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Abstract 

The research work presented in this thesis lies within the field of hybrid inorganic-

organic materials. They currently represent a class of compounds whose importance arises 

from the presence of both inorganic and organic functionalities, thus endowing these 

materials with potentials applications in gas storage, catalysis, optoelectronics and 

nanocomposites. This project is directed to the synthesis and structural characterisation of 

novel hybrid materials based on iminodiacetic acid substituted naphthol (nida) and phenol 

(hda) ligands. These types of ligands, whose synthetic methodology is described in Chapter 2, 

were previously used to produce charged dinuclear FeIII  complexes and this work reports an 

expansion of their coordination chemistry upon complexation with other metal ions such as 

CuII, NiII, CoII.  

 Chapter 3 details with the formation of hybrid materials based on nida ligands. 

Reaction of CuII ions with the H3hnida ligand in the absence of alkali counterions yielded 

[CuII(Hhnida)]·2H2O (1) whose solid-state packing reveals a layered lamellar structure. The 

introduction of potassium counterions in the reaction system resulted in the formation of the 

dinuclear complex K2[CuII(hnida)]2·2H2O (2) that assembles in a dense hexagonal structure. 

Complexation of the H4Chnida ligand with CuII metal ions under basic conditions resulted in 

the dinuclear complex K4[CuII(Chnida)]2·4H2O·4MeOH (3) which aggregates into an open-

framework network due to the pillaring effect attributed to the presence of the carboxylic 

acids group situated in 6-position of the naphthol ring of the organic ligand. The 

physicochemical properties of 2 and 3 which are discussed further support the crystal 

structures of the compounds.  

Chapter 4 describes the synthesis and structural characterisation of hybrid materials 

formed upon complexation of hda ligands with NiII, CoII and CuII metal ions. The 

hydrophobicity of the hda ligands was modulated by changing the substituents in ortho- and 

para- positions to the hydroxyl group of the phenol ring. The introduced substituents include 

methyl groups (H2Me2hda) and the α,α-dimethylbenzyl moieties (H2Bc2hda). The synthesis 

of the coordination compounds was carried out in the presence of KOH. Reaction of the 

H2Me2hda ligand with NiII metal ions afforded the mononuclear NiII complex, 

K2[Ni II(Me2hda)(HCO3)(EtOH)]·EtOH (4) whose structure reveals fixation of a bicarbonate 

ligand at its metal centre. The use of the H2Bc2hda ligand in the presence of NiII metal ions 

resulted in the isolation of another mononuclear NiII complex, K3[Ni II(Bc2hda)(CO3)]·5H2O 

(5). Its crystal structure shows fixation of a carbonate ligand within the inner coordination 



XVII 

 

sphere and cation-π interactions. The latter feature is surprising since 5 was synthesised in 

aqueous solution using the Bc2hda ligand with hydrophobic substituents. Modification of the 

reaction conditions allowed the substitution of NiII metal ions with the CoII metal ions within 

the network structure. This resulted in the formation of K[CoII(Bc2hda)]·2.5H2O (6) that 

undergoes an oxidation process in the reaction flask to generate 

K2[CoIII(Bc2hda)(CO3)]·3H2O (6a). The structure of 6a is also characterised by cation-π 

interactions and fixation of a carbonate ion at the metal centre. The molecular entities in 4-6a 

arrange to form layered lamellar structures. Finally, reaction of CuII with the Bc2hda ligand 

led to the generation of a dinuclear complex in K3[Cu2
II(µ-OH)(Bc2hda)2]·3H2O (7). This 

compound is characterised by asymmetric cation-π interactions. 

Chapter 5 deals with the synthesis and the structural characterisation of hybrid 

materials based on hda ligands that form in the absence of an alkaline base. Reaction of the 

H2Me2hda ligand with CuII ions afforded [CuII(Me2hda)(H2O)]2·H2O (8) while a mononuclear 

complex, [CoII(Me2hda)(H2O)2]·H2O (9), was synthesised upon complexation with CoII metal 

ions. The use of the H2Bc2hda ligand in reaction with CuII metal ions formed 

[CuII(Bc2hda)(H2O)2]·2H2O (10). The packing of these structures is governed by H-bonds 

that formally replace the dipole-cation interactions observed in the network of charged alkali-

mediated hda complexes. Within the chapter the physicochemical properties of 8 and 10 are 

also discussed. 

Chapter 6 presents the synthesis of hybrid materials based on hda ligands containing 

long hydrophobic alkyl chains situated ortho and para to the hydroxyl group of the phenol 

ring. The increased amphiphilicity of the ligand system hampered the crystallisation of the 

resulting complexes. However, complexation of the Na2-o-C12H25,Mehda with CuII metal 

ions resulted in the formation of a crystalline material, Na[CuII(o-

C12H25,Mehda)(H2O)(Cl)]·2EtOH·H2O (11) that is characterised by layered lamellar 

structure. Molecular self-assembly process of Na2-p-C12H25,Mehda and CuII ions generates  

non-crystalline hierarchical materials of [CuII(p-C12H25,Mehda)(H2O)2] (12). The molecular 

composition of 12 was derived using different analytical techniques including TGA, IR and 

elemental analysis. Electron microscopy studies reveal the fibrous morphology of 12 and 

further confirm that the compound assembles into films at the air/solvent interface. Finally, 

chapter 7 provides the experimental details of the synthesis of the ligands and the complexes.   
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1 Hybrid inorganic-organic materials 

 

This introductory chapter discusses the use of hybrid inorganic-organic materials 

whose synthesis is nowadays considered of great interest in inorganic materials chemistry. 

Efforts in this field address the concepts of molecular recognition and crystal engineering in 

order to provide logical and modular synthetic routes to the desired hybrid inorganic-organic 

materials. A classification of these materials is firstly proposed; secondly, attention is directed 

to the discussion of their features, the presentation of some remarkable examples reported in 

the literature and their applications. The last part of the chapter concerns with molecular self-

assembly whose process occurs through non-covalent interactions allowing the formation of 

hierarchical nanostructured hybrid materials. 

 

1.1 Supramolecular chemistry 

 

Supramolecular chemistry addresses chemistry ‘beyond the single molecule’1 and is 

concerned with the examination of new molecular systems whereby the most important 

feature is that their components are held together reversibly by intermolecular forces and not 

by covalent bonds.1-3 It was defined by Lehn as ‘the chemistry of molecular assemblies and 

of the intermolecular bond’.2 Furthermore, it is an interdisciplinary field where the combined 

knowledge of organic and inorganic chemistry are employed in the design of supramolecular 

components while the knowledge of physical chemistry is essential for the understanding of 

the properties and behaviours of the entities produced. 

 

The intermolecular interactions involved in supramolecular chemistry are electrostatic 

ion-ion, ion-dipole and dipole-dipole interactions, hydrogen bonding between complementary 

functional groups, π-π stacking between aromatic rings, van der Waals interactions, 

hydrophobic and solvatophobic effects through association of appropriate functional groups, 

steric repulsion and donor-acceptor interactions between Lewis acids and Lewis bases. These 

weaker non-covalent intermolecular forces maximise the selectivity and tunability of the 

resulting supramolecular systems. 

 

The key features of supramolecular chemistry are associated with two important 

concepts: molecular recognition and crystal engineering.4-6 Molecular recognition is based on 

the concept of complementarity required for all non-covalent interactions between molecules. 
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Figure 1.1. (a) Ball and stick representation of the DNA double helix. (b) View of the hydrogen 
bonds between the bases of the DNA.7 

The hydrogen-bond is one of the most common non-covalent interactions exploited by 

supramolecular chemists and nature for molecular recognition purposes. This type of bond is 

formed when the electron deficient hydrogen atom (the acceptor) and the electron rich atom 

(the donor) are in the required orientation. For example, single donor acceptor systems form 

strong hydrogen bonds when donor and acceptor are collinear to each other, while double 

acceptor systems and bifurcated hydrogen bonds require a linear orientation between the 

donating and the accepting species. 

 

The deoxyribonucleic acid double helix (DNA) provides another example where the 

formation of hydrogen bonds needs a geometric component, (Figure 1.1a). The helix is 

composed of two long polymer strands consisting of simple units called nucleotides with a 

backbone provided by phosphorylated sugar units, to which a series of purine and pyrimidine 

bases are connected. The strands generate a double helix by forming hydrogen-bonds 

between the bases. The four bases on one strand are arranged to form a bond with just one 

type of base on the other hand strand. This binding motif is called complementary base 

pairing. In the case of natural DNA, adenine (A) forms two hydrogen-bonds with thymine (T) 

and guanine (G) complements cytosine (C) through the formation of three hydrogen-bonds, 

(Figure 1.1b).     

 

 

 

Figure 1.1 shows the interactions of the four bases. The two strands consist of 

complementary bases and extend from discrete base pairs throughout the whole helical 

structure, such that one strand (e.g. CCTTATA) is complementary to the other (e.g. 

(b) (a) 
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GGAATAT).3 The complementarity exemplifies selective binding involving attraction or 

mutal affinity between host and guest. 

 

Crystal engineering concepts aim to control the way in which molecules assemble in the 

solid state. The term ‘crystal engineering’ is usually attributed to Schmidt in relation to his 

studies in the field of topochemistry.5 Subsequently, it has become clear that crystal 

engineering is closely linked to the developed supramolecular chemistry concepts. In fact, G. 

R. Desiraju in 1989 defined the term crystal engineering as ‘the understanding of 

intermolecular interactions in the context of crystal packing and in the utilisation of such 

understanding in the design of new solids with desired physical and chemical properties’.5-6, 8-

9 Strong hydrogen bonds and coordination bonds are the most common interactions in crystal 

engineering. They exhibit strength and directionality. Weaker interactions such as van der 

Waals and dispersion forces are often difficult to control and consequently play a minor role 

for crystal engineering concepts. 

 
One of the most important and successful strategies adopted by modern crystal 

engineering is called ‘the building block approch’.10  It is based on the concept of predicting 

the resulting molecular architecture by considering the crystal structure as networks where 

molecules, metals and ions act as nodes and the intermolecular interactions or coordination 

bonds represent the node connections. This concept is illustrated in Figure 1.2 where the 

metal cations (nodes) are coordinated to linear bifunctional ligands (connectors) in order to 

give several 1D, 2D and 3D architectures according to the metal coordination geometry and 

the metal to ligand ratio. The choice of the ligand and the metal ion are pivotal in controlling 

the geometry of the resulting networks. In addition, the metal ion fixes the ligand giving 

directionality for the formation of the supramolecular structure.  
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Inorganic supramolecular 

inorganic-organic materials16-

categories: coordination polymers or MOFs and inorganic extended hybrids. Their synthesis, 

properties and structural features will be discussed and related to the hybrid 

materials synthesised within this Ph.D. 

 
 

Figure 1.2. Selection of different types of architectures 

Scheme 1.1. Proposed classification of inorganic supramolecular materials.
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 materials can be divided into zeolitic materials
-27, (Scheme 1.1). The latter can be further classified 

categories: coordination polymers or MOFs and inorganic extended hybrids. Their synthesis, 

properties and structural features will be discussed and related to the hybrid 

within this Ph.D. work. 

ifferent types of architectures obtained by the control of the metal and 
the metal to ligand ratio. 10 

.1. Proposed classification of inorganic supramolecular materials.

                Chapter 1 

 

materials11-15 and hybrid 

classified into main 

categories: coordination polymers or MOFs and inorganic extended hybrids. Their synthesis, 

properties and structural features will be discussed and related to the hybrid inorganic-organic 

by the control of the metal and 

.1. Proposed classification of inorganic supramolecular materials. 
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Figure 1.3. Structure of Zeolite A formed by 
by Si or Al and 

1.1.1 The zeolitic materials 

 

Important inorganic supramolecular 

originally comes from the Greek zein (to boil) and lithos (stone).

or alkaline earth aluminosilicates with general formula M

metal). Their frameworks consist

generate interconnected tunnels or cages containing metal io

Removal of water molecules does not affect the resulting framework and provides porosity t

these materials.28-30 An exampl

cages: α- and β-cages. The cages are joined by cubes and form a cubic primitive lattice.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Aluminophosphates are considered materials structurally related to 

discovered in 1982 by Flanigen and co

only of connected tetrahedra, the framework

Al(Ga)PO4 whereby Al and Ga atoms 

variety in the connectivity of the framework and the shape of the pores.

can be described in terms of mixed tetrahedral
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Figure 1.3. Structure of Zeolite A formed by α- and β-cages. Every vertex in the cage is 
by Si or Al and an O is situated in the middle of each edge.31 

 

Important inorganic supramolecular materials are zeolitic materials. The word 

originally comes from the Greek zein (to boil) and lithos (stone). They are hydr

aluminosilicates with general formula Mn+
x/n[(AlO2)x(SiO

s consist of TO4 tetrahedra (T = Al, Si) whose 

interconnected tunnels or cages containing metal ions and water molecules

Removal of water molecules does not affect the resulting framework and provides porosity t

example is given by the Zeolite A which consists

The cages are joined by cubes and form a cubic primitive lattice.

are considered materials structurally related to 

Flanigen and co-workers.32 Conversely to the zeolites, which consist 

only of connected tetrahedra, the frameworks of these materials exhibit 

Al and Ga atoms display coordination numbers 5- or 6

in the connectivity of the framework and the shape of the pores.33

can be described in terms of mixed tetrahedral-octahedral (or bipyramidal) 

                Chapter 1 

in the cage is occupied 
 

re zeolitic materials. The word zeolite 

are hydrated alkaline 

(SiO2)y]
x-·wH2O (M = 

tetrahedra (T = Al, Si) whose condensations 

ns and water molecules. 

Removal of water molecules does not affect the resulting framework and provides porosity to 

consists of two type of 

The cages are joined by cubes and form a cubic primitive lattice.  

are considered materials structurally related to zeolites and were 

zeolites, which consist 

exhibit general formula 

or 6-, thus allowing a 
3-35 Their structures 

l (or bipyramidal) frameworks.  
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Figure 1.5. Pore size of zeolites in function of the time. In each boxes the grey part represents the 
useful size.36 

Figure 1.4. SBUs-n adopted in microporous aluminogallophosphates.36 

 

 

 

Alternatively, oligomeric groups of polyhedra can also be used for an easier 

description of aluminophosphate structures, (Figure 1.4). These oligomeric units, generally 

called secondary building units consisting of n-polyhedra (SBUs-n), are three-dimensionally 

connected and ensure the formation of frameworks with large cavities. Figure 1.5 shows the 

dimensions of the pore sizes for some zeolites and aluminophosphates synthesised over the 

past years. 

 

 

 

The structural and chemical features of the zeolites endow them with considerable 

applications in petroleum refinement,37-39 catalysis,40-43 ion exchange and molecular 

adsorption stemming due to their anionic natures and open structures.28,44-49 Limitations arise 
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Figure 1.6. Solid-state packing of the layered zirconium phenyl
grey, O red, P green, ZrO6 octahedra are shown in light blue. Hydrogen atoms are omitted for 

from their limited pore and cavity size, their restricted functionality

composition.50-53 

 

1.1.2 History of hybrid inorga

 

Hybrid inorganic-organic 

supramolecular materials which show 

different polarity, geometry, func

 

The history of hybrid inorganic

‘Hofmann’ complex in 1897.

benzene into an ammonia solution of 

complex was then speculated upo

contain a NiII complex with

structure was then determined by Powell in 1954. The structure 

which the Ni centres are bridged by CN groups with the benzene molecule encapsulated in 

the channels of the structure

hexahapto coordination mode.

 

The term ‘hybrid material

a layered zirconium phenylphosphonate

The compound was synthesis

compounds. Since then, a library of hybrid inorganic

dimensional connectivity has been discovered.
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acking of the layered zirconium phenylphosphonate. Colour code: C dark 
octahedra are shown in light blue. Hydrogen atoms are omitted for 

clariry.57-58 

from their limited pore and cavity size, their restricted functionality

inorganic-organic materials 

organic materials constitute another class of inorganic 

which show diverse topologies and provide 

geometry, functionality and reactivity to the zeolitic mat

hybrid inorganic-organic material begins with the 

complex in 1897.54 Crystals of this complex were grown by slow diffusion of 

ene into an ammonia solution of Ni(CN)2. The chemical formula of the 

complex was then speculated upon by Pleiffer in 1927 and Feigl in 1944.5

with the formula Ni(CN)2(NH3)(η6-C6H6). Its crystallographic 

etermined by Powell in 1954. The structure consists of a

bridged by CN groups with the benzene molecule encapsulated in 

of the structure.56 Each Ni centre is coordinated by the benzene ring in 

mode.  

hybrid material’ dates back to  the early 1960s and was used in context with 

phosphonate that forms a 2D network structure

sed in an attempt to control the interlayer spacing in layered 

library of hybrid inorganic-organic materials with 1D, 2D and 3D 

been discovered. 

                Chapter 1 

. Colour code: C dark 
octahedra are shown in light blue. Hydrogen atoms are omitted for 

from their limited pore and cavity size, their restricted functionality and atomic 

constitute another class of inorganic 

diverse topologies and provide compounds with 

erials. 

with the discovery of the 

were grown by slow diffusion of 

chemical formula of the Hofmann 
54-55 It was found to 

Its crystallographic 

of a cubic network in 

bridged by CN groups with the benzene molecule encapsulated in 

the benzene ring in an 

was used in context with 

that forms a 2D network structure, (Figure 1.6).57-58 

the interlayer spacing in layered 

materials with 1D, 2D and 3D 
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Examples of one-dimensional (1D) hybrid materials may comprise of porphyrin 

coordination polymers discovered by Bosolo and co-workers in the 1970s.59-60 Example of 

early three-dimensional (3D) hybrid materials are the nanoporous coordination polymers 

reported by Graverau, Garnier and Hardy in the late 1970s.61 They are constituted by 

hexacyanoferrate units linked through tetrahedrally coordinated ZnII cations. The framework 

is structurally related to zeolites, however the stabilising coordination bonds are weaker than 

the strong Si/Al-O bonds of zeolites. 

 

 In the 1990s, the interest towards hybrid materials was enhanced by researchers such 

as Robson, Hoffman and Yaghi who discovered that rigid, polyfunctional organic molecules 

could be implemented to bridge metal cations or inorganic clusters producing extended 

structures. Since then, several groups have been working on the synthesis and 

characterisation of metal oxide SBUs linked by carboxylate ligands.62-64 

 

1.1.3 Synthetic methodologies to prepare hybrid inorganic-organic materials 

 

The preparation of hybrid materials can be accomplished by adopting the following 

synthetic strategies:65 

• the bottom up method based on the self-assembly of metal complexes by 

implementing multifunctional organic ligands 

• pH-controlled condensation of metal hydroxide or hydrate units resulting in extended 

M-O-M linkages 

These synthetic methodologies can be realised in terms of crystallisation methods. The most 

common being: 

• diffusion or slow diffusion methods 

• evaporation methods 

• hydro/solvo/ionothermal approaches 

 

Evaporation methods, layered diffusion or slow diffusion approaches are generally used 

for the synthesis of hybrid materials with a desired and discrete stoichiometry. The formation 

of hybrid materials with extended inorganic connectivities is obtained through 

hydro/solvothermal methods which are carried out at elevated temperatures. These techniques 
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Figure 1.7. Structures of the five cobalt succinates prepared at different temperatures (from left to 
right): Co(H2O)4(C4H4O4)2, Co(H2O)2(C4H4O4)2, Co4(H2O)2(OH)2(C4H4O4)3·2H2O, 

Co6(OH)2(C4H4O4)5·2H2O, Co5(OH)2(C4H4O4)4. The variation of temperatures results in the 
formation of hybrid materials with increased connectivities and lower number of constitutional 

solvent molecules.67,68 

take advantage of increased solubilities of the organic and inorganic components, thus 

enhancing their condensation tendency.66 

 

This concept can be exemplified by Forster and co-workers, who synthesised five cobalt 

succinate structures under hydrothermal conditions only by varying the reaction temperature, 

(Figure 1.7). Their formulae are reported as follows: Co(H2O)4(C4H4O4)2, 

Co(H2O)2(C4H4O4)2, Co4(H2O)2(OH)2(C4H4O4)3·2H2O, Co6(OH)2(C4H4O4)5·2H2O and 

Co5(OH)2(C4H4O4)4.
67-68 

 

 

 

 

 Hybrid materials can also be synthesised by microwave –assisted methods whereby the 

local superheating of the solvent or the organic ligand may result in the formation of hot spots 

to nucleate the formation of the crystals. The applied temperature and pressures (determined 

by the filling degree of the container), the concentrations and the solvent types control the 

nucleation process and is responsible for the growth of the crystals.69-72 Very recently, 

ionothermal methods are used to synthesise hybrid materials based on the use of ionic liquids 

as solvents.73-74 Examples of commonly used ionic liquids are for instance pyridinium 

chloride or 1-ethyl-3-methylimidazolium dicyanamide.75-76 
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1.1.4 Classification of hybrid inorganic-organic materials 

 

The classification of hybrid materials can be based on their overall dimensionality 

often expressed by the InOm notation, where n represents the dimensionality of the inorganic 

component I and m the dimensionality of the bridging ligand O, (Table 1.1). 

 

Table 1.1. Proposed classification of hybrid inorganic-organic materials.77                                                                  

 

In table 1.1, the symbol I0O0 for example represents an overall 0 dimensional hybrid 

inorganic-organic material and includes all isolated, molecular coordination compounds. An 

example is given by the inorganic complex shown in Figure 1.8a whose formula is 

[Mn(H2O)(1,3-CHDC)(1,10-phen)]2. The structure comprises of a discrete metal complex. 

The other three boxes of the first column of Table 1.1 classify hybrid inorganic-organic 

materials with overall dimensionality varying between 1 to 3. This class of material can be 

exemplified by the compound [Zn4O(1,4-BDC)3] (MOF-5) whose structure displayed in 

Figure 1.8b exhibits an organic M-L-M connectivity of 3 and inorganic connectivity of 0 

associated with a tetranuclear SBU. The second column in Table 1.1 defines hybrid 

inorganic-organic materials with 1D inorganic connectivity (I I) and an overall dimensionality 
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Figure 1.8. Structures of (a) Mn-1,3-cyclohexanedicarboxylate, [Mn(H2O)(1,3-CHDC)(1,10-
phen)] 2, with an overall dimensionality IoO0. 78 (b) Zn-1,4-benzenedicarboxylate, [Zn4O(1,4-

BDC)3], with an overall dimensionality I0O3. 22 (c) Cd-1,3-benzenedicarboxylate, [Cd(H2O)2(1,3-
BDC)], with an overall dimensionality I1O1.79 (d) Cd-1,3-cyclohexanedicarboxylate, [Cd(1,2-

CHDC)], with an overall dimensionality I2O0.78(e) Ni-succinate, [Ni7(OH)2(C4H4O4)6(H2O)2]·2H2O, 
with an overall dimensionality I3O0. 80 (f) Cd-malonate, [Cd(C3H2O4)(H2O)]·H2O, with an overall 

dimensionality I3O0 81. 

varying between 1 and 3. For example, the structure [Cd(H2O)2(1,3-BDC)] shown in Figure 

1.8c reveals both organic and inorganic connectivities of 1. 

 

 

 

 

 

 

The two boxes in the third column of Table 1.1 represent hybrid inorganic-organic 

materials with 2D inorganic connectivity (I2) and with an overall dimensionality of 2 or 3. 

Compound [Cd(1,2-CHDC)] shown in Figure 1.8d reveals a 2D inorganic connectivity and a 

discrete organic moiety with 0D connectivity. Finally, the first box in the fourth column 

represents hybrid materials with 3D inorganic connectivities (I3) and with the overall 

dimensionality of 3. The nickel succinate [Ni7(OH)2(C4H4O4)6(H2O)2]·2H2O (Figure 1.8f) 

belongs to this class. It is characterised by a 3D inorganic connectivity and 0D organic 

connectivity. The overall compound is a 3D structure whereby the inorganic parts formed by 

NiO6 octahedra constitute pores within the structure and the organic ligands point inside these 

cavities. A similar topology is realised by the cadmium malonate structure 

[Cd(C3H2O4)(H2O)]·H2O displayed in Figure 1.8f. 

(b) (c) 

(e) (f) (d) 

(a) 



Introduction                                                                                                                  Chapter 1 

13 
 

Scheme 1.2. Proposed classification of hybrid inorganic-organic materials. 

It is further possible to extend the exemplified notation to even more complicated 

hybrid inorganic-organic systems that include mixed metals or mixed organic ligand types 

that give rise to different inorganic or organic SBUs within the hybrid materials. For instance, 

a modified notation considers counterions as structural units that influence the dimensionality 

of the hybrid material. The notation is given by InOmCt, where n and m represent the 

aforementioned dimensionality of the inorganic (I) and organic (O) connectivities while t 

represents the dimensionality imposed by the counterion (C) within the hybrid structure, 

(Scheme 1.2). 

 

 

 

 

 

 

 

 

 

 

Hybrid Inorganic-Organic Materials

Coordination polymers or MOFs 

00

Structural Feature:
Metal(I)-Ligand(O)-Metal(I) connectivity

ImOn (m,n= 0-3)

Hybrid materials synthesised within this work

Structural Feature:
Connectivity also includes counterions

ImOnCt (m,n=0; t= 1-2)

00

Extended hybrids

Structural Feature:
Metal(I)-Oxygen (O)-Metal(I) connectivity

ImOn (m= 1-3; n=0)
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Figure 1.9. View of the (4,4) (right) and (6,3) nets (left).56c 

1.2 Coordination polymers or Metal organic-frameworks (MOFs) 

 

Coordination polymers or MOFs are composed of isolated metal ions or clusters that 

are linked by multifunctional organic ligand upon M-L-M connectivity within the structure. 

One way to describe the structure of these materials is to use ‘net’-descriptors. This 

description approach was first developed by Wells twenty years ago and it consists of 

considering the net as an infinite array of connecting nodes.  These latter can be metal ions, 

clusters, and/or ligands.82 A net can be represented in term of the general (n,p) notation where 

p represents the number of connections to adjacent nodes and n is the number of nodes in the 

smallest closed circuits within the net. Figure 1.9 illustrates this concept with the common 2D 

(4,4) and (6,3) nets. The (4,4) notation indicates that the shortest complete circuits within the 

net is defined as squares comprising of 4 nodes further connected to other 4 nodes. In the 

second net, the shortest circuit is formed of hexagons constituted of 6 nodes further linked to 

other 3 nodes within the net. 
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Figure 1.10. Structure of diamond. 

Robson and Hoskins applied net considerations for the design of coordination 

polymers. Their applied approach is concerned

polymers based on simple network prototypes. The diamond net is one of the 

prototypes which consists of 

3D network, (Figure 1.10). 

 

 

Other simple 3D nets 

twisted by 90° along each connection axis

constituted of both square and tetrahedral four

prototype example is the CaB

linked at the vertices by B-B bonds to 

situated at the vertices of a cube 

contains octahedral six-connecting nodes and trigonal three

(Figure 1.11d). 
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10. Structure of diamond. The units highlighted in red are the natural tiles.

Robson and Hoskins applied net considerations for the design of coordination 

polymers. Their applied approach is concerned with the rational synthesis

on simple network prototypes. The diamond net is one of the 

consists of tetrahedrally surrounded carbon atoms connected to produce a 

Other simple 3D nets include that of NbO which is formed from square planar nodes 

twisted by 90° along each connection axis (Figure 1.11a) whereas the PtS 

both square and tetrahedral four-connected nodes, (Figure 1.1

CaB6 structure, which contains regular octahedra

B bonds to produce a 3D boron network with the calcium 

ated at the vertices of a cube (Figure 1.11c). The rutile (TiO2) network is one example that 

connecting nodes and trigonal three-connecting nodes in the ratio 1:2 

                Chapter 1 

The units highlighted in red are the natural tiles.83 

Robson and Hoskins applied net considerations for the design of coordination 

with the rational synthesis of coordination 

on simple network prototypes. The diamond net is one of the simplest 

surrounded carbon atoms connected to produce a 

which is formed from square planar nodes 

a) whereas the PtS network is 

connected nodes, (Figure 1.11b). Another 

regular octahedra of boron atoms 

with the calcium atoms 

network is one example that 

connecting nodes in the ratio 1:2 
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(b) 

(d) (c) 

(a) 

Figure 1.11. View of the different type of networks: NbO (a), PtS (b), CaB6 (c) and TiO2 (d). 
Colour code: (a) Nb black, O grey. (b) Pt grey, S black. (c) Ca centers the large cavities, B grey. 

(d) Ti large grey spheres, O small grey spheres.56c 

 

The net approach was also implemented by Yaghi and co-workers to describe 

augmented porous hybrid inorganic-organic materials whose structure can be viewed as a 

systematic build-up of related prototype nets (i.e. CaB6, PtS, NbO). These materials are 

synthesised by applying ‘the reticular synthetic approach’, mainly developed by Yaghi and 

co-workers.83 It can be described ‘as the process of assembling judiciously designed rigid 

molecular building blocks into predetermined ordered structures (networks), which are held 

together by strong bonding’.83 The reticular synthetic concept relies on the idea of using 

acetate stabilised coordination clusters as inorganic nodes (Figure 1.12) and polycarboxylate 

ligands as organic connectors (Figure 1.13).83 This synthetic approach is different from the 

classical retro synthetic approach to organic compounds and from supramolecular assembly 

concepts because ‘the structural integrity and rigidity of the building blocks in reticular 

synthesis remain unaltered throughout the construction process’ and ‘building blocks are 

linked by strong bonds throughout the crystal’.83 
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Figure 1.12a. A triangular SBU: metal (Cu) 
blue, C black, O red. The polyhedra in red are 

defined by carboxylate carbon atoms.85 

Figure 1.12b. Square paddle-wheel SBU: 
metals (Ru, Cu, Rh, Mo, Fe, Ni, Co, Re, Cr, 

Zn, Mn, W, Tc, Os, Cd, Bi, Rh/Bi, Pt, Al, Mg, 
In, Pd/Co, Pd/Mn, Pd/Zn) gold, C black, O 

red, N blue. The polyhedra in red are defined 
by carboxylate carbon atoms.85 

 

The topology of these materials, namely metal organic frameworks (MOFs) or porous 

coordination polymers can be rationalised on the basis of the secondary building units 

(SBUs) by using the desired combination of inorganic and organic SBUs. In this context, one 

may consider some remarkable SBUs that are potentially useful in the synthesis of MOFs. 

Each SBU contains a polyhedron whose vertices are occupied by the donor atoms of the 

organic ligand and are called points of extension. The geometry, the connectivity and the 

composition of the most common SBUs based on carboxylate ligands are reported below: 

 

SBU with three points of extension 

It is formed by two triangular motifs. 

Each of them is constituted of three copper 

atoms bridged by a µ3-oxo donor atom and three 

pyrazolate ligands.84 The two triangles are 

bridged by three carboxylates coordinated to the 

copper metal centre of each triangle in a bis-

conformation mode, (Figure 1.12a).          

 

 

 

SBU with four points of extension 

It is known as square paddle-wheel motif 

and is a well-known SBU obtained upon 

complexation of metal ions with carboxylate 

ligands.86-96 It consists of four acetate groups 

bridging to two metal centres, (Figure 1.12b). The 

motif is provided by the dinuclear acetate 

complex, e.g. Cu2(OAc)4(H2O)2. 
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Figure 1.12d. An octahedral SBU: metals 
(Zn, Co, Be) green, C black, O red. 
The polyhedra in red are defined by 

carboxylate carbon atoms.85 

Figure 1.12c. A trigonal prismatic SBU: 
metals (Fe, Cr, Ru, Mn, V, Ni, Sc, Co, Cr/Co, 

Ir, Al, Fe/Co, Cr/Fe/Ni, Fe/Zn, Zn, Ga, 
Fe/Ca) orange, C black, O red. 

The polyhedra in red are defined by 
carboxylate carbon atoms.85 

SBU with six points of extension 

It is represented by a trigonal prismatic 

geometry.97-98 The SBU is achieved by trinuclear 

µ3-oxo bridged acetate complexes in which the 

metal centre adopt octahedral coordination 

environments. These classical ‘triangular’ acetates 

are stabilised by six organic ligands whereby each 

acetate bridges between two metal centres. The 

structure consists of three octahedra that share one 

O2- vertex and four carboxylate moieties, (Figure 

1.12c). 

 

 

 

Another SBU can be realised by a 

tetrahedral arrangement of metal centres in a 

{M 4(µ4-O)} moiety.99-101 The edges of the 

tetrahedron are capped by carboxylate groups. This 

coordination mode yields an octahedral SBU, 

(Figure 1.12d). 
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Figure 1.13. Structures of some organic SBUs used for the construction of MOFs. Each ligands 
can be visualised as connectors where the polyhedral to which the linkers are attached are 

visualized in green. Linkers: -C6H4- units. Colour code: C black, N green, O red. Hydrogen atoms 
are omitted for clarity. 83 

The reticular synthetic concepts also requires the use of polyfunctional rigid carboxylate 

ligands as organic SBUs. Some of them are displayed in Figure 1.13. 

 

 

 

 

 

Even though in the scientific world the terms coordination polymers and MOFs are 

considered equivalent, Yaghi and co-workers propose a distinction between these two classes 

of materials based on: 

• the formal bond valence 

• the bond energy of the linking bond 

• the type of inorganic secondary building unit (SBU) adopted to link organic 

ligands 

• the type of frameworks 

 

(d) 

(b) (c) (a) 
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Figure 1.14. View of the packing for: (a) the coordination polymer Zn(L)
organic framework Zn

(a) 

The outlined differences are 

Zn(L)2(ClO4)2 (L = N,N’-Bis(4

BDC)3 , namely MOF-5, (Figure 1.1

 

The structure of Zn(L)

producing a continuous periodic structure, (Figure 1.1

bond valence of zero similarly to the

the chemist Alfred Werner.102

5 is formed by {Zn4(µ4-O)} moieties 

which are linked by the 1,4-BDC ligand 

composition of Zn4O(1,4-BDC)

valence ½.85 

 

Furthermore, the inorganic SBU of the coordination polymer is formed from a single 

atom while polyatomic group

the bonds of the inorganic SBU in MOF

coordination polymer. In fact, 12 Zn

MOF-5 whereas in the case of 

dissociations are required.85 

 

Another difference between MOFs and coordination polymers can be attributed to the 

framework charge. The framework of MOF
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View of the packing for: (a) the coordination polymer Zn(L)2(ClO4)
organic framework Zn4O(1,4-BDC)3,(MOF-5).22,102 

(b) 

utlined differences are emphasized by considering the coordination polymer 

Bis(4-pyridyl)urea) and the metal-organic framework 

5, (Figure 1.15).22,102   

Zn(L)2(ClO4)2 consists of a repeated sub-unit with 

continuous periodic structure, (Figure 1.14a). The Zn-L bonds h

similarly to the inorganic coordination complex Co(NH
2 Differently to this coordination polymer, the structure of MOF

)} moieties that constitute the aforementioned

BDC ligand to give a continuous cubic neutral framework 

BDC)3, (Figure 1.14b). Here the single Zn-O bond exhibits a formal 

Furthermore, the inorganic SBU of the coordination polymer is formed from a single 

polyatomic groups of atoms are present in MOF-5. The required

the bonds of the inorganic SBU in MOF-5 is greater than the comparable energy of the 

coordination polymer. In fact, 12 Zn-O bonds are necessary to excise the inorganic SBU of 

in the case of the ZnII coordination polymer only 4 Zn-L coordination bond

between MOFs and coordination polymers can be attributed to the 

he framework of MOF-5 is neutral and the interstitial 

                Chapter 1 

4)2. (b) The metal-

by considering the coordination polymer 

organic framework Zn4O(1,4-

 the formula Zn(L)2 

L bonds have a formal 

Co(NH3)6Cl3 studied by 

the structure of MOF-

forementioned octahedral SBUs 

tinuous cubic neutral framework with a 

O bond exhibits a formal 

Furthermore, the inorganic SBU of the coordination polymer is formed from a single 

required energy to break 

the comparable energy of the 

O bonds are necessary to excise the inorganic SBU of 

L coordination bond 

between MOFs and coordination polymers can be attributed to the 

the interstitial solvent molecules 



Introduction                                                                                                                  Chapter 1 

21 
 

can be removed.  In contrast the ZnII coordination polymer reveals a charged framework 

structure and the void spaces are filled with counter-ions that are essential for the stability. In 

essence, the prototypical framework of MOF-5 exhibits thermal stability, permanent porosity 

and robustness due to the strong Zn-O coordination bonds of the metal carboxylates. The 

features are not necessarily applicable to coordination polymers. However, proposed 

classification does not provide a strict distinction between the two classes of materials but 

gives a number of useful attributes to characterise fundamentally hybrid inorganic-organic 

materials.  Table 1.2 summarises the aforementioned contrasts between the described 

prototypes of hybrid materials. 

 

Table 1.2. Contrasts between the coordination polymer [Zn(L)2(ClO4)2] and the metal-organic 

framework Zn4O(1,4-BDC)3 (MOF-5).22,102
 

 

Structural features, formal 

valence and bond energy of 

the linking bonds 

Zn(L) 2(ClO4)2 

L= N,N’-Bis(4-pyridil)urea  

Zn4O(1,4-BDC)3 

MOF-5 

Type of inorganic SBU Monoatomic (Zn) Polyatomic (OZn4) 

Type of framework Charged Neutral 

Guests in the pores Must be counterions No guests 

Formal bond valence for 
Zn–O or Zn–N 

0 ½ 

Computed value for the energy 
of the linking bond 
(2Zn–O or Zn–N)/kJ mol-1 

100-150 363 

Number of Zn–X bonds to 
break the inorganic SBU 

4 12 

Estimated value for the energy 
to excise the inorganic SBU/kJ 
mol-1 

400–600  2200 
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(a) 

Figure 1.15. Systematic build-up of hybrid inorganic-organic materials by linking polynuclear 
metal complexes through rigid dicarboxylate ligands: (a) IRMOF-1, (b) IRMOF-10, (c) IRMOF-

16.104-105 

1.3 Applications of hybrid inorganic-organic materials 

 

The importance of hybrids materials stems from the presence of both inorganic and 

organic components whose 3D arrangements may give rise to a variety of applications. Some 

of them are discussed below.103 

 

In porous hybrid inorganic-organic materials integrity is retained when solvent molecules 

are removed or exchanged.16 Over the last decades a variety of different MOFs were 

synthesised. These show the feasibility of the building block approach and the scope of the 

reticular synthesis concept. For example Yaghi and co-workers have provided synthetic 

methodologies that yielded porous cubic networks based on a systematic built-up of CaB6 

topologies. In this class of compound octahedral {Zn4O} SBUs are linked through linear syn, 

syn coordinating terephthalic acid ligands. The extension and derivatisation of these 

dicarboxylate ligands or the change of their coordination mode result in the formation of 

structures exhibiting the same network topology of the mentioned MOF-5 (IRMOF-1). They 

exhibit a variation of the observed pore geometries and the free volume within the 

compounds. Figure 1.15 shows these structures: [Zn4O(BDC)3]·(DEF)7·(H2O)3 (IRMOF-1), 

[Zn4O(BPDC)3]·(DEF)12·(H2O), (IRMOF-10) and [Zn4O(TPDC)3]·(DEF)17·(H2O)2, 

(IRMOF-16). They display pore sizes of 11.2, 15.4 and 19.1 Å and a free volume percentage 

of 79.2, 87.0 and 91.1%, respectively.104-105 

 

 

 

The resulting metal-organic frameworks are characterised by good thermal stabilities and 

high porosities. The former attribute allows the integrity of the crystal structure to be 

maintained even when heated to temperatures of  300 oC while the latter offers the possibility 

(b) (c) 
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Figure 1.16. (a) View of MOF-505 and (b) its structure with the metal-oxygen polyhedra 
represented in blue while the organic polyhedra are shown in red. The carboxylate carbons of 

this unit are at the vertices of the square. Colour code: Organic SBUs red, Inorganic SBUs blue. 
Hydrogen atoms are omitted for clarity.105 

for molecules such as brominated naphthalene, anthracene or C60, to be accommodated as 

guests. The compounds show gas adsorption isotherms typical for microporous materials and 

high affinities for methane and hydrogen gases. They are considered to impact on future fuel 

cell devices as they do not require large temperatures or pressure changes to store and release 

hydrogen. Moreover, they can be synthesised in high yields from low cost starting materials. 

These characteristics result in a high industrial and governmental interest for the materials.104-

109 

MOF-505 is another porous hybrid material discovered by Yaghi and co-workers whose 

formula is Cu24(1,3-BDC)24(DMF)14(H2O)10·(H2O)50(DMF)6(C2H5OH)6. It consists of two 

rigid square planar SBUs represented by the 1,3-BDC ligand and the stabilised dinuclear 

copper acetate unit, {Cu2(CO2)4}‘paddlewheel’. The latter is linked to the ligand into a 

network structure, (Figure 1.16). The resulting structure represents an augmented hybrid 

inorganic-organic material with the same topology than NbO. MOF-505 has average pore 

size of 8.10 Ǻ and can be described as a porous solid since its structure contains voids that 

can accommodate guest molecules. Gas-sorption measurements revealed a BET surface area 

of 1547 m2/g. The material exhibited 457 mg/g of carbon dioxide (CO2) uptake at 42.5 bar 

and 298 K.105
 

 

 

 

 

                 

Recently, Omar Yaghi and co-workers have developed a synthetic methodology to 

yield a ultrahigh porous metal-organic framework with formula Zn4O(BTE)4/3(BPDC) (MOF-

210). The compound was synthesised from a solvothermal reaction of H3BTE, H2BPDC 

   (b) (a) 
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Figure 1.17. (a) Reaction scheme for the formation of the MOF
MOF-210 with the empty cavities filled by 

red, ZnO

ligands and zinc(II) nitrate hexahydrate. The 

to the organic ligands BTE and BPDC, (Figure 1.17). 

3.60 cm3/g and a BET surface area of 

among porous crystalline materials

MOF-210. The nitrogen (N2) and hydrogen (H

of 2330 cm3/g and 176 mg/g while 

values of 264 and 2400 mg/g at

 

 

 

Hybrid inorganic-organic materials

heterogeneous catalysis. The use of these materials as catalysts has been de

et al. who discovered a homochiral 

(a) 

COO-

COO-

+ 

+ 

COO-

-OOC
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Reaction scheme for the formation of the MOF-210. (b) Crystal structure of the 
210 with the empty cavities filled by yellow and orange balls. Colour code: C dark grey, O 

red, ZnO4 polyhedra are shown in blue.109 

hexahydrate. The structure consists of {Zn4O(CO

he organic ligands BTE and BPDC, (Figure 1.17). The material shows

and a BET surface area of 6240 m2/g which is considered the 

among porous crystalline materials. Furthermore, the uptake of several gases was tested on 

) and hydrogen (H2) uptakes were measured at 77 K with values 

while methane (CH4) and carbon dioxide (CO

at 298 K, respectively.109 

organic materials are also considered as promising materia

The use of these materials as catalysts has been de

who discovered a homochiral metal-organic, microporous material

 (b) 

COO-
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210. (b) Crystal structure of the 
yellow and orange balls. Colour code: C dark grey, O 

O(CO2)6} unit joined 

The material shows a pore volume of 

considered the highest reported 

the uptake of several gases was tested on 

measured at 77 K with values 

) and carbon dioxide (CO2) uptakes showed 

 

are also considered as promising materials for 

The use of these materials as catalysts has been demonstrated by Seo 

microporous material, [ZnIII(µ3-O)( 
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Figure 1.18. Trinuclear secondary building unit with formula [Zn
organic carboxylate anions), left. View of the chiral channels of POST

Colour code: C white, N blue

O2CR)6]·2H3O·12H2O (O2CR =  organic carboxylate anions)

an active catalyst for transester

trinuclear oxo-bridged ZnII carboxylates as primary building 

are organised into chiral channels, (Figure 1.

binding sites into MOFs render

MOFs synthesised by Custelcea 

channels of the 3D structures allowing the selective inclusion of 

 

 

 

Hybrid inorganic-organic 

due to several photophysical phenomena

transitions, or metal to ligand (MLCT) or ligand to metal charge transfer excitations (LMCT). 

For example, the 3D hybrid inorganic

(SiF6)(OH)2·13.5H2O (L= 2,6

emission maxima ranging from the UV (380 nm

region (438 nm-LMCT), (Figure 1.

UV and visible wavelengths upon rehydration leading to a shift of the fluorescent emissions 

from the visible light (438 nm) to the 

ascribed to the weak interactions of the solvent molecules that absorb the UV light and give 

stabilisation to the supramolecular structure, thus preventing the transfer o

ligand to the metal centre, (Figure 1.

Introduction                                                                                                                  

25 

18. Trinuclear secondary building unit with formula [Zn3(µ3-O)(O2CR)
organic carboxylate anions), left. View of the chiral channels of POST-1 along the c

Colour code: C white, N blue, O red, Zn green. Hydrogen atoms are omitted for clariry.

CR =  organic carboxylate anions), denoted as 

transesterification reactions. The structure of this MOF

arboxylates as primary building units (Figure 1.

chiral channels, (Figure 1.17, right).110 Furthermore, the incorporation of 

sites into MOFs renders them capable of guest recognition. This is exemplified 

ed by Custelcea et al., in which free carboxylic sites are present in the 

allowing the selective inclusion of a Cl(H2O)

organic materials can also display photoluminescence properties 

due to several photophysical phenomena. These may include for instance 

igand (MLCT) or ligand to metal charge transfer excitations (LMCT). 

d inorganic-organic material with the formula 

(L= 2,6-di-(4-triazolyl)pyridine) shows an intense luminescence with 

ima ranging from the UV (380 nm–intraligand fluorescence) 

LMCT), (Figure 1.19a). The material also reveals tunable emission between 

UV and visible wavelengths upon rehydration leading to a shift of the fluorescent emissions 

om the visible light (438 nm) to the UV region (382 nm). This photophysical 

ascribed to the weak interactions of the solvent molecules that absorb the UV light and give 

ation to the supramolecular structure, thus preventing the transfer o

ligand to the metal centre, (Figure 1.19b).112 
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CR)6]
2- (O2CR =  

1 along the c-axis, right. 
, O red, Zn green. Hydrogen atoms are omitted for clariry.110 

denoted as POST-1, which is 

of this MOF contains chiral 

s (Figure 1.17, left) which 

Furthermore, the incorporation of 

them capable of guest recognition. This is exemplified by 

which free carboxylic sites are present in the 

O)4
- aggregate.111 

 

materials can also display photoluminescence properties 

for instance intra-ligand 

igand (MLCT) or ligand to metal charge transfer excitations (LMCT). 

formula [Cd3L6](BF4)2-

triazolyl)pyridine) shows an intense luminescence with 

intraligand fluorescence) to the visible 

a). The material also reveals tunable emission between 

UV and visible wavelengths upon rehydration leading to a shift of the fluorescent emissions 

UV region (382 nm). This photophysical effect is 

ascribed to the weak interactions of the solvent molecules that absorb the UV light and give 

ation to the supramolecular structure, thus preventing the transfer of energy from the 
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Figure 1.19. (a) Structure of [Cd3L6](BF4)2-(SiF6)(OH)2·13.5 H2O (L=2,6-di-(4-
triazolyl)pyridine). (b) Fluorescence emission spectra of the compound upon multiple hydration 

and dehydration processes. The emission spectrum of the ligand is shown in black. Inset: 
excitation spectra.112 

 

 

 

 

1.4 Self-assembly of hybrid inorganic-organic materials based on iminodiacetic acid 

substituted naphthols or phenols as ligands 

 

In contrast to the reticular synthetic concept that is based on the use of rigid SBUs, 

one can also adopt an approach that employs more flexible SBUs. Suitable SBUs use 

naphthol- (nida) or phenol-type (hda) as organic SBUs (Figure 1.20) to generate charged 

dinuclear FeIII  complexes with general formulae [Fe2(µ-OH)(µ-CO3)L] 3-, [Fe2(µ-O)(µ-

CO3)L] 4-/6- or [Fe2(µ-CO3)2L] 4-.113-115 A remarkable feature of this reaction system is that the 

bridging carbonate ligands of these complexes are the result of the fixation of atmospheric 

CO2. The negatively charged complexes that form in good yields self-assemble in the 

presence of suitable counterions to produce network structures. Generally, in these hybrid 

materials the counterions, e.g. alkali metal ions, are linked through the carboxylate, 

carbonate, hydroxo- or oxo-groups to these negatively charged complexes producing cross-

linked coordination assemblies with separated hydrophobic and hydrophilic regions. 

According to the previously described classification, these hybrid network structures can be 

described by the InOmCt notation where n = 0, m = 0 and t = 1-3.  

 

(b) (a) 
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Figure 1.20. Scheme of the organic ligands.113 
 

 

Modification of the shape and functionality of the organic ligands provides a tool to 

engineer different architectures of supramolecular coordination assemblies. The use of 

ligands that contain only hydrophobic moieties allows the formation of dense and often 

layered structures (Figure 1.21a) while the introduction of hydrophilic substituents within the 

aromatic ring system results in pillaring effects of the dinuclear units that bridge between 

hydrophilic areas of the structure to produce open-framework and porous networks, (Figure 

1.21b).113 

 

 

 

 

Some examples illustrate this outlined synthetic approach. The introduction of a 

carboxylic acid group at the 3-position in the aromatic system of the naphthalene-based nida 

ligand results in the formation of a dinuclear FeIII  unit [FeIII
2(µ-O)(µ-CO3)(Chnida)2]

6-. The 

FeIII  centres are double bridged by a carbonate anion and an oxo ligand. The dinuclear units 

network in the presence of potassium ions form a honeycomb structure whose channels are 

filled with naphthyl residues and the dinuclear complex penetrate the walls of the 

supramolecular architecture, (Figure 1.22a).113 

 

Organic Ligand 

K + positions 

Dinuclear  
FeIII unit 

(b) (a) 

R= H, H3hnida 
R= COOH, H4Chnida 

 
R1=R2= (CH3)2C-C6H5, H2Bc2hda 

R1= -C6H5-COOH; R2=H, H2Bahda 
 

Figure 1.21. Pictograms of structural motifs in the isolated coordination assemblies: (a) dense and 
layered structures for dinuclear SBUs with hydrophobic moieties. (b) Open or porous structures for 

dinuclear SBUs with hydrophilic substituents.113 
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To encourage the formation of pores within a related structure a sulfonic acid group 

was introduced opposite to the phenolic hydroxy group of the hda ligand. This results in a 

pillaring effect of the FeIII  dinuclear units between hydrophilic regions of the supramolecular 

architecture. In contrast to the previously described honeycomb arrangement, the walls within 

this  framework structure are formed by aligned dinuclear FeIII  complexes with the formula 

[FeIII
2(µ-O)(µ-CO3)(SO3-hda)2]

6- to give an open-framework assembly, (Figure 1.22b). The 

FeIII  dinuclear unit forms again upon absorption of atmosperic CO2  to give a carbonate 

ligand that bridges together with an oxo ligand between the transition metal centres.113 

 

 

 

 

 

 

 

Other interesting hybrid inorganic-organic materials containing related dinuclear FeIII  

complexes are: K4[Fe2(µ-CO3)2(Bc2hda)2]·12H2O·EtOH and K6[Fe2(µ-O)(µ-

CO3)(Bahda)2]·5H2O·2MeOH.114-115 In contrast to the aforementioned structures the FeIII  in 

the former complex are symmetrically bridged by two syn,syn coordinating carbonate ligands 

(Figure 1.23a). This coordination geometry leads to a long interatomic Fe-Fe distance of 

4.447(2) Å providing the required space to guest a potassium ion under the connection line 

(b) (a) 

Figure 1.22. (a) Dense honeycomb structure K6[FeIII
2(µ-O)(µ-CO3)(Chnida)2]·13.5H2O. (b) Metal-

organic framework K6[FeIII
2(µ-O)(µ-CO3)(SO3-hda)2]·11H2O·9MeOH. All structures viewed in [001] 

direction. Colour Code: Fe green, O red, K purple, C black, S yellow. Hydrogen atoms and solvent 
molecules are omitted for clarity.113 
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between the two transition metal ions. The compound exhibits an unexpected cation-π 

bonding effect involving this potassium ion and two aromatic side chains of the organic hda 

ligand. It is surprising to encounter these bonding effects in these protic aqueous systems. 

The compound contains other hydrated potassium ions with expected bonding environments 

that link the SBUs into a layered lamellar structure with alternating hydrophobic and 

hydrophilic areas. This supramolecular structure revealing cation-π interactions may provide 

a synthetic model compound resembling features of proteins that contain alkali or alkali earth 

ions or nicotinic acid acetocholine receptors.116 The latter compound, K6[Fe2(µ-O)(µ-

CO3)(Bahda)2]·5H2O·2MeOH, crystallised in the polar space R3 and it is again characterised 

by a dinuclear FeIII  units bridged by an oxo- and carbonate- ligands. The compound forms 

cages arranged along a 31 screw axis and its packing reveals chiral channels whose cross-

sectional diameters are ca. 6 Å, (Figure 1.23b). 

 

(b) (a) 

Figure 1.23. (a) Cation-π interaction in K4[Fe2(µ-CO3)2(Bc2hda)2]·12H2O·EtOH. (b) Open-framework 
structure with chiral channels in K6[Fe2(µ-O)(µ-CO3)(Bahda)2]·5H2O·2MeOH. Solvent molecules are 
omitted for clarity. Colour Code: C black, O red, K purple, Fe green, S yellow.  Hydrogen atoms are 

omitted for clarity. All structures viewed in [001] direction.114-115 
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It is noteworthy that this class of hybrid inorganic-organic compound can also be used 

as templates for the preparation of nanostructured materials through thermolysis processes. 

Generally in materials science and industry such termolysis methods are widely used to 

decompose metal complexes to form superconducting, nanocrystalline and mixed-metal 

oxides. Following on this strategy, one might use supramolecular compounds that contain 

nanosized features within their structures as precursor candidates for the formation of 

nanocomposite materials.117 
 

Successful attempts have been made for the outlined purpose. In fact, the honeycomb 

structure of the sodium analogue of K6[Fe2(µ-O)(µ-CO3)(Chnida)2]·13.5H2O can be used as a 

template in thermal decomposition reactions to produce nano- and microsized products. 

Aligned nanosized hybrid inorganic-organic fibres that form upon heating can be observed 

when single crystals were cut with a focused gallium ion beam, (Figure 1.24a). SEM studies 

reveal the formation of fibres with a diameter of approximately 50–100 nm. These fibres are 

coagulated into bundles, (Figure 1.24b-c). Further thermolysis of this compound under 

nitrogen atmosphere allows the variation of the composition up to ca. 400 ºC. The 

thermolysis process changes the composition of the nanostructured material resulting in 

highly aligned fibres of sodium carbonate and iron oxide which are contained in amorphous 

carbon capsules (Figures 1.24).117 
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Figure 1.24. Scanning electron micrographs of thermolysed samples of Na6[FeIII
2(µ-O)(µ-

CO3)(Chnida)2]·13·5H2O: (a) A crystal cut using a focused ion beam perpendicular to the 
crystallographic c-axis (scale bar: 2 µm). (b)-(c) Coagulated bundles of fibres after thermolysis at 

370°C (scale bar: 20µm) and their magnification (d)-(f), (scale bar: 2µm).117 
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1.4.1 Structures reported in the literature formed with iminodiacetate

ligands 

 

In section 1.4, attention was directed to 

upon complexation of naphthol (nida) and phenol (hda) ligands with Fe

noteworthy to report other relevant 

containing the iminodiacetic acid functionalit

N(CH2COOH)2, (Scheme 1.3).

 

 

 

 

 

Scheme 1.3. Ligands 

 

The H2hida ligand has been extensively used in the literature for the formation of 

hybrid inorganic-organic materials. Examples of mononuclear and dinuclear complexes are 

reported upon complexation of H

mononuclear structures Na[Al(ida)

[Al 2(µ-OH)2(ida)]·2H2O. The mononuclear units reveal octahedral coordination geometry 

whereby the two iminodiacetic ligands coordinate facially with the nitrogen donors in a 

conformation around the metal centre, (Figure 1.

bridged motif that connects the Al

 

 

 

 

 

 

 

 

 

 

R

(a) 
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ures reported in the literature formed with iminodiacetate

In section 1.4, attention was directed to dinuclear structures previous synthesised 

upon complexation of naphthol (nida) and phenol (hda) ligands with Fe

relevant structures described in the literature 

containing the iminodiacetic acid functionality represented by the general formulae R

). 

 

ands based on the iminodiacetic acid functionality

has been extensively used in the literature for the formation of 

organic materials. Examples of mononuclear and dinuclear complexes are 

reported upon complexation of H2hida with FeIII  and AlIII  metal salts.118

Na[Al(ida)2]·1.5H2O, K[Fe(ida)2]·3H2O and the dinuclear compound 

. The mononuclear units reveal octahedral coordination geometry 

whereby the two iminodiacetic ligands coordinate facially with the nitrogen donors in a 

conformation around the metal centre, (Figure 1.25a,b). The dinuclear unit exhibits a 

bridged motif that connects the AlIII  metal centres, (Figure 1.25c). 

N

COOH

COOH

(b) 

R=H, H2hida
 
R= substituted phenol in 
ortho- and para
the OH-group, 
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ures reported in the literature formed with iminodiacetate-based chelating 

structures previous synthesised 

upon complexation of naphthol (nida) and phenol (hda) ligands with FeIII  salts. It is 

res described in the literature based on ligands 

y represented by the general formulae R-

acid functionality. 

has been extensively used in the literature for the formation of 

organic materials. Examples of mononuclear and dinuclear complexes are 
8 These include the 

O and the dinuclear compound 

. The mononuclear units reveal octahedral coordination geometry 

whereby the two iminodiacetic ligands coordinate facially with the nitrogen donors in a cis 

a,b). The dinuclear unit exhibits a µ-oxo 

ida 

R= substituted phenol in 
and para- positions to 
group, H2-XY-hda 
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Examples of structures have also been reported where

iminodiacetic moiety consists of 

introduction of hydrophobic substituents as 

dimethylbenzyl moieties (Bc) in 

formation of mononuclear complexes upon complexation with Fe

formulae are [Fe(tBu2hda)(H

1.26.119, 120 The metal centres show distorted octahedral geometry whereby the O

of the ligand are located in meridional

from the carboxylate group are 

sphere are occupied by solvent molecules. 

 

 

 

 Figure 1.26. Mononuclear complex 

Figure 1.25. (a) and (b) Structure of the mononuclear complexes 
K[Fe(ida)2]·3H2O. (c) Structure of the dinuclear unit 

(a) 

(c) 
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Examples of structures have also been reported where the R

minodiacetic moiety consists of ortho- and para- substituted phenol residues. The 

introduction of hydrophobic substituents as tert-butyl groups (tBu) groups or 

dimethylbenzyl moieties (Bc) in ortho- and para- positions of the phenol ring led to the 

formation of mononuclear complexes upon complexation with FeIII  

(H2O)2]·3H2O
 and [Fe(Bc2hda)(H2O)(MeOH)]·4H

s show distorted octahedral geometry whereby the O

meridional positions while the N-donor and the O

from the carboxylate group are cis to each other. The remainig sites of the coordination 

pied by solvent molecules.  

 

Figure 1.26. Mononuclear complex [Fe(tBu2hda)(H2O)2] (a) and [Fe(Bc2hda)(H

Figure 1.25. (a) and (b) Structure of the mononuclear complexes Na[Al(ida)
(c) Structure of the dinuclear unit [Al 2(µ-OH)2(ida)]·2H

(b) 
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the R-group of the 

substituted phenol residues. The 

Bu) groups or α,α-

positions of the phenol ring led to the 

 metal salts. Their 

O)(MeOH)]·4H2O, Figure 

s show distorted octahedral geometry whereby the O-donor atoms 

donor and the O-donor atom 

to each other. The remainig sites of the coordination 

hda)(H2O)(MeOH)] (b).119,120 

Na[Al(ida)2]·1.5H2O and 
(ida)]·2H2O.118 
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Other examples of structures have been recently reported based on the 

Khatua and co-workers synthesised a bimetallic complex, 

·3H2O, obtained by reacting the disodium salt of the 

metal ions.121 The structure consists of two metal centres that both sho

coordination geometry. The Co

centre in the metallo ligand [MoO

donor atoms of the tetradentate ligand, (Figure 1.

induced by the asymmetric coordination of the organic ligand to the Mo metal centre, (Figure 

1.27a). 

 

 

The two metal centres are not coordinated but interact through hydrogen bonding forming a 

2D H-bonded network, (Figure 1.

 

 

 

 

 

 

 

 

(a) 

(b) 

Figure 1.27. View of the coordination environment around the Mo metal centre (a) and the cobalt 

(a) 

Figure 1.28. View of the 2D hydrogen
Colour code: Co bonded H2O, light pink; H

green 
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Other examples of structures have been recently reported based on the 

workers synthesised a bimetallic complex, [Co(H2O)6]

obtained by reacting the disodium salt of the tBu2hda ligand with MoO

The structure consists of two metal centres that both sho

coordination geometry. The CoII metal centre is ligated to six water molecules while the Mo 

[MoO2(tBu2hda)]- is coordinated to two cis-oxo ligands and the 

donor atoms of the tetradentate ligand, (Figure 1.27). The molecular chirality (

induced by the asymmetric coordination of the organic ligand to the Mo metal centre, (Figure 

The two metal centres are not coordinated but interact through hydrogen bonding forming a 

bonded network, (Figure 1.28).121 

Figure 1.27. View of the coordination environment around the Mo metal centre (a) and the cobalt 
metal centre (b).121 

(b) 

Figure 1.28. View of the 2D hydrogen-bonded chain along the b-axis (a) and the c
O, light pink; H-bond: dotted line. Enantiomers of the metalloligand: 

green (clockwise) and red (anticlockwise).121 
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Other examples of structures have been recently reported based on the tBu2hda ligand. 

]2[MoO2(tBu2hda)]-

hda ligand with MoO4
2- and CoII 

The structure consists of two metal centres that both show octhahedral 

metal centre is ligated to six water molecules while the Mo 

oxo ligands and the 

molecular chirality (∆ or Λ) is 

induced by the asymmetric coordination of the organic ligand to the Mo metal centre, (Figure 

 

The two metal centres are not coordinated but interact through hydrogen bonding forming a 

Figure 1.27. View of the coordination environment around the Mo metal centre (a) and the cobalt 

axis (a) and the c-axis (b). 
bond: dotted line. Enantiomers of the metalloligand: 
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The introduction of chlorine atoms as ortho- and para- substituents in the hda ligand 

led to the formation of a trinuclear complex with formula [Fe3(Cl2hda)2(µ-OH)2(OH2)4]
+, 

Figure 1.29.120 The structure consists of two mononuclear units linked to a central FeIII  centre 

via hydroxo bridges. Each metal centres attain an octahedral coordination environment. 

 

 

 

 

 

 

 

 

 

 

 

The literature also reports on the formation of larger aggregates by using hda ligands 

with methoxy and allyl groups as ortho- and para- substituents on the phenol ring. Reaction 

of the allyl,OMe-hda ligand with FeIII salts in the presence of ethylendiamine as base results 

in the formation of a stable octanuclear cluster with the formula [Fe8(allyl,OMe-hda)4(µ3-

O)4(µ-OH)4(en)4], Figure 1.30.121 This cluster consists of eigth FeIII  centres which form a 

tetragonally compressed cube. The bases of the cube are formed by four iron centres: three of 

them are bridged by µ3-oxo O-donor atoms while the fourth is linked by a bridging hydroxide 

to one of the previous three metal centres. Within the structure the organic ligand provides 

the organic shell for the inorganic core {Fe8(µ3-O)4(µ-OH)4}
12−. 

 

Figure 1.29. Trinuclear complex [Fe3(Cl2hda)2(µ-OH)2(OH2)4]
+.120 
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1.5 Molecular self-assembly 
 

The formation of nanosized materials can also be accomplished through molecular 

self-assembly processes whereby the assembly of the molecules are directed through non-

covalent interactions as hydrogen bonding, van der Waals forces and π-π interactions. These 

interactions can lead to the formation of two- and three-dimensional structures like sheets, 

fibres, tubes and vesicles, (Figure 1.31).122 
 

 

Figure 1.30. Octanuclear cluster [Fe8(µ3-O)4(µ-OH)4(en)4]
3: (a) its perspective view and (b) view 

along the molecular 4-bar axis.120 

(a) 

(b) 
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Figure 1.31. A depiction of how molecular self

Figure 1.32. (left)-(a) and (b) TEM images of 
like arrays. (c) and (d) TEM images of the fibres after modification of the pH. (right)

representation of hydroxyapatite crystals that align parallel with the crystallographic c

 

 

 

 

 

 

 

 

 

 

 

 

For example, research 

series of peptide-based amphiphiles

nanofibres that upon pH variation 

mineralisation process, (Figure

hydroxypatite crystals whose 

fibres, (Figure 1.32, right). This structural feature also occurs between collagen fibrils and 

hydroxyapatite crystals in bones, thus endowing the prepared nanosized material with 

attributes suitable for medical applications
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31. A depiction of how molecular self-assembly can occur.

(a) and (b) TEM images of peptide-based amphiphile fibres arranged in ribbon
like arrays. (c) and (d) TEM images of the fibres after modification of the pH. (right)

representation of hydroxyapatite crystals that align parallel with the crystallographic c
of the amphiphile fibres.122 

 

esearch in this area was pursued by Stupp et al. 

based amphiphiles. Their self-assembly in aqueous systems

pH variation change their structural integrity and undergo 

, (Figure 1.32, left). The in-vivo process leads to 

whose crystallographic c-axes is aligned parallel to the long axis of the 

). This structural feature also occurs between collagen fibrils and 

tite crystals in bones, thus endowing the prepared nanosized material with 

medical applications.122 
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assembly can occur.123 

fibres arranged in ribbon-
like arrays. (c) and (d) TEM images of the fibres after modification of the pH. (right)-Graphical 

representation of hydroxyapatite crystals that align parallel with the crystallographic c-axes 
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The formation of hierarchical architectures can be also 

inorganic-organic materials. Oh, Mirkin, Wang and co

assemble coordination polymers 

carboxylate-functionalised binaphthyl 
125 Their applied approach results in the formation of cross

spheres with good solubility in polar 

fluorescent properties with applications in cation

Maspoch and co-workers took

approach using ZnII salts and 

nanospheres that act as novel functional enc

resulting in the precipitation of spherical 

shown in Figure 1.33. 
 

 

 

 

 

 
 

 

 

 

The formation of nanosized 

matrices can also be achieved 

contains a C12 alkyl chain para

results in the formation of a mononuclear complex with for

C12H25,Mehda)(H2O)2]. Molecular 

accomplished through its dispersion 

solution onto a polycarbonate membrane 

by SEM studies, (Figure 1.34

results in isolated vesicles, (Figure 

 

 

 

Figure 1.33. Scheme for the synthesis of Zn/
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formation of hierarchical architectures can be also achieved

Oh, Mirkin, Wang and co-workers  describe an approach to 

assemble coordination polymers containing CuII, ZnII or NiII centres and the 

functionalised binaphthyl bis-metallo-tridentate Schiff base ligand (BMSB).

Their applied approach results in the formation of cross-linked nanosi

with good solubility in polar solvents. These nanostructured mat

rescent properties with applications in cation-exchange and hydrogen storage.

workers took inspiration from this work and developed a

salts and the bidentate bridging Bix ligand to generate 

novel functional encapsulating matrices. The synthet

on of spherical assemblies of infinite coordination 

The formation of nanosized hybrid materials with potential use as encapsulating 

matrices can also be achieved by using the aforementioned hda ligands, e.g. a 

para to the phenolic oxygen donor. Its complexation with 

results in the formation of a mononuclear complex with for

Molecular self-assembly of the mononuclear Fe

accomplished through its dispersion in ethanol-water mixtures upon heating.

n onto a polycarbonate membrane yielded spherical vesicular aggregates 

34a-b). Dropped-casting of the solution onto a silicon surface

(Figure 1.28c-d).119 

Figure 1.33. Scheme for the synthesis of Zn/Bix spheres and the encapsulation of the guest 
species.128 

                Chapter 1 

achieved with hybrid 

an approach to  self-

es and the homochiral 

dentate Schiff base ligand (BMSB).124, 

nanosized metal-organic 

nanostructured materials reveal 

exchange and hydrogen storage.126,127 Later, 

developed a one step synthetic 

to generate blue-fluorescent 

apsulating matrices. The synthetic approach 

infinite coordination polymers is 

hybrid materials with potential use as encapsulating 

ligands, e.g. a ligand that 

complexation with FeIII  ions 

results in the formation of a mononuclear complex with formula [Fe(p-

FeIII  complex was 

upon heating. Filtration of the 

ggregates as confirmed 

onto a silicon surface 

spheres and the encapsulation of the guest 
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The spheres show resemblance 

ranging between 10-500 nm. It can 

closely related to those of analogous crystalline complexes that 

ligands as [Fe(tBu2hda)(H2

1.35).119 In these systems the mononuclear complexes

via hydrogen bonds involving constitutional solvent molecules to give layered lamellar 

structures as observed for related dinuclear

 

Figure 1.34. (a)-(b) Spherical ordered aggregated analysed by SEM upon filtration of the solution 
on polycarbonate membrane or by 

Figure 1.35. Packing of the layered lamellar structures in: (a) 
in the direction of the b-axis. (b)

axis. Colour Code: C black, N blue, O red, Fe green

(a) 
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show resemblance to liposomes of biological systems with diameters 

500 nm. It can be expected that the structures of these nanomater

analogous crystalline complexes that contain less 

2O)2]·3H2O and [Fe(Bc2hda)(H2O)(MeOH)]·4H

the mononuclear complexes (described in section 1.4.1)

hydrogen bonds involving constitutional solvent molecules to give layered lamellar 

as observed for related dinuclear species. 

(b) 

(b) Spherical ordered aggregated analysed by SEM upon filtration of the solution 
on polycarbonate membrane or by dropped-casting on a silica surface.

Packing of the layered lamellar structures in: (a) [Fe(tBu2hda)(H2O)
(b) [Fe(Bc2hda)(H2O)(MeOH)]·4H2O with view in the direction of b

axis. Colour Code: C black, N blue, O red, Fe green, H white.1

                Chapter 1 

of biological systems with diameters 

be expected that the structures of these nanomaterials are 

contain less extended hda 

O)(MeOH)]·4H2O, (Figure 

(described in section 1.4.1) assemble 

hydrogen bonds involving constitutional solvent molecules to give layered lamellar 

 

(b) Spherical ordered aggregated analysed by SEM upon filtration of the solution 
casting on a silica surface.119 

O)2]·3H2O with view 
with view in the direction of b-

119 
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TEM studies performed on vesicular assemblies of [Fe(p-C12H25,Mehda)(H2O)2] confirm this  

expected layered lamellar arrangement of the synthesised FeIII  complex, (Figure 1.36). 
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2 Objectives & Synthetic methodology of the organic ligands 

 

2.1 Objectives  

 
The main objective of the presented study was the synthesis of novel hybrid 

inorganic-organic coordination networks using iminodiacetic acid substituted naphthols and 

phenols as ligands. As outlined in the introduction such ligands were previously employed for 

the synthesis of charged dinuclear FeIII  complexes that self-assemble into counter-ion 

mediated network structures in the presence of alkali metal ions.1 Our research work aimed to 

expand the library of hybrid inorganic-organic materials using these naphthol (nida) and 

phenol (hda)-type ligands and we intended to explore whether the previously observed self-

assembly principles can also be applied to other transition metal ions. In doing so, one 

primary objective was the preparation of charged CuII, NiII and CoII complexes to investigate 

how secondary ligand functionalities might influence the topologies of the resulting network 

structures that form in presence of alkali metals. We set out to modulate the shape and 

functionality of the employed ligands and anticipated that this applied approach might allow 

the controlled preparation of dense amphiphilic network structures or open framework 

materials. Attention of the research project was further directed to the structural 

characterisation of networks of closely related neutral nida and hda complexes that assemble 

through H-bonds involving constitutional solvent molecules in the absence of counterions. 

 

Coordination complexes and their network structures provide interesting systems to 

fix and store CO2.
1-7 It has been demonstrated that the previously described dinuclear FeIII  

complexes often form upon fixation of CO2.
1 Considering the importance of such processes 

in relation to environmental and energy issues we decided to explore if this feature could also 

be observed in nida/hda-stabilised CuII, NiII and CoII systems.  In addition, aqueous protic hda 

ligand systems are known to reveal cation-π interations when ligands with increased 

hydrophobicity and aromatic side-chains are employed. The binding effects are rarely 

observed in aqueous systems but are expected to be related to protein cation interactions and 

binding processes in biological receptors.8-9 Potassium-π interactions were previously noticed 

in the K4[FeIII
2(µ-CO3)(Bc2hda)2]·12H2O·EtOH structure.10 The study described in this thesis 

was further directed to gain a better understanding of these interactions and evaluate if these 

might only be attributable to packing effects within the structure. 
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In order to explore the amphiphilic character of the resulting network structures, we 

intended to introduce hydrophobic alkyl chains in the hda system. This approach would allow 

us to control the amphiphilicity of these extended hda ligands and exploit the transition metal 

complexes for molecular self-assembly purposes to yield non-crystalline hierarchical 

structures. We anticipated that their assembly might produce thin films that might be 

interesting for potential applications as membranes.  

 

Specific research objectives of the project are: 

• Preparation of single crystalline samples of novel hybrid inorganic-organic materials 

and characterisation of the structures using X-ray diffraction analysis 

• Characterisation of the physicochemical properties of the network structures (e.g. 

phase purity, thermogravimetric stability, porosity, optical/spectroscopic and 

magnetic properties) 

• Characterisation of the non-crystalline hierarchical structures by SEM and TEM 

analyses  
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Figure 2.1. Ligands used in this work. 
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Scheme 2.2 Mechanism of the Mannich reaction under acidic conditions.11 

2.2 Synthetic methodology for the preparation of the organic ligands 

 

All ligands were synthesised through Mannich reaction of corresponding naphthols or 

phenols, iminodiacetic acid and formaldehyde. These starting materials were commercially 

available.   

 

The Mannich reaction provides a way to the formation of a new carbon-carbon bond 

and consists of two steps. In the first step, a nucleophilic addition between the lone pair 

electrons located on the nitrogen (nucleophilic site) of the iminodiacetic acid and the 

carbonyl of the formaldehyde (electrophilic site) leads to the formation of an iminium ion 

(the Schiff base). The second step involves the electrophilic aromatic substitution of the 

Schiff base in the presence of the naphthol to give the desired compounds. The mechanism of 

this reaction is shown in Scheme 2.2 under acidic conditions: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The H3hnida, H4Chnida ligands were synthesised through Mannich reaction under 

acidic conditions using acetic acid as solvent according to the reaction scheme 2.2. The 

resulting reaction mixture was neutralised with a sodium hydroxide solution (30%) and 

formaldehyde was added dropwise. The formation of the product was observed within 2-3 

hours. Recrystallisation from hot water was required to purify H4Chnida ligand.  
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Scheme 2.3 Mechanism of the Mannich reaction under basic conditions.11 

The H2Bc2hda, H2Me2hda, Na2-p-C12H25,Mehda and Na2-o-C12H25,Mehda ligands were 

synthesised under basic conditions according to the general reaction pathway shown in 

scheme 2.3. The reactions were performed in ethanol/water using a similar protocol to those 

ligands prepared in acidic conditions. 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

All 1H NMR spectra were consistent with the structures of the ligands showing characteristic 

peaks for aliphatic and aromatic hydrogen atoms. In addition, all the ligands were 

characterised by means of elemental analysis, IR and mass-spectrometry. In particular, IR 

confirmed the presence of the carboxylate groups of the ligands due to their assigned 

symmetric and asymmetric stretching frequencies while mass-spectrometry was used to 

identify the molecular peak of the organic molecules. All the ligands were synthesised in 

good yields. 
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3 Supramolecular assemblies of CuII  complexes based on nida ligands 

 

 3.1 Introduction 

As previously discussed in the introduction, the realm of hybrid inorganic-organic 

materials is of great interest in the fields of solid state chemistry due to the fascinating 

properties and intrinsic physicochemical attributes of these materials, prompting potential 

applications in diverse fields such as gas storage and separation science, catalysis and 

molecular recognition.1-7 The ability to rationally design hierarchical structures using 

secondary building units (SBUs) offers a means to customise the physicochemical properties 

that are influenced by both the inorganic and organic functionalities in these materials. The 

recognition of suitable secondary building units as well as the ability to influence 

intermolecular forces are key issues in controlling the assembly into coordination networks or 

other networked assemblies. For instance, dinuclear CuII complexes with well-defined 

coordination geometries have been successfully utilised as secondary building units in 

reticular synthetic concepts.8 Further interest in these and related dinuclear CuII species arises 

from the fact that copper is the third most abundant and essential element in biological 

systems following iron and zinc. 

 

Schmitt et al. have previously developed synthetic methodologies that yield 

coordination networks of dinuclear FeIII  complexes [Fe2(µ-O)(µ-CO3)(L)2]
4−/6− (L: 

aminocarboxylate ligands) where the packing of hydrophilic and hydrophobic moieties 

results in layered lamellar, dense hexagonal arrays or open-framework networks.12-14 The 

resulting supramolecular structures are strongly influenced by the shape of the organic 

ligands in which counterions act as mediators between the SBUs. 

 

In light of these results, our current objective was to enhance an understanding in this 

field with the intention to acquire novel SBUs, for instance other negatively charged metal 

complexes stabilised by nida ligands, e.g. H3hnida and H4Chnida. In doing so, we have 

developed a synthetic methodology to prepare unprecendented CuII coordination assemblies 

that form in the presence of suitable counterions.15 We found that their topology is strongly 

influenced  by the pH of the reaction mixture and the shape/functionality of the organic 
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Figure 3.1. View of the mononuclear [CuII(Hhnida)] complex (a) with its coordination core (b). 
Colour code: C dark grey, H white, N blue, O red, Cu cyan. 

ligands. In this chapter, the synthetic approach to these CuII complexes and the observed 

crystal structures will be discussed. 

 

3.2 The synthesis of [CuII (Hhnida)]·2H2O (1) 

Initially, we investigated the assembly of the nida ligands with CuII ions in the 

absence of alkaline base. For this purpose, the H3hnida ligand was reacted with copper(II) 

chloride dihydrate in methanol. Blue, block-shaped crystals of [CuII(Hhnida)]·2H2O (1) 

formed by slow evaporation of the resulting blue solution. X-ray diffraction studies allowed 

us the determination of the crystal structure of 1. 

 

3.2.1 The structural studies of [CuII (Hhnida)]·2H2O (1) 

Structure 1 was refined in the monoclinic space group P21/c and crystallographic 

details are presented in Table 3.1. The asymmetric unit consists of a Hhnida-stabilised CuII 

centre surrounded by two lattice water molecules. The coordination geometry of the Cu(1) 

centre  in 1 can be described as a square pyramid. The N- and O- donor of the iminodiacetate 

functionality bind in a meridional fashion and occupy three sites of the square basal plane. 

The fourth coordination site of the square basal plane is provided by a carboxylate O-donor 

O(5’) of an adjacent mononuclear sub-unit. The remaining apical position is occupied by the 

naphtenolic O-donor O(1), (Figure 3.1). 

 

  

(a) (b) 
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The Cu-Ocarboxylate bond lengths are 2.006(3) Å [Cu(1)-O(4)], 1.968(3) Å [Cu(1)-O(2)] 

and 1.957(3) Å [Cu(1)-O(5’)] long whilst the longer Cu(1)-O(1) bond distance of 2.339(3) Å 

suggests that the naphtholic O-donor atom is not deprotonated and is weakly coordinating to 

the CuII metal centre. The Cu-N(1) bond is 2.024(3) Å long. These observed bond lengths are 

typical for the oxidation state +II of the Cu centre. The Bond Valence Sum Analysis (BVSA) 

results in a calculated valence of 1.818. The angles involving the naphtenolic O(1) atom 

situated in the apical position O(5’)-Cu(1)-O(1), O(2)-Cu(1)-O(1), O(4)-Cu(1)-O(1) with 

values of 85.83(12)°, 99.19(10)°, 98.09(9)° respectively deviate from the 90° while the basal 

bond angle O(2)-Cu(1)-O(4) of 159.38(9)° exemplifies the distortion within the coordination 

polyhedron. Selected bond lengths and angles are listed in Table 3.1. 

Table 3.1. Selected bond distances and angles along with the polyhedral representation of the CuII 

unit in 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Atoms Distance (Å)/ 
Angle (o)  in 1 

Cu(1)-O(4) 2.006(3) 
Cu(1)-O(2) 1.968(3) 
Cu(1)-N(1) 
Cu(1)-O(1) 

2.024(3) 
2.339(3) 

 Cu(1)-O(5’) 
 

1.957(3) 

  
  

O(5’)-Cu(1)-O(2)      102.71(13) 
O(5’)-Cu(1)-O(4) 89.66(11) 
O(2)-Cu(1)-O(4)      159.38(9) 
O(5’)-Cu(1)-N(1) 
O(2)-Cu(1)-N(1) 

     171.45(9) 
85.45(13) 

O(4)-Cu(1)-N(1) 
O(5’)-Cu(1)-O(1) 
O(2)-Cu(1)-O(1) 
O(4)-Cu(1)-O(1) 
N(1)-Cu(1)-O(1) 

 
 

83.27(12) 
85.83(12) 
99.19(10) 

       98.09(9) 
90.41(12) 
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Figure 3.2. Projection of the 1D CuII coordination polymer with view along the crystallographic a-
axis (a) and b-axis (b).  Colour code: C dark grey, H white, N blue, O red, Cu cyan. 

Figure 3.3. View of the anti-syn bidentate bridging conformation between the two Cu centres. 
Colour code: C light grey, N blue, O red, Cu cyan. 

(a) 

The symmetry operation of a 21 screw axis expands the coordination environment of 

the CuII centre and generates the Cu(1)-O(5’) carboxylate contact resulting in a 1D 

coordination polymer that extends parallel to the crystallographic b-axis, (Figure 3.2).  

 

 

The Cu atoms are arranged to form a zig-zag chain that is characterised by Cu-Cu 

distances of 5.363(1) Å; the copper centres are linked through the carboxylate O-donor atoms 

O(5’) and O(4’) resulting in a anti-syn bidentate bridging conformation, (Figure 3.3). 

 

21 screw axis 

(b) 
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Figure 3.4. Depiction of the H-bonded network in 1. Colour code: C light grey, H white, N blue, O 
red, Cu cyan. 

The crystallographically independent unit of structure 1 contains two crystallisation 

water molecules which are involved in a H-bonded network with the O-donor atoms O(3) and 

the symmetry related O(3’) of the H3hnida ligand. The H-bonds link the 1D coordination 

chain in the direction of the crystallographic c-axis to give a layered assembly. A 

representation of the H-bonded network is displayed in Figure 3.4 while the corresponding 

donor-acceptor distances and angles are reported in Table 3.2.  

Table 3.2. Selected parameters of hydrogen bonding interactions for 1 (in Å and deg°). 

 

 

 
 

Symmetry operators to generate equivalents atoms:(a) x, -y+3/2, z+1/2, (b) x, y, z+1. 
 

 

 

The first hydrogen bond involves the O-donor atom O(1W) from the lattice water 

molecule and the O-acceptor atoms O(3) and O(2W) derived from the carboxylate group of 

the H3hnida ligand and the crystallisation water molecule, respectively. The latter is also 

involved in a second type of hydrogen bond between the O-donor atom O(2W) of the 

crystallisation water molecule and the O-acceptor atoms O(1W) and O(3’). These hydrogen 

bonds form a 1D H-bonded chain structure that extends in the direction of the 

crystallographic b-axis, as shown in Figure 3.5.  

              D···A d(D···A) <DHA 
  O(1W)···O(3)a          2.837 167.66 

    O(1W)···O(2W)          2.778 156.63 
    O(2W)···O(1W)          2.778 126.09 
   O(2W)···O(3’)b          2.953 149.41 



Supramolecular assemblies of Cu
 

 

Figure 3.5. Projection in the ac
 

Within the crystal structure the 1D 

like structural motif with defined alternating hydrophobic and hydrophilic areas. Weak 

dispersion forces prevail between hydrophobic parts and link the secondary building units in 

a-direction.  

(a) 
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Figure 3.5. Projection in the ac-plane of the H-bonded chain of 1. Colour code: C light grey, H 
white, N blue, O red, Cu cyan. 

in the crystal structure the 1D chains pack in a lamellar structure with a ladder

with defined alternating hydrophobic and hydrophilic areas. Weak 

dispersion forces prevail between hydrophobic parts and link the secondary building units in 

                      Chapter 3 

. Colour code: C light grey, H 

 

a lamellar structure with a ladder-

with defined alternating hydrophobic and hydrophilic areas. Weak 

dispersion forces prevail between hydrophobic parts and link the secondary building units in 

ca. 1.3 nm  
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The lamellar structure consists of layers extended in the bc-plane. The cross-sectional 

diameter of the neutral layer is ca. 1.8 nm in [010]. The distance between the CuII centres in 

[001] is 1.3 nm, (Figure 3.6). 

 

 

 

 

 

 

 

 

 

Figure 3.6. Solid-state packing structure of 1 with the view along the crystallographic c-axis (a) 
and the b-axis (b). Colour code: C dark grey, H white, N blue, O red, Cu cyan. 

(b) 
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Crystal data and experimental details of the structure determination of compound 1 

are listed in Table 3.3.  

Table 3.3. Crystal data and details of the structure determination for 1. 

aR1 = Σ||Fo| − |Fc||/Σ|Fo|, wR2 = [Σw(Fo

2 
− Fc

2
)
2
/Σw(Fo

2
)
2
]
1/2  

 

 

 

 

 

Compound  1 

 
Chemical formula 

 
                                  

 
C15H16NO7Cu 

 
 

Temperature (K)  150  
Crystal color/shape  Blue/block 
Crystal size (mm)  0.2 x 0.3 x 0.3 
Formula weight (g/mol)  385.84 
Crystal system  Monoclinic 
Space group  P21/c  (no. 14) 
a (Å)   13.387(18) 
b (Å)  9.629(13)  
c (Å)  11.871(17)  
α (o)  90  
β (o)  94.098(15)  
γ (o)  90  
V (Å3)  1526(4)  
Z  4  
Dcalc (g/cm3) 
µ (mm-1) 
F(000)                                                                                                                       

 1.679 
1.470 
792 

 

θ Range (°) 
h, k, l ranges 

 2.61 to 28.25 
-17       17, -12       12, -15       15                

Reflection collected/unique                                                           21741 / 3750 [R(int) = 0.0650]  
Data/restraints/parameters  3750 / 0 / 217  
Refinement method  Full-matrix least-squares on F2     
R indices (all data) 
R1, wR2 [I > 2σ(I)] 

 0.0593, 0.1440 
0.0520, 0.1379  

 
 

GoF (on F2 ) 
(∆ρ)max/(∆ρ)min (e Ǻ3) 
 

 1.018  
0.949/-0.733  
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Figure 3.7. (a) A ball and stick representation of the asymmetric unit in 2. Colour code: C dark grey, 
H white, N blue, O red, Cu cyan, K purple. 

3.3 The synthesis of K2[Cu II (hnida)]2·2H2O (2) 

The next objective was to explore the self-assembly process of CuII coordination 

assemblies that form when dipole-cation interactions are promoted. For this purpose, KOH 

was added into the reaction system to explore how the potential counterions might influence 

the supramolecular structure. 

K2[CuII(hnida)]2·2H2O (2) was prepared by reacting equimolar amounts of copper(II) 

chloride dihydrate and the H3hnida ligand in methanol. The resulting reaction mixture was 

stirred and an aqueous solution of 2M potassium hydroxide was added dropwise resulting in 

the formation of a green solution. Slow evaporation of the solvent at room temperature 

yielded good quality hexagonal-shaped crystals of 2 suitable for single X-ray diffraction. 

3.3.1 The structural studies of  K2[Cu II (hnida)]2·2H2O (2) 

 K2[CuII(hnida)]2·2H2O (2) crystallised in the trigonal crystal system and in the space 

group R-3. X–ray analysis revealed that 2 is a dinuclear CuII complex. The asymmetric unit 

shown in Figure 3.7 contains half of the dinuclear complex. It consists of a nida stabilised 

CuII centre surrounded by one constitutional water molecule and a potassium counterion 

bound to the O-carboxylate donor atom of the hnida ligand.  
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(a) 

Figure 3.8. (a) View of the dinuclear unit in 2. (b) Coordination core of the carboxy-bridged CuII 
dinuclear SBU. Colour code: C dark grey, H white, N blue, O red, Cu cyan. 

  The symmetry operation of inversion with the inversion point located in the centre of 

the rhombohedron defined by the two CuII atoms and the two naphtholate oxygen atoms leads 

to the formation of a dinuclear CuII unit. The molecular structure and the atomic numbering 

scheme of 2 are shown in Figure 3.8. 

 

 

The two CuII centres Cu(1)-Cu(1’), characterised by an interatomic distance of 

3.102(1) Å, are bridged through the naphtholate O-donors O(1) and O(1’) revealing bond 

distances of 2.2079(17) and 1.9360(16) Å for Cu(1)-O(1) and Cu(1)-O(1’), respectively. The 

donor atoms of the carboxylate and naphtholate functionalities O(4), O(2), O(1) and O(4’), 

O(2’) and O(1’) occupy the equatorial positions of the distorted trigonal bipyramidal 

coordination polyhedra while the N-donors N(1), N(1’) and the naphtholate O-donors O(1’), 

O(1) are situated in the apical positions of the coordination spheres. They display the 

following bond distances: Cu(1)-O(4)/Cu(1’)-O(4’) 1.9364(18), Cu(1)-O(2)/Cu(1’)-O(2’) 

2.0027(17), Cu(1)-N(1)/Cu(1)-N(1’) 2.0076(18) Å.  

Selected bond distances and angles are reported in Table 3.4. The deviation from the 

trigonal bipyramidal geometry can also be exemplified by analysing the bond angles. In 

particular, the axial bond angle N(1)-Cu(1)-O(1’) with a value of 174.82(7)° suggests a small 

deviation from linearity while the inspection of the equatorial bond angles O(4)-Cu(1)-O(1), 

O(1)-Cu(1)-O(2), O(2)-Cu(1)-O(4) display values of 109.94(8)°, 98.54(7)° and 149.37(8)° 

deviating considerably from 120°.  

 

(b) 
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Table 3.4. Selected bond distances and angles with the polyhedral representation of the CuII metal 

centres in 2. 

 

 

 

 

 

 

 

The observed bond distances and related Bond Valence Sum Analyses (BVSA) 

confirm that the CuII centre in 2 has an oxidation state of +II (calculated value was found to 

be 1.964). The bond distance Cu(1)-O(1’) of 1.9360(16) Å strongly suggests that the 

naphtholic O-donor atom is deprotonated. Consequently, the resulting CuII dinuclear complex 

bears a negative charge of -2. This is balanced with two potassium counterions bound to the 

carboxylate O-donor atoms O(4) and O(4’) of compound 2.   

The overall arrangement of the dinuclear units in 2 results in a ‘honeycomb’ structural 

motif where hydrophobic and hydrophilic moieties are separated, (Figure 3.9a). The 

honeycomb structure consists of [CuII(hnida)]2
2– complexes which are organised around  six-

fold screw axes that run parallel to the crystallographic c-axis and coincide with the centre of 

the hydrophobic cavities. The arrangement ensures a maximisation of dispersion forces in the 

hydrophobic part of the structure. The polar carboxylate groups and the mediating potassium 

ions are situated within the hydrophilic walls of the honeycomb structure. Each dinuclear unit 

Atoms Distance (Å)/ 
Angle (o)  in 2 

Cu(1)-O(1) 2.2079(17) 
 Cu(1)-O(1’) 1.9360(16) 
Cu(1)-O(4) 
Cu(1)-N(1) 
Cu(1)-O(2) 

1.9364(18) 
2.0076(18) 
2.0027(17) 

  
Cu(1)-O-Cu(1’) 

O(1’)–Cu(1)–O(4) 
O(1’)-Cu(1)-N(1) 
O(4)-Cu(1)-N(1) 

O(1’)–Cu(1)–O(2) 
O(4)–Cu(1)–O(2) 
N(1)–Cu(1)–O(2) 
O(1’)–Cu(1)–O(1) 
O(4)–Cu(1)–O(1) 
N(1)–Cu(1)–O(1) 
O(2)–Cu(1)–O(1) 

 

           96.71(7) 
   93.52(7) 
 174.82(7) 
   84.73(8) 
100.98(7) 
149.37(8) 
   82.83(7) 
   83.29(7) 
109.94(8) 
  92.71(7) 
  98.54(7) 
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Figure 3.9. (a) Supramolecular structure of 2 viewed along the c-axis. (b) Tubular cavity in 2 with 
dinuclear CuII complexes penetrating the hydrophilic walls viewed along c-axis. (c) Space filling 

representation shows extended areas of different polarity in 2. Colour code: C dark grey, H white, 
N blue, O red, Cu cyan, K blue-purple. 

in 2 penetrates the hydrophilic region. The potassium counterions are arranged about a 3-fold 

screw axis (in [001]) linking the secondary building units into a coordination network. The 

hydrophobic part of the resulting tubular cavities has a cross-sectional diameter of ca. 11 Å, 

(Figure 3.9).  

 

 

 

Structure 2 is very similar to the FeIII  structure of formula K6[Fe2(µ-O)(µ-

CO3)(Chnida)2]·13.5H2O.12 However, the bridging motif and the charge of the FeIII  complex 

are different, hence the number of counterions varies. The FeIII  compound is the result of 

hydrolysis processes involving coordinating H2O molecules to give µ-OH or µ-O bridged 

complexes. Due to the reduced Lewis acidity of the CuII ions and their ability to form stable 

(b) 

(c) 

(a) 
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penta-coordinated complexes, the investigated Cu/H3hnida reaction system displays a 

diminished hydrolytic reactivity, leading to compounds in which the CuII centres are 

completely surrounded by N- and O- donors of the fully deprotonated hnida ligand, (Figure 

3.10). 

 

 

 

 

  

(b) (a) 

 

Figure 3.10. Self-assembly of dinuclear secondary building units into hexagonal supramolecular 
topologies: (a) Dense honeycomb structure in K6[FeIII

2(µ-O)(µ-CO3)(Chnida)2]·13.5H2O. Colour Code: C 
black, O red, Fe green, K purple.12(b) The self-organisation principles can also be applied to SBUs 

containing other transition metal ions as exemplified by K2[CuII(hnida)]2·2H2O whereby the dinuclear 
SBUs adopt a structurally closely related dense hexagonal arrangement in the solid state. Colour code: C 

dark grey, H white, N blue, O red, Cu cyan, K blue-purple. Hydrogen atoms and solvent molecules are 
omitted for clarity.  All structures are viewed in [001] direction. 
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In order to use 2 as a template for the preparation of nanostructured fibrous materials, 

carbon-based microcapsules and potassium copper oxides, the compound was heated at 100 

°C, 150 °C , 200 °C, 250 °C and the thermolysed products were observed by SEM 

microscopy. However, compound 2 does not template the formation of nanofibres and 

behaves differently from the related FeIII  compound.14 The crystals maintain their integrity up 

to 100 °C and they break upon increasing the temperature, (Figure 3.11). 

 

 

The single crystal data of K2[CuII(hnida)]2·2H2O (2) and related  experimental 

parameters are provided in Table 3.5. A full-matrix least-squares refinement on F2 converged 

at R1 = 0.0276 (I > 2σ(I)) and a maximum residual electron density of  0.476 eÅ3 was 

observed at a distance of 0.98 Å from  the Cu(1) atom. 

(b) 

(c) (d) 

(b) 

200 µm 500 µm 

500 µm 500 µm 

Figure 3.11. SEM pictures of 2 after being heated to 100 °C (a), 150 °C (b)-(c), 200 °C (d). 

(a) 
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Table 3.5. Crystal data and details of the structure determination for 2. 

aR1 = Σ||Fo| − |Fc||/Σ|Fo|, wR2 = [Σw(Fo

2 
− Fc

2
)
2
/Σw(Fo

2
)
2
]
1/2  

† No absorption correction was applied to this data. 

 

 

 

 

 

 

Compound  2 

 
Chemical formula 

 
                                 

 
C15H14N O6CuK 

 
 

Temperature (K)  200  
Crystal color/shape  Green/hexagonal 
Crystal size (mm)  0.25 x 0.25 x 0.4 
Formula weight (g/mol)  406.92 
Crystal system  Trigonal 
Space group  R-3 (no. 148) 
a (Å)   30.736(2) 
b (Å)  30.736(2)  
c (Å)  8.7792(13)  
α (o)  90  
β (o)  90  
γ (o)  120  
V (Å3)  7182.4(13)  
Z  18  
Dcalc (g/cm3) 
F(000)                                                                                                                       

 1.693 
3726 

 

θ Range (°) 
h, k, l ranges 

 1.33 to 25.28 
-36        36, -36        36, -10       10                

Reflection collected/unique                                                           26115/2915 [R(int)=0.0366]  
Data/restraints/parameters  2915/0/225  
Refinement method  Full-matrix least-squares  on F2    
R indices (all data) 
R1, wR2 [I > 2σ(I)] 

 0.0338, 0.0910 
0.0276, 0.0810 

 
 

GoF (on F2 ) 
(∆ρ)max/(∆ρ)min (e Ǻ3) 

 1.138 
0.476 /-0.290 
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3.4 The synthesis of K4[Cu II (Chnida)]2·4H2O·4MeOH (3) 

Once the synthetic strategy to prepare dense supramolecular assemblies was 

accomplished, we utilised the developed synthetic approach for the preparation of open-

framework materials. In order to obtain materials that would give rise to pores or channels in 

the structure whereby the organic ligands pillar between the hydrophilic regions, we 

introduced a carboxylate group in the 6-position of the naphthol ring of the nida ligand.  

The resulting H4Chnida ligand, was then reacted with copper(II) chloride dihydrate 

under the experimental conditions that yielded 2. Brown, block crystals of 

K4[CuII(Chnida)]2·4H2O·4MeOH (3) were grown by slow evaporation of the methanolic 

solution. The molecular structure of 3 was determined using single crystal X-ray diffraction. 

3.4.1 The structural studies of K4[Cu II (Chnida)]2·4H2O·4MeOH (3) 

The crystal structure of 3 was refined in the triclinic space group P-1. The asymmetric 

unit of 3 contains a discrete CuII/nida complex surrounded by two methanol molecules, two 

lattice water molecules and two potassium counterions bound to the carboxylate O-donor 

atoms of the organic ligand. Similarly to 2, the symmetry operation of an inversion generates 

a dinuclear CuII complex bridged by two naphtholate O-donor atoms O(1) and O(1’). Figure 

3.12 shows the molecular structure and atomic numbering scheme for the dinuclear CuII SBU 

in 3. As for 2, the coordination geometry of the Cu centres is trigonal bipyramidal. 
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Figure 3.12. (a) and (b) Structure of the [CuII(Chnida2)] 2
4– complex in 3. (c) Coordination geometry 

and atom labelling of the carboxy-bridged CuII dinuclear complex. Colour code: C dark grey, H 
white, N blue, O red, Cu cyan. 

 

 

 

 

Although the overall coordination modes of the organic ligands in complex 2 and 3 

are identical, there are slight geometrical differences in the coordination environments of the 

Cu centres. For example, the bond lengths between the CuII centres and the bridging O-donor 

atoms in 3 are 2.0891(16) Å, 1.9212(15) Å for Cu(1)-O(1) and Cu(1)-O(1’), respectively. 

These are slightly shorter than the related distances in 2 (2.2079(17) and 1.9360(16) Å), 

resulting in an intradimer Cu–Cu distance of 3.0215(8) Å for 3. Furthermore, the Cu(1)–O–

Cu(1’) angle is 97.69(7)o whilist its corresponding angle in 2 is 96.71(7)°. Selected 

interatomic distances (Å) and angles (°) of 3 are gathered in Table 3.6. 

 

 

 

 

 

 

(c) 

(b) 

(a) 
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Table 3.6. Selected bond distances and angles with the polyhedral representation of the CuII metal 

centres in 3. 

 

 

 

 

 

 

 

 

 

 

The observed bond distances and related Bond Valence Sum Analysis (BVSA) 

confirm that the CuII centre in 3 resides in oxidation state of +II (calculated value was found 

to be 1.950). As for 3, the naphtholate O-donor atoms O(1) and O(1’) are deprotonated, thus 

forming a charged dinuclear complex. Conversely to 2, the dinuclear CuII complex in 3 bears 

a negative charge of -4, hence four potassium counterions are required for the charge 

neutrality. These are bound to the carboxylate O-donor atoms O(3) and O(4) of the Chnida 

ligand and link the dinuclear secondary building units into a network structure involving 

symmetry generated atoms. 

The solid-state packing of 3 results in an open-framework structure with alternating 

hydrophobic organic and hydrophilic inorganic regions. The oxygen donor atoms, CuII and 

K+ ions are situated parallel to the ab-plane whilst the organic ligand residues point in the 

Atoms Distance (Å)/ 
Angle (o)  in 3 

         Cu(1)-O(1) 
  Cu(1)-O(1’) 
 Cu(1)-O(4) 
 Cu(1)-N(1) 
 Cu(1)-O(2) 

 2.0891(16) 
       1.9212(15) 

  1.9769(17) 
  1.9923(18) 
   2.0891(16) 

  
 
 

 
 

  
Cu(1)–O(1)–Cu(1’)          97.69(7) 
O(1’)–Cu(1)–O(4)  96.24(7) 
O(1’)–Cu(1)–N(1) 174.66(7) 
O(4)–Cu(1)–N(1) 
O(1’)–Cu(1)–O(2) 

  83.37(7) 
102.17(7) 

O(4)–Cu(1)–O(2) 
N(1)–Cu(1)–O(2) 
O(1’)–Cu(1)–O(1) 
O(4)–Cu(1)–O(1) 
N(1)–Cu(1)–O(1) 
O(2)–Cu(1)–O(1) 

 

130.09(7)    
  82.01(7)  
  82.31(7)    
128.44(7) 
 93.73(7) 
 99.98(7) 
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Figure 3.13. (a) and (b) Supramolecular structure of 
solvent molecules have been removed from the representation)

structure of 3 with the view along the b
hydrophilic regions of the structure. (d

Colour code: C dark grey, H

direction of the crystallographic 

to K+ ions in the hydrophilic layer

structures were calculated using Platon

of two methanol from the channel

four methanol molecules from the structural entity of 

comparison with 2, in a compound whose density can be reduced further by removing 

constitutional solvent molecules fro

may investigate the behaviour of 

 

 

 

 

(c) 

(a) 
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Supramolecular structure of 3 viewed along the a-axis and b
solvent molecules have been removed from the representation). (c) Simplified representation of the 

with the view along the b-axis. Ligands, symbolised as connectors, 
ns of the structure. (d) Space filling representation of 3 with the view along the b

Colour code: C dark grey, H white, N blue, O red, Cu cyan, K blue-

 

direction of the crystallographic c-axis binding through their additional carboxylate functions 

ions in the hydrophilic layer, (Figure 3.13). Solvent accessible voids in the crystal 

calculated using Platon giving ca. 13% solvent accessible voids after removal 

of two methanol from the channels and ca. 20% solvent accessible voids after removal of 

four methanol molecules from the structural entity of 3. This arrangement results, in 

, in a compound whose density can be reduced further by removing 

constitutional solvent molecules from the network structure through thermolysis.

may investigate the behaviour of 3 to accommodate different guest molecules in the channels.

 

(b) 

(d) 

                      Chapter 3 

and b-axis (constitution 
Simplified representation of the 
as connectors, pillar between 

with the view along the b-axis. 
-purple. 

carboxylate functions 

Solvent accessible voids in the crystal 

13% solvent accessible voids after removal 

20% solvent accessible voids after removal of 

This arrangement results, in 

, in a compound whose density can be reduced further by removing 

thermolysis. Thus, one 

to accommodate different guest molecules in the channels. 
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The single crystal data of K4[CuII(Chnida)]2·4H2O·4MeOH (3) is summarised with 

the experimental parameters as follows in Table 3.7.  

Table 3.7. Crystal data and details of the structure determination for 3. 

aR1 = Σ||Fo| − |Fc||/Σ|Fo|, wR2 = [Σw(Fo

2 
− Fc

2
)
2
/Σw(Fo

2
)
2
]
1/2  

† No absorption correction was applied to this data. 

 

 

 

Compound  3 

 
Chemical formula 

 
                                  

 
C18H19NO11Cu K2 

 
 

Temperature (K)  200  
Crystal color/shape  Brown/block 

Crystal size (mm)  0.35 x 0.2x 0.25 

Formula weight (g/mol)  567.09 
Crystal system  Triclinic 
Space group  P-1 (no. 2) 

a (Å)   8.758(2) 

b (Å)  11.143(2)  
c (Å)  12.529(2)  
α (o)  84.479(4)  
β (o)  81.501(4)  
γ (o)  71.648(4)  
V (Å3)  1146.2(4)  
Z  2  
Dcalc (g/cm3) 
F(000)                                                                                                                       

 1.643 
586 

 

θ Range (°) 
h, k, l ranges 

 1.65 to 28.27 
-11        11, -14        14, -16       16            

Reflection collected/unique                                                           11742/5624 [R(int)=0.0355]  
Data/restraints/parameters  5624/0/320  
Refinement method  Full-matrix least-squares on  F2   
R indices (all data) 
R1, wR2 [I > 2σ(I)] 

 0.0477, 0.1132 
0.0405, 0.1085 

 
 

GoF (on F2 ) 
(∆ρ)max/(∆ρ)min (e Ǻ3) 

 0.999 
0.932 /-0.623 
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3.5 The physicochemical properties of K2[Cu II (hnida)]2·2H2O (2) and  

K4[Cu II (Chnida)]2·4H2O·4MeOH (3) 

The physicochemical properties of compounds 2 and 3 were investigated to support 

their crystallographic studies. Analytical techniques such as X-ray powder diffraction, 

thermogravimetric analysis, elemental analysis, infrared (IR) spectroscopy were carried out to 

investigate the bulk materials of 2 and 3 whilst UV spectroscopy was employed to confirm 

the presence of the dinuclear complexes in solution and thus to correlate the solid state with 

the solution phase.  

The thermogravimetric analysis of 2 (Figure 3.14b) reveals the loss of the two water 

molecules below ca. 120 °C (theor.: 4.4%, exp.: 3.8%) while decomposition of the organic 

ligand starts at ca. 220 °C.  The thermogramm of 3 is shown in Figure 3.14c. Desolvation of 

3 at ambient temperature is effected by the removal of two constitutional methanol molecules 

that are located in the channels of the network while the thermogravimetric steps at ca. 40 

and 70 °C can be associated to the loss of other two methanol molecules (theor.: 5.6%, exp.: 

4.8%). The water molecules in 3 are lost in the range between 120-170 °C (theor.: 6.3%, 

exp.: 6.0%) before total oxidation of the organic ligand, starting above 200 oC, destroys the 

structure of the complex. 

 

 

The phase purity of 2 was analysed by X-ray powder diffraction and the resulting 

powder pattern fits to the simulated one which is based on the single crystal X-ray diffraction 

data, (Figure 3.14a). These results along with the elemental analysis confirmed that the bulk 

sample of 2 was phase pure, Figure 3.14a. The phase purity of 3 was similarly confirmed. 

The desolvation behaviour of 3 was further investigated by X-ray powder diffraction, (Figure 

(b) 
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(a) 

Figure 3.14. (a) XRD pattern of 2 and simulated pattern (based on the single crystal diffraction 
data). (b) and (c) Thermogravimetric analysis (TGA) of 2 and 3 in air. 
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3.15a). Compound 3 was calcined at 25, 80, 250 oC and powder patterns were recorded, 

(Figure 3.15a). In this temperature range the diffraction patterns of the compound 3 change 

due to the removal of the solvent molecules while the green colour of the desolvated form 

and the crystallinity of the compound are conserved. On dispersal of the thermally treated 

powders in absolute MeOH, all powders transform back into the original form of compound 

3, Figure 3.15b.  

 

 

 

 

 

 

Both, 2 and 3 are soluble in H2O and CH3CN and are stable in air. They do not 

dissolve in methanol and ethanol, other common alcohols or organic solvents such as DMF 

and THF. It is worthy to note that 3 changes its colour depending on the dispersing solvent, 

indicating that the solvent molecules interpenetrate the network structure. For instance, the 

solid of 3, in its solvated form, is brown-yellow and on desolvation the material turns 

intensively green. When this desolvated material is again dispersed in methanol its colour 

reverts back to its original appearance. The change in colour depends on the methanol solvent 

(b) (a) 

  40 2θ/° 2θ/° 

Figure 3.15. (a) XRD patterns of thermolysed sample 3 at 25 (i), 80 (ii), 250 °C (iii). (b) Simulated 
XRD pattern of 3, based on the single crystal diffraction data (i). XRD powder pattern of 3 dried at 
25oC and treated with methanol (ii), dried at 25°C (iii). In all graphs intensity scales on the y-axes 

are given in arbitrary units.  

  20 
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(iv)

(iii)

(ii)

(i)

Figure 3.16. Images of a dried powder of 3 before (a) and after (b) treatment with a few drops of 
methanol. 

 

molecules interacting with the CuII centres and indicates that this process is completely 

reversible. The behaviour is illustrated in Figure 3.16. 

 

 

 

 

 

 

 

In order to further investigate the incorporation of other small polar molecules such as 

ethanol into the network structure of compound 3, some diffraction patterns were recorded on 

the fresh samples and samples heated to 80 °C prior to the X-ray diffraction experiment. The 

latter heated samples were dispersed in different solvents and X-ray powder patterns of these 

were recorded, (Figure 3.17). The interpretation of the powder diffraction patterns measured 

after 3 being dispersed with ethanol reveals that the molecule does not incorporate into the 

network of the structure (Figure 3.17iii), probably due to the small size of the channels in 3. 

  

 

(b)
9) 

b)

+ MeOH

- MeOH

b)

+ MeOH

- MeOH

(a) 

Figure 3.17. XRD patterns of a powder of 3 treated with absolute methanol (ii), absolute ethanol 
after being dried at 25oC (iii) and dried at 25°C (iv). In all graphs intensity scales on the y-axes 

are given in arbitrary units.  

2θ/° 
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Figure 3.18. Possible coordination modes of the carboxylate group to metal complexes: unidentate 
(I), syn-syn bidentate (II), syn-anti bidentate (III), bridging  (IV). 

I II  III  IV 

The observed binding mode of the carboxylate functionalities in 2 and 3 was also 

analysed through infrared spectroscopy. The carboxylate functionalities from the nida ligands 

may coordinate to the CuII ion to form unidentate, bidentate or bridging coordination modes, 

(Figure 3.18). 

 

 

 

 

Deacon et al.16 have analysed a series of carboxylate complexes by infrared 

spectroscopy and concluded the following rules about the difference in the shift (∆υ) between 

the asymmetric and symmetric carboxylate C-O stretching frequencies: 

• unidentate complexes exhibit ∆υ values well above those for the ionic complexes 

• bidentate complexes exhibit ∆υ values that are significantly lower than those of  

the ionic complexes 

• bridging carboxylate functionalities exhibit ∆υ values greater than bidentate 

carboxylates and close to the ionic values, (Figure 3.18)  

Figure 3.19 shows the IR spectra of 2 and 3. Their analyses suggest that both spectra 

are almost identical confirming that both complexes are dinuclear. The analysis of the 

spectrum reveals stretches at 3494 cm-1 for 2 and 3401 cm-1 for 3 that can be assigned to the 

to the O-H stretching mode which indicates the presence of water and methanol molecules 

and H-bonds in these structures. 
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To confirm the observed binding mode of the carboxylate groups, we calculated the 

difference between their stretching frequencies defined as ∆υ = νa- νs. The peaks at 1643, 

1614, 1589 cm-1 for 2, 1616, 1571 cm-1 for 3 are attributed to the asymmetric stretching 

frequencies υas(COO) while those at 1370 cm-1 for 2, 1333 and 1366 cm-1 for 3 are ascribed 

to υs(COO), (Figure 3.20). The calculated ∆υ values of 273, 244 cm-1 for 2 and 283 and 205 

cm-1 for 3 are greater than 200 cm-1 which is indicative of unidentate coordination mode. The 

observed ∆υ values however are in agreement with the presence of potassium counterions 

that additionally bind to the carboxylate functionalities. Additionally, the existence of 

hydrogen bonds between the uncoordinated carboxylate oxygen atoms and water molecules 

in these complexes may lead to the observed differences in the ∆υ values.17,18 
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Figure 3.19. IR spectra for 2 (a) and 3(b). 
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Figure 3.20. IR spectra for 2 (a) and 3(b) in the low frequency region. 
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We speculated that the slight difference in bond lengths and angles of 2 and 3 might 

result in a different magnetic behaviour. To verify predictions, measurements of the 

susceptibilities were carried out. The magnetic susceptibilities of complex 2 and 3 were 

measured between 300 and 2 K and the temperature dependences of the χT products are 

shown in Figure 3.21 (a) and (b).  At room temperature, the χT products of 0.85 emu·K·mol-1 

for 2 and 0.78 emu·K·mol1 for 3 are in good agreement with the expected values for two 

isolated paramagnetic CuII metal ions. On lowering the temperatures the χT product of the 

compound 3 decreases and antiferromagnetic interactions between the two CuII centres can be 

modelled using a Heisenberg dimer model of S = ½ spins with g = 2.18(2) and J/kB = -4.7(1) 

K. The magnetic behaviour of compound 3 is indicative for predominant ferromagnetic 

interactions between the two CuII centres. The data can be reproduced with a Heisenberg 

dimer model of S = ½ spins with g = 2.07(2), J/kB = +1.0(1) K. The slight geometrical 

differences of the coordination spheres in 2 and 3 are most likely to be imposed by the 

supramolecular arrangements of the complexes in the crystal structure and are reflected in 

their magnetic properties and in the resulting ground state of the complexes: ST = 0 and 1 for 

2 and 3, respectively.  
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Figure 3.22. (a) and (b) UV-Vis spectra of 2 and 3 dissolved  in H2O (0.1 mM). (c) Emission 
spectra of 2 and 3 dissolved in H2O (0.01 mM) upon excitation at 278 nm (2, dashed line) and 290 

nm (3, solid line). 

 

 

 

 

The UV-Vis spectra of both complexes (Figure 3.22) show maximum absorbance 

bands at ca. 720 nm, which are characteristic of CuII d-d transitions. Absorbance maxima at 

ca. 475 and 480 nm can be attributed to LMCT between the bridging naphtholates and the 

CuII ions. There are signals at ca. 390 nm in addition to strong absorbance in the UV region, 

suggesting that some LMCT bands overlap with intra-ligand π-π* transitions. The 

compounds exhibit emission fluorescence bands at 360 and 420 nm (for 2) and 445 nm (for 

3). 
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Figure 3.21. (a) and (b) Schematic representation of the orientation of the spins in the complexes 
of 2 and 3 at low temperatures. (c) Temperature dependence of the magnetic susceptibility of 2 and 

3 (2 black line, 3 red line). 
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(3.1) 

(3.2) (3.3) 

(3.4) 

(3.5) 

3.6 BET surface area analysis 

The BET analysis is a technique which is widely used for the determination of the 

surface area of solid materials upon adsorption of several gases such as nitrogen (N2), argon 

(Ar),  hydrogen (H2), carbon dioxide (CO2).
19 The calculation of the surface area is based on 

the use of the BET equation (3.1) 

 

 

where W is the weight of gas adsorbed at a relative pressure P/P0 and Wm is the weight of 

adsorbate constituting a monolayer of surface coverage. The term C is named BET constant 

and is related to the energy of adsorption in the first adsorbed mono layer and consequently 

the value is indicative of the magnitude of the adsorbent/adsorbate interactions.  

The BET equation requires a linear plot of 1/[W(Po/P)-1] vs P/Po which for most 

solids, using nitrogen as adsorbate is restricted to a limited region of the adsorption isotherm, 

usually in the P/Po range of 0.05 to 0.35. This linear region is shifted to lower relative 

pressures for microporous materials. The standard multipoint BET procedure requires a 

minimum of three points in the appropriate relative pressure range.  

The weight of a monolayer of adsorbate Wm can then be obtained from the slope ‘s’ 

and intercept ‘i’ of the BET plot from the following equations: 

 

 

 

Thus, the weight of a monolayer Wm can be obtained by combing the equations for ‘s’ 

and ‘i’ :  

 

 

The second step in the application of the BET method is the calculation of the surface 

area. This requires knowledge of the molecular cross-sectional area of the adsorbate 

molecule. The total surface area St of the sample can be expressed as: 
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Figure 3.23. Classification of porous 

where N is Avogadro’s number (6.023 x 10

weight of the adsorbate. Within the experiments described

used for the surface area determinations since it exhibits intermediate C values for 

constant (50-250) on most solid surfaces. 

calculated from the total surface area 

shown below: 

 

The BET technique is also used to study the dimensions of the pores in materials 

exhibit porosity. In doing so, it is necessary to estimate the pore volume 

derived from the amount of vapour adsorbed at a relative temperature close to

 

 

Thus, the average pore dimensions (

Assuming cylindrical pore geometry, average pore radius can be expressed as:

 

 

According to the calculated dimensions of the pores, porous materials

classified as follows: 

• Micropores: when the pore size

• Mesopores: when the pore size

• Macropores: when the diameter is more than 
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(3.8) 

(3.7) 

(3.6) 

Classification of porous materials in relation to their pore size.

is Avogadro’s number (6.023 x 1023 molecules) and M is the molecular 

Within the experiments described in this thesis nitrogen was the gas 

used for the surface area determinations since it exhibits intermediate C values for 

250) on most solid surfaces. The specific surface area S of the solid can be 

calculated from the total surface area St and the sample weight w, according to equation 

The BET technique is also used to study the dimensions of the pores in materials 

exhibit porosity. In doing so, it is necessary to estimate the pore volume 

derived from the amount of vapour adsorbed at a relative temperature close to

Thus, the average pore dimensions (rp) can be estimated from the pore volume. 

Assuming cylindrical pore geometry, average pore radius can be expressed as:

According to the calculated dimensions of the pores, porous materials

when the pore size is not exceeding 2 nm 

when the pore size is between 2 and 50 nm 

when the diameter is more than 50 nm, (Figure 

                      Chapter 3 

materials in relation to their pore size.20 

molecules) and M is the molecular 

in this thesis nitrogen was the gas 

used for the surface area determinations since it exhibits intermediate C values for the C 

of the solid can be 

, according to equation 

The BET technique is also used to study the dimensions of the pores in materials that 

exhibit porosity. In doing so, it is necessary to estimate the pore volume Vliq which can be 

derived from the amount of vapour adsorbed at a relative temperature close to unity: 

) can be estimated from the pore volume. 

Assuming cylindrical pore geometry, average pore radius can be expressed as: 

According to the calculated dimensions of the pores, porous materials can be 

(Figure 3.23) 
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Figure 3.24. Plot of the adsorption and desorption isotherms of 3 using nitrogen as adsorbate of 
samples outgassed under vacuum at 40 °C (a) and 80 °C (b), respectively. 

3.6.1 BET results of K4[Cu II (Chnida)]2·4H2O·4MeOH (3) 

Since structure 3 reveals the presence of channels, BET anlysis was carried out to 

evaluate the related porosity. The measurement was performed by Mr. Neal Leddy in the 

CMA microscopy centry in Trinity College.  

Prior to the measurement of the surface area, compound 3 was heated at 40 and 80 °C 

under vacuum to remove the guest solvent molecules in the channels of the structure and the 

respective adsorption isotherms were measured. Conversely, desorption isotherms are 

achieved by measuring gas removed as pressure is reduced. The isotherms relative to the 

adsorption and desorption processes are not perfectly superimposable due to the flexibility of 

the structure,  (Figure 3.24). 

 

 

The adsorption isotherms of samples outgassed at 40 and 80 °C at low pressure in the 

range of p/po = 0.10-0.30 show a linear behaviour for the adsorption and desorption process 

and can be used to calculate the surface area of 3 by implementing the multipoint BET 

equation (3.1). This method is based on a linear plot of 1/[ W((Po/P) - 1)] vs. p/po given 

values of 10.961 and 13.165 m²/g for samples outgassed at 40 and 80 °C, respectively, 

(Figure 3.25). These values are based on a linear fit considering five data points. The analysis 

is consistent with the open-structure of 3 and confirms that the compound is able to 

accommodate small guest molecules in its channels. 
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3.7 Summary 

In conclusion, a series of novel CuII complexes has been synthesised and was 

structurally characterised. Our studies demonstrate that iminodiacetic acid substituted 

naphthols can be used to prepare novel coordination assemblies through self-organisation of 

dinuclear CuII subunits to give different types of supramolecular architectures. The results 

can be summarised as follows: 

 

The synthesis of the CuII SBUs were carried out in methanolic solutions. 2:1 Ligand/CuII 

molar ratios favour the formation of a neutral dinuclear CuII complex, [CuII(Hhnida)]·2H2O 

(1). When potassium hydroxide is added to comparable reaction mixtures the formation of 

charged dinuclear CuII complexes, K2[CuII(hnida)]2·2H2O  (2)  and 

K4[CuII(Chnida)]2·4H2O·4MeOH (3) can be initiated.  

 

The physicochemical properties of 2 and 3 were investigated. IR spectra are in agreement 

with the single X-ray analysis. The compounds were obtained phase pure. The materials 

combine promising thermal stabilities with the necessary flexibility to withstand structural 

changes induced by calcinations or the uptake and release of guest molecules.  

The temperature-dependent magnetic properties of 2 and 3 were investigated. Slight 

structural differences of the coodination environments of the CuII centres are responsible for 
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Figure 3.25. Multi-Point BET plot of samples outgassed under vacuum at 40 °C (a) and 80 °C (b) 
employed to calculate the surface area of 3 (N2 as adsorbate). 
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the exhibition of different magnetic properties of 2 and 3. In particular, 2 displays 

antiferromagnetic interactions between the CuII centres stabilising an ST = 0 spin ground state 

at low temperatures whilst interactions in 3 are predominantly ferromagnetic resulting in a ST 

= 1 ground state. Finally, UV-Vis spectroscopy was employed to characterise the solution 

phase of the complexes of 2 and 3. 
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4 Self-assembly of charged SBUs incorporating hda ligands 

 

4.1 Introduction 

We previously demonstrated that the resulting supramolecular architectures of CuII 

complexes are influenced by the substituents of the involved nida ligands producing dense 

hexagonal assemblies or open-frameworks.1 These network structures were prepared under 

bases of alkali metal counterions that link the SBUs. The resulting packing arrangements are 

characterised by distinct hydrophobic and hydrophilic regions that are stabilised by dipole-

cation and induced dipole-dipole interactions (van der Waals forces).  

Encouraged by these results, we decided to use a different ligand system containing 

variable side-chains that can be exploited to control the assembly processes. In doing so, we 

employed phenol based ligands such as H2Me2hda or H2Bc2hda whereby we altered the 

ligand functionality by initially methyl groups (Me) and by α,α-dimethylbenzyl moieties (Bc) 

located in ortho- and para- positions to the phenolic OH-function. 

Based on the previous results reported by Schmitt et al.2 we intended to study the 

fixation of atmospheric carbon dioxide on the inner coordination sphere of the outlined 

substituted hda-type ligands by using bivalent metal ions as NiII, CoII and CuII. Furthermore, 

we expected that the presence of α,α-dimethylbenzyl moieties (Bc) would generate 

unexpected bonding effects in the resulting coordination compounds. These interactions, 

namely cation-π interactions, represent a class of non-covalent interactions whose strength is 

comparable to that of the hydrogen bonds.3 

In this chapter, the syntheses of the charged SBUs are presented and their crystal 

structures are described. The formation and the importance of the cation-π interaction in solid 

state chemistry is also discussed by emphasizing remarkable examples reported in the 

literature which are compared to our developed systems. 
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Figure 4.1. (a) Crystal structure of the mononuclear complex in 4. (b) Labelling scheme of the NiII 
coordination sphere with the N- and O-donor atoms of the iminodiacetate in the fac-positions.  
Colour code: C dark grey, N blue, O red, Ni green. Hydrogen atoms are omitted for clarity. 

4.2 The synthesis of K2[Ni II (Me2hda)(HCO3)(EtOH)]·EtOH (4)  

Initially, we explored the self-assembly of hda ligands by reacting equimolar amounts 

of the H2Me2hda ligand and nickel(II) chloride hexahydrate in ethanol. Potassium hydroxide 

(2M) was added dropwise to the stirred reaction mixture. The resulting cloudy dispersion was 

filtered. Green, plate-like crystals of K2[Ni II(Me2hda)(HCO3)(EtOH)]·EtOH (4) grew by slow 

evaporation of the filtrate within ca. 5 days. X-ray diffraction studies allowed us to determine 

the molecular structure of 4. 

4.2.1 The structural studies of K2[Ni II (Me2hda)(HCO3)(EtOH)]·EtOH (4)  

X-ray structural analysis reveals that K2[Ni II(Me2hda)(HCO3)(EtOH)]·EtOH (4) 

contains a discrete mononuclear complex. The compound crystallised in the triclinic crystal 

system P-1 and its asymmetric unit consists of a hda-stabilised NiII centre, a coordination 

ethanol molecule, two potassium counterions and one constitutional ethanol molecule. The 

coordination geometry of the Ni(1) centre in 4 can be described as a distorted octahedron. 

The N- and carboxylate O-donor atoms of the organic ligand occupy facial positions of the 

polyhedron whilst the remaining three coordination sites are defined by the phenolate O-

donor atom O(1), the O-donor atom O(9) of the coordinated ethanol molecule and the O-

donor atom O(6) from a bicarbonate ligand (HCO3
-). 

 

 

(b) (a) 
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The O-donor atoms situated in the equatorial plane of the distorted octahedron, as 

shown in Figure 4.1, form Ni-O bonds of 2.068(4) Å [Ni(1)-O(2)], 2.057(4) Å [Ni(1)-O(4)], 

2.001(4) Å [Ni(1)-O(1)], 2.108(4) Å [Ni(1)-O(9)]. 

The atoms portrayed in the apical positions form bond distances of 2.073(4) Å [Ni(1)-

N(1)], 2.038(4) Å [Ni(1)-O(6)]. The relatively short Ni(1)-O(1) bond distance of 2.001(4) Å 

suggests that the phenol group is deprotonated. Furthermore, the C-O bond lengths for the 

coordinated carboxylate oxygen atoms O(2) and O(4) reveal as expected longer bond 

distances than the non coordinated carboxylate oxygen atoms O(5) and O(3).  

The distortion from the ideal octahedral geometry is exemplified by the bond angles 

O(2)-Ni(1)-O(9) and O(6)-Ni(1)-N(1) of 170.98(16)° and 173.68(15)°, respectively deviating 

moderately from the ideal 180o angle. The cis-bond angle O(2)-Ni(1)-N(1) of 83.29(16)° 

reveals the most significant deviation from the ideal 90° angle. Selected bond lengths and 

bond angles of 4 are listed in Table 4.1. 
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Table 4.1. Selected bond distances and angles along with the polyhedral representation of the 

mononuclear NiII complex in 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The observed coordination compound is the result of the fixation of atmospheric CO2. 

The absorption of atmospheric CO2 by alkaline reaction media to form carbonate and 

hydrogen carbonate ions is well established. The hydrolysis of CO2 is a key process for 

geological, environmental and biological processes. It has been suggested that hydrated metal 

centres enhance this process. The chemical processes of these hydrolytic activations are 

expected to be related to those of hydrolytic enzymes such as carbonic anhydrase and 

urease.4-8, 9 

Based on these considerations the fixation of the bicarbonate ligand on the metal centre 

may involve the following steps: 

Atoms Distance (Å)/ 
Angle (o)  in 4 

Ni(1)-N(1) 2.073(4) 
Ni(1)-O(4) 2.057(4) 
Ni(1)-O(2) 
Ni(1)-O(6) 
Ni(1)-O(1) 
Ni(1)-O(9) 

2.068(4) 
2.038(4) 
2.001(4) 
2.108(4) 

 
 

 

  
  

O(1)-Ni(1)-O(6) 91.51(15) 
O(1)-Ni(1)-O(4)       176.61(15) 
O(6)-Ni(1)-O(4)  91.81(14) 
O(1)-Ni(1)-O(2) 
O(6)-Ni(1)-O(2) 

 94.35(18) 
 91.93(14) 

O(4)-Ni(1)-O(2) 
O(1)-Ni(1)-N(1) 
O(6)-Ni(1)-N(1) 
O(4)-Ni(1)-N(1) 
O(2)-Ni(1)-N(1) 
O(1)-Ni(1)-O(9) 
O(6)-Ni(1)-O(9) 

     O(4)-Ni(1)-O(9) 
 O(2)-Ni(1)-O(9) 
N(1)-Ni(1)-O(9) 

 86.24(16) 
 92.97(17) 
173.68(15) 
 83.77(15) 
 83.29(16) 
 93.21(18) 

        92.78(16) 
 85.94(16) 

      170.98(16) 
   91.42(18) 
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Scheme 4.1. Reaction pathway for the fixation of the bicarbonate ligand.10 

• the protolytic activation of a coordinated water molecule occurs to form a coordinated 

hydroxo ligand (step 1) 

• a coordinated bicarbonate ion is formed through the interaction of the coordinated 

hydroxyl group on the NiII centre with CO2 (step 2) 

 

 

 

 

 

 

 

 

 

 

Alternatively, the carbonate or hydrogen carbonate ion might be formed in the solution of 

potassium hydroxide prior to the binding to the metal centre.  

Bond Valence Sum Analysis (BVSA) of 4 confirms that the NiII centre Ni(1) resides 

in oxidation state of +II (calculated value 2.111). Thus, the resulting -2 charge of the 

mononuclear complex is compensated by the presence of two potassium counterions K(1) 

and K(2) linked to the O-donor atoms of the ligand.  
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Figure 4.2. Perspective view of the K-O bonds in 4. Colour code: C light grey, N blue, O red, Ni 
green, K purple. Hydrogen atoms are omitted for clarity. 

The potassium ion K(1) is engaged in bonds with the carboxylate O-donor atoms 

O(5), its symmetry related atom O(5’’), O(3’), the O-donor atoms O(6), O(8’’’) of the 

bicarbonate ligand and the O-donor atom O(10) from the ethanol molecule. The potassium 

ion K(2) forms bonds with the carboxylate O-donor atoms O(5), O(3’’’’’ ) and O(4’’’) and the 

O-donor atoms O(6’’’) and O(8’’’’ ) from bicarbonate ligands. K(1) and K(2) are bridged 

through the carboxylate O-donor atom O(5) and the O-donor atom O(6’’’) and O(8’’’) from 

the bicarbonate ligand in a syn,syn bidentate bridging conformation as shown in Figure 4.2. 

Each counterion is linked to 5 mononuclear complexes via O-donor atoms. 

 

 

 

The resulting extensive network of K-O bonds links the mononuclear sub-units in the 

direction of the crystallographic a-axis to form a 1D chain structure. This resulting chain is 

visualised in Figure 4.3 viewing the structure in the direction of the crystallographic b-axis.  
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Figure 4.4. Crystal structure of 4 with view in the direction of the a-axis (a) and the b-axis (b). 
Colour code: C dark grey, H white, N blue, O red, Ni green, K purple. Hydrogen atoms are omitted 

for clarity.  

Figure 4.3. View of the 1D K-O mediated chain structure extending in the direction of the a-axis. 
Colour code: C light grey, N blue, O red, Ni green, K purple. Hydrogen atoms are omitted for 

clarity. 

 

 

The amphiphilic character of the complex promotes the assembly of the 1D chains to 

form a layered lamellar supramolecular structure in which hydrophobic and hydrophilic 

inorganic layers are separated. In particular, weak dispersion forces prevail between 

hydrophobic parts and link the chain in c-direction (Figure 4.4b) while dipole-cation 

interactions are dominant within the hydrophilic parts that extend in the ab-plane, (Figure 

4.4a). The packing of the complexes in 4 results in a layered lamellar structure, (Figure 4.4b).  

 

 

(b) (a) 



Self-assembly of charged SBUs                                                                                                                       Chapter 4 
 

95 
 

Table 4.2 shows the crystallographic details of 4.  

Table 4.2. Crystal data and details of the structure determination for 4. 

aR1 = Σ||Fo| − |Fc||/Σ|Fo|, wR2 = [Σw(Fo

2 
− Fc

2
)
2
/Σw(Fo

2
)
2
]
1/2  

 

 

 

 

 

 

Compound  4 

 
Chemical formula 

 
                                 

 
C32H28N2O19Ni2K4 

 
 

Temperature (K)  150  
Crystal color/shape  Green/plate 
Crystal size (mm)  0.25 x 0.3 x 0.3  
Formula weight (g/mol)  1018.38 
Crystal system  Triclinic 
Space group  P -1  (no. 2) 
a (Å)   7.6400(15) 
b (Å)  8.3600(17)  
c (Å)  18.666(4)  
α (o)  84.30(3)  
β (o)  79.45(3)  
γ (o)  69.04(3)  
V (Å3)  1093.8(4)  
Z  1  
Dcalc (g/cm3) 
µ (mm-1) 
F(000)                                                                                                                       

 1.546 
1.315  
518 

 

θ Range (°) 
h, k, l ranges 

 1.11 to 25.00  
 -8       9, -9       9, -22       22               

Reflection collected/unique                                                           11847 / 3654 [R(int) = 0.0289]  
Data/restraints/parameters  3654 / 0 / 282  
Refinement method  Full-matrix least-squares on  F2     
R indices (all data) 
R1, wR2 [I > 2σ(I)] 

 0.0626, 0.2004 
0.0539, 0.1635 

 
 

GoF (on F2 ) 
(∆ρ)max/(∆ρ)min (e Ǻ3) 

 1.058 
2.094 /-1.724 
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(a) 

Figure 4.5. (a) Crystal structure of the mononuclear complex in 5. (b) Labelling scheme of the NiII  
coordination sphere in 5 with the N- and O- donor atoms of the iminodiacetate moiety in fac-positions. 

Colour code: C dark grey, H white, N blue, O red, Ni green, K purple. 

(b) 

4.3 The synthesis of K3[Ni II (Bc2hda)(CO3)]·5H2O (5)  

In order to introduce further aromatic moieties in the hda ligand and study their 

influence on molecular and packing structures, we substituted the methyl groups (Me) for 

α,α-dimethylbenzyl groups (Bc)  situated in ortho- and para- positions to the hydroxyl 

functionality of the phenol ring. K3[Ni II(Bc2hda)(CO3)]·5H2O (5) was synthesised by reacting 

the H2Bc2hda ligand with nickel(II) chloride hexahydrate in a 1:1 molar ratio in methanol. 

The reaction mixture was treated with potassium hydroxide (2M) to produce 

K3[Ni(Bc2hda)(CO3)]·5H2O (5) which separates phase-pure from the solution as hexagonal-

shaped crystals within ca. 5 days.  

4.3.1 The structural studies of K3[Ni II (Bc2hda)(CO3)]·5H2O (5)  

Single crystal X-ray structural analysis reveals that 5 crystallised in the monoclinic 

space group P21/c and its asymmetric unit consists of a NiII ion, one fully deprotonated 

Bc2hda ligand, a carbonate ligand, three potassium counterions and five constitutional water 

molecules (Figure 4.5a). 5 contains a mononuclear complex in which the NiII metal ion 

attains a distorted octahedral coordination geometry defined by the donor atoms of the 

Bc2hda and the carbonate ligands. In particular, the carboxylate O-donor atoms O(2), O(4) 

and the phenolate O-donor atom O(1) occupy meridional positions. The N-donor atom N(1) 

and the two O-donor atoms O(6) and O(7) from the carbonate ligand complete the distorted 

octahedral coordination sphere. The latter carbonate ligand coordinates to the NiII metal 

centre in a bidentate binding mode, (Figure 4.5). 
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The Ni-Ocarboxylate bond lengths are 2.050(1) Å [Ni(1)-O(2)], 2.120(1) Å [Ni(1)-O(4)] 

long whilst the shorter Ni(1)-O(1) bond distance of 1.994(1) Å suggests that the phenolate O-

donor atom is deprotonated. The Ni-N(1) bond is 2.069(1) Å long. These observed bond 

lengths are typical for the oxidation state +II of a NiII centre. The Bond Valence Sum 

Analysis (BVSA) results in a calculated valence of 2.056.  

Selected bond lengths and angles for 5 are listed in Table 4.3. The cis-bond angle 

O(6)-Ni(1)-O(7) of 63.23(5)° is imposed by the binding mode of the carbonate ligand and 

exemplifies distortion of the octahedral polyhedron. The bond angles N(1)-Ni(1)-O(4), O(2)-

Ni(1)-N(1) with values of 79.30(6)°, 83.91(6)°, respectively  also deviate from the ideal 90° 

angle. Moderate distortions from 90° are observed for the bond angles N(1)-Ni(1)-O(1), 

O(4)-Ni(1)-O(7), O(6)-Ni(1)-O(1) that are characterised by values of 92.86(6)°, 90.79(5)°, 

89.70(5)°, respectively. Furthermore, the most significant deviation from 180o involves the 

carbonate O-donor atom O(6) for the observed bond angle O(2)-Ni(1)-O(6) of 162.06(5)°.  
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Table 4.3. Selected bond distances and angles along with the polyhedral representation of the 

mononuclear NiII complex in 5. 

  Atoms Distance (Å)/ 
Angle (o)  in 5 

Ni(1)-O(2) 2.050(1) 
Ni(1)-O(4) 2.120(1) 
Ni(1)-O(7) 
Ni(1)-O(6) 
Ni(1)-O(1) 
Ni(1)-N(1) 

2.060(1) 
2.123(1) 
1.994(1) 
2.069(1) 

 
 

 

  
  

O(1)-Ni(1)-O(2) 98.19(6) 
O(1)-Ni(1)-O(7) 96.42(5) 
O(2)-Ni(1)-O(7) 99.72(5) 
O(1)-Ni(1)-N(1) 
O(2)-Ni(1)-N(1) 

92.86(6) 
83.91(6) 

O(7)-Ni(1)-N(1) 
O(1)-Ni(1)-O(4) 
O(2)-Ni(1)-O(4) 
O(7)-Ni(1)-O(4) 
N(1)-Ni(1)-O(4) 
O(1)-Ni(1)-O(6) 
O(2)-Ni(1)-O(6) 

O(7)-Ni-O(6) 
N(1)-Ni(1)-O(6) 
O(4)-Ni(1)-O(6) 

 
 
 

169.43(6) 
168.88(5) 
88.88(6) 
90.79(5) 
79.30(6) 
89.70(5) 
162.06(5) 
63.23(5) 
111.90(5) 
86.00(6) 
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The reaction pathway for the fixation and hydrolysis of CO2 is expected to be closely 

related to that observed for 4. A hydroxo ligand is formed through deprotonation of a 

coordinated water molecule (step 1) that nucleophilically attacks a CO2 molecule to produce 

a carbonate ligand coordinating to the NiII metal centre (step 2), (Scheme 4.2). In contrast to 

4, the elimination of a second cis-situated coordination water molecule results in the bidentate 

binding mode of the carbonate ligand. Alternatively, the carbonate ligand might be formed in 

the solution containing potassium hydroxide prior to the binding to the metal centre.  

 

Scheme 4.2. Reaction pathway for the fixation of the carbonate ligand at the coordination sphere of 

5.10 

The mononuclear NiII complex bears a negative charge of –3, and the charge 

neutrality is provided by three potassium counterions. One of these ions, namely K(1), 

exhibits the feature of binding to the aromatic α,α-dimethylbenzyl moieties of the Bc2hda 

ligand through a cation-π interaction. The distances between K(1) and the C atoms of the 

aromatic residue vary between 3.224(1) and 3.374(1) Å. The distance between the centroid of 

the aromatic ring and K(1) is 2.974(1) Å. Furthermore, K(1) binds to the O-atom O(6) of the 

carbonate ligand, [K(1)-O(6): 2.698(5) Å], the phenolate O-donor atom O(1), [K(1)-O(1): 

2.647(1) Å] and O(1W), O(2W) of two coordination water molecules [K(1)-O(1W): 2.646(1) 

Å and K(1)-O(2W): 2.836(1) Å], (Figure 4.6). 
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Figure 4.6. Cation-π bonding of (a) K(1) and (b) relevant interatomic distances. Colour code: C 
dark grey, N blue, O red, K purple. 

(a) (b) 
Atoms Distance (Å) in 5 

 
K(1)-C(15) 

 
3.374(1) 

K(1)-C(16) 3.326(1) 
K(1)-C(17) 
K(1)-C(18) 
K(1)-C(19) 
K(1)-C(20) 

3.256(1) 
3.224(1) 
3.228(1) 
3.288(1) 

K(1)-C 
 

2.974(1) 

  
  

 

Figure 4.7. Linkage of mononuclear complexes in 5 via the potassium counterions. Colour code: C 
light grey, N blue, O red, Ni green, K purple. 

 

 

The other two potassium ions, K(2) and K(3), also interact with the O-donor atoms of 

the NiII complex, (Figure 4.7) but do not engage in cation-π interactions. The potassium ion 

K(2) is linked to the carboxylate atom O(5), O(8’’’)  of a  CO3
2- ligand of an adjacent 

mononuclear NiII complex and is further hydrated by the constitutional water molecules 

binding to O(3W), O(4W) and O(5W).  

Similarly to K(2), the binding environment of K(3) is composed of the carboxylate O-

atoms O(4) and O(5’’) of two Bc2hda ligands, the O-atom O(7) of the carbonate ligand and 

O(3W’’) of  a constitutional water molecule. 
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Figure 4.8. Chain structure in 5 with view in the direction of the c-axis (a) and the b-axis (b). 
Colour code: C light grey, N blue, O red, Ni green, K purple. 

(a) (b) 

These K-O bonds and their symmetry equivalents assemble the mononuclear NiII 

units into a 1D chain structure that progresses parallel to the crystallographic b-axis, (Figure 

4.8a). In these assemblies the hydrated potassium ions are sandwiched between two rows of 

Ni II complexes whose organic moieties point in the direction of the crystallographic a-axis.  

 

 

Within the crystal structure of 5 the 1D chains further aggregate via H-bonds into 

neutral layers that extend parallel to the [011] plane. Furthermore, the layers aggregate 

through van der Waals forces between the hydrophobic ligand moieties in a-direction to 

produce a layered lamellar arrangement with alternating hydrophobic and hydrophilic 

regions, (Figure 4.9). 
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(b) (a) 

Figure 4.9. Packing structure of 5 with view in the direction of the crystallographic c-axis (a) and b-
axis (b). Colour code: C dark grey, H white, N blue, O red, Ni green, K purple. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Self-assembly of charged SBUs                                                                                                                       Chapter 4 
 

103 
 

Crystallographic details for 5 are summarised in Table 4.4. A full-matrix least-squares 

refinement on F2 converged at R1 = 0.0385 and a maximum residual electron density of 0.61 

eÅ3 was observed at a distance of 0.68 Å from the atom C(24).  

Table 4.4. Crystal data and details of the structure determination for 5. 

aR1 = Σ||Fo| − |Fc||/Σ|Fo|, wR2 = [Σw(Fo

2 
− Fc

2
)
2
/Σw(Fo

2
)
2
]
1/2  

 

 

 

 

 

Compound  5 

 
Chemical formula 

 
                                 

 
C30H40NO13NiK 3 

 
 

Temperature (K)  150  
Crystal color/shape  Green/plate 
Crystal size (mm)  0.25 x 0.3 x 0.3 
Formula weight (g/mol)  798.62 
Crystal system  Monoclinic 
Space group  P 21/c  (no. 14) 
a (Å)   23.849(3) 
b (Å)  9.4913(13)  
c (Å)  16.123(2)  
α (o)  90  
β (o)  109.198(3)  
γ (o)  90  
V (Å3)  3446.6(8)  
Z  4  
Dcalc (g/cm3) 
µ (mm-1) 
F(000)                                                                                                                       

 1.539 
0.990 
1664  

 

θ Range (°) 
h, k, l ranges 

 0.90 to 28.31 
 -29       31, -12        12, -20       21               

Reflection collected/unique                                                           34678 / 8556 [R(int)=0.0291]  
Data/restraints/parameters  8556 / 10 / 433  
Refinement method  Full-matrix least-squares on  F2     
R indices (all data) 
R1, wR2 [I > 2σ(I)] 

 0.0385, 0.1030  
0.0467, 0.1103 

 
 

GoF (on F2 ) 
(∆ρ)max/(∆ρ)min (e Ǻ3) 

 1.053 
0.605/-0.405 
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(a) (b) 

Figure 4.10. (a) Crystal structure of the monononuclear complex in 6. (b) Labelling scheme of the inner 
CoII coordination sphere. Colour code: C dark grey, H white, N blue, O red, Co violet, K purple. 

4.4 The synthesis of K[CoII (Bc2hda)]·2.5H2O (6) 

The interesting molecular and supramolecular structure of 5, that is characterised by 

cation-π interactions, prompted us to explore the reactivity of other transition metal ions in 

the Bc2hda-stabilised reaction systems that contain alkali metal ions. Thus, the H2Bc2hda 

ligand was reacted with cobalt(II) chloride hexahydrate under the previous outlined 

experimental conditions. Purple, needle shaped-crystals of K[CoII(Bc2hda)]·2.5H2O (6) grew 

upon slow evaporation of the solution. 

4.4.1 The structural studies of K[CoII (Bc2hda)]·2.5H2O (6) 

Structure of 6 was refined in the monoclinic P21/c crystal system. The single X-ray 

analysis reveals that 6 is composed of a mononuclear secondary building unit. The CoII metal 

ions are surrounded by five closest donor atoms in a distorted trigonal bipyramidal 

arrangement. Its apical positions are occupied by the N-donor atom N(1) of the 

iminodiacetate residue and a carboxylate O-donor atom O(3) of a neighbouring 

{CoII(Bc2hda)}unit. The Co(1)-N(1) and Co(1)-O(3) bonds display lengths of 2.176(6) and 

2.066(5) Å, respectively. The carboxylate O-donors O(2), O(4) and the phenolate O-donor 

atom O(1) of the Bc2hda ligand are located in the equatorial plane of the coordination 

polyhedron. They are engaged in Co-O bonds that are characterised by the following bond 

distances: Co(1)-O(2) 2.051(5), Co(1)-O(4) 2.030(5) and Co(1)-O(1) 1.949(5) Å. 
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The distortion of the coordination geometry in 6 can further be exemplified by 

analysis of the bond angles. In particular, the N(1)-Co(1)-O(3) bond angle of 165.4(2)° 

involving axially coordinating donor atom highlights the distortion from the trigonal 

bipyramidal geometry. The bond angles involving atoms in the equatorial plane,  O(1)-Co(1)-

O(4), O(1)-Co(1)-O(2), O(4)-Co(1)-O(2) reveal values of 119.9(2)°, 121.87(19)°, and 

114.90(19)° respectively showing only moderate deviation from the ideal 120° angle. The 

equatorial bond angle O(4)-Co(1)-O(2) reveals value of 114.90(19)° showing deviation from 

120°. 

Table 4.5. Selected bond distances and angles along with the polyhedral representation of the inner 

coordination sphere of the mononuclear CoII complex in 6. 

 

 

 

 

 

 

 

 

 

 

 

 

The use of the Bond Sum Valence Analysis (BVSA) confirms that the Co(1) centre 

resides in oxidation state +II (calculated value 1.995). This is supported by the relatively 

short bond distance of 1.949(5) Å for Co(1)-O(1) also indicating that the phenol functionality 

of the hda ligand is deprotonated. The negative charge of each mononuclear subunit in 6 is 

balanced by a partially hydrated potassium counterion K(1). 

Atoms Distance (Å)/ 
Angle (o)  in 6 

Co(1)-O(3) 2.066(5) 
Co(1)-N(1) 2.176(6) 
Co(1)-O(4) 
Co(1)-O(1) 
Co(1)-O(2) 

 

2.030(5) 
1.949(5) 
2.051(5) 

 
  

O(1)-Co(1)-O(4) 
O(1)-Co(1)-O(2) 
O(4)-Co(1)-O(2) 
O(1)-Co(1)-O(3) 
O(4)-Co(1)-O(3) 
O(2)-Co(1)-O(3) 
O(1)-Co(1)-N(1) 
O(4)-Co(1)-N(1) 
O(2)-Co(1)-N(1) 
O(3)-Co(1)-N(1) 

 
 

119.9(2) 
    121.87(19) 
    114.90(19) 

   95.1(2) 
         107.5(2) 

       85.57(19) 
   92.6(2) 
   79.0(2) 
   79.9(2) 
  165.4(2) 
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Figure 4.11. Perspective view of the K(1) binding environment in 

blue, O red, Co violet, K purple. Hydrogen atoms are omitted for clarity

The potassium ion K(1) binds to 

molecules and is further engaged in bonds with the 

O(4’’) of Bc2hda ligands that derive from three different mononucl

4.11). 

 

 

 

 

 

 

 

 

 

 

 

The linkage of one mononuclear unit

donor atom O(3) of a neighbouring mononuclear subunit results in the stabilisation

polymer assembly with a zig-

runs parallel to the crystallographic 
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Figure 4.11. Perspective view of the K(1) binding environment in 6. Colour code: C light grey, N 

blue, O red, Co violet, K purple. Hydrogen atoms are omitted for clarity

potassium ion K(1) binds to O(2W) and O(3W) of two constitutional 

and is further engaged in bonds with the carboxylate O-donor O(

s that derive from three different mononuclear complexes, (Figure 

one mononuclear unit to an adjacent one through the carboxylate O

3) of a neighbouring mononuclear subunit results in the stabilisation

-zag chain structure that is arranged along a 2

raphic b-axis, (Figure 4.12). 

                                                      Chapter 4 

. Colour code: C light grey, N 

blue, O red, Co violet, K purple. Hydrogen atoms are omitted for clarity. 

3W) of two constitutional water 

donor O(2), O(5’) and 

ear complexes, (Figure 

to an adjacent one through the carboxylate O-

3) of a neighbouring mononuclear subunit results in the stabilisation of a 

zag chain structure that is arranged along a 21 screw axis and 
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Figure 4.12. Linkage of the mononuclear Co
the direction of the crystallographic c

 

 

 

 

 

 

 

 

 

Within the crystal structure 

direction of the crystallographic 

(Figure 4.13). The organic ligand moieties are located above and below the sheet and point in 

the [100] direction. 
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Figure 4.12. Linkage of the mononuclear CoII subunits in 6 to give 1D chain structure with view in 
the direction of the crystallographic c-axis. Colour code: C dark grey, H white, N blue, O red, Co 

violet, K purple. 

crystal structure of 6 these K-O contacts further link the 1D 

direction of the crystallographic c-axis to give sheets that extend parallel to 

(Figure 4.13). The organic ligand moieties are located above and below the sheet and point in 
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21 screw axis 

to give 1D chain structure with view in 
axis. Colour code: C dark grey, H white, N blue, O red, Co 

O contacts further link the 1D chains in the 

axis to give sheets that extend parallel to the bc-plane, 

(Figure 4.13). The organic ligand moieties are located above and below the sheet and point in 
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(a) 

Figure 4.14. Packing arrangement in 
axis (b). Colour code: C dark grey, H white, N blue, O red, Co violet, K purple. 

Figure 4.13. View of the 2D sheet in 
The organic ligand is simplified for clarity an

coordination to the CoII centre are shown. Colour code: C light grey, N blue, O red, Co viol
purple. Hydrogen atoms 

 

 

 

Similar to the previously described structures, t

layered material with separated hydrophobic and hydrophilic parts.

in the crystal structure of 6 

interactions between the potassium counterion and the aromatic ligand moieties of the Bc

ligand. 
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(b) 

Figure 4.14. Packing arrangement in 6 with view in the direction of the crystallographic c
axis (b). Colour code: C dark grey, H white, N blue, O red, Co violet, K purple. 

sheet in 6 with view in the direction of the crystallographic a
The organic ligand is simplified for clarity and only the donor atom moieties 

centre are shown. Colour code: C light grey, N blue, O red, Co viol
purple. Hydrogen atoms are omitted for clarity. 

Similar to the previously described structures, the neutral sheets pack 

layered material with separated hydrophobic and hydrophilic parts. The packing arrangement 

 is shown in Figure 4.14. In contrast to 5, 

interactions between the potassium counterion and the aromatic ligand moieties of the Bc

                                                      Chapter 4 

with view in the direction of the crystallographic c-axis (a) and b-
axis (b). Colour code: C dark grey, H white, N blue, O red, Co violet, K purple.  

with view in the direction of the crystallographic a-axis. 
d only the donor atom moieties involved in the 

centre are shown. Colour code: C light grey, N blue, O red, Co violet, K 

neutral sheets pack to form a 

The packing arrangement 

, 6 does not reveal 

interactions between the potassium counterion and the aromatic ligand moieties of the Bc2hda 
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A summary of the crystal data, data collection parameters and structure refinement 

details is provided in Table 4.6. 

Table 4.6. Crystal data and details of the structure determination for 6. 

aR1 = Σ||Fo| − |Fc||/Σ|Fo|, wR2 = [Σw(Fo

2 
− Fc

2
)
2
/Σw(Fo

2
)
2
]
1/2  

 

 

 

 

 

 

Compound  6 

 
Chemical formula 

 
                                 

 
C58H60N2O15Co2K2 

 
 

Temperature (K)  150  
Crystal color/shape  Purple/needle 
Crystal size (mm)  0.25 x 0.3 x 0.3 
Formula weight (g/mol)  1221.14 
Crystal system  Monoclinic 
Space group  P 21/c  (no. 14) 
a (Å)   17.312(16) 
b (Å)  9.449(9)  
c (Å)  18.414(17)  
α (o)  90  
β (o)  103.858(14)  
γ (o)  90  
V (Å3)  2925(5)  
Z  2  
Dcalc (g/cm3) 
µ (mm-1) 
F(000)                                                                                                                       

 1.387  
0.776 
1268 

 

2θ Range (°) 
h, k, l ranges 

 2.31 to 25.00 
-20        20,-11       11,-21       21               

Reflection collected/unique                                                           22866 / 5162 [R(int) = 0.1318]  
Data/restraints/parameters  5151 / 0 / 365  
Refinement method  Full-matrix least-squares on  F2     
R indices (all data) 
R1, wR2 [I > 2σ(I)] 

 0.1206, 0.2633   
0.1040, 0.2480  

 
 

GoF (on F2 ) 
(∆ρ)max/(∆ρ)min (e Ǻ3) 

 0.994  
0.698/-0.808  
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Figure 4.15. Shape and colour of compounds 6 and 6a. 

(a) (b) 

Figure 4.16. (a) Crystal structure of the mononuclear complex in 6a. (b) Labelling scheme of the CoIII  
coordination sphere in [CoIII (Bc2hda)(CO3)]

2- with the N- and O- donor atoms of the iminodiacetate 
moiety in mer-positions. Colour code: C dark grey, H white, N blue, O red, Co blue, K purple. 

4.4.2 The structural studies of K2[CoIII (Bc2hda)(CO3)]·3H2O (6a) 

The crystals of 6 have a purple appearance. However, we noticed very slowly a colour 

change to blue when crystals of 6 were left in their reaction mixture for several days. Single 

crystal analysis of the obtained blue plate–like crystals confirms a structural phase transition 

which is accompanied by the oxidation of the central CoII centre to CoIII  to give 

K2[CoIII(Bc2hda)(CO3)]·3H2O (6a). The different crystal types of 6 and 6a that can be found 

in representative reaction flasks after several days as shown in Figure 4.15. 

 

As for 6, K2[CoIII(Bc2hda)(CO3)]·3H2O (6a) crystallised in monoclinic crystal system 

in the space group P21/c.  
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In 6a, the CoIII  metal ion adopts a distorted octahedral geometry whereby the apical 

positions are defined by the carboxylate O-donor atoms O(2) and O(4) of the surrounding 

organic ligand while the equatorial plane is occupied by the phenolate O-donor atom O(1), 

the N-donor atom N(1) and the O-donor atoms O(6) and O(7) from a carbonate ligand. As in 

5 the latter ligand arises from the fixation of atmospheric CO2 and coordinates to the CoIII  

metal centre in a bidentate conformation mode, (Figure 4.16a). 

It noticeable that comparable coordination bond distances in 6a are significantly 

shorter than those in 6. For instance, the Co-O distance to the phenolate O-donor in 6a is 

1.884(2) Å, but 1.949(5) Å in 6. The Co-N bond in 6a is 1.916(3) Å long whilst the 

corresponding bond in 6 is 2.176(5) Å. This can be explained through the differences in the 

oxidation state of the Co metal ions. The oxidation process is clearly visualised through the 

change in colour of the crystals, from purple to the dark blue, (Figure 4.15). Furthermore, the 

Bond Valence Sum Analysis (BVSA) results in a calculated valence of 2.902. 

Selected bond lengths and bond angles are reported in Table 4.7. The equatorial bond 

angles O(6)-Co(1)-O(1) and O(7)-Co(1)-N(1) with values of 164.40(11)° and 168.07(12)°, 

respectively deviate considerable from linearity and exemplify the distortion of the 

polyhedron. Moreover, the cis-bond angle O(7)-Co(1)-O(6) with a value of 68.77(10)° shows 

deviation from 90° while moderate deviations can be attributed to the bond angles O(4)-

Co(1)-O(7), O(1)-Co(1)-O(4), O(1)-Co(1)-N(1) with values of 92.21(11)°, 90.18(11)° and 

96.09(12)°.  
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Table 4.7. Selected bond distances and angles along with the polyhedral representation of the 

mononuclear CoIII unit in 6a. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Atoms Distance (Å)/ 
Angle (o)  in 6a 

Co(1)-O(2) 1.908(3) 
Co(1)-O(1) 
Co(1)-O(7) 

1.884(3) 
1.918(2) 

Co(1)-O(4) 
Co(1)-N(1) 

 

1.903(2) 
1.916(3)  

  
O(1)-Co(1)-O(4) 90.18(11) 
O(1)-Co(1)-O(2) 93.97(11) 
O(4)-Co(1)-O(2) 172.96(11) 
O(1)-Co(1)-N(1) 
O(4)-Co(1)-N(1) 

96.09(12) 
86.16(12) 

O(2)-Co(1)-N(1) 
O(1)-Co(1)-O(7) 
O(4)-Co(1)-O(7) 
O(2)-Co(1)-O(7) 
N(1)-Co(1)-O(7) 
O(1)-Co(1)-O(6) 
O(4)-Co(1)-O(6) 
O(2)-Co(1)-O(6) 
N(1)-Co(1)-O(6) 
O(7)-Co(1)-O(6) 

87.75(11) 
95.73(11) 
92.21(11) 
93.02(11) 
168.07(12) 
164.40(11) 
88.73(11) 
88.76(11) 
99.36(12) 
68.77(10) 
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Figure 4.17. Cation-π bonding of (a) K(1) and (b) relevant interatomic distances. Colour code: C 
dark grey, N blue, O red, K purple. 

Atoms Distance (Å) in 
6a 

 
K(1)-C(15) 

 
3.181(1) 

K(1)-C(16) 3.271(1) 
K(1)-C(17) 
K(1)-C(18) 
K(1)-C(19) 
K(1)-C(20) 

3.349(1) 
3.339(1) 
3.243(1) 
3.150(1) 

K(1)-C 
 

2.943(1) 

  
  

(b) (a) 

The reaction pathway for the fixation and hydrolysis of CO2 is expected to be similar 

to that observed for complex 5, (Scheme 4.3). Alternatively, we can suppose that the 

formation of the carbonate ion might occur prior to the binding to the CoIII  centre to produce 

6a. 

 

Scheme 4.3. Reaction pathway for the fixation of the carbonate ligand within the coordination sphere 

of 6a.10  

The mononuclear CoIII  complex bears a negative charge of -2 that is balanced by the 

two potassium counterions K(1) and K(2).  
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Figure 4.18. Linkage of mononuclear complexes in 
C light

Similarly to 5, the potassium ion K(1) b

of the Bc2hda ligand engaging in a 

the C atoms of the aromatic residue varies between 3.15

the potassium ion K(1) binds to the phenolate O

carbonate O-atoms O(7) and O(8) [K(1)

O(2W) of the coordinated water molecule [K(1)

The potassium ion K(2) also forms bonds with the O

complex but it is not involved in cation

is composed of the O-donor atoms O(7) and O(8

the constitutional water molecules

related O(5’’). These K-O bonds link the m

that is extended parallel to the crystallographic 

 

 

  

 Within the hydrophilic parts of 

via H bonds and dipole-cation interactions to produce a neutral layer, (Figure 4.19a). 
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Linkage of mononuclear complexes in 6a via the potassium counterions
light grey, N blue, O red, Co blue, K purple. 

, the potassium ion K(1) binds to the aromatic dimethyl

hda ligand engaging in a cation-π interaction. The distance between the K(1) and 

the C atoms of the aromatic residue varies between 3.150(1) and 3.349(1) Å. Furthermore, 

the potassium ion K(1) binds to the phenolate O-atom O(1) [K(1)-O(1): 2.664(1) Å], the 

atoms O(7) and O(8) [K(1)-O(7): 2.759(1) Å, K(1)-O(8): 2.599(1) Å

O(2W) of the coordinated water molecule [K(1)-O(2W): 2.817(1) Å]. 

The potassium ion K(2) also forms bonds with the O-donor atoms of the Co

complex but it is not involved in cation-π interactions. In particular, its binding environment 

donor atoms O(7) and O(8) of the CO3
2- ligand, O(2W) and O(3W) of 

the constitutional water molecules and the carboxylate O-donor atoms O(5) and the symmetry 

O bonds link the mononuclear CoIII  units into a 1D chain structure 

that is extended parallel to the crystallographic b-axis, (Figure 4.18). 

Within the hydrophilic parts of 6a the mononuclear sub-units are further assembled 

cation interactions to produce a neutral layer, (Figure 4.19a). 
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via the potassium counterions. Colour code: 

inds to the aromatic dimethylbenzyl moieties 

action. The distance between the K(1) and 

(1) and 3.349(1) Å. Furthermore, 

O(1): 2.664(1) Å], the 

O(8): 2.599(1) Å] and 

donor atoms of the CoIII 

particular, its binding environment 

O(2W) and O(3W) of 

donor atoms O(5) and the symmetry 

units into a 1D chain structure 

units are further assembled 

cation interactions to produce a neutral layer, (Figure 4.19a).  



Self-assembly of charged SBUs                                                                                                                       Chapter 4 
 

115 
 

(b) (a) 

Figure 4.19. Neutral layer of 6a with the view in the direction of the crystalloraphic c-axis (a) and 
the b-axis (b). Colour code: C light grey, N blue, O red, Co blue, K purple. 

(a) (b) 

Figure 4.20. Depiction of the supramolecular packing of 6a with the view in the direction of the 
crystallographic b-axis (a) and c-axis (b). Colour code: C dark grey, H white, N blue, O red, Co blue, 

K purple. 

 

 

Within the hydrophobic areas of 6a the neutral layers aggregate through van der Waals forces 

in the a-direction to form a supramolecular arrangement with a lamellar structural motif, 

(Figure 4.20). 
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Crystal data are gathered in Table 4.8. 

Table 4.8. Crystal data and details of the structure determination for 6a. 

aR1 = Σ||Fo| − |Fc||/Σ|Fo|, wR2 = [Σw(Fo

2 
− Fc

2
)
2
/Σw(Fo

2
)
2
]
1/2  

 

 

 

 

 

 

 

Compound  6a 

 
Chemical formula 

 
                                 

 
C30H30NO11CoK2 

 
 

Temperature (K)  150  
Crystal color/shape  Blue/plate 
Crystal size (mm)  0.25 x 0.3 x 0.3 
Formula weight (g/mol)  717.68 
Crystal system  Monoclinic 
Space group  P 21/c  (no. 14) 
a (Å)   19.981(5) 
b (Å)  9.278(2)  
c (Å)  17.524(4)  
α (o)  90  
β (o)  97.288(3)  
γ (o)  90  
V (Å3)  3222.4(13)  
Z  4  
Dcalc (g/cm3) 
µ (mm-1) 
F(000)                                                                                                                       

 1.425  
0.851  
1368 

 

θ Range (°) 
h, k, l ranges 

 3.01 to 25.00  
-23       23, -11       11, -20       20             

Reflection collected/unique                                                           28001 / 5667 [R(int) = 0.0851]  
Data/restraints/parameters  5667 / 0 / 410  
Refinement method   Full-matrix least-squares on  F2     
R indices (all data) 
R1, wR2 [I > 2ó(I)] 

  0.0619, 0.1359 
 0.0571, 0.1326 

 
 

GoF (on F2 ) 
(∆ρ)max/(∆ρ)min (e Ǻ3) 
 

  1.055  
 0.715/-0.548  
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Figure 4.21. (a) View of the asymmetric unit of 7. (b) Labelling scheme of the CuII coordination sphere 
in [CuII

2(µ-OH)(Bc2hda)2]
3-. Colour code: C black, N blue, O red, Cu cyan, K purple. Hydrogen atoms 

are omitted for clarity. 

4.5 The synthesis of K3[Cu2
II (µ-OH)(Bc2hda)2]·3H2O (7) 

The interesting structural features of 4, 5 and 6a whose coordination environments 

promote the fixation of CO2 as carbonates and/or reveal cation-π interactions prompted us to 

further expand the reaction system and explore how other transition metal ions with different 

geometrical and electronic attributes, influence the coordination chemistry of the H2Bc2hda 

ligand system.  For this purpose, we reacted CuII metal ions with the H2Bc2hda ligand in 

methanol in a molar ratio of 1:1. The reaction mixture was stirred and a solution of potassium 

hydroxide (2M) was added dropwise. The resulting solution afforded brown, plate-shaped 

crystals of K3[Cu2
II (µ-OH)(Bc2hda)2]·3H2O (7) by slow evaporation of the solvent. 

4.5.1 The structural studies of K3[Cu2
II (µ-OH)(Bc2hda)2]·3H2O (7) 

Single X-ray structural analysis reveals that 7 crystallised in the monoclinic space 

group P21/c. Its asymmetric unit consists of a dinuclear complex anion [Cu2
II(µ-

OH)(Bc2hda)2]
3-, three K+ cations and three constitutional water molecules, (Figure 4.21a). 

The two CuII centres, Cu(1) and Cu(2), adopt distorted trigonal bipyramidal coordination 

environments. Within the dinuclear complex the polyhedra share a common vertex provided 

by the O-donor atom O(4) of an hydroxo ligand. 

 

 

The Cu-O bond lengths involving this µ-OH ligand, Cu(1)-O(4) and Cu(2)-O(4) are 

1.933(6) and 1.925(5) Å long. This hydroxo ligand O(4) can be envisaged to occupy axial 

positions of the trigonal bipyramidal coordination polyhedra. The remaining two axial sites 

are defined by the N-donor atoms of the iminodiacetic acid moieties; resulting Cu(1)-N(1) 

(b) (a) 
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and Cu(2)-N(2) bonds are 1.980(7) and 2.013(6) Å long, respectively. The donor atoms 

situated in the equatorial plane of each of the two coordination polyhedra are provided by two 

carboxylate O-donor atoms (O(2)/O(6) and O(8)/O(10) and phenolate O-donor atoms (O(1) 

and O(9)), (Figure 4.21b). Their related bond distances are 1.986(6) Å  for Cu(1)-O(2), 

2.199(5) Å for Cu(1)-O(6), 2.002(6) Å for Cu(2)-O(8), 2.195(6) Å for Cu(1)-O(10), 1.979(5) 

Å for Cu(1)-O(1) and Cu(1)-O(9) 1.948(6) Å. 

Selected bond lengths and angles are listed in Table 4.9. The analysis of bond lengths   

and angles suggests distortion from the trigonal bipyramidal geometry. The analysis of the 

coordination bonds in 7 reveals that the bond lengths of Cu(2) involving the atoms in axial 

positions are marginally longer than those observed for Cu(1). The equatorial bonds, Cu(1)-

O(2) [1.986(6) Å] and Cu(1)-O(1) [1.979(5) Å] are slightly  shorter than comparable Cu(2)-O 

bonds,  Cu(2)-O(10) [2.196(6) Å] and Cu(2)-O(8) [2.002(6) Å]. 
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Table 4.9. Selected bond distances and angles along with the polyhedral representation of the 

dinuclear CuII complex in 7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Analysis of the bond angles around Cu(1) highlights that the distortion of the 

polyhedron is mainly associated with the axial O(4)-Cu(1)-N(1) angle of 166.7(2)°. The 

distortion is further exemplified by examining angles involving atoms that are located in the 

equatorial positions around Cu(2). The bond angles O(9)-Cu(2)-O(10), O(9)-Cu(2)-O(8) 

reveal values of 101.0(2)° and 141.7(3)°, respectively and deviate considerably from 120°. 

Atoms Distance (Å)/ 
Angle (o) around 
the metal centre 

Cu(1) 

 Cu(1)-O(2) 1.986(6) 
 Cu(1)-N(1) 1.980(7) 
 Cu(1)-O(1) 
 Cu(1)-O(6) 
 Cu(1)-O(4) 

 

1.979(5) 
2.199(5) 
1.933(6) 

  
 O(4)–Cu(1)–O(1) 

   O(4)-Cu(1)-N(1) 
   O(1)-Cu(1)-N(1) 

O(4)–Cu(1)–O(2) 
O(1)–Cu(1)–O(2) 
N(1)–Cu(1)–O(2) 
O(4)–Cu(1)–O(6) 
O(1)-Cu(1)-O(6) 
N(1)–Cu(1)–O(6) 
O(2)–Cu(1)–O(6) 

 
 

93.8(2) 
166.7(2) 
96.2(3) 
98.6(2) 
126.2(3) 
82.5(3) 
89.8(2) 
97.2(2) 
80.3(2) 

         134.7(2) 
 

 

  

Atoms Distance (Å)/ 
Angle (o) around 
the metal centre 

Cu(2)   

        Cu(2)-O(9) 
   Cu(2)-O(10) 

Cu(2)-O(4) 
Cu(2)-O(8) 
Cu(2)-N(2) 

1.948(6) 
2.195(6) 
1.925(5) 
2.002(6) 
2.013(6) 

 

 

O(4)-Cu(2)-O(9) 
O(4)-Cu(2)-O(8) 
O(9)-Cu(2)-O(8) 
O(4)-Cu(2)-N(2) 
O(9)-Cu(2)-N(2) 
O(8)-Cu(2)-N(2) 
O(4)-Cu(2)-O(10) 
O(9)-Cu(2)-O(10) 
O(8)-Cu(2)-O(10) 
N(2)-Cu(2)-O(10) 

 

 

 

 

 

90.6(2) 
95.5(2) 
141.7(3) 
173.8(2) 
94.7(3) 
82.2(3) 
95.6(2) 
101.0(2) 
115.9(2) 
80.3(2) 
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(a) (b) 
Atoms Distance (Å) in 8 

 
 

 
 

K(1)-C(24) 3.540(8) 
K(1)-C(25) 
K(1)-C(26) 
K(1)-C(27) 
K(1)-C(28) 

         K(1)-C(29) 

3.483(9) 
  3.446(10) 
  3.398(10) 
  3.395(10) 
  3.457(10) 

K-C  3.164(1) 
  

  

Figure 4.22. Cation-π bonding of (a) K(1) and (b) relevant interatomic distances. Colour code: C 
dark grey, N blue, O red, K purple. 

 

Furthermore, the bite angle of Cu(2) involving  the N-donor atom N(2) and the carboxylate 

O-donor atom O(8) reveals a value of 82.3(3)° deviating considerably from the ideal 90° 

angle. The bond angle N(2)-Cu(2)-O(4) with a value of 173.8(2)° involving the axially 

coordinating atoms exhibits significant deviation from linearity. 

Bond Valence Sum Analysis (BVSA) confirms that the two Cu atoms in 7 adopt the 

oxidation state of +II (calculated values 1.962 and 1.968 for Cu(1) and Cu(2), respectively). 

Furthermore, this analysis confirmed that the bridging O-donor ligand is a hydroxo ligand 

(calculated valence 0.743). The phenolic alcohol functionalities of the organic ligands are 

deprotonated and this assignment is supported by the short bond distances of 1.948(6) Å for 

Cu(2)-O(9)  and 1.979(5) Å for Cu(1)-O(1). The CuII complex carries an overall charge of -3 

which is compensated for by three K+ counterions.  

The potassium counterion K(1) binds to the aromatic dimethylbenzyl moieties of the 

Bc2hda ligand forming a cation-π interaction. The distances between the K(1) and the 

centroid is 3.164(1) Å. As for 5 and 6a, the observed interaction results in a symmetrical 

geometry whereby the aromatic ring of the dimethylbenzyl moieties caps the potassium ion. 

The potassium ion K(1) is further linked to the phenolate O-donor atom O(1) [2.633(6) Å] 

and the carboxylate O-donor atoms O(3), O(6) and O(8) [2.657(6) Å, 2.785(6) Å, 2.826(6) Å] 

and the hydroxo O-donor O(4) [2.815(6) Å], (Figure 4.22a). 
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Atoms Distance (Å) in 8 
 
 

 
 

K(2)-C(45) 3.460(12) 
K(2)-C(46) 
K(2)-C(47) 
K(2)-C(48) 

K(2)-C 

3.269(12) 
3.298(11) 
3.477(11) 
3.221(1) 

  
  

  

 

(b) (a) 

Figure 4.23. Cation-π bonding of (a) K(2) and (b) relevant interatomic distances. Colour code: C 
dark grey, N blue, O red, K purple. 

The potassium ion K(2) is also involved in a cation-π interaction. It interacts in 

asymmetrical fashion with the aromatic residue of the second Bc2hda ligand resulting in close 

contacts to the carbon atoms C(45), C(46), C(47), C(48) which vary between 3.269(12) and 

3.477(11) Å. The distance between K(2) and the centroid of the aromatic ring is 3.221(1) Å. 

Additionally, K(2) forms bonds with the phenolate O-donor atom O(9) [2.649(6) Å], the 

carboxylate O-donor atom O(2) [2.678(7) Å], O(7) [ 2.606(7) Å] and O(10) [2.670(6) Å], 

(Figure 4.23b). 

 

 

 

The potassium ion K(3) is not engaged in cation-π interactions. It links the dinuclear 

sub-units through the carboxylate O-donor atoms O(7), its symmetry related atom O(7’) and 

O(11’) of the Bc2hda ligands and the O-donor atom O(3) and O(2W) of the constitutional 

water molecules, (Figure 4.24). These interactions link the dinuclear copper complexes to 

form a 1D chain assembly. 
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Figure 4.24. View of the K-O mediated assembly in 7. Colour code: C light grey, N blue, O red, K 
purple. 

Figure 4.25. 1D chain motif that extends in the direction of the a-axis. Colour code: C light grey, N 
blue, O red, Cu cyan, K purple. 

 

 

Figure 4.25 highlights this 1D chain structure that is extends in the direction of the 

crystallographic a-axis. Within the hydrophilic part of the chain assembly the potassium ion 

K(3) and the carboxylate O-donor atom O(7) and their symmetry equivalents form a 

characteristic four membered rombohedral ring motif. 
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(b) 

Figure 4.26. Solid-state packing structure of 7 with view in the direction of the crystallographic a-axis 
(a) and c-axis (b). Colour code: C black, N blue, O red, K purple. 

(a) 

As in the previously described structures, the 1D chains pack in the crystal structure 

to form discrete hydrophilic and hydrophobic areas. 1D chains interact in the [010] direction 

through weak dispersion forces. Differently to many of the previously described structures, 

compound 7 does not adopt a typical layered lamellar structure.  The dimethylbenzyl moieties 

engaged in cation-π interactions shield two of the potassium ions and prohibit that the 

hydrophilic part extends via cation-dipole interactions in the direction of the crystallographic 

c-axis, (Figure 4.26). 
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Crystallographic data for 7 is given in Table 4.10. A full-matrix least-squares 

refinement on F2 converged at R1 = 0.0907 and a maximum residual electron density of 2.81 

eÅ3 was observed at a distance of 1.60 Å from Cu(2) atom.  

Table 4.10. Crystal data and details of the structure determination for 7. 

aR1 = Σ||Fo| − |Fc||/Σ|Fo|, wR2 = [Σw(Fo

2 
− Fc

2
)
2
/Σw(Fo

2
)
2
]
1/2  

 
 

 

 

 

 

Compound  7 

 
Chemical formula 

 
                                  

 
C58H60N2O13Cu2K3 

 
 

Temperature (K)  150  
Crystal color/shape  Brown/Plate 
Crystal size (mm)  0.25 x 0.3 x 0.3 
Formula weight (g/mol)  1237.48 
Crystal system  Monoclinic 
Space group  P 21/c (no. 14) 
a (Å)   9.3215(19) 
b (Å)  30.434(6)  
c (Å)  20.198(4)  
α (o)  90  
β (o)  92.34(3)  
γ (o)  90  
V (Å3)  5725(2)  
Z  4  
Dcalc (g/cm3) 
F(000)   
Absorption coefficient                                                                                                                             

 1.436 
2564  
1.025 

 

θ Range (°) 
h, k, l ranges 

 0.67 to 25.00 
-11        11, -36        36, -24       24                

Reflection collected/unique                                                           60966 / 10035 [R(int)=0.0745]  
Data/restraints/parameters  10035 / 0 / 704  
Refinement method  Full-matrix least-squares on F2    
R indices (all data) 
R1, wR2 [I > 2σ(I)] 
GoF (on F2 ) 
(∆ρ)max/(∆ρ)min (e Ǻ3) 
 

 0.1044, 0.2253  
0.0907, 0.2323  
1.040 
2.806/-0.973 
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4.6 The importance of the cation-π interaction in solid state structures 

The supramolecular structures of 5, 6a and 7 show cation-π interactions. The 

amphiphilic compounds reveal similarities to the packing motifs of surfactants or 

phospholipids and resemble to some extent the building principles of biological membranes. 

Thus, these crystalline and structurally well characterised networks, that use glycine-based 

ligands as scaffolds, can be regarded as model systems that can help us to understand how 

complex chemical or even biological systems might be able to distinguish among different 

alkali ions (i.e. Na+ or K+) or water molecules. The systems might allow us to gain additional 

insights into how protein functionalities control ion fluxes through cellular walls or 

intracellular vesicles. 

By employing protic, polar reaction systems, it is remarkable to encounter K+-π forces 

as interactions which according to common scientific views only prevail in organometallic 

systems that meticulously avoid polar solvents and especially, water.11-13 In our regime the 

interpenetration depth of the K+ counterions into the resulting hydrophobic ‘organic’ layer is 

governed by the nature of the ligand substituents. We observed that the introduction of 

phenyl groups for instance α,α-dimethylbenzyl groups in the ortho- and para- positions of the 

phenol ring allows the alkali ions to interact with these hydrophobic moieties through cation-

π interactions, thus moving towards the hydrophobic part within the supramolecular structure. 

The attractive interaction between alkali metal ions and aromatic residues is a 

phenomenon which was predicted theoretically decades before its existence was shown 

experimentally. The study of diaza-crown ethers N-substituted with aromatic groups (lariat 

ethers) provided the first reliable proof of the existence of the interaction in a model system 

where the alkali metal ion consistently interacts with the π-electrons of the N-substituent.14-17 

These compounds developed by Gokel et al. also provide essential models for cation-π 

binding by aromatic side chains of phenylalanine, tryptophan and tyrosine amino acid 

residues of proteins, (Figure 4.27).18 
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Figure 4.27. Receptors consiting of  diazo-18-crown-6 rings substituted with indolyethyl side arms 
at both nitrogen atoms. Colour code: C grey, H white, N blue, K pink, I purple.18 

 

 

The mode of interaction, the geometry and the observed distances in 5, 6a and 7 are 

very well in agreement with the calculations conducted previously by Nicholas, Kumpf and 

Caldwell for the binding of K+ ions to free benzene.15,19,20 The observed geometrical 

parameters further substantiate calculations of the benzene electrostatic potential surface at 

the MP2/6-311+G* level.19 Gokel and co-workers17,19,20 reported lariat crown ether structures 

that revealed cation-π interactions characterised by K-Caromatic distances of 2.97-3.57 Å 

depending structural and geometrical characteristics of the coordinating species. The cation-π 

interactions in 5, 6a and 7 reveal K-Caromatic. distances that range between 3.224(2)-3.374(1) 

Å for 5, 3.150(1)-3.349(1) Å for 6a, 3.269(13)-3.540(8) Å for 7. Within the isolated 

structures the α,α-dimethylbenzyl groups adopt different conformations. This structural 

flexibility limits the possibility that the observed cation-π interactions are the result of 

packing constraints within the solid state structures. 

  

 

 

 

 



Self-assembly of charged SBUs                                                                                                                       Chapter 4 
 

127 
 

4.7 Summary 

A synthetic methodology has been described for the preparation of novel, charged, 

mono and dinuclear coordination compounds based on the H2Me2hda and H2Bc2hda ligands. 

These self-organise into network assemblies in the presence of potassium counterions.  

Their synthesis was carried out at a 1:1 molar ligand:metal ratio in ethanol or 

methanol upon addition of an aqueous solution of potassium hydroxide (2M). Reaction of the 

H2Me2hda ligand with NiII salts resulted in the formation of the mononuclear NiII complex 

K2[Ni II(Me2hda)(HCO3)(EtOH)]·EtOH (4) whose structure is the result of the fixation of 

atmospheric CO2 that binds as bicarbonate ligand in a monodentate conformation mode to the 

metal centre. 

Interestingly, the introduction of the α,α-dimethybenzyl moieties in ortho- and para-

positions to the phenolic O-donor of the hda ligand yielded a related mononuclear NiII 

complex K3[Ni II(Bc2hda)(CO3)]·5H2O (5). This structure is also the result of the fixation of 

atmospheric CO2 exhibiting the presence of a carbonate ligand that binds to the metal centre 

in a bidentate conformation mode. Even more surprisingly, the structure is characterised by 

unexpected bonding effects such as π-binding of potassium cations induced by the aromatic 

residues of the ligand.  

By lowering the relative amounts of base in the reaction system, we were able to 

incorporate other transitions metal ions in these hda-stabilised supramolecular assemblies. 

Reaction of the H2Bc2hda ligand with CoII ions led to the formation of the mononuclear 

complex K[CoII(Bc2hda)]·2.5H2O (6). Its structure does not reveal cation-π interactions. 

Surprisingly, 6 seems to undergo an oxidation process of the CoII metal ions in the reaction 

mixture. This process resulted in the formation of the related mononuclear complex 

K2[CoIII(Bc2hda)(CO3)]·3H2O (6a). X-ray crystallography analysis showed that 6a displays 

shorter bond length than 6 supporting the assigned oxidation state of +III of the cobalt centre. 

Furthermore, the oxidised structure 6a reveals the presence of a cation-π interactions and its 

formation is accompanied by the fixation of CO2 that binds as carbonate ligand within the 

inner CoIII  coordination sphere.  

The use of CuII metal ions and slight modification of the reaction conditions afforded 

the synthesis of the dinuclear complex K3[Cu2
II(µ-OH)(Bc2hda)2]·3H2O (7). In the structure 

the two metal centres are bridged by a hydroxo-ligand. Interestingly, the supramolecular 
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structure is characterised by two different types of cation-π interactions that are characterised 

by symmetrical and asymmetrical binding modes.  

In summary, the self-assembly process of supramolecular structures in 4-7 can be 

rationalised as a result of two main interactions: 

(i) dipole-cation and induced dipole-dipole interactions within the hydrophilic 

areas of the structures (i.e. interactions between potassium ions and 

carboxylate, carbonate or water O-donors) 

(ii)  van der Waals forces attributed to the presence of the hydrophobic 

substituents in the hda ligands 

 

All employed hda ligands contain alkyl or aromatic moieties in ortho- or para-

positions to the phenolic OH-groups. These ligand structures in 4-7 promote in the presence 

of potassium counterions the formation of dense supramolecular packing assemblies with 

clearly segregated hydrophobic and hydrophilic areas. The packing in 4-6a results in typical 

layered lamellar arrangements. Conversely, the supramolecular packing in 7 can be described 

as a chain assembly whereby the potassium ions involved in the cation-π interactions prevent 

the extension of the hydrophilic layers within the structure.  
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Chapter 5 

 

Self-assembly of neutral coordination complexes 

incorporating hda ligands  
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5 Self-assembly of neutral coordination complexes incorporating hda 

ligands 

 

5.1 Introduction 

The structure-directing effects of iminodiacetic acid substituted phenols have been 

previously described, and the properties of the resulting charged mononuclear and dinuclear 

M II (MII = NiII, CoII, CuII) complexes have been analysed. As for the charged CuII SBUs 

based on naphthol ligands, their packing motifs are the direct result of competing dipole-

cation and induced dipole-dipole interactions whereas hydrogen-bonding plays a negligible 

role.1  

As these complexes were prepared in presence of alkali bases, the next approach was 

to synthesise complexes and SBUs under neutral conditions. In doing so, one may question 

the effects on the structures in the absence of the alkali metal counterions. Thus, we 

developed a synthetic approach to prepare a series of neutral monomeric and dimeric MII (MII 

= CuII, CoII) complexes where the alkali counterions are formally substituted for water 

molecules.2 Whilst the van der Waals forces and related substituent influences of the ligands 

are still preserved, the absence of alkali metal ions in the crystal structures minimises the 

dipole-cation interactions. In contrast to the results described in the previous chapters, 

hydrogen bonds play a more significant role for the formation of these coordination 

assemblies whose structures are characterised by extended alternating hydrophobic and 

hydrophilic areas.3  

Considering the above outlined aspects we used the H2Me2hda and H2Bc2hda ligands. 

We initially expected that the subtle change of the hydrophobic nature of the system would 

allow us to explore the effects of van der Waals interactions and dispersion forces upon the 

formation of the H-bonded networks. Further, we intended to examine how the spatial 

requirements of the various ligand substituents may affect the H-bonded networks within the 

crystal structures formed.  

In this chapter the syntheses of the neutral SBUs are discussed and their crystal 

structures are described. The role of hydrogen bonding on the packing of these complexes is 
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Figure 5.1. (a) A ball and stick representation of the asymmetric unit in 8. (b) View of the CuII 
coordination sphere in [CuII (Me2hda)(H2O)]2·H2O. Colour code: C dark grey, H white, N 

blue, O red, Cu cyan. 

emphasised. Important physicochemical properties of the complexes are also presented to 

support the crystal structures or relate them to the solution phase. 

5.2 The synthesis of [CuII (Me2hda)(H2O)]2·H2O (8) 

 The compound [CuII(Me2hda)(H2O)2]·H2O (8) was synthesised by reacting the 

tetradentate chelating ligand H2Me2hda and copper(II) chloride dihydrate (1:1) in a 1:4 (v:v) 

mixture of water and methanol. Blue, needle-shaped crystals formed by slow evaporation of 

the blue solution. These were characterized by single X-ray diffraction. Spectroscopic and 

thermogravimetric techniques were further utilised to confirm the identity of 8.  

5.2.1 The structural characterisation of [CuII (Me2hda)(H2O)]2·H2O (8) 

Compound 8 crystallised in the triclinic space group P-1 and its asymmetric unit 

consists of a mononuclear CuII/Me2hda unit surrounded by one constitutional water molecule 

(Figure 5.1a). The CuII centre is penta-coordinated whereby the equatorial positions of the 

trigonal bipyramidal coordination sphere are occupied by the O-donor atoms of the Me2hda 

ligand. A O-atom, O(1W), of a coordinated water molecule resides trans to the nitrogen 

donor atom N(1) providing the apical positions of the polyhedron. 

 

 

 

(b) (a) 
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Figure 5.2. (a) A ball and stick representation of the dimeric [CuII(Me2hda)(H2O)]2. unit in 8. (b) View 
of the coordination core of this carboxy-bridged CuII complex (‘corresponds to –x, -y, 2-z positions). 

Colour code: C dark grey, H white, N blue, O red, Cu cyan. 

The inversion symmetry operation further expands the coordination environment of 

the CuII centre and generates a relatively weak intermolecular CuII-O carboxylate contact, 

Cu(1)-O(3) to give a dimeric complex. 

 

(b) 

Inversion centre 

(a) 
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This formal expansion of the coordination sphere generates a dinuclear CuII complex 

in which each metal centre reveals a tetragonally distorted octahedral environment, (Figure 

5.2b). The carboxylate and phenolate O-donor atoms O(3) and O(1) of the Me2hda ligand 

may be considered to define the axial positions of the polyhedron. The equatorial sites are 

occupied by the two carboxylate O-donor atoms O(4), O(2), and the nitrogen donor atom 

N(1) is situated trans with respect to the coordinated water molecule O(1W), (Figure 5.2b). 

The CuII ions within the dimeric SBU, are characterised by an interatomic distance of 

5.575(1) Å and are doubly bridged by µ2-anti,anti coordinating carboxylate functionalities 

involving the O-donor atoms O(2) and O(3) and their symmetry equivalents O(2’) and O(3’). 

In addition, it should be emphasised that the axial bond distances Cu(1)-O(3) and Cu(1)-O(1) 

are 2.798(1) and 2.380(1) Å, respectively. These are considerably longer than the other CuII 

coordination bonds in the basal plane of 8 revealing distances of 1.943(1) Å for Cu(1)-O(2), 

1.950(1) Å for Cu(1)-O(4), 2.001(1) Å for Cu(1)-N(1) and 1.915(1) Å for Cu(1)-(O1W). A 

plausible explanation for this distorsion is the Jahn-Teller effect, observed in six-coordinate 

d9 complexes of CuII, which usually depart considerably from octahedral geometry showing 

tetragonal distortions.  

Selected bond distances and angles for 8 are summarised in Table 5.1. The analysis of 

the bond angles also highlights a moderate distortion within the equatorial plane with the 

O(2)-Cu(1)-N(1) angle of 84.14(6)° deviating most considerably from the ideal 90° angle of 

the tetragonally elongated octahedron. 
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Table 5.1. Selected bond distances and angles in 8 with the polyhedral representation of the dinuclear 

CuII unit. 

 

 

 

 

 

 

 

 

 

 

Bond Valence Sum Analysis (BVSA) confirms that the CuII centres in 8 adopt the 

oxidation state of +II (calculated value 2.014). BVSA analysis and consideration of the 

charge of the complex strongly suggest that the phenolic O-donor atom O(1) is not 

deprotonated. This assignment also correlates with the relatively long Cu(1)-O(1) bond of 

2.380(1) Å.   

The crystallographically independent unit of 8 contains a constitutional and a 

coordination water molecule which both are involved in a H-bonded network involving 

carboxylate O-donor atoms of the Me2hda ligand. Table 5.2 displays the bond distances of 

these H-bonds while Figure 5.3 shows the organisation of the H-bonds in the structure of 8. 

 

 

 

 

 

 

 

Atoms Distance (Å)/ 
Angle (o)  in 8 

Cu(1)-N(1) 2.001(1) 
Cu(1)-O(2) 1.943(1) 

   Cu(1)-O(1W) 
Cu(1)-O(4) 

1.915(1) 
1.950(1) 

Cu(1)-O(1) 2.380(1) 
Cu(1)-O(3) 2.798(1) 

  
O(1W)-Cu(1)-O(2) 95.14(6) 
O(1W)-Cu(1)-O(4) 95.08(6) 
O(2)-Cu(1)-O(4) 168.47(5) 

O(1W)-Cu(1)-N(1) 
O(2)-Cu(1)-N(1) 

177.95(6) 
 84.14(6) 

O(4)-Cu(1)-N(1) 
O(1W)-Cu(1)-O(1) 
O(2)-Cu(1)-O(1) 
O(4)-Cu(1)-O(1) 
N(1)-Cu(1)-O(1) 

 

 85.46(6) 
 92.31(6) 
96.79(5) 
88.10(5) 
89.68(6) 
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Figure 5.3. Perspective view of the H-bonded network in 8. Colour code: C light grey, H white, N 
blue, O red, Cu cyan. 

Table 5.2. Selected parameters of hydrogen bonding interactions for 8 (in Å and deg°). 

 

 

 

 

Symmetry operators to generate equivalents atoms: (a) –x+1, -y+1, -z+1; (b) -x, -y, z+1; (c) x-1, y, z; 
(d) –x, -y+1, -z+2; (e) x-1, y, z+1. 

 

 

It is interesting to note that O(1W) of the coordinated water molecule is connected to 

O(2W) of the crystallisation water molecule and the carboxylate O-donor atom O(5’’’ ) via a 

H-bond. Futhermore, O(2W) is involved in another H-bond with O(1W) and the carboxylate 

O-donor atom O(5’’’ ) of the symmetry related Me2hda ligand. The resulting structural motif, 

that also includes the carbon atom from the carboxylate functionality, is a characteristic five-

membered ring with distorted pentagonal atom arrangement. Moreover, the O-donor atoms 

O(2W) and O(5’’’ ) of this pentagon are engaged through H-bonds with the the carboxylate O-

donor atom O(3’) of neighbouring ligands and the phenolic O-donor atom O(1’’’ ), 

respectively. This bond pattern links the dinuclear SBUs into a 1D chain structure that 

extends in the direction of the crystallographic b-axis, (Figure 5.4). 

              D···A d(D···A) <DHA 
   O(2W)···O(5’’’)a 2.888(2) 172.0 

O(2W)···O(3’)b  2.758(2) 173.0 
   O(1’’’)···O(5’’’) c  2.642(2) 157.8 
   O(1W)···O(4’’’)d  2.722(2) 163.5 
   O(1W)···O(2W)e     2.6054(2) 161.6 
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1.7 nm 

Figure 5.4. View of the H-bonded chain structure in 8; view along the crystallographic a-axis. 
Colour code: C light grey, H white, N blue, O red, Cu cyan. 

Figure 5.5. Packing of the 1D H-bonded chains in 8 with view along the crystallographic b-axis.  
Colour code: C dark grey, H white, N blue, O red, Cu cyan. 

 

 

 

The crystal packing of the 1D H-bonded chains results in the formation of a layered 

lamellar structure with segregated polar regions. This topology is typical for hda-ligand 

systems that contain non-polar residues in the ortho- and para- positions to the phenolic 

hydroxyl functionality. The solid-state packing of 8 can be divided into sub-units of neutral 

layers that extend parallel to the ab-plane, (Figure 5.5). 
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Crystallographic data for 8 is given in Table 5.3. A full-matrix least-square refinement 

on F2 converged at R1 = 0.0246 and a maximum residual electron density of 0.352 eÅ3 was 

observed at a distance of 0.75 Å from N(1) atom. The H-atoms were located in the Fourier 

difference map, their coordinates refined and their thermal parameters fixed along with their 

distances to their attached O-atoms. 

Table 5.3. Crystal data and details of the structure determination for 8. 

aR1 = Σ||Fo| − |Fc||/Σ|Fo|, wR2 = [Σw(Fo

2 
− Fc

2
)
2
/Σw(Fo

2
)
2
]
1/2  

† No absorption correction was applied to this data. 

 

 

 

Compound  8 

 
Chemical formula 

 
                                  

 
C26H38N2O14Cu2 

 
 

Temperature (K)  150  
Crystal color/shape  Blue/needle 
Crystal size (mm)  0.25 x 0.3 x 0.3 
Formula weight (g/mol)  729.68 
Crystal system  Triclinic 
Space group  P-1 (no. 2) 
a (Å)   6.4212(14) 
b (Å)  10.050(3)  
c (Å)  12.363(3)  
α (o)  113.818(2)  
β (o)  90.429(3)  
γ (o)  96.654(2)  
V (Å3)  723.7(3)  
Z  1  
Dcalc (g/cm3) 
F(000)                                                                                                                       

 1.674 
378 

 

θ Range (°) 
h, k, l ranges 

 3.58 to 24.99 
-7        7, -11        11, -14       14                 

Reflection collected/unique                                                           9540/2458 [R(int)=0.0186]  
Data/restraints/parameters  2458/6/201  
Refinement method  Full-matrix least-square on F2   
R indices (all data) 
R1, wR2 [I > 2σ(I)] 

 0.0247, 0.0666 
0.0246, 0.0665 

 
 

GoF (on F2 ) 
(∆ρ)max/(∆ρ)min (e Ǻ3) 

 1.028 
0.352 /-0.272 
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Figure 5.6. (a) Comparison of theoretical (i) and experimental (ii) powder X-ray diffraction patterns 
of 8. (b) Thermogravimetric analysis of 8 carried out in an air atmosphere. 

5.2.2 The physicochemical properties of [CuII (Me2hda)(H2O)]2·H2O (8) 

Carrying on from the single crystal X-ray analysis of 8, the next target was to 

establish the phase purity of compound 8 using X-ray powder diffraction. The experimental 

powder pattern as shown in Figure 5.6a fits with simulated pattern which is generated based 

on the single crystal data.  

 

 

 

The number of constitutional and crystallisation water molecules in compound 8 was 

further confirmed using thermogravimetric analysis. The thermogram (Figure 5.6b) shows the 

loss of the constitutional and coordinated water molecules in the range of 90 to 165 °C (exp.: 

7.1 %, theor.: 7.6 %). The structure of 8 further collapses above ca. 165 °C whereby the 

Me2hda ligand undergoes an oxidative decomposition. The thermogravimetric step 

commencing at 420 °C is most likely associated with the formation of purely inorganic 

oxides. This analysis along with the microanalytical data are in good agreement with the 

structure determined by X-ray analysis. 

Figure 5.7 shows the IR spectrum of 8. The broad band centred above 3000 cm-1 can 

be attributed to the O-H stretching frequency indicating the presence of H-bonded molecules 

in 8. Furthermore, the analysis of the spectrum reveals two peaks at 1625, 1599 cm-1 for the 
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Figure 5.7. IR spectrum of 8 (a) and magnification in the low frequency region (b). 

asymmetric stretching frequencies υas(COO) and at 1372 cm-1 for the symmetric stretching 

frequencies υs(COO).  

Moreover, to further analyse the binding mode of the carboxylate functionalities, we 

calculated the difference between their symmetric and asymmetric stretching ∆υ = νa- νs.
4 For 

structure 8 the ∆υ between the asymmetric and symmetric stretching vibrations of the 

coordinated carboxylates is 253 and 227 cm-1, respectively. In spite of the bridging 

coordination mode between the two Cu centres in 8, the calculated ∆υ values are greater than 

200 cm-1 which is indicative of monodentate coordination mode. The presence of strong H-

bonds between the uncoordinated carboxylate oxygen atoms and the water molecules in the 

compound might explain the observed deviations.5-7  

 

 

In order to analyse the solution behaviour of compound 8, a UV-Vis spectrum of a 

solution of 8 in DMF was recorded, (Figure 5.8a). The spectrum shows a broad absorption 

band at ca. 700 nm which is characteristic of CuII d-d transitions (ε = 179.1 L-1mol-1cm-1). 

This signal is in agreement with the blue colour of a CuII complex. The assignment is further 

supported by literature data for similar octahedral CuII complexes stabilised by amino acid 

chelate ligands.8-9 The weak signal at ca. 420 nm can be assigned to the LMCT between the 

hydroxyl groups of the phenolic ring and the CuII ions. The signal is proposed to originate 

from the equilibrium between a small quantity of deprotonated phenolate functionalities in 

the CuII complexes and the protonated phenolic species of 8 at neutral pH.7 Furthermore, the 
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Figure 5.8. UV-Vis spectrum of 8 in a solution of DMF at 0.1 mM (a) and 1mM (inset). (b) Mass-
spectrum of 8 dissolved in water. 
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signal at ca. 267 nm and the strong band in the UV region suggests that the LMCT band 

partially overlaps with the internal π-π*  ligand transitions centred at ca. 279 nm.  

The ESI-MS analysis of corresponding aqueous solutions of 8 only confirms the 

presence of a mononuclear CuII species as the signal at 348.0508 m/z observed in the mass-

spectrum is in accordance with the formula [CuII(Me2hda)(H2O)] (Z=+1) of the mononuclear 

ligand-stabilised species, Figure 5.8b.  
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Figure 5.9. (a) A ball and stick representation of the mononuclear CoII in 9 with its coordination 
core (b). Colour code: C dark grey, H white, N blue, O red, Co violet. 

(a) 

5.3 The synthesis of [CoII (Me2hda)(H2O)2]·H2O (9) 

The next objective was concerned with the extension of the applied synthetic 

methodology to other transition metal salts such as CoII salts. Thus, we reacted the H2Me2hda 

ligand with cobalt(II) chloride hexahydrate in a 1:1 molar ratio and in a 1:4 (v:v) mixture of 

water and methanol. Slow evaporation of the solution afforded purple, needle-shaped crystals 

of [CoII(Me2hda)(H2O)2]·H2O (9)  whose structure was analysed by X-ray analysis. 

5.3.1 The structural characterisation of [CoII (Me2hda)(H2O)2]·H2O (9) 

Compound 9 crystallised in the triclinic crystal system in the space group P-1. X-ray 

structure analysis reveals that the complex in 9 is mononuclear and the CoII centre adopts a 

distorted octahedral coordination environment. 

 

 

The carboxylate O-donor atom O(13), the N-donor atom N(1) and O(5W) of a 

coordination water molecule occupy the meridional positions of the polyhedron. The 

remaining site of the square basis is occupied by the phenolic O-donor atom O(9) while the 

carboxylate O-donor atom O(11) and the coordinated water molecule O(6W) define the 

apical positions of the octahedral coordination sphere.  

The observed bond lengths are in accordance with an oxidation state +II of the central 

CoII metal ion. In particular, the water molecule O(6W) interacts weakly to the metal centre 

with bond length of 2.132(3) Å while the remaining site occupied by the carboxylate O-donor 

(b) 
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atom O(11) displays value of 2.098(3) Å. In the equatorial plane the N-donor atom N(1) and 

the carboxylate O-donor O(13) exhibit weakly coordination bonds with values of 2.130(4) 

and 2.104(4) Å while the cis-O donor atoms O(5W) and O(9) reveal shorter bond lengths of 

2.051(4) and 2.093(3) Å, respectively. 

Selected bond lengths and angles are reported in Table 5.4. The analysis of the bond 

angles in 9 allows an understanding of the distortion of the octahedral polyhedron. In 

particular, the cis-bond angle O(11)-Co(1)-N(1) reveals value of 80.17(13)° and indicate a 

considerable deviation from 90°. Moderate deviations are observed within the cis-bond 

angles O(9)-Co(1)-N(1) and O(5W)-Co(1)-O(6W) whose values are 89.60(16)° and 

90.62(12)°, respectively. A significant deviation from linearity is found for the bond angle 

O(5W)-Co(1)-N(1) with value of 163.29(13)°. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The observed bond distances and related Bond Valence Sum Analysis (BVSA) 

calculations confirm that CoII metal centre resides in the oxidation state +II (calculated BVS 

Atoms Distance (Å)/ 
Angle (o)  in 9 

Co(1)-O(11) 2.098(3) 
Co(1)-O(13) 2.104(3) 
Co(1)-O(6W) 
Co(1)-O(9) 

2.132(3) 
2.093(3) 

Co(1)-O(5W) 2.051(4) 
Co(1)-N(1) 2.130(4) 

  
O(5W)-Co(1)-O(9) 99.10(15) 
O(5W)-Co(1)-O(11) 93.71(12) 
O(9)-Co(1)-O(11) 87.06(11) 

O(5W)-Co(1)-O(13) 93.95(15) 
O(9)-Co(1)-O(13) 
O(11)-Co(1)-O(13) 
O(5W)-Co(1)-N(1) 
O(9)-Co(1)-N(1) 
O(11)-Co(1)-N(1) 
O(13)-Co(1)-N(1) 

O(5W)-Co(1)-O(6W)             
O(9)-Co(1)-O(6W) 
O(11)-Co(1)-O(6W) 
N(1)-Co(1)-O(6W) 

 

163.29(13) 
102.54(11)      
169.14(13) 
89.60(16) 
80.17(13) 
78.80(15)     
90.62(12)      
86.63(11) 
82.82(10) 
96.42(12) 

 
  

Table 5.4. Selected bond distances and angles along with the polyhedral representation of the CoII 

centre in 9. 
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Figure 5.10. View of the H-bonded network structure in 9. Colour code: C light grey, H white, N 
blue, O red, Co violet. 

 

value 2.081). This study suggests that the phenolic O-donor atoms in 9 is not deprotonated, 

thus the charge of the mononuclear complex is neutral. 

9 contains one crystallisation water molecule per formula unit which is engaged 

through H-bonds with the O-donor atoms of the Me2hda ligand. Figure 5.10 shows the 

arrangement of the resulting H-bonded network while Table 5.5 summarises the relevant 

bond lengths and angles. 

Table 5.5. Selected parameters of hydrogen bonding interactions in 9 (in Å and deg°). 

  

 

 

 

Symmetry operators to generate equivalent atoms: (a)  x,1+y, z; (b) –x+1,-y+2,-z; (c) x, y+1, z; (d) –

x+1, -y+2, -z; (e) x-1, y, z; (f) –x, -y+1, -z. 

 

 

D···A d(D···A) <DHA 
 O(9)···O(4)a 2.500 170.27 

       O(5W)···O(1W) 2.678 155.34 
         O(5W)···O(12’’)b 2.735         159.44 

     O(6W)···O(5)c 2.723         167.90 
       O(6W)···O(13)d 2.844 149.81 

         O(1W)···O(12’)e 2.786         136.01 
       O(1W)···O(3’)f 2.724 150.87 
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Figure 5.11. View of the 1D H-bonded dimer chain structure in 9 with view along the 
crystallographic b-axis. Colour code: C light grey, H white, N blue, O red, Co violet. 

The crystallisation water molecule O(1W) is involved in H-bonds with the three 

adjacent ligand strands through the two carboxylate O atoms O(3’), O(12’) and O(5W) of a 

coordination water molecule. The analysis of the H-bonded network in Figure 5.10 reveals 

the presence of two characteristic structural motifs in the hydrophilic region of 9 which can 

be described as a distorted pentagon and an irregular hexagon. The pentagonal motif, which 

also includes the carboxylate group of the symmetry related Co(1’’ ) centre, forms a five-

membered ring involving the O(5W) and O(6W) atoms of coordinated water molecules and 

the carboxylate O-donor atoms O(12’’ ) and O(13’’ ) originating from a respective symmetry 

related ligand. The latter six-membered ring motif incorporates the metal centre Co(1) 

together with the carboxylate O-donor atoms O(4) and O(5), the phenolic O-donor atom O(9) 

and the coordinated water molecule O(6W). These H-bonded interactions link the 

mononuclear CoII complexes in 1D chains that extend in the direction of the crystallographic 

a-axis, (Figure 5.11). 

 

 

As for 8, the overall packing structure can be described as layered lamellar, 

constituted of H-bonded layers that extend parallel to the ab-plane and pack in the c-direction 

involving van der Waals forces, (Figure 5.12). 
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Figure 5.12. Crystal packing of 9 with the polyhedral representation of the CoII metal centre; view 
along the b-axis (a) and the a-axis (b). Colour code: C dark grey, H white, N blue, O red, Co violet. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) (a) 
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Crystal data and experimental details of the structure determination of compound 9 

are listed in Table 5.6. 

aR1 = Σ||Fo| − |Fc||/Σ|Fo|, wR2 = [Σw(Fo

2 
− Fc

2
)
2
/Σw(Fo

2
)
2
]
1/2  

 

 

 

 

 

 

Compound  9 

 
Chemical formula 

 
                                  

 
C13H21N O8Co 

 
 

Temperature (K)  150  
Crystal color/shape  Purple/needle 
Crystal size (mm)  0.25 x 0.3 x 0.3 
Formula weight (g/mol)  378.24 
Crystal system  Triclinic 
Space group  P-1 (no. 2) 
a (Å)   9.481(9) 
b (Å)  10.935(10)  
c (Å)  15.624(14)  
α (o)  84.33(2)  
β (o)  87.09(3)  
γ (o)  86.25(3)  
V (Å3)  1607(3)  
Z  4  
Dcalc (g/cm3) 
µ(mm-1) 
F(000)                                                                                                                       

 1.564 
1.108 
788 

 

θ Range (°) 
h, k, l ranges 

 2.62 to 31.41 
-13        13, -15        15, -22       22                

Reflection collected/unique                                                           35490 / 9619 [R(int)=0.5179]  
Data/restraints/parameters  9619 / 17 / 410  
Refinement method  Full-matrix least-squares on  F2   
R indices (all data) 
R1, wR2 [I > 2σ(I)] 

 0.2407, 0.1405 
0.0778, 0.1088 

 
 

GoF (on F2 ) 
(∆ρ)max/(∆ρ)min (e Ǻ3) 

 0.819 
1.3141 /-2.579 
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5.4 The synthesis of [CuII (Bc2hda)(H2O)2]·2H2O (10)  

To increase the hydrophobicity of the ligand system and to explore the effect of 

larger, bulkier substituents we introduced two dimethylbenzyl moieties (Bc2) in the ortho- 

and para- positions to the phenolic hydroxyl group of the ligand. Our efforts resulted in the 

formation of [CuII(Bc2hda)(H2O)2]·2H2O (10), which was synthesised by reacting this 

tetradentate chelating ligand H2Bc2hda and copper(II) chloride dihydrate in a 1:2 (v:v) 

water/ethanol mixture. 10 separates as blue, plate-like crystals upon slow evaporation of the 

resulting blue solution. Single crystal X-ray diffraction allowed the determination of the 

structure of 10 whilst spectroscopic and thermogravimetric analyses provided supplemental 

analysis to further characterise the compound.  

5.4.1 The structural characterisation of [CuII (Bc2hda)(H2O)2]·2H2O (10)  

Compound 10 crystallised in the triclinic crystal system in the space group P-1. The 

asymmetric unit of 10 consists of a mononuclear CuII complex [CuII(Bc2hda)(H2O)2] and two 

crystallisation water molecules. Figure 5.13 shows the mononuclear complex and highlights 

the coordination environment of the CuII centre in 10.  

 

 

 

 

(b) (a)      Tetragonal elongation  

         along the c-axis 

Figure 5.13.  (a) A ball and stick representation of the mononuclear complex in 10. (b) View of the 
CuII coordination environment in [CuII(Bc2hda)(H2O)2] showing the tetragonal elongation along 

O(1)-Cu(1)-O(2W) axis. Colour code: C dark grey, H white, N blue, O red, Cu cyan. 
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The coordination sphere of the central CuII ion adopts a ‘4+2’ coordination 

environment typical for d9 Jahn Teller systems. The carboxylate O-donors and the N-donor of 

the iminodiacetate moiety of the organic ligand adopt a meridional arrangement and an 

additional coordination water molecule completes the square base of this polyhedron. The 

phenolic O-donor atom of the Bc2hda ligand and another coordination water molecule occupy 

the apical positions of the tetragonally distorted octahedral coordination sphere as shown in 

Figure 5.13b. 

One can examine the strength of interactions between the coordinating O-donor atoms 

and the CuII centre by analysing their bond distances. Firstly, O(2W) of the coordination 

water molecule interacts weakly with the CuII centre leading to a Cu(1)-O(2W) distance of 

2.478(1) Å. Secondly, the phenolic O donor O(1) coordinates weakly to the central CuII ion 

revealing a Cu(1)-O(1) bond distance of 2.415(1) Å. As for 8 these coordination bonds are in 

agreement with the Jahn-Teller theorem and are significantly longer than those involving the 

donor atoms in the square plane of the distorted octahedron. In fact, the bond distances 

between the carboxylate functionalities and the CuII centre are 1.955(2) Å for Cu(1)-O(2) and 

1.974(2) Å for Cu(1)-O(4) long; the Cu(1)-N(1) bond is 1.988(3) Å long and the O-donor 

O(1W) of a coordination water molecule resides 1.961(2) Å from the CuII centre. 

Selected bond lengths and angles of structure 10 are reported in Table 5.7. In 

particular, the bond angles O(2)-Cu(1)-O(1W), O(2)-Cu(1)-O(1), N(1)-Cu(1)-O(1) reveal 

values between 90.7- 93.1° and deviate slightly from the ideal 90º angle displayed in a 

perfect octahedron. The axial O(1)-Cu(1)-O(2W) angle is 170.60(1)° and highlights the 

distortion from the ideal tetragonally elongated octahedron. 

The observed bond distances and related Bond Valence Sum Analysis (BVSA) 

confirm that the CuII centre in 10 adopts the oxidation state of +II (calculated BVS value was 

found to be 1.962). The long Cu(1)-O(1) bond distance strongly suggests that the phenolic O-

donor is not deprotonated giving a neutral coordination complex. 
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Table 5.7. Selected bond distances and angles along with the polyhedral representation of the CuII 

unit in 10. 

 

 

 

 

 

Compound 10 contains two crystallisation and two constitutional water molecules that 

are engaged through hydrogen bonds with the O-donor atoms of the Bc2hda ligand. The 

hydrogen bonds involved and their bond distances are summarised in Table 5.8 and Figure 

5.14 shows their arrangement in structure of 10. 

 

 

 

 

 

 

Atoms Distance (Å)/ 
Angle (o)  in 10 

 Cu(1)-O(2) 1.955(2) 
 Cu(1)-N(1) 1.998(3) 
 Cu(1)-O(4) 

     Cu(1)-O(1W) 
1.974(2) 
1.961(2) 

 Cu(1)-O(1) 2.415(1) 
     Cu(1)-O(2W) 2.478(1) 

  
O(2)-Cu(1)-O(1W) 93.09(9) 
O(2)-Cu(1)-O(4) 166.34(9) 

O(1W)-Cu(1)-O(4) 98.62(9) 
O(2)-Cu(1)-N(1) 

O(1W)-Cu(1)-N(1) 
O(4)-Cu(1)-N(1) 
O(2)-Cu(1)-O(1) 

O(1W)-Cu(1)-O(1) 
O(4)-Cu(1)-O(1) 

O(1)-Cu(1)-O(2W) 
N(1)-Cu(1)-O(1) 

 

85.40(9) 
175.58(9) 
 83.42(10) 
90.73(9) 
84.49(8) 
97.35(9) 
170.60(1) 
91.37(9) 
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Table 5.8. Selected parameters of hydrogen bonding interactions in 10 (in Å and deg°). 

 

 

 

 
Symmetry operators to generate equivalents atoms: (a) 1+x , y, z; (b) 2-x, 1-y, -z; (c) 1-x, 1-y, -z. 

 
H-bonds involve O(1W) of the coordination water molecule and the carboxylate O -

donor O(4) and link the mononuclear CuII complexes into dinuclear sub-units that are 

generated by an inversion symmetry operation with the inversion centre situated between the 

two CuII centres. The resulting structural motif that includes the copper centres and H-bonded 

atoms can be described as an undulated hexagon. 

O(1W) is involved in a second type of H-bond and is linked to the symmetry related 

mononuclear Cu(1’’’ ) complex involving the carboxylate O-donor atom O(3’’ ). This is further 

bonded to an O-atom from a constitutional water molecule O(4W’) which forms H-bonds to 

D···A d(D···A) <DHA 
   O(1)···O(4W)a 2.673(3) 160.6 
 O(4W)···O(3) 2.692(3) 165.3 

   O(3W)···O(5’)b 2.911(4) 149.3 
     O(1W)···O(3’’)c 2.961(3)          159.7 

         O(1W)···O(4)b 2.623(3)  172.3 
    O(2W)···O(2’’)        2.8760           171 

Figure 5.14. View of the H-bonded network in 10. Colour code: C light grey, H white, N blue, O 
red, Cu cyan. 



Neutral complexes                                                                                                                  Chapter 5 
 

152 
 

Figure 5.15. View of the 1D H-bonded chain structure with view in the direction of the b-axis. 
Colour code: C light grey, H white, N blue, O red, Cu cyan. 

the phenolic hydroxyl group of another mononuclear CuII complex. O(2W) of the second 

coordination water molecule is also engaged in H-bonds to O(4W’) and the carboxylate O-

donor O(2’’ ). The network structure is further extended through the O-donor of the 

crystallisation water molecule O(3W) which is linked to the carboxylate donor atom O(5’).  

The resulting extensive network of H-bonds links the mononuclear complexes in the 

direction of the crystallographic a-axis to form a 1D chain structure. Figure 5.15 highlights 

the overall 1D H-bonded structure with a view in the direction of the crystallographic b-axis. 

 

  

As for 8, the H-bonded chains pack within the crystal structure of 10 to form a 

lamellar structure. It is comprised of alternating hydrophobic and hydrophilic areas and the 

1D chains stack through dispersion forces in the direction of the crystallographic c-axis 

(Figure 5.16a). Figure 5.16 shows the packing of the 1D chains with view in the direction of 

the crystallographic a- and b-axis. 
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Figure  5.16. (a) Crystal packing of 10 with view in the direction of the a-axis. (b) Packing of the 1D chains 
in 10 with the polyhedral representation of the CuII centres; view in the direction of the crystallographic b-

axis. Colour code: C dark grey, H white, N blue, O red, Cu cyan. 

  

(b) 

(a) 
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The single crystal data and  experimental parameters of [CuII(Bc2Hda)(H2O)2]·2H2O 

(10) are summarised in Table 5.9. A full-matrix least-squares refinement on F2 converged at 

R1 (I > 2σ(I)) = 0.0517 and a maximum residual electron density of 0.493 eÅ3 was observed 

at a distance of 1.35 Å from the Cu(1) atom. The hydrogen atoms were found in the residual 

peaks during the refinement of the crystal structure and their thermal parameters were fixed 

along with their distance to the attached O-atoms. 

Table 5.9. Crystal data and details of the structure determination for 10. 

aR1 = Σ||Fo| − |Fc||/Σ|Fo|, wR2 = [Σw(Fo

2 
− Fc

2
)
2
/Σw(Fo

2
)
2
]
1/2  

 

 

Compound  10 

 
Chemical formula 

 
                                  

 
C29H39N2O19Cu 

 
 

Temperature (K)  150  
Crystal color/shape  Blue/plate 
Crystal size (mm)  0.25 x 0.3 x 0.3 
Formula weight (g/mol)  609.16 
Crystal system  Triclinic 
Space group  P-1 (no. 2) 
a (Å)   8.612(4) 
b (Å)  10.327(5)  
c (Å)  16.528(8)  
α (o)  95.311(5)  
β (o)  102.242(7)  
γ (o)  91.374(6)  
V (Å3)  1428.9(12)  
Z  2  
Dcalc (g/cm3) 
µ(mm-1) 
F(000)                                                                                                                       

 1.416 
0.819 
642 

 

θ Range (°) 
h, k, l ranges 

 2.24 to 25 
-10        7, -12        12, -19       19                 

Reflection collected/unique                                                           17236/4852 [R(int)=0.0502]  
Data/restraints/parameters  4852/13/361  
Refinement method  Full-matrix least-squares on  F2   
R indices (all data) 
R1, wR2 [I > 2σ(I)] 

 0.0596, 0.1410 
0.0517, 0.1341 

 
 

GoF (on F2 ) 
(∆ρ)max/(∆ρ)min (e Ǻ3) 

 1.055 
0.493 /-1.008 
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Figure 5.17. (a) Thermogravimetric analysis of 10 carried out in an air atmosphere. (b) XRD powder 
pattern of 10 (i) and simulated pattern, based on the single crystal diffraction data (ii).  

5.4.2 The physicochemical characterisation of [CuII (Bc2hda)(H2O)2]·2H2O (10) 

The next target was to characterise and investigate the properties of compound 10, by 

utilising analytical techniques such as thermogravimetric analysis, X-ray powder diffraction, 

elemental analysis, IR and UV spectroscopy. Initially, we analysed the phase purity of the 

crystals by X-ray powder diffraction. The resulting experimental powder diffraction pattern is 

in good agreement with the simulated pattern which is based on the single X-ray diffraction 

data, (Figure 5.17b). This study along with the elemental analysis confirms that the bulk 

crystals of 10 were phase pure and in accordance with the molecular structure determined by 

X-ray diffraction.    

The stability of compound 10 was studied by thermogravimetric analysis. The 

thermogram displays two main steps (Figure 5.17a). The first step in the 40-150 °C range 

corresponds to the loss of the two constitutional and the two coordinated water molecules 

from the crystal structure (exp.: 11.1 %, theor.: 11.8 %). The second step, commencing at ca. 

165 °C, is associated with the oxidative decomposition of the Bc2hda ligand.  

 

 

The infrared spectrum of 10 was recorded to further confirm the binding mode of the 

carboxylate functionalities in the mononuclear CuII complex (Figure 5.18a). The broad signal 

in the range of 3500-3000 cm-1 can be attributed to the O-H stretching frequency indicating 

the presence of H-bonded molecules in 10. The related frequencies for the asymmetric 

stretching frequencies υas(COO) are observed at 1661, 1596 cm-1 and at 1363 cm-1 for the 

(a) (b) 
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Figure 5.18. IR spectrum of 10 (a) and its magnification in the low frequency region (b). 

symmetric υs(COO) vibrations.4-7 The calculated ∆υ values of 298, 233 cm-1 for 10 were 

found to be higher than the corresponding values of 8. Thus, we can conclude that each 

carboxylate functionality of the Bc2hda ligand in 10 adopts the unidentate coordination mode 

as observed by X-ray diffraction.  

 

 

To confirm the presence of the compound in solution, a UV-Vis spectrum in a DMF 

solution of 10 was recorded (Figure 5.19a). As for 8, the spectrum shows a weak band with 

maximum absorbance signal at ca. 450 nm. This value can be attributed to LMCT between 

the CuII ions and the phenolate ligand. The signal is proposed to originate from the 

equilibrium between a small quantity of deprotonated phenolate functionalities in the CuII 

complexes and the protonated phenolic species of 10.7 The signal at ca. 260 nm can be 

assigned to the intraligand π-π*  transitions. The band associated with the d-d transitions 

relates to a maximum absorbance at ca. 700 nm (ε = 85.99 L-1mol-1cm-1), (Figure 5.19a).  

ESI-MS analysis suggests that the mononuclear CuII complex is also present in 

aqueous solution as the presence of the peak at 610.2078 m/z observed in the mass-spectrum 

corresponds to the crystallographically determined formula of 10, 

[CuII(Bc2hda)(H2O)2]·2H2O (Z = +1), (Figure 5.19b). Thus, the UV-Vis and ESI-MS studies 

correlate with the solid state analysis of 10 and underline the stability of the complexes in 

aqueous systems. 
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Figure 5.19. UV-Vis spectrum of 10 in a DMF solution at 0.1 mM (a) and 0.01 M (inset). (b) Mass-
spectrum of 10 in water. 
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5.5 Summary 

The overall objective of the work described in this chapter was the study of the self-

assembly of neutral hda-stabilised complexes. The preparation and the supramolecular 

structures of these compounds and their physicochemical properties have been described. The 

syntheses of the neutral complexes were accomplished in mixtures of protic solvents 

containing equimolar metal:ligand ratios. The dinuclear CuII species in 

[CuII(Me2hda)(H2O)]2·H2O (8) and the mononuclear complex in [CoII(Me2hda)(H2O)2]·H2O 

(9) crystallise from water/methanol mixtures whilst [CuII(Bc2hda)(H2O)2]·2H2O (10) 

separates from a water/ethanol mixture. The coordination geometries and binding modes of 

the organic ligands are summarised in Table 5.10. 
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Table 5.10. Coordination environments of the neutral SBUs along with their bond distances. 

 

Polyhedra representation of the metal centre 

in structures 8-10 

Coordination mode 

of the donor atoms 

in the hda ligands 

Distance (Å) in 8-10 

 

 

 
 

N- and O-donor 

atom of the 

iminodiacetate 

moiety are in mer-

positions; N(1) is 

trans to O(1W). 

 

 
Cu(1) - N(1)..........2.001(1)  Å 

Cu(1) - O(2)..........1.943(1)  Å 

Cu(1)- O(1W)........1.915(1) Å     

Cu(1)-O(4).............1.950(1) Å      

Cu(I)-O(1)..............2.380(1) Å 

Cu(1)-O(3)..............2.798(1) Å 

 

  

O-donor atoms of 

the iminodiacetate 

moiety are in fac-

positions; N-donor 

atoms is in trans to 

O(5W). 

 

Co(1) - O(11)...............2.098(3)  Å 

Co(1) - O(13)...............2.104(3)  Å 

Co(1)- N(1)..................2.130(4) Å    

Co(1)-O(6W)................2.132(3) Å    

Co(I)-O(9)....................2.093(3) Å 

Co(1)-O(5W)................2.057(4) Å 

 

 

 

 

O-donor atom of the 

iminodiacetate 

moiety are in mer-

positions; N(1) is 

trans to O(1W). 

 

 

Cu(1)-O(2)............1.955(2) Å 

Cu(1)-N(1)............1.988(3) Å 

Cu(1)-O(4)............1.974(2) Å 

Cu(1)-O(1W).........1.961(2) Å 

Cu(1)-O(1).............2.415(1) Å 

Cu(1)-O(2W).........2.478(1) Å 
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The analysis of the bond lengths in 8 and 10 reveals weak coordination of the not 

deprotonated phenolic O-donor atoms to the CuII metal centre and an elongation of the axial 

bond lengths within the distorted octahedral coordination sphere. This geometrical effect is in 

accordance with the Jahn-Teller theorem, typically observed in six-coordinated d9 complexes 

of CuII. In contrast, the mononuclear CoII complex in 9 does not show a comparable 

tetragonal elongation. Similarly to the charged complexes described in the previous chapter 

the complexes organise into supramolecular architectures that can be defined as layered 

lamellar structures with separated hydrophobic and hydrophilic areas. The self-assembly 

process of these complexes is influenced by two main parameters: (i) H-bonds prevailing in 

the hydrophilic parts of the structures and (ii) van der Waals interactions in the hydrophobic 

areas of the compounds.  

IR spectral analyses support the single crystal X-ray analyses. In particular, the 

differences (∆υ) between the asymmetric (υa) and symmetric (υs) stretching frequencies of 

the coordinated carboxylate groups can be used to analyse their binding mode of the acid 

functionalities of the organic ligands. The solution behavior of 8 and 10 in aqueous solution 

was characterised by UV-Vis spectroscopy and ESI-MS spectrometry suggesting that the 

mononuclear species are stable under these conditions. 
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6 Synthesis of templates for nanostructured hybrid-materials 

 

6.1 Introduction 

The amphiphilic supramolecular structures of the transition metal complexes reported 

in the previous chapters show similarities to the packing motifs of surfactants and the 

complexes appear ideal for molecular assembly approaches that exploit their amphiphilic 

character. The Israelachvili rule, which highlights that observed assembled structure is 

strongly dependent on the ratio between the hydrophilic and hydrophobic components in an 

amphiphilic system,1 is often used to describe the concept of amphiphilicity and has been 

adopted to the design of several types of building blocks to organise hierarchical 

supramolecular assemblies.  

Examples of well characterised amphiphilic systems are described in the literature. 

For example, it was found that gluconamides containing the imidazole functionality can self-

assemble into vesicles, fibres, hollow tubes, and helices depending on the pH, the solvent 

system and the presence of CuII ions.2,3 It is also known that peptide-amphiphile derivatives 

can form nanofibres and patterned membranes.4,5-10 Furthermore, chirality can be introduced 

to membrane systems for instance by the implementation of hydrogen-bonded networks 

composed of glutamate-derived melamine and ammonium-functionalised azobenzene 

cyanuric acid amphiphiles.11 In other cases, the self-assembly of systems containing π-

conjugated amphiphiles was studied and their subsequent use for organic electronic devices 

was investigated.12-15 Other relevant examples include giants and dendritic dipeptides 

amphiphiles which self-assemble into hierarchical supramolecular assemblies such as hollow 

nanospheres, pores, and single or double helices.16,17 Recently, an interest has been arising in 

the use of amphiphiles composed of fullerene derivatives which self-assemble within 

amphiphilic systems thus allowing the formation of interesting hybrid materials with exhibit 

unique electronic and optical properties due to the intrinsic hydrophobicity of these employed 

systems.18  

It has been reported that amphiphilic materials are also capable of assembling at the 

air-water interface as membranes, films or as self-assembled monolayers which deposit on 

various solid substrates.19-20 For example, approaches such as covering arrays of micro-holes 

of flat substrates employing DFF or related materials proved to be reliable and modular 

strategies to produce free-standing multilayered structures for advanced applications.21 
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Related to this concept Izumi Ichinose and co-workers discovered a methodology to produce 

nanometre-thick inorganic membranes which may be exploited for applications in sensors, 

optical devices, fuel cells, catalysis and for separation purposes.22-24 The applied  technique 

which allowed  the preparation of DFFs, involves the covering of an array of micro-holes of a 

flat copper substrate using DPC as amphiphiles (Figure 6.1a). The DFF formation relies on 

the presences of a hydrophilic solvent, e.g. water or methanol. The evaporation of the solvent 

is associated with the organisation of surfactants and amphiphiles into free-standing bilayers. 

The observed membranes could further be modified or stabilised by the deposition of 

inorganic films on top of the DFFs (Figure 6.1b) by means of physical techniques such as 

sputtering, electron beam and thermal depositions.   

In this chapter we report on the self-assembly of CuII complexes that contain hda 

ligands with C12H25-alkyl chains situated ortho or para to the phenolic alcohol functionality. 

The amphiphilicity of the reaction system allows the preparation of crystalline mononuclear 

CuII complexes in 11 or nanoscopic fibrous materials (12) that may obey the same building 

principles of the related crystalline CuII complexes. SEM studies were utilised to explore the 

morphology of the nanomaterials that precipitate from methanol solutions.  
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Figure 6.1. (a) Schematic representation for the formation of DFFs: the solution of the amphiphile 
is captured in a micrometric hole and the evaporation of the solvent allows the formation of a free-
standing surfactant bilayer. (b) Schematic illustration of the deposition of an inorganic sheet on a 

surfactant bilayer. (c) SEM image of the films formed in the holes of a 2,000-mesh copper 
microgrid.21 

(a) 

(c) 

(b) 
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6.2 The synthesis of Na[CuII (o-C12H25,Mehda)(H2O)(Cl)]·2EtOH·H2O (11) 

In the previous chapters the crystal structures of complexes that contain modified hda 

or nida-type ligands were described. These results clearly demonstrate that hydrophobic 

ligand functionalities promote the formation of dense, lamellar materials.  Considering this 

finding, we decided to further expand the non-polar nature of the side groups of hda ligands. 

For this reason, a dodecyl alkyl chain was introduced in the ortho-position to the hydroxyl 

group thereby increasing the hydrophobicity of the ligand system.   

In order to reduce any solubility issues in polar reaction systems we decided to 

employ the disodium salt of the ligand for the preparation of metal complexes. The ligand 

was reacted with copper(II) chloride dihydrate in ethanol which resulted in the formation of 

blue, plate-like crystals by slow evaporation of the blue solution. Thermogravimetric and 

spectroscopic studies were carried out to support the single crystal X-ray structure analysis of 

Na[CuII(C12H25,Mehda)(H2O)(Cl)]·2EtOH·H2O (11). 

6.2.1 The structural characterisation of Na[CuII (o-C12H25,Mehda)(H2O)(Cl)]·  

·2EtOH·H2O (11) 

Compound 11 crystallised in the monoclinic crystal system in the space group P21/c. 

It contains a mononuclear CuII complex in which the central metal ion resides in a 

tetragonally distorted octahedral coordination environment whereby the nitrogen and the 

oxygen atoms of the organic ligand and a chloride ligand are located at the basal coordination 

site, as shown in Figure 6.2. The axial positions are defined by a coordinated water molecule 

and trans located phenolic oxygen atom, (Figure 6.2).  
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Figure 6.2. A ball and stick representation of the mononuclear complex                                   
[CuII(o-C12H25,Mehda)(H2O)(Cl)] - in 11. Colour code: C dark grey, H white, N blue, O red, Cl 

green, Cu cyan. 

 

 

 

Similarly to the structures of 8 and 10, the nature of d9 electron configuration of the 

CuII ion influences significantly the coordination geometry. Its analysis confirms the expected 

elongation along the axial positions of the distorted octahedral polyhedron revealing Cu(1)-

O(1) and Cu(1)-O(1W) bond distances of 2.367(6)  and 2.640(6) Å, respectively. The basal 

plane reveals shorter bond lengths than those of the axial positions; the Cu(1)-O(2), Cu(1)-

O(4) carboxylates show bond distances of 1.950(2) and 1.946(5) Å, respectively while bond 

lengths of 2.018(6) and 2.263(2) Å are observed for Cu(1)-N(1) and Cu(1)-Cl(1). 

Selected bond lengths and angles are reported in Table 6.1. The analysis of the bond 

angles between the metal centre and the coordinated donor atoms of the ligand confirms 

deviations from the ideal tetragonally elongated octahedron due to the Jahn-Teller distortion. 

In particular, the axial bond angles O(4)-Cu(1)-O(2) and O(1)-Cu(1)-O(1W) with values of 

165.3(2)° and 167.23(19)° reveal deviation from linearity and exemplify the distortion of the 

polyhedron. The cis-bond angles O(4)-Cu(1)-O(1W) and Cl(1)-Cu(1)-O(1W) with values of 

78.9(2)° and 86.01(13)° show deviation from 90°. Moderate deviations are observed within 

the cis-bond angles O(4)-Cu(1)-O(1) and N(1)-Cu(1)-O(1W) with values of 88.4(2)° and 

88.2(2)°, respectively. 
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Table 6.1. Selected bond distances and angles in 11 with the polyhedral representation of the 

mononuclear CuII unit. 

 

 

 

 

 

 

 

 

 

 

We used Bond Valence Sum Analysis (BVSA) to confirm that the Cu(1) metal centre 

resides in oxidation state +II (1.704). This is in accordance with the structure of the 

mononuclear CuII complex in 11 in which only the carboxylate functionalities are 

deprotonated and the phenolic OH-function is not deprotonated. The relatively long Cu(1)-

O(1) bond of 2.367(6) Å substantiates this assignment. The negative charge of the anionic 

complex that contains a Cl- ligand is balanced by the sodium counterion, Na(1).  

 

 

 

 

 

Atoms Distance (Å)/ 
Angle (o)  in 11 

Cu(1)-O(4) 1.946(5) 
Cu(1)-N(1) 2.018(6) 
Cu(1)-O(2) 
Cu(1)-Cl(1) 

1.950(5) 
2.263(2) 

         Cu(1)-O(1) 2.367(6) 
    Cu(1)-O(1W) 2.640(6) 

  
O(4)-Cu(1)-O(2) 165.3(2) 
O(4)-Cu(1)-N(1) 85.7(2) 
O(2)-Cu(1)-N(1) 83.6(2) 
O(4)-Cu(1)-Cl(1) 
O(2)-Cu(1)-Cl(1) 

96.53(15) 
93.77(16) 

N(1)-Cu(1)-Cl(1) 
O(4)-Cu(1)-O(1) 
O(2)-Cu(1)-O(1) 

N(1)-Cu(1)-O(1W) 
Cl(1)-Cu(1)-O(1) 

O(4)-Cu(1)-O(1W) 
O(2)-Cu(1)-O(1W) 
N(1)-Cu(1)-O(1W) 
Cl(1)-Cu(1)-O(1W) 
O(1)-Cu(1)-O(1W) 

 

  176.91(19) 
  88.4(2) 
101.3(2) 
88.2(2) 

93.94(15) 
78.9(2) 
91.4(2) 
92.4(2) 

86.01(13) 
167.23(19) 
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Table 6.2. Hydrogen bonds in 11 (in Å and deg°). 

 

 

Symmetry operators to generate equivalent atoms: (a) - x, y+1/2, -z+1/2; (b) -x, y-1/2, -z+1/2. 

 

 

 

The supramolecular structure of 11 is characterised by intermolecular H-bonds 

involving O(1W) of a coordinated water molecule and the carboxylate O-donor atoms O(2’) 

and O(5’’ ) of two adjacent ligands. The carboxylate O-donor atoms O(2’) and O(5’’ ) form a 

O(2’)–O(1W)-O(5’’ ) angle of 127.0(1)°. Furthermore, O(6) of a constitutional ethanol 

molecule  is involved in a H-bond with the constitutional water molecule O(2W). The 

resulting H-bonded motif is visualised in Figure 6.3 while the geometrical parameters of the 

hydrogen bonds are given in Table 6.2. Figure 6.4 illustrates the resulting 1D H-bonded chain 

structure that is extended in the direction of the crystallographic b-axis. 

 

D···A d(D···A) <DHA 
O(1W)···O(2’)a 2.770(7) 131.0 

  O(1W)···O(5’’)b 2.842(7) 175.6 
        O(6)···O(2W)    2.643(18) 129.1 

Figure 6.3. Depiction of the H-bonds in 11.  Colour code: C light grey, H white, N blue, O red, Cl 
green, Cu cyan. Hydrogen atoms are omitted for clarity. 
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The long alkyl chain of the hda ligand and the presence of a sodium counterion in 11 

seemed to reduce the tendency to form H-bonds in the hydrophilic area, thus generating a less 

extended H-bonded network in comparison to those observed in 8-10.  

  The sodium counterions further mediate between the mononuclear complexes and 

interact with the O-donor atoms of the organic ligand and solvent molecules. The binding 

geometry of the sodium counterion can be described as a highly distorted trigonal 

bipyramidal geometry. The apical positions are occupied by the carboxylate O-donor atom 

O(4) and the O-atom O(7) from an ethanol molecule whereas the carboxylate O-donor atom 

O(3), the symmetry related O(3’) of the organic ligand and the coordinated water molecule 

O(1W) are located in the equatorial plane, (Figure 6.5). 

Figure 6.4. View of the1D H-bonded chain structure in 11. Colour code: C light grey, H white, N 
blue, O red, Cl green, Cu cyan. Hydrogen atoms are omitted for clarity. 
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Figure 6.6. View of the 2D sheet viewed in the direction of the crystallographic a-axis (a) and b-
axis (b). Colour code: C light grey, N blue, O red, Cl green, Cu cyan, Na yellow. Hydrogen 

atoms are omitted for clarity. 

(a) 

 

 

Within the crystal structure the extension of these Na-O bonds link the 1D H-bonded 

chains into 2D sheets. The latter extend parallel to the crystallographic bc-plane with the 

alkyl chains located above and below this plane, (Figure 6.6). The aromatic moieties of the 

organic ligand point in the direction of the crystallographic a-axis. 

 

 

(b) 

Figure 6.5. View of the coordination environment of the sodium counterion.  Colour code: C light 
grey, N blue, O red, Cl green, Cu cyan, Na yellow. Hydrogen atoms are omitted for clarity. 
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Figure 6.7. Packing structure of 11 with view in the direction of the crystallographic b-axis (a) and 
c-axis (b). Colour code: C dark grey, H white, N blue, O red, Cl green, Cu cyan, Na yellow. 

The packing arrangement gives a layered lamellar structure. The neutral layers pack 

in a-direction whereby the organic moieties are engaged in van der Waals interactions. Each 

neutral layer has a cross-sectional thickness of ca. 1.7 nm and the distance between the CuII 

centres in the [100] direction is ca. 2.2 nm, (Figure 6.7). 

 

 

 

 

 

 

 

 

 

 

 

(b) (a) 

ca. 2.2 nm 
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A summary of the crystal data, data collection parameters and structure refinement 

details  is provided in Table 6.3. The X-ray analysis was performed at 90 K to reduce the 

presence of large thermal ellipsoids of the dodecyl chain atoms. The C-atoms of the alkyl 

chain are disordered over two positions and were refined with partial occupancies. 

Table 6.3. Crystal data and details of the structure determination for 11. 

aR1 = Σ||Fo| − |Fc||/Σ|Fo|, wR2 = [Σw(Fo

2 
− Fc

2
)
2
/Σw(Fo

2
)
2
]
1/2  

 

 

 

 

Compound  11 

 
Chemical formula 

 
                                 

 
C54H92N2 O17Cu2Na2Cl2 

 
 

Temperature (K)  90  
Crystal color/shape  Blue/plate 
Crystal size (mm)  0.25 x 0.3 x 0.3 
Formula weight (g·mol–1)  1285.28 
Crystal system  Monoclinic 
Space group  P 21/c (no. 2) 
a (Å)   22.409(14) 
b (Å)  9.840(5)  
c (Å)  15.959(8)  
α (o)  90  
β (o)  105.434(10)  
γ (o)  90  
V (Å3)  3392(3)  
Z  2  
Dcalc (g/cm3) 
µ (mm-1) 
F(000)                                                                    

 1.255  
0.779 
1354 

 

2θ Range (°) 
h, k, l ranges 

 50 
-26      26, -11        11, -18       18                 

Reflection collected/unique                                                           24954/5968 [R(int) = 0.0902]  
Data/restraints/parameters  5968 / 507 / 374  
Refinement method  Full-matrix least-squares on  F2    
R indices (all data) 
R1, wR2 [I > 2σ(I)] 

 0.1073, 0.2859 
0.1408, 0.3185 

 
 

GoF (on F2 ) 
(∆ρ)max/(∆ρ)min (e Ǻ3) 

 1.047  
4.000 /-1.032 
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6.2.2 The physicochemical properties of Na[CuII (o-C12H25,Mehda)(H2O)(Cl)]·  

·2EtOH·H2O (11) 

The characterisation of the mononuclear CuII complex was further accomplished 

using elemental analysis, X-ray powder diffraction, thermogravimetric analysis, IR and UV 

spectroscopy. These analytical techniques along with single crystal X-ray diffraction analysis 

further confirm the constitution of 11. 

Thermogravimetric analysis carried out in an air atmosphere confirmed the number of 

coordination water molecules in 11, (Figure 6.8a). This experiment demonstrates that 11 

decomposes in four main thermogravimetric steps. The first one, which corresponds to a 

weight loss of 5.9 % (theor.: 5.4 %) takes place between 35-130 °C and it can be attributed to 

the loss of two water molecules of 11. The analysis suggests that the constitutional EtOH 

molecules where lost prior to the experiment when the compound was stored at room 

temperature. The decomposition of the organic ligand starts at ca. 200 °C and it further 

undergoes oxidative degradation in two major steps commencing at ca. 364 and 600 °C. This 

process most likely produces the corresponding purely inorganic oxides. Elemental analysis 

is in agreement with the formula of 11 and further supports the thermogravimetric results. 

The X-ray powder diffraction pattern of 11 shown in Figure 6.8b shows significant 

differences from the simulated diffraction pattern, which is based on a single crystal data. 

This is can be explained by a phase change induced by the evaporation of the solvent 

molecules from the crystal lattice. 

 

(i) 

(ii) 
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a.
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)

2 theta/°

Figure 6.8. (a) Thermogravimetric analysis of 11 in air atmosphere.  (b) XRD pattern of 11 (i) and 
the simulated pattern, based on the single crystal diffraction (ii). 
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Figure 6.9. IR spectrum of 11 (a) high-frequency region (2700-3700 cm-1) and (b) low-frequency 
region (650-1700 cm-1). 

IR spectroscopy was carried out on 11, (Figure 6.9). The IR spectrum reveals a broad 

band centered at 3245 cm-1 which can be assigned to the O-H stretching frequency indicating 

the presence of H-bonded water or other solvent molecules in 11.  

 

 

Additionally, the signal at 2925 cm-1 is attributed to CH3 vibrations.25 The bands at 

2920 cm-1 (υa, CH) and 2851 cm-1 (υs, CH) can be assigned to the antisymmetric and symmetric 

stretching vibrations of the methylene groups, respectively. It is well known in literature that 

these latter two bands are considered as strong indicators of the chain conformation. In fact, 

low wavenumbers (2915-2918 cm-1 and 2846-2850 cm-1) of the bands are indicative of highly 

ordered alkyl chains,26-27 while upward shifts (2924-2928 cm-1 and 2854-2856 cm-1) suggest 

an increase in gauche conformers. Consequently, the alkyl chain conformation favours a 

disorder conformation. According to this rule, the observed frequencies at 2920 cm-1 and 

2851 cm-1 for 11 reveal the presence of a small contribution of gauche conformers. This is in 

agreement with the X-ray analysis which demonstrated relatively large thermal ellipsoids of 

the carbon atoms of the dodecyl chain of 11. The split signals at 1488, 1467 and 1451 cm-1 

can be associated with the CH2 scissoring mode, and are widely employed to the analyse 

alkyl chain packing motifs.28-29 Furthermore, the band at 721 cm-1 might be due to the 

methylene C-H rocking mode observed in alkyl chains with CH-(CH2)n (n ≥ 4).30-31 Finally, 

the bands for the asymmetric and symmetric stretching frequencies of the carboxylate groups 

of the organic ligand can be identified at 1595 (υa, COO) and 1387 cm-1 (υs, COO). The 

(a) (b) 

(υa, CH) 

(υs, CH) 

(υa, COO) 
(υs, COO) 
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Figure 6.10. UV-Vis spectrum of 11 in DMF at 0.1 mM and 0.01M (inset). 

wavenumber difference (∆υ) of 206 cm-1 is in agreement with the observed monodentate 

coordination mode of the carboxylate groups. 

A UV-Vis spectrum of 11 in DMF was recorded, (Figure 6.10). As for 8 and 10, the 

analysis of the spectrum shows absorbance maxima at ca. 440 nm corresponding to ligand-to-

metal charge-transfer (LMCT). The intra ligand π-π* transitions of the ligand are observed at 

ca. 268 nm. The band associated with the d-d transitions shows a maximum absorbance at ca. 

720 nm and it appeared clearly visible when the concentration of the solution was increased 

to 0.01 mM, (ε = 64.89 L-1mol-1cm-1), (Figure 6.10, inset). 
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100  µm 

(b) (a) 

Figure 6.11. EDX  analysis of 12. (a) Area of interest; inset: microscopy picture of 12. (b) EDX 
spectrum of 12. 

6.3 The synthesis of [CuII (p-C12H25,Mehda)(H2O)2] (12) 

The compound [CuII(p-C12H25,Mehda)(H2O)2] (12) was synthesised by reacting Na2-

p-C12H25,Mehda with copper(II) chloride dihydrate in a 1:1 molar ratio in methanol. A light 

blue precipitate formed after a few days by slow evaporation of the methanolic solution. 

Analytical characterisations such as thermogravimetric, spectroscopic and microscopy studies 

were utilised to clarify the identity and constitution of 12. 12 that separates from these 

reaction mixtures generally assumes a fibrous morphology (see section 6.3.2). 

6.3.1 The physicochemical properties of [CuII (p-C12H25,Mehda)(H2O)2] (12) 

Unfortunately, it was not possible to determine the structure of 12 through single 

crystal X-ray diffraction since the quality of the crystals that were obtained in related reaction 

systems was not sufficiently good. For this reason, other analytical techniques including 

elemental analysis, comparative IR, thermogravimetric analysis and UV-Vis spectroscopy 

were performed to determine the molecular composition of 12.  

Firstly, elemental analysis was carried out on a dried sample and the results obtained 

were in agreement with expected values for [CuII(p-C12H25,Mehda)(H2O)2]. Since 11 is built 

up from a similar organic ligand, one may also expect to find sodium and chlorine atoms in 

12. To confirm this, EDX measurements were utilised and revealed unambiguously the 

absence of sodium and chlorine in the molecular structure of 12. Results are shown in Figure 

6.11.  
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Figure 6.12. (a) Thermogravimetric analysis of 12 in an air  atmosphere. (b) DSC curve of 12 in 
the heating mode between -30 °C and 65°C (black curve).  

Thermogravimetric analysis, displayed in Figure 6.12a, was employed to confirm the 

amount of water molecules contained in 12. The analysis was conducted on a fresh sample in 

an air atmosphere (Figure 6.12a). The TGA analysis was carried out in a temperature range 

between 30 and 900 ºC and a linear heating rate of 1 ºC/min was applied. The thermogramm 

along with the derivative curve confirmed that 12 consists of one ligand molecule and two 

coordinated water molecules. The thermogravimetric step associated with the loss of these 

solvent molecules occurs in the range 90-140 °C (exp.: 6.1 %, theor.: 6.9 %). Decomposition 

of the ligand commences at ca. 200 ºC and the total oxidation of the organic prevails up to ca. 

550 ºC.   

 

 

Figure 6.12b displays the differential scanning calorimetry (DSC) curves of 12 

recorded during the heating process between -30 and 65 °C (heating rate 3°/min). The DSC 

thermogramm of 12 exhibits two peaks at ca. 35 and 45 °C that can be ascribed to structural 

phase transitions within the compound. In the cooling process 12 does not exhibit a DSC 

thermogramm. 
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Figure 6.13. IR spectrum of 12 in the (a) high frequency region (2700-3700 cm-1) and in the low 
frequency region (650-1700 cm-1). 
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The IR spectrum of 12 in the low and high frequency region is shown in Figure 6.13. 

Similarly to 11, the band at centred 3207 cm-1 can be assigned to the O-H stretching mode 

which indicates the presence of water molecules and H-bonds.  

 

 

The bands at 2919 and 2850 cm-1 can be attributed to the antisymmetric (υa) and 

symmetric (υs) stretching vibrations of the methylene groups of the organic ligand, 

respectively. These values are lower than those in 11, suggesting a decrease of the gauche 

conformers, thus indicating an increased order of the alkyl chain within the solid 

assemblies.26-27 The bands at 1490, 1467 and 1451 cm-1 are associated with methylene C-H 

scissoring bending modes which are widely used to diagnose alkyl chain packing motifs.28-29 

These bands demonstrate that both compounds 11 and 12 are structurally related (no major 

shifts were observed). The band at 721 cm-1 is characteristic of the methylene C-H rocking 

mode in an alkyl chain with CH-(CH2)n (n ≥ 4).30-31 

To determine the binding mode of the carboxylate groups bound to the CuII metal 

centre, the shift difference (∆υ) between the asymmetric (υa) and symmetric (υs) stretching 

vibrations that occur at 1586 and 1386 cm-1 were calculated. The ∆υ value of 200 cm-1 is in 

agreement with a monodentate chelating mode of the two carboxylate groups binding to the 

CuII metal ion. The observed ∆ value is very similar to that of structure 11 (206 cm-1). 
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Figure 6.14. Comparison of the IR spectra of 11(a) and 12 (b). 

(b) (a) 

Figure 6.15. UV-Vis spectrum of 12 in DMF at 0.1 mM and 0.01 M (inset). 

IR spectra of 11 and 12 are compared and presented in Figure 6.14. Their comparison 

highlights that the two spectra are almost identical confirming that both complexes are 

mononuclear and structurally closely related. 

 

 

 

 

 

 

 

 

A UV-Vis spectrum of compound 12 was recorded. As for structure 11, two 

absorbance maxima are observed at ca. 430 and 278 nm (Figure 6.15).The first transition can 

be attributed to the LMCT charge transfer while the latter can be assigned to the intraligand 

π-π*  transitions. As for 11, the d-d transitions appear clearly visible when the UV-Vis 

spectrum of 12 was recorded at a concentration of 0.01 mM exhibiting an absorbance peak 

centred at ca. 700 nm (ε = 92.37 L-1mol-1cm-1), (Figure 6.15, inset). 
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6.3.2 Electron-microscopy studies of 

SEM microscopy was 

of 12. Homogeneous, monodisperse, free

filtration of the solid (after 

polycarbonate membranes (Millipore 

onto a flat Si surface. The dimensions of the fibres are characterised by extremely large 

aspect ratios: the length of the fibres range from 100 µm to 1.5 mm. The thickness of t

fibres varies between 150 to 350 nm, (Figure 6.16).

 

 

SEM studies further revealed 

sectional diameters when a small amount of 

on a flat Si surface and dried in air.

smaller diameters and porous assemblies of fibres. One might suspect that 

evaporations of solvent residues during the drying process.

 

Figure 6.16. Filtration of the compound 

(a) 

aterials                                                                                
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microscopy studies of [Cu II (p-C12H25,Mehda)(H2O)2] (12)

was utilised to study the morphology of the self-

Homogeneous, monodisperse, free-standing meshes of fibres were obtained by 

filtration of the solid (after ca. 2 days of the initial preparation) using hydrophilic 

polycarbonate membranes (Millipore 0.2 µm pore diameter) or deposition of the dry sol

onto a flat Si surface. The dimensions of the fibres are characterised by extremely large 

aspect ratios: the length of the fibres range from 100 µm to 1.5 mm. The thickness of t

to 350 nm, (Figure 6.16).  

SEM studies further revealed the formation of ropes and bundles with larger cross

a small amount of 12 in the reaction flask was collected, deposited 

on a flat Si surface and dried in air. In certain parts of the surface we observe

porous assemblies of fibres. One might suspect that 

evaporations of solvent residues during the drying process.  

100 µm 

Figure 6.16. Filtration of the compound 12 onto a polycarbonate membrane (a) and its deposition 
onto a silica surface (b). 

(b) 

                   Chapter 6                                                                      

(12) 

-assembled material 

standing meshes of fibres were obtained by 

2 days of the initial preparation) using hydrophilic 

pore diameter) or deposition of the dry solid 

onto a flat Si surface. The dimensions of the fibres are characterised by extremely large 

aspect ratios: the length of the fibres range from 100 µm to 1.5 mm. The thickness of the 

 

the formation of ropes and bundles with larger cross-

collected, deposited 

In certain parts of the surface we observed fibres with 

porous assemblies of fibres. One might suspect that they form upon 

100 µm 

onto a polycarbonate membrane (a) and its deposition 
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Figure 6.17. (a)-(b) Fibres of 12; (c)-(f) Bundles of fibres of 12; (g-i) Porous spherical  assemblies of 
fibres of 12.  

 

 

When solid of 12 is left for ca. 2-3 weeks in the reaction mixture, the fibres seemed to 

straighten and finally assume the morphology of crystalline materials as confirmed by SEM 

studies, (Figure 6.18). We investigated some crystals that form over longer period of time by 

single-crystal X-ray analysis which confirm that 12 contains a monuclear hda stabilised 

complex. However, the quality of the dataset was not satisfactory. 
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10 µm 

5 µm 

Figure 6.18. Crystalline materials of 12. 

Figure 6.19. (a) TEM images of 12; (b)-(c) TEM images identify the spherical vesicular structures 
and the layered lamellar arrangement of the related FeIII  complex, [Fe(p-C12H25,Mehda)(H2O)2].

 33 

70 nm 100  nm 20 nm 

 

 

Elemental analysis, EDX analysis or IR spectroscopy experiments confirm that the 

constitution of all the isolated nanomaterials are in agreement with the assigned formula. As 

for all complexes with alkyl groups as secondary hda-ligand functionalities, we expect 12 to 

form a layered lamellar supramolecular structure.  

TEM studies (Figure 6.19a) were carried out to confirm further this expectation. 

However, compound 12 was susceptible to the electron beam induced damage and 

consequently, the separation distance between the layers in the packing of 12 could not be 

determined. In contrast, a related FeIII  complex,32 [Fe(p-C12H25,Mehda)(H2O)2], with the 

closely related constitution, that preferentially assembles into spherical vesicular structures 

(cross-sectional diameter 20-500 nm) is stable under TEM conditions (Figure 6.19) and its 

analysis impressively confirms the lamellar structure, (Figure 6.19c). 

 

 

 

 

 

 

 

100 µm 
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Figure 6.20. (a) View of an empty 2,000-mesh copper microgrid. (b) High-magnification of the film 
and (c) low-magnification of the film (c) formed in the holes of the grid. The coverage of the 

substrate appears homogeneous in c. (d) Observation of the thickness of the film along the damaged 
parts of the holes in the grid. 

6.3 Self-Assembly of [CuII (p-C12H25,Mehda)(H2O)2] (12) in hybrid inorganic-organic 

films 

12 can also be processed into homogeneous nanometer-thick inorganic-organic films. 

To achieve this objective, a mixture of DMF/H2O was added to the solution containing 12. A 

2,000-mesh copper microgrid consisting of square 7x7 micrometer holes was immersed into 

the solution to allow the capture of a small volume of the blue liquid. The substrate was 

allowed to dry in air overnight. During the evaporation of the solvent, the amphiphilic hybrid 

molecules were expected to spontaneously self-assemble into films at the air-solvent 

interface. A schematic representation for the formation of these layers was already given in 

Figure 6.1.  
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The applied method allowed us to homogeneously cover micrometer-sized areas of 

the 2,000-mesh copper microgrid. SEM was carried out to confirm the formation of these 

films, (Figure 6.20b-d). Induced film breakages revealed that the typical film thickness was 

ca. 50 nm which corresponds to ca. 15 complex layers, (Figure 6.20d). 

EDX analysis was utilised to confirm that the material is represented by the formula of 

complex 12. IR analysis also confirmed that the film composition matches that of the bulk 

material, (Figure 6.21). 

6.4 Summary 

The overall objective of this chapter was the introduction of C12H25-alkyl chains in the 

hda system to increase its amphiphilicity, thus exploring its coordination chemistry upon 

complexation with CuII metal ions. The formation of a crystalline material, Na[CuII(o-

C12H25,Mehda)(H2O)(Cl)]·2EtOH·H2O (11), was achieved by employing the Na2-o-

C12H25,Mehda ligand. The synthesis of 11 was carried out at a 1:1 molar ligand:metal ratio in 

ethanol. The structure of the mononuclear complex was determined by single X-ray 

diffraction and the analysis of its coordination bonds shows an elongation of the axial bond 

lengths in accordance with the observed Jahn-Teller effect typical for d9 complexes. As 

expected the compound forms a layered lamellar supramolecular structure. Complementary 

analytical techniques including thermogravimetric analysis and IR spectroscopy were 

employed to further characterise the compound. 

50 µm 

10 µm 

Figure 6.21. IR spectra of : 12 (a) and the film (b). 
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Reaction of the Na2-p-C12H25,Mehda ligand with CuII metal ions in a 1:1 molar 

ligand:metal ratio in methanol resulted in the formation of a non-crystalline hierarchical 

structure, [CuII(p-C12H25,Mehda)(H2O)2] (12). By employing various analytical techniques, 

an understanding of the structural characteristics of 12 has been developed. IR measurements 

were used to confirm the presence of the organic ligand in the complex. In addition, the 

analysis of the IR spectrum suggested a monodentate chelation of the carboxylate 

functionalities. Thermogravimetric analysis was utilised to evaluate the quantity and nature of 

the solvent molecules in compound 12. EDX analysis confirmed the absence of chlorine and 

sodium atoms in the structure. Based on the elemental analysis, the constitution of 12 has 

been assigned to the formula [CuII(p-C12H25,Mehda)(H2O)2]. 

SEM was carried out to establish the fibrous morphology of 12. Furthermore, free-

standing meshes of fibres are obtained by filtration of the reaction mixture onto a 

polycarbonate membrane or deposition of the dry solid onto a flat Si surface. When the 

solid/solvent of 12 was collected with a Pasteur pipette from the reaction mixture, deposited 

on a flat Si surface and air-dried, thick bundles and porous assemblies of fibres were 

observed through SEM studies. 

Addition of a mixture of DMF/H2O allowed to process 12 into hybrid inorganic-organic 

films that cover micro-sized holes. The film formation was accomplished by trapping small 

quantities of the solution of the amphiphilic CuII complex in the holes of a 2,000-mesh copper 

microgrid and the slow evaporation of the solvent spontaneously organised the SBUs of 12. 

EDX analysis and IR experiments confirmed that the composition of the film is identical with 

that of the bulk material. 
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7 Conclusions & Future work 

 

The synthesis and the structural studies of novel hybrid inorganic-organic materials 

based on iminodiacetic acid substituted aromatic ligands have been presented within this 

thesis. The ligand structure and its polarity provide a tool to control the packing motifs of the 

supramolecular coordination assemblies. Within the investigated regime the following 

general characteristics are observed: 

 • The assembly of the resulting negatively charged complexes into crystalline solids 

occurs in the presence of suitable counterions which aggregate within the hydrophilic part of 

the structure and mediate between the transition metal complexes. The amphiphilic character 

of the organic ligands is preserved in the complexes and their assemblies are the result of 

competing dipole–cation and dipole–dipole interactions maximising forces within the 

hydrophobic and hydrophilic areas of the structure 

 

• The “primary” set of chelating donors of the iminodiacetic group provides the binding 

site for the transition metal ions. The “secondary” carboxylate function interacts with the 

counterions and, when positioned opposite to the hydroxyl group of the aromatic ring system, 

ensures the pillaring effect of the SBUs between two hydrophilic areas to generate open-

framework topologies. If no polar “secondary” functionality is present the assembly results in 

dense or lamellar structures with vast separated hydrophobic and hydrophilic areas. 

 

The inclusion of hydrophobic functional groups as α-α-dimethylbenzyl moieties on the 

hda type ligand allows the formation of cation-π interactions that allow the alkali metal ions 

to interact with the hydrophobic moieties of the phenolic ligand. Generally, it is surprising 

how important cation-π interactions appear to be in these examined reaction systems whose 

synthesis is performed in protic solvents. Thus, these compounds may provide artificial 

model systems for biological receptor sites or processes whereby proteins disseminate 

between different alkali ions. Continuation of these studies may be directed to computational 

studies to understand the nature of the cation-π interactions. Moreover, the incorporation of 

different counterions such as lithium, sodium, caesium and rubidium in these systems will be 

of interest. 
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Depending on the type of the metal ion used and its oxidation state, the cation-π 

interaction is accompanied with the fixation of atmospheric CO2 to the inner coordination 

core. The importance of carbon dioxide capture from the air relies on the attempt to subdue 

climate change. Research has recently been undertaken in this field. For example, researchers 

in the Massachusetts Institute of Technology (MIT) in Cambridge have studied the energy 

issues and the costs of different methods based on the capture of carbon dioxide through 

chemical absorption. In these systems, the CO2 is selective absorbed, then purified and no 

longer released into the environment.1 Our compounds also display similar features to be 

used as potential carbon capture sources. In fact, they provide the absorption of the CO2 

which binds as carbonate to the metal centre, thus being capable of storing and not releasing 

it into the air. 

The investigation of molecular self-assembly process was investigated by introducing 

a hydrophobic alkyl chain on the hda type-ligand. The increased hydrophobicity of the 

systems allowed the formation of hierarchical nanostructured materials which can be 

processed in hybrid inorganic-organic membranes whose composition is similar to that of the 

bulk material. Attempts for the crystallisation of the bulk materials were unsuccessful due to 

the disorder imposed of the alkyl chain. However, the change of the position of the alkyl 

chain on the hda ligand favoured the crystallisation of the resulting complex which 

expectedly reveals a layered lamellar structure. Further work of the hybrid membranes might 

include: 

• their use for gas-separation due to the restricted pore size in the structure 

• their investigation of proton conductions since these materials incorporate H-

bonded water molecules that give rise to proton conduction. 
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8 Experimental 

 

8.1 Materials and Methods 

 

8.1.1 Reagents 

All the commercial chemicals were obtained from Sigma-Aldrich or Fluka and were used 

without further purification. Solvents were of reagent grade (unless otherwise stated) and purchased 

from local solvent suppliers. Millipore water was used to prepare aqueous solution for spectroscopic 

measurements. 

 

8.1.2 Elemental analysis 

Elemental Analysis was carried out at University College Dublin by Ms. Ann Connelly 

using a Carlo Erba 1006 automatic analyser. 

 

8.1.3 Nuclear magnetic resonance spectroscopy 
1H-NMR spectra were recorded in a Bruker DPX-400 Advance spectrometer operating at 

400.13 MHz and 600.1 MHz for 1H NMR. Measurements were performed by either Dr. John 

O’Brien or Dr. Manuel Rüther. Samples were run in deuterated solvents and peaks assignments are 

listed for each spectrum. Standard abbreviations for spectra: s, singlet; d, doublet; t, triplet; m, 

multiplet; br, broad; J, coupling constant. 

 

8.1.4 Infrared spectroscopy 

Infrared spectra were recorded on a Perkin Elmer Spectrum One FTIR spectrometer 

equipped with Universal ATR sampling accessory. The following abbreviations were used to 

describe the intensities: vs, very strong; s, strong; m, medium; w, weak; vw, very weak; sh, 

shoulder; br, broad; vbr, very broad. 

 

8.1.5 Thermogravimetric analysis (TGA) 

Thermogravimetric analyses were carried out by Dr. Manuel Rüther using a Perking Elmer 

Pyris 1TGA under oxygen flow using a platinum crucible (ca. 5 mg sample; heating rate of 10 °C 

min-1; range 25-900 °C detail again). The instrument was calibrated to In and Ni standards in air 

atmosphere.  
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8.1.6 UV-Vis spectroscopy 

UV-Vis spectra were recorded on a Shimadzu UV-2401 PC spectrometer using quartz cells 

(1 cm path length).  

 

8.1.7 Fluorescence spectroscopy 

Fluorescence spectra were recorded using a Cary Eclipse fluorescence spectrophotometer 

using quartz cells (1 cm path length).  

 

8.1.8 Magnetic measurements 

The measurements for the magnetic susceptibilities of polycrystalline powders of 2 and 3 

were carried out by Munuswamy Venkatesan. They were performed between 2 and 300 K with an 

applied magnetic field of 0.1 T using a Quantum Design SQUID MPMS XL magnetometer. Data 

were corrected for the magnetic contribution of the sample holder and the orbital diamagnetism of 

the samples by applying empirical corrections. 

 

8.1.9 BET measurements 

BET analysis of 3 was performed on a Quantachrome Nova 4200e and the measurement was 

carried out by Neil Leddy in the CMA microscopy centre in Trinity College Dublin. Nitrogen was 

used as adsorbate to determine the surface area of 3. 

 

8.1.10 X-Ray powder diffraction 

X-Ray powder diffraction experiments were performed using a Siemens D500 

diffractometer with a Cu-Kα1 radiation with a wavelength of λ = 1.54056 Ǻ. The 2θ angle ranges 

between 5° and 50° in steps of 0.2° per minute. 

 

8.1.11 Single X-ray diffraction 

X-ray analyses were performed by Dr. Tom McCabe or Dr. Wolfgang Schmitt with a Bruker 

SMART APEX CCD diffractometer or a Rigaku Saturn-724 diffractometer. Both diffractometers 

utilised a graphite-monochromated Mo-Kα radiation (λ = 0.71073 Ǻ) source. A full sphere of data 

was obtained using the ω scan method at a temperature of 200 K for 2-3, 90 K for 11 and 150 K for 

1, 4-10. Data was collected, processed, and corrected for Lorentz and polarisation effects using 

SMART1 and SAINT-PLUS2 software. The structures were solved using direct methods with the 

SHELXTL3 program package. Solvent accessible voids in the crystal structures of 3 were calculated 

using Platon4.  
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8.1.12 Scanning electron microscopy (SEM) 

SEM studies were carried out using a Hitachi S-3500N and a Tescan Mira XMU 

microscopes. Coating of the samples with a ca. 4 nm thick Au layer was found to be advantageous 

for the SEM observation. 

 

8.1.13 Trasmission electron microscopy (TEM) 

TEM studies were carried out on a JEOL JEM-2100 LaB6. The sample was drop-casted on 

300-mesh copper microgrid for TEM analysis. 

 

8.1.14 Mass spectrometry 

Electrospray mass spectra were performed by Dr. Martin Feeney and recorded on a Mass 

Lynx NT V 3.4 on a Waters 600 controller connected to a 996 photodiode array detector with 

methanol, water, DMSO as carrier solvents. 
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8.2 Experimental for Chapter 2 
 
8.2.1 Preparation of the organic ligands 

The organic ligands were prepared by Mannich reactions starting from the corresponding 

naphthols or phenols, iminodiacetic acid and formaldehyde.5 

 

8.2.2 Synthesis of carboxymethyl-(2-hydroxy-naphthalen-1-ylmethyl)-amino]-acetic acid               

(H3 hnida) 

 

A solution of iminodiacetic acid (3.90 g, 2.93·10-2 mol) in deionised 

water (13 ml) was neutralised to pH 6.5 with an aqueous sodium 

hydroxide solution (30%) and was added to a solution of 2-naphthol 

(3.83 g, 2.66·10-2mol) in acetic acid (160 ml). After ca. 20 min., a 37% 

formaldehyde solution (3.11 g, 3.83·10-2 mol) was added dropwise to the 

resulting turbid reaction mixture and was heated to 80 °C under stirring. A white precipitate formed 

within ca. 3h. The precipitate was collected by filtration, washed with ethanol, deionised water and 

dried under vacuum. The yield was 80% based on 2-naphthol. 

 

 δH (400 MHz, D2O + Na2CO3): 3.34 (s, 4H, (CH2)2), 3.69 (s, 2H, CH2), 7.00 (d, 1H, J = 9.0 Hz, 

ArH), 7.22 (d, 1H, J = 7.5 Hz, ArH), 7.43 (d, 1H, J = 8.0 Hz, ArH), 7.70 (m, 2H, ArH), 7.93 (d, 1H, 

J = 8.0 Hz, ArH).  

 

υmax(film)/cm-1: 3192 (br), 1699 (m), 1628 (s), 1604 (sh), 1324 (m), 1075 (w), 979 (w), 868 (w). 

 

HRMS (m/z +ES): Found: 312.0860 (M+-Na). C15H15NO5 Na Requires: 312.0848. 

 

Anal. (C15H15NO5) Calcd.: C, 62.28; H, 5.23; N, 4.84. Found: C, 61.78; H, 5.26; N, 4.64. 

 

 

 

 

 

 

 

OH

N COOH

COOH



Experimental                                                                                                                           Chapter 8 

195 
 

8.2.3 Synthesis of 5-[(bis-carboxymethyl-amino)-methyl]-6-hydroxy-naphtalene-2-carboxylic acid 

(H4Chnida) 

 

Synthetic procedure as for H3hnida using 6-hydroxy-naphthalene-2-

carboxylic acid (5.00 g, 2.66·10-2 mol), iminodiacetic acid (3.90 g, 

2.93·10-2 mol) and a 37% formaldehyde solution (3.11 g, 3.83·10-2 

mol). The compound was purified by crystallisation from hot water. 

The product was washed with water, ethanol and dried under 

vacuum. The yield was 61% based on 6-hydroxy-2-naphthoic acid.  

 

δΗ (400 MHz, D2O + Na2CO3,): 3.09 (s, 4H, (CH2)2), 3.68 (s, 2H, CH2), 7.00 (d, 1H, J = 9.0 Hz, 

ArH), 7.60 (d, 1H, J = 9.0 Hz, ArH), 7.67 (d, 1H, J = 9.0 Hz, ArH), 8.09 (m, 2H, ArH).  

 

υmax(film)/cm-1: 3024 (br), 1687 (s), 1625 (s), 1584 (sh), 1487 (m), 1430 (m), 1376 (w), 1336 (w), 

1293 (br), 818 (m). 

 

HRMS (m/z +ES): Found: 356.0756 (M+-Na). C16H15NO7Na Requires: 356.0746. 

 

Anal. (C16H15NO7·0.5H2O) Calcd.: C, 56.14%; H, 4.71%; N, 4.09%. Found: C, 56.63%; H, 4.43%; 

N, 3.97%. 

 

8.2.4 Synthesis of carboxymethyl-(2-hydroxy-3,5-dimethyl-benzyl)-amino]-acetic acid (H2Me2hda) 

 

2,4-dimethylphenol (5.00 g, 4.09·10-2 mol) and iminodiacetic acid (5.44 

g, 4.09·10-2 mol) were added to a solution of sodium hydroxide (3.27 g, 

8.18·10-2 mol) in H2O/EtOH (1:2 v/v, 49 ml) and the reaction mixture 

was heated at 60 °C.  After ca. 20 min., a 37% formaldehyde solution 

(3.32 g, 4.09·10-2 mol) was added dropwise and the resulting reaction 

mixture was kept at 60 °C overnight. Ethanol was removed under reduced pressure and the mixture 

was acidified with HCl (conc.) to pH 2. The white product was washed with water, ethanol and 

dried under vacuum. The yield was 85% based on 2,4-dimethylphenol.  

 

δΗ (400 MHz, D2O + Na2CO3): 2.06 (s, 3H, CH3), 2.09 (s, 3H, CH3), 3.19 (s, 4H, (CH2)2), 3.76 (s, 

2H, CH2), 6.73 (s, 1H, ArH), 6.90 (s, 1H, ArH).  

OH

N COOH

COOH

HOOC

CH3

H3C

N COOH

COOH

OH
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υmax(film)/cm-1: 3307 (br), 1677 (s), 1608 (sh), 1488 (m), 1418 (s), 1377 (w), 1362 (w), 1298 (m), 

1197 (s), 1016 (br), 968 (w), 952 (w). 

 

HRMS (m/z +ES): Found: 290.1005 (M+-Na). C13H17NO5Na Requires: 290.1004. 

 

Anal. (C13H17NO5) Calcd.: C, 58.42%; H, 6.41%; N, 5.24%. Found: C, 58.18%; H, 6.55%; N, 

5.05%. 

 

8.2.5 Synthesis of {carboxymethyl-[2-hydroxy-3,5-bis-(1-methyl-1-phenyl-ethyl)-benzyl]-amino}-

acetic acid (H2Bc2hda) 

2,4-Bis-(1-methyl-1-phenyl-ethyl)-phenol (6.21 g, 1.88·10-2 mol) was 

dissolved in EtOH (26.5 ml). Iminodiacetic acid (2.50 g, 1.88·10-2 

mol) was dissolved in H2O (13.5 ml) with sodium hydroxide (1.50 g, 

3.76·10-2 mol). The resulting dark brown solution was mixed with the 

ethanolic solution of the phenol and a 37% formaldehyde solution 

(1.51 g, 1.88·10-2 mol) was added dropwise. The resulting cloudy reaction mixture was heated 

under reflux overnight. Ethanol was removed under reduced pressure to give an oily yellow mixture 

that was treated with HCl (conc.) to pH 2 yielding a white precipitate, which was washed with 

water and dried under vacuum. The yield was 93% based on 2,4-bis-(1-methyl-1-phenyl-ethyl)-

phenol. 

 

δΗ (400 MHz, DMSO): 1.52 (s, 6H, CH3), 1.63 (s, 6H, CH3), 7.18 (m, 12H, ArH).  

 

υmax(film)/cm-1: 3483 (br), 3290 (br), 3023 (w), 2967 (s), 2587 (br), 1752 (s), 1722 (s), 1600 (w), 

1493 (m), 1479 (m), 1444 (s), 1406 (w), 1383 (w), 1362 (m), 1273 (vw), 1254 (w), 1229 (s), 1194 

(vs), 1156 (m), 1097 (w), 1077 (m), 1029 (m), 1007 (m), 951 (w), 965 (w), 937 (w), 899 (m), 877 

(m), 827 (m), 787 (w), 763 (s), 722 (vw), 698 (vs). 

 

HRMS (m/z +ES): Found: 476.2460 (M+-H). C29H34NO5 Requires: 476.2437. 

 

Anal. (C29H33NO5·3H2O) Calcd.: C, 65.77%; H, 7.42%; N, 2.64%. Found: C, 65.00%; H, 6.53%; 

N, 2.13%. 

 

 

OH N COOH

COOH
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8.2.6 Synthesis of the disodium salt of [carboxymethyl-(5-dodecyl-2-hydroxy-benzyl)-amino]-

acetic acid (Na2-p-C12H25,Mehda) 

 

4-Dodecyl-2-methyl-phenol (2.49 g, 9.01·10-3 mol) was dissolved in 

EtOH (25 ml). A solution of iminodiacetic acid (1.31 g, 9.84·10-3 mol) in 

H2O/MeOH (1:1 v/v, 12.4 ml) was prepared and formaldehyde (711 µl) 

was added dropwise at 0 ºC. The latter solution was mixed with the 

ethanolic solution of the ligand at 60 ºC and the resulting reaction mixture 

was further heated under reflux. A clear yellow/brown solution formed while the reaction was 

occurring and a white precipitate was observed within ca. 3 hours. It was collected, washed with 

H2O/MeOH (1:1 v/v), EtOH, filtered off and dried under vacuum. The yield was 72% based on 4-

dodecyl-2-methyl-phenol.   

 

δΗ (400 MHz, D2O): 0.72 (t, 3H, CH3), 1.13 (s, 20H, CH2), 1.35 (s, 2H, CH2), 1.81 (s, 3H, CH3), 

3.02 (d, 4H, CH2), 3.48 (s, 2H, CH2), 6.47 (s, 1H, ArH), 6.53 (s, 1H, ArH). 

 

υmax(film)/cm-1: 3462 (br), 2916 (vs), 2849 (s), 1640 (sh), 1575 (vs), 1489 (w), 1468 (w), 1444 (w), 

1404 (s), 1249 (m), 1202 (s), 1144 (w), 866 (w), 684 (w). 

 

HRMS (m/z +ES): Found: 444.2732 (M+-Na). C24H39NO5Na Requires: 444.2726. 

 

Anal. (C24H37NNa2O5·H2O) Calcd.: C, 59.61%; H, 8.13%; N, 2.90%. Found: C, 58.97%; H, 7.63%; 

N, 3.03%. 

 

8.2.7 Synthesis of the disodium salt of [carboxymethyl-(3-dodecyl-2-hydroxy-5-methyl-benzyl)-

amino]-acetic acid (Na2-o-C12H25,Mehda) 

 

Synthetic procedure as for Na2-p-C12H25,Mehda. The 4-dodecyl-2-

methyl-phenol was substituted with the 2-dodecyl-4-methyl-phenol 

(2.49 g, 9.01·10-3 mol). The yield was 63% based on 2-dodecyl-4-

methyl-phenol.   

 

 

C12H25

OH N COONa

COONa

C12H25

OH N COONa

COONa
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δΗ (400 MHz, D2O): 0.76 (s, 3H, CH3), 1.14 (s, 20H, CH2), 1.35 (s, 2H, CH2), 1.96 (s, 3H, CH3), 

3.07 (s, 4H, CH2), 3.53 (s, 2H, CH2) 6.54 (s, 1H, ArH), 6.59 (s, 1H, ArH).  

 

υmax(film)/cm-1: 3447 (br), 2919 (vs), 2850 (s), 1686 (m), 1577 (vs), 1483 (w),  1409 (s), 1339 (w), 

1321 (w), 1241 (m), 1223 (m), 1129 (w), 1109 (w), 991 (w), 871 (w), 721 (w). 

 

HRMS (m/z +ES): Found: 444.2744 (M+-Na). C24H39NO5Na Requires: 444.2726. 

 

Anal. (C24H37NNa2O5·2H2O) Calcd.: C, 57.47%; H, 8.24%; N, 2.79%. Found: C, 56.99%; H, 

7.70%; N, 2.85%. 

8.3 Experimental for Chapter 3 
 
8.3.1 Synthesis of [CuII (Hnida)]·2H2O (1) 

 

1 was prepared by the reaction of H3hnida (4.4·10-2 g, 1.52·10-4 mol) with CuCl2·2H2O 

(1.3·10-2 g, 7.63·10-5 mol) in 10 ml methanol. Blue, plate shaped crystals were grown by slow 

evaporation of the solution. Yield: 30% based on CuCl2·2H2O. 

 

Anal. (CuC15H15NO6) Calcd.: C, 48.85%; H, 4.10%; N, 3.80%. Found: C, 48.56%; H, 4.09%; N, 

3.59%. The elemental analysis (%) calcd. for CuC15H15NO6 corresponds to the crystallographically 

determined formula minus one lattice water. 

 

υmax(film)/cm-1: 2976 (br), 2974 (br), 1594 (vs), 1578 (vs), 1517 (s), 1456 (m), 1441 (m), 1402 (s), 

1367 (s), 1340 (m), 1319 (m), 1291 (m), 1258 (s), 1239 (m), 1178 (m) , 1146 (m), 1119 (m), 1076 

(m), 1045 (m), 1015 (m), 975 (m), 921 (w), 895 (m), 857 (s), 818 (s), 746 (s), 713 (m), 676 (w).  

 

8.3.2 Synthesis of K2[CuII (hnida)]2·2H2O  (2) 

 

2 was prepared by the reaction of H3hnida (4.4·10-2 g, 1.52·10-4 mol) with CuCl2·2H2O 

(2.6·10-2 g, 1.52·10-4 mol) in 10 ml methanol followed by slow addition of KOH 2M (0.4 ml) under 

stirring. Green, hexagonal shaped crystals were grown by slow evaporation of the solution. Yield: 

51% based on H3hnida. 

 



Experimental                                                                                                                           Chapter 8 

199 
 

Anal. (K2Cu2C30H28N2O12) Calcd.: C, 44.27%; H, 3.47%; N, 3.44%. Found: C, 43.87, H, 3.41; N, 

3.14%. 

 

υmax(film)/cm-1: 3502 (m), 1685 (s), 1591 (s), 1507 (w), 1464 (m), 1430 (w), 1386 (s), 1325 (m), 

1284 (m), 917 (w), 826 (w), 752 (w). 

 

8.3.3 Synthesis of K4[CuII (Chnida)]2·4H2O·4MeOH (3) 

 

Synthetic procedure as for 3 using the H4Chnida ligand (5.1·10-2 g, 1.52·10-4 mol). Brown 

crystals grew as the solvent evaporated. Yield: 42% based on H4Chnida. 

 
Anal. (K4Cu2C32H32N2O18·2H2O) Calcd.: C, 36.53; H, 3.45; N, 2.66. Found: C, 36.45; H, 2.46; N, 

2.45. The elemental analysis (%) calcd. for K4Cu2C32H32N2O18 corresponds to the 

crystallographically determined formula minus four methanol molecules. 

 

υmax(film)/cm-1: 3419 (m), 1635 (s), 1576 (s), 1470 (s), 1386 (s), 1307 (m), 1180 (w), 1123 (w), 

1076 (w), 1030 (w), 884 (m), 837 (m). 

 

8.4 Experimental for Chapter 4 

 
8.4.1 Synthesis of K2[Ni II (Me2hda)(EtOH)(HCO3)]· EtOH (4) 
 
 

4 was prepared by reacting the H2Me2hda ligand (4.1·10-2 g, 1.54·10-4 mol) with 

NiCl2·6H2O (3.66·10-2 g, 1.54·10-4 mol) in EtOH (10 ml) followed by slow addition of KOH 2M 

(0.6 ml) to the resulting reaction mixture. The cloudy solution was filtered off and green plate liked 

crystals were observed by slow evaporation of the solvent. Yield: 38% based on H2Me2hda.  

 

Anal. (K2NiC14H15NO8·5H2O) Calcd.: C, 30.45%; H, 4.56%; N, 2.54%. Found: C, 30.66%; H, 

3.42%; N, 2.02%. The elemental analysis (%) calcd. for K2NiC14H15NO8 corresponds to the 

crystallographically determined formula minus two lattice ethanol molecules. 

 

υmax(film)/cm-1: 3197 (br), 2937 (br), 2628 (br), 1608 (vs), 1586 (vs), 1396 (s), 1569 (s), 1337 (sh), 

1300 (sh), 1253 (sh) , 1163 (m), 1122 (w), 1104 (w), 1045 (w), 1008 (m), 971 (m), 909 (m), 879 

(vw), 859 (w), 835 (m), 797 (m), 736 (m), 698 (s). 
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8.4.2 Synthesis of K3[Ni II (Bc2hda)(CO3)]·5H2O (5)  
 

5 was prepared by dissolving the H2Bc2hda ligand (7.20·10-2 g, 1.51·10-4 mol) with 

NiCl2·6H2O (3.61·10-2 g, 1.52·10-4 mol) in MeOH (10 ml) followed by slow addition of KOH 2M 

(1 ml) to the stirred green reaction mixture. The solution container was covered with parafilm, 

which was perforated several times to allow slow evaporation of the solvent. It is vital that the 

solution is open to the atmosphere to allow dissolution of carbon dioxide into the reaction mixture. 

Green, block shaped crystals were grown by slow evaporation of the solution. Yield: 36 % based on 

H2Bc2hda.  

 

Anal. (K3NiC30H40NO13) Calcd.: C, 45.12%; H, 5.05%; N, 1.75%. Found: C, 44.65%; H, 5.11%; N, 

1.66%.  

 

υmax(film)/cm-1: 3308 (br), 1613 (vs), 1584 (s), 1492 (m), 1463 (s), 1416 (vw), 1396 (s), 1368 (s), 

1315 (m), 1291 (w), 1201 (vw), 1024 (w), 925 (w), 803 (w). 

 

8.4.3 Synthesis of K[CoII (Bc2hda)]·2.5H2O (6) 
 

The synthetic procedure was the same as for 6 using: the H2Bc2hda ligand (7.20·10-2 g, 

1.51·10-4 mol), CoCl2·6H2O (3.62·10-2 g, 1.52·10-4 mol), MeOH (10 ml), KOH 2M (1 ml). Purple, 

needle shaped crystals formed by slow evaporation of the solvent. Yield: 40% based on H2Bc2hda.  

 

Anal. (KCoC29H35NO7.5·H2O) Calcd.: C, 54.97%; H, 5.89%; N, 2.21%. Found: C, 55.18%; H, 

5.05%; N, 1.85%. 

 

υmax(film)/cm-1: 3320 (br), 1579 (vs), 1462 (m), 1438 (s), 1405 (m), 1379 (s), 1330 (m), 1291 (m), 

1199 (w), 1103 (w), 990 (w), 922 (w), 804 (w). 

 

8.4.4 Synthesis of K3[Cu2
II (µ-OH)(Bc2hda)2]·3H2O (7) 

 

7 was synthesised by the reaction of the H2Bc2hda ligand (7.20·10-2 g, 1.51·10-4 mol) with 

CuCl2·2H2O (2.60·10-2 g, 1.52·10-4 mol) in MeOH (15 ml). To the resulting reaction mixture KOH 

2M (1 ml) was added dropwise under stirring for ca. 4 hours. The cloudy solution was filtered off. 
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Slow evaporation of the solution afforded brown plate shaped crystals. Yield: ca. 5% based on 

H2Bc2hda. 

 

Anal. (K3Cu2C58H67N2O14) Calcd.: C, 55.26; H, 5.36; N, 2.22. Found: C, 54.85; H, 4.87; N, 2.16. 

 

υmax(film)/cm-1: 3452 (br), 2961 (m), 1619 (vs), 1491 (m), 1462 (s), 1443 (m), 1419 (m), 1392 (s), 

1332 (m), 1311 (m), 1272 (w), 1232 (w), 1207 (w), 1157 (w), 1144 (vw), 1074 (vw), 1087 (w), 

1030 (m), 973 (m), 920 (m), 898 (m), 876 (m), 805 (m), 792 (vw), 766 (s), 727 (m), 700 (s). 

8.5 Experimental for Chapter 5 
 

8.5.1 Synthesis of [CuII (Me2hda)(H2O)]2·H2O (8) 
 

8 was prepared by the reaction of H2Me2hda (4.10·10-2 g, 1.53·10-4 mol) with CuCl2·2H2O 

(2.60·10-2 g, 1.52·10-4 mol) in a mixture of water/methanol (1:4 v/v, 10 ml). Blue, rectangular 

shaped crystals were grown by slow evaporation of the solution. Yield: 57% based on H2Me2hda. 

 

Anal. (Cu2C26H36N2O13·H2O) Calcd.: C, 42.80%; H, 5.25%; N, 3.84%. Found: C, 42.82%; H, 

5.24%; N, 3.73%. 

 

υmax(film)/cm-1: 2975 (br), 1625 (vs), 1599 (sh), 1490 (m), 1439 (w), 1372 (s), 1315 (w), 1210 (m), 

851(w). 

 

λmax (DMF) 700 nm, ε = 179.1 L-1mol-1cm-1 (d-d transitions). 

 

8.5.2 Synthesis of [CoII (Me2hda)(H2O)2]·H2O (9) 

 

9 was prepared by the reaction of the H2Me2hda ligand (4.10·10-2 g, 1.53·10-4 mol) with 

CoCl2·6H2O (3.66·10-2 g, 1.54·10-4 mol) in a mixture of water/methanol (1:4 v/v, 10 ml). Pink, 

plate shaped crystals were grown by slow evaporation of the solution. Yield: 10% based on 

H2Me2hda. 

 

Anal. (CoC13H21NO8) Calcd.: C, 41.28%; H, 5.60%; N, 3.70%. Found: C, 41.65; H, 5.03; N, 3.45. 
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υmax(film)/cm-1: 3198 (br), 2918 (w), 2323 (br), 1595 (s), 1436 (w), 1393 (vs), 1363 (s), 1308 (s), 

1228 (s), 1158 (w), 1131 (m), 1098 (m), 1040 (w), 1024 (m), 976 (m), 905 (s), 858 (s), 776 (m), 

720 (s), 682 (m).   

 

8.5.3 Synthesis of [CuII (Bc2hda)(H2O)2]·2H2O (10) 

 

10 was prepared by the reaction of the H2Bc2hda ligand (4.00·10-2 g, 8.41·10-5 mol) with 

CuCl2·2H2O (2.80·10-2 g, 1.64·10-4 mol) in ethanol (95%, 20 ml) under stirring. Deionised water 

(10 ml) was added to the blue solution that yielded blue, rectangular shaped crystals by slow 

evaporation of the solvent. Yield: 33% based on H2Bc2hda.  

 

Anal. (CuC29H39NO9) Calcd.: C, 57.18 %; H, 6.45%; N, 2.30%. Found: C, 57.20%; H, 5.85%; N, 

2.24 %.  

 

υmax(film)/cm-1: 3482 (br), 1661 (vs), 1596 (s), 1491 (w), 1443 (w), 1363 (s), 1313 (m), 1294 (m), 

1232 (w), 1205 (w), 1162 (vw), 1020 (w), 981 (vw), 877 (w). 

 

UV/vis (DMF): λmax 700 nm, ε = 85.99 L-1mol-1cm-1 (d-d transitions). 

 

8.6 Experimental for Chapter 6 

 

8.6.1 Synthesis of Na[CuII (o-C12H25,Mehda)(H2O)(Cl)]·2EtOH·H2O (11) 

 

11 was prepared by reacting the Na2-o-C12H25,Mehda ligand (5.20·10-2 g, 1.12·10-4 mol) 

with CuCl2·2H2O (2.10·10-2 g, 1.23·10-4 mol) in ethanol (12.5 ml) under stirring. The resulting 

turquoise solution afforded plate blue shaped crystals by slow evaporation of the solvent. Yield: 

24% based on Na2-o-C12H25,Mehda. 

 

Anal. (CuC24H41NO7NaCl·H2O) Calcd.: C, 48.40%; H, 7.28%; N, 2.35%; Na, 3.86%; Cl, 5.95%;  

Found: C, 48.44%; H, 6.69%; N, 2.23%; Na, 3.32%; Cl, 5.14%. The elemental analysis (%) calcd. 

for CuC24H41NO7NaCl corresponds to the crystallographically determined formula minus two 

lattice ethanol molecules. 
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υmax(film)/cm-1: 3245(br), 2920 (vs), 2851 (s), 1595 (vs), 1488 (w), 1467 (vw), 1451 (vw), 1387 (s), 

1337 (w), 1292 (w), 1218 (m), 1155 (w), 1017 (w), 920 (w), 862 (w), 721 (w). 

 

UV/vis (DMF): λmax 720 nm, ε = 64.89 L-1mol-1cm-1 (d-d transitions). 

 

8.6.2 Synthesis of [CuII (p-C12H25,Mehda)(H2O)2] (12) 

 

12 was prepared by reacting the Na2-p-C12H25,Mehda ligand (5.20·10-2 g, 1.12·10-4 mol) 

with CuCl2·2H2O (2.10·10-2 g, 1.23·10-4 mol) in methanol (12.5 ml) under stirring. The solution 

container was covered with parafilm and perforated several times. A light blue precipitate was 

observed by slow evaporation of the solvent. Yield: 33% based on Na2-p-C12H25,Mehda.  

 

Anal. (CuC24H41NO7) Calcd.: C, 55.53%; H, 7.96%; N, 2.70%. Found: C, 56.39%, H, 7.51%; N, 

2.64%.  

 

υmax(film)/cm-1: 3207 (br), 2919 (vs), 2850 (s), 1621 (sh), 1585 (vs), 1490 (m), 1467 (w), 1451 (w), 

1386 (m), 1336 (m), 1292 (m), 1219 (m), 1117 (w), 1076 (w), 1035 (w), 1014 (w), 963 (w), 919 

(w), 905 (w), 862 (w), 721 (w). 

 

UV/vis (DMF): λmax 700 nm, ε = 92.37 L-1mol-1cm-1 (d-d transitions). 

 

8.6.3 Synthesis of hybrid copper microgrid-supported films of [CuII (p-C12H25,Mehda)(H2O)2] 

 

The film was prepared by reaction of the Na2-p-C12H25,Mehda ligand (5.20·10-2 g, 1.12·10-4 

mol) with CuCl2·2H2O (2.10·10-2 g, 1.23·10-4 mol) in methanol (12.5 ml) under stirring for ca. 10 

min. A mixture of DMF/H2O (3 ml/1 ml) was added dropwise to the blue solution which was stirred 

for ca. 2 min. A 2,000-mesh copper microgrid was dipped into the resulting blue solution and dried 

overnight.  

 

υmax(film)/cm-1: 2920 (s), 2850 (s), 1588 (s), 1385 (m), 1227 (m). 
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8.7 Microscopy measurements 

 

8.7.1 Sample preparation of 12 for SEM measurements 

 

Method 1: Complex 12 was prepared as described in 8.6.2. The solid was filtered by suction 

filtration using a 0.2 µm polycarbonate membrane after ca. 2 days. Alternatively, the dry solid of 12  

was deposited on a flat Si surface. SEM studies revealed the formation of homogeneous, 

monodisperse, meshes of fibres.  

 

Method 2: Complex 12 was prepared as described in 8.6.2. The product was collected after ca. 2 

days with a Pasteur pipette, deposited on a flat Si surface and the solvent was air-dried. SEM 

images revealed the formation of ropes and bundles of fibres. Porous assemblies of fibres were also 

observed upon evaporation of the solvent from the Si surface. 

 

Method 3: Complex 12 was prepared as described in 8.6.2. The product was left for a period of ca. 

2-3 weeks in the reaction flask. The solid was deposited on a flat Si surface. SEM images revealed 

the formation of a crystalline material of 12. 

 

8.7.2 Sample preparation of 12 for TEM measurements 

 

The ligand Na2-p-C12H25,Mehda (5.20·10-2 g, 1.12·10-4 mol) was reacted with CuCl2·2H2O 

(2.10·10-2 g, 1.23·10-4 mol) in methanol (12.5 ml). 100 µl of the blue solution was diluted with 

MeOH (10 ml). The resulting solution was drop casted on a 2,000-mesh copper microgrid and air-

dried. TEM microscopy was performed on the sample. 

 

8.8 References 

 

1. Bruker SMART, Version 5.625, 1997-2001, Bruker-AXS Inc.  

2. Bruker SAINT-NT, Version 6.02a, 1997-2001, Bruker-AXS Inc. 

3. SADABS, Version 2.03, 1999, Bruker-AXS Inc. 189 

4.  A. L. Spek, J. Appl. Crystallogr., 2003, 36, 7. 

5. V. Temkina, M. N. Rusina, G. F. Yaroschenko, M. Z. Branzburg, L. M. Timakova and N. M. 

Dyatlova, Zh. Obshch. Khim., 1975, 45, 1564. 

 



205 

 

 

 

 

 

 

 

 

 

 

 

Appendix 



 206  

Attached CD-ROM 
 
 

The CD-ROM attached to this thesis contains two folders: 

 

• The CIF folder contains all the crystallographic information files (*.cif). The name of 

each file corresponds to the structure as given in the thesis 

 

• The PDF folder contains a PDF type file of the thesis 


