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Thesis summary

Chapter 1 introduces the reader to the research area described in this thesis. It puts
the work into context and provides appropriate literature references. The chapter details
the objectives of the work and presents the reader to the used ligand systems.

Chapter 2 describes the synthesis of coordination compounds using the 2-
aminodiacetic terephthalic acid (Hsadta) ligand. A range of novel coordination complexes
are formed under ambient reaction conditions displaying a collection of intricate
supramolecular interactions. Two mono-nuclear complexes in
K[Co"(Hadta)(H,0),]'MeOH (1) and K[Ni"(Hadta)(H,0),]-H,O (2), reveal similar
coordination environments, but are characterised by different supramolecular interactions
and packing arrangements. In contrast, the compound K[Cu, s"(adta)(H,0), 5]-H,O (3)
contains 1D coordination polymers, which are linked via potassium-oxygen interactions
to yield a 3D network structure.

Chapter 3 documents the successful exploitation of hydrothermal reaction
conditions. 2,2’-Bipyridine (bpy) was used as a co-ligand in combination with 3-
aminodiacetic benzoic acid (Hsadba), S-aminodiacetic salicylic acid (Hsadsa) and 5-
aminodiacetic isophthalic acid (Hsadip), for the synthesis of low dimensional
coordination compounds. The first two ligands yield discrete di-nuclear complexes in
[Zn“(Hadba)(bpy)]z (4) and [Cu"(Hzadsa)(bpy)]g (5) in which the iminodiacetic acid
groups bridge two metal ions. These two compounds are characterised by supramolecular
interactions such as hydrogen bonds and n-stacking contacts. The Hsadip ligand generates
a range of iso-structural 1D coordination polymers with the general formulae
[MIlz(adip)(bpy)(H20)4]~3HZO (M = Co, Mn, Fe, Ni for 6-9). These coordination
compounds comprise of the di-nuclear units analogous to that of 4/5, which are further
connected via partially hydrated M" ions to give 1D chains that extend through the
isophthalic moieties of the ligand. Alternative 1D coordination polymers with general
formulae [M"(H,adip)(bpy)] form when either copper (10) or zinc (11) ions are used as
starting materials. Syn-anti bridging modes involving a carboxylate group of the

iminodiacetic acid functionality connect symmetry-equivalent metal ions, affording spiral
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chains. Their structural motifs are highly influenced by H-bonds. The analyses of the
magnetic behaviour of selected representative chain compounds are discussed.
Interestingly, ferro- (10) and anti-ferromagnetic (6, 8 and 9) interactions between the
transition metal centres are observed.

Chapter 4 firstly describes the combination of both iminodiacetic acid substituted
ligands (Hsadip) with an assortment of nitrogen-containing co-ligands. The three
employed co-ligands were 2,2’-dipyridylamine (NH-bpy), 2,2’-bipyridine-4,4’-
dicarboxylic acid (H,bpdc) and 2,4,6-terpyridal-s-triazine (tptz). Our synthetic approach
lead to some unanticipated compounds. Our efforts result in the successful binding of
both intended ligands in [Cu"(H,adip)(NH-bpy)] (12), only one of the desired ligands
chelating in [Cu”(bpdc)(HzO)z]-ZHzO (13) or none of the actual ligands coordinating at
all in [Co”(pyca)z(HzO)z]-2HZO (14). Compound 12 displays corresponding coordination
behaviour with 10, but is characterised by slightly different packing arrangements and H-
bonds. The bpdc” ligand in 13 exhibits a tri-dentate binding capacity, and occupies all
available equatorial positions on the octahedral Cu(Il) ions, resulting in a 2D sheet. The
in situ hydrolysis of the TPTZ co-ligand, under hydrothermal reaction conditions, resuits
in the 2-pyridine carboxylic acid (pyca) ligand chelating to a cobalt(Il) ion in 14. The
resulting monomer, whose distorted octahedral coordination sphere is completed by
coordination water molecules, engages in an extensive array of H-bonds. The latter part
of the chapter discusses the attempted complexation of two novel ligand-derivatives, 5-
amino-2-dimethyldipyridine  isophthalic acid (H,adpip) and the 3-amino-2-
dimethyldipyridine benzoic acid (Hadpba), with a range of transition metal ions. The
crystal structure of 5-amino-2-dimethyldipyridine isophthalic acid was elucidated (15). 3-
Amino-2-dimethyldipyridine benzoic acid (Hadpba) binds to Cu(Il) ions resulting in 1D
chains in [Cu”(adpba)Cl]-3HzO (16). In the compound, the Cu(Il) centres are square
pyramidal coordinated and the chain propagation is facilitated through bridging
carboxylate moieties.

Chapter 5 details the development of a new ligand-type that we designed and
synthesised. The tetra-dentate 1,4-phenylenediamino-tetra benzoic acid moiety was
successfully synthesised and crystallised as a solvent adduct (1,4-Hsdatba)-DMF (17).
Intra-ligand H-bonding develops 1D ladder-type chains that stack to give channels that



extend throughout the crystal structure and contain the solvent molecules. Exploiting the
ligand with a range of transition metals leads to the elucidation of a series of iso-
structural 3D coordination networks, (Me;NH,)[M"5(CO,)(1,4-datba)]-0.5H,0 (M = Co,
Mn, Cd for 18-20). Their frameworks are composed of carboxylate-bridged 1D chains,
and these discrete chains are further connected via organic ligands whose tetra-dentate
binding mode generates an extensive 3D anionic network. These intricate frameworks
contain channels, which contain both the Me,NH,  counterions and the lattice water
molecules. At low temperatures, 18 displays magnetic behaviour of single-chain magnets
(SCM). Its magnetic properties arise from spin-canting effects. 19 is characterised by
anti-ferromagnetic exchanges between the metal ions within the 1D chains. These results
prompted the synthesis of a similarly functionalised ligand 1,3-phenylenediamino-tetra
benzoic acid ligand (1,3-Hsdatba). A solvent adduct (1,3-Hsdatba)2DMF (21) was

crystallised and structurally characterised.
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Chapter 1

1.1: Crystal Engineering: A Retrospective View

The continuing and increasing interest invested in the field of crystal engineering
has ensured that this area has grown, developed and evolved into an exciting and
important discipline in chemistry. The term crystal engineering itself was coined by G.
Schmidt whilst developing the subject of organic solid state photochemistry in the early
1970’s."" Schmidt’s article provoked serious thought and debate. The primary message to
be gleaned from his work was that crystal engineering could be thought of as a series of
molecular recognition events and self-assembly processes, rather than the simple need to
“avoid a vacuum.” A secondary point of Schmidt’s article emphasised that the
characteristic properties of crystalline solids, whether they are physical or chemical,
crucially depend on the particular arrangement and/or distribution of certain molecular
components within the crystal lattice just as much as on the properties of the individual
molecular components themselves.

Soon to follow Schmidt’s work was the similarly innovative idea of
supramolecular chemistry, originally introduced by J. M. Lehn in 1978.%
“Supramolecular chemistry may be defined as ‘chemistry beyond the molecule’, bearing
on the organized entities of higher complexity that result from the association of two or

»3) The intermolecular

more chemical species held together by intermolecular forces.
forces Lehn refers to are a variety of non-covalent interactions, such as electrostatic (ion-
ion, ion-dipole, dipole-dipole) interactions, n-m stacking contacts, van der Waals bonds
and hydrogen bonds. These interactions themselves are chemically weaker than covalent
or dative bonds. However, the collective strength associated with a number of these
weaker bonds cannot be disregarded in the self-assembly process. The objects of
supramolecular chemistry are “supramolecular entities, supermolecules possessing
features as well defined as those of molecules themselves. One may say that

supermolecules are to molecules and the intermolecular bond what molecules are to

atoms and the covalent bond.”®* In a verbal analogy, Lehn parallels this concept with

1



that of a natural language saying that “the atom, the molecule, the supermolecule would
be the letter, the word and the sentence in the language of chemistry!”

Lehn divides the field of supramolecular chemistry into two broad, somewhat
coinciding conceptual aspects: 1) supermolecules composed of well-defined and discrete
oligomolecular species that result from the intermolecular association of a few
components based on molecular recognition and 2) supramolecular assemblies consisting
of polymolecular entities that result from the spontaneous association of a large undefined
number of components into a specific phase having well-defined microscopic
organisation and macroscopic characteristics. Continuing his language analogy leads
Lehn to describe polymolecular supramolecular entities as “the book™.

It has been suggested that there is a strong connection between supramolecular
assemblies, combined with the molecular recognition effects they instil, and certain
aspects of the field of crystal engineering. Bearing this idea in mind, crystals could be
regarded as being distinct chemical entities and as a result, the ultimate examples of
supramolecular assemblies or supermolecules. Admiration was soon to follow these
concepts with J. Dunitz referring to organic crystals as “supermolecule(s) par
excellence”.®” These tributes could not have come soon enough as J. Maddox, only a
few years before, had a strongly critical comment to make of his own: “One of the
continuing scandals in the physical sciences is that it remains in general impossible to
predict the structure of even the simplest crystalline solids from a knowledge of their
chemical composition.”™

Maddox’s concerns were alleviated to a certain extent over the following years
with the perpetual improvement in technology, ever growing scientific understanding and
strive for innovation. Advancements in technology, in particular those of experimental
and computational methodologies, have considerably advanced the development of
crystal engineering. Specifically the introduction of CCD (charge-coupled device)
camera-equipped diffractometers, introduced by Bruker in 1993,%) has permitted the
elucidation of crystal structures in a matter of hours or minutes rather than the weeks or
days of the original diffractometer models. Furthermore, the constant computational

enhancements have made the use of databases and visualisation programmes inexpensive

and straightforward.



On a scientific level, through the greater experience, competence and knowledge,
furthered by the ever increasing volume of significant results, and as a consequence of
seminal work by authors such as G. Desiraju“o"z) and M. Etter,m']s) among others, the
field of crystal engineering has matured into an important discipline established on its
own merits. Concurrently, classical and newer areas of chemistry were being developed

(619 coordination polymer chemistry,'*?” the

such as organometallic chemistry,
chemistry of metal-organic frameworks (MOFs) etc. One could think of the latter two
areas as being branches of the field of crystal engineering, considering that these
disciplines rely on the elucidation of crystal structures as the primary goal for complete
topological classification and characterisation purposes. One of the more contemporary
subjects that have impacted on the field of crystal engineering is the reticular synthesis

concept.

1.2: The Reticular Synthesis Concept and Porosity

The term “reticular synthesis”, is a relatively new phrase conceived and
introduced by O. Yaghi ef al. in 2003 in his highly cited Nature article (over 2100
independent citations).*" It refers to the “conceptual approach that requires the use of
secondary building units to direct the assembly of ordered frameworks.” Yaghi defines
secondary building units (SBUs, a term which was initially used in the late 1970’s by C.
Blackwell)® as “molecular complexes and cluster entities in which ligand coordination
modes and metal coordination environments can be utilised in the transformation of these
fragments into extended porous networks using polytopic linkers” (Fig 1.1).*® The best
examples of these polytopic linkers are carboxylic acid substituted aromatic molecules,
functionalised biphenyls, bipyridines etc. The choice of polytopic linkers does not halt
with the exhaustive list of functionalised aromatic molecules available, but also includes
numerous aliphatic linkers like glutamates, squarates and oxalates. However, the
preference for suitable linkers is generally given to robust aromatic molecules due to their
rigidity (for support), amenability (e.g. shortening, lengthening and altering) and their

ability to participate in supramolecular interactions such as n-x stacking (for stability).
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Figure 1.1: Assembly of metal-organic frameworks (MOFs) by the copolymerisation of metal ions with
organic linkers to give (a) flexible metal-bipyridine structures with expanded diamond topology and (b)
rigid metal-carboxylate clusters that can be linked by benzene “struts” to form rigid frameworks in which
the metal-oxygen core (SBU) of each cluster acts as a large octahedron decorating a 6-connected vertex in a

cube. All hydrogen atoms are omitted for clarity. In (a): M, orange; C, grey; N, blue; in (b): M, purple; O,
@3)

red; C, grey.

One might ask the question: why are these ordered frameworks desirable in the
first place? The answer lies in the fact that many metal-organic frameworks have been
known to display the highly advantageous characteristic of porosity. According to
IUPAC, the pores in solids can be classified into three categories, namely micropores,
mesopores and macropores whose pore sizes are characterised by dimensions smaller
than 2 nm, between 2 to 50 nm and larger than 50 nm, respectively.(24) These porous
materials can, for instance, be used as molecular sieves, for separation procedures, guest
exchange and most importantly for gas-uptake purposes, e.g. for hydrogen gas.

With consideration of the limited fossil fuel resources left available and global
warming effects resulting from the emission of green-house gases, future economies and
technologies must strive for sustainable and environmentally friendly energy sources.
Hydrogen gas provides a cleaner alternative energy source (the combustion of or fuel cell
by-product being water), that has a significantly higher energy density per weight over
conventional fossil fuels. However, at present, the storage of hydrogen gas has yielded
many difficulties due to its low density (low energy density per volume) and because of
its explosive and highly reactive nature. Ergo, the design of a safe, reliable, cheap,

compact and efficient device for hydrogen storage has become of paramount importance.
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Porous materials have demonstrated the ability for uptake of gases, such as nitrogen,

methane and carbon dioxide®>>”

and the potential for hydrogen storage by these
materials is currently a thriving and highly competitive area in chemical research.

One method of producing porous structures utilises the reticular synthesis
concept, which has been shown to generate materials with predetermined structures.
Yaghi, pioneering this work, has synthesised a plethora of complexes based on an
identical SBU (Fig. 1.2). This SBU consists of four {ZnO4} tetrahedra sharing a common
vertex and six carboxylate groups, which define this SBU with octahedral topology.
These SBUs are joined together by benzene struts (linkers) to give a metal organic
framework with a primitive cubic topology. These struts can be modified by a range of
alternative phenyl types. This modification exemplifies the iso-reticular approach (‘iso’
meaning ‘identical’, and ‘reticular’ refers to ‘net’) whereby the same core SBU,
{Zn4O(CO,)s} 1s used to generate structures with the same topology (Fig. 1.2b), differing
only by the linkers employed.

Figure 1.2: a) Primative cubic MOF: {Zn,0(CO,)¢}. ZnO, tetrahedra (blue polyhedra) joined by benzene
dicarboxylates and related linkers (O red and C black) to give an extended 3D cubic framework with
interconnected pores; yellow spheres representing the pores without interfering with the van der Waals

radii of the framework atoms and b) topology of the structure shown as ball-and-stick model.*"



The US department of energy (DoE) has set targets for the storage of H, of 6 wt%
by 2010 and 9 wt% by 2015 at conditions of -40 to 80 °C.®" These goals have set a
motivating challenge for the various research groups working in the area. The objectives
laid down by the DoE have undoubtedly spurred on a healthy rivalry between the various
groups in an already competitive field. This competitive aspect has resulted in a growing
number of compounds with increasing hydrogen storage capabilities being reported each
year.

MOFs have been shown to be viable candidates for hydrogen storage and some
recently developed systems are close to achieving the aims set by the DoE.“**% Based on
the afore-described tetranuclear Zn SBU (Fig. 1.2), the compound [ZnsO(BTB);],
commonly referred to as MOF-177 (Fig. 1.3), was synthesised by Yaghi and co-
workers.®® A 7.5 wt% hydrogen uptake, a volumetric capacity of 32 g/L"' and a surface
area greater than 4500 m?/g" characterise this compound.®” Surface areas in excess of
6000 m*/g"' have more recently been reported by Yaghi and arise with a modification
(lengthening) to the ligand-type used in the synthesis of MOF-177.%®) These promising
figures bode well for realising the targets set by the DoE, however, all measurements
were performed at elevated pressures and at low temperatures (ca. 70 K). Hence further
development is still required to find more suitable compounds with increased surface

areas and higher gas storage capacities.

Figure 1.3: Structure of MOF-177 synthesised by Yaghi which is currently one of the leading compounds

for the storage of hydrogen gas.®®



1.3: Coordination Polymers/Metal Organic Frameworks

The reticular synthesis concept, amongst other influential ideas, has led to a re-
invigorated endeavour in the construction of coordination polymers. The expression
coordination polymer was originally used by J. Bailar in the late 60’s while comparing
organic polymers with inorganic compounds that can be considered a polymeric species.
19 Over the last two decades in particular, the field of coordination polymers has
flourished with a ten-fold increase in publications related to the subject.®”

A polymer is generally perceived as a high molecular weight molecule, formed by
the repetition of monomeric units linked through covalent bonds. A coordination polymer
is an infinite system comprised predominantly of metal ions connected via coordination
bonds to organic ligands. Their structure and constitution allows the intrinsic
physicochemical properties of both the individual metal centres and the organic ligands to
be combined. These polymer structures are often characterised by weaker supplementary
(supramolecular) interactions affording additional stability.

Coordination polymers do not exclusively restrict themselves to isolated 1D
chains, but can further extend into higher dimensional (2D and 3D) networks i.e. metal-
organic frameworks (MOFs). The dimensionality is generally determined by the number
of nodes (metal centres) and associated connectors (ligands) in a structure. For 1D motifs,
a standard node is engaged in coordination bonds with two ligands, resulting in a
repeating array of alternating metal ions and organic ligands, yielding a chain. 2D
compounds arise when three or four ligands coordinate to a central metal ion, and the
expansion of the complex occurs in two distinct directions. A three dimensional network
typically stems from the metal coordination environment (tetrahedral, octahedral etc.)
which facilitates additional directional spread through coordination bonds. Other weaker
intermolecular forces, such as hydrogen bonds, may also contribute to the overall
dimensionality, however, these typically emerge after the metal-ligand coordination
bonds have been established. The formation of coordination polymers, in a simplified
pictorial fashion, can be seen in Figure 1.4. The initial reaction phase involves the
combination of metal ions and organic ligands. Association between these two reagent

types, results in the various forms of architectures in the solid state.
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Figure 1.4: Simplified representation of the formation of coordination polymers.®”

Coordination polymers can also be referred to as the aforementioned metal-
organic frameworks (MOFs) or metal-organic coordination networks (MOCNs) once
certain criteria are met. Firstly, the ligand must be a linking/bridging organic moiety, and
therefore the connection between metal ions and ligands must perpetually extend in at
least one direction of space. Furthermore, a minimum of one carbon atom must lie
between the donor groups. This latter requirement is that a coordination polymer/MOF is
comprised of no additional bridging “inorganic” units, such as a halide ion, which
interrupt an infinite ligand-metal assembly. These distinct systems are described as
organic-inorganic hybrid materials.*”

Figure 1.5 demonstrates a variety of topological shapes and architectures

associated with coordination polymers/MOFs. This exemplifies the intricate diversity of

topologies associated with each respective dimensionality.
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1.3.1: Hydro(solvo)thermal Synthesis of Metal-Organic Frameworks or
Related Systems

Following the choice, design or successful synthesis of a particular organic
ligand, one must consider how to successfully react this organic moiety with a metal
centre to produce crystalline materials of a coordination polymer, or related materials.
There are numerous synthetic methods that one may consider for the generation of single
crystals of MOFs.

Conventional synthetic strategies combine the starting materials in appropriate
solvents in open reaction flasks under ambient reaction conditions. Modified strategies
involve elevated temperatures. In protic solvents, pH variation might influence the
structure of the generated inorganic SBUs and may aid the deprotonation of acidic ligand
moieties.

Saturation methods allow the addition of all the desired reagents in a single
reaction vessel. The homogenised mixture is left unperturbed and the slow evaporation of
the solvent transpires. Products may crystallise from the mother liquor over the necessary
period of time. This method under ambient conditions can be slow, depending of solvents
used, but it was exploited successfully by us in a number of instances.

Diffusion methods are often applied for crystallisation purposes. One approach
being solvent diffusion whereby two solutions of contrasting densities are layered in an
appropriate container, typically a test tube. This encourages a slow diffusion of the
solutions with product/crystal formation at the interface over time. An alternative
approach is vapour diffusion where a sealed vessel containing two solutions of
independent reagents is left undisturbed for a period of time. The ensuing vapours diffuse
into one another and a reaction/crystallisation may proceed. Another procedure involves
the use of microwave and/or ultrasonic methods. This is a more contemporary technique,
and is currently gaining in significance within the field of MOF synthesis.

A prominent synthetic approach for the synthesis of MOFs, and related
compounds, involves the use of hydro- solvo-thermal autoclaves. This synthetic
methodology was actively used in the present work, hence, a more comprehensive review

of this method will be given.
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Hydrothermal, and solvothermal, reaction conditions refer to a distinct class of
synthetic procedures whereby a sealed container (autoclave, bomb etc.) is subjected to
external heating, normally in a conventional oven. The vessels are heated to an elevated
temperature, generally exceeding the boiling point of the solvent, which in turn generates
a high (autogenous) pressure of the resultant vapour. A typical illustration of the reaction
vessel is depicted in Figure 1.6. The use of an autoclave is necessitated by the pressures
developed under hydro(solvo)thermal conditions and an inert liner is used to protect the
stainless steel outer shell from the corrosive reagents (e.g. strong acids or bases) often
used in syntheses. Standard autoclaves can be used up to ca. 200 °C, and depending on

the specification of the steel walls, pressures of ~150 bar can be withheld.“*?

Stainless steel

Bursting disc lid

Water

Teflon cup (or other solvent)

~25mL

Solid reagents
Stainless-steel shell

Figure 1.6: A schematic of a teflon-lined stainless-steel autoclave used in the laboratory to perform

subcritical hydro(solvo)thermal syntheses.?

The term solvothermal refers to the use of solvents other than water, whilst
hydrothermal alludes to water being the sole solvent in the reaction. Occasionally, some
authors consider hydrothermal conditions to refer to supercritical conditions, i.e.
temperatures greater than 300 °C and pressures in excess of 200 bar. However, the term is
more commonly used to imply a temperature beyond that of the boiling point of the
solvent.

The existence of hydrothermal activities stretches back to geological activities
associated with the formation of the earth and the universe. It has even been hypothesised

that hydrothermal chemical reactions occurred in the oceans and that microorganisms
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have high-temperature ancestors.**> Hydrothermal synthesis concepts have been used
for a long time in chemical laboratories. The first reported artificial hydrothermal
reaction was carried out in 1839, when the German chemist R. Bunsen contained aqueous
solutions in a thick-walled glass tube at temperatures above 200 °C and a pressure above
100 bars. The crystals of barium carbonate and strontium carbonate that grew under these
conditions marked the first successful application of the hydrothermal process, using
aqueous solvents as media.*® Industrial applications of this synthetic method date back
to a patent from 1945, which describes the synthesis of BaTiO3.*”

Over the ensuing years the use of hydro/solvothermal reactions in chemical
sciences has developed into its own specific and respected area, with the first
international conference focusing on this synthetic technique held in 1994. The number
of publications that exploit this preparative method is continually increasing year upon
year. 849

One of the primary advantages in employing hydro(solvo)thermal techniques is
the acquirement of superheated solvents in the reaction vessels. Superheated solvents
display remarkable properties, and one could argue that a completely new solvent is
generated at high temperatures and elevated pressures.*” One of the properties of the
resulting solvent is that of reduced viscosity, which in turn can enhance the diffusion of a
chemical species and can lead to enhanced crystal growth.®” In addition, very different
solubilising characteristics are observed in superheated solvents, where the dielectric
constant decreases rapidly with increasing temperature. This can lead to otherwise
insoluble reagents being solubilised.

An abundance of synthetic variations and modifications may be applied for the
generation of phase-pure materials. Probable variables include the nature of the solvent
(and amount thereof), choice of metal ion, primary ligand, possible auxiliary ligand, ratio
of reactants, temperature of oven, heating time in oven, pH of system and rate of cooling
etc.; the permutations are virtually endless. Figure 1.7 shows a plot of various achievable
pressures, determined by the percentage fill of the vessel and applied temperatures using

water as the solvent. This relationship underlines the synthetic advantages of

hydrothermal conditions over ambient systems.
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Figure 1.7: Pressure as a function of temperature and percentage fill of water in a sealed vessel.*"

Owing to the large number of alterations possible using the hydro(solvo)thermal
process, there is huge scope for the synthesis of a wide range of innovative compounds.
Hydrothermal reaction conditions have been used successfully in the preparation of a

. 2 . .
plethora of compounds such as microporous crystals,®? superionic conductors,®?

(54) (55)

chemical sensors, electronically conducting solids, complex oxide ceramics and

(56-57) (58)

fluorides, magnetic materials, ™ and luminescence phosphors,(sg) to name only a
few material examples. Hydrothermal reaction conditions have also been exploited for
the in situ synthesis of ligands, generating distinct supramolecular systems.®®" This has
shown great promise for both organic and inorganic chemists, capitalising on the benefits

of the experimental technique.

1.3.2: Potential Applications of Coordination Polymers or Metal-

Organic Frameworks

In addition to the aesthetically appealing structural architectures of coordination
polymers/MOFs, there are naturally distinctive and advantageous characteristics

associated with coordination polymers or MOFs. As a result, researchers are striving to
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synthesise compounds which potentially exhibit exploitable features such as porosity,((’z'

o (6869 non-linear optical properties (NLO),%7)

e -67 5
conduct1v1ty,(66 ) luminescence,
(72-75)

catalysis , magnetism etc.”® Figure 1.8 demonstrates some of these applications.

. Coordmating molecules Exposed metal centers
b) as catalytic sites

(eg HO)
Catalync snes

; g

o ‘ s
>

v

Metal loas Funchonalized linkers MOFs

Linker-based cmission” v

Figure 1.8: a) Potential photochemical applications of MOF’s and b) schematic highlighting catalytic sites

available in both coordination polymers and extended MOFs. "

1.4: Magnetic Materials

There has been a continuous interest in magnetic materials ever since the first
discussions between Aristotle and Thales about the phenomenon of magnetism around
the 6™ Century B.C.”” Following the realisation of “molecular magnetism” in the 1950’s
a new chemical discipline was conceived.”*” The investigation into di-nuclear Cu(II)
acetate complexes stimulated chemists to explore a research domain which, until then,
was primarily occupied by physicists. The original preconception, and the initial
hesitation of chemists to investigate the magnetic phenomena of molecules possibly
delayed progress in the field somewhat, nonetheless, some significant milestones have
been accomplished over the following decades. H. Wickman discovered the first
molecular magnet upon the isolation of Fe™(S,CNEt),Cl in the late 1960’s,*” and O.
Kahn designed the first molecular-based ferrimagnet in the late 1980’s.®" This seminal

work appeared to instigate a rapid development within the field. The 1990’s led to the
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discovery of the first organic ferromagnet,®® the first room temperature molecule-based
magnet,® the first paramagnetic superconductor,® and the first Prussian blue-type

compound that reveals magnetisation at room temperature.®”

1.4.1: Single-Molecular Magnets (SMMs)

A significant scientific achievement in the 1990°s was the discovery of the first
single-molecular magnet (SMM) reported by R. Sessoli er al.® The oxo-cluster that
revealed this unusual magnetic behaviour, [Mn;,0,,(MeCO,),6(H20)4]-2MeCO,H-4H,0,
“Mny,”, was in fact originally synthesised by T. Lis in 1980.®” The structure of the oxo-
cluster in this compound is composed of a central Mn",04 cubane unit, which is
surrounded by a ring of eight Mn"" centres connected through bridging oxo-ligands, as

1

depicted in Figure 1.9. The outer Mn" ions are further bridged by acetate groups, and

terminal water molecules complete the coordination spheres of four of these Mn ions. All
manganese centres display distorted octahedral coordination geometries and the Mn'""
centres also reveal Jahn-Teller distortion, signified as elongated coordination bond

lengths in the axial plane.

Figure 1.9: a) View of Mn,, along the crystallographic c-axis and b) b-axis. Grey, red, blue and green

spheres refer to carbon, oxygen, Mn(I1I) and Mn(IV) atoms respectively.**



It took more than a decade from the original synthesis of the compound, for
magnetization data to be collected at high magnetic fields and at low temperatures, to
elucidate the nature and origin of the observed magnetic behaviour.***” The magnetic
data obtained confirms an § = 10 ground state (spin value), as well as the significant
presence of axial anisotropy (D). The magnitude of the ground state is in agreement with
the ‘giant spin model’ and arises from a situation in which the spins of the four central
Mn" (&) centres are all aligned anti-parallel to the spins of the eight outer Mn"" (d")
centres: S = [(4 x 3/2) - (8 x 2)] = 10. This spin structure, illustrated in Figure 1.10, may

classify the cluster as a molecular ferri-magnetic system.

Figure 1.10: The magnetic behaviour of Mn,, in the ground state.®

An interesting feature displayed by this Mn; cluster is that of slow-relaxation of
the magnetisation. At very low temperatures this cluster displays hysteresis loops, as
shown in Figure 1.11.°" The unusual steps in this hysteresis curve are due to quantum
tunnelling of the magnetisation.”” A relaxation half-life of approximately 2 months was
observed for this species, albeit this was at a temperature of 2 K. A slight increase in

temperature dramatically reduces this half-life and hysteresis is no longer observed (4 K).
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Figure 1.11: Representation of the magnetic hysteresis loop of Mn;, at 2.1 K.©"

The unique and fascinating magnetic properties demonstrated by Mn,; have led to
intense research activities within the discipline to generate alternative SMMs that show
the outlined properties at increased temperatures. The key features one must attain to
afford a SMM are a high spin (S) value, coupled with strong magnetic anisotropy (D).
Other transition metal ions are being explored in SMM syntheses. Iron clusters such as
[Fe1906(OH) 4(metheidi)o(H,0);2] and [FegO,(OH)j»(tacn)g], (metheidi = N-(1-
hydroxynethylethyl)iminodiacetic acid and tacn = 1,4,7-triazacyclononane) have shown
promise with associated S values of 33/2 and 10, respectively, as well as negative D
components for both compounds.”*** Mixed metal clusters are also receiving greater
attention, such as [(Mestacn)sMnMog(CN);3] and [(tetren)sNigCr(CN)e], (Mestacn =
N,N',N"-trimethyl-1,4,7-triazacyclononane and tetren = tetraethylenepentamine). S values
of 13/2 and 15/2 were observed for the {MnMos} and {NiCrs) core containing
compounds, respectively.(95 o

One of the more active research areas is, surprisingly, the slight modification of
the original Mn; structure. Gentle alterations to the synthesis permit the exchange of the
bridging acetate groups with other carboxylate units. The coordinating solvent molecules
can be substituted and reduced species can be synthesised too. Many of these modified
Mn,; structures were synthesised by G. Christou, and co-workers, who refers to the set of
related compounds as the “drosophila” of single-molecule magnetism.®® Figure 1.12

charts some of the altered Mn;; compounds.
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[Mn;,0{0,CCHCL)(0,CCH Buy(H;0)]

| M0 4{0,CCH, 81,4 (MeOH)]
}wmmw.{pm W«w + M0 A0, CCH;BU) (H,OM} 5ol
[Mn,0O,CCHCL(H;ONF [Bing0 eI 0M] [M40,0,0,CBU) (NO(H0)]

- i

[Mn0.,,{0,CMe)(O,SPh)(H;0)) M0 ,5(0,CMe)(O,PPh,)(H,0L)
Figure 1.12: A selection of the more established transformations of [MnIZOIZ(MeCOZ),(,(HZO)ﬂ.‘xg’

The magnetic properties of all of these Mn,; derivatives have been characterised.
The compounds display varying axial anisotropy and energy barriers, D and Uk
Unfortunately, the blocking temperatures for any of the compounds are still extremely
low (2-4 K). However, this has not dampened the enthusiasm of research into the field of
SMMs. Lis’ original observation that “such a complicated dodecameric unit should have

interesting magnetic properties” could not have been a greater understatement.
1.4.2: Single-Chain Magnets (SCM)

The characteristics of single-chain magnets (SCMs) are closely related to those of
SMMs. The origins of SCMs date back to the 1960’s when the physicist R. Glauber
predicted that magnetically coupled Ising spin chains, i.e. chains displaying axial

O 1t took decades,

anisotropy, should display slow relaxation of the magnetisation.
however, until the first reported case of this phenomenon was reported in 2001 by
Gatteschi and Sessoli.”® They observed a slow relaxation of the magnetisation in a 1D
chain that consists of alternating cobalt(Il) centres and organic radical moieties;
[Co(hfac),(NITPhOMe)]. In this system, the spins of both spin centres are
antiferromagnetically coupled at low temperature. At the same time, R. Clérac discovered
similar magnetic properties (slow relaxation) in a chain of ferromagnetically coupled
anisotropic S = 3 spin units; [Mna(saltmen),Ni(pao)(py)2] (C104),.%”

To quote Clérac: “Single-chain magnets (SCMs) are made up of magnetically

isolated chains possessing a finite magnetisation that can be frozen in the absences of an
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applied magnetic field. At low temperatures, the relaxation of the magnetisation becomes
so slow that these systems can be considered as a magnet.”'™ Akin to SMMs, a slow
relaxation of the magnetisation is the desired target. To achieve this magnetic behaviour,
some conditions need to be met. The 1D systems must have a strong uniaxial anisotropy
(D), together with a net spin magnitude along the chain (§ > 0). This latter requirement
implies that ferro- or ferrimagnetic spin organisations between the metal centres within
the chain are preferable, although spin canted antiferromagnetic interactions can also be
exploited. An imperative for SCMs is that intra-chain interactions are significantly
stronger than the inter-chain ones, allowing one to differentiate the superparamagentic
properties of SCMs from that of classical bulk (3D) systems. This requirement, however,
can be readily overcome by introducing large “spacers” (Fig. 1.13), for instance extended
organic ligands, in the synthetic process. Akin to single-molecular magnets, single-chain
magnets exhibit the desired magnetic characteristics at very low temperatures, typically
below a blocking temperature of 10 K.""°" Hence, the continuous development of this
discipline is of great importance, in order to exploit the advantageous magnetic properties

of SCMs at more practical temperatures.

Figure 1.13: Possible strategies for SCM synthetic design. The necessary building blocks are metal centres

with strong Ising magnetic anisotropy (grey, ellipsoids), bridging ligands (blue linkers), and non-magnetic

spacers (orange spacers). Two ways of assembling the blocks are shown. a) By assembling the spacers on
the bridging ligands. b) By using short linkers as bridges and binding the spacers directly on the metal

centres.(m)
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This relatively new and exciting field has flourished since its foundation, and is
currently considered a hot topic of research at the frontier between chemistry and

(192-193) The synthetic challenges associated with the generation of SCMs appear

physics.
less demanding than those of SMMs.'" As a result, an ever increasing number of
materials that display SCM characteristics are being reported annually and each new
compound further contributes to the understanding of these complex systems. This
accumulating knowledge is advancing both the theoretical side of the magnetism
(physics) and the synthetic procedures to obtain SCMs (chemistry).

Creating multifunctional SCMs i.e. coupling the 1D magnetic properties with
other physical or chemical phenomena may result in highly exciting devices."®” For
example, chiral SCMs in the field of magneto-optical experiments is just one of the

numerous areas currently being investigated.“o5 )

1.4.3: Spin Crossover Systems (SCO)

Another magnetic phenomenon relevant to coordination complexes to be briefly
discussed is spin crossover (SCO) behaviour. In octahedral transition metal complexes,
the splitting of the d orbitals into the t;; and e, sets occurs. Depending on the energy gap
between the two orbital sets, ions with a d*-d’ electronic configuration may reside either
in a high spin (HS), or a low spin (LS) state. Figure 1.14 demonstrates both HS and LS

electron configurations for an F e" (d®) and an Fe"" (&) ion.

- Ht =
£

sier (uT) =59 (4.4) e OuN =18049

e
$4+ gt

ter (T =53 (3.5) et UMT) =0 (0)
High Spin Low Spin

Figure 1.14: d-orbital occupancies and typical magnetic moment values of HS and LS iron(Il) and iron(III)

complexes in an octahedral ligand field."*”
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Spin transitions between high-spin and low-spin states can be achieved by an
applied external stimulus such as a change in temperature, pressure or by light
irradiation."’” Spin transitions impact on the number of unpaired electrons in a system,
which in turn alters the overall magnetic characteristics of the metal ion. Other factors,
such as the bond lengths within a complex and the optical properties of the compound
may change with a spin transition."” Thus far, the majority of the reported spin-
crossover compounds are Fe' complexes with a {FeNs} coordination sphere. The spin
transition in spin-crossover complexes is dependent of the structure, composition and
electronic attributes of the coordination complex and can proceed in many forms. Figure
1.15 illustrates the various spin transition curves whereby Ty, is the deflection point of

the curve corresponding to 50% high-spin and 50% low-spin centres within the sample.

VHs

Figure 1.15: The nature of spin transition curves for SCO systems. Such curves can be; a) gradual, b)
(107)

abrupt, c) displaying hysteresis, d) with steps or ¢) incomplete.

In the early 1990’s, O. Kahn applied an interesting synthetic approach to enhance
the properties of SCO systems.'”” He achieved the covalent linking of metal ions
through appropriate ligands. 1D chains composed of [Fe(4-Rtrz);], sub-units (4-Rtrz = 4-
R-1,2,4-triazole, R = H or NH,), demonstrated SCO behaviour, and were further
characterised by large hysteresis loops encompassing room temperatures.(”m The

combining of the spin-crossover phenomena with coordination polymers instigated the
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isolation of several other Fe(Il) coordination polymers or MOFs that display SCO
behaviour. These systems reveal high cooperativity between the metal centres and also
demonstrate wide hysteresis loops that may span across room temperatures. "'
With the emergence of the fascinating field of molecular magnetism over fifty
years ago, this perpetually developing domain has challenged chemists, and physicists
alike, ever since. With regards possible applications, the exploitation of hysteresis loops
in the described systems is of great importance."'” Spin-crossover systems may find
applications in future memory devices or magneto-optical switches, sensors etc.'*!">
The steady enhancement of technology, theoretical comprehension and basic experience,
has helped significantly progress the field of molecular magnetism over the decades.
Several review papers have charted the progression of the subject and speculate about

future directions and applications.!' 16119

1.5: Iminodiacetic Acid Functional Group

Ligands containing the iminodiacetic acid functionality are abundant in their
variety and impact on a wide range of disciplines including chemistry, physics and
medicine."?*"'* The tri-dentate functional group can be attached to an aromatic moiety,
or an aliphatic unit. The latter type is best exemplified in ethylenediamine-tetra-acetic
acid (EDTA) or related systems."'**'*” The work presented in this thesis is relevant to
aromatic iminodiacetic acid ligand derivatives.

Schmitt et al developed a range of coordination networks exhibiting lamellar,
double-helical or chiral structures, dense hexagonal arrays or open-framework networks
using various ligand-types."*” All structures of these di-nuclear iron(IIl) complexes
derive from assorted phenol and naphthol units which collectively possess the
iminodiacetic acid group attached to an aromatic backbone. All employed hda/nida
ligand derivatives were prepared via the Mannich reaction. Within the iron(III)
complexes the transition metal centres are doubly bridged via carbonate and a hydroxo-
or oxo- ligand. The complexes are negatively charged and self-assemble in the presence

of suitable counterions into network structures. The obtained topologies are influenced by
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additional substitutions of the ligands used. Introduction of O-donors opposite to the
hydroxyl functionality of the phenol or naphthol ligand moiety generally result in open-
framework structures. Consequently, Kg[Fe,(u-O)(u-CO5)(SOs-hda),]-11H,0-9MeOH
(Fig 1.16a) affords a hexagonal open-framework structure, whilst a dense honeycomb

structure characterises K¢[Fey(u-O)(u-COs3)(Chnida),]-13.5H,0 (Fig 1.16b).

SO4H

o

-

Figure 1.16: a) Open-framework structure in Kg[Fe,(1-O)(u-CO;)(SO5-hda),]-11H,0-9MeOH, and b)
honeycomb structure in K4[Fe,(u-O)(1-CO5)(Chnida),]-13.5H,0 generated using the relevant iminodiacetic
acid substituted ligands (depicted above networks, R= CH,COOH).""**

These assembly principles can also be applied to metal complexes containing
other transition metal ions."*'""*® For example, copper(II) ions have yielded both open
frameworks and comparable honeycomb structures in K4[Cu"(Cnida)],-4H,0 (Fig. 1.17a)
and K,[Cu"(hnida)],-2H,0 (Fig. 1.17b), respectively. In these structures the Cu" centres
are bridged through the O-donor groups of the ligand moieties (Fig. 1.17c). Interactions
involving the potassium ions and carboxylate O-donors afford the overall intricate

networks depicted. Slight modifications to the ligand-type used result in quite varied
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assemblies, with the Cnida ligand, containing an additional carboxylic acid, generating

the open framework structure (Fig. 1.17d).

X=H: H,hnida )
X = COOH: H,chnida COOH

Figure 1.17: a) Open-framework structure in K,[Cu"(Cnida)],"4H,0, b) honeycomb structure in

K,[Cu'(hnida)],-2H,0, formed by iminodiacetic acid functionalised naphthols, c) the di-nuclear complex,

with the deprotonated alcohol group bridging both copper ions and d) the two ligand-forms used."*"

Further investigations involving some of these described compounds lead to the
discovery of additional interesting properties. The open-framework materials have
potential to be used in gas storage applications, and specifically K4[Cu"(Hcnida)],*4H,0
has shown promising thermal stability in combination with the necessary flexibility to
withstand structural changes induced by calcinations or the uptake and release of guest
molecules. The more dense supramolecular structures, however, can be used as templates
for the preparation of nanomaterials. This application was demonstrated using Nag[Fea(u-
0O)(1-CO3)(Chnida),]-13.5H,0, which consists of nano-sized channels that run in the
direction of the crystallographic c-axis and are filled with naphthyl moieties of the

organic ligands."*? Upon heating, this compound transforms into hybrid organic-
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inorganic nanofibres that form within single crystals of the compound. This effect was
investigated by cutting crystals perpendicular to the crystallographic c-axis using a
focused Ga ion beam. Thermolysis provides a further tool to control the composition of
the fibres and at ca. 370 °C high yields of intersected, parallel aligned fibres are obtained
that are usually contained in micro-capsular entities of amorphous carbon. XRD, EDAX
and IR analysis suggested that the fibres are composed of Na,COj; and Fe,O3 which react

at higher temperatures to give different phases of sodium iron oxides (Fig. 1.18 a-f).

Figure 1.18: a) -f) Thermolysis of a crystal of Nag[Fe,(u-O)(¢-CO;)(Chnida),]-13.5H,0 to give nano-sized

fibres (hybrid or carbonate/Fe,05 fibres) whose dimensions and composition are determined by the

molecular structure of the precursor."*”

Other complexes composed of the chelating iminodiacetic acid have shown
promise in photoluminescence studies, and demonstrate a spectrum of varying

(134-136)

intensities. The magnetic properties of several compounds containing the

iminodiacetic acid group, displaying a range of interesting magnetic characteristics and
exchange pathways, have also been reported.(13 e

The evident versatility displayed by this chelating moiety encouraged us to
synthesise a range of iminodiacetic acid-substituted ligand-types containing

supplementary carboxylic acid groups attached to an aromatic backbone. The positioning
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of the various COOH moieties, relative to the tri-dentate functionality, should afford a
diverse assortment of complexes, with unique characteristics determined by both the

ligand and metal used.

1.6 Aims and Synthetic Strategies

The aim of the project is to synthesise novel coordination polymers/metal organic
frameworks with controllable topologies. Our motivation is to create structures in which
transition metal ions are bridged via donor atoms in such a fashion that cooperative
effects between the spin centres give rise to interesting magnetic effects. Of particular
interest for this research project are low dimensional materials, for instance, oxo-clusters
with properties of single-molecular magnets and 1D spin chains. We further aim to
develop our synthetic reaction systems to obtain higher dimensional compounds with
open-framework topologies which might give rise to porosity. The development of such
hybrid materials is of further interest in order to create advanced materials whose
physiochemical attributes can be influenced by both the organic and inorganic

components.
1.6.1: Choice of Ligands

One of the key considerations in the synthesis of MOFs lies in the prudent
selection of the ligand. The ligand-type used has a great influence on the coordination
environment of a metal ion, the dimensionality of the resultant compounds and can
significantly determine the characteristic properties of the material.***%

For the successful synthesis of coordination polymers or networks, carboxylic
acid groups have been widely recognised as one of the most versatile functionalities in
coordination chemistry."*"'*® Their adaptable binding modes result in a large diversity
of structural motifs. A lone carboxylate group can act, for instance, as a mono-dentate, bi-

dentate or chelating O-donor moiety, donating electron density to a metal ion(s) to form a

coordination bond. They additionally possess the ability to bridge metal ions. This
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bridging functionality is observed in many 0D type products like dimers and oxo-clusters.
In the latter case, this bridging mode often results in a hydrophilic inorganic “core”
containing several metal ions and bridging oxygen atoms, whilst the organic components
of a ligand encase and screen this nucleus. This binding manner is best observed in the
aforementioned manganese coordination cluster [Mn;,0,2(MeCO,)6(H20)4], “Mn;,”.
Here, the eight outer Mn'" ions are peripherally bridged by sixteen acetate groups, each
engaging in a syn-syn doubly bridging mode. Figure 1.19 illustrates a range of binding

modes associated with di-carboxylate substituted organic ligands.
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Figure 1.19: Possible coordinating, chelating and bridging conformations of both a terephthalic (1,4-
substituted) acid and an isophthalic (1,3-substituted) acid ligand."**’

Furthermore, one of the more beneficial properties associated with carboxylic
acids is their capacity to function as hydrogen bond donors and/or acceptors. The
cumulative strength of multiple hydrogen bonds can be compared to that of a metal-
ligand coordination bond. This feature provides additional directionality and allows
carboxylic acids and carboxylates to be exploited for molecular recognition purposes.
These intrinsic attributes are advantageously used in nature and in the fields of
supramolecular chemistry and crystal engineering. Numerous review articles have been
written on the subject of hydrogen bonding as an essential interaction for coordination
compounds.'*'*""*% The abundance and importance of hydrogen bonding cannot be
under-rated as it is an essential interaction to all living life, only considering its

widespread involvement in water and DNA.
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The interaction modes of carboxylic acids are often determined by their pK,
values and the reaction conditions, and adjusting the pH levels in reaction mixtures will
dictate whether a carboxylic acid is protonated, or not. This in turn determines if the acid
coordinates to a metal centre, behaves as a H-bond donor or just as an acceptor. This
convenience provides additional benefits to using carboxylic acid groups.

In order to achieve our objectives, and as a result of the highly advantageous traits
associated with carboxylic acids, we first explore a range of aminodiacetic acid
substituted ligand derivatives. Figure 1.20 shows the ligands we exploited, with 2-
aminodiacetic terephthalic acid (Hadta), 3-aminodiacetic benzoic acid (Hsadba) and 5-
aminodiacetic isophthalic acid (Hsadip). These poly-dentate ligands were considered to
be ideal bridging components in the generation of higher dimensional coordination
compounds. These ligands not only contain rigid carboxylic group(s) affixed to the
aromatic rings, but also the chelating iminodiacetic acid functionality, which consists of

two flexible glycine moieties protruding from a common nitrogen atom.

HOOC HOOC
N7 COOH /\coon N~ COOH
\ COOH
COOH H4adta HOOC H 3adba HOOC H,adip
2-aminodiacetic terephthalic acid 3-aminodiacetic benzoic acid  5-aminodiacetic isophthalic acid

Figure 1.20: Three iminodiacetic acid substituted aromatic ligands used in the study.

In order to gain some degree of control over the assembly process, to block
coordination sites and to prevent the propagation of complexes into three dimensions, we
also decided to selectively utilise 2,2’-bipyridine (bpy hereafter) as an additional co-
ligand. The use of ligands containing carboxylate functionalities in combination with bpy
as a co-ligand has been shown to be a successful approach in the formation of 1D chain
structures and networks, displaying a range of different molecular architectures.'* The
inclusion of bpy may also give rise to additional supramolecular interactions, namely n-x

stacking, which can enhance the stability of complexes.'*'"'*?
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The domain of bpy chemistry is not simply confined to the juxtaposition of two
pyridine rings. Countless functionalised bpy derivatives have been prepared, impacting
on fields such as pharmaceutical chemistry, catalysis, coordination chemistry and even
biological processes in nature are influenced by this ligand type. Several review papers
have been dedicated to these topics, covering a range of other potential uses of bpy and
its derivatives.!>'%®

Our exploitation of bpy (Fig. 1.21a) as a chelating and blocking agent was
successful in a number of cases, and lower dimensional compounds were observed during
our investigations. A range of modified bpy co-ligands, in combination with various
iminodiacetic acid substituted ligands, were subsequently explored in order to generate

potentially higher dimensional structures. The other employed N-containing co-ligands

are shown in Figure 1.21b.

e o
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2,2"-bipyridylamine N

N
\ N/ \N / HOOC COOH @/H\N )\'@
2,2"-bipyridine / —N\ \N / | N N~

2,4,6-tripyridyl-s-triazine
2,2'-bipyridine-4,4'-dicarboxylic acid

Figure 1.21: a) 2,2’-Bipyridine and b) three alternative nitrogen-donating co-ligands, used for the

formation of coordination complexes.

To diversify the type of compounds obtained, other chelating functional groups
were explored. The S-amino-2-dimethyldipyridine isophthalic acid (H,adpip) and the 3-
amino-2-dimethyldipyridine benzoic acid (Hadpba) ligands were used (Fig. 1.22a) during
the study. Both these ligands contain a chelating amino-2-dimethyldipyridine
functionality and additional carboxylic acid group(s) affixed to a central aromatic ring.

Our investigations further involved the employment of extended ligands. In

contrast to the previously described ligands the various chelating functionalities were
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removed, with only benzoic acid moieties available for binding to metal centres. We
thought that the ligands, 1,4-phenylenediamino-tetra benzoic acid (1,4-Hadatba) and 1,3-
phenylenediamino-tetra benzoic acid (1,3-Hsdatba), might react with transition metals to

produce open-framework structures (Fig. 1.22b).

7
HOOC
Hzadplp \O Hadpha \Ej

5-amino-2-methyldipyridine isophthalic acid 3-amino-2-methyldipyridine benzoic acid

m@\ r@’m ng
e d ﬂmH @% -

1,4-H datba 1,3-H datba
1.4-phenylenediamino-tetra benzoic acid 1.3-phenylenediamino-tetra benzoic acid

Figure 1.22: The remaining ligand-types used in this work, for the synthesis of extended networks.
1.6.2: Ligand Synthesis

Modified condensation reactions were performed to synthesise the ligands. The
reactions all proceeded via a related mechanistic pathway (Scheme 1.1). Under basic
conditions, an amine group reacts with a halogenated reactant, resulting in cationic
species. Proton transfer, and concurrent salt (e.g. NaCl) formation generates a secondary
amine. The process is then repeated again to yield the tertiary amine.>” The addition of

concentrated hydrochloric acid resulted in the precipitation of the desired ligand.
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Scheme 1.1: Steps of a typical condensation reaction associated with the synthesis of the ligand-types used

in this study. R = aliphatic or aromatic organic moieties.

1.6.3: Specific Research Aims

The main goals of this work are the synthesis of novel hybrid organic-inorganic
networks or related coordination compounds using the aforementioned ligands (Figs. 1.20
and 1.22). These ligands, in combination with the wide range of transition metals
available, provide ample opportunity for the formation of a diverse range of
supramolecular architectures, each possessing unique and characteristic properties due to
the electronic configuration of the metals and the multi-faceted abilities of each of the
ligands. A particular aim was to generate structures where the bridging modes of the
ligands could give rise to magnetic exchanges between spin centres. Our synthetic
approaches were devised to generate molecular magnetic materials whereby the focus
was directed to the synthesis and characterisation of single-chain magnets.

To increase the chances of obtaining novel coordination compounds with

crystalline morphologies we applied both ambient and hydro(solvo)thermal reaction
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conditions. In order to achieve the goals outlined above, we initially aspire to accomplish

the following:

a)
b)

c)

d)

Synthesise and characterise assorted carboxylic acid substituted ligands.
Synthesise coordination networks exploiting a range of transition metal ions,
in particular Fe', Mn", Ni", Co" and Cu".

Elucidate the structural topologies of all compounds using single crystal X-ray
diffraction techniques.

Characterise the physicochemical properties of the compounds (e.g. magnetic
properties, phase purity, thermal stability etc.).

Modify reaction conditions and ligand functionalities to generate 1D
structures with interesting molecular magnetic properties.

Modify reaction conditions to obtain higher dimensional compounds, with

open-framework topologies, which might give rise to porosity.
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Chapter 2

2.1: Compounds containing the amino-diacetic terephthalic

acid (ADTA) ligand

As has been discussed in section 1.5, the use of iminodiacetic acid derivatives has
been well established to yield compounds displaying a range of interesting
physiochemical properties whereby different research strands focus on molecular
magnetic materials, sensory devices, porous materials, catalysis etc. Modified ligand
systems that contain supplementary functionalities, such as carboxylic acid moieties are
expected to give rise to the formation of new supramolecular structures that may result in
the accentuation of said properties, and produce materials with improved characteristics.
Our interest in generating novel polymeric molecular magnetic properties enticed us to
utilise such functional groups.

The 2-amino-diacetic benzoic acid ligand has previously been shown to generate
coordination compounds with application potential in the fields of magnetism and
kinetics."**'%® Thus, the attempt to synthesise materials using the modified ligand 2-
aminodiacetic terephthalic acid (ADTA) was seen to be of a natural progression. The
ADTA ligand maintains the functionality of the ADBA complexing agent (Scheme 2.1),
but is further decorated with an additional carboxylic acid group in the 4-position of the
phenyl ring. This additional carboxylic acid group could be used in auxiliary coordination
and/or in hydrogen bonding modes. Therefore, the potential for generating higher
dimensional coordination networks has been greatly enhanced.

Our motives proved fruitful with the successful synthesis of three novel
coordination compounds under ambient conditions in methanol solutions. The three
compounds display certain similarities with the iminodiacetic acid group encasing the
various transition metal ions in a tri-dentate fashion. However, the three compounds all
present different coordination geometries, constitutions, intermolecular hydrogen bonds

and cation-dipole interactions. These, in turn, generate distinctive packing arrangements.
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Scheme 2.1: Exchange from the 2-aminodiacetic benzoic acid to the 2-aminodiacetic terephthalic acid.

2.1.1: Compound K[Co" (Hadta)(H,0),]-MeOH (1)

The compound K[Co"(Hadta)(H,0),]-MeOH (1) crystallises as red blocks after a
period of about two weeks in the triclinic crystal system in the space group P-1. The
asymmetric unit contains a cobalt(Il) ion, a mono-protonated Hadta® ligand, two
coordinated water molecules, a potassium counterion and a solvent methanol molecule.
The coordination environment of the cobalt ion can best be described as a distorted
octahedron. The metal ion has a coordination sphere composed of the tri-dentate
iminodiacetic acid functionality, an O-donor from a carboxylate group from one of the
terephthalic acid moieties, and is completed by two cis binding water molecules (Fig.
2.1a). The iminodiacetic acid functionality binds to the cobalt(Il) ion in a fac manner as
seen in Figure 2.1b. Bond lengths vary from the Co(1)-N(1) bond of 2.171(3) A, to the
Co(1)-O(1) bond of 2.062(3) A and to the Co(1)-O(3) bond of 2.064(2) A. The adjacent
carboxylate group on the phenyl ring binds to the Co(1) centre, and is characterised by a
Co(1)-O(5) bond of length 2.010(2) A. The coordinating water molecules are engaged in
Co(1)-0(9) and Co(1)-O(10) bonds, which are 2.085(3) A and 2.126(3) A long,
respectively. These values correspond well with typical coordination bond lengths

involving Co(II) ions. 1%
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Figure 2.1: a) Illustration of the binding mode of the Hadta> ligand and the coordination environment of
the Co(1) ion in compound 1 and b) polyhedral representation of the coordination environment of the
cobalt ion; fac arrangement of the iminodiacetic acid donor atoms highlighted as a non-transparent face of

the polyhedron.

Examining particular bond angles can also be used to stress the asymmetry of the
coordination environment of the Co(l) ion. In the equatorial plane, as represented in
Figure 2.1b, the O(1)-Co(1)-N(1) and O(10)-Co(1)-N(1) bond angles of 83.23(1)° and
170.19(1)°, respectively, are large digressions from ideal angles of 90° and 180°.
Similarly for the axial positions, the O(3)-Co(1)-O(5) bond angle of 170.47(1)° is a
significant deviation from model behaviour. Furthermore, the O(3)-Co(1)-N(1) bond
angle of 81.64(1)° demonstrates additional distortion from an ideal octahedron. The

remaining bond angles can be viewed in Table 2.1.

Table 2.1: Bond angles for the Co(1) ion in compound 1.

Atoms Bond angle (°) Atoms Bond angle (°)
O(1)-Co(1)-0(3) 85.16(1) 0(1)-Co(1)-0(5) 88.98(1)
O(1)-Co(1)-0(9) 176.45(1) O(1)-Co(1)-0(10) 92.05(1)
O(1)-Co(1)-N(1) 83.23(1) 0(3)-Co(1)-0(5) 170.47(1)
0(3)-Co(1)-0(9) 91.30(1) 0(3)-Co(1)-0(10) 89.42(1)
O(3)-Co(1)-N(1) 81.64(1) 0(5)-Co(1)-0(9) 94.55(1)
0(5)-Co(1)-0(10) 98.30(1) 0(5)-Co(1)-N(1) 90.23(1)

0(9)-Co(1)-0(10) 87.80(1) 0(9)-Co(1)-N(1) 96.38(1)
O(10)—Co(1)-N(1) 170.19(1)
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There is no additional coordination bonding involving the cobalt(Il) ion, however,
the compound can be further characterised by taking into account some of the
supramolecular interactions. Of particular importance are the hydrogen bonds. Two of
these H-bonds and their symmetry-equivalents generate a H-bonded sheet that extends
parallel to the crystallographic ab-plane. These sheets are further linked in the c-direction
through additional H-bonds. There are also a number of potassium-dipole interactions
between the K counterions and carboxylate atoms deriving from the Hadta ligands, and
these result in similar sheets to those involving the H-bonds. To describe the structure in
more detail, these respective supramolecular interactions will be discussed progressively.

Commencing with the H-bonding, the protonated carboxylic acid in the 4-postion
of the Hadta ligand is involved in a hydrogen bond with the solvent methanol molecule

(Fig. 2.2). The distance between the O(8) and O(11) atoms is 2.588(2) A.

Figure 2.2: The hydrogen bonding (dashed bond) between the protonated carboxylic acid functionality of

the ligand and the solvent methanol molecule.

There are also supplementary hydrogen bonds involving the coordinating water
molecules. Both of these H,O molecules engage in H-bonds to adjacent non-binding
carboxylate oxygen atoms. The O(9) atom has two hydrogen bonds associated with it,
and are shown in Figure 2.3a. Firstly, there is a H-bond with an O-O distance of 2.740(2)
A between the water molecule and an adjacent iminodiacetic acid oxygen atom O(4").
The second H-bond involves a neighbouring terephthalic acid moiety, and the observed
0(9-0(6") H-bond is 2.712(2) A long. Figure 2.3b illustrates these combined
interactions and the resultant H-bonded layer with brick wall topology that extends

parallel to crystallographic ab-plane.
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Figure 2.3: a) Two-fold hydrogen bonding interactions (dashed bonds) between the O(9) atom of the
coordinating water molecule and adjoining carboxylate oxygen atoms and b) the expanded H-bonded array
which extends along the crystallographic ab-plane. Majority of the ADTA ligand and non-relevant

hydrogen atoms are removed for clarity. (Prime refers to symmetry-generated atoms.)

The O(10) atom of the second H>O molecule forms a solitary H-bond of length
2.745(3) A with an adjacent iminodiacetic acid oxygen atom (O(2")). This H-bond links
two mononuclear complexes into di-nuclear sub-units in the crystallographic c-direction.
These combined interactions lead to the assemblies shown in Figures 2.4a and 2.4b

whereby two discrete H-bonded layers are connected into a bi-layer.

Figure 2.4: Hydrogen bonds (dashed bonds) associated with O(9) and O(10) of the coordination water
molecules yielding H-bonded bi-layer arrangements, with a) a view in the direction of the crystallographic
a-axis and b) a view in the direction of the crystallographic b-axes. Non-relevant hydrogen atoms are

removed for clarity. (Prime refers to symmetry-generated atoms.)
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In addition to the H-bonds, compound 1 is further characterised by a variety of
interactions between the K" counterions and the coordination complexes. The potassium
ions are situated between the separate H-bonded sheets (Figs. 2.4a and 2.4b), and yield
auxiliary connectivity between mono-nuclear complexes. Figure 2.5 highlights the
association of the K ion with various carboxylate atoms, deriving from three separate
Hadta™ ligands. Bond distances for these interactions range from the O(1)-K(1) bond of
2.790(2) A to the O(5)-K(1) bond of 2.818(3) A. Furthermore, the corresponding
distances for the O(2")-K(1) and O(3")-K(1) interactions are 2.691(1) A and 2.692(3) A,
respectively. These four individual interactions and their symmetry-equivalent

interactions expand the structure parallel to the crystallographic ab-plane.

Figure 2.5: Interactions between the potassium counterions and the coordination complexes in 1 (dashed
bonds) generating a 2D layer that expands parallel to the crystallographic ab-plane. Majority of the ADTA

ligands are removed for clarity. (Prime refers to symmetry-generated atoms.)

The distorted binding environment of the symmetry independent K* counterion is
completed by O(1") and O(3") atoms, which originate from an alternative Hadta>
ligand. The O(1"™)-K(1) and O(3"")-K(1) interactions have bond lengths of 2.790(3) A
and 2.995(3) A, respectively. The involved O-donors, together with symmetry-
equivalents, link the structure in the crystallographic c-direction resulting in distinctive
doubly-bridged {K-(u-O(1)),-K} sub-units (Fig. 2.6). Inversion centres are located at the
centre of each of these sub-units. These symmetry operations generate a neutral layer
motif that encloses the potassium counterions with the H-bonded bi-layer array.
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Figure 2.6: The neutral layer motifin 1, viewed along the crystallographic a) a-axis and b) b-axis.

Hydrogen atoms attached to C atoms are removed for clarity. (Prime refers to symmetry-generated atoms.)

These neutral layers proceed to stack in the c-direction whereby the aromatic
moieties of the organic ligands and solvent molecules interdigitate. The overall structure

is depicted in Figure 2.7.

Figure 2.7: The overall network arrangement of compound 1, viewed in the direction of the
crystallographic a) a-axis and b) b-axis illustrating the alternate stacking of layers. Cobalt coordination

environments are represented as purple polyhedra.
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2.1.2: Compound K[Ni"(Hadta)(H,0),]-H,O (2)

Following on from the successful structural elucidation of the cobalt(Il)
compound, a similar nickel compound was synthesised in a comparable fashion to
compound 1. The compound K[Ni“(Hadta)(HzO)z]-HZO (2) crystallises as green plates,
after a period of about ten days, in a monoclinic crystal system in the space group of C
2/c. The asymmetric unit contains a nickel(Il) ion, a mono-protonated Hadta> ligand, two
coordinated water molecules, a potassium counterion and a solvent water molecule. The
coordination environment of the nickel ion can best be described as that of a distorted
octahedron. Figure 2.8a illustrates the coordination environment of Ni(1), composed of
the iminodiacetic acid functionality, an O-donor atom from one of the terephthalic acid
moieties, and two cis binding water molecules. The iminodiacetic acid group binds to the
nickel ion in a fac manner (Fig. 2.8b), displaying characteristic Ni(II) ion bond lengths of
2.006(1) A, 2.031(1) A and 2.105(1) A for the Ni(1)-O(1), Ni(1)-O(3) and Ni(1)-N(1)
bonds, respectively.'®® The coordinating terephthalic acid group binds with a Ni(1)-O(5)
bond length of 2.003(1) A, and the bound H,O molecules have bond lengths of 2.053(1)
A and 2.047(1) A for Ni(1)-O(9) and Ni(1)-O(10), respectively.

Figure 2.8: a) Depiction of the coordinating mode of the Hadta> ligand and the Ni(1) environment within
compound 2 and b) the polyhedral representation of the coordination environment of the nickel ion with the
iminodiacetic acid donor atoms displaying a fac arrangement shown as a non-transparent face of the

polyhedra.
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Ni(1) displays a slightly distorted octahedral coordination geometry. Considering
the axially positioned atoms, as indicated in Figure 2.8b, the O(1)-Ni(1)-O(5) bond angle
of 172.98(1)° reveals a large deviation from an ideal octahedral angle of 180°. In the
equatorial plane, the O(3)-Ni(1)-N(1) bond angle of 84.11(1)°, also displays divergence

from an ideal angle of 90°. The remaining bond angles can be examined in Table 2.2.

Table 2.2: Bond angles for the Ni(1) ion in compound 2.

Atoms Bond angle (°) Atoms Bond angle (°)
O(1)-Ni(1-0(3) 87.17(1) O(1)-Ni(1)-0(5) 172.98(1)
O(1)-Ni(1)-0(9) 91.70(1) O(1)-Ni(1)-0(10) 93.04(1)
O(1)-Ni(1)-N(1) 85.34(1) 0O(3)-Ni(1)-0(5) 86.63(1)
O(3)-Ni(1)-0(9) 178.12(1) O(3)-Ni(1)-0(10) 91.53(1)
O(3)-Ni(1)-N(1) 84.11(1) 0O(5)-Ni(1)-0(9) 94.40(1)
O(5)-Ni(1)-O(10) 90.42(1) O(5)-Ni(1)-N(1) 90.74(1)
O(9)-Ni(1)-O(10) 90.04(1) 0O(9)-Ni(1)-N(1) 94.30(1)
O(10)-Ni(1)-N(1) 175.41(1)

Compound 2 has no further coordination bonding associated with it, however it
does possess an assortment of supramolecular interactions. Similar to 1, the complex is
negatively charged and requires a K" counterion for charge neutrality. This potassium ion
again engages in a number of interactions with oxygen atoms of both the ligand, and
water molecules. These combined interactions involving symmetry-equivalents, result in
neutral 2D sheets which extend parallel to the crystallographic hc-plane. These sheets are
then further connected via hydrogen bonding in the direction of the crystallographic a-
axis resulting in intricate 3D arrays. To simplify matters, the individual supramolecular
interactions will be progressively introduced and discussed in the following paragraphs.

Considering the counterion-dipole contacts, there is a mutual interaction between
a carboxylate group from the iminodiacetic acid moiety and a K" ion with bond distances
of 2.886(3) A and 2.838(1) A for the O(3)-K(1) and O(4)-K(1) bonds, respectively. As a
result of symmetry-generated potassium and oxygen atoms, a doubly-bridged {K-O(4)}
rectangle is generated (Fig. 2.9) with a centre of inversion located in the middle of this
rectangle. The O(4)-K(1") interaction is charac<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>