




iii  | P a g e 
 

Acknowledgements 
 

I would like to thank the following people for their invaluable support and assistance during 
the completion of this degree: 

I would like to extend my sincere gratitude to my advisor, Dr. Melanie Rademeyer for the 
opportunity to conduct research under her supervision and for her valuable guidance, 
assistance and support throughout the course of this work.  

I wish to express my appreciation to Dave Liles for his contribution to my crystallography 
experience. 

I would like to thank Wiebke Grote, Linda Prinsloo and Dr. Jackie Nel for their significant 
contributions  towards this research. 

In addition, I would like to acknowledge the staff of the Department of Chemistry at the 
University of Pretoria for their support and encouragement. 

I would like to express my deepest thanks to my family and closest friends for their love, 
spiritual and financial support. 

Finally, Carolina. Your ever-present support and understanding has greatly motivated me over 
the past year, and for that, I am truly thankful.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 







vi | P a g e 
 

Abstract 
 

In organic-inorganic hybrid compounds an organic and an inorganic component are 
combined to form either a coordination or an ionic material. Relevant to the current study are 
hybrid materials composed of an organic part that contains one or more functional groups, for 
example amine, amide or carboxylic acid functional groups, and a metal halide inorganic 
portion. These functional materials display a range of interesting and desired properties, as 
evidenced from numerous literature reports on their properties. 

In order to utilise these properties in applications, a detailed understanding of the way that 
the crystal structure influences the properties of a material is required. However, before this 
step can be achieved, it is necessary to obtain information on the structural trends of the 
materials, and to use the approach of crystal engineering to identify robust supramolecular 
synthons that may afford structural control and prediction.  

The aim of the current study was to investigate the synthesis and crystal structures of hybrid 
materials, both ionic and coordination, composed of divalent transition metal halides and the 
organic components 4-aminobenzoic acid, 4-aminobenzamide and isonicotinic acid, and to 
identify the structural trends and crystal engineering synthons displayed by these materials. A 
secondary objective was the preliminary identification of properties exhibited by selected 
materials, in order to decide on the suitability of the materials for detailed future property 
investigations. 

Part of the work describes the investigation of the structural characteristics of coordination 
materials prepared by the combination of the organic and inorganic components. Five novel 
crystal structures of coordination materials were determined, and these are compared with six 
related coordination structures reported in the literature. Two of the novel structures display 
interesting one-dimensional coordination polymers, one of which has never been reported 
previously in the literature. 

 The molecular and structural characteristics of both the novel and the literature coordination 
structures are presented in detail, and this discussion includes a description of the 
coordination geometry, the molecular geometry, packing trends, hydrogen bonding 
interactions and aromatic interactions. A comparison study across the three families of 
organic components in which the structural trends, hydrogen bonding interactions, aromatic 
interactions, ligand geometry and coordination modes are compared, is included. The results 
of the synthesis of the coordination materials by means of a mechanochemical method are 
presented, and the products afforded by this method are compared with those prepared via 
solution crystallisation. Finally, the results of preliminary studies of the thermal and electronic 
propertries of the materials are presented and interpreted. 
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The combination of the hybrid components as cations and anions to form ionic materials 
yielded nine novel structures, and these were compared with five related ionic structures 
reported in the literature. The novel structures include three polar structures that contain the 
4-ammoniumbenzamide cation, and to our knowledge no structures containing this cation 
have ever been reported in the literature, hence a significant contribution to the structural 
knowledge of perhalometallate salts of 4-ammoniumbenzamide is made by this study. In 
addition two novel structures display interesting one-dimensional and two-dimensional 
polymeric anions, respectively, are reported.  

The discussion of the novel and literature ionic structures includes a description of the 
molecular geometry of each of the components, the identification of packing trends, and an 
analysis of the hydrogen bonding and aromatic interactions occurring in the structures. The 
structures of all three families of organic components are compared, and trends in structural 
type, anion geometry, water inclusion, hydrogen bonding and functional group recognition 
are presented. In addition, a detailed analysis of robust crystal engineering synthons occurring 
in these structures is presented.  Lastly the results of preliminary property investigations of 
the thermal and electronic properties of the materials are presented and discussed. 
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The building blocks employed in this study, namely organic molecules or ions and metal 
halides (neutral or anionic) as discussed in a later section, have functional groups that have 
hydrogen bonding capabilities or modes of recognition that can theoretically combine in any 
order and sequence, to one another. For example, metal complex anions have hydrogen bond 
acceptor capabilities with no hydrogen donor capabilities (Adams et al., 2006), while the 
organic molecules under investigation have hydrogen-bond-donor and acceptor capabilities. 
The H2O molecule may also be incorporated into the crystalline structure as crystallization is 
often carried out from water or water containing solvents, and thus cannot be excluded during 
recognition pattern investigations. 

Different modes of recognition can arise as functional groups may, for example, have two 
potential hydrogen bond acceptors or modes where hydrogen bonding may manifest. The 
most prominent mode of recognition, whereby a hydrogen bond is formed between functional 
groups, will dictate the assembly of a molecular structure towards a minimal energy state. The 
initial and environmental variables may also have an underlying effect on the hydrogen 
bonding preferences and functional group recognition (Etter, 1990). Where a structure 
contains numerous types of functional groups capable of hydrogen bonding, a pattern of these 
bonds may be somewhat predictable if one considers that the strongest hydrogen-bond donor 
will most likely recognize and form hydrogen bonds with the strongest hydrogen bond 
acceptor (Etter, 1990). While investigations of hydrogen bonds between functional groups are 
considered, the metal-halide anion should not be excluded as non-covalent forces may exist 
between such units in a compound.  

 

Intermolecular Interactions 
 

At the heart of crystal engineering is intermolecular interactions. There exist interactions 
between molecules which determine how, and to what extent they join together and which 
dictate the arrangement and organization of molecular constituents within a structural 
framework. In addition to governing the structural design of molecular entities, 
intermolecular interactions are also responsible for the unique properties that solid-state 
materials exhibit (Knight, 2005). However, a good understanding of the nature of 
intermolecular interactions is essential in understanding the basic mechanisms that regulate 
molecular building blocks and controls solid-state assembly.  

Typically, there are two categories in which chemical bonds can be classified into. Firstly, 
molecular interactions can be considered to be short-ranged (e.g. covalent), while 
intermolecular interactions are considered to be long-range interactions (Maitland, 1981). In 
addition to being electrostatic, these long range interactions are highly directional and occur 
between heteroatoms (Desiraju, 1996) which result in an overall attraction between molecules 
at specific distances where attractive forces dominate over repulsive electrostatic forces. There 
are a number of non-covalent interaction types that are important when considering 
interaction between molecular constituents and formation of solid-state materials, however 
none of these long-range forces are quite as prominent in the solid-state as the hydrogen bond 
(Loots, 2009). 
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The transition metals that are used in the current study are the first row transition metals Zn, 
Cd, Hg, Cu, Mn and Co. Metals employed in the synthesis are used in their halide-salt form 
(chloride, bromide or iodide salt) and provide versatility as to the coordination geometry of 
the metal atom. The employment of transition metals for the synthesis of coordination and 
ionic compounds hold numerous advantages due to their kinetic lability, thermal stability, 
ease of use and widespread availability.  

Additional properties of these metals include luminescence, conductivity and, for certain 
metals, a native magnetic disposition. They also demonstrate a predictive nature of their 
coordination geometries which makes them excellent applicants towards functional design 
and synthesis of these compounds (Batten, 2009). Metal atoms can direct network topology 
and can be used to target specific coordination geometries (Batten, 2009). 

The type of perhalometallate anion (in ionic compounds) or metal halide coordination layer 
(in coordination compounds) that is formed depends on the specific metal and halide atoms 
selected, and the templating effect of the organic part. The metal coordination number may 
vary, and in the ionic compounds the anion may be zero dimensional and isolated, or one or 
two-dimensional and extend through the structure, resulting in interesting, anisotropic 
properties including semi-conduction. Metal halide starting materials include CuX2, ZnX2, 
CdX2, HgX2, CoX2 and MnX2, where X = Cl, Br or I.  

 

 

 

 

Figure 1.14: Illustration of some of the common transition metals and their general 
coordination geometries (Batten, 2009) . 
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Structure Dimensionality 
 

The dimensionality of a hybrid compound can be determined by the metal-halide bonding 
mode, or the metal-organic ligand bonding scheme, whereby such bonds need to be covalent 
bonds exclusively.  

Inorganic ligands like halogeno ligands are able to covalently bond to a metal centre and 
bridge to another metal due to its dative bonding capabilities. This bridging may occur in both 
the ionic and coordination materials to form an inorganic polymer which comprises metal 
atoms that coordinate to inorganic ligands to form coordination bridges, and this results in 
one-, two and even three dimensional structures.  

The expansion and dimensionality of the inorganic polymer is dependent on both the bridging 
capabilities of the halide as well as the type of metal and its geometry. Different 
dimensionalities of the inorganic polymer can be targeted due to the coordination geometries 
of selected metals. The metal ion chosen can produce geometries ranging from square-planar, 
tetragonal, prismatic and octahedral allowing for a great extend of design. 

 

Dimensionality in Ionic materials 
 

In ionic materials of the type under investigation, the bridging of metal atoms by halogeno 
ligands can result in block-like perhalometallate anions, one-dimensional perhalometallate 
chain anions, two-dimensional perhalometallate sheet anions or even three-dimensional 
perhalometallate anions, with examples illustrated below.  

 

Figure 1.20: (a) Isolated 0-D inorganic ion, (b) 1-D inorganic chain, (c) 2-D inorganic layer. 
 

In these perhalometallate anions, the halogeno ligands can act as hydrogen bond acceptor 
sites on the anions (Brammer et al., 2001). 
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Dimensionality in Coordination Materials 
 

The bridging of metal atoms by halogeno ligands also occur in coordination materials of the 
type under investigation. This results in a coordination polymer, which may be one- or two 
dimensional.  Additionally, greater variation of coordination polymer framework design can 
be achieved through the intentional selection of particular organic ligands (Batten, et al., 
2009). Shown in Figure 1.21 is the varying dimensionality that coordination polymers can 
adopt when coordinated to a bridging ligand. Such variations are as a result of metals selected 
and the coordination geometry of the metal centres.  

 

Figure 1.21: Schematic representation of the dimensionality of coordination polymers 
containing bridging ligands and 2, 4 and 6 coordinated metal centres (Public Domain Wiki 
Accessed online : http://upload.wikimedia.org/wikipedia/commons/4/4b/Dimensionalityand 
Coordination.png). 
 
Relevant to the current study, further linking of one- or two-dimensional polymers through 
coordinated organic ligands may occur. The bridging of metal atoms through halogeno and 
organic ligands is another possibility which should be kept in mind. Figure 1.22 illustrates a 
number of bridging possibilities in coordination materials.  

 

Figure 1.22: Schematic representation of the possible permutations of coordination polymers 
containing multi-functional ligands. The yellow circle represents the multifunctional organic 
ligand.  
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Figure 1.23, 1.24 and 1.25 below illustrate examples from the literature that demonstrate 
coordination and bridging via both halogeno and organic ligands. 

 

 

Figure 1.23: Illustration of inorganic chains linked via organic ligands that are positioned on 
the axial positions of the octahedra (Bell, et al., 2000).  

 

 

Figure 1.24: Illustration of an inorganic chain, where the organic ligands are positioned on the 
axial positions on the octahedra (Hu, et al., 2007).  

 

 

 

Figure 1.25: Illustration of an organic-inorganic chain whereby the metal centres are linked via 
multifunctional organic ligands (Englert, 2010).  
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A study done by Xu and Mitzi (2003), wherein a tin containing organic-inorganic hybrid 
compound was produced, offered a new solution processable perovskite material that showed 
potential semi-conductive properties. Their investigation suggested that the excitation peak 
associated with the band gap was influenced by the dimensionality of the Sn-I framework (Xu 
and Mitzi, 2003).  

Analogous to the above mentioned study, two new semi-conducting hybrid compounds were 
produced by Xu and colleagues (2003) which showed that steric distortions notably influenced 
the Sn-I-Sn angles which had a significant effect on the experimental excitation peaks. In the 
same way, Mitzi and co-workers (2001) observed that subtle structural modifications 
generated by the type of organic cation employed, altered the Sn-I-Sn angle and was the 
primary cause of the shift in observed optical properties.  

Organic-inorganic salts demonstrate optical properties which have been extensively studied 
and can be used for light-emitting diodes and as channels of thin-film field-effect transistors. 
A study done by Papavassilou and co-workers (2000) on PbI-containing hybrid compounds 
demonstated the optical absorpsion, photoluminescence and photoconductivity of these 
compounds (Papavassilou et al., 2000). 

  

Coordination Hybrid Compounds 
 

The field of material science, over the past few decades, has produced a crescendo of solids 
which are described as compounds containing metal ions linked by molecular species. This 
collection of newfangled compounds has been termed metal-organic frameworks, 
coordination polymers and hybrid organic-inorganic materials. This variety of terms however, 
has many similarities in definition and carries with them an overlap in description (Rowsell, et 
al., 2004).  

Distinctions however can be made to differentiate between terms and elucidate seemingly 
nebulous definitions. Prominent features based on composition and the mode of interaction 
between constituent species making up the compound are used to obtain particular 
distinctions as each term carries with it a characteristic connotation relating to the compound 
it encompasses (Rowsell, et al., 2004).     

The term coordination compound is defined as a neutral molecule or ion (the so called ligand) 
that bonds to a central metallic atom by coordinative covalent bonds. The Oxford Dictionary  
of Chemistry (Daintith, 2004) describes a coordination bond simply as a compound in which 
coordinate bonds are formed. Coordination compounds then, are discrete coordination 
complexes whereby no dimensionality of either the organic or inorganic constituent exists. 

In the current study the materials formed by the coordination of the organic component to 
the metal halide component was studied (also called coordination materials). All of the 
ligands employed possess more than one possible coordination site, and may also potentially 
coordinate through more than one coordination site.  
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When coordination occurs though only one functional group, the uncoordinated functional 
groups typically participates in the formation of non-covalent interactions in the structure.  

An interplay of effects exist in the coordination bond connecting the ligand and metal centre, 
and for this reason, additional tools in crystal engineering towards organic-inorganic hybrid 
materials are made available (Braga, et al., 1998), for example the hydrogen bonding capability 
of a ligand may be altered through coordination to a metal atom. Bonding mode preference 
however, due to nature and characteristics of the ligand, can be influenced, subsequently 
extending the hydrogen bonding capacity between acceptor and donor groups on the 
nanoscale.  

Metal ions that are linked via coordination ligands which expand into an infinite array are 
regarded as coordination polymers. An important discriminatory factor that separates 
coordination polymers from hybrid compounds is that the coordination net must be defined 
by coordination bonds exclusively, while discrete molecular species that are linked by 
hydrogen bonds only is considered to be coordination complexes (Batten, et al., 2009). 

 

Properties and Applications of Coordination Hybrid Materials 
 

The well-ordered structures that result from the self assembly of organic molecules have 
limited conducting properties unless metal centres are incorporated into the structures 
forming hybrid coordination polymers (Welte et al., 2009). A study conducted by Amo-Ochoa 
and co-workers (2009) produced two Ni(II) containing  one-dimensional coordination 
polymers (Figure 1.27) in which conducting characteristics of the materials were confirmed 
through electrical measurements (Figure 1.28).  

 

 

 

 

 

 

 

Figure 1.27: Fragment of the polymeric chain and crystal packing of the Ni(II) containing 
coordination polymers ( Amo -Ochoa , et al., 2009). 
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Figure 1.28: Two probe electrical measurements for both N(II) containing coordination 
compounds at 300 K. (Amo -Ochoa , et al., 2009). 
 
The electrical conductivity measurements were carried out using two probe DC analysis and 
compounds was observed to show ohmic behaviour. The conductivity values however, are 
considered to be underestimated due to the crystal-electrode electrical contacts and the 
conductivity values are higher compared to other similar coordination polymers reported in 
the literature ( Amo-Ochoa, et al., 2009). 

Investigations done by Welte and colleagues (2009) on Pt(II) containing coordination 
polymers, included their electrical characterization by means of gold evaporated electrodes.  

 
 

 

 

 

 

Figure 1.29: (a) Fragment of the polymeric chain of the Pt(II) containing coordination polymer 
and (b) the current vs. voltage characteristic taken by contacting the polymeric material via the 
gold electrode. 
 

Work done by Knorr and co-workers (2010) on the luminescent properties of Cu(I) containing 
coordination polymers showed that the solid-state luminescence spectra of the polymers 
exhibited intense halide-to-metal charge-transfer emissions. Hybrid coordination compounds 
exhibit magnetic properties and are the centre of interest for many studies and investigations. 
These investigations focus on the study of molecular and bulk magnetism which are analyzed 
in relation to the geometries of the structures (Herringer, et al., 2010). A study done by 
Herringer and colleagues (2010) showed how a family of Cu(II) containing organic-inorganic 
polymers exhibit antiferromagnetic interactions. 
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5. Mechanochemical synthesis: Selected materials will be synthesised mechanochemically, and 
the product will be compared to that obtained from solution crystallization through the use of 
powder XRD. 

6. Analysis of non-covalent interactions: Single crystal structures will be analysed in terms of 
non-covalent interactions which occur in the structures. Hydrogen bonding and aromatic 
interactions between functional groups will be studied, and crystals engineering synthons 
identified. 

7. Preliminary Investigation of thermal and thermal behaviour properties of materials: 
Differential scanning calorimetry (DSC) will be used to investigate any solid-solid phase 
transitions, melting and decomposition. 

8. Preliminary investigation of the electronic properties of selected materials: Examination by 
means of a two probe direct current (DC) electrical conductivity measurements. Observing 
the regression from current vs. potential applied over a crystal will provide insight into the 
electronic nature as well as semi-conducting behaviour of such materials. 

 

Potential Outcomes  
 

The relationships between the material composition and structural characteristics will be 
determined and structural trends identified. Crystal structures will be analysed in terms of 
their non-covalent interactions and robust synthons will be identified .  
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Chapter 2 

 Experimental Techniques 
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Synthesis 
 
The organic and inorganic components discussed in Chapter 1 were combined under different 
experimental conditions to prepare the corresponding ionic and coordination materials. Table 
2.1 is a matrix of all the compounds that can be obtained through different combinations of 
organic components, metal atoms and halogen atoms.  

All of the compounds in this matrix were synthesised, but good quality single crystal 
structures could not be obtained for all the materials in the matrix. Combinations that were 
successfully analysed by single crystal X-ray diffraction (SCD) are indicated by a red star. 
Selected materials for which single crystal structures could not be obtained were studied using 
powder X-ray diffraction (PXRD), but this could only be done for the samples that were not 
hygroscopic, or that did not react with the aluminium sample holder used in the powder 
diffraction experiment.  

Table 2.1:  Matrix of SCD and PXRD analysis of successfully synthesized compounds. 

Component  Isonicotinic Acid  
 

 

4-Aminobenzoic a cid  
 

 

4-Aminobenzamide  
 

 
Ionic  Coordination  Ionic  Coordination  Ionic  Coordination  

ZnCl 2 -  1:1 1:1 1:1  
ZnBr 2 -  2:1  1:2  
CuCl2   - 1:1   
CuBr 2   - -  - 
CdCl2 - 1:2 - - - - 
CdBr2 - - 1:2 - 1:2 - 
CdI 2 - - - - - - 

HgCl 2 - - - 2:1 2:1 - 
HgBr 2 2:1 - - 2:1 2:1 - 
HgI 2 - - - - - - 

MnCl 2 -    - - 
MnBr 2  2:1   -  

 
Keys to table :  

PXRD:   Stoichiometric ratios are indicated in Tables 3.11 to 3.13 and Tables 4.20 to 4.22. 

SCD:   Stoichiometric ratio indicated (Metal halide : Organic Species) 

N
O

OH

O

OH
NH2

O

NH2

NH2
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Synthesis of ionic compounds  
  
The ionic compounds were also prepared via a solution technique, but in this method the salt 
of the organic part was first prepared via the reaction of the organic molecule with a mineral 
acid HX. Table A2 and A3 in the Appendix lists the stoichiometric ratios and masses of metal 
halides and organic salts employed.  

The synthetic technique of organic-inorganic hybrid compounds followed a two-step 
approach. Firstly the organic material is dissolved either in, chloroform, methanol, ethanol or 
distilled water whereupon a stoichiometric excess of acid is added (typically a 1.5 excess), 
employing either hydrochloric acid (32%) or hydrobromic acid (55%). The solution is then 
allowed to evaporate resulting in the precipitation of the organic salt.  

Finally, the salts obtained from the previous step is combined with a particular metal salt in 
different stoiciometric ratios, whereupon the mixture is either ground (see section on 
mechanochemical synthesis below) or dissolved in distilled water and subjected to stirring 
with a magnetic stirrer bar to make certain that a homogeneous solution is obtained and to 
promote dissolution of the starting materials. For the majority of crystallizations, the halogen 
in the acid corresponded to the halogen of the metal salt, however various combinations of 
halides were also considered to investigate the occurrence of a solid solution in the crystalline 
composite. Crystallization then commenced upon cooling in open air at room temperature. 
An example of the chemical reactions occurring in the two synthetic steps are given below for 
an amine organic component.  
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Figure 2.1: The XRD pattern of a powder product and calculated powder pattern from a single 
crystal structure which can be used to compare grinding products with single crystals obtained 
from solution and also to investigate possible polymorphs. 
 

Cambridge Structural Database (CSD) 
 

The investigation of individual structures has relatively limited significance unless comparable 
studies of similar structures can be done. A comprehensive survey of a large number of 
structures produces invaluable findings that provide assistance when it comes to the study of 
novel compounds. The Cambridge Structural Database has a collection of over 500,000 
compounds (Accessed online, 2011), and in addition can provide essential statistical data on 
the structures of the compounds. Analysis of the qualitative geometric attributes (bonding 
schemes, distances and angles) of CSD structures allow for the comprehensive evaluation of 
structural features that novel compounds may contain. 

Extensive searches were performed to find all the structures appearing in the CSD that are 
relevant and related to the current study. This added to the number of structures available for 
comparison, and also assisted in the identification of structural trends. The February (2011) 
update of the CSD (version 5.32) was employed for this step. 
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Chapter 3 

 Coordination Compounds  
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Literature Review on Coordination Materials 
 

 
Structures relevant and related to those under investigation in the current study can easily be 
located and accessed by employing the search facilities of the CSD and exploring recent 
literature. This process not only aids in increasing the number of structures available for 
comparison, but also prevents duplication of structures already reported.  

The structural investigation of relevant compounds in the CSD allows for the most important 
structural aspects to be determined and other possible combinations of organic and inorganic 
aggregation may be studied. In addition, packing trends in crystal structures and crystal 
engineering synthons and motifs can be identified. A thorough literature survey provides the 
opportunity to study the single crystal structures of a family of materials which give an 
indication of structural trends and motifs, and the role of non -covalent interactions like 
hydrogen bonding in the structure.  

Extensive studies on hybrid coordination compounds and polymers have been reported in the 
literature, with a vast number of papers focusing on compounds and polymers containing 
metals such as Cd, Cu, Zn, Hg as well as Mn.  

One of the most interesting aspects of coordination compounds formed between metal halides 
and organic ligands is the wide spectrum of bridging modes occurring between the metal 
atoms through halogeno bridging ligands, and this is a central theme in many literature 
reports. The dynamics and driving force involved with the formation of halide-bridged 
polymers of divalent metals result in different permutations produced by the connectivity of 
building units.  

Depending on the type of bridging, zero, one or two dimensional metal halogeno sections may 
be present. Additional linking of the inorganic parts through organic linkers can further 
increase the dimensionality of the structure. Divalent transition metals that produce halide-
bridged polymers have numerous modes in which they organize and can be categorized based 
on the structural features of their connectivity. Scheme 3.1 below shows the most prevalent 
metal coordination geometries with at least one bridging halide that exist in one-dimensional 
inorganic polymers (Englert, 2010).  
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Schematic 3.1: Most prevalent metal coordination geometries in one-dimensional inorganic 
polymers (Englert, 2010). 
 

In scheme 3.1a an example of a tetra-coordinated anion can be observed which is formed by a 
corner-sharing tetrahedron, while Scheme 3.1b shows a fivefold metal coordination geometry 
and is shown to exist in either a square-pyramidal or a trigonal-bipyramidal corner-sharing 
polyhedral and Scheme 3.1c shows the occurrence of an in edge-sharing tetragonal pyramid 
geometry (Englert, 2010).  

The most prevalent of geometries encountered, in bridging metal halides, is the hexa-
coordination (Scheme 3.1d-f), where a single ligand bridges two metal centres. Various degrees 
of ligand substitution may be present in this polymer as shown in schemes 3.1d-f. Additionally, 
octahedral coordination chains exist where these geometries are linked through edge sharing 
(Scheme 3.1g-i) or through face sharing, (Scheme 3.1j) where the stoichiometry results in the 
presence of two bridging halides and a neutral bridging ligand (Englert, 2010). 

Extensive work and investigation done by Morsali and Masoomi (2009) provided a review of 
all the reported coordination polymers of mercury(II)  and mercury halide coordination 
polymers over the last two decades. Due to the possible applications of polymeric mercury 
compounds, their investigation focused on the varying coordination numbers and donor 
binding capabilities of mercury. 

Englert (2010) reviewed the structures and properties of halide-bridge polymers containing 
divalent metals and a range of ligands, and focused extensively on the dimensionality of the 
polymers. Metal atom coordination geometries ranging from four to six are covered, as well as 
different types of bridging modes. In addition to one-dimensional chain polymers, the review 
also considers polymers that are further linked via halide bridges or organic ligands to from 
two dimensional structures.  
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Coordination structures that contain the group 12 transition metals Cd and Hg tend to form 
low-coordinate linear or other distorted coordination polymers due to the d 10 configuration 
and its associated flexible coordination environment. This phenomenon consequently allows 
the structures to adopt various geometries ranging from tetrahedral to octahedral and extreme 
distortions thereof (Morsali and Masoomi, 2009). In addition, the particular lability associated 
with these d10 metals allows any formation of coordination bonds to be reversible, 
subsequently enabling ligands and metal ions to rearrange during the organization and 
packing of the crystal structure (Morsali and Masoomi, 2009). The employment of Cd and Hg 
in coordination polymer synthesis allows network structures to adopt highly ordered 
arrangements as these metals have extensive capacities for various types of architectures.  

 

Zinc(II)-halogeno Coordination Compounds  
 
In zinc-halogeno coordination compounds the formation of a mononuclear tetrahedral 
complex is prevalent (Hu and Englert, 2003) and Zn(II) halide -bridged inorganic polymers 
rarely occur (Englert, 2010).    Zinc structures that contain halide-bridging  ligands usually have 
approximately symmetric M-X-M bridges and predictable M···M distances allowing for the 
formation of stable hybrid structures which make them suitable building blocks for crystal 
engineering (Hu, et al., 2007).   

Zinc coordination structures generally adopt a tetrahedral geometry with significant 
distortions thereof, irrespective of the nature of the organic ligand that coordinates to the zinc 
atom. Figure 3.1 below shows a wave-like Zn(II) containing one-dimensional coordination 
polymer, where the zinc atom has a tetrahedral geometry and coordinates to two terminal 
chloro ligands and two organic ligands which bridge neighbouring zinc units (Zhang, et al., 
2008). 

 

Figure 3.1: A one-dimensional Zn(II) containing coordination polymer (Zhang, et al., 2008 ). 
 
 
 
 
 

 
 
 





53 | P a g e 
 

In the same way, Cd(II) coordination polymers were synthesisized by varying the halide 
component (Cl, Br, I) and by using halogen substituted organic ligands (Hu et al, 2003). This 
study, carried out by Hu and co-workers, presented the formation of 15 different Cd(II)-
halogeno chain polymers. The majority of the coordination polymers reported exhibited a six 
coordinated cadmium metal atom with four bridging halide ligands in the equatorial positions 
and two pyridine ligands in the axial positions (Hu, et al., 2003). 

 

Inorganic-organic Mercury(II) Coordination Complexes and Polymers: 
 
The most prominent coordination number of mercury(II) is four and the most frequently 
occurring one-dimensional motifs that mercury(II)-halide coordination polymers show are 
linear chains, zig-zag chains, double chains, ladder-like chains, and when zig-zag chains get 
intertwined, helix chains (Morsali and Masoomi, 2009).    

A study by Morsali and Masoomi (2009) reported details on numerous mercury(II) polymers 
of varying dimensionalities and insight into the effect of the coordination numbers of 
mercury. One of most interesting and noteworthy details of their investigation was the 
examination of numerous mercury containing coordination polymers having multiple 
mercury(II) metal centres with more than one coordination number.  

 

Figure 3.4: Visual representation illustrating the  coordination mode of the two 
crystallographically different mercury  atoms (Fleischer, et al., 2006) .  
 

Figure 3.4 above illustrates an example of a compound that has more than one mercury centre 
with different coordination modes. The one mercury atom has a slightly distorted ochtahedral 
geometry while the other mercury centre has a 5+1 coordination mode containing an 
elongated  Hg···Cl contact with a highly distorted (pseudo)-octahedral geometry. 

Studies done on one-dimensional polymers containing halogen bridged divalent mercury 
atoms by Hu and co-workers suggest that the bonding distances between a mercury and a 
halogen ligand (Hg···X) are variable and cover the range of covalent bonds and van der Waals 
interactions. Information from the study suggest that the size of the ligand is not exclusively 
the determining factor for the structure type adopted as exemplified by both pseudo-
octahedral Hg(II) coordination and five-coordinated mercury from the study (Hu, et al., 2007) 
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4-Aminobenzoic acid containing structures 
 

A total number of four coordination compounds of metal halides and 4-aminobenzoic acid 
have been reported in the literature, and they are discussed in further detail below.  

 

A: catena(bis(p-aminobenzoic acid- N)-bis(µ2-chloro)-cadmium(II )) (Le Fur and Masse, 
1996), (CSD Refcode: TEHVIL) 
 

  

Figure 3.5: Asymmetric unit of compound A: 
 
The asymmetric unit of structure A is illustrated in Figure 3.5, and consists of a cadmium 
atom, which is coordinated to two chloro ligands as well as to two 4-aminobenzoic acid 
constituents through the nitrogen atom on the amine group of the organic ligand, in a cis 
conformation. The pair of aromatic rings of the organic ligands lie parallel to one another in 
an offset arrangement. 

In the structure four chloro ligands and two 4-aminobenzoic acid ligands are coordinated to 
the central cadmium metal, which has a distorted octahedral geometry. Each pair of bridging 
chloro ligands is shared between a neighbouring cadmium atom. The bridging chloro ligands 
exhibit two shorter and two longer metal-halogen bonds. The shorter metal-halogen bonds 
(2.729 Å and 2.567 Å) could represent electron sharing covalent bonds while the longer bonds 
(2.613 Å and 2.600 Å) are probably electron pair donating bonds. The nitrogen atom on the 
organic molecule has a distorted tetrahedral geometry and shows a large bonding distance 
towards the coordinated carbon atom at 1.42 Å (Le Fur and Masse, 1996). The carboxylic acid 
functional groups on the 4-aminobenzoic acid molecule lie in the same plane as the aromatic 
ring.  

A one-dimensional inorganic chain of edge sharing octahedra is formed, through pairs of 
bridging chloro ligands along the a-axis. As a result of cis edge sharing the inorganic chain 
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Results  
 

Structural investigation of novel compounds: 
 
Crystals obtained in the current investigation were analyzed by SCD and the crystal structures 
obtained were solved using direct methods. A set of tables are given below to indicate which 
structures determined in this study are novel (highlighted in bold) and which have been 
published previously in the literature and CSD. Novel structures are indicated by Roman 
numerals while literature compounds are labelled alphabetically using uppercase letters. Key 
characteristics are included, for novel compounds, in the table as well as the reference code 
obtained from the Cambridge Structural Database. Tables indicate the metal atom as well as 
the halogen atom used as the starting components for each organic molecule employed. 
Crystallographic information files (CIF) of all the novel structures are included on the 
accompanying CD. 

Table 3.2: 4-Aminobenzoic Acid. 
Metal  Cl Br I  

Zn 
I: Novel Structure 

(Tetrahedral coordination  
unit ) 

- - 

Cd 
A: TEHVIL (Le Fur and 

Masse, 1996) 

B: WUQGOE (Wang, et al., 
2002) 

C: WUQGUK (Wang, 
et al., 2002) 

D: WUQHAR 
(Wang, et al., 2002) 

Hg 
II: Novel structure  (Square 
Planar coordination  unit ) 

IV: Novel  structure  
(Octahedral 

coordination  unit ) 

- 

Cu 
III: Novel structure  

(Square planar  
coordination  unit ) 

- - 

 

Table 3.3: Isonicotinic Acid. 
Metal  Cl Br 

Cu 
E: DENLUD (Goher and Mak, 

1996) 
XUXZOF01 (Mateo-
Marti, et al., 2008) 

Pd 
F: CIJBOM01 (Qin, et al., 

2002) 
- 

Mn  
- V: Novel structure  

(Octahedral 
coordination  unit ) 
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Comparison Study 
 

This section aims to compare the structural features and trends in the novel coordination 
hybrid structures, and to compare these features with those of the literature structures where 
relevant. Isostructurality parameters between structures are determined by using ISOV 
software package (Fabian and Kalman, 1999). The degree of similarity between isostructural 
structures can be expepressed by employing the isostructurality parameters reported by the 
ISOV software package (Fabian and Kalman, 1999). The parameter I(v) gives an indication of 
the correspondence of atom positions of isostructural compounds. The higher the I(v) value 
reported, the better the correspondence between structures. 

4-Aminobenzoic acid containing structures 
 
The 4-aminobenzoic acid containing coordination compounds, I (Figure 3.49a) and II (Figure 
3.50a) have monoclinic crystal systems and have equivalent C21/c space groups.  Compound I 
has a tetrahedral geometry which is generally the observed geometry for zinc metal atoms and 
compound II has a tetrahedral mercury metal atom which is also a common geometry for 
mercury atoms. It is observed that compound I and II  are isostructural with I(v)=83.0. 
Compound IV (Figure 3.50b) has a triclinic crystal system and a P1 space group and comprises 
a mercury atom demonstrating an octahedral coordination geometry. Compound D (Figure 
3.49b) has a tetrahedral geometry and crystallises in the monoclinic crystal system and 
exhibits the C21/c space group but is not isostructural to compound I or II. 

 

Figure 3.49: Molecular units of (a) compound I:  di -chloro -bis(4 -aminobenzoic -acid- N)-zinc(II) 
and (b) compound D: : di -iodo -bis(4 -aminobenzoic -acid -N)-cadmium(II)  , (Wang, et al., 2002). 
 
 

 

 

 

Figure 3.50: Molecular units of (a) compound II: di -chloro -bis -(4-Aminobenzoic acid -N)-
mercurate(II) ) and (b) compound IV: catena -(bis(µ2- bromo) -bis(4 -Aminobenzoicacid) -
mercury(II)).  
 

(a) (b)  

(a) (b)  

 
 
 







93 | P a g e 
 

Despite the similarities observed in the molecular expansion as well as packing of the 2-
dimensional sheet, the structures differ in three-dimensional packing, except for structures I 
and II, as shown in Figure 3.55 and 3.56 below: 

 

 

 

 

 

 

 

Figure 3.55: Packing of compound (a), D and (b), I viewed along the c-axis. The single organic 
and organic bi-layers are shown within the blocks. Inorganic units are shown within the circle. 
 

 

 

 

 

 

 

Figure 3.56: Packing of compound (a), II viewed along the c-axis and (b), IV viewed along the b-
axis. The organic bi-layers are shown within the blocks. Inorganic units are shown within the 
circle. 
 
Structure D, has an organic layer that alternates with the inorganic layer while structures I, II 
and IV have organic bi-layers that alternate with the inorganic layers. The discrete inorganic 
polymers in structures I and II are observed to lie parallel and expand along the c-axis and as a 
result form two-dimensional inorganic sheets. 

The aromatic rings of all the structures are stacked in a slipped parallel displacement. The 
centroid-to -centroid distances are measured to be 4.512 Å, 4.725 Å, 4.648 Å and 4.160 Å for 
compound D, I, II and IV respectively. It  appears that the inorganic component has a 
templating effect on the rings. The shortest centroid-to-centroid distances between the rings 
(4.160 Å) belongs to structure IV which consists of an inorganic polymer. The rings are 
observed to have a small displacement in their stacked arrangement and short distances 
between their centroids.  

(a) 

(a) 

(b)  

(b)  
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Crystal packing comparison across families  
 
Structures of compound F and III crystallize in triclinic crystal systems and have equivalent P1 
space groups. The palladium metal has a square planar geometry (compound F) and is similar 
to the square planar geometry observed for the copper metal in compound III.  The structures 
however, have different organic ligands coordinated to the metal centres. Structure F has two 
isonicotinic acid ligands that coordinates through the ring sp2 nitrogen, trans, to the 
palladium metal. Structure III has two 4-aminobenzoic acid ligands that coordinate through 
the sp3 nitrogen from the amine, trans to the copper atom.  

  

Figure 3.57: Molecular units of (a) compound F: trans-Dichloro-bis(pyridine-4-carboxylic acid-
N)-palladium(II), (Qin. Et, al., 2002)   and (b) compound III:  di -chloro -bis -(4-Aminobenzoic 
acid -N)-copper(II) ).  
 
The organic ligands of structure F are observed to coordinate in a linear fashion to the 
palladium atom and maintain a planar geometry relative to the aromatic rings. The amine 
groups on the 4-aminobenzoic acid ligands maintain a tetrahedral geometry, and as a result, 
the aromatic rings lie on parallel planes, but not in the same plane as the CuCl2 unit. 

 

Figure 3.58: Packing of compound (a), F and (b), III viewed along the a-axis. The organic bi-
layers are shown within the blocks. 
 

(a) (b)  

(a) (b)  
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Figure 3.58 illustrate the packing of F and III along the a-axis. It is observed that both 
structures form hydrogen bonded dimers that connect neighbouring coordination units and as 
a result, organic bi-layers are produced. Within both structures layers, consisting of 
coordinated molecules, are generated that comprises discrete coordination units.   

In Figure 3.59 below, the packing of structure F and III are shown. It is observed that structure 
F forms a wave-like, hydrogen bonded chain while in structure III, a stepwise organic-
inorganic chain is generated. The organic bi-layers can also be observed in this packing 
arrangement and are observed to alternate, in succession, with the inorganic layers. 

 

 

 

 

 

 

 

Figure 3.59: Packing of compound (a), F and (b), III viewed along the b-axis. The organic bi-
layers are shown within the blocks. 
 

In both the structures, the aromatic rings are observed to lie in planes that are parallel to one 
another. The stacking of the rings in structure F are slightly offset and have centroid-to-
centroid distances of 3.955 Å, while in structure III they exist in extreme parallel displacement 
and have centroid-to-centroid distances of 4.646 Å.  

 

 

 

 

 

 

 

 

 

(a) 
(b)  
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The structure of the novel compound V is compared to a similar structure found in the 
literature (catena((µ3-trimethylammoniumacetato)-tetrakis(m2-chloro)-aqua-di -manganese) 
with CSD reference code YARVUI. Albeit dissimilar organic ligands, the literature structure 
also comprises a one-dimensional inorganic chain made up of coordinated manganese 
octahedra. 

Structure YARVUI (Figure 3.60(a)), has a P21/n  space group and structure V (Figure 3.60(b)) 
has a C2/c space group, however both belong to the monoclinic crystal system. Structure 
YARVUI comprises manganese octahedra that are connected by bridging chloro ligands and 
via carboxylic groups of betaine to generate an infinite bond chain along the c-axis (Schreuer 
and Haussuhl, 1993). Structure V is made up out of manganese octahedra that are connected 
to neighbouring units via bridging bromo ligands and via carboxylic groups of isonicotinic 
acid to form an infinite chain along the a-axis. Instructure YARVUI, each carboxylate group 
bridges three metal atoms, while only two are bridged in structure V. 

 

  

Figure 3.60: Molecular geometry of (a) structure YARVUI: (Schreuer and Haussuhl, 1993) and (b) 
structure V. 

 
The octahedra in structure YARVUI are connected via edge sharing and face sharing while 
structure V demonstrate connection via common edges only. The isonicotinato and water 
ligands in structure V are positioned cis, relative to the inorganic chain while in structure 
YARVUI the betaine and water ligands are coordinated trans, relative to the inorganic chain. 
In the same way, all the bromo ligands, shared or terminal are positioned cis on the chain of 
structure V. The bridging chloro ligands of YARVUI are all shared and are coordinated on the 
equatorial positions of the octahedral. 

Figure 3.61 below illustrates the relative position of the organic ligands to the inorganic 
polymer. 

 

(a) (b)  
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Figure 3.61: Expansion of structure (a) YARVUI viewed along the a-axis and structure (b) V, 
viewed along the c-axis. 

 
Figure 3.62 shows the packing of the structures along the a-axis, for structure YARVUI, and 
along the c-axis, for structure V. It is observed that in both structures the inorganic polymers 
lie parallel to one another and as result constrains organic layers to be formed in parallel 
succession. 

It is observed that both inorganic structures exhibit inorganic polymers that pack in a parallel 
fashion (Figure 3.62), however each discrete polymer, when viewed along the a-axis, for 
structure V and c-axis, for structure YARVUI, undergoes periodic displacement relative to the 
b-axis and a-axis respectively. 

 

 

 

 

Figure 3.62: Structure V, viewed along the a-axis and structure YARVUI, viewed along the c -axis. 
 

(a) (b)  

(a) 
(b)  

 
 
 








































































































































































































































