
 

High-Spin and Emissive Molecular Materials: Synthesis and 

Characterization of New Polynuclear Ni
II
 Complexes from the Use of 

Aromatic Schiff Bases as Bridging Ligands 

 

Panagiota S. Perlepe, BSc. 

 

Department of Chemistry 

 

Submitted in partial fulfillment of the requirements for the degree of  

Master of Science  

 

 

Faculty of Mathematics and Science, Brock University 

St. Catharines, Ontario 

 

© 2016 



ii 
 

Abstract 

 

The employment of the bridging/chelating Schiff bases, N-salicylidene-4-methyl-o-

aminophenol (samphH2) and N-naphthalidene-2-amino-5-chlorobenzoic acid (nacbH2), in 

nickel cluster chemistry has afforded eight polynuclear Ni
II 

complexes
 
with new structural 

motifs, interesting magnetic and optical properties, and unexpected organic ligand 

transformations.  

 

 

 

In the present thesis, Chapter 1 deals with all the fundamental aspects of polynuclear 

metal complexes, molecular magnetism and optics, while research results are reported in 

Chapters 2 and 3. In the first project (Chapter 2), I investigated the coordination 

chemistry of the organic chelating/bridging ligand, N-salicylidene-4-methyl-o-

aminophenol (samphH2). The general Ni
II
/
t
BuCO2

-
/samphH2 reaction system afforded 

two new tetranuclear Ni
II 

clusters, namely [Ni4(samph)4(EtOH)4] (1) and 

[Ni4(samph)4(DMF)2] (2), with different structural motifs. Complex 1 possessed a cubane 

samphH2 nacbH2
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core while in complex 2 the four Ni
II
 ions were located at the four vertices of a defective 

dicubane. The nature of the organic solvent was found to be of pivotal importance, 

leading to compounds with the same nuclearity, but different structural topologies and 

magnetic properties. 

The second project, the results of which are summarized in Chapter 3, included the 

systematic study of a new optically-active Schiff base ligand, N-naphthalidene-2-amino-

5-chlorobenzoic acid (nacbH2), in Ni
II 

cluster chemistry. Various reactions between NiX2 

(X
- 
= inorganic anions) and nacbH2 were performed under basic conditions to yield six 

new polynuclear Ni
II
 complexes, namely (NHEt3)[Ni12(nacb)12(H2O)4](ClO4) (3), 

(NHEt3)2[Ni5(nacb)4(L)(LH)2(MeOH)] (4), [Ni5(OH)2(nacb)4(DMF)4] (5), 

[Ni5(OMe)Cl(nacb)4(MeOH)3(MeCN)] (6), (NHEt3)2[Ni6(OH)2(nacb)6(H2O)4] (7), and 

[Ni6(nacb)6(H2O)3(MeOH)6] (8). The nature of the solvent, the inorganic anion, X
-
, and 

the organic base were all found to be of critical importance, leading to products with 

different structural topologies and nuclearities (i.e., {Ni5}, {Ni6} and {Ni12}). Magnetic 

studies on all synthesized complexes revealed an overall ferromagnetic behavior for 

complexes 4 and 8, with the remaining complexes being dominated by antiferromagnetic 

exchange interactions. In order to assess the optical efficiency of the organic ligand when 

bound to the metal centers, photoluminescence studies were performed on all synthesized 

compounds. Complexes 4 and 5 show strong emission in the visible region of the 

electromagnetic spectrum. Finally, the ligand nacbH2 allowed for some unexpected 

organic transformations to occur; for instance, the pentanuclear compound 5 comprises 

both nacb
2-

 groups and a new organic chelate, namely the anion of 5-chloro-2-[(3-

hydroxy-4-oxo-1,4-dihydronaphthalen-1-yl)amino]benzoic acid. In the last section of this 
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thesis, an attempt to compare the Ni
II 

cluster chemistry of the N-naphthalidene-2-amino-

5-chlorobenzoic acid ligand with that of the structurally similar but less bulky, N-

salicylidene-2-amino-5-chlorobenzoic acid (sacbH2), was made. 
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CHAPTER 1: Introduction 

 

1.1. Polynuclear Metal Complexes 

 

Coordination chemistry has advanced much since the late 19
th

 century when Alfred 

Werner proposed the octahedral configuration of transition metal complexes.
1
 Werner 

received the Nobel Prize in Chemistry in 1913 for his work on elucidating the structures 

of coordination compounds containing a central transition metal ion surrounded by 

ligands, and he is undoubtedly considered the “father” of coordination chemistry. 

One of the most complicated and attractive classes of coordination compounds are 

the polynuclear metal complexes or “coordination clusters”
2
 or simply “clusters”.

3
 These 

species generally comprise a large number of metal ions (M
n+

; “n” varies) and various 

bridging organic ligands that serve to increase the nuclearity of the corresponding 

products via a process known as aggregation of the metal ions. Terminal ligands that 

make possible the isolation of zero-dimensional structures are also employed. These 

groups block the extensive polymerization, thus preventing the formation of multi-

dimensional arrays. In the most of the cases, the organic bridging and/or terminal 

molecules act as chelating ligands, providing thermodynamic stability to the resulting 

metal complexes in solution.  

A general formula that is used for polynuclear metal complexes is [Mx(L)y(L′)z]
n
, 

where “x” is an integer number larger than or equal to three, “y” and “z” are also integer 
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numbers, and “n” can be any integer number, including zero; if “n” is negative, the 

cluster compound is anionic, if it is positive the complex is cationic, and if it is zero the 

complex is neutral.
4
 In polynuclear Werner-type compounds, the metal ions are mostly in 

moderate-to-high oxidation states (II, III and IV), in contrast to the low oxidation states (-

I, 0, I) which are mainly observed in organometallic complexes and the high oxidation 

states (V, VI and VII) which are predominantly found in polyoxometalate compounds.
5
 A 

very high-nuclearity chalcogenide cluster with the metal ions in a low oxidation state is 

shown in Figure 1.1; the reported compound consists of 490 Ag
I
 metal ions and has the 

general formula [Ag490S188(StC5H11)114].
6
 Similarly, a high-nuclearity polyoxometalate 

ion with the formula [Mo368HxO1032(H2O)240(SO4)48]
48-

 comprises 368 molybdenum ions 

in the V and VI oxidation states (Figure 1.2).
7
 This giant nanocluster has a size similar to 

that of hemoglobin, with a diameter of approximately 6 nm.  

 

Figure 1.1. Structure of [Ag490S188(StC5H11)114]. Colour scheme: Ag grey, S in SC5H11
-

orange, S
2- 

yellow. C atoms of the tC5H11 groups are omitted for clarity. Adapted from 

Ref. 6 with permission from John Wiley & Sons. 
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Figure 1.2. Structure of [Mo368HxO1032(H2O)240(SO4)48]
48- 

in polyhedral representation. 

Colour scheme: building units {Mo1} yellow, {Mo2} red, {Mo(Mo5)} blue with blue-

turquoise pentagonal bipyramids, O atoms small red spheres, S atoms grey spheres. 

{Mo1} = {MoO(H2O)},  {Mo2} consists of {Mo2}ʹ (={Mo2O3(H2O)2}), {Mo2}ʹʹ 

(={Mo2O(t)2O(br)3(SO4)}) and {Mo2}ʹʹʹ (={Mo2O(t)4O(br)(SO4)}). “t” and “br” stand for 

terminal and bridging, respectively. Adapted from Ref. 7 with permission from John 

Wiley & Sons. 

 

Metal ions in moderate-to-high oxidation states can be classified as relatively hard 

acids according to the Pearson HSAB principle, resulting in the formation of stable 

compounds with moderate-to-hard bases as ligands. Such ligands usually contain 

elements of the p-block, such as oxygen, that can bridge the metal ions. Any type of 

exchange interactions (magnetic, electronic, etc.) between the metal carriers is propagated 

through the bridging ligands. 
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During the last 30 years, there has been a growing interest in the discovery of new 

coordination cluster compounds, mostly due to the significant improvement of single-

crystal X-ray crystallography, which made possible the structural elucidation of 

complexes with variable sizes, geometries, and nuclearities. Various metal clusters are 

reported to have nanoscale dimensions.
8
 These high nuclearity molecules can be used for 

the design of molecular nanoscale devices and machines. Molecular materials have 

several advantages over the bulk and traditional materials, such as monodispersity, 

crystallinity, solubility etc. These advantages prompted many research groups around the 

world to focus their research efforts on the synthesis of new molecular materials with 

nano-sized structures which could also exhibit interesting applications (i.e., magnetic, 

optical, conductive, catalytic, among many others). The smallest classical nanoparticles 

constructed to date via top-down approaches and the largest molecule-based metal 

clusters synthesized by bottom-up methods are of the same order of magnitude in size. 

It has always been challenging for coordination chemists to synthesize and crystallize 

new polynuclear metal complexes with nanoscale dimensions. Christou, Winpenny, 

Brechin and others,
8
 have reported the synthesis of 3d-metal clusters with dimensions 

similar to these of small nanoparticles. Apart from their aesthetically pleasing structures, 

these molecules also exhibit interesting physicochemical properties.
9
 Although very high-

nuclearity, 3d-metal clusters have already been reported, record nuclearities for certain 

metal ions are yet to be discovered. Very recently Stamatatos’ research group reported a 

beautiful {Ni
II

26} cluster which possesses a “rabbit-face” structural motif (Figure 1.3).
10

 

This compound was isolated from the reaction of Ni(ClO4)2·6H2O with the organic 

chelating/bridging ligand sacbH2 (sacbH2 = N-salicylidene-2-amino-5-chlorobenzoic acid) 
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in the presence of NEt3 and MeCO2H, in a 2:1:6:2 molar ratio in MeCN/MeOH. The 

{Ni
II

26} cluster is the highest nuclearity, non-organometallic Ni
II 

complex reported to 

date. 

 

Figure 1.3. Complete structure of the {Ni
II

26} cluster. All H atoms except from the ones 

belonging to the μ3-OH
-
 groups are omitted for clarity. Colour scheme: Ni

II
 green, O red, 

N blue, C dark grey, Cl cyan, H magenta. Reproduced from Ref. 10. 

 

Record nuclearities for other homometallic 3d-metal clusters reported to date are the 

{Mn
III

84} giant wheel (Figure 1.4),
11

 the {Fe
III

168}
12

 and {Co
II/III

36}
13

 cages, as well as the 

{Cu
II

44}
8d 

aggregate with a characteristic zeotype structure (Figure 1.5, top). Very 
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recently, Powell and coworkers reported a beautiful {Cu
II

27}
14

 cluster which possesses a 

“chicken-in-a-basket” structural motif (Figure 1.5, bottom).  

 

       

Figure 1.4. (left) Molecular structure of the {Mn
III

84} torus-like cluster, excluding the 

hydrogen atoms. (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. Colour scheme: Mn
III

 blue, O red, C grey. Reproduced from Ref. 11. 
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Figure 1.5. Complete structures of the {Cu
II

44} (top) and {Cu
II

27} (bottom) clusters. All 

H atoms are omitted for clarity. Colour scheme: Cu
II
 cyan, O red, N blue, Br dark green, 

C grey. Reproduced from Refs. 8d and 14. 
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In Ni
II 

cluster chemistry, apart from the very high nuclearity {Ni
II

26} cluster, several 

other polynuclear compounds have been reported. Some impressive examples include the 

{Ni
II

21} cluster reported by Güdel and coworkers,
15

 the {Ni
II

20} wheel,
16

 the {Ni
II

20} 

“bowl”,
17

 the {Ni
II

24} loop from Christou (Figure 1.6 left)
18

, as well as the {Ni
II

24} cage 

from Winpenny (Figure 1.6 right).
19

 

 

Figure 1.6. Complete structures of the {Ni
II

24} clusters reported by Christou (left) and 

Winpenny (right). H atoms are omitted for clarity. Colour scheme: Ni
II
 green, O red, N 

blue, C grey. Reproduced from Refs. 18 and 19. 

 

The {Ni
II

24} cluster, reported in the literature by Winpenny and coworkers, was 

isolated from the reaction between hydrated nickel acetate and 3-methyl-3-pyrazolin-5-

one (Hmpo) in MeOH. It is one of the largest homometallic cages containing 

paramagnetic Ni
II 

centers reported to date.
19 

The latest addition to the family of 
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polynuclear Ni
II
 complexes is the {Ni

II
20} “bowl”, which was isolated from reactions 

between Ni(O2CMe)2·4H2O and the ligand N-salicylidene-o-aminophenol or its 

derivatives. This compound has a novel metal topology (Figure 1.7) and possesses 

nanoscale dimensions (the largest dimension of the molecule is ~3 nm).
17

 

  

 

Figure 1.7. A side view of the {Ni
II

20} “bowl”. Colour scheme: Ni
II 

light green. 

Reproduced from Ref. 17 with permission from the American Chemical Society. 

 

1.2. Synthetic Routes for the Isolation of High-Nuclearity Metal         

Complexes 

 

The chances of obtaining new classes of 3d-metal clusters with interesting properties 

strongly rely on the development of new reaction systems with proper organic ligands or 
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a combination of organic and inorganic ligands. In contrast to organic chemists, who 

managed in the 20
th

 and 21
st
 centuries to find the right conditions and establish suitable 

methods for the synthesis of complex molecules and organic polymers, transition metal 

chemists did not progress significantly in that area during that period of time. The lack of 

general synthetic approaches for the construction of compounds containing a large 

number of metal centres mostly had to do with the limited sources for routine 

characterization of such compounds. Furthermore, it was only the large organic 

molecules and polymers which could find commercial applications at that time. 

The lack of control in transition metal cluster chemistry has led to the development 

of a new synthetic approach dubbed “serendipitous assembly”.
20

 “Serendipitous 

assembly” refers to the unpredictable, one-pot reaction of a metal ion precursor with a 

single bridging/chelating organic ligand or a combination of more than one such ligands. 

This approach is also referred to as “self-assembly” and has produced many beautiful 

clusters with a notable example being the {Fe
III

19} cage shown in Figure 1.8. In this 

influential work, Powell and Heath used a range of polycarboxylates,
21

 e.g. 

N(CH2COOH)2(CHCH3CH2OH), as bridging/chelating ligands. The inability of the metal 

ion to accommodate the donor atoms of the ligand led to a high-nuclearity coordination 

cluster, where the metal ions aggregate through the bridging donor atoms of the ligand. 

This mismatch between the number or type of coordination sites available on the metal 

and the donor set supplied by the ligand can also be achieved by removing a ligand from 

an existing complex, thus causing a non-saturated coordination environment.
22

 This 

approach was also employed by Winpenny and coworkers
22b

 for the synthesis of a 

{Cr
III

8} wheel-like compound. The well-known chromium carboxylate precursor, 
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[Cr3O(O2CR)6(H2O)2(OH)], was heated to temperatures above 300 
o
C to loose terminally 

bound water molecules. As a result, the generation of empty coordination sites on the 

metal ions led to the subsequent rearrangement of the remaining ligands and the 

formation of an octanuclear cluster compound (Figure 1.9). 

 

Figure 1.8. Complete structure of the [Fe
III

19O6(OH)14(metheidi)10(H2O)12]
+
 cation, 

where metheidi
3-

 is the N-(1-hydroxymethylethyl)iminodiacetate anion. Colour scheme: 

Fe
III

 yellow, O red, N blue, C grey. Reproduced from Ref. 21. 
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Figure 1.9. Complete structure of the [Cr
III

8(OH)8(O2CPh)16] wheel-like compound. 

Colour scheme: Cr
III

 purple, O red, C light grey. Reproduced from Ref. 22b. 

 

Since unpredictable results are usually obtained by “serendipitous assembly”, 

synthetic chemists must carefully select the organic ligands that they are going to 

incorporate in metal cluster chemistry. Ligands made by straightforward synthetic routes 

are usually employed, since a considerable synthetic effort does not necessarily guarantee 

the construction of structurally new polynuclear metal compounds. Another parameter 

that synthetic inorganic chemists take into serious account is the solubility of the organic 

ligands. Good solubilities of the organic chelating/bridging ligand in different solvents 

are highly desirable. Finally, a number of related ligands should be ideally examined, as 

small alterations in the ligands’ functionalities may change not only the structural 

characteristics of the resulting metal compounds but also their properties. Bridging and/or 
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bridging/chelating ligands that are frequently used in metal cluster chemistry include the 

carboxylate, poly-alcoholate, pyridyl-alcoholate, pyridyl oximate and aromatic Schiff-

base ions (Scheme 1.1). In all the above families of ligands the deprotonated oxygen 

atoms act as bridges, leading to the aggregation of a large number of metal ions.
23

 

 

Scheme 1.1. The general classes of organic chelating/bridging ligands discussed in the 

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

 

Another appealing approach for the preparation of polynuclear metal complexes is 

the ligand-directed rational design, and particularly the “molecular library” approach 

developed by Fujita,
24

 Seidel and Stang.
25

 The “designed assembly” utilizes rigid ligands 

that prefer a particular binding mode and metal centres with preferred coordination 
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geometries, such as the square planar Pd
II
 and Pt

II
 ions and the linear Ag

I
 atoms. First-row 

transition metals with moderate-to-high oxidation states are usually not employed in this 

approach, since they are prone to adopting various coordination geometries (from 

octahedral, trigonal bipyramidal and square pyramidal to tetrahedral and trigonal planar) 

and ligand environments. By avoiding ligands that exhibit various binding modes and 

metals that are susceptible in adopting a variety of different coordination geometries, the 

resulting assemblies could be considered as “Molecular Meccanos” (Figure 1.10).
26

  

 

 

Figure 1.10. 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). 

Adapted from Ref. 26 with permission from Taylor & Francis Group.  

 

+

+

4

8
12

4
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An impressive example of “designed assembly” is the {Pt
II

12} molecule reported by 

Stang and coworkers,
27

 which resembles the structure of a truncated tetrahedron, one of 

the thirteen Archimedean solids. Four tritopic ~120
o 

linkers were clipped together with 

six angular units in plenty of successful combinations to give a beautiful three-

dimensional coordination compound (Figure 1.11).   

 

Figure 1.11. Self-assembly synthesis of a truncated tetrahedron; a {Pt
II

12} cluster formed 

by the reaction of four trigonal planar units along with six angular
 
units. Adapted from 

Ref. 27 with permission from the National Academy of Sciences. 

 

Although the aforementioned approach has led to some aesthetically beautiful 

compounds, the majority of coordination clusters with interesting physicochemical 

properties are presently made, at least initially, by accident.
20

 However, the synthesis of 

such compounds does not rely solely on luck; a considerable amount of time is spent on 

choosing the right ligands with the appropriate donor atoms and substituents, as well as 
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the suitable metal precursors and reaction conditions (i.e., ratios of reagents, “pH”, 

solvent, temperature, crystallization methods, etc.). In addition, the next step for the 

synthesis of high nuclearity compound is also challenging and demands synthetic skills 

and organized thinking. Once the identity of a cluster compound is established and its 

structure is crystallographically determined, then it is timely to develop synthetic 

methods of targeted modification and alteration of its structure and/or properties. These 

include, but are not limited to, the functional groups of the organic ligand(s), the 

inorganic anions present on the metal starting materials and the addition or removal of 

groups which affect the potential physicochemical properties (i.e., magnetic and optical). 

As Siegel and coworkers elegantly said, “the concept of an accessible and controllable 

molecular program, even within the limited arena of metal coordination structures seems 

premature”.
28

 

 

1.3. Applications of Transition Metal Complexes in Molecular 

Magnetism and Optics 

 

The synthesis and study of high-nuclearity 3d-metal clusters is undoubtedly an 

attractive ongoing field of research. The interest mainly stems from the relevance of such 

species in bioinorganic chemistry, catalysis, optics and magnetism. In biological 

inorganic chemistry, the interest is focused on modeling the Mx sites in biomolecules, 

such as the multinuclear Fe
III

/O
2- 

core of the iron-storage protein ferritin,
29

 the {CaMn4} 

core of the water oxidizing complex within Photosystem II,
30

 as well as the Ni
II 

dimer in 
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the active site of urease, which is responsible for the hydrolysis of urea to ammonia and 

carbamate.
31

 Considerable effort has also been demonstrated in the field of molecular 

magnetism since the discovery that these polynuclear molecular materials can act as 

Single-Molecule Magnets (SMMs).
32

 Prior to discussing the SMMs and their exciting 

properties and applications in various areas of science and technology, an introduction to 

the fundamentals of molecular magnetism will be presented.  

The magnetic properties of atoms and/or molecules, in general, arise from the motion 

of electrons. The electrons produce a magnetic moment as a result of the spin angular 

momentum, S, and the orbital angular momentum, L. The overall magnetic moment is the 

vector sum of the magnetic moments associated with the individual electrons.
33

 

Individual atoms or molecules can exhibit two types of magnetic behavior; diamagnetism 

or paramagnetism. Diamagnetism arises from the interaction of electron pairs with a 

magnetic field and it is a property of all mater. When placed into a magnetic field, H, 

diamagnetic materials will generate a weak magnetic field in the opposite direction and 

consequently they are going to be repelled by H. Paramagnetic materials, on the other 

hand, have at least one or more unpaired electrons in an atomic or molecular orbital and 

will be attracted by an external magnetic field. The magnetic field generated by these 

materials will be in the same direction with the applied magnetic field, H.
33

 

A bulk sample consisting of various paramagnetic substances with interacting spins 

will exhibit bulk magnetic behavior. The most efficient way to determine the magnetic 

behavior of a species is through the measurement of the magnetic susceptibility, χ. 

Magnetic susceptibility (Eqn. 1.1) is a measure of the magnitude of magnetization (M) 

induced by an applied field (H) and is given by the formula:  
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                                                     𝝌𝒗 =
𝑴

𝑯
                                              Eqn. 1.1 

 

This is known as the “volume magnetic susceptibility” and is independent of the 

magnitude of the applied field. The experimentally determined volume susceptibility can 

be converted into mass (χg) or molar (χm) susceptibilities (Eqns. 1.2 and 1.3). Molar 

susceptibility is the most commonly used and is often expressed in the literature in units 

of emu∙mol
-1

. 

                            𝜒g =
𝜒v 

density
= 𝜒 per gram (cm3/g)                     Eqn. 1.2 

     𝜒m = 𝜒g · (molecular weight) = 𝜒 per mole (cm3/mol)          Eqn. 1.3 

The total molar susceptibility of any given material consists of two factors, the 

paramagnetic (χp) and diamagnetic (χd) susceptibilities (Eqn. 1.4). 

                                    𝜒𝑚 = 𝜒𝑝 + 𝜒𝑑                                            Eqn. 1.4 

The paramagnetic component is predominantly affected by the unpaired electrons 

and has a positive value. The diamagnetic susceptibility, on the other hand, has a negative 

sign, as it arises from paired electrons that repel the applied magnetic field. Since the 

diamagnetic component is negative, the paramagnetic susceptibility will be larger than 

the experimental χm. The diamagnetic susceptibility of a given atom is a constant and the 

overall diamagnetism of a molecule can be calculated by adding the diamagnetic 

susceptibilities of every atom (𝜒𝐷𝑖
) and bond (𝜆𝑖) in the molecule (Eqn. 1.5). The values 

of 𝜒𝐷𝑖
 and 𝜆𝑖 are known as “Pascal’s constants”.

34
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                                  𝜒𝑑 = ∑ 𝜒𝐷𝑖𝑖 + ∑ 𝜆𝑖𝑖                                       Eqn. 1.5 

When placed into a magnetic field, the individual magnetic moments of a 

paramagnetic substance will try to overcome thermal effects and align with the applied 

field. This phenomenon is expressed by the Curie law (Eqn. 1.6), which illustrates the 

inversely proportional relationship between magnetic susceptibility and temperature. 

                                   𝜒 =
𝑀

𝐻
=

𝐶

𝑇
                                        Eqn. 1.6 

The constant, C, is the Curie constant and is proportional to the spin of the system 

(Eqn. 1.7). In addition, NΑ is Avogadro’s number, g is the Landé constant (which 

essentially relates the observed magnetic moment of a particle to its angular momentum 

vectors), μβ is the Bohr magneton, S is the total spin of the system, and K is Boltzmann’s 

constant.
33

 

                                   𝐶 =
𝑁𝐴𝑔2𝜇𝛽

2𝑆(𝑆+1)

3𝐾
                                    Eqn. 1.7 

In the case where the individual spins are interacting with each other, or in the 

presence of orbital angular momentum, the Curie law can no longer be applied. Hence, a 

parameter, θ, is introduced to the Curie law, giving rise to the Curie-Weiss law (Eqn. 

1.8), where θ is the Weiss constant. 

                                    𝜒 =
𝐶

𝑇−𝜃
                                                Eqn. 1.8 

The field dependence of the magnetization of a paramagnet is illustrated in Figure 

1.12. At low fields, the magnetization increases linearly with the field, following the 
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relationship: M = χ·H, while at higher fields, the magnetization is starting to approach a 

saturation value, Ms (Eqns. 1.9 and 1.10), where n is the total number of unpaired 

electrons. 

  Ms = μβ∙NA∙S∙g Eqn. 1.9    →     
𝑀𝑠

𝜇𝛽𝑁𝐴
 = S∙g = n             Eqn. 1.10      

Usually, the plot of reduced magnetization (
𝑀𝑠

𝜇𝛽𝑁𝐴
) vs. field is used to determine the 

spin of a paramagnetic species from the saturation value.
35  

 

Figure 1.12. Plot of M vs. H for a paramagnetic material. Reproduced from Ref. 33. 

 

At low temperature, the interactions between adjacent magnetic moments of a bulk 

sample can give rise to different magnetic behaviors, such as ferromagnetic, 

antiferromagnetic and ferrimagnetic ordering, since thermal energy is not large enough 

for the magnetic spins to orient randomly (Scheme 1.2).
33
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Scheme 1.2. The different types of bulk magnetic ordering.
33 

 

Ferromagnetic behavior is observed in a bulk solid when the individual magnetic 

moments are aligned parallel to each other. A ferromagnetic material is divided into small 

three-dimensional regions called domains. The spins inside each domain are parallel to 

each other; however, the domains are randomly oriented. Therefore, the spins are 

cancelled out and the material has a zero net magnetic moment in the absence of a 

magnetic field. In the case where the adjacent magnetic spins are aligned antiparallel, two 

different magnetic behaviors are observed, depending on the magnitude of the spins. If 

the magnetic spins are of the same magnitude and antiparallel, it is possible for the spins 

to be cancelled out resulting in a zero net magnetic moment, in the absence of an applied 

magnetic field. This magnetic behavior is known as antiferromagnetism. In the case that 

the spins are different in magnitude and antiparallel to each other, the net magnetic 

moment will be non-zero, in the absence of an applied field, giving rise to 

ferrimagnetism. Ferrimagnets consist of domains, akin to ferromagnets, so it is possible 

to observe a zero net magnetic moment in zero fields.
35 

 

ferromagnetic 

ordering

antiferromagnetic 

ordering

ferrimagnetic

ordering



22 
 

In order for the ferromagnets, antiferromagnets and ferrimagnets to exhibit long-

range ordering, they need to transition from the higher-temperature paramagnetic phase 

to the low-temperature phase. This phase transition is associated with a characteristic 

temperature, called TC (Curie temperature) for ferromagnets and TN (Néel temperature) 

for antiferromagnetic materials. The data from the Curie-Weiss law can be plotted as 

inverse susceptibility vs. temperature (Figure 1.13). For paramagnetic systems, the 

product 
1

𝜒𝑀
  is linearly related to T, with a slope equal to the Curie constant, C, and θ = 0. 

For ferromagnets and antiferromagnets, the linearity deviates from zero and θ ≠ 0. The 

Curie constant can be calculated again from the slope of the curve and the Weiss constant 

in this case is equal to the x-intercept.  

 

Figure 1.13. Plot of inverse susceptibility 
𝟏

𝝌𝑴
 vs. T for paramagnetic, ferromagnetic, 

ferrimagnetic and antiferromagnetic materials. Reproduced from Ref. 35. 
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When the magnetic moments are ferromagnetically coupled, then the observed 

magnetic susceptibility will be higher at any temperature compared to the one expected 

by the Curie law and consequently a positive θ value would be expected. Similarly, a 

negative sign of θ is the result of antiferromagnetic interactions (Figure 1.14). However, 

it is not always straightforward to identify the type of interactions from this plot, because 

in all cases the χM product increases rapidly as the T is lowered.
33 

 

Figure 1.14. Plot of χ vs. T for paramagnetic, ferromagnetic (or ferrimagnetic) and 

antiferromagnetic materials. Reproduced from Ref. 33. 
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As mentioned before, the magnetic susceptibility of paramagnetic materials is 

inversely proportional to the temperature, so the susceptibility-temperature product χMT 

vs. T will be a straight line. Ferromagnetic, antiferromagnetic and ferrimagnetic materials 

will deviate from this line (Figure 1.15). This plot is the one most commonly used to 

describe the magnetic behavior of a material.
35a  

 

 

Figure 1.15. Plot of the susceptibility-temperature product, χMT, vs. T for the different 

magnetic materials. Reproduced from Ref. 35. 

 

Having discussed the fundamental principles of magnetism, an introduction to 

molecule-based magnetism will now be presented. Molecule-based magnets are materials 
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in which the spin centres are isolated and are not interacting through covalent bonds. 

Molecule-based magnets have several advantages over the conventional ones. First, they 

are synthesized under mild conditions, giving synthetic chemists the opportunity to 

manipulate their magnetic properties and also try to combine them with other properties, 

such as electrical, optical and/or mechanical. Traditional magnets, on the other hand, 

purely consisting of metals or metal oxides, require harsh conditions for their synthesis. 

Furthermore, molecular magnets tend to have better solubilities and consequently it is 

easier to handle and deposit them on various surfaces. Finally, such molecule-based 

magnetic materials may in principle find various applications in data storage devices, 

quantum computing and magnetic refrigeration. Molecular magnetic materials can be 

zero-, one-, two-, or three- dimensional systems.
35b 

Zero-dimensional molecule-based 

magnets have attracted the immense interest of scientists over the last three decades, as 

they have shown to possess some exciting properties. These species, termed Single-

Molecule Magnets (SMMs), retain their magnetization in the absence of an external field, 

similar to all traditional magnets.
32

 In SMMs the magnetic domains consist of 

magnetically isolated individual molecules, in contrast to the bulk magnets where the 

magnetic domains comprise many atoms or molecules, as previously discussed. These 

materials behave like superparamagnets; however, this behavior is intrinsic to a small 

molecule rather than a paramagnetic nanoparticle.
36

  

A single-molecule magnet is capable of retaining its magnetization for a prolonged 

period of time as long as it is kept below its blocking temperature.
37

 The blocking 

temperature depends on the magnitude of the energy barrier, U, for the relaxation of the 

magnetization vector. This energy barrier has been proposed to be proportional to S
2
|D| 
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for integer spin systems and (S
2
-1/4)|D| for half-integer spin systems. Thus, in order for a 

molecule to exhibit single-molecule magnet behavior, a large ground-state spin (S) and a 

significant magnetic anisotropy are necessary prerequisites. The presence of 

magnetoanisotropy of the easy-axis-type is reflected in a large and negative zero-field 

splitting parameter, D, and it refers to the energetically most favourable anisotropic axis 

to which SMMs orient their magnetization vector.
38

 A large spin ground state, S, of a 

high-spin 3d-metal compound results from the ferromagnetic coupling of the metals’ spin 

vectors. Even though antiferromagnetic interactions are more common, they are not 

desirable since they lead to cancelling of the spins.
39

 A remarkable example of a 

coordination cluster with a record spin ground state is the {Mn19} compound reported by 

Powell and coworkers.
40

 Twelve Mn
III 

and seven Mn
II 

ions
 
are ferromagnetically coupled 

through the bridging azido groups and the alkoxido bridges of a tridentate 

chelating/bridging ligand, leading to an S = 83/2 ground state (Figure 1.16).   
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Figure 1.16. Molecular structure of [Mn
II

7Mn
III

12(μ4-O)8(μ3-N3)8(HL)12(MeCN)6]Cl2, 

where H3L is the ligand 2,6-bis(hydroxymethyl)-4-methylphenol. The Cl
-
 counterions are 

not shown for simplicity. Colour scheme: Mn
II
 yellow, Mn

III
 blue, O red, N green, C 

grey. H atoms have been omitted for clarity. Reproduced from Ref. 40. 

 

Research groups with a continuous interest in molecular magnetism have been 

debating over the importance of a high-spin ground state, S, vs. a large zero-field splitting 

parameter, D, in preparing efficient single-molecule magnets (i.e., SMMs with large 

energy barriers and high blocking temperatures). Although the presence of large number 

of paramagnetic transition metal ions in a cluster compound could lead to large ground 

state spin (S) values, the overall magnetoanisotropy of the compound could be 

diminished. Frequently, this is because the single metal-ion anisotropy axes of the 
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individual metal atoms in a polynuclear compound are not aligned in one direction but 

instead they are randomly distributed.
41

 

Christou, Gatteschi, Hendrickson and coworkers were the first to identify the 

phenomenon of single-molecule magnetism in a mixed valence {Mn
III

8Mn
IV

4} complex, 

known as {Mn12}.
42

 Both the structure
43

 and the basic magnetic properties
44

 of that 

complex were already known. In the next two decades, hundreds of SMMs were reported 

in the literature giving rise to a multi-disciplinary area of research where not only 

chemists, but also physicists, materials scientists and theoretical chemists were heavily 

involved. The dodecanunclear [Mn
III

8Mn
IV

4O12(O2CMe)16(H2O)4] cluster (Mn12OAc, 

Figure 1.17) still remains the most widely explored SMM. Approximately sixty {Mn12} 

SMMs have been reported to date as a result of their convenient and relatively easy 

synthesis.
45

 

 

Figure 1.17. Structure of the archetypal Mn12OAc SMM. Colour scheme: Mn
III

 blue, 

Mn
IV

 olive green, O red, C grey. H atoms are not shown for clarity. Reproduced from 

Ref. 45. 
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The prototype Mn12OAc cluster can be described as a {Mn
IV

4O4} cubane 

accommodated inside a non-planar ring of 8 Mn
III

 ions. The {Mn4} and {Mn8} units are 

held together by μ3-O
2-

 ions. Sixteen bridging carboxylate groups and four terminal water 

molecules provide peripheral ligation to the metal centres. Variable-temperature magnetic 

susceptibility studied indicated an S = 10 ground state and a D = -0.5 cm
-1

. The S = 10 

ground state results from the antiferromagnetic interaction between eight 

ferromagnetically coupled Mn
III

 ions (8 × 2 = 16) and four ferromagnetically coupled 

Mn
IV

 atoms (4 × 3/2 = 6) (Figure 1.18). The large and negative D value arises from the 

parallel alignment of the eight Jahn-Teller axes of the six-coordinate Mn
III 

ions.
46

 

 

Figure 1.18. Orientation of the spin vectors in the family of {Mn12} complexes which 

lead to an S = 10 spin ground state. Colour scheme: Mn
IV

 green, Mn
III

 blue, O red. 

Reproduced from Ref. 45. 
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A compound with an S spin ground state has [2S+1] possible microstates, ms, 

corresponding to a different orientation of the spin projection. The ms = +S microstate can 

be considered as the “spin up” and the ms = -S as the “spin down” orientation. In the 

presence of zero-field splitting (ZFS), the microstates are not energetically degenerate 

and, provided that D < 0, the ms = ±S will have the lowest energy. At low temperatures, 

the magnetization exists in either the +S or –S microstate because there is a significant 

amount of energy required in order for the magnetization to relax over the barrier, U, to 

the other well through the higher in energy intermediate states (Figure 1.19). When the 

magnetization relaxes over the barrier, this process is referred to as “thermally-assisted 

relaxation process”. In order for transitions between the ms states to take place, Δms must 

be equal to ±1. However, it is possible for the magnetization to tunnel through the 

thermal barrier when the intermediate microstates in both sides of the double-well are 

degenerate and mixed to some extent. The competition between the quantum tunnelling 

of magnetization (QTM) and the thermal relaxation process becomes apparent below a 

certain temperature. When both are present, the process is known as “quantum-assisted 

thermal regime”. The possibility of the QTM to happen increases with decreasing 

temperature and this is known as the “quantum regime”.
36
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Figure 1.19. (top) The 21 possible spin states and their orientations for an S = 10 spin 

system such as the Mn12OAc. (bottom) Representation of the double-well diagram for 

Mn12OAc indicating the barrier, U, for the relaxation of the magnetization vector. 

Reproduced from Ref. 45. 

 

Quantum number
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To determine the SMM behavior of a paramagnetic compound (S ≠ 0), two different 

measurements are performed using a conventional SQUID (superconducting quantum 

interference device) magnetometer. In the first measurement, the response of the 

compound to an alternating current (ac) magnetic field is monitored. Under these 

conditions, the magnetic susceptibility of the compound consists of a real (in-phase), χʹ, 

and an imaginary (out-of-phase), χʹʹ, components, both of which depend on the angular 

frequency, ω, of the ac field. As the oscillating field switches direction, the inability of 

the magnetization to keep up with the oscillating field results in a decrease of the in-phase 

component and a concomitant increase of the out-of-phase component (Figure 1.20).
47

 In 

a graph of χMʹʹ vs. temperature, a peak maximum will be observed at the temperature 

where:  

                                           𝜔 =  (𝜏)−1                                        Eqn. 1.11 

where τ is the relaxation time (Eqn. 1.11).  

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

Arrhenius-type relationship for the thermally activated region (Eqn. 1.12), where τ0 is the 

pre-exponential factor, K is the Boltzmann constant, and Ueff is the mean effective barrier 

to magnetization relaxation. 

                                    𝜏 = 𝜏0exp (
𝑈𝑒𝑓𝑓

𝐾𝑇
)                                        Eqn. 1.12 

Therefore, it is possible to calculate the energy barrier from an ln(τ) vs. 1/T plot or 

from an ln(1/τ) vs. 1/T plot depending on the units of the ac frequency used to convert 

into the corresponding relaxation times (Figure 1.20).
48

 The Mn12OAc SMM possesses an 
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effective barrier for the magnetization reversal of 72 K, one of the highest yet reported 

for any transition metal-based SMM (Figure 1.20). 

 

Figure 1.20. (left) Frequency-dependent peaks of the χM″ ac signals of Mn12OAc, and 

(right) the corresponding Arrhenius-type plot constructed from the peak maxima and their 

corresponding temperatures. Reproduced from Ref. 45. 

 

The appearance of χʹʹ ac signals suggests SMM behavior; however the ultimate 

confirmation comes from the observation of magnetization hysteresis loops. In this 

measurement, the response of the molecule’s magnetization to an applied dc magnetic 

field is monitored. The magnetic field is increased from 0 up to a high field +H, usually 7 

T (70 KOe), in an attempt to saturate the magnetization of the sample. Saturation is 

achieved if the curve plateaus at the highest fields, which means that all the unpaired 

electrons have aligned with the field +H. In the presence of a significant 

magnetoanisotropy, saturation of the magnetization may not be observed in the field 

range 0-7 T. When the field is applied to the opposite direction (from +H to -H), the 

magnetization will first move back to zero (at the “coercive field”) and then saturate 
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again in the opposite sense. After the external dc magnetic field is removed, there will be 

some magnetization left in the material which is known as “remnant magnetization”. This 

implies bistability, since at zero field the magnetization can take any one of the two 

values.
33

 This property of SMMs, which is also the characteristic signature of any 

magnet, suggests that they could be used in information storage devices.  

Occasionally, “steps” in the magnetization hysteresis loops of an SMM are observed 

which is a distinct feature among all the known types of magnetic materials. The 

characteristic “steps” observed in the field dependence of magnetization measurements is 

indicative of the presence of QTM (Figure 1.21 left).
49

 To supress the tunnelling and 

avoid fast relaxation through the energy barrier, the ac magnetic measurements can be 

performed in the presence of an external dc field, which reduces the extent of the ms 

states mixing. Consequently, the magnetization will relax predominantly over the barrier 

(Figure 1.21 right). Compounds that exhibit single-molecule magnet behavior in the 

presence of a dc field are called “field-induced SMMs”.
36  
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Figure 1.21. (left) Magnetization (M) vs. field (H) hysteresis loops for a single crystal of 

Mn12OAc showing the temperature dependence at a fixed sweep rate of 2 mT/s. (right) 

Possible tunneling mechanisms for 3d-metal SMMs. Adapted from Ref. 45 with 

permission from the Royal Society of Chemistry. 

 

The field of singe-molecule magnets is undoubtedly growing very rapidly. After the 

first report of {Mn12} SMM there have been numerous 3d-, 3d/4d-, 3d/5d-, 4f- and 3d/4f-

metal clusters showing slow magnetization relaxation at low temperatures.
50

 To date, 

transition metal-based SMMs have comprised several different 3d-metal ions, such as 

vanadium(III), manganese(III), iron(II/III), cobalt(II) and nickel(II). Ni
II
 ions have shown 

some promise in the synthesis of SMMs as they are known to possess a large ZFS (|D| > 

10 cm
-1

)
51

 under certain coordination geometries and they can also be coupled 

ferromagnetically with their neighboring metal ions, thus leading to high-spin clusters 

and SMMs.
46

 Table 1.1 illustrates all the Ni
II
 SMMs reported to date. The relatively small 
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energy barriers observed are due to the co-existence, together with D, of a large 

transverse anisotropy, E. The presence of a large transverse anisotropy leads to a 

sufficient mixing of the ms states, thus facilitating a fast QTM mechanism. Therefore, the 

Ueff values for relaxation of the magnetization over the barrier are not appreciable. The 

most important parameter in the magnetostructural correlations of Ni(II) clusters has been 

found to be the Ni-O-Ni angle when the bridging atom is the O from a bridging organic 

or inorganic ligand. Small, acute or closer to acute, angles should lead to weak 

antiferromagnetic or even ferromagnetic interactions, while the stronger 

antiferromagnetic coupling is favored when the Ni-O-Ni angles increase.
52

 

 

Table 1.1. Chemical formulae and ground-state spin values, S, of all the structurally 

characterized homometallic Ni
II 

SMMs to date.  

Formula
a
 S

b
 Ueff (K) Reference 

[Ni12(chp)12(O2CMe)12(THF)6(H2O)6] 12 9.6 53 

[Ni4(hmp)4(MeOH)4Cl4] 4 - 54,55 

[Ni4(hmp)4(EtOH)4Cl4] 4 - 54,55 

[Ni4(hmp)4(dmb)4Cl4] 4 2 54,55 

[Ni4(H2thme)4(MeCN)4](NO3)4 4 - 56 

[Ni4(hmp)4(chp)4Cl4] 4 - 55 

[Ni4(hmp)4(dmb)4Br4] 4 - 55 

[Ni4(
t
Buhmp)4(dmb)4Cl4] 4 - 55 

[Ni4Cl4(HL1)4] 4 - 57 

[Ni4Cl8(HL2)4] 4 - 58 

[Ni4(OH)4Cl4(HL2)4] 4 - 58 

[Ni4(OH)(OMe)3(Hphpz)4(MeOH)3] 4 4.2 59 

[Ni8Na2(N3)12(O2CPh)2(mpo)4(mpoH)6(EtOAc)6]
c 8 4 60 
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Na2(NMe4)14[Ni21(cit)12(OH)10(H2O)10]
c 3 2.9 15 

(NMe4)16[Ni21(cit)12(OH)10(H2O)10] 3 2.9 15 

[Ni10(tmp)2(N3)8(acac)6(MeOH)6] 10 14 61 

[Ni3(Cl)(OH)(Lʹ)3](ClO4) 3 9.6 62 

[Ni3(OCN)(OH)(Lʹ)3](ClO4) 3 10.5 62 

[Ni3(N3)(OH)(Lʹ)3](ClO4) 3 10.6 62 

[Ni8(Cl)6(thme)2(O2CPh)4(MeCN)6(H2O)2] 8 - 63 

[Ni7(OH)8(hfac)6(py)6] 7 - 64 

[Ni5(N3)4{pyCOpyC(O)(OMe)py}2(O2CMe)4(MeOH)2] 5 - 65 

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

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

at low temperatures and/or EPR spectroscopy. 

c
 Na

+
 ions are diamagnetic and we thus consider their complexes with Ni

II
 as 

homometallic; the Na
+
 ions do not contribute to the magnetic properties of the 

paramagnetic compounds. 

Abbreviations: hmpH = 2-(hydroxymethyl)pyridine, 
t
BuhmpH = 4-tert-butyl-2-

hydroxymethylpyridine), thmeH3 = 1,1,1-tris(hydroxymethyl)ethane,  citH4 = citric acid, 

mpoH =  2-methyl pyrazolinone, H3tmp = 1,1,1-tris(hydroxymethyl)propane, acacH = 

acetylacetone, Hchp = 6-chloro-2-pyridone, THF = tetrahydrofuran, HLʹ = 2-[(3-

dimethylaminopropylimino)methyl]phenol, hfac
-
 = hexafluoroacetylacetonate ion, dmb = 

3,3-dimethyl-1-butanol, H2phpz = 3-methyl-5-(2-hydroxyphenyl)pyrazole, HL1 =  2,2ʹ-

iminodiethanol, HL2 = 2-methyl-1-(pyridin-2-yl)-propan-2-ol, py = pyridine, 

pyCOpyC(O)(OMe)py = the monoanion of 2,6- di-(2-pyridylcarbonyl)-pyridine. 

 

The dodecanuclear, cyclic complex [Ni12(chp)12(O2CMe)12(THF)6(H2O)6] reported 

by Winpenny and coworkers, is considered to be the first Ni
II
-based SMM (Figure 

1.22).
53

 The reported compound was isolated upon addition of hydrated nickel acetate 

into 6-chloro-2-pyridone (Hchp) under nitrogen at 130
o
C. It has an S6 crystallographic 

symmetry and consists of two Ni
II
 atoms in the asymmetric unit. The two 
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crystallographically independent Ni
II
 ions are bound to six oxygen atoms and they have 

distorted octahedral geometries. In particular, for Ni1, three of these oxygen atoms 

belong to acetate groups, two O atoms arise from the chp
-
 ligands, and the final O atom 

comes from a water molecule. Ni2, on the other hand, binds to two oxygen atoms coming 

from the acetate groups, two oxygen atoms from the chp
-
 ligands, one from a water 

molecule and one from a THF group. Ni1 is bridged to Ni2 by two μ-bridging oxygen 

atoms, both deriving from the chp
-
 ligands, thus forming a Ni2O2 rhombus. The acetate 

ligands adopt two different coordination modes depending on whether they point towards 

the center (η
1
:η

2
:μ3 coordination mode) or away from the cavity of the molecule (η

1
:η

1
:μ 

coordination mode). The methyl groups of the internal acetate ligands, which bind to 

three metal centers each, efficiently fill the cavity of the {Ni12} metallo-based 

macromolecule. Even though there are no significant intermolecular interactions, strong 

intramolecular H-bonds between the H2O molecules and chp
-
 ligands are present in the 

crystal structure. 
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Figure 1.22. The structure of [Ni12(chp)12(O2CMe)12(THF)6(H2O)6] complex in the 

crystal. Colour scheme: Ni
II
 green, O red, N blue, Cl cyan, C grey. Reproduced from Ref. 

53. 

 

Magnetic susceptibility studies revealed predominant ferromagnetic exchange 

interactions between the 12 Ni
II
 ions and a spin ground state of S = 12. The spin ground 

state was further confirmed by magnetization vs. field measurements; the fit of the data 

has also given a zero-field splitting parameter, D = -0.05 cm
-1

. Ac magnetic susceptibility 

studies revealed the presence of frequency-dependent out-of-phase signals in the 0.2–0.7 

K temperature range, which were suggestive of SMM behavior. Hysteresis loops were 

also observed below ~0.4 K, whose coercivities increased with decreasing temperature, 

as expected for a superparamagnetic molecule below its blocking temperature (Figure 

Ni2

Ni1
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1.23). Finally, by employing an Arrhenius-type equation, an energy barrier of Ueff = 9.6 

K was obtained from an ln(τ) vs. 1/T plot. The dodecanuclear complex possesses to date 

the largest S value among all the reported Ni(II) SMMs.
46,53

  

 

Figure 1.23. 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 effects are clearly shown below 0.2 K, under a constant field 

sweep rate of 0.035 T/s. Adapted from Ref. 53 with permission from the Royal Society of 

Chemistry. 

 

Another example of a Ni
II
-based SMM with the highest Ueff value to date, is the 

decanuclear complex [Ni10(tmp)2(N3)8(acac)6(MeOH)6] reported in the literature by 

Brechin, McInnes and coworkers (Figure 1.24).
61

 This compound was isolated from the 

reaction between Ni(acac)2, 1,1,1-tris(hydroxymethyl)propane (H3tmp), and NaN3 in 

CH2Cl2/MeOH. It can be described as a decametallic disk, where the metal ions are held 

together by a combination of tmp
3-

 and N3
- 

ligands. The azide ions bind in an end-on 
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fashion (Scheme 1.3), while all Ni
II
 atoms are six-coordinate with distorted octahedral 

geometries.  

 

Figure 1.24. The structure of complex [Ni10(tmp)2(N3)8(acac)6(MeOH)6]. H atoms are 

omitted for clarity. Colour scheme: Ni
II
 green, O red, N blue, C grey. Reproduced from 

Ref. 61. 

 

Scheme 1.3. Coordination modes of the end-on azides in complex                                               

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

 

μ1, 1-N3
-

end-on

μ1, 1, 1-N3
-

end-on
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Variable-temperature dc magnetic susceptibility studies were performed on the 

{Ni
II

10} compound, and the overall behavior suggested an S = 10 ground state. The 

ferromagnetic exchange interactions between the metal ions can be rationalized by the 

presence of end-on azido bridges, which are known to propagate ferromagnetic coupling 

when they bridge metal ions under that fashion. The bridging azido ligand as a central 

“player” in high-nuclearity 3d-metal cluster chemistry and magnetochemistry has been 

recently reviewed.
66

 The S = 10 ground state was confirmed by M vs. H measurements 

and the compound appeared to possess a significant zero-field splitting parameter, D, 

since the various isofield lines did not superimpose into a master curve. Hysteresis loops, 

the diagnostic property of any SMM, were observed below 0.7 K (Figure 1.25). The 

effective energy barrier for the reorientation of the magnetization was 14 K, the largest 

known for any Ni
II
-based SMM, but still considerably smaller than the Ueff barriers of the 

family of Mn12 SMMs.
46,61
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Figure 1.25. Magnetization vs. field hysteresis loops for a single crystal of 

[Ni10(tmp)2(N3)8(acac)6(MeOH)6] at the indicated temperatures (top) and field sweep 

rates (bottom). The magnetization is normalized to its saturation value, MS. Adapted from 

Ref. 61 with permission from the Royal Society of Chemistry. 

 

The latest addition, as reported in the literature, of Ni
II
 compounds that behave as 

single-molecule magnets is the family of trinuclear [Ni3(X)(OH)(Lʹ)3](ClO4) complexes,
62

 

where HLʹ is 2-[(3-dimethylaminopropylimino)methyl]phenol and X = Cl
-
, OCN

-
 or N3

-
. 

The complete crystal structure of [Ni3(N3)(OH)(Lʹ)3](ClO4) is shown in Figure 1.26. The 

three Ni
II
 ions form an isosceles triangle with two equivalent Ni1···Ni2 distances and one 
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elongated basal edge Ni1···Ni1ʹ. There are two crystallographically independent Ni
II
 

atoms, since a mirror plane passes through Ni2 and bisects the Ni3 triangle. The three Ni
II
 

ions are held together by one μ3-hydroxido oxygen atom, one μ3- and two μ-phenoxido 

oxygen atoms and one μ1,1-N3
- 
ion. All Ni

II
 atoms are six-coordinate and adopt a distorted 

octahedral geometry. The molecule possesses an S = 3 ground state, as a result of the 

ferromagnetic coupling between the metal centers, and a ZFS parameter, D = -1.164 cm
-1 

as confirmed by high-frequency EPR spectroscopy. Below ~3 K, the metal cluster 

exhibits frequency-dependent out-of-phase “tails” of ac signals, indicative of an SMM 

behavior, while the kinetic analysis of the data gave a Ueff = 10.6 K. 

 

 

Figure 1.26. Structure of [Ni3(N3)(OH)(Lʹ)3](ClO4). The H atoms and the ClO4
-
 

counterion are omitted for clarity. Colour scheme: Ni
II
 green, O red, N blue, C grey. 

Reproduced from Ref. 62. 

 

Ni2

Ni1 Ni1ʹ
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Although two decades have passed since the discovery of the first single-molecule 

magnet, synthetic chemists and magnetochemists are still working intensely towards the 

synthesis of new SMMs with improved properties. This is largely due to the potential 

applications of these species in high-density information storage,
67

 quantum computing,
68

 

magnetic refrigeration,
69

 molecular spintronics,
70

 among many others. However, in order 

to gain access into some real applications, usually the SMM behavior must be combined 

with an additional property, such as chirality, conductivity or luminescence. The 

combination of two or more physicochemical properties in a molecule gives rise to a new 

class of materials called multifunctional molecular materials or “dual-acting species”. 

Many research groups around the world are nowadays trying to synthesize such materials 

not only for fundamental research purposes but also for potential industrial applications, 

such as switches, sensors, displays and information storage devices.
71

 In recent years, 

there have been several attempts to deposit single-molecule magnets on surfaces in order 

to study their properties;
72

 however, the determination of their exact position and 

dispersion remains a significant challenge. Materials that will exhibit both single-

molecule magnet behavior and photoluminescence properties may help researchers 

overcome this problem, as they will be able to detect the exact position of these 

fluorescent nanomagnets on the surfaces using techniques such as near-field optical 

spectroscopy. 

Luminescence is the emission of light from the electronically excited states of atoms, 

molecules or ions. It can be caused by chemical reactions, electrical energy or absorption 

of photons. In the latter case, luminescence is called photoluminescence. Following light 

absorption, the electrons within a material are promoted to allowed excited states. Excited 
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states are not stable, and therefore the electrons will have to return back to the ground 

state, which has the lowest energy. Depending on the nature of the excited state, 

luminescence can be classified into two categories: fluorescence and phosphorescence. 

An excited state can be either a singlet, where the spin of the excited electron is 

antiparallel to the one in the ground state, or a triplet if both the ground state and the 

excited state electrons have parallel spins. Emission of light from excited singlet states is 

called fluorescence, while emission of photons from excited triplet states is known as 

phosphorescence. Fluorescence and phosphorescence emissions occur at longer 

wavelengths than absorption, and can be in principle detected in both inorganic and 

organic materials. Electronic transitions occur in the UV, visible and near-infrared (NIR) 

spectral regions.
73

 

The principles of luminescence spectroscopy can be elegantly summarized in a 

Jablonski diagram,
74

 which shows the electronic states of a molecule and the transitions 

between them. A typical Jablonski diagram is shown in Figure 1.27. The singlet ground, 

the first, and the second excited electronic states are illustrated as S0, S1 and S2, 

respectively, while the triplet state is depicted by the symbol T. Each of these states has a 

number of vibrational energy levels, depicted by the numbers 0, 1, 2, etc. The 

arrangement of the states is vertical in terms of energy and horizontal in terms of spin 

multiplicity. Electronic transitions are dominated by certain selection rules, such as the 

spin selection rule. Only if the spin multiplicity does not change, is a transition allowed. 

Therefore, excitation process always involves a singlet-to-singlet transition.
75
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Figure 1.27. Jablonski diagram illustrating electronic energy states, absorption and 

emission spectra. Radiative transitions indicating absorption (violet, blue) or emission 

(green for fluorescence and red for phosphorescence) of light are depicted by solid 

arrows. Non-radiative transitions (violet, blue, green and red) are represented by dashed 

arrows. Drawings of the corresponding absorption, fluorescence and phosphorescence 

spectra are displayed at the bottom of the diagram. Reproduced from Ref. 35. 

 

At room temperature there is not enough thermal energy to populate the excited 

vibrational states, and therefore it is mostly the molecules with the lowest vibrational 

energy that participate in the absorption and emission processes.
73

 Following light 

absorption, a molecule is excited to a higher vibrational state of either S1 or S2, but 
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rapidly relaxes back to the lowest vibrational level of S1. This process is known as 

internal conversion and usually occurs within 10
-12

 s or even less. The electron that is 

now in the first excited singlet state can either relax back to the ground state by emitting a 

photon, a process known as fluorescence, or undergo intersystem crossing to an excited 

triplet state and then decay to the ground state via phosphorescence emission. 

Phosphorescence is a spin forbidden process since it involves a transition from a triplet to 

a singlet state. The lifetime, which can be defined as the average time that the molecule 

spends in the excited state before returning to the ground state, varies. Fluorescence 

lifetimes are near 10 ns, while phosphorescence has a lifetime in the range of 

microseconds or greater.
76

 Occasionally, the fluorescence intensity of a given substance 

may decrease, as a result of a process called fluorescence quenching. Quenching may be 

the result of excited state reactions, energy transfer, complex-formation, and collisional 

quenching.
 

Paramagnetic species and dissolved oxygen are the most common 

fluorescence quenchers.
73

 

Compounds containing aromatic groups (π-conjugated systems) usually show the 

most intense fluorescence. Some known organic fluorophores are the xanthene, cyanine, 

tetrapyrrole, coumarin, anthracene and naphthalene derivatives. In all these cases, 

electronic transitions between π electrons give rise to enhanced emissions. Following 

absorption of a photon with the appropriate energy, a π electron can be promoted to an 

antibonding orbital, π*. This transition is denoted by π→π*. It is also possible for a 

molecule to possess nonbonding electrons and the corresponding molecular orbitals are 

called n orbitals. A nonbonding electron can be excited to an antibonding orbital and the 

corresponding transition is referred to as n→π*. Emission of light from a σ* to a σ orbital 
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is rarely observed due to the large amount of energy required to promote an electron from 

a σ to a σ* orbital. Absorption and emission of photons usually involve two types of 

orbitals: the highest occupied molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO).
77

 

In many transition metal complexes, electrons can be transferred between coupled 

redox centers, including metal ions and organic ligands; however, the fraction of charge 

transfer is not always clear due to the delocalization of both the donor’s and acceptor’s 

orbitals. Electrons can be transferred from the metal to the ligand and vice versa.
78

 The 

electronic transitions in a coordination complex can be classified into the following 

categories:
79

 

 Intra-Ligand (IL) or Ligand-Centered (LC) transitions 

 Metal-Centered transitions 

 Charge Transfer (CT) transitions 

o Metal-to-Ligand Charge Transfer (MLCT) 

o Ligand-to-Metal Charge Transfer (LMCT) 

o Ligand-to-Ligand Charge Transfer (LLCT) 

o Sigma-Bond-to-Ligand Charge Transfer (SBLCT) 

Ligand-Centered transitions include mostly π→π* and n→π* transitions and occur in 

the case of ligands possessing both a reducing and an oxidizing part. In the presence of a 

metal ion, these transitions will continue to exist, although their energies may be 

somewhat altered.
79 Metal-Centered transitions comprise the d-d transitions in transition 

metal complexes and the f-f transitions in lanthanide and actinide complexes.
80

 Both the 
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d-d and f-f transitions are not allowed, according to the Laporte selection rule.
81

 Emission 

from metal-centered excited states in octahedral and paramagnetic 3d-metal complexes is 

practically impossible. However, in lanthanide complexes, the forbidden f-f transitions 

have an opposite effect on their photophysical properties, leading to long-lived 

emissions.
82

 This property makes lanthanides ideal candidates for various emission-

related applications, such as superconductivity, optoelectronics and phosphors.
83

 

The field of photochemistry of transition metal complexes has grown significantly in 

the last four decades due to their potential applications in modern electronics as materials 

for producing light-emitting diodes (LEDs).
84

 The majority of photochemical processes in 

transition metal complexes result from charge transfer effects. 79,85
 Charge transfer (CT) 

transitions are not restricted by the selection rules that govern the metal-centered 

transitions and therefore the probability of these transitions to happen is high and the 

absorption bands are thus intense. Metal-to-ligand charge transfer transitions occur when 

the ligand has a vacant, low-lying π* orbital and can be easily reduced. The metal should 

be ideally an easily oxidized one. On the other hand, ligand-to-metal charge transfer 

occurs when an easily oxidized ligand is bound to a metal center that can be easily 

reduced. The metal ion in this case is usually found in a high oxidation state. An 

uncommon type of charge-transfer transitions is the ligand-to-ligand (LLCT) or inter-

ligand charge transfer.
86

 LLCT bands are not always easy to detect in an absorption 

spectrum, since they may be obscured by other bands. Furthermore, because the orbitals 

that are involved have some degree of metal character, they are not “pure” ligand orbitals 

and therefore LLCT is also described as MLʹ/LLCT. Finally, sigma-bond-to-ligand 
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charge transfer occurs between an occupied orbital located on a sigma-bond between the 

metal center and a ligand, and a vacant orbital located on the ligand.
87

  

From a photochemical viewpoint, the most thoroughly studied compounds are the 

ruthenium complexes and particularly the Ru(II)-polypyridine complexes. The reason 

why so much effort was put into studying this family of compounds is the significant 

chemical stability of these species, the redox properties of ruthenium, the excited-state 

reactivity, the luminescence emission and the large excited-state lifetimes. The 

[Ru(bpy)3]
2+

 (bpy = 2,2ʹ-bipyridine) complex is the most extensively studied and is 

referred to as “the prototype compound”. Polypyridine ligands possess both σ- and π-

donor orbitals as well as π*-acceptor orbitals. Therefore, an electron can be promoted 

from a πM metal orbital to a πL* orbital, giving rise to metal-to-ligand charge transfer 

(MLCT). Metal- and ligand-centered transitions are also possible, following promotion of 

an electron from πM to σM* and πL to πL*, respectively.
88

 The electronic absorption 

spectrum of [Ru(bpy)3]
2+ 

is shown in Figure 1.28, accompanied by the proposed 

assignments. The comparison of that spectrum with the spectrum of the free bpy ligand 

suggested that the bands at 185 nm and 285 nm are due to LC π→π* transitions. The 

bands at 240 nm and 450 nm were assigned to MLCT transitions, while the shoulders at 

322 nm and 344 nm might be due to MC transitions. Excitation to any of these 

wavelengths results in luminescence emission at around 600 nm, most likely originating 

from a charge transfer, spin-forbidden transition, 
3
MLCT (Figure 1.29).

89
 The excited 

states may be singlet or triplet; however, spin-orbit coupling causes singlet-triplet mixing 

in the excited states. Thus, emission is observed from multiple spin-orbit coupled states, 

rather than a pure triplet electronic state. 
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Figure 1.28. Electronic absorption spectrum of [Ru(bpy)3]
2+ 

complex in an alcoholic 

solution. Adapted from Ref. 88 with permission from Springer. 

 

 

Figure 1.29. Emission spectrum of [Ru(bpy)3]
2+

 in an alcoholic solution at 77 K (solid 

line) and at room temperature (dashed line). Adapted from Ref. 88 with permission from 

Springer. 
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As a member of the same group in the periodic table, the photochemistry and 

photophysics of Os(II) complexes have been also studied and are quite similar to Ru(II).
90

 

Other d
6 

systems that have shown intense fluorescence include Ir(III) compounds,
91

 as 

well as the Re(I) tricarbonyl bipyridine complexes.
92

 In all these systems, the excited 

states are of MLCT character. Apart from the d
6
 metal systems, which are the mostly 

studied ones, other metal ions with different configurations are able to exhibit MLCT 

excited states. Several d
10

 systems, such as Cd(II), Zn(II) and Au(I) metal complexes, 

have shown some interesting fluorescence behaviors.
93

 In addition, luminescent d
8
 

transition metal complexes are currently under intense investigation. Pt(II)
94

 and Pd(II)
95

 

metal complexes have already been extensively studied, despite the fact that they emit 

only at low temperatures, especially the systems that contain palladium. For Ni(II) 

complexes, only a few optically active compound have been reported to date;
96

 however, 

the cases where theoretical studies have been also performed are very rare. The 

employment of ancillary ligands may affect the spectroscopic properties of nickel(II) 

compounds. The electronic properties of the ligands often shift the HOMO and LUMO 

energies of these systems.
96e 

Thus, one needs to take into consideration the possible 

mixture of the metal and ligand orbitals, when trying to design new metal-based emitting 

materials.
96c

  

It is often quite challenging to interpret and assign the emission bands in the 

photoluminescence spectra of transition metal complexes. In contrast to the lanthanide 

compounds which exhibit narrow and well-predictable bands, the bands associated with 

d-d transitions are broad and usually span a wide range of nanometers in the 

electromagnetic spectrum. In transition metal compounds, the emission usually originates 
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from a LC (π→π*) and/or a CT transition. There have only been a few examples of 

Cr(III) complexes that exhibit luminescence of metal-based character. However, in all of 

these cases, the emission is very weak and only observed at low temperatures in rigid 

matrices.
97

 The incorporation of metal ions generally increases the conformational 

rigidity of the ligand and reduces the loss of energy via vibration motions, thus leading to 

enhanced emissions.
96 

In principle, the observed emission peaks in metal complexes are 

expected to be red-shifted, when compared to the corresponding emissive bands of the 

free ligand(s), due to the coordination of the ligand to the metal ion.
96

 To date, metal 

complexes that have been mostly studied as efficient phosphors in light-emitting diodes 

include Zn(II), Cu(I), Ir(III) and Re(I) metal ions, as well as several lanthanides. The 

restricted access and high prices of several of these metals make the development of new 

metal-based phosphors with more benign metals, such as Ni and Mn, more important than 

ever.
98

 

As mentioned earlier, the synthesis and study of coordination compounds that will 

exhibit both single-molecule magnetism (SMM) and photoluminescence (PL) behaviors 

is an attractive field of research, as it will allow scientists to detect the exact position of 

these molecules on surfaces and understand how one property can affect the other, in the 

absence or presence of an external stimulus. There are only a few research groups which 

have accomplished the synthesis of SMM-PL “hybrids” using 3d-metal ions to date.
99,100

 

In 2008, Hendrickson and coworkers synthesized a tetranuclear {Mn
II

2Mn
III

2} cluster that 

behaved as an SMM and it also showed intense emission at ~500 nm. This compound 

was the first emissive single-molecule magnet based on 3d-metal ions.
100 More recently, 

Stamatatos’ research group reported the synthesis of three new {Mn
III

3} emissive SMMs 
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through the deliberate replacement of non-emissive carboxylate groups with various 

fluorescence analogues.
99 

Both of these examples prove that it is actually feasible to 

synthesize “hybrid” molecular magnetic materials with both interesting magnetic and 

optical properties, without requiring the presence of rare and expensive lanthanide ions 

but only some metals that are abundant and relatively cheap. 

 

1.4 Long- And Short-Term Research Objectives 

 

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

characterization of new polynuclear Ni(II) complexes with interesting structural motifs 

and attractive magnetic and optical properties. For the accomplishment of the long-term 

objective, the goals of this project have been divided into five short-term research 

objectives. These are: (i) the synthesis and structural characterization of Ni(II) clusters 

bearing the Schiff  base ligand N-salicylidene-4-methyl-o-aminophenol (samphH2, 

Scheme 1.4), as well as the novel, optically-active chelating/bridging ligand N-

naphthalidene-2-amino-5-chlorobenzoic acid (nacbH2, Scheme 1.4); (ii) the growth of 

single-crystals of the desired Ni(II) clusters suitable for X-ray diffraction studies in order 

to elucidate their crystal structures; (iii) the complete spectroscopic and physicochemical 

characterization of the synthesized compounds in both solid-state and solution; (iv) the 

performance of dc and ac magnetic susceptibility studies in order to assess the bulk 

magnetic properties and magnetization dynamics of the paramagnetic Ni(II) complexes; 
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and (v) the performance of photoluminescence studies in order to evaluate the optical 

response of the synthesized coordination compounds. 

 

 

Scheme 1.4. The organic chelating/bridging ligands N-salicylidene-4-methyl-o-

aminophenol (samphH2) and N-naphthalidene-2-amino-5-chlorobenzoic acid (nacbH2) 

discussed in the present thesis.  

 

 

1.5. The Choice of the 3d-Metal Ion 

 

The choice of the 3d-metal ion is one of the most pivotal factors in the preparation of 

polynuclear cluster complexes with interesting magnetic (i.e., SMM) and optical (i.e., PL) 

properties. In the field of SMMs, the metal ion needs to be paramagnetic (S ≠ 0) and 

possess a significant magnetic anisotropy in the form of a negative zero-field splitting 

parameter, D.
101

 To that end, and for the present research project, Ni
II
 was the metal ion 

of choice. Ni
II
 is a versatile metal ion, able to adopt different coordination geometries. 

samphH2 nacbH2
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When surrounded by O- and/or N-donor ligands, it often adopts a distorted octahedral 

geometry. The electronic configuration of the metal ion is [Ar]3d
8 

with two unpaired 

electrons, unless Ni
II
 adopts a square planar geometry which makes it diamagnetic, and 

the spin-only value is S = 1. Another attractive feature of Ni
II
 with magnetic implications 

is its appreciable |D| value, which sometimes exceeds the value of 10 cm
-1

, as determined 

precisely from high-frequency EPR studies in mononuclear Ni(II) compounds.
51

 By using 

the ligand field theory, the Russell-Saunders free-ion ground term of Ni
II 

is 
3
F. In an 

octahedral coordination environment the
3
F ground term will split into a ground state 

3
A2g 

ligand field term and two excited states, 
3
T2g and 

3
T1g. The 

3
A2g ground term cannot be 

split in Oh symmetry by first-order spin-orbit coupling, and therefore it remains 

degenerate. Under these circumstances, no magnetic anisotropy is observed. However, 

when the symmetry is lower than Oh, the excited states 
3
T2g and 

3
T1g, which possess first-

order orbital angular momentum, can mix into the ground state through the second-order 

spin-orbit coupling. This leads to a situation where the three spin microstates of the 

ground state have no longer the same energy. As a result, magnetic anisotropy emerges, 

which forces the ms sublevel with the greatest magnetic moment (ms = ±1 for Ni
II
) to lie 

lowest in energy, provided that this anisotropy is a negative axial zero-field splitting, D. It 

therefore becomes apparent that Ni
II
 clusters show some potential as candidates for the 

synthesis of new SMMs.
102

  

In the field of optics, it is known that the coordination environment (i.e., donor 

atoms, counterions, solvate molecules, etc.) and the paramagnetic nature of the Ni
II
 ion 

strongly affect and frequently quench the emission of the corresponding metal 

compounds. However, this problem could be tackled by introducing fluorescent 
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bridging/chelating ligands with polyaromatic substituents, such as the naphthalene group, 

in Ni
II
 cluster chemistry. 

 

1.6. Aromatic Schiff Bases as Bridging/Chelating Ligands 

 

The choice of the organic chelating/bridging ligand is currently one of the most 

appealing challenges toward the synthesis of new polynuclear 3d-metal complexes with 

diverse physical properties, such as magnetic,
46

 optical,
103

 conductive,
104

 catalytic,
105

 and 

a combination of properties (i.e., photomagnetic
71

 and multiferroics
106

). The nature, 

stereoconfiguration and electronic properties of the organic chelate are very crucial 

characteristics and can affect the chemical identities and properties of the resulting 

polymetallic species.
20

 In particular, the type and number of donor atoms (i.e., O and/or 

N) can facilitate the formation of high-nuclearity metal complexes with moderate-to-high 

oxidation states (i.e., Mn
III

, Ni
II
, etc.), nanoscale dimensions, and beautiful topologies. In 

addition, the bridging donor atoms of a ligand dictate not only the topology and 

coordination preferences of the metal ions but also the nature and strength of the 

intramolecular magnetic exchange interactions. In an ideal case, ferromagnetically-

coupled and high-spin molecules may result from the accidental orthogonality of the 

interacting magnetic orbitals of two or more metal ions via the unoccupied orbital(s) of 

the donor atom.
33

 Apart from the bridging part, the remaining scaffold of an organic 

chelate is also of importance; aromatic and polyaromatic chelates are known to (i) 

enhance the crystallinity of metal cluster compounds in solution, (ii) provide a rigid, 

protective “shell” between neighboring molecules in the crystal, (iii) promote energy 
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transfer effects and act as efficient “antennas” in order to enhance the complexes’ optical 

response,
103

 and (iv) undergo unusual and unpredicted metal-ion-assisted transformations 

that lead to new organic groups with different properties than the parent ones.
105

 

A large family of such multidentate chelating/bridging ligands is the family of Schiff 

bases. Schiff bases, named after Hugo Schiff,
107

 are organic molecules which contain a 

carbon-nitrogen double bond. Their general formula is RRʹC=NRʹʹ, where R may be 

alkyl, aryl or heteroaryl groups and Rʹ may be alkyl or aryl groups, or a single hydrogen 

atom. The Rʹʹ substituent at the imino N-atom can be an alkyl, aryl or heteroaryl group. 

Schiff bases are one of the most popular classes of ligands in coordination chemistry 

since they form stable complexes with the majority of the transition metals. Furthermore, 

they find applications in various research areas, such as catalysis, bioinorganic chemistry, 

optics and magnetochemistry.
108

 Schiff bases are synthesized from the condensation 

reaction of an aliphatic or aromatic amine with a carbonyl-containing compound (i.e., 

aldehydes or ketones). The reaction usually takes place under refluxing conditions in 

alcoholic media (Scheme 1.5). Following the nucleophilic addition of the amine to the 

carbonyl precursor, a hemiaminal (also carbinolamine) intermediate is formed, followed 

by the immediate removal of a water molecule. This reaction is usually accelerated by the 

presence of an acid as catalyst; however, in the case of aliphatic amines, a catalyst is not 

required. The resulting organic compounds contain an imine (or azomethine) group 

(>C=N). 
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Scheme 1.5. General synthetic route and mechanism for the formation of Schiff bases. R, 

Rʹ, Rʹʹ are various substituents. 

 

In the first step of the reaction shown in Scheme 1.5, the amine attacks the carbonyl 

group to form the hemiaminal intermediate. Dehydration of the hemiaminal results in the 

formation of the imine. This step requires the presence of a catalyst in order for the 

hydroxyl group to get protonated and become a good leaving group. The resulting OH2
+
 

group is readily eliminated to produce a water molecule and subsequently an imine 

(carbon-nitrogen double bond) is formed. The rate of this reaction heavily depends on the 

pH of the solution. The fastest rate of formation is observed at pH ~ 4-6. At lower pH, the 

amine would get protonated and therefore its capacity to function as a nucleophile would 

be diminished. Under very basic conditions, the concentration of protons is too low to 

allow the protonation of the hydroxyl group and subsequently the elimination of OH2
+
. 

As seen in many biological reactions, the imine formation is faster in neutral pH 

conditions.
109

 Aldehydes are less sterically hindered than ketones and therefore they react 

faster in Schiff base condensation reactions. The R-substituent on a ketone (in place of 

the H atom on an aldehyde) may be an electron donating group, thus making the ketone 
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less electrophilic than the aldehyde. Schiff bases are usually unstable with respect to their 

carbonyl and amine precursors and therefore template synthetic approaches are frequently 

used for the preparation of coordination complexes with such organic ligands. A 

template approach requires the presence of a metal ion during the condensation reaction 

and many macrocyclic-type Schiff base complexes have been prepared following this 

approach. Alkaline or rare earth metal ions with large sizes have proved to be efficient 

templates.
110

 

An imine can be easily hydrolyzed to its parent carbonyl compound and amine 

(Scheme 1.6) under different conditions (i.e., acidic, basic, metal-assisted, etc.). The 

mechanism is the reverse of imine formation, going through all the steps, including the 

same hemiaminal intermediate.
109

 

 

 

Scheme 1.6. General hydrolysis reaction of imines (X = various substituents). 

 

The infrared (IR) stretching frequency of the imino group appears in the 1680-1600 

cm
-1

 region, depending on the different substituents on the carbon and nitrogen atoms of 

the imine. The presence of specific substituents on the C and N atoms of the imino group 

may cause a shift of the IR frequency towards lower or higher wavenumbers. For 

example, aryl groups tend to shift the IR frequency of imines towards lower 
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wavenumbers. Coordination of a metal ion to an imine group will also result in a 

decrease of the ν(C=N) IR frequency.
111

 

Schiff bases can be classified according to their denticity to mono-, bi-, tri-, tetra-

and poly-dentate if they possess more than four donor atoms. There are only a few 

examples of metal complexes bearing monodentate Schiff base ligands,
112

 since the large 

basicity of the C=N group prevents the imino nitrogen atom from coordinating to a 

single metal ion. Bidentate Schiff bases can be categorized according to the nature of the 

donor atoms. They can either contain two nitrogen atoms as donors or have an NO donor 

set. A group of ligands that belong to the latter category derive from the condensation 

reaction of substituted salicylaldehydes or o-hydroxy-acetophenones with a monoamine 

in a 1:1 ratio. By varying the substituents on the aromatic ring (R′) and/or the C (or 

N) atoms of the imine group (R, R′′), a large number of bidentate N-alkyl-

substituted salicylideneamines, RʹC6H3(OH)(CR=NR′′), bearing an NO donor set have 

been prepared and used as bridging/chelating ligands in coordination chemistry.
113

 

Tridentate Schiff base ligands can have a wide variety of donor sets, such as NNO, 

NOO, NNS and/or NSO.
110

 Tetradentate Schiff bases, on the other hand, usually contain 

two nitrogen and two oxygen donor atoms. A well-known tetradentate Schiff base 

ligand, which is one of the most widely used ligands in coordination chemistry, is N,N'-

bis(salicylidene)ethylenediamine (salenH2).
114

 The synthesis of salenH2 is quite 

straightforward and it involves the condensation reaction between ethylenediamine and 

salicylaldehyde in a 1:2 molar ratio. Finally, polydentate Schiff base ligands have also 

attracted the interest of many research groups, as they possess a large number of 

potential donor atoms for metal ions aggregation. Metal compounds containing either 
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pentadentate or hexadentate Schiff base ligands have been structurally characterized and 

thoroughly studied.
115

  

Stamatatos’ research group has recently focused on the employment of 

chelating/bridging Schiff bases as a means of obtaining new polynuclear 3d-, 4f- and 

3d/4f-metal compounds with interesting magnetic and/or optical properties. Of particular 

interest is the family of Schiff bases which are based on the N-salicylidene-o-

aminophenol (saphH2, Scheme 1.7) scaffold. 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. This ligand has also proved capable of promoting SMM behavior (vide 

infra). Moreover, it shows strong emission in the blue-green region of the visible 

spectrum, thus making it an ideal chelating/bridging ligand for the synthesis of 

compounds with both SMM and emissive properties. Our group has reported the 

employment of saphH2 in 3d/4f-metal cluster chemistry which has led to {Mn
III

4Dy
III

5} 

and {Mn
III

4Dy
III

3} complexes with unique topologies and SMM behaviors (Figure 

1.30).
116

 The employment of saphH2 in homometallic 4f-metal cluster chemistry has led 

to the isolation of seven isostructural {Ln
III

2} (Ln = Sm, Eu Gd, Tb, Dy, Ho, Er) 

complexes.
117

 All the complexes exhibit similar ligand-centered emissions, while the 

{Dy
III

2} analogue (Figure 1.31, left) shows both emissive and SMM behaviors. A higher-

nuclearity family of {Ln
III

7} (Ln = Gd, Tb, Dy) clusters with the ligand saphH2, 

exhibiting slow magnetization relaxation and ligand-centred blue-green emissions, was 

very recently reported by Stamatatos’ research group (Figure 1.31, right).
118
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Figure 1.30. Molecular structures of the {Mn
III

4Dy
III

3} (left) and {Mn
III

4Dy
III

5} (right) 

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

ligand in Mn/Dy chemistry. Colour scheme: Mn
III

 blue, Dy
III

 yellow, O red, N green, C 

grey. Reproduced from Ref. 116. 

 

      

Figure 1.31. Molecular structures of the [Dy
III

2(NO3)2(saph)2(DMF)4] complex (left) and 

the anion of [Gd
III

7(OH)2(saph)10(Me2CO)2]
-
 (right). Colour scheme: Dy

III
 dark green, 

Gd
III 

yellow, O red, N green, C grey. Reproduced from Refs. 117 and 118. 
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Since then, we were seeking new routes to Ni
II
 cluster compounds with unique 

topologies and interesting magnetic and optical properties. However, all our efforts with 

the saphH2 ligand failed to give us any crystalline products other than oily materials and 

very soluble complexes that could not crystallize under normal conditions. We have thus 

turned our attention to ring-substituted derivatives of saphH2 in order to alter the steric, 

electronic and crystallization effects on the resulting metal complexes. To that end, we 

decided to replace the H-atom at the 4 position of the o-aminophenol moiety with a non-

donor group, and particularly with a methyl group, aiming at the positive effect of the -

CH3 functionality on the crystallization of the resulting Ni
II
 products. The resulting ligand 

N-salicylidene-4-methyl-o-aminophenol (samphH2, Scheme 1.7) has a limited previous 

use in metal cluster chemistry, restricted only to two compounds; a mononuclear Mo
V 

compound,
119

 and a large {Ni
II

20} cluster reported recently by Perlepes and coworkers.
17

 

 

 

Scheme 1.7. Structural formulae and abbreviations of the ligands N-salicylidene-o-

aminophenol (saphH2) and N-salicylidene-4-methyl-o-aminophenol (samphH2) discussed 

in the text. 

 

saphH2 samphH2
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Undoubtedly, the deprotonated ligand samph
2-

 has the potential to give high-

nuclearity species through the two bridging O donor atoms. However, to enhance our 

chances toward the metal aggregation process, we decided to replace the -OH donor 

group of the o-aminophenol moiety with a carboxylate (-COOH) functionality. The latter 

group can potentially coordinate to more metal centers through the two O donor atoms of 

the carboxylate moiety and therefore foster the formation of high-nuclearity Ni
II
 species. 

In addition, a non-donor chloride group in place of a phenyl H atom at the 5 position of 

the 2-aminobenzoic acid moiety could, in principle, differentiate the electronic and steric 

properties, and hydrogen bonding and crystallization effects. The resulting ligand N-

salicylidene-2-amino-5-chlorobenzoic acid (sacbH2, Scheme 1.8) has been utilized in 

Ni(II) cluster chemistry exclusively by Stamatatos’ research group, and was proved to be 

an extremely versatile and capable tetradentate bridging/chelating ligand, yielding novel 

Ni
II
 clusters with record nuclearities (i.e., {Ni26})

10
 and unprecedented structural 

topologies (i.e., {Ni11}
120

 and {Ni18}
10

 molecular chains). However, the magnetic 

properties of Ni
II
/sacb

2-
 complexes were rather trivial, dominated by antiferromagnetic 

exchange interactions, and the optical response of these compounds was negligible, most 

likely because of quenching effects from the paramagnetic metal ions and/or insufficient 

energy transfer from the ligand. 

On the basis of these findings and by following a more rational synthetic approach 

toward the preparation of Ni
II
 clusters with new motifs and additionally interesting 

magnetic and emission properties, we decided to replace the phenyl ring of the N-

salicylidene moiety with a naphthalene one. The resulting ligand N-naphthalidene-2-

amino-5-chlorobenzoic acid (nacbH2, Scheme 1.8) is still tetradentate as sacbH2, but 
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undoubtedly more rigid and sterically demanding than sacbH2, thus predicting the 

isolation of new Ni
II
 clusters. The similarities between the two ligands would allow for a 

thorough structural comparison between the sacb
2-

- and nacb
2-

-related coordination 

compounds. More delighting though with nacbH2 is the presence of the naphthalene 

substituent, a well-known fluorescent group, which could open new prospects in the field 

of optics and particularly in the photoluminescence properties of Ni
II
 metal clusters. The 

nacbH2 ligand has never been previously used in coordination and cluster chemistry 

either in its neutral or deprotonated forms. 

 

 

Scheme 1.8. Structural formulae and abbreviations of the ligands N-salicylidene-2-

amino-5-chlorobenzoic acid (sacbH2) and N-naphthalidene-2-amino-5-chlorobenzoic acid 

(nacbH2) discussed in the text. 

 

The following two chapters of this thesis summarize all of my efforts from the use of 

the ligands N-salicylidene-4-methyl-o-aminophenol (samphH2, Chapter 2) and N-

naphthalidene-2-amino-5-chlorobenzoic acid (nacbH2, Chapter 3) in Ni
II
 cluster 

chemistry. Note that samphH2 has a very rare previous use in metal cluster chemistry, 

OH

N

COOH

sacbH2

Cl

OH

N

COOH

nacbH2

Cl
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yielding only two coordination compounds, while the ligand nacbH2 has never been 

previously employed in coordination chemistry. 
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CHAPTER 2: Structural and Magnetic Variations in Ni
II

 

Cluster Chemistry from the Use of N-salicylidene-4-methyl-o-

aminophenol 

 

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. Large green crystals of the 

[Ni2(H2O)(O2CBu
t
)4(HO2CBu

t
)4] precursor were obtained in 70% yield by following a 

previously described synthetic route.
121

 

 

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. 

NMR spectroscopy: NMR spectra were recorded on a Bruker 300 MHz 

spectrometer at Brock University. All chemical shifts are referenced to tetramethylsilane 
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[Si(CH3)4] or a residual non-deuterated solvent. Data for proton spectra are reported as 

follows: chemical shift multiplicity [singlet (s), double (d), and triplet (t)]. 

Magnetic susceptibility measurements: Variable-temperature direct current (dc) 

magnetic susceptibility studies were performed at the Chemistry Department of the 

University of Barcelona using a Quantum Design SQUID magnetometer equipped with a 

7 T magnet and operating in the 1.8-300 K range. The Superconducting QUantum 

Interference Device (SQUID) allows for the complete dc and ac (alternating current) 

study of the magnetic properties of bulk and molecule-based materials at various 

temperatures and magnetic fields. The dc scan mode provides continual plotting and 

capture of raw magnetic data points at static or sweeping fields and temperatures. All the 

studied solid-state samples were embedded in solid eicosane to prevent torquing. Pascal’s 

constants were used to estimate the diamagnetic corrections, which were subtracted from 

the experimental susceptibilities to give the molar paramagnetic susceptibilities (χΜ).
34

  

 

2.1.2. Synthesis 

 

Synthesis of N-salicylidene-4-methyl-o-aminophenol (samphH2). The organic 

ligand samphH2 was prepared in quantitative yields (~95-97%) by the condensation 

reaction of 2-amino-4-methylphenol (1.23 g, 10.0 mmol) with salicylaldehyde (1.22 g, 10 

mmol) in a molar ratio of 1:1 in refluxing MeOH (30 mL). The resulting orange 

microcrystalline solid was washed with copious amounts of cold MeOH, dried under 

vacuum, and analysed as solvent-free. Elemental analysis (%) calculated for samphH2: C 

73.99, H 5.77, N 6.16; found: C 74.06, H 5.88, N 6.11. Selected IR data (ATR): ν= 2908 
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(w), 2462 (bw), 1790 (bm), 1626 (vs), 1520 (s), 1484 (m), 1370 (w), 1316 (w), 1284 (m), 

1230 (m), 1190 (m), 1142 (m), 1096 (w), 1008 (m), 898 (w), 818 (s), 764 (s), 720 (w), 

586 (m), 554 (m), 480 (m), 450 (w). 
1
H NMR (DMSO-d

6
, ppm): 13.82 (1H, s), 9.50 (1H, 

s), 8.94 (1H, s), 7.65 (d, 1H, J = 7 Hz), 7.36 (t, 1H, J = 8 Hz), 7.16 (s, 1H), 6.97 (t, 3H, J 

= 7 Hz), 6.82 (d, 1H, J = 9 Hz), 2.37 (s, 3H). 
13

C NMR (DMSO-d
6
, ppm): 161.7, 161.5, 

149.4, 135.0, 133.2, 132.9, 129.0, 128.9, 120.3, 120.1, 119.2, 117.2, 116.8, 20.6. 

[Ni4(samph)4(EtOH)4] (1). To a stirred, yellow solution of samphH2 (0.02 g, 0.10 

mmol) in EtOH (10 mL) was added a green solution of [Ni2(H2O)(O2CBu
t
)4(HO2CBu

t
)4] 

(0.05 g, 0.05 mmol) in the same solvent (10 mL). The resulting brown solution was 

stirred for 15 min, filtered, and left undisturbed to slowly evaporate at room temperature. 

After three days, X-ray quality olive-green plate-like crystals of 1∙0.7EtOH had appeared 

and were collected by filtration, washed with cold EtOH (2 x 2 mL) and Et2O (2 x 3 mL), 

and dried in air. The yield was 35%. Elemental analysis (%) calculated for 1 (lattice 

solvent-free): C 58.23, H 5.19, N 4.24; found: C 58.17, H 5.02, N 4.36. Selected IR data 

(ATR): ν= 2920 (mb), 1602 (vs), 1532 (m), 1490 (vs), 1464 (s), 1440 (s), 1380 (m), 1340 

(w), 1308 (m), 1244 (m), 1224 (m), 1186 (m), 1148 (m), 1126 (m), 1038 (m), 912 (w), 

826 (m), 754 (m), 556 (m), 528 (m), 454 (w). 

[Ni4(samph)4(DMF)2] (2). To a stirred, green suspension of 

[Ni2(H2O)(O2CBu
t
)4(HO2CBu

t
)4] (0.05 g, 0.05 mmol) in DMF (5 mL) was added a 

yellow solution of samphH2 (0.02 g, 0.10 mmol) in the same solvent (5 mL). The 

resulting dark orange solution was stirred for 15 min, filtered, and left undisturbed to 

slowly evaporate at room temperature. After three days, X-ray quality orange plate-like 

crystals of 2∙2DMF had appeared and were collected by filtration, washed with cold DMF 
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(1 x 2 mL) and Et2O (2 x 3 mL), and dried under vacuum. The yield was 40%. Elemental 

analysis (%) calculated for 2∙DMF: C 57.62, H 4.84, N 7.24; found: C 57.87, H 4.98, N 

7.05. Selected IR data (ATR): ν= 3444 (mb), 2922 (m), 1666 (vs), 1650 (vs), 1600 (vs), 

1540 (w), 1528 (m), 1492 (s), 1472 (m), 1438 (s), 1376 (m), 1350 (w), 1326 (w), 1298 

(m), 1280 (m), 1256 (m), 1226 (m), 1190 (m), 1160 (w), 1142 (m), 1124 (m), 1104 (w), 

1090 (m), 1044 (w), 912 (w), 862 (w), 828 (s), 758 (m), 680 (m), 656 (w), 618 (w), 584 

(w), 522 (m), 486 (m), 456 (w). 

 

2.1.3. Single-crystal X-ray Crystallography 

 

Crystals of complexes 1∙0.7EtOH (dimensions: 0.13 × 0.19 × 0.38 mm) and 2∙2DMF 

(dimensions: 0.05 × 0.11 × 0.22 mm) were taken from the mother liquor and immediately 

cooled at -113 
o
C. Diffraction measurements were performed on a Rigaku R-AXIS 

SPIDER Image Plate diffractometer using graphite-monochromated Cu Kα radiation. 

Data collection (ω-scans) and processing (cell refinement, data reduction and empirical 

absorption correction) were performed using the CrystalClear program package.
122

 

Important crystallographic data are listed in Table 2.1. The structures were solved by 

direct methods using SHELXS-97 and refined by full-matrix least-squares techniques on 

F
2
 with SHELXL-97.

123
 All H atoms were located by difference maps and refined 

isotropically or introduced at calculated positions as riding on their respective atoms. All 

non-H atoms were refined anisotropically. Further experimental crystallographic details 

for 1∙0.7EtOH: 2θmax = 128°; reflections collected/unique/used, 36381/9690 (Rint = 
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0.0414)/9690; 927 parameters refined; (Δ/σ)max = 0.004; (Δρ)max/(Δρ)min = 0.922/-0.544 e 

Å
-3

; R1/wR2 (for all data) = 0.0824/0.2073. Further experimental crystallographic details 

for 2∙2DMF: 2θmax = 130°; reflections collected/unique/used, 21294/5057 (Rint = 

0.0381)/5057; 491 parameters refined; (Δ/σ)max = 0.002; (Δρ)max/(Δρ)min = 0.570/-0.457 e 

Å
-3

; R1/wR2 (for all data) = 0.0542/0.1146. 

Table 2.1. Crystallographic data for complexes 1∙0.7EtOH and 2∙2DMF. 

  1∙0.7EtOH 2∙2DMF 

Formula C65.4H72.2N4Ni4O12.7 C68H72N8Ni4O12 

Fw 1352.31 1428.18 

Space group P-1 P-1 

a (Å) 12.0042(2) 11.3987(2) 

b (Å) 14.6854(3) 11.9871(2) 

c (Å) 18.3859(3) 12.9916(2) 

α (
o
) 94.749(1) 63.724(1) 

β (
o
) 95.553(1) 82.282(1) 

γ (
o
) 105.146(1) 81.803(1) 

V (Å
3
) 3094.15(10) 1570.38(5) 

Z 2 1 

T (K) 160(2) 160(2) 

Radiation Cu Kα Cu Kα 

ρcalcd (g cm
-3

) 1.451 1.510 

μ (mm
-1

) 1.908 1.925 

Reflections [I>2σ(I)] 7126 4022 

R1
a
 0.0639 0.0412 

wR2
a
 0.1741 0.1035 

a 
R1 = Σ(|Fo|-|Fc|)/Σ(|Fo|) and wR2 = {Σ[w(Fo

2
-Fc

2
)
2
]/Σ[w(Fo

2
)
2
]}

1/2
, where

 
w = 

1⁄[σ
2
(Fo

2
)+(αP)

2
+bP] and P = [max (Fo

2
,0)+2Fc

2
]/3. 
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2.2. Results and Discussion 

 

2.2.1. Synthetic Comments 

 

A general synthetic approach for the isolation of polynuclear Ni(II) complexes 

involves the reactions between NiX2 starting materials (X
-
 = various) with an appropriate 

chelating/bridging ligand that bears ionisable H atoms (general formula: LHx with x ≥ 1). 

The choice of both the X
-
 group and the ligand LHx are of crucial importance. X

-
 can be 

either a carboxylate anion or one of the halides, NO3
-
, ClO4

-
 or BF4

-
. In the former case, 

the presence of external base is not always necessary, since the carboxylate groups may 

act as a base themselves and deprotonate the organic chelating/bridging ligand. When X
-
 

is an inorganic-based anion, the employment of an external base is required for the 

deprotonation of the ligand. In contrast to the halides and NO3
-
 ions which have limited 

bridging affinity, the carboxylate groups may also foster the formation of high-nuclearity 

molecular compounds due to their unquestioned bridging capacity.
4,10,11,13,23,35,66

 

In the present study, various Ni(O2CR)2 (RCO2
- 

= different carboxylate anions) 

starting materials were used in the presence of the chelating/bridging Schiff base ligand 

samphH2. My synthetic attempts for the preparation of Ni
II
/RCO2

-
/samphH2 clusters were 

initiated by the one-pot reactions between [Ni2(H2O)(O2CBu
t
)4(HO2CBu

t
)4] and samphH2 

in various molar ratios and solvent media, in the absence of external base. Thus, the 

reaction of the [Ni2(H2O)(O2CBu
t
)4(HO2CBu

t
)4] precursor and samphH2 in a 1:2 molar 

ratio in EtOH resulted in a brown solution that upon slow evaporation at room 
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temperature gave olive-green crystals of [Ni4(samph)4(EtOH)4] (1) in 35% yield. The 

formation of 1 can be represented by the balanced Eqn. 2.1. 

 

2 [Ni2(H2O)(O2CBu
t
)4(HO2CBu

t
)4] + 4 samphH2 + 4 EtOH → 

[Ni4(samph)4(EtOH)4] + 16 Bu
t
CO2H

 
+ 2 H2O                  Eqn. 2.1 

 

Within the process of chemical reactivity on metal cluster compounds, an important 

synthetic factor that deserves investigation is the effect of the reaction solvent on the 

structural identity of the complexes. The volatility, polarity, rigidity and coordination 

affinity of reaction solvents are some of the features which directly affect the relative 

solubility, stability, crystallinity, and subsequently the identity of a product. To that end, 

the reaction that led to complex 1 was repeated in solvent DMF (instead of EtOH) under 

exactly the same conditions. The resulting dark orange solution afforded this time orange 

crystals of a new [Ni4(samph)4(DMF)2] (2) compound in yields as high as 40%. The 

formation of 2 can be represented by the balanced Eqn 2.2.  

 

2 [Ni2(H2O)(O2CBu
t
)4(HO2CBu

t
)4] + 4 samphH2 + 2 DMF → 

[Ni4(samph)4(DMF)2] + 16 Bu
t
CO2H

 
+ 2H2O                    Eqn. 2.2 

 

In both cases, the pivalate ions within the Ni
II
 starting material acted as a base and 

deprotonated the samphH2 ligand. The exact same reaction in MeOH gave olive-green 

crystals of an isostructural to 1 compound, as confirmed by means of IR spectroscopy and 
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rough single-crystal X-ray crystallographic data. It has been very challenging and 

difficult to understand and propose a mechanism for the formation of complex 2 over 1, 

and vice versa; however, it is clear from the reactions performed that the nature of the 

solvent played a crucial role for the solution dynamics (thermodynamics and kinetics) 

and the crystallization process of the different products. Due to the presence of 

paramagnetic Ni
II
 atoms in 1 and 2, the NMR spectra showed very broad peaks, and 

therefore it was impossible to gain any further insights into the solution chemistry of 

these systems. Moreover, the electrospray ionization (ESI) mass spectroscopy (MS) 

indicated the presence of various fragments in solution; this is usually the case with most 

polynuclear transition metal compounds which decompose in solution into different 

products.  

A variety of other reactions differing in the 

[Ni2(H2O)(O2CBu
t
)4(HO2CBu

t
)4]:samphH2 ratio and/or the reaction solvent(s) (i.e., polar, 

non-polar and solvent mixtures) were explored, without yielding any crystalline 

materials. The presence of an external organic base (i.e., NEt3) was found to have no 

effect on the identity of the two cluster products. In a next step, we decided to replace the 

[Ni2(H2O)(O2CBu
t
)4(HO2CBu

t
)4] starting material with Ni(O2CMe)2·4H2O and 

Ni(O2CPh)2·2H2O. The nature of the carboxylate anion is possible to alter the chemical 

identity of the crystalline products and therefore stabilize compounds with different 

structural topologies and physical properties. However, several reactions with the 

aforementioned Ni
II
 starting materials were performed and all of them failed to give us 

any crystalline products under various crystallization techniques. Complexes 1 and 2 
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were thus considered as the most thermodynamically stable compounds under the 

reported synthetic conditions. 

Due to the same organic ligands present in both structures, complexes 1 and 2 have 

similar IR spectra. The stretching vibrations of the aromatic rings of samph
2-

 are 

manifested by several medium to strong intensity bands in the ~1532-1378 cm
-1

 range.
17

 

The spectra of 1 and 2 exhibit intense bands at ~1600 cm
-1

, which are assigned to the 

ν(C=N) stretching vibration of the imino group of the Schiff base ligand.
10,116,124

 The 

appearance of a broad and strong intensity band at 3380 cm
-1

 is consistent with the 

presence of coordinated EtOH molecules in 1; the broadness is also indicative of 

hydrogen bonding (vide infra).
125

 Finally, the stretching vibrations of the carbonyl group 

of the DMF molecules in 2 appear as strong bands at 1650 and 1666 cm
-1

.
126 

 

2.2.2. Description of Structures 

 

Complex 1∙0.7EtOH crystallizes in the triclinic space group P-1 and has 

virtual S4 symmetry. Its structure consists of four distorted octahedral Ni
II
 ions 

bridged together by four deprotonated μ3-O atoms from the methyl-aminophenol 

part of four samph
2-

 ligands (Figure 2.1); the latter are all binding in an η
1
:η

1
:η

3
:μ3 

mode (Scheme 2.1). 
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Figure 2.1. Labelled plot of complex 1 emphasizing the {Ni4(μ3-OR)4}
4+

 cubane 

core. Colour scheme: Ni
II
 green, O red, N blue, C grey. H atoms are omitted for 

clarity. 

 

Scheme 2.1. The crystallographically established coordination mode of samph
2- 

in 

complex 1. 
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The tetranuclear cluster compound has a distorted cubane {Ni4(μ3-OR)4}
4+

 core with 

the μ3-O atoms occupying alternate vertices of the cube (Figure 2.2). Thus, the molecule 

consists of two interpenetrating concentric tetrahedra, one of four metal ions and the 

other of four triply bridging oxygen atoms. Peripheral ligation about the core is provided 

by four terminal EtOH molecules, each lying on a Ni
II
 ion. The six faces of the cubane 

are not equivalent. 

 

 

Figure 2.2. The {Ni4(μ3-OR)4}
4+

 cubane core of complex 1. Colour scheme: Ni
II
 green, O 

red, C grey. 

 

There are four intramolecular H-bonds in 1, with the oxygen atoms of coordinated 

EtOH ligands as donors and the phenolate oxygen atoms (one from each ligand) as 

acceptors (Table 2.2). There is also a possible H bond between the solvate EtOH 

molecule and one phenolate oxygen atom (Figure 2.3). Using the notation introduced by 

Williams, Decurtins and coworkers for cubanes,
127,128

 we code 1 as a whole by 

Ni4/2s4/m4. The symbol “s” indicates that the bridging atoms of samph
2-

 are supported, 
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the number “2” designating that one arm of samph
2-

 links the bridging O atom to two 

terminal donor atoms (the imino N and phenolate O atoms); the abbreviation “m4” 

indicates that four monodentate, terminal ligands (EtOH groups) complete the 

coordination spheres of the four Ni
II
 ions. 

 

 

Figure 2.3. The H-bonding interactions (dashed lines) that are present in the crystal 

structure of 1∙0.7EtOH. Colour scheme: Ni
II
 green, O red, N blue, C grey. 

 

 

Table 2.2. Hydrogen-bonding interactions in the crystal structure of 1∙0.7EtOH. 

Interaction D∙∙∙A (Å) H∙∙∙A (Å) D-H∙∙∙A (°) Symmetry 

operation 

O9-H(O9)∙∙∙O2 2.688 1.920 151.5 x, y, z 

O10-H(O10)∙∙∙O6 2.649 1.889 149.8 x, y, z 

O11-H(O11)∙∙∙O8 2.763 1.992 152.2 x, y, z 

O12-H(O12)∙∙∙O4 2.737 2.083 134.4 x, y, z 
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O1E
a
∙∙∙O8 2.948   x, y, z 

a
 O1E is the oxygen atom of the lattice EtOH molecule. A = acceptor, D = donor. 

 

Complex 2∙2DMF crystallizes in the triclinic space group P-1. Its structure 

consists of centrosymmetric [Ni4(samph)4(DMF)2] (Figure 2.4) and solvate DMF 

molecules; the latter will not be discussed further. The four Ni
II
 ions are located at 

the four vertices of a defective dicubane (i.e. two cubanes sharing a face 

[Ni(2)O(3)Ni(2′)O(3′)] and each missing one metal vertex). The Ni
II
 centers are 

bridged by two μ3-O (O3, O3′) and four μ-O (O1, O1′, O2, O2′) atoms from two 

η
1
:η

1
:η

3
:μ3 and two η

2
:η

1
:η

2
:μ3 samph

2- 
ligands, respectively (Scheme 2.2).  

 

 

Figure 2.4. Labelled plot of complex 2 emphasizing the {Ni4(μ3-OR)2(μ-OR)4}
2+

 

defective dicubane core. Colour scheme: Ni
II
 green, O red, N blue, C grey. H-atoms are 

omitted for clarity. Symmetry operation for the primed atoms: 1-x, 2-y, -z. 
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Scheme 2.2. The crystallographically established coordination modes of samph
2- 

in 

complex 2.  

 

Thus, the core of 2 is {Ni4(μ3-OR)2(μ-OR)4}
2+

 (Figure 2.5), where RO
-
 are the 

alkoxido arms of samph
2-

 ligands. Peripheral ligation is provided by two terminally 

bound DMF molecules on Ni2 and Ni2′ and the imino N atoms of four samph
2-

 ligands, 

each bound to a Ni
II
 ion. As a result, the latter atoms are six-coordinate and near-

octahedral, whereas Ni1 and Ni1′ are five-coordinate with very distorted coordination 

geometries (τ = 0.43, where τ is 0 and 1 for perfect square-pyramidal and trigonal-

bipyramidal geometries,
129

 respectively). Complex 2 can alternatively be described as 

containing a “butterfly” of Ni
II
 sites with the ‘body’ of the “butterfly” (Ni2 and Ni2′) 

bridged by two deprotonated μ3-O atoms from two η
1
:η

1
:η

3
:μ3 samph

2-
 ligands; these O 

atoms also bridge to Ni
II
 ‘wing-tip’ sites (Ni1 and Ni1′). Each of the four edges of the 

closed-type “butterfly” is bridged by one μ-O atom from two in total η
2
:η

1
:η

2
:μ3 samph

2-
 

ligands. In the crystal structure of 2 there are no significant intra- and intermolecular H-

η1:η1:η3:μ3 η2:η1:η2:μ3
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bonding or π-π stacking interactions. Finally, complexes 1 and 2 are the first cluster 

compounds bearing any form (neutral, singly- or doubly-deprotonated) of samphH2.  

 

 

Figure 2.5. The {Ni4(μ3-OR)2(μ-OR)4}
2+

 defective dicubane core of complex 2. Colour 

scheme: Ni
II
 green, O red, C grey. 

 

2.2.3. Solid-state Magnetic Susceptibility Studies 

 

Variable-temperature dc magnetic susceptibility measurements were 

performed on freshly-prepared microcrystalline solids of 1 and 2∙DMF in the 

temperature range 2.0-300 K; a dc field of 0.3 T was applied from 30 to 300 K and 

a weak dc field of 0.03 T was applied from 2 to 30 K to avoid saturation effects. 

The data are shown as χΜT vs. T plots in Figure 2.6. The values of the χΜT product 

at 300 K are 5.53 (1) and 5.35 (2∙DMF) cm
3
mol

-1
K, slightly higher than the value 

 



84 
 

of 4.84 cm
3
mol

-1
K (calculated with g = 2.2) expected for four non-interacting Ni

II
 

(S = 1) atoms. For the cubane complex 1, the value of χΜΤ steadily increases in the 

300-7 K range and then slightly decreases with decreasing T to reach the value of 

6.68 cm
3
mol

-1
K at 2 K. For the defective dicubane complex 2∙DMF, the magnetic 

response is distinctly different; the χΜT product remains essentially constant in the 

300-50 K region and then decreases sharply, reaching a value of 0.53 cm
3
mol

-1
K at 

2 K. The data and shape of plots indicate predominant ferromagnetic (for 1) and 

antiferromagnetic (for 2) exchange interactions, thus suggesting S = 4 and S = 0 

ground state spin values, respectively.  

 

 

Figure 2.6. χMT vs. T plots of 1 and 2∙2DMF. The solid lines are the fits of the 

data; see the text for the fit parameters. 
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In order to quantify the nature of the magnetic exchange interactions within 1 

and 2, theoretical expressions of χΜ as a function of T were derived and fitted to 

the experimental data. Structural data indicate that the core of complex 1 consists 

of a distorted cubane with different metric parameters in the six faces. However, 

opposite faces show similar Ni-O-Ni bond angles and thus, in order to reduce the 

number of coupling constants in the fitting process, only three coupling constants 

were employed according to the simplified coupling scheme shown in Scheme 

2.3a. The centrosymmetric complex 2 shows three sets of Ni-O-Ni bond angles 

and hence three coupling constants were applied according to Scheme 2.3b.  

 

 

Scheme 2.3. J-coupling scheme employed for the elucidation of the magnetic 

exchange interactions in 1 (a) and 2 (b); see the text for the corresponding spin-

Hamiltonians. 

 

On the basis of Scheme 2.3, the applied Heisenberg spin-Hamiltonians for 

complexes 1 and 2 are shown in Eqns. 2.3 and 2.4, respectively. 

 

(a) (b)
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H = –J1(Ŝ1·Ŝ2 + Ŝ3·Ŝ4) – J2(Ŝ1·Ŝ3 + Ŝ2·Ŝ4) – J3(Ŝ1·Ŝ4 + Ŝ2·Ŝ3)              Eqn. 2.3 

H = –J1(Ŝ1·Ŝ2) – J2(Ŝ1·Ŝ4 + Ŝ2·Ŝ3) – J3(Ŝ1·Ŝ3 + Ŝ2·Ŝ4)                       Eqn. 2.4 

 

The PHI program
130

 was used to fit the susceptibility and magnetization data. 

The quality of the fits is quantified by the agreement factor R, defined as (χMTexp – 

χMTcalc)
2
/(χMTexp)

2
. Preliminary fits for 1, applying the spin-Hamiltonian of Eqn. 

2.3, were not satisfactory and therefore the zero-field splitting parameter, D, was 

included in the model. An excellent fit of the experimental data gave as best-fit 

parameters: J1 = -0.1 cm
-1

, J2 = +8.4 cm
-1

, J3 = +1.3 cm
-1

, D = +3.8 cm
-1

 and g = 

2.28 (R = 7.2 × 10
-5

) for complex 1, and J1 = -10.0 cm
-1

, J2 = +14.9 cm
-1

, J3 = 

+10.4 cm
-1 

and g = 2.30 (R = 7.3 × 10
-6

) for complex 2. 

Magnetization vs. field measurements were performed at 2 K and the 

corresponding plots show a continuous increase up to a non-saturated value 

equivalent to 7.0 electrons for 1 and 3.6 electrons for 2 (Figure 2.7). These values 

are in agreement with the predominant ferro- and antiferromagnetic interactions 

determined by the magnetic susceptibility measurements. To evaluate the accuracy 

of the susceptibility data, the magnetization data were also fitted using the spin-

Hamiltonians expressed in Eqns. 2.3 and 2.4, and including the D term. Best-fit 

parameters are: J1 = 0.0 cm
-1

, J2 = +9.4 cm
-1

, J3 = +2.4 cm
-1

, D = +4.7 cm
-1

 and g = 

2.24 (R = 1.5 × 10
-3

) for 1, and J1 = -9.1 cm
-1

, J2 = +15.0 cm
-1

, J3 = +10.8 cm
-1

,
 
D = 

-0.98 cm
-1

 and g = 2.27 (R = 8.1 × 10
-6

) for 2, in good agreement with the 

susceptibility data. Both measurements confirmed an S = 4 ground state for 1 and 
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an S = 0 ground state (population: 80.3 %) for 2, with very close in energy S = 1 

(energy gap: 2.0 cm
-1

, population: 19.0 %) and S = 2 (gap: 6.6 cm
-1

, population: 

0.7 %) excited states. 

 

 

Figure 2.7. Plots of magnetization (M) vs. field (H) for complexes 1 (red) and 2∙DMF 

(blue) at 2 K. The solid lines are the fits of the data; see the text for the fit parameters. 

 

The most important parameter in the magnetostructural correlations of 

tetranuclear clusters possessing the {Ni4(μ3-OR)4}
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cubane faces.
127,131

 A ferromagnetic exchange is expected for Ni-O-Ni angles 

lower than 99° and the positive value of the coupling constant increases as the Ni-

O-Ni 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. The mean Ni-O-Ni angles for the three {Ni2} pairs 

described by J1, J2 and J3 in 1 are 101.6°, 94.4° and 95.5°, respectively; thus, the J2 

coupling is predicted to be the most ferromagnetic, and indeed, it is. Cluster 2 

possesses a diamagnetic ground state as a result of the highly competing 

ferromagnetic and antiferromagnetic interactions. The obtained signs of J constants 

for 2 agree with the corresponding Ni-O-Ni angles; J1 for the Ni2···Ni2′ pair of a 

99.4° mean angle, J2 for the Ni1···Ni2 and Ni1′···Ni2′ pairs of a 97.5° mean angle, 

and J3 for the Ni1···Ni2′ and Ni1′···Ni2 pairs of a 97.8° mean angle. The fact that 

the absolute values of J constants are very close to each other is reasonably 

attributed to the Ni-O-Ni angles which are close to the ferro-/antiferromagnetic 

border. Finally, ac magnetic susceptibility studies were performed on the 

ferromagnetic complex 1; however, no out-of-phase signals were observed in the 

χMʹʹ vs. T plot, suggesting 1 is not an SMM.  

 

2.3. Conclusions and Perspectives 

 

In conclusion, we have reported two new tetranuclear Ni
II
 complexes with 

cubane (1) and defective dicubane (2) topologies, both resulting from similar one-
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pot reactions between a Ni
II
 carboxylate precursor and the Schiff base ligand N-

salicylidene-4-methyl-o-aminophenol. Besides the structural differences, 

complexes 1 and 2 showed also variations in their magnetic behaviors; 1 was 

ferromagnetically coupled with an S = 4 ground state opposite to cluster 2 which 

possessed a diamagnetic ground state (S = 0). Solid-state photoluminescence 

studies were performed on both complexes 1 and 2 but no emissions were 

detected, most likely due to strong quenching effects from the paramagnetic Ni
II 

ions. 

 The key point 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 to isolate new polynuclear metal complexes. Various synthetic factors such 

as the reaction solvent and ligand substituent(s) can offer alternative pathways for 

the emergence of beautiful and magnetically interesting 3d-metal clusters. 

However, an alternative route towards the isolation of structurally unique 

compounds with interesting physicochemical properties is the search for new 

ligand types that will belong to either the same family (i.e., Schiff bases) or they 

will be part of a completely different class of ligands. In the following Chapter 3, 

we report our efforts for the preparation of polynuclear Ni
II
 complexes with 

magneto-optical properties from the employment of a new fluorescent 

bridging/chelating Schiff base ligand. 
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CHAPTER 3: Naphthalene-substituted Schiff Bases Yielding 

New Ni
II

 Metal Clusters with Ferromagnetic and Emissive 

Properties 

 

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. 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 spectra were recorded in the solid state on a Bruker 

FT-IR spectrometer (ALPHA’s 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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NMR spectroscopy: NMR spectra were recorded on a Bruker 300 MHz 

spectrometer at Brock University. All chemical shifts are referenced to tetramethylsilane 

[Si(CH3)4] or a residual non-deuterated solvent. Data for proton spectra are reported as 

follows: chemical shift multiplicity [singlet (s) and multiplet (m)]. 

Photoluminescence studies: Excitation and emission spectra were recorded in the 

solid-state using a PTI FeliX32 spectrofluorometer. 

Magnetic susceptibility measurements: Magnetic susceptibility studies were 

performed at the Chemistry Department, University of Barcelona, on a MPMS5 Quantum 

Design magnetometer. Pascal’s constants were used to estimate the diamagnetic 

correction, which was subtracted from the experimental susceptibility to give the molar 

paramagnetic susceptibility (χΜ).
34

  

 

3.1.2. Synthesis 

 

Synthesis of 2-[[(2-hydroxy-1-naphthalenyl)methylene]amino]-5-chlorobenzoic 

acid (nacbH2). The organic ligand 2-[[(2-hydroxy-1-naphthalenyl)methylene]amino]-5-

chlorobenzoic acid or, for simplicity, N-naphthalidene-2-amino-5-chlorobenzoic acid 

(nacbH2) was prepared in quantitative yield (~93%) by the condensation reaction of 2-

amino-5-chlorobenzoic acid (8.58 g, 50 mmol) with 2-hydroxy-1-naphthaldehyde (8.61 g, 

50 mmol) in a molar ratio of 1:1 in refluxing MeOH (100 mL). The reaction was stirred 

under reflux for 2 h and then cooled to room temperature, during which time an orange 

microcrystalline solid had appeared. The orange solid was collected by filtration, dried 
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under vacuum, and analyzed as solvent-free. Elemental analysis (%) calculated for 

nacbH2: C 66.37, H 3.66, N 5.08; found: C 66.46, H 3.76, N 4.89. Selected IR data 

(ATR): ν = 3561 (mb), 3010 (m), 1586 (s), 1543 (s), 1475 (m), 1408 (m), 1361 (s), 1306 

(m), 1265 (m), 1231 (w), 1168 (m), 1134 (w), 1111 (m), 1064 (w), 1027 (w), 972 (s), 886 

(w), 866 (s), 834 (m), 815 (s), 744 (s), 704 (m), 656 (w), 629 (m), 591 (m), 559 (m), 498 

(vs), 437 (m). 
1
H NMR (DMSO-d

6
, ppm): 15.10 (s, 1H, -OH), 13.20 (s, 1H, -COOH), 

9.39 (s, 1H, -CH=N), 6.83-8.42 (m, 9H, 9-Ar-H). 
13

C NMR (DMSO-d
6
, ppm): 115.8, 

116.9, 118.4, 124.4, 126.3, 127.9, 128.7, 131.4, 132.1, 133.0, 138.2, 138.7, 150.4, 162.9. 

(NHEt3)[Ni12(nacb)12(H2O)4](ClO4) (3). To a stirred, orange suspension of nacbH2 

(0.07 g, 0.2 mmol) in MeCN (20 mL) was added NEt3 (56 μL, 0.4 mmol). The resulting 

yellow solution was stirred for 5 min, during which time solid Ni(ClO4)2·6H2O (0.07 g, 

0.2 mmol) was added and the Colour of the solution changed to orange-red. Additional 

stirring for 20 min did not alter the Colour or form of the solution. The latter was then 

filtered, and the filtrate was layered with Et2O to afford after 5 days yellow blocks of 3. 

The crystals were collected by filtration, washed with cold MeCN (2 × 2 mL), and dried 

under vacuum. The yield was 35%. Elemental analysis (%) calculated for 3∙3H2O: C 

54.23, H 3.07, N 3.70; found: C 54.35, H 3.16, N 3.62. Selected IR data (ATR): ν = 2973 

(w), 1582 (s), 1553 (vs), 1535 (vs), 1473 (m), 1449 (m), 1427 (s), 1382 (s), 1339 (vs), 

1249 (m), 1216 (m), 1179 (m), 1152 (m), 1112 (m), 1089 (w), 1037 (m), 984 (m), 960 

(m), 885 (s), 814 (s), 770 (m), 741 (s), 632 (m), 552 (m), 509 (m), 454 (m). 

(NHEt3)2[Ni5(nacb)4(L)(LH)2(MeOH)] (4). This complex was prepared in the exact 

same manner as complex 3, but using MeOH (20 mL) in place of MeCN, under the same 

aerobic conditions. After 7 days, X-ray quality dark red plate-like crystals of 4 were 



93 
 

collected by filtration, washed with cold MeOH (2 × 2 mL), and dried in air. The yield 

was 50% based on the total available Ni. Elemental analysis (%) calculated for the 

solvent-free 4: C 58.19, H 3.77, N 4.49; found: C 58.35, H 3.83, N 4.27. Selected IR data 

(ATR): ν = 2981 (m), 1695 (m), 1574 (vs), 1534 (vs), 1481 (m), 1450 (m), 1404 (s), 1355 

(s), 1261 (m), 1217 (m), 1180 (m), 1156 (m), 1111 (mb), 977 (m), 887 (m), 824 (m), 775 

(m), 742 (m), 620 (m), 569 (m), 507 (w), 454 (m). 

[Ni5(OH)2(nacb)4(DMF)4] (5). To a stirred, orange suspension of nacbH2 (0.07 g, 

0.2 mmol) in DMF (15 mL) was added NEt3 (56 μL, 0.4 mmol). The resulting yellow 

solution was stirred for 5 min, during which time solid Ni(ClO4)2·6H2O (0.07 g, 0.2 

mmol) was added and the Colour of the solution changed to dark orange-brown. 

Additional stirring for 15 min did not alter the Colour or form of the solution. The latter 

was then filtered, and the filtrate was left undisturbed at ambient temperature to afford 

after ~20 days green plates of 5. The crystals were collected by filtration, washed with 

cold DMF (2 × 2 mL), and dried under vacuum. The yield was 50%. Elemental analysis 

(%) calculated for 5: C 52.69, H 3.68, N 5.85; found: C 52.74, H 3.75, N 5.77. Selected 

IR data (ATR): ν = 2926 (w), 1659 (s), 1581 (s), 1532 (vs), 1451 (vs), 1384 (s), 1352 (s), 

1251 (s), 1178 (m), 1090 (m), 962 (m), 826 (vs), 745 (vs), 636 (m), 564 (m), 506 (m), 

418 (m). 

 [Ni5(OMe)Cl(nacb)4(MeOH)3(MeCN)] (6). To a stirred, orange suspension of nacbH2 

(0.07 g, 0.2 mmol) in MeCN/MeOH (15 mL, 2:1 v/v) was added NEt3 (56 μL, 0.4 mmol). 

The resulting yellow solution was stirred for 5 min, during which time solid NiCl2·6H2O 

(0.1 g, 0.4 mmol) was added and the Colour of the solution changed to orange-brown. 

Additional stirring for 15 min did not alter the Colour or form of the solution. The latter 
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was then filtered, and the filtrate was diffused into a mixture of Et2O/hexanes (30 mL, 1:1 

v/v) to afford after 2 days green plates of 6·3MeCN·MeOH·Et2O. The crystals were 

collected by filtration, washed with cold MeOH (2 × 2 mL), and dried under vacuum. The 

yield was 40%. Elemental analysis (%) calculated for 6: C 52.28, H 3.26, N 3.91; found: 

C 52.33, H 3.33, N 3.86. Selected IR data (ATR): ν = 2950 (s), 1700 (w), 1580 (s), 1531 

(s), 1450 (s), 1425 (m), 1383 (s), 1342 (s), 1251 (m), 1219(w), 1180 (s), 1156 (s), 1039 

(m), 981 (m), 961 (m), 853 (w), 819 (s), 777(m), 744 (vs), 664 (w), 635 (s), 569 (m), 526 

(w), 508 (m), 453(m), 419(m). 

(NHEt3)2[Ni6(OH)2(nacb)6(H2O)4] (7). To a stirred, orange suspension of nacbH2 

(0.07 g, 0.2 mmol) in CH2Cl2 (20 mL) was added NEt3 (56 μL, 0.4 mmol). The resulting 

yellow solution was stirred for 5 min, during which time solid NiCl2·6H2O (0.1 g, 0.4 

mmol) was added, resulting in an orange suspension. Additional stirring for 30 min did 

not alter the Colour or form of the solution. The latter was then filtered, and the filtrate 

was left undisturbed at ambient temperature to afford after 18 days X-ray quality orange 

needles of 7·6CH2Cl2. The crystals were collected by filtration, washed with cold CH2Cl2 

(2 × 2 mL), and dried under vacuum. The yield was 60%. Elemental analysis (%) 

calculated for 7: C 55.33, H 3.95, N 4.30; found: C 55.38, H 4.01, N 4.25. Selected IR 

data (ATR): ν = 3042 (wb), 1579 (vs), 1555 (m), 1534 (s), 1450 (s), 1428 (s), 1388 (m), 

1340 (m), 1253 (m), 1179 (s), 1155 (s), 1112 (m), 1089 (m), 984 (s), 960 (m), 884 (m), 

853 (w), 820 (s), 777 (m), 740 (vs), 634 (m), 553 (m), 504 (m), 458(m). 

 [Ni6(nacb)6(H2O)3(MeOH)6] (8). To a stirred, orange suspension of nacbH2 (0.07 g, 

0.2 mmol) in CH2Cl2/MeOH (25 mL, 4:1 v/v) was added KOH (0.02 g, 0.4 mmol). The 

resulting orange suspension was stirred for 10 min, during which time solid NiCl2·6H2O 
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(0.1 g, 0.4 mmol) was added, resulting in a brownish suspension. Additional stirring for 

60 min did not alter the Colour or form of the solution. The latter was then filtered, and 

the filtrate was left undisturbed at ambient temperature to afford after ~30 days yellow 

laths of 8∙2CH2Cl2∙H2O. The crystals were collected by filtration, washed with cold 

MeOH (2 × 2 mL), and dried under in air. The yield was 20%. Elemental analysis (%) 

calculated for 8: C 53.89, H 3.57, N 3.31; found: C 53.96, H 3.61, N 3.23. Selected IR 

data (ATR): ν = 3587 (w), 2917 (wb), 1615 (m), 1576 (vs), 1533 (vs), 1450 (vs), 1426 

(m), 1385 (m), 1340 (m), 1251 (s), 1178 (vs), 1156 (m), 1113 (m), 1090 (m), 982 (m), 

889 (s), 819 (vs), 776 (w), 740 (vs), 661 (m), 559 (w), 509 (m), 455 (m). 

 

3.1.3. Single-crystal X-ray Crystallography 

 

Data for complexes 3 and 8 were collected on beamline 11.3.1 at the Advanced Light 

Source, Lawrence Berkeley National Lab. Samples were mounted on MiTeGen® kapton 

loops and placed in a 100(2) K nitrogen cold stream provided by an Oxford Cryostream 

700 Plus low temperature apparatus on the goniometer head of a Bruker D8 

diffractometer equipped with a PHOTON100 CMOS detector operating in shutterless 

mode. Diffraction data were collected using synchrotron radiation monochromated using 

silicon(111) to a wavelength of 0.7749(1) Å. An approximate full-sphere of data was 

collected using a combination of phi and omega scans with scan speeds of 1 second per 4 

degrees for the phi scans, and 1 and 3 seconds per degree for the omega scans at 2θ = 0 

and -45°, respectively. The structures were solved by intrinsic phasing (SHELXT) and 
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refined by full-matrix least squares on F
2
 (SHELXL-2014). All non-hydrogen atoms were 

refined anisotropically. Hydrogen atoms were geometrically calculated and refined as 

riding atoms. The hydrogen atoms on the water molecules were found in the difference 

map, and their distances were fixed and allowed to refine with a riding model. The 

triethylammonium and perchlorate ions in complex 3 were severely disordered and have 

been heavily constrained and modelled as such. Hydrogen positions were calculated on 

all atoms in these disorder models and included in the molecular formula. There exist a 

large number of solvent molecules in 3, including diethyl ether, acetonitrile, and water. 

Because of the positional and occupancy disorder of these solvents, stable refinements 

could not be achieved, and as such, the density was treated using SQUEEZE,
132

 as 

implemented in the software package PLATON.
133,134

 

Crystalline material of complexes 4, 5, 6, and 7 was manually harvested, and 

selected single crystals for each compound were mounted on cryoloops using adequate 

oil.
135

 Diffraction data were collected on a Bruker X8 Kappa APEX II Charge-Coupled 

Device (CCD) area-detector diffractometer controlled by the APEX2 software package 

(MoKα graphite-monochromated radiation, λ = 0.71073 Å),
136

 and equipped with an 

Oxford Cryosystems Series 700 cryostream monitored remotely with the software 

interface Cryopad.
137

 Images were processed with the software SAINT+,
138

 and the 

absorption effects were corrected by the multi-scan method implemented in SADABS.
139

 

The structures were solved using the algorithm implemented in SHELXT-2014,
123,140

 and 

refined by successive full-matrix least-squares cycles on F
2
 using the latest SHELXL-

v.2014.
123,141 

All of the non-hydrogen atoms were successfully refined using anisotropic 

displacement parameters, except from the H atoms of one Et3NH
+
 cation in 4, which were 
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only refined with isotropic parameters. Hydrogen atoms bonded to carbon were placed at 

their idealized positions using appropriate HFIX instructions in SHELXL: 43 for the 

aromatic carbons, 137 for the terminal CH3, 23 for the CH2, and 13 for the CH groups. 

All of these atoms were included in subsequent refinement cycles in a riding-motion 

approximation with isotropic thermal displacement parameters (Uiso) fixed at 1.2 or 

1.5 × Ueq of the relative atom. Although the hydrogen atoms of NH-groups in the LH
-
/L

2-
 

ligands, as well as those of the Et3NH
+
 cation, were neither located from difference 

Fourier maps nor positioned in calculated positions and refined with isotropic parameters, 

they were included in the molecular formula of complex 4. Substantial electron density 

was found on the diffraction data, almost certainly due to disordered lattice solvate 

molecules occupying the spaces created by the packing arrangement of the complexes. 

Our efforts to locate, model and refine properly these residues were unsuccessful, while 

the search for the total potential solvent area using the software package PLATON 

confirmed the existence of cavities with potential solvent accessible void volume. 

Consequently, the original data sets for all complexes were treated with SQUEEZE
132

 to 

minimize the contribution from these highly disordered molecules, and the calculated 

solvent-free reflection lists were then used for the final refinement of the corresponding 

structures. Information concerning crystallographic data collection and structure 

refinement details is summarized in Tables 3.1 and 3.2. 
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Table 3.1. Crystallographic data for complexes 3, 4 and 5. 

Parameter 3 4 5 

Formula C222H144Cl13N13O44Ni12 C136H105Ni5O25N9Cl7 C84H70Cl4N8O18Ni5 

Fw / g mol
-1

 4862.86 2806.98 1914.83 

Crystal type Yellow block Red plate Green plate 

Crystal size / mm
3
 0.15  0.08  0.06 0.64  0.21  0.03 0.30  0.10  0.03 

Crystal system Triclinic Triclinic Triclinic 

Space group P-1 P-1 P-1 

a / Å 16.9856(6) 18.010(4) 14.1417(10) 

b / Å 25.1456(11) 18.427(4) 14.1587(10) 

c / Å 32.8854(13) 22.874(5) 14.7117(11) 

α / ° 72.694(2) 103.960(9) 92.408(2) 

β / ° 84.405(2) 91.535(9) 99.389(2) 

γ / ° 83.388(2) 92.898(10) 116.988(2) 

V / Å
3
 13291.1(9) 7351(3) 2566.8(3) 

Z 2 2 1 

T / K 100(2) 150(2) 150(2) 

Dc / g cm
-3

 1.215 1.268 1.239 

μ / mm
-1

 1.290 0.822 1.064 

  range 2.171 – 28.967 3.638 – 25.027 3.559 – 25.027 

Index ranges -21   h   21 

-31   k   31 

-41   l   41 

−21  h  21 

−21  k  21 

−27  l  26 

-16   h  16 

-16   k  14 

-17   l  17 

Reflections collected 175095 141055 20559 

Independent reflections 54164 (Rint = 0.0514) 25733 (Rint = 0.0308) 8403 (Rint = 0.0386) 

Final R  

indices [I>2(I)]
a,b 

R1 = 0.0516 

wR2 = 0.1186 

R1 = 0.0528 

wR2 = 0.1454 

R1 = 0.0801 

wR2 = 0.2070 

Final R  

indices (all data) 

R1 = 0.0802 

wR2 = 0.1306 

R1 = 0.0590 

wR2 = 0.1506 

R1 = 0.0942 

wR2 = 0.2195 
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(Δρ)max,min  

/ e Å
-3

 

2.452 and -1.227 4.406 and -0.773 1.271 and -1.144 

a
 R1 = (||Fo| – |Fc||)/|Fo|. 

b
 wR2 = [[w(Fo

2
 - Fc

2
)

2
]/ [w(Fo

2
)

2
]]

1/2
, w = 1/[σ

2
(Fo

2
) + [(ap)

2 
+bp], where p = 

[max(Fo
2
, 0) + 2Fc

2
]/3. 

 

Table 3.2. Crystallographic data for complexes 6, 7 and 8. 

Parameter 6 7 8 

Formula C89H81Cl5N8O18Ni5 C126H114Cl18N8O24Ni6 C116H96Cl10N6O27.29Ni6 

Fw / g mol
-1

 2021.41 3114.61 2717.42 

Crystal type Green plate Orange needle Yellow lath 

Crystal size / mm
3
 0.31  0.17  0.12 0.35  0.16  0.11 0.11  0.04  0.02 

Crystal system Triclinic Monoclinic  Orthorhombic  

Space group P-1 P21/n Pbca 

a / Å 17.414(4) 14.7531(12) 27.5171(11) 

b / Å 17.728(4) 18.2554(16) 27.7084(10) 

c / Å 18.040(4) 26.332(2) 31.0222(12) 

α / ° 69.585(9) 90 90 

β / ° 84.074(9) 99.008(4) 90 

γ / ° 65.021(9) 90 90 

V / Å
3
 4724.9(19) 7004.4(10) 23653.0(16) 

Z 2 2 8 

T / K 150(2) 150(2) 100(2) 

Dc / g cm
-3

 1.421 1.447 1.526 

μ / mm
-1

 1.188 1.202 1.561 

  range 3.644 – 26.732 3.540 – 25.027 2.149 – 24.191 

Index ranges −22  h  22 

−21  k  22 

−22  l  22 

−17  h  17 

−21  k  21 

−31  l  31 

−28  h  28 

−29  k  29 

−32  l  32 

Reflections collected 125760 109393 226986 
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Independent 

reflections 

19959 (Rint = 0.0290) 12298 (Rint = 0.0480) 14570 (Rint = 0.098) 

Final R  

indices [I>2(I)]
a,b 

R1 = 0.0373 

wR2 = 0.1117 

R1 = 0.0986 

wR2 = 0.2556 

R1 = 0.0803 

wR2 = 0.1958 

Final R  

indices (all data) 

R1 = 0.0438 

wR2 = 0.1222 

R1 = 0.1046 

wR2 = 0.2603 

R1 = 0.1065 

wR2 = 0.2190 

(Δρ)max,min  

/ e Å
-3

 

1.399 and -0.879 3.081 and -1.837 1.017 and -1.731 

a
 R1 = (||Fo| – |Fc||)/|Fo|. 

b
 wR2 = [[w(Fo

2
 - Fc

2
)

2
]/ [w(Fo

2
)

2
]]

1/2
, w = 1/[σ

2
(Fo

2
) + [(ap)

2 
+bp], where p = 

[max(Fo
2
, 0) + 2Fc

2
]/3. 

 

3.2. Results and Discussion 

 

3.2.1. Synthetic Comments 

 

As mentioned in Chapter 2, one of the most successful routes for obtaining 

polynuclear Ni(II) complexes is serendipitous assembly which comprises reactions of 

NiX2 starting materials, where X
-
 are various inorganic anions, with a potentially 

chelating/bridging ligand. We started investigating the NiX2/nacbH2 system by 

performing one-pot reactions between Ni(ClO4)2·6H2O and nacbH2 in various molar 

ratios and at different solvent media. All the reactions were carried out in the presence of 

an external organic base (i.e., NEt3) in order to deprotonate the -OH and -CO2H groups of 

nacbH2. 

A variety of reactions differing in the Ni(ClO4)2·6H2O:nacbH2 ratio, the organic base 

and/or the reaction solvent(s) were explored in identifying the following successful 
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systems. The reaction between Ni(ClO4)2∙6H2O, nacbH2, and NEt3 in a 1:1:2 molar ratio 

in MeCN gave yellow crystals of (NHEt3)[Ni12(nacb)12(H2O)4](ClO4) (3) in 35% yield. 

The formation of 3 can be represented by the balanced Eqn. 3.1. 

 

12 Ni(ClO4)2∙6H2O + 12 nacbH2 + 24 NEt3    →  

(NHEt3)[Ni12(nacb)12(H2O)4](ClO4) + 23 (NHEt3)(ClO4) + 68 H2O       Eqn. 3.1 

 

In our next steps, we decided to perform the exact same reaction, but in other polar 

and non-polar solvent media, in order to study the effect of the solvent on the structural 

identity of the Ni
II
/nacb

2-
 products. The same aerobic reaction in MeOH instead of MeCN 

led to the isolation of dark red crystals of (NHEt3)2[Ni5(nacb)4(L)(LH)2(MeOH)] (4) in 

50% yield, while in DMF, the reaction system led to green plates of 

[Ni5(OH)2(nacb)4(DMF)4] (5) in 50% yield. The formation of 5 is summarized in Eqn. 

3.2. 

 

5 Ni(ClO4)2∙6H2O + 4 nacbH2 + 10 NEt3 + 4 DMF   →  

[Ni5(OH)2(nacb)4(DMF)4] + 10 (NHEt3)(ClO4) + 28 H2O            Eqn. 3.2 

 

The new bridging ligand LH2 (and its anions L
2-

/LH
-
) that appears in the structure of 

4 has been resulted from a complicated and unexpected metal-assisted organic 

transformation of nacbH2; this emphasizes further the rich reactivity chemistry of Schiff 

bases bearing naphthalene groups. Note that, to our knowledge, this is the first report of 

LH2 in both organic and inorganic chemistry. A proposed mechanism of LH2 formation is 
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shown in Scheme 3.1, and most likely includes: (i) hydrolysis of nacbH2 to the original 

precursors, 2-hydroxy-1-naphthaldehyde and 2-amino-5-chlorobenzoic acid,
142

 (ii) 

decarbonylation of 2-hydroxy-1-naphthaldehyde to yield β-naphthol with the subsequent 

release of HCO2H,
143

 (iii) oxidation of β-naphthol from atmospheric O2 to the 

corresponding ο-naphthoquinone,
144

 and (iv) Michael-addition of the NH2-group of 2-

amino-5-chlorobenzoic acid to the β-carbon atom of the naphthoquinone;
145

 the resulting 

LH2 group could also be in resonance with other quinone/semiquinone-type products in 

solution. It is worth mentioning that the dark-red crystals of 4, opposite to the yellow-

green crystals of 2 and 5, are indicative of the formation of a new ligand with a different 

chromophore than nacbH2; crystalline (arylamino)naphthoquinones are known dyes with 

intense red coloration.
146
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Scheme 3.1. The proposed, simplified, reaction scheme that leads to LH2 and 

subsequently to the coordinated, upon deprotonation, LH
-
 and L

2-
 groups in complex 4; 

the Ni
2+

 ions possibly stabilize some of the intermediate products and undoubtedly the 

final compound 4 (vide infra). 

 

Although it is very difficult to rationalize the formation of one cluster product over 

the other(s), it was proved though that the reaction solvent was again extremely important 

for the isolation of the particular family of compounds 3-5. Employment of other solvent 

media, such as CH2Cl2, EtOH, CHCl3 and solvent mixtures, did not afford any crystalline 

products under various crystallization techniques. It is very important to emphasize on the 
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importance of NEt3 in the reaction that led to complex 5; it did not only act as a proton 

acceptor to facilitate the deprotonation of the nacbH2 ligand, but it also assisted for the in 

situ generation of OH
-
 ions through the deprotonation of Η2Ο molecules from both the 

starting materials and wet solvents. A variety of similar reactions in the presence of 

different organic bases (e.g., NMe3, NHPr2, NHBu2, Bu3N, NHEt2, NHPr2, Me4NOH, 

Et4NOH and Bu4NOH) failed to give us any crystalline materials other than non-

crystalline precipitates that we were not able to further characterize. 

Under the context of chemical reactivity on cluster compounds, we decided to use 

other NiX2 precursors, such as the NiCl2·6H2O starting material, in order to assess how 

the nature of the inorganic anions would affect the chemical identity of the crystalline 

products. Several reactions were performed based on the general reaction scheme 

NiCl2·6H2O/nacbH2/base, under various molar ratios and in different solvent media and 

organic/inorganic bases. Thus, the reaction of NiCl2·6H2O, nacbH2, and NEt3 in a 2:1:2 

molar ratio, in a solvent mixture comprising MeOH and MeCN, gave an orange-brown 

solution that upon diffusion with Et2O and hexanes, led to the isolation of green plates of 

the new pentanuclear compound [Ni5(OMe)Cl(nacb)4(MeOH)3(MeCN)] (6) in ~40% 

yield. The exact same reaction in CH2Cl2 resulted in orange needles of the hexanuclear 

complex (NHEt3)2[Ni6(OH)2(nacb)6(H2O)4] (7) good yield (~60%). The formation of 6 

and 7 is summarized in the balanced Eqns. 3.3 and 3.4, respectively. 

        

5 NiCl2∙6H2O + 4 nacbH2 + 9 NEt3 + 4 MeOH + MeCN →                                                

[Ni5(OMe)Cl(nacb)4(MeOH)3(MeCN)] + 9 (NHEt3)(Cl) + 30 H2O    Eqn. 3.3 
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6 NiCl2∙6H2O + 6 nacbH2 + 14 NEt3 → 

(NHEt3)2[Ni6(OH)2(nacb)6(H2O)4] + 12 (NHEt3)(Cl) + 30 H2O       Eqn. 3.4 

 

In complex 6, a chloride group bridges two Ni
II 

centers (vide infra); thus, it is 

obvious that the employment of NiCl2∙6H2O starting material was necessary for the 

stabilization of this compound in solution and subsequently its crystallization under the 

reported conditions. Moreover, the presence of NEt3 is of significant importance for the 

formation of hexanuclear complex 7. In particular, the NEt3 base appears to deprotonate 

the organic ligand, facilitate the in situ generation of OH
-
 ions, and the resulting NHEt3

+
 

species serve to counterbalance the anionic charge of 7.  

The fact that the formula of the anionic compound 7 was counterbalanced by two 

NHEt3
+
 cations let us think that a change of base from an organic to an inorganic one 

could lead us to a different complex. Indeed, the same reaction that led to 7, but with 

KOH in place of NEt3, allowed us to isolate and characterize a new hexanuclear 

compound [Ni6(nacb)6(H2O)3(MeOH)6] (8) in 20% yield. In the reaction mixture that led 

to 8, a second solvent MeOH was also employed in conjunction with CH2Cl2 in order to 

enhance the solubility of solid KOH. Complex 8 could not be obtained from the use of 

any other inorganic base, i.e. LiOH and NaOH, while our attempts to increase the yield of 

the reaction, by adjusting the Ni
II
:nacbH2:KOH molar ratio to the stoichiometric one (i.e., 

1:2:2), were not successful. The formation of 8 is represented by the balanced Eqn. 3.5. 

 

6 NiCl2∙6H2O + 6 nacbH2 + 12 KOH + 6 MeOH → 

[Ni6(nacb)6(H2O)3(MeOH)6] + 12 KCl + 45 H2O                    Eqn. 3.5 
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All complexes 3-8 have rather similar IR spectra. The several medium-to-strong 

intensity bands that appear in the ~1580-1382 cm
-1

 range are indicative of the stretching 

vibrations of the aromatic rings of nacb
2-

.
147,99

 These bands overlap with the stretches of 

the carboxylate bands of nacb
2-

; thus, it is very difficult to make an exact assignment. The 

strong band at ~1580 cm
-1

 in all complexes is attributed to the ν(C=N) of the nacb
2-

 

ligand.
10,116,124

 The shift to lower frequencies compared to the free ligand is in accordance 

with the involvement of the N atom of the imino group in coordination. The band at 1659 

cm
-1

 in the IR spectrum of 5 is assigned to the ν(C=O) of the coordinated DMF 

molecules.
126

 For complex 3, the bands at 1037 and 984 cm
-1

 correspond to the stretching 

vibrations of the ClO4
-
 anion.

148
 The IR band at ~1700 cm

-1
 in complex 4 indicates the 

presence of a quinone-type C=O double-bond in the structure.
149,150

 

 

3.2.2. Description of Structures 

 

Complex 3 comprises twelve Ni
II
 atoms linked by the carboxylate and naphthoxido 

O atoms of twelve nacb
2-

 ligands to form a puckered wheel of virtual D4 point group 

symmetry (Figures 3.1 and 3.2). The void space at the central hole of the wheel is 

occupied by a NHEt3
+
 cation, and the overall charge of the {Ni12} cluster is 

counterbalanced by a ClO4
-
 anion. Four nacb

2-
 groups bind in an η

1
:η

1
:η

2
:η

1
:μ3 mode 

(Scheme 3.2), bridging solely through the carboxylate O atoms. The remaining eight 

nacb
2-

 ligands adopt the η
2
:η

1
:η

2
:η

1
:μ3 mode (Scheme 3.2), with the two “pockets” of 



107 
 

each ligand chelating a Ni
II
 atom and both the carboxylate and naphthoxido O atoms 

participating in the bridging of two additional metal ions.  

 

Figure 3.1. Partially labeled structure of the cation of 3. All H atoms are omitted for 

clarity. Colour scheme: Ni
II
 green, O red, N blue, C dark grey, Cl cyan. 
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Figure 3.2. Side-view emphasizing the puckering of complex 3. Colour scheme: Ni
II
 

green, O red, N blue, C dark grey, Cl cyan. 

 

Hence, the complete core of 3 (including only the doubly-bridging monoatomic 

groups) is {Ni12(μ-OR)20}
4+

 (Figure 3.3) and can be conveniently described as four bent 

{Ni3} units (Ni1-Ni2-Ni3, Ni4-Ni5-Ni6, etc., Figure 3.4) linked at each end by a μ-OR
-
 

group (O8, O17, O26, and O35) from a nacb
2-

 ligand. All Ni
II
 atoms are six-coordinate 

with distorted octahedral geometries. The coordination spheres of Ni(1,4,7,10) are 

completed by a terminal H2O molecule; the latter are all strongly H-bonded to the non-

bridging phenoxido O-atoms of nacb
2-

. 
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Figure 3.3. The complete {Ni12(μ-OR)20}
4+

 core of 3. Colour scheme: Ni
II
 green, O red, 

C grey. 

 

Figure 3.4. The {Ni12} “wheel”-like topology of 3, with the dashed lines indicating the 

Ni
2+

∙∙∙Ni
2+

 vectors and the yellow lines showing the connections of the repeating {Ni3} 

“bent” units.  
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Finally, a space-filling representation (Figure 3.5) shows the nanoscale dimensions 

of 3, with a diameter of ~25 Å and a central hole of ~7 Å diameter; note that the polar 

surface area of NHEt3
+
 is ~3.3 Å

2
,
151

 justifying its accommodation in the void space of 

the {Ni12} wheel. Complex 3 is only the third {Ni12} wheel-like cluster reported in the 

literature to date, with the two previous ones possessing S = 12
152

 and 0
153

 spin ground 

states.  

 

 

Figure 3.5. Space-filling representation of the {Ni12} cluster showing its spherical 

conformation. Colour scheme: Ni
II
 green, O red, N blue, C dark grey, Cl cyan. 
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The crystal structure of 4 consists of [Ni5(nacb)4(L)(LH)2(MeOH)]
2-

 anions (Figure 

3.6) counterbalanced by NHEt3
+
 cations; the latter will not be further discussed. The 

{Ni5} anion comprises a nonlinear, zigzag array of five Ni
II
 atoms (av. Ni-Ni-Ni angle = 

125.5º) linked together through the naphthoxido (O1, O6, O10, and O13), 

naphthoquinonato (O25), and carboxylate (O2, O3, O8, O9, O16, O17, O18, O19, O22, 

and O23) functionalities of two η
2
:η

1
:η

1
:μ and η

2
:η

1
:η

2
:η

1
:μ4 nacb

2-
 ligands, as well as 

two η
1
:η

1
:μ LH

-
 and an η

1
:η

2
:η

1
:η

1
:μ4 L

2-
 groups (Scheme 3.2). Thus, the overall core of 

4, including the triatomic carboxylate bridges, is {Ni5(μ-OR)5(μ3-O2CR)2(μ-O2CR)3} 

(Figure 3.7), with peripheral ligation provided by the chelating parts of the ligands and a 

terminal MeOH molecule on Ni1. None of the Ni-O-Ni-O rhombus is planar but instead 

quite distorted; the average torsion angle is 16.8°. The Ni
II
 atoms are all six-coordinate 

with distorted octahedral geometries. The differences between the C∙∙∙O bond lengths 

(C=O = 1.21(1)-1.23(1) Å versus C-O = 1.25(1)-1.33(1) Å) in the coordinated L
2-

/LH
-
 

ligands are indicative of a hydroquinone-type unit rather than a pure quinone or 

catechol.
154
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Figure 3.6. Partially labeled structure of the [Ni5(nacb)4(L)(LH)2(MeOH)]
2-

 anion of 4. 

The purple dashed lines indicate the three strong intramolecular H-bonds between the N-

H groups and carboxylate O atoms of the three L
2-

/LH
-
 ligands. 

 

Figure 3.7. The complete zigzag core of complex 4. Colour scheme: Ni
II
 green, O red, C 

grey. 
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Although there are many {Ni5} clusters reported to date, most of them consist of 

either fused {Ni3} triangular units or strictly linear, Ni-Ni bonded species. Complex 4 is 

the sixth {Ni5} cluster with a zigzag ‘molecular chain’ structure reported to date albeit the 

first non-oximato one.
65,155

  

 

 

Scheme 3.2. Crystallographically established coordination modes of all organic ligands 

present in complexes 3 (top) and 4 (middle and bottom). 
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Complex 5 crystallizes in the triclinic space group P-1. A partially labeled plot of its 

molecular structure is shown in Figure 3.8. The structure of 5 consists of pentanuclear 

[Ni5(OH)2(nacb)4(DMF)4] molecules. Atom Ni1 defines a crystallographic inversion 

center; thus, only three crystallographically independent metal ions are present in the 

molecule. The five Ni
II
 atoms are held together through two μ3-ΟΗ

-
 groups (O1 and O1ʹ), 

two naphthoxido atoms (O4 and O4ʹ), each belonging to a η
2
:η

1
:η

2
:η

1
:μ4 nacb

2-
 ligand, 

and four carboxylate oxygen atoms (O2, O2ʹ, O5, and O5ʹ); the carboxylate oxygen 

atoms, O2 and O2ʹ, belong to two η
2
:η

1
:η

2
:η

1
:μ4 nacb

2-
 ligands, and the carboxylate 

oxygen atoms, O5 and O5ʹ, to two η
1
:η

1
:η

2
:μ nacb

2-
 ligands (Scheme 3.3). Peripheral 

ligation to Ni2/Ni2ʹ and Ni3/Ni3ʹ is provided by four terminal DMF molecules and the 

chelate parts of the nacb
2-

 ligands, respectively. 
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Figure 3.8. Partially labeled representation of the structure of complex 5.                                  

Colour scheme: Ni
II
 green, O red, N blue, C grey, Cl cyan. H atoms are omitted for 

clarity. Symmetry operation for the primed atoms: -x+1, -y+1, -z. 

 

 

Scheme 3.3. The crystallographically established coordination modes of nacb
2-

 in 

complex 5.  

η1:η1:η2:μ η2:η1:η2:η1:μ4



116 
 

 

The core of 5 is {Ni5(μ3-OH)2(μ-OR)6}
2+ 

(Figure 3.9). Four Ni
II
 atoms (Ni2, Ni3, 

Ni2ʹ, Ni3ʹ) define a parallelogram, whose center is Ni1. All metal ions are co-planar by 

virtue of the symmetry. An alternative description of the metal topology is as two {Ni
II

3} 

triangles (Ni1···Ni2···Ni3 and Ni1···Ni2ʹ···Ni3ʹ) with a common apex at Ni1 (a bowtie 

topology). Each triangle is near isosceles, the two “equal” sides being Ni1···Ni2 

(3.057(1) Å) and Ni1···Ni3 (2.961(1) Å); the third metal-metal distance is the longest one 

(Ni2···Ni3 = 3.213(1) Å). Ni2 and Ni3 are bound to an O5N set of donor atoms, while 

Ni1 forms a Ni
II
O6 chromophore. The Ni

II
-O and Ni

II
-N bond lengths are typical of high-

spin, six-coordinate Ni(II) complexes.
156,148 

The metal coordination geometries are 

distorted octahedral. 

 

Figure 3.9. The {Ni5(μ3-OH)2(μ-OR)6}
2+ 

bowtie core of complex 5. Colour scheme: Ni
II
 

green, O red, C grey. Symmetry operation for the primed atoms: -x+1, -y+1, -z. 
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Complex 6∙3MeCN∙MeOH·Et2O crystallizes in the triclinic space group P-1. A 

partially labelled plot of its molecular structure is shown in Figure 3.10. The structure of 

6∙3MeCN∙MeOH·Et2O consists of pentanuclear [Ni5(OMe)Cl(nacb)4(MeOH)3(MeCN)] 

molecules, and lattice MeCN, MeOH and Et2O molecules; the latter three will not be 

further discussed. There are no crystallographically imposed symmetry elements in the 

molecule. The five Ni
II
 atoms are held together through the naphthoxido oxygen atom 

(O13) of one η
2
:η

1
:η

2
:η

1
:μ4 nacb

2-
 ligand, the carboxylate functionalities (O1/O2, O4/O5, 

O6/O7, and O9/O10) of three η
1
:η

1
:η

2
:η

1
:μ3 and one η

2
:η

1
:η

2
:η

1
:μ4 nacb

2-
 ligands (Scheme 

3.4), and one μ3-ΟΜe
- 
(O3) and a μ-Cl

-
 groups. Peripheral ligation is provided by three 

terminal MeOH (on Ni2, Ni4 and Ni5) and a terminal MeCN (on Ni4) molecules.  
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Figure 3.10. Partially labeled plot of complex [Ni5(OMe)Cl(nacb)4(MeOH)3(MeCN)] 

(6). H atoms are omitted for clarity. Colour scheme: Ni
II
 green, O red, N blue, C grey, Cl 

cyan. 

 

 

Scheme 3.4. The crystallographically established coordination modes of nacb
2-

 in 

complex 6. 

η1:η1:η2:η1:μ3 η2:η1:η2:η1:μ4
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Thus, the complete core of 6 (including the triatomic carboxylate bridges) is {Ni5(μ3-

OMe)(μ-Cl)(μ-OR)(μ3-Ο2CR)4}
3+

 (Figure 3.11). If we consider only the monoatomic 

bridges, the core becomes {Ni5(μ3-OMe)(μ-Cl)(μ-OR)5}
3+

. The core can be described as a 

{Ni4} “star” with a fifth Ni
II
 atom (Ni4) attached to it. Atoms Ni2, Ni3 and Ni5 are 

arranged in a centered triangular fashion, with the fourth Ni
II
 atom of the “star” (Ni1) 

being at the center of the near equilateral triangle defined by Ni2, Ni3 and Ni5 (Ni3···Ni5 

= 5.497(1) Å, Ni2···Ni3 = 5.303(1) Å, Ni2···Ni5 = 5.448(1) Å). Ni1 is 0.712(1) Å out of 

the plane defined by Ni2, Ni3 and Ni5. The fifth Ni
II
 atom, Ni4, is attached to the “star” 

through (i) the O atom of the μ3-OMe
-
 group (O3), (ii) the bridging naphthoxido oxygen 

atom (O13), and (iii) one bridging carboxylate oxygen atom (O4). Alternatively, the core 

of 6 can be described as a defective cubane (a cubane missing one metal vertex), with two 

additional Ni
II
 centers (Ni2, Ni5) attached to it; Ni2 is attached to the Ni1 vertex of the 

defective cubane through the μ-Cl
-
 ion and one μ-carboxylate oxygen atom (O1), and Ni5 

is attached to the same metal vertex of the defective cubane through one μ-carboxylate 

oxygen atom (O6). All Ni
II
 atoms are six-coordinate with distorted octahedral geometries. 
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Figure 3.11. Labeled representation of the complete {Ni5(μ3-OMe)(μ-Cl)(μ-OR)(μ3-

O2CR)4}
3+ 

core of 6, including the triatomic carboxylate bridges (left), and the inorganic 

{Ni5(μ3-OMe)(μ-Cl)(μ-OR)5}
3+ 

core, showing only the doubly-bridging monoatomic 

groups (right). Colour scheme: Ni
II
 green, O red, C grey, Cl cyan. 

 

Complexes 4, 5 and 6 join a rather large family of {Ni
II

5} clusters with N and/or O 

donor atoms and a variety of different metal topologies.
157

 These topologies are linear, 

helical, tetrahedral-centered on a fifth Ni
II
 atom, tetrahedral with the fifth Ni

II
 atom lying 

at the midpoint of one Ni
II
···Ni

II
 edge, defective corner-shared dicubane, capped triple 

helical, closed cage-like, triple-stranded helical, pentagonal, 12-metallacrown-4 with an 

encapsulated Ni
II
 ion, capsule-shaped with five coplanar Ni

II
 atoms, well separated 

{Ni
II

2} and {Ni
II

3} subunits, trigonal bipyramidal and rectangular-centered on a fifth Ni
II
 

atom (bowtie).
157

 Compound 5 belongs to the last subfamily of {Ni
II

5} clusters,
158,155b, 157

 

whereas the metal topology of 6 is unprecedented. 
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Complex 7∙6CH2Cl2 crystallizes in the monoclinic space group P21/n. Its structure 

consists of [Ni6(OH)2(nacb)6(H2O)4]
2-

 anions, NHEt3
+
 cations, and lattice CH2Cl2 solvate 

molecules in an 1:2:6 ratio; the countercations and lattice solvents will not be further 

discussed. The molecular structure of the hexanuclear anion is shown in Figure 3.12.  

 

Figure 3.12. Partially labeled structure of the anion of complex 7∙6CH2Cl2. All H atoms 

are omitted for clarity. Colour scheme: Ni
II
 green, O red, N blue, C grey, Cl cyan. 

Symmetry operation for the primed atoms: -x+2, -y, -z. 
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The hexanuclear [Ni6(OH)2(nacb)6(H2O)4]
2-

 anion sits on a crystallographic inversion 

center which is the point at the middle of the Ni1···Ni1ʹ distance. Thus, only three 

crystallographically independent metal ions are present in the {Ni6} anion. The Ni
II
 ions 

are held together through two μ3-ΟΗ
-
 groups (O1, O1ʹ) and the carboxylate O atoms 

(O2/O3, O5/O6, O2ʹ/Ο3ʹ, and Ο5ʹ/Ο6ʹ) of four nacb
2-

 ligands. Peripheral ligation is 

provided by the chelating parts of the organic ligands and four terminally bound H2O 

molecules on Ni1 and Ni1′. The nacb
2-

 ligands are of two types: two bind in an η
1
:η

1
:η

1
 

mode, each chelating a Ni
II
 atom (Ni2 and its symmetry-equivalent), and the remaining 

four adopt the more complex η
1
:η

1
:η

2
:η

1
:μ3 coordination mode (Scheme 3.5). Each of the 

latter ligands chelates Ni3 (or Ni3ʹ) and simultaneously bridges two additional Ni
II
 

centers (Ni1/Ni2, Ni1/Ni2′, and their symmetry-equivalent pairs) through both of their 

carboxylate oxygen atoms.  

The core is thus {Ni6(μ3-ΟΗ)2(μ3-OR)4}
6+ 

(Figure 3.13). The topology can be 

described as a rod-like subunit consisting of four Ni
II
 atoms (Ni3, Ni1, Ni1ʹ, Ni3ʹ), with 

two additional Ni
II
 atoms (Ni2, Ni2ʹ) attached above and below the central unit. The 

bridging of the central subunit with the two additional Ni
II
 atoms is provided by the μ3-

ΟΗ
-
 groups. The four Ni

II
 atoms of the tetranuclear subunit lie on a plane and are 

arranged in an almost linear fashion (Ni3···Ni1···Ni1ʹ = 177.6º). Alternatively, the 

complete core can be described as consisting of a central {Ni4(μ3-ΟH)2}
6+

 “butterfly” 

linked via its ‘body’ metal ions (Ni1, Ni1ʹ) to two external Ni
II
 atoms (Ni3, Ni3ʹ) through 

two monoatomic bridges (O3/O6ʹ and O3ʹ/Ο6). Finally, all Ni
II
 atoms are six-coordinate 

and possess distorted octahedral geometries. 
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Scheme 3.5. The crystallographically established coordination modes of nacb
2-

 in 

complex 7. 

 

 

Figure 3.13. The {Ni6(μ3-OH)2(μ-OR)4}
6+ 

core of complex 7. Colour scheme: Ni
II
 green, 

O red, C grey. Symmetry operation for the primed atoms: -x+2, -y, -z. 

 

Complex 8∙2CH2Cl2∙H2O crystallizes in the orthorhombic space groups Pbca. A 

partially labelled plot of its molecular structure is shown in Figure 3.14. In addition to the 

X-ray crystallographic data, metric parameters, charge balance considerations and Bond 

η1:η1:η1 η1:η1:η2:η1:μ3
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Valence Sum (BVS) calculations
159

 were proven helpful to confirm the formula of the 

coordination compound. BVS calculations confirmed that all bridging, inorganic O atoms 

belong to coordinated H2O groups. The O BVS values for O1W, O2W and O3W in 8 

were 0.64, 0.64 and 0.67, respectively; an O BVS in the ~0.2-0.8 range is indicative of 

double protonation. The Ni-Oaqua distances are larger than the Ni-Onaphthoxido and Ni-

Ocarboxylate ones, as expected for bridging aqua groups. Although rare, the bridging 

capacity of H2O molecules in Ni
II
 cluster chemistry is of precedence.

160
  

 

 

Figure 3.14. Partially labeled structure of complex 8. All H atoms are omitted for clarity. 

Colour scheme: Ni
II
 green, O red, N blue, C grey, Cl cyan. 
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The crystal structure consists of hexanuclear [Ni6(nacb)6(H2O)3(MeOH)6] cluster 

compounds and disordered lattice CH2Cl2 and H2O solvate molecules; the latter two will 

not be further discussed. The six Ni
II 

atoms in 8 are held together through the syn,anti-

η
1
:η

1
:μ carboxylate groups of the six η

1
:η

1
:η

1
:η

1
:μ nacb

2-
 ligands and the three bridging 

H2O molecules. Each metal ion is further coordinated to one terminal MeOH molecule. 

The nacb
2-

 ligands all bind in an η
1
:η

1
:η

1
:η

1
:μ mode (Scheme 3.6), chelating a Ni

II
 ion 

and bridging a second metal ion through the remaining carboxylate oxygen atom. The 

chromophores of the six Ni
II
 centers are all Ni

II
O5N; thus, all of them have distorted 

octahedral geometries.  

 

Scheme 3.6. The crystallographically established coordination mode of nacb
2-

 in complex 

8.  

 

The complete core of 8 is {Ni6(μ-O2CR)6(μ-OH2)3}
6+ 

(Figure 3.15). It can be 

described as two near equilateral {Ni3} triangles (Ni2/Ni4/Ni6 and Ni1/Ni3/Ni5) linked 

through the O atoms (O1W, O2W, and O3W) of three bridging H2O molecules (Figure 

3.16). Each aqua group bridges a different {Ni2} pair of the triangles. The edges of the 

η1:η1:η1:η1:μ
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triangles are each bridged by one syn,anti-η
1
:η

1
:μ carboxylate group of the doubly 

deprotonated nacb
2- 

ligands (O1/O2, O4/O5, O7/O8, O10/O11, O13/O14, and O16/O17).  

 

 

Figure 3.15. The {Ni6(μ-O2CR)6(μ-OH2)3}
6+

 core of 8. All H atoms are omitted for 

clarity. Colour scheme: Ni
II
 green, O red, C grey. 
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Figure 3.16. Metal-only topology of 8, emphasizing the two {Ni3} triangles. Colour 

scheme: Ni
II
 green. 

 

Complexes 7 and 8 join a growing family of {Ni
II

6} complexes bearing N- and/or O-

donor atoms and possessing various topologies, such as ring-shape motifs, ribbons of four 

triangles, linear complexes, and face-shared distorted dicubanes.
161 

Although complex 7 

shows some similarities with the (HNEt3)2[Ni6Lʹ4(μ3-OH)2(μ-OH2)2] compound (H3Lʹ = 

2,2ʹ,2ʹʹ-nitrilotribenzoic acid) reported by Krämer and coworkers,
162

 the overall topology 

of 7 appears unprecedented. The topology of complex 8 shows some resemblance to the 

family of isostructural [Ni6(OH)(SO4)4(L)3(LH)3(S)3] clusters,
163

 where LH is either 1-

pyridin-2-yl-ethanone oxime or phenyl-pyridin-2-yl-methanone oxime, and S are various 

terminal solvate molecules. The topology of the latter oxime/oximate clusters consists of 

six Ni
II
 ions arranged as two parallel equilateral triangles. 
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The intermolecular interactions in all the reported compounds 3-8 are very weak to 

negligible and do not merit any discussion in detail. However, there are some interesting 

intramolecular H-bonding interactions in 5-8 which deserve to be further discussed; these 

interactions provide the systems with additional thermodynamic stability and allow them 

to crystallize under bench-top conditions. In the crystal structures of complexes 5 and 6, 

there are strong intramolecular H bonds between the terminally bound MeOH molecules, 

the naphthoxido O atoms of nacb
2-

 and the lattice solvate MeOH molecules. In complex 

5, the μ3-OH
-
 groups are found to be H-bonded with the uncoordinated carboxylate O 

atoms of nacb
2-

. In the crystal structure of complex 7, there are two sets of different H-

bonding interactions; these are between the naphthoxido O atoms of the tridentate 

chelating nacb
2-

 ligands and the terminally bound H2O molecules, and between the 

uncoordinated carboxylate O atoms of nacb
2-

 and the NHEt3
+
 countercations. Finally, the 

crystal structure of complex 8 exhibits a very rich network of intramolecular H-bonding 

interactions (Figure 3.17 and Table 3.3). In particular, each of the bridging H2O 

molecules is H-bonded to two carboxylate O atoms from two different nacb
2-

 ligands. 

Furthermore, all six terminal MeOH molecules are H-bonded to the naphthoxido O atoms 

of six different nacb
2-

 ligands. 
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Figure 3.17. The intramolecular H-bonds (blue dashed lines) that are present in the 

crystal structure of 8. Colour scheme as in Figure 3.14. H atoms are omitted for clarity. 

 

Table 3.3. Intramolecular hydrogen bonds in the crystal structure of complex 8 (A = 

acceptor, D = donor). 

Interaction D∙∙∙A (Å) H∙∙∙A (Å) D-H∙∙∙A (°) 

O(1W)-H(1W)∙∙∙O(8) 2.672(8) 1.87 156.1 

O(1W)-H(2W)∙∙∙O(17) 2.607(9) 1.78 163.9 

O(2W)-H(5W)∙∙∙O(14) 2.685(8) 1.94 141.7 

O(2W)-H(6W)∙∙∙O(5) 2.623(8) 1.79 159.5 

O(3W)-H(3W)∙∙∙O(2) 2.659(8) 1.86 153.0 
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O(3W)-H(4W)∙∙∙O(11) 2.609(8) 1.78 156.6 

O(19)-H(19)∙∙∙O(18) 2.739(10) 1.95 155.0 

O(20)-H(20)∙∙∙O(3) 2.645(8) 1.81 171.7 

O(21)-H(21A)∙∙∙O(6) 2.719(9) 1.95 152.1 

O(22)-H(22)∙∙∙O(9) 2.653(10) 1.81 176.1 

O(23)-H(23)∙∙∙O(12) 2.716(10) 1.90 163.3 

O(24)-H(24)∙∙∙O(15) 2.616(10) 1.80 165.2 

 

3.2.3. Solid-State Magnetic Susceptibility Studies 

 

Variable-temperature direct-current (dc) magnetic susceptibility studies were 

performed on freshly prepared microcrystalline solids of 3·3H2O, 4, 5, 6, 7 and 8; a dc 

field of 0.3 T was applied from 30 to 300 K and a weak dc field of 0.03 T was used from 

2 to 30 K to avoid saturation effects. The data for 3·3H2O and 4 are plotted as χMT vs. T 

plots in Figure 3.18. For the {Ni12} wheel, the χΜΤ product steadily decreases with 

decreasing T, from a value of 13.60 cm
3
mol

-1
K at 300 K to 4.07 cm

3
mol

-1
K at 2 K; such 

behavior is consistent with the presence of predominant antiferromagnetic exchange 

interactions between the twelve Ni
II
 atoms. Due to the size, shape, and low symmetry of 

3, a fit of the experimental data to a theoretical model (H = -2JijŜi·Ŝj convention) turned 

out to be unsuccessful. Undoubtedly, complex 3 possesses a small ground-state spin 

value, if not zero. Magnetostructural correlations on complex 3 failed to rationalize, even 

tentatively, any other than an S = 0 spin ground-state value. An S = 0 spin ground state 

may result from the antiferromagnetic interactions between the four bent {Ni3} units 
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within 3, promoted by the μ-OR
-
 groups; the Ni-O-Ni bond angles for the latter 

monoatomic bridges span the range 116.0-117.3°, clearly suggesting antiferromagnetic 

interactions between the Ni1∙∙∙Ni12, Ni9∙∙∙Ni10, Ni6∙∙∙Ni7, and Ni3∙∙∙Ni4 pairs. The two 

previously reported [Ni12(chp)12(O2CMe)12(THF)6(H2O)6]
152

 and 

[Ni12(C13H9N3O2)12(MeOH)12]
153

 wheel-like complexes are ferromagnetically- and 

antiferromagnetically-coupled with S = 12 and 0 spin ground states, respectively. This is 

due to the Ni-O-Ni angles in the former case, which fall into the 95.7-97.4° range, and the 

large Ni-N-N-Ni torsion angles for the latter case. 

In contrast, for the {Ni5} complex (4), the χΜT product steadily increases from 5.90 

cm
3
mol

-1
K at 300 K to a value of 6.65 cm

3
mol

-1
K at 13 K and then decreases rapidly to a 

value of 4.64 cm
3
mol

-1
K at 2 K. The data and shape of the plot indicate predominant 

ferromagnetic exchange interactions between the metal centres. However, the fact that the 

magnetic susceptibility does not reach the value of ~15 cm
3
mol

-1
K, expected for an S = 5 

system (with g = ~2), is suggestive of the co-presence of competing antiferromagnetic 

interactions within 4. In any case, and for any sign, the magnetic interactions in 4 should 

be weak. 
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Figure 3.18. χΜT vs. T plots of 3∙3H2O and 4. The solid line is the fit of the data; see the 

text for the fit parameters. (inset) J-coupling scheme employed for the elucidation of the 

magnetic exchange interactions in 4. 

 

Despite the relatively low nuclearity of 4, the fit of the magnetic data was rather 

challenging because of the low symmetry of the complex and the fact that most of the 

superexchange pathways consist of countercomplementary carboxylate-alkoxido bridges, 

with the Ni-O-Ni bond angles close to the ferromagnetic/antiferromagnetic border. The 

interactions between Ni1∙∙∙Ni2 and Ni4∙∙∙Ni5 can be considered as very similar (J1) 

because they result from the same bridges with very close bond and torsion angles. 

However, the remaining superexchange pathways are clearly different from each other 
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(J2-J4) and cannot be further simplified to reduce the total number of coupling constants. 

On the basis of Figure 3.18 (inset), the applied Heisenberg spin Hamiltonian for 4 is 

represented by Eqn. 3.6.  

   

        H = -J1(Ŝ1·Ŝ2 + Ŝ4·Ŝ5) - J2(Ŝ2·Ŝ3) - J3(Ŝ3·Ŝ4) - J4(Ŝ1·Ŝ3 + Ŝ2·Ŝ4)             Eqn. 3.6 

 

The PHI program
130

 was used to fit the susceptibility and magnetization data of 4. 

An excellent fit (solid line in Figure 3.18) was obtained with parameters: J1 = +7.6 cm
-1

, 

J2 = -8.4 cm
-1

, J3 = +2.1 cm
-1

, J4 = +2.4 cm
-1

, and g = 2.15. To evaluate the reliability of 

the obtained Jij parameters, we performed a systematic set of fits including a D term or 

assuming a simpler, linear magnetic structure, excluding the J4 parameter which accounts 

for the interaction mediated by the syn-anti carboxylate moiety of nacb
2-

 and is much 

smaller than J2. In all cases, the sign and magnitude of the remaining J1-J3 interactions 

were practically unaltered. The absolute values of the coupling constants are poorly 

reliable, but they agree with the expected values that can be envisaged from the structural 

data. In particular, the smaller Ni-O-Ni bond angles (related to J1) promote weak 

ferromagnetic interactions, whereas the larger Ni-O-Ni bond angles (110.1°, related to J2) 

propagate weak antiferromagnetic interactions; finally, the intermediate Ni-O-Ni bond 

angles and the syn-anti carboxylate bridges (corresponding to J3 and J4, respectively) 

promote very weak interactions. As a result of the above reported J values, the ground 

state cannot be strictly defined, with four consecutive spin states, S = 3, 2, 1 and 4, in a 

short range of less than 3 cm
-1

, further justifying the shape and value of magnetization, as 

shown in Figure 3.19. 
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Figure 3.19. Plot of magnetization (M) vs. field (H) for complex 4 at 2 K. The solid line 

is the fit of the data obtained by using the parameters discussed in the text. 

 

Four different {Ni5} compounds with a zigzag topology have been structurally and 

magnetically characterized to date. The ferromagnetically-coupled complex 

[Ni5{pyCOpyC(O)(OMe)py}2(O2CMe)4(N3)4(MeOH)2] has an S = 5 spin ground state in 

line with the presence of end-on bridging azides and alkoxido groups with Ni-O-Ni 

angles close to 95°.
65

 For the [Ni5(Hpyaox)4(pyaox)2L2](ClO4)2 complex,
155a

 where 

H2pyaox is the pyridine-2-amidoxime ligand and L is 2-(2-aminoethylamino)ethanol, the 

overall weak ferromagnetic behavior is due to the particular Ni-N-O-Ni torsion angles, 

which result in different signs and magnitudes of the Ni∙∙∙Ni magnetic exchange 
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interactions. Complex [Ni5(3-Cl-BzO)4(6-mepao)4(6-mepaoH)2(N3)2], where 6-mepaoH 

is 6-methylpyridine-2-carbaldehydeoxime ligand and 3-Cl-BzO
-
 is the 3-chlorobenzoate 

anion,
155b

 has an S = 3 ground state that arises from the combination of antiferromagnetic 

and ferromagnetic exchange interactions via the triple carboxylate/oximate/oxo bridge, 

the single oximate bridge and finally the interaction involving the end-on azido bridges. 

Finally, complex [Ni5(RCO2)2(dapdo)2(dapdoH)2(N(CN)2)2(MeOH)2] (R = various) 

comprises three paramagnetic Ni
II
 centers and two square planar and diamagnetic Ni

II
 

atoms bridged together by the anionic forms of the organic chelate 2,6-diacetylpyridine 

dioxime (dapdoH2).
155d

 The compound is antiferromagnetically coupled because of the 

large Ni-O-N-Ni torsion angles. 

The data for complex 5 are shown as χMT vs. T plot in Figure 3.20. The χMT product 

is 5.80 cm
3
mol

-1
K at 300 K, slightly lower than the spin-only value of 6.05 cm

3
mol

-1
K 

(calculated with g = 2.2) expected for a cluster of five non-interacting Ni
II
 atoms. The 

χMT product slowly decreases with decreasing temperature in the range 300-100 K and 

then rapidly decreases to reach a value of 0.97 cm
3
mol

-1
K at 2 K. The data indicate an 

overall antiferromagnetic behavior and suggest an S = 1 spin ground state. To fit and 

interpret the magnetic susceptibility data of 5, it is necessary to find all possible magnetic 

exchange pathways. To that end, inspection of the structure (Figures 3.8 and 3.9) reveals 

that, by symmetry, there are two different exchange pathways propagated by the 

monoatomic bridges, and therefore two different J-coupling constants can be considered. 

J1 is associated with the four interactions between the central Ni
II
 center (Ni1) and the 

four peripheral Ni
II
 atoms (Ni2, Ni2ʹ, Ni3, and Ni3ʹ), each promoted by a μ3-ΟΗ

-
 bridge 

and a bridging carboxylate O atom from a doubly deprotonated nacb
2-

 ligand. J2 is 
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associated with the two symmetry equivalent Ni2···Ni3 and Ni2ʹ···Ni3ʹ interactions, each 

propagated by a naphthoxido O atom of a nacb
2-

 ligand and a triply bridging OH
-
 ion. The 

interactions between the Ni
II
 centers that were mediated solely by the triatomic 

carboxylate functionality of nacb
2-

 (Ni2···Ni3ʹ and Ni2ʹ···Ni3) have not been taken into 

account in order to avoid overparametarization effects. 

 

 

Figure 3.20. Plot of χMT vs. T for complex 5. The solid line is the fit of the data; see the 

text for the fit parameters. The inset shows the 2-J exchange coupling model used to 

interpret the magnetic susceptibility data. S1 corresponds to Ni1, S2 and S5 to Ni2 and 

Ni2ʹ, and S3 and S4 to Ni3 and Ni3ʹ, respectively. 
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On the basis of Figure 3.20 (inset), the applied Heisenberg spin Hamiltonian for 

complex 5 is shown in Eqn. 3.7. 

 

                 H = -J1(Ŝ1·Ŝ2 + Ŝ1·Ŝ3 + Ŝ1·Ŝ4 + Ŝ1·Ŝ5) - J2(Ŝ2·Ŝ3 + Ŝ4·Ŝ5)              Eqn. 3.7 

 

A fit of the experimental data using the program PHI,
130

 for the entire temperature 

region, and by applying the above spin Hamiltonian, gave as best fit parameters: J1 = -1.3 

cm
-1

, J2 = -6.5 cm
-1

, and g = 2.19. The mean Ni-O-Ni angle for the four {Ni2} pairs 

described by J1 is 95.0
o
, while the Ni-O-Ni angles related to J2 have a mean value of 

102.3
o
. As expected, the smaller Ni-O-Ni bond angles (related to J1) promote very weak 

antiferromagnetic interactions, whereas the larger Ni-O-Ni bond angles (related to J2) 

propagate stronger antiferromagnetic interactions. Taking into account the Ni2···Ni3ʹ / 

Ni3···Ni2ʹ interaction, and introducing a third coupling constant (J3), we obtained similar 

values for J1 and J2 with the previously reported ones (2-J model). Introducing a D term, 

which is the zero-field splitting parameter, into the applied 3-J model gave the fit 

parameters: J1 = -0.6 cm
-1

, J2 = -7.3 cm
-1

, J3 = -0.8 cm
-1

, D = 1.6 cm
-1

, and g = 2.20. 

However, the fit of the experimental χΜΤ data was of the same quality as the one shown 

in Figure 3.20, reproducing in a better manner the very low-temperature (<7 K) 

susceptibility data. 

For complex 6, the room temperature χMT value is 6.47 cm
3
mol

-1
K,

 
very close to the 

spin-only value of 6.05 cm
3
mol

-1
K (with g = 2.2) expected for a cluster of five non-

interacting Ni
II
 ions. The χMT product slowly decreases with decreasing temperature in 
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the range 300-80 K, and then rapidly decreases to reach a value of 2.50 cm
3
mol

-1
K at 2 K 

(Figure 3.21). The shape of the plot and the experimental data indicate an overall 

antiferromagnetic behavior within the complex and a possible S = 1 spin ground state 

value. Magnetization (M) data, collected at 2 K, show a continuous increase of M as the 

field increases, reaching a non-saturated value close to 5 electrons, which is indicative of 

the presence of low-lying excited states (Figure 3.22).
10,17

 

 

Figure 3.21. Plot of χMT vs. T for complex 6. The solid red line is the fit of the data; see 

the text for the fit parameters. The inset shows the J-coupling scheme employed for the 

elucidation of the magnetic exchange interactions in 6. S1, S2, S3, S4 and S5 correspond 

to Ni1, Ni2, Ni3, Ni4 and Ni5, respectively. 
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Figure 3.22. Plot of magnetization (M) vs. field (H) for complex 6 at 2 K. The solid line 

is the fit of the data obtained by using the parameters discussed in the text. 

 

We began our efforts to interpret and fit the magnetic susceptibility data by finding 

all the possible magnetic exchange pathways within the {Ni5} cluster. Close inspection of 

the molecular structure of 6 (Figures 3.10 and 3.11) reveals that there are four different J-

coupling constants. J3 and J4 are associated with the interactions between the three Ni
II
 

centers comprising the defective cubane; each of the three {Ni2} pairs is bridged by the 

central μ3-OMe
-
 group and the carboxylate/naphthoxido O atom of a nacb

2-
 ligand. The 

reason why two coupling constants were employed within this {Ni3} moiety is because 

two vertices of the defective cubane (Ni1···Ni4 and Ni3···Ni4) exhibit Ni-O-Ni bond 

angles in the range 99.4-101.6
o
 (average value 100.5

o
), whereas the average Ni-O-Ni 

angle within the Ni1∙∙∙Ni3 vertex is 94.0
o
. The interactions between Ni1∙∙∙Ni2 and 

Ni1∙∙∙Ni5 cannot be considered the same because they result from different 
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superexchange bridging pathways. Therefore, two additional coupling constants were 

employed. J1 corresponds to the interaction between Ni1∙∙∙Ni5, which are linked through 

a bridging carboxylate O atom, and J2 describes the interaction between Ni1 and Ni2, 

which are bridged by a μ-Cl
-
 ion and a carboxylate μ-O atom from the nacb

2-
 ligand. The 

spin Hamiltonian for such a system, as illustrated in the inset of Figure 3.21, is 

represented by Eqn. 3.8. 

 

             H = -J1(Ŝ1·Ŝ5) - J2(Ŝ1·Ŝ2) - J3(Ŝ1·Ŝ3) - J4(Ŝ1·Ŝ4 + Ŝ3·Ŝ4)                 Eqn. 3.8 

 

The PHI program
130

 was used to fit the magnetic susceptibility data. Preliminary fits 

for 6, applying the spin Hamiltonian of Eqn. 3.8, were not satisfactory, and therefore the 

zero-field splitting parameter, D, was included in the fitting model. As a result, an 

excellent fit of the experimental data was obtained and it gave the following as best-fit 

parameters: J1 = -0.4 cm
-1

, J2 = +6.1 cm
-1

, J3 = +1.0 cm
-1

, J4 = -6.5 cm
-1

, D = -2.6 cm
-1

, 

and g = 2.25. Using the same fit parameters, we have also been able to simulate the 

magnetization vs. field data (Figure 3.22). The calculated ground state from the obtained 

fit parameters is S = 1 but -in contrast to the Ni5 complex 5- the ground state this time is 

close in energy with the low-lying S = 2 and 3 excited states. The population of these 

excited states, with S larger than that of the ground state, under large magnetic fields 

forces the magnetization to reach a value equivalent to 5.7 electrons (Figure 3.22). 

The mean Ni-O-Ni angle for the two {Ni2} pairs described by J4 is 100.5
o
; thus, the 

coupling is predicted to be antiferromagnetic, and indeed it is (J4 = -6.5 cm
-1

). Similarly, 
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J3 is expected to be weakly ferromagnetic since the average Ni-O-Ni angles between Ni1 

and Ni3 is 94.3
o
, close to the ferromagnetic/antiferromagnetic border. As for the 

monoatomic carboxylate/chlorido pathway, described by the J2 constant, the weak 

antiferromagnetic interaction expected from a Ni-O-Ni angle of ~102
o
 should be 

‘counterbalanced’ by the ferromagnetic interaction expected from the single Ni-Cl-Ni 

pathway.
164

 Although no systematic magnetostructural correlations have been established 

to date for Ni
II 

ions bridged by a Cl
- 

group, this ‘counterbalancing’ effect has been 

previously reported in dinuclear phenoxido/chlorido Ni
II
 complexes.

165
 Finally, the 

obtained negative sign of J1 constant agrees well with the corresponding Ni-O-Ni angle 

of 111
o
 for the Ni1∙∙∙Ni5 pair.

166
  

The χMT value at room temperature for 7 is 8.40 cm
3
mol

-1
K, significantly higher than 

the value expected (7.26 cm
3
mol

-1
K) for six uncoupled Ni

II
 ions with g = 2.2. The χMT 

product slightly decreases with decreasing temperature in the range 300-100 K and then 

decreases more rapidly to reach a value of 2.20 cm
3
mol

-1
K at 2 K (Figure 3.23). The 

shape of the plot indicates an overall antiferromagnetic behavior but the low temperature 

susceptibility data suggest a non-zero spin ground state (χMT ≠ 0 at 2 K). In order to 

quantify the nature of the magnetic exchange interactions within 7, theoretical 

expressions of χM as a function of T were derived and fitted to the experimental data.  
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Figure 3.23. Plot of the χMT product vs. T for a microcrystalline sample of complex 7. 

The solid line is the fit of the experimental data to the appropriate 3-J model; see the text 

for the fit parameters. (inset) Definition of the exchange parameters; S1, S2, S3, S4, S5 

and S6 correspond to Ni3ʹ, Ni1ʹ, Ni1, Ni3, Ni2 and Ni2ʹ, respectively. 

  

Firstly, two types of Ni∙∙∙Ni exchange interactions were included, J1 and J2. J1 

describes the interactions between neighbouring Ni
II
 atoms that lie on the central {Ni4} 

plane (Ni3, Ni1, Ni1ʹ, and Ni3ʹ, Figures 3.12 and 3.13), and are bridged by either the 

carboxylate μ-O atoms of the nacb
2-

 ligands or the μ3-ΟΗ
-
 groups. J2 refers to the 

interactions between the central Ni1 and Ni1ʹ, and the Ni
II
 ions above and below the 

{Ni4} plane (i.e., Ni2 and Ni2ʹ). The two interactions between Ni1∙∙∙Ni1′ and Ni2∙∙∙Ni2′ 

can be considered very similar to each other because the magnetic pathways result from 

the same bridges with very similar bond angles. The fit of the experimental data using a 
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2-J model gave good results, except for the low temperature region which could not be 

reproduced satisfactorily (Figure 3.24). Therefore, a third J-coupling constant (J3) was 

employed to account for the interactions mediated by the syn,anti-carboxylate bridges of 

nacb
2-

 between Ni3 and Ni3ʹ and the Ni
II
 atoms above and below the plane. An excellent 

fit was obtained for the entire temperature region by using the Heisenberg spin 

Hamiltonian shown in Eqn. 3.9. 

  

H = -J1(Ŝ1·Ŝ2 + Ŝ2·Ŝ3 + Ŝ3·Ŝ4) - J2(Ŝ2·Ŝ5 + Ŝ3·Ŝ5 + Ŝ2·Ŝ6 + Ŝ3·Ŝ6) 

- J3(Ŝ1·Ŝ5 + Ŝ4·Ŝ5 + Ŝ1·Ŝ6 + Ŝ4·Ŝ6)                               Eqn. 3.9 

 

The best-fit parameters obtained are: J1 = -2.9 cm
-1

, J2 = -2.0 cm
-1

, J3 = -0.7 cm
-1

 and 

g = 2.20. The Ni-O-Ni angles for the interactions described by J1 have very similar 

values, spanning the range 93.1-95.9
o
. Such interactions are expected to be weakly 

antiferromagnetic, since the Ni-O-Ni bond angles are close to the 

ferromagnetic/antiferromagnetic border (J1 = -2.9 cm
-1

). The mean Ni-O-Ni angle 

corresponding to J2 interaction is 123.0
o
. Thus, the magnitude of J2 is surprisingly small 

(J2 = -2.0 cm
-1

). This weak antiferromagnetic interaction can be explained by the fact that 

Ni2 and Ni2ʹ are not coplanar with the other Ni
II
 atoms, and the Ni2-Ni1-Ni1ʹ and Ni2ʹ-

Ni1ʹ-Ni1 “fragments” can be envisaged as O-centered triangles with the hydroxido O 

atoms (O1, O1ʹ) being displaced out of the {Ni3} planes. For a planar O-centered 

triangular unit, J2 should be moderately antiferromagnetic, but the observed non-planarity 

of the {Ni3} subunits within 7 forces J2 to be weaker than expected. Finally, the 
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interaction J3, mediated by a syn,anti-triatomic carboxylate bridge, is expected to be weak 

and antiferromagnetic, and this is indeed the case (J3 = -0.7 cm
-1

). From the obtained J-

coupling constants, an S = 2 ground state was calculated. However, the fit of the 

magnetization data, assuming an isolated S = 2 ground state, was not completely 

satisfactorily; the quasi saturated value of magnetization, equivalent to 4.3 electrons 

under large fields (Figure 3.25), may be tentatively ascribed to the same S = 2 ground 

state as calculated from the magnetic susceptibility data. 

 

 

Figure 3.24. Plot of the χMT vs. T for 7 in the low temperature range 2-60 K. The red line 

is the first fit of the experimental data to a 2-J model, while the blue line is the fit of the 

experimental data to the more appropriate 3-J model; see text for further discussion. 
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Figure 3.25. Plot of magnetization (M) vs. field (H) for complex 7 at 2 K.  

 

According to the magnitude and signs of the individual J1, J2, and J3, an S = 2 spin 

ground state can be rationalized in terms of a “spin-up”/“spin-down” model, assuming 

that S5, S6, S1 and S4 spins are “up” and S2 and S3 spins are “down” (Scheme 3.7). 

 

Scheme 3.7. “Spin-up” and “spin-down” representation for the rationalization of the S = 

2 ground state of complex 7. 
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In contrast to all previously studied Ni
II
/nacb

2-
 compounds, the magnetic behavior of 

complex [Ni6(nacb)6(H2O)3(MeOH)6] (8) is completely different. The χMT product at 300 

K for complex 8 is 8.59 cm
3
mol

-1
K, higher than the value of 7.26 cm

3
mol

-1
K expected for 

a cluster of six non-interacting Ni
II
 atoms (calculated with g = 2.2). The χMT product 

increases slightly with decreasing temperature in the range 300-70 K, before increasing 

more rapidly below this temperature to a maximum value of 10.09 cm
3
mol

-1
K at 3 K 

(Figure 3.26). The decrease of the χMT product below 3 K is assigned to a combination of 

zero-field splitting within the ground state, Zeeman effects from the applied dc field, 

and/or weak antiferromagnetic intermolecular interactions between neighboring {Ni6} 

clusters in the crystal structure of 8. The data and shape of the plot indicate predominant 

ferromagnetic exchange interactions between the metal centers. However, the fact that the 

χMT product does not reach the value of 21.0 cm
3
mol

-1
K expected for an S = 6 ground 

state is suggestive of the co-presence of competing antiferromagnetic exchange 

interactions between the metal centers. Magnetization (M) data collected at 2 K show a 

continuous increase of M as the field increases, reaching a non-saturated value equivalent 

to 8.8 electrons (Figure 3.27). This value can be attributed to the presence of weak 

antiferromagnetic components within 8; a fit of the data was not performed due to the 

large number of parameters involved and their very small in magnitude values (vide 

infra) which would allow for the calculation of multiple (and not one) solutions. 
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Figure 3.26. χΜT vs. T plot for complex 8. The solid line is the fit of the data; see the text 

for the fit parameters. The inset shows the 2-J exchange coupling model used. S1, S2, S3, 

S4, S5 and S6 correspond to Ni4, Ni2, Ni6, Ni3, Ni1 and Ni5 atoms in the structure of 

Figure 3.14, respectively. 

 

 

Figure 3.27. Plot of magnetization (M) vs. field (H) for complex 8 at 2 K. 
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The structural data indicate the presence of two different types of superexchange 

pathways; one pathway results from the syn,anti-carboxylate bridges (attributed to J1) and 

the other one is mediated by the μ-H2O (assigned to J2) bridges (see Figures 3.14 and 

3.15). As a result, a 2-J spin Hamiltonian was employed (inset of Figure 3.26 and Eqn. 

3.10) in order to fit the experimental data.  

 

H = -J1(Ŝ1·Ŝ2 + Ŝ1·Ŝ3 + Ŝ2·Ŝ3 + Ŝ4·Ŝ5 + Ŝ4·Ŝ6 + Ŝ5·Ŝ6) 

- J2(Ŝ1·Ŝ4 + Ŝ3·Ŝ6 + Ŝ2·Ŝ5)                                         Eqn. 3.10 

 

An initial isotropic fit of the experimental data did not yield any satisfactory results 

but the incorporation of a D term led to an excellent fit with parameters: J1 = +0.3 cm
-1

, 

J2 = -0.1 cm
-1

, D = -1.3 cm
-1

 and g = 2.29. The obtained -small in magnitude- J values are 

consistent with the expected values derived from two superexchange pathways that are 

known to promote very weak magnetic coupling; this coupling could be ferromagnetic 

for the single syn,anti-carboxylates,
167

 and practically negligible for aqua bridges,
160

 in 

agreement with the corresponding J1 and J2 values of 8. 
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3.2.4. Solid-State Photoluminescence Studies 

 

The photophysical properties of all Ni
II
/nacb

2-
 complexes 3-8 were studied in the 

solid-state and at room temperature due to their structural degradation in solution. The 

latter was confirmed by performing ESI-MS studies in solutions of all complexes at 

various solvent media. These studies revealed -for all compounds- the presence of various 

high-intensity signals corresponding to different nuclearity species of similar abundance, 

including peaks which were assigned to ligand dissociation from the metal centers. The 

free ligand nacbH2 is a promising “antenna” group with a pronounced ability for 

promoting energy-transfer effects. Upon maximum excitation at 349 nm, nacbH2 exhibits 

a strong emission in the 380-420 nm visible range with two clear maxima at 391 and 410 

nm and a weak shoulder at 482 nm (Figure 3.28). The two maxima are probably due to 

the presence of two different aromatic groups (naphthalene and benzene) within the same 

molecule;
168

 the emission at ~390 nm is characteristic of the naphthalene functional 

group.
99

 The optical response of nacbH2 in various solutions and different concentrations 

is exactly the same as that reported in the solid state. For comparison purposes, the free 

ligand sacbH2 has shown a similar emission, albeit with only one emission band at 415 

nm, further supporting the fact that the phenyl emission on this class of Schiff base 

ligands appears at ~410 nm.
120

 

Although there has been no emission detected for any Ni
II
/sacb

2-
 complex reported to 

date,
10,23,120

 most likely due to inefficient energy transfer from the ligand and/or 

quenching effects, this turned out not to be the case for two of the Ni
II
/nacb

2-
 complexes 

reported herein. In contrast to complexes 3, 6, 7 and 8 which show no emission at room 
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temperature, the compounds (NHEt3)2[Ni5(nacb)4(L)(LH)2(MeOH)] (4) and 

[Ni5(OH)2(nacb)4(DMF)4] (5) exhibit a strong blue- and green-centered emission at 435 

and 544 nm, upon maximum excitation at 352 and 399 nm, respectively (Figures 3.28 

and 3.29). The emission of 4 is slightly red-shifted with respect to the free ligand nacbH2 

and more intense; the observed intensity can be tentatively assigned to the coordination of 

nacb
2-

 and L
2-

/LH
-
 ligands to the metal centers. Similarly to 4, the emission of 5 is much 

more red-shifted compared to the free nacbH2; such a difference between the optical 

response of 4 and 5 may be due to the concurrent presence of two different organic 

chromophores (nacb
2-

 and L
2-

/LH
-
) in the latter compound which are known to exhibit 

different types of emission. 

 

 

Figure 3.28. Excitation (1) and emission (2) spectra of nacbH2 (blue lines) and complex 4 

(red lines) in the solid state and at room temperature. 
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Figure 3.29. Excitation (1) and emission (2) spectra of complex 5 in the solid state and at 

room temperature. 

 

It is known that the deprotonation and coordination of a ligand to a metal ion 

increase the rigidity of the organic molecule and consequently reduce the loss of energy 

via vibrational motions.
83a,93b,169

 Red-shift of the emission maximum can be normally 

observed for the most fluorescent compounds in the solid state probably because of the π-

π stacking interactions of the aromatic rings in the molecules.
170

 Given the complexity of 

4 and 5 and the number of metal ions and ligands present, among other structural 

perturbations, a detailed analysis of the photophysical energy-transfer mechanism and the 

type of emission are not feasible. Undoubtedly, though, the structural characteristics of 
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nacbH2, and particularly the presence of the naphthalene substituent, have turned this 

group into a more liable to optical activity ligand than sacbH2. 

 

3.3. Conclusions and Perspectives 

 

In conclusion, we have herein reported a new naphthalene-substituted Schiff base 

ligand that not only leads to Ni
II
 clusters with unprecedented topologies and beautiful 

structures, such as the wheel-like {Ni12} (3), but also contributes to the observation of 

interesting physicochemical properties, such as ferromagnetic coupling (complexes 4 and 

8) and optical emission (complexes 4 and 5). We have also noted an unforeseen metal-

assisted organic transformation of nacbH2 to an (arylamino)naphthoquinone ligand, LH2 

(complex 4). Attempts to rationalize the structural and physicochemical differences 

between the metal clusters obtained with the related sacbH2 ligand (Scheme 1.8) were 

tried out, and these were ascribed to the special steric and electronic properties of nacbH2. 

In particular, in all the reported Ni
II
/sacb

2-
 compounds,

10,23,120
 the ligand’s phenyl rings 

are arranged in an average angle of ~47° from each other. However, the analogous 

average angle between the naphthalene and phenyl rings of nacb
2-

-related products is 

~34°, significantly smaller than that of sacb
2-

. Consequently, the aromatic rings of sacb
2-

 

show a higher degree of rotation about the imino “axle” compared to the naphthalene-

benzene pair of nacb
2-

, allowing sacb
2-

 to have a greater flexibility and thus yield a 

variety of different {Ni
II

x} products (Scheme 3.8). In contrast, the smaller angles between 

the aromatic rings of nacb
2-

 allow the donor atoms of the ligand to interact differently 

with the metal ions and consequently stabilize compounds with topologies different from 
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those seen in Ni
II
/sacb

2-
 products. In addition, a series of structurally, magnetically and 

optically dissimilar pentanuclear and hexanuclear Ni
II
 cluster compounds were obtained 

as a result of the bridging versatility, coordination affinity and optical efficiency of the 

deprotonated nacb
2-

 group. The nature of the Ni
II
 starting materials and the reaction 

solvent were found to affect dramatically the chemical and structural identities of the 

resulting compounds. Undoubtedly, these first findings highlight the importance of 

selecting an appropriate chelating/bridging “ligand with benefits” for the synthesis of new 

molecule-based materials with multiple properties.
171

 

 

 

Scheme 3.8. The average “twisting” angles between the aromatic rings of sacb
2-

 (top) and 

nacb
2-

 (bottom) as derived from the previously reported Ni4/Ni11/Ni18/Ni26 complexes of 

the former
10,23,120

 and compounds 3-8 of the latter, respectively.  

 

average angle: ~47°

average angle: ~34°
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In summary, we have been able to enrich the Ni
II 

cluster chemistry of the ligand N-

salicylidene-4-methyl-o-amino phenol (samphH2). Two new polynuclear Ni
II 

complexes 

were synthesized and characterized. Although the nuclearity of both complexes is the 

same, the structural topologies and the magnetic properties are distinctly different. We 

were also able to unveil the coordination chemistry of the new optically-active ligand, N-

naphthalidene-2-amino-5-chloro-benzoic acid (nacbH2), and compare it with the 

structurally similar but less bulky ligand, N-salicylidene-2-amino-5-chlorobenzoic acid 

(sacbH2). The ligand nacbH2 has provided complexes with smaller nuclearities ({Ni5}, 

{Ni6} and {Ni12}) than sacbH2 ({Ni11}, {Ni18} and {Ni26}), albeit some of the Ni
II
/nacb

2-
 

complexes are magnetically and optically more promising than the Ni
II
/sacb

2-
 clusters 

which are predominantly antiferromagnetic and optically inactive. Unfortunately, none of 

the synthesized complexes showed single-molecule magnet (SMM) behavior. 

Based on our ongoing studies, we are convinced that this area of research is not 

exhausted of new results. Many more interesting Ni(II) complexes are yet to be isolated 

and fully characterized using Ni
II
 carboxylate starting materials and azido groups as 

ancillary ligands. Future synthetic efforts should be focused on the synthesis of Ni(II) 

clusters bearing the reported Schiff base ligands with  properties that have not been 

observed in the already reported results, such as SMM behavior and/or emissive single-

molecule magnets. 
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4. Appendix 

 

4.1. Bond distances and bond angles 

  

Table 4.1. Selected interatomic distances (Å) and angles (°) for complex 

[Ni4(samph)4(EtOH)4] (1). 

 

Intermetallic distances 

Ni1···Ni2 3.327(1) Ni2···Ni3 3.103(2) 

Ni1···Ni3 3.068(2) Ni2···Ni4 3.093(2) 

Ni1···Ni4 3.116(2) Ni3···Ni4 3.297(2) 

Bond distances 

Ni1-O1 2.057(3) Ni3-O1 2.099(3) 

Ni1-O2 1.956(3) Ni3-O5 2.059(3) 

Ni1-O3 2.239(3) Ni3-O6 1.968(3) 

Ni1-O7 2.029(3) Ni3-O7 2.206(3) 

Ni1-O10 2.101(3) Ni3-O12 2.103(3) 

Ni1-N1 1.968(4) Ni3-N3 1.987(4) 

Ni2-O1 2.205(3) Ni4-O3 2.095(3) 

Ni2-O3 2.049(3) Ni4-O5 2.218(3) 

Ni2-O4 1.969(3) Ni4-O7 2.052(3) 

Ni2-O5 2.035(3) Ni4-O8 1.975(3) 

Ni2-O11 2.122(3) Ni4-O9 2.073(3) 

Ni2-N2 1.971(4) Ni4-N4 1.993(4) 

Bond angles 
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Ni1-O1-Ni2 102.6(1) Ni2-O1-Ni3 92.3(1) 

Ni1-O1-Ni3 95.2(1) Ni2-O3-Ni4 96.5(1) 

Ni1-O3-Ni2 101.6(1) Ni2-O5-Ni3 98.6(1) 

Ni1-O3-Ni4 91.9(1) Ni2-O5-Ni4 93.2(1) 

Ni1-O7-Ni3 92.7(1) Ni3-O5-Ni4 100.8(1) 

Ni1-O7-Ni4 99.6(1) Ni3-O7-Ni4 101.4(1) 

 

Table 4.2. Selected interatomic distances (Å) and angles (°) for complex 

[Ni4(samph)4(DMF)2] (2).
a 

 

Intermetallic distances 

Ni1···Ni1′ 5.282(3) Ni2···Ni2′ 3.204(3) 

Ni1···Ni2 3.106(3) Ni1···Ni2′ 3.071(3) 

Bond distances 

Ni1-O1 2.023(2) Ni2-O2 2.001(2) 

Ni1-O2′ 2.026(2) Ni2-O3 2.128(2) 

Ni1-O3 2.075(2) Ni2-O3′ 2.075(2) 

Ni1-O4 1.914(2) Ni2-O5 2.085(2) 

Ni1-N2 1.989(2) Ni2-N1 1.985(2) 

Ni2-O1 2.027(2) 

  Bond angles 

Ni1-O1-Ni2 100.2(1) Ni1-O3-Ni2′ 95.5(1) 

Ni1-O2′-Ni2′ 99.4(1) Ni2-O3-Ni2′ 99.4(1) 

Ni1-O3-Ni2 95.3(1)     

a
 Symmetry code: (′) = 1-x, 2-y, -z 
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Table 4.3. Selected interatomic distances (Å) and angles (°) for complex 

(NHEt3)[Ni12(nacb)12(H2O)4](ClO4) (3). 

Intermetallic distances 

Ni1···Ni2 3.005(1) Ni3···Ni4 3.573(1) 

Ni2···Ni3 3.056(1) Ni9···Ni10 3.625(1) 

Ni7···Ni8 2.990(1) Ni4···Ni10 11.234(1) 

Ni8···Ni9 3.056(1) Ni1···Ni8 10.365(1) 

Bond distances 

Ni1-O3 2.015(2) Ni7-O21 2.019(2) 

Ni1-N1 2.017(3) Ni7-N7 2.029(3) 

Ni1-O1W 2.045(3) Ni7-O3W 2.041(2) 

Ni1-O31 2.052(2) Ni7-O20 2.057(2) 

Ni1-O2 2.057(2) Ni7-O13 2.062(3) 

Ni1-O35 2.138(2) Ni7-O17 2.131(2) 

Ni2-O6 1.990(2) Ni8-O24 1.996(2) 

Ni2-N2 2.007(3) Ni8-N8 2.008(3) 

Ni2-O34 2.022(2) Ni8-O16 2.032(2) 

Ni2-O3 2.068(2) Ni8-O21 2.033(2) 

Ni2-O5 2.069(2) Ni8-O23 2.054(2) 

Ni2-O2 2.097(2) Ni8-O20 2.121(2) 

Ni3-N3 1.979(3) Ni9-N9 1.982(3) 

Ni3-O9 1.997(2) Ni9-O27 2.000(2) 

Ni3-O6 2.068(2) Ni9-O23 2.062(2) 

Ni3-O5 2.071(2) Ni9-O26 2.079(2) 

Ni3-O8 2.075(2) Ni9-O24 2.087(2) 

Ni3-O1 2.101(2) Ni9-O19 2.154(2) 

Ni4-O12 2.002(2) Ni10-O30 2.005(2) 

Ni4-N4 2.025(3) Ni10-O22 2.032(2) 

Ni4-O11 2.034(2) Ni10-N10 2.033(3) 
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Ni4-O4 2.049(2) Ni10-O2W 2.046(2) 

Ni4-O4W 2.052(3) Ni10-O29 2.052(2) 

Ni4-O8 2.138(2) Ni10-O26 2.166(2) 

Ni5-N5 1.992(3) Ni11-O33 1.993(2) 

Ni5-O15 1.997(3) Ni11-N11 2.007(3) 

Ni5-O7 2.025(2) Ni11-O25 2.016(2) 

Ni5-O12 2.056(3) Ni11-O32 2.043(2) 

Ni5-O14 2.075(2) Ni11-O30 2.049(2) 

Ni5-O11 2.100(2) Ni11-O29 2.103(2) 

Ni6-N6 1.973(3) Ni12-N12 1.997(2) 

Ni6-O18 1.997(2) Ni12-O36 1.991(2) 

Ni6-O14 2.059(2) Ni12-O32 2.045(2) 

Ni6-O17 2.104(2) Ni12-O28 2.099(2) 

Ni6-O10 2.112(2) Ni12-O35 2.104(2) 

Ni6-O15 2.118(3) Ni12-O33 2.106(2) 

Bond angles 

Ni1-O2-Ni2 92.7(9) Ni7-O20-Ni8 91.4(9) 

Ni1-O3-Ni2 94.7(9) Ni7-O21-Ni8 95.1(1) 

Ni2-O5-Ni3 95.1(9) Ni8-O23-Ni9 95.9(9) 

Ni2-O6-Ni3 97.7(1) Ni8-O24-Ni9 96.9(9) 

Ni3-O8-Ni4 116.0(1) Ni9-O26-Ni10 117.3(1) 

Ni4-O11-Ni5 92.9(1) Ni10-O29-Ni11 91.5(9) 

Ni4-O12-Ni5 95.3(1) Ni10-O30-Ni11 94.4(9) 

Ni5-O14-Ni6 96.3(9) Ni11-O32-Ni12 96.1(9) 

Ni5-O15-Ni6 96.8(1) Ni11-O33-Ni12 95.8(9) 

Ni6-O17-Ni7 116.0(1) Ni12-O35-Ni1 116.9(1) 
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Table 4.4. Selected interatomic distances (Å) and angles (°) for complex 

(NHEt3)2[Ni5(nacb)4(L)(LH)2(MeOH)] (4). 

Intermetallic distances 

Ni1···Ni2 3.022(8) Ni4···Ni5 3.019(8) 

Ni2···Ni3 3.075(9) Ni1···Ni5 10.193(1) 

Ni3···Ni4 3.374(9) Ni2···Ni4 5.452(1) 

Bond lengths 

Ni1-O6  1.989(2) Ni3-O8  2.046(2) 

Ni1-O4  2.013(2) Ni3-O18  2.062(2) 

Ni1-N4  2.029(3) Ni3-O2  2.067(2) 

Ni1-O1  2.100(2) Ni4-O19  2.051(2) 

Ni1-O9  2.100(2) Ni4-O3  2.062(2) 

Ni1-O7  2.102(2) Ni4-O17  2.085(2) 

Ni2-O1  1.989(2) Ni4-O25  2.087(2) 

Ni2-N3  1.993(3) Ni4-O10  2.097(2) 

Ni2-O2  2.005(2) Ni4-O13  2.151(2) 

Ni2-O8  2.054(2) Ni5-N11  1.990(3) 

Ni2-O22  2.059(2) Ni5-O16  2.011(2) 

Ni2-O6  2.133(2) Ni5-O11  2.023(3) 

Ni3-N5  2.008(3) Ni5-O25  2.032(2) 

Ni3-O10  2.022(2) Ni5-O13  2.037(2) 

Ni3-O23  2.034(2) Ni5-O24  2.117(2) 

Bond angles 

Ni1-O6-Ni2 94.3(9) Ni3-O10-Ni4 110.1(1) 

Ni1-O1-Ni2 95.3(9) Ni4-O13-Ni5 92.3(9) 

Ni2-O2-Ni3 98.1(9) Ni4-O25-Ni5 94.3(9) 

Ni2-O8-Ni3 97.2(9) 

   

 



178 
 

Table 4.5. Selected interatomic distances (Å) and angles (°) for complex 

[Ni5(OH)2(nacb)4(DMF)4] (5).
a
 

Intermetallic distances 

Ni1···Ni2 3.057(1) Ni2···Ni2′ 6.114(1) 

Ni1···Ni3 2.961(1) Ni3···Ni3′ 5.922(1) 

Ni2···Ni3 3.213(1) 

  Bond lengths 

Ni1-O5 2.017(4) Ni2-O8 2.065(4) 

Ni1-O5′ 2.017(4) Ni2-O9 2.070(5) 

Ni1-O1 2.044(4) Ni2-O2 2.105(5) 

Ni1-O1′ 2.044(4) Ni3-O3′ 2.121(4) 

Ni1-O2 2.056(4) Ni3-O5 2.028(5) 

Ni1-O2′ 2.056(4) Ni3-O1 2.037(4) 

Ni2-O1 2.008(4) Ni3-O4 2.173(4) 

Ni2-N1 2.020(5) Ni3-O7 2.001(5) 

Ni2-O4 2.042(4) Ni3-N2 2.043(6) 

Bond angles 

Ni1-O5-Ni3 94.1(2) Ni1-O2-Ni2 94.6(2) 

Ni1-O1-Ni3 93.1(2) Ni2-O1-Ni3 105.2(2) 

Ni1-O1-Ni2 98.0(2) Ni2-O4-Ni3 99.3(2) 

 

a Symmetry code: (′) = -x+1, -y+1, -z 
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Table 4.6. Selected interatomic distances (Å) and angles (°) for complex 

[Ni5(OMe)Cl(nacb)4(MeOH)3(MeCN)] (6). 

Intermetallic distances 

Ni2···Ni3 5.303(1) Ni2···Ni5 5.448(1) 

Ni3···Ni5 5.497(1) Ni1···Ni4 3.186(8) 

Bond lengths 

Ni1-O10 2.030(2) Ni3-O3 2.053(2) 

Ni1-O1 2.069(2) Ni3-O2 2.090(2) 

Ni1-O4 2.084(2) Ni3-O13 2.096(2) 

Ni1-O3 2.087(2) Ni4-O13 2.015(2) 

Ni1-O6 2.117(2) Ni4-N3 2.015(2) 

Ni1-Cl1 2.351(7) Ni4-O3 2.023(2) 

Ni2-O15 1.988(2) Ni4-O14 2.066(2) 

Ni2-N5 2.015(2) Ni4-O4 2.070(2) 

Ni2-O1 2.033(2) Ni4-N4 2.102(2) 

Ni2-O7 2.045(2) Ni5-O8 2.011(2) 

Ni2-O16 2.086(2) Ni5-N1 2.012(2) 

Ni2-Cl1 2.444(8) Ni5-O6 2.054(2) 

Ni3-O11 1.992(2) Ni5-O5 2.061(2) 

Ni3-N2 2.001(2) Ni5-O12 2.077(2) 

Ni3-O10 2.038(2) Ni5-O9 2.086(2) 

Bond angles 

Ni1-O1-Ni2 101.6(7) Ni1-O4-Ni4 100.1(7) 

Ni1-Cl1-Ni2 83.0(2) Ni1-O3-Ni4 101.6(7) 

Ni1-O6-Ni5 111.0(7) Ni3-O3-Ni4 100.6(7) 

Ni1-O3-Ni3 93.2(7) Ni3-O13-Ni4 99.4(7) 

Ni1-O10-Ni3 95.4(7) 
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Table 4.7. Selected interatomic distances (Å) and angles (°) for complex 

(NHEt3)2[Ni6(OH)2(nacb)6(H2O)4] (7).
a
 

Intermetallic distances 

Ni2···Ni2′ 6.453(1) Ni1ʹ···Ni2 3.531(1) 

Ni3···Ni3′ 9.055(1) Ni2···Ni3 5.580(1) 

Ni1···Ni2 3.589(1) Ni2···Ni3′ 5.539(1) 

Bond lengths 

Ni1-O1′ 2.026(5) Ni2-O5 2.095(5) 

Ni1-O1 2.028(5) Ni2-N3 2.021(6) 

Ni1-O6′ 2.080(5) Ni2-O1 2.025(5) 

Ni1-O11 2.081(5) Ni3-O7′ 2.054(5) 

Ni1-O3 2.090(5) Ni3-O4 2.022(5) 

Ni1-O12 2.106(5) Ni3-N2′ 2.013(6) 

Ni2-O10 2.018(5) Ni3-N1 2.007(6) 

Ni2-O2 2.118(5) Ni3-O3 2.075(5) 

Ni2-O8 2.017(5) Ni3-O6′ 2.054(5) 

Bond angles 

Ni1-O3-Ni3 93.1(2) Ni1-O1-Ni2 124.6(2) 

Ni1-O6′-Ni3 94.0(2) Ni1-O1′-Ni2′ 121.4(2) 

Ni1-O1-Ni1′ 95.9(2) 

  a Symmetry code: (′) = -x+2, -y, -z. 
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Table 4.8. Selected interatomic distances (Å) and angles (°) for complex 

[Ni6(nacb)6(H2O)3(MeOH)6] (8). 

Intermetallic distances 

Ni1···Ni3 5.239(1) Ni5···Ni6 3.872(1) 

Ni3···Ni5 5.319(1) Ni3···Ni4 3.911(1) 

Ni1···Ni5 5.290(1) Ni1···Ni2 3.905(1) 

Bond distances 

Ni1-N1  1.962(7) Ni4-N4  1.973(8) 

Ni1-O3  1.977(6) Ni4-O12  2.011(6) 

Ni1-O2  1.999(6) Ni4-O11  2.059(7) 

Ni1-O7  2.075(6) Ni4-O4  2.064(7) 

Ni1-O1W  2.088(6) Ni4-O2W  2.069(6) 

Ni1-O19  2.103(6) Ni4-O22  2.077(7) 

Ni2-N2  1.980(9) Ni5-N5  1.978(8) 

Ni2-O6  2.008(7) Ni5-O14  1.998(7) 

Ni2-O5  2.028(6) Ni5-O15  1.999(7) 

Ni2-O20  2.061(6) Ni5-O3W  2.073(6) 

Ni2-O16  2.080(7) Ni5-O23  2.085(6) 

Ni2-O1W  2.099(6) Ni5-O1  2.100(6) 

Ni3-O9  1.974(7) Ni6-O18  1.988(7) 

Ni3-N3  1.982(8) Ni6-N6  1.999(8) 

Ni3-O8  1.987(6) Ni6-O24  2.048(7) 

Ni3-O21  2.087(7) Ni6-O17  2.051(7) 

Ni3-O13  2.099(6) Ni6-O3W  2.080(6) 

Ni3-O2W  2.112(6) Ni6-O10  2.087(7) 

Bond angles 

Ni1-O1W-Ni2 137.7(3) Ni5-O3W-Ni6 137.6(3) 

Ni4-O2W-Ni3 138.7(3) 
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4.2. IR spectra of samphH2, nacbH2, and complexes 1-8 (from the top to 

the bottom) 
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