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Abstract  

 

The initial employment of N-salicylidene-2-amino-5-chlorobenzoic acid (sacbH2) in 

metal cluster chemistry has provided access to five new polynuclear NiII complexes with 

large nuclearities, unprecedented metal core topologies, and interesting magnetic 

properties.  

 

 

The obtained results are presented in two projects. The first project includes the 

investigation of the general Ni2+/RCO2
-/sacbH2 reaction system (where R = CH3, But, 

ButCH2) in which the nature of the carboxylic acid was found to be of crucial importance, 

affecting enormously the nuclearity of our complexes. {Ni26} (1), {Ni18} (2) and {Ni11} 

(3) compounds were obtained. The second project includes the study of the Ni2+/X-

/sacbH2 reaction system (X- = inorganic anions) under basic conditions. Two new 

complexes, {Ni4} (4) and a {Ni8} (5), were obtained and characterized. The magnetic 

properties of 1-5 were thoroughly studied. The plethora of coordination modes 

demonstrated by sacb2- ligand justifies the usefulness of Schiff bases in the field of 

molecular nanoscale magnetism.   

 

N-salicylidene-2-amino-5-chlorobenzoic acid (sacbH2)

OH

N

COOH

Cl
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CHAPTER 1: Introduction 

 

1.1 Polynuclear Metal Complexes – Molecular Nanoscience 

 

The construction of new devices and machines require more and more the 

miniaturization of the assembled components. This process has been achieved for years 

through the use of traditional top-down synthetic approaches. The latter have been very 

successful and contributed the most to the recent foundations of our modern society. 

Scientists, engineers and technicians from different disciplines have managed to fabricate 

small to tiny pieces of matter using top-down techniques such as photolithography.1 The 

latter, however, is a technique that cannot be actually applied to materials with 

dimensions smaller than 100 nm. Undoubtedly though, this size is still small, when 

compared to the sizes of the everyday life devices and machines, but also very large on 

scale of molecules and atoms which are as large as few nanometers. Thus, although 

Feynman elegantly said that ‘there is plenty of room at the bottom’, it is quite difficult for 

the top-down approaches to undertake and accomplish the new technological challenges.2 

In order to proceed towards further miniaturization, both science and technology have to 

develop new synthetic ways. 

The molecular, or bottom-up, approach can provide the means of overcoming the 

above discussed problems. Therefore, a feasible way to make components/materials 

smaller in size is through the synthesis of large in nuclearity molecular compounds that 
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could be used in the new generations of nanoscale machines, devices and technological 

applications. The bottom-up approach deals with the use of molecules and the fabrication 

of molecule-based devices that will be small in size (i.e., miniaturization) and will consist 

of nanoscale components assembled from the ‘bottom’ (i.e., atoms, molecules). This is 

why such a molecular approach to the nanoscale has been recently dubbed as ‘Molecular 

Nanoscience’, i.e., to highlight the connection of two different but at the same time 

closely related areas of science; molecular chemistry and materials science. This 

approach builds on sources of individual elements or small molecules and utilizes them to 

construct molecular nanostructures with the optimized and targeted applications for the 

desired goal. At this point, it would be more useful to define the word ‘molecule’ from 

the chemical point of view: a molecule is sufficiently stable, discrete, electrically neutral, 

a finite-sized group of at least two atoms in a definite arrangement held together by 

strong chemical bonds. The discreteness of molecules distinguishes them from polymers, 

i.e. one-dimensional chains, two-dimensional sheets, and three-dimensional networks, 

and their neutrality distinguishes them from ‘ionic salts’ such as common table salt, 

sodium chloride (NaCl), which is composed of Na+ and Cl- charged species (ions) and is 

thus not a molecular substance. However, these strict definitions are often blurred, 

particularly in biochemistry; for example, DNA is often referred to as the ‘molecule of 

life’ but it is strictly speaking not a molecule but a one-dimensional polymer of linked 

repeating units, and it is not electrically neutral. It and other polymers such as proteins 

are perhaps best described as ‘macromolecules’. 

Hence, a molecule-based device can be defined as an array of different molecular 

components that are assembled together to accomplish a targeted function. Each 
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molecular component is capable to performing a particular or a collection of different 

actions. The result of all components joined together is a nanometer-sized, 

supramolecular or multi-molecular assembly which has the ability to carry out more 

complex functions than the individual components.3 Similar to the well-known 

macroscopic devices, the molecular devices operate via atomic and electronic 

communication and thus they require energy and the appropriate stimulus to achieve such 

an operation. The extension of the long-term goal of making devices at the molecular 

level is of great interest not only for fundamental research, but also for the progress of 

nanoscience and nanotechnology.4 

Molecular nanoscience is heavily relying on the ability of synthetic chemists to 

construct the desired molecules from small in size and relatively simple starting reagents. 

As a result the complex assemblies shall exhibit the desired and targeted properties and 

potential applications. It therefore becomes apparent that new synthetic strategies and 

extended methodologies are required to develop the appropriate molecule-based devices, 

and it is this reason why synthetic chemistry is considered one of the most enjoyable and 

challenging areas of science and technology. It would be necessary at this point to 

emphasize at the advantages a bottom-up approach brings to the field of traditional 

nanoscale materials and/or nanotechnology. In general lines, we can definitely say that 

molecular synthesis is almost always performed under mild conditions and at ambient 

temperatures, or nearly so. These ‘low cost, low energy’ and accessible conditions can 

provide scientists with synthetic control and an enhanced ability to ‘manipulate’ and 

‘adjust’ the molecules at will, and according to the targeted applications. In particular, the 

most important advantages of molecular compounds are the following:5 (i) in a purified 
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sample, all molecular species in the material are identical. Such a monodisperse 

collection of nanometer-sized species is almost impossible to accomplish with traditional 

top-down synthetic approaches. This is a significant task given the greater variation of the 

properties with size at the nanoscale level compared with the more standard properties of 

the everyday macroscale materials. Therefore, a distribution of nanoparticle sizes in 

traditional materials reflects in an important distribution of properties. In contrast, each 

molecule in a monodisperse collection will have identical properties (i.e., electronic, 

magnetic and/or conductivity); (ii) the periphery of the molecules is organized by various 

organic groups as a result of the low-energy synthetic methods which are applied for the 

construction of such materials. These organic groups, usually attached to the metal ions, 

are called ‘ligands’ and can be altered at will. Such a chemical manipulation can provide 

the means to adjust accurately very important properties of the molecular materials, such 

as their crystallinity, solubility (important for their purification), crystal lattice energies, 

kinetics, and thermodynamics; (iii) solubility of molecular species is a major benefit 

compared to the classical nanoparticles which regularly form colloidal suspensions. True 

solubility provides huge advantages for purification, processing, deposition on various 

conductive and electrical surfaces, removal from surfaces, modification, and controlled 

alteration; (iv) growth of single-crystals suitable for X-ray diffraction studies reflects in 

the formation of beautiful, three-dimensional arrays of identical and ordered, 

monodisperse species, which often possess the same orientation as well (Figure 1.1).6 As 

a result, all the molecules in the crystal display the same response to an external stimulus, 

such as an applied magnetic field, pressure, heat, or light. In contrast, crystallization of 

traditional nanoparticles is very difficult to achieve, especially under ambient conditions; 
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(v) the molecules are well-separated in the crystal due to the presence of the peripheral 

organic groups (ligands), which provide a protective shell and do not allow significant 

interactions between adjacent molecules. The ligands also guarantee the absence of 

surface defects, distortions and other variations which are common with traditional 

nanoparticles. From all of the above, and more, it becomes apparent that there is a 

continuous need for new molecular materials with nano-sized dimensions and improved, 

or even new, properties compared with the bulk and traditional materials of the top-down 

approach. When the interest is concentrated on the magnetic properties and consequently 

into the area of molecular electronics, then the desired nanoscale molecular compounds 

must be constituted of many paramagnetic metal ions surrounded and linked through 

flexible and multifunctional bridging ligands. Such high-nuclearity metal species are 

known as polynuclear metal complexes, and their synthesis and applications have become 

the focal point of a large number of research groups worldwide during the last three 

decades.      
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Figure 1.1 A three-dimensional, ordered array of monodisperse, identically oriented 

molecules within a crystal. Each molecule comprises seven manganese atoms (blue) 

connected by oxygen atoms (red) and surrounded by organic groups (grey and green).  

 

Polynuclear metal complexes or “coordination clusters”, or simply “clusters”, are 

generally composed of a large number of metal ions (Mn+; “n” varies), a class of bridging 

ligands (L), and various terminal, chelating or simply monodentate, ligands (L′). A 

general formula for polynuclear complexes is [Mx(L)y(L′)z]n, where “x” is an integer 

number larger or equal to three, “y” and “z” are also integer numbers, and “n” can be any 

integer number, including zero; if “n” is negative, the cluster compound is anionic, if it is 

positive, it is cationic, and if it is zero the complex is neutral.7 In polynuclear Werner-

type compounds, the metal ions are mostly in moderate-to-high oxidation states and they 

are considered, according to the Pearson HSAB principle, as relatively hard acids, 

fostering the formation of molecular species with moderate-to-hard bases as ligands. 

Hence, such paramagnetic metal cluster compounds are frequently bridged by elements 

of the p-block, such as oxygen bridges, and any type of exchange interactions (magnetic, 

electronic, etc.) between the spin carriers is propagated through the bridging ligand(s). 

These compounds are different from the metal-metal bonded complexes,8 also termed 

“clusters” by many groups.  

The nuclearity of a metal cluster is associated with its size, some of which have 

nanoscale dimensions. The smallest classical nanoparticles fabricated to date via the top-

down approach are of the same order of magnitude as the largest molecule-based metal 
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clusters synthesized by bottom-up methods.9 However, the synthesis and crystallization 

of such species has been always a challenging task for coordination chemists. Christou, 

Winpenny, Brechin, and others,10 have shown that 3d-metal clusters can indeed reach the 

size regimes of small nanoparticles, and apart from their architectural beauty, they can 

also exhibit interesting physicochemical properties.11 Although very high-nuclearity, 3d-

metal clusters are of precedence, their size limit has definitely not been reached to date 

and new record nuclearities for a given metal ion await discovery. Very recently Powell 

and coworkers reported a beautiful {CuII
27} cluster which possesses a “chicken-in-a-

basket” structural motif (Figure 1.2).12 Record nuclearities for other homometallic 3d-

metal clusters to date are the {MnIII
84} torus (Figure 1.3),13 the {FeIII

168} and {CoII/III
36} 

cages (Figure 1.4),14,15 while in Ni(II) coordination chemistry the record in size was held 

for many years by the structurally impressive {Ni24} clusters of Winpenny16 and 

Christou17 (Figure 1.5, left and right, respectively). 
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Figure 1.2 Molecular structure of the {CuII
27} cluster. Cu cyan, O red, N blue, C dark 

grey, H grey; H-atoms riding on organic groups are omitted for clarity. Cu-O bonds to µ2 

or µ3-bridges are shown in orange color, while (µ4-O)-Cu bonds are highlighted with 

purple. Bonds within the 2.8 > Cu–O > 2.6 Å range are shown in dashed lines. 

Reproduced from Ref. 12 with permission from the Royal Society of Chemistry. 

           

Figure 1.3 (left) Molecular structure of the {Mn84} torus-like cluster, excluding hydrogen 

atoms. The rectangle indicates the repeating {Mn14} unit of the molecule. (right) Space-

filling representations showing that the torus has a diameter of about 4.2 nm and a 

thickness of about 1.2 nm, with a central hole of diameter 1.9 nm. Color scheme: MnIII 

blue, O red, C grey. Reproduced from Ref. 13 with permission from John Wiley and 

Sons. 
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Figure 1.4 (left) Structure of the anion of the {Fe168} cage-like cluster; the central green 

sphere indicates the void space. Color scheme: FeIII orange, Na blue, O red, C grey. 

Reproduced from Ref. 14 with permission from the American Chemical Society. (right) 

Molecular structure of the {Co36} cage. H atoms are omitted for clarity. Color scheme: 

Co purple, N green, O red, C grey.  
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Figure 1.5 Complete structures of the {NiII
24} wheel-like clusters reported by Winpenny 

(left) and Christou (right). H atoms are omitted for clarity. Color scheme: NiII turquoise 

or green, O red, N blue, C grey. Reproduced from Refs. 16 and 17 with permission from 

John Wiley and Sons and Royal Society of Chemistry, respectively.  

 

1.2 Applications of Transition Metal Cluster Compounds in 

Bioinorganic Chemistry and Molecular Magnetism 

 

Polynuclear 3d-metal complexes continue to attract the interest of the scientific 

community due to their potential applications in various fields of research such as 

bioinorganic chemistry and molecular magnetism. Among the reasons for the interest in 

biological inorganic chemistry is the search for various, high-nuclearity oxide-bridged 

metal clusters to model the Mx sites in biomolecules. Such efforts include the 

understanding of the assembly of the multinuclear FeIII/O2- core of the iron-storage 

protein ferritin,18 the structural and/or functional role of NiII ions in the active site of 

urease, which catalyzes the hydrolysis of urea to ammonia and carbamate,19 and the 

elucidation of the nature and mechanism of action of the Mn4Ca core of the water 

oxidizing complex (WOC) within the photosynthetic apparatus of green plants and 

cyanobacteria.20  

It is well-known that nickel is an essential element for plants, animals and humans. 

Despite the fact that the role of that metal has not yet been determined precisely in the 
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biochemistry of animals, it has been seen that nickel exists in the active site of four 

bacterial enzymes. These enzymes are:21 

• Hydrogenase, 

• CO-dehydrogenase from photosynthetic bacteria, 

• Urease, and  

• Methyl-S-coenzyme-M-reductase, which uses a Ni-containing metal cofactor (Ni-

F430). 

The coordination environment of Ni in each of the above proteins is different, and it 

is believed that Ni exists in the active site of those enzymes by playing an important role 

in their catalytic cycles. The chemistry of Ni in biological systems is rather unusual 

compared to its well-known coordination chemistry. Most of the above mentioned 

enzymes include redox-active Ni centers, with the oxidation state of the metal varying 

from +III, +II and/or +I when it is found in an environment with thiolate or tetrapyrrole 

ligands. The reactions that are catalyzed by these enzymes, and more specifically the 

oxidation of H2 and the reduction of H+ (hydrogenase), the conversion of CO to CO2 and 

the formation or the cleavage of the C-S and C-C bonds (CO-dehydrogenase), are 

completely unusual in non-organometallic complexes of nickel. An exception to this rule 

is urease in which Ni(II) acts as a Lewis acid. The latter enzyme has been characterized 

by single crystal X-ray crystallography and its structural characteristics are well-known. 

For all the other enzymes the functional and structural characteristics of their active sites 

are still debated. 
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Due to the importance of urease in the development of enzymology, in combination 

with the elucidation of its crystal structure (Figure 1.6) and the discovery of nickel19 in its 

active site, we decided to refer extensively to its role and functional activities. Urease 

catalyzes the hydrolysis of urea in plants, algae, fungi, and several microorganisms22 in 

the final step of organic nitrogen mineralization to produce ammonia and carbamate, as is 

shown by equation 1.1. 

           (1.1) 

The hydrolysis of the reaction products induces an overall pH increase that has negative 

implications both in human and animal health as well as in the ecosphere. Urea 

decomposes into cyanic acid and ammonia with a half-life of 33 years through an 

ammonia elimination mechanism, while the half-life for spontaneous hydrolysis to yield 

ammonia and carbamate is 520 years.23 In the case of enzyme urease, the half-life for the 

catalytic hydrolysis is 20 ms, resulting in a rate enhancement of 3×1015, much higher than 

that of all other known hydrolases enzymes. 

 

 
H2NCONH2 + H2O NH2CO2

- + NH4
+ H2O

2 NH4
+ + HCO3

-
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Figure 1.6 Overall structure of the Jack bean urease monomer, highlighting the three 

different domains and the location of the active site.24 Reproduced from Ref. 24 with 

permission from Nature Publishing Group. 

 

The structure of the active site of urease is shown in Figure 1.7. It contains two Ni2+ 

ions separated from each other by 3.5-3.7 Å. The metal ions are bridged by the oxygen 

atoms of a carbamylated lysine residue and are additionally bound to two terminal 

histidine residues. One Ni2+ ion is further bound to a carboxylate oxygen atom from an 

aspartate residue. The coordination geometries of the Ni2+ ions are completed by a water 

molecule terminally bound to each metal ion and a doubly-bridging hydroxido ion. The 

terminal H2O molecules are hydrogen-bonded to histidine and alanine residues that are 

found in the vicinity of the active site. The overall ligand conformation yields a five-

coordinate Ni2+ ion with a distorted square-pyramidal geometry and a six-coordinate Ni2+ 

ion with a distorted octahedral geometry. There are clear indications by various inhibitor 

complexes that bridging OH- group and bound H2O ligands are extremely labile, while 

the remaining protein ligands are rigidly maintained to the Ni2+ ions.  

   

Ni(1)

O O

Ni(2)

O

H

N(His) OH2

(His)N

C

NH(Lys)

N(His)

N(His)

OH2 O(Asp)
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Figure 1.7 (left) Complete structural and (right) short schematic representations of the 

structure of the active site of urease from B. pasteurii (BPU).19a Reproduced from Ref. 25 

with permission from John Wiley and Sons.  

 

There have been many catalytic mechanisms proposed for the hydrolysis of urea by 

the Ni2 complex of urease enzyme. The most recognized and studied mechanism is the 

one analyzed herein and presages a direct role of both Ni2+ ions in binding and activating 

the urea substrate (Figure 1.8).25 Firstly, urea enters the active site by replacing W1/2/3 

(Figure 1.7) located in positions matching its molecular shape and dimensions. Urea 

binds with the carbonyl O and amide N atoms to both Ni2+ ions; this binding mode brings 

urea C atom in close proximity to the {Ni2-(μ-OH)} unit. The OH- ion acts as a 

nucleophile and fosters the formation of the ‘tetrahedral’ {Ni2-OH-urea} transition state 

via bonding to the urea C atom (Figure 1.8). Once the Curea-OH bond is formed, the 

proton needed by the distal urea NH2 group -in order to form NH3 by cleavage of the C-N 

bond- could easily be provided by the nucleophile OH- itself. An open-to-close, flap-like 

conformational change of the active site is necessary to move His323 (Figure 1.7) from 

the vicinity into close proximity to the transition state so that it would act as a general 

base by stabilizing, in its deprotonated form, the positive charge that develops on the 

distal Nurea atom during formation of nascent NH3. This mechanism is in complete 

agreement with the pH dependence of urease activity.26 To date, many research groups 

are attempting to synthesize various Ni(II) dimers, bridged by carboxylate and hydroxido 

groups, in order to mimic the structure and catalytic function of the active site of the 
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native urease enzyme.27 Unfortunately, there are no structural models yet that approach 

the catalytic activity and potency of the native enzyme. 

 

Figure 1.8 A proposed mechanism for the binding of urea to the active site of urease, 

followed by its hydrolysis to ammonia and carbamate.25 Reproduced from Ref. 25 with 

permission from John Wiley and Sons.  

 

In the field of molecular magnetism, polynuclear complexes of paramagnetic 3d-

metal ions have received tremendous attention over the last three decades or so, 

especially after the discovery that they can function as single-molecule magnets (SMMs). 

Single-molecule magnets, like all traditional magnets, are species that retain their 

magnetization in the absence of an external magnetic field.28 However, an SMM is 

capable of maintaining its magnetization for an extensive amount of time as long as it is 

kept below its characteristic blocking temperature.29 SMMs are also known as molecular 

nanomagnets or magnetically bistable compounds. The blocking temperature is 

dependent on the magnitude of the energy barrier, U, for the magnetization reversal. The 

magnitude of the energy barrier is proportional to S2|D| for integer spin systems and (S2-

1/4)|D| for half-integer spin systems. Thus, in order to observe single-molecule magnetic 

‘tetrahedral’ 
transition state
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behaviour in a transition-metal molecular compound that must possess two properties; a 

large spin ground state (S) and a significant magnetic anisotropy of the Ising (or easy-

axis) type, the latter being reflected in a large and negative zero-field splitting parameter, 

D.30 A large spin ground state, S, for a polynuclear 3d-metal compound results from the 

ideal situation where all the metals’ spin vectors are aligned parallel to each other; such 

entirely ferromagnetic (or ferrimagnetic) systems are called high-spin molecules and their 

synthesis and isolation are among the most difficult tasks to achieve in synthetic 

coordination chemistry. Furthermore, high-spin molecules can also derive when spin 

frustration effects from the presence in certain Mx (M = metal) topologies of competing 

antiferromagnetic exchange interactions prevent (frustrate) the preferred antiparallel spin 

alignments that would normally yield low-spin species.31 Zero-field splitting (ZFS), 

however, is a parameter that a synthetic chemist cannot really account for its sign and 

size; it mainly depends on the nature of the paramagnetic metal ion, the single-ion 

anisotropy of the metal of choice, the structural motif of the resulting polynuclear 

compound, and the presence of spin-orbit coupling.32 Ultimately, the magnetic bistability 

of SMMs could find use in potential applications such as high-density information 

storage, quantum computing and spin-based molecular electronics.33 

Figure 1.9 shows a tutorial example of the energy barrier of an SMM with a spin 

ground state of S = 10. The latter has been observed in the first SMM ever reported, 

which is the dodecanuclear [MnIII
8MnIV

4O12(O2CMe)16(H2O)4] cluster, in short Mn12ac, 

described as an internal {MnIV
4} cubane linked to an external cyclic array of 8 MnIII ions 

(Figure 1.9, top).34 The S = 10 ground state results from the antiferromagnetic 

interactions between eight ferromagnetically-coupled MnIII ions (Slocal1 = 8 × 2 = 16) and 
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four ferromagnetically-coupled MnIV ions (Slocal2 = 4 × 3/2 = 6). The antiferromagnetic 

interaction between the two Slocal1 and Slocal2 spin carriers leads to a total spin ground state 

of S = Slocal1 - Slocal2 = 10. There is a splitting of the previously degenerate ms microstates 

induced by the axial anisotropy. Because the value of the axial ZFS parameter, D, for an 

SMM is negative (-0.50 cm-1 for Mn12ac), the ms = ±10 sublevels lie lowest in energy 

while the ms = 0 sublevel lies highest (Figure 1.9). Consequently, there is a potential 

energy barrier, U, between the “spin-up” (ms = -10) and “spin-down” (ms = +10) 

orientations of the magnetic moment. To cross the magnetization reversal barrier, an 

electron travels up each subsequent spin microstate, since the selection rule for the 

change in ms states only allows for a change of ±1. The reason that SMMs are only 

capable of retaining their magnetization at low temperatures (i.e., below liquid N2 

temperatures) is that at higher temperatures they possess more thermal energy, which is 

large enough to overcome the energy barrier for the magnetization reversal. The value of 

the ground state spin has a significant effect on the spin-reversal mechanism, which 

further rationalizes the motivation in research towards the synthesis of high-spin 

molecules. The spin-reversal barrier can also be described as a double-well, where the 

two “wells” are separated by a barrier of potential energy, U. An alternative spin-reversal 

pathway can also be achieved by the quantum tunneling of the magnetization through the 

energy barrier.35 Tunneling is a process where a particle enters an area that is classically 

forbidden or in this case the particle passes through an area with greater potential energy 

that surpasses the particles’ energy.30 Quantum tunneling of magnetization (QTM) 

provides an additional pathway for overcoming the energy barrier; this effect leads to 

even faster magnetization relaxation times. QTM can be reduced by making new SMMs 
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with larger energy barriers than the ones currently known, since the rate of quantum 

tunneling increases with decreasing the potential energy barrier.36  

 

 

Figure 1.9 (top) Structure of the archetypal Mn12ac SMM. Color scheme: MnIII blue, 

MnIV green, O red, C grey. H atoms are not shown for clarity. (bottom) Two different 

views of the same double-well diagram of the Mn12ac SMM with S = 10. 
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The relaxation rate of magnetization can be monitored and quantitatively determined 

from the use of alternating current (ac) magnetic susceptibility measurements. Ac 

measurements are used to probe the dynamic susceptibility (equation 1.2), otherwise 

magnetic dynamics, of a sample by applying an oscillating magnetic field. The dynamic 

susceptibility, χ, is a complex quantity with real (dispersion) and imaginary (absorption) 

components that are dependent on the angular frequency, ω, of the ac field.37 Note that ω 

is often converted to 2πν units, where ν is the ordinary frequency.   

χ(ω) = χ′(ω) - iχ′′(ω)                                                  (1.2)  

The relaxation of magnetization is a kinetic process and, as such, it follows an 

Arrhenius relationship (equation 1.3) for the thermally activated region,   

τ = τ0 exp(Ueff /kT)                                                     (1.3)  

where τ is the relaxation time [τ = (ω)-1], τ0 is the pre-exponential factor, k is the 

Boltzmann constant, and Ueff is the mean effective barrier to magnetization relaxation. 

Thus, from the slope of an Arrhenius diagram of ln(τ) vs. (1/T) the energy barrier (Ueff) 

can be accurately determined.38 As the ac frequency approaches the relaxation rate of the 

molecules, the observed in-phase susceptibility (χ′) reduces. Therefore, the out-of-phase 

component (χ″) will increase. For SMMs where a single relaxation process takes places, a 

graph of χ″ vs. temperature will show a peak maximum at the temperature where ω = (τ)-

1. When the ac frequency increases, the peak maxima are shifted to higher 

temperatures,35a,39 as is clearly seen in the corresponding diagram of the Mn12ac SMM 

(Figure 1.10). 
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Figure 1.10 (left) Frequency-dependent peaks of the χM″ ac signals of Mn12ac and (right) 

the corresponding Arrhenius plot constructed from the peak maxima and their given 

temperatures. Note that Mn12ac possesses an effective barrier for the magnetization 

reversal of 72 K, one of the highest yet reported for any transition metal-based SMM. 

 

In addition to the χM″ ac signals, a single molecule magnet often displays 

magnetization vs. field hysteresis loops, as shown in Figure 1.11 (left). The hysteresis 

loops frequently show steps which are characteristic of the quantum tunneling of 

magnetization (QTM) through the energy barrier (see Figure 1.9).35a QTM is the quantum 

property of molecular nanomagnets and results from the presence of transverse 

anisotropy which gives a superposition of states of both sides of the barrier with a 

tunneling splitting. The axial anisotropy (described by the D term) splits the ms levels, 

while the transverse (or rhombic zero-field splitting) anisotropy (E term), together with 

other Zeeman terms, mixes the ms states. The greater the transverse anisotropy is, the 

greater the mixing of states will be on either sides of the anisotropy barrier, leading to 

increased rates of QTM and fast magnetization relaxation. To tackle this problem, an 

1/T (K-1)

0.12 0.14 0.16 0.18 0.20 0.22

ln
(1

/τ
)

3

4

5

6

7

8

9

10
fitting
experimental

Temperature (K)

2 4 6 8 10

χ M
'' (

cm
3  m

ol
-1

)

0

1

2

3

4

5
1500 Hz
1000 Hz
500 Hz
250 Hz
50 Hz
25 Hz
10 Hz
5 Hz

From the 
peak maxima

lnτ = lnτ0 + Ueff /kT

Ueff = 72 K



21 
 

external direct current (dc) magnetic field can be applied, altering the relative energies of 

the ms states. QTM is only possible when the energy levels on both sides of the barrier 

are aligned and can therefore only occur at certain points as the field is swept, thus 

creating steps in the hysteresis loops (Figure 1.11, right). Pure QTM results from the 

alignment of the same energy levels on both wells (i.e., from ms = ± 10 states, Figure 

1.11a), while resonant quantum tunneling can occur from the alignment of different ms 

states (i.e., ms = 10 and ms = -8, Figure 1.11b). SMM hysteresis loops are temperature- 

and sweep rate-dependent, with the coercivities of loops increasing with decreasing 

temperature and increasing field sweep rates. 

  

        

Figure 1.11 (left) Magnetization (M) vs. field hysteresis loops for a single-crystal of 

Mn12ac showing the temperature dependence at a fixed sweep rate of 2 mT/s. (right) 

Possible tunneling mechanisms for 3d-metal SMMs. Reproduced from Ref. 34 with 

permission from the Royal Society of Chemistry. 
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The coordination chemistry of nickel(II) with various N- and O-donor ligands has 

been well developed and explored the last three decades, and it includes several 

polynuclear complexes with various nuclearities from 3 up to 26.40 Considering the 

ability of NiII ion (d8, S = 1) to form high-spin complexes, in conjunction with the large 

single-ion anisotropy that it possesses (|D| > 10 cm-1),41 it makes it an ideal candidate for 

the construction of single-molecule magnets. Despite the continuous synthetic efforts and 

the structural characterization of numerous Ni(II) complexes reported to date, there are 

only five different structural types that exhibit SMM behavior; these are collected in 

Table 1.1 for convenient comparison of their structural and magnetic features. The lack 

of appreciable energy barriers for the magnetization reversal in NiII-based SMMs stems 

from the co-existence, together with D, of a large transverse anisotropy, E, which results 

in a strong and fast QTM that hinders the relaxation of magnetization over the barrier 

(thermally-activated relaxation).   

 

Table 1.1 Chemical formulas, as well as the nature of predominant magnetic exchange 

interactions and values of the spin ground state, S, of all the up to date structurally 

characterized, homometalic Ni(II) SMMs 

Complexa  Magnetic 

Interactions 

Sb Reference 

[Ni4(hmp)4(MeOH)4Cl4] ferromagnetic 4 42a 
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[Ni4(hmp)4(EtOH)4Cl4] ferromagnetic 4 42a 

[Ni4(hmp)4(C4H9CH2CH2OH)4Cl4] ferromagnetic 4 42a 

[Ni4(thmeH2)4(MeCN)4(NO3)4] ferromagnetic 4 42b 

[Ni8Na2(N3)12(O2CPh)2(mpo)4(mpoH)6(EtOAc)6]c ferromagnetic 8 43 

[Ni10(N3)8(tmp)2(acac)6(MeOH)6] ferromagnetic 10 44 

[Ni12(chp)12(O2CMe)12(THF)6(H2O)6] ferromagnetic 12 45 

Na8(NMe4)8[Ni21(cit)12(OH)10(H2O)10]c antiferromagnetic 3 46 

a The formulas of the compounds are shown without the solvate molecules for simplicity. 

b The spin ground state, S, values were derived from simulation of  magnetization data at 

low temperatures and/or EPR spectroscopy. 

c Na+ ions are diamagnetic, and thus we consider their complexes with NiII as 

homometallic, based on the fact that Na+ ions do not contribute into the magnetic 

properties of the reported compounds. 

Abbreviations: hmpH = 2-(hydroxymethyl)pyridine, thmeH3 = 1,1,1-

tris(hydroxymethyl)ethane,  citH4 = citric acid, mpoH =  2-methylpyrazolinone, tmpH3 = 

1,1,1-tris(hydroxymethyl)propane, acacH = acetylacetone, chpH = 6-chloro-2-pyridone, 

THF = tetrahydrofuran. 

 

The first Ni(II) SMM was reported in the literature by the group of Winpenny and its 

structure revealed a dodecanuclear, cyclic complex [Ni12(chp)12(O2CMe)12(THF)6(H2O)6] 

(Figure 1.12).45 The compound lies on a crystallographic 3� axis with two nickel atoms 

present in the asymmetric unit, each bound to six oxygen atoms in a distorted octahedral 
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geometry. For Ni(1), three of these oxygen atoms derive from acetate groups, two from 

chp- ligands, and one from a water molecule. For Ni(2), there are six O atoms from two 

acetate, two chp-, one water, and a THF molecules. All of these ligands but the THF 

molecules are involved in bridging of the metal atoms. Ni(1) is bridged to Ni(2) through 

two μ-O atoms derived from chp- ligands, thus forming an Ni2Ο2 ring. The two metal ions 

in the asymmetric unit are further bridged by an η1:η2:μ3 acetate ligand which lies inside 

the {Ni12} metallocycle. Ni(1) is also bridged to Ni(2′) [a symmetry-equivalent of Ni(2) 

generated by the 3� axis] by two additional μ-O atoms which are derived from an internal 

acetate group and water molecule. Ni(1) and Ni(2′) are also bridged by an η1:η1:μ 

MeCO2
- group on the exterior of the ring. The structure therefore consists of a closed-

chain of intersecting Ni2Ο2 rings, with each ring being further strapped by an acetate 

ligand. The methyl group of the internal acetate ligand efficiently fills the cavity of the 

{Ni12} metallo-based macromolecule. There are no significant intermolecular 

interactions, but there are strong intramolecular H-bonds between the water molecules 

and chp- ligands. 

 

Ni2
Ni1

Ni2′



25 
 

Figure 1.12 The structure of [Ni12(chp)12(O2CMe)12(THF)6(H2O)6] complex in the 

crystal. Color scheme: Ni green, O red, N blue, Cl magenta, C grey.45 Reproduced from 

Ref. 45 with permission from the Royal Society of Chemistry. 

 

Magnetic studies revealed the presence of predominant ferromagnetic exchange 

interactions between the 12 NiII ions and a resulting spin ground state of S = 12. 

Isothermal magnetization, M, vs. field, H, studies were also performed and confirmed the 

S = 12 ground state accompanied with a very small zero-field splitting parameter, D = -

0.05 cm-1. The combination of a large S and a negative value of D gave rise to a barrier 

for the magnetization relaxation of an SMM, which was evidenced by the appearance of 

hysteresis loops below 0.4 K (Figure 1.13), the classical property of any magnet. As 

expected, the coercivities of the loops increase as the temperature decreases for constant 

field sweep rates. The hysteresis loops become more pronounced as the temperature is 

lowered, and below 0.2 K the steps become resolved due to resonant quantum tunneling 

of magnetization. The dodecanuclear complex possesses to date the largest S value 

among all the reported Ni(II) SMMs. 
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Figure 1.13 Magnetization vs. field hysteresis loops for a single-crystal of 

[Ni12(chp)12(O2CMe)12(THF)6(H2O)6] complex at different low temperatures. The steps 

due to quantum tunneling are clearly shown below 0.2 K, under a constant field sweep 

rate of 0.035 T/s.45 Reproduced from Ref. 45 with permission from the Royal Society of 

Chemistry. 

 

Another NiII-based SMM with the second largest spin ground state was reported by 

Brechin and coworkers, and includes the aesthetically beautiful, decanuclear complex 

[Ni10(N3)8(tmp)2(acac)6(MeOH)6] (Figure 1.14).44 The core of the compound contains a 

planar [Ni10O10N8]2+ disc-like array, with the metal ions held together by a combination 

of tmp3- and N3
- ligands. The azides are all bound in an end-on fashion, and are of two 

types: the ones in the center of the cluster bridge in a μ3-fashion while the peripheral ones 

bridge in a μ-fashion (Scheme 1.1). Finally, all Ni(II) atoms are six-coordinate with 

distorted octahedral geometries. At this point we need to emphasize the ability of end-on 

azides to propagate ferromagnetic exchange interactions between the metal ions they 

bridge for a wide range of M-Nazido-M angles (M = metals). The bridging azido ligand as 

a central “player” in high-nuclearity 3d-metal cluster chemistry and magnetochemistry 

has been recently reviewed.47 
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Figure 1.14 The structure of complex [Ni10(N3)8(tmp)2(acac)6(MeOH)6]. H-atoms are 

omitted for clarity. Color scheme: NiII green, O red, N blue, C grey.44 Reproduced from 

Ref. 44 with permission from the Royal Society of Chemistry. 

 

 

Scheme 1.1 Coordination modes of end-on azides in complex 

[Ni10(N3)8(tmp)2(acac)6(MeOH)6]. 

 

μ1,1-Ν3
-

end-on
μ1,1,1-Ν3

-
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Magnetic susceptibility studies revealed the presence of predominant ferromagnetic 

exchange interactions between the ten NiII atoms, leading to an S = 10 spin ground state. 

Magnetization (M) vs. field (H) measurements confirmed the above S value and the 

presence of a significant zero-field splitting parameter, D. The {Ni10} cluster exhibits 

SMM behavior as was confirmed by the appearance of hysteresis loops below 0.7 K 

(Figure 1.15). The complex possesses an effective energy barrier for the reorientation of 

the magnetization, Ueff = 14 K, which is among the largest known for any Ni-based 

SMM. 
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Figure 1.15 Magnetization vs. field hysteresis loops for a single-crystal of 

[Ni10(N3)8(tmp)2(acac)6(MeOH)6] at different low temperatures (top) and different field 

sweep rates (bottom). The magnetization is normalized to its saturation value.44 

Reproduced from Ref. 44 with permission from the Royal Society of Chemistry. 

 

 

1.3 Long- and Short-Term Research Objectives 

 

The long-term objective of the present work is the synthesis and complete 

characterization of new nanometer-sized polynuclear Ni(II) complexes with high 

nuclearities and interesting magnetic properties, such as high-spin molecules and/or 

single-molecule magnets. For the accomplishment of the long-term objectives, our 

project’s goals have been divided into four short-term research objectives, which are: (i) 

the synthesis of new, high-nuclearity Ni(II) compounds based on novel organic 

chelating/bridging ligands that have not been previously used in cluster chemistry, such 

as the Schiff base N-salicylidene-2-amino-5-chlorobenzoic acid (sacbH2, Scheme 1.2), 

(ii) the growth of single-crystals of the desired Ni(II) products suitable for X-ray 

diffraction studies in order to elucidate their crystal structures; this is a very difficult and 

demanding process given the fact that large in nuclearity cluster compounds frequently 

crystallize in irregular shapes and tiny sizes, (iii) the complete spectroscopic and 

physicochemical characterization of the synthesized compounds in both solid-state and 

solution using IR, UV/Vis and elemental analyses techniques, and (iv) the performance of 
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dc and ac magnetic susceptibility studies in order to assess the magnetic properties and 

dynamics of the Ni(II) complexes. 

 

Scheme 1.2 The organic chelating/bridging ligand N-salicylidene-2-amino-5-

chlorobenzoic acid (sacbH2) used in the present Thesis. 

 

1.4 General Synthetic Routes for the Isolation of Polynuclear 3d-Metal 

Clusters 

 

The chances of identifying novel types of 3d-metal clusters with improved or new 

properties will benefit from the development of new reaction systems with suitable 

organic ligands or combinations of organic and inorganic ligands. Organic chemists have 

made important accomplishments the last century by developing new methods for 

making large and complex molecules in a systematic and more controlled way. This has 

inspired synthetic chemists of all different areas of research to develop methods of 

building molecules step-by-step. By comparison, inorganic transition metal chemists 

have not made large progress in discovering general synthetic approaches to preparing 
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complexes containing an appreciable number of metal atoms. The main reason for such 

discrepancy is apparently the lack of prediction in metals’ coordination preference with 

respect to their binding with organic ligands. Moreover, the unquestioned biological 

relevance and commercial applications of large in nuclearity organic compounds and 

polymers were not matched by properties of polynuclear and polymeric coordination 

metal complexes. The lack of control in transition metal chemistry has led to the 

neologism “self-assembly” or “serendipitous assembly” being coined,40,48 where simple 

metal salts or preformed small clusters (mainly containing carboxylate ligands) react with 

multitopic ligands under a variety of conditions.49 

To date, the vast majority of polymetallic complexes with interesting physical 

properties have been created by applying serendipitous approaches. This is due to the 

extreme difficulty of accurately predicting the physical properties of a given structure, 

and the fact that even predicting structures is only possible when working with 

particularly predictable metal-ligand combinations. Many of the approaches to 

serendipitous assembly rely on creating a mismatch between either the number or type of 

coordination sites available on a single metal site and the donor set supplied by the 

ligand. This can be illustrated with two examples. The influential work of Powell and 

Heath has used a range of polycarboxylates,50 such as nitrilotriacetic acid and its 

derivatives, where the number and disposition of the donor atoms on the ligand makes it 

impossible for all donor atoms to bind to a single metal center. The mismatch leads 

inevitably to bridging between metal centers and the degree of bridging can be elegantly 

controlled through pH adjustment and careful choice of the metal-to-ligand ratio. The 

first results of this approach were very impressive and led to a series of beautiful 
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{FeIII
17}, {FeIII

19} and {CuII
36} cages with unprecedented topologies and nanometer 

sizes.51 Adopting a similar approach, Güdel and co-workers managed to isolate and 

characterize a {NiII
21} cage-like cluster using the fully deprotonated form of citric acid as 

chelating/bridging ligand (Figure 1.16).52 

 

Figure 1.16 The structure of {Ni21} compound. H-atoms have been omitted for clarity. 

Color scheme: Ni grey large spheres, O black spheres, C tiny grey spheres.52 Reproduced 

from Ref. 28b with permission from Springer. 

 

As serendipitous assembly generates unpredictable results, this influences the choice 

of organic ligands. Ligands that require considerable synthetic effort should be avoided, 

as it cannot be foreseen whether they will be useful for the construction of new and 

structurally interesting polynuclear compounds. Secondly, as minor variations in the 

ligands may influence the structure and properties of metal compounds, a series of related 

ligands should be ideally explored. Thirdly, as a range of solvents will need to be 
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examined for crystallization of metal cluster compounds, it would be useful for the ligand 

to have good solubility in as many solvents as possible.  

In the last two decades, several groups have been introducing an element of design 

into the assembly process by choosing rigid ligands which have strong preferences for 

specific bonding modes and metal ions with preferred coordination geometries. This 

“designed assembly” approach has produced many beautiful clusters.53 The structures of 

such compounds are moderately predictable, based on the preferred coordination 

geometry of the metal ion, the number of pre-organized donor sites presented by the 

ligand and the limited flexibility of the organic ligand. An attractive perspective of this 

approach for the designed synthesis of new coordination clusters is the ligand-directed 

rational approach, developed by Fujita54 and Stang.55 Rigid, multi-branched monodentate 

ligands and partially coordinatively saturated, labile metal centers with well-defined 

coordination preferences are combined in such a way that greatly reduces the complexity 

of the system (Figure 1.17). By avoiding ligands with multiple binding modes and metals 

with multiple coordination geometries, it becomes much more practical to view a self-

assembling system as “molecular Meccano” (Figure 1.18).56 It becomes apparent that 

“design assembly” or “molecular paneling” can be applied to metal ions with strict 

coordination preferences, i.e. Pd2+, Ag+ and Pt2+, but it cannot be easily employed in 3d-

metal coordination chemistry where metal ions with moderate-to-high oxidation states are 

susceptible in adopting a variety of different coordination geometries and ligand 

environments.  
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Figure 1.17 (top) Two families of rigid, N-donor polydentate ligands with specific 

binding abilities (indicated with black arrows), and (bottom) their corresponding 

nanometer-sized metal cluster compounds. “M” denotes to a divalent metal ion in the 

chelating unit {M(en)}, where “en” is diethanolamine.54 Reproduced from Ref. 54b with 

permission from the Royal Society of Chemistry. 
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Figure 1.18 A scheme showing the assembly of a square and a cube, which require 2-D 

and 3-D (black bricks) 90º corner units, respectively, linked by linear spacers (red 

bricks).  

 

The advantages, though, of serendipitous assembly in cluster chemistry of 

paramagnetic 3d-metal ions are considerable. Most often designed assembly requires 

similar coordination at each metal site, and this restricts the number of accessible 

structures, e.g. to Platonic solids, rings and grids in the case of cluster chemistry.57 On the 

other hand, serendipitous or less designed assembly vastly increases the range of 

compounds available for study. The unusual structures of some of such compounds can 

lead to novel physicochemical (magnetic, optical and chiral) properties. It is clear, 

however, that we cannot simply trust to happenstance in making such clusters; there has 

to be considerable forethought in the ligands’ choice, metals and reaction conditions (i.e., 

ratios of reagents, “pH”, solvent, temperature, crystallization methods, etc.) for any 

significant progress to be made.49 Carboxylate, poly-alcoholate, pyridyl-alcoholate, 
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pyridyl oximate and aromatic Schiff-base ions are frequently used as bridging and/or 

bridging/chelating ligands in metal cluster chemistry (Scheme 1.3).49a,58 In all cases, the 

deprotonated oxygen(s) atom(s) of these ligands is(are) not coordinatively saturated by 

binding to one metal, and therefore acts(act) as bridge, leading to the build-up of larger in 

nuclearity metal clusters. 
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Scheme 1.3 The general classes of organic chelating/bridging ligands discussed in the 

text (R = various substituents with donor or non-donor atoms). 

 

Finally, what is clear is that the dichotomy between “designed” and “serendipitous” 

assembly can be exaggerated. Much interesting synthetic work is now arising where 
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results, originally obtained by chance, are being exploited through design, or where 

careful design has not completely excluded the possibility of a fortunate accident. 

However, the potential of the bottom-up approach to the nanoscale is immense. 

Exploiting this potential will require the skills of a traditional synthetic chemist, i.e., an 

ability to design and test new procedures, and a capacity to develop results obtained by 

serendipitous to maximize our good fortune. It is irrational to restrict ourselves to 

“rational synthesis” of cluster compounds. Excluding serendipity from the available 

synthetic tools is both impossible and undesirable. As Winpenny elegantly said ‘the most 

successful tool for a chemist is undoubtedly luck’.49 And he was not wrong. 

 

1.5 The Choice of the 3d-Metal Ion: The Case of Ni(II) 

 

The choice of the 3d-metal ion for the synthesis of nanoscale molecular magnetic 

compounds is of significant importance because it dictates the overall magnetic behavior 

and chemical reactivity towards the construction of large families of different cluster 

compounds with dissimilar properties, i.e. high-spin molecules and SMMs. The metal ion 

of choice needs to be paramagnetic (S ≠ 0) and also possess a non-zero magnetic 

anisotropy as reflected in an appreciable zero-field splitting parameter, D.32 To this end, 

the 3d-metal ion of choice for the present research project was NiII which is known to 

often adopt a distorted octahedral coordination geometry when surrounded by O- and/or 

N-donor ligands, thus possessing an [Ar]3d8 electronic configuration with 2 unpaired 

electrons and an S = 1 spin-only value. Furthermore, mononuclear nickel(II) complexes 
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have been shown to possess appreciable |D|, e.g., >10 cm-1,41b  thus allowing us to 

consider NiII as a promising candidate for the delivery of SMM behavior in its 

corresponding cluster compounds.  

 

1.6 The Choice of the Organic Chelating/Bridging ligands: Carboxylates 

and Schiff Bases 

 

An important factor in the construction of new polynuclear 3d-metal complexes is 

the choice of the primary organic chelating/bridging ligands or “ligand blends”, since this 

often dictates not only cluster symmetry, topology and the number of paramagnetic metal 

ions present, but also the nature of the intramolecular magnetic exchange interactions.58 

Schiff bases belong to one of the most well-known families of ligands in coordination 

chemistry as a result of their ease formation and remarkable versatility. They readily 

form stable complexes with most of the transition metals. The research field that deals 

with metal complexes of Schiff bases is very broad, covering a large number of 

interdisciplinary research areas such as bioinorganic chemistry, catalysis, optics, and 

magnetochemistry.59 

Imines, known as azomethines or Schiff bases, are compounds with a functional 

group that contains a carbon-nitrogen double bond. They received their name from Hugo 

Schiff, a German chemist who devoted most of his research into aldehydes.60 Schiff 

bases are represented by the general formula RR′C=NR′′, where R and R′ may be alkyl, 
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aryl or heteroaryl groups, or a hydrogen atom. The substituent, R′′, at the imino N-atom 

may also be alkyl, aryl, heteroaryl or hydrogen but also another element, such as Si, Al, 

B or Sn. Schiff bases that contain aryl substituents are more stable and more easy to 

synthesize them, while those that contain alkyl substituents are relatively unstable. The 

physical properties and reactivity of imines have been studied for many decades and 

still remain a “hot” topic in the field of coordination and inorganic chemistry. The 

physicochemical and spectroscopic properties of a large variety of Schiff bases have 

been extensively studied through IR, NMR, Raman and UV/Vis techniques; the 

corresponding data can be found in any textbook related to Schiff bases.61 

The general method for the preparation of Schiff bases is quite straightforward and 

consists of the condensation reaction of primary amines with a carbonyl-based precursor 

(aldehydes or ketones), usually in alcoholic solvent media and under reflux conditions 

(Scheme 1.4). This reaction is reversible, progressing through a carbinolamine 

intermediate, and requires the removal of water, often by azeotropic distillation with 

benzene, to achieve high overall yields. The reaction is acid-catalyzed but catalysts are 

not generally required when aliphatic amines are involved. The resulting compounds 

contain an imine or azomethine group (>C=N). 
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Scheme 1.4 General synthesis and mechanism of formation of Schiff bases. R, R′ and R′′ 

are various substituents. 

 

The first step in the reaction shown in Scheme 1.4 is the attack of the nucleophilic 

nitrogen atom of the amine on the carbonyl carbon, resulting in a normally unstable 

carbinolamine intermediate. The hydroxyl group of carbinolamine becomes 

protonated and the resulting OH2
+ group is readily eliminated to produce a water 

molecule with the subsequent formation of an imine (carbon-nitrogen double bond).62 

Many factors affect the condensation reaction, for example the pH of the solution as 

well as the steric and electronic effects of the carbonyl precursor and amine. Under 

acidic conditions, the amine is protonated and cannot function as nucleophile; thus, the 

reaction cannot proceed. Furthermore, in very basic conditions the reaction is blocked 

because protons are not available to catalyze the elimination of the carbinolamine 

hydroxyl group. In general, aldehydes react faster than ketones in Schiff base 

condensation reactions as the reaction center of an aldehyde is sterically less hindered 

than that of a ketone. Under certain conditions, the additional R-substituent on a ketone 
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(in place of the H atom of an aldehyde) may also donate electron density to the carbonyl 

C atom, thus making the ketone less electrophilic than the aldehyde. Since free Schiff 

bases are not always stable, many coordination complexes with such organic ligands are 

prepared through template synthetic approaches, which imply the performance of the 

condensation reaction in the presence of a metal ion. This is a very common route 

for the preparation of macrocyclic-type Schiff base complexes. For these type of 

complexes, large in size alkaline or rare earth metal ions have proved to be efficient 

templates.63,64 

The compounds that contain the carbon-nitrogen double bond can be easily 

hydrolyzed to the corresponding aldehydes or ketones. For imines, in general, the 

hydrolysis in the presence of water is easy. When X = H (Scheme 1.5), the hydrolysis 

occurs in situ because the imine is not stable enough to exist in solution. Schiff bases 

require an acid or base catalyst for that reaction to proceed. Provided that metal ions 

are Lewis acids, such a hydrolysis reaction is often observed in many coordination 

compounds bearing Schiff bases as ligands, where the role of the catalyst is carried out 

by the metal ion.65 In terms of spectroscopic characterization, the IR stretching 

vibrations of the C=N unit of Schiff base ligands, when H, alkyl or aryl groups are 

bound to the C and N atoms, are shown in the region of 1680-1603 cm-1.66 The nature of 

the different substituents on the Cimine and Nimine atoms determines the position and 

shift of the IR stretching frequency. For instance, aryl groups bound to the Cimine and 

Nimine atoms cause a shift of the IR frequency towards lower wavenumbers. Upon 

coordination to metal ions, a decrease of the ν(C-N) IR frequency is generally observed. 
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Scheme 1.5 Hydrolysis reaction of imines (X= various substituents). 

 

Our group has recently begun a program aiming at the employment of polydentate 

chelating/bridging Schiff base ligands in cluster chemistry, as a means of obtaining new 

polynuclear metal compounds with interesting magnetic and optical properties.67 Of 

particular interest is the family of Schiff bases that are based on the scaffold of N-

salicylidene-o-aminophenol (saphH2, Scheme 1.6). This is due to the ability of the 

relatively soft N atom and the two hard, upon deprotonation, O atoms to bind to a single 

or multiple metal centers. Our group has recently reported the employment of saphH2 in 

high nuclearity 3d/4f-metal cluster chemistry which has successfully led to the isolation 

of {MnIII
4DyIII

5} and {MnIII
4DyIII

3} complexes with unprecedented metal topologies and 

SMM behaviors (Figure 1.19).68 

      



43 
 

Figure 1.19 Molecular structures of the {MnIII
4DyIII

3} (left) and {MnIII
4DyIII

5} (right) 

cluster compounds from the use of N-salicylidene-o-aminophenol Schiff base ligand. 

Color scheme: MnIII blue, DyIII yellow, O red, N green, C grey. 

 

Since then, we have been seeking new routes to polynuclear, homometallic NiII 

metal complexes with unique motifs and potentially interesting magnetic properties. 

However, all of our synthetic attempts with the Schiff base ligand saphH2 failed to give 

us any crystalline products other than very soluble complexes that remain in solution and 

oily materials that could not be further analyzed. Thus, we decided to turn our attention 

into ring-substituted derivatives of saphH2 with both donor and non-donor groups. We 

attempted to replace the -OH donor group of the ο-aminophenol moiety with a 

carboxylate (-COOH) functionality which could potentially coordinate to more metal 

centers than saphH2 through the two O donor atoms and therefore foster the formation of 

very high nuclearity metal species. In addition, we included a non-donor chloride group 

in place of a phenyl H atom at the fifth position which could, in principle, differentiate 

the electronic and steric properties, and hydrogen bonding and crystallization effects. 

Furthermore, we anticipated a lower solubility of the resulting metal clusters in common 

organic solvents. The resulting ligand N-salicylidene-2-amino-5-chlorobenzoic acid 

(sacbH2, Scheme 1.6) has never been previously used in coordination and cluster 

chemistry either in its neutral or deprotonated forms. 
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Scheme 1.6 Structural formulas and abbreviations of the ligands N-salicylidene-o-

aminophenol (saphH2) and N-salicylidene-2-amino-5-chlorobenzoic acid (sacbH2) 

discussed in the text. 

 

Carboxylates (RCO2
-; R = various) are widely used in metal cluster chemistry since 

they display a variety of advantages upon coordination. They are bidentate bridging 

ligands, potentially capable of coordinating up to five metal centers and thus fostering 

the formation of polynuclear metal clusters. They are also flexible and versatile bridging 

ligands adopting a variety of different ligation modes (Scheme 1.7).49b Furthermore, they 

often occupy peripheral sites of a coordination cluster, thus providing some additional 

thermodynamic and kinetic stability to the resulting crystalline products. Finally, they 

can also act as strong bases facilitating the deprotonation of OH-containing groups. 
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Scheme 1.7 The crystallographically established coordination modes of carboxylate 

ligands in metal cluster chemistry (R = various; M = metal). Symbols “η” and “μ” denote 

to the “hapticity” of the donor atoms and the “bridging” fashion of the entire entity, 

respectively. 

 

The wide variety of coordination modes for the RCO2
- ions arises from the presence 

of four lone pairs on the two oxygen atoms which are donated to the metal ions for 

bond(s) formation. Each lone pair is located on the plane of the carboxylate group. Due to 

steric and electronic effects it has been proposed that the syn-lone pairs are more basic 

than the ones adopting the anti-conformation; this observation has been later on 

confirmed by theoretical calculations.49b The preference of 3d-metal ions to bind to the 
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syn-lone pair(s) of the RCO2
- moiety is due to their basicity. The syn-lone pairs are 

involved in all usual coordination modes of carboxylates, such as terminally-

monodentate, bidentate-chelating, and bidentate-bridging. Most likely due to the lower 

basicity of the anti-lone pairs, coordination modes such as anti-(terminal-monodentate), 

syn-anti-(bidentate-bridging) and anti-anti-(bidentate-bridging) are rather scarce. 

Coordination upon the presence of a monoatomic bridge (Scheme 1.7, top right) is the 

only one that uses both syn- and anti-lone pairs of an O atom for the formation of a 

coordination bond. 

In conclusion, the most important point of this section was the negligible previous 

use of the Schiff base ligand sacbH2 in metal cluster chemistry, either in the presence or 

absence of any other ancillary/peripheral ligand, such as simple inorganic anions (halides, 

pseudohalides, etc.), carboxylates, or β-diketones. We thus undertook the challenge to 

employ for a first time sacbH2 in NiII cluster chemistry as a means of obtaining new 

polynuclear compounds with large nuclearities and nanoscale dimensions, exciting 

structures, and interesting magnetic properties. The following two chapters of this thesis 

summarize all of our research endeavors toward these objectives.   
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CHAPTER 2: Investigation of the General Ni2+/RCO2
-/sacbH2 

Reaction System 

 

2.1 Experimental Section 

 

2.1.1 Physical Measurements 

 

General considerations: All experiments were performed under ambient conditions. 

All chemicals were purchased from Sigma Aldrich and Alfa Aesar. Chemicals and 

solvents were used as received without further purification. 

Elemental Analysis: Elemental analyses (C, H, and N) were performed on a Perkin-

Elmer 2400 Series II Analyzer. 

FT-IR spectroscopy: Infrared (IR) spectra were recorded in the solid state on a 

Bruker FT-IR spectrometer (ALPHA Platinum ATR single reflection) in the 4000-450 

cm-1 range. Notation for IR bands: vs = very strong; s = strong; m = medium; w = weak; 

b = broad. 

Magnetic susceptibility measurements: Direct current (dc) magnetic susceptibility 

studies were performed at the University of Barcelona Chemistry Department on a 

Quantum Design SQUID magnetometer equipped with a 7 T magnet and operating in the 
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1.9-300 K range. Samples were embedded in solid eicosane to prevent torquing. Pascal’s 

constants were used to estimate the diamagnetic correction, which was subtracted from 

the experimental susceptibility to give the molar paramagnetic susceptibility (χΜ).69 

 

2.1.2 Synthesis  

 

Synthesis of N-salicylidene-2-amino-5-chlorobenzoic acid (sacbH2): The organic 

ligand sacbH2 was prepared in quantitative yields (~95-97%) by the condensation 

reaction of 2-amino-5-chlorobenzoic acid with salicylaldehyde in a molar ratio of 1:1 in 

refluxing MeOH. The resulting yellow microcrystalline solid was washed with copious 

amounts of cold MeOH, dried under vacuum, and analyzed as solvent-free. Elemental 

analysis (%) calcd for sacbH2: C 60.99, H 3.66, N 5.08; found: C 61.06, H 3.78, N 5.04. 

A small amount of the yellow microcrystalline solid was dissolved in CH2Cl2 and the 

resulting yellow solution was left undisturbed to slowly evaporate at room temperature. 

After 2 days, small yellow, needle-like crystals were appeared and a rough X-ray 

structural analysis revealed the desired sacbH2 compound.    

 

Synthesis of metal cluster compounds: Safety note: Perchlorate salts are 

potentially explosive; such compounds should be synthesized and used in small 

quantities, and treated with utmost care at all times. 



49 
 

(NHEt3)[Ni26(OH)4(O2CMe)19(sald)2(sacb)14(MeOH)2(H2O)6] (1): To a stirred, 

yellow solution of sacbH2 (0.06 g, 0.2 mmol) and NEt3 (0.17 mL, 1.20 mmol) in 

MeCN/MeOH (20 mL, 5:1 v/v) was added solid Ni(ClO4)2·6H2O (0.15 g, 0.40 mmol) 

followed by glacial MeCO2H (23 μL, 0.40 mmol). The resulting green solution was 

stirred for 20 min, during which time all the solids dissolved and the color of the solution 

changed to olive-green. The solution was filtered, and the filtrate was left to evaporate 

slowly at room temperature. After 30 days, X-ray quality yellow-green plate-like crystals 

of 1∙9MeCN∙xMeOH∙yH2O had appeared and were collected by filtration, washed with 

cold MeCN (2 × 2 mL) and dried under vacuum. The yield was 20 %. Elemental analysis 

(%) calcd for 1∙10H2O: C 42.45, H 3.33, N 2.90; found: C 42.59, H 3.46, N 2.62. 

Selected IR data (ATR): ν = 2980 (m), 2926 (w), 1586 (s), 1536 (vs), 1460 (m), 1439 (s), 

1404 (vs), 1349 (m), 1178 (m), 1149 (m), 1115 (m), 1034 (m), 896 (m), 848 (m), 819 

(m), 791 (s), 739 (m), 674 (m), 618 (mb), 430 (m). 

(H3O)[Ni18(OH)7(O2CBut)8(sacb)10(MeCN)4(H2O)2](ClO4)2 (2): This complex was 

prepared in the same manner as complex 1 but using melted ButCO2H (46 μL, 0.40 

mmol) in place of glacial MeCO2H. After 24 days, X-ray quality green plate-like crystals 

of 2∙11MeCN were collected by filtration, washed with cold MeCN (2 × 2 mL) and dried 

under vacuum. The yield was 28 %. Elemental analysis (%) calcd for 2∙2MeCN: C 44.32, 

H 3.53, N 4.31; found: C 44.45, H 3.66, N 4.18. Selected IR data (ATR): ν = 2957 (m), 

2946 (mb), 1630 (s), 1596 (vs), 1479 (m), 1459 (m), 1440 (s), 1410 (vs), 1359 (s), 1223 

(m), 1176 (m), 1150 (m), 1118 (m), 976 (m), 924 (m), 850 (m), 819 (m), 785 (s), 611 

(mb), 530 (m), 459 (m). 
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[Ni11(OH)4(O2CCH2But)8(sacb)5(MeCN)3(H2O)] (3): To a stirred, yellow solution 

of sacbH2 (0.06 g, 0.20 mmol) and NEt3 (0.17 mL, 1.20 mmol) in MeCN (20 mL) were 

added Ni(ClO4)2·6H2O (0.15 g, 0.40 mmol) and ButCH2CO2H (0.05 mL, 0.40 mmol). 

The resulting green-yellow solution was stirred for 20 min, during which time all the 

solids dissolved and the color of the solution changed to dark green. The solution was 

filtered, and the filtrate was left to evaporate slowly at room temperature. After 10 days, 

X-ray quality dark-green plate-like crystals of 3∙4.5MeCN∙1.5H2O had appeared and 

were collected by filtration, washed with cold MeCN (2 × 2 mL) and dried in air. Note 

that the crystalline product 3 is extremely soluble in Et2O and thus avoidance of washing 

with such solvent is strongly recommended. The yield was 65 %. Elemental analysis (%) 

calcd for 3∙3H2O: C 46.57, H 4.70, N 3.50; found: C 46.69, H 4.82, N 3.37. Selected IR 

data (ATR): ν = 2949 (mb), 1587 (vs), 1536 (vs), 1460 (m), 1440 (s), 1407 (s), 1360 (s), 

1300 (m), 1229 (w), 1177 (m), 1150 (m), 1119 (m), 1038 (w), 899 (w), 850 (m), 820 (m), 

792 (s), 740 (m), 553 (m), 460 (mb). 

 

2.1.3 Single-crystal X-ray Crystallography  

 

Single-crystal X-ray diffraction measurements were carried out for all three 

complexes 1-3. The corresponding crystals of 1-3 were manually harvested and mounted 

on cryoloops using inert oil.70 Diffraction data were collected at 150.0(2) K on a Bruker 

X8 Kappa APEX II Charge-Coupled Device (CCD) area-detector diffractometer 

controlled by the APEX2 software package71 (Mo Kα graphite-monochromated radiation, 
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λ = 0.71073 Å), and equipped with an Oxford Cryosystems Series 700 cryostream 

monitored remotely with the software interface Cryopad.72 Images were processed with 

the software SAINT,73 and absorption was corrected using the multi-scan semi-empirical 

method implemented in SADABS.74 The structures were solved by the direct or Patterson 

methods employed in SHELXS-97,75,76 allowing the immediate location of the heavy 

metal ions. The remaining, non-H atoms of the complexes were located from difference 

Fourier maps calculated by full-matrix least-squares refinement cycles on F2 using 

SHELXL-2013,76 and refined with anisotropic displacement parameters. For complexes 1 

and 2, the lattice groups were disordered and could not be modeled properly; thus the 

program SQUEEZE,77 a part of the PLATON package of crystallographic software, was 

used to calculate the solvent disorder area and remove its contribution to the overall 

intensity data.  

In the structures of 1 and 2, the H-atoms bound to the C-atoms of organic ligands 

were placed at their geometrical positions using HFIX instructions in SHELXL76 (43 for 

the aromatic, 23 for the CH2 and 137 for the terminal CH3 groups) and included in 

subsequent refinement cycles in riding-motion approximation with isotropic thermal 

displacements parameters (Uiso) fixed at 1.2 or 1.5 × Ueq of the C-atom to which they are 

attached. In the structure of 3, all H-atoms were introduced at calculated positions as 

riding on bonded atoms, except of those on hydroxido ions and aqua molecules which 

were located by difference maps and refined with 1.3 × Ueq of their riding atom. There 

are five MeCN and two H2O solvate molecules per {Ni11} cluster. One of the MeCN and 

one of the H2O solvate molecules were refined with partial occupancy fixed at 0.50; no 

H-atoms for these molecules were included in the refinement. The programs used for 
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molecular graphics of all structures were MERCURY78 and DIAMOND.79 Unit cell 

parameters and structure solution and refinement data for all complexes are listed in 

Table 2.1. 

 

Table 2.1 Crystallographic data for complexes 1-3 

Parameter 1∙9MeCN∙xMeOH∙yH2

 

 2∙11MeCN                           3∙4.5MeCN∙1.5H2O 

Formula C275H232N24Ni26O123Cl14 C210H211N25Ni18O64Cl12 C133H159.5N12.5Ni11O37.5Cl5 

Formula weight /  

g mol-1 

7374.48 5591.22 3356.29 

Crystal type Yellow-green plates Green plates Dark-green plates 

Crystal size / mm3 0.21 × 0.21 × 0.09 0.28 × 0.08 × 0.05 0.28 × 0.09 × 0.05 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group P21/n C2/c P21/c 

a / Å 25.959(1) 22.442(2) 27.090(3) 

b / Å 45.854(2) 21.074(2) 22.251(2) 

c / Å 32.608(2) 52.993(5) 28.725(3) 

α / º 90 90 90 

β / º 94.904(3) 90.197(4) 114.718(4) 

γ / º 90 90 90 

Volume / Å3 38671(3) 25063(4) 15728(3) 

Z 4 4 4 

ρcalc / g cm-3 1.267 1.482 1.417 

μ / mm-1 1.398 1.524 1.443 

θ  range / ° 2.42 - 26.37 1.76 - 25.00 2.37 - 29.54 
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Index ranges −30 ≤ h ≤ 30 

−54 ≤ k ≤ 54 

−38 ≤ l ≤ 38 

−26 ≤ h ≤ 26 

−24 ≤ k ≤ 25 

−62 ≤ l ≤ 62 

−32 ≤ h ≤ 32 

−26 ≤ k ≤ 26 

−34 ≤ l ≤ 34 

Reflections collected 371801 179512 466517 

Independent 

reflections 

68057 (Rint = 0.0923) 21874 (Rint = 0.0832) 27654 (Rint = 0.0744) 

Final R indices 

[I>2σ(I)]a,b 

R1 = 0.0838 

wR2 = 0.1875 

R1 = 0.0917 

wR2 = 0.2066 

R1 = 0.0594 

wR2 = 0.1240 

Final R indices (all 

data) 

R1 = 0.1328 

wR2 = 0.2176 

R1 = 0.1230 

wR2 = 0.2201 

R1 = 0.0775 

wR2 = 0.1325 

(Δρ)max,min / e Å-3 2.564 and -1.994 1.143 and -0.925 1.637 and -0.765 

a R1 = Σ(||Fo| – |Fc||)/Σ|Fo|.  

b wR2 = [Σ[w(Fo
2 - Fc

2)2]/ Σ[w(Fo
2)2]]1/2, w = 1/[σ2(Fo

2) + [(ap)2 +bp], where p = [max(Fo
2, 0) + 

2Fc
2]/3. 

 

2.2 Results and Discussion 

 

2.2.1 Synthetic Comments and IR Spectra 

 

Many synthetic procedures to polynuclear Ni(II) complexes rely on the reactions of 

simple NiX2 starting materials (X- = various) with a potentially chelating/bridging organic 

ligand (LHx; x ≥ 1).40-47 The nature of both the X- group and the organic ligand, LHx, is of 

significant synthetic importance. When the X- belongs to the carboxylate or β-diketonate 
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groups, additional bridging ligation from these groups might be provided, resulting in the 

formation of higher nuclearity molecular species. Additionally, their strong basic nature 

fosters the deprotonation of the organic chelating/bridging ligand, LHx, without requiring 

the use of an external base. On the other hand, when the choice of X- is one of the 

halides, NO3
-, ClO4

- or CF3SO3
-, all with limited bridging affinity, the employment of an 

external organic base which would carry the role of proton acceptor seems necessary to 

facilitate deprotonation of the organic chelating/bridging ligand and therefore increase the 

chances of metal cluster formation. Finally, a third synthetic approach with negligible 

previous use in Ni(II) cluster chemistry involves the co-presence of neutral LHx organic 

chelates and flexible carboxylic acids; such a reaction mixture undoubtedly requires the 

use of an external base to subtract the protons and unveil the bridging capabilities of all 

the organic anionic groups. The latter route was followed in the present study, using as 

organic chelating/bridging ligand the unexplored in metal cluster chemistry Schiff base 

N-salicylidene-2-amino-5-chlorobenzoic acid (sacbH2) in conjunction with various 

carboxylic acids. 

A variety of reactions differing in the Ni:sacbH2 ratio, the carboxylic acids, the 

inorganic ions present, the organic base, and/or the reaction solvent(s) were explored in 

identifying the following successful systems. The reaction of Ni(ClO4)2·6H2O, sacbH2, 

NEt3, and MeCO2H in a 2:1:6:2 molar ratio in a solvent mixture comprising 

MeCN/MeOH (5/1, v/v) gave a yellow-green solution that, upon filtration and slow 

evaporation at room temperature, afforded yellow-green crystals of 

(NHEt3)[Ni26(OH)4(O2CMe)19(sald)2(sacb)14(MeOH)2(H2O)6] (1) in 20% yield after 

approximately one month. The coordinated salicylaldehyde (sald-) anions in 1 (vide infra) 
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are presumably derived from the metal-assisted, partial hydrolysis of sacbH2.80 The base 

NEt3 has the role of proton acceptor to facilitate the deprotonation of the sacbH2 and 

MeCO2H groups, as well as the deprotonation of H2O-containing solvents and starting 

materials towards the in situ generation of OH- groups. Employment of different organic 

bases, such as NMe3, nBu3N and Me4NOH, did not afford crystalline materials but only 

amorphous precipitates or oily products that we were not able to further characterize. The 

reaction solvents or solvent mixtures were found to be of critical importance for the 

crystallization of all reported compounds 1-3; various other reactions in more polar or 

non-polar solvent media gave either very soluble compounds that was infeasible to grow 

single-crystals from the corresponding solutions or non-crystalline precipitates that were 

probably mixtures of different products. Once the identity of 1 was established by single-

crystal X-ray diffraction studies (vide infra), we attempted to optimize the synthesis and 

increase the yield of the crystalline compound by adding salicylaldehyde (saldH) in situ 

and adjusting the NiII:sacbH2:saldH:MeCO2H:NEt3 molar ratio close to the stoichiometric 

one (i.e., 13:7:1:10:27). Unfortunately, we didn’t manage to isolate the {Ni26} compound 

in higher yields. As with many reactions in high-nuclearity 3d-metal cluster chemistry, 

the solution likely contains a mixture of species in equilibrium, and what crystallizes out 

is determined by the relative solubilities, the nature of counterions, lattice energies, and 

other related factors.81  

In the next step of our synthetic attempts, we decided to replace the flexible acetate 

ions with the more bulky pivalates. It is known that in metal cluster chemistry the nature 

of the carboxylate ions often affects the chemical identity of the crystalline compounds 

yielding products with different structural motifs and physical properties.82 That was 
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indeed turned out to be the case in NiII/sacbH2 coordination chemistry. The analogous 

reaction of 1 but with ButCO2H instead of MeCO2H afforded single crystals of a different 

octadecanuclear product. Hence, the reaction of Ni(ClO4)2·6H2O, sacbH2, NEt3, and 

ButCO2H in a 2:1:6:2 molar ratio in MeCN gave a dark-green solution that, upon 

filtration and slow evaporation at room temperature, afforded green crystals of 

(H3O)[Ni18(OH)7(O2CBut)8(sacb)10(MeCN)4(H2O)2](ClO4)2 (2) in 28% yield after ~3 

weeks. The formation of 2 can be represented by the balanced equation 2.1.  

 

This time, our attempts to increase the yield and improve the synthesis of crystalline 

2 by adjusting the NiII:sacbH2:ButCO2H:NEt3 molar ratio to 18:10:8:34 (see, equation 

2.1) were successful, and the product was isolated in yields as high as 70%. Following up 

with the reported efficient reaction scheme, the last step was to check for any potentially 

different cluster products from the employment of ButCH2CO2H in place of ButCO2H. 

Although simple and flexible carboxylates (i.e., MeCO2
-, ButCO2H), as well as sterically-

demanding and robust ones (i.e., aromatic RCO2
-), have been widely and successfully 

used in 3d-metal cluster chemistry,48 tert-butylacetate ion (ButCH2CO2
-) has not yet 

attracted similar attention. Reasons that differentiate ButCH2CO2
- group from its related 

pivalate ion (ButCO2
-) are mainly steric and partially electronic. For instance, tert-

butylacetate ion is larger in size but more flexible (i.e., free rotation around the CBu-CH2 

single bond) than the pivalate ion. Furthermore, although ButCH2CO2H and ButCO2H 

18 Ni(ClO4)2∙6H2O + 10 sacbH2 + 8 ButCO2H + 34 NEt3 + 4 MeCN

(H3O)[Ni18(OH)7(O2CBut)8(sacb)10(MeCN)4(H2O)2](ClO4)2

+ 34 (NHEt3)(ClO4) + 98 H2O    (2.1)
2



57 
 

have similar pka values (close to 5.0), the acidity of the former is higher than that of the 

latter due to solvation effects.83 

Thus, the reaction of Ni(ClO4)2·6H2O, sacbH2, ButCH2CO2H, and NEt3 in a 2:1:2:6 

molar ratio in MeCN gave a dark-green solution that, upon slow evaporation at room 

temperature, afforded dark-green crystals of the undecanuclear compound 

[Ni11(OH)4(O2CCH2But)8(sacb)5(MeCN)3(H2O)] (3) in 65% yield. This further 

emphasizes the importance of carboxylate ions in the clusters’ formation and the major 

role they play in the structural identity of the products. The formation of 3 can be 

represented by the balanced equation 2.2. Finally, it is essential to mention that a wide 

variety of similar reactions with different RCO2H, where R = H, Et or Ph, were 

performed but we were unable to isolate any crystalline product under various 

crystallization techniques and work-up conditions. Compounds 1-3 are all stable and 

crystalline solids at room temperature, and nonsensitive toward air and moisture. Unless 

otherwise stated, they are all soluble in MeOH, DMF and CH2Cl2, and partially soluble in 

almost all other organic solvents such as THF and toluene. 

 

All complexes 1-3 have very similar IR spectra. Several bands appear in the ~1596-

1380 cm-1 range, assigned to contributions from the stretching vibrations of the aromatic 

rings of sacb2-, which overlap with stretches of the carboxylate bands;84 they, thus, do not 

represent pure vibrations and render exact assignments difficult. Contributions from the 

11 Ni(ClO4)2∙6H2O + 5 sacbH2 + 8 ButCH2CO2H + 22 NEt3 + 3 MeCN

[Ni11(OH)4(O2CCH2But)8(sacb)5(MeCN)3(H2O)]

+ 22 (NHEt3)(ClO4) + 61 H2O    (2.2)
3
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ν(C=N)imino modes of sacb2- would be also expected in this region. The bands at ~2980 

and ~2926 cm-1 for complex 1 can be assigned to the stretching vibrations of ν(N-H) 

modes from the presence of Et3NH+ countercation.85 For complexes 2 and 3, the intense 

bands at ~2957 and ~2949 cm-1 can be tentatively assigned to the stretching vibrations of 

ν(C-H) modes from the -CH3 groups of the tert-butyl moiety of ButCO2H and 

ButCH2CO2H, respectively. 

 

2.2.2 Description of structures  

 

The formula of complex 1 was based on metric parameters, charge balance 

considerations and oxygen bond-valence sum (BVS)86 calculations. The structure of the 

anion of 1 (Figure 2.1) consists of 26 NiII atoms bridged by four μ3-OH- ions (BVS 1.11-

1.20)86 and the alkoxido and carboxylate fragments of fourteen, doubly-deprotonated 

sacb2- ligands, two anionic sald- groups and nineteen acetates. Impressively, sacb2- ions 

bind in three different modes (Scheme 2.1); two ligands coordinate in an η3:η1:η1:μ3 

manner, a further two adopt the η2:η1:η2:μ3 modes, while the remaining ten ligands bind 

in an η2:η1:η2:η1:μ4 fashion, acting as O,N,O,O-tetradentate chelates to a NiII center, 

simultaneously bridging three additional NiII atoms through the phenolate and both 

carboxylate O atoms. This emphasizes the binding affinity and rich bridging versatility of 

the sacb2- dianionic ligand. In addition, peripheral ligation is provided by nine η1:η1:μ, 

eight η1:η2:μ3 and two η2:η2:μ4 MeCO2
- groups, two η1:η1:μ bidentate chelating/bridging 

sald- ligands, and two MeOH and six H2O (BVS 0.32-0.35)86 molecules terminally bound 



59 
 

to a total of six NiII atoms; the two MeOH and one H2O molecules are disordered over 

three positions. All of the NiII atoms are six-coordinate with distorted octahedral 

geometries (orange thick bonds in Figure 2.1). 

 

Figure 2.1 Complete structure of the anion of 1. All H atoms except from the ones 

belonging to the μ3-OH- groups are omitted for clarity. Color scheme: NiII green, O red, N 

blue, C dark gray, Cl cyan, H magenta. 
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Scheme 2.1 The crystallographically established coordination modes of sacb2- in 

complex 1. 

 

The [Ni26(μ3-OH)4(μ3-OR)2(μ-OR)38]8+ core topology of 1 (Figure 2.2, top) 

resembles the face of a ‘bunny-rabbit’, with two opposite-side {Ni4(μ3-OH)(μ3-OR)(μ-

OR)4}2+ defective-dicubane subunits as the ‘ears’ and a central {Ni18} unit solely bridged 

by μ-OR- groups providing the ‘head’ (Figure 2.2, bottom). The {Ni18} ‘head’ can be 

further divided into two {Ni4} zigzag subunits and a non-planar, ‘crown’-like {Ni10} 

moiety with a single-strand wheel topology. Furthermore, the {Ni18} subunit is nicely 

“closed out” by two strong intramolecular H-bonds; these involve the aqua O atoms, O74 

and O18, as donors and the carboxylate O atoms, O19 and O72, as acceptors [O74⋅⋅⋅O19 

= 2.77 Å and O18⋅⋅⋅O72 = 2.73 Å] (Figure 2.3). A close examination of the crystal 

packing of 1 reveals that there are no significant intermolecular interactions between 

neighboring {Ni26} anions; the shortest Ni⋅⋅⋅Ni distance between neighboring units is 

~7.23 Å, with nearest neighbours oriented perpendicular to one another.  
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Figure 2.2 (top) Partially-labeled structure of the ‘rabbit-face’-like core of 1. (bottom) 

‘Building up’ the {Ni26} core from smaller fragments. The arrows indicate the ‘nodal’ 

atoms. Color scheme as in Figure 2.1. 

 

Figure 2.3 The {Ni26} core emphasizing the two strong intramolecular H-bonding 

interactions (brown dashed lines) which serve to “close out” the {Ni18} “head”. 

 

The space-filling representation (Figure 2.4) shows that 1 adopts a saddle-shaped 

conformation with a diameter of ~24 Å, defined by the longest Cl⋅⋅⋅Cl distance. The 

nanoscale dimensions of this aesthetically bautiful molecular compound place it in the 

forefront of molecular nanoscience. Furthermore, the {Ni26} compound is the highest 

nuclearity, non-organometallic NiII cluster reported in the literature to date16,17 and 

possesses a unique ‘rabbit-face’ structural topology.87 
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Figure 2.4 Space-filling representation of the {Ni26} cluster anion. Color scheme as in 

Figure 2.1. 

Complex 2 crystallizes in the monoclinic space group C2/c with the asymmetric unit 

containing a [Ni18(OH)7(O2CBut)8(sacb)10(MeCN)4(H2O)2]+ cation, stabilized by the 

presence of an H3O+, two ClO4
- anions, as well as eleven MeCN solvate molecules, all of 

which are severely disordered. The formula of the compound was derived based on 

metric parameters, charge balance considerations and O BVS calculations; the latter 

confirmed that all bridging, inorganic O atoms belong to OH- groups. Thus, the charge of 

the {Ni18} cluster is undoubtedly +1. Given the clear presence of two ClO4
- counterions 

in the crystal lattice and the absence of any organic cation to counterbalance the overall -

1 charge, we assigned that role to a disordered H3O+ unit located in the crystal lattice. 
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The structure of the centrosymmetric cation of 2 (Figure 2.5) comprises a remarkable 

{Ni18} cluster that can be described as consisting of a consecutive array of Ni4-Ni3-Ni4-

Ni3-Ni4 subunits linked into a discrete ‘molecular chain’ topology. 

 

Figure 2.5 Complete molecular structure of the cation of 2. All H atoms are omitted for 

clarity. Color scheme: NiII green, O red, N blue, C dark gray, Cl cyan. 

 

The eighteen NiII atoms are held together by three μ4-OH- (O51, O51′, O52) and four 

μ3-OH- (O53, O53′, O54, O54′) ions (BVS 1.03-1.18), as well as the alkoxido and 

carboxylate moieties from ten sacb2- ligands. Eight ligands bind in the common 

η2:η1:η2:η1:μ4 mode (as was shown in 1) and two in the unique η3:η1:η2:η1:μ5 fashion, all 

acting as N,O,O-tridentate chelates to a NiII center and simultaneously bridging three or 

four additional NiII atoms, respectively, through their phenolate and carboxylate O atoms 

(Scheme 2.2). 



65 
 

 

Scheme 2.2 The crystallographically established coordination modes of sacb2- in 

complex 2. 

 

Thus, complex 2 possesses a complete [Ni18(μ4-OH)3(μ3-OH)4(μ3-OR)2(μ-OR)18]9+ 

core (Figure 2.6) with peripheral ligation provided by eight η1:η1:μ ButCO2
- groups, four 

MeCN and two H2O molecules, terminally bound to Ni(4,4′,9,9′) and Ni(4,4′), 

respectively. The three {Ni4} fragments of the ‘molecular {Ni18} chain’ form similar, 

near-planar {Ni4(μ4-OH)(μ-OR)4}3+ square topologies. The μ4-OH- groups are slightly 

displaced out of the {Ni4} mean planes by 0.221 and 0.268 Å. The Ni-(μ4-OH-)-Ni angles 

span the range 87.9(2)-92.3(2)°, deviating only slightly from the ideal 90°. The two, 

symmetry-related {Ni3} fragments adopt a scalene triangular {Ni3(μ3-OR)(μ-OH)2(μ-

OR)}2+ motif, with the two edge-bridging μ-OH- groups becoming μ3 and linking the 

{Ni3} triangles with adjacent {Ni4} squares. Finally, all NiII atoms are six-coordinate 

with distorted octahedral geometries. 
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Figure 2.6 The partially-labeled structure of the ‘molecular chain’-like core of 2. Color 

scheme as in Figure 2.5. 

 

The space-filling representation (Figure 2.7) shows that the cation of 2 has a 

nanotubular structure with a length of 35 Å, as defined by the longest C⋅⋅⋅C distance of 

the externally bound MeCN molecules, and a thickness of ~16 Å as determined by the 

longest intracluster Cl⋅⋅⋅Cl separation. Complex 2 is the second {NiII
18} cluster reported 

to date, the first being a planar, disk-like {Ni18} compound assembled from the 

hexadentate ligand N-(2-pyridylmethyl)iminodipropionic acid.88 Thus, the topology of 2 

is not only unprecedented in Ni chemistry but it also represents the highest-nuclearity, 

chain-like metal complex discovered to date, and can reasonably be called a ‘molecular 

chain’. A ‘molecular chain’ of the same length, but with FeIII atoms, has been reported by 

Christou and coworkers,89 and consists of an {Fe18} cluster with a double-headed serpent 

topology that has an S = 0 spin ground state. 
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Figure 2.7 Space-filling representation of the nanotubular {Ni18} cluster cation. Color 

scheme: NiII green, O red, N blue, C dark gray, Cl cyan. 

  

Complex 3 crystallizes in the monoclinic space group P21/c with the 

[Ni11(OH)4(O2CCH2But)8(sacb)5(MeCN)3(H2O)] molecule in a general position. The 

undecanuclear cage-like complex 3 (Figure 2.8) has also a ‘molecular chain’-like 

structure, similar to 2 but of smaller size and shorter length. It consists of eleven NiII 

atoms held together by two μ4-OH- (O4, O5) and two μ3-OH- (O6, O7) ions (Scheme 2.3), 

as well as the alkoxido and carboxylate fragments of five, double-deprotonated sacb2- 

ligands. All sacb2- ions bind in the same η2:η1:η2:η1:μ4 mode, acting as N,O,O-tridentate 

chelates to a NiII center and simultaneously bridging three additional NiII atoms through 

the phenolate and carboxylate O atoms. 
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Figure 2.8 Partially-labeled plot of the {Ni11} molecule of 3, with H atoms omitted for 

clarity. Colour scheme: NiII green, O red, N blue, Cl cyan, C dark gray. 
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Scheme 2.3 The crystallographically established coordination modes of all bridging 

ligands present in complex 3. 

 

As expected and seen in all three reported compounds 1-3, the Cl-substituent on the 

sacb2- groups does not participate in coordination, although it is involved in very weak 

intermolecular interactions with H atoms of phenyl and tert-butyl groups of the 

coordinated ligands. Peripheral ligation is provided by six η1:η1:μ and two η1:η2:μ3 

ButCH2CO2
- groups (Scheme 2.3), and three MeCN and one H2O molecules terminally 

bound to Ni(1,5,9) and Ni(11), respectively. The space-filling representation (Figure 2.9) 

shows that 3 has a saddle-shaped or sinusoidal conformation with a diameter of 24.9 Å, 

defined by the longest H⋅⋅⋅H distance. It also encapsulates one MeCN and one H2O 

solvate molecules which are held via hydrogen bonding interactions (Table 2.2); these 

involve the two μ3-OH- (O6, O7) ions, the coordinated H2O and one carboxylate O-atom 

(Figure 2.10). 

 

Figure 2.9 Space-filling representation of 3 showing its saddle-shaped conformation. 

Colour scheme: NiII green, O red, N blue, Cl cyan, C dark gray, H yellow. 
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Figure 2.10 Hydrogen bonding interactions in the crystal structure of 3. Intra- and inter-

molecular H-bonds are shown as yellow and orange dashed lines, respectively. 

 

Table 2.2 Hydrogen bonding interactions in 3∙4.5MeCN∙1.5H2O 

Interaction D∙∙∙A (Å) H∙∙∙A (Å) D-H∙∙∙A (o) symmetry operation 

O(4)-H(4O)∙∙∙O(53) 2.846 2.355 123.8 x, y, z 

O(5)-H(5O)∙∙∙O(61) 2.920 2.462 114.5 x, y, z 

O(6)-H(6O)∙∙∙N(81) 3.068 2.365 157.3 x, y, z 

O(7)-H(7O)∙∙∙N(81) 3.170 2.436 164.8 x, y, z 

O(1w)-H(1wA)∙∙∙O(2w) 2.695 1.888 170.8 x, y, z 

O(1w)-H(1wB)∙∙∙O(59) 2.634 1.868 156.6 x, y, z 
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O(2w)-H(2wB)∙∙∙O(54) 2.748 2.191 123.0 x, y, z 

 

Complex 3 contains an overall [Ni11(μ4-OH)2(μ3-OH)2(μ-OR)12]6+ core (Figure 

2.11), which can be described as two external, almost planar {Ni4(μ4-OH)(μ-OR)4}3+ 

squares [Ni(1,2,3,4) and Ni(5,6,7,8)] at each end, fused to two internal {Ni3(μ3-

OH)(μ-OR)2}3+ triangles [Ni(3,10,11) and Ni(7,9,11)] which share a common vertex 

(Ni11) and two edges (Ni10⋅⋅⋅Ni11 and Ni9⋅⋅⋅Ni11) with a central {Ni3} scalene 

triangle that comprises Ni(9,10,11). The average displacement of the NiII centers from 

the mean plane of the Ni(1,2,3,4) and Ni(5,6,7,8) squares is only 0.029 and 0.044 Å, 

respectively. The μ4-OH- groups (O4 and O5) are only slightly displaced out of the 

{Ni4} mean planes by 0.209 and 0.218 Å, respectively. Thus, they have a distorted 

geometry, closer to that of square-planar, which is rare and has been seen only twice 

before in Ni(II) chemistry.90 The Ni-(μ4-OH-)-Ni angles (88.0-92.4º) deviate only 

slightly from the ideal 90º. The two {Ni3(μ3-OH)(μ-OR)2}3+ triangular units are 

essentially isosceles, the almost equal separations being the Ni3⋅⋅⋅Ni10, Ni10⋅⋅⋅Ni11, 

Ni7⋅⋅⋅Ni9 and Ni7⋅⋅⋅Ni11 edges. This is also reflected in the geometry at the μ3-OH- 

ions, O6 and O7, which have a Y-shaped geometry (largest Ni-O-Ni angles of 

125.5(2) and 121.0(2)º, respectively) rather than the trigonal planar geometry usually 

seen in triangular metal carboxylates.91 The protonation levels of OH- and H2O groups 

were confirmed by oxygen BVS calculations which gave values of 1.16 (O4 and O5), 

1.10 (O6), 1.13 (O7) and 0.35 (O1W), respectively.86 Finally, all NiII atoms are six-

coordinate with distorted octahedral geometries. 
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Figure 2.11 Labeled representation of the [Ni11(μ4-OH)2(μ3-OH)2(μ-OR)12]6+ core of 3. 

Colour scheme as in Figure 2.8. 

 

While the number of polynuclear NiII complexes continues to grow rapidly, some 

nuclearities remain rare. Undecanuclear NiII clusters are particularly scarce; complex 

3 belongs to a small family of {Ni11} clusters reported to date,92,93,94,95,96 and is the 

first with such a structural topology. The majority of the previously reported {Ni11} 

clusters contain pyridonates as bridging ligands,93,94,95 except from the mixed-valence 

{NiII/III
11} metal chain, which was made from the use of a polydentate 

tetranaphthyridyltriamine ligand,92 a {Ni11} cluster with metal-metal bonds and a 

cyclo-{Ni11} cluster.96 

 

2.2.3 Solid-state Magnetic Susceptibility Studies 
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Variable-temperature direct-current (dc) magnetic susceptibility measurements were 

performed on freshly-prepared and analytically-pure microcrystalline solids of 1∙10H2O, 

2∙2MeCN and 3∙3H2O in the temperature range 2-300 K; a dc field of 0.2 T was applied 

from 30 to 300 K and a weaker dc field of 0.02 T was applied from 2 to 30 K to avoid 

saturation effects. The data for complex 1∙10H2O are shown as χΜT vs. T plot in Figure 

2.12. The value of the χΜT product at 300 K is 31.34 cm3⋅mol-1⋅K, in excellent agreement 

with the value of 31.46 cm3⋅mol-1⋅K (calculated with g = 2.2) expected for twenty-six 

non-interacting, high-spin NiII (S = 1) atoms. The χΜT product for the {Ni26} complex 

remains essentially constant in the 300-50 K region and then slightly increases to a value 

of 32.20 cm3⋅mol-1⋅K at 35 K, before dropping sharply to a value of 21.25 cm3⋅mol-1⋅K at 

2 K. The shape of the curve suggests that both ferro- and antiferromagnetic exchange 

interactions are likely present within 1. The χΜT value at the lowest temperature and 

smallest possible dc fields suggests a non-zero ground state spin for the complex, with 

the value at 2 K being consistent with an S = 6 or 5 ground state depending on g. Given 

the size and low-symmetry of the {Ni26} cluster, and the resulting number of inequivalent 

exchange constants, it was not possible to determine the individual pairwise Ni2 exchange 

interaction parameters. Thus, we concentrated instead on characterizing the ground state 

spin, S, by performing magnetization (M) vs. dc field measurements in a magnetic field 

and temperature ranges 1-50 kG and 2-10.0 K, respectively. 
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Figure 2.12 χΜT vs. T plot for complex 1∙10H2O. 

 

Magnetization (M) vs. field (H) measurements for complex 1∙10H2O (Figure 

2.13) at 2 K show a continuous increase of M as the field increases; this is likely due 

to the presence of low-lying excited states, as reported previously for other high-

nuclearity NiII complexes.16,17,93,94 As a result, attempts to fit the reduced 

magnetization data assuming that only the ground state is populated were very poor. 

However, the M vs. H plot at 2 K, and for very small fields of < 5000 G, was nicely 

reproduced upon application of the Brillouin function for an S = 6 ground state with g 

= 2.2. 
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Figure 2.13 Plot of magnetization (M) vs. field (H) for complex 1∙10H2O at 2 K. The 

solid, colored lines are the different fits of the data to the corresponding Brillouin 

functions for S = 5, 6 and 7 with g = 2.2. 

 

A powerful complement to dc studies for determining the ground state of a system, 

and also for studying magnetization dynamics, are alternating-current (ac) magnetic 

susceptibility measurements, which preclude any complications arising from the presence 

of a dc field. These were performed for complex 1 in a 4.0 G ac field oscillating at 

different frequencies. The in-phase susceptibility (χΜ′) is shown as χΜ′T vs. T plot in 

Figure 2.14, and reveals several pertinent features: (i) χΜ′T decreases almost linearly with 

decreasing temperature in the 2-10 K range, indicating depopulation of a high density of 

excited states with spin S greater than that of the ground state, in agreement with the 

conclusion from the dc studies;34 (ii) extrapolation of the χΜ′T data from above ~3.0 K to 

0 K gives a value of ~24 cm3∙K∙mol-1, indicative of an S = 6 ground state with g = ~2.2-
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2.0; (iii) even at the lowest accessible temperature and for three different ac frequencies, 

there is no frequency-dependent decrease in the χΜ′T plot and no out-of-phase χΜ′′ 

signals, thus suggesting that complex 1 is not an SMM. 

 

Figure 2.14 The in-phase (as χΜ′T) vs. T ac susceptibility signals for 1∙10H2O under a 4 

G oscillating field operating at a frequency of 1000 Hz. 

 

In contrast to the magnetic behavior of 1, the χΜT product of the {Ni18} cluster 

shows a rapid decrease as the temperature is lowered in the range of 300-10 K and then a 

more gradual decrease to a value of 7.33 cm3⋅mol-1⋅K at 2.0 K (Figure 2.15). The shape of 

the plot indicates an overall antiferromagnetic behavior with different strength of 

magnetic couplings at different temperature regions, presumably deriving from the 

different fragments ({Ni4} squares and {Ni3} triangles) of the {Ni18} cluster. In cases 
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such as 2 (and 1), as well as for the majority of polynuclear 3d-metal clusters with a non-

zero ground state, the resultant molecular S value is a consequence of the many 

competing (predominantly) antiferromagnetic interactions that prevent (frustrate) 

perfectly antiparallel spin alignments.31 This is particularly true when triangular subunits 

are present, since an antiferromagnetically-coupled triangle cannot contain spins that are 

all aligned antiparallel with both neighbours. The ground state then becomes extremely 

difficult to predict from a structural examination and simple spin-up/spin-down 

considerations. In fact, the net molecular S is dependent on the precise topology of the Mx 

(M = metal) framework and very sensitive to the relative strengths of the competing 

interactions. Crucial to the latter in NiII chemistry is the fact that Ni-OR-Ni interactions 

within triangular units are often of similar magnitude, either weakly antiferromagnetic or, 

occasionally, weakly ferromagnetic.97 For 2∙2MeCN, the value of the χΜT product at 300 

K is 21.36 cm3⋅mol-1⋅K, again in excellent agreement with the value of 21.78 cm3⋅mol-1⋅K 

(calculated with g = 2.2) expected for eighteen non-interacting, high-spin NiII (S = 1) 

atoms. Similarly to 1, the continuous increase of magnetization vs. field data for 

2∙2MeCN at 2 K (Figure 2.16) indicates the presence of low-lying excited states. No 

acceptable and reliable fit of magnetization data was feasible. 
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Figure 2.15 χΜT vs. T plot for complex 2∙2MeCN. 

 

Figure 2.16 Plot of magnetization (M) vs. field (H) for complex 2∙2MeCN at 2 K. 
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In order to confirm the ground state S value for 2, we carried out alternating-current 

(ac) susceptibility studies, as we have previously done with complex 1; extrapolation of 

the in-phase χΜ′T data from ~3-10 K to 0 K (Figure 2.17) gives a value of ~10 

cm3∙K∙mol-1, indicative of an S = 4 ground state with g within the 2.2-2.0 range. No out-

of-phase signals were observed in the χΜ′′ vs. T plot, suggesting 2 is not an SMM.  

 

Figure 2.17 The in-phase (as χΜ′T) vs. T ac susceptibility signals for 2∙2MeCN under a 4 

G oscillating field operating at a frequency of 1000 Hz. 

 

For complex 3∙3H2O, the dc magnetic data are shown as χΜT vs. T plot in Figure 

2.18.98 The room temperature χΜT value is 12.78 cm3⋅mol-1⋅K, slightly lower than the 

spin-only value of 13.31 cm3⋅mol-1⋅K with g = 2.2 expected for a cluster of eleven non-

interacting S = 1 NiII atoms. The χΜT product for 3∙3H2O gradually decreases with 

decreasing T in the range 300-25 K, then plateaus to a value of ~4.8 cm3⋅mol-1⋅K at 20-10 
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K, before decreasing more rapidly to a value of 3.67 cm3⋅mol-1⋅K at 2.0 K. The shape of 

the plot indicates an overall antiferromagnetic behavior with different strength of 

magnetic couplings at different temperature regions, clearly arising from the different 

repeating fragments of the {Ni11} cage. The low-temperature (T < 20 K) magnetic 

susceptibility data suggest a small ground state spin value of S = 1 or 2, either of which 

could be potentially populated at different (or the same) temperatures (vide infra). 

 

Figure 2.18 Plot of χMT vs. T for complex 3∙3H2O. The solid red line is the fit of the data; 

see the text for the fit parameters. (Inset) Definition of the exchange parameters. 

 

Although complex 3, as 1 and 2, is a very complicated, high-nuclearity and low-
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within the {Ni4} squares and {Ni3} triangles. Close inspection of the metric parameters 

(bond distances and angles) and structural types of the metal fragments in 3 reveals that 

there are at least seven different exchange pathways and thus seven different J coupling 

constants (from now onward, the numbering scheme that will be used is the same as that 

used in the molecular structure, see inset of Figure 2.18).  

J1 is associated with the four interactions between the neighboring NiII centers which 

comprise the edges of the two {Ni4} squares; these are bridged by a doubly (μ-OH-)/(μ-

OR-) pathway with Ni-O-Ni angles in the range 88.0-96.1° (average value close to 90°). 

Such interactions are expected to be ferromagnetic.90 J2 corresponds to the two next-

neighboring interactions between Ni1∙∙∙Ni3 / Ni2∙∙∙Ni4 and Ni5∙∙∙Ni7 / Ni6∙∙∙Ni8 in the 

diagonal sites of the {Ni4} squares; these NiII centers are solely bridged by the central μ4-

OH- group with the Ni-O-Ni angles spanning the range 165.4-170.8°. Such interactions 

are expected to be strongly antiferromagnetic,90 contributing significantly to the high 

temperature decrease of the χΜT product and leading to a local S = 0 spin state for the two 

{Ni4} squares within 3. The magnetostructural correlations within the {Ni3} triangles 

[Ni(3,10,11), Ni(7,9,11) and Ni(9,10,11)] were expected to be much more complicated 

due to the possible presence of competing exchange interactions of similar strengths 

resulting from the different magnetic pathways (i.e., different bridging ligation and metric 

parameters).90 Thus, it became difficult to decrease the number of J coupling constants 

(in order to avoid overparameterization problems) by making assumptions which could 

lead to inaccurate and superficial results. Consequently, J3, J4 and J5 are associated with 

the three different interactions in the central scalene triangle (Ni9∙∙∙Ni10 = 3.558 Å, 

Ni10∙∙∙Ni11 = 3.072 Å and Ni9∙∙∙Ni11 = 3.544 Å), deriving from the (μ-OR-), (μ-OH-)/(μ-
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OR-) and (μ-OH-) bridging scheme, respectively. Similarly, J6 and J7 stand for the 

Ni3∙∙∙Ni11 / Ni7∙∙∙Ni11 and Ni3∙∙∙Ni10 / Ni7∙∙∙Ni9 interactions, within the two fused to 

the external Ni4 squares triangles, through a (μ-OH-) and a doubly (μ-OH-)/(μ-OR-) 

bridging scheme, respectively. The J3-J7 superexchange pathways are expected to 

contribute to the intermediate-to-low temperature region (<20 K) of the χΜT vs. T plot of 

3 and they can be moderate-to-weak ferro- or antiferromagnetic. 

The spin Hamiltonian for such a system, illustrated in the inset of Figure 2.18, is 

given by equation 2.3. An excellent fit of the experimental data (for the entire 

temperature region) with the program PHI (H = -2JijŜi·Ŝj convention),99 applying the 

below Hamiltonian, gave as best-fit parameters: J1 = +8.4 cm-1, J2 = -38.5 cm-1, J3 = 

+6.7 cm-1, J4 = +0.2 cm-1, J5 = -0.6 cm-1, J6 = +0.1 cm-1, J7 = +0.9 cm-1, and g = 2.29. 

 

H = -2J1(Ŝ1·Ŝ2 + Ŝ2·Ŝ3 + Ŝ3·Ŝ4 + Ŝ4·Ŝ1 + Ŝ5·Ŝ6 + Ŝ6·Ŝ7 + Ŝ7·Ŝ8 + Ŝ8·Ŝ5) - 2J2(Ŝ1·Ŝ3 + Ŝ2·Ŝ4 + 

Ŝ5·Ŝ7 + Ŝ6·Ŝ8) - 2J3(Ŝ9·Ŝ10) - 2J4(Ŝ10·Ŝ11) - 2J5(Ŝ9·Ŝ11) - 2J6(Ŝ3·Ŝ11 + Ŝ7·Ŝ11)  

                                                                                       - 2J7(Ŝ3·Ŝ10 + Ŝ7·Ŝ9)           (2.3) 

 

The obtained J1 and J2 values are in satisfactory agreement with the moderate 

ferromagnetic and strong antiferromagnetic exchange coupling constants, 

respectively, found in other discrete {Ni4} square complexes containing the {Ni4(μ4-

OH)(μ-OR)4}3+ core.90 J3 is found to be moderately ferromagnetic as a result of the 

single phenoxido bridge (linking Ni9 and Ni10), which is known to induce ferro- or 

antiferromagnetic interactions depending on small variations into the nature of the Ni2 

pairwise unit.100a The remaining J4-J7 coupling constants are weak and lying in the 



83 
 

borderline of ferro-/antiferromagnetic interactions as a result of the wide range of 

different Ni-O-Ni angles (spanning the range 93.6-125.4°) and countercomplementary 

effects promoted by the copresence of carboxylate and alkoxido bridging groups 

within the various Ni2 subunits.100b  

The energies of the spin states derived from equation 2.3 via the program PHI 

revealed a very interesting feature which explains the low-temperature magnetic 

profile of complex 3. Three well-isolated spin states, namely the S = 1, 2 and 3, are 

populated at 2 K; S = 1 is the lowest lying spin state (population: 59.6%), with the 

first S = 2 excited state lying only 0.9 cm-1 above the S = 1 level (population: 30.3%) 

and the second, S = 3, excited state lying 2.5 cm-1 above the S = 1 spin state 

(population: 10.1%). Thus, the plateau of χΜT at ~4.8 cm3⋅mol-1⋅K, which does not 

agree with a well-isolated S = 1, 2 or 3 ground state spin value, corresponds to the 

simultaneous population of these quasi degenerate spin levels (mixture of spin states). 

The very low temperature (10-2 K) decay agrees with the population of the lowest in 

energy, S = 1 ground state for 3. We should point out that the J3, J4 and J5 coupling 

constants cannot be joined into a single J value (i.e., treating the central {Ni3} triangle 

as magnetically equilateral) because in that case the ground state of the system would 

be the S = 0, in contrast to the experimental data. However, in an attempt to decrease 

the number of J constants we joined J6 and J7 within the Ni(3,10,11) and Ni(7,9,11) 

triangles and we obtained a similar quality fit with J6 = J7 = 0.5 cm-1. Based on these 

findings, we attempted to apply the reported fitting model to the {Ni18} complex 2, 

which possesses a similar structural motif with that of 3, in order to interpret its 

magnetic susceptibility data. However, all our of efforts failed to give any decent 
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result, which was attributed to the higher nuclearity of 2 and the more exchange 

coupling constants involved in the overall magnetic behavior. 

The magnetization vs. field measurements of 3∙3H2O (Figure 2.19) at 2 K show a 

continuous increase of M as the field increases to a value of ~6 NμΒ at 5 T, which 

corresponds to 6 e- arising from the population of the S = 3 spin state. Finally, complex 3 

does not exhibit out-of-phase ac magnetic susceptibility signals down to 1.8 K, 

suggesting this is not a SMM. 

 

Figure 2.19 Plot of magnetization (M) vs. field (H) for 3∙3H2O at 2 K. The red line is a 

guide for the eye. 

 

2.3 Conclusions and Perspectives 
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It is clear from the above reported results, that the initial use of N-salicylidene-2-

amino-5-chlorobenzoic acid (sacbH2) in 3d-metal cluster chemistry has afforded three 

novel, diverse molecular clusters with nanoscale dimensions, unprecedented core 

topologies and record nuclearities. The combined results demonstrate the ability of 

the doubly deprotonated form of sacbH2 to act as chelating/bridging ligand, fostering 

the formation of NiII clusters with unprecedented motifs and structural conformations 

distinctly different than the ones seen before from the parent N-salicylidene-o-

aminophenol (saphH2) molecule. The structural diversity of complexes 1-3 was 

achieved employing different carboxylate ions as ancillary bridging ligands in the 

NiII/sacbH2 general reaction scheme. This emphasizes the rich reactivity of transition 

metal carboxylate chemistry and the ability of carboxylate ions to yield beautiful 

complexes with interesting magnetic properties. Although the mechanism of metal 

cluster formation is impossible to be elucidated, the reported results illustrate the 

ability of serendipitous assembly to afford nanoscale molecular clusters with sizes 

similar to the smallest, classical nanoparticles (i.e., metals, metal oxides and alloys). 

The magnetic properties of the reported NiII clusters have been studied and revealed 

interesting results in terms of magnetic exchange interactions and magnetostructural 

correlations. Moreover, what is really intriguing when comparing the {Ni26} complex 

with other examples of high nuclearity homometallic clusters is that the majority of 

these complexes tend to crystallize in highly-symmetric, closed-shell topologies with 

wheel-, grid-, or spherical-like structures, one notable exception being the {Co36} 

cage reported by Alborés and Rentschler.15 There is no explanation per se for this 

trend, or for the exceptions, but it demonstrates that with the appropriate ligand 
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choice and under the right experimental conditions the strategy of self-assembly 

continues to deliver a diverse range of metal topologies that satisfy a broad range of 

structural tastes.  

An obvious future direction for a synthetic inorganic chemist would have been 

the exploration of the NiII/sacbH2 system in the absence of any carboxylate source, 

and only in the presence of simple inorganic anions (i.e., Cl-, ClO4
-, NO3

-, etc.) with 

limited binding affinity to NiII centers. In such a way, sacbH2 and its anions will 

reveal their unique bridging versatility and potency, without the additional ‘help’ of 

ancillary carboxylate groups. The results of these endeavours will be reported in the 

next Chapter 3 of this thesis. 
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CHAPTER 3: Study of the General Ni2+/X-/sacbH2                  

(X- = inorganic anions) Reaction System  

 

3.1 Experimental Section 

 

3.1.1 Physical measurements  

 

General considerations: All experiments were performed under ambient conditions. 

All chemicals were purchased from Sigma Aldrich and Alfa Aesar. Chemicals and 

solvents were used as received without further purification. The organic ligand sacbH2 

was prepared as described previously (see, Synthesis of Chapter 2). Safety note: 

Perchlorate salts are potentially explosive; such compounds should be synthesized and 

used in small quantities, and treated with utmost care at all times. 

Elemental Analysis: Elemental analyses (C, H, and N) were performed on a Perkin-

Elmer 2400 Series II Analyzer. 

FT-IR spectroscopy: Infrared (IR) spectra were recorded in the solid state on a 

Bruker FT-IR spectrometer (ALPHA Platinum ATR single reflection) in the 4000-450 

cm-1 range. Notation for IR bands: vs = very strong; s = strong; m = medium; w = weak; 

b = broad. 
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Magnetic susceptibility measurements: Direct current (dc) magnetic susceptibility 

studies were performed at the University of Barcelona Chemistry Department on a 

Quantum Design SQUID magnetometer equipped with a 7 T magnet and operating in the 

1.9-300 K range. Samples were embedded in solid eicosane to prevent torquing. Pascal’s 

constants were used to estimate the diamagnetic correction, which was subtracted from 

the experimental susceptibility to give the molar paramagnetic susceptibility (χΜ).69 

 

3.1.2 Synthesis 

 

[Ni4(sacb)4(EtOH)4] (4): To a stirred, yellow solution of sacbH2 (0.06 g, 0.20 mmol) 

and NEt3 (56 μL, 0.40 mmol) in EtOH (20 mL) was added solid Ni(ClO4)2∙6H2O (0.07 g, 

0.20 mmol). The resulting green-yellow mixture was stirred for 20 min, during which 

time all the solids dissolved and the color of the solution changed to dark green. The 

solution was filtered and the filtrate was left to evaporate slowly at room temperature. 

After four days, X-ray quality green plate-like crystals of 4∙6EtOH had appeared and 

were collected by filtration, washed with cold EtOH (2 × 2 mL) and Et2O (2 × 3 mL), and 

dried in air. The yield was 60 %. Elemental analysis (%) calcd for 4∙2EtOH: C 50.86, H 

4.27, N 3.49; found: C 50.97, H 4.41, N 3.24. Selected IR data (ATR): ν = 3299 (mb), 

1579 (vs), 1550 (s), 1462 (s), 1439 (s), 1409 (s), 1358 (s), 1287 (m), 1177 (m), 1151 (m), 

1117 (m), 1042 (m), 984 (w), 925 (m), 895 (m), 846 (m), 742 (m), 592 (w), 460 (w). 
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[Ni8(sacb)8(EtOH)2] (5): To a stirred yellow solution of sacbH2 (0.06 g, 0.20 mmol) 

and NEt3 (56 μL, 0.40 mmol) in a solvent mixture of MeCN/EtOH (20 mL, 5:1 v/v) was 

added solid Ni(ClO4)2∙6H2O (0.07 g, 0.20 mmol). The resulting green solution was stirred 

for a further 15 min, filtered, and the filtrate was left to evaporate slowly at room 

temperature. Next day, X-ray quality green plate-like crystals of 5∙MeCN∙5.5H2O had 

appeared and were collected by filtration, washed with cold MeCN (2 × 2 mL) and Et2O 

(2 × 3 mL), and dried in air. The yield was 75 %. Elemental analysis (%) calcd for 

5∙2H2O: C 49.99, H 2.89, N 4.02; found: C 50.21, H 2.96, N 3.84. Selected IR data 

(ATR): v = 3100 (mb), 1581 (s), 1540 (s), 1462 (s), 1440 (s), 1410 (s), 1354 (s), 1290 

(m), 1150 (m), 1116 (m), 981 (w), 924 (w), 893 (m), 846 (m), 740 (m), 593 (m), 454 (w). 

 

3.1.3 Single-crystal X-ray Crystallography 

 

Crystals of 4∙6EtOH (0.03 × 0.12 × 0.13 mm) and 5∙MeCN∙5.5H2O (0.06 × 0.11 × 

0.14 mm) were taken from the mother liquor and immediately cooled at -113oC. 

Diffraction measurements were conducted on a Rigaku R-AXIS SPIDER Image Plate 

diffractometer using graphite-monochromated Mo Kα (for 4∙6EtOH) or Cu Kα (for 

5∙MeCN∙5.5H2O) radiation. Data collection (ω-scans) and processing (cell refinement, 

data reduction and empirical absorption correction) were performed using the 

CrystalClear program package.101 Important crystallographic data are listed in Table 3.1. 

Both structures were solved by direct methods using SHELXS-9775 and refined by full-

matrix least-squares techniques on F2 with SHELXL-97.76 All H atoms were located by 
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difference maps and were refined isotropically or were introduced at calculated positions 

as riding on their respective atoms. All non-H atoms were refined anisotropically. The 

programs used for molecular graphics were MERCURY78 and DIAMOND.79 

 

Table 3.1 Crystallographic data for complexes 4 and 5 

Parameter 4∙6EtOH  5∙MeCN∙5.5H2O                          

Formula C76H92N4Ni4O22Cl4 C118H90N9Ni8O31.5Cl8 

Formula weight / g mol-1 1790.18 2891.25 

Crystal type Green plates Green plates 

Crystal system Triclinic Orthorhombic 

Space group P-1 Pcab 

a / Å 11.0498(6) 20.2109(4) 

b / Å 11.4157(6) 24.7311(5) 

c / Å 17.5861(10) 27.1630(5) 

α / º 99.067(2) 90 

β / º 94.192(3) 90 

γ / º 113.463(2) 90 

Volume / Å3 1986.76(19) 13577.1(5) 

Z 1 8 
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ρcalc / g cm-3 1.496 1.423 

μ / mm-1 1.143 3.200 

2θmax / ° 50 130 

Index ranges −13 ≤ h ≤ 13 

−13 ≤ k ≤ 13 

−20 ≤ l ≤ 20 

−23 ≤ h ≤ 23 

−26 ≤ k ≤ 26 

−20 ≤ l ≤ 20 

Reflections collected 52633 20431 

Independent reflections 6987 (Rint = 0.0379) 9137 (Rint = 0.0458) 

Final R indices 

[I>2σ(I)]a,b 

R1 = 0.0326 

wR2 = 0.0732 

R1 = 0.0762 

wR2 = 0.2355 

Final R indices (all data) R1 = 0.0369 

wR2 = 0.0752 

R1 = 0.0905 

wR2 = 0.2568 

(Δρ)max,min / e Å-3 1.355 and -0.646 1.901 and -0.660 

a R1 = Σ(||Fo| – |Fc||)/Σ|Fo|.  

b wR2 = [Σ[w(Fo
2 - Fc

2)2]/ Σ[w(Fo
2)2]]1/2, w = 1/[σ2(Fo

2) + [(ap)2 +bp], where p = [max(Fo
2, 0) + 

2Fc
2]/3. 

 

3.2 Results and Discussion 

 

3.2.1 Synthetic Comments and IR Spectra 
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Our synthetic attempts toward the in-depth investigation of the NiX2/sacbH2 system, 

where X- are various inorganic ions, were started with the one-pot reactions between 

NiCl2∙6H2O and sacbH2 in various molar ratios and at different solvent media, always in 

the presence of an external organic base (i.e., NEt3) to facilitate the deprotonation of the -

OH and -CO2H groups of sacbH2. However, all these reactions failed to give any 

crystalline material affording only amorphous yellow-green precipitates that we were not 

able to crystallize and structurally characterize. We have thus turned our attention into the 

use of Ni(ClO4)2·6H2O in place of NiCl2∙6H2O as a means of enhancing the solubility of 

the resulting product(s) and consequently our chances to isolate single-crystals suitable 

for X-ray diffraction studies.  

A variety of reactions differing in the Ni(ClO4)2·6H2O:sacbH2 ratio, the organic base 

and/or the reaction solvent(s) were explored in identifying the following successful 

systems. The reaction of Ni(ClO4)2·6H2O, sacbH2, and NEt3 in a 1:1:2 molar ratio in 

solvent EtOH gave a green solution that, upon filtration and slow evaporation at room 

temperature, led to the isolation of green crystals of a new tetranuclear 

[Ni4(sacb)4(EtOH)4] (4) compound in yields as high as 60 % after approximately four 

days. The formation of 4 can be represented by the balanced equation 3.1. The base NEt3 

has the role of proton acceptor to facilitate the deprotonation of the sacbH2 ligand and 

provide in solution the necessary for the stabilization of 4 sacb2- ions (vide infra). 

Employment of different organic bases, such as NMe3, nBu3N and Me4NOH, did not 

afford crystalline materials but only green precipitates that were characterized with IR 

spectroscopy and confirmed their same structural identity as 4. 
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Since 3d-metal cluster chemistry is relatively unpredictable, the products’ identities 

often depend on many synthetic variables which are frequently ignored due to the need to 

discover more new bridging/chelating ligands; such variables are usually the reaction 

solvent, temperature, “pH”, metal-to-ligand ratio and the substitution of a given ligand 

type with donor- or non-donor functionalities. Within the concept of chemical reactivity 

on cluster compounds, an important synthetic factor that is worth investigating is the 

effect of the solvent on the structural identity of the complexes. The volatility, polarity, 

rigidity and coordination affinity of reaction solvents are some of the features which can 

directly affect the identity of a product.102 To that end, the reaction that led to complex 4 

was repeated in many other alcohols (ROH; R = Me, iPr, nBu, etc) under exactly the same 

conditions. In all cases, the resulting compounds were isostructural to 4 with a general 

formula of [Ni4(sacb)4(ROH)4]. Analogous reactions in nonpolar solvent media, such as 

CH2Cl2 and related solvents, did not yield any products presumably due to the poor 

solubility of the Ni(ClO4)2·6H2O inorganic salt. However, when the solvents employed 

were a mixture of MeCN/EtOH (5:1 v/v), the 1:1:2 reaction of 

Ni(ClO4)2·6H2O:sacbH2:NEt3 afforded green crystals of a new octanuclear 

[Ni8(sacb)8(EtOH)2] (5) compound in 75 % yield within 24 h. The formation of 5 can be 

represented by the balanced equation 3.2. 

4 Ni(ClO4)2∙6H2O + 4 sacbH2 + 8 NEt3 + 4 EtOH

[Ni4(sacb)4(EtOH)4] + 8 (NHEt3)(ClO4) + 24 H2O    (3.1)
4



94 
 

 

Although it is difficult to understand the solution kinetics and propose a mechanism 

for the formation of complex 5 over 4, and vice versa, it is clear that the nature of the 

solvent media affects the structural identity of NiII/sacb2- clusters. Nuclear Magnetic 

Resonance (NMR) spectroscopy could not provide any insights into the solution 

chemistry of this system due to the paramagnetic nature of NiII ions. Further, electrospray 

ionization (ESI) mass spectrometry (MS) gave multiple signals that correspond to a 

variety of different fragments in solution, a common feature of transition metal clusters 

which rarely preserve their solid-state structures in solution. After numerous reactions 

performed, it is safe to conclude that the tetranuclear 4 is the most thermodynamically 

stable compound over a wide variety of alcoholic media, but that stability is perturbed in 

the presence of MeCN and the octanuclear 5 appears to be the most favored product.   

As expected due to the same ligands involved in both structures, complexes 4 and 5 

have very similar IR spectra. Several bands appear in the ~1581-1290 cm-1 range, 

attributed to contributions from the stretching vibrations of the aromatic rings of sacb2-. 

Contributions from the ν(C=N)imino modes of sacb2- would be also expected in this region. 

The presence of coordinated EtOH molecules in dried samples of 4 and 5 is manifested 

by broad bands of medium intensity at ~3299 and ~3100 cm-1, respectively, are assigned 

to ν(O-H) stretching vibrations; their broadness and relatively low frequency are both 

indicative of hydrogen bonding (vide infra). 

8 Ni(ClO4)2∙6H2O + 8 sacbH2 + 16 NEt3 + 2 EtOH

[Ni8(sacb)8(EtOH)2] + 16 (NHEt3)(ClO4) + 48 H2O    (3.2)
5
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3.2.2 Description of Structures 

 

Complex 4∙6EtOH crystallizes in the triclinic space group P-1 with the {Ni4} 

molecule lying on an inversion center located at the middle-point of the Ni2∙∙∙Ni2′ vector 

(Figure 3.1). The {Ni4} compound comprises a non-linear, zigzag array of four NiII atoms 

(Ni1-Ni2-Ni2′ = 108.56º) with each Ni2 pair bridged by two μ-O atoms from the 

deprotonated alkoxido (O1, O1′, O11, O11′) or carboxylate (O12, O12′) functionalities of 

four sacb2- ligands. 

 

Figure 3.1 Partially-labelled representation of the structure of complex 4 emphasizing the 

{Ni4(μ-OR)6}2+ zigzag core. Color scheme: NiII green, O red, N blue, C gray, Cl cyan. H-

atoms are omitted for clarity. Symmetry operation for the primed atoms: 1-x, 1-y, -z. 
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The sacb2- ligands are of two types (Scheme 3.1): two are binding in an η2:η1:η1:μ 

mode, acting as N,O,O-tridentate chelates to a NiII atom (Ni1, Ni1′) and simultaneously 

bridging an additional NiII atom (Ni2 or Ni2′) through the phenolate O atom, and the 

remaining two adopt the more complex η2:η1:η2:η1:μ4 binding mode, chelating the central 

NiII atoms and bridging all four metal ions through the phenolate and both carboxylate O 

atoms. 

 

Scheme 3.1 The crystallographically established coordination modes of sacb2- in 

complex 4. 

 

Thus, the core of 4 is {Ni4(μ-OR)6}2+ (Figure 3.2), with peripheral ligation provided 

by four terminal EtOH molecules. The central Ni2-O12-Ni2′-O12′ rhombus is strictly 

planar as a result of the inversion center, but the other two rhombs are quite distorted, 

with the Ni1-O1-Ni2-O11 torsion angle being 17.1o. The NiII atoms are all six-coordinate 

with distorted octahedral geometries. 
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Figure 3.2 The {Ni4(μ-OR)6}2+ zigzag core of complex 4. 

 

In the crystal structure of 4∙6EtOH there are H-bonding interactions between the 

carboxylate and phenolate moieties of sacb2-, and the bound EtOH and lattice EtOH 

solvate molecules (Figure 3.3 and Table 3.2). There are two intramolecular H bonds with 

the oxygen atoms O22 of coordinated EtOH ligands as donors and the phenolate oxygen 

atoms O21 as acceptors. Additional H bonds are developed between the oxygen atoms 

O21 (that belong to coordinated EtOH ligands) and O23, O24, O25 (that belong to lattice 

EtOH molecules) as donors, and the solvate EtOH oxygen atom O25 and the carboxylate 

atoms O2 and O3 as acceptors. 
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Figure 3.3 The H bonds present in the crystal structure of 4∙6EtOH as illustrated with 

yellow dashed lines. For further details, see Table 3.2. Color scheme as in Figure 3.1. 

 

Table 3.2 Hydrogen bonds in the crystal structure of 4∙6EtOH 

Interactiona D∙∙∙A (Å) H∙∙∙A (Å) D-H∙∙∙A (°) Symmetry 

operation 

O21-H(O21)∙∙∙O25 2.782 2.001 174.9 x, y, z 

O22-H(O22)∙∙∙O1 2.930 2.184 162.4 1-x, 1-y, -z 

O23-H(O23)∙∙∙O2 2.948 2.162 162.6 x, y, z 

O24-H(O24)∙∙∙O3 2.805 1.862 161.6 x, y, z 

O25-H(O25)∙∙∙O3 2.793 1.946 166.5 x, y, z 

a O21 and O22 are the oxygen atoms of the crystallographically independent, coordinated 

EtOH molecules, while O23, O24 and O25 are the oxygen atoms of the 

crystallographically independent, lattice EtOH molecules. A = acceptor, D = donor. 
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In addition, weak π-π stacking interactions between the aromatic rings of sacb2- 

ligands serve to link the {Ni4} clusters into a 2-D network (Figure 3.4). 

 
 

Figure 3.4 A small part of the 2-D network of complex 4 formed by the presence of π-π 

stacking interactions between the aromatic rings of sacb2- ligands. Bright-green dashed 

lines indicate the interactions developed between C8∙∙∙C13 rings along b-axis and the 

orange ones indicate the interactions developed between C28∙∙∙C33 rings along c-axis. 

The lattice EtOH solvate molecules are indicated with dark red lines. As the overlapping 

rings are centrosymetrically related, their planes are parallel and the inter-centroid 
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distance for the  C28∙∙∙C33 rings is 3.652 Å and for the C8∙∙∙C13 one 4.062 Å. The EtOH 

solvate molecules reside in the porous of the 2-D network. 

 

Finally, we should mention that although there are hundreds of tetranuclear NiII 

complexes structurally and magnetically characterized, compound 4 is only the fourth 

example of a {NiII
4} cluster with a zigzag topology.103 

Complex 5∙MeCN∙5.5H2O crystallizes in the orthorhombic space group Pcab with 

the {Ni8} molecule lying on an inversion center located at the middle-point of the 

Ni4∙∙∙Ni4′ vector (Figure 3.5). 

 

Figure 3.5 Partially-labelled representation of the structure of complex 5 emphasizing the 

{Ni8(μ3-OR)2(μ-OR)12}2+ core. Color scheme: NiII green, O red, N blue, C gray, Cl cyan. 

H-atoms are omitted for clarity. Symmetry operation for the primed atoms: 1-x, 1-y, 2-z. 
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The structure of 5 comprises a [Ni8(μ3-OR)2(μ-OR)12]2+ core (Figure 3.6), which can 

be described as a central [Ni4(μ3-OR)2(μ-OR)4]2+ subunit (Ni3, Ni3′, Ni4, Ni4′, O9, O9′, 

O11, O11′, O12, O12′) attached on either side to two symmetry-related [Ni2(μ-OR)4] 

(Ni1, Ni1′, Ni2, Ni2′, O3, O3′, O6, O6′) dimeric moieties. The overall structural 

conformation of complex 5 can also be described as a zigzag molecular chain reminiscent 

to 4 but larger in nuclearity and dimensions. The linkage between the central [Ni4(μ3-

OR)2(μ-OR)4]2+ unit and the two [Ni2(μ-OR)4] subunits at opposite ends is provided by 

four in total alkoxido groups (O5, O5′, O8, O8′) of the sacb2- ligands. The four NiII ions 

of the central subunit are located at the four vertices of a defective dicubane, i.e. two 

cubanes sharing a face (Ni4, O9, Ni4′, O9′) and each missing one metal vertex. The eight 

NiII ions are bridged by the alkoxido and carboxylate fragments of eight, doubly 

deprotonated sacb2- ligands. The sacb2- ions bind in three different ways; two ligands are 

binding in an η2:η1:η1:μ manner, four adopt the η2:η1:η2:η1:μ4 modes, while the remaining 

two sacb2- ions bind in an η3:η1:η2:η1:μ5 fashion, acting as O,N,O,O-tridentate chelate to a 

NiII center and simultaneously bridging four additional NiII atoms through the phenolate 

and both carboxylate O atoms (Scheme 3.2). The latter coordination mode of the sacb2- 

ligand has not been previously seen in any of the reported in this Thesis NiII clusters, 

even in the ones with much higher nuclearities. This is most likely due to the co-presence 

of ancillary carboxylate ligands in complexes 1-3 which somehow restrict the bridging 

capabilities of sacb2- ions. Thus, the decision to investigate the NiII/sacbH2 system in the 

absence of any external bridging groups was well deserved, and allowed us to unveil the 

outright binding affinity and rich bridging versatility of the sacb2- group. The organic 
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chelate ligand of this work is the sole responsible for bridging up to five metal centers 

and for yielding the described octanuclear cluster.  

 

Figure 3.6 Labelled representation of the [Ni8(μ3-OR)2(μ-OR)12]2+ core of complex 5. 

Color scheme and symmetry operation for the primed atoms as in Figure 3.5. 

 

Scheme 3.2 The crystallographically established coordination modes of sacb2- in 

complex 5. 
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Peripheral ligation about the core is provided by two EtOH molecules terminally 

bound to Ni1 and Ni1′ and hydrogen bonded to aqua lattice solvate molecules; the latter 

are severally disordered and therefore we avoided extensive discussions on 

intermolecular H bonding interactions. Finally, all NiII atoms are six-coordinate with 

distorted octahedral geometries. In contrast to the tetranuclear complex 4, the crystal 

packing of 5 does not reveal any significant π-π stacking effects, either intra- or 

intermolecularly. An alternative description of the structure of 5 could be that one related 

to the zigzag topology of the tetranuclear cluster 4. Hence, the octanuclear 5 can be 

described as two symmetry-related [Ni4(μ-OR)6]2+ zigzag molecular chains held together 

by four μ-OR groups, two of which becoming μ3 and providing the ‘hinges’ to the overall 

{Ni8} topology. A space-filling representation (Figure 3.7) shows that 5 has a length of 

27.3 Å and a width of 18.7 Å, as calculated by the longest intramolecular Cl∙∙∙Cl distance, 

further highlighting the ability of sacb2- to yield molecular compounds with nanoscale 

dimensions. 

 
27.3 Å

18.7 Å
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Figure 3.7 Space-filling representation of 5 with its corresponding nanoscale dimensions. 

Color scheme: Ni green, O red, N blue, C gray, Cl cyan. 

 

Octanuclear NiII complexes are quite widespread in metal cluster chemistry with N- 

and/or O-donor ligands. However, none of the previously reported {Ni8} clusters has the 

same or even similar topology with that of 5. Most of the reported to date {Ni8} 

complexes possess topologies consisting of (i) consecutive arrays of {Ni3} triangles fused 

into an overall rod-like ‘closed’ motif,104 (ii) cyclic, wheel-like conformations,105 and (iii) 

layers of linear repeating units.106   

 

3.2.3 Solid-state Magnetic Susceptibility Studies 

 

Variable-temperature dc magnetic susceptibility measurements were performed on 

freshly-prepared microcrystalline solids of 4∙2EtOH and 5∙2H2O in the temperature range 

2.0-300 K; a dc field of 0.3 T was applied from 30 to 300 K and a weaker dc field of 0.03 

T was applied from 2 to 30 K to avoid magnetization saturation effects. The data for 

complex 4∙2EtOH are shown as χΜT vs. T plot in Figure 3.8 (top). The value of the χΜT 

product for 4∙2EtOH at 300 K is 5.80 cm3⋅mol-1⋅K, slightly higher than the value of 4.84 

cm3⋅mol-1⋅K (calculated with g = 2.2) expected for four non-interacting NiII (S = 1) 

atoms. The χΜΤ product steadily increases in the 300-17 K range to reach a maximum 

value of 7.31 cm3⋅mol-1⋅K at 17 K and then more rapidly decreases with decreasing T to 
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reach the value of 4.40 cm3⋅mol-1⋅K at 2 K (Figure 3.8, top). The data and shape of plot 

indicate predominant ferromagnetic exchange interactions between the four metal centers 

in 4, suggestive of an S = 4 ground state spin value. 

 

 

Figure 3.8 (top) χMT vs. T plot for complex 4∙2EtOH. The solid red line is the fit of the 

data; see the text for the fit parameters. (bottom) J-coupling scheme employed for the 
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elucidation of the magnetic exchange interactions in 4; see the text for the corresponding 

spin-Hamiltonian.  

 

In order to quantify the nature of the magnetic exchange interactions within 4, 

theoretical expressions of χΜ as a function of T were derived and fitted to the 

experimental data. Complex 4 exhibits a zigzag structure, and magnetically it can be 

treated by the J-coupling scheme shown at the bottom of Figure 3.8. On the basis of 

Figure 3.8 (bottom), the applied Heisenberg spin-Hamiltonian for complex 4 is shown in 

equation 3.3. 

                    H = -J1(Ŝ1·Ŝ2) -J2(Ŝ1·Ŝ4 + Ŝ2·Ŝ3) -J3(Ŝ1·Ŝ3 + Ŝ2·Ŝ4)                         (3.3)  

The PHI program99 was used to fit both the susceptibility and magnetization data. 

The quality of the fits was quantified by the agreement factor R, defined as (χMTexp - 

χMTcalc)2/(χMTexp)2. An excellent fit of the experimental data (red line of Figure 3.8, 

top) gave the following best-fit parameters: J1 = +12.5 cm-1, J2 = -5.2 cm-1, J3 = +1.8 

cm-1 and g = 2.35 (R = 6.7 × 10-5). 

Magnetization vs. field measurements were performed at 2 K and the 

corresponding plot (Figure 3.9) shows a continuous increase up to a non-saturated 

value equivalent to 7.2 electrons for 4. This value is in agreement with the 

predominant ferromagnetic interactions observed in susceptibility measurements. To 

evaluate the accuracy of the susceptibility data, the magnetization data were also 

fitted using the spin-Hamiltonian expressed in equation 3.3, and including the Dion 

term. Best-fit parameters were: J1 = +10.4 cm-1, J2 = -3.2 cm-1, J3 = +1.6 cm-1, D = 
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+3.9 cm-1 and g = 2.34 (R = 1.1·10-4), in good agreement with the susceptibility data. 

Both magnetic susceptibility and magnetization measurements confirmed a quasi-

frustrated situation for 4 with a mixture of all possible spin states (S = 4 to 0) being 

very close in energy and almost equally populated at 2 K. The S = 4 spin state for 4 is 

still not fully saturated under a 5 T field, but it tends to saturate to a value close to 8 

electrons at larger magnetic fields. Applying the J values (without the contribution of 

D) obtained from the fit of the magnetization data, the resulting spin states, their 

energies and populations at 2 K are given in Table 3.2. 

 

Figure 3.9 Plot of magnetization (M) vs. field (H) for complex 4∙2EtOH at 2 K. The solid 

line is the fit of the data; see the text for the fit parameters. 
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derived from the PHI program suitable for various simulations of magnetic 

susceptibility and magnetization data 

  

Spin State Energy (cm-1) Population (%) 

2 0 22.21 

3 0.76 × 10-3 22.20 

1 0.89 × 10-1 20.84 

0 0.15 19.95 

4 0.56 14.80 

 

Rationalization of the magnetic exchange interactions in zigzag {Ni4} compounds is 

unprecedented and thus urged us to undertake magnetostructural correlations on the 

quasi-frustrated complex 4. The J3 coupling constant, which is associated with the next-

nearest neighbor interactions of Ni1∙∙∙Ni2′ and Ni1′∙∙∙Ni2 (Figures 3.2 and 3.8, bottom) 

mediated by the carboxylate functionality of sacb2-, is undoubtedly necessary and cannot 

be ignored in order to avoid overparametarization effects. If J3 was discarded from the 

fitting model, the ground state should be zero as the result of two external ferromagnetic 

{Ni2} pairs and a central, antiferromagnetically coupled {Ni2} pair; this is totally against 

the experimental susceptibility and magnetization data. The most important parameter in 

the magnetostructural correlations of tetranuclear compounds possessing the {Ni4(μx-

OR)y}8-y (x = 2 and/or 3; y = various) cores (i.e., cubanes, defective dicubanes, linear, 
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tetrahedra, etc) has been reported to be the average value of the Ni-O-Ni angles.97,107 A 

ferromagnetic exchange is expected for Ni-O-Ni angles lower than 99° and the positive 

coupling constant value increases as the angle decreases. On the other hand, Ni-O-Ni 

angles in the vicinity of, and larger than, 99° lead to antiferromagnetic interactions and 

the absolute value increases as the angle increases. In the zigzag complex 4, J1 and J2 

constants were employed for the two outer (Ni1-Ni2 and Ni1′-Ni2′) and a central (Ni2-

Ni2′) interactions with average Ni-O-Ni angles of 93.8° and 100.2°, respectively. Hence, 

both J1 and J2 were reasonably found to be ferromagnetic and antiferromagnetic, 

respectively, according to the calculated mean angles. In conclusion, compound 4 

exhibits a quasi-frustrated ground state, as a result of the highly competing ferromagnetic 

and antiferromagnetic exchange interactions. The {Ni4} compound does not show out-of-

phase ac magnetic susceptibility signals down to 1.8 K, suggesting that this is not an 

SMM.  

For complex 5∙2H2O, the magnetic susceptibility data are shown as χΜT vs. T plot in 

Figure 3.10. The room temperature χΜT value is 10.79 cm3⋅mol-1⋅K, higher than the spin-

only value of 9.68 cm3⋅mol-1⋅K (calculated with g = 2.2) expected for eight non-

interacting, high-spin NiII (S = 1) atoms. The χΜT product for 5∙2H2O steadily increases 

with decreasing temperature in the range 300-100 K and then rapidly increases to a 

maximum value of ~28.2 cm3⋅mol-1⋅K at 3.5 K, before dropping slightly to a value of 

27.1 cm3⋅mol-1⋅K at 2.0 K. The shape of the plot indicates an overall ferromagnetic 

behavior for the octanuclear compound and a possible S = 8 ground state spin value. The 

very low-temperature (T < 3.5 K) decrease of the χΜT product is mainly due to zero-field 
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splitting within the ground state, Zeeman effects from the applied dc field, and/or weak 

antiferromagnetic intermolecular interactions. 

 

Figure 3.10 χMT vs. T plot for complex 5∙2H2O. The solid red line is the fit of the data; 

see the text for the fit parameters. 

 

Although the size of the {Ni8} cluster deter any realistic interpretation of the 

magnetic susceptibility data, we undertook the challenge of simulating the χΜT vs. T data 

using a 3-J fitting model which accounts for the similarities of the Ni-O-Ni angles and 

Ni∙∙∙Ni distances within the different or similar fragments of the centrosymmetric cluster 

compound. Based on the metric parameters, we came across the J-coupling scheme 

shown in Figure 3.11. The J1 coupling constant was used to assess the magnetic 

interaction between the two central NiII atoms, bridged exclusively by two μ3-OR- groups 

within the [Ni4(μ3-OR)2(μ-OR)4]2+ subunit; the mean Ni-O-Ni angle is 94.9°, much 
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smaller than the borderline angle of 99°, and was thus expected to lead to a ferromagnetic 

J1 coupling constant. The J2 coupling constant was employed to account for the 

symmetry-related, opposite [Ni2(μ3-OR)(μ-OR)]2+ faces of the {Ni4} subunit; the mean 

Ni-O-Ni angles is 94.9°, same as that of J1 albeit different by means of bridging ligation. 

Finally, the J3 coupling constant was considered for six in total [Ni2(μ-OR)2]2+ fragments 

with similar Ni-O-Ni mean angles (94.9°, 96.8° and 98.6°; from left to right in Figure 

3.11), Ni∙∙∙Ni distances, and bridging ligation. These angles are also less than 99°, 

presaging ferromagnetic exchange interaction between the metal centers. In principle, a 

different J coupling constant may have been used for each of these [Ni2(μ-OR)2]2+ 

subunits, but this would have led to overparametarization without improving the already 

good fitting of the susceptibility data (vide infra).   

 

Figure 3.11 The J-coupling scheme employed for the elucidation of the magnetic 

exchange interactions in 5. 
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On the basis of Figure 3.11, the applied Heisenberg spin-Hamiltonian for complex 5 

is shown in equation 3.4. 

H = -J1(Ŝ4·Ŝ5) -J2(Ŝ3·Ŝ4 + Ŝ5·Ŝ6) -J3(Ŝ1·Ŝ2 + Ŝ2·Ŝ3 + Ŝ3·Ŝ5 + Ŝ4·Ŝ6 + Ŝ6·Ŝ7 + Ŝ7·Ŝ8)     (3.4) 

Similarly to the tetranuclear complex 4, the PHI program99 was used to fit the 

magnetic susceptibility data of the octanuclear complex 5. A very good fit of the 

experimental data (red line of Figure 3.10) in the 10-300 K temperature range, and not at 

lower temperatures in order to avoid magnetic effects and parameters that were not 

included in the employed spin Hamiltonian, gave the following best-fit parameters: J1 = 

+6.7 cm-1, J2 = +7.6 cm-1, J3 = +2.2 cm-1 and g = 2.24 (R = 6.4 × 10-5). All J coupling 

constants were positive, thus justifying the overall ferromagnetic behavior of the {Ni8} 

cluster and confirming the expected from the above described magnetostructural criteria 

S = 8 ground state spin value. 

Magnetization (M) vs. field (H) measurements for complex 5 were also performed at 

2 K, and the corresponding plot (Figure 3.12) shows a continuous increase of M as the 

field increases to reach a non-saturated value of ~14 NµB at 5 T; such behavior is 

consistent with an S = 8 ground state with low-lying excited states close in energy with 

the ground state. It is now well-known that centrosymmetric NiII clusters possess small to 

negligible magnetic anisotropy of the Ising-type due to the cancellation of the individual, 

NiII single-ion magnetic anisotropies as projected in the z (easy-axis) direction.108 To that 

end, complex 5 was expected to also have a negligible molecular magnetic anisotropy, 

and that was confirmed by the absence of any visible out-of-phase signals in the 



113 
 

imaginary part of the ac magnetic susceptibility studies; thus, although 5 exhibited an 

appreciable ground state spin value, was not an SMM. 

 

Figure 3.12 Plot of magnetization (M) vs. field (H) for complex 5∙2H2O at 2 K. 

 

Although there are numerous {Ni8} paramagnetic clusters reported to date,104-106 

only two43 of them are ferromagnetically-coupled with S = 8 spin ground states. In 

particular, Winpenny’s group developed the use of 3-methyl-2-pyrazolin-5-one (Hmpo) 

in Ni(II)/azido cluster chemistry and was able to isolate the isostructural complexes 

[Ni8Na2(μ1,1,1-Ν3)6(μ1,1-Ν3)2(μ1,1,3-Ν3)4(mpo)4(O2CPhBut)2(Hmpo)6(EtOAc)6] and 

[Ni8Na2(μ1,1,1-Ν3)6(μ1,1-Ν3)2(μ1,1,3-Ν3)4(mpo)4(O2CPh)2(Hmpo)6(EtOAc)6]. Both 

complexes feature the {Ni8Na2(μ1,1,1-Ν3)6(μ1,1-Ν3)2(μ1,1,3-Ν3)4}6+ azido-rich core in the 

form of four fused defective cubanes bound to two additional peripheral NiII ions. The 

Ni-N-Ni angles at the bridging azides range from 90.4 to 124.1°. The value of χΜΤ 

product increases as the temperature decreases, demonstrating that ferromagnetic 
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exchange interactions are operative through the end-on N3
- groups. Isofield magnetization 

data were consistent with an S = 8 ground state and a very small D value of -0.066 cm-1 

and g = 2.35. Single-crystal measurements on a micro-SQUID array confirmed SMM 

behavior with hysteresis seen below 0.4 K; the energy barrier for reorientation of 

magnetization was very small (~2.8 cm-1). 

 

3.3 Conclusions and Perspectives  

 

In conclusion, we have isolated and characterized two new polynuclear NiII 

complexes with rare or unprecedented tetranuclear or octanuclear zigzag topologies, 

respectively. Both {Ni4} and {Ni8} molecular compounds were resulted from similar 

one-pot reactions of simple inorganic NiII precursors with the sole use of Schiff-base 

ligand sacbH2 without requiring the co-presence of any external bridging ligand, such 

as carboxylate ions or preudohalides. The nature of the reaction solvent(s) was found 

to be the ‘key’ point of this research project, leading to molecular cluster compounds 

of different nuclearities, nanoscale dimensions and structural topologies. The 

similarities in the zigzag motifs of both complexes 4 and 5 were also reflected on their 

overall magnetic behaviors; both complexes are ferromagnetically-coupled with a 

quasi-frustrated magnetic system, resulting in a mixture of spin states populated at 

very low temperatures, for complex 4, and an S = 8 ground state for complex 5. One 

of the salient features of this work is the need to insist on the examination and trial of 

as many synthetic variables as possible in a given reaction system when seeking ways 
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to synthesize new polynuclear metal complexes. The search for completely new 

ligand types is not the only route to obtain structurally unique compounds; re-

consideration and thorough investigation of various synthetic factors such as the 

reaction solvent and ligand substituent(s) can also offer alternative pathways for the 

emergence of beautiful and magnetically interesting 3d-metal clusters. 

Finally, the vast majority of the research objectives of the present thesis have 

been completely accomplished. In summary, we have been indeed able to synthesize 

and thoroughly characterize five new nanometer-sized polynuclear Ni(II) complexes 

with record nuclearities and interesting magnetic properties, such as ferromagnetic 

and high-spin molecular magnetic materials. The use of the novel organic 

chelating/bridging Schiff base ligand N-salicylidene-2-amino-5-chlorobenzoic acid 

(sacbH2) has opened new avenues in NiII cluster chemistry, breaking the record in 

nuclearity for any NiII molecular compound and yielding one of the largest NiII 

ground state spin systems (i.e., S = 8) reported to date. We have also been able to 

grow single-crystals suitable for X-ray diffraction studies for all the reported 

compounds and fully characterize their structural, physical, and spectroscopic 

properties using X-ray crystallography, IR spectroscopy, elemental analyses, and all 

modern susceptometry techniques (i.e., dc and ac magnetic susceptibility studies, 

magnetization studies at various fields and temperatures, etc.). We have no reason to 

believe that this area is exhausted of interesting new results. Indeed, on the basis of 

our ongoing studies and the results arising from them yet to be published, our own 

opinion is that we have seen only the tip of the iceberg in this area and that many 

exciting molecules and properties await discovery. 
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4. APPENDIX 

 

4.1 IR spectra of sacbH2 and complexes 1-5 (from the top to the bottom) 
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