode. One electron process T= 298 K. [b] Potential 

corresponding to the quasireversible two-electron redox process. [c] Potential corresponding to the quasi-

reversible one electron redox process. 

 

8.5.3. Spectroeletrochemistry 

8.5.3.1. Zinc(II) Complex 24: UV/Vis/NIR spectroelectrochemical measurements were 

recorded in CH2Cl2 in the range between 200 and 1000 nm for complex 24 (in Figure 8.9; 

left). The high energy band at 225, 268, and 395 nm is mainly associated with intraligand π-

π* transition. During increase of the voltage, a new band comes at 230, 290, and 372 nm, and 

some intensity at lower energy in the 425 to 450 region present at intermediate stages of the 

electrolysis might be due to the partially oxidized monocation which is linked to the neutral 

and the dictation via the comproportionation equilibrium.  

                                     

 

 

Figure 8.9. Spectroscopic change upon the stepwise oxidation of 24 in CH2Cl2/ n-Bu4PF6 at room temperature 

(left), and chemical oxidation of 24 to 24
2+  

by ceric ammonium nitrare in CH2Cl2-CH3CN mixture at -80
°
C 

(right).      

Abs. 
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Further oxidation by increasing the potential to that of the third wave did not result in any 

noticeable changes, probably due to electrode passivation, and it might be for the same 

reason; partial reduction of the oxidized complex could only be achieved at large over 

potential.                        

Upon chemical oxidation of 24 in CH2Cl2 by (NH4)2Ce(NO3)6 in actonitrile at low-

temperature caused a colour change from light yellow to green. The absorption spectrum of 

oxidized 24 (Figure 8.9; right) showed a characteristic band at 441 nm, which is assigned to a  

  * transition of the phenoxyl radical ligand,
105a

 and a new peak at 723 nm is considered 

to arise from transitions of the phenoxyl radical ligand.
105b

  

 

8.5.3.2. Cu(II) Complexes 21 and 22: UV/Vis/NIR spectroelectrochemical measurements 

were recorded in C2H4Cl2 in the range between 300 and 2000 nm for both complexes.                                                   

The electronic spectra recorded during the electrolysis are depicted in Figure 8.10 (top). The 

spectra of both copper (II) complex showed high energy band at 390 nm for phneolate-to-

copper charge-transfer (CT) transition and a weak intense band at 474 (sh) nm, and 610 nm 

(for 21), and 605 nm (for 22) comes for d-d transition. During increase of the voltage, the 

spectra exhibited a band intensity increases at 610 nm, and 835 nm and a new band comes at 

440 nm. The band at 440 nm corresponds to the typical transition of phenoxyl radicals 

expected to be found.
36

 The same spectral features at 441, 607 nm (for 21), and 438 nm and 

603 nm (for 22) (Figure 8.10, bottom) were observed during chemical oxidation upon addition 

of 2 equivalents of ceric ammonium nitrate to the CH2Cl2 solution of compound 21 and 22 at  

-80
°
C. Thus it clearly indicates that electrochemical and chemical oxidation gave the same 

oxidised species in solution. 
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Figure 8.10. Top: Spectroscopic changes upon stepwise oxidation of 21 to 21
2+

 (left), 22 to 22
2+

 (right), in 

C2H4Cl2/ n-Bu4PF6 at room temperature. Bottom: chemical oxidation of 21 (left), 22 (right) by ceric ammonium 

nitrare in CH2Cl2-CH3CN mixture at --80
°
C.  

 

Table 8.3. Electronic Properties of compounds 21-24 

 

Compound max [nm] (ε [104M-1cm-1])[a] 

 21 390 (1.09), 474 sh (0.0509), 610 (0.031)  

[21]
2+ 

              390 (0.83), 440 (0.871), 610 sh (0.0558), 835 (0.0581) 

 22                      390 (1.151), 474 sh (0.0353), 605 (0.0405)  

[22]
2+

               385 (0.756), 440 (0.8947), 610 sh (0.0893), 835 (0.1046) 

 23    328 (0.950), 347 (0.903), 426 (0.871), 490 sh (0.121) 

[23]
2+

                 415 (2.23), 485 sh (0.6467), 910 sh (0.625), 1030 (0.789), 1935 (0.437)                

[23-py4]
2+[b]            403 (1.87), 485 sh (0.459) 

 24
[b]

                  332 (0.532), 393 (0.744) 

[24]
2+[b]            320 sh (1.061), 391 (1.325), 441 (0.725), 723 (0.0598) 

[a] UV/Vis spectra recorded in C
2
H

4
Cl

2
-1,2/n-Bu

4
PF

6 (0.1 M) at 298 K; sh = shoulder, br = broad [b] Spectrum 

recorded by chemical oxidation with ceric ammonium nitrate in CH2Cl2-CH3CN mixture at -80
°
C. 
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8.5.3.3. Ni(II) Complex 23: UV/Vis/NIR spectroelectrochemical measurements were 

recorded in C2H4Cl2 in the range between 300 and 2400 nm for complex 23 in Figure 8.11. 

The spectrum of neutral nickel (II) complex 23 is dominated by intense absorptions at 328, 

347, 426, and a weak shoulder at 490 nm. The 426 nm corresponds to the charge-transfer 

(CT) transition.
99c

 The shorter wavelength features are associated with π-π* transitions, while 

the longer wave legth bands are correspond to the d-d transitions of a d
8
 low spin Ni

II 
center in 

a square palanr geometry. During increase of the voltage, a shoulder comes at 485 nm and the 

band is shifted from 426 to 415 nm which is corresponds to the typical transition of phenoxyl 

radicals are expected to be found.
99

 In addition two new peak comes in the near-infrared 

(NIR) region at 1030, and 1935 nm, such kind of low energy and high intensity absorptions 

features are the best assignments to phenolate-phenoxyl intramolecular charge transfer 

transition (IVCT).
 99e

 These data thus suggests a significant ligand radical character for 23
2+

. 

Upon chemical oxidation of 23 in CH2Cl2 by (NH4)2Ce(NO3)6 in actonitrile at low-

temperature caused a colour change from yellow to brown. The absorption spectrum of 

oxidized 23 (Figure 8.12; left) exhibited characteristic new peak at 795 nm, which 

corresponds to CT transition, and a band shifted from 423 to 411 nm indicates phenoxyl 

radicals, which are expected to be found in the electrochemical oxidation of the oxidised 

species.
99

 Interestingly, upon addition of pyridine to the oxidised species of 23
2+

 at -80
º
C 

caused a drastic colour change from brown to green. Hence the binding tendency of 23
2+

 to 

pyridine was obtained from UV/Vis titration in CH2Cl2-CH3CN mixture (Figure 8.12; right). 

 

                                                            

 

Figure 8.11. Spectroscopic changes upon the stepwise oxidation of 23 to 23
2+ 

in C2H4Cl2/ n-Bu4PF6 at room 

temperature.  
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Figure 8.12. Spectroscopic changes upon chemical oxidation of 23 to 23
2+ 

by ceric ammonium nitrate (left) in 

CH2Cl2-CH3CN mixture at -80
°
C and addition of pyridine to the oxidised species (right) in CH2Cl2-CH3CN 

mixture at -80
°
C. 

 

 The absorption spectrum of the oxidised species of 23
2+

 with pyridine exhibits a new 

shoulder at 455 nm, and the band intensity drastically increased at 403 nm. And a high intense 

CT band at 795 nm is almost disappearing. Such kinds of absorption features are nicely fitted 

with Ni
III

 species in soluion.
99

 Thus it predicts that weak donor pyridine molecule is axially 

bounded to the metal ions formed an octahedral geometry and stabilised the high oxidation 

Ni
III

 species. 

 

8.5.4. EPR-Spectroscopy 

8.5.4.1. Zinc(II) Complex 24: X-band EPR spectra of [24]
2+

 (generated chemically by the 

reaction of 24 with 2 equivalent ceric ammonium nitrate) in CH2Cl2-CH3CN mixture have 

been recorded at 147 K. The spectrum is depicted in Figure 8.13. It exhibit typical isotropic 

signal at g = 2.006, which is characteristic for phenoxyl radical
105a 

by ligand centered 

oxidation. There is no any additional coupling observed between the two radicals.  
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Figure 8.13. X-band EPR spectrum of [24]
2+

 in CH2Cl2-CH3CH2CN mixture (1 mM) at 147 K. 

 

8.5.4.2. Copper(II) Complex 21-22: Since the redox potential of the E½
0/2+

 (Table 8.2) for 

the Zn
II
 and Cu

II
 complexes are similar, thus it may be anticipated that the redox chemistry of 

both Cu
II
 complexes are also ligand-based oxidation and giving rise to bisphenoxyl radicals.  

The X-band EPR spectra of compound 21, and 22 in CH2Cl2 were recorded at 160 K. It 

display a broad signal at g = 2.09 which is characteristic for exchanged couple Cu
II 

complex. 

The EPR spectra of compound [21]
2+

 and [22]
2+ 

(generated chemically by the reaction of 21 

and 22 with 2 equivalent ceric ammonium nitrate) in CH2Cl2-CH3CH2CN mixture were 

recorded at 170 K. The spectra are showed in Figure 8.14. In both cases oxidised species leads 

to attenuation of their EPR signals to <15% of their original intensity (g = 2.09; 170 K), 

consistent with the formation of phenoxyl radical is antiferromagnetically coupled to Cu
II
 

ion.
36a 

Thus from the EPR spectroscopy it is evident that the oxidation of Cu
II
 is ligand based. 
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Figure 8.14. (Top): X-band EPR spectrum of 21 (black line), [21]
2+ 

(red line) and (bottom): 22 (black line), 

[22]
2+ 

(red line) in CH2Cl2-CH3CH2CN mixture (1mM) at 170 K. 

 

8.5.4.2. Nickel(II) Complex 23: The X-band EPR spectrum of [23]
2+

 (generated chemically 

by the reaction of 23 in CH2Cl2 with 2 equivalent ceric ammonium nitrate in CH3CH2CN) 

have been recorded at 160 K. The spectrum is depicted in Figure 8.15. It showed an 

unresolved signal at giso = 2.006, which is characteristic for coordinated phenoxyl radicals
99

 

by ligand centered oxidation. In contrast X-band EPR spectrum of [23-py4]
2+

 in CH2Cl2-

CH3CH2CN with coordinating ligand pyridine at 4.7 K, displayed a rhombic signal (Figure 

8.15), with a g tensor anisotropy (gz = 2.21, gy = 2.04 , gx = 2.00 , and gav = 2.09), indicating a 

rhombic symmetry known for the nickel centered oxidised species.
99, 106 
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Figure 8.15. X-band EPR spectrum of [23]
2+

 in CH2Cl2-CH3CH2CN mixture (1mM) at 160 K. 

 

 
 
 

Figure 8.16. X-band EPR spectrum of [23-py4]
2+

 (generated chemically by the reaction of [23]
2+ with 

excess pyridine) in CH2Cl2-CH3CH2CN mixture (1mM) at 4.7 K (left), and at 17 K (right). Inset displays 

half-filled splitting. 

 

The gav value is lower than any reported for nickel(III) complexes
106, 99

 or high spin nickel (II) 

magnetically coupled to radical.
107

 On the other hand it is higher than those of phenoxyl 

radical, suggesting [23-py4]
2+

 is ligand radical with contribution from the singly occupied d 

orbital of Ni
III

. The pattern of the g values, gz (2.21), gy (2.04) > gx (2.0) ≈ ge (2.0) is 

indicative of a dx2-y2 ground state where the x- and y-axis is in the plane of the molecule, and 

z-axis is the perpendicular to the molecule. In addition to that the presence of superfine 
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pattern in the high field component at 17 K (Figure 8.16) implies that the dx2-y2 magnetic 

orbital of each low spin Ni
III

 of [23-py4]
2+

 couples with both equatorially bonded imine N, and 

pyrazole N. But probably due to the superimposition, instead of ten-line hyperfine spectrum 

an eight-line hyperfine spectrum is observed. To gets the idea about site of the oxidation of 

Cu
II
 and Ni

II
 complex, DFT calculation is also needed that is under progress. 

 

8.6. Conclusions 

In this chapter we have described the synthesis of novel phenol-pyrazole based 

compartmental ligand (H3L
12

) which coordinates to the different transition metal ions to form 

a series of complexes having varied structural motif and nuclearity. It is particularly 

interesting to find that Schiff base type ligand can be redox noninocent. It is possible to 

oxidise these complexes electrochemically. Complexes 21-23 possesess two reversible one 

electron oxidations in the redox process, while compound 24 exhibit three quasireversible 

one-electron oxidations in the cyclic voltammogram. In all cases, two phenol side arms of the 

ligand is oxidised, and relatively stable bis-phenoxyl radical species formed, those were 

cahracterised thoroughly by UV-visible spectroscopy (electrochemically and chemically) and 

EPR spectroscopy (Scheme 8.3a, and 8.3b).  

 

   

 

Scheme 8.3. Modulation of the oxidation locus by ligand field and coordination of pyridine. (a) X = MeOH∙∙OH, 

OCOCH3 (b) X = OCOCH3 (c) X = OCOCH3. 

 

Interestingly here we found that oxidised species of 23 yielded corresponding six coordinated 

low-spin Ni(III) species in presence of pyridine. Thus locus of the oxidation of Ni
II
 complex 
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has been changed from Ni(II)-phenoxyl radical to Ni(III)-phenoxide so called valence 

tautomerism occurs in presence of exogenous N-donor ligand pyridine at low temperature 

(Scheme 8.3c).  
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Chapter 9 

Experimental Section 
 

9.1. General Considerations 

All manipulations were carried out under an anaerobic and anhydrous atmosphere of dry 

dinitrogen by employing standard Schlenk techniques or in a glovebox, unless mentioned 

otherwise. Et2O and pentane were dried over sodium benzophenone ketyl; THF, benzene, 

toluene and hexanes over potassium benzophenone ketyl; DMF, DMSO, MeCN, CH2Cl2, and 

CHCl3 over CaH2; MeOH and EtOH over Mg, and distilled prior to use. Compounds 2-

bromo-3-(trimethylsilyloxy)pyridine,
38 

pyridine-2-carboxylic acid hydrazide,
37

 1-(2-

hydroxyphenyl)-3-dimethylaminoprop-2-enone,
59

 1-(2-hydroxyphenyl)-3-phenylpropane-1,3-

dione,
60 

 3-(2-methoxyphenyl)pyrazole
60 

and 3,5-bis(aminomethyl) pyrazole dihydrochloride,
 

103 
were synthesized  by previously reported procedures. All other chemicals were purchased 

from commercial sources and used as received. Microanalyses were performed by the 

Analytical Laboratory of the Institute for Inorganic Chemistry at Georg-August-University, 

Göttingen. IR spectra (as KBr pellets) were recorded with a Digilab Excalibur, and UV–vis 

spectra of solutions and solids (diffuse reflectance) with a Varian Cary 5000 spectrometer at 

room temperature and low temperature. Mass spectra were measured using a Finnigan MAT 

8200 (EI), a Finnigan MAT 95 (FAB-MS), or a Finnigan MAT LCQ mass spectrometer (ESI-

MS). 
1
H NMR and 

13
C NMR spectra were recorded on a Bruker Avance 200 MHz, 300 MHz 

or 500 MHz spectrometer and calibrated to the residual proton and carbon signals of the 

solvent (CDCl3; δH 7.26 ppm, δC 77.0 ppm, and DMSO-d6; δH 2.49 ppm, δC 29.9 ppm). X-

band EPR derivative spectra were recorded on a Bruker ELEXSYS E500 spectrometer 

equipped with the Bruker standard cavity (ER4102ST) and a helium flow cryostat (Oxford 

Instruments ESR 910). Microwave frequencies were calibrated with a Hewlett-Packard 

frequency counter (HP5352B), and the field control was calibrated with a Bruker NMR field 

probe (ER035M). The spectra were simulated with the program GFIT for the calculation of 

powder spectra with effective g values and anisotropic line widths (Gaussian line shapes were 

used). Variable temperature, solid-state direct current (dc) and alternating current (ac) 

magnetic susceptibility data down to 1.8 K were collected on a Quantum Design MPMS-5S 

SQUID magnetometer equipped with a 5 T dc magnet (for these measurements the powdered 

samples were contained in a gel bucket and fixed in a non-magnetic sample holder). 

Diamagnetic corrections were applied to the observed paramagnetic susceptibilities using 

Pascal‟s constants. Magnetic studies below 1.8 K were carried out on single crystals using a 
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magnetometer consisting of a micro-Hall bar. High-field/high-frequency electron spin 

resonance (HF-ESR) studies in a frequency range 50–400 GHz in magnetic fields up to 15 T 

were performed using a home made spectrometer based on a Millimeterwave Vector Network 

Analyzer (AB Millimetré).  

 

9.2. Synthesis of Ligands and Ligand Precursors 

2,4,6-Tris(N-hydrazino-pyridyl-2-carboxylate)-1, 3, 5-triazine (H3L
1
): To a stirred solu 

tion of 2,4,6-trichloro-1,3,5-triazine (448 mg, 2.43 mmol, 1 eqv.) in 40 ml acetonitrile, was 

added dropwise pyridine-2-carboxylic acid hydrazide (2 gm, 14.59 mmol, 6 eqv.) in 20 ml 

CH3CN at room temperature. After refluxing for 3 hrs, the resulting mixture was cooled to 

room temperature, and then the precipitate was filtered, washed with acetonitrile to reduce the 

contamination of pyridine-2-carboxylic acid hydrazide hydrochloride salt, and then dried in 

air. Yield: 30%. 
1
H NMR (200 MHz, DMSO-d6): δ 11.01 (br, 3H), 10.50 (br, 3 H), 8.73-8.65 

(m, 3H), 8.29-8.22 (br, 3H), 8.12-8.02 (m, 3H), 7.78-7.62 (m, 3H), 7.49-7.43 (br, 3H). 

13
C{

1
H} NMR (75.47 MHz, DMSO-d6): δ 121.6 (py-C), 126.10 (py-C), 137.50 (py-C), 

148.38 (py-C), 149.78 (py-C), 162.50 (N-C). Mass spectra: MS (EI) m/z: 486.1 (100) [M]
+
. 

Elemental analysis (%) calculated for C21H18N12O3 (486.4) : C-51.85, H-3.73, N-34.55; 

found: C-50.89, H-3.41, N-33.30.  

 

2,4,6-Tris(3-hydroxy-2-pyridyl)-1,3,5-triazine (H3L
2
): To a solution of 2-bromo-3-(trim 

ethyl silyloxy) pyridine (2 gm, 8.1 mmol, 1eqv.) in 35 ml THF was added 
n-

BuLi (2.5 M in 

hexane, 22 ml, 8.5 mmol, 1.05 eqv.) at -78°C under argon. After 1 hour, cyanuric chloride 

(433 mg, 2.35 mmol, 0.29 eqv.) in 10 ml THF was added drop wise to the reaction mixture, 

stirred at -78°C for 2 hours, and then stirred overnight at ambient temperature, after 

completion of the reaction, all the solvent was evaporated under reduced pressure gave a 

reddish yellow crude product, stored under nitrogen atmosphere, and then added dry diethyl 

ether to separate the inorganic salt, evaporate the ether soluble part under vacuum, and treated 

with dry methanol to deprotect the silyloxy group, yilded an oily reddish yellow crude 

product, and then washed with n-hexane, becomes a red solid. Finally it was purified by 

column chromatography under silica gel with 1:9 MeOH/ EtOAc gave a yellowish white 

solid. Yield. 11%. 
1
H NMR (500 MHz, CDCl3): δ 8.45 (dd, 2H, OH, 6-Ar-H), 7.47 (dd, 1H, 

4-Ar-H), 7.30 (dd, 1H, 5-Ar-H). 
13

C{
1
H} NMR (75.47 MHz, CDCl3): δ 123.99 (py-C), 129.07 

(py-C), 143.10 (py-C), 147.38 (py-C), 148.10 (py-C), 173.36 (N-C). Mass spectra: MS (EI) 

m/z: 360.1 (45) [M]
+
. Anal. Calcd for C18H12N6O3: C-60.00, H-3.36, N-23.32, O-13.32. 

Found: C-58.97, H-3.49, N-22.54. 
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2,4,6-Tris(N-methylhydrazino)-1,3,5-triazine (1): 2,4,6-Trichloro-[1,3,5]-triazine (3 gm, 

16.3 mmol, 1equiv) in 50 ml dry acetonitrile was added drop wise to the solution of 

methylhydrazine (5.15 ml, 97.8 mmol, 6 equiv) in 100 ml acetonitrile at 0
°
C, after completion 

of the addition, the reaction mixture was warmed to room temperature, stirring  2 hrs at room 

temperature, and then refluxed for 3 hrs. The white solid hydochloride salt was precipitated 

on cooling and removed by filtration, and then resulting solution was concentrated in vacuum 

to give a white solid. Yield: 1.6 gm (46%). Mp 150
°
C. MS (ESI, MeOH): m/z (%) = 214.2 

(100) [M+H]
+
, 199.2 (25) [M-CH3]

+
. 

1
H NMR (500 MHz, CDCl3): δ 5.00 (br, 6H, NH2), 3.15 

(m, 9H, CH3) ppm. 
13

C NMR (125.75 MHz, CDCl3): δ 164.418 (triazine-C), 37.008 (CH3). IR 

(KBr):  3321 (m), 3250 (br), 3150 (br), 2930 (w), 2196 (m), 1684 (s), 1624 (w), 1578 (s), 

1492 (m), 1397 (m), 1369 (w), 1323 (w), 1225 (w), 1155 (w), 1070 (w), 1009 (br), 925 (m), 

841 (m), 796 (w), 747 (w), 734 (m), 643 (w) cm
-1

. Elemental analysis (%) calculated for 

C6H16N9Cl (249.7) : C-28.86, H-6.46, N-50.48; found: C-28.89, H-6.41, N-50.04. 

 
2,4,6-Tris{N-(2-hydroxyethylhydrazino)}-1,3,5-triazine (2): 2,4,6-Trichloro-[1,3,5]-triazine 

(3 gm, 16.3 mmol, 1equiv) in 50 ml dry acetonitrile was added drop wise to the solution of 2-

hydroxyethylhydrazine (4.98 ml, 97.8 mmol, 6 equiv) in 100 ml acetonitrile at 0
°
C, after 

completion of the addition, the reaction mixture was warmed to room temperature, stirred  2 

h, and then refluxed for 3 h. Upon cooling the white solid hydochloride salt was precipitated 

and was removed by filtration, and the resulting solution was concentrated in vacuum to give 

colourless oil, that was purified using column chromatography (silica, MeOH: OEt2 60:40). 

Yield: 1.5 gm (30%). MS (ESI, MeOH): m/z (%) = 303 (60) [M]
+
,  272 (42) [M-CH2OH]

+
, 

257 (100) [M-C2H6O]
+
. 

1
H NMR (200 MHz, DMSO): δ 5.1 (br, 6H, NH2), 3.66 (m, 4H, 

CH2CH2) ppm. IR (KBr):  3388 (br), 3193 (br), 2945 (w), 2129 (w), 1604 (br), 1397 (w), 

1359 (w), 1231 (m), 1225 (w), 1063 (m), 994 (w), 948 (w), 864 (m), 801 (m), 730 (m), 704 

(w), 614 (w) cm
-1

. 

 

2,4,6-Tris[(N-methyl-N´-salicylaldimino)hydrazino]-1,3,5-triazine (H3L
3
): A stirred 

solution of 2,4,6-Tris(N-methylhydrazino)-1,3,5-triazine 1 (1.3 g, 6 mmol, 1 equiv) and 

salicylaldehyde (2.2 g, 18.0 mmol, 3 equiv) in methanol (75 ml) was refluxed for 12 h, during 

which a white precipitate formed. This was filtered off, washed with methanol, dried in air. 

Yield. 40%. Mp > 360
°
C. MS (EI): m/z (%) 525.2 (60) [M]

+
. This compound is sparingly 

soluble only in hot DMSO. Therefore NMR-spectroscopy is not done.  
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2,4,6-Tris[{N-(2-hydroxyethyl)-N´-(3,5-di-tert-butylsalicylaldimino)}hydrazino]-1,3,5-

triazine (H6L
4
): A stirred solution of 2,4,6-Tris{N-(2-hydroxyethylhydrazino)}-1,3,5-triazine 

1 (1.82 g, 6 mmol, 1 equiv) and salicylaldehyde (2.2 g, 18.0 mmol, 3 equiv) in methanol (75 

ml) was refluxed for 12 h, during which a white precipitate formed. This was filtered off, 

washed with methanol, and dried in air. Yield. 25%. Mp > 300
°
C. MS (EI): m/z (%) 615 (40) 

[M]
+
. 

1
H NMR (500 MHz, DMSO-d6): δ 12.50 (br, 3H, Ar-OH), 8.42 (s, 3H, N=C-H), 7.32-

7.28 (m, 6H), 6.98-6.87 (m, 6H), 4.85 [br, 3H, (CH2)2OH], 4.43 [t, 6H, CH2CH2OH), 3.80 (s, 

6H, CH2CH2OH), 1.46 [s, 27H, C(CH3)3], 1.31 [s, 27H, C(CH3)3] ppm. 
13

C NMR (125.75 

MHz, DMSO-d6): δ 164 (triazine-C), 157.5 (N=C−H), 142.7, 130.6, 130.4, 118.9, 118.8, 

116.5, 58.89, 44.3 ppm. Elemental analysis (%) calculated for C30H33N9O6 (615.6): C-58.53, 

H-5.40, N-20.48; found: C-57.43, H-4.67, N-19.14. 

 

2,4,6-Tris[{N-methyl-N´-(3,5-di-tert-butylsalicylaldimino)}hydrazino]-1,3,5-triazine 

(H3L
5
): A stirred solution of 2,4,6-Tris(N-methylhydrazino)-1,3,5-triazine 1 (1.3 g, 6 mmol, 1 

equiv) and 3,5-di-tert-butylsalicylaldehyde (4.22 g,18.0 mmol, 3 equiv) in methanol (75 ml) 

was refluxed for 12 h, during which a white precipitate formed. This was filtered off, washed 

with methanol, and dried in air. Yield: 1.6 g (28%). Mp 360
°
C. MS (EI): m/z (%) 861.6 (100) 

[M-H
+
]. 

1
H NMR (200 MHz, CDCl3): δ  13.2 (br, 3H,OH), 7.90 (s, 3H, N=C−H), 7.38 (d, 2H, 

C-6), 7.07 (d, 3H, C-4), 3.68 (s, 9H, Me), 1.51 [s, 27H, C(CH3)3], 1.35 [s, 27H, C(CH3)3] 

ppm. 
13

C{
1
H} NMR (75.47 MHz, CDCl3): δ 165 (triazine-C), 155.6 (N=C−H), 141.6 (C2), 

140.6 (C5), 136.9 (C6), 125.7 (C4), 125.2 (C3), 118.3 (C1), 35.5 [C(CH3)3], 34.4 [C(CH3)3], 

32 (CH3), 29 [C(CH3)3], 28.8 [C(CH3)3] ppm. IR (KBr):  3428 (br), 2956 (m), 2907 (w), 

2909 (w), 1555 (s), 1484 (s), 1426 (s), 1396 (s), 1347 (s), 1279 (m), 1232 (w), 1189 (w), 1155 

(w), 1039 (s), 924 (s), 923 (m), 872 (w), 801 (w), 767 (w), 724 (m), 631 (w) cm
-1

. Elemental 

analysis (%) calculated for C51H75N9O3 (862.2): C-71.04, H-8.77, N-14.62; found: C-70.89, 

H-8.41, N-14.51. Single crystals were obtained on slow cooling of chlorobenzene solution. 

The solid state structure of the ligand H3L
5
 (Chapter 3.1) was determined by X-ray 

diffraction. 

 

2,4,6-Tris[{N-(2-hydroxyethyl)-N´-(3,5-di-tert-butylsalicylaldimino)}hydrazino]-1,3,5-

triazine (H6L
6
): A stirred solution of 2,4,6-Tris{N-(2-hydroxyethylhydrazino)}-1,3,5-triazine 

1 (1.82 g, 6 mmol, 1 equiv) and 3,5-di-tert-butylsalicylaldehyde (4.22 g,18.0 mmol, 3 equiv) 

in methanol (75 ml) was refluxed for 12 h, during which a white precipitate formed. This was 

filtered off, washed with methanol, dried in air. Yield: 1.45 g (25%). Mp 321
°
C. MS (EI): m/z 

(%) 951.6 (100) [M]
+
. 

1
H NMR (200 MHz, DMSO-d6): δ 13.19 (br, 3H, Ar-OH), 8.58 (s, 3H, 
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N=C-H), 7.28 (m, 6H, C2 & C4), 4.89 [t, 3H, (CH2)2OH], 4.54 [t, 6H, CH2CH2OH), 3.90 (t, 

6H, CH2CH2OH), 1.46 [s, 27H, C(CH3)3], 1.31 [s, 27H, C(CH3)3] ppm. This compound is 

sparingly soluble only in hot DMSO. Due to the solubility problem, 
13

C NMR did not 

measure for this compound, however upon cooling the hot DMSO solution, instantly white 

block shaped nice crystal was isolated in the NMR tube. IR (KBr):  3583 (w), 3457 (br), 

2952 (s), 2905 (w), 2909 (w), 1553 (s), 1448 (s), 1429 (s), 1386 (m), 1342 (s), 1267 (m), 1249 

(w), 1231 (w), 1203 (m), 1172 (m), 1132 (w), 1042 (br), 986 (w), 923 (w), 867 (w), 819 (m), 

802 (w), 768 (w), 722 (w), 640 (w)  cm
-1

. Elemental analysis (%) calculated for C54H81N9O6 

(952.3): C-68.11, H-8.57, N-13.24; found: C-67.43, H-8.67, N-13.14. 

 
2,4,6-Tris[{N-methyl-N´-(pyridine-2-yl)methylidene}hydrazino]-1,3,5-triazine (L

7
): A 

stirred solution of 2,4,6-Tris(N-methylhydrazino)-1,3,5-triazine 1 (1.3 gm, 6 mmol, 1 equiv) 

and pyridine-2 carboxaldehyde (1.73 ml,18.0 mmol, 3 equiv) in methanol was refluxed for 12 

h, during which a white precipitate formed. This was filtered off, washed with methanol, dried 

in air. Yield: 2.70 gm (94%). MS (EI): m/z (%) = 481 (40) [M+H]
+
, 480 (100) [M]

+
. 

1
H NMR 

(500 MHz, DMSO-d6): δ 8.62 (s, 3H), 8.13 (d, 3H), 8.01 (d, 3H),7.93 (m, 3H), 7.4 (m, 3H), 

3.78 (s, 3H) ppm.
 13

C{
1
H} NMR (125.75 MHz, DMSO-d6): δ  165.2, 154.4, 149.3, 139.7, 

136.7, 123.6, 119.2, 30.9 ppm. IR (KBr):  1586 (w), 1545 (m), 1517(w), 1483 (w), 1462 (m), 

1417(m), 1389 (m), 1333 (m), 1289 (w), 1213 (w), 1167 (m), 1033 (s), 987 (w), 912 (w), 774 

(w), 741 (w), 625 (w) cm
-1

. Elemental analysis (%) calculated for C24H24N12 (480.2): C-59.99, 

H-5.03, N-34.98; found:  C-58.92, H-5.44, N-35.05. 

 

2-[3-(2-Hydroxyphenyl)-1H-pyrazol-1-yl]ethanol (H2L
9
): A mixture of 1-(2-

hydroxyphenyl)-3-dimethylaminoprop-2-enone (20 g, 0.104 mol), and 2-hydroxyethyl 

hydrazine (29.3 g, 0.384 mol) in 100 ml methanol was heated to reflux with stirring for 3 h. 

Then the methanolic solution was poured on crushed ice, and the resulting brown precipitate 

was isolated by filtration and dried in air. The crude product was purified by soxhlet apparatus 

with petroleum ether over several days to give H2L
9
 as needle-shaped white crystals. Yield:  

9.3 g (45%). Mp 91
°
C. MS (EI): m/z (%) = 204 (100) [M]

+
, 173 (80) [M-CH2OH]

+
, 160 (40) 

[M-CH2CH2O]
+
. 

1
H NMR (500 MHz, DMSO-d6): δ 10.68 (s, Ar-OH), 7.84 (d, 1H, J = 2.5 

Hz, 5-Hpz), 7.70 (dd, 1H, J = 7.5, 1.5 Hz, ArH), 7.15 (ddd, 1H, J = 1.5, 6.75, and 8.5 Hz, 

ArH), 6.89 (dd, 1H, J = 1 Hz, 8 Hz, ArH), 6.87 (dd, 1H, J = 1 Hz, 7.5 Hz, ArH), 6.85 (d, 1H, 

J = 1Hz, 4-Hpz), 4.93 (t, 1H, J = 5 Hz, CH2CH2OH ), 4.22 (t, 2H, J = 5.5 Hz, CH2CH2OH), 

3.77 (q, 2H, J = 5.5 Hz, CH2CH2OH) ppm. 
13

C{
1
H} NMR (125.75 MHz, DMSO-d6): δ 154.9, 
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149.7, 132.1, 128.6, 126.6, 119.2, 117.2, 116.4, 102.5, 59.8, 54.1 ppm. IR (KBr):  33478 

(w), 3325 (br), 3015 (w), 2958 (w), 2926 (w), 2871 (w), 1620 (m), 1584 (m), 1508 (m), 1487 

(m), 1466 (m), 1430 (w), 1415 (m), 1360 (w), 1350 (w), 1317 (w), 1291 (m), 1248 (s), 1211 

(w), 1152 (w), 1080 (m), 1059 (s), 1045 (w), 935 (m), 861 (m), 825 (m), 782 (m), 758 (m), 

702 (m), 702 (m), 675 (m) cm
-1

. Elemental analysis (%) calculated for C11H12N2O2 (204.2): C-

64.69, H-5.92, N-13.72; found: C-64.71, H-6.05, N-13.73.  

 
2-[{3-(2-Hydroxyphenyl)-5-phenyl}-1H-pyrazol-1-yl]ethanol (H2L

10
):  It was obtained in 

similar manner as described for H2L
9
, but using starting precosour used 1-(2-hydroxy 

phenyl)-3-phenylpropane-1,3-dione instead of  1-(2-hydroxyphenyl)-3-dimethylaminoprop-2-

enone. Yield ~5%. MS (EI): m/z (%) = 279.1 (100) [M-H
+
]. 

1
H NMR (200 MHz, CDCl3): δ 

10.70 (s, Ar-OH), 7.57 (dd, 1H, ArH), 7.52-7.47 (m, 5H, Ph), 7.20 (dd, 1H, ArH), 7.08 (dd, 

1H, ArH), 6.96 (dt, 1H, ArH), 6.69 (s, 1H, 4-Hpz), 4.30 (t, 2H, CH2CH2OH ), 4.10 (t, 2H, J = 

5.5 Hz, CH2CH2OH).  

 

R-2-[1-(2-Hydroxy-2-phenylethyl)-1H-pyrazol-3-yl]-phenol (R-H2L
11

): It was synthesized 

by modifications of previously reported procedure.
 

A solution of 3-(2- 

methoxyphenyl)pyrazole (1.0 mmol) in the mixture of toluene-DMF (2:0.5 ml/ml) was added 

to the stirred suspension of sodium hydride (1.1 mmol) in DMF (0.5 ml) under N2 atmosphere 

at room temperature. The mixture was heated to 60°C, stirred for the next 1.5 h and cooled to 

25°C. Reaction flask was placed in a water bath and the solution of R-(+)-styrene oxide (120 

mg, 1.0 mmol) in DMF (2 ml) was added via syringe for 25 min. After 1 h temperature was 

raised to 60°C and the reaction mixture was stirred under inert atmosphere for 24 hrs. The 

reaction was con trolled by TLC (silica gel, CHCl3/hexane, 6:4, v/v). Then, solvents were 

evaporated in vacuo and the residue was diluted with water and CH2Cl2, the resulted phases 

were separated and water layer was washed with dichloromethane. Combined organic 

fractions were dried over MgSO4; solvent was removed in vacuo giving red oil.  

To a solution of Me2L
11

 (4.2 g, 1 equiv.) in dry dicholormethane (200 ml) under N2 at -80
°
C 

(dry ice/ethanol) was added BBr3 as 1 M solution in dicholormethane (5 equiv.). The mixture 

was warmed to room temperature and stirred overnight. After this period aqueous NaOH (pH 

9) was carefully added until the evaluation of gas ceased. The mixture was extracted with 

dichloromethane, and the combined organic extracts were dried (MgSO4). Removal of the 

solvent afforded a reddish yellow oily product formed, which was purified by column 

chromatography (silica, CHCl3/ hexane 6:4) to yield R-H2L as a white solid (70%). MS (EI): 
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m/z (%) = 263.1 (80), [M-OH]
+
. 

1
H NMR (500 MHz, CDCl3): δ 10.53 (s, Ar-OH), 7.50 (dd, 

1H, 7.6 Hz, 1.7 Hz, ArH), 7.40-7.28 (m, 5H, Ph), 7.22 (d, 1H, 1.9 Hz, 5-Hpz), 7.18 (d, 1H, 

1.25 Hz,  ArH), 7.00 (dd, 1H, 8.4 Hz, 1.2 Hz, ArH), 6.85 (dt, 1H, 8.1 Hz, 1.6 Hz, ArH), 6.48 

(d, 1H, 2.52 Hz, 4-Hpz), 5.31 (t, 2H, 7.56 Hz, CH2CH(Ph)OH ), 4.7 (m, 2H, CH2CH(Ph)OH), 

1.40 (s, 1H, CH2CH(Ph)OH).
 13

C{
1
H} NMR (125.75 MHz, CDCl3): δ 155.7 (C-OH), 152.3 

(C-3pz), 138.1 (C-Ar), 131.4 (C-4Ar), 129.3 (C-5pz), 129.2 (C-5Ar), 129.0 (C-Ar), 127.6 (C-

3Ar), 126.4 (C-Ar), 119.3(C-4Ar), 117.0 (C-2Ar), 116.4 (C-6Ar), 102.2 (C-4pz), 59.3 (C-OH), 

51.0 (CH2). 

 

3,5-Bis[(3,5-di-tert-butylsalicylaldimino)methyl]pyrazole (H3L
12

): 3,5-Bis(aminomethyl) 

pyrazole dihydrochloride (1 gm, 10 mmol) was added in methanol (50 mL) in 250 mL flask, 

and the suspension solution was neutralised by solid NaOH (881 mg, 22 mmol), stirred 10-15 

mints at room temperature, and then filtered to remove some undesired inorganic salt. To this 

clear colourless solution was added drop wise 3,5-di-tert-butyl-2-hydroxy benzaldehyde (4.68 

gm, 20 mmol) in 25 mL methanol at room temperature, and then refluxed  3 hrs. After 

completion of the reaction, removal of the solvent through the vacuo, yielded H3L
12

 as a 

yellow solid (5.50 gm, 9.85 mmol, 98%). MS (EI): m/z (%) = 559.3 (42) [M+H]
+
, 558.3 (100) 

[M]
+
. 

1
H NMR (200 MHz, CDCl3): δ (ppm) = 1.32 [s, 18H, C(CH3)3], 1.47 [s, 18H, C(CH3)3], 

4.78 (s, 4H, 2×CH2 ), 6.20 (s, 1H, CH
pz

), 7.10 (d, 2H, C-4), 7.45 (d, 2H, C-6), 8.40 (s, 2H, 

N=C-H), 9.9 (br, 1H, NH), 13.65 (br, 2H, OH). IR (KBr):  3412 (br), 2958 (s), 2907 (w), 

2869 (w), 1629 (s), 1585 (m), 1468 (m), 1440 (m), 1361 (m), 1273 (m), 1251 (m), 1202 (w), 

1173 (m),1045 (w), 927 (w), 875 (w), 804 (w), 771 (w), 725 (w), 648 (w) cm
-1

. Elemental 

analysis (%) calculated for C35H50N4O2 (558.8): C-75.23, H-9.02, N-10.03; found: C-74.89, 

H-8.91, N-9.04. 

 

9.3. Synthesis of metal complexes and cluster compounds:  
 
Synthesis of [{L

5a
Cu

II
2(H2O)2(MeOH)2}{L

5a
Cu2(MeOH)4}](NO3)2·xCH3OH·yH2O (3): A 

solution of Cu(NO3)2∙xH2O (76 mg, 0.315 mmol) in methanol (15 ml) was added to a stirred 

solution of H3L
5
 (100 mg, 0.105 mmol) in chloroform (50 ml) resulting in a green solution. A 

solution of NEt3 (64 mg, 0.63 mmol) in methanol (5 ml) was added drop wise at room 

temperature, stirred overnight, the resulting dark green solution evaporated to dryness under 

reduced pressure to give a green crystalline material, washed with acetonitrile (10 ml) to 

remove the undesired product, and then dissolved in methanol (15 ml), dark green crystals of 

3 were obtained using slow evaporation of the resulting solution. Yield: 30 mg (34%). MS 
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(ESI, MeOH): m/z (%), 740.3 (100) [Cu2L
5a

]
+
. IR (KBr):  3387 (br), 2955 (m), 2907 (w), 

2869 (w), 1606 (w), 1545 (s), 1527 (m), 1437 (w), 1384 (s), 1255 (w), 1230 (w), 1200 (s), 

1057 (s), 932 (w), 837 (w), 784 (w), 746 (w), 701 (w), 614 (w) cm
-1

. Elemental analysis (%) 

calculated for C35H48Cu2N8O6 (803.9): C-52.29, H-6.02, N-13.94; found: C-51.99, H-6.20, N-

13.54. 

 

Synthesis of [Mn
III

4(H2L
6a

)4]·xCH3CN·yCH3OH (4): A solution of Mn(NO3)2∙xH2O (56 

mg, 0.315 mmol) in methanol (20 ml) was added to a stirred solution of H6L
6

 (100 mg, 0.105 

mmol) in chloroform (50 ml) resulting in an yellow solution. A solution of NEt3 (64 mg, 0.63 

mmol) in methanol (5 ml) was added drop wise at room temperature, refluxed overnight, the 

resulting solution was evaporated to dryness under reduced pressure to give a red solid, then 

dissolved in (2:1) acetonitrile-methanol (20 ml), red crystals of 4 were obtained by slow 

evaporation of the resulting solution. Yield: 6 mg (8%). Mp 240
°
C. HRESI-MS (MeOH): m/z 

(%) 2918.4 (34) [Mn4(H2L
6a

)4-H]
+
, 1459.7 (64) [Mn4(H2L

6a
)4]

2+
. IR (KBr):  3430 (br), 2980 

(w), 2842 (w), 1655 (w), 1610 (w), 1523 (m), 1503 (w), 1462 (w), 1383 (s), 1250 (w), 1171 

(w), 1052 (m), 835 (w) cm
-1

. Elemental analysis (%) calculated for C148H208Mn4N28O20 

(2919.2): C-60.89, H-7.18, N-13.43; found: C-60.09, H-7.00, N-13.03.
 

 

Synthesis of [Fe
III

4(2-O)(H2O)4(H2L
6a

)2(L
t-Bu

2)2](NO3)2·3CH3OH·6CH3CN (5): A solution 

of Fe(NO3)3·9H2O (127 mg, 0.315 mmol) in methanol (20 ml) was added to a stirred solution 

of H6L
6
 (100 mg, 0.105 mmol) in chloroform (50 ml) resulting in a black solution. A solution 

of NEt3 (64 mg, 0.63 mmol) in methanol (5 ml) was added dropwise at room temperature, 

refluxed overnight, the resulting solution was evaporated to dryness under reduced pressure to 

give a black crystalline material, dissolved in acetonitrile (20 ml), filtered, black crystals of 5 

were separated by slow evaporation of the filtrate. Yield: 5 mg (7%). Mp >300
°
C. HRESI-MS 

(MeCN): m/z (%) 2115.8 (20) [MNO3
−
], 2053.8 (55) [M2NO3

−
], 1027.9 (50) 

[M2NO3+H]
2+

. IR (KBr):  3430 (br), 2957 (w), 2922 (w), 1620 (w), 1595 (w), 1532 (m), 

1491 (w), 1477 (w), 1383 (s), 1361 (w), 1273 (w), 1255 (w), 1171 (w), 1052 (m), 843 (w), 

799 (w), 778 (w) cm
-1

. Elemental analysis (%) calculated for C121H186Fe4N20O28 (5; 2592.3): 

C-56.06, H-7.23, N-10.81; found: C-55.09, H-7.00, N-9.93. 

 

Preparation of [Mn
II

(L
7
)(NO3)(H2O)](NO3)·xCH3OH (6): A solution of ligand L

7
 (100 mg, 

0.208 mmol) and Mn(NO3)2∙4H2O (52 mg, 0.208 mmol) in methanol (20 ml) were stirred for 

1 h at room temperature. Light yellow crystals were obtained by slow evaporation of the 
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resulting solution. Yield: 87 mg (62%). IR (KBr):  3420 (br), 1577 (w), 1564 (w), 1529 (w), 

1490 (m), 1466 (m), 1421 (m), 1384 (s), [  (NO3
−
)], 1356 (w), 1278 (w), 1170 (w), 1033 (m), 

905 (w), 801 (w), 778 (w) cm
-1

. MS (ESI, MeOH): m/z (%) = 597.1 (36) [L
7
Mn(NO3)]

+
. 

Elemental analysis (%) calculated for C24H26MnN14O7 (677.5): C-42.55, H-3.87, N-28.94; 

found:  C-42.13, H-4.16, N-28.51. 

 

Preparation of [Mn
II

2(L
7
)2(N3)(NO3)(H2O)](NO3)2·xH2O (7): 2.3 equivalent of solid 

Mn(NO3)2∙4H2O (60 mg, 0.260 mmol) was added to 1 equivalent of ligand L
7
 (50 mg, .104 

mmol)  in methanol (50 ml).The reaction mixture was stirred for 1 h at room temperature, and 

then 1 equivalent of solid sodium azide (7 mg, 0.104 mmol) was added to the reaction 

mixture, the light yellow solution becomes deep yellow within 5 mints, stirred for further 2 h 

at room temperature. Plate shaped yellow crystal of 7 were obtained by slow evaporation of 

the methanolic solution. Yield: 55 mg (41%). IR (KBr):  3406 (br), 2108 (m) [  (N3
−
)], 2061 

(w), [  (N3
−
)], 1576 (w), 1562 (w), 1528 (w), 1489 (m), 1463 (m), 1421 (m), 1385 (m), [  

(NO3
−
)], 1355 (m),1277 (w), 1172 (w), 1034 (m), 905 (w), 800 (w), 778 (w) cm

-1
. Elemental 

analysis (%) calculated for C48H48Mn2N30O10 (1314.9): C-43.84, H-3.68, N-31.96; found: C-

43.17, H-4.04, N-32.29. 

 

Preparation of [Mn
II

(L
7
)(N3)2]·C2H8O2 (8): 1 equivalent of solid Mn(NO3)2∙4H2O (26 mg, 

0.104 mmol) was added to 1 equivalent of ligand L
7
 (50 mg, 0.104 mmol)  in methanol (50 

ml). The reaction mixture was stirred for 1 h at room temperature, and then 2 equivalent of 

solid sodium azide (14 mg, 0208 mmol) was added to the reaction mixture, the light solution 

becomes deep yellow within 5 mints, stirred for further 2 h at room temperature. Plate shaped 

yellow crystals of 8 were obtained by slow evaporation of the methanolic solution. Yield: 55 

mg (77%). IR (KBr):  3425 (br), 2037 (s), [  (N3
−
)], 1576 (w), 1561 (w), 1526 (w), 1492 

(m), 1466 (m), 1424 (m), 1398 (m), 1359 (m), 1345 (w), 1277 (w), 1168 (m), 1037 (m), 

1005(w), 920 (w), 906 (w), 799 (w), 782 (w), 748 (w), 694 (w) cm
-1

. Elemental analysis (%) 

calculated for C24H24MnN18 (619.5): C-45.63, H-3.90, N-40.70; found: C-46.15, H-3.95, N-

41.14. 

 

Preparation of [Mn
II

(L
7
)(N3)]n(NO3)n·nCH3OH (9): 1 equivalent of solid Mn(NO3)2∙4H2O 

(26 mg, 0.104 mmol) was added to 1 equivalent of ligand L
7
 (50 mg, 0.104 mmol)  in 

methanol (50 ml). The reaction mixture was stirred for 1 h at room temperature, and then 1 

equivalent of solid sodium azide (7 mg, 0.107 mmol) was added to the reaction mixture, the 
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light yellow solution becomes deep yellow within 5 mints, stirred for further 2 h at room 

temperature. Light yellow crystals were obtained by slow evaporation of the methanolic 

solution. Yield: 57 mg (82%). IR (KBr):  2054 (s), [  (N3
−
)], 1574 (w), 1562 (w), 1526 (w), 

1491 (m), 1467 (m), 1422 (m), 1384 (s), [  (NO3
−
)], 1355 (m), 1342 (w), 1278 (w), 1174 (m), 

1035 (m), 990 (w), 906 (w), 799 (w), 780 (w), 637 (w) cm
-1

. Elemental analysis (%) 

calculated for C25H28MnN16O4 (671.6): C-44.71, H-4.20, N-33.37; found: C-43.99, H-4.12, 

N-34.15. 

 

Preparation of [Mn
II

L
7
(dca)(H2O)](NO3)·xCH3OH·xH2O (10): 1 equivalent of solid 

Mn(NO3)2∙4H2O (26 mg, 0.104 mmol) was added to 1 equivalent of ligand L
7
 (50 mg, 0.104 

mmol)  in methanol (50 ml). The reaction mixture was stirred for 1 h at room temperature, 

and then 1 equivalent of solid sodium dicanamide (9 mg, 0.107 mmol) was added to the 

reaction mixture, the light yellow solution becomes deep yellow within 5 mints, and then 

stirred for further 2 h at room temperature. Light yellow crystals were obtained by slow 

evaporation of the methanolic solution. Yield: 57 mg (82%). IR (KBr):  3420 (br, OH), 2061 

[w,  (dca)], 2215 [w,  (dca)], 2154 [(s,  (dca)], 2133 [(s,  (dca)], 1565 (m),1563 (m), 1528 

(w), 1492 (m), 1466 (m), 1425 (m), 1396 (w), 1384 (s) [  (NO3
−
)], 1356 (m), 1280 (w), 1171 

(m), 1041 (m), 906 (w), 775 (w) cm
-1

. Elemental analysis (%) calculated for C26H26MnN16O4 

(651.6): C-45.82, H-3.85, N-32.88; found: C-43.90, H-4.12, N-34.05. 

 

Synthesis of [Ni
II

4(MeOH)4(L
9
)4]·H2O (11): Ni(OAc)2∙4H2O (305 mg, 1.22 mmol) was 

added to a solution of H2L
9
 (250 mg, 1.22 mmol) in 50 ml methanol and then NaOH (98 mg, 

2.44 mmol) in 10 ml methanol was added drop wise to the reaction mixture, affording a green 

precipitate almost immediately. The green precipitate was collected by filtration, washed with 

methanol, and dried in air. Then resulting green powder was dissolved in CH2Cl2 (50 ml), and 

layered with n-hexane, green crystals of 11 were separated after several days.Yield: 80 mg 

(22%). MS (ESI, CH2Cl2): m/z (%) 1042.9 (30) [(L
9
)4Ni4+ H]

+
, 1065.9 (20) [(L

9
)4Ni4+ Na]

+
. 

IR (KBr):  3340 (br), 3045 (w), 2926 (w), 2866 (w), 2766 (w), 1597 (s), 1556 (s), 1518 (m), 

1498 (m), 1466 (s), 1441 (m), 1415 (w), 1371 (w), 1317 (s), 1352 (m), 1211 (w), 1191 (w), 

1130 (s), 1110 (w), 1070 (s), 1035 (w), 955 (w), 886 (m), 847 (m), 770 (w), 747 (s), 690 (w), 

611 (w) cm
-1

. Elemental analysis (%) calculated for C48H58Ni4N8O13 (1189.8): C-48.45, H-

4.91, N-9.42; found: C-48.05, H-4.71, N-9.57. Block shaped green crystals also obtained in 

alternative way, by slow evaporation of the resulting solution in acetone, but that was not 

suitable for X-ray diffraction. 
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Synthesis of [Co
II

4(MeOH)3(H2O)(L
9
)4]·CH2Cl2 (12): Co(ClO4)2∙6H2O (180 mg, 0.49 

mmol) was added to a solution of H2L
9
 (100 mg, 0.49 mmol) in 15 ml methanol under N2-

atmosphere, and then NaOH (40 mg, 0.98 mmol) in 5 ml methanol was added drop wise to 

the reaction mixture, affording a reddish brown precipitate immediately. The brown 

precipitate was collected by filtration, washed with methanol, and then dried in air. It was 

recrystallised by layering a solution of CH2Cl2 with n-hexane. Yield: 25 mg (17%). MS (ESI, 

CH2Cl2): m/z (%), 1046.0 (98) [(L
9
)4Co4+H]

+
. IR (KBr):  3570 (s), 3410 (br), 3115 (w), 3045 

(w), 2920 (w), 2863 (w), 1596 (s), 1555 (s), 1515 (m), 1498 (s), 1464 (s), 1439 (m), 1413 (w), 

1350 (w), 1313 (s), 1254 (m), 1226 (w), 1201 (w), 1190 (w), 1130 (s), 1087 (m), 1065 (m), 

951 (w), 881 (m), 848 (m), 767 (m), 688 (m), 614 (w) cm
-1

. Elemental analysis (%) calculated 

for C48H56Cl2Co4N8O12 (1243.63): C-46.36, H-4.54, N-9.01; found: C-47.78, H-4.55, N-9.53. 

 

Synthesis of Fe
II

4(MeOH)4(L
9
)4 (13): FeCl2∙4H2O (98 mg, 0.49 mmol) was added to a 

solution of H2L
9
 (100 mg, 0.49 mmol) in 20 ml methanol under N2-atmosphere, and then 

NEt3 (100 mg, 0.98 mmol) in 2 ml methanol was added drop wise to the reaction mixture, 

affording a yellowish green precipitate immediately. The yellowish green precipitate was 

collected by filtration, washed with methanol, and then dried in vacuum. The resulting 

greenish yellow powder was dissolved in CH2Cl2 (20 ml), layered with n-hexane under inert 

atmosphere, green crystals of 13 were separated after several days. Yield: 15 mg (11%). IR 

(KBr):   3107 (w), 2962 (w), 2907 (w), 2857 (w), 2806 (w), 2610 (w), 1597 (s), 1558 (s), 

1514 (s), 1485 (m), 1466 (s), 1439 (m), 1414 (w), 1349 (w), 1310 (s), 1259 (m), 1225 (w), 

1198 (w), 1170 (w), 1130 (s), 1084 (w), 1061 (w), 1028 (m), 957 (w), 878 (m), 849 (m), 801 

(w), 769 (w), 744 (m), 686 (m), 612 (w) cm
-1

. Elemental analysis (%) calculated for 

C48H56Fe4N8O12 (1160.41): C-49.68, H-4.86, N-9.66; found: C-49.78, H-4.80, N-9.53.  

 

Synthesis of [Mn
III

2Ni
II

3(L
9
)4(HL

9
)2Cl2(H2O)2]∙8CH2Cl2 (14∙8CH2Cl2): A solution of NEt3 

(23 mg, 0.22 mmol, 1.5 equiv) in acetonitrile (3 ml) was added dropwise to a solution of 

NiCl2∙6H2O (26 mg, 0.110 mmol, 0.75 equiv) and H2L
9
 (30mg, 0.147 mmol, 1 equiv) in 

acetonitrile (15 ml) at room temperature. The resultant green solution was then added 

dropwise to a brown solution of MnCl2∙4H2O (29 mg, 0.147 mmol, 1 equiv), H2L
9
 (30 mg, 

0.147 mmol, 1 equiv), and NEt3 (23 mg, 0.22 mmol, 1.5 equiv) in acetonitrile (15 ml), and the 

reaction mixture was stirred for 8 h at room temperature. Evaporation of all volatile material 

under reduced pressure gave a brown solid. This crude product was dissolved in 
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dichloromethane (25 ml), and plate-shaped brown crystals of 14∙8CH2Cl2 were obtained by 

slow evaporation of the solution. Due to the loss of solvent molecules the crystals crumble 

after separation from the mother liquor. Yield: 40 mg (48%). IR (KBr):  3582 (w), 3458 (br), 

3131 (w), 3111 (w), 3052 (w), 2928 (m), 2841 (m), 1627 (m), 1598 (s), 1563 (m), 1502 (w), 

1506 (s), 1470 (s), 1443 (s), 1412 (m), 1357 (w), 1308 (s), 1256 (w), 1234 (w), 1204 (w), 

1132 (s), 1084 (s), 948 (w), 857 (m), 850 (w), 805 (w), 766 (m), 743 (w), 701 (m), 642 (w), 

609 (m) cm
-1

. Elemental analysis (%) calculated for C67.5H69N12O14Mn2Ni3Cl5 (14∙1.5CH2Cl2 ; 

1735.6): C-46.71, H-4.01, N-9.68; found: C-46.46, H-4.18, N-9.67. 

 

Synthesis of [Mn
III

2Ni
II

3(L
9
)4(HL

9
)2Cl2(H2O)2]∙6C2H4Cl2 (14∙6C2H4Cl2): It was synthesized 

in similar way as like compound 14∙8CH2Cl2, here the crude product was recrystallised from 

1,2-dichloroethane instead of dichloromethane, brown crystals of 14∙6C2H4Cl2 were obtained 

by slow evaporation of the resulting solution. The crystals crumble after separation from the 

mother liquor, due to loss of solvent molecules. Yield: 50%. IR (KBr):  3585 (w), 3433 (br), 

3134 (w), 3106 (w), 3053 (w), 2924 (m), 2846 (m), 1627 (m), 1598 (s), 1563 (s), 1501 (w), 

1506 (s), 1470 (s), 1443 (s), 1412 (m), 1358 (w), 1306 (s), 1258 (w), 1232 (w), 1200 (w), 

1156 (w), 1132 (s), 1082 (s), 1050 (m), 1038 (w), 947 (m), 871 (w), 856 (m), 841 (m), 790 

(w), 772 (m), 755 (w), 746 (m), 702 (m), 664 (w), 653 (w), 643 (m), 612 (w) cm
-1

. Elemental 

analysis (%) calculated for C72H78N12O14Mn2Ni3Cl8 (14∙3C2H4Cl2, 1905.0): C-45.39, H-4.13, 

N-8.82; found: C-45.20, H-4.23, N-9.12. 

 

Synthesis of [Mn
III

2Ni
II

3(L
9
)4(HL

9
)2Br2(H2O)2]∙8CH2Cl2 (15∙8CH2Cl2): Compound 15 was 

obtained in similar manner as described for 14, but using MnBr2·4H2O instead of 

MnCl2·4H2O. Brown crystals of 15∙8CH2Cl2 were obtained by slow evaporation of a solution 

of the crude product in dichlormethane. Yield: 50 mg (54%). IR (KBr):  3588 (w), 3437 (br), 

3113 (w), 3052 (w), 2928 (m), 2842 (m), 2363 (w), 1629 (w), 1598 (s), 1561 (m), 1507 (s), 

1469 (s), 1443 (s), 1412 (m), 1361 (m), 1325 (w), 1306 (s), 1269 (w), 1256 (w), 1233 (w), 

1202 (w), 1156 (w), 1134 (s), 1084 (s), 1050 (w), 948 (w), 856 (m), 841 (w), 769 (w), 756 

(m), 742 (w), 700 (m), 664 (w), 635 (w), 638 (w), 610 (m) cm
-1

. Elemental analysis (%) 

calculated for C66.5H67N12O14Mn2Ni3ClBr2 (16∙0.5CH2Cl2; 1731.5): C-45.92, H-3.88, N-9.66; 

found: C-46.29, H-4.16, N-9.15. 

 

Synthesis of [Mn
III

2Mn
II

(L
9
)2(OAc)2(OMe)2(MeOH)2]·MeOH, (16). Mn(OAc)2·4H2O (90 

mg, 0.36 mmol) was added to a solution of H2L
9
 (50 mg, 0.2448 mmol) in 20 ml methanol 

and then 
n
Bu4NOH (127 mg, 0.4896 mmol) in 5 ml methanol was added drop wise to the 
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reaction mixture, turned deep brown solution by air oxidation, and then without any stir 

reaction mixture was kept at room temperature, after few days dark red crystals were obtained 

by slow evaporation of the resulting solution. Yield: 15 mg (11%). IR (KBr):  3419 (br), 

2924 (w), 2858 (w), 2770 (w), 2358 (w), 2346 (w), 1601 (w), 1558 (s), 1516 (m), 1471 (s), 

1446 (m), 1416 (s), 1363 (w), 1310 (s), 1252 (m), 1204 (w), 1134 (m), 1093 (m), 1035 (w), 

1070 (s), 1035 (w), 897 (m), 858 (m), 757 (m), 701 (w), 656 (w), 640 (w) cm
-1

. Elemental 

analysis (%) calculated for C31H44Mn3N4O13 (1189.8): C-44.04, H-5.25, N-6.63; found: C-

43.60, H-4.91, N-6.42.  

 

Synthesis of [Mn
III

4Mn
II

2(L
9
)4Cl4(H2O)4(µ4-O)2]·4CH3CN, 17: A solution of NEt3 (25 mg, 

0.2448 mmol, 2 equiv) in acetonitrile (3 ml) was added drop wise to a solution of 

MnCl2∙4H2O (25 mg, 0.1224 mmol, 1 equiv) and H2L
9
 (25 mg, 0.1224 mmol, 1 equiv) in 

acetonitrile (25 ml) at room temperature, the solution turned deep brown by air oxidation,  and 

stirred for 10 mints. The resulting solution was bubbled with N2 for few mints, and then it was 

added drop wise to a colourless solution of  Mn(ClO4)2∙6H2O (44 mg, .092 mmol, 0.75 

equiv), H2L
9
 (25 mg, 0.1224 mmol, 1 equiv), and NEt3 (19 mg, 0.1836 mmol, 1.5 equiv)  in 

deoxygenated acetonitrile (25 ml) under nitrogen atmosphere, and the reaction mixture was 

stirred for 2 mints at room temperature, and then resulting deep brown solution was exposed 

in air, block shaped dark red crystals were obtained by slow evaporation of the resulting 

solution. Yield: 15 mg (16%). IR (KBr):  3376 (br), 3136 (w), 2927 (w), 2855 (w), 2360 (s), 

2358 (m), 1601 (s), 1567 (m), 1512 (s), 1470 (s), 1445 (m), 1418 (m), 1362 (m), 1308 (s), 

1244 (m), 1205 (w), 1136 (m), 1092 (m), 1072 (s), 1041 (w), 891 (w), 856 (m), 784 (w), 757 

(m), 701 (m), 655 (w), 604 (w) cm
-1

. Elemental analysis (%) calculated for 

C52H60Cl4Mn6N12O14 (1548.56): C-40.33, H-3.91, N-10.85; found: C-40.07, H-3.17, N-9.93. 

 

Preparation of the  Tetranuclear Metal Complexes [NHEt3][(L
9
)2Mn

III
2{(NO3)2Ln

III
}2 

(O2CPh)3(µ4-O)]·xCH3CN·yCH2Cl2 18-20: The general procedure for the preparation of the 

metal complexes 18-20 is as follows. Mn(O2CPh)2·2H2O (41 mg, 0.1224 mmol) was added to 

a solution of H2L
9
 (25 mg, 0.1224 mmol) in 20 ml CH3CN and then NEt3 (25 mg, 0.2448 

mmol) in 2 ml CH3CN was added drop wise to the reaction mixture, the solution become 

turned deep brown by air oxidation, and then solid Ln(NO3)2·6H2O (55 mg, 0.1224 mmol) 

[Ln = Gd
III

 (18), Tb
III

 (19), Dy
III

 (20)] was added to the reaction mixture, and stirred for 12 

hrs at room temperature. Evaporation of all volatile material under reduced pressure gave a 

green solid. This crude product was dissolved in dichloromethane (25 ml), and plate-shaped 
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brown crystals were obtained by slow evaporation of the solution. The characterisation data 

for these complexes are given below. 

 

[NHEt3][(L
9
)2Mn

III
2{(NO3)2Gd

III
}2(O2CPh)3(µ4-O)]·xCH3CN·yCH2Cl2 (18). Yield: 50 mg 

(52%). IR (KBr):  3433 (br), 3125 (w), 3064 (w), 2936 (w), 2868 (s), 1601 (s), 1539 (w), 

1492 (w), 1471 (w), 1445 (m), 1401 (s), 1384 (m), 1307 (s), 1236 (m), 1209 (w), 1175 (m), 

1138 (w), 1091 (w), 1067 (m), 1028 (m), 893 (w), 852 (m), 816 (w), 762 (w), 723 (s), 688 

(w), 664 (m), 624 (m) cm
-1

. Elemental analysis (%) calculated for  C49H51Gd2Mn2N9O23 

(1558.4): C-37.77, H-3.30, N-8.09; found: C-37.07, H-3.17, N-7.63 

 

[NHEt3][(L
9
)2Mn

III
2{(NO3)2Tb

III
}2(O2CPh)3(µ4-O)]·xCH3CN·yCH2Cl2 (19). Yield: 40 mg 

(42%). IR (KBr):  3397 (br), 3142 (w), 3060 (w), 2931 (w), 2865 (s), 1595 (s), 1547 (s), 

1511 (m), 1472 (w), 1445 (m), 1404 (s), 1364 (w), 1309 (s), 1251 (m), 1239 (w), 1204 (w), 

1175 (m), 1135 (m), 1088 (w), 1067 (m), 1043 (w), 1024 (w), 895 (m), 856 (m), 817 (w), 781 

(w), 753 (s), 721 (s), 701 (s), 689 (w), 675 (m), 628 (w) cm
-1

. Elemental analysis (%) 

calculated for  C49H51Tb2Mn2N9O23 (1561.7): C-37.68, H-3.29, N-8.07; found: C-37.27, H-

3.17, N-7.83. 

 

[NHEt3][(L
9
)2Mn

III
2{(NO3)2Dy

III
}2(O2CPh)3(µ4-O)]·xCH3CN·yCH2Cl2 (20). Yield: 38 mg 

(39%). IR (KBr):  3429 (br), 3123 (w), 3054 (w), 2931 (w), 2848 (s), 1601 (s), 1541 (m), 

1508 (w), 1492 (w), 1471 (m), 1451 (m), 1402 (s), 1374 (w), 1311 (s), 1236 (m), 1210 (w), 

1175 (m), 1136 (w), 1089 (w), 1067 (m), 1029 (m), 895 (w), 852 (m), 815 (w), 759 (w), 723 

(s), 688 (w), 666 (m), 627 (m) cm
-1

. Elemental analysis (%) calculated for  

C49H51Dy2Mn2N9O23 (1568.8): C-37.51, H-3.28, N-8.04; found: C-37.17, H-3.20, N-7.73. 

 

Synthesis of [L
12

Cu
II

2(µ-MeOH∙∙∙OH)]·2.5 MeOH (21): A solution of Cu(BF4)2,4H2O (110 

mg, 0.36 mmol) in methanol (20 ml) was added to a stirred solution of H3L
12

 (100 mg, 0.18 

mmol) in methanol (50 ml) resulting in a green solution. A solution of NaOMe (29 mg, 0.54 

mmol) in methanol (5 ml) was added dropwise at room temperature, stirred overnight, and 

then filtered. Needle shaped dark green crystals of 21 were separated using slow evaporation 

of the resulting solution. Yield: 44 mg (30%). MS (ESI, MeOH): m/z (%) = 682.9 (52) 

[L
12

Cu2]
+
. IR (KBr):  3650 (w), 3434 (br), 2954 (s), 2904 (w), 2879 (w), 1929 (w), 1624 (s), 

1532 (m), 14460 (w), 1433 (m), 1389 (m), 1358 (w), 1326 (w), 1281 (w), 1255 (m), 1241 (w), 

1199 (w), 1167 (m), 1061 (w), 914 (w), 875 (w), 840 (m), 781 (w), 728 (w), 650 (w) cm
-1

. 
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Elemental analysis (%) calculated for C38.5H61Cu2N4O6.5 (811.0): C-57.02, H-7.58, N-6.91; 

found: C-56.53, H-6.77, N-7.63. 

 

Synthesis of [L
12

Cu
II

2(µ-OAc)]·1.33 CHCl3 (22): 2 equivalent of Cu(OAc)2·H2O (72 mg, 

0.36 mmol) in methanol (10 ml) was added to a solution of H3L
12

 (100 mg, 0.18 mmol) in 

methanol (30 ml), stirred overnight, during which a green precipitate formed. This was 

filtered off, washed with methanol, dried in air. The resulting green powder was dissolved in 

chloroform (10 ml), and then layered with n-hexane; green crystals of 22 were separated after 

several days. Yield:  30 mg (19%). MS (ESI, CHCl3): m/z (%) = 683.2 (45) [L
12

Cu2]
+
. IR 

(KBr):  2954 (s), 2905 (w), 2870 (w), 1621 (s), 1572 (m), 1529 (m), 1458 (w), 1431 (m), 

1358 (m), 1255 (m), 1199 (w), 1167 (m), 1052 (w), 841 (w), 778 (w), 722 (w) cm
-1

. 

Elemental analysis (%) calculated for C37.33H50.33Cl0.99Cu2N4O4(781.3): C-57.39, H-6.49, N-

7.17; found: C-57.97, H-7.05, N-7.63. 

 

Synthesis of [L
12

Ni
II

2(µ-OAc)]·1.33CHCl3 (23): It was obtained in similar manner as 

described for 22, but using Ni(OAc)2·4H2O used instead of Cu(OAc)2·H2O. Yield:  25 mg 

(16%). IR (KBr):   2954 (s), 2906 (w), 2871 (w), 1615 (s), 1590 (m), 1531 (m), 1451 (w), 

1435 (m), 1329 (m), 1256 (m), 1202 (w), 1172 (w), 1160 (m), 1026 (w), 929 (w), 754 (w) cm
-

1
. Elemental analysis (%) calculated for C37H50Ni2N4O4(732.2): C-60.69, H-6.88, N-7.65; 

found: C-60.57, H-7.05, N-7.63. 

 

Synthesis of [Zn4(L
12

)2(H2L
12

)2] (24): 2 equivalent of Zn(ClO4)2·6H2O (134 mg, 0.36 mmol) 

in methanol (5 ml) was added drop wise to a stirred solution of H3L
12

 (100 mg, 0.18 mmol) in 

methanol (30 ml) resulting in a yellow solution. A solution of PhCO2Na (78 mg, 0.54 mmol), 

in methanol (20 ml) was added drowise, stirred overnight, yellow precipitate was collected by 

filtration, washed with methanol, dried in air. The resulting yellow powder was dissolved in 

(1:1) dichloromethane-hexane (20 ml) yellow crystals were obtained by slow evaporation of 

the resulting solution.  Yield:  40 mg (36%). MS (MALDI, dithranol): m/z (%) = 2488.3 (50) 

[Zn4(L
12

)2(H2L
12

)2+H
+
], 1930.3 (100) [Zn4(L

12
)2(H2L

12
)]

+
, 1305.7 (53) [Zn3(L

12
)2-H

+
], 1242.6 

(28) [Zn2(L
12

)2+H
+
], 687.2 (10) [Zn2L

12
]

+
. IR (KBr):   3435 (w), 2956 (s), 2908 (w), 2882 

(w), 1611 (s), 1532 (m), 14468 (m), 1437 (m), 1362 (m), 1320 (m), 1273 (w), 1254 (m), 1201 

(w), 1164 (m), 1135 (w), 1047 (m), 914 (w), 874 (w), 831 (m), 783 (w), 745 (w), 640 (w)  

cm
-1

. Elemental analysis (%) calculated for: C140H192Zn4N16O8(2487.3): C-67.57, H-7.78, N-

9.01; found: C-66.62, H-7.88, N-8.98. 
1
H NMR (500 MHz, CDCl3, 298 K): δ (ppm) = 1.21 [s, 
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18H; 3´-C(CH3)3], 1.25 [s, 18H; 3-C(CH3)3], 1.32 [s, 18H; 5´-C(CH3)3], 1.37 [s, 18H; 5-

C(CH3)3], 4.27 [s, 2H; CH2], 4.41 [d, 1H; CH2´], 4.55 [d, 1H; CH2´], 5.77 [s, 1H; CH
pz

], 6.25 

[s, 1H; CH´
pz

], 6.49 [d, 1H; C2], 6.82 [d, 1H; C2´], 7.29 [d, 1H; C-4´], 7.41 [s, 1H; NH], 7.45 

[d, 1H; C-4], 7.87 [s, 1H; NH´], 13.5 (br, 1H; OH´). 
13

C{
1
H} NMR (125.75 MHz, CDCl3, 298 

K): δ (ppm) = 29.36, 29.53, 31.48, 31.51, 33.94, 34.06, 34.92, 35.42, 51.80, 54.43, 105.16, 

108.14, 116.16, 117.57, 125.70, 126.91, 128.61, 130.27, 135.43, 136.69, 139.99, 141.58, 

149.2, 151.79, 157.82, 166.45, 167.96, 171.09. 
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Chapter 10 

Crystallography 
 
The crystal data and details of the data collections are collected in Tables 10.1 - 10.9. X-ray 

data were collected on a STOE IPDS II diffractometer (graphite monochromated Mo-Kα 

radiation, λ = 0.71073 Ǻ, ω scans) at -140
°
C. The structures were solved by direct methods 

and refined on F
2
 using all reflections with SHELX-97 or SHELXL-97.

108,109,110 
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Table 10.1. Crystal data and refinement details 

 

compound 1 H3L
5 

 3 

formula C6H16ClN9 C57H80ClN9O3 C76H124Cu4N14O14 

Mr 249.73 974.75 1712.05 

crystal size [mm] 0.36 × 0.18 × 0.09 0.39 × 0.25 × 0.12 0.50 × 0.23 × 0.21 

crystal system monoclinic monoclinic monoclinic 

space group P21/c P21/n P21/c 

a [Å] 10.2759 (7) 18.3309 (6) 23.5629 (4) 

b [Å] 11.1481 (5) 10.2696 (6) 10.4317 (2) 

c [Å] 10.9016 (8) 29.9748 (10) 40.5566 (7) 

 [°] 90 90 90 

 [°] 114.779(5) 91.10(3) 105.2240(10) 

 [°] 90 90 90 

V [Å
3
] 1133.87(12) 5641.7(4) 9619.0(3) 

Z 4 4 4 

calcd. [g cm
-3

] 1.463 1.148 1.182 

F(000)  528 2104 3624 

 [mm
-1

] 0.329 0.118 0.932 

Tmax / Tmin 0.9310 / 0.7377 0.9335 / 0.7418  

hkl range ±13, +14, -12, ±13 ±22, ±12, +31, -36 +26, -27, ±12, ±47 

  range [°] 2.18-27.00 1.29-25.71 1.18-24.61 

measured refl. 10758 42350 58259 

unique refl. [Rint] 2459(.0424) 10658(.0822) 15791(.0471) 

ref. param. / restraints 176 / 0 618 / 30 1008 / 0 

goodness-of-fit 1.035 1.059 1.040 

R1, wR2 (I>2(I)) 0.0373, 0.0840 0.1110, 0.3005 0.0539, 0.1522 

R1, wR2 (all data) 0.0517, 0.0880 0.1617, 0.3231 0.0647, 0.1580 

resid. el. dens. [e Å
-3

] 0.308 / –0.224 0.678 / –0.453 1.089 / –0.697 
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Table 10.2. Crystal data and refinement details 

 

compound 4 5 6 

formula C148H212Mn4N28O20 C104H146Fe4N16O17 C24H26MnN14O7 

Mr 2919.22 2115.77 677.53 

crystal size [mm] 0.43 × 0.29 × 0.19 0.39 × 0.29 × 0.18 0.50 × 0.48 × 0.43 

crystal system monoclinic othrorhombic triclinic 

space group C2/c Aba2 P-1 

a [Å] 36.9055 (10) 38.2483 (11) 7.6447 (6) 

b [Å] 18.7803 (9) 19.8080 (9) 14.338 (10) 

c [Å] 29.1657 (9) 17.4100 (5) 14.4515 (10) 

 [°] 90 90 84.139(6) 

 [°] 94.432(2) 90 86.797(6) 

 [°] 90 90 82.866(6) 

V [Å
3
] 20154.2(13) 13190.2(8) 1562.2(2) 

Z 4 4 2 

calcd. [g cm
-3

] 0.963 1.065 1.44 

F(000)  6224 4488 698 

 [mm
-1

] 0.300 0.489 0.488 

hkl range ±43, +18, -21, +33, -34 -44, +39, ±23, -18, +20 ±9, +18, -16, ±18 

  range [°] 1.11-24.59 1.65-24.62 1.42-26.79 

measured refl. 41345 29287 19573 

unique refl. [Rint] 16543(.0942) 10141(0.1268) 6626 [0.0327] 

ref. param. / restraints 891 / 73 638 / 1 417/ 26 

goodness-of-fit 1.010 1.041 1.024 

R1, wR2 (I>2(I)) 0.0774, 0.1757 0.1058, 0.2652 0.0811, 0.2172 

R1, wR2 (all data) 0.1320, 0.1923 0.1182, 0.2741 0.0916, 0.2251 

resid. el. dens. [e Å
-3

] 0.468 / –0.610 1.142 / –0.600 1.184/ –1.031 
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Table 10.3. Crystal data and refinement details 

 

compound 7 8 9 

formula C48H48Mn2N30O10 C26H32MnN18O2 C25H28MnN16O4  

Mr 1315.04 683.64 651.57 

crystal size [mm] 0.24 × 0.18 × 0.06 0.41 × 0.22 × 0.16 0.50 × 0.34 × 0.13 

crystal system triclinic triclinic triclinic 

space group P-1 P-1 P-1 

a [Å] 14.2328 (12) 11.2636 (5) 6.7116 (4) 

b [Å] 14.4951 (10) 12.7851 (6) 14.4431 (10) 

c [Å] 15.2225 (11) 13.4006 (6) 15.0108 (10) 

 [°] 93.583(6) 115.026(3) 92.697(6) 

 [°] 103.199(6) 108.553(4) 98.606(5) 

 [°] 94.415(6) 99.712(4) 92.980(5) 

V [Å
3
] 3032.4(4) 1550.96(12) 1434.55(16) 

Z 2 2 2 

calcd. [g cm
-3

] 1.440 1.464 1.555 

F(000)  1352 710 694 

 [mm
-1

] 0.497 0.484 0.525 

Tmax / Tmin  0.9460 / 0.8059 0.9032 / 0.7314 

hkl range -18, +14, ±18, ±19 -14, +12, ±16, -16, + 17 -8, +7, ±18, ±18 

  range [°] 1.77-27.06 1.85-26.97 1.37-26.78 

measured refl. 25953 17581 16376 

unique refl. [Rint] 12993 [0.1641] 6728 [0.0657] 6091 [0.0499] 

ref. param. / restraints 803 / 28 423 / 3 421 / 0 

goodness-of-fit 1.009 1.041 1.041 

R1, wR2 (I>2(I)) 0.0922, 0.2264 0.0409, 0.1066 0.0531, 0.1391 

R1, wR2 (all data) 0.1458, 0.2554 0.0487, 0.1108 0.0705, 0.1501 

resid. el. dens. [e Å
-3

] 1.093/ –1.138 0.640/ –0.724 0.574 / –1.064 
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Table 10.4. Crystal data and refinement details 

 

compound 10 H2L
9 

11 

formula C26H26MnN16O4 C11H22O2N2 C48H58Ni4N8O13 

Mr 681.57 204.23 1189.86 

crystal size [mm] 0.50 × 0.28 × 0.24 0.50 × 0.10 × 0.10 0.42 × 0.21 × 0.07 

crystal system triclinic tetragonal tetragonal 

space group P-1 I-4 I41/a  

a [Å] 10.4827 (4) 18.723 (3) 16.8120 (7) 

b [Å] 12.6223 (4) 18.723 (3) 16.8120 (7) 

c [Å] 14.2137 (5) 5.708 (12) 17.5449 (9) 

 [°] 77.851(3) 90 90 

 [°] 72.139(3) 90 90 

 [°] 69.838(3) 90 90 

V [Å
3
] 16668.78(10) 2026.6(6) 4958.9(4) 

Z 2 8 4 

calcd. [g cm
-3

] 1.356 1.339 1.594 

F(000)  702 1920 2472 

 [mm
-1

] 0.453 0.094 1.569 

Tmax / Tmin  0.9568 / 0.7731 0.8420 / 0.7030 

hkl range -13, +12, ±15, ±17 −22, +23, ±23, -6, +7 ±21, ±21, ±22 

  range [°] 1.52-26.73 1.54-26.89 1.68 – 27.15 

measured refl. 21976 6161 44432 

unique refl. [Rint] 7065 [0.0485] 1207 [0.1048] 44432 [0.000] 

ref. param. / restraints 433 / 2 144/ 0 140 / 6 

goodness-of-fit 1.064 1.046 1.043 

R1, wR2 (I>2(I)) 0.0430, 0.1169 0.0365, 0.0905 0.0707, 0.1630 

R1, wR2 (all data) 0.0466, 0.1187 0.0383, 0.0916 0.1268, 0.1818 

resid. el. dens. [e Å
-3

] 0.682 / –0.662 0.160/-0.169 0.778 / –0.454 
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Table 10.5. Crystal data and refinement details 

 

compound 12 13 14·8CH2Cl2 

formula C48H56Cl2Co4N8O12 C48H56Fe4N8O12 C74H76Cl18Mn2N12Ni3O14 

Mr 1243.63 1160.41 2281.58 

crystal size [mm] 0.49 × 0.29 × 0.23 0.50 × 0.28 × 0.26 0.37 × 0.26 × 0.06 

crystal system triclinic tetragonal triclinic 

space group P-1 I41/a  P-1 

a [Å] 14.1325 (4) 17.0749 (7) 13.3948 (10) 

b [Å] 14.4262 (4) 17.0749 (7) 13.8821 (10) 

c [Å] 14.9207 (4) 17.7535 (8) 14.6735 (12) 

 [°] 114.765(2) 90 90.078 (6) 

 [°] 110.576(2) 90 115.446 (6) 

 [°] 93.007(2) 90 108.250 (6) 

V [Å
3
] 2513.68(12) 5176.1(4) 2310.3 (3) 

Z 2 4 1 

calcd. [g cm
-3

] 1.643 1.489 1.640 

F(000)  1276 2400 1156 

 [mm
-1

] 1.474 1.166 1.452 

Tmax / Tmin 0.7297 / 0.5300 0.6543 / 0.4527 0.8624 / 0.5796 

hkl range ±17, ±18, ±17 ±21, ±21, ±22 ±16, ±16, ±17 

  range [°] 1.58 – 26.74 1.65 – 26.72° 1.56 – 25.70 

measured refl. 33359 17300 25369 

unique refl. [Rint] 10634 [0.0360] 2735 [0.0696] 8716 [0.0802] 

ref. param. / restraints 563 / 38 627 / 58 556 / 0 

goodness-of-fit 1.046 1.016 1.122 

R1, wR2 (I>2(I)) 0.0312, 0.0836 0.0481, 0.1100 0.0905, 0.2571 

R1, wR2 (all data) 0.0364, 0.0860 0.0806, 0.1211 0.1116, 0.2672 

resid. el. dens. [e Å
-3

] 1.536 / –1.424 0.379 / –0.342 2.252 / –1.328 
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Table 10.6. Crystal data and refinement details 

compound  14·6C2H4Cl2 15·8CH2Cl2 16 

formula 
C78H90Cl14Mn2 

N12Ni3O14 

C74H82Br2Cl16Mn2 

N12Ni3O14 
C31H44Mn3N4O13  

Mr 2201.93 2376.55 845.52 

Crystal size [mm] 0.50 × 0.45 × 0.18 0.50 × 0.41 × 0.22 0.41 × 0.27 × 0.08 

crystal system triclinic triclinic monoclinic 

space group P-1 P-1 P21/c 

a [Å] 12.1096 (4) 13.2372 (8) 13.3883 (5) 

b [Å] 13.0805 (4) 13.2997 (9) 13.6790 (4) 

c [Å] 16.1502 (5) 14.8782 (9) 19.3600 (8) 

 [°] 102.557 (3) 91.803 (5) 90 

 [°] 101.893 (3) 112.666 (6) 90.268(3) 

 [°] 105.462 (3) 105.470 (5) 90 

V [Å
3
] 2309.88 (13) 2271.8 (2) 3545.5(2) 

Z 1 1 4 

calcd. [g cm
-3

] 1.583 1.737 1.584 

F(000)  1126 1198 1748 

 [mm
-1

] 1.337 2.297 1.122 

Tmax / Tmin 0.8090 / 0.4728 0.6293 / 0.2962 0.0871/ 0.6235 

hkl range ±15, ±16, ±20 ±16, ±16, −17, +16 ±16, -15, +17, ±24 

  range [°] 1.35 – 26.72 1.75 – 25.71° 1.52 – 26.78 

measured refl. 27334 24303 39496 

unique refl. [Rint] 9786 [0.0590] 8589 [0.0465] 7516 [0.0454] 

ref. param. / re straints 593 / 15 568 / 3 479/ 0 

goodness-of-fit 1.063 1.038 1.033 

R1, wR2 (I>2(I)) 0.0462, 0.1251 0.0550, 0.1479 0.0289, 0.0683 

R1, wR2 (all data) 0.0554, 0.1295 0.0700, 0.1560 0.0393, 0.0711 

resid. el. dens. [e Å
-3

] 1.684 / –0.914 0.937 / –2.030 0.584 / –0.354 
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  Table 10.7. Crystal data and refinement details 

compound 17 18 

formula C52H60Cl4Mn6N12O14 C43H35Mn2Gd2N8O23
‾
 , C6H16N

+ 

Mr 
1548.56 1558.37 

crystal size [mm] 0.26 × 0.13 × 0.04 0.50 × 0.32 × 0.30 

crystal system monoclinic monoclinic 

space group P21/n P21/c 

a [Å] 12.5459 (9) 15.8277 (5) 

b [Å] 11.5237 (5) 17.4185 () 

c [Å] 21.5862 (15) 25.0884 (11) 

 [°] 90 90 

 [°] 90.700(6) 105.971 (3) 

 [°] 90 90 

V [Å
3
] 3120.6(3) 6649.8 (4) 

Z 2 4 

calcd. [g cm
-3

] 1.648 1.557 

F(000)  1572 3080 

 [mm
-1

] 1.420 2.416 

Tmax / Tmin 
0.9268/ 0.7492 0.5510/ 0.3838 

hkl range ±15, -14, +13, ±27 -18, +19, ±21, ±30 

  range [°] 1.87– 26.79 1.34 – 25.63 

measu1red refl. 39585 74071 

unique refl. [Rint] 
6621 [0.0960] 12549 [0.0613] 

ref. param. / restraints 430/ 4 736/ 31 

goodness-of-fit 1.082 1.058 

R1, wR2 (I>2(I)) 0.0570, 0.1149 0.0384, 0.0937 

R1, wR2 (all data) 0.0818, 0.1241 0.0456, 0.0969 

resid. el. dens. [e Å
-3

] 0.846 / –0.608 0.755 / –1.313 
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 Table 10.8. Crystal data and refinement details 

compound 20 21 

formula 
C43H35Mn2Dy2N8O23

‾
 ,  

C6H16N
+
 

C38.5H61Cu2N4O6.5 

Mr 
1568.87 809.98 

crystal size [mm] 0.13 × 0.08 × 0.08 0.48 × 0.06 × 0.06 

crystal system monoclinic monoclinic 

space group P21/c Pbcn 

a [Å] 15.7037 (8) 31.3573 (12) 

b [Å] 17.4425 (8) 13.9485 (7) 

c [Å] 25.2451 (16) 9.4210 (4) 

 [°] 90 90 

 [°] 106.406 (5) 90 

 [°] 90 90 

V [Å
3
] 6633.4 (6) 4120.6 (3) 

Z 4 4 

calcd. [g cm
-3

] 1.571 1.306 

F(000)  3096 1716 

 [mm
-1

] 2.675 1.080 

Tmax / Tmin 0.8419/ 0.5388 0.9617 / 0.7845 

hkl range -19, +18, -18, +21,  ±30 ±38, ±16, +11, -10 

  range [°] 1.35 – 25.69 1.30–25.62 

measured refl. 52199 20020 

unique refl. [Rint] 12523 [0.1037] 3657 [0.0739] 

ref. param. / restraints 707/ 7 245 / 5 

goodness-of-fit 1.013 1.032 

R1, wR2 (I>2(I)) 0.0507, 0.0919 0.0596, 0.1363 

R1, wR2 (all data) 0.0843, 0.0993 0.0920, 0.1507 

resid. el. dens. [e Å
-3

] 1.090 / –1.527 0.686 / –0.583 
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Table 10.9. Crystal data and refinement details 

compound 22  23 

formula C38.33H51.33Cu2N4O4Cl4 C38.33H51.33Ni2N4O4Cl4 

Mr 901.05 891.39 

crystal size [mm] 0.50 × 0.45 × 0.34 0.40 × 0.16 × 0.10 

crystal system triclinic triclinic 

space group P-1 P-1  

a [Å] 15.1659 (4) 15.1453 (5) 

b [Å] 18.8380 (5) 18.8054 (7) 

c [Å] 25.8852 (6) 25.7598 (8) 

 [°] 71.849 (2) 71.991 (3) 

 [°] 73.848 (2) 74.363 (3) 

 [°] 68.838 (2) 68.159 (3) 

V [Å
3
] 6437.8 (3) 6376.5 (4) 

Z 6 6 

calcd. [g cm
-3

] 1.394 1.393 

F(000)  2804 2792 

 [mm
-1

] 1.282 1.179 

Tmax / Tmin 0.7197 / 0.4592 0.8843 / 0.7387 

hkl range ±19, ±23, +29, -32 -19,+15, ±23, -31, +32 

  range [°] 1.47–26.79 1.30–26.75 

measured refl. 73144 53181 

unique refl. [Rint] 27153 [0.0370] 26515 [0.0567] 

ref. param. / restraints 1442 / 23 1441 / 25 

goodness-of-fit 1.037 1.023 

R1, wR2 (I>2(I)) 0.0391, 0.1019 0.0621, 0.1047 

R1, wR2 (all data) 0.0469, 0.1054 0.1179, 0.1160 

resid. el. dens. [e Å
-3

] 1.233 / –1.092 1.999 / –1.043 
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Appendix A: List of Free Ligands 
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Appendix B: List of crystalline compounds 

 
3.                      [{L

5a
Cu

II
2(H2O)2(MeOH)2}{L

5a
Cu

II
2(MeOH)4}]2(NO3)·xCH3OH·yH2O 

 

4.                      [Mn
III

4(H2L
6a

)4] ·xCH3OH·yCH3CN 

 

5.                      [Fe
III

4(2-O)(4H2O)(H2L
6a

)2(L
t-Bu

2)2](NO3)2·3CH3OH·6CH3CN 

 

6.                      [Mn
II
(L

7
)(NO3)(H2O)](NO3)·xCH3OH 

 

7.                      [Mn
II

2(L
7
)2(N3)(NO3)(H2O)](NO3)2·yH2O  

 

8.                      [Mn
II
(L

7
)(N3)2]·C2H8O2   

 

9.                       [Mn
II
(L

7
)(N3)]n(NO3)n·nCH3OH 

 

10.                       [Mn
II
L

7
(dca)(H2O)] (NO3)·xCH3OH·yH2O 

 

11.                       [Ni
II

4(MeOH)4(L
9
)4]·H2O 

 

12.                       [Co
II

4(MeOH)3(H2O)(L
9
)4]·CH2Cl2 

 

13.                                 [Fe
II

4(MeOH)4(L
9
)4]      

 

14∙8CH2Cl2         [Mn
III

2Ni
II 

3(L
9
)4(HL

9
)2Cl2(H2O)2]∙8CH2Cl2 

 

14·6C2H4Cl2        [Mn
III

2Ni
II 

3(L
9
)4(HL

9
)2Cl2(H2O)2]∙6C2H4Cl2 

 

15∙8CH2Cl2          [Mn
III

2Ni
II 

3(L
9
)4(HL

9
)2Br2(H2O)2]∙8CH2Cl2  

 

16.                        [Mn
III

2Mn
II
(L

9
)2(OAc)2(OMe)2(MeOH)2]·MeOH 

 

      17.                       [Mn
III

4Mn
II

2(L
9
)4Cl4(H2O)4(µ4-O)2]·4CH3CN 
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18.                       [NHEt3][(L
9
)2Mn

III
2{(NO3)2Gd

III
}2(O2CPh)3(µ4-O)]·xCH3CN·yCH2Cl2 

 

19.                      [NHEt3][(L
9
)2Mn

III
2{(NO3)2Tb

III
}2(O2CPh)3(µ4-O)]·xCH3CN·yCH2Cl2 

 

20.                      [NHEt3][(L
9
)2Mn

III
2{(NO3)2Dy

III
}2(O2CPh)3(µ4-O)]·xCH3CN·yCH2Cl2 

 

21.                      [L
12

Cu2(µ-MeOH
...

OH)]·2.5 MeOH 

 

22.                      [L
12

Cu2(µ-OAc)]·1.33 CHCl3 

 

23.                      [L
12

Ni2(µ-OAc)]·1.33CHCl3  

 

24.                      [Zn4(L
12

)2(H2L
12

)2] 
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Appendix C: List of Chemical Terms 
 

H3L
1
                 2,4,6-Tris(N-hydrazino-pyridyl-2-carboxylate)-1,3,5-triazine 

 

H3L
2
                 2,4,6-Tris(3-hydroxy-2-pyridyl)-1,3,5-triazine 

 

  1                      2,4,6-Tris(N-methylhydrazino)-1,3,5-triazine 

 

  2                     2,4,6-Tris{N-(2-hydroxyethylhydrazino)}-1,3,5-triazine 

 

H3L
3
                 2,4,6-Tris[(N-methyl-N´-salicylaldimino)hydrazino]-1,3,5-triazine 

 

H6L
4
                 2,4,6-Tris[{N-(2-hydroxyethyl)-N´-(3,5-di-tert- butylsalicylaldimino)}  

                           hydrazino]-1,3,5-triazine       

 

H3L
5
                 2,4,6-Tris[{N-methyl-N´-(3,5-di-tert-butylsalicylaldimino)}hydrazino]- 

                          1,3,5-triazine 

 

H6L
6
                 2,4,6-Tris[{N-(2-hydroxyethyl)-N´-(3,5-di-tert- butylsalicylaldimino)}   

                          hydrazino]-1,3,5-triazine 

 

  L
7
                   2,4,6-Tris[{N-methyl-N´-(pyridine-2-yl)methylidene}hydrazino]-1,3,5-   

                          triazine 

 

H2L
8
               3(5)-methyl-5(3)-(2-hydroxyphenyl)pyrazole pyrazole 

 

H2L
9
               2-[3-(2-Hydroxyphenyl)-1H-pyrazol-1-yl]ethanol 

 

H2L
10                     

2-[{3-(2-Hydroxyphenyl)-5-phenyl}-1H-pyrazol-1-yl]ethanol 

 

R-H2L
11              

R-2-[1-(2-Hydroxy-2-phenylethyl)-1H-pyrazol-3-yl]-phenol 

 

 

H3L
12

            3,5-Bis[(3,5-di-tert-butylsalicylaldimino)methyl]pyrazole 
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Appendix D: Overview of Magnetic Parameters 

 
compound        g   J1, cm

-1
  J2, cm

-1
 │D│ion,  

cm
-1

 

TIP, 

10
-6

cm
3
mol

-1
 

3 2.03 -30     - 1.7 

4 1.99 -0.07  0.3 0 

5 2.12 -1.00 -14.7   -  834.2 

6 1.96      - 248.9 

7 1.97 -1.97    -   472.3 

8 2.05      - 0 

9 2.02 -1.23   0 

10 1.94      - 353.8 

11 2.22 +6.86 -4.86 10 227.3 

12 2.50 +1.57 -3.94   - 400.0 

13 2.19 +7.04 -4.90 7.5 1907.9 

14·8CH2Cl2 2.1 12.6 8.4 -0.35
[a]

  

15·8CH2Cl2 2.1 29.4 12.6 -0.32
[a]

  

16 2.16 & 1.87 -2.63   5.9 150 

17     -     -      -   - 

18     -     -      -   - 

19      

20      

21 2.1 -27.53      - 12.9 

22 2.1 -36.88      -      868.9 

[a] Easy-axis magentoanisotropy (Dmol).  
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Appendix E: Overview of Electrochemical Measurements[a] 

 
compound solvent E1/2

1
 [V] 

 
E1/2

2
 [V] Ep,ox

3
 [V]

[c] 

3 CH3CN -0.84 0.583,
 [b]

 0.637
[b]

 1.19 

4 THF -1.24
[a] 

0.10,
 [b]

 0.187, 
[b] 

0.292,
 [b]

 0.366
 [b] 

0.78 

12
 CH2Cl2  0.14

[c] 

 

13 CH2Cl2  0.546
[c] 

0.778
[c] 

21
 CH2Cl2  0.648, 0.787

 
 

22
 CH2Cl2  0.570, 0.650

 
 

23
 CH2Cl2  0.572, 0.682

 
 

24
 CH2Cl2  0.680

[d] 
0.900

 

[a] Recorded at RT in presence of (0.1 M) [(n-Bu)4N](PF6) , and Fc/Fc
+
 is the reference electrode. [b] Data 

obtained from digital simulation of experimental CVs or from deconvolution of the experimental SWVs, 

respectively. [c] Peak potential for an irreversible redox process. [d] Quasi-reversible two electron redox 

process. 

 

Appendix F: Overview of Mössbauer Measurements 

 
Compound δ (nm s

-1
) ΔEQ (nm s

-1
) Г1/2 [mm s

-1
] 

5
[a]

 0.54 1.08 0.36 

7
[b] 

1.21 2.73 0.36 

[a] Recorded at 7 K. [b] Recorded at 80 K.  
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Abbreviation 
 

FT                     Fourier-transform 

 

H                 Magnetic field 

 

Hc                     Coercive field 

 

IR                      Infra red 

 

M                      Magnetization 

 

NMR                Nuclear magnetic resonance 

 

S                       Spin state 

 

SMM                Single-molecule magnet 

 

SQUID             Superconducting Quantum Interference Devices 

 

T                       Temperature 

 

TB                                Blocking temperature 

 

Tc                       Curie temperature 

 

TN                                Néel temperature 

 

ZFS                   Zero-field splitting 

 

ΔEQ                            Quadripole splitting 

 

δ                        Isomer shift (Mössbauer), Chemical shift (NMR) 

 

ε                        Extinction coefficient 

 

Г                        Line widh parameter 

 

m                       Multiplet (NMR), Medium (IR) 

 

s                         Singlet (NMR), Strong (IR) 

 

S                         Spin ground state 

 

sh                        Shoulder 

 

w                         weak (IR) 
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