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Summary

The research presented in this thesis lies within the general area of supramolecular and
coordination chemistry. More specifically, this project involved the synthesis of early and
late transition metal complexes incorporating group 14 and 15 oxo-anions, with chelating
polypyridyl ligands. The primary aim of the project was to construct complexes whereby
paramagnetic metal centres were bridged by oxo-anions such as carbonate (C032'),
phosphate and pyrophosphate (POs>, PO, respectively), arsenate (AsOs) and
hydroxide (OH’). The ability of these anions to mediate electronic exchange in
multimetallic systems was studied. A secondary aim of the project was to study the oxo-
anions with an aim to understanding further there coordinating ability and their capacity
to act as part of a donor/acceptor synthon through hydrophilic/hydrophobic interaction
and H-bonding. Finally, the ability of water to influence both the structure and function of

the complexes was of major interest to us

Chapter two describes results obtained using the trianionic oxo-anion phosphate (PO,>),
which was successfully utilised in the preparation of tetranuclear copper(Il) complexes.
The evidence for phosphate being a poor mediator of magnetic exchange has been
increased with overall character dependent not on the trianionic PO,’" but rather on the
nature of the additional carbonate or hydroxide bridges also incorporated. The phosphate
is however of great importance in the synthesis of the tetranuclear complexes and as a
hydrophilic component in the extended pseudo-clathrate structures. Some degree of
control over magnetic bahaviour has also been obtained through this study with the
deliberate synthesis of a ferromagnetic complex, by careful manipulation of reaction
conditions, using information gleaned from previous results. Replacing bipyridine with
1,10-phenanthroline also served to disrupt formation of the 3-D water pseudo-clathrate
network. This is a result of phenanthroline’s larger size relative to bipy, which has the
effect of ‘pushing’ the tetranuclear cores further apart These factors have the effect of

isolating the water molecules between sheets of the complex producing a 2-D structure.

Chapter three describes a series of reactions using the pyrophosphate oxo-anion (P207)4'
and produced dinuclear (Cu(ll) and VO(II)) or tetranuclear (Zn(I)) complexes. The
copper(Il) complex displays magnetic behaviour that is dependant on degree of hydration,
with a ~ five-fold increase in the antiferromagnetic coupling observed on complete

dehydration. The vanadyl(II) complex is insoluble and probably polymeric in nature. This

Vv



is likely a result of the formation of ‘infinity chains’ of V=0 group within the complex.
The ability of pyrophosphate to undergo different coordination modes is demonstrated by
the formation of a tetranuclear complex with Zn(II). 3'P NMR shows a large shift on

coordination in respect to ‘free’ pyrophosphate.

Chapter four describes results using sodium hydrogen arsenate (Na,HAsO4). This returns
complexes containing a diprotonated form of the oxo-anion, namely H>AsOs . The system
utilises a network of - and H-bonding interactions and displays weak antiferromagnetic
exchange coupling through the ~ tetrahedral H,AsO4 bridges. In an effort to generate
completely deprotonated inorganic arsenate (AsO,™), the pH was increased from 11 to 14.
This had the effect of completely removing arsenate, of any form, from the complex
recovered. Alternating carbonate/hydroxy bridged copper(Il) polymeric species was
obtained. Magnetically the complex exists as an isolated spin doublet with two non-
interacting spin triplets returning overall ferromagnetic behaviour. The synthesis of a
similar hydroxy-bridged copper(Il) complex, and it’s anhydrous analogue, incorporating
pendant protonated phosphate was achieved by hydrothermal synthesis and controlled
dehydration respectively. The complex exhibits the strongest ferromagnetic exchange
coupling yet seen in this family of di-pu-hydroxy copper(Il) complexes and exhibits varied

intermolecular interactions depending on degree of hydration.

A Kkinetically metastable complex possessing a 2-D extended structure, is formed on
reaction of Cu(OH),, 1,10'-phenanthroline and particular group 15 oxo-anions. This
species readily converts into a thermodynamically stable product through concomitant
loss of lattice water molecules. The phen ligands pack to produce a 3-dimensional
complex with entropy loss compensated by loss of water molecules. The trigger of the
process is this loss of water, evident by the fact that in solution the process is much

slower.

A common theme throughout is the role played by supramolecular interactions in the
overall structure, stability and dimensionality of each system and the ability of oxo-anions
to act as both facilitators of magnetic super-exchange and as potent H-bond donor-
acceptors. The influence of water on both structure and function also plays a vital role in

the systems described herein.
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Chapter One

General Introduction



1.1. Metallosupramolecular Chemistry.

Given the diversity of photochemical, photophysical and electrochemical possibilities offered
by metal complexes, it is clear that the inclusion of metals into predominantly organic
supramolecular structures increases the scope of this field tremendously. At the simplest
level, the controlled geometry around a metal centre allows metals to be used as building
blocks, responsible for connecting subunits in a controlled fashion. The metal therefore
serves as ‘cement’ holding the ligands together and as centre orienting them in a given
direction. The formation of any complex species from an organic ligand and a metal ion is in
principle an assembly process that occurs spontaneously. The emphasis here lies in the
choice of ligand and the choice of metal ions in order to produce defined architectures in a
controlled fashion from multiple subunits. Metal ions have properties of special interest as

components of supramolecular systems and linkers for self-assembly.

They provide: -
(1) a set of coordination geometries,
(11) a range of binding strengths, from weak to very strong, and of formation and
dissociation kinetics, from labile to inert, and

(iii)  a variety of photochemical, electrochemical and magnetic and properties.

A great diversity of polynuclear metal clusters have been obtained by self-assembly with
increasing ability to direct the process. For example, the synthesis of catenanes' and
rotaxanes, cryptands and azacryptands,® double and triple helices* and rosettes and ribbons’
make use of the directional nature and special characteristics of hydrogen bonding to
generate complex supramolecular entities. Numerous metallo-complexes have been 'self-
assembled' giving species possessing various structures, for instance: triangular,® square,’
star-like,® wheel-shaped,9 octameric and decameric,'® to species containing cavities, which
may include a guest molecules.'' These supermolecules are often of biological significance

or of interest to materials science (Fig 1.1).



Fig 1.1. Complexes such as this tetranuclear ruthenium complex are predicted to be

components in solar cells of the future, a result of their ability to ‘harvest light'.'?

1.2. Polynuclear transition metal complexes.

The study of polynuclear transition metal complexes encompasses an extensive and
extremely diverse range of modern coordination chemistry. A current driving force behind
this field of research is the quest to develop improved molecular magnetic materials' for use
in traditional areas such as information storage or opto-electronic devices (data storage and
telecommunications). The quest to reproduce the physico-chemical (structural and
functional) aspects of multimetallic sites of metalloproteins also inspires much current
interest.'"* Transition metal ions are known to be present at the active sites of many
metalloproteins and enzymes and they actively participate in the varied biological functions
performed by these biomolecules, which include substrate binding, fixation, activation,
storage and transport. Metal ions can mediate facile electron transfer and bind small
molecules such as carbon dioxide. Whilst it is recognised that model compounds will never
fully mimic the structural and functional properties of the metallo-proteins, since they lack
the protein assemblage, there are now sufficient examples of model studies which have aided

considerably in a molecular understanding of the parent bio-systems. "
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1.2.1. Polynuclear complexes of Copper(II): An Introduction.

In the current study we will initially concentrate on polynuclear complexes of Cu(Il) as the
chemistry of copper(II) compounds has been extensively investigated,'® and the relationship
between structure and reactivity ranging form industrial catalysis to biomedical activity is of
major importance. In addition to mimicking aspects of protein active sites, investigations into
polynuclear copper(Il) complexes continues to attract much attention from a
magnetostructural point of view. Investigations into such complexes has aided in the
development and understanding of the factors responsible for the different modes of spin-
spin coupling that occurs between paramagnetic centres. The overwhelming majority of
single crystal X-ray crystallographic studies of transition metal compounds are of copper
compounds.”’ Complexes of the d° Cu(Il) ion are intrinsically flexible, displaying a wide
range of coordination numbers, but they generally deviate significantly from ideal structures
due to the Jahn-Teller effect.'” Both angular and bond distortions are common. Thus the
copper-ligand distance may vary over a wide range depending on the site of coordination.
Pentacoordinate complexes are the most common copper(Il) species and may exist in two
extreme geometries of trigonal bipyramidal and square pyramidal or distortions between

these, as often there is only a small energy barrier preventing interconversion.

A

L

5 %
L%L —0L
& E St

7

Fig 1.2. In square-pyramidal geometry (left), for Cu(II), there is only one electron in the
d,’-y? orbital, which encourages short equatorial bonds and long apical bonds. In trigonal-
bipyramidal symmetry (right) the ‘hole’ is in the d,’ orbital and encourages short axial and

long equatorial bonds.



In nature, copper containing biomolecules are usually associated with oxygen transport and
electron transfer reactions.'® A human adult contains around 100 mg of copper, mostly
attached to proteins, an amount exceeded only by iron and zinc among d-block metals, and
requiring a daily intake of 3-5 mg. The blue copper proteins such as plastocyanin are
involved in long range electron transfer, the multicopper oxidases, such as laccase, couple
substrate oxidation at a T1 copper site to the four electron reduction of water to oxygen in the
blood of arthropods.”' Copper containing bio-enzymes are also associated with the two-
electron reduction of nitrous oxide (N>O) to N,. Nitrous oxide is a greenhouse gas, the third
most significant contributor to global warming. A key process in the elimination of N,O from
the biosphere is that of nitrous oxide reductases. These copper containing enzymes have
caused much recent controversy over their structural make-up but are now thought to contain
the first example of a tetra-copper cluster ligated by histidine nitrogens.'® There also exists an
intricate network of H-bonds thought to maintain the imidazole rings of the histidine residues
in the appropriate orientation for coordinating the copper ions. As in nitrous oxide reductase,
many copper containing bioenzymes such as ascorbate oxidase can accommodate peroxo or
hydroxy bridges between copper(Il) centres. Attempts to generate models of these enzymes
have proved difficult but gained momentum over the past ten years.”” With new bio-
structures postulated from X-ray analysis all the time, the need to generate biomimetic
complexes becomes more critical.

In addition to mimicking aspects of protein active sites,”’ investigations into polynuclear
copper complexes have continued to attract much attention from a magnetostructural point of
view.?? Investigations into such complexes have aided the development and understanding of
the factors responsible for the different modes of spin-spin coupling that occur between

paramagnetic centres.

1.2.2. Dinuclear Copper(II) complexes.

These form a major group of copper(Il) complexes for three reasons: (i) they are readily
prepared by the normal methods used in preparing monomeric complexes;> (i) they provide
useful simple models for the study of magnetic interaction of two unpaired d electrons;** (iii)

they are useful models of type III-IV biological copper systems.> In the past twenty years it

4



is probably (i1) and (iii) above that have provided the major incentive in the synthesis of
novel dimeric copper(Il) systems.”® Dinuclear copper(Il) complexes have been formed with a
diverse range of mono- and poly-dentate, acyclic, macrocyclic and macrobicyclic ligand
types and can be structurally symmetrical or unsymmetrical relative to the Cu-Cu axis or end
groups. The metals may be linked by one, two, three or four bridging groups, the degree of

bridging pre-determined by the metals coordination capacity [usually 4 or 5 for copper (II)].

1.2.3. Trinuclear Copper(II) complexes.

Trinuclear complexes have, over the past ten years, gained prominence through the
recognition of a trinuclear copper site within several copper oxidases.”” Three metal atoms
can arrange themselves in either a triangular or linear array, and complexes possessing
trinuclear Cu(Il) centres in both geometries have been structurally characterised.”® Recently

Karlin et al.”’

developed trinuclear copper(Il) complexes to model the dioxygen reactivity of
trinuclear Cu(Il) oxidases. The same group have also used trinuclear Cu(Il) complexes to
cause site specific scission of DNA*. Thompson er al®' and Chakravarty et al.** have
reported trinuclear Cu(Il) complexes displaying both strong anti-ferromagnetic and
ferromagnetic properties. The latter’s complexes are presented as first generation models of

the active site of ascorbate oxidase.

1.3. A linear trinuclear Cu(II) complex reported by Cano et a/.** Neighbouring Coppers are
connected by a hydroxo bridge and a bidentate syn-syn carboxylate group. The
terminal ligand (N-(2-methylpyridyl)toluenesulfonylamide) is omitted for clarity.



1.2.4. Tetranuclear Copper(II) complexes.

These complexes are much less common than the dinuclear complexes, but slightly more
extensive than trinuclear complexes. Four main structural types arise, namely linear, zigzag
or stepped, planar and tetrahedral (as a cubane). The linear systems are the least common, but
do occur in the linear chain of {(Me;NH),[CusClyo]} involving four coplanar CuCly
chromophores,”® or the polyfluoro-tert-butoxide complex, {Cuy(u-OCMe;3)s[OC(CF3),]a,
isolated by Purdy er al’® In [Cu(salen)CuCl],, where salen =N,N'-
ethylenebis(salicylaldimine), a zigzag Cus unit is present, with a co-planar Cu,Cl, central

unit and two terminal CuO,Cu bridges.*®

An essentially planar Cus unit occurs in
[Cuy(bpim)(im)],(NO3)s,>” where bpim = 4,5-bis{(2-pyridyl) ethyliminemethylimidazolate.
All four copper atoms are bridged by imidazole ligands and further coordinated by two
nitrogens of the bpim ligands coplanar with the CuN,; chromophore. Another pertinent
example of planar disposition is that of the macrocyclic complex synthesised by McKee et
al*® using the template reaction of 2,6-diformyl-4-tert-butyl-phenol and 1,5-diaminopentan-
3-ol in the presence of copper(Il) nitrate.

The most regular type of tetrahedral Cuy unit is involved in the [CusOXgL4] structure, where
X = CI' or Br and L may be CI' or OH™ or an organic ligand such as triphenyl phosphine
oxide. In all of these structures, the tetrahedron is nearly regular with a central oxygen

atom.3 ;i

1.2.5. Higher Nuclearity Cu(II) complexes.

Hexanuclear and higher nuclearity copper(Il) complexes are far smaller in number. Among
some pertinent examples however, of hexanuclear copper(I) systems are the
[Cu;0(dpeo)s(ClO4)], complex®, where dpeo is 1,2-diphenyl-2-(methylimino)ethane-1-
oxime, and the Cug(n-OCMes)s((1-02CMe)s(ja-0,CMe), complex,®' where the six copper

1% have

atoms are linked together by six alkoxo ligands to form a hexagon. Karlin ef a
isolated a hexanuclear complex, through the reaction of a tri-copper(I) species with dioxygen.

More recently, Murray et al.*’ isolated the strongly ferromagnetic hexanuclear Cu(II)



complexes, {[(Cubpy,)2(1u-CO;3)Cubpy]a(n-OH),}(X)s.yH20, where X = ClO4 , y =2, or X =
PFs, y = 6. Thompson et al.** have reported, not only a macrocyclic hexanuclear Cu(II)
complex, but also a dodecanuclear macrocyclic Cu(Il) complex with an almost planar,
‘benzene-like’ metal array. The inherent difficulty and complexity of these complexes has
hindered the synthesis, characterisation and theoretical understanding of these systems and
explains the relative dearth of examples in respect to mono, di, tri and tetranuclear copper(Il)

compounds.

In theory several methods may be employed in the synthesis of polymetallic coordination
compounds and include, amongst others, the self-assembly or aggregation of metal centres
and ligand species, both coordinating and bridging, into polymetallic arrays; or the direct
incorporation of metal ions into preformed polydentate ligands. This second approach offers
many potential advantages over the self-assembly route in that it enables more stringent
control over the reaction and thus upon the products that form. Nevertheless, self assembly
may allow access to a myriad of structural types and complex nuclearities. This is the
approach that we will adopt in the current study. We will employ chelating ligands that may
enforce certain constraints upon the complexes formed (i.e. prevent polymer formation), but
still allow substantial freedom. We will also employ bridging ligands that will not only allow
the build up of aggregates, but also compensate for charge. To this end, we intend to employ

group 14 and 15 oxo-anions, which are ubiquitous throughout nature.

1.3. Oxo-anions of phosphorous, arsenic and carbon.

1.3.1. Phosphates.

The oxo-acids of phosphorous are more numerous than those of any other element, and only
those of silicon probably exceed the number of oxo-anions and oxo-salts. Many are of great
importance technologically and their derivatives are vitally involved in many biological
processes. The structural principles covering this extensive array of compounds are very

simple with the most important points to note being:



(1) all P atoms in the oxo-acids and oxo-anions are 4-coordinate and contain at least one
P=0 unit
ﬁ

P

i

(11) most oxo-anions contain at least one P-OH group that is ionizable as a proton donor.

O

o || + +

I
H
HO /P o

(iii)  catenation is by P-O-P links or via direct P-P bonds; with the former, both open chain
(“linear) and cyclic species are known but only corner sharing of tetrahedra occurs,

never edge- or face- sharing.

Some examples of phosphorous oxo-acids are listed in Table 1.1.

Phosphates are used in an astonishing array of domestic and industrial applications.
Phosphoric acid is manufactured on a vast scale and is used in metal treatment for the
prevention of rust, or to prevent paint from blistering or peeling. Polyphosphoric acid
supported on diatomaceous earth is a petrochemicals catalyst for the polymerisation,
alkylation, dehydrogenation, and low temperature isomerisation of hydrocarbons. This is all
in addition to its massive use in the fertiliser industry with a staggering 110 million tonnes of
phosphate rock produced per annum for 1995. Phosphates are also used in the food industry,
in the hygiene industry (e.g. Toothpaste and laxatives) and as flame-retardants in cellulose

material. They are even used in submarine sonar devices as the piezoelectric KH,PO,.%
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Table 1.1. Examples of some important phosphorous oxo-acids.




Since the discovery of microporous aluminophosphates (ALPO4-n) in 1982,* great attention
has been paid to the exploration of new microporous phosphate containing materials because
of their potential applications in the fields of catalysis, ion-exchange, adsorption and host-
guest assembly.?” In fact, along with aluminosilicates (Zeolites), the majority of research
aimed at open-framework inorganic materials has been carried out on aluminophosphates.
Feray has stated that in the area of three-dimensional open-framework materials “most are

based upon oxygen containing materials, especially phosphates...”.**

The synthetic
procedure used in the formation of these complexes generally involves that of thermal
(classic solid state) or hydrothermal conditions. More recently the successful introduction of
transition metals into zeolitic aluminophosphates has greatly expanded the scope of this field.
Initial interest in the vanadium phosphates for example, stemmed from the -catalytic
applications of vanadyl pyrophosphate in the selective oxidation of butane to maleic

anhydride.”” The scope of this field continues to grow with the number of hypothetical

topologies reckoned to be infinite™’.

Fig 1.4. The zeolitic aluminophosphate structure {(C;H1aN")s(HPO4* )[Al24P24006]}.>
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In living matter phosphate esters play a vital role in many life processes such as protein
synthesis, genetic coding, photosynthesis, nitrogen fixation, and innumerable other metabolic
pathways.” The bio-phosphorous compound on which all life depends is adenosine
triphosphate (ATP) (Table 1.1). Hydrolysis of the ionic form of the triphosphate ester
forming adenosine diphosphate (ADP) or adenosine monophosphate (AMP) releases the
energy required to power many biochemical processes. The transfer of genetic information
occurs by means of deoxyribonucleic acids, which are polymeric phosphate diesters of
nucleosides formed from the sugar 2'-deoxyribose and the 4 bases adenine, cytosine, guanine,
and thymine. Some other biochemically important phosphates include phosphocreatine used
to regenerate ATP, uridine triphosphate used in the synthesis of the polysaccharide molecule
glycogen from surplus carbohydrate and nicotinamide-adenine dinucleotide-2-phosphate
(NADP") for the photosynthesis of carbohydrates from CO,.%> The phosphate anion itself has
the potential to produce a large number of coordination modes, (some of which are listed

below), which is why it has so many industrial uses.

ﬁ M\ g IM O\\ /O/M
M,—O\M 2N | |
LoATRE M M M
@) (i1)
(iii )
° /O
e ijio |'c:')
P M9 F-m P 0
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(iv) )
i (vi)
Vil
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i 6 o
M\ /M LR Viil
M 9w b g
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Fig 1.5. Some possible coordination modes of the phosphate group. (ii), (iii), (iv) and (viii)
have precedent in the CSD.%
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We choose to study it however, not from a solid state/polymeric point of view, but rather to
develop a better understanding of its coordination chemistry. To this end, we employed a
synthetic strategy of incorporating ‘capping’ aromatic ligands such as bipy or phen. This has
not been done to any great extent as evidenced by a review of the literature™. Indeed the
majority of work published on metal-phosphate coordination complexes has been confined to
studies of ATP. Vahrenkamp e al.>* have made a systematic study of zinc(II) complexes
with condensed phosphate and tridentate ligands such as 2,2'-dipyridylamine. The aqueous
chemistry of high-valent manganese complexes containing terminal phosphate and 2,2'-
bipyridine has been reported by Sarneski ef al.”> Tomlinson et al.’® have produced
coordination complexes containing phosphate or hydrogenphosphate with Co(II), NI(IT) and
Cu(Il) and zirconium, by diffusion of the M(II) solution with phen or bipy into Zr(HPOy),,
producing (P-O)M(N-N) moieties. More recently however Lii ef al.’” and Lightfoot et al.*®
have synthesised coordination complexes containing transition metal centres with terminal or
bridging ligands and phosphate. This is work in the rapidly expanding area of inorganic-
organic open-framework materials, where phosphate is considered to be a vital component
because of its ability to adopt varied coordination modes, its hydrophilicity, oxidation

resistance and ability to stabilise high oxidation states.

V PO4 P V"—'PO4— \I’

i G N
R R |

oy - R S

V—PO,—V—POs—V

Fig 1.6. Core of the 2-D network compound reported by Lii et al..
1.3.2. Arsenates.

Arsenic as an element was amongst the earliest to be discovered being known before nitrogen

(1772) or phosphorous (1669) had been obtained as the free elements. Like phosphorous,

| 54



arsenic has only one stable isotope and this occurs with 100% abundance in all natural
sources of the elements. In relation to life arsenic has until recently, always been considered
as extremely toxic. However, with the discovery of a new class of essential elements, the
ultra-trace elements, it has been demonstrated that deficiency in arsenic (in microtrace
amounts ~50 ppb by weight) can lead to impairment of growth, reproductive and heart
function.’’ In the form of arsenates, the element finds extensive use, for example, in
agriculture as herbicides for weed and pest control, e.g. MSMA (monosodium methyl
arsenate). Arsenic acid itself is used as a desiccant and as a wood preservative. Medicinal and
veterinary uses are declining, as most arsenicals in general are considered poisonous. World
production of “white arsenic”, i.e. As,O3 has been steady over the past 25 years at about
50,000 tonnes per annum. A table of the principal uses of arsenate is given below (Table

1§ 3

USE PESTICIDES woobD 6LASS ALLOYS/
PRESERVATIVE ELECTRONICS

ARSENATE % | 65 18 10 3

TONNES 34 000 9500 5000 1500

Table 1.2. Industrial uses of arsenate compounds.

Work in the present study centred on the use of AsO,’" synthesised by dissolution of As,Os in
water or as the disodium salt. Arsenic acid H3AsOy is a strongly H-bonding material being
both water-soluble and, like the phosphate analogue, tribasic. There is also a certain
structural similarity between arsenates and phosphates with the tetrahedral As'O, group
resembling the PO, group in forming the central unit in several heteropolyacid anions.
Arsenates however show less tendency than phosphates to catenation. Another striking
difference between arsenates and phosphates is the appreciable oxidising tendency of the
former. This is a trend continued down group 15 resulting in the Bi'/Bi" couple being
capable of oxidising water to molecular oxygen. We wished to compare the structures and

properties of polynuclear complexes of AsO,”” with PO,>".

i



1.3.3. Carbonates.

Carbonates are the most common forms of naturally occurring sources of carbon (along with
natural allotropes of carbon such as diamond and graphite). The carbonates are found
combined with electropositive elements such as Ca and Mg. The study of carbonate as a
ligand species has proved to be both a popular and rewarding one with the anion displaying
many diverse characteristics, for example, in the area of coordination chemistry where
carbonate has been observed in approximately twelve different coordination modes.*

(Figure 1.9).
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Figure 1.7. Possible coordination modes of the carbonate ligand (Source - €SD).%°
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Due to this high number of possible coordination modes many types of copper(Il) carbonate
complexes have been obtained including mono-nuclear, dinuclear, trinuclear, tetranuclear,
hexanuclear in 1-, 2- and 3- dimensional systems.®' From a magnetic viewpoint, the range of
behaviour observed by copper carbonate complexes is varied. Diamagnetism, weak anti-

ferromagnetism and ferromagnetism have all been observed in these complexes.

1.3.4. Fixation of CO-.

The reduction of atmospheric carbon dioxide has been receiving increasing attention because
of the serious environmental problems resulting from the increased concentration of CO; in
air. The fixation of CO, by transition metal complexes have been known for several
decades,” and is expected to be effective for the development of such a process. Most of the
complexes reported in the literature so far are air-sensitive and not suitable for CO, fixation
under atmospheric conditions. A second difficulty is caused by the low concentrations of
carbon dioxide in air. Most of the transition metal complexes are not reactive enough to fix
CO, at such a low concentration. Several copper(Il) compounds have, however, been
synthesised by means of fixation of CO, from the air. The carbonate anion that results is a
versatile ligand, which can bind in a large variety of modes as mentioned above. Absorption
of CO; into transition metal complexes is often initiated by nucleophilic attack of the ligand
anion on the electropositive carbon of the CO,. When the ligand is oxo or hydroxo however,
the reaction results in the formation of a carbonate or bicarbonato complex.®® This type of
reaction is known for Co, Ni, Cu and Zn. This nucleophilic fixation of carbon dioxide, by
hydroxo metal complexes, to afford the metal bicarbonate or carbonate species is also
relevant to the structures and functions of some metalloenzymes.®* p-Ribulose 1,5-
bisphosphate carboxylase/oxygenase, designated Rubisco, the single most abundant enzyme
on Earth, is a magnesium-containing protein that is responsible for CO, fixation in the
photosynthetic reaction operating in plants. The enzyme responsible for this fixation in
mammals is carbonic anhydrase, which catalyses the physiologically important hydration of

CO;, to bicarbonate and so onto carbonate.
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Fig 1.8. Proposed general mechanism of CO; fixation for a dinuclear L.Cu,OH; system.®

The active site of carbonic anhydrase consists of a monomeric zinc ion, which is coordinated
to histidyl nitrogen atoms and a water molecule. The zinc itself is easily replaced by other

divalent metals ions such as Co(II) and Cu(II).

1.4. Molecular Magnetism.

“I have worked in the field of molecular magnetism for almost two decades and I have

been more and more fascinated by the beauty of this area and by the diversity it presents”
Prof. Olivier Kahn.

The present study is concerned with the way in which the unpaired spins within complexes

interact. This is best ascertained by investigating their magnetic properties.

Molecular magnetism has emerged as a novel field of research over the last two decades. As
a field, it is essentially multidisciplinary. It involves synthetic chemistry: one of its
challenges is to design systems that exhibit predictable magnetic properties. To achieve this
aim, novel compounds have been synthesized containing several kinds of metallic ions,
organic radicals and novel bridging ligands.® Secondly, it uses ideas from theoretical
chemistry. To design compounds with expected magnetic behaviour it is necessary to use

strategies that derive from an understanding of the underlying mechanism of the phenomena.

Molecular based magnets possessing interesting behaviour may have the spin localized on

16



(1) p-atomic orbitals (organic radicals). These are purely organic magnets and will not be
referred to again in the course of this report. e.g. dinitronyl nitroxide.®’

(11) Some of the electrons arise from d and some from p orbitals. e.g.
V(TCNE),. xCH,Cl,. where TCNE = {C(CN),}®, and finally,

(iii)  all the magnetic electrons arise from d orbitals. e.g.

[Mn;,0,5(0Ac)16(H20)4].2AcOH.4H,0.%°

Irrespective of the nature of the spin carrier, Tc (below which spontaneous magnetization
occurs) is directly dependent on dimensionality as magnetic ordering is generally a 3-D
phenomenon. There lies within this knowledge the problem that as dimensionality is
increased some specificity of the molecular chemistry such as solubility is affected, with
polymer formation returning insoluble compounds which are difficult to analyse.
Intramolecular interactions (through bonds) are much more efficient at exchange than the
intermolecular interactions (through space). Therefore, a polymeric lattice will most often
lead to a higher critical temperature than an assembly of separated units of the same
dimensionality. The interactions are generally considered to be mediated in two different
ways. It may involve a direct interaction of orbitals containing the unpaired electrons and/or a
super-exchange pathway involving interaction of the d-magnetic orbitals on the metal ions
via intermediate diamagnetic bridging orbitals.

The strength of coupling is directly related to the degree of favourable orbital overlap and is

therefore highly dependent on several geometric variations including: -

e Dihedral angles between coordination planes
e Bridging angles
e Metal-metal separations

e Peripheral ligands

The net sign of the coupling depends on the nature of the metal to ligand, ligand to metal

orbital overlap in the contributing pathway.
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In summary, when two paramagnetic transition metal ions are present in the same molecular
entity, the magnetic properties can be totally different from the sum of the magnetic
properties of each ion surrounded by its nearest neighbours. These new properties depend on
the nature and the magnitude of the interaction between the metal ions through the bridging

ligands.

This field has attracted the attention of a very large number of research workers, the main
reason being probably that the phenomenon of interaction between metal centres lies at the
crossover point of two widely separated areas, namely the physics/chemistry of magnetic

materials and the role of polynuclear reaction sites in biological processes.

1.4.1. Magnetically Dilute systems.

The magnetic susceptibility of a substance is given the symbol ¥ and from this comes two

fundamental classifications in magneto-chemistry: -

(1) if y is negative the substance is then said to be diamagnetic i.e. it causes a reduction
in the density of the lines of force equivalent to the substance producing a flux
opposed to the field causing it. % values tend to be both small and generally
independent of field strength and temperature.

(i1) if y is positive then the substance is paramagnetic and, though generally independent
of field strength, is markedly dependent on temperature (Values in the area of 10
em’mol™). Paramagnetic effects are caused by permanent magnetic dipoles within an
atom or molecule whereas diamagnetism is a purely induced effect so is a universal

feature of all matter and is present even when masked by overlying paramagnetism.

1.4.2. Magnetic interactions in polynuclear systems.

Ferromagnetism and anti-ferromagnetism are two important types of paramagnetism,

differing from normal paramagnetism as described below:
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e ferromagnetic substances can have y values as high as 10* ecm’ mol”, being both
temperature and field dependent.

e in the case of anti-ferromagnetism 7y is also T dependent and sometimes field
dependent.

e Dboth are the result of spins experiencing a parallel (ferro) or anti-parallel (antiferro)
exchange field due to co-operative interactions with neighbouring spins which
increase (ferro =+ J values) or decrease (antiferro = -J) values predicted by the Curie

law.

Both these latter phenomena are therefore examples of ““ co-operative phenomena”. That is to
say, they arise when the paramagnetic centres within a sample interact magnetically with
each other. At the end of the nineteenth century Curie, while investigating the effects of
temperature on magnetic properties, found that for paramagnetic substances y and T are

inversely proportional:

Xm = /T

This is the Curie law and C is the Curie constant for the substance in question. Curie also
discovered that for a ferromagnetic substance (i.e. a non-dilute system) there is a temperature
above which normal paramagnetic behaviour occurs.

For an antiferromagnetically coupled system, the magnetic susceptibility increases with
decreasing temperature until the Neel temperature (Ty) is reached, at which point it rapidly
decreases with temperature. This characteristic behaviour is a result of thermal energy being
sufficient to overcome aligning forces above Ty, whereas below this point the forces aligning
the spins in an antiparallel fashion dominate.

For a ferromagnetic system, as the temperature is lowered the susceptibility shows a steady
increase until it reaches the Curie-temperature T¢_at which point an abrupt and rapid increase

in susceptibility results. The p versus T plot shows an increase in p as T decreases.
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Fig 1.9. Characteristic variation of susceptibility with temperature for dilute (Curie

behaviour) and interacting (Ferro and antiferromagnetic) paramagnetic materials.

1.4.3. Design strategy used in the preparation of exchange-coupled

magnetic complexes.

Multimetallic species occupy an important position in modern inorganic chemistry. They are
ubiquitous in nature as active sites in a variety of metalloenzymes and play a significant role
from industrial chemical catalysis through to molecular magnetism. The experimental study
of multimetallic complexes dates back to the discovery of Prussian blue in 1704. The
traditional approach ever since has been to synthesise complexes containing two or more
metal ions with their complement of terminal ligands and one or more shared entities referred
to as bridging ligands (See B, Fig 1.12). The most studied of these include the simple oxo-
and hydroxo- groups through to multi-atomic species such (1) oxalates’’; (2) oxamates’'; (3)
oxamides’?; azide (N3) and thiocyanate(NCS).”
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Fig 1.10. Model system used by groups such as Kahn et at and Julve et al.”*

B is bridging group, M is metal and T is terminal ligand(s). a is bridging angle and d metal-

metal distance.

Seemingly slight variations in bridging angle were shown by Hodgson to cause a switch from
ferro- to antiferromagnetism in the copper(Il) dimeric species [(bipyCuOH),]**.”> Kahn et
al.”® have made a systematic study over the past two decades of the bridging ligands (1-3) as
noted above. They have illustrated the effect, not only of bridging angle, but also of terminal
ligands and even the effect the electronegativities of atoms within the bridge itself have on
the electronic interaction. An understanding of all the factors in Fig 1.12 is essential for the
synthesis of compounds with predictable properties. For example, by systematically varying
the bridging group and holding the metals and non-bridging ligands constant, the nature and
extent of metal-metal communication has been studied. Also by careful choice of particular
bridge properties, 2-D and 3-D networks around multimetallic complexes have been built.”’
This latter idea is an example where, by the careful selection of molecular building blocks, it
is possible to influence the self-assembly processes.

In the areas of solid state and materials chemistry much work has been carried out on group
15 oxo-anions. To date however, little work has been carried out on these anions in the field
of coordination, supramolecular chemistry and magnetochemistry. With this in mind, we set
about initially synthesising and characterising polynuclear Cu-phosphate complexes purely

from aqueous media. Atwood ef al. recently demonstrated that H-bonded water “clusters”
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can play a role in stabilising some supramolecular species, both natural and synthetic’® and in
the formation of clathrate hydrate structures. It has also been shown that the presence of
water within the lattice can have a profound influence on structure and therefore function,

particularly magnetic.”

1.5. Supramolecular chemistry.

In the past twenty years, a new discipline known as supramolecular chemistry has come to
the fore. Lehn,® defines the field as “the chemistry of molecular assemblies and the
intermolecular bond”, concerning interactions between rather than within molecules. The
very word supramolecular means “beyond the molecule”. In this it distinguishes itself from
other fields of classical chemistry in which the behaviour and properties of similar molecules
of the same kind are explored. Supramolecular chemistry investigates interactions, which are
weaker than the covalent bond. These include electrostatic and ion-pairing interactions
between oppositely charged ionic species, hydrophobic or hydrophilic association of
appropriate functional groups, hydrogen-bonding between complementary substituents, -
stacking between aromatic rings and other donor acceptor interactions between Lewis bases
and Lewis acids. Supramolecular, non-covalent, synthesis consists of the generation of
supramolecular architectures through the designed assembly of molecular components
directed by the physico-chemical features of intermolecular forces. Like molecular, covalent
synthesis, it requires strategy, planning and control. Supramolecular chemistry provides a
ways and means for chemical science to explore this area of design and control especially
through the concept of 'supramolecular self-assembly'.®’ This latter concept concerns the
spontaneous association of either a few or many components resulting in the generation of
either discrete oligomolecular supermolecules or of extended polymolecular assemblies such
as molecular layers, films, membranes, efc. Self-assembly requires molecular components
containing two or more interaction sites and thus capable of establishing multiple

connections.

1.5.1. Hydrogen bonds.
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The explanation as to why water boils at such an elevated temperature relative

to similar molecules such as hydrogen sulphide or methane was put forward

by Pauling®” in the 1930’s. He proposed that the partial charges found in

Tetrahedral

water give rise to an electrical force of attraction between neighbouring
molecules. This attraction is about ten times that of van der Waals forces that hold 'regular’
liquids together, but ten times weaker than the bonds that link hydrogen and oxygen, for
example, into discrete molecules. This attraction is a hydrogen bond and varies in strength
from about 4 kJ/mol to 25 kJ/mol. The bonding is a phenomenon of hydrogen and
electronegative elements, as the hydrogen atom has no inner core of electrons, so the side of
the atom facing away from the bond represents a virtually naked nucleus. This positive
charge is attracted to the negative charge of an electronegative atom in a nearby molecule and
because the hydrogen atom in a polar bond is electron-deficient on one side (i.e. the side
opposite from the covalent polar bond) this side of the hydrogen atom can get quite close to a
neighbouring electronegative atom (with a partial negative charge) and interact strongly with

it (the closer it gets, the stronger the electrostatic attraction).
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Figure 1.11. Diagrammatical representation of a H-bond.

Water is a distorted tetrahedral structure with two hydrogens and two oxygen lone pairs
generating the tetrahedron with a characteristic kink at an angle of 104.5° (distorted from

Plato's perfect tetrahedron of 109.5° due to lone pair-lone pair repulsions). As a liquid the
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kinetic energy of the molecules prevents an extensive ordered network of hydrogen bonds.
When cooled to a solid the water molecules organize into an arrangement, which maximizes
the attractive interactions of the hydrogen bonds. Water is unusual in its ability to form an
extensive network of hydrogen bonds. In the solid state this arrangement of molecules has
greater volume (is less dense) than liquid water, thus water expands when frozen. The
arrangement has a hexagonal geometry (involving six molecules in a ring structure), which is

the structural basis of the six-sidedness seen in snowflakes. 3

Figure 1.12. Snowflakes showing the distinct hexagonal nature of solid water.

Each water molecule can participate in four hydrogen bonds, one with each non-bonding pair
of electrons and one with each H atom. This cooperation of hydrogen bonds is of great
importance in biological systems.** They play a role in keeping a highly organised structure
and to achieve highly precise biological functions such as sensing and catalyses. In DNA, for
example, they provide the 'zipper' that holds the double helix together. They also secure the
delicate folds of protein molecules essential to everything from energy production to the
structural fabric of soft tissue. The formation of the DNA double helix is an example of a
particular kind of supramolecular process known as "self-assembly”. Self assembly can be

described as the construction of molecular architectures®

using molecular recognition.
Substituting organic functionalities by metal containing units increases the scope and refines
the degree of control over the self-assembly process. In particular the defined characteristics
of a metal centre and the lability of ligands are important in the construction of molecular

architectures.®®
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The presence of water, during either synthesis or crystallisation, can have quite a profound
influence on the resulting structures and therefore their potential functions. A basic tenet of
the current study is to monitor this influence; therefore, all synthesis will be conducted in

water.

1.6. Clathrate hydrate structures.

The hydrate inclusion compounds have an unusually long scientific history of ~ 170 years,
with notable periods of activity in the late nineteenth century, around 1940 and again
between 1950 and 1965.%7 One class of these compounds, the clathrate hydrates have had the
most attention and have been examined from several different points of view. In addition to
research on their preparation, stoichiometry, thermodynamic properties and crystal structures,
these materials have also been studied for their technological interest; in natural gas pipe
lines, in marine sediments, and as a methodology for desalination, for the fractionation and
storage of gases, for the concentration of aqueous solutions, as low temperature bolo meters
and as infra-red detectors. There have been hypotheses concerning their role in and existence
in biological systems e.g. the respiratory process of deep-sea fish.*® There have been
speculations concerning their existence in arctic ice, in other parts of the solar system (the
"snows" of some planets) and the galaxy (composites in asteroids). Clathrate hydrates are
also believed to exist in permafrost and marine sedimentary deposits containing natural
gases. Global estimates of the methane in clathrate hydrates may exceed 10'® kg, which
represents one of the largest sources of hydrocarbons on Earth.

Despite research dating back into the nineteenth century it wasn't until the development of
the Lewis-Sedgwick theory of valence was developed that the unusual structure of the
hydrates was realised. The octet theory could not predict or explain why stable molecules
should combine to form these "molecular compounds". The concept which led to the
understanding of the raison d'etre for the formation and stability of these compounds was
brought into focus by the work of Palin and Powell who determined the structure of the
molecular compounds formed by quinol in 1947, for which they used the descriptor,

clathrate compound.®®
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In the field of chemical engineering, the hydrates made their presence known in the 1930's by
blocking natural gas pipelines, in the USA and USSR, at temperatures higher than would be
expected for normal ice formation. Inclusion hydration is a solid-state phenomenon, which
occurs with an extraordinarily wide variety of chemical compounds. The common theme to
all these hydrates is the topology of the water structure arising from the tetrahedrally
coordinated oxygen atoms of the water molecules. As in the ices, each water molecule
donates two and accepts two hydrogen bonds. This permits a rationalization of these hydrate
structures in terms of the packing of polyhedra, which requires the sharing of each polyhedra
face and at least four edges meeting at every vertex (See appendix B).

The analogy between these hydrate structures and that of ice is a consequence of the
topological property that H,O can form three-dimensional four-connected nets. Indeed the
ability to form these solid crystalline compounds is a characteristic property of water.” It is
not a unique property, however. Analogous crystal structures to these (H,O), lattices are not
only found in some silicates but are also formed by arsenide, and phosphide with the halide
as the included species.”’ In principle therefore, similar inclusion lattices could be formed
with carbon or any combination of elements, which form tetrahedral four-connected network

structures.

Figure 1.13. Hexagonal ice showing four-connected network.
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From the point of view of the structural chemist, clathrate hydrates exist because water
molecules can crystallize in such a way as to form a host lattice which can physically
enclose, on an atomic scale, other molecules, appropriately referred to as guests. The water
structure of the clathrate hydrate has much in common with the ice, i.e. it is "ice-like". As in
ice, each water oxygen is four-coordinated. It has four nearest neighbour oxygen to which it
is linked by four hydrogen bonds, two donor and two acceptor. For normal hexagonal ice, Ip,
and cubic ice, I, this coordination is tetrahedral. In the clathrate hydrates, the oxygen is also
tetrahedral, but not as regular as in hexagonal or cubic ice. Both the ices and the clathrate
"ice-like" structures contain polyhedral cavities. These cavities tend to be larger in the
clathrate structures than in ice. This is the reason they are not ices since the diameter of these
voids are greater than the van der Waals diameter of the non-hydrogen-bonded oxygen
atoms. The voids are therefore subject to collapse unless the "guest" molecules occupy them.
There are two principal limitations to the chemical nature of the guest molecules. The first is
that they do not contain either a strong hydrogen -bond functional group, or a number of
moderately strong hydrogen-bonding groups. Thus, amides and carboxylates do not form
inclusion compounds, yet amines and ethers do. The clathrates are therefore structures where
there are no hydrogen-bonding interactions between the guest species and the host
framework. The second limitation is dimensional. Most sufficiently hydrophobic molecules
form clathrate hydrates. This dimensional requirement is not as rigid as it is when covalent or

ionic-bonded atoms, as in the silicate and silicon clathrates, form the host lattice.

Recent research on clathrate hydrates has focused on how water clusters can play a role in the
stabilization of supramolecular systems both in solution and in the solid state with a view to
better understanding, how these aggregates influence the overall structure of their
surroundings, especially in biological systems.**

If a single molecule were to be selected as the most important chemical entity for life, most
people would agree that this is water. Yet, the nature of water-water interactions in diverse
environments is still a subject of considerable theoretical and experimental scrutiny.”> A
detailed understanding of the numerous possible structures and stabilities of water "cages" is

therefore vital to generate these insights. Enclosing the "guest" molecules that contain
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bio-mimetic properties (e.g. transition metal complexes relating to bio-enzymes) can be of

great value in understanding waters role in the organization of biological species.

1.7. Present Study.

Our inspiration comes from a desire to develop magnetic materials and to build systems of
biomimetic interest involving d-block metal ions. Of particular interest to the current
presentation is the synthesis, structural and magnetic characterisation, of various polynuclear
Cu(Il) systems. Bridging between the Cu(Il) centres is furnished by group 14 (CO;*) and 15
(PO;>, P,0;" and H,AsOs) and oxo-anions as well as the hydroxo- group (OH’). By
utilizing processes such as spontaneous self-assembly, we have been able to isolate many
interesting and diverse structural types, including water ‘clathrates’ and supra-molecular
pseudo-polymorphs. Through the manipulation of solvent pH, we have been able to routinely
fix CO, (as CO;%) in several guises, and to study the impact its coordination mode has, for
example, on the resultant structural and magnetic properties. Interesting insights into the role
played by the metal ion has been gleaned from replacement of the copper(Il) ions with
oxovanadium(IV) and Zn(II) especially in regard to obtaining information about the

coordinating ability of pyrophosphate and the identity of the compounds in aqueous solution.
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Chapter Two

Preparation and magneto-structural correlations in
polynuclear copper(II) complexes incorporating trianionic
phosphate (PO4>),

{[(bipy)4Cus(j1-PO4)2(11-CO3)(H20).].26H0} (1),
{[(bipy)4Cua(p-PO4)2(1-OH)(H20)2)%/3P04.15'/3H,0} (2) and
{[(phen)4(Cu)a(11-PO4)2(11-CO3)(H20)2].40H0} (3).



Introduction

Multimetallic copper(Il) species occupy an important position in modern inorganic and
materials chemistry. They are ubiquitous in nature as active sites in a variety of metallo-
enzymes and this recognition has fuelled the development of numerous low molecular weight
model compounds.' The active sites are usually associated with enzymes that participate in
multi-electron transfer reactions, a pertinent example being that of the tetranuclear copper
cluster of the catalytic enzyme ‘Nitrous oxide reductase’ (N2OR)?. The structure of N2OR
reveals four Cu(Il) ions ligated by seven histidine residues with N,O binding to the cluster
via a single copper ion. This facilitates the two-electron reduction of N,O to N,. Copper is
also present in one of the most studied of all enzymes namely, Cytochrome C oxidase. This
latter enzyme uses copper, as well as Heme iron, to participate in the 4-electron reduction of
dioxygen to water. This process is one of the most indispensable components in the
biochemical machinery of aerobic lifeforms. '

Whilst many examples are known of mono- and dinuclear copper complexes’, tetranuclear
and hexanuclear species are far less well explored. A pertinent example however has been
reported by Julve et al., who have made a study of cubane type tetranuclear copper clusters:
the complex [Cu(bipy)(OH)]4(PFe)s], for example, contains a hydroxo-bridged [CusOH,4]*"
tetrameric unit with bipyridine ligands completing the coordination sphere®. In agreement
with the structure-function relationship of Hatfield and Hodgson’ whereby the Cu-OH-Cu
bridging angle dictates the sign of J, (¢ >97.5° = -J = Antiferromagnetic; ¢ < 97.5° = +J =
Ferromagnetic), where J is the singlet-triplet energy gap, they report a bridging angle of
~96.4° and therefore predict (and observe) a ferromagnetic exchange interaction between
Cu(II) centres. The ferromagnetic hexanuclear copper(II) complex reported by Murray et al.®
[(Cu)e(Bipy)10(n-CO3),(n-OH),](ClO4)] is also based on this system of hydroxy bridged
copper atoms with an average Cu-OH-Cu bridging angle of 95.1°. The deliberate controlled
assimilation of this ferromagnetic hydroxy-bridging unit into a tetranuclear metallo-cluster to
specifically tailor function, is thus of particular interest for elucidating structure-function
relationships in larger systems. Direct replacement of one bridging group with another, may
allow the relationship between magnetic behaviour, geometry and electronic structure to be

considered. In the areas of solid state and materials chemistry much work has been carried
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out on group 15 oxo-anions.” To date, however, little work has been done with these anions
in the field of coordination and magneto-chemistry. The trianionic inorganic phosphate anion
(PO,”) for example, is interesting as a geometrically defined molecular synthon that could be
used in the preparation of multimetallic complexes. The ubiquity of phosphate in Nature,
(from enzymes such as ATPases and Kinases to the phosphodiester backbone of nucleic
acids),® make it an intriguing ligand from a number of standpoints. Phosphate ions are well
documented as being capable of bridging metal centres and are of particular interest for
modelling the active sites of enzymes such as Uteroferrin.’ Combined with this is the
knowledge that divalent metal ions play an important role with regard to both the
stabilisation of phosphates in the solid state and in solution as well as in the activation of
phosphates for hydrolytic cleavage.'® In fact all known enzymes that transfer phosphate units
(e.g. Kinases) require metal ions for their function. It has been suggested that during
enzymatic action the phosphate is coordinated to a metal ion or ions in the active centre.''
Phosphate is also a ligand potentially capable of magnetic super-exchange between
paramagnetic metal centres. Hendrickson er al.'’ postulated in the late 1970’s about
phosphates tetrahedral geometry facilitating ferromagnetic exchange interactions between
copper(Il) ions, but little subsequent work has followed. In valence bond terms the
phosphorous atom in PO,>" employs sp> hybrid orbitals to bond to each oxygen. Hendrickson
proposed that if a PO4> ion bridges between two copper(Il) ions, with each centre interacting
with one oxygen atom, then the orthogonality that could result should precipitate a net
ferromagnetic interaction. This is all clear incentive to study the coordination chemistry of
phosphates (and polyphosphates) from both a structural and functional viewpoint, especially

in combination with divalent metal ions.

Two ligands that have been well explored in the literature are 2,2'-bipyridine (bipy) and 1,10-
phenanthroline (phen).”> The use of these versatile ligands has resulted in a myriad of
interesting polynuclear systems incorporating many different transition metal ions. Their use
as ‘terminal ligands’ has been well documented and their hydrophobic nature means they
make excellent molecular building blocks when used to contrast hydrophilic groups also
introduced into the system, so adding to the process of ‘informed design’. In fact Christou et

al', and Hunter et al'’, have postulated that it is the n-7 stacking in some complexes that
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actually generates and maintains their structural integrity through attractive aromatic ring
stacking interactions.

Within the present study we wished to incorporate the aforementioned properties and
generate, through ‘self-assembly’, multinuclear copper complexes through careful control of
reaction conditions. The ultimate aim is to produce molecular magnetic materials'® capable of
spontaneous magnetic ordering while studying structure-function correlation at the same

time.

2.1. Preparation and Characterisation of the tetranuclear copper
(II) complex :
{[(bipy)4Cus(jr-PO4)2(1n-CO3)(H20).].26H.0}. 1)

An aqueous suspension of copper (II) hydroxide (Cu(OH),) was reacted with the chelating
ligand 2,2-bipyridine, followed by addition of ammonium hydrogen phosphate
((NH4);HPO,) in the overall molar ratio of 2:2:1. A deep blue solution results over ~ 5
minutes and after a period of two weeks deep-royal blue crystals are obtained by slow

evaporation.

4 Cu(OH), + 4 Bipy + 2 (NH,),HPO,

Air Hzo

{[(bipy)4(Cu)4(n-POy4)2(n-CO3)(H20),].26H,0}

Scheme 2.1. Direct preparation of the tetranuclear species (1).

Elemental analysis (C:H:N) indicated the structure to be one that had previously reported in a
recent doctoral theses'’ and assigned as having the structure recorded as (1) above. The
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previously reported structure was structurally of relatively low precision and the precise
identity of the bridging ‘oxo’ species poorly characterised (R = 0.141). The current study
undertook to definitively assign the bridging ‘oxo’ species and ensure full characterisation of
the complex was ascertained. The infrared spectrum of (1) contained two sharp absorption
bands at 1524 cm™ and 1316 cm™, which are consistent with the presence of carbonate.'® The
carbonate having arisen through the fixation of dissolved carbon dioxide within the aqueous
solution or already absorbed by exposed copper hydroxide used as starting material. The
basic medium (reaction pH is recorded as 10) enhances nucleophilic attack of the Cu(OH),
on the electrophilic carbon of CO,, which is then followed by water dissociation. Such a
reaction is not without precedent in the literature for copper as well as other transition
metals.'” The remainder of the infrared spectrum is dominated by absorption bands from the
bipyridine ligands (1655, 1603, 1569, 783 c¢m™) and by inorganic phosphate (v(P=0) 1166,
v(P-O-M) 1056, 1029 cm™). The d-d spectrum of an aqueous solution of (1) exhibits a very
broad and featureless band centred at 687 nm, which is consistent with the presence of a
distorted square-pyramidal nature about the Cu(Il) chromophore.”’ Electrospray mass
spectroscopy of an aqueous solution of (1) showed only peaks indicative of fragmentation.
The overall coordinate neutrality of the complex means the complex must be ionised in the
mass spectrometer to be detected. This process probably results in an unstable ion, which
then fragments. Single crystal X-ray diffraction showed the structure to be, as postulated, a
complex previously reported.'” As mentioned earlier conclusive assignment had not been
previously achieved however and the current study allows definitive structural assignment.
The extensive number of water molecules per asymmetric unit in (1) had also not previously

been elucidated nor the importance this water has in the overall structure of (1).
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2.2. Description of the molecular structure of the tetranuclear
copper(II) complex:
{[(bipy)4Cus(-PO4)2(11-€CO3)(H20).].26H.0}. (1)

A royal-blue plate-like crystal obtained from an aqueous solution was used for a single
crystal X-ray diffraction study. Dr. M. Nieuwenhuyzen of the Queens University, Belfast,
performed the data collection and structural refinement. Complex (1) is depicted in Figure
2.1, showing the atomic numbering scheme used. The molecule crystallizes in space group

Pnna.
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Figure 2.1. {[(Cu)a(bipy)a(1-PO4)(i-CO3)H20).].26H-0}  (1).
Waters of crystallization and hydrogen atoms are omitted for clarity. Carbonate bridge is

disordered about the C: axis present in (1).

The crystal becomes amorphous through solvent loss upon removal from the mother liquor,

so data collection was carried out at low temperature. The structure is of relatively high
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precision with R = 0.0524 The molecular geometry of the complex consists of four square-
pyramidally disposed copper atoms, coordinated by four bipyridyl ligands and bridged by
two inorganic tetrahedral phosphate (PO,>) groups. Additional bridging between Cu(2) and
Cu(2a) is furnished by the carbonate species COs> which is disordered about the 2-fold axis
in (1). A survey of the Cambridge Structural Database (CSD)?' indicates that that the
carbonato- group has been structurally characterised to adopt many coordination modes, most
of which are bridging. Coordination around Cu(1) is furnished by two bipyridyl nitrogen
donors, namely N(1a) and N(12a). Coordination also occurs with two phosphato-oxygen’s,
O(12a) from P(1a) and O(13) from P(1). These form the basal plane of the square-pyramid,
with bound water (O(2)) occupying the apical position. Cu(2) is coordinated by two bipyridyl
nitrogens N(12b) and N(1b) with phosphato-oxygen O(11) and the corner shared p-carbonato
oxygen O(1s) completing the basal plane. Axial coordination to Cu(2) is provided by the
bridging phosphate-oxygen, O(13a). These axial bond lengths, as well as those to the apically
bound water molecules, are significantly longer than the equatorial bond lengths within (1).
This axial elongation is a common feature of copper(Il) complexes as a result of Jahn-Teller
distortion. The copper centres sit slightly above the basal plane towards the axially
coordinated donors (Cu(1) 0.0164, Cu(2) 0.1659 A). This distortion probably results from a
combination of the restricted bite angle of the bipyridine ligands, the tetrahedral nature of the
phosphate-bridging group and from the system attempting to optimise =-m stacking
interactions between bipyridine ligands. The phosphate groups exhibit both mono- and tri-
atomic bridging modes. This results in an intricate array of inter-connected copper atoms,
such that Cu(1) and Cu(la) are doubly tri-atomically bridged to each other, and Cu(2) and
Cu(2a), and further linked mono-atomically to Cu(2) and Cu(2a). In addition, Cu(2a) is triply
bridged to Cu(2) by two tri-atomic phosphate linkages and mono-atomically by the carbonate
group. As a consequence Cu(l) and Cu(la) are participating in six bridging interaction,
whilst Cu(2) and Cu(2a), as a result of the additional carbonate-bridge between them, partake

in seven such interactions.
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Table 2.1. Selected bond distances (A) and angles (°) for (1).

Cu(1)-02 2.322(4) O(12a)-Cu(1)-0O(13)#1 93.3(1)
Cu(1)-0O12a 1.938(3)#1 0O(13)-Cu(1)-N(1a) 91.9(2)
Cu(1)-013 1.937(3) Cu(1)-0(13)-Cu(2a) 96.4(3)
Cu(1)-Cu(l1a) 4.388(7)#1 N(1a)-Cu(1)-N(12a) 80.2(2)
Cu(1)-Cu(2a) 3.529(7) 0(13)-Cu(1)-N(12A) 161.1(2)
Cu(1)-Cu(2) 5.011(7)

Cu(2)-013a 2.413(7y1 0(11)-Cu(2)-0O(1s) 92.0(1)
Cu(2)-011 1.914(3) Cu(2)-0O(1s)-Cu(2a) 122.7(3)
Cu(2)-0O1s 1.952(2) N(1b)-Cu(2)-0(11) 171.1(2)
Cu(2)-Cu(2a) 3.426(7)

Estimated standard deviations are given in the parenthesis.
Symmetry operator:
11X, ~y+§ sz2+}

The four copper atoms are disposed in a slightly buckled trapezoidal arrangement with
respect to each other. The resulting metal-metal separations are listed in table 2.1. Bridging
between Cu(1l) and Cu(2a), through the phosphato- oxygen O(13) is asymmetric in nature
[Cu(1)-O(13) 1.937 A ; Cu(2a)-O(13) 2.413 A], reflecting basal versus axial disposition at
Cu(1) and Cu(2a), respectively. The Cu(1)-O(13)-Cu(2a) bridging angle is 96.4°.

The bipyridine ligands do not show any significant deviations from the mean planes with
average carbon-carbon and carbon—nitrogen bond lengths close to those reported for
uncoordinated 2,2'-bipyridine.”* The positioning of the bipy groups facilitates both inter and
intramolecular n-n stacking interactions with separations of ~3.4 A and a dihedral angle of
4.1° between stacked ligands. This attractive interaction of bipyridine groups in this face-to-
face conformation is commonly observed in supramolecular motifs,'> with the arrangement
best described as offset stacking. This offset stacking describes a favourable near-parallel

face-to-face arrangement and is more stable since it minimises n-electron repulsion. The flat
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n-electron surfaces associated with aromatic molecules in general are non-polar so that
solvatophobic forces favour as much stacking as possible. So a balance is met in the form of
an offset topology. The aromatic stacking generates the shortest Cu-Cu separation, namely
between Cu(1)-Cu(2a) A. For the rings to stay parallel the Cu-Cu separations must also be
~3.4 A and this is achieved by adoption of a bridging angle of 122.7° between Cu(2a)-Cu(2),
bridging through oxygen O(1s) of the carbonate moiety. This gives a M-M separation of
3.426 A. The tetrahedral nature of the bridging phosphate however, combined with a large
bite angle, precludes Cu-Cu separation spanning just 3.4 A. In fact the Cu(1)-Cu(1a) distance
is 4.328 A. This has the effect of tilting the bipy rings away from each other, thereby
strengthening the stacking interaction as a result of this offsetting. This process is also the
cause of the distorted nature of the copper coordination sphere (combined with the restricted
bite angle of the bipyridine ligand) and the reason the copper atoms adopt a square-pyramidal

geometry with the copper atoms slightly out of the N,O, basal planes.

Complex (1) crystallizes with 13 water molecules per asymmetric unit (26 in total per
molecule). The combination of hydrophilic (PO, COs>, Cu®") and hydrophobic (bipy)
groups in (1) has a dramatic effect upon the way the molecule packs intermolecularly. In fact
a distinct hydrophilic region exists within (1) as the lattice waters more closely associate,
through H-bonding, with the phosphate, carbonate and apically bound water molecules (See
over). An infinite 3-dimensional array is thus formed, held together by an extensive
hydrogen-bonding network involving both the coordinated and non-coordinated (lattice)

water molecules.??
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Hydrophilic

Figure 2.2. Packing and space filling diagrams of (1) showing the hydrophobic exterior and

hydrophilic core. Note the apical water molecules align in the x-direction.

This intricate and extensive H-bonded array shows some of the interactions reminiscent of
ice phases I;, and I..>* Each water oxygen atom is four coordinated. It has four nearest
neighbour oxygen atoms to which it is linked by four hydrogen bonds, two donors and two
acceptors. As in I, and I. the coordination is tetrahedral. Water polyhedra in (1) have
pentagonal as well as hexagonal faces. (Figure 2.3-2.6) The ability of water molecules to
form a variety of four coordinate networks, which results in the polymorphism of ice, is also

well documented for these hydrate inclusion compounds.**
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Figure 2.3. H-bonded water array encapsulating complex (1) viewed parallel to the n-stack

down the x-axis.

The space occupied by complex (1) (Fig 2.4) is much larger than any void space found in ice,
and the H-bonded network is unstable unless occupied by the guest molecule,
[(Cuyg)(bipy)a(p-PO4)2(1-CO3)(H,0),]. The precise nature of the H-bonded order of water in
the liquid phase is still unknown. Calculations predict it’s structure to be “random” and to
contain many five- and seven-membered rings, as well as the six-membered rings common to

S
1CC. 2
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Figure 2.4. Water network viewed down the x-axis showing ‘void' occupied by (1). This

‘void’ measures 2.2 x 0.8 x ©» nm. Complex is omitted for clarity.

This makes the presence of pentagonal rings in the solid state structure of the water network
formed around (1) all the more intriguing as it shows that the solid state structure of water is
not confined to six-membered rings but rather that five membered rings also arise in the solid

state. (Figures 2.5 and 2.6)
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Figure 2.5. The water network, viewed down the y-axis.

The water molecules clearly form a continuous, ordered and dynamic network of hydrogen
bonds in which each molecule is linked with up to four others. One aspect of the
framework in general is that no interpenetration has occurred. i.e. the independent infinite

network does not entangle with itself. Complex (1) omitted for clarity.
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Figure 2.6. Water network viewed down the z-axis. Hexagonal rings formed are clearly

illustrated. Complex (1) is omitted for clarity.

The extensive water network goes someway to explaining why the thin plate-like crystals are
so mechanically fragile. The complex packs in the x-y plane through n-m interactions
between the bipy ligands with each of these sheets separated in the y-direction by the water
network. The presence of this ‘water’ between these sheets allows them to easily glide past
one another, thus accounting for the crystal’s fragility. After crystals of (1) had been removed
from the mother liquor, the clear blue solution was allowed to stand again open to the

atmosphere. Further deep royal blue crystals were returned with a slightly different
46



morphology to the crystals of (1), being more block like. Their behaviour (i.e. unstable out of
solution due to solvent loss) was similar to that of (1) and they shared near identical infrared
spectra. Single crystal X-ray diffraction however showed that a pseudo-polymorph of (1),
designated here as (1a), had been formed (They are pseudo-polymorphs because both (1) and
(1a) are iso-structural and differ only in how they aggregate in the solid state and how many
water molecules crystallise with them). The space group of this pseudo-polymorph is now
P2/c as opposed to Pnna observed for (1). The structure is of relatively high precision with R
= 0.0786. In (1) the apically coordinated water molecules run parallel with each other along
the x-axis, whereas in (1a) they now H-bond to their nearest neighbour (Fig 2.7). This
generates a hydrophilic cavity into which ~60 disordered water molecules are trapped.
Packing is such that the bipy ligands m-stack in the xy plane forming a 2-D sheet. These
sheets then pack in the z-axis but are offset such that the ‘supramolecular dimer’ sits above

the cavity of the sheet above and below.
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Figure 2.7. Pseudo-polymorphic form of complex (1), designated (1a). Water molecules
trapped inside the cavity are omitted for clarity. Viewed along z-axis.
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This arrangement then isolates each cavity from each other such that the ~60 water molecules
cannot interact with each other throughout the lattice as they do in (1). The pseudo-
polymorph has therefore generated a ‘molecular box’ by essentially turning the metallo-
aggregate on its head. The core of both (1) and (1a) are iso-structural with only the core units
packing changing. It should be noted that (1) was also recovered alongside this new
‘supramolecular dimer’ (1a). After multiple repetitions of this experiment, (1a) was never
recovered until at least the second and sometimes third batch of crystals were cropped. The
only obvious difference in conditions between crystal batches is that as each successive batch
is cropped the remaining mother liquor was noted as having a slightly lower pH, from 10
down to a low of 9. This lower pH may play a role in facilitating the dimerisation, through H-
bonding, of the apical water molecules of complex (1). Interestingly it was found that
changing the solvent system from 100% water to 50:50 ethanol:water had the effect of
generating the ‘supramolecular dimer’ pseudo-polymorph. This is most likely a result of
ethanol being incorporated into the lattice (observed on single crystal X-ray analysis). This
also serves to remove the carbonate disorder by disrupting the C, symmetry of the
tetranuclear core. Why this subtle change has such a dramatic effect is open to question and

the exact reason for this dimerisation to occur remains unclear.

2.3. The effect of pH and stoichiometry on the synthesis of
(1).

The fixation of carbon dioxide as carbonate may be a pivotal event in the “self-association”
process involved in the complex formation. Since fixation of CO, is pH dependant a number
of combinatorial experiments with different copper starting materials were tested to check for
complex (1)/(1a) formation, as each different salt results in a different pH in solution.
Manipulation of stoichiometry from the product’s usual 4:4:2 was also tried to see if there
was a driving force toward formation of the tetranuclear complex. Table 2.2 shows the
counter-ions employed and the affect this change has on the outcome of each reaction. The
pH recorded for each reaction is also noted above and is recorded to the nearest integer value.
The results indicate that only those counter-ions that generated an alkaline environment

facilitated the formation of the tetranuclear complex (1) and its pseudo-polymorph (1a). In
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acidic conditions a thick light blue gelatinous precipitate completely insoluble in all solvents

tried (except acid or base) is returned.

Stoichiometry pH of Successful formation
Copper salt
Cu-bipy-(NH4);HPO,  solution of both (1) & (1a)
4:4:2 10 a. Cu(OH), |
4:4:2 5 b. Cu(ClO4)..6H.0
4:4:2 12 c. (Cu(OH),.CuCO;) |
4:4:2 3 d. Cu(NOs),.6H,0

Table 2.2. Counter-ions and pH's in the synthesis of (1). Experiments are in the order
they were attempted.

Increasing the pH of these solutions however, to pH 9, using 0.1M ammonium hydroxide,

returns the royal blue solution, indicative of the original mother liquor.

These results make plain the requirement for an alkaline environment to facilitate complex
formation via carbon dioxide fixation. Further evidence comes from replacing the ammonium
hydrogen phosphate starting material with phosphoric acid (H3;PO4). This results in a pH drop
from 10 to 3. The royal blue solution that results returns large block shaped royal blue
crystals which were shown by single-crystal X-ray diffraction to be the monomeric
copper(Il) complex [Cu(bipy)(H,O)(HPO4)]. The low pH and presence of divalent phosphate
(i.e. HPO4*, the phosphate remains mono-protonated in the acidic environment) facilitates
the formation of a simple salt by acting as a divalent counterion for the copper(Il). This
indicates that generation of the tri-anionic phosphate (PO,”) is also vital for the formation of

the tetranuclear copper core.

A number of different stoichiometries were also tried to test for the formation of (1) or (1a)
as shown in Table 2.3. In all cases the product was returned as deep blue parallelepiped

shaped unstable crystals indicative of complex (1). In the case of the reaction recorded as
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entry d (Table 2.3), large, stable, royal blue crystals of formula {[(bipy),(Cu)(CO3)].2H,0}
were also recovered. This complex was not recovered in the solid state with reactions a, b, ¢

or €.

Successful

Reaction 2,2'-bipyridine  Cu(OH): (NH4)2HPO, formation of (1)

a 4 4 2 |
b 2 4 1 |
c 4 4 4 M
d 4 4 1 |
e 2 4 4 |

Table 2.3. Stoichiometries tried in the synthesis of (1) or (1a). All products were
recovered as crystalline solids and were fully characterised by Infrared and UV/vis

spectroscopies as well as single crystal XRD.

These results overall, at least in regard to the counterions and stoichiometries attempted,
seem to indicate stability inherent in the formation of the tetranuclear complex (1) with a
second stable pseudo-polymorph also forming at slightly lower pH. This statement should
however be qualified in view of the specific requirement of an alkaline environment, to say
inherent stability in a particular window of pH. It is also crucial that the Cu:bipy ratio be

maintained as 1:1 to avoid competing synthesis of monomeric {[(bipy),(Cu)(CO;)].2H,0}.

2.4. Thermal analysis of (1).

The thermal analysis (TGA) carried out on crystals of (1) showed a gradual weight loss over
the temperature range 25-310°C, while at the same time the Differential Thermal Analysis
(DTA) trace exhibits multiple features consistent with water evaporation. The large range of

T suggests the loss of both coordinated and non-coordinated water molecules.
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Figure 2.8. TGA curve generated by compound (1).

A stable intermediate is shown by the TG curve to be present in (1). This intermediate
corresponds to the completely anhydrous phase of (1), which is then stable to ~ 300°C.The
fact that the water molecules are not completely removed until temperatures exceeding

175°C indicates the presence of H-bonding within the system.
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2.5. Preparation and Characterisation of the Tetranuclear
copper (II) complex:
{[(bipy)4Cus(1-PO4)(1-OH)(H20).)°/3P04.15'/3H,0): (@)

In an endeavour to establish as to whether CO, fixation during synthesis is a requirement for
the successful formation of the tetranuclear core, we carried out the preparation of (1)’ under
inert atmosphere. The alkaline pH of the reaction, a result of both the copper hydroxide and
ammonium hydrogen phosphate reactants, meant that unless carbon dioxide was rigorously
excluded from the reaction than compound (1) or (1a) would likely be returned. As a result,
the reaction was carried out in triply distilled, degassed water prior to use. Freshly prepared
copper hydroxide was used to ensure against malachite formation, despite it being stored

under vacuum.

4 Cu(OH), + 4 bipy + 2 (NH,),HPO,

H,O

{[(bipy)s(Cu)s(n-PO4)x(1-OH)(H,0),]./5P04.15'3H,0}

Scheme 2.2. Direct preparation of the tetranuclear species (2).

As with complex (1) a deep blue solution is formed after a period of time (< 5 minutes), as
the pale blue suspension gradually dissolves with concomitant colour change. This solution
was stirred under inert atmosphere over a 24-hour period. Stable diamond shaped crystals
were isolated following slow evaporation over a period of approximately twenty days. No
precautions were taken during crystal growth to prevent atmospheric CO, from entering the
system. Initial infrared study indicated an absence of the carbonate absorption bands noted
previously for (1) and the introduction of two new sharp bands at 3586 and 3564 cm™, which
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may be assigned to the possible presence of bridging hydroxide.'® Since the complex is
hydrated, this necessarily complicates interpretations made in the 3500 cm™ region. In
addition the water band in this region is extremely strong and broad. However, a shoulder
appears on the high frequency side of the water band, and it is this that may be assigned to
the OH stretch. A weak band at 998 cm™ is tentatively assigned to the bending OH
vibration. As well as the peaks observed in (1) for the bridging phosphate groups, an
additional phosphate peak is observed for (2) at 1166 cm’ combined with an overall
broadening of the phosphate signal. This may be assigned to the possible presence of ionic
PO.>. Sharp bands of medium intensity are observed at 1654, 1507, 1493 and 1444 cm’.
These bands involve the ring C-C and C-N vibrations of 2,2'-bipyridine.

Electro-spray mass spectroscopy on an aqueous solution of (2) showed peaks at 533/535m/z

which are assigned to the isotopic, charged species [(bipy)s(Cu)s(p-POs)2]* (see below).

266.0518

533. 1002

535 0886

A single crystal X-ray diffraction study confirmed the structure to be a tetranuclear complex
of similar composition to (1), but with bridging hydroxide replacing the bridging carbonate.
The system was left with no other obvious source of anion other than the hydroxide present

as reactant.
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2.6. Description of the molecular structure of the tetranuclear
copper (II) complex:
{[(bipy)4Cus(11-PO4)z(11-OH)(Hz0)2].°/3P04.15'/3H,0): (@)

A representative deep blue diamond shaped crystal was used for data collection. Dr. M.
Nieuwenhuyzen of the Queens University, Belfast, performed the data collection and
structural refinement. The tetranuclear unit is depicted in Figure 2.9, showing the atomic

numbering scheme used. The molecule crystallises in space group P2/c.

Figure 2.9. {[(Cu)a(bipy)a(11-PO4)s(1-OHXH0).]. °/3P04.15'/3H.0} (2).
Waters of crystallisation and hydrogen atoms omitted for clarity.

Complex (2), as with (1) and (1a), is built around a trapezoidally displaced tetramer of

copper centres. The cluster exhibits coordination furnished by 2,2'-bipyridine groups and

bridging tri-anionic phosphate groups. The geometry around each Cu(Il) is again best

described as being square-based pyramidal with a bound water molecule occupying the

apical positions of Cu(1l) and Cu(2) and a phosphate oxygen bound axially at Cu(3) and

Cu(4). The coordination sphere of Cu(3) and Cu(4) is completed by bridging hydroxide.
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There are a number of subtle geometrical changes also associated with the incorporation of
the hydroxy group into (2). The bridging angle through the hydroxy group is 109.8° [Cu(3)-
O(1)-Cu(4)]. This is significantly smaller than the angle generated through the corner-shared
carbonate species found in (1) and (1a) of 122.7°. As a result Cu-Cu separation is also shorter
for (2) compared with (1), with a Cu(3)-Cu(4) bond distance of 3.191 A compared with the
equivalent Cu-Cu distance for (1) [Cu(2)-Cu(2a)] of 4.26 A.

Table 2.4. Selected bond distances (A) and angles (°) for (2).

Cu(1)-011 1.881(7) 0(11)-Cu(1)-N(12a) 91.3(3)
Cu(1)-021 1.961(7) Cu(1)-0(21)-Cu(3) 106.1(3)
Cu(1)-Cu(2) 4.219(7) 0O(11)-Cu(1)-0(21) 92.3(3)
Cu(1)-Cu(4) 5.004(7)

Cu(2)-022 1.910(7) Cu(2)-0(12)-Cu(4) 104.4(3)
Cu(2)-012 1.974(7) 0(22)-Cu(2)-0(12) 94 .2(3)
Cu(2)-Cu(3) 4.963(7)

Cu(3)-013 1.911(7) Cu(3)-0(1)-Cu(4) 109.8(3)
Cu(3)-01 1.953(8) 0(13)-Cu(3)-0(1) 108.9(3)
Cu(3)-Cu(4) 3.191(7) Cu(3)-0(21) 2.316(7)
Cu(4)-012 2.273(7) 0(21)-P(2)-0(22) 109.7(3)
Cu(4)-01 1.947(7) 0(23)-Cu(4)-0(1) 93.6(3)

Estimated standard deviations are given in the parenthesis.

Axial bond lengths within (2) are significantly larger than the equatorial bonds found in the
N0, chromophore (i.e. the basal plane of each copper atom). These axial bond lengths also

differ significantly from one another as demonstrated in Table 2.5.
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Cu(1l) - O(1w) 2.381(7)
Cu(2) - O(2w) 2.319(7)
Cu(3) - O(21) 2.316(7)
Cu(4) - 0(12) 2.273(7)

Table 2.5. Axial bond lengths
for (2). Note ~45° twist
between each half of the

molecule.

These axial bond differences are reflected in the deviations of each copper atom from the
equatorial mean planes. Cu(1) is displaced 0.097 A compared with Cu(2), which is displaced
0.081 A. Even greater deviation is observed for Cu(3) (0.1750A) and Cu(4) 0.1531A. This
relationship has previously been observed in tetranuclear copper complexes.”® The
combination of mean plane deviations and various axial bond lengths results in different
intra-nuclear Cu-Cu separations. Indeed, intranuclear Cu-Cu separation is shorter between
Cu(2) and Cu(4) (3.36 A) compared with Cu(1) and Cu(3) 3.425 A. Compared with (1)
intranuclear 7m-m interactions between bipyridine ligands are at slightly greater distance
(3.465(7) in (2) as opposed to 3.399(5) for (1). The bipyridine stacks however, again try to
optimise m-stacking, which combined with defined bipyridine bite distance plays a significant
role in the distortion of the copper atoms from the mean plane. The dihedral angle between
intranuclear stacking bipyridine rings is 6.7°. The tetrahedral nature of the phosphate bridging

results in a twist in each half of the molecule of ~45° (Table 2.5).

Despite the 15 waters of crystallisation present per asymmetric unit in (2), no extended H-
bonded hydrate network is observed in (2). The reason for this lack of pseudo-clathrate
structure is probably the same as that for the pseudo-polymorph (1a), namely supramolecular

dimerisation. As in the polymorph (1a), (2) undergoes intermolecular H-bonding between
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nearest neighbour apically bound water molecules forming again a ‘supramolecular dimer’ in
the solid state (Figure 2.10). This has the effect, as it did in (1a), of preventing channel
formation and so inhibiting long-range ordering of the water molecules into a distinct hydrate

network. Instead the water molecules are disordered about the hydrophilic regions of (2).

Figure 2.10. Packing diagram showing supramolecular dimerisation in complex (2) through
H-bonding of apical water molecules. Waters of crystallisation and lattice phosphate

omitted for clarity.

Successful and deliberate incorporation of hydroxide into the tetranuclear core led us to
attempt to introduce both sulphate (SO4)* and thiocyanate (NCS)". However in neither case

were the analogous tetrameric species generated. The presence of SO,* in solution (added by
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bubbling sulphur dioxide gas into an aqueous degassed (Ar) solution of Cu(OH),, ammonium
hydrogen phosphate and 2,2’-bipyridine under inert atmosphere (Ar)) resulted in the
formation of a polymeric copper(Il) compound [Cu(bpy)(H,0)>(SO4)], which was found to
have been previously reported in the literature.*’

Thiocyanate was introduced as the sodium salt to an aqueous degassed (Ar) solution of
copper hydroxide, ammonium hydrogen phosphate and 2,2’-bipyridine under argon. What
resulted was the formation of the bridging thiocyanate containing copper(Il) compound
[Cu(bpy)(NCS),],. As with the simple mononuclear sulphate complex, this thiocyanate
compound was found to have been previously reported in the literature?® although both were

synthesised in different manners.

The fact that carbonate could so readily be excluded answers the question as to whether the
carbonate anion is necessary to template tetramer formation. This observation suggests that a
tetranuclear core is built about trianionic phosphate and then charge is balanced with

carbonate or hydroxide depending on what is available.
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2.7. Magnetic behaviour of the tetranuclear copper (II)

complex:

{[(bipy)sCus(i-PO4)2(1-OH)(H20)].%/3P04.15"/3H,0}: (2)

A variable temperature magnetic susceptibility study had previously been reported on
complex (1) with weak antiferromagnetic behaviour recorded. We therefore undertook to see
what effect replacing the carbonate-bridging group with hydroxide might have on overall
magnetic behaviour. Variable temperature magnetic susceptibility studies were carried out on
a powdered sample of the crystalline complex (2) over the temperature range 300K-1.9K.
The magnetic behaviour of (2) is shown in Figure 2.11 in the form of a ymT versus T plot, xm
being the molar magnetic susceptibility and T the temperature. This increase of yuT upon
cooling is the signature of a ferromagnetic exchange coupling between nearest neighbour

metal ions.
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Figure 2.11. xuT versus T plot for (2). T is in degrees Kelvin and yuT is in cm®*K mol ™.
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The curve exhibits a rounded maximum at 31K (i.e. ymT tends towards zero approaching

absolute zero). Since pure ferromagnetic coupling would result in an increase upon cooling
until a plateau was reached corresponding to the temperature range where only the ground
triplet state is populated, the maximum reveals deviations due to small effects applicable only
at very low temperature. These small effects can be zero-field splitting of the ground state or
intermolecular interactions. The latter usually results in antiparallel coupling of the molecular
triplet states resulting in an antiferromagnetic coupling. Moreover the presence of some small
amount of uncoupled species, which obeys the Curie law, may also affect the overall
magnetic behaviour. It is likely in this case however that intermolecular interactions are
resulting in a maximum due to the formation of a singlet ground state in (2). Figure 2.12
shows the plot of molar magnetization versus field. The curve is non-linear, reflecting the
non-Curie behaviour of the sample and is characteristic of an S = 1 ground state (For

molecules with a **'T" ground state) i.e. the ground state has a spin multiplicity of 3.
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Fig 2.12. Field dependence of (2) below T..

It has been shown by Hodgson er al*’ that an increase in the bridging angle in the Cu-OH-Cu

system implies greater s character and that pure p-orbitals generate triplet ground states in
60



Cu-OH-Cu systems with pure s-orbitals generating singlet ground states. Therefore there is
greater p-bond character inherent in the Cu-O-Cu (hydroxide) bridge of (2) than the Cu-O-Cu
(carbonate) bridge of (1) as indicated by the decreased size of the bridging angle in (2) versus
(1). This slight difference in s and p character as indicated by differences in the bridging
angle in (1) and (2) is probably enough to cause the stark difference in magnetic behaviour of
both compounds i.e. Antiferromagnetic vs Ferromagnetic.

Fitting the experimental data to the myriad of possible exchange pathways contained in (2) is
very complicated and still ongoing, involving the groups of Prof. Miguel Julve at the
University of Valencia, Spain and Prof Juan Cano at the University of Barcelona, Spain. The
dominant pathway is assumed to be through the hydroxide bridge however the other mono-
and tri-atomic pathways that may possibly be acting to strengthen or weaken the exchange
interaction within (2) require further consideration. An overall exchange coupling constant

(/) for the system will then be ascertained.
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2.8. Preparation and characterisation of the tetranuclear copper
(II) complex:
{[(phen)4(Cu)4(11-PO4)2(n-CO3)(H20).].40H;0}. 3)

The 1,10'-phenanthroline (phen) analogue of (1) was prepared in a similar fashion to (1) by
replacing 2,2'-bipyridine with anhydrous 1,10'-phenanthroline. The reaction proceeds as for
(1) with initial light blue suspension becoming a deep royal blue solution on stirring in water
open to air. Greater time is needed for this solution to develop however with an increase from
approximately five minutes for (1) to over fifteen minutes for (3). Solubility differences
between both aromatic ligands, with phen having poorer solubility in water c.f. bipy, being
the probable cause. Reactions in both cases were stirred over 24 hrs to ensure completion.

The complex was initially formed as a crystalline product obtained from the aqueous solution
of a reaction recorded in Scheme 2.3 below. The diamond shaped royal blue crystals are

unstable on removal from the mother liquor.

4 Cu(OH), + 4 Phen + 2 (NHy4), HPO,

AIR | H,O

{[(phen),Cuy(p-POy):(n-CO;3)(H,0),].40H,0}

Scheme 2.3. Direct preparation of the tetranuclear species (3).

Infrared studies indicated the presence of carbonate with peaks at 1520 cm™ and 1333 cm™.
Again, however, the spectrum is dominated by the presence of both the phenanthroline ligand
(1640, 1592, 724 cm™) and the inorganic phosphate moiety (1121, 1060, 1010 cm™). Infra-
red spectra of both the crystalline phase and the powder phase, obtained on exposure to air
over one hour, were virtually identical with no major shifts recorded in the phosphate,
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carbonate or phenanthroline bands. The d-d spectrum of an aqueous solution of (3) again
exhibits a very broad and featureless band centred at 685 nm, which is consistent with the
distorted square-pyramidal nature of the Cu(Il) chromophores. Electro-spray mass
spectroscopy of an aqueous solution of (3) also shows no parent ion peaks but rather a pattern
of peaks indicative of fragmentation, the neutral complex not surviving ionisation. Peaks are
assigned to [Cu(bipy)]*" and [Cu(bipy)2(H,PO4)]".

As with complex (1), a series of reactions were carried out testing pH, counterion and
stoichimetric effects on the formation of (3). These experiments gave similar results to those

observed for (1).

Stoichiometry pH of Successful
Copper salt
Cu;phen;(NH4)HPO, solution formation of (3)
a) 4:4:2 b) 4:4:1 ¢) 4:4:4
10 Cu(OH), ]
d) 4:2:1 e) 4:2:2
4:4:2 5 Cu(ClO.).
4:4:2 12 Cu(OH),.CuCO;3 |
4:4:2 3 Cu(NOs),

Table 2.6. Counter-ions and pH's tested in the synthesis of (3). All samples were
recovered as crystalline solids and were fully spectroscopically characterised by Infrared,

UV/vis, ESMS and XRD.

The complex was recovered in all stoichiometries used with copper hydroxide and again only
with those counter-ions that generated an alkaline environment, namely copper hydroxide
and malachite. The mononuclear complex [Cu(phen),CO;.11H,0] was returned along side
the tetramer with Reaction 1d in Table 2.6, namely with a 4:2:1 stoichiometry using copper
hydroxide as copper salt. This complex was amenable to direct synthesis and its final
composition was shown to be very sensitive to pH. This work will be described elsewhere in

this thesis.
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Finally thermal analysis (TGA) showed endothermic weight loss indicative of dehydration
(solvent loss) similar to that recorded for the bipyridine analogue (1). No stable intermediates

were obvious prior to degradation at temperatures >300°C.

2.9. Description of the molecular structure of the tetranuclear
copper (II) complex:
{[(phen)4(Cu)s(1-PO4)2(1-CO3)(H20).].40H;0}: (3)

A royal-blue crystal obtained from an aqueous solution was used for a single crystal X-ray
diffraction study. Dr. M. Nieuwenhuyzen of the Queens University, Belfast, performed the
data collection and structural refinement. The tetranuclear unit is depicted in Figure 2.13,

showing the atomic numbering scheme used.
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Figure 2.13. {[(Cu)s(phen)s(-PO4)s(n-CO3)XH20).].40H.0} (3).
Waters of crystallisation omitted for clarity.



Complex (3) becomes amorphous through solvent loss upon removal from the mother liquor,
so data collection was carried out at low temperature. The structure is of high precision with
R = 0.0756. The molecular geometry of complex (3), as in (1), consists of four square-
pyramidally disposed copper atoms, coordinated by 4 phen ligands and bridged by two
inorganic phosphate (PO4>) groups. Additional bridging between Cu(l) and Cu(3) is
furnished by the carbonate species CO;s”. Coordination around Cu(2) and Cu(4) is furnished
by two phen nitrogen donors, N(1) and N(2) and N(7) and N(8) respectively. Coordination
also occurs with two phosphato-oxygens, O(11), O(23) and O(22), O(13) respectively.
Combined this forms the basal plane of the square-pyramid, with bound water occupying the
apical positions analogous to complex (1) for Cu(2) and Cu(4). Cu(1) and Cu(3) are again
coordinated by two phen nitrogen’s but now by only one phosphato-oxygen (O(12) and
O(21) respectively) with corner shared p-carbonate species completing the basal plane. The
bridging phosphato oxygen’s, (O(23) and O(13)) provide axial coordination to Cu(1) and
Cu(3). The phosphate groups therefore exhibit varied hapticity acting as both mono- and tri-
atomic bridging species. This results in an intricate array of inter-connected copper atoms,
such that Cu(2) and Cu(4) are doubly tri-atomically bridged to each other, and Cu(1) and
Cu(3), and further linked mono-atomically to Cu(1) and Cu(3). In addition, Cu(1) is triply
bridged to Cu(3) by two tri-atomic phosphate linkages and mono-atomically by the carbonate
group. As a consequence Cu(2) and Cu(4) are participating in six bridging interaction, whilst
Cu(1l) and Cu(3), as a result of the additional carbonate-bridge between them, partake in
seven such interactions. The four copper atoms are disposed in a slightly buckled trapezoidal
arrangement with respect to each other. The resulting metal-metal separations are listed in
Table 2.7. Bridging between Cu(2) and Cu(1), through the phosphato- oxygen O(23) is
asymmetric in nature [Cu(2)-O(23) 1.952 A; Cu(1)-O(23) 2.307 A]. This reflects this
bridging oxygen’s basal versus axial disposition at Cu(2) and Cu(1), respectively. The Cu(1)-
0(23)-Cu(2) bridging angle is 101.8°. This angle is almost five degrees larger than that
recorded for the bipyridine analogue (1). This is likely the result of the greater surface
inherent in phenanthroline, versus bipyridine, and the attempts by the system to optimise 7t-7
stacking interactions. This asymmetric bridging is also evident now, across the carbonate-
bridging group [Cu(1)-O(1s)—Cu(3); bridging angle of 119.7°], with actual bond lengths
differing by 0.013 A. [Cu(1) —O(1s) 1.932; Cu(3)-O(1s) 1.945].
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As in complex (1), the carbonate group is trigonal planar with no deviation from the mean
plane observed. This carbonate-bridging pathway generates a shorter Cu-Cu separation
within the cluster between Cu(1)-Cu(3) of 3.354 A relative to Cu(2)-Cu(4) of 4.229 A,
through the mono-atomic phosphate oxygen bridges. The shortest Cu-Cu separation actually
exists between Cu(3) and Cu(4) with a distance of 3.237 A. This shortest Cu-Cu separation is
noticeably smaller than the shortest Cu-Cu separation observed for the bipyridine analogue
(1) of 3.426 A. This is again likely a result of a closer approximation of intra-molecular
layers due to increased m-m stacking facilitated by the larger 1,10-phenanthroline molecule
relative to 2,2"-bipyridine. The ~ parallel positioning of the phen groups facilitates these
stacking interactions and defines the inter-phen separation at ~3.3 A. As in (1) a compromise
of various steric and electronic factors resulting from the incorporation of interleafing syn
phen ligands in the yz plane and the specific geometric nature of the phosphate bridging
moieties also exists in (3). This increased approximation is balanced by an increase in the
offsetting of the rings with tilting of the aromatic (phenanthroline) rings away from each
other occurring so as to optimise the stacking interaction. The dihedral angle between
intramolecular stacked phen rings (5.2°) is now greater than that observed for the bipy
analogue (1). The influence of the phen-phen stacking interactions therefore plays a key role

in determining the overall molecular structure, possibly favouring its formation.
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Table 2.7. Selected bond distances (A) and angles (°) for (3).

Cu(1)-023 2.307(3) 0(12)-Cu(1)-0(15) 91.6(3)
Cu(1)-01S 1.932(3) 0(12)-Cu(1)-N(4) 92.1(3)
Cu(1)-Cu(3) 3.354(6) Cu(1)-0(1s)-Cu(3) 119.7(3)
Cu(1)-Cu(2) 3.237(6) Cu(1)-0(23)-Cu(2) 101.8(3)
Cu(2)-02 2.320(3) 0(11)-Cu(2)-0(23) 94.6(3)
Cu(2)-011 1.913(3) N(2)-Cu(2)-0(23) 158.0(3)
Cu(2)-023 1.952(4) Cu(2)-Cu(4) 4.229(5)
Cu(3)-013 2.336(3) 0(18)-Cu(3)-0(21) 92.4(3)
Cu(3)-021 1.919(3) Cu(3)-0(13)-Cu(4) 97.8(4)
Cu(3)-01s 1.945(3) N(5)-Cu(3)-N(6) 81.7(3)
Cu(4)-01 2.283(3) O(13)-Cu(4)-0(22) 94.6(6)
Cu(4)-022 1.958(3) Cu(2)-Cu(4) 4.229(5)
Cu(4)-013 1.945(4) Cu(3)-Cu(4) 3.237(5)

Estimated standard deviations are given in the parenthesis.

The complex crystallises with 40 water molecules per asymmetric unit. The combination of
hydrophilic and hydrophobic groups in (3) has a dramatic effect upon the way the molecule
packs in the crystal. A distinct hydrophilic region exists within the crystal as the lattice
waters more closely associate, through H-bonding, with the phosphate, carbonate and

apically bound water molecules, as observed in (1).
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Figure 2.14. Packing diagrams of (3) showing the core unit and extended water network.
Viewed along the x-axis. The 'Voids' that can be seen are occupied by the phenanthroline

ligand.

A 3-D water network which enclathrates the tetranuclear Cu(II) complex as found in (1) is
not generated for (3) due to the increased size of the phen ligand relative to bipy. As a result
of this greater size the tetranuclear cores are ‘pushed’ further apart via n-n stacking. There is
also an increase in hydrophobicity. These factors have the effect of isolating the water
molecules between sheets of complex (3) producing a 2-D structure. The lattice water
molecules do however link through H-bonding with the hydrophilic groups (Cu(I), PO,

CO5™) of the complex core generating an overall 3-D hydrate network.

While a pseudo-polymorph (la) was recovered on lowering of pH for (1), no pseudo-
polymorph was observed for (3). There were no visible differences observed in the crystals
recovered for (3). This would seem to rule out the possibility that a pseudo-polymorph is

present. This may be a result of subtle electronic differences within (3) compared with (1a)
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(phen vs bipy) or possibly because the specific conditions producing ‘supramolecular

dimerisation’ were not exactly met.

Conclusion

A number of multinuclear copper(Il) complexes were formed by careful control of pH.
Supramolecular non-covalent bonding plays a key role in the overall morphology of the
systems with the n-bonding, H-bonding and hydrophilic-hydrophobic interactions vital in the
formation of extended water networks or complex supramolecular dimerisation. The
framework structures have been accessible by self-assembly under mild conditions and are
particularly attractive from both a structural and aesthetic viewpoint. Subtle effects such as
increasing ligand size has been shown to have a dramatic effect on the overall structure with

a decrease in dimensionality observed on going from bipy to phen.

From a magneto-structural viewpoint the successful incorporation of the hydroxy group (in
(2)) in lieu of the carbonate in (1) shows vividly how the character of exchange interaction is
dependent on geometric and electronic structure of the compounds in question, and so has a
decisive influence on the overall magnetic properties.

The evidence for phosphate being a poor mediator of magnetic exchange has been increased
with overall character dependent not on the trianionic PO, but rather on the nature of the
additional bridges. The phosphate is however of great importance in the synthesis of the
tetranuclear complexes and as a hydrophilic component in the extended pseudo-clathrate
structures. Some degree of control over magnetic bahaviour has also been obtained through
this study with the deliberate synthesis of a ferromagnetic complex, by careful manipulation

of reaction conditions, using information gleaned from previous results.
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Chapter Three

Preparation of Copper(Il), Zn(II) and Vanadyl(II)
complexes incorporating pyrophosphate (P.0;*).
Influence of water on structure and magnetic

behaviour.



Introduction.

The oligophosphates are the simplest forms of condensed phosphates. Their anions
correspond to the general formula [P,Os3,+1]™". Pyrophosphates, or diphosphates (n = 2) as
they are also known, were first characterised, as salts, by Berzelius and date back to 1816.!
Considerable current interest continues to revolve around the chemistry and biochemistry
associated with polyphosphate anions because of their importance in biology. They
participate in a diverse series of bio-energetic processes ranging from oxidative
phosphorylation including ATP (adenosine 5'-triphosphate) production,® through nucleic acid
mediated information processing, to energy storage and transduction.” A pivotal intermediate
within this family is the pyrophosphate tetra-anion, P,O,*. Nature has produced ubiquitous
cytoplasmic enzymes that hydrolyse pyrophosphate. This is essential for maintaining
intracellular levels of phosphate and for removing the pyrophosphate product of the
nucleotide coupling reactions, thereby favourably affecting the thermodynamics of
nucleotide coupling.* In all enzymatic pyrophosphatases, divalent metal ions are required
with Mg(Il) providing the highest levels of activity, but Zn(II), Mn(Il), and Cu(II) all
sustaining appreciable rates of hydrolysis. It is somewhat surprising then that the
coordination chemistry of this naturally present, biologically vital tetra-anion is practically
unexplored, as metal ions are so heavily involved in pyrophosphate metabolism.> This
relative dearth may be a consequence of its ready hydrolysis as exemplified by those
bioinorganic reactions catalysed by the inorganic pyrophosphatases. A systematic study was
therefore under-taken using as precursors metal ions previously bound to chelating ligands in
order to minimise hydrolysis of the pyrophosphate and subsequent precipitation of undesired
phosphato complexes. This is because simple divalent metal ions have been shown to
enhance cleavage of both inorganic and biological pyrophosphates by up to 100-fold at room
temperature (298K).® Short chain pyrophosphates have been shown to be usually fairly inert
to cleavage in the presence of metal ions that have been previously chelated. Diphosphates
are also more stable at alkaline pH. Indeed without the presence of M(II) ions, and in basic
solution, cleavage of P-O-P linkages have half-lives measured in years.” Most effort devoted

to the study of pyrophosphate is from a kinetic and/or thermodynamic viewpoint.
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0) (i)

Fig 3.1. Structures of both coordination complexes containing bridging pyrophosphate found
on literature review. (i) [(CuL)s(n-P207)].nH20 (HL = 2-formylpyridinethiosemicarbozone: n
= 9-12% and (ii) [CeH1iNH}[(VO)4(P207)(OCHs)s)°. Waters of crystallisation of (i) and
(CsH11NH)4 counterion of (ii) are omitted for clarity.

To illustrate the problem of hydrolysis a literature review revealed only two X-ray structures
of coordination compounds containing bridging pyrophosphate and transition metals, namely,
[(CuL)4P,0;].nH,0 (HL = 2-formylpyridinethiosemicarbozone; n = 9-12)® and
[(CsHy NH)4[(VO)4(P,07),(OCH3)4]° (Figure 3.1). Of these two complexes, the former,
reported by Murray et al., was shown to exhibit weak antiferromagnetic coupling between
Cu(Il) ions with the pyrophosphate in a staggered tetrakis monodentate coordination mode,
and the latter complex was employed in the catalytic oxidation of butane to maleic anhydride.
In this case the pyrophosphate exhibits a bis-bidentate bridging arrangement between vanadyl
ions. While bridging pyrophosphate complexes such as those just mentioned are uncommon
it has been demonstrated that pyrophosphate is a good non-bridging ligand for M(II) ions at
neutral and alkaline pH and it has been established that the predominant species in solution is
a M(II) complex with two P,O;* ligands.'"” Our interest was also expanded to incorporate
oxovanadium(IV). Oxovanadium phosphate chemistry has grown impressively in recent

times initially as a result of industrial interest in the (VO),P,0; catalysts."' This has resulted
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in a rich chemistry, which is associated in part, with the ability of vanadium to adopt

different coordination polyhedra and to readily accede to various oxidation states.

3.1. Preparation and Characterisation of the Dinuclear

complex: {[Cu(bipy)(H20)]2(1-P.07).7H,0}: 4)

An aqueous suspension of copper(Il) hydroxide (or solution of copper(Il) nitrate) was reacted
with an aqueous suspension of 2,2'-bipyridine and resulted in the formation of a deep blue
solution after ~5 minutes. Solid tetra-sodium pyrophosphate was then added resulting in a
slightly darker blue solution. Compound (4) was then obtained in good yield (ca 90%) as sky
blue parallepipeds by slow evaporation of the concentrated aqueous solution over

approximately four days.

2 Cu(OH), + 2 Bipy + 1 (Na,P,0,)

Air | H,O

{[(bipy)2(Cu)z(n-P,07)(H,0),].7H,0}  (4)

Scheme 3.1. Direct preparation of the dinuclear copper(II) species (4).

Infrared spectra obtained of the crystals confirmed the presence of pyrophosphate and 2,2'-
bipyridine. Elemental analysis (C:H:N:P) was consistent with the formation of a complex
with the following formula: {[(bipy)z(Cu).(u-P.07)(H20),].7H,0}. The d-d spectrum of an
aqueous solution of (4) reveals a broad featureless band with a maximum at 657 nm, which
again is consistent with Cu(Il) in a distorted square based pyramidal geometry. Electrospray

mass spectroscopy reveals a series of peaks consistent with fragmentation of the complex.
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3.2. Description of the molecular structure of the dinuclear

copper(II) complex {[Cu(bipy)(H20)]2(1-P207).7H;0}. (4)

Crystals were grown by slow evaporation of a concentrated aqueous solution containing
stoichiometric amounts of Cu(OH),, 2,2"-bipyridine and tetra-sodium pyrophosphate over
approximately ten days. The crystals are stable deep blue diamond shaped entities and were
used for a single crystal X-ray diffraction study. Dr. M. Nieuwenhuyzen of the Queens
University, Belfast, performed the data collection and structural refinement. Complex (4) is

depicted in Figure 3.2, showing the atomic numbering scheme used.

Figure 3.2. {[(Cu)z(bipy)z(n-P207) Hz0):].7H:0} (4).

3ipyridine hydrogen atoms and waters of crystallization omitted for clarity.

The structure of (4) consists of neutral {[Cu(bipy)(H,0)]2(n-P207)} dinuclear copper(Il)
mits and seven waters of crystallisation linked by a network of hydrogen bonds. The
zeometry of the two crystallographically independent copper atoms is distorted square
syramidal with two bipy-nitrogens and two pyrophosphate oxygen atoms building the basal
blane with a water molecule occupying the apical position. The copper atoms are shifted

).226 A [(Cu(1)] and 0.190 A [(Cu(2)] from the mean basal plane towards the axially
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coordinated water molecules O(1w) and O(2w), respectively. The bipyridine ligands are

essentially planar with a dihedral angle between the pyridyl rings of 3.9° and 3.7°.

Table 3.1. Selected bond distances (A) and angles (°) for (4).

Cu(1)-Cu(2) 4.646(4) 0(11)-Cu(1)-0(23) 95.1(2)
Cu(1)-0(23) 1.925(4) P(1)-O(11)-Cu(1)  128.7(2)
cu(1)-0(11) 1.978(4) N(1a)-Cu(1)-N(12a) 80.6(2)
Cu(1)-O(1w) 2.295(4)

Cu(2)-0(12) 1.967(4) 0(12)-Cu(2)-0(21) 93.3(2)
Cu(2)-0(21) 1.933(4) P(2)-0(21)-Cu(2)  121.4(2)
Cu(2)-N(1b) 2.017(5) N(1b)-Cu(2)-N(12b) 80.6(2)

Cu(2)-O(2w) 2.268(4)

Estimated standard deviations are given in the parenthesis.

Hydrogen bonds involving the coordinated O(1w) and O(2w) water molecules [2.913 A and
154°, for O(1w)-O(2w) and O(1w)-H (1wl1)---O(2w), respectively] and O(2w) and O(13p)
[2.767 and 169° for O(2w)---O(13p) and O(2w)-H(2w2)---O (13p); p = 1-x, 1-y, -z] can be

seen in Figure 3.3.

Figure 3.3. Packing diagram of complex (4) showing the intermolecular H-bonding and

t-n interactions: Bipyridine H-atoms and waters of crystallization omitted for clarity.
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The pyrophosphate group acts as a bis-bidentate ligand forming two six-membered chelate
rings with an envelope conformation. The dihedral angle between the P(1)P(2)O(11)0O(23)
and P(1)P(2)O(12)O(21) mean planes is 115° a value close to that of perfect tetrahedral
(109.5°).

Figure 3.4. Thermal ellipsoid (50%) plots of (4) showing a) the intermolecular n-n
interactions in the yz plane i.e. along the x-axis and b) H-bonding interaction in the xz

plane i.e. along the z-axis. Waters of crystallization have been omitted for clarity.
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The bond lengths of the terminal oxygens of the pyrophosphate ligand [1.498 and 1.500 A for
P(1)-O(13) and P(2)-O(22)] are shorter than those of the inner O(14) atom [1.637 and 1.612
A for P(1)-O(14) and P(2)-O(14)] in agreement with their single and double bond character,
respectively. The Cu(1)-Cu(2) distance is 4.646 A whereas the shortest interdimer Cu-Cu
separations are 5.899 [Cu(2)-Cu(2p)] and 6.057 A [Cu(1)-Cu(lq); ¢ = 1-x, 1-y, 1-z].
Intermolecular n-7 interactions from adjacent H-bonded chains (interplanar distance between
adjacent bipy’s is 3.5 A) through an interleaving of bipy ligands in the yz plane leads to a

layer containing Cu(II) dimers.

3.2.1 . Thermal analysis of complex (4). Formation of stable intermediates

(5) and (6) of various degrees of hydration.

Thermal analysis (TGA/DTA) of (4) shows that it loses the seven lattice water molecules in
the temperature range 25-68°C, the resulting partially dehydrated phase (5) being stable for
68° < T < 86°. The loss of the two remaining coordinated water molecules starts at 86° giving
the fully anhydrous phase (6) at T > 120°C. This latter species decomposes at temperatures
above 325°C.
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Figure 3.5. Thermogravimetric analysis plot of (4) showing how it gives rise to (5) and (6).

79



All three stages of various hydration ((4)-(6)), were isolated and characterised by infrared
spectra with variable temperature magnetic susceptibility data recorded for each. Washing
the fully hydrated crystals with ethanol returns a pale blue powder, the infrared spectra of
which exhibits shifts in the infrared consistent with the shifts observed on a sample taken
from thermal analysis between 68°C and 86°C indicating that lattice water can be removed
by simple washing. Elemental analysis suggests that washing does not remove the

coordinated water molecules.

3.2.2. Magnetic behaviour of the dinuclear complex
{[Cu(bipy)(H20))2(1-P207).7H.0} (4) and it's dehydrated phases
{[Cu(bipy)(H20)]2(1-P207)} (3) and {[Cu(bipy)]z(1-P207)} (6)

The room temperature magnetic moment measured on an Evans-modified Guoy balance
indicated a moment of 1.93 BM per Cu(Il). The magnetic behaviour of the compounds 4-6
(H = 50 G) is shown in Figure 3.6. The Ym versus T curves are characteristic of
antiferromagnetic coupling with susceptibility maxima at 19 K for (4) and (5), and 90 K for
(6). From a magnetic point of view, (4) can be described to a first approximation as a Cu(II)
chain with regular alternation of two kinds of bridges, namely pyrophosphato- and hydrogen-
bonded pathways. The analysis of the susceptibility data of (4) through the Hamiltonian H = -
JZi(Si1-Si - aSi1Sit1) (o being the alternating parameter and S; the local spin) leads to a
value of o practically equal to zero. In other words, (4) behaves magnetically as an isolated
copper(Il) dimer with J = -20cm™, g = 2.09, and R = 1.2 x 10°( R is the agreement factor
defined as =i [ xm*™() - xm™ @)1 / [xm*™(0)]). Inspection of the structure shows that the
magnetic orbital on each copper atom is most probably of the dxz-y2 type with the x and y
axes being roughly defined by the bonds from copper to bipy nitrogen. The poor overlap
between the two non-coplanar copper centred magnetic orbitals through the equatorial O(11)-
P(1)-O(12) and O(23)-P(2)-O(21) bridging networks accounts for the weak antiferromagnetic
coupling observed. Although there is possibly an additional exchange pathway in (4), that

involving the axially coordinated waters through hydrogen bonding, it would be expected to
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be much less efficient than the bis-chelating pyrophosphate in mediating exchange

interactions.
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Figure 3.6. Thermal dependence of ym for the compounds 4-6 [ym being the magnetic
susceptibility per two copper (II) ions]. Solid lines indicate the best fit.

The loss of seven water molecules from (4) to yield (5) causes a decrease in the height of the
susceptibility curve, while leaving the temperature at which the maximum occurs unchanged.
These features are typical of a higher magnetic dimensionality in (5), indicating that o is now

non-zero (Figure 3.7)."?
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Figure 3.7. Thermal dependence of xm as a function of a.. Systematic variation of o
(between O and 1) whilst holding J and g constant resulted in a lowering of the height of
the susceptibility curve maximum while at the same time leaving the temperature at which

the maximum occurs unchanged.

It is likely the loss of lattice water molecules makes easier the approximation of the adjacent
pyrophosphate-bridged dinuclear units, reinforcing the mn-m overlap and introducing
additional H-bonding to give an alternating two-dimensional magnetic system. The
pyrophosphate-bridged copper(Il) fragment would remain essentially unchanged (indeed as

noted the temperature at which the maximum occurs remains the same), so the additional
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weaker magnetic coupling is assigned to the hydrogen-bonded pathway. Further dehydration

leads to compound (6) (Scheme 3.2).

Scheme 3.2. Proposed dehydration route for (4-6). (4) is a crystal structure whilst
compounds 5 and 6 are postulates from Infrared and magnetic susceptibility studies.

Its susceptibility curve exhibits a maximum at 90 K indicating that stronger
antiferromagnetic coupling occurs in (6) and suggesting the formation of a polymeric
compound upon complete dehydration. This conclusion is further supported by a shift toward
lower frequencies of the strongest P-O stretching vibration (ca. 20 cm™) in the IR spectrum'®

when going from (4) to (5) to (6).
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Figure 3.8. Infrared spectra of complex (4) at room temperature and complex (6), formed
on heating a sample of (4) for 1hr at 120°.

The exchange coupling through the “oxo” bridge (P-O) would be expected to be dominant
and strongly antiferromagnetic in nature. Consequently, the magnetic behaviour of (6) would
be typical of a relatively strongly coupled copper(Il) dimer, and this is consistent with the
shift of the susceptibility maximum from 19 K (4) to 90 K (6). The analysis of the magnetic
behaviour of (6) through a simple Bleaney-Bowers expression'* leads to an excellent fit with

= -110 cm™, g = 2.08, and R = 5.0 x 10™. This relatively strong coupling is in agreement
with the proposed “oxo” pathway. It should be noted here that strong antiferromagnetic
coupling of up to -500 cm™ has been reported for singly hydroxo bridged copper(Il)

complexes."
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3.3. Preparation, Characterisation and Structural Description of

the mononuclear copper(II) complex

{[Cu(bipy)(H20)(Na2P.0;).10H,0}: @)

Having successfully formed the dinuclear copper(Il) complex it was decided that attempts
would be made to generate hetero-bimetallic analogues containing Cu(Il). With this in mind
we reacted an aqueous suspension of copper(Il) hydroxide with 2,2'-bipyridine and
tetrasodium pyrophosphate in a 1:1:1 equimolar stoichiometry. The blue solution that results
was filtered and allowed to stand. Compound (7) was obtained in good yield (ca 80%) as
deep royal blue needles. Infrared spectra confirmed the presence of pyrophosphate with a
broad band at 1112 cm™ and shoulders at 1184 and 1022 cm™. 2,2-bipyridine bands were
recorded at 1608, 1570, and 769 cm™. Elemental analysis (C:H:N) was consistent with the
following formulation {[Cu(bipy)(H,O)(Na,P,07).10H,O}. Single crystal X-ray crystal
diffraction proved conclusively the existence of (7) with pyrophosphate in a bidentate mode.
The eleven water molecules calculated (from elemental analysis) to be present were found to
be mostly coordinated with one water bound apically to the copper(Il) atom and four bound
to each of the two sodium atoms. The remaining two water molecules are present in the
lattice. Complex (7) is depicted in Figure 3.9, showing the atomic numbering scheme used.
The geometry of the copper atom is distorted square pyramidal with bipy-nitrogens and two
pyrophosphate oxygen atoms building the basal plane and a water molecule occupying the
apical position. The copper atom is shifted 0.096 A [(Cu(1)] from the mean basal plane
towards the axially coordinated water molecule O(1w) The bipyridine ligand is essentially
planar with a dihedral angle between the pyridyl rings of 3.7°. As in (4), the phosphorous-
oxygen bond lengths vary within the pyrophosphate ligand, with P(1)-O(23) and P(2)-O(13)
[1.517 and 1.507 A] being shorter than those of P(1)-O(11) and P(2)-O(21) [1.531 and 1.529

A] in agreement with their single and double bond character.
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Figure 3.9. Mononuclear copper(II) di-anionic complex (7). Sodium atoms and waters of

crystallisation omitted for clarity.

The dihedral angle between the P(1)P(2)O(21)O(11) and P(1)P(2)O(13)O(23) mean planes is
113°, a value closer to that of perfect tetrahedral than that of the dinuclear analogue (4)
[115°]. This is attributed to greater steric freedom about the phosphorous centres, which are

no longer accommodating a second copper(Il) atom.

Table 3.2. Selected bond distances (A) and angles (°) for (7).

Cu(1)-0(11) 1.923(3) O(11)-Cu(1)-0(21) 93.8(5)
Cu(1)-0(21) 1.944(3) N(1a)-Cu(1)-0(21) 172.4(5)
Cu(1)-N(1a) 1.966(3) N(1a)-Cu(1)-N(12a) 80.7(3)
Cu(12a)-N(12a) 1.998(2) O(1w)-Cu(1)-N(1a) 92.1(3)
Cu(1)-0O(1w) 2.323(2)

Estimated standard deviations are given in the parenthesis.

Two sodium atoms are required to balance charge in (7). Na(1) is not coordinated directly to
(7) but resides in the lattice where it is coordinated to six water molecules. Na(2) is bound to
pyrophosphate oxygen O(14) and five lattice water molecules, two of which are shared with

an adjacent sodium atom acting as bridges between these adjacent sodium atoms (Fig 3.10).
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Figure 3.10. Packing diagram of (7) showing extensive sodium and lattice water

interactions.

Intermolecular m-mt interactions between adjacent 2,2'-bipridine rings exist along the x-axis,

in the yz plane. An extensive array of water and sodium atoms is built up in (7) forming a 2-

D layered network.

87



O14

&) 0
04WE 0@‘
09WE
i _ . S

Na1E 021E OBWE

Figure 3.11. Packing diagram showing 2-D network of lattice water and sodium atoms.

One of the oxygen atoms present belongs to the complexed pyrophosphate and is marked
O(14). The remaining pyrophosphate atoms as well as copper and bipy are omitted for
clarity.

Despite the use of various starting metal salts and utilizing more forcing conditions (i.e.
refluxing) attempts to further react complex (7) with VO(II) and Co(II) were unsuccessful
with the starting materials recovered each time. The reason for this behaviour is unclear.

Attempts to generate hetero-bimetallic analogues of (4) containing copper(Il) by direct means
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(i.e. reacting both Cu(Il) and M(II) starting materials with bipy and pyrophosphate

simultaneously) only served to return complex (7) and the starting salt of M(II).

3.4. Preparation and Characterisation of the tetranuclear

Zinc(II) complex {[(Zn(bipy))s(1L-P207)2(H20).].7H.0}.  (8)

In an effort to gain further insights into the coordinating ability of the pyrophosphate ligand
and to open the study up to NMR spectroscopy, it was decided to replace paramagnetic
copper(Il) with diamagnetic zinc(II). An aqueous solution of zinc(II) perchlorate was reacted
therefore with an aqueous suspension of 2,2'-bipyridine, resulting in the formation of a clear
colourless solution. Solid tetra-sodium pyrophosphate was then added resulting after
approximately 2 minutes in the precipitation of a white solid. This precipitate re-dissolved
into aqueous solution on increasing pH (0.6N NaOH) from 7.5 to 9. Compound (8) was then
obtained in good yield (ca 75%) as white needles by slow evaporation of the concentrated

aqueous solution over approximately fourteen days.

4 Zn(Cl10,),.6H,0 + 4 Bipy + 2 (Na,P,0)

Air | H,O

{{(Zn(bipy))4(n-P,07)2(H,0),].7TH,0} (8)

Scheme 3.3. Direct preparation of the tetranuclear zinc(II) species (8).

Infrared spectra obtained of the crystals confirmed the presence of pyrophosphate and 2,2'-
bipyridine. Elemental analysis (C:H:N:P) produced variable percentages of carbon, nitrogen

and hydrogen due to weight loss (from solvent evaporation) during the analytical experiment.
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However the carbon to nitrogen ratio was maintained for each of the three batches run, being
(C:N)427 :1,4.28 : 1 and 4.31 : 1. The calculated ratio for the tetranuclear complex
{[(Zn(bipy))s(n-P207)2(H20),] is 4.28 : 1. Electrospray mass spectroscopy of an aqueous

solution of re-dissolved crystals reveals a series of peaks consistent with fragmentation.

3.5. Description of the molecular structure of the tetranuclear

Zinc(IT) complex {[(Zn(bipy))s(1L-P207)2(H20).].7H.0}. (8)

Crystals were grown by slow evaporation of a concentrated aqueous solution containing
stoichiometric amounts of Zn(ClO4),, 2,2"-bipyridine and tetra-sodium pyrophosphate over
approximately fourteen days. The crystals are stable, white needle shaped entities and were
used for a single crystal X-ray diffraction study. Dr. M. Nieuwenhuyzen of the Queens
University, Belfast, performed the data collection and structural refinement. Complex (8) is

depicted in Figure 3.12 showing the atomic numbering scheme used.
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Figure 3.12. Molecular structure of {[(Zn)s(bipy)(11-P207)2(H20).].7H-0} (8).

Bipyridine hydrogen atoms and waters of crystallization omitted for clarity.
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The structure of (8) consists of neutral {[(Zn(bipy))s(1-P207)2(H20),].7H,0} tetranuclear
zinc(Il) units and seven waters of crystallisation. The geometry of the two
crystallographically independent zinc atoms is distorted square pyramidal with two bipy-
nitrogens and two pyrophosphate oxygen atoms building the basal plane with a water
molecule (O(1w)) occupying the apical position of Zn(2) and a pyrophosphate oxygen
(O(11)) occupying the apical position of Zn(1). The zinc atoms are shifted 0.4878 A [(Zn(1)]
and 0.3883 A [(Zn(2)] from the mean basal plane towards the axially coordinated atoms
O(11) and O(1w), respectively. The chelating bipyridine ligands are essentially planar with a
dihedral angle between the pyridyl rings of the those ligands coordinated to Zn(1) and Zn(1a)
of 16.8°.

Table 3.3. Selected bond distances (A) and angles (°) for (8).

Zn(1)-0(11) 1.970(2) Zn(1)-0(11)-Zn(1)#1 97.8(8)
Zn(1)-O(22a)#1 1.960(2) P(1)-O(11)-Zn(1a)#1 122.6(1)
Zn(1)-N(1a) 2.095(3) N(1a)-Zn(1)-N(12a) 78.6(1)
Zn(1)-N(12a) 2.071(3) 0(22)-Zn(1a)#1-O(11a)  89.8(8)
Zn(1)-O(11a)#1 2.170(2) O(11)-Zn(1)-N(1a) 104.5(1)
Zn(1)-Zn(1a)#1 3.124(8) 0(12)-P(1)-0(14) 108.8(1)
Zn(1)-Zn(2a) 5.165(8) 0(14)-P(2)-0(21) 107.0(1)
Zn(2)-0(12) 1.948(2) 0(12)-Zn(2)-0(21) 97.1(8)
Zn(2)-0(21) 2.027(2) O(1w)-Zn(2)-N(1b) 91.8(1)
Zn(2)-N(1b) 2.164(3) N(1b)-Zn(2)-N(12b) 76.5(3)
Zn(2)-N(12b) 2.106(3) 0(21)-Zn(2)-0(1w) 93.3(1)
Zn(2)-0(1w) 2.021(2) 0(12)-Zn(2)-P(1) 130.1(1)
P(1)-O(11) 1.536(2) P(2)-0(14) 1.625(2)
P(1)-O(13) 1.496(2) P(2)-0(22) 1.523(2)
P(1)-O(14) 1.617(2) P(2)-0(23) 1.495(2)

Estimated standard deviations are given in the parenthesis.
Symmetry operator #
1: x,-y-4,2z-4%
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[t is noticeable that the Zn-O bonds are shorter than the Zn-N bonds, indicating good zinc-
pyrophosphate bonding, and that the P=O and P-O(Zn) bonds are dissimilar, pointing to the
weakly ionic nature of the zinc-phosphate interactions.'® The pyrophosphate group acts as a
bis-bidentate ligand forming two six-membered chelate rings between Zn(1) and Zn(2a) with
an envelope conformation. The pyrophosphate also acts as a mono-dentate ligand, bridging
between Zn(1) and Zn(1a) through O(11). This is the main structural difference between the
Cu(Il) complex (4) and (8), namely nuclearity. In fact complex (8) resembles two of the
Cu(II) dimer complexes (4) bridged together through uncoordinated pyrophosphate oxygens
in a back-to-back conformation, as indicated by the apically coordinated water molecules,
which now face in opposite directions. This mono-atomic bridging shows that pyrophosphate
will undergo coordination that can increase dimensionality and is further evidence for the
postulate put forward to explain the ~five-fold increase in magnetic coupling observed for the
Cu(Il) complex (6) (see scheme 3.2). The possibility that an additional pathway can be
created through available pyrophosphate oxygens is shown to be the case with the zinc
tetramer. Intermolecular m-m stacking interactions exist along the x-axis through an inter-
leafing of bipy ligands. Further m-m interactions are also present along the y-axis (Figure
3.13). Interplanar distance between bipy’s is 3.5 A. Hydrogen bonds involving the lattice and

coordinated water molecules result in the formation of an overall 3-dimensional network.
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Figure 3.13. Packing diagram of (8) showing H-bonding between phosphate oxygens,
coordinated and lattice water molecules. Bipy hydrogens and additional waters of

crystallisation omitted for clarity.

3.5.1 Nuclear Magnetic Resonance Studies of (8).

3'P NMR experiments were carried out on solutions of (8) in deuterated water. The *'P NMR
of sodium pyrophosphate was also conducted and used as reference (Figure 3.14). The *'P
NMR spectrum of complex (8) contains two peaks, at — 4.42 and — 26.63 ppm. The shift to
more negative & values is expected on coordination and is consistent with literature
precedent.'” The fact that there are now two peaks in the NMR is consistent with the known

structure.
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Figure 3.14. 3'P NMR spectra of (i) NasP-O7 and (ii) {[(Zn(bipy))s(n-
P207)2(H20).]. 7H-0X8).

There are clearly two phosphorous environments in (8), namely P(1) and P(2). It is possible
that the peak that remains almost identical to that of the uncoordinated pyrophosphate
starting material could be assigned to the more ionic of the two P atoms. From the
comparison of P=0O and P-O(Zn) bond lengths discussed earlier, it is known that the P(2) has
a weakly ionic interaction through oxygens O(21) and O(22) with Zn(1a) and Zn(2). If there
was a strong ionic interaction, the P=O and P-O(Zn) bond lengths would be similar.
Therefore the peak at —4.42 ppm may be tentatively assigned to P(2) and the greater shift, to
—26.63 ppm, assigned to P(1). However, while the P environments (P(1) and P(2)) are
different in the solid state they are not that different. As —4.42 is so close to —4.49 ppm it is
more likely to be ‘free’ pyrophosphate resulting from dissociation in solution or present as
unreacted starting material. It is suspected that P(1) and P(2) would be very similar in

solution and therefore appear as a single peak at —26.63 ppm. The '"H NMR also showed the
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expected multiplet pattern for bipy, with a broadening of the peaks. There is also a slight shift

to more positive & values indicative of coordination.

3.6. Synthesis and Characterisation of a vanadyl(II) complex

containing pyrophosphate and 2,2'-bipyridine; (9)

In an attempt to synthesise the vanadyl analogue of complex (4), namely a binuclear
vanadyl(Il) complex with bridging pyrophosphate and 2,2'-bipyridine, a number of different
procedures were attempted. Vanadium was chosen due to the similarities between the d' and
d’ configurations.'® Electronically and magnetically d° can be thought of as an inversion of

d'. The first method tried involved the direct stoichiometric reaction of VOSO, with

pyrophosphate and 2,2'-bipyridine, in an analogous fashion to that used in the synthesis of
4).

2 VO(SO4) + 2 bipy + 1 (P207)*

Air l H20

{[(bipy)2(VO)2(n-P207)].5H0} (9)

Scheme 3.4 Direct preparation of complex (9).

This resulted in the formation a lime green insoluble powder, which was separated by
filtration. The infrared spectrum indicated the presence of the vanadyl functional group,
v(V=0) 971 cm™, as well as the pyrophosphate group at 1157 and 1093 cm™. Characteristic
bipy bands were also present, at 1654, 1600, and 772 cm™. However, as the compound is
insoluble in all solvents other than those that decompose it (e.g. nitric acid), solution analysis
could not readily be performed. The first method was therefore modified by replacing

sulphate as vanadyl counter-ion and synthesising VO(acac), '* This latter procedure however
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also returned the same insoluble lime green powder as before. Attempts to grow crystals
through the use of diffusion methods®® or gel permeation crystal growth (Tetramethyl ortho-
silicate gel)®' also produced the insoluble lime green powder. Microanalytical data
(C:H:N:P), carried out for each of the experimental procedures recorded above, indicated the
formation of a compound with the probable formulation {[VO(bipy)].(n-P,07).xH,0}, with
X varying between 2 and 5 and dependent on how the sample was dried. The carbon to
phosphorous ratio however is unaffected by the number of water molecules present and was

calculated to be (C:P) 3.90:1. Analysis returned values of, on average, 3.88:1.

3.6.1. Infrared analysis of (9).
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Figure 3.15. Infrared spectrum for complex (9). Water bands in the high-energy range
(3435 and 3086 cm™') are split indicating the existence of Hydrogen-bond interactions.

There is little commonality between the bands recorded for the pyrophosphate in the
tetranuclear zinc(II) complex (8) and that shown for (9) in figure 3.15. This may indicate a
similar dimer based bis-bidentate arrangement in (9) as witnessed in complex (4). The band
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at 971 cm™ for the V=0 group tells a lot about the environment of the oxovanadium(IV)
group within compound (9). Variation of the frequency of the V=0 vibration due to the
change in the environment of the VO(II) entity has been extensively studied.”” The V=0
stretching frequency range for various oxovanadium (IV) complexes has been reported to be

985 + 50 cm’.

Complex v(Pyrophosphate) cm™
) 1153, 1101, 1029
(8) 1173, 1086, 1018
) 1158, 1093, 1024

Table 3.4. Comparison of Infrared frequency values for complexes (4), (8) and (9).

There is very strong n-bonding between the vanadium 3d,, 3d,, orbitals and the oxygen 2py,
2py orbitals in the V=0 bond and this is largely enhanced when ligand coordination at the
sixth axial site (trans to the V=0 bond axis) is achieved. The frequency for oxovanadium(IV)
complexes having O=V(L,) composition such as [VO(bipy),]** is found to be ca ~ 985 cm’.
[t has been suggested that the shift to lower frequencies of the V=0 stretching vibration is
due to the transfer of increasing amounts of charge onto the vanadium by ligands of
ncreasing donor strength. However, if the complex has an intermolecular interaction through
V=0--V=0 units, then the V=0 band is reported to appear at lower frequency. The
msolubility of complex (9) is also best explained by the possible existence of these
ntermolecular V=0 chains, for which there is in a well documented case in the literature,?
resulting in a polymeric species. The configuration adopted by V=0--V=0 interactions in
bridged, binuclear oxovanadium(IV) units is arranged according to the orientation of the oxo-
groups with respect to the bridging plane (Figure 3.16). The formation of these so called
‘infinity chains’® is reported to result in v(V=0) stretching frequencies under 900 cm™. Kim

et al.** however, have postulated that the presence of groups capable of sufficiently altering
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the vanadium coordination environment might sufficiently weaken the intermolecular
interaction of V=0---V=0 chains, which would leave the V=0 stretching frequency relatively

unchanged compared with simple monomeric V=0 complexes such as [(bipy),V=0]*".

Orthogonal

(i)

Figure 3.16. Proposed structures for (9). (i) syn-orthogonal (ii) anti-orthogonal
configurations for the two terminal oxo-groups in binuclear vanadyl units. Steric

considerations would probably make a co-planar configuration (not shown) unlikely for (9).
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Figure 3.17. Alternating (i) and ladder (ii) stacking possibilities for V=O units in a syn-

orthogonal arrangement.

Thus it is possible that m-stacking interactions, between the 2,2'-bipyridine ligands could
prevent a sufficiently close approximation of V=0 entities and so only a slight shift to lower
frequencies (ca. 15cm™) is observed in (9). The absence of splitting in the (V=0) band at 971

ecm’ indicates equivalent vanadyl environments within the molecule, with this value also
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consistent with the rather long V=0 bond encountered for most square-based pyramidal oxo-

vanadium(IV) complexes.”

3.6.2. Thermal analysis of complex (9).

The variation in the number of water molecules (between 2 and 5) recorded for (9) and the
fact that water played such a key role in the magnetic behaviour of the binuclear copper(Il)
complex (4), led us to carry out thermal analysis on (9). Figure 3.19 shows the TG/DTA
curves, which exhibit the thermal behaviour of the material from 25°C to 370°C. From the
curves the following observations can be made: (a) there is a stable intermediate in evidence
in the course of the thermal evolution from ~160°C to ~270°C (b) a weight loss of 12.6% is
observed in the temperature range 25-160°C and can be attributed to the evolution of lattice

water molecules.

W (mgs)

TSC

Figure 3.18. Thermogravimetric analysis curve (TGA, black) and differential thermal
analysis curve (DTA, green) of compound (9) carried out under a flowing argon atmosphere.

DTA curve is indicative of endothermic mass loss consistent with solvent loss.
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This indicates that, assuming the correct formulation has been stipulated, there are five
waters of crystallisation in the compound, which is consistent with the highest value returned
for x by elemental analysis: (c) the weight loss from ~270°C onwards corresponds to the
exothermic evolution of organic species and the decomposition of compound (9). There is no
evidence from the thermal behaviour of (9) to indicate the presence of coordinated water and
this would fit for the structure as it has been postulated. The presence of lattice water

molecules up to 160°C suggests a degree of H-bonding between the lattice water molecules.

3.6.3. Magnetic behaviour of (9) at room temperature.

At room temperature (295K) the magnetic moment was found to be 1.59 BM, a value lower
than the spin-only value (ps 1.73 BM) expected for a 3d' configuration with a dyy based
ground state. It is possible that an antiferromagnetic interaction therefore exists in (9). Based
on results obtained from the copper(Il) analogue (4), a likely scenario is that there is a weak
antiferromagnetic exchange pathway present through the pyrophosphate bridge.
Intermolecular V=0---V=0 bonding may also be sufficient to cause this magnetic interaction
through overlap of the dy, magnetic orbital on one oxo-vanadium(IV) with the intermolecular
V=0 units in the solid state, thus facilitating the reduced magnetic moment observed at 295
K. On the basis of magnetic moments observed for similar complexes between 1.27 and 1.6
BM, Symal” and Poddar’® er al. have proposed binuclear structures with a weak
antiferromagnetic interaction through V=0 chains. However it would be expected that the
pyrophosphate super-exchange would be much stronger than any coupling through V=0
chains. Combined then there is good evidence to suggest that the binuclear VO(II) complex
comparable to the binuclear Cu(Il) complex (4), has been prepared with solid-state
spectroscopic methods suggesting complex (9) contains both intermolecular ‘infinity chains’

and also a H-bonded water network.

Conclusion

The original goal of synthesising a pyrophosphate bridged coordination compound and to

study its ability to mediate magnetic exchange has been achieved. The results obtained
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illustrate for the first time the profound influence of pyrophosphate —assisted water loss on
magnetic properties and demonstrates that controlled dehydration may lead to an increase in
magnetic dimensionality.”” Similar examples of spectacular magnetostructural effects caused
by carboxylate-assisted water loss in polynuclear compounds have been reported
previously.”® The ability to generate materials capable of switching from a weak magnetic
state to a strongly magnetic one through a simple process such as dehydration can provide
new exotic materials based on the concepts of molecular chemistry. The copper-
pyrophosphate complex (4) is appealing as it combines some physical properties encountered
in classical materials with some other properties specific to the molecular state. What is
evident overall however is that the pyrophosphate ligand is a poor mediator of super-
exchange with weakly coupled systems to be expected. The strong coupling observed in (6)
is due to an additional infer molecular pathway acting in concert with an intra molecular

pathway, without which low values of T, are observed.

The successful synthesis of the =zinc(Il) complex offered interesting insights into
pyrophosphates coordinating ability and allowed information to be gleaned about the
structure in solution. The move to greater nuclearity for the pyrophosphate anion is also
relevant to the postulate put forward to explain the increased magnetic interaction recorded

on dehydration of the copper(Il) complex (4) and subsequent formation of complex (6).

The incorporation of oxo-vanadium(IV) returned an insoluble, probably polymeric, species.
The formation of a polymer through alternating or ladder orthogonal arrangements of V=0
‘infinity chains’ is well documented in the literature®® and is postulated to be the case here.
The room temperature magnetic moment indicates weak antiferromagnetic interactions
operating within (9) as shown by the reduction in the magnetic moment from the spin-only

value for a dilute system of 1.73 BM to a value of 1.59 BM.*°

The coordinating ability of pyrophosphate with metal centres such as Ni(II) and Co(II) as
well as developing a method to generate hetero-nuclear multi-metallic complexes containing
bridging pyrophosphate is considered the avenue of approach for future work in this area

within our group.
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Chapter Four

Preparation and magnetic behaviour of the
dinuclear copper(II) complexes:
[(bipy)Cu(.-H2AsO04)(H2As04)]. (10),

{[(bipy)sCus(p-OH)z(1-C0Os).]. 11H.0}, (11) and

{[(bipy)2Cuz(nOH)(HPO4)(H.0)].4H.,0}(12).



Introduction.

Supramolecular design provides a means to generate a variety of novel inorganic materials
with complex unusual structural features in areas such as host-guest chemistry and open-
framework structures.' In these compounds, one can visualize structures of different
dimensionalities with complex structures expected to contain subunits, which not only are
structural motifs but also act as building blocks in the construction of complex structures.
Such building blocks can be considered to be synthons of complex structures. These synthons
are generally simple geometrical shapes such as squares, cubes or polyhedra, their corners
acting as linkage points. The polyhedral group 15 oxo-anion H>AsOj, is one such potentially
hydrogen bonding supramolecular synthon. Orthoarsenate is a potential multi-dentate
bridging ligand and, as with other polyprotic inorganic oxy-acids of the group 15 elements, is
a potent hydrogen bond donor and acceptor synthon. These oxo-anions are prevalent
throughout nature and have been extensively studied in solid-state and materials chemistry
(alumino-phosphates, zeolites efc)® and more recently in the hydrothermal synthesis of
porous materials.” To our surprise they have been somewhat neglected in the development of
metallo-supramolecular coordination chemistry. Our surprise is fuelled by the recognition
that these species, in their various deprotonated states in combination with simple cations,
have been shown to form extended network structures in which H-bonding is the main
ordering mechanism. This has giving rise to crystalline solids possessing such phenomena as
non-linear optical and ferroelectric properties.* The efficacy of employing hydrogen bonding
in the development of supramolecular architectures via crystal engineering is well
established.” Robust organic and inorganic networks, or composites of them, may be readily
generated by taking advantage of these hydrogen bond donor (D) and acceptor (A)
interactions. The nature of the association is primarily driven by an electrostatic interaction
and thus the charge distribution on the D/A system dictates the strength of the connection.
Multiple D/A interactions similarly enhance the stability of the resultant framework. In
combination with this we also desired a coordination motif that would not only controllably
introduce a transition metal into the superstructure but also would itself promote
intermolecular association. To this end we reasoned that a complex containing a flat aromatic

ligand (e.g. 2,2'-bipyridine, 1,10-phenanthroline efc.) would promote w-m interactions
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throughout any resultant crystal lattice. Therefore a combination of supramolecular and
coordination chemistry would be employed to hopefully develop topical architectures and
novel networks.’ In this way we introduce into the superstructures both the versatility,
strength and directionality, and hence predictability, of the hydrogen bonding with the

chemical and physical properties and predictable bonding nature of transition metals.

4.1. Preparation and Characterisation of the dinuclear copper(II)

complex [(bipy)Cu(H2AsO4)(1-H2As04)]2: (10)

Compound (10) is obtained in good yield (ca. 60%) as blue parallepipeds by slow
evaporation of concentrated aqueous solutions containing stoichiometric amounts of
Cu(OH),, 2,2-bipyridine and Na,HAsO4 An inert atmosphere of argon was necessary to

prevent fixation of carbon dioxide as carbonate.

2 Cu(OH), + 2 Bipy + 4 (Na,HAsO,)

Ar Hzo

[(bipy)Cu(H2AsO4)(1-H2As04)]2  (10)

Scheme 4.1. Direct preparation of the dinuclear species (10).

Infrared analysis indicated the presence of bipy peaks at 1650, 1550, 1473, 1446, 771 with
arsenate at 854 cm™. The complex is typically coloured for a copper(II) complex, being deep
royal blue. A d-d band at 647 nm in the visible spectra is broad and featureless and indicative
of a distorted square-pyramidal nature of the copper(Il) chromophore. Electrospray mass

spectroscopy returned a series of peaks indicative of {[M*'].4H,0}
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4.2. Structural characterisation of the dinuclear copper(II)

complex [(bipy)Cu(n-H2AsO4)(H2AsO04)])2: (10)

The atomic numbering scheme and atom connectivity for (10) are shown in Fig. 4.1. The
structure of (10) consists of a centro-symmetric Cu(Il) dimer with tri-atomic bridging
between copper centres furnished by dihydrogen arsenate [Cu(1)-O(21)-As(1)-O(23)-
Cu(la)].

Fig 4.1. Molecular structure and atomic numbering scheme in (10).

Further coordination about copper is provided by bidentate 2,2'-bipy (N(1) and N(12)) and an
additional mono-dentate dihydrogen arsenate O(11), resulting in a slightly distorted square
pyramidal metal coordination chromophore [CuN,O;]. The distortion is best exemplified by
considering the mean planes around Cu(l) that form the base of the pyramid, which shows

the plane defined by N(1)-Cu(1)-N(12) inclined by ca. 25° to that plane containing O(21)-
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Cu(1)-O(23a). There is nothing exceptional about the bonding around either of the

dihydrogen-arsenate ligands with bonds and angles similar to reported values (Table 4.1).

Table 4.1. Selected bond distances (A) and angles (°) for (10).

Cu(1)-Cu(1a)#t1 5.287(3) N(12)-Cu(1)-N(1) 81.0(1)
Cu(1)-0(23a)#1 1.917(3) 0(21)-Cu(1)-0(11) 97.5(1)
Cu(1)-0(11) 2.326(3) N(12)-Cu(1)-0(11) 93.0(1)
Cu(1)-0(21) 1.943(3) 0(23)-Cu(1a)#1-0(21) 92.4(1)
As(1)-0(23) 1.658(3) As(2)-0(11)-Cu(1) 118.1(2)
As(1)-0(22) 1.711(3) 0(21)-As(1)-0(23) 117.8(2)

Estimated standard deviations are given in the parenthesis.
Symmetry operators used to generate equivalent atoms:
1:-x, -y, -z

The copper centres [Cu(1)-Cu(la)] are separated by 5.287 A, whilst the copper to arsenic
[Cu(1)-As(1)] and [Cu(1)-As(2)] separations are 3.312 and 3.447 A, respectively. Extensive
H-bonding exists within the dinuclear unit and throughout the crystal lattice. Firstly,

intramolecular H-bonding through O(24)-H(24)---O(11), and intermolecular H-bonding via

0(22)-H(22)---O(12), link the bridging dihydrogen arsenate, centred around As(1), to
apically bound ones, centred around As(2). Secondly, these apically bound dihydrogen
arsenates interact with themselves intermolecularly through self-complementary ‘head-to-
tail’ hydrogen bonding. This generates a R%(S) chain that continues along the x-axis which,
through linking with As(1), propagates a two-dimensional dihydrogen arsenate sheet in the

xy-plane containing a Ri(zo) motif, Fig. 4.2. The nomenclature used here is that devised by

Etter and Bernstein’ to categorise H-bonding interactions. For example, R%(S) means that an

8-membered ring has been formed by the interaction of 2 H-bond donors with 2 H-bond

acceptors.

107



R (20) motif
Fig 4.2. H-bonded network formed by intra- and inter-molecular self-association of
dihydrogen arsenate groups showing the R%(s) chain and the Rg(zo)moﬁf. 2,2'-bipyridine

omitted for clarity.

The copper atoms are situated slightly above and below this sheet such that the 2,2'-bipy
ligands project into the space between sheets. The 2,2'-bipy ligands themselves form a n-nt
stack down the y-axis which serves not only to separate sheets but also to link them into three

dimensions.

Fig 4.3. Space filled diagram showing n-n stacking through aromatic bipyridine rings in
(10).
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Additional interactions are also evident between the 2,2'-bipy hydrogens H(5) and H(8) and
the oxygen atoms O(12) and O(14), respectively, from an adjacent dihydrogen arsenate sheet.
It is interesting to note that the efficacy of packing within (10) is at the total exclusion of
water from which it crystallised. This is somewhat unusual considering the hydrophilicity of
dihydrogen-arsenate and the strong precedent that exists for complexes such as this to
incorporate water, if not directly bound, then in the lattice. This may be explained by firstly
the fact that at pH ~ 11, the arsenate is diprotonated, which forces the copper(Il) species to
coordinate H,AsOy, in the axial position to satisfy charge in the dinuclear complex. This
arrangement of equatorially bridging dihydrogen-arsenate and axially bound dihydrogen-
arsenate, combined with terminal bidentate 2,2'-bipyridine furnishes the square-based
pyramidal geometry preferred by copper(Il). Combined with dihydrogen-arsenates strong
self-association and generation of a 2-dimensional sheet probably accounts for the absence of

water in complex (10).

Fig 4.4. Polyhedral view of the structure of compound (10). When packed the molecules
exists as a chain of copper centred square based pyramids connected via 4 arsenic centred
tetrahedra (yellow) per pair of square-based pyramids (blue). Bipy carbon atoms omitted
for clarity.
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4.2.1 Magnetic behaviour of [(bipy)Cu(H2AsO.)(n-H2As04)])2; (10).

The variable temperature magnetic behaviour of complex (10) in the form of a y,,T versus T

plot (ym is the magnetic susceptibility per copper(Il) ion) is shown in Fig. 4.5.
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Fig 4.5. Thermal variation of ymT for compound (10) at H = 0.1T. The solid line
represents the best fit through the theoretical expression for a dinuclear copper(II)

complex. The inset shows the field dependence for complex (10) below T..

The value of y,T at 290 K is 0.81 cm’ mol”' K, which is as expected for a magnetically
isolated spin doublet.® This value remains practically constant upon cooling (Curie law
behaviour- each molecule contains a unique magnetic centre with no first-order angular
momentum) and then decreases sharply in the low temperature region attaining a value of
0.71 cm® mol™ K at 1.9 K. The results of the fit are J = -0.58cm™ with g =2.07 and R =4.3 x

10°. These features are characteristic of very weak antiferromagnetic interactions between
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the copper(Il) ions. The field dependence of the first magnetization below T, is indicative of

an S = 1 ground state with a spin multiplicity of 3.’

4 .3. Preparation and Characterisation of the polymeric chain

complex: {[(bipy)sCuz(-OH)2(11-CO3)2].11H,0},: (11)

Attempts were made to remove the remaining two protons of the dihydrogen-arsenate moiety
in an effort to synthesise the direct tetranuclear Cu(Il) analogue of the phosphate complex
described in chapter 2. This was done by careful variation of the pH (from 11 to 14) of the
solution using 5% NaOH. The complex was therefore prepared serendipitously at first
through this increase in pH of an aqueous solution of Cu(OH),, 2,2'-bipyridine and sodium
dihydrogen arsenate but could be directly prepared by simply allowing Cu(OH), to react with
2,2'-bipyridine in 1:1 stoichiometry at pH 14. The pH increase resulted in a slight darkening
of the originally royal blue solution. No precipitate was observed. On standing, open to the
atmosphere, violet-blue prismatic single crystals were obtained in 60% yield based on
copper. Infrared analysis of the crystals indicated the absence of arsenate in the complex with
the loss of the broad peak at 854 cm™. The spectrum now indicated the presence of carbonate
peaks at 1544 and 1383 cm’, indicative of bidentate coordination. Distinguished from the
broad aquo peak at 3392 cm™ were two sharp peaks at 3111 and 3060 cm™, which is the
signature of a bridging hydroxy group. Sharp bands of medium intensity at 1654, 1603, 1474,
and 771cm” were assigned to the bipyridine ligand. A d-d spectrum of an aqueous solution
of (11) showed a broad featureless band at 637 nm (blue-shifted with respect to the arsenate
predecessor (10)) indicative of a square-pyramidal geometry of the Cu(II) chromophore.

4 4. Structural characterisation of

{[(bipy)sCu3(n-OH)2(1-CO3).].11H,O}n: (11)

A representative violet-blue crystal was used for a single crystal X-ray diffraction study from
which the molecular structure was unambiguously determined. The structure was solved by

Dr Mark Nieuwenheuzen, of the Queens University, Belfast. X-ray crystal analysis
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confirmed both the presence of bidentate carbonate and bridging hydroxide and characterised
the prisms as the title complex {[(Cu);(bipy);(n-OH)(p-CO3),].11H,0}, (11) with 11 waters

of crystallisation per asymmetric unit.

(a) (b)

Fig 4.6. Molecular structures of the asymmetrical unit (a) of (11) and a 'dimer' repeat
structure (b) obtained from symmetry. Note formation in (b) of an alternating series of
copper(II) monomers and dimers, connected through carbonate and hydroxide bridges.

Waters of crystallization omitted for clarity.

The polymeric nature of the complex was not expected especially since the crystals re-
dissolve in both water and methanol. The crystal structure of the title compound consists of
repeat units of {[Cus(bipy);(u-OH)2(n-COs3),] each with 11 waters of crystallization. The
overall geometry then consists of the classical di-p-hydroxy-bis[bipyridyl copper(Il)] species,
ligated trans-axially at each copper by p-carbonato-mono[bipyridyl copper(Il)] moieties. The
three crystallographically unique copper(Il) centres in (11) have square-pyramidal, five-

coordinate geometry. The equatorial bonds of each copper(Il) centre consist of 2 oxygen
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atoms (carbonate oxygens for the monomer units, Cu(2) and bridging hydroxyl oxygens in
the case of Cu(1) and Cu(3)) and 2 bipyridine nitrogens, generating an N,O, basal plane.
Oxygen from the adjacent copper unit occupies the apical position. Cu-Cu distances vary
from a minimum of 2.871 A for Cu(1)-Cu(la) to a maximum of 6.469 A between Cu(2)-
Cu(3a). Cu(1)-Cu(2) distance is 4.292 A. Further pertinent bond lengths and angles are given
in Table 4.2.

Table 4.2. Selected bond distances (A) and angles (°) for (11).

cu(1)-0(1) 1.949(2) Cu(1)-Cu(1a)#1 2.871(8)
Cu(1)-N(12A) 2.025(3) Cu(3)-Cu(3a)#t1 2.923(8)
Cu(1)-N(1a) 1.988(3) Cu(1)-Cu(2) 4.292(8)
Cu(1)-0(13) 2.211(2) Cu(2)-Cu(3) 5.687(8)
Cu(2)-0(13) 2.351(2) Cu(1)-0(1)-Cu(1a)#1 94 55(7)
Cu(2)-0(12) 1.975(2) Cu(3)-0(2)-Cu(3a)#1 96.54(6)
Cu(2)-0(22) 1.931(2) Cu(1)-0(13)-Cu(2) 138.1(1)
Cu(2)-N(1b) 2.008(3) O(1)-Cu(1)-0(13) 92.6(1)

Cu(2)-N(12b) 2.000(3) 0(12)-Cu(2)-0(22) 95.0(1)

Cu(3)-0(23) 2.179(2) 0(2)-Cu(3)-0(23) 98.1(1)

Cu(3)-0(2) 1.951(2) €(2)-0(22)-Cu(2) 108.3(2)
Cu(3)-N(1c) 2.027(3) 0(23)-¢(2)-0(22) 118.1(3)
Cu(3)-N(12c) 1.997(3) €(2)-0(23)-Cu(3) 124.7(2)

Estimated standard deviations are given in the parenthesis.
Symmetry operators:
#1: -x, -y, -z

Distortion from square-pyramidal geometry is most pronounced about Cu(2) with a mean
plane deviation (O(22), O(12), N(12b), N(1b)) of 0.2387A. Mean plane deviations for Cu(1)
and Cu(3) are 0.0516 A and 0.0445 A, respectively. The dihedral angle between the bipy
rings attached to Cu(1) and Cu(2) in the asymmetric unit (Fig 4.6a) is 10.7°. The copper atom
array and carbonate bridging disposition resembles the copper containing minerals malachite

[Cux(OH),(CO3)] and azurite [Cuz(OH),(COs3),], although within these compounds all the
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oxygen atoms from the carbonate group are involved in coordination. Overall there is an
interwoven pattern of bipyridine rings throughout complex (11) generating 2-D layers from
which the waters of crystallisation are ‘squeezed’ out, existing in the hydrophilic regions

between those layers (Figure 4.7).

Fig 4.7. Space-filling representation showing 2-D packing in (11).

The presence of bpy-bpy n-n stacking interactions is considered to play a role in determining
the overall molecular structure. Inspection of the bipyridyl rings incorporating N(12a)-N(1a)
and N(1b)-N(12b) and coordinated to Cu(1) and Cu(2) shows that they are offset face-to-face
stacked in an attempt to maximise stabilising m-interactions while minimising electrostatic
repulsion.'” The separation between bipyridine rings at closest contact is 3.449 A. The
cohesiveness of the crystal structure is ensured by the extensive 3-dimensional H-bonding
interactions in (11) with H-bonds linking the 2-D chains together as well as H-bonding to

other lattice water molecules.
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4 4.1. Thermal analysis of (11).

Thermal analysis (TGA) of a small amount (11.73mgs) of powdered sample of complex (11)
showed gradual, continuous mass loss from slightly above room temperature (~30°C) to

220°C with no stable intermediates.

weight (mgs)

T i T T T T T

25 o 125 5 225 275 325 375
Temp (C)

Figure 4.8. Thermal Gravimetric analysis curve for complex (11). Curve is indicative of

gradual mass loss with no stable intermediates.

The differential thermal gravimetric (DTG) curve showed the mass loss was endothermic and
characteristic of dehydration. It is likely therefore that all 11 water molecules are lost by
220°C. The total mass lost however (~35% by 220°C) indicates that carbonate is also being
eliminated, as CO,, from the system. Above 220°C oxidation occurs probably resulting in
black copper oxide. The loss of the lattice water molecules over a large and relatively high

temperature range is indicative of the presence of a H-bonding network within complex (11).
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4.4 2. Magnetic properties of {[(bipy)sCus(n-OH)2(1-C03)2].11H0},; (11).

Variable temperature magnetic susceptibility measurements (300-1.9K) on a polycrystalline
sample of (11) under an applied magnetic field H = 50G shows the occurance of complex
ferromagnetic coupling. The ymT value (ym being the magnetic susceptibility per copper(II)

ion) increases continuously from 0.40 cm’® mol™” at room temperature to a maximum value of

1.15 cm® mol™ at low temperature (Figure 4.9).
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Fig 4.9. ymT versus T plot for (11). Solid line indicates line of best fit. Curve is
characteristic of ferromagnetism with a maximum indicating the presence of weak anti-

ferromagnetism at low T. Note red solid line marked clearly in inset (blue) box.

The shape of the curve is as expected for the occurrence of ferromagnetic coupling. In the

periodicity observed in the chain compound (Scheme 4.2) two important magnetic pathways
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(J1.1a » J33a) are distinguished. (J1.1a = Jia1 ; J33a = J3a3). The pathways between J;, and J 3

are considered to be extremely weak and are therefore neglected from the final fit.

Scheme 4.2. Exchange coupling pathways in complex (11). Horizontal lines represent

hydroxy bridges while vertical lines represent carbonate bridges.

Magnetically the system contains therefore, an isolated spin doublet and two non-interacting
spin-triplets giving overall ferromagnetism. The two different triplets have exchange
coupling constants (J defined by the Hamiltonian H = -2JS;S;) of J;1a = 154 cm™ (0 =
94.6°, that is for Cu(1)-O(1)-Cu(la)) and J33, = 135 cm™ (0 = 96.5°, that is for Cu(3)-O(1)-
Cu(3a)) with an average Lande factor of g = 2.45. The positive J values verify the presence
of a triplet ground state. The monomer (with spin = }2) is a doublet with g' = 2.07. The red
solid line in the low temperature range marked in the inset box in Figure 4.9 above,
corresponds to the consideration of only the two non-interacting triplets plus an isolated spin
doublet. This does not account however for the experimentally observed low Temperature
anti-ferromagnetism. The addition of a Weiss parameter'' of © = —0.19 K accounts for this
decrease, a result of long-range weak antiferromagnetic intermolecular interactions through

the axial carbonate groups. The equation for the overall ¢, T value obtained is:

Am T = % (Xdimer) i % (Xdimer), ¥ (Xmonomer) X Tz/(T g 9)
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The fit is excellent with R = 3.0 x 10°. The two non-interacting triplets co-existing in
complex (11) allow a correlation between structural and magnetic features to be attempted. A
seminal work in this area, published by Hodgson and Hatfield,'> noted that an examination of
the relevant structural and magnetic data for a series of hydroxo-bridged copper(Il) dimer
complexes, revealed a monotonic decrease in the value of J as the value of the Cu-O-Cu
angle ¢ increased. Since the principal path for the magnetic interaction is through the
bridging hydroxy ligands the trend is explained in terms of super-exchange. If the orbitals
used by the bridging oxygen atoms are pure p orbitals, the bond angle is expected to be 90°
and the ground state is predicted to be a triplet. (i.e. J > 0). If the orbitals are purely s, the
ground state is predicted to be a singlet (i.e. J < 0). Hence, since an increased value of the
bridging angle implies greater s character in the bridging orbitals, a decrease in J values is
expected as the bridging angle increases from 90°. In the case of complex (11) this exact
trend is observed. For the exchange coupling between Cu(1)-O(1)-Cu(la) a J value of 154
cm’ is observed. The second J value for Cu(3)-O(1)-Cu(3a) is 135 cm™, a drop of 19 cm™.
This decrease coincides with an increased bridging angle for Cu(3)-O(1)-Cu(3a) of 6 = 96.5°
compared to the bridging angle for Cu(1)-O(1)-Cu(la) of 6 = 94.6°. While this correlation
between structural and magnetic features is of great significance it should be noted that such
large positive .J values are known to only limited precision since the Van Vleck equation'® for
exchange-coupled pairs of copper(Il) ions is extremely insensitive to variations in large
positive J values. It is virtually impossible to distinguish between J values as disparate as

+100 and +200 cm™ on the basis of low temperature susceptibility measurements.
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4.5. Hydrothermal synthesis and Characterisation of the
dinuclear copper(II) complex

{[(bipy)2Cuz(p-OH)(HPO4)(H20)].4H:0}: (12)

During the course of our investigations into the coordination and magneto-chemistry of
Cu(II) phosphate complexes it was decided to see what effect hydrothermal conditions would
have on any final product. The reaction conditions utilized in the synthesis of complex (2),
namely the tetranuclear hydroxy-bridged Cu(Il) complex containing the [(bipy)s(Cu)s(p-
PO4)>(n-OH)(H,0),] core, were repeated except now under high temperature and pressure.
The effect this change had on the identity of the final product was profound and warrants
discussion here. The title complex (12) was prepared hydrothermally by reacting a mixture
containing Cu(OH),, 2,2'-bipyridine and ammonium hydrogen phosphate in 15 mls of
degassed water. The suspension was further degassed over 40 minutes under argon and then
added to a Teflon bomb insert that had previously been flushed with argon. The insert was
then sealed and placed in a temperature programmable oven at 180°C over 6 hours. On
removal from the bomb a deep royal blue solution containing slight traces of un-reacted
starting material was observed. The filtrate was allowed to stand (in air) over the course of

two weeks and large blue block crystals formed.

2 CH(OH)Z + 2 Blpy + 1 (NH4)2HPO4

Ar, A, H,0
Bomb

{{(bipy),Cuzx(n-OH),(HPO4)(H,0)].4H;0};  (12)

Scheme 4.3. Direct preparation of the dinuclear species (12).
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Infrared analysis of the crystals indicated the presence of both 2,2'-bipyridine and a
phosphate species. The presence of hydroxide in the complex could not be ascertained due to
the broad aquo peak at 3396 cm™. No carbonate peaks were observed in (12). A d-d spectrum
of an aqueous solution of (12) revealed a broad featureless band at 667 nm, characteristic of a

square-pyramidal geometry about the copper(Il) ions.

4 6. Structural characterisation of

{[(bipy)2Cuz(n-OH)2(HPO.)(H:0)].4H.0}. (12)

A representative dark blue block crystal was used for the data collection from which the
molecular structure was determined. The molecule is monoclinic with space group P2(1)/c.
The overall molecular geometry of the dinuclear complex again consists of the classical di-p-
hydroxy-bis[bipyridyl copper(II)] species, ligated axially by HPO,* at Cu(1) and by H,O at

Cu(2) in a trans configuration.

Fig. 4.10. Molecular structure of {[Cuz(bipy):(i-OH)2(HPO4)(H-0)].4H:0} (12), looking
along the xy plane. Waters of crystallization omitted for clarity. The proton from the

HPO4?~ group could not be directly located but is inferred from charge considerations.

120



The Cu(1)-Cu(2) separation is 2.906 A with a Cu(1)-O(1)-Cu(2) bridging angle of 95.44°.
Both values fall within the range found for similarly coordinated di-p-hydroxo-copper(Il)
dimers.'* Square pyramidal geometry about the copper atoms is furnished by two nitrogen
donors from the coordinated bipyridyl ligand and two oxygen atoms from the bridging
hydroxy groups, forming the N,O, basal plane, and axially by oxygen from either the HPO4*
group (to Cu(l)) or water (to Cu(2)). Cu(l) experiences a slightly more pronounced
distortion than does Cu(2) with Cu(1) displaced 0.0724 A towards the apical oxygen atom
from the mean basal plane. Cu(2) in comparison is displaced 0.06 A from the mean plane of
its basal atoms. This deviation is a reflection of the difference in apically bound ligands, with
the HPO4> group causing a greater deviation than does the coordinated, neutral water. The
complex has an average Cu-OH distance ~1.95 A with a separation of 2.846 A between the
two hydroxyl oxygens. These values agree well with the average Cu-OH distance of ~1.96 A

and OH-OH distance ~2.65 A found in other similar copper(II) dimers."

Table 4.3. Selected bond distances (A) and angles (°) for (12).

Cu(1)-Cu(2) 2.906(5) Cu(1)-0(1)-Cu(2) 95.44(5)
Cu(1)-N(1a) 2.029(2) Cu(1)-0(2)-Cu(2) 96.53(5)
Cu(1)-N(12a) 1.997(2) 0O(11)-Cu(1)-0(1) 97.33(8)
Cu(1)-0(1) 1.962(2) N(1a)-Cu(1)-N(12a) 80.03(8)
Cu(1)-0(11) 2.191(2)
Cu(2)-N(1b) 2.005(2) N(1b)-Cu(2)-N(12b) 80.93(8)
Cu(2)-N(12b) 2.016(2) O(1w)-Cu(2)-0(1) 95.91(8)
Cu(2)-0(1) 1.965(2)
Cu(2)-0(2) 1.936(2)
Cu(2)-0(1w) 2.205(2)

Estimated standard deviations are given in the parenthesis
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The hydrogen phosphate group exhibits near ideal tetrahedral geometry with only slight
deviations from 109.5° observed. [e.g. O(11)-P(1)-O(14) 109.37 A, O(12)-P(1)-O(13) 109.55
A]. Phosphorous- oxygen bonds are in the range 1.46 to 1.91 A. Within the crystal there is an
extensive interleafing of the bipyridine rings, producing 2-D layers through n-m interactions

(See Figure 4.11).

Fig 4.11. Packing diagrams showing (i) an alternating interleafing of the 2,2'-bipyridine
ligands and (ii) extensive H-bonding between the apically bound hydrogen-phosphate
moieties, bridging OH and bound water molecules. Average bpy-bpy distance is ~3.4 A.

Waters of crystallization omitted for clarity.

The formation of m-stacks in (12) is not the only supramolecular interactions in which the
bipy ligand is involved. H-bonding between peripheral bipy-hydrogens and an apically bound
phosphate from the adjacent layer, serve to bridge together the sheets formed by complex
(12). There is now also a distinct hydrophilic region existing within the molecule and it is
within this region that the lattice water molecules reside. An extensive water array forms

from H-bonding not only between the water molecules and the apical phosphate groups but
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also between the water molecules and the bridging hydroxide groups. H-bonds of the type O-
H---Ow, P-O---Hw, and Hw---Ow serve to form a 3-D network as illustrated by Figure 4.12.

“ur X" 020
Oldwa) )
. ,D-JOlSwol

, 013wa)

0(2wa) i)

Fig 4.12. Packing diagram showing H-bonds between bound hydroxy and phosphate groups
and lattice water molecules. An infinite array of H-bonding also exists between the lattice
waters. 2,2'-bipyridine ligands omitted for clarity, but would project above and below this

sheet.

The lattice water molecules also serve to maintain an effective interchain intermolecular
distance (Cu(1)-Cu(la) 10.913 A). Removal of this loosely bound lattice water has been
shown previously by ourselves'® and others'’ to have potential effects on not only the

resulting structure but also the magnetic behaviour of the system.
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Weight

(mgs)

4.6.1. Thermal Gravimetric Analysis (TGA) of (12).

Thermal gravimetric analysis carried out on a sample of {[(bipy)Cuy(u-
OH),(HPO,4)(H,0)].4H,0 showed a two stage decomposition with two stable intermediates
(13) and (14). The first step occurs between 25° and ~78° and corresponds to the loss of the
four non-coordinated lattice water molecules generating (13). The second step, between ~79°

and ~120°, is due to the loss of the coordinated water molecule giving (14) (Figure 4.13).

12

Fig 4.13. TGA curve for complex (12).

This results in three distinct phases of varied degree of hydration.

4.6.2. Magnetic properties of [(bipy)2Cuz(i-OH)2(HPO4)(H20)].4H.0 (12)
and [(bipy)-Cu2(LOH)(HPO.)] (14).

While three phases of different degrees of hydration were indicated by thermal analysis,
variable temperature magnetic susceptibility measurements (300-1.9K) were only carried out

on the completely hydrated phase (all 5 water molecules, (12)) and the completely
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dehydrated phase [(bipy),Cux(n-OH),(HPO4)] (14). The exchange coupling constants were

evaluated by calculating the energy difference between the singlet (S) and triplet (T) states

using the dimer law H = -2JS,S,.

1. Hydrated Phase (12); Under an applied magnetic field H = 50G, the hydrated phase
{[Cuy(bipy)2(n-OH),(HPO4)(H,0)].4H,O (12) shows intramolecular ferromagnetic
coupling through the di-p-hydroxo bridge, as predicted by the reduced values of the
Cu(1)-O(x)-Cu(2) angles in (12) of x = 1, 95.44° and x = 2 ,96.53°."®
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Fig 4.14. Plot of xmT cm’mol 'K against T (K) for (12). Calculated fit is shown by the solid
line and is obtained with J = +184cm™, g=2.12, 0 = + 0.38°, D=28cm’ and R = 8 x
10°¢.

There also exists an intermolecular ferromagnetic interaction between dimers in (12) as in-
dicated by the positive Weiss constant (8) of +0.38. Finally zero-field splitting (D = 2.8 cm™)

occurs in (12) at very low temperatures, which forces the ¥, T product to vanish.
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2. Anhydrous phase (14); The magnetic coupling exhibited by the anhydrous phase (14)
is shown in Fig 4.15. Again strong intramolecular ferromagnetic exchange (J = 197
em™) occurs through the di-p-hydroxo bridge of the Cu(Il) dimer but now the
interdimer interaction is slightly antiferromagnetic (0 = -0.06°). As in the hydrated

phase, zero-field splitting forces the x,T product to vanish at very low temperatures.

dehydrated

AmT

0 50 100 150 200 250

Fig 4.15. Plot of xmT cm’mol 'K against T (K) for (14). Calculated fit is shown by the solid
line and is obtained with J = +197cm™, g= 2.11, 06 = - 0.06°, D=1.6 cm’ and R = 7 x
10

The values of J obtained for (12) and (14) are larger than any reported previously in the
literature for this particular family of complexes. The complex [Cu(bipy)OH],(NO3), with a
bridging angle of 95.5° is one of the highest previously reported for this group of complexes
with a J value of +172 cm™." The slightly smaller bridging angles found in (12) of 95.44°,
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through Cu(1)-O(1)-Cu(2) resulting in a value for J of 184 cm™, agrees with the correlation
of Hatfield and Hodgson, where for every change of one degree in bridging angle there
results a variation of ~ 74 cm™ in S-T separation (J).'? Since there is asymmetry in (12), it
should be noted here that an average Cu-OH-Cu angle (of 95.9°) was used, in an approach

validated by Ruiz et al.'®

Finally, magnetisation curves of the hydrated and anhydrous phases at 2K show the effect the
intermolecular interactions have on the complexes. The solid line in Figure 4.17 is the
theoretical curve for an S = 1 system without any intermolecular interactions. It can be seen
that the behaviour of the hydrated phase (12) is above this line, whereas that of the anhydrous

phase (14) is below it, in accord with 0 values of + 0.38 and — 0.06°, respectively.

2.0 A

o hydrated
o dehydrated
—_—s =1 (g=2.1)

¥ AREAM G

0 10 20 30 40 50
H / kG

Fig 4.16. Magnetisation M (BM) against Field H (kG).

This occurs for the hydrated phase (12) because of ferromagnetic intermolecular interactions

and for the anhydrous phase (14) because of slight anti-ferromagnetic intermolecular inter-
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actions. These intermolecular interactions are most probably through the apically bound
HPO,*> group. This interaction would be expected to be weak as it interacts with d,” orbital of
Cu(Il). The change from ferromagnetic to antiferromagnetic coupling on dehydration is
likely a result of slight variations in bridging angles and Cu-Cu inter-dimer distances through

the hydrogen-phosphate moiety.

Conclusion

A dinuclear copper(Il) complex (10) was synthesised containing both bridging and apical
dihydrogen-arsenate groups. The system utilises a network of n-n and H-bonding interactions
and displays weak antiferromagnetic exchange coupling through the ~ tetrahedral H,AsO4
bridges. In an effort to generate completely deprotonated inorganic arsenate (AsO,>), the pH
was increased from 11 to 14. This had the effect of completely removing arsenate, of any
form, from the complex recovered (11). Now an alternating carbonate/hydroxy bridged
copper(Il) polymeric species was obtained. Magnetically the complex exists as an isolated
spin doublet with two non-interacting spin triplets returning overall ferromagnetic behaviour.
The synthesis of a similar hydroxy-bridged copper(Il) complex (12), and it’s anhydrous
analogue (14), incorporating pendant protonated phosphate was achieved by hydrothermal
synthesis and controlled dehydration respectively. The complex exhibits the strongest
ferromagnetic exchange coupling yet seen in this family of di-pu-hydroxy copper(Il)
complexes and exhibits varied intermolecular interactions depending on degree of hydration.

A common theme throughout is the role played by supramolecular interactions in the overall
structure, stability and dimensionality of each system and the ability of oxo-anions to act as

both facilitators of magnetic super-exchange and as potent H-bond donor-acceptors.
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Chapter Five

The Preparation, Characterisation and Thermal
analysis of [Cu(phen):(C0O3).11H,0] (15) and
[Cu(phen)z(CO_a,) s 7Hzo] (1 6) "



Introduction

One of the most important acid-base systems in water is that of carbonate.' The chemical
species that make up this system, namely CO; (aq), carbonic acid H,COs, bicarbonate
HCO;™ and carbonate COs>, comprise one of the major acid-conjugate base systems in
water. The coordination ability of the carbonate anion (COs™) has been widely
investigated over the past number of decades.” Considerable attention has been devoted to
the carbonate ligand as a structural unit in the preparation of ordered polymetallic
complexes in the context of low dimensional electronic and magnetic systems.” The use
of potent species well documented in their ability to fix carbon dioxide has also generated
much current interest due to its environmental implications. The presence of carbon
dioxide in the atmosphere, hydrosphere, geosphere and biosphere is well known* and over
the years much effort has been made in the search for compounds that can act as a CO,
catcher i.e. insertion of atmospheric CO, into coordination compounds. As a naturally
occurring ligand carbonate is quite fascinating exhibiting both monodentate, bidentate and
even tridentate characteristics.” The ability of synthetic compounds to essentially mimic
this process of atmospheric CO; capture, as carbon dioxide, carbonate COs> or oxalate
C,047, has as mentioned environmental application and this has been realised outside of
the obvious scientific community. In 1999, a conference attended by world leaders began
negotiating a new global treaty that would lead to the reduction of greenhouse gas
emissions to less hazardous levels. The fixation of carbon dioxide by transition metal
complexes has been expressly cited as a means to develop a global process. We have
however, quite frequently observed this fixation process in the course of our work on
polynuclear Cu(Il) complexes and so we undertook to investigate the process further
using a more facile approach based around copper(Il) hydroxide. A simple system based
on readily accessible cheap materials that is a highly effective chemical method for CO,
elimination would be highly desirable and there have been numerous studies that have
demonstrated the efficiency of simple metal hydroxides for hydrating carbon dioxide.®

Metal (Zinc) hydroxides have also been implicated in carbonic anhydrase hydration of
CO,.’
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5.1 Preparation and Characterisation of the mononuclear

copper(II) complex: {[Cu(phen):(CO3)].11H20}. (15)

An aqueous suspension of copper(Il) hydroxide (Cu(OH),) was reacted with the chelating
ligand 1,10-phenathroline, followed by addition of either tetrasodium pyrophosphate or
sodium hydrogen arsenate in the overall molar ratio of 2:2:1. A deep blue solution results
and after a period of two weeks block shaped deep-royal blue crystals are obtained by

slow evaporation.

2 Cu(OH), + 2 Phen + 1%(L)

Air | H,0

{[Cu(phen);(CO3).11H,0} + L + “ Cu**”

sL = Na4P,0; or Na,HAsO,

Scheme 5.1. Direct preparation of the mononuclear species (15).

The infrared spectrum of (15) indicated that there was no oxo-anion present for either
reaction using arsenate of pyrophosphate. Instead two sharp absorption bands at 1474 cm”
"'and 1383 cm™' were observed, which were consistent with the presence of carbonate,®
which presumably arises from the fixation of dissolved carbon dioxide within the aqueous
solution or already absorbed by exposed copper hydroxide used as starting material. The
basic medium (reaction pH is recorded as 12.2) enhances nucleophilic attack of the
Cu(OH), on the electrophilic carbon of CO,, which is then followed by water
dissociation. Such a reaction is not, as mentioned, without precedent in the literature for
copper as well as other transition metals,” and indeed has been reported previously in this
report. The remainder of the infrared spectrum is dominated by absorption bands from the
phenanthroline ligands (1655, 1517, 783 cm™). It was noted that the originally blue KBr
disk used to carry out the infrared experiment was now green on removal from the

spectrometer.
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The d-d spectrum of an aqueous solution of (15) exhibits a very broad and featureless
band centred at 670 nm, which is consistent with the presence of a distorted square-
pyramidal nature about the Cu(Il) chromophore. Electrospray mass spectroscopy of an
aqueous solution of (15) showed one set of peaks indicative of [Cu(phen)2]2+. This is as is
expected, from literature precedent for complexes of the type [M(L)xCOs] as it has been
shown that COs;> may decompose on introduction into a mass spectrometer with
evolution of gaseous CO,'® or with formation of H,COs. Single crystal X-ray diffraction
confirmed the presence of carbonate (and absence of oxo-anion) with the structure being,
{[Cu(phen)>(CO3).11H,0) (15).

5.2 Description of the molecular structure of the copper(II)
complex {[Cu(phen)2(C0O3)].11H,0}: (15)

The complex is obtained by reaction of stoichiometric amounts of copper(Il) hydroxide
with 1,10'-phenathroline and either sodium hydrogen arsenate or tetrasodium
pyrophosphate. In both cases, a deep royal blue solution is returned. Royal-blue block
shaped crystals were obtained from this aqueous solution and used for a single crystal X-
ray diffraction study. Dr. M. Nieuwenhuyzen of the Queens University, Belfast,
performed the data collection and structural refinement. Complex (15) is depicted in

Figure 5.1, showing the atomic numbering scheme used.

Figure 5.1. Crystal structure of {[Cu(phen),(CO;)].11H,0} (15). Hydrogen atoms and

waters of crystallisation omitted for clarity.
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The molecule crystallises in space group P1. The crystal is unstable through solvent loss
upon removal from the mother liquor, so data collection was carried out at low
temperature. The structure is of relatively high precision with R = 6.25%. The molecular
geometry of the complex consists of one square pyramidally disposed copper(Il) atom,
coordinated by two phenanthroline ligands and mono-dentate carbonate. Table 5.1

contains pertinent bonds and angles for (15).

Table 5.1. Selected bond distances (A) and angles (°) for (15).

Cu(1)-0(13) 1.968(3) O(13)-Cu(1)-N(12a) 94.2(1)
Cu(1)-N(1a) 2.005(4) N(1b)-Cu(1)-N(12a) 101.0(1)
Cu(1)-N(12a) 2.251(3) N(1a)-Cu(1)-N(12a) 78.9(1)
Cu(1)-N(1b) 2.002(3) N(1a)-Cu(1)-N(1b) 173.5(1)
Cu(1)-N(12b) 2.038(3) O(13)-Cu(1)-N(1a) 94.3(1)
Cu(1)-0(12) 2.516(3) C(1)-0(13) 1.308(4)
C(1)-0(12) 1.280(5) C(1)-0(11) 1.266(6)

Estimated standard deviations are given in the parenthesis.

Coordination around Cu(1) is furnished by four phenanthroline nitrogen donors, namely
N(la), N(12a) and N(1b), N(12b). Three of these nitrogen atoms, namely N(1a), N(1b)
and N(12b) along with carbonate-oxygen O(13) form the basal plane of the complex, with
phenanthroline nitrogen N(12a) occupying the apical position. This axial bond length is
significantly longer than the equatorial bond lengths within (15). This axial elongation is
a common feature of copper(Il) complexes as a result of Jahn-Teller distortion. N(12b) is
also longer than N(1a) and N(1b) because of it’s position trans to O(13). The copper
centre sits 0.0375 A above the basal plane toward the apical nitrogen. This distortion
probably results from the restricted bite angle of the phenanthroline ligands. The phen
ligands themselves do not show any significant deviations from the mean planes with
average carbon-carbon and carbon—nitrogen bond lengths close to those reported for
uncoordinated 1,10-phenathroline.'’ The two planar ligands are also fixed approximately
90° with respect to one another. This produces a 1D chain made up of n-n ‘face-to-face’

stacking and ‘edge-to-face (T-bonding) interactions along the x-axis (Fig 5.2). These 1-D
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chains are linked into 2-dimensions through further n-n stacking interactions along the z-

axis.

() (i)

edge-to-face

3 \%o " face-to-face
Z i

Figure 5.2. The 2-dimensional structure of (15) (i) and it's schematic representation
(ii). Note the complex packs as a series of ‘pairs’ with the carbonate moieties in an ant/
configuration within those 'pairs’. The ‘edge-to-face' and ‘face-to-face' stacking of
phenanthroline ligands are indicated, as is the H-bonding between carbonate-oxygens

and phen-hydrogens. Waters of crystallisation are omitted for clarity.

The 11 waters of crystallisation are orientationally disordered and concentrated about the
carbonate moieties. There is a 3-D network of oxygen contacts (from the water and
carbonate) within (15) (Fig 5.3). There is also disorder evident in the water molecules

indicating that they are ‘free’ to move within the lattice.
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Figure 5.3. 3-D network formed between water molecules and carbonate groups. Note

the presence of disordered water molecules (Marked as bonds between oxygen atoms).

During analysis of the blue crystals of (15) it was observed that upon removal from their
mother liquor and when allowed to equilibrate with the atmosphere, they underwent a
solid-state transition. The relatively large, block royal, blue crystals began almost
immediately to fracture and change colour. Within approximately one minute, a green
crystalline phase was recovered (16). This green phase was stable and infrared analysis
showed a virtually identical spectrum to that of the blue crystals (15). The relatively small
splitting of the degenerate vibrations obtained for both (15) and (16) in the infra-red
(1474 cm™ and 1383 cm™) is in fact indicative of mono-dentate carbonate coordination.'?
Elemental analysis indicated that the structure was now {[(Cu(phen)(CO3)].7H,0}, i.e.
there had been a loss of four water molecules. Remarkably, this new phase still displayed
X-ray diffraction. A structural determination of the daughter crystal® (16) indicated
retention of an essentially iso-structural mononuclear copper(Il) unit compared with (15)
with only the loss of four lattice water molecules, i.e. {[(Cu(phen)>(CO3)].7H>O (16)
(Figure 5.4).
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012 013

Figure 5.4. Crystal structure of {[Cu(phen),(CO;)].7H,O} (16). Hydrogen atoms and

water of crystallisation omitted for clarity.

Both phenanthroline ligands chelate in a bidentate fashion to the metal centre, at 90° with
respect to one another. The carbonate group is again bound in a mono-dentate mode,
although the ‘non-coordinated’ oxygen, O(12), is now somewhat closer (2.432 vs 2.516
A). Secondary interactions are evident between O(12) and Cu(l) generating a square-

pyramidal, (possibly pseudo-octahedral) copper(II) centre.

Table 5.2. Selected bond distances (A) and angles (°) for (16).

Cu(1)-0(12) 2.432(9) O(11)-Cu(1)-N(12a) 88.8(3)
Cu(1)-0(11) 1.975(7) N(1b)-Cu(1)-N(12a) 95.4(3)
Cu(1)-N(12a) 2.240(9) N(1a)-Cu(1)-N(12a) 78.9(3)
Cu(1)-N(1b) 2.009(8) N(1a)-Cu(1)-N(1b) 171.1(3)
Cu(1)-N(12b) 2.034(8) O(11)-Cu(1)-N(1a) 94.5(3)
C(1)-0(12)-Cu(1) 84.9(7) O(11)-¢(1)-0(12) 114.0(1)
Cu(1)-N(1a) 2.002(8) C(1)-0(13) 1.240(1)

Estimated standard deviations are given in the parenthesis.
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What was immediately evident was that a major transition had taken place between (15)
and (16). The first obvious difference is the way in which the pack throughout the crystal

with the complex ‘pairs’ now changed considerably, as demonstrated by (Figure 5.5).

0]

Figure 5.5. (i) Schematic and (ii) crystal structure images showing rearrangement of
the central core 'pairing’ in complexes (15) and (16). Waters of crystallisation and

phenanthroline-hydrogens omitted for clarity.

The carbonate groups in (16) are now on the same side of the pair, although facing in
opposite directions (Essentially they have switched from anti in (15) to syn in (16)).
Complex (16) is now also 3-dimensional with each dimension clearly shown in the
following figure. Note also that where there were two ‘edge-to-face’ interactions in (15),

there is now only one such T-bonding interaction in (16).

138



Fig 5.6. 1-D linear chain within (16). The chain resides in the yz plane and packs along

the x-axis.

The second dimension is generated by a series of n-n stacking interactions running along

the z-axis forming a linear sheet of ‘I’ units.

(i) (ii)

Figure 5.7. Crystal structure image (i) (and Schematic (ii)) indicating the second

dimension in (16). Water of crystallisation and phen hydrogens are omitted for clarity.
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Finally, the third dimension is generated as a result of the ABABAB =n-nt stacking

arrangements of the ‘I’ units of (16).

Fig 5.8. (i) 3-D sheet formed by joining of the 2-D sheets through n-n stacking
interactions (Noted in the schematic (ii) by blue dotted lines). Waters of crystallisation

and phenanthroline hydrogens are omitted for clarity.
As in (15), there is a 3-D network of oxygen contacts between water and carbonate in

(16), as shown in figure 5.9. The carbonate group serves to join the 2-D water ‘columns’

together, thus generating an overall 3-dimensional array.
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Fig 5.9. Array of oxygen contacts in (16). As in (15), the water is concentrated about
the carbonate moieties and there are distinct hydrophilic/hydrophobic regions. The

‘channels’ are occupied by phenanthroline ligands, which have been omitted for clarity.

Further comparisons revealed substantial differences in the unit cell dimensions between
(15) and (16). The y-axes has now doubled in length, a result of the greater
dimensionality now present in (16) (Table 5.3), which is reflected by the higher symmetry
space group of P2(1)/c for (16) compared with P1 for (15).

Mother (15) | Daughter (16) | Mother (15) | Daughter (16)
(A (A *) *)

10.87 9.86 77.73 90.00

11.59 26.15 77.63 105.95

13.39 10.47 70.03 90.00
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Table 5.3. Comparison of unit cell parameters between complexes (15) and (16).




@®

@)

@iii)

Fig 5.10. Photographic images of the transformation from (15) to (16). Note in (ii)
initial loss of translucence and appearance of fracture planes before (iii) complete
colour change and fragmentation (For entire process see video on CD attached to this

Thesis).
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Following this second data collection, the same green crystal was re-immersed in water
returning a blue solution. Uv-vis of this solution returned a broad peak at 670 nm as was
observed for the original blue solution that had returned crystals of (15). Re-dissolving
large amounts of the green crystals in water and allowing the resulting blue solution to
evaporate over time yielded blue crystals of (15), confirmed by single crystal X-ray
analysis. Room temperature magnetic moment obtained for complexes (15) and (16)
returned values of 1.91 and 1.93 BM, which is consistent with a copper(Il) monomer with

a distorted pseudo-octahedral environment.

5.2.1. Thermal analysis of (15) and (16).

The obvious structural difference between the two complexes (15) and (16) is the number
of lattice water molecules. This begs the question of whether the lattice water molecules
are lost or whether, on rearrangement from 2-dimensions into 3-dimensions, the unit cell
only incorporates seven water molecules. Due to the inherent loss of entropy in going
from 2-dimensions into three we postulated that it was the former, i.e. water loss, as this
is favoured entropically. Differential scanning calorimetry (DSC) was carried out on a

crystalline sample of (15) from 25° to 100° (Figure 5.11).

dQ | \
/dt , \

oG
Fig 5.11. DSC curve for (15) showing the endothermic deviation from the baseline due

to the vaporization of water from the sample forming complex (16).'*

143



The peaks involve the absorption of more power by the sample compared with the
reference, indicating endothermic events. These are assigned to the loss of the four lattice
water molecules.

Thermo-gravimetric analysis (TGA) was also carried out on a sample of (16) from 25° to

a73%

12

10.5 -

(mgs) | 7.5 1

25 125 225 325 425

Fig 5.12. TGA curve for (16).

The curve is characteristic of multi-stage decomposition with no stable intermediates
formed. The estimated weight loss within the range 25° to ~105° was 22.2%
corresponding to the loss of the seven lattice water molecules, with the carbonate and
phenanthroline ligands then lost gradually at temperatures over 105°. A black solid is

returned at the end of the experiment.

5.2.2. Effect of pH on the formation of (15) and (16).

A series of experiments were carried to understand why and when the complex behaved
as it does in undergoing the 2-D to 3-D transition. Using a pH meter accurate to two
decimal places and triply distilled water (pH 7.78), the pH of each reaction was measured.
Firstly it was found that on direct reaction of Cu(OH), with 1,10'-phenathroline that a
blue solution was returned. The pH of this solution was 8.68. On evaporation, green
crystals were returned, which on analysis were shown to be complex (16). At no point

were blue crystals recovered from this direct preparation. The reaction between Cu(OH),,
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1,10"-phenathroline and tetra-sodium pyrophosphate was repeated with crystals of (15)
recovered. These again underwent the phase change noted previously. The pH of this
solution was recorded as 12.20. Replacing the pyrophosphate with sodium hydrogen
arsenate returned the blue solution and then blue crystals of (15) (and from these the
green crystals of (16)). The pH was noted here as 11.23. Replacing the arsenate with
phosphate produced a blue solution, which returned, as shown previously in chapter 2, the
tetranuclear copper(Il) complex {[(phen)s(Cu)s(p-POs4)2(u-CO3)(H20),2].40H,0} (3). The

pH of this solution was 8.19. A summary of these results is given in Table 5.4.

PH of solution
phen + Formed:
(i) Phosphate 8.19 (3)
(ii) Pyrophosphate 12.16 (15)
(iii) Arsenate 11.23 (15)
(iv) No oxo-anion 12.82 (16)

Table 5.4. Table showing the exact pH produced by reaction of copper(II) hydroxide
with 1,10'-phen either with or without the presence of a particular group 15 oxo-

anion.

From Table 5.4 it can be seen that the highly unstable (15) is returned only in a pH
window of ~ 11- 12.5. The arsenate and pyrophosphate are acting as buffers stabilizing
formation of (15), which is essentially the kinetically labile metastable intermediate of the
more thermodynamically stable (16). This is supported by the fact that the blue crystals of
(15), over a period of ~ four weeks, eventually become (16) even if left undisturbed in the
solution from which they grow. The solution itself becomes a green colour over a greater

period of time (months).
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Conclusion

A kinetically metastable complex (15), possessing a 2-D extended structure, is formed on
reaction of Cu(OH),, 1,10"-phenanthroline and particular group 15 oxo-anions. This
species readily converts into the thermodynamically stable product (16) through
concomitant loss of lattice water molecules. The phen ligands now pack to produce a 3-
dimensional complex with entropy loss compensated by loss of the four water molecules.
The trigger of the process is loss of water, evident by the fact that in solution the process
is much slower. The loss of water from between the layers in (15) is less likely to occur in
an aqueous environment. While crystal-crystal phase transitions are not unknown,"” they
are uncommon as solvent loss usually results in the formation of an amorphous phase and

typically, steps need to be taken to prevent this from occurring.
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Chapter Six

Materials and Methods.

Experimental.



6.1. Materials and methods.

6.1.1. Reagents.

All chemicals and solvents were of reagent grade and purchased from either Aldrich Chem.
Co. Ltd. or Fluka Chemika-Biochemica (United Kingdom) and used without further
purification. Copper(I) hydroxide was synthesised according to a literature procedure,' and
arsenic acid was generated from arsenic pentoxide by dissolution in water. Water used in

these experiments was triply distilled.

6.1.2. Elemental Analysis.

Elemental Analysis was carried out at University College, Dublin by Ms. Ann Connelly
using a Carlo Erba 1006 automatic analyser. Expected range C, H, N £ 0.4% and P +0.5.

Values are the average of two runs on the same sample.

6.1.3. Nuclear Magnetic Resonance.

N.M.R spectra were recorded on a Bruker DPX 400 machine operating at 400.14 MHz for
'H, 100.14 MHz for "*C and 162 MHz for *'P. Samples were run generally dissolved in
deuterated water (D,0) or deuterated chloroform (CDCls). Standard Abbreviations; s, singlet;
d, doublet; t, triplet, m, multiplet; br, broad; vbr, very broad.

6.1.4. Infrared Spectroscopy.

Infrared Spectra were recorded in the range 4000-600cm™ on a Perkin-Elmer 1600 series
FTIR or a Mattson Genesis II FTIR. Samples were run as 8mm diameter potassium bromide
pellets prepared under vacuum. The following abbreviations were used to describe the

intensities: vs,very strong ; s,strong ; m,medium; w,weak, sh,shoulder.
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6.1.5. Electrospray Mass Spectroscopy.

Electrospray mass spectroscopy was carried out on the Micromass LCT Electrospray mass
spectrometer. Samples were dissolved in triply distilled water at a concentration of ~2
ng/udm’. The spectra were obtained using a mobile phase of triply distilled water with a cone

voltage of S0V. Spectra are reported in the following manner; m/z and assignment.

6.1.6. Ultraviolet-Visible Spectroscopy.

UV-vis spectra were obtained on a Shimadzu UV-2401PC spectrophotometer. Spectra were
obtained typically as 10* M solutions. Reference and sample spectra were collected using
optically matched 1 cm cuvettes with corrected spectra produced by sample-reference
subtraction using the Shimadzu UVPC software program.’ Extinction coefficients are not
reported or are reported as estimates due to variable degrees of hydration found for some of

the complexes reported resulting in inaccurate absorption values.

6.1.7. Magnetic Measurements.

1. Room temperature magnetic measurements were measured using the Evans
modified Guoy method on a Sherwood Magnetic Susceptibility balance. The
susceptibilities of ligands and anions were calculated from Pascals’s constants. The
instrument was calibrated using HgCo(SCN)4. Spin-only contribution was assumed

for Cu(Il) and magnetic moments are reported per metal ion.

2. Variable temperature magnetic measurements were performed by Professor
Miguel Julve and Professor Francesc Lloret (Chemistry Department, University of
Valencia, Spain) on a Quantum design SQUID susceptometer in the temperature
range 1.9-300K with a an applied magnetic field of H= 50 G unless otherwise stated.
Crystalline samples (typically 40 mgs) were obtained directly from the reaction
mixture, air-dried and powdered in a mortar. In the case of complexes of (5), (6) and
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(14), which were prepared by thermal treatment, these were transferred directly from
the TG-DTA experiment to the susceptometer after being cooled under an inert
anhydrous atmosphere. Samples were enclosed in gelatin capsules that were
suspended at the middle of a plastic straw, which was rigidly fixed within the sample
rod, and lowered into the instrument. The chamber was then Helium purged. The
sample was centred between opposing faces of the magnet using computerised DC-

centring. Typical yuT value for an isolated Cu(II) spin doublet is 0.40 cm® mol™ K.

6.1.8. Thermal Gravimetric Analysis (TGA).

The thermal behaviour was studied by means of either a simultaneous TG-DTA 111 system
(Setaram, France) using an open aluminium crucible, crystalline sample weights of ca.10
mgs, a linear heating rate of 5°C min" and argon at 1 Lh™ as purge gas for all measurements
(Valencia, Spain) or on a Mettler TC 11 system (Trinity College, Dublin), again with open
aluminium crucible on samples weights of approximately 10 mgs and a heating rate of 10 °C

a minute open to air or under nitrogen.

6.1.9. Differential Scanning Calorimetry (DSC).

Differential scanning calorimetry was carried out on a Perkin-Elmer DSC-4 on crystalline
samples weighing ~3.5 mgs in both a closed and an open pan under nitrogen (Trinity
College, Dublin). Dr. Manuel Ruther is thanked for his assistance in the operation of this

nstrument.

6.1.10. X-ray Powder Diffraction.

X-ray powder diffraction was carried out on a Siemens D500 powder diffractometer in
Trinity College, Dublin. Samples were prepared by suspending the powder in acetone and
depositing the resulting suspension on an amorphous glass slide. The acetone was then

allowed to evaporate resulting in a fine layer of deposited sample. The experiment was run
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between 5 @ and 60 6 using Cu Ko radiation (1.54 A). The data was manipulated using the

Traces version 4, software package.

6.1.11. Single Crystal X-ray Diffraction.

X-ray crystal structure analysis was carried out by Dr. M. Nieuwenhuyzen at the Queen’s
University of Belfast or in the University of Canterbury, New Zealand on a Siemens P4 four
circle diffractometer using Mo-ka radiation or using a Bruker’ CCD SMART system. All
samples were transported in sealed sample tubes containing their mother liquors. The
structures were solved by direct methods due to Sheldrick® and refined by full-matrix least
squares on F? using SHELXL-97. All manipulations of the resulting crystal files (*.cif) were

carried out using XP> and Cerius™ software at Trinity College, Dublin.

6.1.12. Acid Digestion Bomb - Hydrothermal Synthesis.

Hydrothermal synthesis was carried out using a Parr Instrument Company Series 4760/4765
general purpose digestion Bomb employing a Teflon insert with a capacity 50 mls. (Figure
6.1). Maximum loading of the insert is dependant on reagents used but a maximum volume

of 23 mls is recommended.®

Fig 6.1. Photograph of the working components of the Bomb (Back Row) and the bomb as it
appears when sealed (Front row). The Teflon insert is second from the left in the back

row. AA Battery is used as scale.
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Standard reaction temperatures used were 120° or180° with a reaction time between 6 and
24hrs. Reactions could be ramped and the temperature controlled to 0.1° using the Carbolite
model PF200 oven.

6.2. Experimental.

The description of each experimental procedure follows the order and numbering scheme as

applied through the thesis. No distinction between chapters has been made.

{[(bipy)«Cus(p1-POs)2(1 - CO3)(H20)2] . 26H-0}. 1)

Copper hydroxide (1g; 10.2 mmol) was suspended in 100 mls of distilled water. To this was
added an aqueous suspension of 2,2'-bipyridine (1.59 g; 10.2 mmol), followed within five
minutes and on generation of a deep blue colour, by the addition of solid ammonium
hydrogenphosphate [(NH4);HPO4] (0.676 g; 5.12 mmol). A deep royal blue solution, with
traces of unreacted starting material developed and was stirred over 72 hours. After filtration,
crystals grew by slow evaporation at ambient temperatures. The crystals lost solvent rapidly
on removal from solution and hence it was necessary to conduct single-crystal X-ray data

collection at low temperature.

Found: C, 40.9; H, 4.7; N, 9.3; P, 4.6 %. Required for (1) C,41.2; H, 4.2; N, 8.9; P, 4.9 %.
IR (KBr): 3420(vs,br), 1654(m), 1599(m), 1561(m), 1444(w),1316(m),1253(w), 1103(sh)
1061(s) 1001(s) 772(m) cm™.

Hefr(295K) = 1.78 BM.

Ultraviolet-visible spectrum (H0): 687 nm.

{[(bipy)«Cus(11-PO4)2(1-OH)(H20)2] 2/35P04.15'/3H.0}.  (2)

All manipulations were performed under Argon.
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Cu(OH)z (0.5 g; 5.1 mmol) was suspended in 50 mls of degassed water. To this was added an
aqueous suspension of 2,2'-bipyridine (0.795 g, 5.1 mmol). Following the formation of a blue
solution, ammonium hydrogen phosphate (0.388g, 2.56mmol) was added and the resulting
royal blue solution was stirred over 24 hours. This was then filtered to remove traces of
starting material and the filtrate allowed to stand at ambient temperatures.

FEemnd=C. 34.2; H,4.5; N, 8.1.; P, 4.42 %. Required for (2) C, 33.71; H, 4.81; N, 7.68; P,
4.35 %. This result was the best obtained as the sample losses weight. The ratio of C : P
however was ~ constant at 7.73 : 1 for each sample analysed. Requires for (2) C: P 7.74 : 1.
IR (KBr): 3586(s, br), 3564(s), 1654(m), 1507(m), 1493(s), 1444(s), 253(w), 1166(br)
1109(sh), 998(w), 772(m) cm™".

Hefr(295K) = 1.84 B.M.

Ultraviolet-visible spectrum (H,0): 691 nm.
ESMS (H,0) : 533/535, [(bipy)sCua(u-POs)]*".

{[(phen)sCus(p-PO4)2(1.-CO3)(H20)2].40H-0}. 3)

Copper hydroxide (1 g;10.2 mmol) was suspended in 100 mls of distilled water. To this was
added an aqueous suspension of 1,10-phenanthroline (1.83 g; 10.2 mmol) followed, on
generation of a deep blue colour (~ five minutes), by the addition of solid ammonium
hydrogenphosphate (0.676 g; 5.12 mmol). A deep royal blue solution developed on vigorous
stirring over 48hours. After filtration, crystals grew by slow evaporation of solvent at
ambient temperature.

This procedure was used, with the relevant mole changes, for the series of stoichiometric

experiments described in Chapter 2 for complex (3).

Found: C, 32.31; H,6.40 ; N, 6.28 ; P, 3.4 %. Required for (3) C, 31.8; H, 6.37; N, 6.70 ; P,
3.96:%.

IR (KBr): 3450(br), 1640(m), 1592(m), 1520(m), 1450(m), 1333(w),1060(sh),1010(w),
724(s), 685(w) cm™.

Ultraviolet-visible spectrum (H,0): 685 nm.

Hefr(295K) = 1.79 B.M.
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{[Cu(bipy)(H20))2(1-P207)}.7H.O0.  (4)

An aqueous suspension of copper hydroxide (0.5 g; 0.51 mmol) was treated with solid 2-2'-
bipyridine (0.79 g; 0.51 mmol) under vigorous stirring at room temperature. After
approximately 20 minutes a clear royal blue solution resulted. Tetra-sodium pyrophosphate
(0.34 g; 0.255 mmol) was then added directly and the mixture allowed stir for 12 hours,
resulting in a clear royal blue solution. Deep blue, parallelepiped shaped crystals, were

obtained by slow evaporation over several days.

Found C, 30.80; H, 4.43; N, 7.20 %. Required for (4) C, 30.90; H, 4.42; N, 7.22 %.

IR (KBr): 3378(vs), 3209(vs), 1655(w), 1601.4(m), 1472(w), 1446(m), 1158(s), 1108 (s),
1092(s), 1053(s), 1026(s), 871(m), 783(m), 593(s) cm™".

Ultraviolet-visible spectrum (H,O): 657 nm (1124 dm’mol'cm™).

Hefr(295K)=1.93 B.M.

[Cu(bipy)(H20))2(11-P207)]. (3)

Complex (5) was obtained from thermal analysis experiments at a temperature of 65° or by
heating a sample of (4) for 1 hour at 65°.

IR of a sample cooled under inert atmosphere (KBr pellet): 3470(vs), 1654(w), 1600(m),
1469(w), 1444(m), 1211(s), 1168(s), 1093(s), 1055(w), 1022(m), 868(m), 792(w), 590 cm".
Precise analytical data was not obtained for this complex because it rehydrates on exposure

to the atmosphere.

[Cu(bipy)l2(1-P207)].  (6)

Complex (6) was obtained from thermal analysis experiments at a temperature of 120° or by
heating a sample of (4) for 1 hour at 120°.
Found C, 36.96; H, 2.95; N, 8.76 %. Required for (6) C, 36.99; H, 3.10; N, 8.63 %.
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IR (KBr) of the sample cooled under inert atmosphere: 3399(vs), 1650(sh), 1601(m),
1446(m), 1163(w), 1160(w), 1157(w), 1085(s), 1055(w), 1030(m), 871(m), 768(m), 590(m)

cm™.

{[Cu(bipy)}(H20)(NazP-07).10H.0}. (7)

An aqueous suspension of copper hydroxide (0.5 g; 0.51 mmol) was treated with solid 2-2'-
bipyridine (0.79 g; 0.51 mmol) under vigorous stirring at room temperature. A clear royal
blue solution resulted after approximately 15 minutes. Tetra-sodium pyrophosphate (0.68 g;
0.51 mmol) was added directly and the mixture allowed to stir for 4 hours. The royal blue
solution that resulted was filtered and the filtrate allowed to stand over several days under

ambient conditions. Deep blue crystalline needles were obtained.

Found C, 18.60; H, 4.59; N, 4.38 %. Required for (7) C, 18.83; H, 4.74; N, 4.39 %.

IR (KBr); 3424(br), 1654(m), 1608(m), 1570(m), 1449(m), 1184(sh), 1112(br), 1022(sh),
769(w).

Ultraviolet-visible spectrum (H20): 663 nm (560 dm’mol'cm™).

Hefr(295K)=1.92 B.M.

ESMS: 433/435 m/z, (M" - Na)

{{Zn(bipy))s(1-P207)2(H20):].7H;0}. (8)

Zinc perchlorate hexahydrate (0.477 g; 1.28 mmol) was dissolved in 50 mls of distilled
water. To this was added of 2,2'-bipyridine (0.20 g; 1.28 mmol), resulting in a clear solution.
Solid tetrasodium pyrophosphate (0.170 g; 0.64 mmol) was then added and after
approximately two minutes, a white precipitate was observed. This was collected and dried
under vacuum. The white precipitate was re-dissolved by increasing the pH of an aqueous
suspension from 7.5 to 9 (0.5 M NaOH). The resultant colourless solution was allowed to

stand at ambient temperatures resulting in the formation of white crystalline needles.
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Found; Average Carbon to Nitrogen ratio, 4.28 : 1. Required Carbon to Nitrogen ratio for (8)
428 : 1.

'H N.M.R: (D20, 400MHz) : & 8.29 (1H, s, br, aromatic-H), 8.01 (2H, s, vbr, aromatic H)
and 7.35(1H, s, br, aromatic-H). *'P NMR (D,0, 162MHz): & -4.42 (uncoordinated
pyrophosphate) and — 26.6 (P(1) and P(2)).

IR (KBr); 3400(br), 1654(w), 1598(m), 1475(m), 1443(m), 1159(br), 1100(br), 1019(sh),
776(m).

{{(VO)(bipy)lz(1-P207).5H.0}. (&)

To an aqueous solution of vanadium sulphate (0.5 g; 2.5 mmol) was added an aqueous
suspension of 2,2'-bipyridine (0.392 g; 2.5 mmol), with stirring. The solution changed colour
from a deep blue to a dark green. Dropwise addition of 0.332g (1.25mmol) of tetrasodium
pyrophosphate precipitated, almost immediately, a lime-green solid, which was collected by
vacuum filtration and washed with water and diethyl ether. The powder was then dried in
vacuo. This procedure carried out using argon-degassed solutions and under an argon blanket

produced the same result.

Microanalysis returned two sets of results depending on whether the sample was run open to
the air or sealed. However, in both cases the carbon to phosphorous ratio was the same.
Found C : P, 3.9 : 1. Theoretical C : P ratio for (9) 3.87 : 1.

IR (KBr); 3435(br), 3086(br), 1658(w), 1600(m), 1157(br), 1093(br), 772(m).

[(bipy)Cu(H2AsO4)(11-H2A504)]-. (10)

All manipulations were performed under Argon.
Copper hydroxide (0.5 g; 5.12 mmol) was suspended in 200 mls of distilled, degassed water.
To this was added a degassed, aqueous suspension of 2,2'-bipyridine (0.79 g; 5.12 mmol). An

aqueous solution of sodium hydrogen arsenate (2.61 g; 10.24 mmol) was added resulting in a
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bright blue solution after 24 hours of vigorous stirring. Deep blue diamond shaped crystals

were obtained after several days.

Found: C, 23.88; H, 2.44; N, 5.66 %. Required for (10) C, 23.95; H, 2.41; N, 5.58 %.

IR (KBr) : 3396(vs), 1650(m), 1550(m), 1473(m), 1446, 1330(m),1176(w),1029(m), 854(s)
771 (s) em’™.

Ultraviolet-visible spectrum (H,0): 647 nm.

ESMS (H,0) : 501/503m/z, [M*].

{[(bipy)3Cus(-OH)z(11-€O3)2].11H-0},. (11)

Complex (11) was formed after the pH of a solution of complex (10) was increased from 11
to 14 following the addition of a 5% aqueous solution of NaOH. A concomitant slight purple
colouration was observed. Crystals were grown by slow evaporation of solvent at ambient

temperature.

Found: C, 47.44; H, 3.24; N, 10.21 %. Required for (11) C, 47.26; H, 3.22; N, 10.33 %.

IR (KBr); 3392(vs, br), 3111(w), 3060(w), 1654(s), 1603(s), 1544(m), 1474(m), 1383(m),
771(w) cm™.

Ultraviolet-visible spectrum (H>O): 637 nm.

{[(bipy)2Cuz(p.-OH)2(HPO)(H.0)].4H.0}. (12)

All manipulations were performed under a blanket of argon.

Copper(Il) hydroxide (0.2 g; 2.05 mmol) was placed in 10 mls of degassed distilled water
and sealed inside the Teflon insert, which had been previously flushed with Argon. The insert
was then sealed within the bomb and heated at 180° over 6 hours. This resulted in the
formation of a deep blue solution with a pH recorded as 8. This solution was then allowed to

stand at ambient temperatures producing large block blue crystals.
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Found: C, 36.32 ; H, 4.52; N, 8.48 %. Required for (12) C, 36.42; H, 4.43; N, 8.49 %.
IR (KBr); 3396(s, br), 1652(m), 1547(m), 1471(m), 1451, 1318(m), 877(w).
Ultraviolet-visible spectrum (H,0): 667 nm.

ESMS (H,0) : 234/236m/z, [Cua(bipy)2(u-OH),]**

{[(bipy)2Cuz(1-OH)(HPO4)(H-0)]}. (13)

Complex (13) is partially dehydrated (12) with the four non-coordinated water molecules
being lost. This compound was not isolated and is indicated to exist only from Thermal

analysis experiments.

[(bipy)2Cuz(1-OH)2(HPO,)]. (14)

Complex (14) is the anhydrous form of complex (12) and is proposed from thermal analysis

data and variable temperature magnetic susceptibility measurements.

{[Cu(phen)(CO3)].11H;0}. (15)

The synthesis was performed in air with product manipulation under nitrogen.

Copper(Il) hydroxide (0.5 g; 5.1 mmol) was suspended in 50 mls of distilled water. To this
was added 0.92 (5.1mmol) of an aqueous suspension of 1,10'-phenanthroline and 0.68g
(2.55mmol) of tetrasodium pyrophosphate. On stirring for approximately 15 minutes, a deep
royal blue solution began to form. This was stirred for a further 24 hours and then filtered to
remove unreacted starting material. The filtrate was then allowed stand under ambient
conditions, producing diamond shaped crystals. An identical result is obtained on
replacement of the pyrophosphate with 0.63g (2.55mmol) of disodium hydrogen arsenate.

The crystals proved to be extremely unstable and elemental analysis and infrared results are

unreliable due to its rapid conversion into (16).

Ultraviolet-visible spectrum (H,O, blue): 656 nm.
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ESMS (H,0) : 186/188 m/x , [Cu(phen),]*".

{[Cu(phen)2(C03)].7H.0}. (16)

Complex (16) forms rapidly on exposure of complex (15) to ambient conditions. In solution
the process is slower but occurs over a period of some four weeks. The blue crystals of (15)
initially become opaque before shattering and producing smaller green crystals which are
stable and redissolve to return a blue solution. Over a period of months the solution itself

acquires a green coloration.

Found C, 48.96; H, 4.66; N, 9.05 %. Required for (16) C, 49.22; H, 4.96; N, 9.18 %.

IR (KBr); 3399(br), 1655(m), 1517(m), 1517(m), 1474(m), 1383(m),1058(w), 783(m),
692(w) cm™.

Ultraviolet-visible spectrum (H>O, Green): 670 nm (250 dm’mol'cm™).

ESMS (H,0) : 186/188 m/z , [Cu(phen),]*".
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Chapter Seven

Future Work



Future Work

During the course of study, the synthesis of a variety of ligands and complexes not
discussed within this thesis has also been undertaken. This preliminary work is presented
here to give a flavour of how the project may develop and the approaches that may be
followed in future work. Throughout the current work, we adopted a three-way approach

to synthesis and these approaches may be maintained in any future work.

The first approach involved expansion of the terminal ligand groups (T, figure 7.1). The
second approach involved expanding our use of bridging oxo-anions (B, figure 7.1) to
include vanadate (VOs)’ or longer chain polyphosphates such as tripolyphosphate
(P3O]0)5 ". A third approach varied the paramagnetic centres (M, figure 7.1) to include
Co(1I), Ni(IT) and Mn(II) within homo- and hetero-nuclear (Cu containing) systems.

i s ol
AR i

Fig 7.1. Schematic representation of a 'blueprint’ for future work.

The first avenue may be to alter the terminal chelating ligands in an effort to study the
effect of extending the aromatic system beyond 2,2'-bipyridine and 1,10'-phenanthroline.
Introducing ligands with greater H-bonding donor/acceptor capability would also be of
interest in this regard. Preliminary work employed 2,3-bis(2-pyridyl)pyrazine (DPP)',
2,3-bis(2-pyridyl)quinoxaline (DPQ)' and naphtha[2,3-f][1,w]phenanthroline (NP), these

ligands being available through literature synthesis.
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DPP DPQ NP

Polypyridyl ligands such as these have received considerable attention as sources of a
large delocalised m-system in the search for molecular materials such as electrical
conductors,” molecular magnets,' host-guest molecules’ and inorganic-organic
composites.6 DPP and DPQ offer the possibility of bis(chelating) coordination modes and
the ability to potentially form poly-nuclear complexes of greater dimensionality than that
offered by bipy, phen or NP. A variety of structural motifs, including chain and
framework structures may be produced and these ligands, in combination with phosphate
are attractive choices in the preparation of porous materials. Initial attempts to incorporate
this ligands with copper(Il) and phosphate or pyrophosphate have met with little success
however. The compounds returned were either unreacted starting materials (NP) or
simple copper(Il) complexes, which have precedent in the literature. At no stage was an
oxo-anion observed within the systems. Solubility, especially in regard to the NP ligand,
is a problem when using this ligands. Future work therefore could involve hydrothermal
reaction conditions to overcome these solubility problems and possibly produce an
environment conducive to the incorporation of oxo-anions. A collaborative project is also
currently underway with the group of Prof. Miguel Julve in Valencia, Spain.” The use of
ligands capable of bridging as bis- or tris- bidentate groups has also been attempted using

for example, the bis-tridendate 2,3,5,6-tetra(2-pyridyl)pyrazine (TPPZ).?

SRR
\
N 7 =N
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N
/
O
Bipy-N-Oxide

161



Initial work with TPPZ has produced precursors for the later incorporation of oxo-anions.
The first complex returned was the Cu,(TPPZ)Cls, which proved to be unreactive to
addition of oxo-anions such as phosphate and arsenate. The sulphate and triflate salts

were then synthesised but so far incorporation of an oxo-anion has not been achieved.

Fig 7.2. {[Cu(TPPZ),(OTf),].6H,0}. Triflate counterions and waters of crystallisation

are omitted for clarity.

In an effort to increase the donor/acceptor properties of the terminal ligand, the synthesis
of 2,2'-bipridine-N-oxide was achieved through the method of Albright ef al.’ Initial
reactions again showed solubility to be a problem with oxo-anion not being incorporated
into the systems. Instead, the unusual mononuclear copper-tetra-bipy-N-oxide was
recovered, where two of the N-oxide ligands are bound through the oxygen atom only and

the other two N-oxide ligands coordinated through both the oxygen and nitrogen atom.

Fig 7.3. The mononuclear copper(II) complex [Cu(bpy-N-0x)4(OH).].5H.O. Counterions

and waters of crystallisation are omitted for clarity.
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There is no precedent for this compound that we have found in the literature'® and further
work is needed to both expand on the properties and characteristics of this compound and
return to the initial goal of combining this ligand with oxo-anions.

Initial work with N-nitronyl nitroxide compounds with the aim of combining a radical
species with a chelating backbone such as bipy has also been investigated with initial

results in the synthesis of the nitronyl nitroxide proving successful.

The second approach of varying the bridging oxo-anions to include both p-block and non-
p block examples is also ongoing. Initial attempts to incorporate tripolyphosphate was
found to generate the complex previously reported in this thesis as complex (1), namely
the tetranuclear Cu(ll) complex with bridging phosphate and carbonate. The
tripolyphosphate has therefore undergone hydrolysis. This is a problem that will need to

be overcome if successful use of P;0,¢" is to be made.

Finally, our third approach has been to expand the range of paramagnetic metal centres
used. The use of cobalt(Il) and iron(Il) are especially intriguing because of the potential
for high-spin/low-spin transitions. This offers the possibility of preparing complexes,
which display hysteresis, a phenomenon sometimes associated with high-spin/low-spin
transitions.'' The possibility also, of producing heteronuclear systems by the synthesis of

the mononuclear copper(Il) complex {[(bipy)Cu(Na,P,P;)].10H,0)} (7).

Hydrothermal synthesis may also be used to generate new complexes based upon the oxo-
anions described throughout. The main advantage of this approach would be the possible
formation of metastable phases,'> which would not normally be observed under ambient
conditions. Also simple variation of as reaction parameters such as temperature or time
may be enough to alter the morphology of the materials produced offering a strong line of
approach to the synthesis of new transition metal complexes incorporating the oxo-anions
in which we have an interest. Given the relative dearth of coordination complexes
containing phosphate and pyrophosphate for example, more may need to be done to gain
a better of understanding of the coordinating ability of these anions in combination with

different metal centres and aromatic polypyridyl ligands.
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Appendix A

Solvothermal Synthesis.



Solvothermal processes can be defined as chemical reactions or transformations in a
s o ]
solvent under supercritical conditions or near such a pressure-temperature domain.

These processes have been mainly developed in the following scientific areas: -

(1) the synthesis of new materials,
(i)  the development of new processes for preparing functional materials, and

(iii)  the shaping of materials (e.g. crystal growth).

Solvothermal processes are therefore a powerful route for materials preparation. The
development of this approach for materials synthesis has developed rapidly since the first
international conference on solvothermal reactions was held, in Japan, in 1994.> While
various solvents have been studied, including alcohols, liquid ammonia and NH,NH,,
water has been the real driving force, so much so that the area of solvothermal synthesis
is subdivided to include the area of ‘Hydrothermal synthesis’. This technique has been
very successful in the formation of new materials such as zeolites and
aluminophosphates. The process, over the past ten years, has even found use in the
production of artificial diamonds.’ Hydrothermal reactions have also been extensively
applied to the synthesis of coordination complexes and clusters for the preparation of
chemical sensors,’ microporous crystals,” and magnetic materials.® Much effort has been
focused on the reaction of neutral donor ligands (such as 2,2'-bipyridine, pyrazine) with
strictly anionic ligands (such as carbonate, phosphate) in combination with a metal salt.
This approach has returned a family of inorganic-organic hybrid materials such as those
complexes of formula [Cu(L)(VO2)(POs4)] (L = 2,2'-bipyridine, 4,4'-bipyridine and 1,10'-
phenathroline) reported by Xu ef al.” In general, solvothermal processes have therefore
opened a fruitful route to the synthesis of novel materials as well as improving the
synthesis routes to already well-known materials such as oxides and nitrides, by
producing this compounds at temperatures and/or pressures much lower than those used
in classical solid state chemistry. Knowledge is also gained from comparing the reaction
products obtained by reacting identical systems at, for example, both room temperature
and under solvothermal conditions. This has led to a better understanding of what is

required to generate particular types of materials with specific compositions, structures,
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morphologies and, most importantly, properties. Finally, in addition to new materials it is
an interesting aside to say that hydrothermal chemistry is currently attracting studies on
the origin of life and/or environmental issues. It is hypothesised, for example, that rich
hydrothermal reactions occurred in the sea and that all microorganisms have high-
temperature ancestors. More and more evidence supports the idea of a hydrothermal
origin to life, with micro-organisms found in hydrothermal vents, for example, being
archaea on the biological tree.® In summary then, a huge number of new materials have
been synthesised from hydrothermal reactions. The increasing interest in hydrothermal
synthesis derives from its advantages in terms of high reactivity of reactants and
formation of metastable or unique condensed phases.” The new materials it has returned
have provoked significant interest in many fields such as photochemistry, catalysis and

biology.

3He, Mn2*, H, 5,0, FeOOH, MnO,, AT, GH,, Fe?* Fe,8, 222An, H,. H,8

Fig A.1. Diagram of hydrothermal vent chemistry. Note the presence of oxo-anions
such as HPO,> and HAsO.> of which little is known about their hydrothermal
chemistry .10
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Appendix B

Naturally Occurring Clathrate Structures.



Structure I hydrates contain 46 water
molecules per 8 gas molecules. The water
molecules form two small dodecahedral
voids and six large tetradecahedral voids.
These voids can hold only small gas
molecules  (methane, ethane) with
molecular diameters not exceeding 5.2

angstroms.

Structure II hydrates contain 136 water
molecules per 24 gas molecules. The water
molecules form 16 small dodecahedral
voids and 8 large hexakaidecahedral voids.
They may contain gases with molecular
dimensions from 5.9 to 6.9, such as
propane and isobutane. It was first found
in a natural environment in 1983 at a

depth of 530 meters.

Structure H hydrates contain 34 water
molecules per 6 gas molecules. This
structure is large enough to hold molecules
like iso-pentane, Structure H was first
found in nature in 1993, at a similar water
depth to Structure II, near Jolliet Field, a
large oil and gas producing area in the
Gulf of Mexico.

Figure B.1. Both known cubic clathrate structures, I and II, and only tetrahedral clathrate so
far discovered. These hydrate inclusion clathrates with "ice-like" structures have been
postulated for over 170 years. In the presence of a central "guest” atom at room temperature,
the water structure is modified in the direction of greater crystallinity. The rationale is that

water is aiming to maintain as many H-bonds as possible resulting in a more rigid network

168



Appendix C

Crystal Structure Metric Parameters.



Metric Parameters for complex:
Empirical Formula
Formula Weight (AMU)
Crystal Colour and Habit
Crystal Size (mm)
Crystal System and Space Group
Cell Dimensions :: (A and deg.)

a: 14.871(3)

b : 22.146(4)

c :19.937(4)
Cell Volume (A"3)
Z (formula units/cell)
Density (calculated) (g/ml)
Absorption Coefficient (mu, mm~-1)
F(000)
Diffractometer
Radiation Source and Wavelength (A)
Data Collection Temperature (degK)
Two-theta range (deg)
Scan Type and Speed (deg/min)
Background Measurements
Standard Reflections
Index ranges
Reflection Collected
Observed Reflections
Absorption Correction Method
Max. and Min. Transmission Factors
Structure Solution Program
Structure Refinement Program
Number of |.s. Parameters
Residuals (observed data)
Residuals (all data)
Goodness-of -fit (all data)

Largest and Mean |.s. shifts (delta/sig)
Largest e- Density Peak and Hole (e/A"3)

1)

C41 H88 Cu4 N8 037 P2
1601.5

Blue, Plate

0.61 x 0.38 x 0.16
Orthorhombic, Pnna

6566(2)

4

1.495

1.107

3036

CCD area detector

MoKa lambda .7107

168(2)

5.02 to 55.02

phi and omega scans : ?
stationary crystal & counter
0 every O reflections
18<h<19; -28<k<26; -25<«1<17
7205

3705

empirical

1.000 to .806

Bruker SHELXTL

Bruker SHELXTL

419

R(F) =.0524 : wR(F"~2)=.1420
R(F) =.1199 : wR(F~2) = .1601
S(F*2) = .8390

.993 : .016

1.006 : -.533



Metric Parameters for complex:
Empirical Formula
Formula Weight (AMU)
Crystal Color and Habit
Crystal Size (mm)
Crystal System and Space Group
Cell Dimensions :: (A and deg.)

a : 14.250(9)

b : 18.49(1)

c :21.40(1)
Cell Voiume (A" 3)
Z (formula units/cell)
Density (calculated) (g/ml)
Absorption Coefficient (mu, mm~-1)
F(000)
Diffractometer
Radiation Source and Wavelength (A)
Data Collection Temperature (degK)
Two-theta range (deg)
Background Measurements
Standard Reflections
Index ranges
Reflection Collected
Observed Reflections
Absorption Correction Method
Max. and Min. Transmission Factors
Structure Solution Program
Structure Refinement Program
Number of |.s. Parameters
Residuals (observed data)
Residuals (all data)
Goodness-of -fit (all data)

Largest and Mean |.s. shifts (delta/sig)
Largest e- Density Peak and Hole (e/A"3)

@

C40 H49.33 Cu4 N8 028 P2.67
1427.0

dark blue, plate

0.56 x 0.32 x 0.22

Monoclinic, P2/c

beta : 99.30(2)

5564(6)

4

1.703

1.680

2901

CCD area detector

MoKa lambda .7107

153(2)

2.20 to 50.00

stationary crystal & counter

0 every O reflections
-16<h<16; -21<k<18; -25<|<21
9619

4225

Empirical

.709 to .453

SHELXS-97 (Sheldrick, 1990)
SHELXL-97 (Sheldrick, 1997)
749

R(F) =.0869: wR(F~2) = .2160
R(F) =.1761: wR(F~2) =.2558
S(F"2) = .9720

.020 : .001

1.053 : -1.214



Metric Parameters for complex:
Empirical Formula
Formula Weight (AMU)
Crystal Colour and Habit
Crystal Size (mm)
Crystal System and Space Group
Cell Dimensions :: (A and deg.)

a: 12.481(2)

b : 14.714(2)

c : 20.655(3)
Cell Volume (A”3)
Z (formula units/cell)
Density (calculated) (g/ml)
Absorption Coefficient (mu, mm~-1)
F(000)
Diffractometer
Radiation Source and Wavelength (A)
Data Collection Temperature (degK)
Two-theta range (deg)
Background Measurements
Reflections
Index ranges
Reflection Collected
Observed Reflections
Absorption Correction Method
Max. and Min. Transmission Factors
Structure Solution Program
Structure Refinement Program
Number of |.s. Parameters
Residuals (observed data)
Residuals (all data)
Goodness-of -fit (all data)

3

C43 H116 Cu4 N8 037 P2
1653.5

Blue, block

0.45 x 0.36 x 0.23

Triclinic, P-1

alpha : 98.00(1)
beta : 100.84(1)
gamma : 114.49(1)
3288.8(8)

4

1.351

.765

1384.

Bruker P4

MoKa lambda .7107
293(2)

4.04 to 50.00

stationary crystal & counter Standard

0 every O reflections

-14<h<0; -15<k<16; -24<|<24
11366

6603

empirical

.945 to .807

SHELXS-97 (Sheldrick, 1990)
SHELXL-97 (Sheldrick, 1997)
865

R(F) =.0756 : wR(F~2) = .1651
R(F) = .1456 : wR(F~2) =.1963
S(F"2) = 1.0490

Largest and Mean |.s. shifts (delta/sig) .002 : .000
Largest e- Density Peak and Hole (e/A"3) 1.149: -.719

L7l



Metric Parameters for complex:
Empirical Formula
Formula Weight (AMU)
Crystal Colour and Habit
Crystal Size (mm)
Crystal System and Space Group
Cell Dimensions : (A and deg.)

a : 8.246(1)

b : 9.478(2)

c : 20.013(4)
Cell Volume (A”3)
Z (formula units/cell)
Density (calculated) (g/ml)
Absorption Coefficient (mu, mm~-1)
F(000)
Diffractometer
Radiation Source and Wavelength (A)
Data Collection Temperature (degK)
Two-theta range (deg)
Background Measurements
Standard Reflections
Index ranges
Reflection Collected
Observed Reflections
Absorption Correction Method
Max. and Min. Transmission Factors
Structure Solution Program
Structure Refinement Program
Number of |.s. Parameters
Residuals (observed data)
Residuals (all data)
Goodness-of -fit (all data)

Largest and Mean |.s. shifts (delta/sig)
Largest e- Density Peak and Hole (e/A"3)

4)
C20H34CuN4O1 6P
775.5

blue, parallelepipeds
0.47 x 0.34 x 0.18

Triclinic, P-1

alpha : 84.71(2)

beta : 87.77(1)

gamma : 74.05(1)

1497 .4(5)

2

1.720

1.607

796

Siemens P4

MoKa lambda .7107

153(2)

4.08 to 45.00

stationary crystal & counter method
0 every O reflections

-8<h<0 ; -10<k<9; -21<|< 21
3884

3192

psi-scans

.941 to .644

SHELXS-86 (Sheldrick, 1990)
SHELXL-93 (Sheldrick, 1993)
397

R(F) = .0482 : wR(F"2) =.0000
R(F) = .0631 : wR(F"2) = .1298
S(F*2) = .0000

.000 : .000

.759 : -.645



Metric parameters for
Empirical Formula
Formula Weight (AMU)
Crystal Colour and Habit
Crystal Size (mm)
Crystal System and Space Group
Cell Dimensions :: (A and deg.)

a : 7.0076(5)

b : 11.0802(8)

c:16.092(1)
Cell Volume (A"3)
Z (formula units/cell)
Density (calculated) (g/ml)
Absorption Coefficient (mu, mm~-1)
F(000)
Diffractometer
Radiation Source and Wavelength (A)
Data Collection Temperature (degK)
Two-theta range (deg)
Background Measurements
Standard Reflections
Index ranges
Reflection Collected
Observed Reflections
Absorption Correction Method
Max. and Min. Transmission Factors
Structure Solution Program
Structure Refinement Program
Number of |.s. Parameters
Residuals (observed data)
Residuals (all data)
Goodness-of -fit (all data)
Largest and Mean |.s. shifts (delta/sig)
Largest e- Density Peak and Hole (e/A”3)

173

@)
€10 H30 Cu N2 Na2 018 P2

637.8
blue, needle
0.32 x0.16 x0.14

Triclinic, P-1

alpha : 91.725(1)

beta : 97.820(1)

gamma : 90.362(1)

1237.2(2)

2

1.712

1.130

658

CCD area detector

MoKa lambda .7107

153(2)

2.56 to 57.22

stationary crystal & counter method
0 every O reflections

-9<h< 9 ; -14<k<14 ; -21<|< 21
5525

4493

Empirical

.907 to .672

SHELXS-97 (Sheldrick, 1990)
SHELXL-97 (Sheldrick, 1997)
436

R(F) = .0386 : wR(F"2) = .0918
R(F) = .0489 : wR(F"2) =.0971

S(F~2) = 1.0030
.001 : .000
.573 : -.656



Metric Parameters for complex:
Empirical Formula
Formula Weight (AMU)
Crystal Colour and Habit
Crystal Size (mm)
Crystal System and Space Group
Cell Dimensions :: (A and deg.)

a : 10.042(1)

b : 21.302(2)

c : 13.687(2)
Cell Volume (A”3)
Z (formula units/cell)
Density (calculated) (g/ml)
Absorption Coefficient (mu, mm~-1)
F(000)
Diffractometer
Radiation Source and Wavelength (A)
Data Collection Temperature (degK)
Two-theta range (deg)
Scan Type and Speed (deg/min)
Background Measurements
Standard Reflections
Index ranges
Reflection Collected
Observed Reflections
Absorption Correction Method
Max. and Min. Transmission Factors
Structure Solution Program
Structure Refinement Program
Number of |.s. Parameters
Residuals (observed data)
Residuals (all data)
Goodness-of -fit (all data)

Largest and Mean |.s. shifts (delta/sig)
Largest e- Density Peak and Hole (e/A"3)

®

C21 H12.50 N4 O11 P2 Zn4
820.3

colourless, Plate

0.42 x 0.20 x 0.13
Monoclinic, P2(1)/c

beta : 93.074(2)

2923.6(6)

4

1.864

3.413

1618

CCD area detector

MoKa lambda .7107

153(2)

3.54 to0 57.18

phi and omega scans : ?
stationary crystal & counter method
0 every O reflections

-13<h< 12 ; -27<k<27 ; -18<l< 17
6821

4680

empirical

1.000 to .688

Bruker SHELXTL

Bruker SHELXTL

388

R(F) = .0347 : wR(F"2) = .0931
R(F) = .0625 : wR(F"2) = .1114

S(F°2) = .6810
.040 : .004
.821: -.617



Metric Parameters for complex:
Empirical Formula
Formula Weight (AMUV)
Crystal Colour and Habit
Crystal Size (mm)
Crystal System and Space Group
Cell Dimensions :: (A and deg.)

a : 8.5303(7)

b : 9.4703(8)

c : 10.1087(8)
Cell Volume (A"3)
Z (formula units/cell)
Density (calculated) (g/ml)
Absorption Coefficient (mu, mm~-1)
F(000)
Diffractometer
Radiation Source and Wavelength (A)
Data Collection Temperature (degK)
Two-theta range (deg)
Scan Type and Speed (deg/min)
Background Measurements
Standard Reflections
Index ranges
Reflection Collected
Observed Reflections
Absorption Correction Method
Max. and Min. Transmission Factors
Structure Solution Program
Structure Refinement Program
Number of |.s. Parameters
Residuals (observed data)
Residuals (all data)
Goodness-of -fit (all data)

Largest and Mean |.s. shifts (delta/sig)
Largest e- Density Peak and Hole (e/A”3)

(10)

C20 H24 As4 Cu2 N4 016
1003.2

blue, block

0.48 x 0.30 x 0.22

Triclinic, P-1

alpha : 88.951(1)

beta : 65.375(1)

gamma : 71.843(1)

699.5(1)

1

2.382

6.302

490

CCD area detector

MoKa lambda .7107

153(2)

4.46 to 52.80

phi and omega scans : ?
stationary crystal & counter method
0 every O reflections

-10<h<10 ; -11<k<11 ; -12¢|<10
2855

2673

Empirical

1.000 to .359

SHELXS-97 (Sheldrick, 1990)
SHELXL-97 (Sheldrick, 1997)
212

R(F) = .0462 : wR(F"2) = .1204
R(F) = .0478 : wR(F"2) = .1219
S(F72) = 1.0470

.218 : .006

1.289 : -1.626



Metric Parameters for complex:
Empirical Formula
Formula Weight (AMU)
Crystal Colour and Habit
Crystal Size (mm)
Crystal System and Space Group
Cell Dimensions :: (A and deg.)

a: 8.739(1)

b : 13.455(1)

c :18.443(1)
Cell Volume (A" 3)
Z (formula units/cell)
Density (calculated) (g/ml)
Absorption Coefficient (mu, mm~-1)
F(000)
Diffractometer
Radiation Source and Wavelength (A)
Data Collection Temperature (degK)
Two-theta range (deg)
Scan Type and Speed (deg/min)
Background Measurements
Standard Reflections
Index ranges
Reflection Collected
Observed Reflections
Absorption Correction Method
Max. and Min. Transmission Factors
Structure Solution Program
Structure Refinement Program
Number of |.s. Parameters
Residuals (observed data)
Residuals (all data)
Goodness-of-fit (all data)
Largest and Mean |.s. shifts (delta/sig)
Largest e- Density Peak and Hole (e/A"3)

176

(11)

C32 H48 Cu3 N6 019
1011 .4

Blue, Plate

0.76 x 0.72 x 0.09

Triclinic, P-1

alpha : 95.74(1)
beta : 97.55(1)

gamma : 106.71(1)
2037.2(3)

2

1.649

1.637

1042

Bruker P4

MoKa lambda .7107
153(2)

4.16 to 50.00

\w scans : ?

stationary crystal & counter method
0 every O reflections

O<h<10 ; -15<k<15 ; -21<|<21
7169

6246

empirical

.867 to .369

SHELXS-97 (Sheldrick, 1990)
SHELXL-97 (Sheldrick, 1997)
547

R(F) = .0409 : wR(F~2) =.1031
R(F) =.0488 : wR(F~2) = .1084

S(F~2) = 1.0400
.001 : .000
1.183 : -.988



Metric Parameters for complex:
Empirical Formula
Formula Weight (AMU)
Crystal Colour and Habit
Crystal System and Space Group
Cell Dimensions :: (A and deg.)
a : 9.6485(6)
b : 34.413(2)
c : 7.7810(5)
Cell Volume (A"3)
Z (formula units/cell)
Density (calculated) (g/ml)
Absorption Coefficient (mu, mm~-1)
F(000)
Diffractometer
Radiation Source and Wavelength (A)
Data Collection Temperature (degK)
Two-theta range (deg)
Scan Type and Speed (deg/min)
Background Measurements
Standard Reflections
Index ranges
Reflection Collected
Observed Reflections
Absorption Correction Method
Structure Solution Program
Structure Refinement Program
Number of |.s. Parameters
Residuals (observed data)
Residuals (all data)
Goodness-of -fit (all data)

Largest and Mean |.s. shifts (delta/sig)
Largest e- Density Peak and Hole (e/A"3)

(12)

C20 H29 Cu2 N4 O11 P
659.5

Blue, Plate

Monoclinic, P2(1)/c

beta : 103.300(1)

2514 .3(3)

4

1.742

1.822

1352

CCD area detector

MoKa lambda .7107

153(2)

2.36 to 56.96

phi and omega scans : ?
stationary crystal & counter method
0 every O reflections

-12<h< 12; -32<k<45 ; -10<|<10
5718

4475

none

SHELXS-97 (Sheldrick, 1990)
SHELXL-97 (Sheldrick, 1997)
455

R(F) =.0375 : wR(F"2) =.0773
R(F) =.0500 : wR(F"2) =.0821
S(F*2) = .9810

.002 : .000

.542 : - 596



Metric Parameters for complex:
Empirical Formula
Formula Weight (AMU)
Crystal Colour and Habit
Crystal Size (mm)
Crystal System and Space Group
Cell Dimensions :: (A and deg.)

a : 10.873(2)

b : 11.598(2)

c : 13.394(3)
Cell Volume (A" 3)
Z (formula units/cell)
Density (calculated) (g/ml)
Absorption Coefficient (mu, mm~-1)
F(000)
Diffractometer
Radiation Source and Wavelength (A)
Data Collection Temperature (degK)
Two-theta range (deg)
Scan Type and Speed (deg/min)
Background Measurements
Standard Reflections
Index ranges
Reflection Collected
Observed Reflections
Absorption Correction Method
Max. and Min. Transmission Factors
Structure Solution Program
Structure Refinement Program
Number of |.s. Parameters
Residuals (observed data)
Residuals (all data)
Goodness-of -fit (all data)

Largest and Mean |.s. shifts (delta/sig)
Largest e- Density Peak and Hole (e/A"3)

(15)

€25 H38 Cu N4 014
682.1

blue, block

0.46 x 0.24 x 0.12

Triclinic, P-1

alpha : 77.732(9)

beta : 77.628(5)

gamma : 70.025(5)

1532.7(6)

2

1.478

.786

714

CCD area detector

MoKa lambda .7107

153(2)

3.14 to 56.84

phi and omega scans : ?
stationary crystal & counter method
0 every O reflections
-14<h<14 ; -15<k<14 ; -17<|<17
6678

4529

none

912 to .714

SHELXS-97 (Sheldrick, 1990)
SHELXL-97 (Sheldrick, 1997)
427

R(F) = .0625 : wR(F~2) =.1659
R(F) =.0919 : wR(F~2) = .1844

S(F~2) =1.0690
.001 : .000
.880 : -.913



Metric Parameters for complex:
Empirical Formula
Formula Weight (AMU)
Crystal Colour and Habit
Crystal Size (mm)
Crystal System and Space Group
Cell Dimensions :: (A and deg.)

a : 9.8564(6)

b : 26.150(1)

c :10.4712(7)
Cell Volume (A"3)
Z (formula units/cell)
Density (calculated) (g/ml)
Absorption Coefficient (mu, mm~-1)
F(000)
Diffractometer
Radiation Source and Wavelength (A)
Data Collection Temperature (degK)
Two-theta range (deg)
Scan Type and Speed (deg/min)
Background Measurements
Standard Reflections
Index ranges
Reflection Collected
Observed Reflections
Absorption Correction Method
Max. and Min. Transmission Factors
Structure Solution Program
Structure Refinement Program
Number of |.s. Parameters
Residuals (observed data)
Residuals (all data)
Goodness-of -fit (all data)

Largest and Mean |.s. shifts (delta/sig)
Largest e- Density Peak and Hole (e/A"3)

(16)

€25 H30 Cu N4 010
610.1

green, block

0.28 x 0.16 x 0.14
Monoclinic, P2(1)/c

beta : 105.948(5)

2595.1(3)

4

1.562

.908

1268.

CCD area detector

MoKa lambda .7107

153(2)

3.12 to 52.94

phi and omega scans : ?
stationary crystal & counter method
O every O reflections
-12<h<7; -18<k<30 ; -12<|<11
4664

2020

Empirical

.928 to .823

SHELXS-97 (Sheldrick, 1990)
SHELXL-97 (Sheldrick, 1997)
361

R(F) =.0913 : wR(F~2) =.2187
R(F) =.1834 : wR(F~2) =.3136
S(F~2) =.9230

.003 :.000

1.063 : -1.35
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The planar electron-rich heterocyclic diamine 2,3-diamino-
phenazine (DAP), C;,H oNy, is of particular interest to both
chemists and biochemists because of its rich organic chemistry
and intense luminescence. In this paper, we report the first
structure of DAP in its non-protonated form and describe the
intriguing crystal packing, which features 7—m, hydrogen- and
T-bonded interactions.

Comment

The planar electron-rich heterocyclic diamine 2,3-diamino-
phenazine (DAP) is a compound which has long been of
interest, initially because of its chemical and physical prop-
ertics and more recently because of its mutagenic and geno-
toxic behaviour. The fact that DAP has a rich and varied
chemistry is demonstrated by the vast number of organic
transformations that have been published in the literature. In
addition, the compound has been well characterized spectro-
scopically by NMR, absorption and most notably by emission
techniques, where the remarkable luminescence of DAP has
been intensively studied and exploited in analytical and
biochemical applications.

N\ NH,
: :N; i :NHZ
DAP

DAP is known to luminesce strongly both in polar organic
solvents (Zheng et al., 1997) and in aqueous buffer solutions,
especially when embedded within a micelle structure (Mekler
& Bystryak, 1992). Indeed, it is the luminescence of DAP that
sparked our interest in the molecule, especially as probes
containing phenazine have shown potential in the exploration
of nucleic acid structure. Further, DAP has been shown to
damage DNA (Watanabe et al., 1996) and so may have some
role to play as a chemotherapeutic agent. The compound has
found useful application in analytical chemistry as a cataly-
metric analyte, where it is used as a marker in fluorimetric

determinations of laccase activity (Huang et al., 1998) and in
immunoassay determination of enzyme-catalysed reactions

such as the oxidation of 1,2-phenylenediamine (0-PD) by
horseradish peroxidase (Jiao et al., 1998).

Synthetically, DAP is prepared by the catalysed auto-
sensitized or photochemical oxidation cyclization of 0-PD. The
oxidation has been catalysed by various oxidants, including
silver oxide, lead(IV) oxide, ferric chloride, cupric chloride
and perchlorate and by cobalt perchlorate (Crank & Makin,
1989). The oxidation takes place in two one-electron transfer
steps, a mechanism which may have relevance when studying
the biological functions of metal-containing proteins (Loveless
et al., 1981). The fact that the heterocycle is produced in high
yield in neutral or acid conditions, but not under basic
conditions, perhaps explains why only structures of the
protonated molecule (as its chloride or perchlorate salts) have
been published previously (Brownstein & Enright, 1995; Peng
& Liaw, 1986). These studies have shown that the heterocycle
is protonated at the phenazine nitrogen although spectro-
scopic evidence suggests that the more basic amine N atoms
are protonated in solution. When one of the phenazine N
atoms is protonated the cation may exist in six resonance
forms which, when the individual 7 bond strengths are
considered, explains the lack of symmetry of the bond lengths
in the structures of protonated DAP. In contrast, the structure
of DAP (Fig. 1) shows a high degree of symmetry both in bond
lengths and angles on each side of the molecular C, axis (Table
1). In the solid state, the structure of DAP is essentially planar,
however a small degree of bending is discernible. This
curvature may be attributed to the geometry of the central
pyrazine ring which displays some distortions from that of an
ideal aromatic ring (Table 1).

The crystal packing of DAP (Fig. 2) is particularly inter-
esting and as the molecule is replete with numerous r-bonding
and hydrogen-bond donor and acceptor sites it may be
expected that it can act as a particularly versatile supramole-
cular tecton. Indeed, it is found that DAP forms infinite 7—m
stacks in the x and z directions, a feature which is a conse-
quence of the orthorhombic crystal system. The average
arene-arene non-bonded distance is 3.64 A. The infinite 7
stacks are connected in three dimensions by way of inter-
molecular hydrogen bonds (Table 2). The hydrogen bonds
connect the amine H1A and H16A and the aromatic H3 and

H14 atoms of one molecule and the pyrazine N atoms (NS and
N12) of its nearest neighbour. In addition, there are T-bonded
terminal

interactions which feature the benzene ring

Figure 1
The molecular structure of DAP showing 50% probability displacement
ellipsoids.
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organic compounds

(C6-C11) of one molecule and the amine H atoms (H1B and
H16B) of its nearest neighbour. The typical NH-7 distance is
2.71 A. The cumulative effect of these intermolecular inter-
actions is to create a particularly attractive three-dimensional
supramolecular network.

a

Figure 2
Diagram demonstrating the hydrogen- and T-bonding interactions within
the crystal packing of DAP.

Experimental

2,3-Diaminophenazine was prepared by addition of a stoichiometric
quantity of copper(Il) hydroxide to an aqueous suspension of 1,2-
phenylenediamine. The resultant brown precipitate was collected by
filtration and subsequently crystallized by slow diffusion of aceto-
nitrile vapour into a methanolic solution of the title compound.

Crystal data

C12H10N4
M, = 21024

Mo Ka radiation
Cell parameters from 1452

Orthorhombic, P2,2,2, reflections

a=48355(8) A # = 2.12-26.35

b=11.583(2) A = 0.092 mm '

c=17304(3) A T =293 (2)K

V=9692(3) A’ Trigonal prism, brown

Z=3 0.30 x 0.25 x 0.20 mm

D, =1442Mgm™

Table 1

Selected geometric parameters (A, =)

N1—-C2 1372 (3) Cl11—N12 1357 (3)
C4—N5 1342 (3) N12—Cl13 1335 (3)
N5—C6 1352 (3) CI5—N16 1371 (3)
C3—C2—N1 122.0 (2) C13—N12-C11 117.37 (19)
N1-C2-C15 118.9 (2) C14—C15—NI16 121.7 (2)
C4—N5—-C6 117.59 (18) N16—C15—C2 118.7 (2)

Data collection

Bruker AXS SMART CCD area- Rin = 0.032
detector diffractometer Ornax = 26.37¢
w-26 scans h=—4-56
3272 measured reflections k=-14 > 13
1182 independent reflections I1=-21->8

985 reflections with I > 2a(I) Intensity decay: none

Refinement

Refinement on F? w = 1/[o*(F,%) + (0.0785P)?

R(F) = 0.041 + 0.0252P)
wR(F?) = 0.115 where P = (F,> + 2F2)/3
S = 1.046 (A/6) max < 0.001

Apmax =0.19¢ AT?
ApPmin = —019¢ A3

1182 reflections
145 parameters
H-atom parameters constrained

Table 2 .

Hydrogen-bonding geometry (A, °).

D—H---A D—H H---A D---A D—H---A
N1—HI1A---N5§' 0.86 239 3.154 (3) 148
N1-H1B---C9" 0.86 279 3.586 (3) 154
N16—H16A---N12" 0.86 229 3.119 3) 163
N16—H16B- - -C8" 0.86 2.68 3.474 (3) 154
C3—H3.--N§' 093 2.63 3371.3) 137
C14—H14- - -N12" 093 2.82 3.578 (3) 139

Symmetry codes: (i) x —4,1—y,1 -z (i) 4 —x,1 -yt +zGii)x—L3-y 1 -2

H atoms were placed geometrically with C—H and N—H
distances of 0.93 and 0.86 A, respectively, and Ujso(H) = 1.2Uq(C, N).

Data collection: SMART (Bruker, 1999); cell refinement: SAINT
(Bruker, 1999); data reduction: SAINT; program(s) used to solve
structure: SHELXTL (Sheldrick, 1997); program(s) used to refine
structure: SHELXTL; molecular graphics: SHELXTL.

We are grateful to the EC (contract ERBMRXCT98-0226),
HEA Strategic Research Initiative and Trinity College
Academic Development Fund for financial support.

Supplementary data for this paper are available from the IUCr electronic
archives (Reference: BM1429). Services for accessing these data are
described at the back of the journal.
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Considerable current interest revolves around the chemistry and
biochemistry associated with polyphosphate anions because they
are ubiquitous in biology. They participate in a diverse series of
bioenergetic processes ranging from oxidative phosphorylation
including ATP (adenosine 5'-triphosphate) production,' through
nucleic acid mediated information processing, to energy storage
and transduction.”> A pivotal intermediate within this family is
pyrophosphate, P,O,* . It is somewhat surprising then that its
coordination chemistry remains practically unexplored as metal
ions are heavily involved in phosphate metabolism.? This relative
dearth may be a consequence of its ready hydrolysis as exempli-
fied by those bioinorganic reactions catalyzed by the inorganic
pyrophosphatases.* As far as we are aware, the molecular
structures of only two coordination compounds containing bridg-
ing pyrophosphate have been reported, namely, [(CuL),P,05]
nH,0 (HL = 2-formylpyridinethiosemicarbazone; n = 9—12)°
and (CgH) NH)4[(VO)4(P207)2(OCH3)4].6

We have begun a study of pyrophosphate-bridged coordination
compounds to investigate its ability to mediate electronic interac-
tions between paramagnetic metal centers. We present here our
initial magnetostructural investigations concerning the novel
compounds { [(bipy)Cu(H>0)]>(u-P,0;)7H,0} (1) and its related
dehydrated products {[(bipy)Cu(H,O)]2(#-P207)} (2) and {[(bipy)-
Cul,(u-P,07)} (3).

Compound 1 is obtained in good yield (ca. 90%) as sky blue
parallelepipeds by slow evaporation of concentrated aqueous
solutions containing stoichiometric amounts of Cu(NOs),*3H,0,
2,2’-bipyridine, and Na,P,0,-4H,0. The structure’ of 1 consists
of neutral {[(bipy)Cu(H,0)],(«-P,0)} dinuclear copper(II) units
and seven waters of crystallization linked by an extensive network
of hydrogen bonding, Figure 1. The geometry of the copper atoms
is distorted square pyramidal with two bipy nitrogens and two
pyrophosphate oxygen atoms building the basal plane. They are
shifted by 0.226 [Cu(1)] and 0.190 A [Cu(2)] from the mean basal
plane toward the axially coordinated water molecules O(1w) and
0(2w), respectively. Hydrogen bonds involving the cis-coordi-

" Trinity College Dublin.
* Universitat de Valéncia.
$ Queen’s University.
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Figure 1. Packing diagram of complex 1 showing the 3-D intermolecular
H-bonding and 7— interactions; waters of crystallization have been
omitted for clarity.

nated O(1w) and O(2w) water molecules [2.913 A and 154.1°,
for O(1w)-+-O(2w) and O(1w)—H(Iw1)-+-O(2w), respectively]
and O(2w) and O(13p) [2.767 A and 169.0° for O(2w)++-O(13p)
and O@2w)—H@w2):::0(13p); p. =1 —'x, 1 = y, —z] are
highlighted in Figure 1. The pyrophosphate group acts as a bis-
bidentate ligand forming two six-membered chelate rings with
an envelope conformation. The Cu(1):-+Cu(2) distance is 4.646
A whereas the shortest interdimer Cu+++Cu separations are 5.899
[Cu(2)*++Cu(2p)] and 6.057 A [Cu(1)**+Cu(lq);g=1—x, 1 —
y, 1 — z]. Intermolecular 7—s interactions from adjacent
H-bonded chains (interplanar distance between adjacent bipy’s
is 3.5 A) through an interleaving of bipy ligands in the yz plane
leads to a layer containing Cu(II) dimers. Further 77—z interactions
are also present along the y-axis (Figure 1), which results in the
formation of a three-dimensional network.

(7) Crystal data for 1: CxH34CuzN4Oi6P2, My, = 775.53, triclinic, space
group P1,a =8.246(1) A, b=9.478(2) A,c = 20.013&42 A, a=8471-
(2)°, B = 87.77(1)°, y = 74.05(1)°, ¥V = 1497.4(5) A, Z =2, D. =
1.720, g cm 3, F(000) = 796, u = 1.607 mm™', T = 293 K, crystal size
0.47 x 0.34 x 0.18 mm, total reflections 4210, independent reflections
3884, (Rim = 0.0282) with [/ > 20(/)] 3192 observed data and 397
parameters. Siemens P4 four-circle diffractometer using graphite-
monochromated Mo Ka radiation, data collection in the range 4° > 260
>50°(—8<h=<0,—-10< k<9, —21 << 21), corrected for Lorentz,
polarization, and absorption effects (max, min transmission = 0.941,
0.644). The structure was solved by direct methods due to Sheldrick
and refined by full-matrix least squares on F? using SHELXL-97
(Sheldrick, G. M., University of Gottingen). Non-hydrogen atoms were
refined anisotropically, and hydrogen atoms were located from a
difference Fourier map and refined using a riding model with U; =
1.2Ueq. Refinement converged with wR2 = 0.1298 for all data and R1
= 0.0482 for 20(I) data. CCDC 136177.

10.1021/ic000782x CCC: $20.00 © 2001 American Chemical Society
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Communications

0.025

0.020

Xy /em? mol ?

0.015

0.010

0.005

TS T ol (L G o s W [0 Gy | LA YORo Ve (e o [y ol

0.000 T T
0 50 100 150 200 250 300
T /K

Figure 2. Thermal dependence of y for the compounds 1—3 [y being
the magnetic susceptibility per two copper(ll) ions). The solid lines are
the best fit (see text).

The thermal decomposition of 1 shows that it loses the seven
lattice water molecules in the temperature range 25—68 °C, the
resulting dihydrated phase (2) being stable for 68° < T' < 86 °C.
The loss of the two coordinated water molecules starts at 86 °C,
giving the fully anhydrous compound (3) at 7 > 120 °C, which
decomposes at 7 > 250 °C.#

The magnetic behavior® of 1—3 is shown in Figure 2. The yyu
versus T curves are characteristic of antiferromagnetic coupling
with susceptibility maxima at 19 K for 1 and 2, and 90 K for 3.
From a magnetic point of view, 1 can be described to a first
approximation as a Cu(II) chain with regular alternation of two
Kinds of bridges (pyrophosphato and hydrogen-bonded pathways).
The analysis of the susceptibility data of 1 through the Hamil-
fonian H = —J X(S;-1*S; — aS;—1*Si+1) (o being the alternating
parameter and S; the local spin) leads to value of o practically
equal to zero. In other words, 1 behaves magnetically as an
isolated copper(Il) dimer withJ = —20cm !, g = 2.09, and R =
1.2 x 107619 Inspection of the structure shows that the magnetic
orbital on each copper atom is of the d2—,2 type with the x and y
axes being roughly defined by the bonds from copper to bipy
nitrogen. The poor overlap between the two non-coplanar copper
centered magnetic orbitals through the equatorial O(11)—P(1)—
0O(14) and O(21)—P(2)—0(23) bridging networks accounts for
the weak antiferromagnetic coupling observed. Although there
is possibly an additional exchange pathway in 1, that involving
the axially coordinated waters through hydrogen bonding, it would
be expected to be much less efficient than the bis-chelating
pyrophosphate in mediating exchange interactions. The loss of
seven lattice water molecules from 1 to yield 2 (Scheme SI,
Supporting Information) causes a decrease in the height of the
susceptibility curve while leaving the temperature at which the
maximum occurs unchanged. These features are typical of a higher
magnetic dimensionality in 2, indicating that o is now nonzero.
It is likely that the loss of lattice water molecules makes easier

(8) See Figure S5, Supporting Information. Satisfactory elemental analyses
(C, H, N) were obtained for 1-3.

(9) Magnetic measurements for 1—3 were performed on a Quantum Design
SQUID susceptometer in the temperature range 1.9—300 K under an
applied field H = 50 G.

(10) R is the agreement factor defined as X,[xm® (i) — xm™(D)]/[m® ()]
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the approximation of the adjacent pyrophosphate-bridged di-
nuclear units, reinforcing the sw—sm overlap and introducing
additional H-bonding to give an alternating two-dimensional
magnetic system. The pyrophosphate-bridged copper(II) fragment
would remain essentially unchanged (indeed the temperature at
which the maximum occurs remains the same), so the magnetic
coupling through this bridge is maintained and the additional
weaker coupling is assigned to the hydrogen-bonded pathway.
Further dehydration leads to compound 3. Its susceptibility curve
exhibits a maximum at 90 K indicating that a stronger antifer-
romagnetic coupling occurs in 3 and suggesting the formation of
a polymeric compound upon dehydration (Scheme S1). This
conclusion is further supported by a shift toward lower frequencies
of the strongest P—O stretching vibration (ca. 20 cm ') in the IR
spectrum'! when going from 1 to 2 to 3. The exchange coupling
through the “oxo” bridge (P—O) would be expected to be
dominant and strongly antiferromagnetic in nature. Consequently,
the magnetic behavior of 3 would be typical of a relatively
strongly coupled copper(Il) dimer, and this is consistent with the
shift of the susceptibility maximum from 19 (1) to 90 K (3). The
analysis of the magnetic behavior of 3 through a simple Bleaney—
Bowers expression leads to an excellent fit with J= —110 cm™!,
g =12.08, and R = 5.0 x 1073. This relatively strong coupling is
in agreement with the proposed “oxo0”-bridging pathway (Scheme
S1). We recall here that strong antiferromagnetic coupling of up
to —300 cm™! has been reported for singly hydroxo bridged
copper(Il) complexes.!?

The present work illustrates for the first time the profound
influence of pyrophosphate-assisted water loss on magnetic
properties and demonstrates that controlled dehydration leads to
an increase in magnetic dimensionality."* Similar examples of
spectacular magnetostructural effects caused by carboxylate-
assisted water loss in polynuclear compounds have been reported
previously.'* Extension of this work to incorporate bridging
pyrophosphate ligands into other polynuclear assemblies is
currently underway.
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