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Abstract 

Title 

Author 

Date 

Crystal engineering of novel organic-inorganic 

compounds of Nand O-donor dipyridyl ligands 

Lesego J. Moitsheki 

August 2006 

Crystal engineering based upon organic-inorganic compounds has made 

rapid progress in recent years. These compounds are known to combine the 

inherent advantages of both organic and inorganic substances. In this thesis. 

a range of metal compounds were investigated. These include compounds of 

actinides, lanthanides, transition and main group metals using dipyridyl 

ligands (4,4'-bipyridine-N,N'-dioxide (bpdo), 1,2-bis(4-pyridyl)ethane (BPE) 

and 1.2-di(4-pyridyl)ethylene (OPE». Compounds prepared were 

characterised by x-ray diffractometry. Thermal analysis (thermogravimetry 

(TG), differential scanning calorimetry (OSC) and hot stage microscopy 

(HSM» was used to determine the thermal behaviour of these compounds. 

Microanalysis was used to confirm elemental composition. 

Changing the metal geometry while using the same spacer ligand showed a 

Significant effect on the type of organic-inorganic compounds obtained. The 

effect of the metal salt anion was also examined. Crystal structures show that 

the materials we obtained were either polymeric or discrete molecules which 

form a 20 or 3D network by means of supramolecular interactions. 

An interesting study was demonstrated by CO(N03)2 metal salt. Six different 

CO(N03h compounds were prepared at various temperatures (278 K, ambient 

(295 K - 298 K), 295 K, 298 K and 313 K), while varying solvents ratios. 

Isothermal TG has been used to measure kinetic parameters for guest 

release and decompOSition of selected compounds. 

ill 
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Angle between band c unit cell vectors 

or extent of reaction 

Angle between a and c unit cell vectors 

Angle between a and b unit cell vectors 

Arrhenius pre-exponential factor 

Boiling point 

Cambridge Structural Database 

Differential scanning calorimetry 

Activation energy 
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Structure factor 

Number of electrons in the unit cell 
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Melting point 

Molecular mass 

One dimensional 

Two dimensional 

Three dimensional 

Gas constant = 8.314 J.K-1.mor1 

Secondary building units 

Onset temperature 
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Isotropic or anisotropic displacement parameter 

Unit cell volume 

Number of formula units in the unit cell 
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Cb.pW1 Introduction 

Aspects of Supramolecular Chemistry 

"It is an almost impossible task to write a useful definition of supramolecular 

chemistry. The field is ever changing as it advances, and researchers will 

have their own understanding and sets of terminology." - J.W Steed, 

Encyclopaedia of Supramolecular Chemistry, 2004, 2, 1401. 

Jean-Marie lehn 1 (1978) introduced the concept and expression 

"supramolecular chemistry" and defined it as being 'concerned with the 

entities of higher molecular complexity than molecules themselves -

chemistry of molecular assemblies held together and organised by means of 

intermolecular, binding interactions.' In 1987 the Nobel prize in chemistry was 

awarded to D.J. Cram, J-M. lehn and C.J. Pederson for their respective work 

in the field of supramolecular chemistry. A year later (1988), J-M. lehn 

defined supramolecular chemistry informally in his Nobel lecture as "chemistry 

beyond molecules". 2 The discovery of the chlorine clathrate hydrate [C12 . 

6H20} by Davy3 in 1811 is considered to have initiated the discipline of 

supramolecular chemistry. X-rays and their use in structure elucidation were 

then discovered in 1895 and 1912 respectively which enhanced the growth in 

this field. 

A number of informative books about this field have been written including ten 

volumes entitled 'Comprehensive Supramolecular Chemistry' published in 

19964 and the two volume 'Encyclopaedia of Supramolecular Chemistry' 

published in 2004.5 Much recent work is now focused on 'Crystal Engineering' 

defined as the area of supramolecular chemistry devoted to the controlled 

design of crystalline materials with specific properties. The formation of a 

crystal is a process of self-assembly of molecules from solution or vapour. It 

relies on molecular recognition and it is regarded as one of the core concepts 

of supramolecular chemistry. Crystallography is the ultimate tool in the field of 

supramolecular chemistry for the understanding of crystal structures, crystal 

growth and molecular interations. 
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Due to the rapid and extensive growth of this field, it is impossible to present a 

comprehensive review of the subject. This introduction will mainly highlight the 

specific parts of the field which are directly relevant to this study and describe 

their basic concepts and principles. 

Crystal Engineering 

"Molecular crystal engineering is the bottom-up construction of functional 

materials, starting from molecular or ionic building blocks assembled by 

means of noncovalent interactions." - D. Braga and F. Grepioni, 

Encyclopaedia of Supramolecular Chemistry, 2004,1,357. 

Developments in inorganic crystal engineering are composed of two major 

themes: coordination polymer construction and the use of hydrogen-bonding 

between suitable building blocks. A substantial number of rationally designed 

poly-dimensional coordination networks have been constructed by using the 

concepts of crystal engineering. A major theme in crystal engineering is the 

preparation of predictable open framework. materials with reasonably open 

space and stability even after the removal of guest. A huge amount of work. 

thus far has used bridging ligands which offer two or more donor units (such 

4,4'-bipyridine and its analogues) bound to different metals. 6-12 

The networks designed include diamondoid,6,7,13-16 bilayer,17.19 brick wall,2o 

helices,21 honeycomb,22 ladder,7,17,2o,23 rectangular grids,24,25,26, square 

grids21
-
33 and triangular grids.34 The idea is to construct compounds which 

carry advantages of both organic and inorganic substances.35 When the 

intermolecular interaction that holds the building blocks of an infinite repeating 

system is a coordination bond, the product is termed a coordination polymer. 

As long as the axially coordinated ligand is bidentate, it is expected that the 

product should be polymeric. Other types of infinite supramolecular 

compounds are due to hydrogen bonding, x-interactions and other molecular 

interactions which are collectively named as "supramolecular synthons". 
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Supramolecular synthons 

G.R. Oesiraju developed and defined the concept of supramolecular synthons 

as the "structural units within supermolecules which can be formed and/or 

assembled by known or conceivable synthetic operations involving 

intermolecular interations". 36 The term synthon was initially introduced by 

Corey in 1967, in the context of organic chemical reactions. 

Surprisingly I the subject of hydrogen bonding is still under debate and a 

definition has been controversial over the years. Oesiraju31 has written a book 

in which he made a substantial contribution to the study of hydrogen bonding 

and other intermolecular interactions. A hydrogen bond, X-H···A (X, donor; A, 

acceptor), is an interaction wherein a hydrogen atom is attracted to two 

atoms, X and A, rather than just one and so acts like a bridge between 

them.38 The strength of attraction always increases with the increase in 

electronegativity of X and A. Hydrogen bonds are electrostatic interactions but 

the proportion of the electrostatic nature can differ. The concept of the 

hydrogen bond as an electrostatic interaction dates back to Pauling's work 

who assumed that the H atom would be deshielded only if X and A are very 

electronegative (Br, CI, F, N, 0) and this in turn will result in sufficiently high 

electrostatic attraction between H and A to call this interaction a bond. 

Hydrogen bonds are directional interactions which prefer linear geometries.39 

Examples of conventional strong hydrogen bond interactions include O-H"'O 

and N-H"'O, while weak hydrogen bond interactions are C-H"'O, C-H"'N, 

P-H···O, M-H"'O (M :::: metal). 1···1. 0"'1, N"'CI, C"'H, C"'C and C-H···1t. The 

distance between the donor and acceptor atoms range from 2.2 A - 4.0 A with 

a typical hydrogen bonded 0· .. 0 interaction distance of 2.5 A - 2.8 A. The 

conservative distance for C· .. O interaction is 3.25 A in a C-H"'O geometry, 

while H···N is 2.41 A in C_H· .. N.38
.
40 

Intermolecular interactions which are specific to organic-inorganic hybrid 

compounds were studied by Braga and co_workers.41
,42 

" 
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Gillion at BI.43 did some work based on the use of the M-X"'H-N hydrogen 

bond synthons to prepare crystalline salts through charge-assisted hydrogen 

bonding interactions between hydrogenated bipyridine ligands (4,4'-H2bipy) 

and different metal halide anions, MXA; (M = Pt, Pb, Pd, Zn, Co, Hg, Mn and 

Cd; X = CI and Sr). Crystalline materials which are held together by charge­

assisted hydrogen bonding interactions and coulombic forces between 

organometallic building blocks such as the dicarboxylic acids Fe(CsH4COOH2) 

and [Co(CsH4COOH212+ were subsequently reported."" 

The other kind of interaction is the M···M interaction. The common types are 

Ag .. ·Ag and AU"'Au interactions that are generally known to influence 

molecular conformation and crystal packing.8.45-48 

,.; .... ",.; interactions 

Janiak498 carried out a geometrical analysis on X'''x stacking in metal 

complexes with aromatic nitrogen-containing ligands based on a Cambridge 

Structural Database (eSD) search. The study revealed that a face-face x'''x 

alignment where most of the ring planes area overlaps was a rare 

phenomenon, The usualx'''x interaction is an offset or slipped stacking, x'·'x 

interaction is commonly used for stacks of aromatic rings with approximately 

parallel molecular planes separated by interplanar distances of about 3.3 -

3.8 A. For centroid to centroid distances up to 3.8 A the displacement angle 

lied around 20°. An increased reference of x" 'x in recent years can be noted, 

but still few details are given. A study on the nature of X·"X interaction using 

an electrostatic model to explain the strong geometrical requirements for 

interactions between aromatic molecules was performed on porphyrins.49b 

Molecular organic-inorganic hybrids 

In recent years a notable amount of research has been done in the area of 

molecular organic-inorganic hybrids. Compounds of different dimensionality 

have been synthesised and characterised. The ligands containing two 4-
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pyridyl donors have been extensively used to construct compounds of 

different topological architectures. The principle is to utilise a building block 

approach to synthesise several novel networks with a high degree of porosity 

that can be used for various functions such as gas storage, catalysis, solvent 

adsorption and separation, water purification, etc. In this case, researchers 

are faced with the challenge of choosing the right spacer ligand with a specific 

desired pore size and function. Metals are classified as connectors and 

ligands as linkers. Examples of different linkers used for organic-inorganic 

hybrids are shown Figure 1.1. 50 

ttaIIII8(F,Q,Ir._I. ~ .. nl'l ~ 
CPr" 8ICN"" 

Figure1.1: Examples of linkers used as building blocks. 50 
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literature and CS051 (Version 5.27, November 2005) search revealed that 

less research has been carried out on actinides and lanthanides using bpy, 

BPE and/or OPE. A number of compounds obtained showed crystal structures 

connected through hydrogen bonding between the inorganic chains, lattice 

water and bpy, to form infinite supramolecular chains. In most reported 

compounds, bpy is protonated [H2bpy]2+. 73-79 

To the best of our knowledge based on the CSO,51 lanthanides and actinides 

research using the bpdo ligand has not been extensively explored. Unlike with 

pyz and bpy, bpdo is less likely to form coordination polymers with transition 

metals. In cases where they do, the polymer prepared is a one dimensional 

with adjacent chains connected by intermolecular interactions giving rise to a 

two layered architecture. 80-83 

Ma at al.84 have constructed Cu(lI) compounds with variable dimensionality 

from mononuclear and trinuclear coordination and have one and two 

dimensions. These compounds further demonstrate the difficulty of achieving 

open framework coordination polymers using bpdo. The mononuclear 

compound consists of Cu(lI) coordinated by six bpdo ligands [Cu{bpdo)e]2+ 

and balanced by two uncoordinated perchlorate anions, while the trinuclear 

compound is a Cu2+ ion located at the centre of inversion and coordinated by 

two bpdo ligands (Figure 1.3(a) and (b». The other crystal structure is an ionic 

pair consisting of a hydrated [Cu(H20)e]2+ cation, two cr and bpdo molecules, 

and two crystal lattice water molecules. Ma34 also carried out some work on 

Co(ll), Ni(II), Cu(lI) and Zn(II), but employing different preparation methods. 

The crystal structures achieved were isostructural. An attempt with Fe(lI) and 

Cd(lI) gave discrete ions of [M(H20)5(bpdo)]2+ and sol- anions with four 

water molecules of solvation.85 Their recent work on Mn(lI) and Co(lI) 

produced a three dimensional hydrogen bonded diamondoid network with 

metal centres bridged by double bpdo Iigands.56 
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Due to vast work done on metal-organic hybrids using these linkers, the 

literature discussed here will be mostly related to the work carried out in this 

thesis. The background will cover a broad scope of various metals. 

The assembly of molecules in a coordination compound is through covalent 

and/or intermolecular forces. Coordination numbers ranges from 2 - 7 

(transition metals) and 7 - 10 (lanthanides and actinides), depending on the 

metal and its oxidation state giving rise to different geometries (T - or Y­

shaped, tetrahedral, square planar, square pyramidal, trigonal pyramidal, 

octahedral, trigonal-prismatic, pentagonal-bipyramidal and the corresponding 

irregular forms. 50 

Most frequently used linkers are the neutral organic ligands such as pyrazine 

(pyz) and bipyridine (bpy). A CSD51 search revealed that -1500 and -350 

crystal structures including pyz and bpy respectively have been reported. 

Charmant et al.52 have recently reported one dimensional coordination 

polymers of Bi(SCeFs) using dipyridyl ligands which consist of five and six 

coordination sites [Bi(SCeFsh(thf/dmf)(L)n]; (L = bpy, BPE and n ranges from 

1 - 3) occupied by the thiolate and pyridyl ligands. The five coordination 

geometry is uncommon in bismuth complexes. 

Lead containing coordination polymers [PbX2(bpy/pyz)]n (X = CI, Br, I) 

resulted in 2D polymers with adjacent polymer chains bridged by halides.S
3-56 

Most researchers often use transition metals as versatile connectors in the 

preparation of coordination polymers. Hou and co-workers have recently 

reported three Mn(lI) coordination polymers using bpy that show nonlinear 

optical activity (NLO, measured by Z-scan technique).57 

Silver complexes are known to produce very interesting crystal structures with 

unusual intermolecular interaction. A Ag(l) polymer which consists of cationic 

complex chains, anionic complex chains and solvent water molecules have 

been reported. The polymer has two different silver coordination geometries: 

trigonal (cationic chain) and square planar (anionic chain). The crystal 

structure shows a typical Ag .. ·Ag separation between neighbouring chains of 

1 
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3.398 A4a Similar kind of M···M interaction with Ag"'Ag :: 3.115 A was also 

reported.47 

In addition, more recent coordination polymers of bpy,28,30,33,58-63 pyrazine,64-67 

1.2-bis(4-pyridyl)ethane (BPE) and 1,2-di(4-pyridyl)ethylene (DPE),aa..72 have 

been reported. 

Previously, microporous silicas and aluminosilicates such as zeolites have 

been utilised for separation, storage and heterogenous catalysis, but recent 

research has shown that more versatile metal-organic frameworks with 

desired cavity size can be prepared using inorganic coordination polymers. 

Biradha and Fujita9 have demonstrated this concept by choosing a longer 

bifunctional ligand, to obtain bigger square grid networks. The use of an 

electron rich ligand containing an anthracene moiety formed opened square 

grids (Figure 1.2) only in the presence of nitrobenzene or cyanobenzene, 

while in the presence of benzene it formed interpenetrated grids. 

Figure 1.2: The 2D square grid network of ([Ni{9,1 O-bis(4-pyridyl) 

anthracene}2(H20)]-2N03}n. Picture adopted from Kitangawa at 

al. 5O 
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Literature and CS051 (Version 5.27, November 2005) search revealed that 

less research has been carried out on actinides and lanthanides using bpy, 

BPE and/or OPE. A number of compounds obtained showed crystal structures 

connected through hydrogen bonding between the inorganic chains, lattice 

water and bpy, to form infinite supramolecular chains. In most reported 

compounds, bpy is protonated [H2bpy]2+. 73-79 

To the best of our knowledge based on the CSO,51 lanthanides and actinides 

research using the bpdo ligand has not been extensively explored. Unlike with 

pyz and bpy, bpdo is less likely to form coordination polymers with transition 

metals. In cases where they do, the polymer prepared is a one dimensional 

with adjacent chains connected by intermolecular interactions giving rise to a 

two layered architecture.8O-83 

Ma et al.84 have constructed Cu(lI) compounds with variable dimensionality 

from mononuclear and trinuclear coordination and have one and two 

dimensions. These compounds further demonstrate the difficulty of achieving 

open framework coordination polymers using bpdo. The mononuclear 

compound consists of Cu(lI) coordinated by six bpdo ligands [Cu(bpdo)6]2+ 

and balanced by two uncoordinated perchlorate anions, while the trinuclear 

compound is a Cu2+ ion located at the centre of inversion and coordinated by 

two bpdo ligands (Figure 1.3(a) and (b». The other crystal structure is an ionic 

pair consisting of a hydrated [CU(H20)6]2+ cation, two cr and bpdo molecules, 

and two crystal lattice water molecules. Ma34 also carried out some work on 

Co(II), Ni(II), Cu(lI) and Zn(U), but employing different preparation methods. 

The crystal structures achieved were isostructural. An attempt with Fe(lI) and 

Cd(lI) gave discrete ions of [M(H20)5(bpdo)12+ and soi- anions with four 

water molecules of solvation.8s Their recent work on Mn(lI) and Co(lI) 

produced a three dimensional hydrogen bonded diamondoid network with 

metal centres bridged by double bpdo Iigands.86 

I 
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(a) (b) 

Figure 1.3: Cu(lI) complexes using bpdo. (a) mononuclear and (b) trinuclear 

compounds.84 

Enviromentally unstable crystals which immediately lose solvent when 

removed from mother liquor were obtained from mixture of methanolic 

solutions of bpdo and Zn(SiFs): [Zn(MeOH)2(bpdoh](SiFs)·3MeOH, while 

Zn(N03)2 produced a crystal structure that is composed of discrete 

[Zn(bpdo)s]2+ cations and uncoordinated nitrate anions.87 Crystallisation of 

Co(ll) gave a compound which is isostructural to that with Zn(N03)2. 

M(N03)2 (M = Co, Ni) crystal structures of the formula [M(N03b(H20)·(bpdo)4 

were also reported.s 

long and co-workers 7 constructed Tb(lII) polymers with either zigzag or 

ladder shapes using bpdo. The zigzag chains are linked by hydrogen bonding 

forming a 3D diamondoid shape, while the latter formed channels which 

accommodated CH2CI2. C2CI4 and CH30H solvent molecules. They further 

demonstrated that coordination polymers of various structural topologies can 

be prepared with other lanthanide group metals.11
.88-91 

A novel one dimensional chain of Eu(lII) complex [Eu2(BTA)(bpdo)]n (BTA = 
benzoyltrifluoroacetone)92 containing dimers bridged by terminal oxygen 
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atoms of bpdo ligands was elucidated. The dimer showed an EU"'Eu 

interation with distances of 4.26 A. 

To our knowledge and the CSD,51 no actinide metal-organic compounds using 

bpdo have been reported. 

Other interesting coordination polymers of different ligands have been 

previously reported. Amongst others, coordination polymers of M(NCS)2 with 

2-, 3- and 4-aminobenzonitrile (ABN) isomers, investigated by Vujovic et 

al.93
•
94

, possesses different kinds of hydrogen bonding networks. In addition to 

hydrogen bonded networks, the ABN isomers also form one-, two- and three­

dimensional polymeric networks as a result of different coordination 

preferences, such as coordination to the metal centre using either amine or 

cyanide N atoms, or in a bridging fashion (using both N donors). 

Crystal engineering has developed rapidly and there are other challenges 

beyond crystal structure elucidation. The question which arises is what useful 

properties can be exploited with the resulting compound? Champness95 has 

written a review paper which is entitled "Coordination frameworks - where 

next?" The significant challenge is to synthesise coordination frameworks with 

specific properties and functionality. 

Gas Storage and sorption of organic vapors 

The new development is metal-organic frameworks (MOFs) as a new form of 

robust porous materials constructed using secondary building units (SBUs). 

SBUs are molecular units used as a basis for the design of highly porous 

zeolite-like compounds with certain specific functions. Figure 1.4 shows a 

selection of porous functions demonstrated by porous coordination 

polymers. 50 

11 
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Figure 1.4: A selection of porous functions demonstraled by porous 

coordination polymers. W 

By using the concept of SBUs, Rowsell and Yaghi OO have constructed a series 

of metal frameworks of different sizes, but the same cubic topology, wh ich 

exhibit the desired functional properties (Figure 1,5). 
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atoms of bpdo ligands was elucidated. The dimer showed an EU" 'Eu 

interation with distances of 4.26 A 

To our knowledge and the CSD." no actinide metal-organic compounds using 

bpdo have been reported 

Other interesting coordination polymers of different ligands have been 

previously reported. Amongst others, coordination polymers of M(NCS). with 

2-, 3- and 4-aminobenzonitrile (ABN) isomers. investigated by Vujovic et 

al. 9394
, possesses different kinds of hydrogen bonding networks. In addition to 

hydrogen bonded networks. the ABN isomers also form one-. two- and three­

dimensional polymeric networks as a result of different coordination 

preferences such as coordination to the metal centre using either amine or 

cyanide N atoms. or in a bridging fashion (using both N donors) 

Crystal engineering has developed rapidly and there are other challenges 

beyond crystal structure elucidation The question which arises is what useful 

properties can be exploited with the resulting compound? Champness9S has 

written a review paper which is entitled 'Coordination frameworks - where 

next?" The significant challenge is to synthesise coordination frameworkS with 

specific properties and functionality 

Gas Storage and sorption of organic vapors 

The new de\lelopment is metal-organic frameworks (MOFs) as a new form of 

robust porous materials constructed using secondary building units (SBUs) 

SBUs are molecular units used as a basis for the design of highly porous 

zeolite-like compounds with certain specific functions Figure 1.4 shows a 

selection of porous fUnctions demonstrated by porous coordination 

polymers.t<J 
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Figure 1.5: A series of 16 metal-organic frameworks of the formula 

Zn4 0(Lh, L " rigid linear dicarboxylate created by Rowsell and 

Yaghi % 

Some remarkable research on gas absorption by porous metal-organic 

crystals has been done by Yaghi and co_workers% '01 These compounds 

showed some strong potential as adsorbents for argon (Ar) or nitrogen (N2) 

storage and sorption of organic vapors of CH2CI2, CHCb, C6H6, CCI<, C6H
" 

More work on sorption of Ar, CO" N, gases and organic vapors was further 

explored by Chui, 1~2 Li,103 Barthelet.·().1 Noro 1~ Maji ' 06 and co-workers 

Kondo el al. ' o, reported a bilayer framework strLlGture capable of reversible 

adsorption of CH., N, and 0, at ambient temperature. Recently, three 

dimensional metal complexes from copper dicarboxylates 

triethylenediamine which have an ideal porosity capable of high CH< 

adsorption were synthesised. 10il 

Fossil fuels are a primary source of energy, but the production process 

possesses several problems such as increasing le\lel of pol lution and low 

converSion efficiency Hydrogen-based fuel cells ha\le emerged as the 

possible alternati\le technology for mobile applications; hence hydrogen 

storage and separation research is critical Atwood et a/.'09 prepared 
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main difficulty in controlling these reactions is grinding time and pressure 

exerted by the operator giving rise to changes in temperature. Solid-solid 

reactions are considered as a "green route" to crystal engineering. Braga and 

Grepioni have done some significant work in preparing coordination 

compounds of different ligands using the co-grinding methodology. Recently, 

they used [Fe(lls-C4Hs-1-CsH4N)2] to prepare a series of mixed-metal 

compounds with various transition metal salts. 116-120 

The study of solid-solid reactions dates back to 1970, the year in which 

Rastogi did some work on classification of solid state reactions. 121 In the solid 

state, the reactant molecules cannot move freely as compared to other 

phases, hence solid reactions are diffusion-controlled reactions. Toda, 122 

Rothernberg 123 and their co-workers demonstrated that solid state reactions 

can proceed to completion more efficiently than in solution. 

Trask et al. 124 employed the "solvent drop grinding" methodology to control 

polymorphic product of cocrystallisation of caffeine and glutaric acid. 

Kinetic study 

Kinetics theory of the solid state has been comprehensively discussed by 

Brown.12s For a homogenous reaction, the rate of reaction is conveniently 

measured by the decrease in concentration of reactants or the increase in 

concentration of products at constant temperature. The rate can be expressed 

as: 

R = kr f (concentration of reactants and products) 

where kr is the rate coefficient which is a function of temperature. kr is 

related to the temperature by the Arrhenius equation: 

15 
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E. is defined as the activation energy which reactant molecules must have in 

order to react, while A is the pre-exponential factor or frequency factor refers 

to the number of collisions, but which has no ready interpretation when 

applied to the solid state. 

For a heterogeneous reaction of the general form 

A (s) + nB (g) -- ABn (s) 

the change in concentration of the reactants or products cannot be used to 

follow the reaction, but instead the reaction is monitored by the extent of the 

reaction, a, defined as: 

mi is the initial mass of the reactants, m f is the final mass of the products 

and m, is the mass of sample at any time t. 

a can be measured as a function of time at constant temperature for kinetic 

stUdies. In that case, the generalised experimental a-time curve under 

isothermal conditions has the features illustrated in Figure 1.7, which consists 

surface adsorption or desorption (A), the formation of nuclei called the 

induction period (B), acceleration period (e), maximum rate of reaction (D). 

deceleration period (E) and completion of the reaction (F). 

1r-------::::====l 
F 

ex 

A B 

o time 

Figure 1.1: The generalised isothermal a-time curve for a solid state reaction. 
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The kinetic analysis of isothermal reactions involves attemptillg to relate the 

experimental ly measured a and t values with values predicted for a limited set 

of models based on processes of Ilucieation an d growth , diffusion or 

geometrical progress of the reactan tlproduct intenace. The expressions 

derived from these ideal geometrical models can all be written ill their integral 

forms I(a) = k/, as summarised in Table 1 1 12\ 

Table 1.1 Broad classi fi cation of solid-state rate expressions 

, Kinetic model '(a)-1ft 

01 Prout-Tompkins InIClI{1 _Cl)] 
...... " """.- .~-

[.In(1 _a )I''l "" Sigmoid A2 Avrami-Eroteev 
_._---,---"".--"--

a.·timlt curvll5 A3 Avrami-Eroteev [·In(I -(1 )I ' 
....... .- ........ __ ._---

A4 Avrami-Erolee. [_In(I -(1 )] ''l 

ACCQleratory P1 p:>wer law " " ........... - ......... _ .. 
,,_time curve5 E1 exponentiil i law ; '"" 

based on R2 contracting area 1·(1·,,) ' " 

goomotnclt modet. R3 contracting valu"'" 1·(1·,,)'" 

01 one-dimensiooal ! " 
based on diffusion 02 two-d imensional (1-,,)ln( 1-,,)"''' 

DIIc.oIer~tory 
mechanisms [1_(1_")':'1' 03 three-d ,men s'lOn,,1 

J ,,-time curvu , 
! 04 G,nstliCJg-Brounshtein ; (1·2a.'3)-{1 -(1 )'" 

. F11irst order · In{I -(1 ) 
b~5IId on "order of ---r ...... 

. Fl second order 1/(1·,,) 
re~ction" 

! F3 third order 111{1-,,)j' 

" 
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About this study 

This study targeted the preparation of hybrid organic-inorganic compounds of 

dipyridylligands (bpdo, BPE and OPE) using various metals. Most of this work 

covers compounds prepared using bpdo. BPE and OPE were only used in 

preparing gold complexes (Chapter 6). The aim was to prepare 1-, 2- and/or 

30 networks which combine advantages of organic (structural diversity, 

luminescence) and inorganic (high electron mobility, mechanical and thermal 

stability) substances. These compounds were to be considered for use in for 

various functions such as gas storage, catalysis, solvent adsorption and 

separation, and water purification. 

A range of metal complexes were studied. These include compounds of 

actinides (U(VI», lanthanides (Tb(lII), Gd(III», transition (Co(II), Cu(II), Zn(II), 

Au(lll» and main group (TI(III), Pb(lI» metals with various metal anions to 

form either discrete or coordination polymers. The crystal structures of these 

compounds have been elucidated using single x-ray diffractometry and further 

characterisation was performed by IR, PXRO, thermal and elemental 

analyses. These compounds were prepared using different crystallisation 

methods (described in Chapter 2) which also gave rise to different structural 

topologies. 

The structure of compounds which were crystallised from variable solvent 

mixtures, or obtained at different crystallisation temperatures, were 

elucidated. We also studied their kinetics of desolvation and decomposition. 

All of the compounds studied possesses X'''x interactions due to aromatic 

rings of the dipyridyl ligands and hydrogen bond networks. In some cases, 

isostructural compounds were prepared. 

This work also demonstrates that by changing metal geometries, while using 

the same spacer ligand, has an effect on the type of metal-organic 

compounds obtained. 

19 
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General Synthetic Procedure 

The organic-inorganic compounds studied were synthesised by diffusion 

solvent mixtures and slow solvent evaporation methods at 278 K, ambient and 

313 K. All syntheses involved the addition of a solution of the organic dipyridyl 

ligands (4,4'-bipyridine-N,N'-dioxide (bpdo), 1,2-bis(4-pyridyl)ethane (BPE) 

and 1,2-di(4-pyridyl)ethylene (OPE); schematic diagrams shown in Figure 2.1) 

to the metal salt using various metal:ligand molar ratios to be discussed later 

in this chapter. All chemicals were purchased from commercial sources and 

used without further purification and their physical properties are summarised 

in Table 2.1. 

Figure 2.1: Schematic diagrams of dipyridylligands. (a) 4,4'-bipyridine-N,N'­

dioxide (bpdo), (b) 1,2-Bis(4-pyridyl) ethane (BPE) and (c) 1,2-

Oi(4-pyridyl) ethylene (OPE). 
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Table 2.1 : Physical properties of chemicals used irl synthesis_ 

~O~PDund Molecular 
! M, (g.mor') 

Density'· 

formula 
bp ("C), mp (ocy , 

(g.cm-') 

lIIIetal ults -- I 
._--

, 
- . 

Cobalt bromide CoBr, 21875 - m 4.909 , 
Coboal1 chloride CoGl, 6H,O 23793 1048.9 , 

"' 1.924 

- -
Cobal1 bdide Col, 312 74 ~51 5 5.45 

-~. _. - -
Cobalt ni1ra1e Co(NO,),.6H,O 291 03 - 55-56 249 

---~ 

Coba lt sulpl1ate Co(SO,J,.7H,O 281 10 m %.8 203 
-_._.- -.-

Copper chloride CuCI,.2H,O 17048 992.8 "'" 'M 
~,.jo~n;um "i('31e 

- . . 
Gd(NO,h 6H,0 45134 "' 2.406 

_._ .. __ .. -
Goid chloride HiAuCl,) 339.49 - 1,025 - Lead chloride Pbel, ; 278.12 "" "" , "' , 

f--- Lead- bron,i6e-------;-- PbSr, :',67.01 
-

"" m 6,660 , 
- - , 

Lead bdide "" I 
461 01 ! "" '" - , , 

Teroium nitrate 
, 

Tb(NO,),.5Hfl 435.02 29.3 I , 
r-ih3l1iumnitr3Ie -

- ~-

TKN O,),,3H,0 4« 43 102-105 

--"'I .-~ 

Umnyl nltmte UO,(NO,j, .6H,0 502.13 -

Zinc bromide ZnBr, 225.19 ew '" , 4 201 , --_.- -- -- _._-_.------_.-
Zincthiocynate Zn(NCS), 121_558 

Uglnds 
- --_. __ •. -

1,2-Sis(4-pyndyl) 
C. ,H.,N, 184.24 ; ethane 

, - t07·110 -, 
4.4' =-tiiPY;idlne=--

, . 

C lO H,N,O, 18819 
, n, , 

NN'-dioxide 

I - . ------ . 
1 ,2-DI(4-pyrid~l) 

C"H"N, 182.23 150-153 , 
eth~ lene , 

So l ~ entl j 
-~- .. .. _ .• 

Carbon 
Cel, 15382 " ." 1.59 

tetrachloride 

Chlorobenzene C, H,CI 112 56 m ." 1 107 

t-- CMlorolorm 
- --- _. _ .. - ---- - _.- " . - . ----

CHCI, 119.38 605-61.5 , .", 1.48 , 
-97 -

, -
DicMloromethane CH,CI, 84.93 , 39.8--40 1.32 , 

189 --16-19-- - . -
Dimeth~lsulloxide (CH,J,SO , 7813 ,,, 

- ----- -- - --
Ethanol C,H,O , 46.07 " -114 079 

. -
Methanol CH.O 32.04 '" ." 0.79 _ .. - - , . 

• II -mp and bp measured at 760mmHg, denSities measured at 25 C 
, 

" 
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Syntheses of metal-organic complexes 

Ca) Cobalt complexes 

(i) [CO(H20)e]Br2 . 2(bpdo) . 2H20 (CoB), [Co(H20)e]CI2 • 2(bpdo) . 2H20 

(CoC), (CoI2(H20),,1 . 2(bpdo) (Col), [CO(H20b(bpdo)(N03)] N03. bpdo . 

H20 (CoN(A», [Co(H20b(bpdo)(N03bl (CoN(B», [Co2(H20).(bpdo)d 

(N03)" . 4H20 (CoN(C», (CO(H20)s(bpdo)](N03)z' H20 (CoN(O», 

[CO(H20),,(N03)d • 2(bpdo) (CoN(E)), [Co(bpdo)aJ<N03b (CoN(F», 

[CO(H20)s(bpdo)]SO" . 2H20 (CoS). 

The compounds were prepared by slow evaporation of a solution containing 

bpdo and a cobalt metal salt. In a typical preparation, 54.69 mg (0.25 mmol) 

CoBr2 was dissolved in 1 ml methanol or ethanol. 3 ml alcoholic solution of 

bpdo (35.28 mg, 0.19 mmol) was added carefully to the metal solution. The 

solvent was allowed to evaporate slowly at ambient temperatures and crystals 

were obtained within a few days. Similar preparations were done using 59.45 

mg (0.25 mmol) COCI2.6H20, 35.28 mg (0.10 mmol) Co12, 72.76 mg (0.25 

mmol) CO(N03b.6H20 and 70.24 mg (0.25 mmol) Co(SO"b.7H20. 

(ii) Using the same chemical quantities as in (i) above, temperature-and­

solvent dependent experiments for CO(N03)zJ5H20 were studied. This was 

done by growing crystals at (a) different temperatures (278 K, ambient 

(approximately 295 K - 298 K) and 313 K) using methanol only and (b) 

different solvent mixtures of methanol and water using the aforementioned 

temperatures. 

(iii) [CoBr2(bpdo)(H20)Zln . H20 (CoB-2) and [COCI2(bpdo)(H20)z ]n . H20 

(CoC-2) 

Chemical quantities for preparing these two complexes are similar to those in 

(i) above. Dry CoB and CoC were allowed to stand on the side bench and 
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within a week these crystals had transformed to (CoB-2) and (CoC-2) 

coordination polymers at ambient temperatures. 

tb) Lanthanide complexes 

(i) [Gd(N03b(bpdo)CH30H]n (Gd1), [Tb(N03b(bpdo)CH30H]n (Tbi), and 

[T1(N03h (bpdo)CH30H]n (TI1) 

These compounds were prepared by layering a methanol solution of bpdo on 

top of a layer of chlorinated solvents. In a typical preparation, 22.57 mg (0.05 

mmol) Gd(N03h. 6H20 was placed at the bottom of a polytop vial covered 

with 10 mL of CH2Cb. CHCIa, CsH5CI or CCI4 solvents. The metal salt does 

not fully dissolve. A 10 mL methanolic solution of bpdo (14.11 mg, 0.10 mmol) 

was carefully layered on top. The layers mixed over several days at ambient 

temperatures and colourless crystals grew at the interface. Similarly, 

compounds of Tb and TI were prepared using 21.75 mg (0.05 mmol) 

Tb(N03):s.5HzO and and 22.22 mg (0.05 mmol) TI(N03)3. 3HzO. 

(ii) [Gd(N03b(bpdo)1.5]n CH2CI2 (Gd2), [Gd(N03h(bpdo)1.sln CHCI3 (Gd3) 

and [T1(N03)3(bpdo)u]n CH2CI2 (TI2) 

The same chemical quantities and method as in (i) above were used to 

prepare these complexes. They were prepared by layering an ethanol solution 

of bpdo on top of a layer of either CH2CI2 or CHCIa in which metal salt had 

been placed (but not fully dissolved). The layers mixed over several days at 

ambient temperatures and colourless crystals grew at the interface and 

bottom of the vial. 

tcl Actinide complex 

502.13 mg (1.00 mmol) U02(N03)3.6H20 was dissolved in 30 mL of methanol. 

20 ml methanolic solution of bpdo (188.18 mg, 1.00 mmol) was added to the 
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metal salt solution. The mixture was heated to boiling point (337.5 K) with 

vigorous stirring. The temperature was reduced to 318.0 K and stirred for 

about 5 hours. The mixture was then filtered through a 0.45 micron filter and 

placed into a refrigerator for crystallisation. Yellow crystals were obtained 

within four weeks. 

(d) Copper and Lead complexes 

[CuzCI4(bpdob(H20)21·(CH3bSO (CuC), PbBrz(bpdo)n (PbB), PbClz(bpdo)n 

(PbC) and Pb1z(bpdo)n (Pbl) 

17.05 mg (0.10 mmol) CUCI2.2H~ was placed at the bottom of polytop vials 

covered with 5 ml of CH2CI2 or CHCll . The metal salt does not fully dissolve. 

A 5 ml solution of (CH3)2S0 and bpdo (28.22 mg, 0.15 mmol) was carefully 

layered on top. Reddish-brown crystals grew in two weeks at the surface of 

the vial at ambient temperatures. Similar preparations were done using 36.70 

mg (0.10 mmol) PbBrz, 20.86 mg (0.10 mmol) PbCI2 and 46.10 mg (0.10 

mmol) Pb12. 

(e) Gold complexes 

H[AuCI4] . (bpdo) (Au1), Hz[AuCI4] • CI . (BPE) (Au2) and Hz[AuCI4] • CI . 

(OPE) (Au3) 

35.00 mg (0.18 mmol) bpdo was dissolved in 5 ml methanol and layered 

cautiously on top of a 3 ml H[AuCI4] solution which was commercially 

prepared in 1 M hydrochloric acid. The solvent was allowed to evaporate 

slowly at ambient temperatures and yellow crystals formed in one week. 

Similar preparations were done using 36.85 mg (0.20 mmol) 1,2-Bis(4-pyridyl) 

ethane and 36.45 mg (0.20 mmol) 1.2-Di(4-pyridyl) ethylene. 
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(6 Zinc complexes 

The compound was prepared by layering an ethanolic solution of bpdo (28.23 

mg, 0.15 mmol) on top of 5ml CH2CI2 or CHCll in which 22.52 mg (0.10 

mmol) of ZnBr2 had been placed (but not fully dissolved). The layers mixed 

over several days at ambient temperature and colourless crystals grew at the 

interface. 

Oil [Zn3Br.(bpdo)4(H20)21· (bpdo) (ZnB2) and [ZnzBr4(bpdo)(HzO)e]' 

2(bpdo) • (H20) (ZnB3) 

22.52 mg (0.10 mmol) ZnBr2 was dissolved in 1.5 ml methanol. 28.23 mg 

(0.15 mmol) bpdo was dissolved in 3 ml methanol and added to the metal 

salt solution. The solvent was allowed to evaporate slowly at ambient 

temperatures and colourless crystals were achieved in few days. Similar 

preparations using same chemical quantities as above were done by 

replacing methanol with ethanol to acquire ZnB3. 

(iii) Zn(NCS)a(bpdo)(HzO)2' H20 (ZnB4) 

Ethanolic solutions of Zn(NCS)2 (0.1 mmol, 2 mL) and bpdo (0.40 mmol. 

4 ml) were mixed. The mixture was filtered through a 0.5 microns filter and 

the solvent was allowed to evaporate slowly at ambient temperature. 

Colourless crystals were afforded in two weeks. 
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Characterisation 

Thermal analysis 

Hot Staae Microscopy (HSM) 

HSM is a technique used to visualise and study the thermal degradation of 

compounds during the heating process. HSM was used in this study to 

observe the thermal decomposition of the organic-inorganic complexes. It 

may be used to correlate thermal events measured using the TG and DSC 

with the physical changes occurring in a crystal upon heating. such as guest 

desorption, melting point, polymorphic transitions, sample recrystallisation, 

etc. In order to detect guest release phase, the crystal is submerged in an 

inert medium such as silicone oil and observing the evolution of bubbles upon 

guest desorption. Another indication of guest loss is that a clear crystal could 

turn opaque due to partial desolvation. In this thesis, the HSM was mainly 

used for preliminary identification of the prepared complexes in order to 

determine the formation of the host-guest inclusion compound. The 

temperature at which any phenomenon is observed by the HSM may be 

correlated with the DSC onset temperature. The HSM temperatures at which 

events were observed were often slightly different from those observed in the 

TG and DSC experiments. This effect may be due to the different geometries 

of various instruments as well as differences in particle size of the sample 

analysed. 

The crystals submerged in silicone oil were subjected to the heating process 

under a Nikon SMZ-10 microscope fitted with a Linkam THMS 600 hot stage 

connected to a Linkam TP92 temperature controlling unit. All samples were 

heated at 10°C min-1
. The temperature was controlled by a Linkam COSOO 

temperature controller. A Nikon SMZ-10 microscope with a Sony Digital Hyper 

HAD colour video camera was mounted on top to record thermal events. The 

thermal events were monitored and images captured using program 

analySIS.2 
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Thermoaravimetry (TG) 

TG analyses for all compounds were performed on a Mettler Toledo 

TGAlSDTA851e under N2 gas purging at flow rate of 30 mlfmin. The Mettler 

TG instrument was calibrated using indium (mp :::: 156.6 °C) and aluminium 

(mp :::: 660.3 °C) in an automated process in which temperature calibration, 

tau lag calibration and sensor calibration are performed Simultaneously. 

The crystals were thoroughly dried on a filter paper to remove the surface 

solvent. Sample weights were typically between 2 and 20 mg. The weighed 

samples were placed in an open platinum pan. The programmed TG analyses 

were carried out over a temperature range 30°C and 500°C, at the 

predetermined linear heating rate of 10°C min-1 (20°C min-i for Co(lI) 

complexes). This technique was primarily used to determine the stoichiometry 

of the compounds from the percentage weight loss. The samples were 

continuously purged by a stream of dry nitrogen gas at a flow rate of 30 mL 

min-i. 

TG measures the weight loss of a sample as a function of temperature or 

time. It is used to establish the stoichiometry of the inclusion compounds as 

well as for measuring kinetics of desorption by isothermal TG analysis, which 

measures the mass loss of a sample with time at a fixed temperature. The 

isothermal TG was employed for kinetic studies, and will be described in the 

kinetics section. 

Differential Scanning Calorimetry (DSC) 

DSC measurements were performed using a Perkin Elmer PC series 7 

System. The instrument was calibrated using standard materials, i.e. Indium 

(L\H :::: 28.5 Jig, m.p. :::: 156.6°C) and Zinc (L\H :::: 102.1 Jig, m.p. :::: 419.5°C). 

The DSC analyses measure the difference in heat flow between the sample 

and a reference, in a controlled atmosphere, as a function of temperature, 

while the sample and reference are subjected to a controlled temperature 

program. These differences in enthalpy are associated with thermal events 
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such as guest release. phase transformation, polymorphic changes, 

recrystallisation and melting. DSC experiments can therefore be used 

to establish the onset temperatures and enthalpy changes 

(area under peak = ~H) associated with these thermal events. Guest release 

from the host is usually shown by an endotherm (absorption of heat) while 

decomposition is by an exotherm (heat released) and this can be detected 

using the DSC. Endothermic and exothermic reactions are shown by upward 

and downward peaks, respectively. 

The filter-dried and slightly finger-crushed samples ranging in mass between 

2 and 10 mg were placed in the crimped, vented aluminium pans with lids and 

were heated at 10 °Cmin-1
, with dry nitrogen as a purging gas at flow rate of 

30 mUmin. The DSC yields accurate onset temperatures for guest release 

and melting points, but enthalpy values for guest release are more 

problematic. This problem is mainly influenced by failure to control the particle 

size distribution of the inclusion compounds. Sieving is not employed because 

guest loss may occur during the sieving process. 

Kinetic studies 

Kinetics of guest release (desolvation) and decomposition of structure 

frameworks of both inclusion and metal-organic compounds were performed 

isothermally using TG techniques. The isothermal TG experiments were done 

using the programmed MeHler Toledo TGAlSDTA851e (described in TG 

section above) with dry nitrogen gas purging at the flow rate of 30 ml min-1
. 

The samples were removed from their mother liquor and dried on a filter 

paper. A series of isothermal TG experiments were carried out at appropriate 

temperatures selected with reference to the TG mass loss steps. The samples 

were heated rapidly at the chosen isothermal temperature until the experiment 

was completed i.e. guest desorption or decomposition was complete. The 

experiments were repeated at various temperatures which will be described in 

the appropriate chapters. Data generated by these experiments were 

converted to the extent of a reaction (a) versus time curves. The curves 
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obtained were fitted to various kinetic equations to determine the appropriate 

models.3 The extent of a reaction, a, is described by a::: (mi - mt) I (mi - mf), 

where mj is the initial mass of a compound and mf is is the final mass, mt is 

the mass at any time, t, during the mass loss process. Various kinetic models, 

of the form f(a) ::: kt, were fitted to the a-time data using the KINETIC 

program.4 The kinetic model for which the function, f(a) , was linear over the 

largest range of a was considered as the best fit model. 

Microanalysis 

Microanalysis was used to further confirm the stoichiometry of the 

compounds, particularly those whose instability rendered thermogravimetry 

unreliable. A Fisons EA1108 CHNS-O Elemental Analyser equipment was 

used to analyse synthesised compounds for carbon (C), nitrogen (N), 

hydrogen (H) and sulphur (S) content. The analysis was repeated twice for 

each sample to monitor the reproducibility of the results. 

The unstable compounds were kept under mother liquor until analysis, then 

dried using filter paper. The C, N, Hand S contents were calculated and 

compared with the results obtained from microanalysis. 

X-Ray Powder Diffraction (PXRD) 

Single crystals were crushed and packed in Markrohrchen non-diffracting 

glass capillaries supplied by Hilgenberg (Germany) prior to being mounted. 

These samples were then mounted on a Huber 0-83253 Imaging Plate 

appliance fitted with a Guiner Camera 670, a Huber MC 9300 power supply 

unit and a Philips PW1120/00 X-ray generator. The generator settings were 

kept constant at 20 mA and 40 kV while the sample was being bombarded 

with CuKa radiation (A ::: 1.5418 A). The display and manipulation of the 

PXRO data thus generated were performed on a desktop computer, which 

was linked to the instrument. The samples were exposed to radiation for 60 

minutes and multiscans of 10 times were used. The 29 range was truncated 

from 5 to 40°. 
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This technique was used to determine the purity of the sample. This was done 

by careful comparison of the experimental PXRD patterns with the PXRD 

traces calculated from the refined crystallographic data of the respective 

complexes. 

Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR analysis was performed to confirm the protonation of dipyridyl ligands. 

FTIR spectra were run for dried ligands, ligand kneaded with a small amount 

of Hel and crystalline material, all as KBr disks. The spectra were recorded on 

a Perkin Elmer Spectrum One FTIR spectrophotometer over the range 4000 -

500 cm-1
. 
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Preparation for data collection 

The crystals of synthesised compounds were grown by solvent diffusion 

mixtures and solvent slow evaporation. 

Crystal structure analysis 

Crystals of good quality (shiny and clear) and suitable size were selected for 

preliminary X-ray photography and data collections. Single crystals were 

selected on their ability to extinguish plane polarised light uniformly. The 

crystal was immersed in Paratone N oil5 and mounted on the glass fibre for 

data collection at low temperatures using the Nonius Kappa-CCO 

diffractometer. The preliminary unit cell parameters and space group 

symmetry were determined using the X-ray diffractometer for all synthesised 

compounds. 

Data collection was done on a Nonius Kappa-CCO diffractometer using 

graphite-monochromated MoKa radiation (A=0.7107A) produced at 50 kVand 

30 mA using Nonius FR590 generator. Data collections performed at low 

temperatures were carried out by cooling the crystals using a constant stream 

of nitrogen gas produced by a Cryostream cooler (Oxford Cryosystems) at a 

flow rate of 20 cm3min-1
. The intensity data were collected at either room or 

low temperatures depending on the stability of the crystal. 

The strategies for data collections were evaluated using the COLLECr 

software. Intensity data, for all structures, were collected by the standard cp 

and w scan techniques and were scaled and reduced to using OENZO-SMN7 

software. Accurate unit cell parameters were refined on all data. 

All the structures were solved by direct methods using SHELXS-97.8 

Equivalent reflections were merged and those with I < 20 (I) were suppressed. 

The space group symmetry was determined by examining systematic 

absences in the experimental data. This process was facilitated by the 
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program XPREP. 9 Differentiating between centro- and non-centrosymmetric 

space groups with the same systematic absences was done by examining the 

mean IE2_11 values, where E is the normalized structure factor. If the IE2_11 

value is close to 0.968, the structure is centrosymmetric, whereas if it is close 

to 0.136 the structure is acentric. The intensity statistics give an initial 

indication of whether the space group is centrosymmetric or not, but is later 

confirmed by the successful solution and refinement of the structure. 

The structure refinement was done by using the program SHELXL-91,8 which 

uses full-matrix least-squares minimisation of the function (Lw(Fe2-kFe2)2). The 

agreement between the observed (Fe) and the calculated (Fe) structure factors 

is expressed by the residual index, R, which is an indirect measure of the 

accuracy of the structure and should be low if the model is satisfactory. The 

residual index R1 gives the agreement between measured and calculated 

structure factor amplitudes for the refinement against F (see equation 1), 

whereas the residual index WR2 expresses the agreement between intensities 

for the refinement against F2 (see equation 2). 

(1 ) 

wR= (2) 

w is a default weighting scheme (represented by the SHELX command 

WGHT) and was refined for each structure: 

(3) 
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h P 
max{O, Fo2 )+ 2F/ were = ---""---"--'-----"-

3 
(4) 

Both a and b were refined for each structure. 

The Goodness of Fit (S) was also determined for each structure and is based 

on F2 (equation 5) 

I 

S = (L w{F} - F/ ) J2 
n-p 

(5) 

where n is the number of reflections and p is the total number of parameters 

refined. 

Unless otherwise stated, all non-H atoms were refined anisotropically. 

Hydrogens bonded to carbon atoms were placed in geometrically calculated 

positions with C-H = 0.95 A and refined with atomic displacement parameters 

1.2 times those of their parent carbons (1.5 times for methyl groups). For most 

elucidated crystal structures with water molecules, the hydrogen atoms 

bonded to oxygen atoms were generally not included in the final model. 

Additional computer packages 

SHELXS-978 and SHELXL-978 programs were used for structure solution and 

refinement respectively. A number of other computer programs listed below 

are included in the graphic interface software X-SEED 10 and were used for 

further analysis of the structures. 

.. ConQuest11 program was used to search the Cambridge Structural 

Database (CSD)11 for comparable structures to those presented in 

this thesis. 
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II XPREp9 was used to determine the space group and prepare the 

SHELX input files. 

.. X-SEED10 was used as a graphical interface for LAYER, SHELXS-97, 

SHELXL-97, POV-RAY, LAZY PULVERIX and SECTION. 

.. The LAYER12 program was used to investigate and identify the 

systematic absences from the intensity data collected from the x-ray 

diffractometer and the space group symmetry could be determined. It 

displays the intensity data as simulated precession photographs of all 

levels of the reciprocal lattice. 

.. The SECTION13 program was used to view the geometry of the voids 

formed by packing the crystal structure and in which the guest 

molecules reside. The guest molecules were removed from the crystal 

structure and the host molecules were viewed with atoms given their 

van der Waals radii. The host compound could then be sliced through 

the unit cell down any selected axis at various intervals. The program 

assists in investigating the 3 dimensional shapes of the channels or 

cavities. 

.. X-ray diffraction patterns were calculated with the aid of the lAZY 

PULVERIX14 program. The unit cell parameters, space group 

symmetry, atomic coordinates and thermal parameters were used as 

input for the program. 

.. The molecular structures and crystal packing diagrams were drawn 

using POV_RAy15. 

.. SADABS Version 2.0316 was used to exploit data redundancy to 

correct three-dimensional integrated data for errors due X-ray 

absorption. 
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III The analysis of the crystal conformation, host-guest interactions and 

other structural parameters was done using PLATON.11 
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Chapter 3 

(A) Anion dependent structural 

diversity in COli complexes of bpdo 

and transformation of Con discrete 

molecules to one dimensional 

polymers. (8) temperature-and­

solvent-dependent study. 
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This chapter is separated into two parts; (A) Anion dependent structural 

diversity in cobalt (U) complexes of bpdo and transformation of COli to 

one dimensional polymers, (8) temperature-and-solvent dependent 

experiments. Part (A) describes the cobalt (II) complexes with bpdo which 

were prepared and characterised by XRO, thermal analysis and 

microanalysis. Their topology and dimensionality depends on the counterion 

used i.e. Br", cr, r, NOi and (804)2-, For Bf" and cr the structures are layered 

inorganic/organic salts; r forms a 3D supramolecular network while both N03-

and (80,d2
- induce the formation of interdigitated layer structures (with 

different coordination spheres) with a hydrophilic region between the Co(lI) 

ions. The nitrate structure undergoes a reversible order-disorder phase 

transition at ca. 162 K. In all prepared complexes, n ... n interactions are 

present between the bpdo molecules, possibly providing a directing force for 

the formation of these structures. 

The next section illustrates an interesting characteristic of Br" and cr 
complexes, refined and elucidated in this study, which tend to transform into 

10 polymer after the crystals were left to stand. Hydrogen bonding through a 

guest water molecule joins the adjacent chains forming a 20 polymer sheet. 

Part (8) describes different crystal structures of the CO(N03)2 and bpdo grown 

at different temperatures i.e. 278 K, ambient (295 K - 298 K), 295 K, 298 K 

and 313 K. 

For each of the crystal structures described in this chapter the crystallographic 

data. experimental and refinement parameters are given in Table 3.1. The 

final atomic coordinates, bond lengths and angles, torsion angles, thermal 

angles, thermal parameters and tables of observed and calculated structure 

factors for each of the crystal structures are given in the appendices. 
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Complex preparation 

Part (A): Crystals of suitable quality were obtained by slow evaporation at 

ambient temperature over a period of a week (using the method described in 

Chapter 2). These complexes were crystallised using either methanol or 

ethanol as a solvent. 

Compounds of CoB and CoC prepared in Part (A) were allowed to stand on 

an open bench. Within a week, new 10 coordination polymers (CoB-2 and 

CoC·2) were formed. 

The abbreviations for the discrete cobalt complexes in this chapter are as 

follows: 

[Co(H20)e]Br2. 2(bpdo) . 2H20: CoB 

[Co(H20)e]CI2 . 2(bpdo) . 2H20: CoC 

[COI2(H20)4] . 2(bpdo): Col 

[Co(H20h(bpdo)(N03)] N03. bpdo . H2O: CoNCA) 

[CO(H20 )2(bpdo )(N03)2]: CoNCB) 

[C02(H20)a(bpdo)2] (N03)4 .4H20: CoN(C) 

[Co(H20)5(bpdo)](N03 k H2O: CoN(D) 

[Co(H20)4(N03)21·2(bpdo): CoH(E) 

[Co(bpdo )e](N03)2: CoH(F) 

[Co(H20)5(bpdo)]S04 .2H20: CoS 

CoBr2(bpdo)(H20)2 . H2O: CoB-2 

CoCI2(bpdo)(H20h . H2O: CoC-2 

Part (B): Compounds were prepared similar to as described in Part (A), but at 

different crystallisation temperatures and solvent ratios. 

47 
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Microanalysis 

Elemental ana lys is resu lts are given in Table 3.1 and they corresponded well 

with the calcula ted elemental mass percentages, except the minor 

discrepancies observed in CoN(A) and CoNtE) and CoC-2 wh ich cou ld be 

due to the procedure fol lowed in the preparat ion of the sample for analysis. 

The experimenta l va lues agree with the stoichiometries found in refined 

structu res. 

Table 3.1 : Elemental ana lysis resu lts for Co(l l) complexes. 
... _-- -_ ... _ .. _. -- -Complex Found % Calculated % 

-- --- - --.-_ .. --.- . , -C H N S C H N S 

CoB 3238 3.96 7.57 - 32.67 384 7 .62 -

CoC 36.63 4 .20 8.19 36.94 4. 96 8.62 
I- . --- - ----:c-

Col 31.10 3.12 7.05 - 31 .56 3.18 7.36 
----.---
CoN(A) 37.01 3.08 13.09 - 38.05 383 13 31 -

...... _--
Co NtE) 37.09 3.49 13.17 38.05 3.83 13.31 

.. _. ... -- .-- .. _-_. 
CoN(F) 54.11 3.70 13.73 - 54.93 3.69 13.95 -

--._-
CoS 25.46 5.04 584 6.85 25.59 4. 73 597 683 

- -
CoB-2 26.62 2.29 61 5 26.05 3.06 6 08 , 

-----
CoC·2 I 30.12 3.67 651 - 3228 3.79 i 753 -

--
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PART tAl: Anion dependent structural diversity 

in cobalt (II) complexes of bpdo 

Structure solution and analysis 

Table 3.2 Crystal data and refinement parameters of CoB and CoCo 

rCol~i;OlofBr, . 
. . 

[CO\ H,O),ICI, . 
Molecular Formula 

2(C"H, N,O,) . :zt.I,O 2(C"H,N,O,). 2H,O 
.. 

Farmul.o wei~ht (~.mar ) 73825 650.33 
.. -- -- ... - -- _._.-

T em;>e rature (K) m m 
>Ai'; ,,~;,;, g-th TAl ----. .. - -- -_.-

0.71073 0.71073 

Crystal Syst&m MOn<lci in iG Tri<;lni<; 
· 

Space Group P2,/c "' a iAi- ------_._---- ... 
103728(2) 6.7323 (21 

b (AI 6 ,6 329 (1) 1028-(1 (3) 
. · . - - - - - ---. ( ( 2009451~1 '0657713) 

. . . - - --- -- --- - ----
a I") 00 35.200 11) 

fin 93.366 (1) 70.023 I' I 
.. . 

rO "' 91,'03111 
----_.- -----------

Volume IA') 1378.581~) 600.2113) 
- - - - -- .. - ---, , ( 

- - - - - -_.- .. - ---
Cak:ulated D<!nsity (~em- ( , 78' '.5M 

... 
/i Imm ) 3.~83 0.382 

- - -- . 
F 1000) "" '" --------

Crystal Size (mm) 020.020xO,2 8 0,05.007.0,'2 
---------

8 Range SClinned 1'1 '" 27.9 2.0 _25 .7 

I .. - . . . . 
-'3<h<'3 -8 < K < , -3 < h < 7, -12 < K < 12, 

I"oox Ran~ 
-26~1<26 -' 2~1~'2 , 

----

" RefleGhoo . Cal lect&d ( 223S5 13S61 

- - ------. ---------- .. , . - - -- · 
Nt>. U"iq..e Reflection. 3295 , 

~" , - - - -_._-
o.t. cam(>eterte"I%) '00,0 00' 

Rernement Method FuU_matrix L.S. ()r\ p- Fu.-matrix L.S. on F . - ----
Data I Restra;"t. i Parameters 3285101177 I 26'4101179 

.. - -_.-
Good"" .. -ol-lit ()r\ ( HI , ( '" -- Final R In <lice. il;"i~.')J 0.0~39,0.1117 0.1055,0_2736 

R In<lice. (at! data) 0.0505 , 01140 

I 
0~5~2:0312~ 

Large.t Dil'l. PMk and Kole(~ k) O.92~, _3. 105 lS36, -0 7e3 
- .-- -- .. J 
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The CoB compound crystallises in the monoclinic crystal system. in space 

group P21/C, while CoC crystallised in the P I space group which is the triclinic 

crystal system. Although these compounds are not isostructural, their packing 

is almost identical, so they will be described together. 

Figure 3.1: Perspective diagrams of CoB and CoC complexes, showing 

thermal ellipsoid diagram drawn at 50% probability and atomic 

labelling. 

The [CO(H20)S]2+ ion in CoB has almost perfect octahedral symmetry (Figure 

3.1), with Co-O distances 2.075 to 2.148 A (literature value 2.085 A)1 and 

O-Co-O angles 87.35 to 92.65°. In CoC, Co-O distances range from 
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The CoB compound crystallises in the monoclinic crystal system, in space 

group P2/c, while CoC crystallised in the P T space group which is the triclinic 

crystal system. Although these compounds are not isostructural, their packing 

is almost identical, so they will be described together. 

..,,., 0('>1'11: •• 

. " 

Figure 3.1 Perspective diagrams of CoB and CoC complexes. showing 

thermal ell ipsoid diagram drawn at 50% probability al1d atomic 

labelling. 

The {Co(H20)e]1+ ion in CoB has almost perfect octahedral symmetry (Figure 

31). with Co-O distances 2.075 to 2.148 A {literature value 2.085 A)1 and 

O-Co-O angles 87.35 to 92.65". In CoC Co-O distarlCes range from 
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PART (AI: Anion dependent structural diversity 

in cobalt (II) complexes of bpdo 

Structure solution and analysis 

CoB_a nd CoC 

T abl e 3 .2 Crystal data and refinement parameters of CoB and CoCo 

Molecular Formula 
! [Co(H,OI.JB r, . ICo(H,O),JCI, . 

2(C,. H, N,O,). 2H,O 2{C,oH. N,O,) . 2H,O - ..... , -- - --. 
FOI rru ia _ i!)lll (g.red· I 739.25 650.33 

--_ .. _-- -
Tempera!Ur~ (K) m m 

. --W"",IeJ\fJth IA) 
---_ ... _- -

071073 0.71073 

Cry. ta l Sy. te m Monoc ~ nlC fr>:;lin>:; 

Spac~ Group P2,lc e! 

~ (,,) 10.3728121 6.7328 (21 

b (AI 5.6329 (1) 10.28-41 (3) 

o IA) 20 ,09'15 I~) 106577{3) 

an '" 85.200 (1) 

lin 93.366 (1) 70023 (1) 

TO '" 91 103 (1) 

VolumeiA) 
-- -1378.581~) 690.21 (3) 

. _ .. _._-- - -- -~ , , ! 

Ca lc ulated Den. ity (g em' ) 1 751 1 , ~5 

I' (mm" ) ~.588 0.882 

C- - -
F (000) ;<0 ;;; 

Cryolol Size (mm) 0.20 x 0 20 x 0.28 
) 

0.0~xO.07xO.12 

() Rang e Scan ned (") '" 27.9 
) 

<0 25.7 

- -13 ~ h ~ 13, -B ~ k ~ " _3 ~ h ~ 7._12~k~12, 
Index R an~ 

-26~ 1 ~26 -12~1~12 

1-- -_.-
No. RelleClion . CoIl<Icted 22395 1 3961 

t~o , IJnklu" R eflecti~n$ m, 261( 

[Jato compl e te nen I';; ) 100.0 ~, 

Ref"",ment Meth~ d 
.. - , 

Full-matm L.S. on F Full-malrix L.S. on Fr~ 

-Data 1 Re.tr~ int. 1 Poramet~'" 3295101177 2£1 ~ 10/179 

G~<>dn ~n-o(-fit on 1.171 1 102 
. 

Final ."I. Indlce< [1>2,;(1)1 00439,0.1117 0. 1 ~5. 02736 

R Ind lce. I~ . d~ta ) 00505,011 . 0 0.1552. 0.~12. 

L",g~$t Dltf Peak ~d Holel~A ) 0.92. , _~.105 1.936 . -0.783 
- --
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Microanalysis 

Elemellta l allatysis resu lts are giver! ir! Table 3 1 arId they corresporlded well 

with the calcu tated etemerltat mass percelltages. except the millor 

discrepal'lcies observed il'l GoN(A) al'ld GoN(E) alld GoG-2 which could be 

due 10 the procedure followed in the preparatiorl of the sample for arlalysis 

The experimeillal values agree with the sto ichiometries found ill refined 

structures . 

Table 3.1 Elemental analysis resu lts for CoO l) complexes. 

Complex Found % Ca lculated '% . 
0-- . - .. - -

C H 
.,--_.-

S C H N S ; N 
-

CoB 32 .38 396 757 32 .67 3.84 7.62 
~ --CoC 36.63 4.20 8.19 , 36.94 4.96 8.62 -

- ... --0----- 1 , 
Col 31 .10 3.12 7 05 , - 31 56 318 7.36 

, 
-_ .. - -

GoN(A) 37.01 3.08 1309 38 05 383 13.31 
- - r ... .. .. - -

CoN (E) 37 .09 3.49 13. 17 - 38.05 3.8 3 13 31 -, 
-·CoN(F) 

-. -
54 .11 3.70 1373 - 54.93 369 1395 

- - - _ .. - .• 

CoS 25.46 504 5.84 685 25. 59 4 73 5 97 6.63 
- - -

3.0'6-
- -

CoB-2 , 26 62 , 229 6.15 26.05 6.06 -, 
- i 32.26 

. _._. 

GoC·2 30.12 3.67 6.5 1 - 3.79 7.53 
I , 

-

--------" 
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Complex preparation 

Part (A): Crystals of suitable quality were obtained by slow evaporation at 

ambient temperature over a period of a week (using the method described in 

Chapter 2)_ These complexes were crystallised using either methanol or 

ethanol as a solvent 

Compounds of CoB and CoC prepared in Part (A) were allowed to stand on 

an open bench _ Within a week, new 10 coordination polymers (CoB-2 and 

CoC-2) were formed. 

The abbreviations for the discrete cobalt complexes in this chapter are as 

follows: 

[Co(H,O}o]Br, 2(bpdo). 2H20: 

[Co(H,O}s]Cb . 2(bpdo) .2H20 : 

[Col,(H,O}.] 2(bpdo}: 

[Co(H,OHbpdo}(NOJ)] NOJ bpdo H20-

[Co(H ,Oh(bpd 0 }(NOJh]: 

[C02(H20}a(bpdol1] (NO)). 4H20 

[Co(H,O),(bpdo}](NO,b H20: 

[Co(H 20}4(NOJ),] 2(bpdo) 

[Co(bpdo)61(NOJJ<: 

[Co(H20}s(bpdo}]SO •. 2H,O: 

CoBr2(bpdo)(H20), . H20: 

CoCI,(bpdo)(H20), . H,O: 

CoB 

CoC 

Col 

CoNCA) 

CoN(B) 

CoN(C) 

CoN(O) 

CoN(E) 

CoN(F) 

CoS 

CoB·2 

CoC-2 

Part (B) Compounds were prepared similar to as described in Part (A), but at 

different crystallisation temperatures and solvent ratios 

--- - ---------
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2.081-2.134 and O-Co-O angles 88.99 to 91.01°. Full bond lengths and 

angles are given in Appendix. 

The structure consists of the two [Co(HzO)s]z+ cations bridged by two bpdo 

molecules. which are held in place by hydrogen bonds between the (bpdo)-N­

O· H 0 Co (hydrogen bonds are summarised in Table 33) The coball ion 

lies on an inversion cenlre Four of the coordinaled water ligands are 

occupied in these H-bonds to bpdo The remaining two each engage in a H­

bond to a guest water molecule. which in turn, H-bonds to the bromide ion as 

shown in Figure 3.2 and summarised in Table 3.3 

~_o ._u~ _/·-_~-. -o.-... :~_~·.·~·-.=-_ -
___ 0 __ ._ .....•..• _ .. _" _. _. _o_._·· ~·C .~ _· _· _o __ _ 

o .. o ~ /L' .. ' ou.:::::"' ... 
~--.. ... ..-~~./ ... ~--:;-" -

.~:-~~ 

Figure 3.2: Hydrogen bonding interactions in CoB. 

Each ring in the bpdo molecule is planar, with the two aromatic ring planes 

twisted by 5.1' (torsion angle) to one another in CoB and by 2.0' (torsion 

angle) in CoC The bromide ion and the guest waler molecule are disordered 

over two sites (site occupancy faclors Br1A and 01WA are 0 925; Br1 Band 

01WB are 0.075), as indicated in Figure 3.1 Figure 3.3 (a) and (b) shows the 

packing of these compounds viewed down [100]: it is evident Ihat the 

structure has the form of layered organic·inorganic hybrid structure with 

clearly defined zones of parallel stacked aromalic moieties. Adjacenl bpdo 

molecules slack 10 give offset ;t . .. ;t interactions (details are shown in Table 

3.4). Although CoC is not isostructural with CoB the H-bonding and paCking 

motifs are almost identical with the coball ion again lying on an inversion 

centre. The only difference between CoB and CoC is the twist angle in Ihe 

bpdo molecule which is 2 OC in this case, This is illuslrated in Figure 3,3(bl . 
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The largest residual peak (1,936 e,A-3
) in CoC is located 1 323 A from Co(1) 

metal. This peak is probably due to absorption effects which have not been 

adequately corrected lor 

o 

. 

O ft 

(b) 

Figure 3.3: (a) Packing in CoB. showing layered inorganic/organic structure 

viewed along [100] (b) Packing in CoC along [010]. illustrating 

the similarities to (a). 

(a) 
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Table 3.3- Hydrogen bonding delalls in CoB and CoC crystal structure 

D- H (A) D ··A (A) ~~A (. ) .. Symmetry operator 
~~ 

CoB 
- - -

02- H21- -01 1.01 (4) 2 101 (5) 160 (6) x.Y.z 
- • - ~ --

02 - H22 -- Brl A o 98 (4) 3. 293 (3) 165 (5) x.'.y z 
- - -.-.-

02- H22 ··OIWB ' 0.98 (4) 2 36 (4) 173 (1) • • ',y ,z 
- - - - - - ~ 

03- H31 , .. 0 4 0.98(4 ) 2 ,916 (5) 114 (5) 2-x.2-y,-z 
- - ~ -

03-H32- - 01WB 0.99 (4 ) 3 001 (3) 133 (6) l -x,2·y.·z 
- ~ ~ 

OJ - H32 - Br lA 0.99 (4) 3 241 (3) 159 (5) • l -x,2-y,-z 
- - -

Q4 · H4 1 -O l WA U )4 (4 ) 2689 (5) 163 (7) . ,y.z 
~ - - - - ~ -

04- H41 -- Brl B 1.04 (4) 3.156 (7) 148 (6) )t y.z 

r 0 4 -H'2-- 01 - -r "~(4 ) 
- ~ --

2 155 (4) 169 (6) )( , I +y,z 
- - ~ 

0 1WA BrlA 3328 (4) 2-x,2-y, -z 
- . -

01WB BrlB 321 (4) l -x,y,z 
~ ~ - -

0 1WB - 0 1WA 291 (4) : ' -x.y,z 
• -

C1--H1-- 08 0 95 3213 (5) 172 I +M ,Y,Z 
- - --

Cl 0-Hl 0"'01 0 .95 3.312 (5) 171 '·. ,2-y,-z 
- - -

CoC 

1-
- -

02-- 01 
, 

261 8 (8) xy.z 
- - - ~ 

02 el1 3 065 (6) ·x. l · y 2·z 
- - -i 03 --OIW , 271 3(9) I-x l -y,2-z 

- ~ 
03· ,DB 2,753 (B) ., I+Y, I.Z 

.- --
0 4 -- DB 2.710 (8) , 1-x.-y,l ·z 

~ - ~ 

0 4"Cll 

I 095 

3.170 (6) x,y,z 
- - I -x 2.y,2-z OIW"'Cl l 3,200 (8) 

- - - -
C1~H7 · ··0B 328 {t ) 173 X,' +y,l 

- -
3 23( I) r-

-
C l 0 HI D - 01 0 95 • 172 . ,y- l .z 

" 
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Table 3.4: !f interactions in the CoB and CoC crystal structures. 

Distance Symmetry operiltor-
, ---

CoB , 

'Cg(N9 C14)' ·Cg(N9 C14) 3.793 (2) I 1-x.1f.+Y~';'::i' --
.--.~ - ------c-

08"'Cg(N2-C7) 3.244 (4) I-x. -1f.+y. %-z 
_ .. - -

08 ··Cg(N2-C7) 3.407 (4) I-x. %+y. Yl-Z 
--_ .. _ .. -, COC 

Cg(N2-C7) 'Cg(N2-C7) 3.831 (5) , l-x,-y.l -z 

Cg(N2 C7) ·Cg(N2 C7) 3.819 (6) -I~ ~2-~,~y, 1-z 

- - - --
01 . Cg(N9-CI4) 3.372 (6) , 1-x,-y,1-z 

_.- - - - .- _ .. -
01 "Cg(N9-CI4) i 3.434 (5) 2-x,-y,1 z 

• -Cg - l ing centroid 

Thermal Analysis 

The TG and DSC traces of CoB and CoC are shown in Figure 3.4(a) and (b) 

and the resu lls are summarised in the Table 3.5 . The TG traces consist of 

three step mass losses. The first two mass losses are joint (region A and B in 

Figure 3.4), but could only be differentiated by a hump observed immediately 

after the first mass loss. Th is behaviour is shown in Figure 3.4 In both 

compounds, the first and second mass losses were collectively attributed to 

the loss of both coordinated and latt ice waters (Table 3.5) . The third mass 

loss shows the decomposit ion of the compound 

The DSC traces in Figure 3.4 show endothermic peaks labelled A and B. 

which corresponds to the loss of coordinated and guest water; onset 

temperatures (Tor ) for these peaks are given in Table 3.5. The th ird therma l 

event (exotherm ic peaks) in each case ind icates the loss of some bpdo ligand 

which then leads to exotherm D (decomposition). The onset temperatures are 

detai led in Table 3.5. 
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Table 3.5 : Thermal analysis results. 
-

TG Results 
- --

Calc. % mass loss Exp. % mass loss 
-

Comp ... es CoB CoC CoB CoC 
- - -

Mass loss A 14.62 16.62 14.57 16.34 
-, Mass loss B 4 .87 554 422 5.73 

---
Total H20 loss 19.49 2216 18.79 22.07 

-_ .. - - ~ --
DSC Results 

complexes 
- - _ .. _.-

T.,., (OC) T"" (OC) Ton rC) TM rC) 

I Peak A Peak B Peak C Peak 0 

r--CoB .. 89.59 143.8 200 1 2999 
- _ ... _- - - - - -_ .. _. 

I 
CoC 86.41 1332 204.0 317.2 

Hot Stage Microscopy 

T he crlstals of CoB and CoC complexes were observed during therma l 

decomposition using the hot stage microscope and photographs are shown in 

Figures 3.5 and 3.6. 

(a 29.9"C b 60.3°C c 80.1 'C d 100.0°C 

(e) 107.5 °C (f) 220.2 °C (g) 320.0 °C (h) 322.5 °C 

Figure 3.5: Thermal decomposition of CoB. 
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The crystal is stable to ca. 100 OCC. Photograph (d) shows that the crystal is 

losing its quality and the guest water molecules are released at 1075 ' C 

(photograph (e)) resulting in the bubbles obselVed in the silicon oil. The loss 

of water is also depicted by the change in colour of the crystal . 

Figure 3.6: Crystals of CoC during thermal decomposition. The bubbles of 

desorbed guest water molecules are observed starting at 101.5 

°C (Photograph (c)). At (c), the crystal changed colour to green 

The crystal decomposed at 325.0 °C (Photograph (I)). 
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Col 

Table 3.6 : Crystal data and refinemenl parameters of Col. 

Molecu lar Formula u[Co l z(H20)~1 . 2(C1~IN202) l - -Formu la weight (g. mol- ) 761 .16 

~e;"perature (K) 
._-

113 

Wa"e~ngth (A) 071073 

rc rystal System' Tetragonal 
, 
I _._-

. Space Group /4r/acd 

~A)-' 
-_. 

19,151 (3) 
- ._-- --[brA) 19,151 (3) 

- - .. -I' (AI 
13.917 (3) 

-. 
90 a (0) 

_ .... _-
, fJ (0) 90 

---
l(") 90 

._-
Vo l um'~ (N) 51029(1) 

- -
Z 8 

'Calculated Density (g,cm-3
) 

_. 
2229 

tj; (mm-r) 3.144 
------- -- ._-_. ---_._. 

F (000) , 2952 
- ---

Crystal Size (mm) : 008xO,11xO,13 , -o Range Scanned (") 12 8 279 , 
- . - ---

Index Range i -21 <; h <; 25. -25 < k <; 25. -17 < I < 18 
--_. --

No REflections Col lected 24777 

No Un ique Reflections 1533 

Data completeness (%) 989 

! Refinement Method Ful l-matrix L.S ooF 

Ii-Data / Restraints I Parameters 1533/ ° /87 
--

-Good ness-of-fil -on'F2 ---._--. - -
1.025 

-- ._-- --_._--
Final R Ind ices [/>2u(/)] 0.0186,0.0399 

If Ind ices (all data) 0.0338,0.0441 

Peak and Hole (e.JP) 
I -

Largest Diff : 0,467, -0.511 
- -- - - -
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This compound crystallises in the tetragOllal crystal system, in the space 

group 14,lacd. The water hydrogell atoms were located in a difference 

electron density map and refined isotropically with independent temperature 

factors The remaining hydrogen atoms were positioned geometrically with C­

H " 0.95 A and assigned isotropic temperature factors of 1.2Uw,(C) of their 

parellt atoms The cobalt lies on Wyckoff site cwith point symmetry -1 , white 

the Co-I bond is located along a 2-fold rotation axis, thus giving rise to the 

nearly peliect octahedral geometry in the trans-[Cob(H 20).1 moeity. 

Co-I bond lellgths are 2.903 A and Co-O lengths are 2,053 A. Average 

literature values are 2,640 A and 2,085 A, respectively" Thus the Co-I bond 

lengths in Col are significantly longer than this average A search of the 

CSD' for Co-I bonds showed a skewed distribution with a maximum at 2 938 

A (Figure 3 7). There are six other structures reported with Co-l bond lengths 

between 280 and 3.00 A. While these authors made 110 comment on the 

elongation of the Co-I bond, we note that all six have two iod ides in the trans­

conformation (refccx:les: IPUBUQ, SAGGIQ , YEZLEU, BOKQOH, EICICO, 

IPICYC10j as does Col. Furthermore we note that, of 28 structures with bond 

lengths between 2 57 and 2.60 A only six have trans-iodides. 

, 

, 
, I 

, 
, I , 
, , 

, 
, 

n' 
- , , 

" " " 
, • , - , , , 

" ~ ~ ~ ~ ~ : F ( ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 
N ~ .0 N N ~ ~ ft .0 N N ft .0 .0 N N ~ .0 N 

Figure 3.7 A histogram showing distribution of Co-I bond lengths of various 

crystal structures found in the CSD, A red bar represents Col. 

" 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 3 cobalt complexes 

BOrld arlgles betweerl adjacerlt ligands lie between 87 .81 and 92 19°_ The 

el lipsoid diagram and compound alomic labelling is shown in Figure 3.8. The 

asymmetric unit contains one pyridyl-oxide ring of the bpdo molecule. 

OperatiOIl of the 2-fotd rotation axis generates the remainder of the bpdo. and 

of the [CoI 2(H,O)4] ion . 

Figure 3.8: Thermal ellipsoid diagram drawn at 50% probability and atomic 

tabelling. 

The aromatic rillgs of the bpdo molecule are planar and thei r planes are 

twisted by 382' relative to one allother_ The coordillated water acts as 

hydrogen bOlld donor to two neighbouring bpdo molecules (details in Table 

3.7)_ 

Table 3.7: Hydrogen bonding details and ,, - rr interactions in Col. 

r----cOV2_H 

02- H 

2A 

2B 

··01 
---01 

0 H (Al 

0.79 (3) 
- -

0.80 (3) 

- ._-
D···A (A) D H ... A (0) 

! - - - .--' -- .-
2.682 (2) 161 (3) 

- 2.714 (3) 151 (3) 

' ''Cg(N2 C7) 3_672 (3) i ·C9(N2-C;;-',,)=:::,--_-'-_____ CCJL 
'Cg = rillg celltrOid 

Symmetry operator 

5/4-y, Yo +X, -.l-Yo 

)(, y, z 

, 2-y, -'h-.l 
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In turn each bpdo oxygen accepts two hydrogen bonds from neighbouring 

[Cob(H 20}.] mOlecules (Figure 3 9)_ Propagation along the 4-fold screw axis 

and glide plane gives rise to a three dimensional supramolecular network 

shown in Figure 3.10. The hydrogen network is 3D, but there are two 

interpenetrating netwolils - i.e, there are two independent but entangll~d 

networks. The kstacking interaction (Table 3.7) occur between bl)(jo 

molecules of different networks_ C-H ·, ·1 interactions (4.13 A) further stabilis'3s 

the structure 

Figure 3.9: Hydrogen bonding in 2-dimensions in Col. 

Figure 3.10 Propagation atong 41 axis generates a 3-dimensional 

supramolecular network stabilised by hydrogen bonding alld 

,,_ " interactions and C H- I interactions 
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Thermal Analysis 

The TG and DSC traces of Col are shown in Figure 3,11, The TG traces 

consists of three step mass loss, The first two mass losses are fused (Figure 

3 11) as was observed previously for CoB and CoC complexes. The first 

mass losses (area A and B in Figure 3 11) were attributed to the loss of four 

coordinated waters (Table 38). Mass loss A accounts for three coordinated 

waters, while mass loss B is attributed to one coordinated water molecule. 

The third mass loss shows the decomposition of the compound The results 

are summarised in the Table 3,8 

The DSC is characterised by three peaks (labelled A B and C). All the water 

molecules in this compound are coordinated to the central metal as 

discussed. The first mass loss (endotherm A) corresponded to the loss of 

three water molecules and the remaining one water molecule is depicted by 

endotherm B The third thermal ellent (exotherm C) demonstrates the 

decomposition 01 the compound, The onset temperatures (Ton) for these 

peaks are given in Table 3,8, 

100 
'" ~ , 

90 
A 

" 0 - 80 -~ 
~ '" 

, 
-• 70 " 

60 

50 

30 80 130 180 

Temperature I °c 
Figure 3.11: TG and DSC traces olCol, 

100 

80 

, 60 

40 

"\ 1 
20 

0 

, ·20 

-40 
230 280 

" E -, 
0 
~ -• • I 
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Table 3.8: Thermal analysis results of Col 

TG Results 

Calc. % mass loss Exp. % mass loss - --/ 

:-- Mass loss A 7.10 6.23 

Ma!!!s lo!!!s B 
-

2.37 3. to 

Total H20 loss 
~ .. 

9.47 9.33 . . ... 

complex Too (OC) 

Peak A 
. 

Col 138.8 

-
DSC Results 

~ ••• - :;::: T.,., (OC) 

Peak C 

251.5 

Hot Stage Microscopy 

The crystal of Col complex was observed during thermal decomposition and 

photographs are shown in Figures 3.11. 

Figure 3.12: Thermal decomposition of Cot. The bubbles were observed In 

the si licon oil at 110.0 °C (Photograph (d) indicating loss of 

water molecules and this resulted in the crystal losing its purple 

colour to green (Photograph (f)-(g)). The decomposition stage 

was observed from 270TC (Photograph (h)) . 

~ --~-------

" 
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(I) CoN(A) 

Ta ble 3.9 Crysta l Data and Refinement Parameters of CoN(A) at 298 K and 

11:3 K 

I 
Molec ~I .. Form~l .. 

[Co(H,OJ.(C~,O;)(NO,)l [Co,( H,O).(C,.H, N,O,),(N O,),] 

NO, . (C" H, N,O, ) . H,O (NO,),. (C lO H, N, O,),. 2H,O 

FOril1 u'" weigh t (g.mo l" 
~~~ -I 631 38 631 3-8 

~-

Temperature (K) '" '" Wav~er>gth (A) 0.71070 0.11010 
~ ~ 

Cr~$tal System Trici inlC Tri~ i n>:: 

Space Group PI PI 
~~. 

~ 

a (A) 7.8139 (2) 12.129 (2) 

b (A) 99126(3) 12907 (3) 

c (A) 17 1863{5) 17.800 (4) 
~ -an 18.601 (1) 77.49 (3) 

- (I (0) 83.460 (11 1025 (3) 
.~ ••.. - ._ .. -

y j") 85.615(1) 76.28 (3) 
-

Volume (N) 1293.47 (S) 2532.B (9) 
.•. _. 

~ , , , 
~- - ~ 

C<tlc. Oen~ it y(gcm"1 1.620 155(; 

J' (rom") 0.746 0152 
._. 

F (000) eM n" 
Crystal Size (mm) 008x 015 x 03Q 0,08 X 0,09 X 015 

o Range Scanned n " 21.8 " 211 
..... . .. -

· 1O<h<10 · 13< k < 13, · 15<h<l~ ·16< k <16, 
Index Range 

·22< 1<22 ·22<1<22 
~~ 

No Refiectiorls 
32831 44753 

Collocted 

- No -(in ique Reflectons 5132 11119 

r Oala completeness (%) ", 96,9 

Refinement Method Fu ll ·matrix L.S ~p Fu l ~matrix L S "p 

Data 1 Restraints 1 , 
613210/311 11119/0/749 

Parameters , 
Goodness·oI·fit on F' -0998 , 1.011 

F l n ~ 1 R Ind ices rJ~2r;f!)] o 0704, 0.1793 01)412 0.0913 
...... _--- -~~ 

R Ind>::e5 (~I I data) 0.1355, 0.2094 I 0.0896 0.10as 

Largest Dill. ·Peak and 
.. __ ... 

0.529, ·0.475 0.765, ·0 460 
Hole Ie A') 
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An interesting feature of this crystal structure is the phase transformation tllat 

occurs at ca 162 K. Figure 3 13(21) and (b) shows the variation in unit (:ell 

parameters with temperature, measu red on a single crystal The phase 

transformation is reversible . Due to the cell we chose , it was impossible to qet 

the relevant transformed ({ and [1 angles in terms of the low temperature ,In it 

cell , but instead the complimentary angles were obtained . Thus, (180-(1) and 

(180-)1) angles were included in the figure. 

• 
• 
• 

• 

- . 

. • 

. 

. -

• • , 
\\ 
\ 

! ,,- • 

~ . .. , 
I , 

-
. 

. ~ 
• ~-~-~ .-

. 

· • . ---..----

• 

• · . - ,---" . . • . • . ~ 
• • • 

• • 
= • 

~-. -- • ---~~-- -----...----" 
, · - ,-_.--,- ~ 

• 
• 

- ' '--. 

-. 
Ir· ~ 

I;. -..• ---- . . . -~ ! , . 

f.-. 
• • p 

. . 
~ . 
~ . ,-

,~ 

• ... .. -I :-.:....~~' - ---:J • 
• • • • .~ , 

• • .­.­.­.­
~ 

,~ ,"'" 
,~ 

.~ .­-• 
---~ , , 

'''------ - . · . . .-
(aJ 

,,, '" "'" '" ''''' '" "'" "'" '''' '" ", "-' ,... 
Tem PI K) 

~ . _-- -. _ .. ----. 

(bJ 
• 

ttl ,,, " .. '" " " '" 10' "" , ID " , " '" "'" 
Tom p IK) 

Figure 3.13: (a) Variation in unit cel l parameters on phase transformation in 

CoNCA). (b) Transformation in terms of low temperature cell showing tha t the 

change in volume and cel l axes are minor, but the angles alter significantly 

pc 
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We did not calculate the linear expansion coefficients of the cell axes nor the 

volume expansion coefficient of the unit cell with temperature because the 

data. as shown on the graphs of Figure 3.13(a) and 3.13(b) show that the 

variations, both before and after the transition points. are practically zero i e 

thE graphed functions are flat and invariant with temperature In a similar 

study carried out by Caira, Nassimbeni, Su and Weber, ' they monitored the 

phase change of the inclusion compound phenylfluorenol from 297 to 193 K. 

and found linear expansion coefficients of the order of 1x10-' K-1 for the cell 

parameter. 

Single crystal x-ray data for CoN(A) were col lected at 298 K and 113 K In 

both cases, the space group is triciin ic, and the molecular conformations are 

identical Figure 3.14 shows the common components of this compound 

Finure 3.14: Thermal ellipsoid diagram drawn at 50% probability and atomic 

labelling 01 GoN(A) at room temperature (298 K) 
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At temperatures above 162 K, the coordination sphere of the 

[Co(H 20h(bpdo)(N03)f ion is a distorted octahedron, with the Co-O(nitrate) 

bond lengths slightly longer (ca, 2,2 A) than Co-O(water or bpdo) (ca . 2,(1 -

2 1 A) while 0 Co 0 angles are close to 90° except the bite angle of the 

nitrate ion (58°) and the angle opposite it (105°). In this compound, the bpdo 

ligand coordinates to the Co(ll) through one oxygen. while the other end a,:ts 

as hydrogen bond acceptor for coordinated waters on two adjacent 

[Co(H 20l2(bpdo)(NO,)f ions (Figure 3.15 (a)) 

The bpdo aromatic rings are twisted 3 10' relative to one another .... n 

independent nitrate ion balances the charge, and one molecule each of bpdo 

and water have been included as guests, Thus, the [Co(H 20)«bpdo)(NO,:)f 

ions form a supramoiecular ladder-type framework parallel to the a-axis. The 

void between the frameworks is filled by nitrate ions, water and bpdo guest 

molecules. stabilised by hydrogen bonds and by it· "stacking interactions as 

detailed in Table 3 10 and 3,11, 
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Table 3. 10: Hydrogen bonding details in GoN(A) crystal structure . 
- - --

! OH(A) D···A (.4.) D·· H ..• A (0) Symmetry oper.tor 
. 

02·· ·08 2 7S0 (4) 2·x. 3-y. -z 
--- -

02···013 2.677 (4) 1+xy.z 

---03" '08 
- -

2761 (4) 1-x. 3-y.-z 

- 03·· 01W 2647 (5) x, y, z , 

04 · 01G , 2.616 (5) i x, y, Z 
- . 

04 " 08G 2.607 (5) 2-x. 3-y, l -z 
... _. 

01G ·01W , 2.729 (5) 1+x.y, z 
.. _._. 

01W-012 2.837 (6) x, y, Z 

- - I- - - -----
C6 -H6 - 013 0.93 3.367 (S) 172 1-x,2-y. , 

~. .. 

C7-H7--- 01 0_93 3.491 (5) 172 2-x, 2 y. -, , , 

C10 H10--08 1 '"0:93 3 2S7 (S) 164 1-x,4-y. -, 
--

C13 H13- ' 013 0.93 3.214 (6) 169 1-x, 2-y, -z 
-

C13G H13G- 05 0.93 3.480 (6) 163 x1+y,z 

Table 3.11 1t -" interactions details. 

r--'C9 (N2 C7) 

Di5u,nc • Symmetry operator 

.. Cg(N9 C14} 3.912 (4) 1 x, 2-y. -z 
. ----- -_ .. -

Cg(N2 C7) -Cg(N9 C14) 3.898 (4) 2-x, 1-y,-z 

- Cg(N9 C14}- - Cg(N2-C7) 3.921 (4) 1-x. 2-y,-z 

- Cg(N2G-C7G)' "Cg(N9G C14G} 3_688 (5) -x, 1-y, 1-z 

• . Cg ring centro id 

Wilen data for the same crysta l is collected at 113 K, the unit cel l volume is 

approximately double that for the data co llection at 298 K At low temperatu re 

the asymmetric contents double. with each [Co(H, Oh(bpdo)(NO)}f, NO)' and 

bpdo having ide ntica l mo lecular geometry to each other and to the geometry 

observed at room temperatu re 
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. ~ 
'~ --

(0) 

Figure 3.15' (a) and (b): Comparison of packing diagrams for CoN{A) at (a) 

298 K and (b) 113 K (b) is viewed along [110], The low 

temperatu re induced disorder In 02W disrupts the 

centrosymmetry and causes a doubling in the unit cell volume 

The only part of the structure to break the centrosymmetry between parts A 

and B in the asymmetric unit is a disordered water molecule [O(2WA) and 

O(2WB1] (Figure 3.15(bl). It appears therefore that. in th is case, the standard 

practice of collecting data at low temperature (to minimise thermal motion and 

crystal decay) has "frozen in ' thermal disorder in the crystal structure. As 

" 



Univ
ers

ity
 of

 C
ap

e T
ow

n

!<.hapter 3 cobalt complexes 

shown in Figure 3.13(a) and (b), this phenomenon is reproducible occurring at 

162 K in each cycle. The c-axis is similar in both temperature conditions while 

thE <1- and b-axes differ . The matrix used for comparison between the two cell 

parameters is as follows 

" 
h 

_,1, 

Thermal Analysis 

[

- I 

o I 

lJ 

The TG and DSC traces of CoN(A) are shown in Figure 3 16 and the results 

arE, summarised in the Table 3.12. The TG traces consists of three step mass 

loss. The first two mass losses are combined (region A and B in Figure 3.16) 

anlj were attributed to all water molecules in the compound . Unlike in the 

prEvious compounds, the first mass loss correspol'lded to a guest water 

molecule (Table 3.12) followed by a sharp second mass loss which was 

attributed to three coordinated water molecules. The third mass loss shows 

the decomposition of the compound. 

Th<~ DSC is characterised by three peaks (Figure 3 16) The first mass loss 

(endotherm A) corresponds to guest water molecule while the coordinated 

water molecules are depicted by endotherm B. The third thermal event shows 

the decomposition of the compoul'ld . The onset temperatures (Too) for these 

peaks are given in Table 3 12 
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100 A 130 

B 100 " '" E 
0 90 - -- A Y\ ~, 

70 • ~ 
~ 0 

~ 

• ~ 

" -40 • 80 • :I: 
C 10 

70 -20 

30 80 130 180 230 280 

Temperature I °c 
Figure 3.16: TG and DSC traces of CoN(A). 

Table 3.12: Thermal analysis results of CoN (A) 
.. 

TG Results 

Calc. % masl losl Exp. % mass loss 

Mals losl A 2.85 3_22 

Mass loss B 856 794 

Total H20 loIS , 11.41 
i 

11_16 

J DSC Results 

complex ----- . 
Ton (0C) Too ("C) Ton (OC) 

Peak A Peak B Peak C 

CoN(A) 738 I 139.8 263_9 . __ . -

-----------"'" --- --_._-
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Hot Stage Microscopy 

Th,~ crystal of CoN(A) compound was observed during thermal decay and 

photographs are shown in Figures 3.16. 

Figure 3.17: Crystals of CoN (A) during thermal decay. The crystal colour 

gradually becomes more intense as a result of guest water 

molecules escaping from the crystal lattice (Photograph (c) 

1105°C) The coordinated water molecules force themsel\les 

out at 148,1 T and this is obser\led by bubbles in the silicon oil, 

The crystal begins to decomposing as shown in photograph (e) 

261 SC and (f) 270.2 'C 
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(II) CON(B) 

Table 3.13: Crystal Data and Refinement Parameters of CoN (B) 

Molecular Formula [Co(H20)z(C,JhN20 2)( NOl):d 
- - --- -

Formula weight (g. mol ' ) 407.17 
- --

Temperature (K) 113 
-- - - - -----

Wavelength (A) 0.71070 
- --

Crystal System Monoclinic 
-- - - --

Space Group P2 r/n , 
a (A) 

- - _ ... - - --
7.5008 (2) i --

b (AI 9.6910 (2) , , 
-- - - -

CTA) 
- .- I 19574 (4) 

-_._ .. - - - I (Z (0) 9000 
c--.- - - - - - - - - --! pn 93.38 (3) 

- - ! 
y (0) 90,00 - - I -

Volume (A') 14204(5) 

Z 4 
-

Calc. Density (g cm- I 1 904 

p (mm- ) 
{ 

1 277 
- _ .. __ .- -----

F (ODD) 828 
:- - -- -. 

Crystal Size (mm) 0,02 x 0,05 x 0,12 
- - - -- - - -- - , 

"Range Scanned n 
I 

2,86 - 27.87 
_ .. _. 

Index Range 
I 

-9<h<-9, -12<k<12, 25<1<24 

- _. --
No_ Reflections Collected 23910 

1- - No, Unique Reflections 3320 'i - ... -
Data completeness (%) 98,5 

- -
Refinement Method Full matrix loS, "F 

-
Data f Restraints f Parameters 3320/0 f 242 

Goodness-aI-fit on P -
1 037 

- - -
Final R Indices [1>20(1)J 0.0381. 00778 i 

- - - , 
R Indices (all data) 0.0693,0,0801 

Largest Diff. Peak and Hole (e.A's) .. - -
- -

0.699, -0.455 

-- ---
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Single crystal x-ray data for CoN (B) were collected al 113 K The compound 

crystallises in the monoclinic crystal system. in the space group P2,ln . This 

crystal structure has four molecules in the unit cell. Thermal ellipsoids and 

labelling are shown in Figure 3 18, 

Figure 3.18 Thermal ellipsoid diagram drawn at 50% probability and atomic 

labelling of CoN (B) at 113 K 

The coordination sphere of the [Co{H20h{bpdo}(NOJhl compound is a 

irregular octahedron, with the double-coord inated nitrate ends having 

Co,A-05A(nitrate) and Co,A-04,,(nitrate) bond lengths slightly longer (ca. 2.1 

and 2.3 A respectively) than the single-coordinated nitrate Co ,A-0 9A{nitrate) 

while the Co-O{water or bpdo) are ca. 2.0 A. All the aco 0 angles are close 

to 900 except the bite angle of the nitrate ion (58°) and the angle opposi te it 

(122°). 

All the coordinated ligands of this compound are involved in hydrogen 

bonding interactions Two coordinated water molecules act as hydrogen bond 

donors for bpdo molecules and nitrate groups to link the adjacent discrete 

molecules, Details of hydrogen bonding are summarised in Table 3,14 and 

the illustration can be seen in Figure 3 19 The compound is further stabilised 

by 7lo-'n stacking interactions (Table 3.15), 

• • 
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Figure 3.19: Hydrogen bonding interactions in CoN (B). 

Table 3.14: Hydrogen bonding deta ils in CoN (B) crystal structure 

o H (A) O"'A (A) 
-. o H ... A (0) Symmetry operator 

_ ... _-
2.7 00 (3) 1 02A H2A2 ·OSA 0.87 (3) 167(3) 1-x. -l-y, 2-z: 

. 

03A- H3A2 ·08A 0.85 (3) , 2.750 (2) 16S(3} -x, -l-y, 2-z 
. 

172(3) -1 
------

02A H2A1· 06A 0.75 (3) 2.781 (3) 'h-x, - 'h+y, 3/2-z: 
.. 

03A· H3A1 " 010A 0.75 (3) 2 860 (3) 172 (3) -'h-x, 'h+y,3/2-z: 

- 03A-H3Al " OllA 075 (3) 3,094 (3) 127 (3) , -'h-x. 'h+y, 3/2-z 

'h-x, -'h+y, 3/2--z-
. 

G3A-H3A .. 04A 0.9500 3.328 (3) 14200 

G6A H6A ·05A 0.9500 3.082 (3) 124.00 -x, -y, 2-z 

C6A H6A··011A 09500 3079 (3) 117.00 'h+x, -'h-y, 'h+z: 

C7A -H7A' 'OlA 

I 
09500 3,526 (3) 174.00 -x -y,2-z: 

.. 

G7A-H7A .. 05A 0,9500 3,144(3} 118.00 -x, -y, 2-z: 

Cl0A H10AOSA 0.9500 3.265 (3) 171,00 l-x, -2-y. 2·, 

CllA H11A··011A 0.9500 3.212 (3) 136.00 'h-x_ -'h+y, 3/2-z: 

C14A-H14A " 010A 0.9500 3,139(3) 143.00 -x, -l-y, 2-z: 
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Table 3.15: ;r " ;r interactions in CoN(B) crystal strLlcture. 
--

Distance 'Symmetry aper.toT 

- .. 

• Cg(N2A C7 A) "Cg(N9A-C14A) 3.812 (2) -x, -1-y, 2-7-

':g(N2A C7A)" 'Cg(N9A C14A) 3.695 (2) 1-x, -1-y, 2-z 

- .. -- ... -
Gg(N9A C14A)" Cg(N2A C7A) 3.812 (2) -x, -1-y, 2-7--_. 

3.695 (2) 
.. __ . . - .. ..-

Gg(N9A-C14A)' 'Cg(N2A-C7A) 1-x, -1-y, 2-z 

• Cg - ring centrOid 

PolCking diagrams of GoN(A) and GaN(B) are similar, but the packing in 

GoN(B) is more compact owing to the absence of free nitrate ions and bpdo 

guest molecules. Figure 3.20 shows comparison of the packed molecu les 

along [100], [010] and [001]. 

----_. 
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'" 
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Figure 3.20. Comparison of packed molecules of CoN(B) and CoN(A) 

viewed along [100] (i and iii. [010] (iii and iv) and [001] (v and 

vi) . respectively. 

-----" 
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CoNiC) 

Table 3.16, Crystal Data and Refinement Parameters of CoN (C). 
_ ... -

Molecular Formula [Coz(H.On(C10H .N.~Olh] (N03)~ .4H2OJ 
- -

Formula weight (g.mol' ) 471 .17 

Temperature (K) 113 

Wave~ngth (A) 0.71073 

Crystal System Monoclinic . -_. - ------_.------ --- - -
Space Group P2, 

- -
a (A) 7.9362(16) 1 
b (J...) 27 ,648(6} I 
, (AI 8.6441(17) 

- --an 90 
----. - --

P c} 106.13(3} ~ - ----
r (0) 90 

Volume (Al) 
I 

1822,0(6) 

Z 4 
-

- ... --Calc:DensitY (g,cm-3 ) 
-

I 1,747 

f' (mm·1) 
-, - -

1,025 
-

F (000) 988 
-

Crystal Size (mm) 0,12X 0.08 X 0.04 

- ----o Range Scanned n 3,30 25.67 
- 9 <h- <9, -33" k<33. -10 < 1'< 1'0 Index Range 
- - -

N,_ Reflections Collected 35282 

No. Unique Reflections 6911 
---_. - ._._--

Data completeness (%) 100 
---. 

Refinement Method Full-matrix l.S, on F2 . 

Data 1 Restrain ts 1 Parameters I 6911/01513 
- I -----

Goodness-of-fit on F2 1,000 
---- -

Final R tndices [/>20-(/)] 0.0441 . 0,1081 
- ----- -

R Indices (all data) 0.0692.0 ,1174 - Largest Dill, Peak and Hole (eA ' ) 0605, -0.470 

". 
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The mean IE' -1 value of 0.880 was ambiguous, in"between the expected 

0.968 for the centrosymmetric and 0.736 for a non-centrosymmetric crystal 

structure Systematic absences suggested that the space group was either 

P2,1m or P2,. An attempt to refine the structure in P2,1m was unsatisfactory, 

resutting in an R-factor of 0 238 and a number of large peaks in the electron 

density map which could not be incorporated into the model. The structure 

was then solved in the non-centrosymmetric space group. P2" and refined 

well with the R-factor of 0044 and atl the atoms except hydrogens were 

refined anisotropically. The refined Flack parameter was ambiguous, hence 

the absolute structure could not be determined Atoms 015A and 01A were 

refined isotropically The anisotropic refinement was not possible. The thermal 

ellipsoid and labelling is shown in Figure 3.21 . 

• °I'Wj 

J" 
" 

11) 01") 

• O(]W) 

Figure 3.21 : Thermal ellipsoid diagram drawn at 50% probability and atomic 

labelling of CoN(C) solved in P2· space group. 

Solving the structure in P2, revealed two central Co ions with irregular 

octahedral coordination geometries Each Co coordinates to four water 

ligands. In addition, there are two bpdo ligands which bridge between the two 
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Co ions. All the metal coordinates ' bond lengths ranging from 2,051-2 ,134 A 
were within the acceptable value for Co-O length, The metal centres are 

linked by the bpdo ligand with a metal-metal distal1Ce of 3,383 A. The 

O--Co-O borld angles, are close to 90" and ral1ge between 8505-93_11 A. 
e)cept for the Ot>pOO-Co-Ot>poo (73.46°) arld its opposite angle (107 ,72'O)_ 

Four nitrate ions balal1Ce the charge and there are four waters il1Cluded as 

guests The atomic displacement parameters of nitrate oxygens are 

siqnificantly large than those of other atoms A disorder model was 

cc'nsidered but was unsatisfactory 

All the coordinated water and guest molecules are Involved In hydrogen 

bonding interactions with nitrate ions connecting the adjacent discrete 

molecules_ 03W atom accepts H-bonds from coordinated water molecule 

(09A) and in return donates H-bonds to both 04W and 016 whereas 02W 

receives from 07A and donates to 01W and 04 Details of hydrogen bonding 

are summarised in Table 3 17 and the illustration of classic hydrogen bonds 

ccln be seen in Figure 3,22, The compound is further stabilised by weak ;t"'ll 

in:eraclions illustrated Figure 3 23 and stronger C-H -r< interactions (details in 

Table 3,18), 

........... ~ ... \. ··. t· ·· ·· ·W"~·.il ···· !· ·· · ······--'--
. .. . .. ~ 

Figure 3.22: Hydrogen bonding interactions In CoNIC), 
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Table 3.18: C- H ,. i1 interactions in the CoN (C) crystal structures, 

Distance '·SymmetrY operator 
- - - - -- - - --C(4A)-H(4A)" · (N23A-C28A) 3.262 1· )(, 'Art-y,-l. 

C(6A)- H(BA)' (N23A C28A) 3.372 -)(, '/,+1' , .l. 
-- - - -

3.251--
-

C(18A)- H(18A)· -- (N9A-C 14A) 1-)(, -'/,+1', -z 

The compound forms tw"o distinct layers of hydrophilic molecules (nitrates and 

water) and the host compound as illustrated in Figure 3.24 

(a l (bl 

Figure 3.24 Compound packed along [100] showing two layers formed by 

guests and host molecules. (a) is presented in ball and sticks 

while (b) is van der Waals rad ii with guests in red and host in 

blue, 
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Figure 3.25 shows the packed molecules viewed along [010] . 

(al (bl 

Figure 3.25 Packing of CoNIC) viewed along [010]. In (b) nitrate and water 

molecules are drawn with van der Waals radi i. 
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Table 3.19 Crystal Data and Refinement Parameters of CoN(D). 

Molecular Formula [CO(H20h(C10HI N202)] (N01 h· H20 I 
f--CFo~'~mUla'wei9iit (g.mol-1)'- --.- 479.23 

Temperature (K) 113 

f--- Wavelength (A) . 0,71073 

i----OCC,yC,c(c,c, S~y,c(c,cm~---+------~M'OnoCliniC 

S G p,re roup , " 
, (A) 7 286(2) 

b (A) 
_ .. -

24.323(5) 
-- . 

c (A) 10308(2) 
.. _ .. - . 

a (") 90.00 
--pn 90.91(3) , - - -

rn 90,00 
-

Volume (A3) 1826.6(6) 
-- .. 

I z 4 
I _. 

C," Density (g.cm-3) 1.743 
-

p. (mm-1) 1,023 

F (000) 988 

Crystal Size (mm) 003X004XO.04 

o Ranga Scanned (") i 1.67 25.35 

Index Range -8<:h<:8, -29 < k <: 27, -12<1<12 

No Reflections Collected 20260 
- -_.- ---

No. Un ique Reflections , 3335 
- --

Data completeness (%) 100 
. 

on F2 Refinement Method Full-matrix L.S. 

Data / Restraints 1 Parameters 3335/01262 ! 
Goodness-aI-lit on F 0.919 I 

Final R Indices [1>2rr(1)} 00545,01395 j .. _-
R Ind ices (al l data) 0,1063,0.1828 

Largest Diff. Peak and Hole (eA-3) 0,557, -0 ,549 -I 

" 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chaoter 3 cobalt complexes 

A fourth form of cobalt nitrate with bpdo was refined and elucidated Single 

crystal x-ray data were collected at 113 K. The compound crystallised in the 

space group P2,1n with four molecules in the unit cell Atomic labelling and 

thermal displacements are shown in Figure 3.26. 

Figure 3.26: Thermal ellipsoid diagram drawn at 50% probability and atomic 

labelling of compound, CoN(D) 

The coordination geometry of CoN(D) is an almost penect octahedron. The 

Co-O bond lengths ranged from 2.077-2.123 A. while the O-Co-O bond 

angles were from 85.06---95.29" (deviating slightly from the ideal value. 90"). 

The bpdo aromatic rings are twisted by 8.30' relative to one another. One 

bpdo ligand is coordinated to the central metal and none of the charge 

balancing nitrates is coordinated. The metal centres are linked by hydrogen 

bonding (details in Table 320) through coordinated waters and oxygens of the 

bpdo (Figure 327) The guest nitrates and water forms layers (Figure 328 

compound viewed along [100]) of hydrogen bonds connecting the zigzag­

shaped discrete molecules which are further held place by ,,-- " interactions, 

summarised in Table 3.21 
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Figure 3.27 : Hydrogen bonding illustration 

Figure 3.28 : Zigzag shaped molecules showing layers organic and inorganic 

components 

" 
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Table 3.20 Hydrogerl bOrldirlg details 
. •... -._ , 

D H -jA) 1 D·· ·A (A) D H···A (0) 1 Symmetry operator 

01W 05N 
, 2_869 x, y, z 

_. - ----- - - . -- .. _-_ . 
04 02N , 2.850 x, y. z 

- - . ..... __ ._--

03-01N 2.731 , x, y, Z 

D. 05N 2_771 x~'h, Y:t-Y, 'h+z 

06 04N 2_754 ,·1 y, 1+z 
- - --- -

x-'h, 'h-y, z-'h---03 03N 2,792 

- - . 

05-01W 2695 x, y, Hz 

02 02N 2709 x-'h . Y:z-Y, z-'h 
-- -----

05-08 2,691 l-x, -y, l-z 
. - . 

C{3} H(3} - 0(8) 0.95 3.425 (8) 170 x,Y,1+z 
. 

3,196 (8) j- 144 C(4) H(4}- 0(4N} 0.95 l-x, -V' l-z 

C(6)-H(6} "0(1W) 0_95 3 370 (8) 151 x, y. z 
. 

C(7) H(7}·· '0(3N) 095 3.488 (9) 157 -'h+x, 'h-y, -'h+z 

I 
. - -

C(11 ) H(11)-0(5N} 0,95 3.450 (8) 150 1-x, y, 1-z 
- ------

I' C(14}-H(14}"'0(1 } 095 3.407 (8) 177 x, y, -1+z 

Table 3.21 IT'''IT interactions in CoN{D) crystal structure, 

I 
1 Dista nce Symm.try DlNriitor 

--
Cg{N2 C7}- Cg(N9-C14) 3_861 (3) 1-x,·y k 

_._-
Cg{N9-C1-4) ' 'Cg(N2 C7) 3862 (3) 1-x,-y, 1·, 

. - - -
Cg(N2-C7)"'Cg(N9 C14) 3,837 (3) -x,-y,1-z 

t --
Cg(N9-C14} Cg{N2 -- C7} 3,836 (3) -x,-y,lz 
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CoNCE) and CoNCF) 

In addition to the four (CON03h crystal structures reported in this study, there 

are two other crystal structures [CoN(E) and CoN(F)] which were previously 

reported by Blake er al.< These structures are briefly discussed here as they 

form part of this study. 

CoN(E) was prepared in aqueous solution and resulted in nitrate counterions 

and four wate r molecules coordinated to the central metal completing an 

octahedral symmetry Nitrate ions are both monodentate in this structure, 

while the two bpdo molecules are non-coordinated . The asymmetric uni t is 

composed of half the molecule and the rest is generated by symmetry (Figure 

329) 

• 

, , 

Figure 3.29: CoN(E) 

Bpdo acts as H-bond acceptor with eight ligands forming O- H···O.,..., H-bonds 

with all eight hydrogens atoms of the four coordinated water motecules The 

[Co(NOJ!2(H20)4] unit is bridged by four bpdo molecules forming a H-bonded 

ring (Figure 3.30). 
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--2 < 
2 

\. 
S 
~ -- • • 

S • -
-

Figure 3.30 [Co(N01h(H"O).] un its bridged by four bpdo molecules. 

Crysta llisation in the absence of excess water and using methanol only 

formed CoN(F). In this case. bpdo is adequately competitive as a ligand for 

the central metal forming six coordinaled bpdo ligands and no aquo ligands 

(Figure 3 31). 

y 

Figure 3.31: CoN(F) molecule. 
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Each metal centre is coordinated by six independent bpdo ligands These 

ligands coordinate through only one end (monodentately) of their N-oxide 

donor leaving the other erld to be involved irl " - " interactiorls with other bpdo 

ligarlds. 

Figure 3.32: Packed molecules showing ,,- "interactions in the compound 

" 
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Table 3.22: Crystal D(!t(! (!nd Refinement Parameters of CoS. 

Molecular Formula [CO(H.O)5(C,~~.~?)fSO • . 2H2~ 
Formula weight (g mol" ) 469 .29 , , 

-
Temperature (K) 113 

Wavelength (A)" -
0.7 1073 

Crystal System Monoclinic I , - -_._-
, Space Group P2,ln I ._._--

a (A) 7.122 (1) I 
b (A) 25,319 (5) I 
, IA) 10,241 (2) I 

-
a (") 90 I 
pn 93 14 (3) I 
r (O) 90 

Volume (p) 1843_8 (6) 1 --
Z 4 --1 --

I C(! lc. Density (g_cm' ) 1_691 
--

[ 1-' (mm- ) 1_ 113 , , 
- - I F (000) 972 , 

-
- ro'1TxO.15xO.16 ---Crystal Size (mm) 

-o Range Scanned n 32 26_7 

• Index Range -9 < h < 9, -31 < k < 31, -12 < I < 12 

No. Reflections Collected 33963 

No, Unique Reflections 3883 , 
-------

Data completeness (%) 100.0 

Refinement Method Fuil-m(!tr ix l S- on F2 

Data / Restr(! ints! P(!rameters 3883/0/245 

Goodness-of fit on F 1, 126 
--------

Final R Ind ices [1>20(1)J 0,0369,0,0882 
--------- ------- --------

R Indices (al l data) 0,0487, 0,0932 

largest Diff_ Pe(lk (lnd Hole (e_k1 
-----

I 0,848, -0,477 
-
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The data collection was done at 113K. The compound CoS crystallises ill the 

monoclinic crystal system, in the space group P2 j /IL with four molecules In 

unit cell The thermal ellipsoid and atomic labelling is shown in Figure 3 33 

In this compound, the Co(lI) ion coordinates one bpdo and five water 

molecules. Octahedral symmetry is maintained with Co-O bond lengths lying 

between 2,059 and 2.1 14 A and O-Co-O angles within 82,99 to 93.49°, The 

bpdo aromatic rings are twisted 2 84" relative to one another, Only one bpdo 

oxygen is coordinated to the metal the other accepts two hydrogen bonds 

from coordinated waters on two adjacent [Co(H 20)5(bpdo))'+ ions This motif 

gives rise to an interdigitated laye r structure, where each bpdo links adjacent 

[Co(H,O),(bpdo)]"' ions along [100] (Figure 3,34), Within this layer. offset 

:t"'n interactions also stabilise the structure (Table 3 23) 

Figure 3.33: Thermal ellipsoid (drawn at 50% probability) and atomic labelling 

of CoS complex 
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Figure 3.34: Intermolecular interactions. 

Table 3.23 . " .. " interactions in the CoS crystal structure. 

Dist;llnce Symmetry operator 
. 

I 
. . 

Cg(N2 e7) ··Cg(N9-C14) 3.687(4) -x, -y, l-z 

-Cg(N2 C7) 'Cg(N9-C14) 3.686(4) i 1-x. -y, l-z 

• . Cg ring centroid 

There is an extensive network of hydrogen bonds (Figure 3.34) betweel1 

coordinated waters. sulphate and bpdo molecules (details in Table 3.24) 

which link the structure into a zigzag network along the [100] and 

approximately parallel to the b-axis (Figure 3.35 (a) and (b) respectively) 

Packing motifs oflhis compound are comparable to CoN(D) 
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Table 3.24: Hydrogen bonding details, 
, . . 

D-H (A) D"'A (A) D-H'''A (0) 
Symmetry 

operator 
• . 

02- H2A ·02S 0.77 (4) 2.706 (3) 175 (4) x,y,z 
. •. 

02 H2B ··03S 0 ,81 (4) 2.671 (3) 174 (4) - Y>+x, v,-y, v,+z 

03 H3A ·OIS 0.74 (4) 2.684 (3) 170 (4) x,y,z 

I 
-- ._-

03-H3B" '03S 0,88 (4) 2.662 (3) 176 (4) v,+ K.l-6-y. v,+z 
• ... 

04 H4A'''008 0,82 (5) 2.716 (3) 173(4) i l·x.-y.l-z 
. 

04 H48 ·OIW 0.77 (5) 2,769 (3) 165 (4) x,y,1+z 
.. . . . .. 

06 H6A- 025 0,83 (4) 2,757 (3) 175 (4) Y>+x,y,..y.v,+z 
. 

06·-H6B· '01S 0.79 (3) 2809 (3) 157(4) - Y>+x. 'h-y,Y>+z 

05-H5A' '02W 0.84 (4) 2,751 (3) 173 (3) -1+x.y,l+z 

05 H5B· ·08 • 0.77 (4) , 2.692 (3) 174 (4) ·x,·y,l-z 
. 

01W HllW· 04S 0,81 (4) 2.834 (3) 156 (4) x,y,z 

~W·-HI2W":" 02W 0.85 (5) 2.794 (3) 162 (4) x,y,z 

I .. 

02W H21W ·018 082 (5) 2.839 (3) 174 (3) 'h + x,~y,·v,+z 

02W- H22W' ·048 0,84 (5) 2.773 (3) 177(4) l+x,Y,z 
.. . _,- . . 

C6 - H5 --OIW 0.95 3,460 (4) 165 l-x,-y,1 z 

- I C7-H7" '08 0.95 3,248 (3) 176 x,y,l+z 
.. 

Cl0-Hl0"'01 0.95 3,258 (4) 175 x,Y,·I+z 
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Figure 3.35: Zigzag networ\l structure in CoS. showing the hydrophilic 

regions oetween Co(l l) ions separated oy organic layers (a) 

viewed along [100J and (b) [001J . 

•• 
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Thermal Analysis 

The TG and DSC traces CoS are shown in Figure 3.36 and the results are 

summa rised in the Table 3.5. The TG of CoS is characte rised by three step 

mass losses The first two mass losses are combined The first mass loss was 

attributed to the loss of five coordinated waters (detai ls in Table 3.25), while 

the second mass loss was due to the two guest water molecules The third 

mass loss demonstrated the decomposition 

The DSC traces in Figure 3.36 show endothermic peaks labelled A and B, 

which corresponds to the loss of coordinated and guest water, respectively. 

The onset temperatures (Ton) for these peaks are given in Table 3.25 . The 

third exotherm indicates the loss of some bpdo ligand lead ing to 

decomposition (exotherm D). 

80 
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95 

" 0 

A 60 ~ 
- 90 A -~ 
~ 85 '. B 

;: 
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30 80 130 180 230 280 
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Figure 3.36: TG and DSC traces of CoS 
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Table 3.25; Thermal analysis results of CoS, 
--

~ -I TG Re$ults 
.. -

Calc. % mass 10$s Exp. 0;' rna •• 10 •• 
- - ... -

Mass 10$s A i 1 g, 1 g 20.27 
-~ _ .. - . ~~ 

M,n. lo.s B 7.68 5,72 
-- ~-

Total H,O loss 26,87 25.99 
-_. .-~ 

OSC Resu lts 

com plex Ton (OC) Ton (· C) [r Ci

- i T on (~C) 

Peak A Peak B Peak C Pea k 0 
._-

CoS 98.1 152.6 268,3 350.6 

Hot Stage Microscopy 

Figure 3.37 shows the photographs of CoS complex observed during thermal 

decay, 

Fig ure 3.37: Crystals of CoS during therma l decay, Photograph (a) the 

crysta l at room temperature, (b) crystal sti ll stable after 60.5 "C, 

(c) guest water molecules escaping from the crystal lattice, (d) 

change In colour as a result of water loss. (e) starting to lose 

bpdo moleCUle which leads to (f) decomposition of the crystal. 

j 
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Transformation of COli complexes to 10 polymer 

Within a week dry crystals of compounds CoB. [Co(H,O)"]Br, 2(bpdo) 

2H,O and CoC, [Co(H,Ok]CI, 2(bpdo) 2H"O transform into the 10 

coordination polymers described here. We attempted to establish the 

mechanism to study the Co" compound transformation but due to the 

complexity of crystallising CoB and CoC reproducibly, these experiments 

were difficult. We attempeted to follow the crystal transformation process on 

the sing le crystal diffractometer and using PXRD but were unable to isolate 

an intermediate phase. 

Structure solution and analysis 

CoB-2 and CoC-2 

These compounds, C08-2 and CoC-2, are isostructural with respect to similar 

molecular shape, similar unit cell parameters and similar atomic coordinates 

as shown in Table 3.26 The bromide structu re will be discussed. 

Both compounds crystallise in the monoclinic crystal system, space group 

C21c, Structure refinement revealed a central Co(ll) atom coordinated to two 

bromides counterions located at the axial positions of the octahedron while 

two water molecules and two bpdo molecules occupy the equatorial sites 

This symmetry is shown in Figure 3.38. The octahedral symmetry is slightly 

irregular with bonding angles ranging from 86,81-93.42", The bond lengths of 

the coordinated bromide (2686 A 2.445 A for CI-) and water molecules 

(2.111 A and 2091 A respectively) are within the expected ranges. The 

literature1 values are given as 2 085 A (Co-O ... .,) 2.416 A (Co-Br) and 2.272 

(Co -CI') Full bond lengths and angles are given in the Appendix. 
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Table 3.26: Crystal Data and Refinement Parameters of CoB·2 and CoC·2 

Molecular Formulil 
CoBr,{C," H, N, 0,) cocr,{C,. H. N, 0,) 

(H 20). . H2O (H 20h . H2O 
" 

F(}(mula weight (g,mol'i ) ! 459,97 371.05 

l -
Temperature (K) m 296 

" 

Wavelength (A) 071073 , o 71073 
"-" -

Crystal System Monoclinic Monoclinic 
._- -

Space Group e2k e2k 
._. I ._. - --

a (A) 23958 (5) 24,114(5) 
-- - "_. " " 

b (A) 5.695 (1) 5,618 (1) 
"- -

c (A) 10862 (2) 10,751 (2) 
" --"" " -" 

a (') 90 00 
" - _. 

jJ (") I 108,60 (3) 109,16 (3) 

d'} , 
00 00 

Volume (A ) 
- - ---- -

1404.5 (5) 13757 (5) 
-

Z , 4 
" 

Calcu'lated Density (g em I j 2175 1 792 

p (mm"') 6931 1 655 
-, --

F (000) 896 m 
._-
Crystal Size (mm) 005xO,1 0xO ,12 0.17xO.l0xO,08 

--" " -o Range Scanned (' ) 0.79 - 26.05 3,58 - 27,88 
----

-29 <h<29,-7< k <7, -31<h<31 -7 < k < , 
Index Range 

-13 < 1<13 -14<1<13 

No Reflections Collected 1379 1646 

-- No. Unique Reflections 
-

1221 1268 
-,,--,- --" ._. 

Data completeness (%) 99.8 999 

Refinement Method Full-matrix L S. coF Full-matrix L,S coF 

Data 1 Restraints 1 
137910194 164610192 

Parameters i , 
Goodness-of-fit on p' " 

1 121 1.101 

--Final R Indices (J>2<1(1)] 0,0485 0,1259 0.0691, 0,2115 
._" 

R Indices (all data) 0,0567 0, 1296 0,0918,0,2009 

Largest Diff, Peak and Hole 
2,018, -1.059 2.451 -0.572 

(eA') 
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Figure 3.38: CoB-2 (isostructural to CoC-2) coordination polymer showing 

atomic labelling and thermal displacement diagram drawn at 

50% probability 

The bpdo molecule functions as a bridge to connect the two Co atoms , 

leading to a 1 D covalently linked polymer chain as shown in Figure 3 39. The 

adjacent polymer chains are connected by C-H ··0 hydrogen bonding through 

the guest water molecule and dipyridyl rings of the bpdo ligand. Guest water 

operates as H-bond acceptor in these interaclions (Figure 339) The 

hydrogen bonding details are summarised in Table 3.27 

, 

Figure 3.39: Hydrogen bonding interactions 

'" 
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Table 3.27: Hydrogen bonding details. 

I CoB-2 O-H (A) O .. ·A IA) D-H···A n Symmetry 

operator 

C(8) H(8) "Br(l) 0.95 3.487 (7) 145 % x. %+y, 312-z 

C(5) H(5) . O(lW) 0.95 3.342 (9) 168 -x,y,'h-z 

I 
- .-_. 

-x, y, y'-z---C(5)-H(5)"'O(lW) 0.95 3.342 (9) 168 

C(4) H(4)" 'Br(1) 0.95 3532(7) 15£ - Y,..x, -Y,..y . l-z 

CoC-2 
I - - ._ .. _._-

G(4) H(4)· GI(l ) i 0.93 3.460 (7) 161 %-x, -y,-y, -z 

- . CIS) H(5) ··O{lW) 0.93 3.357 169 l-x, y, y,-z 

CIS) H(5) ··O(lW) 0.93 
! 

3.357 169 l-x, y, Y:.-z 

-.- C(8)-H(8) 
- -

"CI(l) 093 - ] i47! {7L 148 YrX. y,+y, -y,-z 
· - .-

The packing of the molecu les looks like an uneven hollow tube when viewed 

along [001] as shown in Figure 3.40 with pyridyl rings overlapping 

--( 

)-< " . r- )- .... - "'- >= .... . • • ,-.- r-• . • r< • t; • • - • '" -.... • - - b • r • r:H ~ . • I • , . 
• • -~ • • 

~ • . 

f: • . - . .... . '. 0 - . 

Figure 3.40 : Packing of CoB-2 along [001] showing an overlap in pyridyl 

rings 
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The polymer chains parallel to [DID] and [100] as shown irl Figure 3.41 (a) 

arid (b). 

0 --.... __ • . 
• 

lal 

Ib) 

Figure 3.41: (a) and (b): Packing of molecules viewed alorlg [010] arid [100] 

showirlg polymer chains. 

-------

'"' 
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The guest water molecules are trapped into small voids while the coordinated 

waters are exposed and form layers as shown in Figure 3.42 

• , • • • • ••• • • ,. • • ••• • .. • .. • • • • • • • • • • • ••• • ... • • '" • ". • •• • • • • • • • • • • 
, .. • .,. • • '" • .. • .. • • • • • • • • • • 

~ .. • ... • • '" • ••• • .. • • • • • 

(bl 

• - • 
" • • • • • • • • • • • • 
" • • , . 
• • • • • • 
~ • 

, • , . 
• ' . • • • • • 

(al • • • • 

Figure 3.42 (a) and (b) MOlecules are packed using van der Waals rad ii 

viewed along [010J and [100J . respectively 

The voids occupied by guest water molecules were examined using the 

program SECTIONs which was used to view sections through the unit cell 

along [010J . One of these sections is shown in Figu re 3.43 . 

Figure 3.43 . SECTION plot of CoB·2 (guest water molecules omitted) viewed 

down [01 OJ with the unit cell sectioned at O.OOA along [01 OJ . One 

of the voids is shown in green circle 
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Thermal Analysis 

The TG and DSC traces of CoB-2 and CoC-2 are shown in Figure 3.44 . 

'" • 
,. --TO FA _, • J(l ,. 

• 
\ ·,--110] 

, - ~ -. - .. 
--~ • • 05C • , . • , , , , • I, 00' B ',I • , , 

• • 
" 00 ,. ,. '" ,. '. T"".,.,." • • .' ·0 T. mw """, ·0 

Figure 3.44 TG and DSC traces of (a) CoB-2 and (b) CoC-2 

The TG curves in both graphs show a two step mass loss The first mass loss 

in (a) and (b) is attributed to the loss of three wate r molecules in the 

compound i.e. one guest water molecule and two water molecules 

coordinated to the central metal. The calculated and the experimental mass 

losses of water mo lecules corresponded well and the details are shown in 

Table 3.28 The second step mass loss is due to the decomposition of the 

compound . The DSC traces in (a) and (b) are corresponding well with the TG 

traces shown by endotherm A and exotherm B in Figure 3.44 (a) and (b). The 

onset temperatures for both loss of water molecules and the decomposition 

events are given in Table 3.29. 

Table 3.28: Thermal analys is of (a) CoB-2 and (b) CoC-2 

TG Results 

10 COli coordination 

polymers 

OSC Results 
(H 20 molecules) 

Calc. % Exp. 0/0 Ton ("C) Ton (· C) 

mass loss mass loss Peak A Pllak B 

11.75 11 .34 81 .6 
t-.-. 

I 
299.1 

._--_. ----
13.56 15.33 161.7 338.4 

CoB-2 

CoCo"~ --- -+-,,-"'---1-

'" 
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Hot Stage Microscopy 

Crystals of CoB-2 and CoC-2 were obselVed for thermal decomposition using 

the hot stage microscope, The photographs for thermal events are shown in 

Figure 3,45 (i) and (ii) , 

Figure 3.45(i) Thermal decomposition of CoB-2 (a) Crystal at room 

temperature, (b) crystal quality is still maintained around 

60 ·C, (c) crystal starting to lose the quality and this is 

shown by decolourisation at the edge of the crystal. This 

is due to loss of guest water molecules as shown in (d)­

(f) and (9) is the beginning of decomposition process. 
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Figure 3.45(ii): 

cobalt complexes 

Thermal decay in CoC-2 (a) room temperature. (b) 

crystal still stable, (e) bubbling showing loss of water, (d) 

vigorous bubbling with decolourisation (e) completes 

water loss (f) decomposition . 

Comparison of calculated PXRD patterns of 

(CoB and CoB-2) and (CoC and CoC-2) 

The calculated PXRD patterns of (CoB and CoB-2) and (CoC and CoC-2) 

were compared to show dissimilarity in these compounds. The patterns are 

shown in Figure 3.46 for (CoB and CoB-2) and Figure 3.47 for (CoC and 

CoC-2) . The experimental PXRD pattern is included in Figure 3.46 to confirm 

that the initial bulk sample was composed of CoB compound , 

101~-----------
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28 COB (Experimental) 

24 I 
CoB (Calculated) 
CoB·2 (Ca lculated) 

~ 
,~ 

• 20 
" • -" 16 
• £ 12 
• • 
'" 8 

4 

_""",,I))) t I I ~ 
.... 01') I..,..; [.I 
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! ! 1~ 1~ " ~~ 
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2en 

Figure 3.46 Comparison of ca lcu lated PXRD patterns of CoB and CoB·2 

20 

~ 
16 

,~ • 
" • 12 -" • > 8 -• .. 
'" 4 

0 

, 

CoC (Calculated) 
CoC·2 (Calculated) 

~'lvJ~ I JIIJfLJwlAJd,,>f,,~ 
I---'"---" ____ ~~! i II I I, ' • " I , 

5 10 15 20 25 30 35 40 

2en 

Figure 3.47 Comparison of calculated PXRD patterns of CoC and CoC·2. 
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Structural similarities of Co(ll) compounds 

In th is section structural similarities of all Co{lI} compounds, discussed in this 

chapter, will be outlined. The compounds showing these similari ties are paired 

and summarised in Table 3 29 and will be discussed in respective pairs 

Table 3.29: Comparison of Co{ll} compounds. E -- Structural similarity 
----_. 

1 CoB CoC 
. ._-- -

~ 2 : . Col CoN(E) 
.. _. -

3 , CoN(A) CoN(B} 
- ---_._ ... 

4 CoN(O} CoS 
- ... -

5 CoNIC} • - . . ---
6 CoN(F} • 

# no structural Similarity with any compound 

CoB and CoC are similar with regard to atomic positions and packing of the 

molecules. Col and CoN(E) showed the same packing motifs with four planar 

bpdo molecules forming a H-bonded ring linking metal centres. CoN(A) and 

CoN(B) have the related packing motifs_ The only difference between the two 

is that CoN(A} have bpdo as a guest molecule and one nitrate ion not 

coordinated to the central metal Both CoN(O) and CoS have the hydrophilic 

regions between the Co{ll) ions separated by organic layers and their packing 

motifs are comparable. CoNIC} and CoN(F) did not show any structural 

similarity to any of the compounds discussed in this chapter. 

'" 
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Part (B): Temperature (1) and solvent dependent 

(2) study; Repeatability versus Reproducibility. 

Repeatability is the ability to repeat a measurement under an unchanging set 

of conditions, while reproducibility is the ability to reproduce a measurement 

whenever a predefined set of conditions is recreated 

In this project four different complexes of (Co NO,). and bpdo have been 

prepared A further two have been reported in the literature 2 We decided 

therefore to attempt to elucidate the experimental conditions which favoured 

the formation of each, 

Temperature, solvent mixtures and ratios have proven to be the fundamental 

experimental parameters which must be controlled in crystal growing 

procedures for reproducibility of results Different crystal structures were 

achieved using alcoholic (MeOH) and aqueous alcoholic (MeOH and H20) 

solutions of cobalt nitrate and bpdo at different temperature. The experiments 

were set up at 278 K, ambient (295 K - 298 K), 295 K, 298 K and 313 K using 

chemical quantities discussed previously in Chapter 2 

Compounds were analysed using main~ PXRD and in some cases elemental 

analyses to confirm homogeneity of the bulk compound. All the results were 

validated by repe titive experiments and analyses. In all cases, a single crystal 

was selected for unit cell determination . The insert pictures in PXRD figures 

illustrate various colours and morphologies of crystals prepared 

Note - Whenever we compare a calculated PXRD pattern to the experimental 

pattern, we note that the calculated pattern is shifted to the right, i.e. to higher 

values of 26. This is because the calculated pattern is derived from the 

parameters of the single crystal structure which was elucidated at low 

temperature Therefore its unit cell IS smaller than that obtained at room 

temperature, its reciprocal lattice is larger, and hence the pattern shifts to the 

higher values of 26 All X-Ray diffraction patterns were measured at room 

temperature (298 K). 
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Crysta l structures 

The crystal structures have been described in detail in the previous sect ion, 

Unit ce ll parameters of the Co(NOJh compounds are summarised in Table 

3,30 and the compounds are shown in Figure 3.48. 

Table 3.30 Unit ce ll parameters of CoN(A), CoN(B), CoNIC), CoN(O), 

CoNtE) and CoN(F) 

- CoN(A) CoN(S) CoNIC) CoN(O) CoN(E) CoN (F) 
--

• (A) , 7814 (2) 7,501 (2) 
• 

7.936 (2) 72B6(2} 193116 8,9 

b (A) 9.913 (3) 9,691 (2) 27 ,648 (6) 24323(5) 193166 11.7 

_·c (A) 17186 (5) 19,574 (4) 8.644 (2) 1 ° 308(2) 13.4668 14·,0-

a (0) 78 ,61 (1) 90.00 • 90.00 90,00 90 104.9 • 
• -' 

P(" ) 83.46 (1) 9338 (3) 106,13(3) 90, 91(3} 90 96 8 

- y (- ) 85.62 (1) 90.00 90,00 90,00 
I 

90 98,3 
--

V (A ) 1294.47 (6) 1420.4 (5) 1822.0 (6) 1826,6(6) J 501 1. 1 1383 4 

'" 
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• 

CoN(B) 

CoNIA) 

-• • • . -
CoNIC) 

• 

CoN(E) 
CoN{O) 

CoN(F} 

Figure 3.48 Crystal structures of complexes of CO(N03)z with bpdo 
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(1) Temperature dependent study using methanol alone 

Table 331 summarises the results obtained when crystals were prepared 

from methanolic solutions of Co(N0312 and bpdo, For each selected 

temperature, two crystallisations were carried out Microanalysis was only 

performed on one of the t.vo batches if unit cell measurements and PXRD 

analyses concluded that the compounds obtained were identical 

At 278 K, the same compound (CoN(F)) was prepared in both experimental 

trials, whereas at ambient temperature (lab bench, estimated 295 K - 298 K) 

two compounds (CoN(A) and CoNtE)) of the same elemental composition 

were obtained The experiment was repeated under better temperature 

control using a microvate€ system At 298 K, two unit cell parameters for 

CoN(B) and CoN(O) were achieved when analysing crystals from the two sets 

of crystallisations The same unit cell measurements (for CoN(B) and 

CoN(O)) were also obtained at 295 K. Micro and PXRD analyses for the 

compounds prepared at 295 K could not be obtained as the compounds were 

too hygroscopic. All the PXRD patterns for samples prepared at ambient and 

298 K matched the calculated pattern for CoNtE) compound, Microanalysis of 

the compound formed at 313 K could not be obtained as the compound was 

hygroscopic The picture inserted with the PXRD graphs are of the crystals 

prepared in this study and named in Table 3 31 
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Table 3,31, Temperature dependent experiments of Ca" complexes. 

Tem~l'lIItur. Batch Unit c-ell PXRD I Microanalysis 

1 CoN(F) CoN(F) 
278 K CoN (F) 

2 CoN(F) CoN(F) ! -_ .. 
CoN(A)i;i-Ambient 1 CoN(A) CoN (E) 

(295 K - 298 K) 2 CoN(E) 
~ 

1 CoN (B) 
295 K 

2 CoN(D) 

1 CoN(B) 
298 K ~ 

2 CoN(D) , 

I 
-~ 

1 CoN(B) 
313 K ~---~ 

2 , CoN(B) 

# microanalysIs not done. 

278 K 

At 278 K, the compound formed is CoN (F). 

Microanalysis (%J: 

Found: C, 5411: H, 3,70; N, 13,73 

CoN (E) 
. __ ._--

! Hygroscopic 

Hygroscopic 
_ .. _. 

CoN(E) 
~~~ 

CoN(E) 

CoN(B) 

CoN(B) 

Calculated for CoN(F): C, 54.93; H. 3.69' N. 13,95 

CoNtE) 

Hygroscopic 

• 
HygroscopIc 

The elemental analysis corresponded well with the calculated values. 

PXRD 

The pattern of the bulk experimental compound (blue) could generally be 

compared with the Lazy Pulverix calculated PXRD pattern (red), in Figure 

3.49 The PXRD patterns of the metal salt (purple) and bpdo (pink) were 

measured and included for comparison with the patterns of CoN (F) 

(generated and experimental) in Figure 3.49, 

There are two extra peaks at low 20 values (at approximately 8,5 and 11) in 

the experimental pattern. Neither corresponds to peaks from the metal salt or 

the bpdo traces Thus. the most likely explanation is that the extra peaks 

could be due to a very small amount of another crystalline compound. 

-
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' ..... 
S."pl" balch 1 

~ CON/F) C C~ lcu lj!Jed) 

, 
" " " 

Figure 3.49 Comparison of PXR D pacterns of bpdo, cobalt metal salt, 

experimenta l (sample batch 1) and calculated Lazy Pu lveri)( 

PXRD pacterns of [Co(bpdoje](N0 3h. 

". 
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Ambient temperatures (295 K - 298 K) 

Two unit cell parameters for CoN(A) and CoN (E) were obtained when 

analysing crystals from the two sets of crystallisations Interestingly. the 

PXRD of both only matched the pattern for CoN(E). 

Microanalysis (%) 

Batch 1; Found: C, 3701 ; H, 3.08; N, 13.09 

Batch 2 Found : C, 3709, H, 3.49: N, 13.17 

Calculated forCoN(A) C. 38.05: H. 3 83, N 1331 

Calculated for CoN(E): C, 38 05: H. 3 83, N. 13 31 

The elemental analysis corresponds to the calculated values, but with 

relatively large discrepancies. This could represent either CoN(A) or CoN (E) 

as they have similar molecular entities and can both be prepared at ambient 

temperature. One single crystals was removed from each batch: one had unit 

cell parameters corresponding to CoN(A) and the other 10 CoNtE) 

PXRD 

The PXRD patterns of each compound are shown in Figure 3.50 and 3.51-

Crystal colours and morphologies were similar in bolh sample batch 1 and 2. 

The insert picture representing both compounds is shown in Figure 3 51 

The calculated PXRD of CoN(A) and the experimental sample batch 1 

patterns are a mismatch. Calculated PXRD pattern of CoN (E) has been 

included in Figure 3.50 and it was a good match of sample batch 1 pattern . 

••• 
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CoN{El (Calculated) 

30 Sample batch 1 
CoN{AllCalculatedJ 

~ 

$i 
c • - 20 c 
~ I. ,~" L 

• > -• J ,j J J. .J,-< j 

• 10 

'" LL,»JLJ\lJlA.lJ~ 
o 

5 10 15 20 25 30 35 40 

28n 

Fig ure 3.50: Comparison of calcu lated PXRD pattern for CoN(A) and CoN (E) 

with experimental pattern for sample batch 1. 

The PXRD pattern of both ca lcu lated CoN (E) and sample batch 2 are also a 

good match 

25 

I( 

20 
i> 
" c 

15 • -c 

• 
~ 10 • • 
'" 5 

0 

5 10 15 20 25 30 35 40 

2en 

Figu re 3.51 Overlay of ca lcu lated PXRD pattern of CoN(E) and experimenta l 

pattern of sample batch 2. 
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It appears therefore that the bulk of the sample is of the form CoNtE) with 

possibly a very small amount of CoNCA) crystallising concomitantly 

In an at\emptto clarify these results, we repeated the experiment under strict 

temperature control using a microvate system at 295 K and 298 K 

295 K 

Single crystals from the two batches had unit cells corresponding to CoN(S) 

and CoN(O) The bulk material was too hygroscopic for PXRD or 

microanalysis 

298 K 

Two unit cell parameters for CoN(S) and CoN (D) were obtained when 

analysing crystals from the two sets of crystallisations_ The PXRD of both 

matched the pattern for CoNtE) suggesting that the bulk material is of the 

form CoN(E)_ Because PXRDs showed mixtures of compounds, 

microanalysis was expected to be inconclusive and was therefore not done. 

Sample batch 1 

PXRO' 

The measured PXRD pattern of sample batch 1 does not match CoN(S) as 

expected from single crystal unit cell determination The calculated PXRD 

pattern for CoN (E) showed a better match to that observed for sample batch 1 

(Figure 3.52). 
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40 
CoN(E) (Calculat"d) 
Sam pi .. batch 1 
CoN(B) (Calculated) 

~ 30 .~ • 0 • - I. I I 
0 

.~ 
20 I j I -~ 
10 ~ 

LA_LJJA.Lf ... .J 
j 

"---~..0'"" 
o 

5 10 15 20 25 30 35 40 

29 (v) 

Figure 3.52: Comparison of calculated PXRD pattern fo r CoN(S) and CoNtE) 

with experimental pattern for sample batch 1, 

Sample batch 2 

PXRD: 

Similarly. Ihe measured PXRD pattern of sample batch 2 does not match the 

expected compound (CoN(D)) determined from single crystal unit cell The 

calculated PXRD pattern for CoNtE) showed a better match to that observed 

for sample balch 2 as shown in Figure 3 53 
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Figure 3.53 : Comparison of calculated PXRD pattern fo r CoN(O) and CoN(E) 

with experimental pattern for sample batch 2 

313 K 

At 313 K, the compound formed is CoN(B). 

Microanalysis could not be obtained as the sample was too hygroscopic . 

PXRO: 

The PXRD pattern matched that of CoN(B). Due to the rep roducibility of the 

PXRD patterns for both batch 1 and 2. on ly one pattern is shown here (Figure 

354) . 
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Figure 3.54: Overlay of experimental and calculated patterns of sample batch 

1 and CoN(S) 

Summary 

At 278 K, the preparation of the CoN(F) compound was reproducible as 

confirmed by XRD methods and elemental analysis. 

At ambient temperature, reproducibility proved impossible to attain Single 

crystals chosen had unit cells corresponding to four compounds: CoN(A). 

CoN(S). CoN(D) and CoN(E). The bulk material of all samples that were 

crystallised have PXRD patterns which are similar to those calculated for 

CoN(E). suggesting that multiple compounds are fo rmed under these 

conditions. 

At 313 K, only the CoN(S) was produced. Elemental analysis was unreliable 

due to the hygroscopic nature of the compound but the PXRD was a good 

match. 

The prepared crystals are different colours which helps identification with the 

naked eye in confirming that different compounds were obtained. 
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(2) Solvent ratio study (MeOH:H~Ql 

Compounds of Co(NO~h and bpdo were prepared. using the method 

described in Chapter 2, but varying the relative ratios of the solvents used 

methanol and water. The experiment was repeated at three different 

temperatures (278 K, ambient (295 K - 298 K) and 313 K). 

In a typical preparation we mixed CO(N03J< (72.76 mg) and bpdo (35 mg) in 

an equivolume mixture of 5 mL MeOH and 5 mL H20. This corresponds to the 

following values in mmoles 

Co(N03h 

OAO 

bpdo 

0.19 

MeOH 

123 

H,O 

278 

Thus the ratio of Co(N03}2 . bpdo is 2 1 and the ratio for of MeOH H,O is 

1 2.3, but the solvent is in great excess to the Co(NO J ), and bpdo 

Similarly for other various solvent ratios 

278 K 

Table 3.32 shows the solvent ratios used, the unit cell parameters of the 

single crystal selected from each batch of crystals. PXRD and microanalysis 

results where possible. Microanalysis of compounds prepared using solvent 

ratios 1 1 and 2 1 were unreliable as different compounds of different 

elemental compositions were obtained. 

Interesting PXRD results using a 2:1 solvent ratios showing a combination of 

compound patterns, led to performance of three experimental trials. The 1.0 

solvent ratio results have been discussed in Part B (1) and were included in 

Table 3 32 for comparison 
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Table 3.32: Results fo r the Ca" complexes us ing diffe rent solvent ratios. 

Temp. Batch MeOH:H2O Unit cen PXRo match Micro-analys ia 

1 1:0 CoN (F) CoN (F) 
-- - CoN (F) 

2 1: 0 ! CoN(F) CoN(F) 
- -1 

I 
1:1 , CoNtE) CoNtE) 

- - • 2 1:1 CoNtE) CoN (B) 
----

278 K 1 1:2 I CoNtE) 
I 

CoNtE) 
-- -- Co NtE) 

CoNtE) CoNtE) 2 1:2 
. •.. - --

1 I 2:1 CoN (C) , CoN(B) + CoN (C) 
--- I 2 2:1 ~ON(D) _ CoN(S) • -- - -
3 2:1 CoNtE) I CoN(S) , --

# microana lYSIS not done 

1:1 ratio 

Similar unit cell pa rameters to those for CoNtE) were obtained in both sample 

batches, but the PXRD patterns matched both CoN (B) and CoNtE) 

Sample batch 1 

Because PXRDs showed mixtu res of compounds. microana lys is was 

expected to be inconclusive and was therefore not done 

PXRD: 

PXRD patterns fo r both sample batches are presented here since they 

differed from each other (Figure 3 55 and 3.56) 

The PXRD pattern of both calculated CoNtE) and sample batch 1 are a good 

match 

--

-
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Figure 3.S5 Overlay of calculated PXRD pattern of CoN(E) and experimental 

pattern of sample batch 1 using 1·1 solvent ratio 

Sample batch 2 

Because PXRDs showed mixtures of compounds. microanalysis was 

expected to be inconclusive and was therefore not done 

PXRD 

The calculated PXRD for CoN(E) and the experimental (sample batch 2) 

pattern are a mismatch. The experimental PXRD is better match for the 

calculated pattern of CoN(8) and this identification was further strengthened 

by the colour of crystals as shown by the photo in Figure 3.56 
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Figure 3.56: Overlay of calculated PXRD pattern of CoN(E) and experimental 

pattern of sample batch 2 using 1:1 solvent ratio. Calculated 

PXRD of CoN(B) compound is included in the figure for 

comparison 

1:2 ratio 

CoN(E) is formed when using 1 2 solvent ratio for both sample batches. 

Sample batch 1 

Microanalysis (%) 

Microanalysis was done for sample batch 1 only since CoN (E) was 

reproduced in both sample batches. 

Found: C, 38 38, H, 3 64 N, 12.76 

Calculated for CoN (E): C, 39.81, H 4.01 . N. 13.93 

The elemental analysis corresponds to the calculated values, but with 

relatively large discrepancies 
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PXRD' 

The PXRD pattern of both calculated CoNtE) and sample batch 1 are a good 

match as shown in Figure 3.57. 

24 
Sample batch 1 

20 
CoN{E) [Calculated) 

~ -• 16 c • -c 
12 • > 

~ • 8 .. 
~ 

4 

5 10 15 20 25 30 35 40 

2en 

Figure 3.57 Overlay of calculated PXRD pattern of CoN (E) and experimental 

pattern of sample batch 1 using 12 solvent ratio. 

Sample batch 2 was not included here since the results for both batches were 

reproducible 

2:1 ratio 

Th ree different unit cell parameters matching CoN(C), CoN(O) and CoN (E) 

compounds were measured for single crystals from sample batch 1, 2 and 3 

respectively. According to the unit cell parameters determination, the PXRO 

pattern of sample batch 2 was expected to match the one of CoN(O). but the 

results proved otherwise, as it was matching CoN(B) pattern (Figure 3.59). 

The PXRD patterns of sample batch 1 and 3 were expected to match the 

calculated PXRO's of CoN(C) and CoN (E), but the patterns were a complete 

mismatch, suggesting a mixture of compounds as shown in Figure 3.58 and 

3.60. 
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Sample bat(;h 1 

Because PXRDs showed mixtures of compounds, microanalysis was 

expected to be inconclusive and was therefore not done 

PXRD 

The general PXRD patterns match CoNIC), except peak at low 28 

(approximately 6.5) which suggest a compound mixture. Figure 358 shows 

an overlay of the patterns for sample batch t and ca lculated CoN (C) The 

calculated pattern of CoN(S) is included in this figu re for comparison as it 

cou ld be part of the mixture, The suggestion of CoN(S) is va lidated by PXRD 

pattern observed in sample batch 2 (Table 332). 

~ .. 

I 
CoN{BI {Calculated) II 
Sample batch 1 

30 

OO""C'''"''I; UU ~ ~ -• I,",.v)~~\ 0 • - 20 , 
0 

• V Jiw", I. 'I I 
, I > -• • 10 

iL-lioLLJ ! J..Jr,,~lJf~N ~ 

I f-11 
0 

5 10 15 20 25 30 35 40 

28n 
-

Figure 3.58: Overlay of experimental sample batch 1 and calculated Co NIC) 

PXRD patterns Calculated PXRD of CoN(S) compound is 

in cluded in the figure for comparison. 

Sample batch 2 

Because PXRDs showed mixtures of compounds, microanalysis was 

expected to be inconclusive and was therefore not done, 
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PXRD: 

The measured PXRD of sample batch 2 does not match CoN(D) as expected 

from single crystal unit cell determination The calculated PXRD pattern of 

CoN(S) showed a better match to that observed for sample batch 2, see 

Figure 3 59 , 

5 10 15 20 25 30 35 40 

zen 

Figure 3.59, Comparison between experimental PXRD pattern of sample 

batch 2 and calculated PXRD pattern of CoN(D). Calculated 

PXRD of CoN(S) compound is included in the figure for 

comparison 

Sample batch 3 

Because PXRDs showed mixtures of compounds. microanalysis was 

expected to be inconclusive and was therefore not done, 

PXRD, 

The calculated PXRD of CoN (E) and sample 3 patterns are a mismatch 

Calculated PXRD pattern of CoN(S) is included in Figure 3,60 for comparison 

as it showed some peaks which are similar to those observed for PXRD 

pattern of sample batch 3. This PXRD pattern may shows a new phase that 
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has not been characterised by single crystal methods. or it may be a mixtu re 

of several phases. 

40 
CoN(BI (C alculated) 
Sample botch 3 

11 CoNIEllCalcutatedl 

-L -Ll JcI"l ,1 , ~, . ~~ 

, I. . 

~ 30 .~ • 0 • -0 

~ 
20 

.. "-J n.1." ~" 
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Figure 3.60: Comparison between experimental PXRD pattern of sample 

batch 3 and calculated PXRD pattern of CoN (E). Calculated 

PXRD of CoN (B) compound is included in the figure for 

comparison . 

Summary 

Using a 1 1 ratio at 278 K results in CoN(E) with the possibi lity of some 

CoN (B) being formed . One of the PXRD patterns showed a trace of CoN (B) 

while the other sample matched only CoN(E) . Single crystals taken from both 

batches corresponded to CoNtE), suggesting that concom itant crystal lisation 

had occurred. 

Reproducible resu lts for the unit cell parameters and the PXRD patterns were 

obtained for CoN(E) when using the aqueous methanol mixture with a ratio of 

1.2 concluding in the formation of CoN(E) crystals 

'" 
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Three differerlt urlit cells for the CoNIC). CoN(O) and CoNtE) compounds 

were obtairled usirlg a ratio of 2:1 . The PXRD patterns of each of the three 

sample batches did not correspond to the unit cell parameters determined in 

each case. The PXRD patterns for sample batch 1 showed a mixture of 

CoN (B) and CoNIC) while sample batch 2 and 3 matched CoN(B) campau rid 

considerably 

Ambient temperature /295 K 298 K) 

Table 3.33 summarises results of different aqueous methanol ratios obtained 

at ambient temperature. Results of 1 0 solvent ratio results have been 

discussed in Part B (1) and were included in Table 333 for comparison. 

Microanalysis was not dooo here, as the results could have been umeliable 

due to compound mixtures prepared at this temperature (295 K - 298 Kl· 

Table 3.33: Results for COli complexes using different solvent ratios. 

Temp. leT MeOH:H1O 

r- 1 :0 

1 :0 

1 1:1 

2 1 :1 
ambient 

1 1:2 
. 

2 1:2 
. 

1 2:1 

2 2:1 

1:1 ratio 

Unit cell 
~-... 

CoN (A) 
... 

CoNtE) 

CoN(C) 

CoN(B) 

CoN (E) , 

CoNtE) 

CoN(E) 

CoNtE) 
I 

PXRD match 

CoNtE) - ----1 
CoNtE) 

CoN (E) 

CoN(B) 

CoN (B) ... CoNtE) 

CoN (B) ... CON(E)_ .J 

CoNtE) 

CoN(B) ... Co:iN",(OE)C--

Two different unit cell parameters for CoNIC) and CoN(B) were obtained from 

single crystals in sample batches 1 and 2, respectively. The PXRD pattern 

suggested that there is a mixture of compounds irl sample batch 1 (CoN(C) 

and CoN (E)). while in sample batch 2, CoN(B) was formed. Calculated PXRD 

patterns of CoNIC). CoN(B) and CoN (E) are shown in Figure 3.61 for 
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companson There is a possibility of concurrent crystallisation of CoN(B) in 

sample batch 1 since it was the sole product in sample batch 2. hence the 

inclusion of its calculated PXRD in Figure 3.61 for comparison. 

Sample batch 1 

PXRD 

The PXRD patterns for sample batch 1 does not match that calculated for 

CoN(C). The PXRD pattern of sample batch 1 is a beller match to the 

calcUlated pattern for CoN(E). CoN(8) is another possibility owing to the 

similarity of its pattern to CoN(E), as exp lained before 

~ . , 

" CoNIBIIC. loul a'odl 
CoNIEIIC"",u"""1 

I 

Sam pl. b. 'oh 1 

~ 
CoNIC) iC. lc ul .tedl - 12 L~L ~,L, I • 

" I~ " • - l I " - , , I'~~. L~ • 8 
. ~ 

. - , I j • 
Jj J .. 

~ 4 

,M.! I IkJIJ,Jil, v,L~J'-W 
0 

5 10 15 20 2S 30 3S 40 

2en 

Figure 3.61 ' Comparison between experimental PXRD pattern of sample 

balch 1 and calculated PXRD pattern of CoN(C) compound. 

Calculated PXRD of CoN(8) and CoN(E) compound are 

included in this figure for comparison. 

----------'" 
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Sample batch 2 

PXRD: 

The PXRD patterns between the calculated CoN(B) and the sample batch 2 

matches as shown in Figure 3.62 , suggesting that the bulk material is 

CoN(B) 

25 
Sample b~tch 2 
CoN(8) ICalculated) 

~ 
20 

~ • 0 • 15 -0 

~ 10 -• 
" ~ 5 

O +---~---r---r--~----__ --__ ~ 
5 10 15 20 25 30 35 40 

zen 

Figure 3.62: Overlay of experimental (sample batch 2) and calcu lated PXRD 

of CoN(B) 

1:2 ratio 

Using 1:2 solvent ratio. the two un it cell parameters from each sample batch 

were measured . They were both similar and corresponded to CoNtE). 

Nonetheless, PXRD patterns revealed that both batches were not 

homogenous, but were a mixture of CoN(B) and CoN (E) in both cases. Only 

sample batch 1 PXRD is shown to illustrate the two sample batches results 
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Sample batch 1 

PXRD' 

The calculated PXRD of GoN(E) and experimental pattern of sample batch 1 

partially match, suggesting a compound mixture (GeN(B) and GeN(E)) Most 

PXRD peaks of sample batch 1 corresponds to those of calculated CoN(B) 

and it is therefore included in Figure 3.63 for comparison 

CoNIS) ICalculated) 
40 Sample balch 1 

CoNIE) (C a lcul . !od) 

!!! 20 
1; 

&!. 10 

5 10 15 20 25 30 40 

29 (0) 

Figure 3.63 Overlay of the calculated PXRD pattern of GeN(E) and 

experimental (sample batch 1) pattern Calculated PXRD of 

GoN(B) compound is included in this figure for comparison. 

2:1 ratio 

Unit cell measurements were carried out for sample batch 1 and 2 and 

confirmed in both cases the formation of the CoN (E) compound only PXRD 

of sample batch 1 corresponded well with calculated PXRD (Figure 364) 

However, the PXRD patterns of sample batch 2 showed the possibility of 

concurrent crystallisation of CoN(S) (Table 3.33). thus the calculated PXRD 

pattern of GoN(B) was included in Figure 3.64 for comparison. 
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Sample batch 1 

PXRD: 

PXRD patterns of sample batch 1 and CoN (E) are a match 

40 

~ 
~ 30 
" " • -" 
~ 20 -~ 
~ 10 

5 10 15 20 25 30 35 40 

Figure 3.64: Comparison of sample batch 1 (experimental) al1d calculated 

PXRD patterns of CoN (E). Calculated PXRD of CoN(B) 

compoul1d is il1c1uded in the figure for comparison 

Sample batch 2 

PXRD: 

The PXRD patterns partially match. suggesting a compound mixture. The bulk 

sample of sample batch 2 is composed of CoN(B) This is shown by a number 

of peaks observed in the experimental CoN(B) trace which corresponds to the 

calculated CoN(B) trace in Figure 3.65 and this is further cOl1firmed by the 

colour of the crystals. which is different from sample batch 1. but similar to the 

CoN(B) compound shown previously in this section (Figure 3.62) 
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Figure 3.65 The ca lcu lated PXRD pattern of CoN(E) matched the 

Summary 

experimental pattern of sample batch 2 Ca lculated PXRD of 

CoN(B) compound is included in the figure for comparison 

Elementa l ana lys is was not an ideal method to confi rm which compounds 

we re prepared at ambient temperature (295 K - 298 K) since we obtained 

compound mixtures in unknown ratios. 
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313 K 

Table 3,34 shows compounds prepared using different aqueous methanolic 

solutions at 313 K, Results of 1:0 solvent ratio results have beerl discussed irl 

Part B (1) arid were irlcluded irl Table 3.34 for comparison Usirlg a solvellt 

ratio of 1:1, two differellt lmit cel ls fo r CoN(A) alld CoNtE) compOUllds were 

obtained, while 1:2 and 2:1 ratios formed the CoN(S) compound alolle, 

Microana lysis cou ld not be obtained as the compounds were too hygroscopic_ 

Table 3.34: Results for the COli complexes usirlg different solvellt ratios 

Temperature : Batch MeOH:H%O Unit cell PXRD match 
... _- , - -

• 

1 1 :0 CoN(B) CoN(S) 

2 1 :0 CoN(B) CoN(B) 

1 , 1:1 CoN(A) CoN(A) + CoN(8) 
---- -----_. 

2 

I 
1 :1 CoN (E) CoN(S) + CoNtE) 

313 K -
1 1 :2 CoN(S) CoN(S) 

._--_ .. 
2 1 :2 CoN(S) CoN(S) 

1 , 2:1 CoN(8) CoN(S) 

2 2: 1 CoN(8 ) CoN(S) 
-~ 

1:1 ratio 

Samp le batch 1 

PXRD, 

The single crystal from sample batch 1 gave in the unit cell parameters of 

CoN(A), When comparillg the generated PXRD pattern of CoN(A) with the 

experimerltal pattern_ it was a mismatch The PXRD pattern suggests a 

compourld mixture composed mostly of CoN(S) compound arid a sma ll 

amount of the CoN(A) crystal lising cOllcomitantly, as shown in Figure 3,66, 

Crystal co lours and morphologies were similar in all prepared crystals and 

thus orlly Orle photograph is shown irl Figure 3 66 

... 
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CoN(BI (Calculated) 
Sample batch 1 
CoN(A) (Calculatedl 

cobalt complelln 

Figure 3.66: Overlay of experimental (sample batch 1) and calculated 

(CoN(A)) PXRD patterns. Calcu lated PXRD of CoN(B) 

compou nd is included in the figure for compa ri son . 

Samp le batch 2 

PXRD: 

The PXRD patterns of calcu lated CoN(E). which was suggested by the unit 

cell measurement and sample batch 2 part ially matCh. suggesting that the 

compound is a mixture of CoN(S) and CoN(E) as shown in Figu re 3.67. 

- ------ - -----.'" 
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Figure 3.67: Overlay of experimental PXRD pattem of sample batch 2 and 

calculated CoN(E). Ca lculated PXRD of CoN(B) compound is 

included in the figure for comparison 

1:2 ratio 

CoN(B) compound is formed from sample batch 1 and 2. 

Sample batch 1 

PXRD: 

PXRD patterns are a match in both sample batches and the PXRD pattern of 

sample batch 1 is shown (Figure 368). to il lustrate the general result. 
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Figure 3.68 . Calculated PXRD pattern of CoN(B) 

experimental pattern of sample batch 1 

2: 1 ratio 

30 

CoN(B) compound is formed from sample batch 1 a002. 

Sample batch 1 

PXRD: 

cobalt complexes 

35 40 

is matched with 

PXRD patterns are a match in both sample batches and the PXRD pattern of 

sa mple batch 1 is Shown (Figure 3.69). to illustrate the general resu lts. 
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Figure 3.69 Ca lcu lated PXRD pattern of CoN(S) 

experimental pattern of sample batch 1 

Summary 

cobalt complexn 

-

JC_A4 JWJ~ 

30 35 40 

is matched with 

At 313 K, using the solvent ratio 1 1 resulted in two different uni t cell 

parameters: CoN(A) and CoNtE) from sample batch 1 and 2, respective ly. 

PXRD patterns suggest compound mixtures, composed mostly of the CoN(B) 

compound and small amounts of CoN(A) and CoNtE) crystal lising 

concomita ntly in batch 1 and 2, respectively_ 

CoN(B) is formed when using ral ios 1:2 and 2 1 The PXRD patterns showed 

footprints of CoN(S) when compa red with the ca lcu lated pattern. 
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Co-gr inding of physical mixtures of Co(N0 3h and bpdo 

The results of the variable solvent crystallisation study, just described, 

prompted the question of what compounds would form in the absence of 

solvent. Braga and Grepioni7 have carried out a number of studies on the 

preparation of coordination compounds by co-grinding mixtures of metal salts 

and ligands 

The physical mixtures of Co(N03J2 and bpdo were prepared and analysed 

using PXRD. Two experiments were done, the first experiment was prepared 

using chemical quantities discussed previously in Chapter 2 while in the 

second experiment a metal:bpdo molar ratio of 1:6 was used Co-grinding was 

done for two hours in each experiment The first experiment was done to 

establish which of the prepared and elucidated Co(ll) complexes. discussed in 

this chapter, forms by physical mixture without using a solvent The PXRD 

pattern of the mixture (sample batch 1) completely matched the calculated 

PXRD for CoN(E) as shown in Figure 3.70 

4. Co(NO, I, ·6H,O 
~pdo 
CoN(EI 

~ sample balch 2 
.~ ,. 

I 
sample balch 1 • 0 • ; L--JJ1 ~ -0 

• 2. 
l > , , " '...w_W I .-- J .. 

Ito / • I 

'" 1. 
\c....J" .A 

.1 , 
• 

5 ,. 15 ,. 25 ,. 35 4. ,en 
Figu re 3.70 Comparison of PXRD patterns of sample batch 1 and 2. 

calculated CoN(E), bpdo and CO(N03i< . 

'" 
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In the second experiment an excess of the bpdo ligand was used in a 

physical mixture. It was expected that the bpdo would sufficiently compete to 

coordinate to all the binding sites of the central metal to form the CoN(F) 

compound. Instead the PXRD trace obtained (sample batch 2) matched the 

calculated PXRD for CoN(E) (Figure 3.70), The experimental PXRD pattern 

showed extra peaks which corresponded to the PXRD pattern of bpdo ligand. 
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Discussion and conclusion 

Part A: Compounds discussed in this chapter illustrate a variety of 

supramolecular networks It is evident from the range of structures refined and 

elucidated that by changing the metal ligands while using the same spacer 

ligand (bpdo) has an effect on the type of crystal structures obtained . 

As long as the axially coordinated ligand is bidentate. it is expected that the 

product should be polymeric, but this was not the case in the cobalt metal 

complexes which often form supramolecular polymers through hydrogen 

bonding 

In CoB and CoC the hydrogen-bonded salt structures give rise to inorganic­

organic layered structures Col forms a high symmetry 3-dimensional 

supra molecular ne!'Nork, while CoN(A), CoN (D) and CoS form interdigitated 

layers in which hydrophilic regions between the Co(ll) ions are separated from 

one another by organic regions. CoN(B) has both nitrate counterions and !'No 

water molecules coordinated to the central metal displaying an irregular 

octahedral symmetry while in CoNIC) Co(ll) ions are bridged by bpdo 

ligands 

In addition to coordinated water molecules, all crystal structures (except Col) 

contained guest water molecules which are linked to the host compound by 

hydrogen bonding. 

A common feature in all these nine structures is the presence of strong 71"'11 

interactions, This representation is shown in Figure 3,71. in which the 

selected sections of each structure have been chosen to il lustrate the 

inte ractions which appear to be a strong structure-directing influence 

Compounds of CoB and CoC were transformed from discrete molecules to 1 

dimensional coordination polymers with guest water moleCUles bridgmg the 

two polymer chains through hydrogen bonding, Unlike in discrete molecules of 

CoB and CoC, bpdo molecule is directly coordinated to the central metal 

result ing in the loss of water 
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A search of the CSO' (Version 5.27. November 2005) for cobalt compoLinds 

with bpdo fOLJnd five structLJres to have been reported previoLisly. In 

[Co(bpdo). (H20},](PFoh_2H,O, a 3D diamondoid network is formed in which 

double bpdo spacers bridge tw'o adjaceflt metal cefltres 3 Cobalt perchlorate 

has been Llsed to produce both [Co{H,O).(bpdo)](CIO.h.2(bpdo)~ and 

[Co(bdpol«N{CNhh{H20hl.'o In the former one bpdo bridges two cobalt 

ions, giving a 10 covalently linked chain along [IDOl while an LJncoordinated 

bpdo liflks tw'o cobalts aloflg the cell diagonal via hydrogefl bOflds, teaviflg a 

triangLilar channel cOlltaining CIO.- anions. UlliqLlely among these structLires, 

there are no ;t-- " interactions in this case In the lalter case, crystallisatiofl 

from ethaflol rather than water, and the use of a competiflg ligafld, eliminates 

perchlorate from the final structLire to produce [Co{bdpo)z(N{CN)zUH,O)Zl_ 

Both bpdo and dicyanamide act as terminal ligands alld as hydrogell bond 

acceptors to coordinated aqLla ligallds. 

Usiflg Co(NO,h and bpdo as the starting material has been reported4 to 

produce two differeflt structLires to the four (CoN(A), CoN(B), CoN (C), 

CoN(O)) reported in this study. Whell the metal salt and bpdo are mixed ill 

aqueoLis solLition the resultillg material is [Co(N03h(H20)4l.2(bpdo) (CoN(E)) 

which is most like Col solved in this study, in that the hydrated metal salt and 

bpdo molecules form a hydrogen bonded network with similar tetragonal 

symmetry_ Crystallisation from a mixture of methanol and water gave the 

discrete molecule [Co(bpdo)d(N03), (CoN(F)), ifl which each bpdo 

coordinates via one N-oxide donor while the other end of each ligand engages 

ill ,,- " interactions with other molecules in a 20 supramolecular net. 4 Four 

ifltermediate crystal structures of CO{N03)2 prodLiced in this work may be 

related to the different crystallisation conditions employed, i.e. crystals were 

grown in sole alcoholic solLitions afld aqueous alcoholic solutions, at varioLis 

temperatures 

According to the CS02, oilly one coordinatiofl polymer of Co(ll) usifl9 bpdo 

alld different cOLJflterions have been reported .· This is [Co(H20). (bpdo)] 

(CIO'.h_2(bpdo)_ The compound has beell discussed in this section and it is 

'" 
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similar to coordination polymers {CoB-2 and CoC-2} discussed in this study 

They both form 10 covalently bonded chains joined through hydrogen 

bonding forming two dimensional sheets From our experience and CSO" 

search, it is fairly improbable that coordination polymers of Co(ll) metal salts 

will form using bpdo ligand. 

In Part B, we demonstrated that temperature and solvent mixtures can playa 

huge role in deciding the topology of crystal structures Experiments in this 

work were performed at different temperatures, and different crystal structures 

were prepared. In some cases, compound mixtures were obtained However 

reproducible results were aChieved in some crystallisations by controlling the 

experimental temperature. 

Crystallisation using methanolic solutions afforded consistent preparation of 

CoN(F) and CoN(B) at 278 K and 313 K respeclively. while at ambient (295 K 

- 298 K) temperatures, two compounds (CoN(A) and CoN(E)) of the same 

elemental composition suggesting compound mixtures were prepared 

Nonetheless, PXRO patterns of samples prepared at 295 K - 298 K were 

consistent of CoN(E) compound. Unit cell parameters for CoN(B) and CoN (D) 

were obtained al 298 K, but PXRD patterns of samples prepared have 

patterns similar to those calculated for CoN (E). Crystallisation in the absence 

of excess water revealed that the bpdo ligand becomes sufficiently 

competitive for the cenlral metal as it was demonstrated by CoN(F). This 

compound can only be prepared at 278 K. 

Introduction of water in compound preparations changed the whole trend 

observed when using methanolic solutions and reproducibility of results, Most 

preparations using aqueous solution produced compound mixtures, 

At 278 K, consistent preparation of CoN(E) compound was observed when 

using 12 solvent ratio. The same compound was correspondingly common in 

all single crystal cell determinations except in sample batch 1 of 2:1 solvent 

ratio. 
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At 295 K - 298 K, crystallisation mostly produced compound mixtures. 

CoN(E) compound was again common in terms of unit cell determination. 

except in batches 1 and 2 of solvent ratio 1.1 Microanalysis of these 

compounds was not done due to compound mixtures and therefore results 

would be unreliable 

Slight heating of the solutions to 313 K 9ave rise to formation of CoN(B). This 

is confirmed by the PXRD patterns of the prepared sample batches which 

corresponded to calculated PXRD of CoN(B). Unit cell dimensions 

corresponding to CoN(B) are common at 313 K, except in sample batch 1 

(CoN(A)) and sample batch 2 (CoN(E)) using 1 1 solvent ratio. This resulted 

in compounds mixtures of sample batch 1 and 2 . However, due to general 

behaviour of these compounds, the possibil ity of having a compound mixture 

in other crystallisation vials should not be neglected although the PXRD 

confirmed their homogenity. The physical mixture of Co{N03J< and bpdo gave 

PXRD patterns that matched the calculated PXRD pattern for CoNtE). 

The experiments repeated using the same measurements did not show 

reproducible results. except when using methanol only at 278 K and 313 K 

In conclusion it is evident that by using one metal ion and one ligand , a range 

of crystal structures can be constructed . This study also provides further 

evidence that crystallisation conditions are important when preparing metal­

organic frameworks. Ligand and counterion may compete for the metal 'S 

coordination sites. This behaviour was illustrated by the formation CoN(B). 

CoN(E) and Col compounds using bpdo as was discussed in this chapter 
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Chapter 4 

Synthesis and crystal structures of 

CU2CI4(bpdoh(H20h . 2(CH3hSO and 

[PbX2(bpdo)]n (X= Br, CI and I) 

complexes. 
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This chapter describes compounds of Cu(lI) and Pb(ll) metal salts prepared 

using the same starting materials (DMSO, CH2CI2 or CHCIJ and bpdo) at 

ambient (295 K - 298 K) temperatures The presence of DMSO has provided 

some interesting study on the effect of driving crystal structure construction. 

The crystal structures refined and elucidated adopted different structural 

topologies. 

The Cu(lI) complex is a z-shaped discrete molecule with a OMSO mOlecule 

hydrogen bonded to the host through coordinated water molecule_ The central 

metals are linked by hydrogen bonds through coordinated water and oxygens 

of the bpdo ligand Crystallisation of PbBr2, PbCb and Pbb with bpdo afforded 

20 coordination polymers The adjacent metal centres of these polymers are 

bridged by coordinated Br', CI- or 1- anions. These polymers possess no 

conventional hydrogen bonds and the crystal structures are isostructural 

Thermal and elemental analysis of compounds prepared has been carried out 

and crystal structures have been elucidated. 

For each of the crystal structures described in this chapter the crystallographic 

data, experimental and refinement parameters are given in Table 4 2 and 4 6 

The final atomic coordinates, bond lengths and angles, torsion angles, 

thermal angles, thermal parameters and tables of observed and calculated 

structure factors for each of the crystal structures are given in the appendices 
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Complex preparation 

Suitable crystals were grown by solvent layering at ambient temperatures 

(295 K - 298 K) The complexes were obtained by crystal lisation of either 

Cu(ll) or Pb(ll) metal salts covered , but not ful ly dissolved by either CH, CI, or 

CHCI) and carefully layered under the solution of bpdo in OM SO Solvent 

combinations used resulted in a Cu(lI) discrete molecule and 10 polymers of 

Pb(l l) metal salt. 

The compounds obtained are abbreviated as follows 

Cu, CI. (bpdoM H, Oh· 2(CH)hSO CuC 

[PbCI2(bpdo) ln PbC 

[Pbb(bpdo)], : Pbl 

[PbBr, (bpdo)l" PbS 

Microanalysis 

Ta ble 4 1 shows elemental analysis results. The experimental and calculated 

percentages co rresponded well. 

Table 4.1 Elemental analysis results fo r CuC, PbC, Pbl and PbS 

compounds 

I Complex - .. ··-Found ".4 Calculated "", . 

I 

-
e I H N 5 C H N 5 

- ---
e,e 39.77 3.78 8.16 6.23 3981 354 8 19 6.25 

Pbe 2557 1 57 586 2576 173 60 1 , 
i . --~-

PbI 1802 1 22 3.76 ' . 18.48 1.24 4. 32 

PbB 21.61 .L' ·:.
O 486 . 21.63 1.45

1
505 . 

PXRD 
The calculated (red trace) and experimental (blue trace) PXRO patterns for 

Cu(l l ) and Pb(l l) complexes are shown in Figure 4.1 (a ) (d) PXROs of all 
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these compounds are a complete match suggesting that the samples 

prepared were homogenous , 
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The PXRD patterns of PbB are a match as shown in Figure 6.5. 
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Structure solution and analysis 

Table 4.2: Crystal Data and Refinement Parameters of CuC. 

~ Molecular Formula Cu,Cl.(C" H, 0, N,),(H,O),· 2(CH,),SO 

Formula weight (g.mol· ) 1025.72 
~~ ~ 

Temperature (K) 113 

Wavelength (A) 0.71073 
~~-.. --.-.--

Crystal Syslem Triclinic 

Sp~ Group p, 
-

a (A) 8,731 (2) 

b (A) 8 ,943 (2) 
~ ~~ ~ ~ 

c (A) 14.408 (3) . ~ 

u (') 102.85 (3) 

- .~--~ 

jJ (' ) 97.49 (3) 
-- J 

re) 109_77 (3) 

Volume (A' ) 1005,9 (3) , , ---- _._--, Z 1 , 
Calculated Density (!iI,em-') 1,693 , 

- -- ----- --
,il (mm-') 1.491 I ------
F (000) 524 

Crysta l Size (mm) 015 x 0, 15 x 0,20 

<----e,e} R",C",=,Cso~=C='='dOCC"}---+---- 0.21-26_37 

r-----"'CCd"'='CRC'CCCgC,----+---e~ 1"1 < h "" 11, -10 "" k "" 11, -18 <: I <: 1 8 

No Refl eciiciris-C-Dl I~'ct;;;;'d,---+------""'9'34"9'--------1 
f-~=~=~+----No_ Unique Reflections 4211 

Data cQlllPlelene~'="("%"I--+-------C9rn9C.og--------1 
Refinement Method 

Dala 1 Resl rainls 1 Paramelers 

Goodness-aI-fit on F 
~ 

Final R Indices [/>2a(1)] 

R Indices (all dCltCl) 

" L,C,=,C,C'}'D"Uff'peak and Hole (eA'') 

Full-matrix L.S on F 

4211/01271 

1_ 11 0 
~ 

0,0255,0,0598 

0,0334,0,0632 

0.75. -1 07 

.. ~ 

I 
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The compound, CuC, could be solved in space group P \ with t>.vo molecules 

in the unit cell. The thermal displacement and labeling of the asymmetric unit 

is shown in Figure 4,2, Only the asymmetric unit has been labeled. 

Figure 4.2: Part of the CuC molecule is showing atomic labeling, Thermal 

ellipsoid diagram is drawn at 50% probability, 

This structure shows irregular trigonal bipyramidal coordination geometry The 

literature' Cu-O and Cu-CI bond lengths in the absence of distortion are 2 11 

and 2.40 A respectively on the bases of the ionic radii and they were 

comparable to experimental distances: 1,99 A (Cu-O) and 2.41 A (Cu-CI), 

of the crystal structures obtained The structure shows an enlarged CI1-Cu-

09 bond angle of 148 88', t>.vo inclined angles of 101 38" (CI2-Cu-09) and 

109,42' (CI1-Cu-CI2). as opposed to the expected trigonal planar bond 

angles of 120' each Similarly, the bond angles between the trigonal and 

bipyramidal planes were expected 10 be 90'0. but due to the same distortion 

effect, the bond angles ranged from 79.93 0 _98,02'0 The bpdo molecule is 
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planar but flexible, hence the two aromatic rir'lgs were twisted by 6.30 A ir'l 

CuC. Full bond lengths and angles are given in the Appendix 

The crystal structure shows a z-shaped molecule with two eu metals joined 

by three bpdo molecules as shown in Figure. 3.68 

The compound packs with top and bottom bpdo "arms' of the z-shape in 

parallel with neighbouring molecules. The molecules are linked by hydrogen 

bonding of coordinated water and oxygen of bpdo ligand [0.",., '0""", " 2.717 

A], forming a supra molecular zigzag po lymeric structure (Figure 4.3). There is 

a center of inversion at the centroid between the parallel arms. The DMSO 

guest molecule is hydrogen bonded to the host molecule by its oxygen and 

the coordinated water as shown in Figu re 4.3 

H7JA 

unA 

Figure 4.3. Hydrogen bonding and " -rr interactions in cue complex . 

••• 
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The packing of the molecules adopts a zigzag chain due to hydrogen bonding, 

with molecules almost superimposed to each other in a z-shape as shown by 

the schematic diagram in Figure 4.4. Detailed hydrogen bonding data is 

summarised in Table 4.3_ 

.... 

Figure 4,4: Schematic representation of the z-shaped molecules. Circles 

represent the copper metal. Less dense lines represent Z­

shaped molecule where metal centres are joined by bpdo 

ligands. Dense lines showing molecule "arms" linked by 

hydrogen bonding (dashed lines) and bpdo ligands 

Table 4.3: Hydrogen bonding details in CuC crystal structure 

I O---H (A) O· .. A (A) o H .. ,A (0) 
, -

Symmetry operator 
. -_.4- - -- - .-. -. . - . - -- . . 

O(1)-H(1W) --0(16) 080 2.718 (2) 175 -I-x, -l-y,-z 

0(1 ) H(2W) .. ·0(3) 077 , 2_704 (2) 155 x,1+y. z 
- 1--- ·--_ · - - .-

C(5) H(5)· .. CI(2) 095 I 3.402 (1) 141 -x, -y, l-z 

~ . C(8) 
-- -- , I H(6)· .. 0{16) 0.95 2.959 (2) 13' -l-x, -2-y,-z 
-- _._. -

C(12)-H(12)---0(3) 095 3.443 (2) 154 -1-+-x, y, z 
- -
C{14}-H(14) .. ·0(2) , 095 3.474 (2) 155 -x, -l-y,-z 

-- ---- _. - -_._----
C(15) H(15) .. ·O(16) 0.95 3.221 (2) 170 l-+-x, 1-+-y, z 

- -- _ . . _ ._-
C(22)-H(22)--0(9) 0_95 , 3.170 (2) 164 -1+x, -1-+-y, z 

, - _ .- ,---- -
C(23)-H(236)- CI(2) 0.98 3.666 (2) 147 1-+-x, y, z 

.. , 
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The molecule is stabilised by a series of " . ·Tt stacking interaclions (details 

summarised in Table 4.4) of bpdo rings as shown in Figure 4.3. There are 

also C-H .. " interactions Full bond lengths and angles are given in the 

Append ix The crystal packing of the structure viewed along [010] is shown in 

Figure 4.5. 

Table 4.4: ,T interactions in CuC crystal structure 

Dist.nc. Symmetry operator 
. - --

·Cg(Nl0-CI5) ··Cg(N 17-C22) 3.873 (1) ·1·x, ·1·y,·z 
-

Cg(NI7-C22)-··Cg{Nl O-G 15) 3_873 (1) -I-x, -1-y,-z 
- ----

~ Cg(N17 C22)···Cg(NI7-G22) 3.607 (1) -I-x, -2 y,-z 

C(21) H(21)-Cg(NlO--CI5) . 3_356 -I-x, -1-y,-z 

C(24)-H(24A) --Cg(N3-GS! ) .1 2.881 j 1-tx,y,z 

'Cg - ring centrOid 
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(,) (b) 

(e) 

Figure 4.5: Crystal packing of CuC viewed along [010] (a) shows an empty 

host lattice represented in van der Waals radii . (b) shows DMSO 

guest molecules (van der Waals radii) located in cavities of the 

host. (c) demonstrates how guest molecules reside in and are 

enclosed in the voids. 

Viewing the compound packing along [100] shows the zigzag patterns. while 

the packing diagram along [001] illustrates the " ... " stacks (Figure 4 6) 

'" 
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Figure 4.6 Packed diagrams viewed along [100] and [001]. (a) shows 

zigzag shapes while (b) illustrates " ... r: stacks. 

Thermal Analysis 

The TG and DSC traces of CuC complex are shown in Figure 4.7. 

I 
120 

100 A 
TG ~-t ..... • .... 

100 

,0 

/ 
~ 

", B 80 E 
0 - A -- 80 • ~ 

\ 
60 .2 .!2' ~ • 70 ose -~ 

B ~ 
40 • • t 20 

:I: 
60 

I 50 0 

30 80 130 180 230 280 

t Temperature I °c I 
Endotherm hottlerm -- -_._._.-

Figure 4.7: TG and DSC traces for CuC comp~x . 
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The TG trace shows a two step mass loss (region A and B). The first step 

mass loss in Figure 4.7 of CuC compound is attributed to loss of a 

coordinated water molecule. The experimental mass loss (region A; 2.35%) 

was accounted for on ly about 67% of the water molecule, as compared to the 

calcu lated value of 3.51 %. The remaining percentage of coordinated water 

was released in the second step mass loss, which was essentially for the 

release of DMSO (details in Table 4 5). The two step mass losses in the TG 

trace correspond to endotherm A and exotherm B in the DSC trace. The TG 

and DSC results are summarised in the Table 4.5. 

Table 4.5 Resu lts on thermal analysis of CuC. 

TG R.sults , DSC Results 
Guests , 

Calc. % man Ion Exp. % mall loss , Teo (· e) , 

H,O 351 2.35 PaakA;1109 

DMSO 15,23 , 1697 Peak B 244.6 
- .. . . .. -- ----

101 
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Hot Stage Microscopy 

The crystal of Cu(ll) complex was observed during thermal decay using the 

hot stage microscopy_ The photographs for thermal events are shown in 

Figure 4 8 

Figure 4.8 Thermal decay for cue compound 

Photographs; (a) crystal at room temperature. (b) crystal retains its rigid ity at 

the normal boiling point of water. owing to the strength of the coordination 

bond_ (c) coordinated water molecule is released at 144.5 °C and this is 

further demonstrated by loss in color of a crystal (d), (e) depicts loss of DMSO 

guest molecu le and the bubbles are vigorous in (f) after which the crystal 

decompose 

... 
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PbC, Pbl and PbS 

Ta ble 4.6: Crystal Data and Refinement Parameters for PbC. Pbl and PbB. 

MoJKlliu Form ula - [pbCl,(c-;lr,N;-o,)]. 1 [Pb l,(C1O H. N, 0,)], [PbBr,(C" H, -N;-o~li;;-
Formula weight (gmOi'Y'- . 

- - -
466,27 64917 55519 

- -- -
Temperature (K) I '" W no 
- -
Wavelength (A) 0.71073 071073 071073 

- -- - -
Crystal System Monoclinic Monoclinic Monoclinic 

- - - - - - - - -
Space Group eVe CZI" C21c 

L- ----a (A) - - -
16 327 (7) I 16438 (3) 16403 (3) 

-
b (A) 

- I - -,---
4,071 (1) 

I 
4538(9) 4_2412(8) 

cIA) 
- ,----

I -
19615 (8) 18,973 (4) ~9 , 846 (4) 

,--,- -

1 an eo I '" '" 1 - - I - -
{I (0) 93,73 (1) 91.04(3) 92,59 (3) , 

- - - - - -

I rn eo '" I eo 
- -

Volume (A ) 123460(8) 1415,1 (5) 130~7(4) 

I 
- - - - -, , , , 

l- I 

C""', Den5iiy -(9 -:-cm -'j 
- --, -

2,509 3047 2816 . - -
I' (mm-') 14087 16,277 18974 

- - - ---F (000) "'" 1 
1144 '000 

Crystal Size (mm) 0_03 x 0,05 x 0,09 0,QBx016x018 003x008x014 

(i Range SC3nned (0) I 0.21 27, 10 '00 27.48 100 25.67 

-19<h<19,-4<k-<'- -21<h~21._5~ k < ·19<h~19.-4<k< 
Index Range 

4,-22<1~22 5, -24<1<24 ; -22< 1<22 
1-------- - -----

No, Rellection5 
12454 OW 

I 
8122 

Co llected , 

~ 
-"-"- -

"' Unique Relloctions 1 ~59 ",m , 1246 
- - - - - - - - - - ,- -

Data com~etene'5 (%J WO 00" 99_9 

~1;nem e-nt Method , . 
exi-F7 -

Full-matrix L,S, on F Ful~mat rlx l.S Full-matri x l.S, on F" 

Oat .. 1 Restraints i 
115910179 160310179 ~2461 0 179 

Parameter5 
- -

Goodness-ol4it On F' 1,062 1 ". 1066 , --,-----,- -,-,- --- - - -
Final R Indices [1>26(I)J 0,0252,0,0545 0,0340,0,0759 0,0348,00774 

-- - - - , - -ii:048i;-O-:-ri.e 13-R Indl(:e. (a ll data) 0,0379,0,0593 0,1)490,00827 
- - -

Largest Dill Peak and 

Hole (eA") 
1 120, -1 086 , 1 ,511 , -1,954 1 961. -1,558 

, 
. --

'"' 
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PbC, Pbl arld PbB are isostructural. so their description will mainly be 

outlined with reference to PbC, but crystallographic interactions will be 

tabulated for all prepared crystal structures. 

PbC crystallises in the monoclinic crystal system. e2la. with four molecules in 

the unit cell. The ligand is situated on a centre of inversion. -1 , at Wyckoff 

position d and the metal is on a diad at Wyckoff position e. The thermal 

displacement and atom labelirtg of the asymmetric unit is shown Figure 4.9. 

The four coordinated chloride ligands form the equatorial position while the 

bpdo is on the axial positions. Full bond lengths and angles for PbC, Pbl and 

PbB are given in the Appendix. 

Figure 4.9: Part of the polymeric chain structure of PbC is showing the atom 

labeling Atoms of the asymmetric unit are labeled 

Displacement ellipsoids are drawn at 50% probability 

The metal octahedral symmetry is almost perfect with Pb-O and Pb-CI 

distances of 2.496 to 2 897 A respectively and CI-Pb-CI angles of the square 

planar were ranging from 8964-90.75° while CI-Pb-O ranges from 8574-

94,26°. Pb-CI-Pb bond angles are 89 .64". 89.9T and 90.75°, resulting in 

symmetrical adjacent octahedra. 

The coordinated chlorides function as bridging ligands between metals of 

adjacent chains forming an extended two dimensional sinusoidal shape 

coordination polymer (Figure 4,10) The polymer chains are joined by oxygens 

of bpdo ligand There are no conventional hydrogen bonds in these crystal 

••• 
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structures. The chains are held by weak hydrogen bonding through 

(aromatic}C- H ' O(bpdo) and (aromatic}C-H' ·'CI(ligand) ; Table 4.7 . 

~ 
o • 

Figure 4.10. 20 coordination polymer showing sinusoidal shape. PbC 

compound is represented by sticks showing chloride Ions 

bridging metal atoms. 

The compound is a layered polymer, in which layers of metal centres are 

separated by organic layers as shown in Figure 4 11 

Figure 4.11: Layers formed by organic (maroon) and inorganic (yellow) 

components Atoms are represented In van der Waals radi i. 

'" 
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Figure 4.12 shows a packed diagram viewed along [010] showing 20 

coordination polymer in PbC 

o 

Figure 4.12: Packed PbC compound viewed along [010] showing the 20 

coordination polymer. 

Table 4.7: Hydrogen bonding in PbC. Pbl and PbS polymers. 
--

D-H (AI D···A (AI ! D H··· ... (0) Symmetry op9l11tor 
-- -- - - -_._. __ ._-

Pbe . - - - - , 
-YJ-x. -y,~y: ~-i-G(3)-H(3)' "0(1) 0.95 3 173 (9) 160 . - . - -

C(6) H(6)' GI(I) 0.95 3.721 (7) 163 .)(, -y, l-z , 
- . , - -

PbI 
- --_.- -

C(7) H(7)·· 0(1) 0.95 3.236 (9) , 158 Yz-x. -Y,-;-y. 312-z 
- - --

G(4}-H(4)-- 1(1 ) 0.95 3.961 (8) 167 -x, -y, 1-z 
-' -, - -- -

PbS ; , , 
- - - -, . . _._-

G(3}-H(3) ·0(1 ) , 0.95 3.210 (11) 162 Y,..)(, .y.+y, y.-z 
- - -

G(6) H(6} 'Br(t) 0.95 3.832 (9) 168 1")(, -yo l-z _._-

- .--- .~~.--------------
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PbC, Pbl arld PbS compOUrlds are very flat polymers with short axes of 4.07 

A, 4538 A arld 422 A respectively and this can be seen when viewing the 

compounds along [001] as shown in Figure 4.13 for PbC. 

Figure 4.13: Packed molecule of compound PbC viewed along [001] 

represented by sticks and van der Waals radi I. 

'" 
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Thermal Analysis 

The TG and DSC traces of lead complexes are shown in Fig ure 4.14 (a) and 

(b). TG trace for PbS po lymer is comparable to PbC hence it is not shown 

here 

-- - -

", I " TG --\ 
" " ~ DSC ;;--\ \ ~ E - eo ., -- , 

0 I '-_ <> • " " " ~ ! -" " • , I • 
l " 

" " 
'" 

E.ot" "" , 
" " '" '"' '" '" '" '" '" 

Temperature I °c 

Figure 4.14(a)· TG and DSC traces for PbC. 

" - ~ A 

" ~"I • ., E 

'" 

, 
" 

, 
B 

------------~ ii' " A 

" i 
-- ----

DSC 

" " 
" ~------------~ , 
" '" 130 1110 '" '" '" 
_____ T~mp~ratur~ ' "c 

Figure 4.14(b): TG and DSC traces for Pbl. 

TG/DSC traces for PbC, Pbl and PbS are stable up to >200 T . The TG trace 

for PbC shows a one step mass loss (area A in Figure 4.14(a)) while Pbl 

showed two step mass losses (area A and B in Figu re 4 14(b)) which. in both 

••• 
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cases, represented decomposition of the polymers The thermal events are 

further shown in Figure 4. 15 (hot stage photog raphs)_ 

The mass losses corresponded well to exotherms A and B in the DSC trace 

(Figure 4 14(a) and (b)) and their onset temperatu res are given in Table 4.8. 

Table 4.8: DSC resul ts for PbC , Pbl and PbB_ 

r Coordination 
-

I DSC Results 

polymer Ton (· C) Peak A T"" ("C) Peak B -- - . __ .- - -
Pbe 253.5 3602 

_.- - - - _. --
POI 255.6 336.2 

- - , 
PbS 236.7 375.3 

Hot Stage Microscopy 

The therma l decomposition photographs of PbC Pbl and PbB polymers 

using the hot stage microscopy are shown in Figure 4.16(a-c) 

Figure 4.15(a): Therma l decomposition of PbC . (a) room tempe rature. 

(b) and (e) demonstrated that a crystal is st ill ma inta ining 

its quality and crystallinity, (d) and (e) a crystal losing its 

color to black depict ing the start of the decomposition 

whi le (f) is a melt showing decomposition 

'" 
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(a) 25.9 "C 

Figure 4.15(b): 

Figure 4.15(e)-

CODD.r and lead complex" 

(b) 273.2"C (e) 295.5"C 

Thermal decay of Pbl. (a) room temperature. (b) crystal 

losing its color to brown showing decomposition of the 

compound (e) shows complete decomposition _ 

Thermal decomposition of PbS (a) room temperature 

(b) the crystal sti ll stable. (e) crystal losing some bpdo 

which continues until the crystal lost color (d) showing the 

start of decomposition. (e) is a melt showing complete 

decomposition_ 

---------~.= .. --------------
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Isostructuralilty 

PbC , Pbl and PbB are isostructural with respect to their similar molecular 

shape, unit cell parameters and atomic coordinates as shown in Table 4,6, 

The thermal ellipsoids and atom labeling of Pbl and PbB are shown in Figure 

4 16(i) and (ii) respectively_ A summary of hydrogen bonding interactions is 

shown in Table 4,7 

Figure 4.17 shows packed mo lecules of Pbl and PbB polymers viewed along 

[010] showing packing similarities of all the Pb(lI) compounds prepared in this 

study 

i 
q. 

(i) 

• 
I'" C<', 

(ii) 

Figure 4.16: Part of the 2D coordination polymer structure of (i) Pbl and (ii) 

PbB are showing the atom labeling. Atoms of the asymmetric 

unit are labeled and the Ihermal ellipsoids are drawn at 50% 

probabili ty 
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Figure 4.17 Packing diagrams of Pbl and PbB respectively viewed along 

[010]. showing isostructurality in these polymers. 
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Discussion and conclusion 

Compounds of Cu(ll) and Pb(lI) were studied and their crystal structures have 

been refined and elucidated. The compounds obtained from these two metal 

salts were prepared by using the same synthetic route, but afforded crystal 

structures of different topologies , The compounds were either supramolecular 

1 D (CuC) or coordination 2D polymers (PbC, Pbl and PbB) Thermal analysis 

of these compounds was carried out to determine their thermal stability and 

decomposition profiles 

CuC is a z-shaped molecule with metal centres linked by a bpdo ligand The 

molecule showed an irregular trigonal bipyramidal coordination geometry. 

Discrete molecules are connected through hydrogen bonding via coordinated 

water molecule and oxygens of the bpdo ligand forming a supramolecular 

chain. This chain is also held by 1f interactions making the compound fairly 

rigid. 

In our experience, knowledge and CSD2 (Version 5,27. November 2005) 

search, this trigonal bipyramidal coordination geometry shown by CuC is rare 

when using bpdo as a bridging ligand making this compound to be the first of 

its kind Two compounds with a coordination number of five have been 

previously reported ," These compounds are ([Cu(bpdol2{N(CNl2}2(H20)] and 

[(L((,L-OH)Cu2}(bpdo) (Cu2(wOH)L}(CI04)' 1,33H20). where L=2.6-bis[N-(2-

pyridylethyl)formimidoyl] -4-methyl-phenolato Both adopted for a square 

pyramidal coordination geometry than the trigonal bipyramidal observed in the 

CuC complex reported in this study 

The most common reported coordination geometry for copper complexes with 

bpdo is an octahedron 56 Crystallisation of bpdo and CuCI2 or CuCI04 in 

aqueous solutions produced [Cu(H20)6]CI2 2bpdo' 2H20, [Cu(bpdo)6][CIO.l 

[Cu3(bpdo)s(H20)6][CI04N ' 2bpdo'6H20, [Cu(bpdo)(H20).][CIO.b 2bpdo and 

[Cu(bpdo)(l)][CIO.12 2H20 bpdo, L=4,4'-bipyridine , The latter compound is 

a 20 coordination polymer which accomodated bpdo and CIO. into its 
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channels while the rest are discrete molecules governed mainly by hydrogen 

bondillg and 1f illteractiolls, 

III additioll to the coordillation elltities, Tiall et al" reported a rare square 

plallar copper complex ([Cu2(L)21[bpdo], L=3.5-pyrazoledicarboxylic acid) 

Each Cu" charge in the [Cu,(L)21 ullit is balallced by two coordillated L ,. 

ligands in chelatillg fashioll through the carboxylic oxygells as well as 

adjacellt Ilitrogell atoms. Hydrogell bOllding via bpdo alld carbOllyl oxygell 

atom joins adjacellt molecules givillg rise to two dimellsiollal structure. 

PbC, Pbl and PbS coordillatioll polymers are isostructuraL These compOUllds 

are 20 polymers with two bpdo ligallds occupyillg the axial positiolls and four 

halide ligallds (Br', cr or I) on the equatorial positiolls completing an 

octahedral coordination symmetry. The adjacent polymer chaills are bridged 

by halide ligallds formillQ a 20 Sillusoidal shapes There are no conventiollal 

hydrogen bOllding ill these coordillatioll polymers, These polymers are stable 

up to >200 'C as was COllfirmed by thermal allalysis, 

To the best of our kllowtedge alld the CS0 3, 110 Pb(ll) crystal structures usillg 

bpdo have been reported so far. An analogues dipyridyl ligand, bpy (4,4-

bipyridine). formed [PbBr,(bpY)]n coordillatioll polymerS which is related to the 

Pb(ll) coordillatiOIl polymers reported in this study, This polymer was 

prepared usillg the hydrothermal (393 K) reaction of Pb(O,CCH3), NaBr and 

bpy, The 20 layers are formed by cOllllectillg metal centres through bridgillg 

Br and bPI' ligands , Nordell et a/9 later reported [PbCI,(bPY)]n coordillation 

polymer prepared hydrothermally at 403 K. The compOUlld: [(PbBr2l2(PYZ)]n, 

was prepared by layerillg all aqueous methallolic solution of pyz 011 top of 

aqueous HBr solution of PbBr2 10 

The selection of DMSO as a solvellt allowed the preparatiOIl of crystal 

structures of thel form of PbC ambiellt temperature (295 K - 298 Kl. Our 

attempts to prepare polymers via solvellt layerillg of alcoholic bpdo solutioll 

alld chlorillated solvents have to date been ullsuccessful. It is evidellt from 

literature and CSD' search that irrespective of the syllthetic route and/or 
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solvents applied in crystallisation of PbBr" PbCh and Pbl, complexes with 

either bpdo bpy or pyrazine'o (pyz), the product crystal structure obtained is a 

typical 2D coordination polymer bridged by halides_ 
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Chapter 5 

Constructing Zn(lI) complexes of 

bpdo by means of solvent 

evaporation and layering. 

-
m 
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Crystallisatioll of ZnBr2 and bpdo by slow evaporatioll and solvent layering 

methods afforded three different crystal structures, a 20 coordination polymer 

and two discrete molecules The polymer obtained had a double strand 

polymer chain through coordinated bpdo ligands and no conventional 

hydrogen bonds. The discrete molecules had two independent Zn(ll} atoms 

with different coordination geometries (octahedral and tetrahedral) . The 

discrete molecules in both complexes are joined through hydrogen bonding of 

coordinated waters, bpdo ligands and guest water molecules. Replacement of 

bromide with thiocynate afforded a zigzag chain with adjacent chains linked 

through hydrogen bonding. 

The complexes were characterised by thermal analysis, microanalysis and 

elucidated by single x-ray diffractometry. 

Crystal lographic data . experimental and refinement parameters are given in 

Table 52 56.5 .10 and 5.13. Final atomic coordinates. bond lengths and 

angles. torsion angles, thermal parameters and tables of observed and 

calculated structure factors for each of the crystal structure are given in the 

appendices 
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Preparation of complexes 

Suitable crystals for data collection were obtained by slow evaporation and 

solvent layering at ambienl temperatures over a period of a week uSing 

methods discussed in Chapter 2. These complexes were crystallised uSing 

alcoholic solvents for discrete molecules ([Zn3Brs(bpdo).(H20hl . (bpdo) and 

[ZnB r.][ Zn(H20js(bpdo)1 . 2(bpdo) . (H20)) and layering of alcoholic solutions 

on top of chlorinated solvents for the coordination polymer (Zn2Br. (bpdoh and 

[Zn(NCSh(bpdo)(H20hlo H20) 

The compounds obtained as well as thei r abbreviations are as follows 

Zn2Br.(bpdo!2 

[Zn3Br5(bpdo).(H20hl . (bpdo) 

[ZnBr.][ Zn(H20)5(bpdo)1 2(bpdo)· (H20): 

[Zn(NCSh(bpdo)(H20hlo -- H20 : 

Microanalysis 

ZnB1 

ZnB2 

ZnB3 

ZoN 

Elemental analysis results are given in Table 5 1 and they corresponded well 

with the calculated elemental mass percentages. Elemental composition 

analysis for ZnB1 and ZnN were not done, ZnB1 was unstable to 

atmospheric conditions and lost solvent when removed from the mother 

liq uor. while ZnN was very hygroscopic making preparatory measures for 

microanalysis impossible. ZnB2 and ZnB3 were very stable and their 

elemental analysis is given in Table 5.1. 

Table 5.1: Elemental analysis results for ZnB2 . 
.. --... 

i'n'B)' ZnB2 
Element 

Found % Calc. % Found "k Cillc. % 
-

C 36,62 3634 3239 3209 
-

H 2.67 2,68 2.90 3.23 
-- ---

N 8.39 8.48 6.99 7.48 
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PXRD 

The calcu lated (red) and experimental (blue) PXRD patterns for ZnB1. ZnB2 

and ZnB3 are shown in Figures 5.1 - 5.3. Experimental PXRD analysis for 

ZnN was not done due to insufficient sample being available. Onty the 

calcu lated PXRD of th is compound is shown In Figure 5.4 

The patterns for ZnB1 do not match wel l This could be due to a mixture of 

compounds or phases in the bulk material or the loss of some solvent in the 

compound as discussed later in this study. 

3. 
Experimental 
Ca lculated 

25 
~ 
.t • 2. 

\J)\~\~ ~uJ\J\ _I 

• • le i' A -• 15 • .~ .U -• I • .. 
I '" 

, 

5 
!I! IJl~Jfc lu, '.1 '\ I 

, , 
• 

5 I. 15 2. 25 30 35 40 

29(") 

Figu re 5.1 : PXRD patterns for ZnB1 compou nd. 
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The general PXRD pattern for ZnB2 is a match confirming that the prepared 

sample was homogenous (Figure 5.2). 

r ~ 
30 

Experimental 
Calculated 

25 

- I 
, 

~ 20 

l1) ~~J\0~ .~ " • - , 

UJW " ,) • 15 
> r---0 10 

~JlJUj " III/ II , • ~ ~\J~J:I IJl/ J WJ ~VJi\.)VA~ 5 

0 
5 10 15 20 25 30 35 

29 {OJ 
._-

Figure 5.2 PXRD patterns of ZnB2 compound. 

The general PXRD pattern for ZnB3 matches the calculated pattern 

25 

~ 20 .~ 

" • - 15 " • > - 10 0 

• ~ 
5 

0 

5 10 15 20 25 30 

2en 

Figure 5.3 Calculated PXRD pattern for ZnB3 compound 

'" 

Exp .. rirnent~1 
Calculated 

35 

40 

-
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16 

~ - 12 • c • - I c 

• a I > 

Ll 
- J,jJuj~,.~,J,-, • • '" 4 , , 

0 

5 10 15 20 25 30 35 40 

Figure 5.4 Calculated PXRD pattern for ZnN compound 
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Structure solution and analysis 

ZnB1 

Table 5.2: Crystal Data and Refinement Para meters of ZnB1 

Molecullir Fotmulll Zn ,B;.~rC-,-oH. N,Q,""----.. 
E---'F"OO;mOC"CI,CwO'".~hC.,C{~g~mCO~I'{-------'-~82'6"74;-~cc ___ l 
F-- ~ -_ .....• -

Temperature (K) 

Wavelength (A) 

, Crysta l System 

Space Group 

a (A) 
~ 

b (A) 
._._ .... 

c (A) 

a (") 

II (") 
-~ 

? (") 

VOiume (A') 

z 
Calc Density (g ,Ciii") 

fI(mm") I 
r - - --F (000) 

erYMa l Size (mm) 

() Range Scanned (') 

I 

f 

-~ 

113 

071073 

Triclinic 
. __ ... 

p , 

8.2359 (2) 

93216 (2) 

9.4713 (3) 

66.6032 (11) 

84,5784 (12) 

66,6732 (15) 

611.09(3) 

1 

2247 
.... _---- ~, 

8.537 

3% 

0.15xO.l xO.05 

1 02 2788 

~~, -

IrKlex Range j ·l0< h <10, ·12 < k <1 2. ·12< 1<12 

No. ref Collected 16797 

No. Unique Refle ctions 2917 

Data com~eteness (%) 100.0 

Refinement Method Ful l·matri x L.S. on F" 
------

a I Restraints I Para meters , 2917/0/155 

Goodne ss-Qf-fl""C,"'F" - - - ------'1 ,"0'37"---

Final R Indfce s [1>2011)] 0.026.0.0502 

==--~-----""", R Indices (a ll data) 0,0428. 0.0541 

I Large;t Dlff. Peak arid"HCO~","'('''A~"') -----·Ou7'1,-~"0'5'8-

'" 

" 

I 

, 
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ZnB1 compound crystallises in the triclirlic crystal system irl the space group 

P 1 with two molecules in the unit cell. The thermal ell ipsoids of this 

compound and ato m labelling are il lustrated in Figure 5.3. 

Figure 5.3 Part of the polymeric double-strand chain structure of ZnB1 

showing the atom labeling. Displacement ell ipsoids are drawn at 

50% probability. Atoms of the asymmetric unit are labeled 

The crystal structure shows Zn(U) metal centres with irregular trigonal 

bipyramKlal coordination geometry. The Zn-Br(1) and Zn-Br(2) bond lengths 

are 2.382 and 2_373 A. respectively These values corresponded well with the 

range literature value' of 2.390 A. The Zn-O,p,o bond lengths have a range 

from 2039- 2353 A_ The maximum bond length value (2353 A, Zn- OWJ") 

determined deviated slightly from the average literature value of 2 076 A. The 

distortion effects caused the structure angles to either decline or enlarge from 

the expected 90' (bipyramidal plane) and 120· (trigonal plane). The bond 

angles determined fo r trigonal plane Br(1)-Zn-Br(2). Br(1)-Zn-O(8) and 

Br(2)- Zn- O(8) are 122.68". 111.81" and 121 .3" respectively. whi le the 

bipyramidal bond angles ranged from 67 34 0 _106_66°_ Full bond lengths and 

angles are given in the Appendix 
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In ZnB1 , individual metal centres are connected by bpdo ligands to form zig­

zag chains as shown in Figure 5.4 

, 

Figure 5.4 Zig-zag chains showing the linkages between zinc centres 

These chains then form 20 coordination polymer chains shown in Figure 5 5_ 

The bridged zinc metals are separated from each other by a distance of 3 659 

A and the bridging 0-0 terminals are 2.449 A apart The bridging angle Zn­

O-Zn is 112.66" 

Figure 5.5: 20 coordination polymer of ZnB1 

There are no classic hydrogen bonding interactions in ZnB1. The adjacent 

polymers are linked through weak hydrogen bonds (Figure 56) and are held 

into place by 11 interactions. Summarised hydrogen bonding and 11 interactions 

results are given in Table 5_3 and 5.4 respectively 
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Figu re 5.6: Hyd rogen bOrldirlg irlteractions in ZnB1 polymer. 

Tab le 5.3: Results Orl hydrogen bOrldirlg in ZnB1 polymer 
, 
D-H (A) D···A (A) D-H···A (.) Symmetry operiltor 

. -_ ... ...... -
C (13) H(13)···Br(l) 095 3650 (3) 156 I+x, · l+y, z 

. . _ .. _ ... 
C(7) H(7) .. ·O(l} : 0.95 3.326 (3) 17' I -x, -y, 2-z 

. . .-

C(6) H(6}···Br(2) 0.95 3.670 (3) 141 , l-x, -y, 2·z 
._--

Table 5.4: if inte ract ion details irl ZnB1 . 
. 

DisU ne. Symm.try operil tor 
. -----

• Cg(N2 C7) .. Cg(N9-C1-4) 3846(1) x, y, z 

Cg(N9-Cl-4)·· Cg(N2-C7) ! 3846(1} x, y, z 
... 

C(7} H(7) ··Cg(N9 C14) 3.037 x y, z 

" • Cg ring centroid 

There is a centre of irlversion at the centroid betw"ee rl the two bridged meta ls 

The crysta l packing of the struct llre viewed along [010] is showrl in 

Figllre 5.7 illustrating this cerltre of inversion arld the " .. ;c interactions. The 

polymer chains are runrling paral lel to (1 0 -1) . 

"." 
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Figure 5.1 · Crystal packing of ZnB1 viewed along [010] il lustrating the 

centre of inversion and 1f interactions. 

The space-filling diagrams viewed along [100]. [010] and [001] are shown in 

Figure 5 8. This was to demonstrate that ZnB1 polymer is compact and does 

not have channels 

• • • • • . , 
" '. , , • , . • • • " . • , . " . ", • , . • , • • • • , . • 

- • • • • • .' • • • • 
• . ; • • • • • • 
• • • 
• • • 

• • • • • • ~ . • • • • • • • • 
• • 

• • • • • 
• • • • 
• • • • 

• • • • • • • 
• • • 
• • • • • • • • • 

• • 
• 

, • 
, 

• • 
(oj 

Figure 5.8: Packing diagrams viewed along (a) [100]. (b) [010] and (c) [001] 

showing close packing Molecu les are represented in van der 

Waals rad ii 
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Thermal Analysis 

The zinc compounds were analysed by TG and DSC and the respective 

TG/DSC curves for ZnB1 are shown in Figure 5.9. 

100 100 

80 A 80 

" " '" E • 
60 

, 
60 - • ~ 

I~ ::. .~ ~ 40 A 40 -" " • • "c , 
" 20 

t I 
20 

0 Endoth o"" .. ot~'m 0 
JO 80 130 180 230 280 330 380 

Temperature I °C 

Figure 5.9: TG and DSC traces for ZIlB1. 

The TG trace was very difficult to describe. The trace shows a two step mass 

loss. tt woutd be unlikely to lose the coordinated bromide ligands during the 

first slep Similarly, the loss of bpdo'Br salt, although matching the 

experimental mass loss of 34.76 % (calculated: 3245). is unlikely. This mass 

loss could be due the lost of 1.5bpdo (34.14 %j The second step mass loss is 

the decomposition ofthe compoulld. 

ZnB1 polymer is not stable to atmospheric cOllditions. This was shown by an 

immed iate loss in quality of a clear crystal to opaque when exposed to 

surround ings. The fading of clear crystal suggests the loss of some moiety 

from the crystal lattice. 

The DSC trace was characterised by an endotherm (peak A) and exotherm 

(peak B) which corresponds to the TG trace The onset temperatures of the 

DSC are given in Table 5 5. 
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Table 5.5: Thermal analysis results for ZnB1 polymer. 

DSC Resulb 

polymer T Gn JOC) Ton (·C) 

Peak A Peak B 

ZnB1 91.4 362.7 

Hot Stage Microscopy 

The crystals of ZnB1 polymer were observed during thermal decomposition 

using the hot stage microscopy. The photographs for thermal events are 

shown in Figure 5 10 

Figure 5.10 : Thermal decomposition of ZnB1 Photographs {al shows clear 

crystal submerged in oil at room temperature (b) Crystal was 

starting to lose its quality. (c) An opaque crystal was observed 

indicating loss of some bpdo. Bubbling in (d) signifies further 

release of some bpdo (e) Crystal has reached decomposition 

as shown by the beginning of brown color and upon 

decomposition the crystal melts as shown in photograph (f) . 

'"' 
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ZnB2 

Table 5.6 Crystal Data and Refinement Parameters of ZnB2. 
-

Molecular Formula In,Br. (C,.H,N,O,).(H,O),· (C,tH. N,O,) 

Formula weight {g.mor 1 1652,52 

r---Temperature (K) 113 
_ .. -

Wa~elength (Al 0,71073 

Crystal System Triclimc 
------- ---

Space Group P I 

a (Ai 7,244 (1) 
---- -
b (A) • 

12,017 (2) 

C (A) 
--_.-

• 16.630 (3) 

a (C) 99,90 (3) 
.---

[I (0) I 95,97 (3) 

/ (0 ) 95,21 (3) 

Volume (A' ) 
._--

1409,60 (5) 

Z 1 I 
Calc. Den!lity (g cm 'f--- 1,947 

-
!-' (mm-') 5,588 

F (000) 810 

Crystal Size (mm) 0,35 x 0.25 x 0,25 

() Range Scanned C) 102 27,88 

Inde)( Range -9 < h < 9, - 15 < k < 15, -2 1 < I <21 

No ref Collected 39535 

r- No Unique Reflections 6747 

I- Data completeness (%) 100.0 , _.-
Refinement Method Futl-matri)( L.S on F' 

I 
Data 1 Restraints 1 Parameters 6747101368 

• 
Goodness-of-fit on F 1 ,01 1 

~ Final R Indices (">2r1(1)} 

I 
0,0315, 0,0644 , 

R Indices (all data) 
i 

o 0502 o 0098 , 
~- . -

Largest Diff , Peak and Hole (e, A ") 1,169, ·0560 -
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The structure was solved in the space group P T with one full molecule in the 

unit cell The thermal ellipsoids of ZnB2 and atom labels are give in Figure 

5.11 

Figure 5.11: Displacement ellipsoids for ZnB2 compound are drawn at 50% 

probability Atoms of the asymmetric unit are labeled . 

Structural characterisation by single crystal x-ray diffraction revealed that the 

product formed consisted of a molecule with two different zinc environments. 

These are labelled Zn(l) and Zn(2) and have different coordination 

geometries: octahedral and tetrahedral. ZnB2 exists as a discrete molecular 

(bpdo), in which the three zinc atoms are 

connected by two bpdo ligands. The central Zn(l) ion is coordinated by two 

axial H20 molecules and four trans-coordinated equatorial bpdo ligands 

resulting in a slightly irregular cationic octahedral coordination geometry. while 

the terminal Zn(2) is coordinated by three bromide counterions and a bpdo 

ligand forming an irregular tetrahedral coordination geometry. All the bond 

lengths were within the expected literature values 1 

'" 
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The coordinated bpdo ligands were twisted by a minimum of 15.20 and 

maximum 27.8" while the guest bpdo molecule was co-planar rings 

At Zn(l} environment, Zn(l)-Daqu. bond length is 2.080 A while the Zn(1)­

Dopoe bond lengths are 2.072 A and 2 110 A. These values corresponded well 

with the literature' values of 2 090 A and 2076 A respectively. The bond 

angles ranged from 86 85"-93.15', 

At Zn(2) environment. Zn(2)-Br(l} Zn(2)-Br(2), Zn(2}-Br(3) and Zn(2}­

D(8)bpdo bond lengths are 2374 A. 2,390 A. 2.427 A and 2,011 A. 
respectively, These bond lengths corresponded well with literature values of 

2390 A (Zn-Br) and 2 076 A (Zn-D). The expected bond angles was 1095°, 

but the bond angles determined ranged from 100.49 0 -117.11"." 

The discrete molecules are connected by strong hydrogen bonding (Figure 

5 12) through coordinated water molecules and the orygens of the 

coordinated bpdo ligands. 

Figure 5.12 Hydrogen bonding interaction connecting adjacent discrete 

molecules 
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ZnB2 also has weak, C-H---O, hydrogen bonds and ;t interactions further 

stabilising the structure_ The hydrogen bonding details and ;t interactions are 

summarised in Table 5.7 and 5_8, respectively 

Table 5.7: Summary of hydrogen bonds in ZnB2 
~ o H (A) O···A (A) o H ... A (0) Symmetry operator 

- -
0(2)- -0(22) 2724 2-x,2-y, -< 

-
0(2)··-0(22) 2_656 2-x.2-y, -< 

C(3)-H(3)···O(22) 0_95 
, 

3.249 (4) 157 ; 
-1-+-:0:, -1-+-y, z 

C(4) H(4) ... O(29,- 0.95 
, 

3.173(4) 132 -1-+-x, y, z ---
- -

:i-:698(3) 
- - -- -

C(6) H(6)· .. Sr(3) 0.95 142 2x,2y,l-z 

Table 5.8 Summary of IT interactions in ZnB2 

Oist.nce Symmetry operator 
- - - -

• Cg(N2-C7) ·-Cg(N30-C35) 3.633 (2) x, y, z 
- -
Cg(N9 CI4)--·Cg(N9-CI4) 3.932 (2) l-x,2-y k , 

-
Cg (N IS-C21 ) .. ·Cg( N2 3-C26) , 3.979 (2) I-x, 2-y,-z 

- ----- .-

Cg(N23-C28)-··Cg(NI6-C21 ) 3 979 (2) I-x, 2-y, -z 
-

Cg(N30 C35) .. Cg(N2 C7) 3.633 (2) x, y, z 
- - -

C(17) H(I7) .. ·Cg(N2 C7) 3_010 x, y, z 
- - ------

G(20) H(20)···Cg(4) 3.314 , 2-x, 2-y. -z 

- C(25)- H(2 5)--Cg(3) 3 146 I-x, 2-y,-z 
- --.. 

l C(35)-H(35) --Cg(N30-G35) 3 148 2-x, l-y, l-z 
--, -Cg ring centroid 

The host framework. networked by hydrogen bonds, is arranged in 

supramolecu lar chains forming channels wh ich accommodated bpdo guest 

molecu les_ The packed molecules viewed along [100] are shown in Figure 

5 13_ 

,.,'------------



Univ
ers

ity
 of

 C
ap

e T
ow

n

Ch;mter 5 Zinc complexes 

Figure 5.13 Packing of ZnB2 viewed along [100] (a) Shows a host 

compound with guest molecules omitted. (b) Host compound 

and the guest (green) are represented by van der Waals radii. 

(c) Guest molecules are illustrated in sticks. 
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Thermal Analysis 

TG and DSC traces of ZnB2 are shown in F~ure 5,14, 

105 50 

100 , 
,G 

40 
95 • ~ E - 90 30 -- . ~ , 

~ 

' \ V 0 ~ 

• 85 20 • • "'c -0 

80 • , 
t ! ' 10 

75 
Endoth erm Exothorm 

70 0 

30 80 130 180 230 280 330 380 

Tl!mpl!rature I"C 

Figure 5.1 4: TG and DSC traces for ZnB2. 

TG trace showed a two step mass loss. The fi rst step (reg ion A in Figu re 5. 14) 

is attributed to the release of coordinated water molecules, occurring over a 

wide temperature range (Table 5.9) The second step mass loss was 

attributed to loss of bpdo ligands (region B) and this stage can be observed 

clear ly in hot stage microscopy (color change to brown) Bpdo loss depicted 

continues until the decomposition stage , 

Exotherm A (in the DSC) corresponds to the end of the water loss observed in 

the TG The poor temperature correlat ion can be attributed to the d iffe rent 

instrumental condit ions. The decomposit ion of ZnB2 is marked by a large 

exotherm. B, 
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Table 5.9 Thermal analysis results on TG and DSC. 

camplex 

ZnB2 

TG Results 

Calculated 

mass loss 

2.18 

Experimental 

mass lass 

3.00 

Hot Stage Microscopy 

Zinc complexes 

DSC Resulta 

254.8 3049 ~ 

Figure 5.15: Thermal decomposition of ZnB2. Photographs (a) crystal at 

room temperalure. (b) crystal still stable. (c) crystal bubbling 

demonstrating the loss of water mOlecule. (d) vigorous bubbl ing 

and slight colour change depict ing the loss of the bpdo ligand, 

(e) crystal has reached initial stages of decomposition and (f) 

upon complete decomposition the crystal melts 
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ZnB3 

Table 5.10 Crystal Data and Refinement Parameters of ZnB3. 

Molecuillf Formul;l [ZnBr.][Zn(H, O). (C,.H. N,O,)· 2(C,.H, N,O,) · (H,o) -_ ... . ... --
Formula weight (g,mor I 1123.03 

. ---
Temperature (K) 113 

-_ .. _--- ~~ --
Waveler'lgth (A) 0.71073 

~~~ ~ .. . 
Crystal System I Triclinic 

.. ~ , 
Space Group I P I 

, - "i,iA) 
~ ~~ -

7.712 (2) 
-_ .. . ~~ 

, 
b (A) 15,768 (3) , 

_. _._ - ._----
c (A) 16639 (3) . _ .. ------_. _._- ~. 

a (') 70.99 (3) . . .. _--
fJn 87.77 (3) I 
7 (') 8563 (3) , 

Volume (N) 
. .. _-

~~ . . _ .. i 1907.3 (7) 

Z 2 ~ 
Calc, Density (g,cm- ) 1.955 

. - .-
,il (mm-') 5.515 

. _--_._- ~~ . 

F (000) 1108 

C- - ----
Crystal Size (mm) 0,Q4xO.08xO.12 

. __ .. 
()Range Scanned n 100 25.68 

-~-

Index Rar'lge -9 < h < 9, -19 < k < 19, -20 <I < 20 

No, ref. Collected 49973 
- ------ ~~ . 

No. Unique Reflections 7211 
------ .. _-----------

Data completer1ess ('!o) 100 
.... __ .. _-_ .. _._. -_ .. _--- -- on' ;=, 

~~ ~--

Refinement Method , Full-matrix L, S , 

Data 1 Restraints 1 Parameters 72111015524 

" G(i(ldness-of-fit on F~ 
~~~ 

1 020 -~'i 

Final R Indices (1)2n(1)] 0,0345. 0.0761 I 
-~-~~ 

R Indices (all data) 
. -.. - .. ---------oos-ii· 0~0853 -- .. -.. --- .----- -------

Largest Dlff. Peak and Hole (e. 0,982, -0,629 
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Il1terestil1gly, a differel1t complex, ZnB3, was formed whel1 performing 

crystallisation in ethanolic solution instead of methanolic, as was the case in 

preparatiol1 of ZnB2 complex, Single crystal diffraction data revealed that the 

structure could be solved in P I with two molecular units in the unit cell. Figure 

5,16 shows thermal ellipsoids of ZnB3 and their atomic labeling. 

• OIlWI 0"'1 

O~'I 

" 

I11AI 

.... ·'''I'IOAI 
('I-" 

'" 
"'l (ill 

OilBj 

HI'lBI 

""~"","'~-';~1l0el 
CillBI ({l1BI 

.r ..... ..t,~,,~"~ 
C!SBI 

Figure 5,16 Atomic labeling of the asymmetric unit of ZnB3 

ellipsoids are drawn at 50% probability. 

Thermal 

Like the ZnB2 complex. ZnB3 has two independent zinc atoms with different 

coordination geometries, this time in separate molecular entities. Zn(l) ion is 

coordinated to one bpdo ligand and five water molecules forming an 

octahedral coordination geometry [Zn(bpdo)(H,Ols]2+ while Zn(2} IS 

coordinated to four bromide counterions adopting a tetrahedral coordination 

geometry [ZnBr~f . The other two bpdo ligands are not coordinated The bpdo 

ligands are twisted by a minimum of 15,30 and maximum 17.9" Bekaert etal' 

reported a related Zn(II} complex, ([Zn(C,H,NO,hllZnBr4]), which also 

demonstrated two independent zinc atoms consisting of both tetrahedral and 

octahedral coordination geometry 
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The Zn-OoqJO bond lengths ranged from 2.044-2 129 A while Zn-Obpda was 

2 092 A The bond angles slightly deviated from the actual value of goo 1 

Angles measured were ranging from 84.75-93.06°. 

At Zn(2) environment, Zn-Br bond lengths were all -2.4 A and toose values 

were within the expected value (2.39 A). Br-Zn-Br bond angles deviated very 

slightly from the expected value of 1095' with the smallest and highest 

measured value of 108 2go and 110.35°. 

Discrete [Zn(bpdo){H 20),1'* are linked by a network of hydrogen bonding 

through coordinated water molecules, bpdo and guest water molecule as 

shown in Figure 5.17 

, 

Figure 5.17: Hydrogen bonding networks in ZnB3. 

The guest water molecule is the intermediary between the discrete molecules 

by receiving and donating hydrogen bonds to link adjacent molecules. In 

addition to conventional hydrogen bonds. too structure contains C-H·O, 

'" 
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C- H--·Br and ;'[ in teractions fo r further sta bility of the compou nd_ Summary of 

hydrogen bonding and selected (interact ions is given in Table 5.11 and 5.12). 

Table 5.11: Hyd rogen bonding results , O ":'H-(A) O .'~~ A (A) O.:::t-i ._An Symmetry operator 
- - - - - -- -

O(2)···O(IW} 2.753 I-x. 1-y, l-z 
- ----

O(2)--·O(B} 2774 1-x. 1-y, 2-z 
- - - - , - - -

O(3} -O(BB} , 2 .661 : x.y-l . z 
- - . ----- -

0(3)···0(B} 2.680 I -x, 1-y, 2-z 
--- -

O(4)···O(8A} 2737 1-x. -y, 1 z 
- -- , - -
O{4}---0(IB} 2676 I -x, 1-'1. 2-z , , 

- -
0(5}···O(IA} 2.659 x. y. z 

- -. -- ----
0(5} ··0(18) 2_675 -x. 1-y. 2-z 

- -
2.732-

- _.- --
0(6)--0(8A) I x. l+y. z 

• _.- -
0(6)· ··0( I W} 2.770 , )(, 'I, z 

- - , -
O(IW)·· ·O(I} 2.765 -x, 1-y, l-z 

r- -C (3A)- H-(3-A) -- ·0(8B} 
------ -

0_95 3_306 (6) 148 x,-1+y, z 

r' C(3B}- H(3B} ... O(3) 
- -

0_95 3.142 (5) , 126 -)(,I -y,2-z 
--.- - -

C(10A) H(10A)- ··O(18) 0.95 3.321 (6) 155 x. -1+'1. -1+z 
-_. - - -- - - - - -

C(4) H(4)···Br(3} 095 3561 (5) 126 x, 'I, l+z 
- - ---

095 165 

I 

C(48)- H(4B) --Br(3} 
- _ .- -

C(68 )-H (68) .. ·8r( 4) 0.95 

~~~~~~3,~726~(5")+ 
3.642 (5)+-=~+-~~~~---l 

-x. 1-'1. 1-z 

145 x. y. l+z 
- --

C(14B}- H(14B)-- Br(2) 0_95 3_572 (5) , 145 -x, 1-'1. l-z 

C(14A)- H(14A) .. 8r(l) 0.95 3.772 (5) 170 I-x. -y, 1-z 
-

C(13A)-H(13A} .. Br(4} 0_95 3_840 (5) 162 1-x. -y, 1-, 

.- -------------------
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Table 5.12 : Summary of 1( interactions, 

Oist'lnce Symmetry operator 
- -

• Cg(N2A C7A)-"Cg(9A C14A) 3,677 (2) I 1-x. -y, 1-z 
- -Cg{9A-C 14A)---Cg{N 2A-C 7 A) 3,677 (2) 1-x. -yo 1-z 

-- C(6B)-H(6B)- -Cg(N9B-C14B) 
-

3_188 1-x. 2-y, 2-z 

C(11A)-H(33)···Cg(N2A C7A) 3,054 -x -y.1-z 
- - -

Zn (2)-6r( 1 )---Cg( N2-C 7) 3.645 (2) -x, 1-y. 1-z 
---- --- -

N{9 )- 0 (8 )--Cg(N26- C76) 3.097 (4) x, y. z 
-- - -

N{9B) 0(86) , Cg(N2B-C76) 3_836 (4) -x, 2-y, 2-z - -
ZnB3 forms channels wh ich accommodate bpdo guest molecules, These 

bpdo molecules are hydrogen bonded to the host framework, The channels 

are readily observed when packing the molecules along [100] as shown in 

Figure 5 18_ 

Figure 5.18: Packed molecu les of ZnB3 viewed along [100] (a) 

Shows and empty host and (b) shows bpdo guest (green 

colour) molecules in channels, 

--------

'" 
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Supramolecular chains run along [010] and [001[ . Figure 5.19 shows packed 

molecules of ZnB3 viewed along [010] 

Figure 5.19 A packed ZnB3 crystal structure viewed along [010] 

showing supramolecular chains. 

Thermal analysis 

The TG trace for ZnB3 is shown in Figure 5.20. 

100 
" , 100 

, ~ 

" E • 90 , - 90 -
~ 

~, '~G 
• ~ 0 

'" ~ • 
~ 

~ 

80 • 
80 • ~ 

70 ~ 70 

30 80 130 180 230 280 330 380 

Temperature I °c 

Figure S.20 TG trace for ZnB3 compound. 
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The TG trace is characterised by a three step mass loss shown by area A, B 

and C in Figure 5 20. Steps A and B are attributed to water mass loss. The 

experimental mass percentage for both steps (10 .31 %j accounts for five 

coordinated water molecules and the guest water (calculated mass loss is 

g 63) The bpdo is released in step C which was accompanied by 

decomposition of the compound (third step mass loss). DSC trace 

corresponds with the TG. Endotherm A (To1 = 90.8 ·C) is due to loss of water 

molecules while exotherm B (Ton = 241.3 'C) and C (Too " 327 00 "C) are 

attributed to compound decomposition . 

Hot Stage Microscopy 

a 31.8 °C 

(d) 290.6 °C 

Figure 5.21: 

b 109.2°C (c) 190.2 °C 

(e) 380.5 °C 

Thermal decomposition of ZnB3 . Unlike other 

compounds. hot stage of ZnB3 was not characterised by 

bubbles. (a) Crystal at room temperature, (b) At109,2 "C, 

the crystal loses its colour to opaque signifying the loss of 

water molecules, (c) The opaque color became denser 

depicting release of bpdo (d) Initial stages of compound 

decomposition shown by faint brown colour and (el 

shows the complete compound decomposition 

'" 
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Table 5.13 Crysta l Data and Refinement Parameters of Zn N. 

Mol.cula, Formula Zn(NCS)z(C,oH.NzO~)(H20);· H2O 
- Formula weight (g.mol·') 423.78 "-

_ ... _ ... 
! - --

Temperature (K) 113 

Wavelength (A) 0.71073 

Crystal System Triclinic 

Space Group I pj 
--- I a (A) 7.311(2) 

1-- _. 
b(A) I 

- --
9.863 (2) 

, (A) I 12013 (2) 
- - -

a (0) )- 77.29 (3) 
--

P(·) 79.67 (3) 

r (") 8812(3) 

Volume W) 831 .3 (3) 
-- --- --

Z 2 

Calc, Density (g,cm..1) 
--

1.693 - ,Ii (mm-' ) 
... _. --

1.759 

F (000) 432 

Crystal Size (mm) 0.09xO.15xO.20 

ORange Scanned (') 1.00 23,37 
..... __ . 

Index Range 9<h< 9. -12<k<12. -14<1<14 
- -_ .. 

No, ret, Collected 32479 
.- -

No, Unique Rellections 3356 

Data completeness (%) 100.0 

Refinement Method Full-matrix loS on F2 
-_. 

Data / Restraints / Parameters 3356/01242 
- Goodness-ol-fit OnF2 1 096 

Final R Indices [/>2a(/)} 0.0232, 0.0575 

- -_. 
R Indices (all data) 0.0283 0.0595 

Largest Ditt. Peak and Hole (e.K) 0 ,33. -0040 
_. -

0 0 . 
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Solving the structure in space group P T revealed that the central Zn ion is 

coordinated by two NCS' counterions on the axial positions, while the 

equatorial positions are occupied by two water molecules and two bpdo 

ligands_ resulting in octahedral coordination geometry The atomic labels and 

thermal displacements are given in Figure 5.22. 

Figure 5.22 Labeled asymmetric unit of ZnN compound The thermal 

ellipsoid diagram was drawn at 50% probability. 

All bond lengths and angles were within the expected range The Zn-NNCS_ 

bond length is 2.034 A while Zn-OOpdo and Zn-O"", are 2154 A and 2 169 A 

respectively These bond distances are comparable with literature1 values of 

1.988 A {Zn-NNGS_}, 2.076 A (Zn-Obpdo) and 2090 A (Zn-O, qu. )' 

correspondingly. Details of bond lengths and angles are given in the 

Appendix 

-------~'" 
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This compound is a 1 D zigzag-like coordination polymer (Figure 5_23) 

-

/ 

r 

Figure 5.23 The zigzag polymeric chain in ZnN 

-

The adjacent polymers are linked by a network of hydrogen bonds The two 

coordinated water molecules are involved in hydrogen bonding as donors 

Coordinated water (016) donates hydrogen bondS {O(16)-H (1 6A)---O(lbpdo 

and 0(16)-H(168) -0(8)"p' o} to the terminal oxygens of the coordinated bpdo 

ligand with the 0(16).q, . --0(1),pdo distances of 2.839 A and 2.853 A, 

respectively. The trans-coordinated water molecule donates hydrogen bonds 

(0(15)- H(1S8)·,,0(IW)) to guest water molecule with the 0(15} --,O(1W}g ,~" 

distance of 2 662 A The guest water molecule in return donates hydrogen 

bonds, 0(1W)-H(IWl}--O(8) and 0(IW}-H(IW2)-- O(I} , to two coordinated 

bpdo ligands linking the adjacent chains with the 0 .. 0 distance of 2.793 A for 

O(IWJ.oco --O(8) bpdo and 2_848 A for O(IW)>q, .... ·O(I)bpdc The hydrogen bond 

network is illustrated in Figure 5,24. A summary of hydrogen bonding resul ts 

and J[ _. S close contacts are given in Table 5.14 and 5 15 

••• 
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• 

.....•. .,/ ". ..,/ 
" . 

. ,/ ••.... 

\ /\ 
.....• , .. "" 

... . ..... .... 
/'" .... .••.. 

\ 
Figure 5.24: Hydrogen bonding networks. 

Table 5.14 Hydrogen bonding details 

0 H (A) D···A (AJ D-H .. ·A (oJ Symmetry operator 
- - - - - - - -----

O,W H1Wl···08 0.77 (3) 2.793 (2) 175 l -x, l-y, l -z 

- OlW-H1W2··.0l 
- .- -

0.82 (3) , 2.847 (2) '76 -x. 1-y, l -z 
-- - -

015-H15A···S19 0.83 (2) 3.377 (2) , 16' 1-x. l-y. l-z 
-

015-H15B···01W 0.78 (2) 2_862 (2) 170 x, y, z 
. - ---- -- _._--

016 H16A--·01 0.84 (3) 2.839 (2) 175 -x, 2-y, 1-z 
-- - -

016-H168···08 0.78 (3) 2.853 (2) ; 178 l -x, 2-y, 1-z 
-

- 3089 (2) C3 H3 .. ·01W 0.95 '3' x, y, z 
I -

C7 H7 .. ·N20 0.95 3.468 (2) 163 -x, 2-y, 1-z 

:-, - 3439-(~ 
- - - -

1 Cl0-H10---N17 0_95 , 160 1-x,2y.l -z 
-

'""'----------
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Table 5.15: ;t interactions in ZnN. 

Distance Symmetry operator 
- --
'C16 $19 . Cg(N2 C7) 3908(1) x. y. z 

._ .. - -
CI6- $19· ·Cg(N2 - C7) 3.645 (1) l+x.y.z 

C21-S22· 
- --

T616 (1) ·Cg(N2-C7) l+x.y.z 
._ .. 

C21-S22·· Cg(N2 C7) · 3.905(1) x, y. z 

• -Cg ring centroid 

Polymer chains run parallel to [001] as shown in Figu re 5.25(a) and the guest 

water molecules are encapsulaled in the compound cavities (Figure 525(b)) 

Fig ure 5.25 Packed molecules viewed along [001]. showing ZnN 

polymer (a) Water guest molecules and host are 

represented in van der Waa ls rad ii whi le in (b) both guest 

(maroon) and host (blue) are shown in van der Waals 

radi i. 

••• 
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The packing diagrams viewed along [100] and [010] are shown in Figure 5 26. 

Figure 5.26: 

(bJ 

Molecules are packed along [100] and [010] (a) Shows 

sheets of organic and ino rganic components while (b) 

shows ;t .. ;t stacks and zigzag shapes 

'" 
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Thermal Analysis 

The thermal analysis of the ZnN was carried out by TG and DSC and the 

respective TGIDSC curves are shown in Figure 5.27 

80 
~ 100 A 

~, 
90 " c 60 ~ 

'" 80 ~ 
E • - -- • ~ 40 ~ ~ 70 • A B -~/ 0 

~ 0 -________ /~-~ c • 60 • 
20 '" 

50 t j 
40 Eooot"""" EXQtherrn 

0 
30 80 130 180 230 280 330 380 430 

Temperature I °c 

Figure 5.27' TG and DSC traces for ZnN 

The TG trace shows a four step mass loss. The guest and two coordinated 

water molecules are removed in steps A and B (Figure 5.27). Collectively. the 

percentage mass loss calculated for these water molecules is 1096% which 

was tower than the actual mass loss observed (details are given in Table 

5.16). The difference could be due to the hygroscopic nature of ZnN . The third 

step mass loss (C) is unusually sharp. The hotstage (discussed below in this 

section) illustrates that at this temperature the crystat melts (Figure 528(d)) 

The fourth step mass toss is the decomposition of ZnN 

The mass losses observed in the TG trace corresponded well with the DSC 

trace (Figure 527). The first two endotherms. A and B, were due to water 

molecules The third. exothermic peak (region C) was due to the melting with 

the decomposition while peak 0 continues decomposition stage. Summary of 

onset temperatures is given in Table 5 16 

.,. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 5 Zinc complexes 

Table 5.16' Thermal analysis results on TG and DSC. 

I TG R.sulb 
- -Cillc. % miiSs loss Exp. % mass loss 
- ~- ~ -Mass loss A 8,75 8.50 -- - - - -

Mass loss B 4,21 4.25 

; Total H20 loss 
-~ ~- - -

10.98 1275 
~- --

DSC Results 

complex 
_ .. _-

I Ton (·C) --Ton ('C) Ton (0C) Ton ("C) 

Peak A Peak B Puk C Peak D 

f-- - -
loN 75,0 111 .1 209.8 384.1 -

Hot Stage Microscopy 

Figure 5.28 

(c) 120.0 

ZnN compound during thermal decay (a) shows crystal 

at room temperature, (b) crystal still stable, (c) bubbling 

due to loss of water molecules. (d) crystal changed colour 

to brown and melted. (el Compound decomposition is 

observed at 350.2 ' C 
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Discussion and conclusion 

ZnB1 , ZnB2 and ZnB3 were prepared using the same starting materials 

(ZnBr2 and bpdo) but different crystallisation methods (solvent layering and 

slow evaporation), while ZnN was prepared by slow evaporation using 

Zn(NCSh. The compounds were characterised by thermal analysis and the 

crystal structures have been elucidated using single crystal diffractometry, 

The zinc compounds prepared in this study crystallised in the triclinic space 

group PI. but were not isostructural 

ZnB1 is a double-strand one dimensional polymeric structure with metal 

centres bridged through oxygens of the bpdo ligand. The compound adopts 

the trigonal bipyrami<ial coordination geometry There is no conventional 

hydrogen bonding in ZnB1. A literature and CSD3 (Version 5.27, November 

2005) search revealed that crystallisation using ZnBr, and bpdo has not been 

fully explored which makes this study to be more interesting However, Hu et 

al" reported compounds prepared using eitl1er ZnBr, or ZnCb using bpy (4.4'­

bypyri<iine: an anatogue of bpdo), Crystallisation produced one dimensional 

zigzag coordination polymers ([ZnX2(bPY)]n, X=U or NCS-) with bpy tigand 

bridging ZnX, moeities with an essentially tetrahedral coordinated geometry 

Moreover, these polymers are dissimilar to ZnB1. 

ZnB2 is a trans-coordinated discrete molecule composed of four bpdo ligands 

and two water molecules compleling octahedral coordination symmetry, Both 

coordinated waters are involved in hydrogen bonding interactions, linking 

Zn3Br6(bpdo)4(H,Oh discrete molecules. An interesting characteristic of 

ZnB2 is the presence of two metal centres of different coordination geometry. 

To the best of our knowledge and literature search related to this study, this 

form of compound is unique. ZnB2 is an inclusion compound accommodating 

bpdo molecules into its channels. In comparison to ZnB2, Long et al.5 

reported a Zn(ll) crystal structure composing of discrete [Zn(bpdo)61'+ cation 

and uncoordinated nitrate anions (guest molecules), The Zn(ll) centres are 

octahedral and the structure is govemed uniquely by it''':,! interactions, 
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Replacement of nitrate anion by fluorositicate (SiFd resulted in an 

environmentally unstable compound, [Zn(MeOH)2{bpdo).] (SiFs) . 3MeOH . ~ 

In ZnB3 there are also two independent Zn(ll) environment with different 

coordination geometries However. the octahedrat geometry is formed by 

coordination of five water molecules and bpdo ligand to lhe central Zn(lI) 

metal. while the tetrahedral symmetry is coordinated by four bromide 

counterions. in two separate entities. The discrete molecules are linked by a 

network of hydrogen bonds ZnB3 forms channels which accommodates bpdo 

molecules 

ZnN forms a one dimensional zigzag-like polymer. The adjacent chains of 

ZnN are linked by hydrogen bonding through coordinated water, guest water 

molecule and bpdo ligands The metal centre forms octahedral coordination 

symmetry. This structure is different to thiocyanide structure reported by Hu el 

ai', [Zn(NCS)2{bpYlln (discussed above in this section) One dimensional 

polymer. {[Zn(H20).(bpdo)2] (CIO')2 2(bpdoj}",5 prepared from Zn{CIO.h 

and bpdo was reported by Ma et a/, 6 This is a zigzag shape polymer with 

adjacent chains connected through hydrogen bonding between the 

coordinated water molecules and the bridging bpdo ligands lead ing to a two 

dimensional sheet. These lwo dimensional sheets are linked three 

dimensionally through hydrogen bonding produced by a single hydroxyl group 

of each coordinated water with one uncoordinated bpdo guest molecule None 

of these compounds is isostructurat or closely related to ZnN 

In conclusion an overall comparison of Zn(ll) polymers provide an ins ight 

about the role of an anion and crystallisation methods in construction of metal­

organic frameworks Thus for an example, the bromide anion afforded a one 

dimensional polymer (ZnB1) prepared by solvent layering and two discrete 

molecular structures (ZnB2 and ZnB3) prepared by solvent evaporation, while 

lhe thiocyanide anion afforded a one dimensional polymer (ZnN) and 

[ZnNCS2{bpY)]n by solvent evaporation,' while nitrate and fluorosilicate anions 

afforded [Zn(bpdo)s](N03)2 discrete molecule and [Zn(MeOH)2{bpdo).] (SiFs) , 

3MeOH coordination polymer by solvent eva poration, respectively,5 The 
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perchlorate ardon afforded one dimensional polymer {[Zn(H20)4(bpdohl 

(CI04h . 2(bpdo)}" by solvent evaporation. 5 

•• • 
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Chapter 6 

Crystal structures of Au(lII) 

complexes: Protonation of dipyridyl 

ligands 

'" 
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Crystal structures of Au(lll) with dipyridyl ligands (bpdo, BPE and DPE) were 

constructed and characterised by thermal analysis (TG , DSC and HSM). 

elemental analysis, and XRD Crystal structures have been refined and 

elucidated using single crystal diffractometry 

The experiments were periormed in acidic media of H[AuCI.] whereby in all 

crystallisation preparations, the dipyridyl ligand was protonated The bpdo 

was protonated on one end of the bidentate sites, while protonation in BPE 

and OPE was observed on both terminals of the ligand . It is through this 

protonation that the structures acquired conventional hydrogen bonding 

interactions connecting the discrete ions of the crystal structure. The Au(III} 

metal centres are linked through C H· CI interactions and the structure is 

further stabilised through interionic Au ·CI and intermolecular CI . CI contacts 

Crystallographic data, experimental and refinement parameters are given in 

Table 6.2, and 6,3 Final atomic coordinates, bond lengths and angles, torSKln 

angles, thermal parameters and tables of observed and calculated structure 

factors for each of the crystal structure are given in the appendices. 
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Complex preparation 

Good quality crystals for single crystal data collection were obtained by slow 

evaporation at ambient temperatures (295 K - 298 K) within a week The 

method was discussed in Chapter 2 

The abbreviations for the discrete gold complexes in th is chapter are as 

follows : 

AuCI~(bpdoH) Au1 

AuCI. (BPE'2H) CI Au2 

AuCI.(DPE 2H) . CI : Au3 

Microanalysis 

Elemental analysis results are given in Table 6 1 and they corresponded well 

with the calculated elemental mass percentages. 

Table 6.1. Elemental analysis results for Au(llI) complexes. 

Complex Calculated % Found % 

C H N C H N 

- Au' 22.75 1.72 5.31 23 12 1.52 5.29 

A,2 25.72 252 5.00 25.83 2 .56 4.83 
A,' , 25.81 2.17 4.76 2584 2.16 4~85 
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PXRD 
PXRD patlems for Au1 . Au2 arid Au3 are showr'l in Figure 61(a-c) The 

pattems genera lly match , except two peaks at low 28 (approximately 6 alld 8) 

for ca lculated Au1 , This observatioll co uld be due to preferred orientat ion i.e 

the morphology of the crystallites ca uses some peaks to have ellhallced 

intells ities wh ile others are practical ly unobserved In this case. Au1 crysta ls 

typically form long needles so it is like ly that the crysta ll ites will retaill Ihis 

morphology wher'l crushed 

-

" Experimental 
, C~lcul3ted 

~ • • • 10 
l! ., ~I J0-lUJL[~~,j 
• > • 5 • ~ f-L~lJu LJlUL~dl_,jJ~J'-\M~ 

o , 
5 10 " 20 25 40 

28 (OJ 

Figure 6.1(a): Ca lculated PXRD pattem for Au1. 
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I ~ 
25 

20 

• 
" • 15 -" 
~ 10 
0 

• ~ 
5 

- - - --

29 (0) 

GOld comple~e$ 

E~perimental 
Calculated 

Figure 6.1(b) Calculated PXRD pattern for Au2 

I 
--

25 Experimental 
Calculated 

~ 20 

I u)JIJJ, 
.~ 

" • 15 

LlLlAJ, A 
- -.J " • > - 10 , • • 

li. L _0JJJ u,j , JUc 
I ~ , 

5 ,~ I 'l J. 
, 

~- , 
I 0 

-"~ 5 10 15 20 25 30 

2en 
-

Figure 6.1(c) Calculated PXRD pattern for Au3. 

220 
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Structure solution and analysis 

Au1 

Ta ble 6.2 Crystal Data and Refinement Parameters of Au1 . 

Moleeulilr Formul.il AuCI.(C" HoN,O,) 

Formula weight (g .mol"' ) 
- - - ----

52796 

Temperature (K) no 
-- . 

waveiength (A) 0,71073 
- - - -- _. f- _._,,-

Crystal System Orthorhombic 

Space Group Cmc2, 
.- -- -

8 (A) 17.756 (4) 
f-.- .. _- - - --

b (A) 21 268 (4) 
-- -

c (A) 7.556 (2) 
._-

" (C) 90 

jJ C) 90 

1 (") 90 
- . - ... 

Volume (.41 2853.5 (10) 
-_. 

Z 8 
- ._-- ----.-----"".~"- --

Calculated Density (g.em ) 2.458 

p (mm") 11 056 

F (000) 1968 
- _.- -,,------ -- _.- - - -

Crystal Size (mm) 0.05 x 0.09 x 010 

-- . f) Rarlge Scanned ( ) 2.99 25,87 

Index Range -21 < h < 21 . -25 < k < 25. -9< 1<9 
. .. _._- - -

No RellectiOr'ls Co llected 17669 

No, Unique Reflections 2779 

Data completeness (%) 99.9 

Refinement Method . F uU-mairix- L Son ,c' 
Data 1 Restraints I Parameters 2779/0/177 

_. -
Goodness-of-fit on F' 1.080 
-- .-

Final R Indices [1>2a(I}] 0.0216,0.0422 

R Indices (a ll data) 0.0240,0.0428 

- Largest Diff Peak and Hole (e.k ') 0.768. -1 175 
-

... 
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Crystal data refinement revealed that Au1 coutd be solved in the space group 

Cmc2" with 8 molecules in the unit cell The crystal structure is composed of 

two Au(lll) metal centres located on the mirror plane and having site 

occupancy factors of 0,5 and each is coordinated by four chloride ions forming 

almost perfect square planar coordination geometry. In the asymmetric unit, 

the chlorine atoms of Au(l)are also located on the mirror planes so they have 

site occupancies of a 5 while the chlorines for Au(2) are present at 100% 

Thus the [AuC14r ions are oriented perpendicular to one another along the 

mirror plane Thermal ellipsoids and asymmetric labels are shown in Figure 

6.2 

C116) , J 
• 
• • 

Figure 6.2: The asymmetric unit for Au1 is labeled and thermal ellipsoids 

are drawn at 50% probabil ity 

Au-CI bonds have an average length of 2.285 A and are all close to the 

expected value of 2,301 A" Coordination bond angles ranged from 88.62" to 

90.90° , deviating slightly from the expected value of 90' , One end of the bpdo 

molecule is protonated due to the Au(lIl) solution H(8) was located on a 

difference electron density map and found to have a bond distance of 0,98 A 

,-,,------------- - -
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which is an equivalent of a typical O-H bond. The hydrogen atom (attached to 

oxygen of the bpdo) was included in the structural refinement The O-H bond 

connectivity gave rise to strong O-H ···O hydrogen bonding with short 0 ··0 

distance of 2.425 A which is within the usual range observed for short 

hydrogen bonds Similar short 0--0 contacts of -2.4 A were reported by 

Asaji13 and Hussain . ,56 The bpdo molecules are linked by hydrogen bonding 

through protonated terminal and the oxygen of the opposite end forming H­

bonded chain The Au(lll) metal centres are connected to the bpdo through 

C-H .. ·CI interactions. Hydrogen bonding interactions are demonstrated in 

Figure 6.3 and summarised in Table 6,2. The [AuCI.r square planes adopt 

alternating orientations giving rise to interionic Au· .. CI interactions separated 

by 3 908 A The bpdo molecule has planar rings, but these are twisted by an 

angle of 31.15°. Full bond lengths and angles are given in the Appendix . 

.... [ ""'V'c 
...... . ... ~~ 

,X~ 
, , , , , , 

Figure 6.3: Hydrogen bonding interactions in Au1 . 

.. , 
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Table 6.2: Summarised hydrogen bonding interactions in Au1. 

D H (Al ! D···. (A) I D H···A (.) Symmetry operator 
~ 

0.98·i· iA33 (5)' 172 . 
~ 

0(8) H(8) ··0(1) 3/2-x, Y.,+y. z 

- 0.95-' i 3.6BO (5) t- 160 C(7)-H(7)' "CI(2) 312-x, 3/2-y, -'h+z 

C(10) H(10) .. Ct(B) 0.95 I 3.413 (5) i 138 -y:,+)(, 'h+y, Z 
. ~_ I --

C(14) H(14)· . el(5) 0.95 L 3A95 (5) 132 x,y,-1+z 
~-- ._- --. 

The mirror planes are easily seen when the compound is packed along [010) 

and [001] (Figure 6 .4). 

{ / 
- ).. 

'" f- b 

- , 

, 
> ,.. I 

>< '" . -19:- - -j 1- -
"-

o 

J r r · 
(a) 

Figure 6.4: Packing diagrams in Au1 atong (a) [001) and (b) [010] 

224C---------

(b) 
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The Au1 compound forms distinct layers of the [AuC14r anions and H-bpdo+ 

cations as illustrated in Figure 6 5 

(al (bl 

Figure 6.5: Packing diagrams In Au1 compound viewed along (a) [001J and 

(b) [010] Molecules are represented by van der Waals radii 

[AuCI4r are in blue, while bpdo molecules are in red 

Figure 6.6 shows packed diagram viewed along [100J showing the twofold 

screw axis in the compound, 

---...,... ~ , , 
A 

, 

~ 2\ -I- ~ \ 
.[ ~ 

~ . ~ 
-L 

b 

/ 
b 

Figure 6.6: Packing of Au1 viewed along [100] showing twofold screw axis. 
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Thermal Analysis 

The TG and DSC traces of Au1 are shown in Figure 6.7. 

In Au1 , TG trace consists of one step mass loss (Figure 6.7, region AJ. The 

compound is stable up to greater than 200°C This step indicates the 

decomposition of the compound. The DSC trace showed an exotherm (Figure 

6.7, peak A with Ton " 248 2 °C) which corresponded to the TG mass loss. 

~ '"' " A 150 

"" -L' 1. 0 ~ , 
E '" ~~\ 

, 
0 

.~ " • '" "" • --- V • 
~~- I.. x 

"" , 
'" --
• • 
'" "" n. '". ". ". 

Temperat ure I 'c 

Figure 6.7 TG and DSC traces of Au1 

'" 
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Hot Stage Microscopy 

The thermal decay obselVed in Au1 is shown in Figure 6 8 

Figure 6.8: Crystals of Au1 during thermal decay_ Photograph (a) the 

crystal is stable at room temperature. (b) crystal still 

stable. (c) crystal decay begins which continues until 

complete decomposit ion was obselVed at (d) 275_0'C 
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Structure solution and analysis 

Au2 and Au3 

Table 6.3: Crysta l Data and Refinement Parameters of Au2 and Au3. 

Mole-clliar Formlll , 
. 
AIIC I.(C"H,,~ ,) . " 

4 -
AuCT,(C"H"N,) . CI 

, I . 
Formula weighl (~.m~ "" " 558.46 
.- . . .. .. 

Temperalure (KI m '" Waveleroglh (A) 
. 

0.71073 0.71073 

Crystal System Tric link; Triclinic -' 
Space Group Pl Pl 

a (A) 7.339 (2) 7280 (2) 

b (A) 7.503 (2) 7552 (2) 

c (A) 7.928 (2) 7.700 12) 
-

un t08.47 (31 73tB13) -fl (") 9031 (3) 89.43 (~) 

( (") 0027(3) 21.95 (~) 

V~ume (A') 
. 

41t,22 (14) 400.53 (141 
. , , , 

1 Calculated Dens ity Ig.cm"1 2.263 2 28t 
. ! !' (mm- ) 9.746 9858 

F (000) '"' '" Crysta l SIze (mm) 0.06XO.08XO. tO 003 x 0 06 x 0.07 
. 

ORange &:anned (") 3,27 - 26.10 2 .n - 26.43 
----

·9<h<9,·9<k<9, -9<h<9,-9< k <9, 
Index Range 

-9<1<9 -9< 1<9 
----

"' Rellect;ons Collected 9811 9740 

No. Unique Reflections 1624 ' -''''' r- . --- _. --
Oata comp leteness (%1 99,1 99.6 

Relinement Method Fu ll-matrix L.S on F' Fu ll-matrix L.S ~F 
-_._-

- - ---··1624 10'Tg5 Data I Restra inlS I Parameters 166810195 

Goodness-aI-lit on F 1092 1053 - _ .. 

Fn al Rind ices [/>20(1)] 0.0179,0.0377 00217,0.0401 
. 

R Indices (a ll data) 0.0184,00379 0.0232,0.0400 

Largest Dill. Peak and Hole le.A" I 0,767,-0896 0.713, - 10~2 

-----_._-

'" 
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Au2 and AuJ are isostructural with respect to their similar molecular shape, 

similar unit cell parameters and atomic coordinates as shown in Table 6.3 

Both compounds crystallise in the tr iclinic crystal system, space group P 1. 

The ligand, metal and the chloride ion are situated on a centre of inversions, 

-1, at Wyckoff positions e, a and d, respect ively. In the crystal structure, the 

BPE (Au2) and OPE (Au3) dipyridyl ligands are found to be protonated on 

both nitrogen terminals Au2 structure will be discussed in detail Thermal 

displacement and labeling of the asymmetric unit is shown in Figure 6 9 Only 

the asymmetric unit has been labeled. 

Clt2) CI(ll 

>'U{lK; 

N(l) , 
el(31 

Figure 6,9 Thermal ellipsoids are drawn at 50% probability The 

asymmetric unit for Au2 is labeled. 

All H-atoms were found on the difference electron density map, but the 

geminal atoms H(7A) and H(7B) and aromatic H-atoms were positioned 

geometrically with C-H = 0.99 A (geminal), and 0 95 A (aromatic ring) and all 

these H-atoms were refined with U" o(H) " 1.2U. q(C). The N-H bond length 

found on the difference map was 1 01 A. This hydrogen was refined with a 

fi~ed bond length and U,so. 

The metal environment in the complex is square planar with Au-CI bond 

len9ths at an average of 2.28 A and CI-Au-CI bond angles of 89.68" and 

9032" (89.84° and 90.16' for Au3). The protonated ends of the dipyridyl are 

involved in N-H . CI hydrogen bonding interactions linking the BPE molecules 

... 
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forming a supramolecular chain The Au(lll) metal centres are connected 

through C-H .. ·CI interactions via aPE mOlecule Hydrogen interactions are 

demonstrated in Figure 6.tO and results are summarised in Table 6.4 

..... ". _ .. ;:, __ ::. __ < ............... _ --, a:::: -
" - <::.--:" .)- ..., ~ - .. '. ' ... -' .... ", . 

~~~ Y.' 

Figure 6.10 Illustration of H"bonds observed in Au2 (similar for AuJ) . 

Table 6.4 Summarised hydrogen bonding interactions for Au2 and AuJ 

I DH(A) D···A (A) D H ... A (0) Symmetry operlltor 
I - -- - - --.,2 

-_ .. - -- -' - - - -'-- - - -
N(t )-H(t }" 'CI(3) 0.88 3.021 (2) ! 153 x. y, z 

-- -
C(2) H(2) . CI(1) 0.95 3.557 (4) , 145 1x,-Y.-z ; 
C(G} H(6}·· CI(2) , 0.95 3.654 (3) I 156 x, y, z 

---.,' , 

- N(t )-H(1 )" 'CI(4) 
- ---- I -

i 0.88 3.004 (3) 161 x. y, z 

C(2) H(2)' 'CI(2) 0.95 3.575 (4) 154 1 .. Hy , 
C(6) H(6}·· CI(3) 0.95 3.657(4) i - 163._ -x,1y.-z 

-

The crystal structure refinement revealed that there is a conventional 

Au(1),, 'CI(3) interactions with interionic distances of 3.670 A. Au' CI 

interactions were also obselVed in some tetrachloroaurate(lIl) complexes 

reported by Asaji et al. (average interaction distances of 3.54 A) 3 .~ The 

[AuC14r planes and the uncoordinated chloride ion forms supramolecular 

ladder shapes (Figure 6.1 1) with channels occupied by the BPE molecules 

(Figure 6. t1 (b)). The presence of intermolecular CI" CI interaction with 

'" 

- -

--



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 6 Gold complexes 

distances of 4.48 A seems to contribute to connect the [AuCI.r planes, The 

square planes form the upright while the chlorine atoms are the rungs of the 

ladder 

,b. 
,._--,i~ 
" 

la) Ib) 

Figure 6.11 Crystal packing of Au2 viewed along [OOlJ. (a) Supramolecular 

ladder. BPE molecules are not shown (b) BPE molecules are 

shown residing in channels. 

The square planar and the chlorine sheets are running parallel to [100J as 

shown in Figure 6.12. 

bot 

I 

. ~ ..... .. _ . 
• * ...... . -' 
' ••• * ••• 

•• - • • _~I 

o~ 
.1' ... ~ .. * • .. . . " ... . ...., ...... 

•• 
Figure 6.12 Packing of Au2 viewed along [100J showing square planar and 

chlorine atom layers running parallel to [100J 

••• 
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Figure 6.13 shows packing diagrams of Au2 and Au3 viewed along [001], 

[010] and [001] The crystal packings demonstrate similarities in Au2 and Au3 

crystal structures, It is evident from the crystal packing diagrams (Figure 6.11 ) 

that the crystal structures consists of well separated centrosymmetric [AuCI.f 

anions, [H, (BPE)f cations and uncoordinated chloride ions. 

·tX~4;trr .. y 
T--~ 

- e. -

Figure 6.13 Packing diagrams for Aul (left) and Au2 (right) showing packing 

similarities, Crystals structures are packed along (a) [00 1], (b) 

[010] and (e) [001]. 

la) 

Ib) 

Ie) 
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Thermal Analysis 

TG trace observed in Au2 consists of three step mass loss. All the mass 

losses are consecutive and hence difficult to separate accurately. The most 

likely decomposition mechanism for this compound involves loss of BPE 

followed (or concurrent with) by loss of HCI (the calculated mass loss of 39 5 

% corresponds reasonably well with that observed in Figure 6 14). The DSC 

trace shows two endotherms followed by an exortherm This is shown in 

Figure 6.14 

Au3 compound was comparable to Au2, hence only TG/DSC traces of Au2 

were shown 

100 G 

90 psc 
" 1''"--• -- 80 
~ 

,~ 
~ 70 

60 

50 +---~----~--------------~~ '0 
30 80 130 180 230 280 

Temperature I fie 
--.-.. --~ 

Figure 6.14 TG and DSC traces of Au2 
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Hotstage microscopy 

The thermal decomposition observed in Au2 (similar for Au3) is shown in 

Figure6,IS , 

Figure 6.15: Crystals of Au2 during thermal decomposit ion_ 

Photograph (a) the crystal is stable at room temperature, 

(b) and (c) bubbles depicting release of HCI and BPE (d) 

decompositiOll was complete by 235 ,2 "C 

Infrared (IR) spectroscopy 

IR analysis was performed to confirm the protonation of dipyridyl ligands , IR 

spectra were run for (A) dried ligands, (B) ligand kneaded with a small amount 

of HCI and (C) crystal line material. all as KBr disks OPE spectra were not 

included as they are comparable to BPE. 

Figure 6 16 shows the IR spectra of bpdo only (A: red) , bpdo'HCI (B: blue) 

and Au1 {C : pink}. The broad bands centred around 800 cm-' which were 

observed in B and C are indicative of a short O-H - 0 hydrogen bond, similar 

to that observed in protonated pyridine N-oxide," u{N- O) is seen at 1231 cm-­

in C, compared to 1241 cm-' in dry bpdo and 1205 cm- ' in bpdo HCI. The 

broad band near 3400 cm-' in all the three is proba bly due to moisture, ' 

'" 
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--c 
B ~- --~r1'rJ\\) .. 

i1'. A 

4000 3500 3000 2500 2000 1500 1000 soo 

Figure 6.16: The IR spectrum of bpdo only (red) and protonated bpdo (blue) . 

Figure 6.17 shows an overlaid IR spectra of dry BPE (A red). BPE HCI (B: 

blue) and Au2 (C pink) \l{N H). expected between 3100 - 3000 cm· . IS 

obscured by the broad bands in each case 

4000 3500 3000 2500 2000 
., 

"em 

1500 1000 soo 

Figure 6.17· The IR spectrum of BPE only (red) and protonated BPE (blue). 
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Discussion and conclusion 

Crystal structures refined and elucidated in this chapter showed square planar 

metal geometries ([AuCI4n and cationic dipyridylligands 

Au1 is composed of distil1Ct layers of [AuCI.r anions and bpdo molecules. 

One terminal of bpdo was protonated allowing hydrogen bonding to occur 

These are short hydrogen bonding interactions that connect the bpdo cations 

into supra molecular chains. The metal centres are connected to these chains 

through C-H,·,CI interactions 

Au2 and Au3 have supramolecular ladders formed by the (AuCI~] and 

chloride ions. These ladders form channels which are occupied by BPE or 

OPE cations. The BPE and OPE are protonated on both ends giving rise to 

hydrogen bonding interactions which link dipyridylligands into supra molecular 

chains. Similarly, the metal centres are connected to the organic chains 

through C-H ' CI interactions 

All the Au(lll) compounds prepared in this study ha\le interionic Au···CI 

interactions similar to those reported by Asaji et al. 3 

An analogues pyridinium ligand, (2 ,6-0iphenylpyridinium), adopted NH",CI­

Au synthon that is different to those reported in this study8 

A series of related organic-inorganic hybrid salts based on tetrachloroplatinate 

[PtCI.]' and tetrachloropalladate [PdCI.t with organic cations containing 

pyridinium and piperidinium groups ha\le been reporled,g, 'o Unlike in Au2 and 

Au3, the BPE and OPE ligands form bifurcated hydrogen-bonded 1 D ribbons 

in which mo cr act as acceptors These salts contain the ligand in a planar 

conformation, similar to the compounds reporled in this thesis. A similar kind 

of N-H .[CI,MCI,f synthon ribbon motif was also observed 111 

perchlorocuprates 1112 Two fluoromanganates(lll) of BPE and OPE: (BPEH,j 

[MnF4(H 20hl< and (DPEH 2) [MnF.(H 20hl< were prepared 13 The 

[MnF4 (H,Ohh- anion displays an octahedral geometry. The organic cations 

are linked to the anionic octahedral by strong N-H ... F hydrogen bond 

synthon The anions are linked to a puckered 2D netvJofi( through hydrogen 

bonding bemeen coordinated water and fluorine atoms. 

'" 
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The reaction mixture which contained [Co{H20)[CIO.h, neutral 2.2'­

dipyridylamine (Hdpa) and an acidic solution of HCI in a methanollacetonitrile 

mixture produced crystal of a cation containing H,dpa- species and 

corresponding anion [CoCI~I'·14 The tetrachlorocolbaltate anion adopts the 

tetrahedral coordination geometry. The ions are linked through hydrogen 

bonds between N-H bond and a chloride ion of the [CoCI.I'". 

Furthermore. a compound bis(3.3' -dimethylene-22-biquinolium) tetrabromo­

aurale{lil) dibromoaurale (I) {(C>(lH,:N,)[AuBrd }. which consists of two anions 

{[AuBr~r and {[AuBr2r have been reported .'~ The [AuBr. r anion has a 

traditional square planar geometry while [AuBr2r is linear. Hydrogen bonding 

between C -H Br contribute to the cohesion of the structure 

••• 
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Chapter 7 

(a) Coordination polymers of 

Lanthanides using bpdo: Crystal 

structures and kinetics study. 

(b)A coordination polymer of 

uranyl(VI) nitrate with bpdo. 

'" 
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(a) Coordination polymers of 

Lanthanides using bpdo. 

Different coordination polymers of Gd(III), Tb(III), and TI(III) were prepared 

using bpdo and characterised by thermal allalysis (TG, DSC alld HSM 

determine the stability alld stoichiometry of a compound) alld microallalysis 

(to confirm elemental composition of compounds). Thallium is not a 

lanthanide; it has been included in th is chapter as it has characteristics similar 

to those of lanthanides Crystal structures have been refined and elucidated 

by single x-ray diffractometry 

Crystal structures obtained had either a 1 D zigzag shape (which extends to 

3D through interchain hydrogen bonding) or 20 ladder shapes The lalter 

formed structures with channels that permit the inclusion of small entities such 

as CH 2CI 2 and CHCi]. 

These polymers have guest-free frameworks which are therma lly stable up to 

>200'C Kinetics of desolvation of CH,CI2 and CHCll guest molecules and 

decomposition 01 the structure framework using isothermal TG have also been 

studied. Elemental analysis corresponded well with the stoichiometries of the 

elucidated crystal structures. 

Crystallographic data, experimental and refinement parameters are given in 

Table 7 3 7.7 and 7.12. Final atomic coordinates. bond lengths and angles. 

torsioll allgles, thermal parameters and tables of observed alld calculated 

structure factors for each of the crystal structure are given ill the appendices. 
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Preparation of polymers 

Suitable crystals for data collection of coordination polymers were obtained by 

solvent layering at ambient temperature (295 K - 298 K) using the method 

described in Chapter 2, These polymers were crystallised by layering of 

alcoholic solutions on top of chlorinated solvents 

The compounds obtained as well as their abbreviations are as follows: 

Part CA) 

[Gd(NO}J}(bpdo)CH30H ln : 

[Tb(N03J}(bpdo)CH30HI, : 

[TI(N03!3(bpdo)CH}OH], : 

Part (8) 

Gd1 

Tb1 

TI1 

[Gd,(N03)6(bpdo) Jln 2CH2CI2 Gd2 

[Gd,(N03ls(bpdo) 310' 2CHCI}: Gd3 

[TI,(N03)6(bpdoh], 2CH,CI,- 112 

Microanalysis 

Elemental analysis results are given in Table 7 1 and 7,2 The experimental 

elemental mass percentages corresponded well with the calculated_ The small 

discrepancies observed could be attributed to the preparative techniques used 

during microanalysis, Elemental analysis for TI1 and 112 was not done due to 

the limited sample prepared and experiments using thallium metal salt were 

discontinued due to its harmful characteristics Only crystal structure 

elucidation and thermal analysis will later be discussed in this chapter, 
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Table 7.1 . Elemental analysis results forGd1 and Tb1 

Gd1 , Tb1 
Element 

Found % Calc.% Found % Calc. % 

C 22.67 23.45 22.88 23.38 
- - -

H 1.59 2.15 1.65 21. 
-- --

N 11 .55 12.43 11,47 12.39 
--

Table 7.2 Elemental analysis results for Gd2 and Gd3. 

Gd2 GcfS ..... ·-T 
Element --,. ,--

Calc . .,. ---; Found % Calc. % Found % _._,--
C 27.13 27 .04 25.70 25.79 

--- - ." .. _. 
H 1.61 1,99 1.47 176 

-
N I 11,67 11.83 10.84 11 28 

PXRD 

The calculated (red) and experimental (blue) PXRD patterns for Gd1 . Tb1 , 

Gd2 and Gd3 are shown in Figures 7 .1 - 7.4. The calculated and 

experimental PXRD patterns for Gd1 are a good match (Figure 7.1). 

30 ------,------==::;===::::;l 
Experiment~1 

Caiculat"d 
25 -

, 15 20 25 
2an 

Figure 7.1 : An overlay PXRD patterns for Gd1 compound 
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The calculated and experimental PXRD patterns for Tb1 matched (Figure 

7.2) . 

" , Experimental 

25 Calculated 

> ." " 20 0 • 
" • 15 
> " ~ I , 

• " .. 
" , I' /",,1l~ \,-----' L--'",,'J..!·\';'~·~ f- __ l~cJ;, 

0 , " 15 20 25 30 " " 
26 (0' 

. 

Figure 7.2 An overlay PXRD patterns for Tb1 compound 

The calculated and experimental PXRD patterns for Gd2 are also a good 

match (Figure 7.3) 

" --==-=== ='=--===;1 Experimental 
Calculated 

oL-________________________ ~ 
, " 

28 1") 

Figure 7.3: An overlay PXRD patterns for Gd2 compound . 

'" 
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The calculated and experimental PXRD patterns for Gd3 are generally a 

match (Figure 7.4)_ There are some extra peaks at low 26 (5 - 10) in the 

experimental pattern which could be due to the loss of some solvent caused 

by sample preparation prior analysis 

,. ,------------------------------,r:---c-=::=;~ ! Experimental 
Calculated 

Figure 7.4- PXRD patterns for Gd3 compound 
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Crystal solution and refi nement 

Gd1, Tb1 and TI1 

Ta ble 7.3: Crystal Data and Refinement Parameters of Gd1, Tb 1 and T11, 

I O<I INO,,, r ii'[No>j;: TiiNo,~ Mole ou l.r Formu la 
{C"I' I N,o,ICI' ,~ {C,,,, , N,o,ICI',~ (C " I', N,o,)CI',OI' 

-
Fonrola _ight (g ,nor ) 563 ,~8 56518 510 53 

- -Tempera1ure (Kl '"' ~; '"' Wavel""gth (Al 0.71073 0.71073 0.7'073 

I Cry. 1al Sy. 1em Mor>Ociin >:; Monociin >:; Monocll1ic , f-Space Group CVe C2k '" ---- ~- . 
d (AI 1 5_328~14l 13.4010 (~) 15.337 (3) 

~~--

b (AI 83355(5) 3.2992 (21 8337121 

c (Al - -1~ 0833(~) 14 1139(4) 1 ~ 091 (3) 
_. - - -- -- -an 00 00 00 
~---- - ~ -li n 93,31S (' 1 93,7(X)6 (151 93.40 (31 

t- .. ~ 

r rl 00 00 00 

Volume (A') 1795,~ (11 1&l(l, 22 (e ) 17SS ,6 (5) 

-, , , 
I 

, 
Ca lc. Oe n.,ty Ig .cm ' I 2.084 

I 

2.083 2.233 
- -_... , l-

375~ ,~ I 9.057 .u Imm- ) 
~-. 

i 
~~. 

F (000) l®' ,_ }}OO 

Cry . t. 1 Size (mml i 0.03xO.OO.0.'0 0 , [).f~OOOO,10 0 ,09<0 ,10xO ' 0 

r 8 Range Sca n""d (' ) 1 02 274~ l OO 2303 1.02 2748 

i -19 < h < 19, -10<k< -1 e <h<lS,-9<k<9, -'S < h < '9, -'0 < k < 
I nde~ R~nge 

iO -18< 1< 13 -16 < 1< 16 iO. -17<1<'8 
.~ 

'" R" flecbOflS Collected 1 .793 ~, 125~ 
-

No. Un Ol U<l Re llection . "'" l ~' 1975 
~ ---- .~~ 

Data co mpl etene&5 ('k ) W, W, 95 .7 
- - - .-

Re~nement Method Fu ll-ffi .... ri. L.S on F" Full-matri< L_S 00 ' Ful f-m.trix L_S "" ' 
Oat. 1 Rest r. ints I 

205(l10!156 1569101161 1975101156 
Para me te" 

Goodn e • • -o{-fit (}fl F' 
- ---

1 085 1 .11 ~ 1206 

Fin . 1 R Indices [1>20(1)) 00. 3-5 0.(1477 00235 0.1l41l4 00373.0 ."01 

R Indices lo ll d~t~J 00346 00501 0.0297,0.0517 00. 3-5,0.1129 

Largest Dill' Pe~k.on<! 
0 .80,-151 039 -(l 55 0_98 . -2.17 

Ho le I" k') 

'" 
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Gd1, Tb1 and TI1 are isostructural, so their description will mainly be outlined 

with reference to Gd1 , but crystallographic interaction s wil l be tabulated for all 

prepared crystal structures, 

The initial data processing of this compound suggested the space group P2 j in 

with unit cell parameters a" 140910 b" 16 6740 c" 15.3375 11" 9340, but 

the structure could not be solved in this space group Careful inspection of 

data revealed systematic absences consistent with C-centering and a peculiar 

absence condition of k=4n on OkO reflections. Transformation of the unit cell 

via the matrix 

o 0 
o - 0. 5 0 

I 0 0 

produced a new unit cell with parameters a " 15.337 A. b " 8337 A. 
c " 14091 A, II " 93.40" which could be solved in space group C21c. The 

asymmetric unit is composed of half a molecule . The ligand lie on a centre of 

inversion, -1, at Wyckoff position c, while the metal have a twofold axis at 

Wyckoff position e. Figure 7.5(A) shows the thermal ellipsoids and labeling of 

Gd1. This compound adopts irregular octahedral symmetry. 

Gd1 is a one-dimensional zigzag coordination polymer (Figure 7 .6) in which 

the Gd lll is coordinated by one bpdo, one methanol and three nitrate ligands. 

The Gd-O bond lengths are in the range 2.285 - 2.573 A and thus close to 

expected values.1 The C2 symmetry of the molecule causes one of the nitrate 

ligands and the methanol to be disordered over two positions with symmetry­

defined site-occupancy factors of 0.5. All non-H atoms were refined 

anisotropically, except for O(9} of the disordered methanol . The deepest 

residual electron-density hole is 0.88 A from the Gd atom Figure 75 (A) 

shows the disordered molecule while (8) and (C) shows disconnected branch 

of the disorder to clarify atomic orientation All the nitrate ligands are 

bidenlale, giving nine-coordinated Gd. The metal centers are connected by 

the bpdo ligand The zigzag polymeric chains run in parallel to [101] (Figure 

7 .6). 
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(AI 

(81 

(el 

Figure 7.5: (A) 

L~nthanides and actinide$ 

Part of the polymeric chain structure of Gd1 showing the 

atom labeling. Displacement ellipsoids are drawn at 50% 

probability and H-atoms are omitted for clarity Atoms of 

the asymmetric unit are labeled. 

~.-~ ,~-------

'" 
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These chains are linked by weak hydrogen bonding through (methanol}C­

H .. ·O(nitrate) and C" H···O(nitrate) (Figure 7 7), The hydrogen bonding 

details are given in Table 7.4. 

--~, 
• 

Figure 7.6: The zigzag polymeric chain in Gd1. 

Figure 7.7: Packing of Gd1 compound, viewed along [010], showing 

hydrogen bonds arK! polymeric chains running parallel to [101] . 

• •• 
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Table 7.4: Hydrogen bonding deta ils 

D H (A) ' D···A (A) D-H···A (. ) Symmetry operator 

Gd1 
~-

C(4) H(4)·· ·0(12) 094 3.281 (5) 169 
I 

'h-x, 'h+y,3f2-z 
-

G(l 0)- (1 OA)·· 0(16) 0.97 2.861 (9) 111 x. -yo 'h+z 
_. 

Tb1 
I -

G(4)- H(4) ··012 094 3.293 (6) i 169 l-x,-y.-z 
--~ -~ 

'h+x, -'h+y, z -G(l OHl 0C)···0(16) 0.97 2.894(11) 112 
~ 

TI1 

r G(4)- H(4) ·012 094 3.286 (10) 169 x. -yo z-'h 
----- -_. -_. ._-

C(l 0)-(1 OA)··,0(16) 0.97 2,90 (2) 112 x+'h, y-'h, -z+'h 
~-~ --- --

N. 
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Isostructurality 

Tb1 and TI1 polymers are isostructural to Gd1. with respect to similar 

molecular shapes, similar unit cell parameters and similar atomic coordinates 

as delailed irl Table 7.3. The thermal displacement diagrams ofTbi and TI1 

compounds are shown in Figure 78 arid the packing diagrams thereof are 

il lustrated in Figure 7.9 Hydrogerl bOrlding details can be seerl in Table 7.4 

The Tb-O and TI-O bond lengths are in the range 2.275 - 2 552 A and 2 284 

- 2.569 A respectively and thus close to expected values. The Tb compound 

had been reported by LOrlg et a/ 2 

Figure 7.8 Part of the polymeric chain structure of Tbi and TI1 showing the 

atom labeling. Displacement ellipsoids are drawn at 50% 

probability arid H-atoms are omitted for clarity Atoms of the 

asymmetric urli t are labeled. 
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(A) 

o 

(8) 

Figure 7.9 Packing diagrams of (A) Tb1 and (8) 111 respectively viewed 

along [010] and [001], showing isostructurality in these 

compounds . 
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Thermal analysis 

Thermal analysis of the lanthanide coordination polymers was carried out by 

TG and DSC Figures 7.1 O(a)-(c) shows the combined TGIDSC traces of the 

Gd1, Tb1 and TI1 polymers, respectively. The TGIDSC traces for Tb1 are 

comparable to Gd1 traces 

In Figure 7 10(a), TG Irace shows a three step mass loss. The first step mass 

loss is associated with desorption of methanol coordinated to the metal centre 

(details are given in Table 75) Methanol release occurs over a wide 

temperature range (region A) as shown in Figure 7.10(a) The compound is so 

labile that experimental methanol loss (2 ,99 %) did not correspond to 

calculated mass loss (5.69) Similarly for TM compound (details in Table 7,5), 

The second mass loss of 11 .88 % does not correspond to the loss of a whole 

bpdo moiety. Therefore we surmise that this decomposition step results in a 

new stable compound of unknown composition (after healing to 250 "C. 

microanalysis corresponds to Gd(N03h(CoHsNO) as possible stoichiometry) 

Figure 7.11 shows the PXRD patterns of this compound and the calculated 

pattem for Gd1 The experimental pattern shows a different compound of 

unknown composition Nevertheless we have analysed Ihe kinetics (discussed 

in kinetics section, page 257) which corresponds to Ihis partial decomposition 

of the compound We note that for the Tb1 compound this second mass loss 

is 731 %, significantly different from the Gd1 compound This implies a 

different decomposition reaction, which is confirmed by the differing values of 

the activation energies. 

Mass loss C is Ihe complete decomposition of a compound, The TG mass 

losses corresponds to endotherm A, exotherms Band C in the DSC trace 

(Figure 710(a)) DSC onset temperatures are summarised in Table 7.5 

••• 
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In Figure 7 10(c), TG trace shows a three step mass loss. The first step mass 

loss is attributed to loss of methanol (Table 7 5) The experimental methanol 

loss corresponds to calculated mass loss The second step corresponds to 

this partial decomposition of the compound, while mass loss C is the complete 

decomposition of a compound, The DSC could not resolve the fi rst thermal 

event observed in the TG trace (Figure 7 10(b) mass loss A), Exotherm Band 

C corresponds with the TG mass loss Band C. 
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Figure 7.10: TG and DSC traces of (a) Gd1, (b) Tb1 and (e) TI1 
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r 
GOt after huting to 250· C 
C~lculated GOt 

20 I,) ~ 

,~ 10 
'\. 

I---- lv 1 1,~J jVU~~ 
; ~ 

no 

o 
5 15 20 25 30 35 

28(-~I ___ _ 

Figure 7.11: Calculated PXRD pattern of Gd1 (red) is matched with 

experimental pattern after heating to 250 °C (blue) 

Table 7.5 Thermal analysis results 

TG Results esc Resuh5 

----

Polymer 
Calc. % Exp_ '4 Calc. 'j, Exp_ % T _I "C) T _ ("C) 

moss Ion A mass lou A m~n 1",,_ B man 10015 B Pu kA Puk B 

'" 5 ,69 2 .99 33.39 11 .88 11l.~ 26~.1 
_.-

'"' 5 ,67 '"' 33.36 7.31 au ~55.7 

no 5.25 05 :W.B2 6.18 240.0 . 

'" 

T _ (OC) 

P .. kC 

21\8, 1 

,~ . 

355.8 
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Hot stage microscopy 

Crystals of Gd1, Td1 and Til complexes were observed during thermal 

decomposition using the hot stage microscopy The photographs for thermal 

events are shown in Figure 7.12, 7 13 and 7.14 respectively 

Figure 7.12: Crystal of Gd1 compound during thermal decomposition. 

Photographs, (a) crystal at room temperature, (b) crystal retains its integrity at 

temperatures greater than boiling point of methanol, owing to the strength of 

the coordination bond (e) coordinated methanol ligand is released at 

1485 "C depicted by a bubble (d) loss of bpdo which leads to complete 

decomposition observed in (e). 

. .. 
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Figure 7.13 Crystals of Tb1 during thermal decomposition. 

The thermal decay for Tb1 is comparable to Gd1. Photographs; (a) room 

temperature. (b) crystal retains its rigidity (c) methanol released at 1499 "C 

depicted by bubbling. (d) loss of bpdo which leads to complete decomposition 

observed in (e) 

Figure 7.14: Crystals of TI1 durin9 thermal decay. 

Photographs. (a) crystal stable at 64.2 "C. (b) release of coordinated 

methanol shown by bubbles. (d) loss of bpdo which leads to complete 

decomposition observed in (e) 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Ch~pl"r 7 Lanthanides and actinides 

Kinetics of decomposition 

Kinetics of bpdo loss for Gd1 and Tb1 were ana lysed by carrying out a series 

of isothermal TG experiments, For both compounds the experiments were 

done for the second step mass loss, TI1 analysis could not be done due to 

limited sample and experiments with thal lium were discontinued due to its 

toxicity 

In the case of Gd1, isothermal TG experiments were carried out over the 

temperatu re range 230 to 240"C at intervals of 2-3"e, wh ile for Tb1 the 

temperature range was 235 to 250"C. The mass loss versus t ime curves 

obtained were converted to extent of reaction (tt) versus t ime curves and 

typica l curve is shown in Figure 7,15, 

1 {Gc!L-, 
( (Tb) c 0.8 

0 -u 0.6 • ! • -0 - 0.4 

I c • -< w 0.2 

0 
0 10 20 30 40 50 60 

Time I min 

Figure 7.15 : Typical (1 versus time curves for the decomposition of Gd1 (a t 

235 "e) and Tb1 (at 2375 eel 
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The (l versus time curves for Gd1 compounds were best described by the one 

dimensiona l diffusion equation (f(a) = (/) over an ,,-range of 0 05-0.95 and 

the rate constants, k""". were derived 3 The semilogarithmic plots of In 1<00, 

versus 1000 KIT are shown in Figure 7.16(a) and yielded activation energy of 

106.3 kJ .mor 

Figure 7. 16(a): 

"""'KIT 
4.' (')1 
-4.5 -, , , 
" f " 1.96 1.98 I _3.9 

The semilogarithmic plots of In Koo, versus 1000 KIT for 

Gd1 ofthe decomposition step 

The a versus time curves for Tb1 compounds were best descri bed by the 

contracting volume equation . [1_(1 _u.)"3], over an u.-range of 0.05-0.95 and 

the rate constants koo" were derived J The semi logarithmic plots of In koM 

versus 1000 KIT are shown in Figure 7.16 (b) and yielded activation energies 

of 50.8 kJ .mol-' . 

Figure 7. 16(b)' 

1000KJT 
·5.2 ,--:------

(b) 

_5. 1 

j 
~, 

4.' 
1.92 1.94 1.96 

4.' 

The sem iloga rithm ic plots of In Koo, versus 1000 KIT for 

Tb1 of the decomposit ion step. 

'" 
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Gd2 and TI2 

Table 7.7 Crystal Data and Refinement Parameters of Gd2 and T12. 

Mol.cular Formula 
Gd,(NQ,lo(C"H,N; O,) , . Tl,(NO,}.(t"H.N,O,) I . 

2CK,CI, 2CK,CI, 
--·-·-·----·--f - - -Formula .... eight (g.mo!" ) 1420.96 , 1515.22 

-- - -
TemP"'fature (K) '" '" Wavelef,~th (A) 

------ -
0.71073 071073 

--
Crystal System Triclinic TroeJjmc 

-
Space Group PI PI , - - -,,(A)--- .. ------.- - . _ .. -

I , 80460(1) 61)43 (2) , , 
b (A) I 11.6002(1) , 11.687(2) 

- - .- -
c (A) I 130803 (21 13.079 (3) 

-on 86,5445 (5) 86.51 (3) 
---- --- _._. 

f!(") 79.7811 (5) 79.63 (3) 
_._ .. - - -- r (0) 78.7490 (6) 7875 (3) 

Volume (A ) 1187.12(3) 11663(4) 
- , 1 1 

- -
Calculated Densjjy (g em' 1 19873 2.121 

- --I' (mm' J 3.093 7 107 
- ._.- - - --

F (000) '" '" - - -
Crystal Size (mm) 004xO.l0xOl0 008xO.l0 xO.1 5 

- -o Ran~e Scanned n 102 2788 1.6-2748 
_. __ ._._._.-

-10<h<10, -15<k<15, -10<h<10,-15<k< 
Irldex Ra"ge 

-17<1<17 " -16<1< 16 
t-- ------------ , - . _._._---

No. ReflectlOOs Collected I 42216 35318 
--_._-

No. Un K1ue ReflectOon~ 1 ffi" "" , 
-- - -

Data completeness (%) 
I 

100 0 100.0 
--_.-

Refin ement Method I Fu ll-matr'lx l.S on F' FUll-matrix LS on F' , 
Dala 1 Restraints I Pa ramele<" 5650101335 53<17101319 

._.- . -
Goodness-ol-lilon P 1,076 1 11 9 
-_.- ._--

Final R Ind ice~ [1>2a(J)1 0.0251,0,0485 00358,01026 

R Indices (all datal 0,0346, 0,0507 I 0.0422,01068 
I 

Lar~';:i DiffP;;a'kilndHoie (eA"'1 
-- - - I O.M. -0.61 138. -0.71 , 

- -

'" 
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Gd2 and 112 are isostructural, so their description will mainly be outlined with 

reference to Gd2 , but crystallographic interactions will be tabulated for both. 

Solving the structure in P 1, with two molecules in the un it cell, revealed a Gd 

ion coordinated to three nitrate counterions and three half bpdo ligands 

resulting in irregu lar octahedral coordination geometry. The bpdo lies on a 

centre of inversion, -1, at Wyckoff position a while metal is located on a 

general position. Figure 717(a) and (b) shows the labeled asymmetric unit for 

Gd2 and T12, respectively, Figure 7.17(b) shows the pyridyl 0 atoms 09 and 

016 disordered over two positions, with the site-occupancy factors of 

0,60:0.40; these disordered atoms were refined isotropically. Neither Gd2 or 

Gd3 showed the same disorder. 

The bond lengths of Gd-O(NOi) range from 2.466 A - 2 505 A (2.467 A -

2 505 A for T12) and Gd-O(bpdo) is 2 322 A - 2,355 A (2 320 A - 2,350 A for 

T12) Full bond length data is given in the Appendix 

"', 

(.) Jb) 

Figure 7.17: The asymmetric unit of Gd2 and TI2 structure Displacement 

ellipsoids are drawn at 50% probability level H atoms have been 

omitted for clarity. Both components are shown for the 

disordered atoms in T12. 

--,-----
~, 
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This compound comprises a ladder-shaped coordination polymer (Figure 

7.18): forming channels which accommodate CH2Ch guest molecules as 

shown in Figure 7 19. Bridging bpdo ligands form both the upright and the 

rungs of the ladder. while all the nitrate ligarxJs are bidentate, giving nine­

coordinated Gd atom The upright bpdo ligand rings are twisted by 37.75". but 

those in the rungs are co-planar. 

, )-1\ , 
, )-1\. 

>--, -{ '-, 
~ i ~ , 

l' 1 • 
'\. , 

--< h , .. 
. 

cr'- ').I-Z--< 
" 

Figure 7.18: The ladder polymeric structure. Solvent molecules are not 

shown. 

The guest position is stabil ised by weak hydrogen bonds to polymer nitrate 0 

atoms (detailed in Table 79) while the ladder-shaped polymer chains stack 

above one another. also stabilised by C- H --0 hydrogen bonds (Table 7 .9) . 

Figure 7.19: Packing diagrams for Gd2 viewed along [100], represented by 

van der Waals radi i. (a) CH2CI2 molecules are not shown. (b) 

shows guest motecules resided in the channels. 

'" 
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Figure 7.20 illustrates the .'/" interactions and details are given in Table 7.10_ 

Figure 7.20: .'/" interactions in Gd2 

Table 7.9 Hydrogen bonding interactions in Gd2 and TI2 compounds 
, 

O-H (A) 

-- - -
Gd2 

-
C(IA) H(IA) ··0(28) 0.98 

- - -- ----
C(IA}-H(lA}· -0(29) 0.98 

:'-C-(1A)-H(2A) --0(2-4 ) 0_98 

:---C(5}"':-H(5) --0(32) 0_94 
-

C(7)-H(7) .. 0(16) 0_94 
- -

C(11}-H(11) ,,0(27) 0.9-4 
-

m , 

~(1-A}-H(lA) .. 0(28) 0.98 
-

C(lA} H(2A) .. ·0(24) 0.98 
- - - - - --

C( 1 A)-H (2A) .. ·0(25) , 0.98 
- -

C(4}-H(4)· .. 0 (23) 094 
-

C (12}-H (12).--0(32) 094 
--C(14)-H(14)- ·0(16A) 0.94 

-

D ... ~ _(l~ _l_ ~H"'_~~. ) I Symmetry 0 
- p_e~~~_~ 

3.153 (-4) 122 

3_368 (4) 137 
- . - ---

3.297 (5) 143 , 
- r ---

3.128 (3) 120 
, --

3.332 (3) 148 

3107(3) 128 
-

-- -
i 3.292(11) 143 

3.148 (9) 122 

, 3.362 (9) 137 
-

3100(7) , 129 
- , -

3.119(8) 120 
, -

3.260(17) . 144 
- .. 

-

, , 

,--
-

-

, 
, 

-2-)[, -y, 

-2-)[, -yo 

)[, -1+y 

-1-)[,-y 

k 

1-, 

-1-)[,I-y, 

1-;.)[, y, 

.. 1 ,-1 

-)[-;.1, -y,-
-

-)[+1, -y,-

.. 1 , 
)[+1, -yo 

-)[+1, -y+ 1, -z 
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Table 7.10: .T interactions in Gd2and Tl2 compounds. 

Diatilnce Symmetry operiltor 
----- - - - - ---------- r - -- ---- -

Gd2 
------------- - - - -- - - -------

'Cg{N17-C22) --Cg{N 17-C22) 3.925 (1) -1-x. 1-y, 1-z 

C(15)--H(15)···Cg{N3 C8) , 3_183 x, y, z , 
- - - - - - - ----- -----

C(18}-H{18)·,·Cg(N17-C22) 3.233 -1-x, 1-y, 1-z 
f--- -- -

N (26)-0(24 )---Cg(N3-C 8) 3.868 (4) -2-x. 1-y. -z 

N(34) 0(32) --Cg{N 1 0 C15) 3_730 (3) x, y, z 

TI2 , 

Cg{N17 C22) .. ·Cg{N17-C22) , 3_925 (3) 1-x, 1-y, 1-z 

r-- -C(22)-H(7) ... Cg(N17-C22)- I 
-------- ------

3.247 1-x, 1-y, 1-z 

c-- - ---, 
C(8)-H(9)-··Cg{N 1 O-C 15) 3.169 x, y, z 
- - ----- ---------------- 1--3.870 -(9)- - ---

N(30)- O{28)---Cg(N10-C15) -x,l-y,-z 

N(34) 0(32)·--Cg{N3 C8) 3_730 (6) x, y, z 

• , Cg - flng centroid 

Thermal analysis 

The TG traces for Gd2 and TI2 are shown in Fig ure 7.21{a) and (b) 

respect ively_ Region A in Fig ure 721{a) occurs over a wide temperature 

range and it is due to loss of CH,CI, guest mOlecule Experimental and 

calcu lated mass losses for Gd2 and TI2 are given in Table 7 11_ Endotherm A 

in the DSC trace corresponds to region A of the TG trace_ Exotherm B may be 

due to rearrangement of a compound . This exotherm could not be confirmed 

by the TG trace DSC onset temperatures are summarised in Table 7.11. TG 

and DSC runs were perfon11ed up until 300"C . At higher temperatures. 

complete decomposil ion of ti1e compound causes the DSC sample pan to 

distort and result in an instrumenta l error. In Figure 7_21(b), the TG shows a 

two step mass loss_ The first step is due to CH2CI2 loss whi le the second loss 

is attributed to compound decomposition_ DSC was not done due to 

inadequate sample being avai lable_ 

-----------,265 -
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100 -:;:;~:====iIIC--A=::::A:------1 
TG ~. _ __ . 

~ --------------20 . DSS-_~-,-
o (a) 

" 
Temperature I · C 

'00 
'G 

'"" 

'" 
90 ~ 

'" , £ 
'" -I 

'" 

..... _- ----.. , 
E .. 
I '" 

, 

" 
" 

(bl 

'" ." B" '"" 
Temperature I 'c 

Figure 7.21 : TG and DSC traces for (a) Gd2 and (b) TI2 

Table 7. 11 : Thermal analysis resu lts 
- ---------

TG Resu lts DSC Results 

Compou ndi Calc. % mas~ r~:xp~ % mns Ton (' C) T~n( ·C) 

loll lOll , Peak A Peak B 
-... -. - , 

~ 

11.96 I 12.31 112.2 2!>4.7 
. . ~ 

11.24 10.78 - -
Gd2 l r---'T"'''C--
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Hot stage microscopy 

The crystal of Gd2 and TI2 complexes were observed during thermal decay 

using the hot stage microscopy The photographs for thermal events are 

shown in Figure 7.22{a} and (b) 

Figure 7.22(a), Thermal decomposition for Gd2 compound. 

Photographs; (a) crystal at room temperature. (b) bubble is observed which 

depicts loss of CH2C," solvent, (e) crystal starts to lose bpdo, (d) bubbling 

continues until the color changes to brown, (e) complete decomposition of the 

compound 

Figure 7.22(b) Thermal decay for TI2 compound 

The thermal decomposition for TI2 is comparable to Gd2. Photographs (a) 

crystal stable at 40.2 ce , (b) loss of CH,CI, solvent depicted by bubbles. (e) 

loss of bpdo, (e) complete decomposit ion of the compound, 
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Gd3 

Table 7.12 Crystal Data and Refinement Parameters of Gd3. 
-

Molltculou Formula Gd,(NO J). (C ,QH, N.O.)]· 2CHCh I 
Formula weight (9,;"or1 148984 1 • - - - - - ---------

Temperature (K) 113 

Wavelength (A) 
_._--

0_71073 , 
-- ---- 1 

Crystal System Triclinic 
-

Space Group PI 
------- -- ~ - ------;(Aj --- - ---

7,9982 (1) 
- ~ - ------ ---- - -

b tA) 11,8988 (2) · . 
c (A) 

-- -- -
13.1536 (2) 

- · - - -
a (0) 82,7069 (6) 

(I (") l 80,0802 (6) 
------- ------ j 
,(O) 81 0247 (9) 

- -- -- - [1 -------- - -- - - - - - - -
Volume (A ) 1211_54 (3) 

--
Z 1 

Calculated Densrty (g,cm- ) 2,0417 
- ,I (mm") 3,142 

- - -- -
F (000) 724 

- ----------------
• Crystal Size (mm) 0.04 x 0_02 x 0_20 

- -
B Range Scanned (') 1_02 27.48 

- -
Index Range -10<h<10, -15<k<15, -17< 1<16 

No Reflections Collected 

No_ Unique Reflections 
- -

Data completeness (%) 
-----

Refinement Method • 
- - -

Data / Restraints / Parameters 

Goodness-of-fi t on P , 
- - -------

• Final R~n_dlces [1>20(1)J 

~dices (al l data) 

~rgest Oif{ Peak and Hole (eA)) 

, 

, .. 

10192 
- -

5490 
-

99,6 

Fu ll-matrix L_S _ on F2 

5490101344 

1_040 

0,0204, ° 0448 

o 0243, 0 0458 

0,50, -0,81 

1 

--, 

1 

1 

I 

1 
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Gd3 is isostructural to Gd2 and T12. Hydrogen bonding and ;r interactions in 

all these compounds are comparable. The only difference is that the included 

guest for Gd3 is CHCb The bpdo lies on a centre of inversion , -1, at Wyckoff 

position d. The asymmetric unit of Gd3 is shown in Figure 7.23 Similarly, Gd3 

comprises the ladder shape which forms channels where solvent reside 

(Figure 7.24). 

Figure 7.23 The asymmetric unit of Gd3 structure. Displacement ellipsoids 

are drawn at 50% probability level. H atoms have been omitted 

for clarity. 

Figure 7.24: Packing diagrams for Gd3 viewed along [100] showing CHCI3 

molecules residing in channels Guests are represented by van 

der Waals radii 

'" 
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The H bond geometry and ;,- interactions are detailed in Table 7_13 al1d 7.14, 

respectively_ 

Table 7.13: Hydrogen bonding details in Gd3compound 

D H(A) D· .. A (A) D-H'''A (0) Symmetry op.rator 

, 

--- -- - -- --- - -------- -
C(1A) H(IA)···0(2B) 1.00 3.3B7 (3) 

- -
C( 1 A)-H (1 A)--.O(29) 1.00 3,170 (3) , 

- ----
C(4)-H(4)---O(29) 0_95 3030 (3) I , 

• 
C(12) H(12) .. O(24) 095 1 3331(3) 

C(14}-H(14) 0"-,,0(24} ! 0.95 3.342 (3) 
-~- - - - - - ---

C(IS) H(15) ·O(30} 0,95 3.050 (3) 
-

C(19)-H(19)---O(2) 0_95 3253 (3) 

0.95 3.132(3) 
- . 

C(21 )-H(21 )···0(25) 1 ______ • _____ 

Table 7.14 1f interaction details. 

~Cg(N3-CB)· 

N(23)-O(21) 

N(23)-O(21) 

--------
. Cg(N3-C8) 

--
.. Cg(Nl0-C15) 

- -
---Cg(N17-C22) 

i Di,tanc. 
- -
3.854 (1) 

3,269 (2) 

3 109(2) 

162 -l-x, -'I. l-z 
. - ---- ---

133 -1-)(, -'I. l-z 

110 1+)(,Y,z 

142 -)(, -'I, -z 

141 -)(, -'I, -z 

136 1+)(, 'I, Z 

134 -x, 1-'1, -z 
- -

136 
• 

-x, -'I, -z , 

S~rn~_e_~ oPe-ritOr'J . 
-)(,1-y.l-z 

•. 1 'I, -z 
----l-x, 1-y,-z 

,. ------- - ---

! I N(27)-O(25) -.. Cg(Nl0-C15) 3.641 
. ---

(2) x, 'I , z 

Thermal analysis 

TG trace showed a NYo step mass losses (Figure 725)_ The first step mass 

loss is attributed to loss of CHCI3 Experimental and calculated mass losses of 

this step are given in Table 713 The second step mass loss is due to 

decomposition of the compound. The DSC trace showed endotherm A and B 

(Figure 725) Endotherm A corresponds to first step mass loss in TG trace 

Exotherm B may be due to rearrangement of a compound. This exotherm 

could not be confirmed by the TG trace_ DSC onset temperatures are 

.,.;;,---- - -------

-

-
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summarised in Table 7 15 DSC was run up unti l 300°C to avoid instrument 

problems on compound decomposit ion _ 

100 fTG-~ 
90 

" 90 --< --~ 
.~ 70 

~ ~ 60 /' 
D~ Endotherm 

50 .. t 
40 

30 80 130 100 230 

Temperature I °c 

;( 
E'oth . "" 

I 

280 

, 

90 

90 ~ 
E 

-~ 50 

330 

Figure 7.25: TG and DSC traces for Gd3 compound 

Table 7. 13: Thermal analysis results 
---- - . 

TG Resu lts DSC R_ults 
.. -

Compound Calc. % mass I Exp. % mass T <>II (OC) T .... (OC) 

1M. IOS5 Peak A Peak B 
------

Gdl 16_00 15_95 109_7 271.9 
. .. 
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Hot stage microscopy 

Gd3 was observed during thermal decomposition using hot stage microscopy. 

The photographs for thermal events are shown in Figure 7.26 . 

Figure 7.26: Thermal decomposition for Gd3 compound 

Photographs; (a) crystal at room temperature, (b) crystal became opaque 

demonstrating loss of CHCI3 solvent, (c) opaque color intensified due to loss 

of bpdo, (d) decomposition of the compound 

... 
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Isostructu ra I ity 

Gd2. Gd3 and TI2 coordination polymers are isostructural with respect to their 

similar moleclJlar shape. unit cetl parameters and atomic coordinates as 

shown in Tabte 7.7 and 7,12, 

FiglJre 7 27 shows packed diagrams of Gd2, Gd3 and Tt2 viewed atong [001], 

showing packing similarities in these compounds 

Figure 7.27: Packing diagrams for (a) Gd2, (b) Tl2 and (c) Gd3 are viewed 

along [DOll . GlJest moleclJles are represented by \Ian der Waals 

radii. 

The channels for Gd2 were exami ned lJsing the program SECTION,~ which 

was lJsed to view sections through the unit cell atong [100]. Sections are 

illustrated in Figure 7.28 with guest moleclJles omitted for clarity GlJests in 

Gd2 (similar for Gd3 and T12) are found in hour glass channels running 

parallel to [100] , The top and bottom diameter ofthe glass is abOlJt 3 3 A while 

the middle is 2.9 A. The coordinated nitrate ligands penetrate into the 

channels and are accountable for narrowing the channels The length of the 

cavity is 8 18 A. 

- - --·---------~'m" 
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(a) 0 A along [100] (b)4Aalong[100] (c)8Aalong]100J 

Figure 7.28 : SECTION of Gd2 with guest molecules omitted and host 

molecules represented by grey areas; viewed along [100J with 

the unit cell sectioned at (a) 0 A (b) 4 A showing channels 

narrowing and (e) 8 A The channel position is Showed in green 

Kinetics of desorption 

Kinetics of desorption of Gd2 and Gd3 were analysed by carrying out a series 

of isothermal TG experiments for the first step mass loss. 

Isothermal TG experiments were carried out over the temperature range 165· 

205"C at intervals of 5°C for both compounds The mass loss versus t ime 

curves obtained were converted \0 extent of reaction (<1) versus time curves 

and a typical curve is shown in Figure 7.29 . The a versus time curves for Gd2 

and Gd3 were both best described by the three dimensional equation . (1(,,) " 

[l -(I -u:)"'] ' ) over a a.-range of 0.05-0 95 and the rate constants, koo., were 

derived . J The semilogarithmic plots of In k_ versus 1000 KIT are shown in 

Figure 7.30 [(a) and (b)] and yielded activation energies of 9.8 and 11 7 

kJ .mor· . respectively. Kinetics parameters are summarised in Table 713. 
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Figure 7.29 Typical Ct versus time curve for the desolvation of Gd3 at 

180 "C. 
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4.' 4.' 

Figure 7.30 : The semilogari thmic plots of In Ko" versus 1000 KIT for (a) Gd2 

and (b) Gd3 of the desolvation mass loss step 

Table 7.13 Kinetic parameters for desolvation of Gd2 and Gd3 
, ~ Coordination Temperature T- - AI ph. Kinetic 

Ea (kJ.mor1) 
Polymer range (OC) , equation range . ---,------

- f(Ct)=O[ 1 ~(1-cr.}1"1" -
Gd' 165 190 , 0,05 0,95 9.8 

GdJ 165 205 I 005095 , f(Ct)-[1_(1,,)1IT 11 7 
- -- -
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Discussion and conclusion 

Gd1, Tb1 and TI1 are isostructural. They all show a common diso rder of 

methanol and a nitrate ligand over two positions with site occupancy factors of 

0,50. The methanol ligand is coordinated to the metal centre The construction 

of Gd(III). Tb(lIl) and TI(III) coordination polymers using bpdo as a bridging 

ligand resulted in crystal structures that are analogues to the Tb(III) 

compounds reported by Long el aiL TI(III) carries structure characteristics 

which are similar to those of lanthanides. Thermal stability elemental 

analyses and PXRD were petiormed and the structures have been elucidated 

by single crystal diffractometry. Kinetics of decomposition for Gdl and Tb1 

were investigated Activation energy lor Tb1 is lower than that of Gd1 

Gd2, Gd3 and TI2 are isostructural. Crystal structures prepared are 

analogues to the Tb(lll) compounds reported by Long et aI.' Thermal stabi lity, 

elemental analyses and PXRD were done and the structures have been 

elucidated by single crystal diffractometry. Kinetics of desolvation for Gd2 and 

Gd3 were investigated Both compounds are best described by the three 

dimensional equation , (I(a ) '" [1-(1-a) "~12 ) and yielded comparable activation 

energies, 

Kinetics of thermal dehydration and decomposition of some mixed metal 

oxalates.56 oxides and hydroxides. ' malonates.89 perchlorates 'O have been 

previously studied. Activation energies of these compounds ranged from 56-

1012 kJmor'. Galwey" surveyed over 400 kinetic studies on solid state and 

concluded that there is no characteristic magnitude for pre-exponential factor 

(A) for solid state reactions. It is clear that the host-guest desolvation 

reactions in Gd2 and Gd3 show relatively low activation energies, compared 

with decomposition of Gd1 and Tb1 and other metal-organic complexes12 , 

This could be due the fact that guest desolvation does not require the 

breaking of covalent bonds, but at most the breaking of hydrogen bonds. In 

addition, Gd2 and Gd3 compounds do not have traditional (strong) hydrogen 

bonding interactions 
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Notable advances have been made to construct lanthanide coordination 

polymers using bpdo.~·3-~9 These compounds are coordination polymers and 

mostly open frameworks which accommodate guest molecules in their 

channels. Interestingly. Hill et al recently reported four unique 2D 

bilayer networks, {[la(bpdoMN03h]}~ (1), {[Yb(bpdoh(CF3S03h]}~ (2). 

{[Er(bpdO)5](13h(bpdo)d MeOH)}M (3) , [la(bpdo)4](CIO,h·CsHo·CH30H}M (4). 

{[la(bpdo)n (MeOHh (C 7H 11 CH~CO~)}~ (5) · 0 Compound 1 forms square grids 

(Figure 7 31) with neighboring grids interpenetrating into the voids. Compound 

2 - 5 accommodated guest molecules such CF3S03• 10, MeOH. H~O, CI04. 

CsH5CI and BPH4 into their networks. Gd2. Gd3 and TI2 have similar voids 

(ladder shapes) which are extended to 3 dimensions, with CH2CI~ and CHCI3 

guest molecules located in channels. 

Figure 7.31 View of a square grid of compound 1 13 

In th is thesis, two kinds of coordination polymers. zigzag and ladder shapes 

were obtained . Preparation of these compounds is dependent on selection of 

either methanol for zigzag shapes or ethanol for ladder shapes. both in 

conjunction with CH2CI2ICHCIJ. 
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(b) A coordination polymer of 

uranyl(VI) nitrate with bpdo. 

A compound of uranyl(VI) nitrate using bpdo was prepared by solvent 

evaporation The crystal structure has been refined and elucidated by single 

x-ray diffractometry. Thermal stability of this compound was examined by TG 

DSC and HSM. Microanalysis was done to determine elemental composition 

of the compound 

This is aID coordination polymer with adjacent chains connected through 

hydrogen bonding of guest water molecules and oxygens of the bpdo ligand. 

The polymer chains run irl parallel to (lOt). The compound forms channels 

which accommodates guest water molecules 

Crystallographic data. experimental and refinement parameters are given in 

Table 7.14. Final atomic coordinates, bond lengths and angles, torsion angles. 

thermal parameters and tables of observed and calculated structure factors 

for each of the crystal structure are given in the appendices. 

" , 
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Polymer preparation 

Crystals of suitable quality for data collection were prepared by slow 

evaporation at room temperature as described in Chapter 2. The uranyl(VI) 

nitrate was dissolved in methanol and mixed with an equal volume solulion of 

bpdo in methanol. The mixture was healed to 65 °C, filtered and allowed to 

crystallise at 5 "C 

The compound obtained is abbrevialed as follows: 

[UOANO JJ2(bpdo)]n ' 3H 20: U 

Microanalysis 

Experimental and calculated percenlages corresponded well 

Found : C, 19 33 H, 2 05: N, 8 68 

Calculaled C, 18.87, H 2.22, N 8.80 

PXRD 

Unfortunately. PXRD could not be performed as a very low yield of compound 

was oblained. 
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U crystallises in the space group C21c with four molecules in the unit cell The 

compound is an irregular octahedron (Figure 7.32) with two coordinated 

oxygens, two nitrate ligands and one bpdo ligand, The nitrate ligands are 

bidentatety coordinated forming eight·coordinate uranium. The U 0(2) bond 

distance is 1 770 A This bond distance corresponds well with literature value 

(1.763 A) ' U O(bpdo) and U--O(n itrate) bond length are 2.359 A and 2,537 A 

and they corresponded with well with literature values of 2329 A and 2 528 A 
respectively 

OPW) • 

• 
• 

Figure 7.32: Part of the polymeric chain structure of U showing the atom 

labeling Displacement ellipsoids are drawn at 50% probabil ity 

Atoms of the asymmetric unit are labeled 

This compound is a 1 D zigzag polymer (Figure 7.33) with polymer chains 

running parallel to (101) as shown in Figure 7.34. 

'" 
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Figure 7.33: The zigzag polymeric chain 

Figure 7.34 Packed molecules viewed along [010). showing polymer chains 

running In parallel to (101). Guest water molecules omitted for 

clarity 

The adjacent chains are connected through hydrogen bonding of guest water 

molecules and coordinated oxygens of the bpdo ligand (Figure 735), with 

01W 07(bpdo). 01W 02W and 01W 01W bond distances of 3014 A 
2742 A and 2782 A respectively Hydrogen bond details are given Table 

7,15 , Guest water molecule (02W) has a site occupancy factor of 0 5 (owing 

to its position on two-fold rotation axis, Wyckoff position e) while 01W has site 

occupancy factor of 1, Hence there are three guest water molecules per 

'" 



Univ
ers

ity
 of

 C
ap

e T
ow

n

i' 

Chapter 7 Lanthanides and actinides 

uranyl moeity_ The metal is positioned on a centre of inversion , - 1, at Wyckoff 

letter c. 

• 

, , 

.... -. 

, 
,. 

, , , 
, , 

Figure 7.35 Hydrogen bonding interactions 

Table 7.15: Hydrogen bonding details_ 
-----

D-H (A) D···A (A) 
--------

O(IW)' '0(7) i 3_014 
- - - - - ---

0(2W)- ·O(1W) 2_742 
- - - -- --- - - ----
C(10) H(10)"' 0(lW) 0_95 3.265 (5) 

----
C(12)-H(12)- 0(1W) 0.95 3.366 (4) 

. - - ---
C(13) --H(13)- -0(4) 0.95 3.133(4) 

.. 

01W- 01W 2.782 
- I-

'" 

, 

• 

j 

, , 

0 

--. 

• 

H···A (. ) 

142 
------

140 

139 

. -.. --

-- . --------
Symmetry operator 

x, y, z 

;!,-x, -;!,+Y, ;!,-z 
-_ ... -

-;!,+x, 'Ii-y, -'li+z 

'Ii-x, %+y, '1,..z 

, l +y, z 

., 2-y, -z 
.. -
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The compound forms channels in which guest water molecules are located as 

showrl in Figure 7.36. 

(a) (b) 

(e) 

Figure 7.36 : Packing diagram of U viewed along [001] (a) guest water 

molecules are not shown. (b) guest water molecules are shown 

by varl der Waals radii, (e) guest molecules (maroon) are 

residirlg irl chan riels. 
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The polymer chains do not interweave, but run in parallel to one another 

forming transverse planes as shown in FigLlre 7.37 . 

(el 

Figure 7.37: The polymer chains for U. (a) enclosed water molecLlles. (b) 

chains running in parallel to on another forming transverse 

planes. (c) demonstrates that polymer chains are not 

interweaving. 

The channels were examined using the program SECTION.' which was used 

to view sections through the unit cell along [001] The sections are iliLlstrated 

in Figure 7 38 (a-e) with the gLlest moleCLlles omitted for clarity. The channels 

have a shape which narrows and widens systematically forming sinusoidal 

shapes. with a maximum diameter of 6.46 A and a minimum diameter of 

3.45 A. 

'" 
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(a) 0 A along [DOl] (b) 3 A along [DOl] 

(e) 7 A along [DOl] (d) loA along [001] 

(e) 14 A along [001) 

Figure 7.38: SECTION of U with guest molecules omitted and host molecules 

represented by grey areas: viewed along [001] with the unit cell 

sectioned at 0 A. 3 A. (cl 7 A. 10 A and 14 A, respectively. 

Channels gave continuous sinusoidal shapes which 

encapsulates guest water molecules. The channel position is 

showed in green 

,,, 
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Thermal analysis 

The thermal analysis results of U are given in Table 7 16 and the TGIDSC 

traces are illustrated in Figure 7.39. 

-----

, 40 

>e" t ~ 
,G '\ 35 

'" .1 A 1:- • ~ /~-
, 

- 3<> • " I 
DSC ~--------...." , 

'" 1 • • ! " • • 40 

1 'i( 
, 

E ""ot"" ,m • • 
" 20 

B , Exo'"" ,m I 
-~~-

3<> '" n" >s" "" "" "" '" Temperature I "c _:J 
Figure 7.39: TG and DSC traces of U. 

TG trace shows a two-step mass loss The first step mass loss is attributed to 

loss of guest water molecules. This mass loss did not correspond with the 

calculated mass loss due to the Immediate loss when compound is removed 

from its mother liquor. The second mass loss is due to compound 

decomposition . The first step mass loss values are given in Table 7 16 DSC 

trace shows endotherm A (corresponds to water loss) and exotherm 8 

(compound decomposition) DSC onset temperatures for both thermal events 

are given Table 7.1 6 . 

Table 7.16: Thermal analysis results . 

Coordination 
TG Results-----" DSC Re--'-"~I .. - - --'l 

polymer 
Calc. % Exp. % 

mass loss mass loss 
. . . - .. -.---

U 8.49 5.48 

'" 

Ton (0G) 

Peak A 

51.2 
• 

Too (OC) 

Peak B 

366.9~ 
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Hot Stage Microscopy 

The thermal decay of the U crystal was observed by using the hot stage 

microscopy and the images are shown in Figure 7.40. 

Figure 7.40: The thermal decay for U complex. (a) crystal at room 

temperature, (b) crystal is sti ll stable. (e) bubbl ing due to loss of 

guest water molecules. (d) an intense yellow colour appeared 

due to loss of bpdo. (e) compound decomposition 

~--------

'" 
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Discussion and conclusion 

It appears that actinides are very resistant to form complexes with bpdo, A 

literature and CS014 (Version 5.27, November 2005) search revealed that no 

actinide complexes of bpdo have been reported , Moreover, only nine actinides 

complexes were reported using bpdo analogue, 4,4'-bipyridine (bpy) . 1 ~-' 1 This 

finding shows that more actinides research using bidentate ligands still need 

to be explored, Of the nine bpy actinide compounds, three are coordination 

polymers and six showed discrete compounds with 1-. 2- or 3D networks 

joined through supramolecular interactions. One interesting network contains 

two metals. nickel and uranium {[Ni2{H 2012 (QA12{bpy12Uo0 1.{H, O),(QAc) 

2H 20 (HOAc" acetic acid H2QA" quinolinic acid). 

In this study. U was synthesised and characterised by thermal analysis and 

the crystal structure has been elucidated using single crystal diffractometry 

This compound is a 10 zigzag shaped polymer with polymer chains running 

parallel to (lOt) Polymer chains do not interweave U forms sinusoidal 

channels which accommodates guest water molecules. 

'" 
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Final remarks 

The field of crystal engineering has developed rapidly in recent years and the 

design of complexes with novel topologies and functionality is of current 

interest. In this study, a number of metal-organic complexes have been 

prepared from commercially available materials. Their structures have been 

refined and elucidated using single x-ray diffractometry. Other various 

analytical techniques such as PXRO, thermal (OSC, HSM and TG) and 

elemental analyses were used to characterise the newly prepared crystalline 

complexes. 

The overall study demonstrated that coordination polymers of transition 

metals are not likely to form with bpdo. The complexes prepared were either 

non-porous frameworks or have channels or voids which accommodate 

various guest molecules. All these complexes are governed by hydrogen 

bonding networks and 1t ••• 1t interactions. 

Co(ll) shows a range of interesting complexes of different topologies, 

prepared while changing the router anion. This includes isostructural COX2 

(X=Br, CI) complexes with hydrogen bonding giving rise to organic-inorganic 

layers. In contrast, Col2 forms a high symmetry 3D supramolecular network. It 

was revealed that replacing I with NOs and S04 resulted in a network of 

hydrogen bonding interactions separating metal ions and organic regions. Six 

different CO{N03)2 complexes were obtained by crystallisations at various 

temperatures (278 K, 295 K - 298 K, 295 K, 298 K and 313 K) and using 

different solvent ratios. COX2 (X=Br, CI) complexes transformed into 10 

polymers which displayed voids occupied by guest water molecules. 

Co-grinding of CO(NOS)2 and bpdo constantly produced crystal structure 

[CO(H20)4(NOs)2] ·2(bpdo), CoN(E). 
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Crystal structures of Cu(II) and Pb(II) were different, despite the fact that they 

were prepared similarly. Cu(U) gave z-shaped discrete molecules which 

extends through supramolecular interaction to form channels accommodating 

OMSO solvents, while PbX2 (X=CI, Br and I) formed 20 coordination polymers 

with adjacent chains bridged by halides ligands in a sinusoidal shape. 

The study has also shown that using the same metal salt but employing 

different solvents and crystallisation methods can produce different crystal 

structures. This behaviour was demonstrated by ZnX2 (X=Br and SCN) 

compounds. Layering of ethanolic bpdo solution on top of CHCb/CH2CI2 

where the metal had been placed, but not dissolved, gave 20 coordination 

polymer (ZnB1) with metal centres linked by bpdo ligands. A replacement of 

bromide with thiocynate afforded a zigzag chain coordination polymer (ZnN) 

with adjacent chains connected by hydrogen bonding. The compound forms 

cavities which encapsulated guest water molecules. 

Solvent evaporation produced two different crystal structures (ZnB2 and 

ZnB3). In each crystal structure, two Zn ions have different coordination 

geometries: octahedral and tetrahedral. Both compounds form channels 

where bpdo guest molecules reside. 

Crystal structures of gold complexes reported in this thesis revealed that the 

dipyridyl molecules are protonated. Bpdo was protonated on one end, while 

BPE and OPE are on both terminals. Protonation induced hydrogen bonding 

between dipyridyl molecules forming supramolecular chains. The structure is 

stabilised by interionic interactions, Au" ·CI. 

Generally, lanthanides and actinides have shown resistance in forming novel 

hybrid organic-inorganic materials. Synthesis of lanthanides polymers using 

methanol afforded disordered zigzag polymer, while ethanol produced ladder 

shaped polymer with channels accommodating CHCb/CH2CI2 solvents. 

Kinetics of decomposition for Gd1 and Tb1 gave activation energies of 106.3 

kJ.mor1 and 50.8 kJ.mor1
, respectively. Both compounds are isostructural 

and based on diffusion mechanisms, 01 and 03. Kinetics of desolvation for 
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Gd2 and Gd3 gave activation energies of 9.8 kJ.mor1 and 11.7 kJ.mor', 

respectively and are both based on 03 diffusion mechanism. 

A 10 zigzag chain of uranyl nitrate has been synthesised by solvent 

evaporation. The compound formed channels which accommodate guest 

water molecules. To our knowledge, this compound is the first of its kind. 

This thesis therefore makes a contribution to coordination chemistry, kinetics, 

structural studies and interactions, and thermodynamics of organic-inorganic 

hybrid materials. Such studies are of significant importance to understand 

dynamics and stability of crystal structures and what they can be utilised for. 

Crystal structure refinement and elucidation have allowed us to analyse the 

strengths and directions of the intermolecular interactions of various organic­

inorganic compounds. It remains impossible to predict all but the simplest 

crystal structures 1 and this study have confirmed that fact. Nonetheless, this 

study can contribute to the understanding of which crystal structures form and 

what can be done to improve crystallisation and design of novel compounds. 

It has contributed to crystal engineering and structural chemistry of inorganic 

coordination complexes. 

It is hoped that contribution of the work done in this thesis will contribute to 

new research avenues which will add to the principles of crystal engineering . 

....... 
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