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Abstract

Title : Crystal engineering of novel organic-inorganic
compounds of N and O-donor dipyridyl ligands

Author : Lesego J. Moitsheki

Date : 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 (DPE)). Compounds prepared were
characterised by x-ray diffractometry. Thermal analysis (thermogravimetry
(TG), differential scanning calorimetry (DSC) 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 2D or 3D network by means of supramolecular interactions.

An interesting study was demonstrated by Co(NO;), metal salt. Six different
Co(NO3); 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.




Abbreviations and symbols

o Angle between b and c unit cell vectors
or extent of reaction

B Angle between a and c unit cell vectors

¥ Angle between a and b unit cell vectors

A Arrhenius pre-exponential factor

bp Boiling point

CSD Cambridge Structural Database

DSC Differential scanning calorimetry

Ea Activation energy

EtOH Ethanol

F Structure factor

F (000) Number of electrons in the unit cell

HSM Hot stage microscopy

k Rate constant

MeOH Methanol

mp Meiting point

M, Molecular mass

1D One dimensional

2D Two dimensional

3D Three dimensional

R Gas constant = 8.314 J.K".mol”

SBU Secondary building units

Ton Onset temperature

TG Thermogravimetry

u Isotropic or anisotropic displacement parameter

\Y% Unit cell volume

Z Number of formula units in the unit cell
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Chapter 1 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.” — JW Steed,
Encyclopaedia of Supramolecular Chemistry, 2004, 2, 1401.

Jean-Marie Lehn' (1978) introduced the concept and expression
“supramolecular chemistry” and defined it as being ‘concermned 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”? The discovery of the chlorine clathrate hydrate [Cl; -
6H,0] by Davy® 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
1996* and the two volume ‘Encyclopaedia of Supramolecular Chemistry’
published in 2004.% Much recent work is now focused on ‘Crystal Engineering’
defined as the area of supramolecular chemistry devoted to the controlied
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. 42

The networks designed include diamondoid,5”'>'® bilayer,''® brick wall,?°

7172023 ractangular grids,?*%%%¢ square

helices,?’ honeycomb,?? ladder,
grids?’3® and triangular grids.3* The idea is to construct compounds which
carry advantages of both organic and inorganic substances.”® 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, n-interactions and other molecular

interactions which are collectively named as “supramolecular synthons”.
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Supramolecular synthons

G.R. Desiraju 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”.®® The term synthon was initially introduced by
Corey in 1967, in the context of organic chemical reactions.

Surprisingly, the subject of hydrogen bonding is still under debate and a
definition has been controversial over the years. Desiraju® 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.’® 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, Cl, F, N, O) 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.>®

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), I---I, O--l, N--Cl, C--H, C---C and C-H-n. The
distance between the donor and acceptor atoms range from 2.2 A - 4.0 A with
a typical hydrogen bonded OO 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. %4

Intermolecular interactions which are specific to organic-inorganic hybrid

compounds were studied by Braga and co-workers.*"*?
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Gillion ef al.*® 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’-H,bipy)
and different metal halide anions, MX, (M = Pt, Pb, Pd, Zn, Co, Hg, Mn and
Cd; X = Cl and Br). 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(CsHCOOH,)
and [Co(CsH«COOH,J** 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.®4>4®

-7t interactions

Janiak**® carried out a geometrical analysis on n-n stacking in metal
complexes with aromatic nitrogen-containing ligands based on a Cambridge
Structural Database (CSD) search. The study revealed that a face-face n-n
alignment where most of the ring planes area overlaps was a rare
phenomenon. The usual n---n interaction is an offset or slipped stacking. n--n
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 n---xn in recent years can be noted,
but still few details are given. A study on the nature of n---n interaction using
an electrostatic model to explain the strong geometrical requirements for
interactions between aromatic molecules was performed on porphyrins.“”

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.%

{a) inaeganic Sgends

Halidas (F, CL Br.and 1} Cyanomstalists (ICHNT")

o) amuira) argenic ligands

t::s'“‘:g%%% K? g
YOO G ¢

) 96 % &

{3 wwinnio orgunic lgeedn cum ‘3

Figure1.1. Examples of linkers used as building blocks.*
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Literature and CSD®' (Version 5.27, November 2005) search revealed that
less research has been carried out on actinides and lanthanides using bpy,
BPE and/or DPE. 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 [H.bpy)?*. 7*7°

To the best of our knowledge based on the CSD,*' 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. %%

Ma et al.® have constructed Cu(ll) 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(ll) coordinated by six bpdo ligands [Cu(bpdo)e]*
and balanced by two uncoordinated perchlorate anions, while the trinuclear
compound is a Cu?* 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(H;0)e}** cation, two CI” and bpdo molecules,
and two crystal lattice water molecules. Ma®* also carried out some work on
Co(ll), Ni(ll), Cu(ll) and Zn(ll), but employing different preparation methods.
The crystal structures achieved were isostructural. An attempt with Fe(ll) and
Cd(ll) gave discrete ions of [M(HZO)s(bpdo)]z" and SO4* anions with four
water molecules of solvation.®® Their recent work on Mn(ll) and Co(ll)
produced a three dimensional hydrogen bonded diamondoid network with
metal centres bridged by double bpdo ligands.®
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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 metais.

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.>°

Most frequently used linkers are the neutral organic ligands such as pyrazine
(pyz) and bipyridine (bpy). A CSD®! search revealed that ~1500 and ~350
crystal structures including pyz and bpy respectively have been reported.
Charmant et al.%? have recently reported one dimensional coordination
polymers of Bi(SCeFs) using dipyridyl ligands which consist of five and six
coordination sites [Bi(SCeFs5)s(thf/dmf)(L),]; (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 [PbXa(bpy/pyz)ln (X = CI, Br, I)
resulted in 2D polymers with adjacent polymer chains bridged by halides.5*%

Most researchers often use transition metals as versatile connectors in the
preparation of coordination polymers. Hou and co-workers have recently
reported three Mn(ll) coordination polymers using bpy that show nonlinear

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

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




Chapter 1 Introduction

3.398 A.“® Similar kind of MM interaction with Ag-—-Ag = 3.175 A was also
reported.*’

In addition, more recent coordination polymers of bpy, pyrazine
1,2-bis(4-pyridyl)ethane (BPE) and 1,2-di(4-pyridyl)ethylene (DPE),%72 have
been reported.

28,30,33,58-63 7

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 Fujita® 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{9,10-bis(4-pyridyl)
anthracene}>(H20)]-2NO3},. Picture adopted from Kitangawa et

al. %
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Literature and CSD®' (Version 5.27, November 2005) search revealed that
less research has been carried out on actinides and lanthanides using bpy,
BPE and/or DPE. 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 [Habpy]?*. >7°

To the best of our knowledge based on the CSD,*' 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. 88

Ma ef al.* have constructed Cu(ll) 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(ll) coordinated by six bpdo ligands [Cu(bpdo)s]**
and balanced by two uncoordinated perchlorate anions, while the trinuclear
compound is a Cu®* 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)s]** cation, two CI" and bpdo molecules,
and two crystal lattice water molecules. Ma* also carried out some work on
Co(ll), Ni(ll), Cu(ll) and Zn(ll), but employing different preparation methods.
The crystal structures achieved were isostructural. An attempt with Fe(ll) and
Cd(ll) gave discrete ions of [M(H20)s(bpdo)]** and SO.* anions with four
water molecules of solvation.?® Their recent work on Mn(ll) and Co(ll)
produced a three dimensional hydrogen bonded diamondoid network with
metal centres bridged by double bpdo ligands.2®




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

compounds.®

Enviromentally unstable crystals which immediately lose solvent when
removed from mother liquor were obtained from mixture of methanolic
solutions of bpdo and Zn(SiFg): [Zn{MeOH).(bpdo)s)(SiFs)-3MeOH, while
Zn(NO3), produced a crystal structure that is composed of discrete
[Zn(bpdo)e]** cations and uncoordinated nitrate anions.®” Crystallisation of
Co(ll) gave a compound which is isostructural to that with Zn(NO3)..

M(NO3), (M = Co, Ni) crystal structures of the formula [M(NO3)2(H20]-(bpdo)s
were also reported.®

Long and co-workers’ constructed Tb(lll) 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 CH.Cl;, C.Cly and CH30H solvent molecules. They further
demonstrated that coordination polymers of various structural topologies can

be prepared with other lanthanide group metals.'"%°!

A novel one dimensional chain of Eu(lll) complex [Eux(BTA)(bpdo)], (BTA =

)92

benzoyltrifluoroacetone)™ 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,%! 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.%>% 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? Champness®® 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.*

11
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Figure 1.4: A selecticn of porpus functions demonstrated by porous

coordination polymers. =
By using the concept of SBUs, Rowsell and Yaghi®™® have constructed a series

of metal frameworks of different sizes, but the sames cubic topology, which

exhibit the desired functional properties (Figure 1.3).

12
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atoms of bpdo ligands was elucidated. The dimer showed an Eu--Eu

interation with distances of 4 26 A,

Ta aur knowledge and the CSD,*" no actinide metal-organic compounds using

bpdo have been reparted.

Other interesting coordination polymers of different ligands have been
previcusly reported. Amaongst others, coordination polymers of M(NCS); with
2-, 3- and 4-aminobenzonitrile [ABN) isomers, investigated by Vujovic et
al. "™ possesses different kinds of hydrogen bonding networks. In addition to
hydrogen bonded networks, the ABN iscmers 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 danors).

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? Champness™ has
written a review paper which 1s 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-crganic frameworks {(MOFs) as a new form of
rcbust porous materials constructed using secondary building units {SBUs).
3BUs are molecular units used as a basis for the design of highly porous
zedlite-like compounds with certain specific functions. Figure 1.4 shows a
selection of porous functions demonstrated by porous  coordination

polymers.”
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Figure 1.5: A series of 16 metal-organic framewaorks of the formula
Zn,O(L)s. 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. ™" These compounds
showed some strong potential as adsorbenis for argon (Ar) or nitrogen (N2
storage and sorption of organic vapors of CHaCls, CHCIs. CeHe, CCl:, CeHya

More waork on sorption of 4r, CQ;, N; gases and organic vapors was further

explored by Chui, '™ Li,"*® Barthelet. ™ Noro.'™ Maji'™ and co-workers.

Kondo ef al'™ reported a bilayer framewaork structure capable of reversible
adsorption of CHa, Nz and O; at ambient temperature. Recently, three
dimensignal metal complexes from copper dicarboxylates and
triethylenediamine which have an ideal porosity capable of high CH.
adsorption were synthesised, '™

Fossil fuels are a primary source of energy, but the production process
possesses several problems such as increasing level of pollution and low
conversion efficiency. Hydrogen-based fuel cells have emerged as the
possible alternative technology for mobile applications; hence hydrogen

108
I

storage and separation research is critical Atwood et a 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(n’-CsHs-1-CsH¢N)2] to prepare a series of mixed-metal

compounds with various transition metal salts.''®'%

The study of solid-solid reactions dates back to 1970, the year in which
Rastogi did some work on classification of solid state reactions.’®' in the solid
state, the reactant molecules cannot move freely as compared to other
phases, hence solid reactions are diffusion-controlled reactions. Toda,'?
Rothernberg'?® and their co-workers demonstrated that solid state reactions
can proceed to completion more efficiently than in solution.

Trask et al.'®* 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.'?® 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 = k, f (concentration of reactants and products)

where k, is the rate coefficient which is a function of temperature. k&, is

related to the temperature by the Arrhenius equation:

k, = Ae %' (or Lnk, =—E,/RT+1Ln A)

18
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E. is defined as the activation energy which reactant molecules must have in
order to react, while 4 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) — AB, (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:

a=(m; —m)/(m; —m;)

m, is the initial mass of the reactants, m, 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 (C), maximum rate of reaction (D),
deceleration period (E) and completion of the reaction (F).

4] time

Figure 1.7: The generalised isothermal a-time curve for a solid state reaction.
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The kinetic analysis of isothermal reactions involves attempting to relate the
expermentally measured o and t values with values predicted for a limited set
of models based on processes of nucleation and growth, diffusion or
geometrical progress of the reactant/product interface. The expressions
derived from these ideal geametrical models can all be wnitten in their integral

forms f(a) =4, as summarised in Table 1.1 e

Tabile 1.1: Broad classification of solid-state rate expressions.

Kinetic model L flaf=kt
B1 Prout-Tompkins L bfwd1-)]
Sigmoid A2 !-Wrami-EmféEif“mmh“gh Fintt-c]™ |
a-time curves A3 Avrami-Eroféey C g™
| A4 Avrami-Eraféey C [In(l-al
Acceleratory P1 power law y o
a-time curves |E1 exponentiat law | Ince
based on R2 contracting area E ey
geomaetrical models | R3 contracting volums Tl ew)™
D1 ore-dimensicnal .g o
based on diffusion | D2 two-dimensional (1=l T-cx)+ex
Deceleratory . : . :
mechanisms D3 three-dimensional PO e
a-time curves i
D4 Ginstling-Brounshtein © (1-2a/3)1-a)""
" F1 first crder | oInf 1-ct)
hased on "arder of ' ——
; . F2 second prder 111
reaction™ 5
| F3 third order [14{1-e)]"
1
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About this study

This study targeted the preparation of hybrid organic-inorganic compounds of
dipyridyl ligands (bpdo, BPE and DPE) using various metals. Most of this work
covers compounds prepared using bpdo. BPE and DPE were only used in
preparing gold complexes (Chapter 6). The aim was to prepare 1-, 2- and/or
3D 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(V1)), lanthanides (Tb(lll), Gd(lil)), transition (Co(ll), Cu(ll), Zn(ll),
Au(li)) and main group (TI(lll), Pb(ll)) 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, PXRD, 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 n---n 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.
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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 (DPE); 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.

e 3

Figure 2.1. Schematic diagrams of dipyridyl ligands. (a) 4,4’-bipyridine-N,N-
dioxide (bpdo), (b) 1,2-Bis(4-pyridyl) ethane (BPE) and (c) 1,2-
Di(4-pyridyl) ethylene (DPE).
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Table 2.1: Physical properties of chemicals used in synthesis.

licompuund . M. ig.mel} | bp{°C) mp {"C}" | DE"E"T*
formula . lg.em™)
" Metal salts : TS a1
Cobalt bromide CoBr; T . I 4909
Cobalt chioride CoCly BH,O 23793 | 10489 | 87 1.624
Cobalt iodide GCol; gl . =515 545
Cobalt nitrate Co(NO;).6H,0 29103 e 55-56 diga
Cobalt sulphate | Co(SO., 7H,O = 28110 735 96.8 2HE
Copper chloride CuCly 2H,0 170.48 992 8 100 | 254
| Gadolinium nitrate | Gd(NO), BH,0 451 34 i 51 2. 406
Gold chioride HIALC ) 339.49 = R 1.025
~ Lead chlpnde PbCI; | a7812” 950 501 585
 Lead bromide PbBr, o 916 373 BBB0
Ceadiodde  Pb, | 46001 g4 [PMEGE
Terbium nitrate | TH(NOs}y. 5H0 | 43502 : 293 = ;
| Thallium nitrate ~ THNO4):.3H,0 | 444.43 < | a0 -
Urany| nirate UONO:% BH.0 | 50213 = .
Zinc bromide ZnBr, - 22518 | @80 394 4201
 Zinc thiscynate ZniNCS}, 181.568 - & =
Ligands
12'5;:::““” C-3H-aN3 184,24 % 107110 | A
aAbpaane s i '
i CraHaN205 188.19 | 220
1'2':;::5::“” C:zHaoNz 182.23 150-153 i
Solvents
Carbon NN i
AR eGk 153 82 75 -23 1.59
Chlorobenzene CeHsCl 112 56 132 -45 1.107
~ Chloroform CHCI, SN 605615 (MEEREN — 148
Dichloromethane CH,Cl, 8443 | 39.8-40 a7 -
Dimeihylsulfoxide (CH S0 . 7813 189 15-19 110
Ethanol C,H;0 | 4607 78 114 0.79
Methanol CH4O 3204 645 68 079

* mp and bp measured at ?BDmrﬁHg, ** densitie

s measured at 25°C
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Syntheses of metal-organic complexes

(a) Cobalt complexes

(i) [Co(H20)e]Br: . 2(bpdo) . 2H,0 (CoB), [Co(H,0)e]Cl. . 2{bpdo) . 2H,0
(CoC), [Colx(H20)4] . 2(bpdo) (Col), [Co(H20)s(bpdo)(NO,)] NO; . bpdo .
H20 (CoN(A)), [Co(H20)2(bpdo)(NOs).] (CoN(B)), [Co2(H.0)s(bpdo).]
(NO3)4 . 4H,0 (CoN(C)), [Co(H20)s(bpdo)](NOs )2. H20 (CoN(D)),
[Co(H20)4(NO3)z] . 2(bpdo) (CoN(E)), [Co(bpdo)s)(NOs)2 (CoN(F)),
[Co(H20)s(bpdo)}SO, . 2H,0 (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)
CoBr, 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) CoCl..6H,0, 35.28 mg (0.10 mmol) Colz, 72.76 mg (0.25
mmol) Co(NO3)2.6H,0 and 70.24 mg (0.25 mmol) Co(S0,)2.7H20.

(ii) Using the same chemical quantities as in (i) above, temperature-and-
solvent dependent experiments for Co(NO;):.6H,0 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.

(ifi) [CoBra(bpdo)(H20)z1, - H20 (CoB-2) and [CoCly(bpdo)(Hz0): In - Hz0
(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.

{b) Lanthanide complexes

(i) [Gd(NO3)s(bpdo)CH3OH], (Gd1), [Tb(NO3)s(bpdo)CH3OH], (Tb1), and
[T1(NOa)s (bpdo)CH,OH], (TH1)

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(NO3)s. 6H,0 was placed at the bottom of a polytop vial covered
with 10 mL of CH2Clz, CHCI3, CgHsCl or CCly 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 Tl were prepared using 21.75 mg (0.05 mmol)
Th(NO;3)s.5H.0 and and 22.22 mg (0.05 mmol) TH{NO3)s. 3H,0.

(ii) [Gd(NO3)s(bpdo)ssin CHoCl2 (Gd2), [Gd(NOs)s(bpdo)s.eln CHCI; (Gd3)
and [TI(NOs);(bpdo)1.sl, CH2Cl: (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 CHxCl, or CHCI3 in which metal sait 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.

{c) Actinide complex

[UO2(NO3)z(bpdo)], . 2.5H20 (U)

502.13 mg (1.00 mmol) UQ2(NO3);.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

[Cu2Cly(bpdo)s(H20):](CH3):SO (CuC), PbBry(bpdo), (PbB), PbCly(bpdo),
(PbC) and Pblz(bpdo), (Pbl)

17.05 mg (0.10 mmol) CuCl,.2H,0 was placed at the bottom of polytop vials
covered with 5 mL of CH,Cl; or CHCl;. The metal salt does not fully dissolve.
A 5 mL solution of (CH3),SO 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) PbBra, 20.86 mg (0.10 mmol) PbCI; and 46.10 mg (0.10
mmol) Pbl.

(e) Gold complexes

H[AuCl,] . (bpdo) (Au1t), H[AuCls] . CI . (BPE) (Au2) and H2[AuCl] . CI.
(DPE) (Au3)

35.00 mg (0.18 mmol) bpdo was dissolved in 5§ mL methanol and layered
cautiously on top of a 3 mL H[AuCl] 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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{f) Zinc complexes

(i) Zn2Brs(bpdo); (ZnB1)

The compound was prepared by layering an ethanolic solution of bpdo (28.23
mg, 0.15 mmol) on top of 5mL CH.Cl; or CHCI; in which 22.52 mg (0.10
mmol) of ZnBr, had been placed (but not fully dissolved). The layers mixed
over several days at ambient temperature and colourless crystals grew at the
interface.

(i) [Zn3Bre(bpdo)s(H20),] - (bpdo) (ZnB2) and [Zn,Bri(bpdo){H.0)s] -
2(bpdo) - (H20) (ZnB3)

22.52 mg (0.10 mmol) ZnBr, 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)z(bpdo)(H20): - H20 (ZnB4)

Ethanolic solutions of Zn(NCS); (0.1 mmol, 2 mL) and bpdo (0.40 mmol,
4 mlL) 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 Stage 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™. The temperature was controlled by a Linkam CO600
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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Thermogravimetry (TG)

TG analyses for all compounds were performed on a Mettler Toledo
TGA/SDTA851e under Ny gas purging at flow rate of 30 mL/min. 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™ (20 °C min™ for Co(ll)
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™.

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
(AH = 28.5 J/g, m.p. = 156.6°C) and Zinc (AH = 102.1 J/g, 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 = KAH) 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™', with dry nitrogen as a purging gas at flow rate of
30 ml/min. 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 Mettler Toledo TGA/SDTA851e (described in TG
section above) with dry nitrogen gas purging at the flow rate of 30 mL min™.
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 (o) versus time curves. The curves
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obtained were fitted to various kinetic equations to determine the appropriate
models.® The extent of a reaction, a, is described by a = (m; — my) | (m; — my),
where m; is the initial mass of a compound and my is is the final mass, my 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 o-time data using the KINETIC
program.* The kinetic model for which the function, f(e), 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, H and S contents were calculated and
compared with the results obtained from microanalysis.

X-Ray Powder Diffraction (PXRD)

Single crystals were crushed and packed in Markréhrchen non-diffracting
glass capillaries supplied by Hilgenberg (Germany) prior to being mounted.
These samples were then mounted on a Huber D-83253 Imaging Plate
appliance fitted with a Guiner Camera 670, a Huber MC 8300 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 CuKo radiation (A = 1.5418 A). The display and manipulation of the
PXRD data thus generated were performed on a deskiop computer, which
was linked to the instrument. The samples were exposed to radiation for 60
minutes and multiscans of 10 times were used. The 28 range was truncated
from 5 to 40°.
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This technigue 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 HCI 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™.
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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 oil° and mounted on the glass fibre for
data collection at low temperatures using the Nonius Kappa-CCD
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-CCD diffractometer using
graphite-monochromated MoK, radiation (A=0.7107A) produced at 50 kV and
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 cm®min™". 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 COLLECT®
software. Intensity data, for all structures, were collected by the standard ¢
and w scan techniques and were scaled and reduced to using DENZO-SMN’
software. Accurate unit cell parameters were refined on all data.

All the structures were solved by direct methods using SHELXS-97.%
Equivalent reflections were merged and those with | < 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.? Differentiating between centro- and non-centrosymmetric
space groups with the same systematic absences was done by examining the
mean |E%1| values, where E is the normalized structure factor. If the |E>-1|
value is close to 0.968, the structure is centrosymmetric, whereas if it is close
to 0.736 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-97,® which
uses full-matrix least-squares minimisation of the function (Xw(F.>-kF.2)?). The
agreement between the observed (F,) and the calculated (F.) 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 R4 gives the agreement between measured and calculated
structure factor amplitudes for the refinement against F (see equation 1),
whereas the residual index wR; expresses the agreement between intensities
for the refinement against F? (see equation 2).

_2IFHE]

(1)

wR=\/ UL e

w is a default weighting scheme (represented by the SHELX command
WGHT) and was refined for each structure:

1
= 3
” o’F? +(aP) +bP @)
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max(0, 72 }+ 2F?
3

where P=

(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 F? (equation 5)

1

FZ __FZ 2

(_z__g___z] o
n-p

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-97° 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'® and were used for
further analysis of the structures.

= ConQuest'' program was used to search the Cambridge Structural
Database (CSD)"' for comparable structures to those presented in
this thesis.
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XPREP® was used to determine the space group and prepare the
SHELX input files.

X-SEED'® was used as a graphical interface for LAYER, SHELXS-97,
SHELXL-97, POV-RAY, LAZY PULVERIX and SECTION.

The LAYER'? 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 SECTION' 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
PULVERIX' 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-RAY",

SADABS Version 2.03'® was used to exploit data redundancy to
correct three-dimensional integrated data for errors due X-ray
absorption.
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»  The analysis of the crystal conformation, host-guest interactions and
other structural parameters was done using PLATON."”
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molecules to one dimensional

polymers. (B) temperature-and-

solvent-dependent study.




Chapter 3 gobalt complexes

This chapter is separated into two parts; (A) Anion dependent structural
diversity in cobalt (ll) complexes of bpdo and transformation of Co" to
one dimensional polymers, (B) temperature-and-solvent dependent
experiments. Part (A) describes the cobalt (Il) complexes with bpdo which
were prepared and characterised by XRD, thermal analysis and
microanalysis. Their topology and dimensionality depends on the counterion
used i.e. Br, CI', I, NO3 and (SO4)%. For Br and CI the structures are layered
inorganic/organic salts; I forms a 3D supramolecular network while both NOy”
and (S04 induce the formation of interdigitated fayer structures (with
different coordination spheres) with a hydrophilic region between the Co(ll)
ions. The nitrate structure undergoes a reversible order-disorder phase
transition at ca. 162 K. In ali prepared complexes, r..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 Brr and Cr
complexes, refined and elucidated in this study, which tend to transform into
1D polymer after the crystals were left to stand. Hydrogen bonding through a
guest water molecule joins the adjacent chains forming a 2D polymer sheet.

Part (B) describes different crystal structures of the Co(NO3); 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 1D coordination polymers (CoB-2 and

CoC-2) were formed.

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

follows:

[Co(H20)6]Br2 . 2(bpdo) . 2H0: CoB
[Co(H20)6]Cl2 . 2(bpdo) . 2H,0: CoC
[Col(H20)4] . 2(bpdo): Col
[Co(H20)a(bpdo)(NO3)] NO3 . bpdo . H,0: CoN(A)
[Co(Hz0)2(bpdo)(NO3)2]: CoN(B)
[Co2(H20)s(bpdo)2] (NO3)s . 4H,0: CoN(C)
[Co(H20)s(bpdo)}(NO; )2. H20: CoN(D)
[Co(H20)4(NO3);] . 2(bpdo): CoN(E)
[Co(bpdo)s}(NO3)2: CoN(F)
[Co(H20)s(bpdo)]SO, . 2H,0: CoS
CoBra(bpdo)(H20); - H20: CoB-2
CoCly(bpdo)(H20)2 - H20: 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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cobalt complexes

Microanalysis

Elemental analysis results are given in Table 3.1 and they corresponded well

with

the calculated elemeantal

mass percentages,

except

the minor

discrepancies observed in CoN(A) and CoN{E)} and CoC-2 which could be

due to the procedure followed in the preparation of the sample for analysis.

The experimental values agree with the stoichiometries found in refined

siruciures.

Table 3.1: Elemental analysis results for Cofll) complexes.
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 CoN(A) | 3701 | 308 1308| - 3805 | 383 1331 -
CoN(E) | 3709 | 349 1317 | -  38.05| 383 1331 -
CoN(F) | 5411 | 370 1373 | - 5493 | 369 1385 —
CoS |2546 | 504 584 | 685 2560 | 473 597 = 683
| CoB-2 | 2662 | 229 6.15 _ 2605 | 308 BuB | -
CoC-2 | 3012 | 367 | 6.51 - 3228 379 ‘ 7.53 ‘ =
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cobalt complexes

PART (A): Anion dependent structural diversity

in cobalt (II) complexes of bpdo

Structure solution and analysis

CoB and CoC
Table 3.2: Crystal data and refinement parameters of CoB and CoC.
! Molecular Formula [CD{I:I_;»in}E]Brz. [Co{HOIC; .
2{CoH:N.0) . 2H,0 2(CyoHsN; 02} . 2H,0
" Formula weight (g.mal '} 738.25 RN\
TE.‘I'I'I[JEFEtUI’E I:'K]l R R 113 1 13__.“-_- T
Wavelength (A1 071073 071073
Crystal System " Monoclinic Triclinic
 Space Group £2c i A1
gy T 10,3728 (2) 6.7328 (2]
b A 66329 (1) 102841 (3 |
(A 20.0945 (4) 108577 (3}
o A Nag 85.200 (1)
PG, 93366 (1) 70.023 {1)
¥ (%} g0 = 91,103 (1] '
i Wolume (A% 1378.58 (4 T ER0.21 (3
e - ; ey
© Calculated Density {g.cm”) 1781 e
T  apmm ) 3588 0882
Fioom) 746 337
 Crystal Size {mm) 0.20 x 0.20 x 0,28 005x007x0.12
i H-Fééﬁéé_écanned (= 20-2719 20 =257
Ind:.-:-x. -Feénge MA3<h=13 B=<k<8, | S Eh=1 1t=k- 12"
26 = | < 26 124|212
No. Reflections Collected : 22395 13981
No. Unique Reflections TR gEmsl - 2614
Dala completenass () 100,02 ! 99.8

" Final 8 Indices j>2a7/)]

Refinemant Method

Full-matnx L.5. on £

Full-matnx L.S. an F°

Dats | Restraints { Farameters

32a90 Q177

2614/0/178

Goodness-of-fit on &

1.1%1

1102

R Indices fall data]

0.0439, G117

01055, 2726

0.0505, 0.1140

01852, 03124

0.924, 3105

44

1436, -0.783
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The CoB compound crystallises in the monoclinic crystal system, in space
group P24/c, while CoC crystallised in the P 1 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.

BritA) ogrwm
@

o8
G945
S Jreian
o
L 7]
o

Figure 3.1: Perspective diagrams of CoB and CoC complexes, showing
thermal ellipsoid diagram drawn at 50% probability and atomic
labelling.

The [Co(H20)g]** 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)' and
0O-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 monaclinic crystal system, in space
group P2,/c. while CoC crystallised in the P 1 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.

ErAl  O(IWE!
TP

BritB) QA

i

L}

Coqtl

o)

o

‘411:-

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

thermal ellipsoid diagram drawn at 50% probability and atomic

labelling.

The {CG(HEO}E]E" ion in CoB has almost perfect octahedral symmetry {Figure
3.1). with Co-O distances 2.075 to 2.148 A ({literature valug 2.085 A}ﬂ and
O-Co-0O angles 87.35 to 92.65° In Col. Co-Q distances range from
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PART (A): Anion dependent structural diversity

in cobalt (lI) complexes of bpdo

Structure solution and analysis

CoB and CoC
Table 3.2: Crystal data and refinement parameters of CoB and CoC.
Maolecular Formula | teo(HO)l1Br: - [CaHOIC,:
2(CyHsN.O;} . 2H,0 2{CysH:N.C;) . 2H;0
Formula weight famel™ = 739.25 =  650.33
Tempetature (K] 112 e §
 Wavelength (A} 071073 o nT7I073 r
Crystal System Monochnic Triclinic
Space Group i P2 ] 21
2 (A 10,3728 (2) &.7228 (2)
b — e el TS
¢ (A} 20,0845 (4) 106677 {3)
@ ) : a0 85.200 (1)
PTE - 93 366 (1) 70.023 (1)
e oo 91.103 {1}
Volume (A7) 137858 (41 | £20.21 (3) ey
5o > : .
Calculaled Density (g cm""] 1.781 1,565
o {mm ) 3588 0.882
i F {300 746 337
Crystal Size {mrm} 0.20 % 020 x (.28 005 x0.07 x0.12
7 Range Scanned () 20-279 i T RO-2b7
“13=h=13, B=k=< g : B<ch= 7-12=k=12,
Index Range
26 <1 <26 q2<1=12
No. Reflections Caollectad 22395 13961
"~ Ho, Unigque Reflactions 3295 2614
[ata completeness (%) 100.0 -~ dog
Refinement Method i Fullmatrix LS. on P '''''' " Fullmatriz L5 on A& |
Data ! Restraints / Parameters 3295/ 0/ 177 : ‘sE14/0f178
Guodness-of-fit on F° A7 ' 1.102
Final & Indices i+ 2a11)] 0.0439. 01117 | 0.1065. 1.2736
F Indices (all data} 0.0505, 0 1140 01562, 13124
Largest Diff. Peak and Holele 4 ) 0.924, 3.105 1956, -0.783 '
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Microanalysis

Elemental analysis results are given in Table 3.1 and they corresponded well

with the calculated elemental mass percentages. except the minor
discrepancies cbserved in CoN(A) and CoN{E) and CaC-2 which could be
due to the procedure followed in the preparation of the sample for analysis.
The experimental values agree with the stoichiometries found in refined

structures,

Table 3.1: Elemental analysis results for Coftl) complexes.

| Complex Found % Calculated %
Ee wE et 4 DR NS C H N S
~ CoB 3238 | 388 757 ~ 3267 | 384 | 782
CoGC 3663 | 420 8.19 " 36.94 496 | 882 | -
Col | 3110| 3127708 | <~ ~3166 318 | .36 @ -
CoN(A) | 37.01 | 3.08 | 13.09 3805 383 | 1331 -
GONIE) | 37.00 ' 349 | 13177 - [E05RETEEEES S
CoN(F} 5411 370 | 1373, - 5403 | 369 1305 | -
© GoS 2546 504 | 584 | 685 2589 | 473 | 597 | 6.83
" CoB-2 | 2662 | 229 " 6.15 26.05 | 3.06 | 608 | - |
CoC:2 [ 3012 | 367 | 651 - | 3228 379 | 7,53 5
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Complex preparation

Part (A}, Crystals of suitable guality 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 1o stand on
an open bench. Within a week, new 1D coordination polymers (CoB-2 and

CoC-2) were formed,

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

follows:

[Co{H:0)|Br: . 2(bpdo) . 2H20: CoB
[Co(H:0}:]Cl: . 2(bpdo) . 2H20: CoC
[Cola{H;0}) . 2(bpdo): Col
[Co{H:Q}a(bpdo}NO:)} NO: . bpdo . H:O: CoN(A)
[Co{H:0)a(bpdo}{NOz}s): CoN(B)
[Coa(H20)s(bpdol;] (NO3)s - 4H0: CoN(C)
[Co{H:0)s{bpdo}](NQ4 )2 H:O: CoN(D)
[Co{H20)a{NO3s)2] . 2{bpdo}: CoN(E)
[Colbpdo)gl{NO:);: CoN(F)
[Co{HO0)s(bpdo)]S0O, . 2H:0: CoS
CoBrafbpdo)(H20); - Ha0: CoB-2
CoCla(bpdo}(H:20); - H,O: Col-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-0 angles 88.93 to 91.01% Full bond lengths and
angles are given in Appendix.

The structure consists of the two [Co(H.0)]*" cations bridged by two bpdo
maolecutes, which are held in place by hydragen bonds between the (bpdo)-N-
O-H O Co {hydrogen bonds are summarised in Table 3.3). The cobalt ion
lies on an inversion centre. Four of the coordinated water tigands are
occupied in these H-bonds to bpdo. The remaining two each engage in a H-
bond to a guest water motecule, which in turn, H-bonds to the bromide ion as

shown in Figure 3.2 and summarised in Table 3.3

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 water molecule are disordered
over two sites (site cccupancy factors: Bri1A and O1WA are 0.825; Br1B and
HMWB 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 that the
structure has the form of layered crganic-incrganic hybrid structure with
clearly defined zones of parallel stacked aromatic moieties. Adjacent bpdo
molecules stack to give offset o1 interactiens (detajls are shown in Table
3.4). Although CoC is not isostructural with CoB the H-bending and packing
motifs are almost identical with the cobalt ion again lying on an inversion
centre. The only difference between CoB and CoC is the twist angle in the

bpdo molecule which is 2.0% in this case. This is illustrated in Figure 3.3(b).
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The largest residual peak (1.936 e A™) 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 for.

e e e e

(b)

Figure 3.3: (a} Packing in CeB, showing layered inorganic/organic structure
viewed aicng [100]. (b) Packing in CoC along [10], illustrating

the similaritizs to (a).
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Table 3.3: Hydrogen bonding details in CoB and CoC crystal structure.

At

53



Chapter 3 cobalt complexes

Table 3.4: 7 interactions in the CoB and CoC crystal structures.

Distance : Symmetry operator
— e oo
*Cg(NS -C14}--Cg(Ng C14) 3793(2) | fa ety Yoz
7 08-Cg(N2-CT) | 3244 (4) 1-x, -Vaty, Ve-z
08 --Cg(N2-C7) 3.407 (4) 1-%, Vaty, Yoz
CoC Sl R
Cg(N2-C7) -Cg(N2-C7) 3.831 (5) | 1%y, 4-2
Cg(NZ C7)-Cg(N2-C7) 3.819(8) |  2x-y.}z
- O01--CgIN9-C14) 3372(6) | 1,y 1z
04--Cg(N9—-C14) 3.434 (5) 2-x.-y1-z

*Cg = ring centroid

Thermal Analysis

The TG and DSC traces of CoB and CoC are shown in Figure 3.4{ga) and (b)
and the resulis are summarised in the Table 3.5, The TG traces consist of
three step mass lasses. The first two mass |osses 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. This behaviour is shown in Figure 3.4. in both
compounds, the first and second mass losses were collectively atiributed to
the loss of both coordinated and lattice waters (Table 3.5). The third mass
logs shows the decomposition of the compound.

The D3C traces in Figure 3.4 show endothermic peaks lakelled A and B,
which corresponds to the loss of coordinated and guest water; onset
temnperatures {T..) for these peaks are given in Table 3.5 The third thermal
event {exothermic peaks) in each ¢ase indicates the loss of scme bpdo ligand
which then leads to exothemn D {decomposition). The onset temperatures are
detailed in Table 3.5
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Figure 3.4. TG and DSC traces of {a) CoB and (b) CeC.
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Tabhle 3.5 Thermal analysis results,

Hot Stage Microscopy

The crystals of CeB and CoC complexes were observed during thermal
decomposition using the hot stage microscope and photographs are shown in

Figures 3.5 and 3.6.

{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. 100.0°C. Photograph (d) shows that the crystal is
losing its quality and the guest water molecules are released at 107.5 °C

{photograph {g)) resulling in the bubbles ocbserved in the silicon oil. The loss

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

B

(f) 170.5 °C (g) 325.0 °C

Figure 3.6: Crystals of CoC during thermal decomposition. The bubbles of
desorbed guest water molecutes 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 (f)).
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Col

Table 3.6: Crystal data and refinement parameters of Caol.

Molecular Formula [Cola{Hz0)4] . 2(C1sHsN202)
Formula weight (g.mol™} 761.16
Temperature (K) 113
Wavelzangth (A) 0.71073
_(Zryéféi Syster‘ﬁ ----- Tetragonal i
- Space Group 14 1/acd |
a (A) 19.151 (3) |
b (A) } 19,151 {3) |
c (A) 13.917 (3) i
a (°) 80 i
A 90
(%) | 90 .
Volum (A%) 5102.9 (1} |
Z 8
Calculated Density {g.cm™) 2 229
e (mm) ' : 3144
F(000) | 2952 B
Crystal Size {mm) ' 0.08x0.11x0.13 S
1 Range Scanned (*) i 28-279 j

‘Index Range . 21<h<25 25<k<25,-17 <| < 18
' No. Reflections Collected 24777 |

No. Unigue Reflections 1533

Data completeness {%) 96 .8
' Refinement Method Full-matrix L.S. on F°
"Data / Restraints / Parameters 1533/ 0/ 87 T o
“Goodness-of-fit on £ 1.025 J

Final R Indices [i>2a(l)]

0.0186, 0.0399

R Indices (all data)

0.0338, 0.0441

- |
Largest Diff Peak and Hole (e A7) 0.467, -0.511
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This compound crystallises in the tetragonal crystal system, in the space
group f4,/acd. The water hydrogen atoms were located in a difference
electron density map and refined isctropically with independent temperature
factors. The remaining hydrogen atoms were positioned geometrically with C—
H = 095 A and assigned isotropic temperature factors of 1.2U,(C} of their
parent atoms. The cobalt lies on Wyckoff site ¢ with point symmetry -7, while
the Co-| bond is |located along a 2-fold rotation axis, thus giving rise to the

nearly perfect octahedral gecmetry in the trans-[Colz(H:0).] moeity.

Co-) bond lengths 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-l bond
lengths in Col are significantly longer than this average. A search of the
CSD? for Co—| 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 2 80 and 3.00 A While these authors made no comment on the
elongation of the Co—i bond, we note that all six have two iodides in the frans-
conformation {refcodes: IPUBUQ, SAGGIQ, YEZLEU, BOKQOH. EICICO,
IPICYC10) as does Col. Furthermore we note that, of 28 structures with bond
lengths between 2 57 and 2 80 A, only six have trans-iodides.

14

35 e

Hum bet
]

14
7248
7880
7 FRO
2T
?RC
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2614
260
7647 |

£e1 |
2 VL
7544
287:
ror
s B
290

zD:I Y
==
| |
4

FiE

bond fength A

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

crystal structures found in the C5D. A red bar represents Col.

59



hapter 3 cobait complexes

Bond angles between adiacent ligands lie between 87.81 and 92.19°. The
ellipscid diagram and compound atomic labelling is shown in Figure 3.8, The
asymmetric unit contains one pyridyl-oxide ring of the bpdo molecule.
Operation of the 2-fold rotation axis generates the remainder of the bpdo, and
of the [Cola{Hz0)4] ion.

012

Ity

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

labelling.

The aromatic rings of the bpdo molecule are planar and their planes are
twisted by 3.82° relative to one another. The coordinated water acts as
hydregen bond donor to twoe neighbouring bpdo molecules (details in Table
3.7).

Table 3.7: Hydrogen bonding details and =& interactions in Col.

~D-H (A) I DA (A} D-H-A (°) | Symmetry operator
02-H2A 01 0.79(3) . 26B2(2) 161 (3) 54y, Vi +x, -Z-V4
[ 02-H2B-01 T 0.80(3) . 2.714(3) 151 (3) X Y.z
*Cg(N2-C7) -~ Cg(N2-C7) 3672(3) | X, 2y, o2

*Cg = ring centroid
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In turn, each bpdo oxygen accepts two hydrogen bonds from neighbeuring
[Colx{H20),] 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 networks — i1.e there are two independent but entangizd
networks. The w-stacking interaction (Table 3.7) occcur between bpdo
molecules of different networks. C—H -1 interactions (4.13 A) further stabilisz2s

the structure.

e

=]
-, #
e
.". ...' "9:5‘—"

x
_*

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

Figure 3.10: Propagaticn along 44 axis generates a 3-dimensional
supramelecular netweork. stabilised by hydrogen bonding and

.. winteractions and C H--| 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 previcusly for CoB and Col complexes. The first
mass losses (area A and B in Figure 3.11) were attributed to the loss of four
coordinated waters {Table 3.8). 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 centrat 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
gndotherm B. The third thermal event (exotherm C} demonstrates the
decomposition of the compound. The onset temperatures (T, for these
peaks are given in Table 3.8,

100
00— A
B 80
l -
A0 A ; 60
3=
— 80 - L/\ 40
= DSC B
o i
= = = — 1+ 20
g 70 - —_’—\ ,f/
&0 | [
vc 1 -20
50 : : -40
30 80 130 180 230 280

Temperature / °C
Figure 3.11: TG and DSC traces of Col.

Heat Flow /| mW
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Table 3.8: Thermal analysis results of Col.

Hot Stage Microscopy

The crystal of Col complex was observed during thermal decamposition and

photographs are shown in Figures 3.11.

110.0 °C
T_ ¥

(€) 147.6 °C ___ {f) 151.7 °C (g) 215.0 °C (h) 270.1 °C

Figure 3.12: Thermal decomposition of Col. The bubbles were observed In
the silicon oil at 110.0 °C (Photograph {(d) indicating loss of
water molecules and this resulted in the crystal losing its purple
colour to green {Photagraph (fi—{g)). The decomposition stage
was observed from 270.1°C (Photograph {h};.
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(1) CoN(A)

Table 3.9 Crystal Data and Refinement Parameters of CoN{A) at 298 K and

113K

I Molecular Formula

[ColH:0%(C gHaNC (NG 1]
NQ; . {CiqHsN; 05} . H,O

[Coi(H0)e({CraHa My O21:(NO;);]

(NQs)z . [C1oH:N2Qz)z . 2H, O

~ Fermula weight {g.mol} £31.38 © B31.38
Temperature (K) 238 113
Wavelength (A) 0.71070 0.71070
Crystal Systermn Triclinic Triclinie
Space Group =41 =8}
a (A 7.8138 (2} 12.129 (2
o (A} 9.9126 (3} 12,907 (3)
c A 17 1883 {5} 17898 (4)
a (™ 78.607 (1} C77.49 (3
= 1% 83.480 (1] 70.25 (3)
s o R 85815 (1} 76.28 (3)
Volumes (A7} 1282.47 {8} 2532 8 (9
< ; o i ]
Calc. Density (g.cm™) 1.620 1.656
wfmm’) 0.746 0.762
F (000) 650 1300
(Zrystal Size (mm) 008Ex015x030 0O8x 009 %015
#Range Scanned (7} 26-278 i
e S RS e
Index Rangs
: 22| <22 P99
No. Reflections !
Er 32831 44753
" No Unigue Reflections 6132 11119
© Dala completeness (%) &7 8 98.2

Refinement Method

Full-matrix L. on F

Full-matrix LS. on F°

Pata ! Restraints /
Farametars |
Goodness-of-fit on F°
" Final R Indices [I=20(l)]

8132 104371

R Indices (ail data)
" Largest Diff. Peak and
Hole (e A™)

1M1118/,0f748

0,948 1017
00704 01793 0.0412 D013
0 1385 0.2094 00896, 01085
0,529 -0.475 0,765, -0.480
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An interesting feature of this crystal structure is the phase transformation that

occurs at ca. 162 K. Figure 3.13(a) and (b) shows the variation in unit cell

parameters with temperature, measured on a single crystal The phase

transformation is reversible. Due to the cell we chose, it was impossible to get

the relevant transformed « and [ angles in terms of the low temperature unit

cell, but instead the complimentary angles were cbtained. Thus. {180-u) and

(180-1) angles were included in the figure.
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Figure 3.13: (a) Variation in unit cell parameters on phase transformation in

CoN{A). (b} Transformation in terms of low temperature cell showing that the

ghange in volume and cell axes are minor, but the angles alter significantly.
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We did not calculate the linear expansian 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 287 to 193 K,
anid found linear expansion coefficients of the order of 1x10™ K™ for the cell

parameter.

Single crystal x-ray data for CoN({A) were collected at 288 K and 113 K. In
both cases, the space group is triclinic, and the molecular conformations are

identical. Figure 3.14 shows the common compaonents of this compound.

ChH

Figure 3.14: Thermal ellipscid diagram drawn at 505 probahility and atomic

labelling of CoN(A} at room temperature (298 K).
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At temperatures above 162 K, the coordination sphere of the
[Co(H20):{bpdo}NC3))" ion is a distorted octahedron, with the Co—C(nitrate)
bond lengths slightly longer (ca. 2.2 A) than Co-O(water or bpdo) (ca. 2.0 —
2.1 A) while O Co © angles are close to 90° except the hite angle of the
nitrate ion (58°) and the angle opposite it {(105%). |n this compound, the bpdo
ligand coordinates to the Cofll) through one oxygen, while the cther end acts
as hydrogen bond acceptor for coordinated waters on two adjacent
[Co{H20):(bpdo)NCa)]" ions (Figure 3.15 (a)).

The bpdo aromatic rings are twisted 3.10° relative to one another.  An
independent nitrate ion balances the charge, and one molecule each of bpdo
and water have been included as guests. Thus, the [Co{HO:(bpdoyNO-I]"
ions form a supramolecular ladder-type framework parallel to the g-axis. The
void between the frameworks is filled by nitrate ions, water and bpdo guest
molecules. stabilised by hydrogen bonds and by -t 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.

e ' D-H (A) [ D~A (A) | D-H-A (°) | Symmetry operator
T 0208 : [ 2.750 (4) 2-x, 3-y, -z
oot o T4, y, 2
[ oaepg 2.761 (4) 1-X, 3-y, -z
O3--01Ww 2647 (5) : NG T
04-01G ' 2616 (5) | X, ¥, Z
" 04-08G T 2.607 (5) T 2 8y, 12
T 011G -O1W " 2729 (5) ; ' 14x,y,2
O1W--012 T 2837 (6) N X, ¥ z
CB-HB--013 0.93  3.367(5) 1727 [ R S
" C7-H7-01 0.93 . 3491 (5) 172 2, 2y, -Z
| C10-H10--08 | 093 | 3.257 (5 164 1o, 4y, -z
C13-H13-013 093 | 3.214 (6) 169 I e e
C13G-H13G--05 093 | 3480(6) | 163 x. 14y, z

Table 3.11: n -7 interactions details.

’7_ N Distance . Symmetry operator |
| *Cg(N2-C7)-Cg(N9-C14) 3.912 (4) 1-x, 2-y, -2 |
T Cg(NZ-C7) -Cg(N9-C14) 3,898 (4) 2%, 1y, 7
Cg(Ng C14)-Cg(N2-C7) 3,921 (4) 1x, 2y, Z |
i_GWG—G?G}---CQ{NQG—CMG} 3.688 (_5) 5 Mg, e ‘

“Cg = ring centroid

When data for the same crystal is collected at 113 K, the unit cell volume is
approximately double that for the data collection at 298 K. At low temperature
the asymmetric contents double. with each [Co(H:0):(bpdo)(NC;}]", NO;™ and
bpdo having identical molecular gecmetry to each other and to the geometry

observed at room temperature.
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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
temperature induced disorder in  O2W disrupts the

centrosymmetry and causes a doubling in the unit cell velume.

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(2WB)] (Figure 3.15(b}}. It appears therefore that, in this 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

&8
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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 a- and b-axes differ. The matrix used for comparison between the two cell

parameters is as follows:

i T I T
h =1 1 O]

Thermal Analysis

The TG and DSC traces of CoN{A)} are shown in Figure 3.16 and the resuits
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)
and were attributed to all water molecules in the compound. Unlike in the
previous compounds, the first mass loss corresponded to a guest water
malecule (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.

The D3C 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 compound. The onset temperatures (T, for these

peaks are given in Table 3.12.
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Heat Flow / mW
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B 100
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80 - /|
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70 . . . -20
30 80 130 180 230 280
Temperature / °C
Figure 3.16: TG and DSC traces of CoN{A).
Table 3.12: Thermal analysis results of CoN{A}.
_ TG Results
Calc. % mass loss Exp. % mass loss
Mass loss A 2 .85 3.22
Mass loss B 8 .56 7.594
Total H.O loss | 11.41 11.16
T |
DSC Results '
o R Foo oG i) T 6)
Peak A _ Peak B Peak C
CoN(A) 738 | 139.8

71

263.9




Chapter 3 cobalt complexes

Hot Stage Microscopy

Thz crystal of CoN(A) compound was observed during thermal decay and

photographs are shown in Figures 3.16.

(e) 261.5 °C {f) 270.2 °C

Figure 3.17: Crystals of CoN(A) during thermal decay The crystal colaur
gradually becoemes maore intense as a result of guest water
molecules escaping from the crystal lattice (Photograph (c).
110.5°C). The coordinated water molecules force themselves
out at 148.1 °C and this is observed by bubbles in the silicon oil,
The crystal hegins te decemposing as shown in photograph (g)
261.5°C and (f) 270.2 °C.
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(Il) CoN(B)

Table 3.13: Crystal Data and Refinement Parameters of CoN(B).

Molecular Formula " [Co{H20)2{C1sHzN20:{NO3)2]
Formula weight {g.mol ") T s iy
Temperature (K} g 113
T Wavelength (A) 0.71070 T
''''' Crystal System Monoclinic =]
Space Gfalpm - P2:/n
St 7.5008 {2) i
b (A) 9.6910 (2) ;
. c (A) 19574 {4) |
o n skl i = 90.00 i |
e . T |
() 90.00 =i
Volume {A7) 1420 4 (5) Bt
Z 4
Calc. Density (g.cm™) = 1.804
u (mr) {57
F {000 B A T ]
R Crystal Size {mm)  0.02x005x0.12
#Range Scanned {°) | ~ 2.86-27.87 -
Index Range Y<h=<-8 -12<k<12 -25<|<24
No. Reflections Collected 23910
~ No. Unique Reflections 3320
Data completeness (%) 98,5

Refinement Method

Full-matrix L.S. on £°

Data / Restraints / Parameters

332010/ 242

Goodness-of-fiton F°

1.037

0.0381. 0.0778

0.0693 0.0801
0699, -0.455

T3
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Single crystal x-ray data for CoN(B} were collected at 113 K. The compound
crystallises in the monoclinic crystal system, In the space group P2./n. This
crystal structure has four molecules in the unit cell. Thermal ellipsoids and

lakelling are shown in Figure 3.18,

A}

1A

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{H:O)Abpdo}(NC:)] compound is a
irregular octahedron, with the double-coordinated nitrate ends having
Co1a—0Osa(nitrate) and Coya—0asafnitrate) bond lengths slightly longer (ca. 2.1
and 2.3 A respectively) than the single-coordinated nitrate Coa-Oealnitrate)
while the Co-Ofwater or bpdo} are ca. 2.0 A_ All the O-.Co O angles are close
to 90° except the bite angle of the nitrate ion (58°) and the angle opposite it
(122°).

All the coordinated ligands of this compound are involved in hydrogen
bonding interactions. Two coordinated water molecules act as hydrogen bond
doners for bpdo molecules and nitrate groups to link the adjacent discrete
maolecules. 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 =--n stacking interactions {Table 3.156),

- a
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Figure 3.19: Hydrogen bonding interactions in CoN(B).

Table 3.14; Hydrogen bonding details in CeN(B) crystal structure.

" Q2A—H2A2 -O8A
O3A-H3A2 -OBA

O2A H2A1--OBA

T 0O3A-H3A1-0O10A

T O3A—H3A1-O11A

C3A-H3A - D4A

CBA-HGEA -OBA
CBA-HBA--O11A

T C7A-H7A-O1A

C7A_H7A - O5A
C10A—H10A -O8A

C11A H11A--O11A

C14A-H14A- O10A

Tii<s

D-H (A} | D-~A{A) D-H--A (°} | Symmetry operator !
0.87(3) | 2.700(3) | 167 (3) 1%, -1y, 2-z

' 085(3) 2750 (2) | 168 (3) X, -1-y, 2-2
0.75(3) 2.781(3) | 172(3) ' ‘ex -Vity 32z
D75(3) | 2.860(3) | 172 (3) Vox, Yaty, 312z |
0.75(3) | 3.094(3)  1273) Vax, Vaty, 3i2-2
0.9500 | 3.328(3)  142.00 Vo-x, -Vavy, 312-Z
0.9500 | 3.082¢3) | 124.00 o P

' 09500 3079(3) | 117.00 | ix lay, Witz

| 08500 3.526(3) | 174.00 X, -, 2-Z
0.89500 | 3.144 (3) 118.00 -X, -¥, 2-Z
0.9500 | 3.265(3) | 171.00 AR Sy e
0.9500 | 3212(3) | 136.00 Vo-x_ -Vaty, 3i2-2
0.9500 3.139(3) | 143.00 S A |
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Tahle 3.15: =z interactions in CoN(B) crystal structure.

" Distahne

* Cg(N2A-C7A) CoiNGA-C14A) | 3.812(2)

) "Sy‘mmatry operator

¥, -1y, 2-2

Cg(N2A-C7A) -Cg(NA-C14A) | 3.695(2)

OgINSA C14A) CgiN2A-CTA) 3.812(2)
"~ Cg(NSA-C14A)-Cg(N2A-CTA) | 3.695(2)

1-x, -1y, 2-z

s, ;1._?' .

= .;l...__).é.l___ 1_3{ iy

"Cg= ringmcentroid

Packing diagrams of CoMN(A) and CoN(B} are

similar, but the packing in

CoN{B} is more compact owing to the absence of free nitrate ions and bpdo

guest molecules. Figure 3.20 shows comparison of the packed molecules

along [100], [010] and [001].
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Figure 3.20; Comparison of packed molecules of CoN{B) and CoNiAj}
viewed along [100} (i and ii}, [010] (iii and iv} and [001] (v and

vi}, respectively.

v7
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GCoN(C)

Table 3.16; Crystal Data and Refinemeant Parameters of CoN(C).

Molecular Formula [Co2{H;0)s(C16HgNz02)z] (NO3}y . 4H20
. Formula weight (g.mol ) 47117 K
Temperature (K} 113 AR T
Wavelength (A} 0.71073
Crystal S?s'férh” Manoclinic
"~ Space Group P2,
a (A 7.9362(16)
b (A} 27.648(6)
c (A) 8.6441(17)
@ (%) g 80
o O 106.13(3)
(%) e 90
Volume (A”) 1822.0(6) i
Z 4 ==
~ Calc, Density (g.crm™) 1747
wt () 5 1.025
F (000) 988 e
 Crystal Size {mm) 012X 0.08 X 0.04
¢ Range Scanned (°) T AmpeoEey
Index Range 9<h<9 -33<k<33,-10<|<10 |
No. Reflections Collected 35282 i
Mo. Unigue Reflections 5911
Data completeness (%) 100
Refinement Method Full-matrix L.S. on FZ
Data / Restraints / Parameters 68911/0/513
Goodness-of-fit on F2 T AT e
Final R Indices [i>2a(l)] ©0.0441, 0.1081 |
£ Indices (all data) 0.06892.0.1174 ol
Largest Diff. Peak and Hole (. A} 0.605,-0.470

p—
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The mean [E° -1 value of 0.880 was ambiguous. in-between the expected

0.968 for the centrosymmetric and (.736 for a non-centrosymmetric crystal
structure. Systematic absences suggested that the space group was either
P2:/m or P2:. An attempt to refine the structure in P2/m was unsatisfactory,
resulting in an R-factor of 0.238 and a numhber of large peaks in the electron
density map which could not be incorporated into the model. The structure
was then solved in the non-centresymmetric space group, P2, and refined
well with the R-factor of 0.044 and all the atoms except hydrogens were
refined anisotropically, The refined Flack parameter was ambiguous, hence
the absolute structure could not be determined. Atoms O15A and O1A were
refined isotropically. The anisotropic refinement was not possible. The thermal

eilipsoid and labeiling is shown in Figure 3.21.

o104

Figure 3.21: Thermal ellipsoid diagram drawn at 50% probability and atomic

labelling of CeN(C) solved in P2- space group.

Solving the structure in P2y revealed two central Co ions with irregular
octahedral coordination geometries. Each Co coordinates te four water

ligands. In addition, there are two bpdo ligands which bridge between the two

78
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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 distance of 3382 A The
0-Co-0 bond angles, are close to 890° and range between 85 05-93.11 A
except for the Oppa—Co—0ppae (73.46%) and its opposite angle (107.727}.

Four nitrate ions balance the charge and there are four waters included as
guests. The atomic displacement parameters of nitrate oxygens are
significantly large than those of other atoms. A disorder model was

considered but was unsatisfactory.

All the coordinated water and guest molecules are involved in hydrogen
bonding interactions with nitrate jons connecting the adjacent discrete
molecules. O3W atom accepts H-bonds from coordinated water moleculs
{C9A) and in return donates H-bonds to both O4W and G186, whereas 02V
receives from O7A and donates to O1WW and O4. Details of hydrogen bonding
are summarised in Table 3.17 and the illustration of classic hydrogen bonds
can be seen in Figure 3.22. The compound s further stabilised by weak ©-n
ineractions illustrated Figure 3.23 and stronger C-H = interactions (details in
Table 3.18).

Figure 3.22: Hydrogen bonding interactions in CoN(C),

.~
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Table 3.18: C-H 1 interactions in the CoN(C) crystal structures,

Distance | Symmetry operator
| C(4A)-H(4A) - (N23A—-C28A) 3.262 1x, Vety, -z
C(BA)-H(BA}- (N23A G28A) 3.372 X, Yoty -z
| C(1BA-H{18A)(NOA-C14A) | 3251 | 1-x, Vaty, -z

The compound forms two distinet layers of hydroghilic molecules (nitrates and
water) and the host compound as illustrated in Figure 3 24

(a)

(b)

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 radii with guests in red and host in

blue.

83
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Figure 3.25 shows the packed molecules viewed along [010].

(a) (b)

Figure 3.25: Packing of CoN(C) viewed along [010]. In {b) nitrate and water

molecules are drawn with van der \Waals radii.
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CoN(D})

Table 3.19: Crystal Data and Refinement Parameters of CoN(D).

Molecular Formula

[Co{H20}5{C1oHaM202)] (NO3 )2. H-O

Farmuia weight (g.mol™) 47923
- Temperature (K} 113
Wavelength (A) i - —
Crystal System Monoclinic
Space Group P2/n 3
a (A) 7.286(2)
b (A} 24 323(5) A
i c(A) 10.308(2)
T AR 96.00
8% 90.91(3)
¥ (%) U aaphT
Volume (A% 1826.6(6)
- oy ==
Calg. Density (g.cm™) 1.743
u () 1,023
F (000 988
Crystal Size (mm) 003X 004 X0.04
f# Range Scanned (°) 167 - 25356
Index Range B8<h=<8 -29=<k<27 -12<1=<12
No. Reflections Collected 20260
No. Unique Reflections | i
Data completeness (%) 100
~ Refinement Method Full-matrix LS. on F?
Data / Restraints / Parameters 3335/0/ 262 ;
Goodness-of-fit on F° 0.919 |

Final R Indices {{=2a1f}]

0.0545, 0.1385

F Indices {all data}

Largest Diff. Peak and Hole (e A7)

 0.1063. 0.1828
0.557, -0.549
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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 F2./n with four molecules in the unit cell. Atomic labelling and

thermal displacements are shown in Figure 3.26.

CHEME
Gy

[F

LT

Figure 3.26: Thermal ellipsoid diagram drawn at 50% probability and atomic

labelling of compound, CoN({D}.

The ccordination geometry of CoN(D) is an almost perfect octahedron. The
Co-O bond |lengths ranged from 2.077-2.123 A, while the O-Co-O bond
angles were from 85.068-95.29° (deviating slightly from the ideal value. 307}
The bpdo aromatic rings are twisted by 8.30° relative to one anocther. 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 3 20} through coordinated waters and oxygens of the
bpdo (Figure 3.27). The guest nitrates and water forms layers (Figure 3.28,
compound viewed along [100]} of hydregen bonds connecting the zigzag-
shaped discrete molecules which are further held place by =& interactions,

summarised in Table 3.21.
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Figure 3.28: Zigzag shaped maolecules showing layers arganic and incrganic

cemponents.

87
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CoN(E) and CoN(F}

In addition ta the four {(CaNQs3); crystal structures reported in this study, there
are two other crystal structures [CoN{E) and CoN(F)] which were previously
reported by Blake ef al.* These structures are briefly discussed here as they
form part of this study.

CoN{E) was prepared in agueous solution and resulted in nitrate counterions
and four water molecules coordinated to the central metal completing an
octahedral symmetry. Nitrate lons are both monodentate in this structure,
while the two bpdo molecules are non-coordinated. The asymmetric unit is
composed of half the molecule and the rest is generated by symmetry (Figure
3:299.

Figure 3.293: CoN(E).

Bpdo acts as H-bond acceptor with eight ligands forming O-H.--Oy 4, H-bonds
with all eight hydrogens atoms of the four coordinated water molecules. The
[Co{NO;)2{H204] unit is bridged by four bpdo molecules forming a H-bonded
ring (Figure 3.30}.

L E ]
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e
-
Ll ] J‘ %
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Figure 3.30: {Co{NO4)z(H:0}.] units bridged by four bpdo molecules.

Crystallisation in the absence of excess water and using methanol only
formed CoN({F}. In this case. bpde is adequately competitive as a ligand for

the central metal forming six coordinated bpdo ligands and no aguo ligands

{Figure 3.31).

Figure 3.31. CoN(F) molecule,
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Each metal centre is coordinated by six independent bpde ligands. These
ligands coordinate through only one end (monodentately) of their N-oxide
donor leaving the other end to be involved in - x interactions with other bpdo

ligands.

Figure 3.32: Packed molecules showing -1 interactions in the compound.

a1
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CoS

Table 3.22: Crystal Data and Refinement Parameters of CoS8.

Molecular Formula

[Co{H;0)s{C1eHsN202}]SO4 . 2H,0

Formula weight (g.mol™)

469.29

Temperature (K} 113
Wavelength (A) 0.71073 il
; Crystal System Monaclinic |
;_____  Space Group P2./n
! a (&) 7.122 (1)
| b (A 25.319 (5)
c (A) 10.241 (2) F|
o (°) 50
(%) 93.14 (3) i
¥ (%) 90
Volume (A% 18438 (6)
= i, -
Calc. Density (g.om~) 1681 =
w (mm’) 1.113
i F (000) 972

Crystal Size (mm)

1012x0.15x0.16

¢! Range Scanned ()

32-26.7

Index Range

HM<h=<9 31=<k=31 -12=<|=12

MNo. Reflections Collected

~ No. Unique Reflections

33963

" Data completeness (%)

Refinement Method

| Full-matrix LS. on FZ

100.0

Data ! Restraints / Parameters

3883/ 0/ 245

" Goodness-of-fit on F2

1.126

Final R Indices fi=2af1)]
R Indices (all data}
Largest Diff. Peak and Hole (e.A™)

0.0369, 0.0882
0.0487, 0.0932
0.848, -0.477
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The data collection was done at 113K, The compound CoS crystallises in the
maonoclinic crystal system, in the space group P2/h. with four molecules in

unit cell. The thermal ellipsgid and atomic labelling is shown in Figure 3.33.

In this compeound, the Cofll) ion coordinates one bpdo and five water
molecules. QOctahedral symmetry is maintained with Co-O bend lengths lying
between 2.058 and 2.114 A and O-Co-O angles within 82.99 {0 83.43° 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,0)stbpda)]®” ions.  This motif
gives rise to an interdigitated layer structiure, where each bpdo links adjacent
[Co{H:0l(bpda)]*” ions along [100] (Figure 3.34). Within this layer, offset

w--; interactions also stabilise the structure {Table 3.23).

o128

Figure 3.33: Thermal ellipsoid (drawn at 50% probability} and atomic labelling

of CoS complex.

g3
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Figure 3.34: Intermolecular interactions.

Table 3.23: n--n interactions in the Co3 crystal structure,

Distance = Symmetry operator |

Cg(N2-C7)-Cg(N9-C14) | 3687(4) | %, oy, 12

Cg(N2 C7)-Cg(N9-C14) 3686(4) | TRy

*Cg = ring centroid

There is an extensive network of hydrogen bonds (Figure 3.34) between
cocrdinated 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 of this compound are comparable to CaoN{D).
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Table 3.24: Hydrogen bonding details.

T

cobalt complexes

" D-H(A) D-A(A) |D-H-A() S:;Z:;?
O2-H2A -02S 077 (4) . 2.706 (3) 175 (4) | X.Y.2
02-H2B -03S 081(4) 2671(3) | 174(4) Yok, Vay Yotz
03-H3A--018 0.74 (4)  2.684 (3) 170 (4) X.v.Z
 O3-H3B--03S | 088(4) | 2.662(3) 176 (4) Vot x, Yomy Vot Z
04-H4A-- 008 0.82(5) | 2.716 (3) 173 (4) | %y iz
04_H4B OIW | 077(5) | 2769(3)  165(4) Xy 1+z
OB-HBA--02S | 0.83(4) | 2757 (3) 175 (4) | Vaex Yoy Virz
06 HBB--01S 0.79 (3) | 2.809 (3) 167 (4)  —Vetx Yoy, Yotz |
O5-H5A: - 02W 0.84(4) | 2.751(3) 173 (3) A+xy 4z
05-H5B--08 0.77 {4) ;"'2'.592 (3) 174 (4) X-y.1-z
O1W H11W--04S  0.81(4)  2.834(3) | 166 (4) X.Y.Z
TOIW-H12W-02W  085(5) 2794 (3) 162 (4) X.y.Z
O2W-HZ1W -O1S | 082(5) . 2.839(3) 174 (3) Vot x Yoy Vatz
O2W-H22W--04S | 084(5) | 2773(3) 177 (4) T4x.y.z
T C6-HE-O1W 0.95 3.460 (4) 165 e T
.~ C7-H7--08 0.95 3,248 (3) 176 Xy, 1+z
- C10-H10--01 095 | 3.258(4) 175 Xy-1+z

T
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Figure 3.35: Zigzag network structure in CoS, showing the hydrophilic
regions between Cofll) ions separated by organic layers {a)
viewed along [100] and (b) [001].
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Thermal Analysis

The TG and DSC traces CoS are shown in Figure 3.36 and the results are
summarised in the Table 3.5 The TG of CoS is characterised 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 (details 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 endathermic peaks labelled A and B,
which corresponds to the loss of coordinated and guest water, respectively.
The onset temperatures (T,,) for these peaks are given in Table 3.25 The
third exotherm indicates the loss of some bpdo ligand, leading to

decaompasitian {exotherm D).

100

95

90

85

Weight / %

80

75

T'ﬂ' T T T T T 1 T Zﬂ'
30 B0 130 180 230 280 330 380

Temperature / °C
Figure 3.36; TG and D3C traces of CoS.
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Table 3.25: Thermal analysis results of CoS.

TG Results
Calc. % mass loss Exp. % mass loss !
 Mass loss A 19.19 20.27 |
Mass loss B 7.68 T |
Total H;O loss 26,87 2Een
| DSC Results Sl
complex Toa(6) ! Teul'C) Talelh | Tala
Peak A Peak B Peak C Peak D
CoS 981 1526 2683 ‘ 3508

Hot Stage Microscopy

Figure 3.37 shows the photographs of CoS complex ocbserved during thermal

decay,

o~

() 196.6 °C

(f) 210.7 °C

(c) 110.5 °C

.:" =
(d) 132.7 °C

Figure 3.37: Crystals of CoS during thermal decay. Photograph {a; the

crystal at room temperature, (b) crystal still stable after 60.5 °C,

{c) guest water molecules escaping fram the crystal lattice, (d)

change in colour as a result of water loss. {e) starting to lose

bpdo molecule which leads to (f) decompaosition of the crystal.
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Transformation of Co" complexes to 1D polymer

Within a week dry crystals of compounds CoB. [Co(H:O);]Br: . 2{bpdo) .
2H.0 and CoC, [Co(H:0);]Cl: = Z(bpdg) . 2H,Q transform into the 1D
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 single crystal diffractometer and using PXRD. but were unable to isclate

an intermediate phase.

Structure solution and analysis

CopB-2 and CoC-2

These compounds, CoB-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 structure will be discussed.

Both compounds crystallise in the monoclinic crystal system, space group
C2/c. 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 bpdoc molecules occupy the equatcrial sites.
This symmetry is shown in Figure 3.38. The octahedral symmetry is slightly
irregular with bonding angles ranging from 86.61-93.42%. The bond lengths of
the coordinated bromide (2.686 A, 2.445 A for CI) and water molecules
(2111 A and 2.091 A, respectively) are within the expected ranges. The
literature' values are given as 2.085 A {Co-O.q..). 2418 A (Co-Br) and 2.272
{Co-Cl). 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.

CoBry{C1aHs N; O) CoCly{CisHs N, 02)
Molecular Formula
[Hzo}lz 3 HZ'D' (HzD}z 4 HED
 Formula weight (g.mol) 450 .97 371.05
Temperature (K) 113 298
Wavelength (A) 0.71073 0.71073
Crystal System © Monoclinie Monoelinic
Space Group C2/ R R
Caf{Al 23 958 {5) 24.114 (5)
b (A} 5.695 (1) 5618 (1) |
c (A) 10.862 (2) 10.751 (2)
a 90 90 =
5% 108.60 {3) 109.16 (3}
¥ () ' a0 90
Volume (A7) 1404 5 (5) T 13757 (5)
— = ; ;
Calculated Density (g.cm ® 2175 1792
w{mm') 6931 1.655
F (000} 896 b i
Crystaléize fmmy) D05 xDT0x012 017 x010x 008
¢ Range Scarned () 079 -26.05 3582788
3 In.:.:lex Raﬂgﬂ""""' - 28<h<29 -7<k=7, B1<h<31 -T<k< 7.
13<<13 14 <|<13
No. Reflections Collected 1379 1848
| No. Unigue Reflections 1221 1268
 Data completeness (%) 99.8 99.9

Refinemeant Method

Full-matrix L.2. on £

Full-matrix L.S. on £~

Data ! Restraints /
Parameters
Goodness-of-fit on £

1376/0/ 84

1.121

1646 /0 /92

1.1

Final & Indices [i=2a(1)]

! D.0485. 0.1259

0.0691, 0.2115

R Indices (all data}

0.0567. 0.1256

00918, 02008

(8.A7)

Largest [iff. Peak and Hole

2.018, -1.058

2451 -0.572
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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 molscule functions as a bridge to connect the two Co atoms,
leading to & 1D covalently linked polymer chain as shown in Figure 3.38. The
adjacent polymer chains are connected by C—H---O hydrogen bonding through
the guest water molecule and dipyridyl rings of the bpde ligand. Guest water
operates as H-bond acceptor in these interactions (Figure 3.39) The

hydrogen bonding details are summarised in Table 3.27.

\ \ \
Figure 3.39: Hydrogen bonding interactions.

101



Chapter 3

cobalt complexes

Table 3.27: Hydrogen bonding details,

| CoB-2 D-H (A) D-A {A) | D-H--A (%) SyEmatey
! operator
C(8)—H(B)-Br(1) 095  3.487 (7) 145 Vax, Vaty, 322
C(5) H(5) - O(1W) 095  3.342(9) 168 X, Y, %z
C(5)-H(5) O{1W) 095 3342 (9) 168 X, ¥, Yz
C(4)-H{4)-Br{1) 085 3532(7)| 156 | ‘Yex ey 1z
CoC-2
C{d)-H{4)--CI{1) 0.93 3.480 (7) 161 Vax, T/EY_-Z_
C{5)-H(5)-O{1W) 0.93 3.357 169 1-x, y, Yoz |
C(5) H(5)-O(1W) 0.93 3.357 169 0 oy a2
T C{B)-H(B)-CI1) 093 | 3476(7) 148 Vex, Vaty, Yoz

The packing of the molecules locks like an uneven hollow tube when viewed

alang [001] as shown in Figure 3.40 with pyridyl rings overlapping.

Figure 3.40; Packing of CoB-2 along [001] showing an averlap in pyridyl

rings.
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The polymer chains parallel to [010] and [100] as shown in Figure 3.41 {a)
and (b).

(b)

Figure 3.41: {a) and {b): Packing of molecules viewed along [010] and [100]

showing polymer chains.

103



Chapter 3 cobalt complexes

The guest water molecules are trapped into small voids while the cogrdinated

waters are axposed and form layers as shown in Figure 3.42.

(a)

Figure 3.42: {a} and (b). Molecules are packed using van der Waals radii

viewed along [010] and [100]. respectively.

The wvoids occupied by guest waler molecules were examined using the
program SECTION® which was used to view sections through the unit cell

along [010]. One of these sections is shown in Figure 3.43,

Figure 3.43. SECTION plot of CoB-2 {guest water molecules omitted)} viewed
down [010] with the unit cell sectioned at 0.004 along [010]. 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,

120 40 120 =11
A {-— —_— wet—— e
TG pp 30 TG . __
it _'jl E +F 0 _K\.__' ap
o | O :E-; O ! A
i DSC ! : -'U-‘; E i I l B A =i g
3 = 4n b
T DSC
e B . 20 0 B 10
i [a] ¢ 1] 'I:h} n

30 ED 130 180 230

e
o
(=]
L
L
E=
=
oo
L=
-

180 ] B0 330

Temperature ! "0 Temperature ! "G

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 lass. The first mass loss
in (a) and {b} is atiributed to the loss of three water molecules in the
compound ie. one guest water maolecule and two water molecuies
coordinated to the central metal. The calculated and the experimental mass
losses of water molecules 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 analysis of (a) CoB-2 and (b) CoC-2.

| TG Results ]
: DSC Results
1D Co" coordination (H:0 molecules)
pelymers Calc.%  Exp.%  Ton(°C) Tor )
mass loss « mass loss Peak A . Peak B
i 11.75 | 1134 Qi =
CoC-2 13.56 15633 1817 | 3384 |

105
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Hot Stage Microscopy

Crystals of CoB-2 and CoC-2 were gbserved for thermal decomposition using

the hot stage microscope. The photographs far thermal events are shown in
Figure 3.45 (i) and {ii}.

!‘_

100.1 °C

-

{f) 148.0 °C

(g} 236.7 °C

Figure 3.45(i): Thermal decomposition of CoB-2. {a) Crystal at room
temperature, {(b) crystal quality is still maintained around
80 *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 (g) is the beginning of decomposition process.
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= W - * : .
5°C {e) 165.2 °C {f) 296.5 °C

Figure 3.45(ii}. Thermal decay in CoC-2. (a) room temperature, {b)
crystal still stable, {¢) 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 tg 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
Co(C-2). The experimental PXRD pattern is included in Figure 3.48 to confirm

that the initial bulk sample was composed of CoB compound.
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28 - CoB (Experimental)
CoB (Calculated)
24 | CoB-2 (Calculated!

Relative Intensity

Mu

5 10 15 20 25 30 35 40
28 °}

Figure 3.46: Comparison of calculated PXRD patterns of CoB and CoB-2.

20
Col [Calculated)
CoC-2 {Calculated)
= 16 -
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= |
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Figure 3.47: Compariscn of calculated PXRD patterns of CoC and CoC-2.
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Structural similarities of Co{ll) compounds

In this section structural similarities of all Co(lly compounds, discussed in this
chapter, will be outlined. The compounds showing these similarities are paired

and summarised in Table 3.28 and will be discussed in respective pairs.

Table 3.29: Comparisan of Colll} compaounds.

Structural similarity

1 CoB CoC
B Col CoN(E)
3 "CoN(A) "7 CoN(B)
4 CoN(D) B R
5 CoN(C) #
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 matifs with four planar
bpda molecules forming a H-bonded ring linking metal centres. CaN{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(D) and CoS have the hydrophilic
regions between the Cofll) ions separated by organic layers and their packing
motifs are comparable. CoN(C) 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 (CoNQCa); and bpde have bheen
prepared. A further two have been reported in the literature.® 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
expenmental parameters which must be controlled in crystal growing
procedures for reproducibility of results. Different crystal structures were
achieved using alcoholic (MeOH) and aqueous alcohclic (MeOH and H.0)
salutions of cabalt nitrate and bpde at different temperature. The experiments
were set up at 278 K, ambient (285 K — 288 K), 295 K, 298 K and 313 K using

chemical quantities discussed previously in Chapter 2.

Compounds were analysed using mainly PXRD and in some cases elemental
analyses to confirm homogeneity of the buik compound. All the results were
validated by repetitive experiments and analyses. in all cases, a single crystal
was selected for unit cell determinatiaon. The insert pictures in PXRD figures

illustrate various colours and moarphologies of crystals prepared.

Note — YWhenever 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 28. This is because the calculated pattern is derived from the
parameters of the single crystal structure which was elucidated at low
ternperature. Therefore its unit cell 18 smaller than that cbtained at room
temperature, its reciprocal lattice is larger, and hence the pattern shifts to the
higher values of 28. All X-Ray diffraction patterns were measured at room

temperature (298 K).
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Crystal structures

The crystal structures have been described in detail in the previous section.

Unit cell parameters of the Co{NQOs}; compounds are summarised in Table

3.30 and the compounds are shown in Figure 3.43.

Table 3.30: Unit cell parameters of CoN(A), CoN(B), CoN{C) CoN(D),
CoN(E) and CoN(F}.

CoN(A) CoN(B) CoN(C)  CoN(D} | CoN(E) | CoN(F)
| a(d) | 78142 . 7501(2) | 7.936(2) 7.286(2) | 193116 | 8.9
Tb(A) | 9013(3) | 9.691(2) 27.648(6) 24323(5) | 19.3166 | 1.7
c(A) | 17.186(5) | 19.574 (4) 8644 (2) | 10.308(2) | 13.4668  14.0
al®) | 78.61(1) 80.00 90.00 90.00 | 90 - 1049 |
A(®) | 8346(1) | 9338(3) | 106.13(3) | 90.81(3) 90 96.8
Cy(®  8562(1) 90.00 90.00 9000 | 90 98.3
V{AY) 129447 (6) 14204 (5) 1383 4

1822.0 (6) . 1626.6(6) ‘ 5011.1
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%;ﬁ’*
GoN(B)

CoN{A}

CoN(E)
CoN(D)

A
CoN{F}

Figure 3.48 Crystal structures of complexes of Co(NOa); with bpdo.
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(1) Temperature dependent study using methanol alone

Table 3.31 summarises the results obtained when crystals were prepared
frem methanoclic solutiecns of Co{NOs): and bpdo. For each selected
temperature, two crystallisations were carried out. Microanalysis was only
performed on one of the two batches if unit ceil measurements and PXRD

analyses concluded that the compounds obtained were dentical.

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 CoN(E)) of the same elemental compoesition
were obtained. The experment was repeated under better temperature
control using a microvate® system. At 298 K. two unit cell parameters for
CoN(B} and CoN(D) were achieved when analysing crystals from the two sets
of crystallisations. The same unit cell measurements (for CoN(B) and
CoN(D}) were alsc obtained at 285 K. Micro and PXRD analyses for the
compounds prepared at 285 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 CoN(E) compound. Micreanalysis of
the compound formed at 313 K could not be gbtained as the compound was
hygroscepic. 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 Co" complexes.

. Temperature | Batch | Unitcell PXRD | Microanalysis |
g - 1 CaN{F) CoN(F)
278 K ; CoN(F)
2 CoN(F) CoN(F) |
Ambient 1 CoN(A) CoN(E) CoN{A)or
(295 K—298K) | 2 CoN(E) CoN(E) CoaN(E)
LSS 1 CoN(B | Hygroscopic
295 K i) | yg._. é - Hygroscopic
2 CoN(D) Hygroscopic
1 CoN(B) "CoN{E) :
298 K W L #
2 CoN(D) CoN(E)
1 'CoN(B) CoN(B) |
313K S v Hygroscopic
2 CoN(B) CoN(B)

# microanalysis not done.

278 K

At 278 K, the compound formed is CoN(F).

Microanalysis (%)

Found: C, 54 11: H, 3.70; N. 13.73
Calculated for CaN{F}: C, 54.83; H, 3.69: N, 13.95

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

349 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 twa 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 maost likely explanation is that the extra peaks

could e due to a very small amount of another crystalline compound.
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30 | Co(NO,), 8H.C
bpdo

Sample batch 1
CoN(F) (Calculated)

&

]
[=]

Relative intensity
—
L%

-
=
e g—

28 (")

Figure 3.49: Comparison of PXRD patterns of bpdo. cobalt metal salt,
experimental (sample batch 1) and calculated Lazy Pulverix

PXRD patterns of [Co{bpdo)s](NQ:j:.
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Ambient temperatures {295 K — 298 K)

Two unit cell parameters for CoN{A) and CoN(E) were cbtained when
analysing crystals from the two sets of crystallisations. Interestingly. the
FXRD of both anly matched the pattern for CoN{E).

Microanalysis {%]):

Batch 1: Found: C, 37.01; H, 3.08; N, 13.09

Batch 2: Found: C, 37.09; H, 3.49: N, 13.17

Calculated for CoN{A): C. 35.05: H. 3.83; N, 13.31

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 melecular 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 to CoN(E).

PXRD:
The PXRD patterns of each compound are shown in Figure 3.50 and 3.51.
Crystal colours and morpheolegies were similar in both 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 sampie batch 1
patterns are a mismaich. 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(E) (Calculated}
Sample batch 1
CoN{A) (Calculated)
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Figure 3.50: Compariscn of calculated PXRD pattern for CoN{A} and CoN({E)

with experimental pattern for sample batch 1.

The PXRD pattern of both calculated CeN(E) and sample hatch 2 are also a

good match.

25
Sample batch 2

CoMN(E} {Calculated)
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Figure 3.51: Overlay of calculated PXRD pattern of CoN{E) and experimental
pattern of sample batch 2.
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It appears therefore that the bulk of the sample is of the form CoN(E) with
possibly a very small amount of CoN{A) crystallising concomitantly.
In an attempt to clarify these results, we repeated the experiment under strict

temperature control using a microvate system at 285 K and 298 K.

295 K

Single crystals from the two batches had unit cells corresponding to CoN(B)
and CoN{D}. The bulk material was too hygroscopic for PXRD or

microanalysis.

298 K

Two unit cell parameters for CoN{B) and CoN{D) were obtained when
analysing crystals from the two sets of crystallisations. The PXRD of both
matched the pattern for CoMN(E) 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

PXRD:

The measured PXRD patiern of sample batch 1 does not match CoN(B) 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
CoMN(E} (Calculated)
Sample batch 1

CoMN({B} {Calculated)
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Figure 3.52: Compariscon of calculated PXRD pattern for CoN{B) and CoN(E)

with expenmental pattern for sample batch 1.

Sample batch 2

PXRD:

Similarly, the 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 CoN{E) showed a better match to that observed

for sample batch 2 as shown in Figure 3.53.
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Figure 3.53: Comparison of calculated PXRD pattern for CoN(D) 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 gbtained as the sample was too hygroscopic.

PXRD:

The PXRD pattern matched that of CoN{B). Due to the reproducibility of the
PXRD patterns for both bateh 1 and 2. only one pattern is shown here (Figure
3.54).
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Figure 3.54: Overlay of experimental and calculated patterns of sample batch
1 and CoN(B)

Summary

At 278 K. the preparation of the CoN(F) compound was reproducible as
confirmed by XRD methods and glemental analysis.

At ambient temperature, reproducibility proved impossible to attain. Single
crystals chosen had unit cells corresponding to four compounds: CoN{A).
CoN(B). 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 formed under these
canditions.

At 313 K, only the CoN(B) was produced. Elemental analysis was unreliable
due tc 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,0)

Compounds of Co(NQ;); and bpde 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 Ca(NGs)z (72.76 mg) and bpdo {35 mg) in
an equivolume mixture of 5 mL MeOH and 5§ mL H,Q. This corresponds to the

following values in mmoles:

Co{NC3): bpdo : MeOH : H:0
0.40 : 0.19 : 123 ] 278

Thus the ratio of Co{NOs); : bpdo is 2 : 1 and the ratio for of MeQH : H;O is
1: 2.3, but the solvent is in great excess to the Co(NO,}; 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, PARD 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 compesitions were obtained.

Interesting FXED 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 for the Co" complexes using different sclvent ratios.

Temp. Batch ' MeOH:H;O | Unitcell  PXRD match Micro-analysis
0 1:0 CoN(F) CoN(F)
........ : CoN({F)
2 1:0 CoN(F) CoN{F)
1 | 1:1 | CoN(E) CoN(E) 4
= 1:1 " CoN(E} ' CoN(B) 1
278 K 1 1:2 | CoN(E) CoN{E)
il o el CoN(E)
2 1:2 CoN{E} CoN(E)
B R e . CoN({B) + CoN(C) |
F_ 5 2:1 CoN{D) CoN(B) #
3 | 2:1 CoN(E) | CoN(B)

# microanalysis not done

1:1 ratio

Similar unit cell parameters to those for CoN{E) were obtained in both sample
batches, but the PXRED patterns maiched both CoN(B) and CoN(E)

Sample batch 1

Because PXRDs showed mixtures of compounds. microanalysis was

expected to be inconclusive and was therefare nat done.

PXRD:;

PXRD patterns for both sample batches are presenied here since they
differed from each ather (Figure 3. 55 and 3.56).

The PXRD pattern of both calculated CoN(E) and sample baich 1 are a good

match.
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Figure 3.55: 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

expectad to be inconclusive and was therefore not done.

PXRD:

The caiculated 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(B) 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: Qverlay of calculated PXRD pattern of CoN{E} and experimental
pattern of sample batch 2 using 1:1 sclvent ratic. 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 CeN(E): C, 3881, H 401, N, 13,83

The elemental analysis corresponds to the calculated wvalues, but with

relatively large discrepancies.
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PXRD:
The PXRD pattern of both calculated CoN(E) and sample batch 1 are a good
match as shown in Figure 3.57.

24
Sample batch 1
CoN{E) (Calculated)

B
o

e
+2
1

Relative intensity
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0 T . . . . |
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Figure 3.57: Overlay of calculated PXRD pattern of CoN(E) and experimental

pattern of sample batch 1 using 1:2 solvent ratic.

Sample batch 2 was not included here since the results for both batches were

repreducible.

2:1 ratio

Three different unit cell parameters matching CoN(C), CoN{D} and CoN(E)
campeounds were measured for single crystals from sample batch 1. 2 and 3
respectively. According to the unit cell parameters determination, the PXRD
pattern of sample batch 2 was expected to match the one of CoN({D}. but the
results proved otherwise, as it was matching CeN(B} pattern {Figure 3.59).
The PXRD patierns of sample batch 1 and 3 were expected to match the
calculated PXRD'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 batch 1

Because PXRDs showed mixtures of compounds, micreanalysis was

axpectad to be inconclusive and was therefore not done.

PXRD:

The general PXRD patterns maich CoN{C}, except peak at low 20
(approximately 6.5) which suggest a compound mixture. Figure 3.58 shows
an overlay of the patterns far sample batch 1 and calculated CoN(C). The
calculated pattern of CoN(B) is included in this figure for comparisan as it
could be part of the mixture. The suggestion of CoN(B) is validated by PXRD
pattern observed in sample batch 2 (Table 3 32).

CoN{B) {Calculated}
Sample batch 1
30 { coNiCiiCalculated)

I PR
2 /“"')W(:/ITM |

Jl_}lL_JJU\ LLU Jk«ﬁ}uﬁj'u'UJL..-
u 5 10 1 I5 ZIEI 25 30 35 40

28 (%)

Relative Intensity
—
=

Figure 3.58: Overlay of experimental sample batch 1 and calculated CoN{C}
PXRD patterns. Calculated PARD of CoN{B) compound is

included in the figure for comparison.

Sample batch 2

Because PXRDs showed mixtures of compounds, microanalysis was

gxpectad 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{B} showed a better match to that observed for sample batch 2, see
Figure 3.59,

40 | CoN(B) (Calculated)
Sample batch 2 I
CoN[DY [Calculated)
2 0 A_n'l ]1| -'k '_Il'..rLla\.n.._ll T TON L.unJ\ SR O, A T, 1 Y e
L 1]
=
v 20 | |
=z |
¥ J
. }b !A I
__A__n UJL_J'U I‘_Ja_ J\ |.#-.le .Jdl JJ 'Mw‘d L“ﬂwm~
0 . . .
5 10 15 20 25 30 35 40

28 (°)

Figure 3.59. Comparison between experimental PXRD pattern of sample
batch 2 and calculated PXRD pattern of CoN{D)}. Calculated
PXRD of CoN{B) compound is included in the figure for

comparison.

Sample batch 3

Because PXEDs showsd mixtures of compounds, microanalysis was

expectad to be inconclusive and was therefore not dong,

PXRD.

The calculated PXRD of CoN(E) and samplg 3 patterns are a mismatch.
Calculated PXRD pattern of CoN{B) is included in Figure 3.60 for comparison
as it showed some peaks which are similar to those cbserved for PXRD

pattern of sample batch 3. This PXED pattern may shows a new phase that



Chapter 2 cobalt complexes

has not been characterised by single crystal methods, or it may be a mixture

of several phases.

40 ‘
CoN(B) (Calculated)
Sample batch 3
CoM(E] (Caleulated)
£ 30 - «
= [
=
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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 GoN(B} compound is included in the figure for

comparisan.

Summary

Using a 1:1 ratic at 278 K results in CoN(E} with the possibility of some
CoN(B) heing fermed. 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 CoN(E), suggesting that concomitant crystallisation

had occurred.

Reproducikle results for the unit cell parameters and the PXRD patterns were
obtained for CoN(E} when using the aguecus methanaol mixture with a ratio of

1.2 concluding in the formation of CoN{E) crystals.
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Three different unit cells for the CoN(C). CoN(D) and CoN(E) compounds
were obtained using 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
CeoN(B) and CoN(C}. while sample batch 2 and 3 matched CoN{B} compound

considerably.

Ambient temperature (295 K — 298 K]

Table 3.33 summarises results of different aguecus meathanol ratios obtained
at ambient temperature. Results of 1.0 solvent ratio results have been
discussed in Part B (1) and were included in Table 3.33 for comparison.
Microanalysis was not done here, as the results could have been unreliable

due to compound mixtures prepared at this temperature {285 K — 298 K).

Table 3.33; Results for Co' complexes using different solvent ratios.

" Temp. | Batch | MeOH:H,O | Unitcell PXRD match
— - i e
|72 1:0 CoN(E) | CoN(E)
WS CoN(C) | CoN(E)
ST 4 " CoN(B) CoN(B}
. ambient i -
1 1:2 CoN(E) |  CoN(B}+ CoN(E}
2 "1:2 CoN(E) CoN(B) + CoN{E} |
o 2:1 CoN(E) " CoN{E} |
[ 2:1 CoN(E) | " GoN(B) + CoN(E)
1:1 ratio

Two different unit cell parameters for CeN{C} 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 in sample batch 1 (CoN(C)
and CoN(E)), while in sample batch 2, CoN{B) was formed. Calculated PXRD
patterns of CoN{C), CoN{(B) and CoN(E) are shown in Figure 361 for
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comparison. 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 PXED pattern of sample batch 1 is a beiter match to the
calculated paitern for CoN{E). CoN(B) is another possibility owing 1o the

similarity of its pattern to CoN{E), as explained befcre.

16 Col(B) (Calculated)

CoMIE) {Calculaberd)
Sampla batch 1

- CoMC) (Calcalated)

= 1E |

E W A A A
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%
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e 4 I

ﬂ T T T T T T
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Figure 3.61: Comparison between experimental PXRD pattern of sample
baich 1 and calculated PXRD pattern of CoN(C) compound.
Calculated PXRED of CoN(B) and CeN{(E) compound are

included in this figure for comparison.
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Sample batch 2

PXRD:

The PXRED patterns between the calculated CoN(B) and the sample batch 2
matchez as shown in Figure 362 suggesting that the bulk material is
CoN(B).

25
Sample hatch 2
CoN{B) (Calculated)
|
= 20
| &
e
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Figure 3.62. Overlay of experimental (sample batch 2) and calculated PXRD
of CoN{B)

1:2 ratio

Using 1:2 solvent ratio, the two unit cell parameters fram each sample batch
were measured. They were both similar and corresponded to CoN{E}.
Nonetheless, PXRD patierns 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 CoN(E)} and experimental pattern of sample batch 1
partially match, suggesting a compaund mixture (CoN(B) and CoN(E)). Maost
PXRD peaks of sample batch 1 corresponds to those of calculated CoN(B)

and it is therefore included in Figure 3.63 for comparisan.

CoMiB) (Calculated)
40 4 Sample batch 1

CoMIiE) (Calculated)
i
% 30 - Laid
-
£
_g 20 -
5
[.T]
o 10

A Aa__R i
u I 1 ]
5 10 15 20 25 30 35 10
28 (7)

Figure 3.63: Overlay of the calculated PXRD pattern of CoN(E)} and
experimental (sample batch 1} pattern Calculated PXRD of

CoN(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 3.64).
However, the PXRED pafterns of sample batch 2 showed the possibility of
concurrent crystallisation of CoN(B) (Table 3.33}. thus the calculated PXRD

pattern of CoN(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 1 CoN(B} (Calculated)
Sample hatch 1
caMrE} (Calculated)
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Figure 3.64: Comparison of sample batch 1 {experimental) and calculated
PXRD patterns of CoN(E). Calculated PXRD of CoN(B)

compound is included 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 CoM(B) trace which carresponds to the
calculated CoN(B) trace in Figure 3.65 and this is further confirmed by the
colour of the crystals, which is different from sample batch 1, but similar to the

CoN(B) compound shiown previously in this section {Figure 3.82).
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35 - CoN{B) {Calculated)
Sample batch 2
CoM{E} (Calculated)

Relative Intensity
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Figure 3.65. The calculated PXRD pattern of CoN(E) matched the
experimental pattern of sample batch 2 Calculated PXRD of

CoN{B} compound is included in the figure for comparison.

Summary

Elemental analysis was not an ideal method to confirm which compounds
were prepared at ambient temperature (285 K — 293 K) since we obtained

compound mixtures in unknown ratios.
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313 K

Table 3.34 shows compounds prepared using different agueous methanolic

solutions at 313 K. Results of 1:0 solvent ratio results have been discussed in

Part B {1) and were included in Table 3.34 for comparison. Using & solvent

ratio of 1:1, two different unit cells for CoN{A) and CoN(E) compounds were

obtained, while 1.2 and 2.1 ratiaos formed the CoN(B) compound alone,

Microanalysis could not be obtained as the compounds were too hygroscopic.

Table 3.34: Results for the Co" complexes using different solvent ratios.

Temperature : Batch MeOH:H,0 Unit cell PXRD match
— e % _—
7 1:0 CoN(B) CoN(B)
I CoN(A) CoN(A} + CoN(B)
= 2 1:1 CoN(E) Cul_'!u.{”B}%-CoN{E} ;
! 1:2 CoN(B) CoN(B)
5T CoN(B) CoNB)
1 b X 2 CoN(B) CoN(B)
2 2:1 CoN{B) CoN(B)
1:1 ratio

Sample batch 1

PXRD:

The single crystal from sample batch 1 gave in the unit cell parameters of
CoN(A). When comparing the generated PXRD pattern of CoN{A} with the

experimental pattern. it was a mismatch. The PXRD pattern suggests a

compound mixture composed mostly of CoN{B) compound and a small

amount of the CoN(A) crystallising concomitantly, as shown in Figure 3.66,

Crystal colours and marphologies werg similar in all prepared crystals and

thus only one photograph is shown in Figure 3.66.
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Figure 3.66: Overlay of experimental (sample batch 1) and calculated
(CaN{A)) PXRD patterns. Calculated PXRD of GCoN(B)

compound is included in the figure for comparison.

Sample batch 2

PXRD:
The PXRD patterns of calculated CoN{E}, which was suggested by the unit

cell measurement. and sample batch 2 partially match, suggesting that the

compound is a mixture of CoN{B) and CoN(E} as shown in Figure 3.67.
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Figure 3.67: Overlay of experimental PXRED pattern of sample batch 2 and
calculated CoN{E). Calculated 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 3.68), to illustrate the general result.
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Figure 3.68; Calculated PXRD pattern of CoN{B} is matched with

axperimental pattern of sample batch 1

2:1 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 3.69}, to illustrate the general results,
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Figure 3.69: Calculated PXRD pattern of CoN(B) is matched with

experimental pattern of sample batch 1

Summary

At 313 K, using the solvent ratio 1:1 resulted in two different unit cell
paramsters. CoN{A) and CoN(E) from sample batch 1 and 2, respectively.
PXRD patterns suggest compound mixtures, composed mostly of the CoN(B)
compound and small amounts of CoN{A} and CoN(E} crystallising
concomitantly in batch 1 and 2, respectively.

CoN{B} is formed when using ratios 1:2 and 2:1. The PXRD patterns showed

footprints of CoN{B} when compared with the calculated pattern.
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Co-grinding of physical mixtures of Co{NO,); and bpdo

The results of the wvariable solvent crystallisation study, just described,
prampted the guestion of what compounds would form in the absence of
solvent. Braga and Grepioni’ 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{NOs): and bpdo were prepared and analysed
using PXRD. Two experiments were done, the first experiment was prepared
using chemical guantities discussed previously in Chapter 2 while in the
second experiment a metal.bpdo molar ratio of 1.6 was used. Co-grinding was
dong for two hours in each experiment. The first experiment was done to
establish which of the prepared and elucidated Cofll) 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.
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Figure 3.70: Comparison of PXRD patterns of sample batch 1 and 2,
calculated CoN{E), bpdo and Co{MNOs)s,
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In the second experiment, an excess of the bpde 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 frem 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 CeB and CoC. the hydrogen-bonded salt structures give rise to inorganic-
ogrganic layered structures. Col forms a high symmetry 3-dimensional
supramotecular network, while CoN(A), CoN(D} and CoS form interdigitated
fayers in which hydrophilic regions between the Co(ll) ions are separated from
one ancther by organic regions. CoN(B) has both nitrate counterions and two
water molecules coordinated to the central metal displaying an irregular
octahedral symmetry while in CoN{C), Cofll) 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

hydregen bonding.

A common feature in all these nine structures is the presence of strong ==
interactions, This representation 15 shown in Figure 371, in which the
selected sections of each structure have been chosen to illustrate the

interactions which appear to be a strang structure-directing influence.

Compounds of CoB and CoC were transformed from discrete molecules to 1
dimensicnal coordination polymers with guest water molecules bridging the
two polymer chains through hydrogen bonding. Unlike in discrete molecules of
CeB and CoC, bpdo molecule is directly coordinated to the central metal

resulting in the loss of water.

143



Chapter 3

cobalt compléexes

— - ——

1
3.242 A1 3.390 A'n_ 13.489 A
(]

|

3.439 Al 3.326 A i3.437 A

=== i

|

N
g Ty

|
|

CoB and Col

' V3631 A
3.899 A/ A

. V3.631 A
3899 A/
i

Host

3.688 A"

13,262 A

o

3688A1

Guest




Lhapter 3 cobalt complexes

A search of the CSD? {Version 5.27. November 2005) for cobalt compounds
with bpdoe found five structures to have been reported previously., In
[Colbpdo)a(H:0):]{PFs);.2H:0, a 30 diamondoid network is formed in which
double bpdo spacers bridge two adjacent metal centres.® Cobalt perchlorate
has been used to produce both [Cr:r{H20]4(bpdo}](CID.;Jg.E[bpdo}{"‘ and
[Cotbdpo)a{N(CNI2)a(H20):].""  In the former one bpdo bridges two cobalt
ions, giving a 1D covalently linked chain along [100] while an uncoordinated
bpdo links two cobalts along the cell diagonal via hydrogen bonds, leaving a
triangular channel containing ClO4 anions. Unigquely among these structures,
there are no =--= interactions in this case. In the latter case, crystallisation
from ethanol rather than water, and the use of a competing ligand, eliminates
perchlorate from the final structure to produce [Co{bdpolz{N{CN);)z(HzQ):].
Both bpdo and dicyanamide act as terminal ligands and as hydrogen bond

acceptors to coordinated agua ligands.

Using CofNQ3); and bpdo as the starting material has been reported® to
produce two different structures to the four (CoN(A), CoN{B), CoN(C),
CoN(D); reported in this study. VWhen the metal salt and bpdo are mixad in
agueous solution the resulting material is [Co{NOa)(H:O)]. 2{bpdo) (CoN(E))
which is most like Col solvad in this study, in that the hydrataed metal salt and
bpdo molecules form a hydrogen bonded network with similar tetragonal
symmetry. Crystallisation from a mixture of methanol and water gave the
discrate molecule [Co(bpdo}g]{NOz): {CoN(F)), in which each bpdo
coordinates via one N-oxide donor while the other end of each ligand engages
in n--7 interactions with other molecules in a 2D supramolecular net.* Four
intermediate crystal structures of Co(NO:): produced in this work may be
related to the different crystallisation conditions employed, i.e. crystals were
grown in sole alcoholic solutions and aqueous alcoholic sclutions, at various

temperatures.

According to the CSD? only one coordination polymer of Cotll} using bpdo
and different counterions have been reported.” This is [Co{H:0)sbpdo)]

(CIO.):. 2ibpdo). The compound has been discussed in this section and it is
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simifar to coordination polymers {CoB-2 and CoC-2} discussed in this study.
They both form 1D cowvalently bonded chains joined through hydrogen
bonding forming two dimensional sheets. From our experience and CSD?
search, it is fairly improbable that coordination polymers of Co(ll) metal salts

will form using bpdo ligand.

In Part B, we demanstrated that temperature and solvent mixtures can play a
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 methanclic solutions afforded consistent preparation of
CoN{F) and CoN(B) at 278 K and 313 K respectively. 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, PXRD 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 at 288 K, but PXRD patterns of samples prepared have
patterns similar to those calculated for CoN(E}. Crystallisation in the absence
of excess waler revealed that the bpdo ligand becomes sufficiently
competitive for the central 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 agqueous solution produced compound mixtures.

At 278 K, consistent preparation of CoN{E)} compound was observed when
using 1:2 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 — 288 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 ratioc 1:1. Micrecanalysis of these
compounds was not done due to compound mixtures and therefore results
waould be unreliable.

Slight heating of the solutions to 313 K gave rise to farmaticn of CoN(B). This
is confirmed by the PXRD patterns of the prepared sample batches which
carresponded te calculated PXED 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 sclvent ratia. This resulted
in compounds mixtures of sample batch 1 and 2. However, due to general
behaviour of these campounds, the possibility of having a compound mixture
in other crystallisation vials should not be neglected although the PXRD
confirmed their hemogenity. The physical mixture of Co{NOs): and bpdo gave
PXRD patterns that matched the calculated PXRD pattern for CoN(E).

The experiments repeated using the same measurements did not show

reproducible results, except when using methanaol cnly at 278 K and 313 K.

in conclusian it is evident that by using one metal ion and ane ligand, a range
of crystal structures can be constructed. This study alse provides further
gvidence that crystallisation conditions are important when preparing metal-
grganic frameworks. Ligand and counterion may compete for the metal's
coordination sites. This behavicur was illustrated by the formaticn CoN(B),

CoN{E) and Col compounds using bpdc as was discussed in this chapter.
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Chapter 4 Copper and lead complexes

Chapter 4

Synthesis and crystal structures of
CU2C|4(bpd0)3(H20)2 : 2(CH3)2SO and
[PbX,(bpdo)], (X= Br, Cl and I)

complexes.
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Chapter 4 Copper and lead complexes

This chapter describes compounds of Culll) and Pb{ll) metal salts prepared
using the same starting materials {DMSO, CH:Cl: or CHCI; and bpdo) at
ambient (295 K — 258 K) temperatures. The presence of DMS0 has provided
some interesting study on the effect of driving crystal structure construction,
The crystal structures refined and elucidated adopted different structural

topelogies.

The Culll) complex is a z-shaped discrete molecule with a DMSQO 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 PbBr,, PbCl: and Pbl; with bpdo afforded
20 coordination polymers. The adjacent metal centres of these polymers are
bndged by coordinated Br, CI° or | 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, hong lengths and angles, tarsion angles,
thermal angles, thermal parameters and tables of cbsarved 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
(2895 K — 298 K) The complexes were obtained by crystallisation of either
Cu(lly ar Pb{ll) metal salts covered, but not fully dissclved. by either CH.Cl; or
CHCIl; and carefully layered under the solution of bpde in DMSO. Solvent
cambinations used resulted in a Cu(ll) discrete molecule and 1D palymers of
Fb(ll} metal salt.

The compounds obtained are abbreviated as follows:

CusCla{bpdo}x(Hz:0); - 2(CH:},S0 cut
[PbCla(bpdal],: PbC
[Pblx{bpdo)], : Pbl
[PbBrz{bpdo}],: PbB
Microanalysis

Table 4 1 shows elemental analysis results. The experimental and calculated

percentages corresponded well,

Table 4.1: Elemental analysis results for CuC, PhC, Phl and PbB

compounds.
| Complex ~ Found % f Calculated %
| G H | N & 1.6 (8 N S
CuC 3977 378 | 816 | 623 | 3981 354 | 819 625
PbC 2567 157 686 | - [F2G G REENE E
BB 1507 122 2376 @ - (EEAE NG RN TS R
PbB 21.61“]“_“1.-{{] 488 - | 2183 | 145 508 -

PXRD

The calculated (red trace) and expenmental (blue trace}) PXRD patterns for

Cu(lly and Pb{ll) complexes are shown in Figure 4.1(a) {d). PARDs of all
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these compounds are a complete match sugoesting that the samples

prepared were homogenous.
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Figure 4.1(a). Comparison of experimental and calculated FPXRD
patterns for CuC.
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Figure 4.1(b): Comparison of experimental and calculated PXRD

patterns for PbC.
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Figure 4.1(c). An overlay of Pbl experimental and calculated PXRD
patterns.

The PXRD patterns of PbB are a match as shown in Figure 6.5,
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Figure 4,1{d}: An overlay of PbB experimental and calculated PXRD

patterns.
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Structure solution and analysis

CuC

Table 4.2: Crystal Data and Refinement Parameters of CuC,

Goodness-of-fitan £ £

Molecular Formula CuzCly(Cap Hy Oz Ng)s{Hz0); - 2{CH;),S0
Formula weight {g.mol™} 102572
i & Temperaturé'{l:{jm 113
Wavelength (A) 0.71073
~ Crystal System Triclinic
Space Group =
a (Al B731(2) =3
b (A} 8.943 (2}
¢ (A) 14,408 (3) '
s e () 102.85 (3)
""" A0 97.49 (3) |
(%) e L
Volume (A™) 1005.8 (3]
5 o :
Calculated Density {g.cm™) 1,693
C u(mm’) [T 1491
F (600) | 524
i Crystal Size (mm) ' 0.15x0.15x 0.20
{/ Range Scanned (%}  0.21-26.37
Index Range A1 <h=<11,-10<k=<11,-18<1<18 |
" No. Reflections Collected 20348
No. Unigue Reflections 4211
Data completeness (%) 99.9
Refinement Methad | Full-matrix LS. on F°
Data / Restraints / Parameters 4211707271 s

1.110

Final R Indices [i>2a(1)]

0.0255, 0.0598

 Indices (all data}

Largest Diff. Peak and Hole (e A7)

0.0334, 0.0632
0.75.-1.07
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|

The compound, CuC, could be solved in space group P | with two molecules
in the unit cell. The thermal displacement and labeling of the asymmetric unit

1= 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-0O and Cu-Cl bond lengths in the absence of distortion are 2.11
and 240 A respectively on the bases of the ionic radii and they were
comparable to experimental distances; 1.99 A {Cu-0) and 2.41 A (Cu-Cl),
of the crystal structures obtained. The structure shows an enlarged Cl11-Cu~-
09 bond angle of 148 88°, two inclined angles of 101.38° (Cl12-Cu-09) and
108.42° {CM-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 to be 80°, but due to the same distortion
effect, the bond angles ranged from 79.93"-98.02°. The bpdo molecule is
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planar but flexible, hence the two aromatic rings were twisted by 6.30 A in
CuC. Full bond lengths and angles are given in the Appendix.

The crystal structure shows a z-shaped molecule with two Cu 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 [Oaq.5 - Obpas = 2.717
Al, forming a supramolecular zigzag polymeric structure (Figure 4.3). There is
a center of inversion at the centroid between the parallel arms. The DMSC
guest molecule is hydrogen bonded to the host molecule by its oxygen and

the coordinated water as shown in Figure 4.3.

Figure 4.3, Hydrogen bonding and =-r interactions in CuC 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 Z2-
shaped molecule where meial centres are joined by bpdo
ligands. Dense lines showing molecule "arms” linked by

hydrogen bonding {dashed lines}) and bpdo ligands.

Table 4.3: Hydrogen honding details in CuC crystal structure.

! D-H (A) | DA (A) D-H-A (°) | Symmetry operator
O(1)—H(1W)--O(18) . 080 | 2718 2) 175  [REEE
O(1)-HEW)-0(@3) 077 | 2.704(2) 165 X, 1+y. z
C(5}=H(5)-Cl(2) 095 | 3402(1) 141 VSV [
C(8)-H(B}-O(16) 095 20959¢) | 134 gy
=L"C{12;—H(12}--'-d(:ij_'_ 0.95 3443 (2) 154 A+x, v, Z
C{14)-H(14)}-0(2) 095  3.474 (2) 156 X, -1y, -2
C(15)-H({15)-O(16) | 095 3221(2)| 170 T ek Ay, 2
C(22)-H(22)-0(9) | 085 |3.170(2) 164 A+, 14y, Z
' C(23)-H(23B)-CI(2) | 098 3.666 (2) 147 i’“_ ey z
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The melecule is stabilised by a series of = stacking interactions (details
summarised in Table 4.4) of bpdo rings as shown in Figure 4.3. There are
also C-H--1 interactions. Full bond lengths and angles are given in the
Appendix. The crystal packing of the structure viewed along [010] is shown in
Figure 4.5,

Table 4.4: 1 interactions in CuC crystal structure.

- Distance | Symmetry operatui{

~Cg(N10-C15)--CgIN17-C22) | 3.873 (1) A-x, -1-y, -2
| Cg(N17-C22)--Cg(N10-C15)  3.873 (1) R O
| Cg(N17—C22)-Cg(N17-C22) 3607 (1) = -1x, 2y, =z
" C({21)-H{21)- CgiN10-C15) |F 3356 0 PMwily =
S - [P

*Cg = ring centroid




Chapter 4 Copper and lead complexes

(c)

Figure 4.5 Crystal packing of CuC viewed along [01C]. (a) shows an empty
host lattice represented in van der Waals radi, {b) shows DMSO
guest mplecules {van der Waals radii) located in cavities of the
hast. {¢) demanstrates how guest molecules reside in and are

enclosed in the voids.

Viewing the compound packing aleng [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 [0D1]: (a) shows

zigzag shapes while (b) illustrates - stacks.

Thermal Analysis

The TG and DSC traces of CuC complex are shown in Figure 4.7.
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90 - _ =
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Z a0 A // =
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£ o Nl T 160 O
g o \ ™
v ., [ Dsc , =
= 40
@
! i ki
60 8| t20
50 T ] 0
30 80 130 180 230 280
T Temperature / °C l’
Endotherm _ e i e T p g Exotherm

Figure 4.7, TG and DS traces for CuC complex.

.
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The TG trace shows a two step mass loss (region A and B). The first step
mass loss in Figure 47 of CuC compound is attributed to loss of a
coordinated water molecule, The experimental mass loss (region A; 2.35%)
was accounted for only about 67% of the water molecule, as compared to the
calculated 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 Tahle 4 5.

Table 4.5 Results on thermal analysis of CuGC.

| TG Results | DSC Results
Guests :

| Calc. % mass loss Exp. % mass loss | Ton {(°C)

T H0 351 . 235 Peak A 110.9
DMSO 1025 : 16.97 Peak B: 244 6
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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.

c) 1445 °C
A .

S

ol . ﬂ...'.- - T r
(d) 146.5 °C () 253.6 °C (f) 263.4 °C

Figure 4.8: Thermal decay for CuC compound.

Photographs: {a) crystal at room temperature, {b) crystal retains its rigidity at
the normal boiling point of water, owing to the strength of the coordination
bond. (c} coordinated water molecule is released at 1445 “C and this is
further demonstrated by loss in color of a crystal {d}. (e) depicts loss of DMSO
guest molecule and the bubbles are vigorous in (f) after which the crystal

tecompose.
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PbC, Pbl and PbB

Table 4.6: Crystal Data and Refinement Parameters for PbC, Phl and PbB.

Molecular Formula -

[PbCI{Cq Ha Nz 020,

[Pbl{C. Hy N: O3],

[PBBry(Co Hy Nz O3)] |

Formula weight {g.mal ) 466,27 64817 565 19
Temperature (K} 113 T T
~ 7 Wavelength (A) arig7s | 071073 071073
Crystal System Monoclinic " Monoclinic Maonoclinic
Space Group | Coe G2 TibEm
R | T A | 16.438 (3) 18.403(3)
[ 2 b iA) T Aoy | 4533 (9) 42412¢8) ~
S b 18615 (8) : 18.973 (&) 18.846 (41
a (%) a0 | 80 ag
o e 83 73 (1) i 91.04(3) 92.5—9{3]4!
e S T a0
Volume (A7) 123460 (8) 148K 1308.7 (4)
Z TR 4 4
| Caic. Density fgem™ | 2 509 ~Ta0a7 2816
) 14.087 18277 16.974
F (000) | 856 \ 1144 =~ 1000
Crystal Size {mm) 003 x 005009 DO0Ex018x078 Q03x008x014
@Range Seanned (%) 0.21-27.10 100 — 27.48 1.00 —25.67 |
i 19<h=<19, d<k=< | -21<h<21 S<k= -19=<h<78 4=<k=
Index Range
4,22 <j<22 5, -24 < | <24 5, -22 <|< 22
NID. Eeflections e\ Y i i
i 12454 0843 | g122
No. Unigue Reflections 1156 g 1248
| Data completenass (%) T BeE 0 D 99.9

" Refinement Method

| Fullmatrix LS. en F°  Fullmatrix L3 on £

 Fullmatnix LS. pn £

! Data ! Restraints ¢

Faramsaters

1168/ 0/ 7Y

Goodnass-of-fit an F

C 1082

1802/ 0/ 78

1.066

Final & Indices ff=2)]
R Indices (all data)
Largest Diff. Peak and
Hele (e A™

0.0252, 00545
0.0379 00583

1.120 -1.086 i

00340, 0.0758

1245/ 0/ 78

1.066

| 00348, 00774

T T 00487, 0.0813

1.511, -1.954

0.0480 00827

1.8961, -1.558
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PbC, Pbl and PbB are isostructural, so therr description will mainly be
outlined with reference to PbC, but crystallographic interactions will be
tabulated for all prepared crystal structures,

PhC crystallises in the monoclinic crystal system, C2/z, with four molecules in
the unit cell. The ligand is situated on a centre of inversion, -7, at Wyckoff
position o and the metal is an a diad at Wyckoff position e. The thermal
displacement and atom labeling of the asymmetric unit is shown Figure 4.9.
The four coordinated chloride ligands form the eguatorial position while the
bpdo is on the axial positions. Full band 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 shawing 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-ClI
distances of 2.496 to 2.897 A respectively and CI-Pb—Cl angles of the square
planar were ranging from 89 64-90.75° while CI-Pb—CQ ranges from B85 74—
G4 26°. Pb—CI-Pb bond angles are 89.64°, 89.97° and 90.75%, resulting in

symmetrical adjacent actahedra.

The coordinated chlorides function as bridging ligands between metals of
adjacent chains forming an extended two dimensional sinusoidal shape
coordination palymer (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
faromatic}C—H - O(bpdo) and (aromatic)C—H - Cl(ligand); Table 4.7,

= \/ U, 77 . T
= L RS _ -
7 \ i \

= N 0 b NN
L~ Ny
2l A\
W C a
Figure 4.10: 20 coordination polymer showing sinusoidal shape, PbC

compound is represented by sticks showing chloride ions

hridging 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 hy organic {marcon} and inorganic (yellow)

components. Atoms are represented in van der Waals radit.
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Figure 4.12 shows a packed diagram viewed along [010] showing 2D

coordination polymer in PbC.

Figure 4.12. Packed PbC compound viewed along [010] showing the 2D

coordination polymer,

Table 4.7. Hydrogen bonding in PbC, Pbl and PbB polymers.
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PbC, Pbl and PbB compounds are very flat polymers with short axes of 4.07
A 4538 A and 4.22 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 YWaals radi.
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Thermal Analysis

The TG and DSC traces of lead complexes are shown in Figure 4.14 (a) and

(b). TG trace for PbB polymer is comparable to PbC. hence it is not shown

here.
100 Eich i - &0
o [ e
DsC — &
=% E
=
2 70 _+an E
Q i i
£ g0 +20 g
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30 80 130 180 230 2BO 330 380 430
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Figure 4.14(a}: TG and D3C traces for PbC.
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Figure 4.14(b}. TG and DSC traces for Phbl.

TG/DSC traces for PhC, Pbl and PbB are stable up to =200 “C. 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 Figure 4 14(b)) which, in both
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caszes, represented decomposition of the polymers. The thermal events are
further shown in Figure 4.15 (hot stage photographs).
The mass losses corresponded well to exotherms A and B in the DSC trace

(Figure 4.14{a) and (b)) and their onset temperatures are given in Table 4.8,

Table 4.8: DSC results for PbC, Pbl and PhB.

Eoordination DSC Results
polymer Ton (°C) Peak A Ton (°C) Peak B
Rt - 2535 360 2
Pbl 2658 . 336.2
PbB gagy. 355~

Hot Stage Microscopy

The thermal decomposition photographs of PBC. Pbl and PbB polymers

using the hot stage microscopy are shown in Figure 4.16{a-c).

e

(c) 110.1 °C

- ._,_:c:_a!;_‘.‘ - i e I "'-\:ﬁ;'

= Lt:;.

(d) 242.5 °C (e) 263.3 ° (f) 285.4 °C

Figure 4.15(a). Thermal decompaosition of PhC, {a) room temperature,
(b} and (c) demonstrated that a crystal is still maintaining
its guality and crystallinity, (d) and (e) a crystal losing its
color to black depicting the start of the decomposition

while {f) is a melt showing decomposition.
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{a) 25.9 °C (b) 273.2 °C (c) 295.5 °C

Figure 4.15{b). Thermal decay of Pbl {a} room temperaturg, (k) crystal
losing its color to brown showing decomposition of the

campound. {¢] shows complete decomposition.

a) 30.5 ~ (b)110.8  (c})235.4

(d) 356.5 °C (e) 395.1 °C

Figure 4.15(c): Thermal decompaosition of PbB. (a) room temperature,
{b) the crystal still stable, (¢) crystal losing some bpdo
which continues until the crystal lost color {d} showing the
start of decampositian, {e) is a melt showing complete

decomposition.
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Isostructuralilty

PhC, Pbl and PbB are isostructural with respect ta their similar molecular
shape, unit cell parameters and atomic coordinates as shown in Table 4.6,
The thermal ellipsoids and atom labeling of Phl and PbB are shown in Figure
4 16{i) and (i} respectively. A summary of hydrogen bonding interactions is
shown in Tahle 4.7,

Figure 4.17 shows packed malecules of Pbl and PbB polymers viewed along

[010]. showing packing similarities of all the Pb{ll) compounds prepared in this

study.

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 thermal ellipsoids are drawn at 50%
probability.
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0

Figure 4.17. Packing diagrams of Pbl and PbB respectively viewed along

[010], shawing isostructurality in these polymers.
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Discussion and conclusion

Compounds of Cu(ll) and Pb(ll) 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
1D (CulC) or coordination 2D polymers (PbC. Pbl and PbB). Thermal analysis
of these compounds was carried out to determine their thermal stability and
decompaosition profiles.

CuC is a z-shaped molecule with metal centres linked by a bpde ligand. The
molecule showed an irregular trigonal bipyramidal coordination gecmetry.
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 w interactions making the compound fairly

rigid .

In our experience, knowledge and CSD? (Version 5.27. November 2005)
search, this trigonal bipyramidal coordination geometry shown by Cul 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(bpdoix{N{CN)z}:(H20)] and
HL{{n-OH)Cuzkbpdo) {Cux{p-OHILYCIO44-1.33H:0). where L=2 6-bis[N-({2-
pyridylethyl)fermimidoyl] -4-methyl-ghenclate. Both adepted for a square
pyramidal ceordination gecmetry than the trigonal bipyramidal observed in the
CuC complex reported in this study.

The most common reported coordination geometry for copper complaxes with
bpde is an octahedron > ° Crystailisation of bpdo and CuCl; or CuClO4 in
aqueaus solutiens preduced [Cu(H;0)]Cl; - 2bpde - 2H:0, [Cufbpde)s][ClO,],
[Cus(bpdo)a{H:0}:][ClO4): -+ 2bpdo6H:0, [Culbpdo)(H20)][CIOs): 2bpde and
[CulbpdoiL)[CIOL]): - 2H:0 - bpda, L=4,4-hipyridine, The latter compound is

a 2D coordination polymer which accomodated bpdo and ClOs into its
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channels while the rest are discrete molecules governed mainly by hydrogen
bonding and n interactions.

In addition to the coordination entities, Tian ef al.’ reported a rare square
planar copper complex ([Cux(L)][bpde], L=3,5-pyrazoledicarboxylic acid).
Each Cu' charge in the [Cux{L};] unit is balanced by two coordinated L%
ligands in chelating fashion through the carboxylic oxygens as well as
adjacent nitrogen atoms. Hydrogen bonding via bpdo and carbonyl oxygen

atom joins adjacent molecules giving rise to two dimensional structure.

PbC. Pbl and PbB coordination polymers are isostructural. These compounds
are 2D polymers with two bpdo ligands occupying the axial positions and four
halide ligands (Br, CI' or I} on the equatorial positions completing an
octahedral coordination symmetry. The adjacent polymer chains are bridged
by halide ligands ferming a 2D sinusoidal shapes. There are no conventional
hydragen bending in these coordination polymers, These palymers arg stable

up to >200 "C as was confirmed by thermal analysis.

To the best of our knowledge and the CSD?, no Pb{ll) crystal structures using
bpdo have been reported so far. An analogues dipyridyl ligand, bpy (4,4-
bipyriding}, formed [PbBra{bpy}]. coordination pﬂlymera which s related to the
Pbill) coordination polymers reperted in this study This polymer was
prepared using the hydrothermal (393 K} reaction of Pb{O.,CCH;}, NaBr and
bpy. The 2D layers are formed by connecting metal centres through bridging
Br and bpy ligands, Nordell et af” later reported [PbCly(bpy)], coordination
polymer prepared hydrothermally at 403 K. The compound; [{PbBrzi{pyz)]..
was prepared by layering an agueous methanolic solution of pyz on top of

aqueous HBr solution of PbBr. "

The selection of DMSO as a solvent allowed the preparation of crystal
structures of thel form of PbC ambient temperature (295 K — 288 K). Qur
attempts to prepare polymers via solvent layering of aleoholic bpdo solution
and chlorinated solvents have to date been unsuccessful. It is evident from

literature and CSD? search that irrespective of the synthetic route andior
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solvents applied in crystallisation of PbhBr:, PbCl: and Pbl: complexes with
either bpdo, bpy or pyrazine'® (pyz), the product crystal structure obtained is a

typical 20 coordination polymer bridged by halides.
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Chapter 5

Constructing Zn(ll) complexes of
bpdo by means of solvent

evaporation and layering.
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Crystallisation of ZnBr; and bpdo by slow evaporation and solvent layering
methods afforded three different crystal structures, a 2D 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 bath complexes are joined through hydrogen bonding of
coordinated waters, bpdo ligands and guest water molecules. Replacement of
bromide with thiccynate 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 diffractornetry,

Crystallographic data, experimental and refinement parameters are given in
Table 5.2 56, 5.10 and 513, 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
salvent layering at ambient temperatures over a period of a week using
methads discussed in Chapter 2. These complexes were crystallised using
alcohaolic solvents for discrete molecules ([ZnsBra{bpdo)4(H:0):] - (bpdo) and
[ZnBrd][ Zn{H:z0)s{bpda)] - 2{bpdo) - (H20)) and layering of alcoholic solutions
on top of chlorinated solvents for the coordination polymer (Zn:Bry(bpdo); and
[Zn{NCS)s{bpdo){H:0):], - Ha0).

The compounds obtained as well as their abbreviations are as follows:

ZnzBrafbpdols: ZnB1
[Zn:Bre(bpdo)dH20);] - (bpdo): ZnB2
[ZnBra][ Zn{H:0Js(bpda)] - 2(bpdo) - (H,O0)%  ZnB3
[Zn(NC S},(bpdo)(Ho0)], - Ha0: ZnN
Microanalysis

Elemental analysis resulis are given in Table 5.1 and they correspanded well
with the calculated slemental mass percentages. Elemental compaosition
analysis for ZnB1 and ZnN were not done ZnB1 was unstable to
atmospheric conditions and lost solvent when removed from the maother
liquor. while ZnN was very hygroscopic making preparatory measures for
microanalysis impossible. ZnB2 and ZnB3 were very stabie and their

elemental analysis is given in Tabie 5.1.

Table 5.1: Elemental analysis results for ZnB2,

ZnB2 3 ZnB3
Element
Found % Cale. % Found % Calc, %
C 36.62 3634 32.39 32.09
" H 2 67 2 68 2.90 3.23
N .39 8.48 99 | 74a
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PXRD

The calculated {red} and experimental (blue) PXRD patterns for ZnB1, ZnB2
and ZnB3 are shown in Figures 5.1 — 5.3. Experimental PARD analysis for
ZnN was not done due to insufficient sample being available. Only the

calculated PXRED of this compound is shown In Figure 5.4

The patterns for ZnB1 do not match well. This could be due to a mixture of
compounds or phases in the bulk material or the loss of some solvent in the

campound as discussed later in this study.
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Figure 5.1, PXRD patterns far ZnB1 compound.
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The general PXRD pattern for ZnB2 is a match confirming that the prepared

sample was homogenous (Figure 5.2).
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Figure 5.2. PXED patterns of ZnB2 compound.

The general PXRD pattern for ZnB3 matches the calculated pattern.
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Figure 5.3: Calculated PXRD pattern for ZnB3 compound.
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Figure 5.4: Calculated PXRD pattern for ZnN campound.
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Structure solution and analysis

ZnB1

Molecular Formula

Zn,Bry{CyyHg N2O1);

Formula weight {g.mof ) 826.74
 Temperature (K) 113
Wavelength {A) 0.71073
Crystal sttem Triclinic
= Sl
a (A) 82359 (2)
i b {A) 9.3216 (2)
c (A 94713 (3}
a () 66.6032 (11)
4% 84.5784 (12)
0 66,6732 (15)
Volume (A} = B11.09 (3)
7 1
Calc. Density (g.cm™} 2 247
] wdmm’y 8537
F (000) 395
Crystal Size (mm) 0.15x0.1x0.05
f Range Scanned (*) 1.02 —27.88

Index Range

No. ref. Collected

-0=h=10,-12<k<12 12 <112

16797

" No. Unique Reflections

Data completeness (%)

2817

100.0

Refinement Meathad

Ciata ! Restraints / Paramaters

Full-matrix L.3. on F

2917/0/ 155

' Goodness-of-fit on £
Final R Indices [I>20(/)]

1.037

0.026. 0.0502

R Indices {all data)

0.0428. 0.0541

Largest Diff. Peak and Hole (e A™)

0.71, -0.56
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ZnB1 compound crystallises in the triclinic crystal system in the space group
P 1 with two molecules in the unit cell The thermal ellipsoids of this

compound and atom labelling are illustrated in Figure §.3.

>

a.ci3 _dew .

En:z} Br:1} ait {3} B}

(6}
c:m] 3

12}

an uan -

Figure 5.3: Part of the polymeric double-strand chain structure of ZnB1
showing the atom labeling. Displacement ellipsoids are drawn at

50% probability, Atoms of the asymmetric unit are labeled.

The crystal structure shows Zn(ll} metal centres with irregular trigonal
bipyramidal coordination geametry. The Zn—Bri{1) and Zn-Br{2) band lengths
are 2.382 and 2.373 A, respectively. These values corresponded well with the
range literature value of 2.390 A The In—0gpqn bond lengths have a range
from 2.039-2.353 A. The maximum bond length value (2.353 A, Zn-Ogu0)
determined deviated slightly from the average literature value of 2.076 A, The
distortion effects caused the structure angles to either decline or gnlarge from
the expected 307 (bipyramidal plane} and 120° (trigonal plane). The bond
angles determined for trigonal plane; Br(1)-Zn-Br(2). Br{1}-Zn—0(8) and
Br{(2)-Zn-0(8) are 122.68%. 111.81" and 121.3" respectively, while the
bipyramidal bond angles ranged from 67 34"-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 betwesan 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 3.658
A and the bridging O-0 terminals are 2 448 A apart. The bridging angle Zn—
O-Zn is 112.66°.

o

Figure 5.5. 2D 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 n interactions. Summarised hydrogen honding and = interactions

results are given in Table 5.3 and 5 4 respectively.
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Figure 5.6: Hydrogen bonding interactions in ZnB1 polymer.

Table 5.3: Results on hydrogen bonding in ZnB1 polymer.

. D-H(A) D-A{A) | D-H-A () ' Symmetry operator _
C(13)-H(13)-Br(1) 095 3650 (3) 156 14X, -1+y,
C{T)-H{7)-O(1) . 095 |3328(3

C(8)-H(6)-Br(2)

174 1-x, -y, 2-z
095 | 3670(3) 141 i 1-x, -y, 2-2
-6 1

Tahle 5.4. 7 interaction details in ZnB1.

Distance | Symmetry operator

= Cg(N2—C7}-Cg(Ng—C14) 3846 (1) |x vy 2
Co(NS—C14)--Cg{N2-C7) 3846(1) 'xv.z
C(7T)—H(7)-Cg(NG-C14) BN 2.037 X V. z

*Cg = ring centroid

There is a centre of inversion at the centroid between the two bridged metals.
The crystal packing of the structure viewed along [010] is shown in
Figure 5.7 illustrating this centre of inversion and the n-.w interactions. The

polymer chains are running parallel to (1 0-1).
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Figure 5.7: Crystal packing of ZnB1 viewed algng [010] illustrating the

centre of inversion and n 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.

Figure 5.8. Facking diagrams viewed along (a) [100], (b) [010] and {c) [001]
showing close packing. Molecules are represented in van der

Waals radii.
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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
2 TG E
s B g
E 60 - N_‘ 6d %
E 40 - A //'\/ - TH
= I T ®
DSC 3 B T
20 t 1 + 20
D Endothemm : Exatherm U'

30 a0 130 180 230 280 330 380

Temperature [ °C
Figure 5.9 TG and DSC traces for ZnB1.

The TG trace was very difficult to describe. The trace shows a two step mass
loss. It would be unlikely to lose the coordinated bromide ligands during the
first step. Similarly, the loss of bpdo-Br salt, althocugh matching the
experimental mass loss of 34.78 % {calculated: 32 .43}, i= unlikely. This mass
loss could be due the lost of 1.5bpdo (34,14 9%). The second step mass loss is
the decomposition of the compound.

ZnB1 polymer is not stable to atmospheric conditions. This was shown by an
immediate loss in guality of a clear crystal to cpaque when exposed to
surrcundings. 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.

T,
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Table 5.5: Thermal analysis results for ZnB1 polymer.

DSC Results
BRApBT Ton (°C) T
Peak A Peak B
ZnB1 914 362.7

Hot Stage Microscopy

The crystals of ZnB1 polymer were cbserved during thermal decomposition

using the hot stage microscopy. The photegraphs for thermal events are

shown in Figure 5.10.

(d) 111.2 °C () 299.5 °C (f) 365.0 °C
Figure 5.10: Thermal decompesition of ZnB1. Phetographs (a) shows clear
crystal submerged in oil at room temperature. (b) Crystal was
starting tc lose its quality. (c) An opague crystal was cbserved
indicating loss of some bpdo. Bubbling in (d) signifies further
release of some bpdo. () Crystal has reached decomposition
as shown by the beginning of brown coler and upon

decomposition the crystal melts as shown in phetograph (f).
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ZnB2

Table 5.6: Crystal Data and Refinement Parameters of ZnB2.

Molecular Formula

Zm:Bry(C1oHaNz03)4(H:0)z - (C1oHe N2O3)
Formula weight {g.mol ") 1652.52
T Temperature (K) 113
Wavelength {A) a 071073
Crystal System Triclinic
~ Space Group Pi
a (A 7.244 (1)
B (A ! 12.017 (2)
c{Al h 16.630 (3)
a {7 99,90 (3)
- 76) 95 97 (3)
#(2) 95 21 (3)
Volume (A 1409.60 (5)
Z 1
Cale. Density {g.c'rr'i"“s-}___ {odE
w (mnv’) 5.588
F (000} 810

Crystal Size (mm)

 035x025%x025

Refinement Method

£ Range Scanned (%) 1.02-27.88
" |ndex Rangs G<h<9 -15<k <15, -21 <| < 21
MNo. ref. Collected 39535
" No. Unique Reflections 6747
Diata completeness (%) 100.0

Full-matrix L.S. on F

Data ! Restraints / Parameters

Goodness-of-fit on £~

6747 (0 f 368
1.011

* Final R Indiges fi=2a(h]
R Indices (all data)

0.0315, 0.0644

0. 0502, 0. 0E598

LLargest Diff. Peak and Hole (.47

1.169, -0.560
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The structure was solved in the space group P | with one full molecule in the

unit cell. The thermal ellipsoids of ZnB2 and atom labels are give in Figure
511,

Figure 5.11: Displacement ellipsoids for ZnB2 compound are drawn at 50%

probability. Atoms of the asymmetric unit are labeled.

structural characterisatian by single crystal x-ray diffraction revealed that the
product formed consisted of a molecule with two different zinc enviranments.
These are labelled Zn(1) and Zn(2)} and have different coordination
geometries: octahedral and tetrahedral. ZnB2 exists as a discrete molecular
unit [Zns;Breibpdols(H:0)] - (bpdo), in which the three zing atoms are
connected by two bpdo ligands. The central Zn{1) ion is coordinated by two
axial HzO molecules and four trans-coordinated equatorial bpdo ligands
resulting in a slightly irregular cationic octahedral coordination geometry, while
the terminal Zn(2) 18 coordinated by three bremide counterions and a bpdo
ligand forming an irregular tetrahedral coordination geometry. All the bond

lengths were within the expected literature values. '

161



Chapter & Zinc compiexes

The coordinated bpdo ligands were twisted by a minimum of 152° and

maximum 27.8° while the guest bpdo molecule was co-planarrings.

At Zn{1} environment, Zn{1)—0O.a bond length is 2080 A while the Zn{1)-
Oopao bond lengths are 2.072 A and 2.110 A. These values corresponded well
with the literature’ values of 2.090 A and 2.076 A respectively. The bond
angles ranged from 86.85°-83.15°,

At Zn{2) environment, Zn(2)-Br(1}. Zn{2)-Br{2), Zn(2}-Br(3) and Zn{2)}-
O(8)ppde bond lengths are 2374 A 2380 A 2427 A and 2011 A,
respectively. These bond lengths correspeonded well with literature values of
2 390 A (Zn—-Br} and 2.076 A (Zn—-0Q). The expected bond angles was 109.5°,
but the bond angles determined ranged from 100.49°—117.11%2

The discrete melecules are connected by streng hydrogen bonding (Figure
5.12) through cocrdinated water molecules and the oxygens 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---Q, hydrogen bonds and n interactions further

stabilising the structure. The hydrogen tonding details and = interactions are

summarised in Table 5.7 and 5.8, respectively.

Table 5.7: Summary of hydrogen bonds in ZnB2.

D-H(A) D--A(A) |D-H-A{°) |Symmetry operator
0(2)-0(22) 2724 2-x, 2y, -z
 D(2)-0{22) 2 658 D% Py, -z
C(3)-H(3)--0(22) 095 ' 3249 (4) 157 : A+x, 14y, Z
C{4)-H{4)--0(29) 0.95 | 3.173(4) 132 A+X, Y, 2 |
~ C(B)-H{B)--Br(3) 095 |3898(3) | 142 2%, 2y, 1-z -

Table 5.8: Summary of = interactions in ZnB2.

 Distance | Symmetry operator
* Cg(N2-C7).-Cg{N30-C35) 3.633 (2) X, Y, Z
Cg(N8-C14)--Cg(Ng-C14) 3.932 (2) 1-x, 2-y. 1-z
Cg(N16-C21)--Cq(N23-C28)  3.879(2) 1-x, 2-y, -Z
| Ca(N23-C28)..Cg(N16-C21) | 3.978(2) 1-x, 2y, -z
Cg(N30-C35).-Cg(N2-C7) 3.633 (2) X, y, Z
C(17)=H(17)--Cg(N2~-C7) T 3Dt T R K
C(20)-H(20)--Cg(4) il 3314 SRR
[ C(25)-H(25)--Ca(3) 3.146 1-x, 2-y, -z
T C(35)-H(35) -Cg(N30-C35) 3.148 Ok A e

' *Cg = ring centroid

The host framework,

networked by hydrogen bonds,

is arrangsd in

supramolecular chains forming channels which accommodated bpde guest

molecules. The packed molecules viewed along [100] are shown in Figure

5.13.
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Figure 5.13: Packing of ZnB2 viewed along [100]. (a) Shows a host
compeound with guest maolecules omitted. (b) Host compeound
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 Figure 5.14,

105 50
100 =5 A -
95 =
= &
—— S0 - H + 30 ;
= . A
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Figure 5.14; TG and DSC traces for ZnB2.

380

TG trace showed a two step mass loss. The first step {region A in Figure 5.14}

is attributed to the release of coordinated water molecules, occurring over a

wide temperature range (Table 59). The second step mass loss was
attriputed to loss of bpdo ligands (region B} and this stage can be observed

clearly in hot stage microscopy (color change to brown). Bpdo loss depicted

continues untit the decomposition stage.

Exothermn A {in the DS} corresponds to the end of the water loss ochserved in

the TG. The poor temperature correlation can be attributed to the different

instrumental conditions. The decomposition of ZnB2 is marked by a large

gxotherm, B.
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Table 5.9: Thermal analysis results on TG and D3C.

| Calculated | Experimentat |
mass loss mass loss

2.18 | 3.00

Hot Stage Microscopy

“(d) 250.2 °C (e) 3008 °C (f} 335.0 °C

Figure 5.15: Thermal decomposition of ZnB2. Photographs (a) crystal at
room temperature, (b) crystal still stable. (o) crystal bubbling
demonstrating the loss of water molecule. {d) vigorous bubbling
and slight colour change depicting the loss of the bpdo ligand,
fe) 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.

Molecular Formula [ZnBr4][2n{HZD]5{C1uH3N D} - E[GmHg N:O3) - {H20}
~ Formuta weight {g.mol™) 132303 &
Temperature (K} 7 113
Wavelength (A) 071073 tate &
Crystal System y Tricimic
Space Group =81
Bl —ah 7.712 (2} LT*
b (A} 15,768 (3
I 00 16.639 {3)
' et (%) R 70.99 (3)
2" 87T
¥ {%) 8583 (3)
Volume (A%} 1807.3 (7) -
1 s
Calc. Density (g.cm™} 1.655 ol
e o} 5.515
COF(o00r 1108
Crystal Size {mm) T 0.04x008x0.12
! Range Scanred (7} 100-2568
Index Range 9<h=<9 -19<k<18 -20<i{<20
Mo. ref. Collected 40573
No. Unlgue Peflections: | = 7244
| Data completeness (%) ] 100

~ Refinement Method

Full-matrix LS. on F2

Data !/ Restraints / Parameters

f211/0 /5524

Goadness-af-fit on £

1.020

Final R Indices fi=2m1)]

R Indices {all datay

0.0345, 0.0761

00572, 0.0853

- Largest Diff. Peak and Hole (e.47)
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0.882, -0.629
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Interestingly, a different complex, ZnB3, was formed when performing
crystallisation in ethanolic solution instead of methanclic, as was the case in
preparation of ZnB2 complex. Single crystal diffraction data revealed that the
structure could be solved in P 1 with two molecular units in the unit cell. Figure

5.16 shows thermal ellipscids of ZnB3 and their atomic labeling.

B3}
2

1B

Figure 5,16: Atomic labeling of the asymmetric unit of ZnB3. Thermal

ellipsoids are drawn at 50% probability.

Like the ZnB2 complex. ZnB3 has two independent zinc atoms with different
coordination geometries, this time in separate molecular entities. Zn{1) ion is
coordinated t¢ one bpde ligand and five water molecules forming an
cctahedral  coordination  gecmetry [Zﬂ{bpdDJ{HzD]5]2+ while Zn{2} Is
coordinated to four bromide counterions adopting a tetrahedral coordination
geometry [ZnBu]z'. The other two bpdo ligands are not ceordinated. The bpdo
ligands are twisted by a minimum of 15.3% and maximum 17.9° Bekaert ef al.?
reported a related Zn(ll) complex, ([Zn{C:H:NQ2}:][ZnBra]), which also
demonstrated two independent zinc atoms consisting of both tetrahedral and

octahedral coordination geometry.
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The Zn-0.,,: bond lengths ranged from 2.044-2 129 A while Zn—0¢pua Was
2092 A The bond angles slightly deviated from the actual value of §0°.’
Angles measured were ranging from 84.75-93.06°.

At Zn(2) environment, Zn-Br bond lengths were all ~2.4 A and these values
were within the expected value {2.39 A). Br—-Zn—Br bond angles deviated very
slightly from the expecied value of 109.5° with the smallest and highest

measured value of T08.29° and 110.35".

Discrete [Zn{bpdoi{H:0).°" are linked by a network of hydrogen bonding
through coordinated water molecules, bpdo and guest water molecule as

shown in Figure 517

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. the structure containg C-H--Q,
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C—H---Br and = interactions for further stability of the compound. Summary of

hydrogen bonding ang selected (interactions is given in Table 5.11 and 5.12),

Tahle 5.11: Hydrogen bonding results.
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Tahble 5.12. Summary of = interactions.

| Distance = Symmetry operator

* Cg(N2A-C7A)- Cg(9A-C14A) | 3.677 (2) | 1%, -y, 1z |

Cg(3A-C14A)--Cg(N2A-CTA) 3.677 (2) i P
| C(BB)-H(6B) Cg(NIB_C14B) 3.188 1x, 2y, 2-2
CO1AI-H(33)-Cg(N2A-CTA] 3054 Xy 1oz

Zn(2)-Br(1)-Cg(N2-C7)  3.645(2) X 1-y, 1-2 |

N{9)-0Q(8)- Cg(N2B—C7B) 3,097 (4) T S

N(SB)—-0 (8B} Cg{N2B—-C7B) 3.836 (4) =% el

ZnB3 forms channels which accommodate bpdo guest molecules. These

bpdo molecules are hydrogen bonded 1o the host framework. The channels

are readily observed when packing the molecules along [100] as shown in
Figure 5.18.

bo 4

u|lff"_/, Cu

Figure 5.18; FPacked molecules 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 chaing run ajong [010] and [001]. Figure 519 shows packad
molecules of ZnB3 viewed along [010].

Figure 5.19: A packed 2ZnB3 crystal structure viewed aloang [010]

showing supramolecular chains.

Thermal analysis

The TG trace for 2nB3 is shown in Figure 520,

100 -

- 100
=
£ 90 " -
E 3
g i
[}
¥ -80 ¥

70 . 70

30 80 130 180 230 280 330 380
Temperature { °C

Figure 5.20: 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 %) accounts for five
coordinated water molecules and the guest water {(calculated mass loss is
963). 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 (T, = 90.8 "C) s due to loss of water
molecules while exctherm B (T, = 241.3 “C) and C (T, = 327.00 "C) are

attributed fo compound decomposition.

Hot Stage Microscopy

{a} 31.8 °C {b) 109.2 °C {c)190.2 °C
{d) 290.6 *C {e} 380.5 °C
Figure 5.21; Thermal decomposition of ZnB3. Unlike other

compounds, hot stage of ZnB3 was not characterised by
bubbles. {a} Crystal at rcom temperature. (b] At 1082 "C,
the crystal loses its colour to opague signifying the loss of
water molecules. {c) The opague color became denser
depicting release of bpdo. (d) Initial stages of compound
decomposition shown by faint brown colour and (e)

shows the complete compound decomposition.
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ZnN

Table 5.13: Crystal Data and Refinement Parameters of ZnN.

Molecular Formula Zn(NCS)z(C1gHsN202)(H-0}); - HO
Formula weight (g.mal™ T "
Temperature (k) 148 _
Wavelength {A) 0.71073
Crystal System Triclinic
Space Group =8
b a (A) 7.311 (2)
e, = | g N
¢ (A) 12.013 (2)
et (%) 77.29 (3) i
B ) A 79.67 (3)
¥ () 88.12 (3)
Volume (A7) 831.3 (3)
Z 2 I
' Cale. Density {g.cm™) 1,693 y B
1= C u(mm) o 1.759 e
F (000; 432
Crystal Size (mm) 0.09 x 0.15 x 0.20
#Range Scanned (%) 1.00-23.37

Index Range 9<h< 9 -12<k<12 -14<|<14
No, ref. Callected 32479
No. Lin'ique Reflections 3356
Data completeness (%) 100.0

Refinement Method

Data / Restraints / Parameters

' Goodness-of-fit an F°

Full-matrix L.S. on F°

3356 /0/242

1.088

Final R Indices =211

0.0232, 0.0575

R Indices (all data)

0.0283, 0.0585

Largest Diff. Peak and Hole (e A™)

0.33. -0.40
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Solving the structure in space group P | 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
figands, resulting in octahedral coardination geametry. The atomic labels and

thermal displacements are given in Figure 5.22.

Figure 5.22 Labeled asymmetric unit of ZnN compound. The thermal

eliipsaid diagram was drawn at 530% probability.

All bond lengths and angles were within the expected range. The Zn—Nyecs.
bond length is 2.034 A, while Zn—Oppq, and Zn—0,,; are 2.154 A and 2.169 A
respectively. These bond distances are comparable with literature’ values of
1888 A (Zn—Nycs), 20768 A (Zn—Opue) and 2090 A (Zn—Oqa).
correspandingly, Details of bond lengths and angles are given in the

Appendix.
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Chapter 3 _Zinc complexes

This compound is a 10 zigzag-like coordination polymer (Figure 5.23).

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 {O16) donates hydrogen bonds {O{16}-H{16A}--O{1}:pao
and O(16)-H({16B)--O(8):pq0) ta the terminal oxygens of the coordinated bpdo
ligand with the O{16)aqa~O{1)upae distances of 2.839 A and 2.853 A,
respectively, The trans-coordinated water molecule donates hydrogen bonds
(O{15)-H{18B}-.O{1W)} to guest water molecule with the O(13)-O{1W)qiea
distance of 2.662 A The guest water molecule in return donates hydrogen
bonds, O(1WI—H{1W1}--0(8) and O{1W)—H{1W2}--O({1}, to two coordinated
bpdo ligands linking the adjacent chains with the 0.0 distance of 2. 793 A for
Q(1Waqua—-0{B)ppds and 2.648 A for O 1Waqua+O{1)spac.  The hydrogen bond
network is illustrated in Figure 5.24. A summary of hydrogen boending results
and 7 .. S close contacts are given in Tahle 5.14 and 5.15.
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Figure 5.24: Hydrogen bonding netwaorks.

Table 5.14: Hydragen bonding details.

&b

E—ﬁu
el

D-H{A) D-A(A) | D-H--A(°) Symmetry operator
O1W-H1W1..08 | 0.77 {3}; 2 o 175 T Ay e
OTW-H1W2-01 | 0.82(3) | 2847 (2) 176 x 1y, 1z
015-H15A~819 | 0.83(2) | 3377(2) | 164 . 1y a2
| 015-H15B-O1W | 0.78 (2) | 2662 (2 170 N2
~ O16-H1BA-O1 | 0.84(3) | 2.839(2) 175 X 2y, 1z
016—H16B--08 | 0.78(3) | 2.853(2) 178 1x, 2y, 1z
C3-H3.-O01W | 095 | 3.089(2) ' 134 Xy z
C7-H7..N20 095 | 3468 (2) 163 X, 2y, 1z
C10-H10-N17 085 | 3.439(2) 160 1-x, 2y, 12
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Table 5.15. 1 interactions in ZnN.

| Distance | Symmetry operator

"*C18-819 - Cg(N2-C7) 3.908 (1) X,y 2 iz

C18-819--Cg(N2-C7) 3.645 (1) Tex. v =
C21-822--Cg(N2-C7) 3.616 (1) X, ¥, Z
£21-822--Cg(N2—-C7) 13805 (1) X, y.Z

“Cg = ring centreid

Polymer chains run parallel to [001] as shown in Figure 5.25({a) and the guest

water molecules are encapsulated in the compound cavities (Figure 5.25(b}).

(b}

Figure 5.25: Packed molecules viewed along [001]. showing ZnN
polymer. {a) Water guest molecules and host are
represented in van der Waals radii while in (b) both guest
{marcon} and host (blug) are shown In van der Waals
radii.

o
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The packing diagrams viewed along [100] and [010] are shown in Figure 5.26.

Figure §.26: Molecules are packed along {100] and [010]. (a} Shows
sheets of organic and inorganic components while (b)

shows -7 stacks and zigzag shapes.
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Thermal Analysis

The thermal analysis of the ZnN was camed out by TG and DSC and the
respective TG/DSC curves are shown in Figure 527

80
100 A
x TG
a0 - i
Z
= 80 =
= Z
=
m ?'D 7 — E
T A i
A B B — =
= 60 S DsC o
| X
50 - T
A0 Endotherm : | : : Enlmthen'n ; 0

30 80 130 180 230 280 330 380 430
Temperature { °C

Figure 5.27: TG and DSC traces for ZnN.

The TG trace shows a four step mass loss. The guest and two coardinated
water molecules are removed in steps A and B (Figure 5.27). Callectively, the
percentage mass loss calculated for these water molecules is 10.96% which
was lower than the actual mass loss observed (details are given in Table
5.18). The difference could be due to the hygroscopic nature of ZnN. The third
step mass loss (C) 15 unusually sharp. The hotstage (discussed below in this
section] Hlustrates that at this temperature the crystal melts (Figure 5 28{d)).
The fourth step mass loss is the decomposition of ZnN.

The mass losses observed in the TG trace corresponded well with the DSC
trace {Figure 5.27). The first two endotherms, A and B, were due to water
molecules. The third, exathermic peak (region C) was due to the melting with
the decomposition while peak D continues decomposition stage. Summary of
onset temperatures is given in Table 516

A s
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Table 5.16: Thermal analysis results on TG and DSC.

(d) 245.3 °C (e) 350.2 °C

Figure 5.28: ZnN compound during thermal decay. {a) shows crystal
at room temperature, {b) crystal still stable, (¢) bubbling
due to loss of water molecules. {d) crystal changed colour
to brown and melted. (&) Compound decompaosition is
chserved at 3502 °C.
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Discussion and conclusion

ZnB1, ZnB2 and ZnB3 were prepared using the same starting materials
{ZnBrz and bpde) but different crystallisation methods (solvent |layering and
slow evaporation), while ZnN was prepared by slow evaporation using
Zn{NCS);. 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 Pl. but were not isostructural.

ZnB1 is a double-strand one dimensional polymeric structure with metal
centres bridged through cxygens of the bpdo ligand. The compound adopts
the trigonal bipyramidal coordination gecmetry. There is no conventional
hydrogen bonding in ZnB1. A literature and CSD® (Version 5.27, November
2005) search revealed that crystallisation using ZnBr; and bpdo has not bean
fully explored which makes this study to be more interesting. Howewver, Hu &f
al reported compounds prepared using either ZnBr: or ZnCl; using bpy (4 .4'-
bypyridine; an analogue of bpde). Crystallisation produced one dimensional
zigzag coordination polymers ([ZnXz(bpy)]r, X=CV or NCS") with bpy ligand
bridging ZnX: meeities with an essentially tetrahedral coardinated geometry.

Moreover, these polymers are dissimilar to ZnB1.

ZnB2 is a frans-courdinated discrete molecule compuosed of four bpdo ligands
and two water molecules completing octahedral coordination symmetry. Bath
coordinated waters are involved in hydrogen bonding interactions, linking
Zn;:Brs{bpdo)s(H;O); 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 i an inclusion compound accommeodating
bpdo molecules inte its channels. In comparison to ZnB2, Long ef al®
reparted a Zn{ll) crystal structure composing of discrete [Zn{bpdﬂ}s]z+ catian
and uncoordinated nitrate anions {guest molecules). The Zn{ll) centres are

cctahedral and the structure is governed uniguely by a7 interactions.
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Replacement of nitrate anion by fluorosilicate (SiFe) resulted in an
environmentally unstable compound, [Zn{MeOHjz{bpdo)s] {SiFe) - 3MeOH. ”

In ZnB3 there are also two independent Zn{ll} environment with different
coordination geometries. HMowever, the octahedral geometry is formed by
coordination of five water molecules and bpdo ligand to the central Zn{lt}
metal, while the tetrahedral symmetry is coordinated by four bromide
counterions, in two separate entities. The discrete molecules are linked by a
netwark 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 et
al®, [Zn{NCSi:{bpy)], (discussed above in this section). One dimensional
palymer. {[Zn{H:Ol(bpdojz] - {(ClO4): - E{bpdD}}n,s prepared from Zn{CIiQy);
and bpdo was reported by Ma et al® This is a zigzag shape polymer with
adjacent chains connected through hydrogen bonding between the
coordinated water molecules and the bridging bpdo ligands leading to a two
dimensional sheet. These two dimensional sheets are linked three
dimensionally through hydrogen bonding preduced by a single hydroxyl group
of each coordinated water with one uncoordinated bpdo guest molecule. None

of these compounds is isostructural or closely related to ZnN.

In conclusion, an overall comparison of Zn{ll} polymers provide an insight
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
the thiocyanide anion afforded a one dimensional polymer {ZnN) and
[ZNNGCSa(bpy)]. by solvent evaporation,® while nitrate and fluorosilicate anions
afforded [Znibpdoi:|INOs): discrete molecule and [£n{MeOH{bpdo)] {(SiFs)

3MeOH coordination polymer by solvent evaporation, respectively® The
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perchlorate anion afforded one dimensional polymer {[Zn(H:O)s(bpdo)z] -
(C104)z - 2(bpdoi}, by solvent evaporation, °®

o
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Chapter 6

Crystal structures of Au(lll)
complexes: Protonation of dipyridyl

ligands
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Crystal structures of Au{lll) with dipyndyl ligands {bpdo, BPE and DPE)} were
canstructed and characterised by thermal analysis {TG, DSC and HSM),
elemental analysis, and XRD. Crystal structures have been refined and

efucidated using single crystal diffractometry.

The experniments were performed in acidic media of H[AUCHL)] 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 DPE was observed on both terminals of the ligand. It is through this
protonation that the structures acquired conwventional hydragen bonding
interactions cannecting the discrete ians of the crystal structure. The Au{Hl)
metal centres are linked through C H--Cl interactions and the structure is

further stabilised through interionic Au---Cl and intermolecular Cl-- Cl cantacts.

Crystallographic data, experimental and refinement parameters are given in
Table 6.2, and 6.2, 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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Complex preparation

Good quality crystals for single crystal data collection were obtained by slow
evapcration 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 this chapter are as

follows:

AuCly{bpdo-H) : Au1
AuCIlBPE-2H) - Cl : Au?2
AuClL{DPE-2H) - Cl : Aul
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{lll} complexes.
Complex |  Calculated % Found %

—C H N c H N

Au1 Z2.TH K12 5.31 [ PGS

Au2 25772 | 252 | 500 | 2583 256 | 4.83

Au3 i25_31 217 | 476 | 2584 216 | 4.85
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PXRD

PXRD patterns for Aul., Au2 and Au3 are shown in Figure 6.1(a-c). The
patterns genearally match, except two peaks at low 20 (approximately 6 and 8)
for calculated Aul. This observation could be due to preferred arientation ie.
the morphology of the crystalltes causes some peaks to have enhanced
intensities while others are practically unchserved. In this case. Au1 crystals
typically form long needles so it is likely that the crystallites will retain this

morphalogy when crushed.

15 Experimental

Calgulated

g : |
L) |
i ST
__un__u"JLuL UIbLUJ-J MMUMJFULM'MM-%
| i .
5 10 15 20 25 30 a5 40

26(°)

Figure 6.1{a): Calculated PXRD pattern for Au1.
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|7 25 Ij_ _ Experimental
wln |
% 15 '/’wj l-—*"L—J J I.'UJ\»Ur MK'LJJLLUJ b
£ 10 -
> J‘ngl MU‘LLJJ J\U\U’L*dm S
’ 5 10 15 2:‘3 25 3I” 32 A
28 (%)

Figure 6.1(b): Calculated PXRD pattern for Au2.
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’ 5 1lﬂ 1I5 20 ﬂlﬁ 3I5 40
20 (° ) B

Figure 8.1(c). Calculated PXRD paltern for Au3.
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Structure solution and analysis

Aui

Table 6.2: Crystal Data and Refinement Parameters of Au1.

Molecular Formela AUCH(C1HaN:O;)
[ Formula weight (gmol™ | - 527.86
Temperature (K} T
Wavelength () 0.71073
D oritelBeiesy | Ortharhombic s
Space Group Cmc2,
a (A) 17.756 (4}
T | e 21.268 (4) -
c (A) 7.556 (2) &
S : i : e ey
G0 90
74 90
Volume (A% | ' 28535 (10)
T 5
~ Calculated Density (g.cm ) 2458
L {mm) 11.056
F (o) 1968
N Cr\_.fstél Size T[mm} bl 0.05 % 0.09 x0.10
: #Range Scanned () ' 2,99 - 2567
| ? Index Range 21<h=21,-25<k<25 8=<|=5
| No. Reflections Collected 17669 o i
Mo, Unigue Reflectians 2779
Data completeness (%) 959
- Refinement Method !  Full-matrix L.S. on F°
Data / Restraints / Parameters 27784 01177
Goodness-of-fit on < | 1.080 =
Final R Indices [i>2a(})] ' 0.0216, 0.0422
R Indices {all data) 0.0240, 00428
" Largest Diff. Peak and Hole (e. A7) 0.768. -1.175 e
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Crystal data refinement revealed that Au1 could be solved in the space group
Cme2;, with 8 molecules in the unit cell. The crystal structure is composed of
two Au(llly metal centres located on the mirror plane and having site
occupancy factors of 0.5 and each is coordinated by four chloride ions forming
almaost perfect square planar coordinafion geometry. In the asymmetric unit,
the chlorine atoms of Au{1}are also located on the mirror planes so they have
site occupancies of 0.5 while the chlorines for Au(2) are present at 100%.
Thus the [AUCL] ions are oriented perpendicular to one another along the
mirror plane. Thermal ellipsoids and asymmetric labels are shown in Figure
6.2

G2}

Figure 6.2, The asymmetric unit for Au1l is labeled and thermal ellipsoids

are drawn at 50% prebability.

Au—Cl| bonds have an average length of 2285 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 30°. One end of the bpdo

molecule is protonated due to the Au{lll) selution. H{B) 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---Q hydrogen bonding with short O---0
distance of 2425 A, which is within the usual range observed for short
hydrogen bonds. Similar short O--0O contacts of ~2.4 A were reported by
Asaji** and Hussain.**® 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 bpda through
C—H--Cl interactions. Hydrogen bonding interactions arg demonstrated in
Figure 6.3 and summarised in Table 8.2 The [Aully] square planes adopt
alternating crientations giving rise to interionic Au--Cl 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.

Figure 6.3: Hydrogen bonding interactions in Au1.
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Table 6.2. Summarised hydrogen bonding interactions in Au1.

D-H (A) | DA (A) | D-H--A(°} Symmetry operator
O(8) Hi8)--0(1) 0.98 | 2433(5) 172 3/2x Yty Z
T C(A=H(7)-Ci2) 095  3860(5) @ 160 30x, 3/2-y, stz
C{10)—H(10) - CI(8) 095 |3413(5) 138 Vatx, Yaty, Z
C(14)-H(14) - CI(5) 0.95 | 3.495 (5) | 132 B e e

The mirror planes are easily seen when the compound is packed along [010]
and [001] (Figure 6.4).

Figure 6.4: Packing diagrams in Au1 along (a} [001] and (b) [010].
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The Au1 compound forms distinct layers of the [AuCly] anions and H-bpdo”

cations as illustrated in Figure 6.5.

(a) (b)

Figure 6.5, Packing diagrams in Aul compound viewed alang {a) [001] and
(b} [010]). Molecules are represented by van der Waals radii.

[AuCla] are in blue, while bpdo molecules are in red.

Figure 6.6 shows packed diagram viewed along [100] showing the twofold

screw axis in the compound.

Figure 6.6: Packing of Au1 viewed along [100] showing twofold screw axis.

EeteT
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Thermal Analysis

The TG and DSC traces of Aul are shown in Figure 6.7,

In Au1, TG trace consists of one step mass loss (Figure 6.7, region A). The

compound s 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 T, = 248 2 “C) which corresponded to the TG mass loss.

Weight | %

100 |- N I Y i

TG

BOD
60

40 g

w| D

G |

30 80 130 180

Temperature / °C

230

Figure 6.7

TG and DSC traces of Aul.
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Hot Stage Microscopy

The thermal decay observed in Aul is shown in Figure 6.8

&
(a) 29.5 °C (b} 110.9 °C {c) 245.4 °C {d) 275.0 °C
Figure 6.8 Crystals of Aul during thermal decay. Photograph (a) the

crystal is stable at room temperature, (b) crystal still
stable, (c) crystal decay begins which continues until

complete decomposition was obzerved at {d) 275.0°C.
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Structure solution and analysis

Au2 and Au3

Table 6.3: Crystal Data and Refinement Parameters of Au2 and Au3,

Malecular Formula

AuC|4{C12H14N2} + 21

CAUCK(C HNz) - CT

F indices (all data)

Largest Diff. Peak and Hole (e 4™

0767, -0.884

228

Formuia weight (g.mol ) 560 48 £58.46
he Tem'perature (K] 113 113
Wavelength (A} 0.71073 0.71073
Crystal System Triclinic Triclinic =1
Space Group Pl P1
""" ath) 7.338(2) 7.280 (2)
biA) 7.503(2) 7562 (2)
c (A 7.928 (2 7.796 (2) e=1
@ (%) T 10B.47 (3) 73.18 (3)
B 90.31 {3) 85,43 {2) -
(%) 5627 {3) 28105 (2)
Wolume (A7) 411.22 (14) 40653 (14)
L 5o 1 :
Calculated Density (g.cm™) 2263 2.281
w {mer) 9746 9.858
F (000) 264 262
Crystal Size (mm) COSX 008X 010 0.03x006x0.07
t'Range Scanned (7 327-2810 273-26.43
s Rangé""" -g<h=9 -3<k=g G<h<8-9<k=9, |
G<l=9 ga|<B
No. Reflections Collected g8 G740
"~ No. Unigue Reflections 1624 1668
" Data completeness (%) 99.1 888
Refinerment Method Full-matrix LS. on Full-matrix LS. on £
Data / Restraints / Parameters | 1624 /07 65 1668 ) 0/ 95
Goodness-of-fit an 7 : 1.002 1053
Final R Indices [i>2a1)] 0.0179, 0.0377 0.0217, 0.0407
0.0184, 0.0379

0.0232, £.0406
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Au2 and Aud 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 triclinic crystal system. space group P L
The ligand, metal and the chiloride ion are situated on a centre of inversions,
-1, at Wyckoff positions e, a and d. respectively. In the crystal structure, the
BPE (Au2) and DPE {Aul) dipyridyl ligands are found to be protonated on
pboth nitrogen terminals. Au2 structure will be discussed in detail. Thermal
displacement and labeling of the asymmetric unit is shown in Figure 8.9. Only

the asymmetric unit has been |labeled.

Cli2
o CH1

Auf1) :

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 Ug(H} = 1.2U4(C). The N-H bond length
found on the difference map was 1.01 A This hydrogen was refined with a
fixed bond length and ...

The metal environment in the complex is square planar with Au—Cl| bond
lengths at an average of 2.28 A and Cl-Au-Cl| bond angles of 8%.68° and
90.32° (89.84° and 90.16° for Au3}. The protonated ends of the dipyridyl are

involved in N—H---Cl hydrogen bonding interactions linking the BPE molecules

g
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forming a supramoclecular chain. The Au(lll) metal centres are connected
through C-H-.Cl interactions wa BPE molecule. Hydrogen interactions are

demonstrated in Figure 6.10 and results are summarised in Table §.4.

Figure 6.10: lllustraticn of H-bonds cb=erved in Au2 {similar for Au3),

Table 6.4: Summarised hydrogen bonding interactions for Au2 and Au3.

D-H (A) [ D-~A (A} . D-H--A {°) | Symmetry operator
Au2 ' | . ' b i
N(1)-H{(1)--CI(3) _L 088 [3021(2) ] 153 T
C(2)-H{(2) Cl(1) : 0.95 | 3.5587 (4) G R
C(6)-H(E)-Cl2) ; 095 |3654(3) | 156 Xy Zz
 N{1}=H{1)-Cl(4) . 0.88 | 3.004 {3}'"] 161 SNl
C(2)-H(2)-Cl{2) = 0.85 | 3.575(4) L 164 T4, 14y, z
C(6) H(6)-Cl3)  0.95 3.6‘5’?’(1}”i 163 x, 1y, -2

The crystal structure refinement revealed that there is a conventional
Au{1)-CI{3} interactions with interionic distances of 3670 A Au-Cl
interactions were also cobserved in some tetrachloroaurate(llly complexes
reported by Asajl et af {average interaction distances of 3.54 AL The
[AuCls]” planes and the uncoordinated chlgride ion ferms supramoelecular
ladder shapes {(Figure 6.11} with channels occupied by the BPE molecules

(Figure 6.11 (kb)). The presence of intermolecular Cl--Cl interaction with
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distances of 4.48 A seems to contribute to connect the [AuCl:] planes. The
square planes form the upright while the chlorine atoms are the rungs of the
ladder.

(a) (b)

Figure 6.11: Crystal packing of Au2 viewed along [001]. (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 [100] as

shown in Figure 6.12.

Figure 6.12: Packing of Au2 viewed along [100] showing square planar and

chlorine atom layers running parallel to [100].




Chapter & Goid complexes

Figure 613 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 [AuCL]

anions, [Ha(BPE)]" cations and uncoordinated chloride ions.

. 0 <zt R
= JT. |
Tt Pt T AR A
P e U S e (b)
SR\ S i

Figure 6.13: Packing diagrams for Au1 (left) and Au2 (right) showing packing
similarities. Crystals structures are packed along (a} [0Q1]. (b)
[010] and {¢) [001].
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Thermal Analysis

TG trace observed in Au2 consists of three step mass loss. All the mass
iosses 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 HC! (the calculated mass loss of 38.5
% 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 5.14.

Au3 compound was comparable to Au2, hence only TG/DSC traces of Au2
were shown.

30
0 5vg
25
, % psc AT
by i
% 80 - B\ U \J e E
Tl LL
= 70 ‘E
+15 T
60 1
50 . : . 10
30 80 130 180 230 280
Temperature / °C

Figure 6.14. TG and DSC traces of Au2.
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Hotstage microscopy

The thermal decompaosition gbserved in Au2 (similar for Au3) is shown in
Figure 6.15.

(a) 31.4 °C (b) 135.5 °c {c} 218.1 °C (d) 235.2°C

Figure 6.15; Crystals of Au2 during thermal decomposition.
Photograph {a) the crystal is stable at room temperature,
{e) and (¢} bubbles depicting release of HC| and BPE (d)

decomposition 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) crystalline material, all as KBr disks. DPE spectra were not

included as they are comparable to BPE.

Figure 6.16 shows the |R 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--O hydrogen bond, similar
ta that observed in protanated pyridine N-axide.® L(N-0O) is seen at 1231 cm’™
in C, campared to 1241 ¢m™ in dry bpdo and 1205 em™ in bpda-HCI. The

broad band near 3400 cm™ in all the three is probably due to moisture.”
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T!%

4000 3500 3000 2500 2000 1500 1000 500
u {em™)

Figure 6.16: The IR spectrum of bpdo only {red) and protonated bpdo (blug).

Figure 6.17 shows an overlaid IR spectra of dry BPE {A: red), BPE-HCI (B:
blue) and Au2 (C: pink). u{N H), expected between 3100 — 3000 cm™. is

obscured by the broad bands in each case.

\
; H\M
e ety ‘ A | l

I ﬂmﬁrf | |

4000 3500 3000 2500 2000 1500 1000 500

Ti%

-1
v CIm

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 ([AuCli]) and cationic dipyridyl ligands.

Au1 is composed of distinct layers of [AuCly] anions and bpdo molecules.
One terminal of bpdo was protonated allowing hydrogen bending to occur.
These are short hydregen bonding interactions that connect the bpdo cations
inta supramelecular chains. The metal centres are connected to these chains
through C—H-- Cl interactions.

Au2 and Aud have supramolecular tadders formed by the {AuCly] and
chloride ions. These ladders form channels which are occupied by BPE or
DPE cations. The BPE and DPE are protonated on both ends giving rise to
hydrogen bonding interactions which link dipyridyt ligands into supramolecular
chains. Similarly, the metal centres are connected to the organic chains
thraugh C—H--Cl interactions.

All the Au(lll} compounds prepared in this study have interionic Au--Cl
interactions similar to those reported by Asaji ef af.”

An analogues pyridinium ligand, {2,8-Diphenylpyridinium), adopted NH...Cl—
Au synthon that is different to those reported in this study.®

A series of related organic-inorganic hybrid salts based on tetrachloropiatinate
[PiCl)* and tetrachloropalladate [PdCly™ with organic cations comaining
pyridinium and piperndinium groups have been repoﬁed.g' Y Unlike in Au2 and
Au3, the BPE and DPE ligands form bifurcated hydragen-bonded 10 ribbons
in which two Cl act as acceptors. These salts contain the ligand in a planar
conformation, similar to the compounds reported in this thesis. A similar kind
of N-H..[CMCL]* synthon ribbon motif was also observed in
perchlorocuprates.'’"? Two fluoromanganates(lll} of BPE and DPE: (BPEH,)
[MnFa(H:0):]: and (DPEHz} [MnF4{H:0))> were prepared.® The
[MnFaiH:0):]:" 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 20 network through hydrogen

bonding between coordinated water and flucrine atoms.
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The rmeaction mixture which contained [Co{H:O0)[CIO4):, neutral 2.2'-
dipyridylamine (Hdpa) and an acidic salution of HC| in a methanal/acetonitrile
mixture produced crystal of a catign containing Haxdpa species and
corresponding anion [(.“,r;:ﬂ.'llit]‘?'.14 The tetrachlorgcelbaltate anion adopts the
tetrahedral coordination geometry, The ians are linked through hydrogen
bands between N—H hand and a chloride ion of the [CaCl,]*

Furthermore, a compound bis{3,3 -dimethylene-2 2-biquinoclium) tetrabromo-
aurate{lll) dibremoaurate () {{CzqH1=Nz}[AuBrs]}. which consists of two anions
{[AUBrs] and {[AuBrsy] have been reported.'”” The [AuBr,] anion has a
traditional sguare planar geametry while [AuBr:] is linear. Hydrogen bonding
between C —H. . Br cantribute to the cohesion of the structure.

o -
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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 pelymers of Gd(lll), Te(lil}, and TKII) were prepared
using bpdo and characterised by thermal analysis (TG, DSC and HSM
determine the stability and stoichiometry of a compound) and microanalysis
{to confirm elemental composition of compounds). Thallium is not a
lanthanide; it has been included in this 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 10 zigzag shape (which extends to
3D through interchain hydregen bonding) or 2D ladder shapes. The latter
formed structures with channels that permit the inclusion of small entities such
as CHCl; and CHC!s.

These polymers have guest-free frameworks which are thermally stable up to
=200°C. Kinetics of desolvaticn of CH;Cl; and CHCl; guest molecules and
decomposition of the structure framewaork using iIsothermal 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 ¥.3. 7.7 and 7.12. 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 polymers

Suitable crystals for data collection of coordination polymers were obtained by
solvent layering at ambient temperature (2585 K — 298 K) using the method
descrined in Chapter 2. These polymears were crystallised by layering of

alcoholic solutions on top of chlorinated sclvents.

The compeunds obtained as well as their abbreviations are as follows:

Part {(A)
[GA{NO3)a(bpdoiCH;OH], - Gd1
[Th(NQ:)x(bpdo}CH5OH] : Th1
[TIINO3)3(bpdo)CHLOH], - TI1

Part (B)

[Gdg{NDg}ﬁ{bﬂdG) 3]n - 2CH:C12: Gd2
[Gda(NOsJe(bpde) 3], - 2CHCI: Gd3
[TI:(NQ3)e(bpdals], - 2CH:Cly: TI2

Microanalysis

Elemental analysis rasults 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. Elemantal analysis for TI1 and TI2 was not done due to
the limited sample prepared and experiments using thallium metal salt were
discentinued 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 for Gd1 and Tb1

Gd1 | Th1
Element '
Found % Calc. % Found %, : Cale. %
C 22 67 23 45 2288 | 23.38
K 1,59 215 185 214
N 11.55 12.43 1147 12.39
Table 7.2: Elemental analysis results for Gd2 and Gd3.
Gd2 Gd3 il
Element ’ I e a M
Found % Cale. % Found % Calc. %
s ¥ e 27.04 pc i AR . - - S|
H 48T 105 R
N - 1e7 1183 1084 11.28
PXRD

The calculated (red) and experimental (blue) PXRD patterns for Gd1, Th1,

Gd2 and GdY are shown in Figures 7.1

— 7.4, The calculated and

experimental PXRD patterns for Gd1 are a good match (Figure 7.1).

30 -
Experimental
Calculated
25 -
£ !
2 20 - |
- L i
E
=10 | g
- g, 3 ’l ! |1| ! || Iri |ILI .
= fl L AU oMb
0 - : : : !
5 10 15 20 25 340 35 40
28 {"}

Figure 7.1:  An overlay PXRD patterns for Gd1 compound.
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The calculated and experimental PXRD patterns for Th1 matched (Figure
Tl

[ ]
L=
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Calculated
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—
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n T ] T
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Figure 7.2, An overlay PXRD patterns for Th1 compound.

The calculated and expenmental PXRD patterns for Gd2 are also a good

maich (Figura 7.3).
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Figure 7.3: An overlay PXRD patterns for Gd2 compound.
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The calculated and experimental PARD patterns for Gd3 are gengrally a
match (Figure 7.4) There are some extra peaks at low 28 (5 — 10} in the
experimental pattern which could be due to the loss of some solvent caused

by sample preparation prior analysis.

30
!. Experimental
o5 ; Calculated
)
s 20
3 b
: i _J
1or w My, |
: [ ”T Mu L-,L.-Jw
? } M b ] J‘JL': NI uvmmjx.,ll'utluumfuu’h« Wahmin
5 10 15 EID 25 30 3.5 40
28 (7]

Figure 7.4 FPXRD patterns for Gd3 compound.
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Crystal solution and refinement

Gd1, Tb1 and T1

Table 7.3. Crystal Data and Refinement Parameters of Gd1, Th1 and THH.

Molecular Formula Gdiﬂﬂ;b Th‘l”ﬂﬂ; 'TIHD;!;
{C1eHaN2O 2 ) CHL0H {€10HaN20 ) CH:0H {CioHgN20:)CHOH
 Formuta weight (g mol "} 563,458 565.15 61063
© Temperature (K) 203 203 203
" Wavelength (&) 071072 0.71073 071072
Crystal System : ranaclinic KM anoclinic Monoclinic
Space Group ! Cak " Cai
Py T B, AN O 1aEan S
B LA B.3356(5) g EN | &3
o (4) | 14 .0533(4) 14.1139 {4} _ 14.081 (3}
M S ] a0 a0 RS =
B 93.218 (1) Bazaos (160 | 7 93.40 (3]
¥ 1°) R a0 90
Volume (A% 17864 (1) 180022 {B) 17986 (6)
z 4 4 4
Calc. Density (g.cm ) 2.084 2.085 2255
T o imm ) Hid 3.768 4.004 9,057
£ (G00; 1082 1088 Ve
" Crystal Size {mm) | 003x006x010 0.04 x 006 2,10 0,08 x010x0.10
" #Range Scanned (%) 1.02 - 27.48 1002503 102 —27 4B
A49=<h=19,-10<k= , -18=<h<18 -3<k=<3, | -19<h=<13 -10<k=<
Rses sl 10, 16 <1 <18 A6 <116 10,-17 <1< 18
No. Reflections Collectad 12793 39S 12558
No. Unique Reflactions 2050 15289 1975 7
" Data completeness (%) 093 g T 957

Refinement Method
Cata ! Rastraints f

Farameters
Goodness-of-fit on £
Final R Indices [I>2a1)

Fullmatrix LS. on &7

Full-matrix L5 on &

Full-matrix L.8 on F*

2050 1} 158

1560 /0 /161

1975 F 0/ 156

R Indices (all data)

Largest Diff. Peak and
Hole (e A%

1085 1115 , 1208
| e
0.0235, 0.0477 00235 00404 ! 00375 01101
| 00346 00501 0.0297, 0.0517 10435 0.1129
083, 161 .39, .56 098, -217
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Gd1t, Th1 and TI1 are isostructural, so their gescription will mainly be outlined
with reference to Gd1, but crystallographic interactions will be tabulated for all
prepared crystal structures,

The initial data processing of this compound suggested the space group P2+n
with unit cell parameters a = 140810 b = 16 6740 ¢ = 153375 [} = 83.40Q, 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 Qk0 reflections. Transformation of the unit cell

via the matrix

0
0 -
1

= 2 2

-
50
U.

produced a new unit cell with parameters a = 15337 A b = 8337 A,
c = 14091 A [} = 93.40° which could be solved in space group C2/4. The
asymmetric unit is composed of half a molecule, The ligand lie on a centre of
inversion, -7, at Wyckoff position ¢, while the metal have a twofold axis at
Wyckoff position e. Figure 7.3{A) shows the thermal ellipsoids and labeling of

Gd1. This compound adopts irregular cctahedral symmetry.

Gd1 is a one-dimensional zigzag coordination polymer (Figure 7.8) in which
the Gd" is coordinated by one bpdo, one methanol and three nitrate ligands.
The Gd—0 bond lengths are in the range 2.285 — 2.573 A and thus close to
expected values." The C; symmetry of the malecule causes ane of the nitrate
ligands and the methanol to be disordered over two positions with symmetry-
defined site-cccupancy factors of 05 Al non-H atoms were refined
anisotropically, except for Q(8) of the disordered methancl. The deepest
residual electron-density hole is 0.88 A from the Gd atom. Figure 7.5 (A}
shows the disordered molecule while (B} and {C) shows disconnected branch
of the disorder to clarify atomic crientation. All the nitrate ligands are
bidentate, giving nine-coordinated Gd. The metal centers arg connected by
the bpde ligand. The zigzag polymeric chains run in parallel to [101] (Figure
T8,
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(A)

(B)

(C)

Figure 7.5 {A) Part of the polymeric chain structure of Gd1 showing the
atom labeling. Displacement ellipscids 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.-Ofnitrate} and C,—H--O{nitrate) (Figure ¥.7}. The hydrogen bonding

details are given in Table 7 4.

Figure 7.6: The zigzag pelymeric chain in Gd1.

Figure 7.7, Packing of Gd1 compound, viewed along [010], showing

hydrogen bonds and polymeric chains running parallel to [101].

-~
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Table 7.4, Hydrogen bonding details.
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Isostructurality

Th1 and T polymers are isostructural to Gd1. with respect to similar
molecular shapes, similar unit cell parameters and similar atomic coordinates
as detailed in Table 7.3. The thermal displacement diagrams of Th1 and TH
compounds are shown in Figure 7.8, and the packing diagrams thereof are
illustrated in Figure 7.8. Hydrogen bonding details can be seen in Table 7.4.
The Tb—0O and TO 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 Th compound

had been reported by Long et af *

Figure 7.8. Part of the polymeric chain structure of Tb1 and T showing the
atorn 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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Thermal analysis

Thermal analysis of the lanthanide coordination polymers was carried out by
TG and DSC. Figures 7.10{a)—{c) shows the combined TG/DSC traces of the
Gd1, Th1 and TI1 polymers, respectively. The TG/DSC traces for Th1 are

camparable to Gd1 traces.

In Figure 7.10(a), TG trace 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 7.5). Methano! release occurs over a wide
temperature range (region A} as shown in Figure 7.10{a}). The compaund is so
labile that experimental methanol lgss (2.99 %) did not correspond to

calculated mass loss (5.69). Similarly for Th1 compound (details in Table 7.3).

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 heating to 250 “C.
microanalysis corresponds to GAi{NG:):(C-gHsNO) as possible stoichiometry).
Figure 7.11 shows the PXRD patterns of this compound and the calculated
pattern for Gd1. The experimental pattern shows a different compound of
unknown composition. Nevertheless we have analysed the kinetics (discussed
in kinetics section, page 257) which corresponds to this partial decomposition
of the compound. We note that for the Tbh1 compound this second mass loss
s 7.31 %, significantly different from the Gd1 compound. This implies a
different decompaosition reaction, which is confirmed by the differing values of

the activation energies.

Mass loss C is the complete decomposition of a compound. The TG mass
losses corresponds to endotherm A, exgtherms B and C in the BSC trace

{Figure 7.10{a)}. DSC onset temperatures are summarised in Table 7.5.

T
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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 decompaesition of the compound, while mass loss C is the complete
decomposition of a compound. The DSC could not resolve the first thermal
event abserved in the TG trace {Figure 7.10{b) mass loss A). Exotherm B and

C corresponds with the TG mass loss B and C.
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Figure 7.10; TG and DSC traces of {a) Gd1, {b) Th1 and (¢) TI1
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Figure 7.11: Calculated PXRD pattern of Gd1
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experimental pattern after heating to 250 °C (blue).

Table 7.5 Thermal analysis results.

40

is matched with

l TG Results D3C Results
P
Brnar Calc. % Exp. % Cale. % Exp. % TarlC)  TefL) | TenlC)
mass lozzs A | mas=s loss A | mass loss B mass ass B Peaak A Peak B Peoak G
Gd1 ) 299 Bl 11.88 1124 262.1 2BB.1
Tb1 567 2 65 3336 7.3 g1.4 557 3544
™ g.25 475 a0 8z 818 = 2400 55 &
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Hot stage microscopy

Crystals of Gd1, Td1 and T 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.

(e) 384.5 °C

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. (c) coordinated methanol ligand is released at
148 5 °C depicted by a bubble. {d) loss of bpdo which leads to complete

decompaositicn chserved in {e).

o
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(c) 149.9 °C

(¢) 370.2°C

Figure 7.13: Crystals of Th1 during thermal decempositicn.

The thermal decay for Th1 is comparable to Gd1. Fhotographs; (a) room
temperature, (b) crystal retains its rigidity (¢) methanol released at 14585 °C
depicted by bubbling, (d) loss of bpde which leads to complete decomposition

cbserved in (e).

{a)64.2°C  (b)784°C  {c)2551°C  {d)360.1°C
Figure 7.14. Crystals of T during thermal decay.
Fhotographs; (a) crystal stable at 642 °C, (b) release of ceoordinated

methanol shown by bubbles, (d) loss of bpdo which leads to complete

decomposition observed in {e}.
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Kinetics of decomposition

Kinetics of bpdo loss for Gd1 and Th1 were analysed by carrying out a serigs
of iwsothermal TG expariments. 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 thallium were discontinued due to its

toxicity.

In the case of Gd1, isothermal TG experiments were carried out over the
temperature range 230 to 240°C at intervals of 2-3°C, while for Th1 the
temperature range was £35 to 250°C. The mass loss versus time curves
cbtained were converted to extent of reaction («) versus time curves and

typical curve is shown in Figure 7.13,

1 ey
§ e
g Bae K (Th)
o
T
5 /
S J
E 0.4 {
T /
m |
= /
w02

n i

a 160 20 % i - .
Time / min

Figure 7.15. Typical « varsus time curves for the decomposition of Gd1 (at
235°C)and Th1 (at 237.5 “C).
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The « versus time curves for Gd1 compounds were best described by the one
dimensional diffusion equation {fia) = o) over an u-range of 0.05-0.95 and
the rate constants, k., were derived.® The semilogarithmic plots of In Koss
versus 1000 KiT are shown in Figure 7.16{a) and yielded activation energy of

106.3 kJ.mol ™,

1000K/T
4.8
(a)
)
$
=
4.2
1.64 1.96 1.98 ?
3.9

Figure 7.16(a): The semilogarithmic plots of In K, versus 1000 K/T for
Gd1 of the decomposition step.

The o versus time curves for Th1 compounds were best described by the
contracting volume egquation, [1—(1—-::.}”:"]2 over an a-range of 0.05-0.95 and
the rate constants, k..., were derived.” The semilogarithmic plots of In kope
versus 1000 K/T are shown in Figure 7.16 (b) and yielded activation energies
of 50.8 kd.mol™,

1000KT
52 4 (b)
-51 .
S
=
4.9 g

109 1.92 1.94 1.96 1.88
-A.8 . S L

Figure 7.16({b}: The semilogarithmic plots of In K, versus 1000 K/T for
Th1 of the decomposition step.
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Gd2 and TI2

Table 7.7: Crystal Data and Refinement Parameters of Gd2 and TI2.
Gdzimﬂa}a{cmﬁsﬂéoﬂ & ThANG;)s{C1pHs N0} 5 -

Malecular Formula

2CH,Cl; 2CH,Cl.
| Formulaweight{g.mat™y | 142098 - 151522
S Temperature (K} | st 203
Wavelength tAy  0.71073 071673
Crystal System Triclinic T Tnelinic
Space Group | = - | : Pl
a (Al _T' - 8o04s0(ly ] 8.043 (2)
B - | 11.65802 {1} I 11.687 (2)
ciA) 13.0803 (2) 13.079(3)
a (%) 86,5445 (5]  BB.51(3
TR 79.7811 (5) - 70.83(3)
7 78.7490 (6) TAFE(H |
Volume (47) T | 1186.3 (4)
Lz p i 1 1
Calculated Density (g.em™) 18873 [0 g
i (mm™) 3053 = 7.107
F (000} RS 5o 726
Crystal Size {mm) 004%010%010 008x010x0.15
6 Ranhge Scanned (%) 1.02 — 27 B8 Tl
k= 1B<h<10. 15<k=15 0<h<10, 15<k=
Index Range
17 <=7 15, -16 < | < 18
| No. Reflections Callected | aitiE T ahda
" 'No.Unigue Reflections | 5650 5387
" Data completeness (%) | 160.0 100.0
Refinement Method ! Full-matrix L.S. on £ Full-matrix L.S. on F°
Data { Restraints / Parameters SE50/ 01335 B38BTSO/ 3%
Goodness-of-fit on & 1.076 TSR
Final R Indices f{=2al)] 00251, 0.0485  0.0358, £.1026
R Indices (all data) 0,0346, 0.0507 | 0.0422, G 1068
" Largest Diff. Peak and Hole (e &™) 066 -0.61 ' 1.38.-0.71

261



Chapter ¥ Lanthanides and actinides

Gd2 and TI2 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 2 1, with two molecules in the unit ¢ell, revealed a Gd
ion coordinated to three nitrate counterions and three half bpdo ligands.
resulting In irregular octahedral coordination geometry. The bpdo lies on a
centre of inversion, -7, at Wyckoff position a while metal is located on a
general position. Figure 7. 17(a) and {b) shows the labeled asymmetric unit for
Gd2 and TI2, respectively. Figure 7.17(b) shows the pyridyl O atorms O% 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(NO:) range from 2466 A — 2.505 A (2.467 A -
2.505 A for TI2) and Gd—Q(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.

£li14 SUEA

T

(a) ) ¥ (b)
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 TI2.

=
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This compound comprises a ladder-shaped coordination polymer {Figure
7.18); forming channels which accommodate CHCl; 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 ligands are bidentate. giving ning-
coordinated Gd atom. The upright bpdo ligand rings are twisted by 37 75°. but

those in the rungs are co-planar.

Figure 7.18; The ladder polymeric structure. Solvent molecules are not

shown.

The guest position is stabilised by weak hydrogen bonds to polymer nitrate O
atoms {detailed in Table 7.9). while the ladder-shaped polymer chains stack

above one another, also stabilised by C-H.--O hydrogen bonds (Table 7.9).

Figure 7.19; Packing diagrams for Gd2 viewed along [100], represented by
van der Waals radii. (a) CH2Cl: molecules are not shown; (b)

shows guest molecules 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: 7 interactions in Gd2.

Table 7.9: Hydrogen bonding interactions in Gd2 and TI2 compounds.
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Table 7.10. = interactions in Gd2 and TI2 compounds.

I Distance = Symmetry operator
. RS do v
*Cg{N17-C22)--Cg(N17-C22) | 3.925(1) | -1x 1y 1z |
C{15)-H(15).-Cg{N3-CB8) 3183 X, Y,
© C{18)-H(18).-Cg(N17-C22) 3.233 A, 1oy, 1=2
" N(26)-0O(24)--Cg(N3-C8) 3,868 (4) i P
N(34)-0(32).-Cg(N10-C15) 3.730 (3) X, Y, Z
TI2
CgIN17-C22)-CgIN17-C22) | 3925 (3) 1-x, 1-y, 1-z
T C(22)-H(7)--Cg(N17-C22) 3,247 VL e
T C(8)-H(9)-Ca(N10-C15) 3,169 v,z |
N(30)-0(28)--Cg(N10-C15) | 3.870(9) Ml -
N(34)-0(32).-Cg{N3-C8) 3.730 (8) X, ¥, Z

*Cg = ring centroid

Thermal analysis

The TG traces for Gd2 and TI2 are shown in Figure 7.21{a) and (b)
respectively. Region A in Figure 7.21{(a) occurs over a wide temperature
range and it is due to loss of CH.Cl; guest molecule. Experimental and
calculated 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 performed up until 300°C. At higher temperatures,
complete decomposition of the compound causes the DSC sample pan o
distort and result in an instrumental error. In Figure 7.21{b), the TG shows a
two step mass loss. The first step is due to CH:Cl: loss while the second loss
is attributed to compound decomposition. DSC was not done due to

inadequate sample being available.
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100 +T_G_- == i _'_‘—‘-—5.__\_‘1—_‘__ y 110
80 - s =
= - E
T 60 / 170 %
.E f"ﬁ B o
40 - : l -
g A ___.;F"ﬁf . E
20 DBC m T 30
s
0 (a) . 10
30 30 130 180 230 280
Temperature / °C
Wit e,
80 |
®
= 60
o B
2 40
20 ‘
5 |(b) i
30 80 130 180 230 280 330
Temperature / "C
Figure 7.21. TG and DSC fraces for (a) Gd2and {b} TI2
Table 7.11: Thermal analysis results.
| TG Results DSC Results
Compounds  ca|c, % mass | Exp. % mass  Toa (°C) Tan (°C)
| loss _ loss . Peak A Peak B
Gd2 | 11.96 e w2 28 2547
TI2 L Ctkge | RTE - -

SEE
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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).

Be

B

(d) 282.7 °C

Figure 7.22{(a). Thermal decompasition for Gd2 compound.

Photographs; (a) crystal at room temperature, (b) bubble is observed which
depicts loss of CH:Clz solvent, {¢) crystal starts to lose bpde, (d) bubbling
continues until the color changes to brown, (e) complete decompesition of the

compound.

.-'1 et
(a)40.2 °C
Figure 7.22{b). Thermal decay for TI2 compound.

The thermal decomposition for TI2 s comparable to Gd2. Photographs: {a)
crystal stable at 40.2 “C, {b} loss of CH:Cl; solvent depicted by bubbles. {¢)

loss of bpdo, {e) complete decomposition of the campound.
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d3

Table 7.12: Crystal Data and Refinement Farameters of Gd3.

Molecular Formula

Gdz(NO3}e(C1oHgNzO4) 3 - 2CHCls

Formula weight {(g.mol™) 1489 84 |
"~ Temperature (K} 113
Wavelength {A) . 0.71073 |
Crystal System Triclinic '
Space Group T .
RS o e e — e ,
T ¥ 188802y T
c (A) 13.1836 (2)
al?) f 827069 (6}
e i 80.0802 (6)
T S i 810247 (9)
T volume (A% | ©1211.54 (3)
Z 1
Calculated Density (g.cm™) 2.0417
_ g (mm) 3.142
i 'F (000) 724
!—_ “Crystal Size (mm) | 0.04 x 0.02 x 0.20
: ¢ Range Scanned {7} 102 - 27.48
Index Range -13<h=<10,-15<k<15 -17 <[ <16
No. Reflections Collected 10182
No. Unigue Reflections 5490
Data completeness (%) ¥ 99.6

Refinement Methad

Full-matrix LS. on F*

Data / Restraints / Parameters

5480 /0 / 344

Goodness-of-fit on £

1.040

Final R Indices {I>2o(1)]
R Indices (all data}

0.0204, 0.0448

0.0243, 0.0458 i

i Largest Diff. Peak and Hole (e.A™)

os0-081T it
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Gd3 is isostructural to Gd2 and TI2. Hydragen bonding and & interactions in
all these compounds are comparable. The enly difference is that the included
guest for Gd3 is CHCl:. 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 heen omitted

for clarity.

Figure 7.24: Packing diagrams for Gd3 viewed along [100] showing CHCI;
molecules residing in channels. Guests are represented by van

der Waals radii.
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The H bond geometry and 7 interactions are detailed in Table 7.13 and 7.14,

respectively.

Table 7.13: Hydrogen banding details in Gd3 compound.

D-H(A) D--A{A} D-H-A{°} | Symmetry operator
C(1A)-H{1A}-O(28) | 1.00 3.387(3) 162 X, -y ez
TCOA-H(1A}-Q(29) | 1.00 31703 133 |  -1x -y, 1z
| C{4)-H{4)--0(29) 0.95  3.030(3) 110 14X, v, z
C{12)-H(12)-0(24) | 095 | 3.331(3) 142 oy
| C(14)-H(14).-0(24) | 095 | 3.342(3) 141 Xogog |
T C{15)-H(15)-0(30)  0.95 | 3.050 (3} 136 1+x, v,z
C{19)-H(19)-0(2) . 055 | 3.253(3) 134 X, 1y, -2
CR1-H21)-0(25) | 05 Zleaqa | 188 kR

Table 7.14. = interaction details.

*Cg(N3-C8)-- Cg(N3-C8)
"N(23)-0(21).- Cg(N10-C15)

N(23)}-0(21)--Cg(N17-C22)
ir_NEE?}—D{ES}---Cg(mG-C15)

Thermal analysis

Distance | Symmetry oﬁerator
T [3854(1) | % 1-y. 1z |
= 3260(2) |x 1y = |
3.100(2) |-1-x, 1y, -z b
Nl 3641 (2) [l

TG trace showed a two step mass losses (Figure 7.25). The first step mass

loss is attributed to loss of CHCla. Experimental and calculated mass losses of

this step are given in Table 7.13. The second step mass loss is due o

decomposition of the compound. The DSC trace showed endotherm A and B

(Figure 7.25). 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

B b d a ]
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summarised in Table 7. 15 DSC was run up until 300°C to avoid instrument

problems on compound decompasition.

a0
100 *ﬁ—'———-
A

50 . T80 »
) R NV =
E /_\// + 7 %
_% ?ﬂ' !__._,_,_,-o-'"f B I
g &_Efﬁ# Exotherm "E

Eﬂ' = --// l B | Eu %

DSC _— Endotherm
50 [
40 . . . —_ L 5p
30 80 130 180 230 280 330

Temperature / °C

Figure 7.25: TG and DSC traces for Gd3 compound

Table 7.13: Thermal analysis results.

TG Results DSC Results
. Compound  cale, % mass | Exp. % mass | Ton (°C) | Ton (°C)
| loss loss Peak A Peak B
Gd3 16.00 16.95 1087 2719
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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.

(a) 30.2 °C {b} 115.5 °C (c) 283.9 °C (d)391.0 °

Figure 7.26: Thermal decoemposition for Gd3 compound.
FPhotographs,; (a) crystal at room temperature, (b} crystal became opaque
demonstrating loss of CHCI; solvent, (¢) opague coler intensified due to loss

of bpdo, (d) decomposition of the compound.
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Isostructurality

Gd2, Gd3 and TI2 coordination polymers are iscstructural with respect to their
similar maolecular shape, unit cell parameters and atomic coordinates as
shown in Table 7.7 and 7.12.

Figure 7 27 shows packed diagrams of Gd2, Gd3 and TI2 viewed along [001],

showing packing similarities in these compounds.

Figure 7.27. Packing diagrams for {a) Gd2, {b} TI2 and {c) Gd3 are viewed
along [001). Guest molecules are represented by van der Waals

radii.

The channels for Gd2 were examined using the program SECTION,* which
was used to view sections through the unit cell along [100]. Sections are
illustrated in Figure 7.28 with guest molecules omitted for clarity. Guests in
Gd2 (similar for Gd3 and TI2) are found in hour glass channels running
parallel to [100]. The top and bottem diameter of the glass is about 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
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(a} 0 A along [100] {b} 4 A along [100] (c} 8 A along [100]

Figure 7.28 SECTION of Gd2 with guest molecules omitted and host
molecules represented by grey areas, viewed along [100] with
the unit cell sectioned at (a} 0 A (b) 4 A showing channels

narrowing and (¢) 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 time
curves obtained were converted to extent of reaction () versus time curves
and a typical curve is shown in Figure 7.29. The « versus time curves for Gd2
and Gd3 were both best described by the three dimensional equation. {f{w) =
[1-(1-u)}"*) over a o-range of 0.05-0.85 and the rate constarts, ku.s, were
derived. * The semilogarithmic plots of In k. versus 1000 K/T are shown in
Figure 7.30 [(a) and (b)] and yielded activation energies of 8.8 and 11.7

kJ.mal . respectively. Kinetics parameters are summarised in Table 7.13.

Lo ke F |
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.6

.4

0.2

Extent of reaction,

0 10 20 30 40 S50 60
Time { min

Figure 7.29: Typical o versus time curve for the desolvation of Gd3 at

180 *C.
100DKIT 100DKT
52 =
(a) : (b}
. .49
ﬁ-51 i
53 £
=
==
A7
2.15 2.25 2.35 205 215 225 2.55
4.9 46 -

Figure 7.20: The semilogarithmic plats of In Kz versus 1000 KT for (a) Gd2
and (b) Gd3 of the desolvation mass loss step.

Tabte 7.13: Kinetic parameters for desclvation of Gd2 and Gd3

275

Coordination | Temperature i_. “Alpha Kinetic y
| ' : E. (kJ.mol ")
Polymer range (°C} | range equation
© Gd2 165-190 | 0.05-0.85 - f(w)=[1-(1-0)"* T
Gad3 165-205 I 0.05-085 | fo)=[1-(1-ux) F 17
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Discussion and conclusion

Gd1, Tb1 and TI1 are isostructural. They all show a common disorder of
methanal and a nitrate ligand over two positions with site occupancy factors of
0.50. The methanaol ligand 1s coordinated to the metal centre. The construction
of Gd(lll). Th{ill} and TI{Il) cocrdination polymers using bpdo as a bridging
ligand resulted in crystal structures that are analogues to the Thilll)
compounds reported by Long ef af” TI{Il} carries structure characteristics
which are similar to those of lanthanides. Thermal stakility, elemental
analyses and PXRD were performed and the structures have been elucidated
by single crystal diffractometry. Kinetics of decomposition for Gd1 and Th1

were investigated. Activation energy for Tb1 is lower than that of Gd1.

Gd2, Gd3 and TI2 are isostructural. Crystal structures prepared are
analogues to the Th({lil) compounds reported by Long ef ai.* Thermal stability,
elemental analyses and PARD were done and the structures have been
elucidated by single crystal diffractometry. Kinetics of desclvation for Gd2 and
Gd3 were investigated. Both compounds are best described by the three
dimensional equation, (fla) = [1—(1—@}1"3]2} and yielded comparable activation

aneargies,

Kinetics of thermal dehydration and decomposition of some mixed metal
oxalates.”® oxides and hydroxides,” malonates.”” perchlorates'™ have been
previously studied. Activation energies of these compounds ranged from 56 —
1012 kJmol'. 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 hosi-guest desolvation
reactions in Gd2 and Gd3 show relatively low activation energies, compared
with decomposition of Gd1 and Tb1 and other metal-organic complexes ',
This could be due the fact that guest desclvation 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.

G b o =
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MNotable advances have been made to construct lanthanide coordination
polymers using bpdo.***% These compounds are coordination polymers and
mostly open frameworks which accommodate guest molecules in their
channels. Interestingly. Hill &t af recently reported four unigue 2D
bilayer networks, {{La{bpdo){NOz}J}. (1), {[Ybh{bpdo):(CF:50:)3}- (2).
{{Er{bpdo)s]{la)a{bpdo)o s{MeCOH)}. (3}, [Laibpdo)d(ClO.}s-CeHsCH:OH}. {4).
{[La{bpdo)z s{MeOH)z {C7H1;CHCO:)}- (5).* Compound 1 forms square grids
{Figure 7.31) with neighboring grids interpenetrating into the voids, Compound
2 — 5 accommodated guest molecules such CFz:50;, I, MeQH, H:QO, ClO4,
CsHsCl and BPH, into their networks. Gd2, Gd3 and T12 have similar voids
{ladder shapes) which are extended to 3 dimensions, with CH;Cl: and CHCI;

guest maolecules located in channels.

eE‘fr E"‘I
:&:”{} i %{} =3 "%ﬁ\f}

ﬂﬂ-

4 u ,J_
%ﬁ" {"rﬂg’fﬂ C}_,Er*

, fi & {}R\{} ““%%;f:’

=

'l

Figure 7.31: View of a sgquare grid of compound ‘I.”’

In this thesis, two kinds of coardination peolymers. 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
canjunction with CH>Cla/CHCI;.
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(b) A coordination polymer of

uranyl(VI) nitrate with bpdo.

A compound of uranyl{\l}) 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 a 1D coordination polymer with adjacent chains connected through
hydrogen bonding of guest water molecules and oxygens of the bpdo ligand.
The polymer chains run in parallel to {101). The compound forms channels

which accommuodates 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.

by
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Polymer preparation

Crystals of suitable quality for data collection were prepared by slow
gvaporation at room temperature as described in Chapter 2. The uranyl(Vl)
nitrate was dissolved in methancl and mixed with an equal valume solution of
bpdo in methanol. The mixture was heated to 65 °C, filtered and allowed to

crystallise at 5 °C.

The compeound abtained is abbreviated as follows:
[UO2(NQs}a{bpda)], - 3HL0: U

Microanalysis

Experimental and calculated percentages corresponded well,
Found: C,19.33: H 205 N, 888
Calculated: C, 1887 H. 222 N B.EBD

PXRD

Unfortunately, PXRD could nat be performed as a very low yield of compound

was obtained.
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U crystallises in the space group C2/4 with four melecules in the unit cell. The
compound s an irregular octahedron (Figure 7.32) with two coordinated
oxygens, two nitrate ligands and one bpdo ligand. The nitrate ligands are
bidentately coordinated forming eight-coordinate uranium. The U O{2) bond
distance is 1.770 A. This bond distance corresponds well with literature value
(1.763 A).' U Ofbpdo) and U-Ofnitrate) bond length are 2.359 A and 2.537 A
and they corresponded with well with literature values of 2.329 A and 2. 528 A,

respectively.

O 2]
®

O{IW)
¢

Figure 7.32: Part of the polymeric chain structure of U showing the atom
labeling. Displacement ellipsoids are drawn at 50% probability.

Atoms of the asymmetric unit are labeled.

This compound is a 1D 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
malecules and coordinated oxygens of the bpdo ligand (Figure 7.35), with
Q1W-O7(bpdo), O1W--02W and O1W O1W bond distances of 3.014 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 g) while 01V has site

occupancy factor of 1. Hence there are three guest water molecules per

ek 2 ]
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Chapter 7

uranyl moeity. The metal is positioned on a centre of inversion, -1, at Wyckoff

letter ¢.

X SAM4A
R A @,
e E.nz A

Figure 7.35. Hydrogen bonding interactions.

Symmetry operator

Table 7.15: Hydrogen bonding details.

= D-H {A) ' DA (A) | D-H--A (%)
o107 3014 XV, 2
O O2W)-O(W) 2742 Vax, -Voty, -z |
| C(10-H(10)- O(1W) | 0985 | 3.265(5) | 142 C Vax, Vey, Vatz
C{12)-H{12)- O{1W) | 0.95 | 3.366(4) | 140 Vox, Vaty, Yoz
C(13)-H{13)-0(4) | 0.95 | 3.133(4) 139 x, 1+y, z
+ X, 2-y, -Z

O1W--O1W | 2782
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The compound forms channels in which guest water molecules are located as

shown in Figure 7 .36,

{c)

Figure 7.38; Packing diagram of U viewed along [001] {a) guest water
molecules are not shown, (b) guest water molecules are shown
by wvan der Waais radii, (c) guest molecules {maroon) are

residing in channels.
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The polymer chains do not interweave, but run in parallel to one another

forming transverse planes as shown in Figure 7.37.

{c)

Figure 7.37. The palymer chains for U. (a) enclosed water molecules, {b)
chains running in parallel to on another forming transverse
planes, {c} demonstrates that peclymer chains are not

interweaving.

The channels were examined using the program SECTION,* which was used
to view sections through the unit cell along [D01]. The sections are illustrated
in Figure 7.38 (a-e) with the guest molecules omitted for clarity. The channels
have a shape which narrows and widens systematically forming sinusoidal
shapes, with a maximum diameter of 6468 A and a minimum diameter of
345 A,
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o 4% % ¢ -‘9

(a) 0 A along [001]

£t it

¥ e

L 9%
4% P 8

ow -
(b) 3 A along [001]

20 S
99 9@
(d) 10 A aleng [001]

(e} 14 A along [001)

Figure 7.38: SECTION of U with guest molecules omitted and host melecules
represented by grey areas; viewed along [001] with the unit cell
sectioned at 0 A, 3 A, (©) 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 TG/DSC

traces are illustrated in Figure 7.39.

[
100 {-A
| TG Y s3s
g0 . A 8 ! =
a“g‘- I".Iu"/d\. E
= 60 ! k_bﬁ P R ~[ 30 E
5 R 2
@ | § Ags B
= 4, Endath Ve 5
|’|'I ome Illl T
20 | 1 20
Exgtherm I
'[] - T - T T T 15
0 80 130 180 230 280 330 380

Temperature / “C

Figure 7.29; 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 correspend with the

calculated mass loss due to the immediate loss when compound is removed

from its mother liquor. The second mass loss is due toc compound

decompasition. The first step mass loss values are given in Table 7.16. D3C

trace shows endotherm A (corresponds to water loss) and exotherm B

(compound decompesition). DSC onset temperatures for both thermal events

are given Table 7.16.

Table 7.16: Thermai analysis results.

o TG Results ~ DSC Results
Coordination e
a a [+]
o — Calc. % Exp. % Ton (°C) Tan (°C) |
mass loss - mass loss Peak A Peak B I
L U . 848 I 548 51.2 368 9
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Hot Stage Microsco

The thermai decay of the U crystal was cbserved by using the hot stage

microscopy and the images are shown in Figure 7.40.

Q||

i
(a) 30.4 °C {b) 0.0 °C (c} 102.1 °C
= P A
’ s
I s RO
% -~
e - .
< et
SAN 0 W
(d} 232.1 °C (e} 370.0 °C

Figure 7.40: The thermal decay for U complex. (a) crystal at rcom
temperature, {b} crystal is still stable, (¢) bubbling 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
fiterature and CSD' (Version 527, November 2005) search revealed that no
actinide complexes of bpdo have been reported. Moreaver, only nine actinides
complexes were reported using hpdo analogue, 4 4-bipyridine (bpy). ™" This
finding shows that more actinides research using bidentate ligands still need
to he 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 {{Niz(H:0): {QA)x(bpy)aU014{H20)2(QAC) -
2H-0 (HOACc = acetic acid. HQA = 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 1D zigzag shaped polymer with polymer chains running
parallel to {101). 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 PXRD, thermal (DSC, 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 =---x interactions.

Co(ll) shows a range of interesting complexes of different topologies,
prepared while changing the couter anion. This includes isostructural CoX;
(X=Br, Cl) complexes with hydrogen bonding giving rise to organic-inorganic
layers. In contrast, Col; forms a high symmetry 3D supramolecular network. It
was revealed that replacing | with NO3 and SO, resulted in a network of
hydrogen bonding interactions separating metal ions and organic regions. Six
different Co(NO3), 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. CoX,; (X=Br, Cl) complexes transformed into 1D
polymers which displayed voids occupied by guest water molecules.
Co-grinding of Co(NO3)2 and bpdo constantly produced crystal structure
[Co(H20)4(NO3)] - 2(bpdo), CoN(E).
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Crystal structures of Cu(ll) and Pb(ll) were different, despite the fact that they
were prepared similarly. Cu(ll) gave z-shaped discrete molecules which
extends through supramolecular interaction to form channels accommodating
DMSO solvents, while PbX, (X=CI, Br and 1) formed 2D 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 ZnX; (X=Br and SCN)
compounds. Layering of ethanolic bpdo solution on top of CHCI/CH,Clz
where the metal had been placed, but not dissolved, gave 2D coordination
polymer (ZnB1) with metal centres linked by bpdo ligands. A replacement of
bromide with thiocynate afforded a zigzag chain coordination polymer (ZniN)
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 reporied in this thesis revealed that the
dipyridyl molecules are protonated. Bpdo was protonated on one end, while
BPE and DPE are on both terminals. Protonation induced hydrogen bonding
between dipyridyl molecules forming supramolecular chains. The structure is
stabilised by interionic interactions, Au---Cl.

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 CHCI3/CH,Cl, solvents.
Kinetics of decomposition for Gd1 and Th1 gave activation energies of 106.3
kJ.mol" and 50.8 kJ.mol”, respectively. Both compounds are isostructural
and based on diffusion mechanisms, D1 and D3. Kinetics of desolvation for




Gd2 and Gd3 gave activation energies of 9.8 kd.mol’ and 11.7 kJ.mol”,
respectively and are both based on D3 diffusion mechanism.

A 1D 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’ and this study have confirned 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.

.Y . V.
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