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Introduction

A brief introduction to molecular electronics inding reported examples of
molecular transistor and diode type compounds &miin this chapter. Electronic
coupling between metal centres in the mixed valstaie of dinuclear complexes is
considered advantageous in the realisation of aeqwhr diode. For this reason the
theme of electronic interaction between metal @mtin dinuclear species is
addressed. A series of reported examples of bitmetalthenium and osmium
complexes exhibiting interaction between the metalres is discussed as well as a
brief introduction to the different mechanisms lgicgon transfer between the metal
centres across a bridging ligand. Finally, the camit of each of the different areas

studied in this thesis are introduced at the enthisf chapter.
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1.1 History of Molecular Electronics

Since the early ages mankind has focused on thgndasd development of novel
machines and devices; improvements and upgradeghich are constantly being
introduced. In the latter half of the 20th centuagd continuing to the present day, the
idea of miniaturization of these devices has cagtiine minds of scientists around the
world especially in the area of information storagmd processing.In a
technologically advancing world there has beennaneasing demand for faster and
more efficient computers leading to the developnwnthe silicon based computer
industry. This area of semiconductors has expeeigra remarkable miniaturization
trend, in particular in the last 40 years or’sbln 1965 a scientist, Gordon Moore,
envisaged that in order to progress in the semiothod industry the number of
transistors per chip would need to double by redyt¢he functional area by a half
every couple of years, with each new technologyegsion? This concept became

known as Moore’s Law.

The silicon chip has impacted our lives far moranthmost people even realise.
Silicon forms the backbone of electric circuits nmost electronic devices from
microprocessors in computers, to mobile phones podable audio devices.
Replacing the older more primitive electric cirsyitt wasn’'t long before the potential
of electric circuits imbedded in silicon was reatls However, despite such advances
observed in solid-state electronics on a regulaisbdhe major disadvantage is that
the silicon based devices cannot be scaled dowafimtkly as a result of physical, as
well as monetary limitations. An example of a phgsibarrier that exists with
downsizing the silicon chips is charge leakage fitben oxide layer at such a small

scale’®

The thirst for faster and increasingly powerfulotdenic devices such as computers
etc. is ever more forcefully testing the limitstbé silicon based integrated circuits. It
cannot be denied that modern technology is appnogdhese limits and it is this
which drives the search for novel ways of achiethmdesired miniaturization targets
in the semi-conductor industry. In recent years ibdea of molecular scale

components, replacing the silicon chip in electtarnicuits, has been explored.
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Figure 1.1: lllustration of the possible progression from thecent silicon based
integrated circuits® to innovative circuit components based on the ttotup”

approach.

Molecular electronics is concerned with the conadpiising one or more molecules
mounted on a surface (capable of conducting andcksing electric currents and
storing information) as a means of replacing etettr devices, such as transistors,
wires and diode3.Molecules are extremely attractive building blod&s electronic
devices. Molecules exist in a vast and diverseyasfahapes and sizes, each of which
bears different properties to the next. There afnie advantages in considering
molecules for the construction of innovative ansotetionary electronic devices;
referring to nature, all electronic processes aveeged by molecules. The most
obvious advantage is the size of a molecule: dapgrah the number of atoms in the
molecule it can range from 1 — 100 fir¥sing molecules on the smaller end of this
scale to assemble an integrated circuit could teachore cost effective production
with improved functionality. Manipulation of thetarmolecular interaction can give
rise to the opportunity to form self assembled oedestructures on an electrode
surface. Through control of the electronic and reg@ooperties of the molecules,
switching or rectifier behaviour, akin to that dé&ronic devices, may be observed.
The extent of conductance through the moleculeatsm be altered by synthetically

varying the nature of the different sites withie tinolecul€.

The idea of beginning with an interface, and ass@qgka system comprised of a
molecule supported on the surface to establismastale device, was first introduced
by Richard P. Feynménin an address entitledThere is plenty of room at the
bottoni. This became known as the “bottom-up” approaath iars this concept that is

providing an ideal alternative in the task of realg novel and innovative electronic

devices.
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1.2 Molecular Diodes and Transistors

Recent years have withessed a substantial effothendevelopment of molecular
electronic devices. The concept of the “bottom-approach has led to a considerable
amount of research in the area of molecular wirés” ‘4ransistors® ** **and diodes
14,1516 1n electronic devices, the wire plays one of there simple roles in that its
purpose is to facilitate the passage of currenvéen two points. A transistor on the
other hand, is capable of switching or amplifyingceic current. Molecules are said
to have transistor-like behaviour when the propsrtf the molecule can be alternated
between conducting and insulating through a changie physical, electronic or
magnetic structure once an external gate signabbas applied. Alternating between
these two states allows the molecule to controlfine of electricity acting like a
switch in that the conducting state allows curtentiow whereas the insulating state

/ Electrodes ‘\

Molecular Cor¢g

does not.

"Alligator Clips"

Figure 1.2: Simplified schematic of a two terminal moleculao#ionic device.

The function of a diode on the other hand is tal&g the direction of current. It is a
two-terminal system that has a low resistance toeat in one direction and high
resistance in the other; thereby only allowing ¢haent to flow in one direction. The
two terminals of the diode act as entrance and moiitts for the current flowing in
and out and are usually referred to as the “soustel “drain”. Molecular-scale
transistors operate on a three terminal principlee the diode, two of these terminals

will act as a source and a drain with the thirdngethat of the “gate”. In an
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electrochemical molecular electronics setup, tliereace electrode is normally seen

to act as the gate.

It wasn’t until the second half of the"®2@entury that the concept of miniaturization to
the molecular scale was realized. Two types of mdé scale diodes have been
presented in the literature: rectifying diodes aegbnant tunnelling diodes. The main
aim of this project was to develop a rectifying dBo i.e. a unidirectional structure
which allows current to pass through in one paldicdirection only, known as the

forward direction. The “forbidden” direction is usuallyrteed thereversedirection.

N
4

Figure 1.3: Diagram to illustrate the symbol for a rectifyingpde.

The potential formation of molecular scale “diodgbe components, capable of
exhibiting rectifying behaviour, was first realis@d the theoretical formulation of
Aviram and Ratner in 1974. The proposed structure of the Aviram and Ratner
molecular diode was based on the operating priesipf the solid state, bulk effect p-

n junction diodé?

|
(D~~~
|

Figure 1.4: Molecular structure of TTl=TCNQ); a molecular rectifier proposed by
Aviram and Ratner in 1974.

. ¥ in 1973, a donor-acceptor system

Following on from the work of Cowept a
exhibiting molecular conductivity was reported. raghiafulvalene (TTF) was
reported to form conducting cation radical compsetdonor) with the acceptor being

that of a tetracyanp-quinodimethane (TCNQ) anion radical complex. Amirand
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Ratner, realising the potential of such a highlgducting organic complex, proposed
a system whereby the TTF and TCNQ components wenaected through a-

bonded non-conjugated bridge, Figure1.4.

This theoretical model possesses characteristios ®k solid state devices: the
electron-poor acceptor part of the molecule (TCNH&J the electron-rich TTF donor
make up the p-type and n-type components, resgdgtiwhich are found in solid

state rectifiers employing p-n junctions. By modify the substituents, in terms of
their electron withdrawing/donating properties, theceptor/donor profile of each
component in the system can be altered. Curreatlyderould flow between the TTF

and TCNQ units, through the non-conjugatedbonded bridge. Sufficient charge
separation is achieved through use of ssidfonds and the conductivity through the

molecule is mediated by the delocalized orbitaltheft-bonds on the spacer ufit.

This model put forward by Aviram and Ratner prombsen ideal solution for
achieving rectifying behaviour with molecules. Forrent to flow, it is required that
the compound is sandwiched between two electroddsatan appropriate potential
the current flows between the electrodes via thavi@Oand LUMO levels of the
donor and acceptor which are in the charged semhratate; TTRo-TCNQ.
However, there is little evidence of this type ofFFTz-donoro-n-acceptor (TCNQ)
system with low HOMO-LUMO energy gaps. This is mbkely due to synthetic

problems associated with this model.
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Figure 1.5: Molecular structure of a molecular rectifier reped by Heath et &°

NC

Adapted De-A compounds have been reported exhibiting molecuétifying

behaviour’* Brady et al. ?* developed an organic molecular rectifier similarttat
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proposed by Aviram and Ratner where conductanceolwssrved through the HOMO
and LUMO levels of the [»A system when under forward bias (at +0.5 V) . &nd
reverse bias a much lower conductance is obsemédaly at higher potentials (>
+1.5 V). Heathet al. > achieved rectifier behaviour with a ®A compound where

the donor is a TTF derivative and the acceptorfiglarene, Figure 1.5. The Aviram
and Ratner predictions were based on a small ergagyn the region of 0.3 eV. This
energy gap was found in the compound reported bgtiHet al. and increased
molecular conductivity was observed through comsiton of Langmuir-Blodgett

films.

Several examples of organic molecular rectifierseblaon this Ds-A model have

been reported in the literatuf®.? ?* *An alternative approach in the quest to
develop molecular electronic transistor- and dibgee complexes, suitable for
application in molecular electronics, is to consitEox active complexes where the

conductivity may be measured as a function of guex states within the molecule.

1.2.1 Redox Active Molecules in Molecular Electronics

Electron transfer in redox active compounds has les¢éensively studied as it plays a
valuable part of many chemical processes. By asl#sgnd molecule on a surface and
wiring the other end of the molecule to a second eleetrthee conductivity through
the molecule can be measured. A third electrodenti®duced in three terminal
devices to allow for control of the current by sshihg between the redox states of the

molecule.

Electrochemistry can play an important role in tleeelopment of such molecules. It
has been reported that redox active molecules asiahologens* and oligo-anilines
% can be electrochemically switched from one redtatesto the next, and by
combining this with other techniques such as seantunnelling microscopy (STM),
the conductivity between the electrodes and theeoukd can be measured

simultaneously®
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Figure 1.6: Molecular structures of redox active molecules, 5P2°and 6V6**.

The redox active molecules shown in Figure 1.6 hbeen reported to exhibit
molecular conductivity* ?° By assembling each molecule on a Au electrode avia
Au-S bond and tethering the other end to a Au SipMat four electrode configuration
was used similar to the current solid state fidfdat transistors (FET). The reference
electrode of the electrochemiaalsitu STM configuration acts as tlgateelectrode.
The viologen molecule (6V6), which can be electmulcally switched to the
monocation radical followed by the neutral compquaxhibits increased conductance
upon sweeping to negative potentials. However rélselting switching profile, “off-
on”, is broad and is said to result from configimaal fluctuations from the
polymethylene chain€® The tetrathiafulvalene derivative, 6PTTF6 is aoredctive
molecule exhibiting two stable redox states (6PTTRéd 6PTTF6). The
conductivity of the molecule was investigated bgessing the first oxidative process
only, as the second more positive process fallsideithe potential range where Au-S
bonds are stable in aqueous electrolyte. An “ofiaffth switching profile was
achieved which can be electrochemically controlled.

Molecular electronic devices, comprising of traiesitmetal coordination complexes
have been reportéd.?” ®A benefit of using transition metals is that elenttransfer
can occur through well defined charge states ofngles atom. Transition metals
frequently exhibit stability when switching from emedox state to the next which
makes them attractive starting points in the designmolecules for molecular
electronics. Two transistors incorporating cobalhplexes have been synthesised and
examined by McEuen and Ralgh where the cobalt atom is coordinated to two

terpyridyl ligands in an approximately octahedmaieonment, Figure 1.7.
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Figure 1.7: Single molecule transistors developed by McEuenRaigh*?

Each complex is self-assembled on Au electrodesauiaiol group attached to each
terpyridyl linker. By altering the length of thenker the degree of coupling between
the molecule and the electrodes, and thereforeete of conductance, could be
controlled. The cobalt metal centre was chosen iasstable in both the ¢and Cd'
redox states and can be electrochemically swittfeddleen these redox states at low
energy (~0.3 Ws. Ag/AgCl). The main difference between the two ncoles is the
length of the organic linker (alkyl chain that figeites the coupling between the
cobalt ion and the electrodes). Currest bias voltage plots were obtained and it
emerged that the shorter chain allows for signifilalarger conductance than that
measured in the molecule with the larger alkyl chaoth complexes, however,

exhibit behavioural properties like those of singlectron transistors.

Major limitations accompany the single moleculecttanic transistors and diodes
reported to date; in order to operate successfiligse systems require cryogenic
temperatures or ultra-high vacuum which are noélider practical device¥” **In
2005, Albrecht et al. reported osmium and cobalbhomoiclear complexes for use as
single-molecule transistors, the former novel inlenolar electronics, Figure 1%8.
Extensive research into the electrochemical praggenf these, and similar osmium
complexes, has been carried out by Forgeral. evoking an interest in their
application as molecular transistdfs3> 32 This class of compounds includes the
osmium complexes [Os(bipyp2p)]>”** and [Os(bipy)XpOp)CI[’?* and the cobalt
complex [Co(terpy)(terpy-O-(CH-SAc]"?*, where bipy = 2,2"-bipyridine, p2p =
1,2-bis(-4-pyridyl)ethane, pOp = 4,4-bipyridyl, tpy 2,2’,2"-terpyridine and
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Ac=acetyl. The electrochemistry of these complekas been studied and self-

assembled monolayers have been formed on Au ael@®todes.

Characterisation of the monolayers using a rangeele€trochemical techniques
reveals an almost ideal voltammetric response ftloenmonolayers suggesting that
electron transfer is mechanistically uncomplicatEde calculated surface coverages
for the osmium complexes suggest that assemblyrortal surface results in a close
to complete monolayer. The electron transfer ratenstant for the

[Os(bipyk(pOp)CI]"?* redox couplas in the range of f0s* which is three orders of

magnitude greater than the cobalt complex. Thibeasause of the much stronger

adiabatic electron coupling between the osmium dexn@nd the electrode.

v NAu(III)/ H W Pt(Ill) % v /‘Au(lll)/ )

a b C

Figure 1.8: Molecular structures of [Os(bipy(p2p)]>* (a), [Os(bipy}(pOp)CI]* (b)
and [Co(terpy)(terpy-O-(Che-SAc] (c) bound to Au(lll) and Pt(lll) surfaces.

These complexes were analysed using a three alecélectrochemicah situ STM

configuration which is very similar to three termirtransistors, where the substrate
and tip electrodes correspond to the source and diectrodes and the gate electrode
relates to the reference electrode. These systeensapable of redox switching and

amplification which leads them to be classed amnfistor’-type complexes.

Interfacial electron transfer and molecular conohitgt are at the forefront in the
development of a molecular electron device. A ppilecconcept in this area is to be

able to design molecules with the appropriate ptagsefor the intended function and

10
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to have the ability to assemble the molecules saréace in an organized manner. The
ability to control the function of the monolayeq, that the electrical conductivity and
mechanisms of electron transport can be investigate desired. The aim of this
project was to develop molecular transistors amdles capable of functioning in an

aerobic environment at room temperature.

1.3 Target Complex

The aim of this project was to develop mono- amiidiear complexes that exhibited
transistor and diode type properties capable oftfaning at room temperature in the
absence of a vacuum. The main focus, however, avasttieve diode type behaviour
with dinuclear complexes that exhibited electroimeeraction (electron or hole
conduction) between the metal centres. The modatlidate in this pursuit was a
dinuclear complex, [Os(bipx(bpt)Os(py-tpy)CIf*, where bipy is 2,2'-bipyridyl, bpt
is 3,5-bis(pyridin-2-yl)1,2,4-triazole and py-tpys i4’(pyrid-47-yl) 2,2":6’, 2~
terpyridine (Figure 1.9).

Figure 1.9: Model transition metal complex, [Os(bipfdpt)Os(py-tpy)Cl* for the

development of a molecular diotfe.

Depending on the electronic properties of the coatéd ligands, osmium complexes
are known to exhibit oxidation potentials in a rarsgitable for (1) assembly on a Au

metal surfaceH, < ~ +0.9 V,vs. SCE) 3 and (2) allowing conductivity to be

11
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measured in aqueous electrolyte. The Hbpt ligand good mediator of electron
transfer from one metal centre to the other agsuees strong coupling by mixing of
the dr orbitals of the metal with the-orbitals of the bridging ligantf. The second

osmium metal centre is coordinated to a functiaealitpy ligand providing an anchor

to a metal surface.

Although the synthesis of this model complex wasmpted several times within the
research group, each effort proved unsucced$fasues with which the purity of the
starting material ([Os(tpy)€]) could be obtained, as well as severe reaction
conditions for coordinating the osmium metal to tralging ligand, prevented the
successful synthesis of this complex. Tpy is aldabigand and at the high
temperatures required for osmium reactions, scriaignboff the ligand occurs.

A series of homo- and hetero- dinuclear complexagtbeen previously synthesised
within the research grouB.These complexes were deemed suitable as prectiesors
molecule diode type complexes as the metal centresy “communicate”
electronically when in a mixed valence state altayva current to flow across the
bridge leading to potential rectifier behaviour. Whsynthetic experiments are still
underway to successfully add a linker ligand teséheomplexes thereby allowing for
binding to a metal surface, the possibility of matgion and electronic coupling
between the metal centres in each of the compleassnvestigated. This was carried
out via spectroelectrochemical measurements of eamhplex in the diffusion
controlled solution-phase, the results of whichdiseussed in more detail in Chapter
4,

1.4 Mechanism of Interaction between Metal Centres

There has been extensive interest into the diffemethanistic pathways of electron
transfer considering its ubiquitous presence inntbal processes. Of particular
interest is that of intramolecular electron trangfe multinuclear transition metal
complexes because of the diversity offered throddferent coordination numbers,
ligand chemistry and redox properti8sin the design of dinuclear systems where
intermetallic communication is desired, one mushsider the importance of the
bridging ligand. Both the length and nature of thr@lge can affect not only the

12
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probability of electron transfer from one centrehe other, but also the rate at which
electron transfer proceeds. The electronic coupbetyveen the centres is heavily
dependent on the overlap of the wavefunctions efdbnor and acceptor metals in
dinuclear transition metal complexes. The naturehef bridge is also important in
achieving intramolecular interaction. It has bedmoven that bridging ligands
containing conjugated-systems allow for fast electron transfer from dlomor to the

acceptor metal centrés.

“Communication” between metal centres is predomtigardependent on the
electronic properties of the residing bridging hdaas well as the distance between
the metal centres. Electron transfer can occuravaraightforward electron or hole
hopping mechanism which is generally observed wlhiaeedonor and acceptor are
close together separated by a short bridge. Alteelg, where the length of the
bridge prevents direct electron or hole hopping #hectron transfer occurs via a

superexchange mechanism.

HOMO Mediated

e A
+

A + oo
w BL M+ QA BL* MJ

BL oxidised (transiently)

é
3
03]
~
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¥ F T

—H— L —H— T —H— T
Q/l BL W QA BL- W w BL I\y

BL reduced (transiently)

T

Figure 1.10: HOMO mediated (top) and LUMO mediated (bottom) sexzEhange
electron transfer mechanisms. M = metal and BLrigdding ligand. Adapted from

reference 38.
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Electron transfer involves an interaction of thenao metal with the lowest
unoccupied molecular orbital (LUMO) of the bridde. order to facilitate electron
transfer across the bridge it must possess lovghyiar 7* orbitals that can accept and
transfer the electron. Where the LUMO levels of bnielge are too high in energy to
mediate electron transfer, hole transfer can o¢wtiere the donor and acceptor are
separated by a short distance) through the higbestipied molecular orbital
(HOMO) of the donor and acceptor. The electroniapting weakens exponentially
with increased distance between the donor and tmcemd the mechanism of
electron transfer will depend on the extent of nesme between the bridge energy

levels and those levels of the donor and accéptor.

HOMO mediated superexchange involves oxidatiorhefliridging ligand in order to
reduce the oxidised metal (acceptor). Tharbitals of the BL that are involved in this
electron transfer process are then subsequentlizeedhrough electron transfer from
the donor metal. LUMO meditated superexchange erother hand, entails reduction
of the n*-orbitals of the bridge and transferral of the otden from there to the
acceptor metal. HOMO mediated superexchange oftears with electron deficient

metal centres and electron rich bridging ligandshsas triazole®

1.5 Intramolecular Communication in Dinuclear Complexes

Owing to the first disclosure of intercomponentenaiction within the Creutz-Taube
ion (Figure 1.11), considerable attention has bparm to electronic interaction
between metal centres in multimetallic transitioetah complexed® The Creutz-

Taube ion * ([(NH3)sRu(pz)Ru(NH)s]**, where pz is an aromatic pyrazine
heterocycle) is an example of a molecule whereraot®on between metal centres

occurs over a short bridging ligand distance.

— K
(H3N)5Ru—N\ /N—RU(NBH)5

Figure 1.11:Molecular structure of the Creutz-Taube n.

14
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The orientation of the bridging ligand orbitalsoals for overlap with therdorbitals

of the ruthenium metal centres according to Figuie. Therefore thendorbitals of
the metal are, in a sense, delocalised acrossamegated aromatic bridge and the
metal centres can interact with each other. A firdication of the possible presence
of interaction between metal centres lies in thpassion between the oxidation
potentials of the two metal centres. The overlapnetal orbitals, via the bridging
ligand, facilitates communication between the mewhtres. When the first metal
centre is oxidised the second metal centre is awhtbe presence of an increased
positive charge and therefore is oxidised at adrigiotential. The oxidation potentials
of the Creutz-Taube ion (R¥" redox couples) are separated by 390 mV indicating

possible interaction between the metal ceriftes.

QO QQNO QO m antibondina orbitals
dO 0T O

Ru Ru

QO QNQNO QQ © bonding orbitals
oL o@m@o JO

Ru Ru

Figure 1.12: = bonding and antibonding orbitals found in the QGeeliaube ion.

Adapted from reference 41.

The Creutz-Taube ion has a comproportionation emnsK. (a measure of the
stability of the mixed valence state, see Chapteredtion 4.1.4) in the range of°10
which is a direct measurement, from electrochemieaults, of the stability of the
mixed valence state. The pyrazine bridge offerisatsnetal-metal distance and leads
to strong electronic coupling in the mixed valestae. The complex may be classed
as having a Type lll interaction where the uneahalrge in the mixed valence state is

delocalized over the metal-bridge-metal domain.

The effect of distance between metal centres omteecomponent interaction can be
investigated by varying the length of the bridgihgand. This can be seen by

15
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comparing the Creutz-Taube ion with analogous cergd with a longer metal-metal
distance. The [Ru(Nis)** fragment of such complexes is a strasgonor which
makes it ideal for coordinating to strongacceptor bridging ligands like those shown
in Figure 1.13. The dinuclear complexes, [YRu(BL)Ru(NH)s]"" ( BL = X, Y, Z;

n = 4, 5, 6)*, are ideal candidates for ascertaining the eftéctlistance on the

intramolecular interaction.

X(n=2)
Y (n=3)
Z(n=4)

Figure 1.13: Molecular structures of the dipyridyl polyene bridg ligands of
[(NH3)sRu(BL)Ru(NH)s] "*.**

The metal centres in these complexes exhibit wdaktrechemical interaction;
oxidation of the metal centres occur at potentiely close to one another. However,
despite this, spectroelectrochemical measuremadnés rigge to intervalence charge
transfer bands in the spectrum of the mixed valetate of each complex. A decrease
in the degree of electronic coupling between théahwentres with increasing bridge
length is observed. The electronic interaction, eobsd when n = 2
([((NH3)sRu(X)Ru(NHs)s]*Y), decreases by a minimum of 30 % for
[(NH3)sRu(Z)Ru(NH)s]®* where the number of C-C double bonds in the payen
chain of the bridge is 4.

The rigidity of the bridging ligand can also affébe interaction between the metal
centres in the mixed valence state. RuRu dimersravthe peripheral ligands are ttpy
(4'-tolyl-2,2' ,6' ,2"-terpyridine), and the briag ligands either tppz or ttpy-ph-ttpy,
Figure 1.14*

16
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ttpy—Ru—N\ N—Ru—ttpy

N —N

_/ 7

[(ttpy)Ru(tppz)Ru(ttpy)] +

ttpy-ph-ttpy

Figure 1.14: Molecular structure of RuRu dimers with tppz amy4ph-ttpy bridging

ligands®® These complexes exhibit long range intercomporeatrenic coupling.

The tppz bridging ligand, in [(ttpy)Ru(tppz)Ru@pl is a planar ligand. Two
independent anodic processes are observed focahiplex, separated by 300 mV,
representing the successive oxidation of eacheofrthtal centres. The introduction of
the aromatic ring as a spacer between the twditippds in the bridging ligand ttpy-
ph-ttpy, Figure 1.14, leads to a certain degreeafformational freedom and the
bridging ligand can be twisted as a result. Thek laf rigidity in [(ttpy)Ru(ttpy-ph-
ttpy)Ru(ttpy)* leads to this complex having two metal centrest tlaae
electrochemically isolated from each other as amlg anodic wave is observed which
represents the simultaneous oxidation of each nuetalre. However, intervalence
bands are observed for each complex and it is nibtadthe degree of electronic
coupling is weaker with the longer, less rigid tpyttpy bridging ligand.
Introduction of a second conjugated aromatic spexéhe bridging ligand (ttpy-ph-
ph-ttpy) results in even less electronic coupliegaeen the centrés.

The homo- and hetero-dinuclear complexes discussekis thesis (Chapter 4) are
comprised of either ruthenium and/or osmium asleéal centres with the peripheral
ligands being those of the strongacceptor bipyridyl ligands. The bridging ligands
used in these dimers contain both azole 5-membeard azine 6-membered
heterocycles (triazoles, pyridine and bipyridin€)riazoles are 5-membered
heterocycles that exhibit stromgdonor properties due to the negative charge on the

ring. A triazole ring, as a component of a bridgimgand, is capable of facilitating

17
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HOMO-mediated superexchange as a result of mixingsar-orbitals with the d
orbitals of the Ru/Os metal centre. Homo- and leeteuthenium and osmium
complexes incorporating the Hbpt ligand, where tebeic interaction between the

metal centres has been observed, have been repottesliterature>®

Two anodic processes are observed in the cyclimwvohetry of four complexes of
this type representing the independent oxidatioeamh metal centre, Table 1.1. This
indicates that the metal centres may be interacélggtrochemically across the
bridging ligand. The largest separation between dk&lation potential AE) is
observed for the mixed-metal RuOs and OsRu diméings-s partly due to the redox

asymmetry in each complex.

Compound Oxidation Potentials,E., AEy, / mV
(V vs. SCE)
[(bipy)2Ru(bpt)Ru(bipy)]** (RuRu) +1.04 +1.34 300
[(bipy)2Os(bpt)Os(bipyy** (OsOs) +0.64 +0.85 210
[(bipy)2Ru(bpt)Os(bipy)]** (RuOs) +0.73 +1.20 470
[(bipy)20s(bpt)Ru(bipy]** (OsRu) +0.65 +1.30 650

Table 1.1: Oxidation potentials of a series of ruthenium arginmm bpt bridged

dinuclear complexe¥® #4

Intervalence charge transfer bands have been aduséov each of these complexes.
Interestingly, the greatest electronic couplingwestin the metal centres is observed
for the RuRu dimer with the OsRu analogue exhigitine weakest interaction. The
mechanism of charge transfer in thé Nl state is proposed to occur via a HOMO
mediated superexchange involving the atbitals of the oxidised metal and the
orbitals of the bridging ligand. The greater elentc coupling observed for the RuRu
complex suggests that the'lRidr) —n(BL) interaction is dominant in the intervalence
process rather than that of 'Radr) —n*(BL). **°

The intramolecular interaction in ruthenium and msmmetal complexes, designed
using strongr-accepting bridging ligands, has also been invaiy® 4> 46 47 45

tridentate bridging ligand, illustrated in Figurel8, has been shown to facilitate
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electron transfer in the mixed valence state. ThaT Higand (1,4,5,8,9,12-
hexaazatriphenylene) was originally reported bysétirde Mesmaekest al. " and

the intervalence charge transfer was later invattijby Keenet al.*”®

/Ru@li\lpy)z_‘ a —‘ 6+

\ / (bipy)zRu\/ "\ /N\/Ru(bipy)z
N— —N
/) \
<~N NJ
N N M
Ru(éipy) Ru(bipy),
[((bipy),Ru),(apy)]* [(bipy),Ru)5(HAT)]6*

48

Figure 1.15: Molecular structures of  [((bipyRuk(gpy)]** and

[((bipy)2RUB(HAT)]*" "

Up to three one-electron anodic processes are \@gsatepending on how many
ruthenium metals are coordinated to the bridgiggrid. The oxidation potentials are
separated approximately 250 mV indicating the pfusspresence of intermetallic
communication across the bridging ligand. Intezmak charge transfer bands are
observed in the absorbance spectra of the dinualehtrinuclear species when in the
mixed valence states. Significant overlap of thé(&t) and RU'(dr) orbitals occurs
as intense intervalence bands indicate strongretectcoupling between the metals.
The complexes are believed to lie in the intermtediBype I/l classification of
interaction. The different degrees of interactioe @&xplained in more detail in
Chapter 4.

The electrochemical properties of the RuRu dinuceamplex bridged by the-
acceptor gpy ligand, where gpy is 2,2":4’,4”:2” Zjuaterpyridine (Figure 1.15, right)
have been reported by Steet al.”® In contrast to [((bipyRu)(HAT)]®*, the
oxidation of the two metal centres in this dinuclepecies is a simultaneous process
occurring at a potential of +1.24 Wq. SCE). The lack of separation between the
metal centred oxidative processes suggests that #ne isolated and that the
electronic coupling is very weak. It is thoughtttiiais weak interaction arises from

the lack of rigidity within the complex. Rotatiomoaind the 4’-4” bond which joins
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the two [Ru(bipy}]®* subunits can occur which would disrupt the ovedéphe n-

system across the conjugated bridging ligand.

1.6 Scope of Thesis

The main focus of this project was to develop dieaictransition metal complexes

which would be potentially useful as molecular ¢isdWhen assembled on a metal
surface, the conductivity between the molecule thiedenclosing electrodes could be
measured as a function of the redox chemistry®ttimplexes. Unfortunately, due to
synthetic problems associated with forming a dieaclosmium complex that was

capable of binding to a surface, the formation wéhsa diode was not realised.
However, it was possible to characterise a sefiggexursor molecules which could

lead to the development of molecular rectifiers.

Chapters 3, 4 and 5 in this thesis introduce asduds both inorganic transition metal
complexes (3 and 4), as well as an organic TTFvdve (Chapter 5), which are
potentially useful as molecular diodes or preciwgsbereof. The main electrochemical
techniques, used in the aforementioned charadiernsaere cyclic voltammetry and
differential pulse voltammetry. Spectroelectroch&nyi was also used to investigate

the electronic coupling between redox centres wpessible.

The observation of transistor-type behaviour ineses of osmium mononuclear
complexes (Figure 1.8) reported by Albreehil.?® led to the synthesis of a series of
novel ruthenium and osmium mononuclear polypyrictyinplexes (by Laura Cleary,
Prof. J.G. Vos research group, DCU). Two diffedariter ligands (L) were developed
for these compounds (Figure 1.16) and using rutimenor osmium as the metal

centre, complexes of the type [(bigy)L)] ** were synthesised.
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Pyrphen Thimphen

Figure 1.16: Molecular structures of the pyrphen and thimphgatids presented in
Chapter 3.

In order to be able to measure conductivity in saoblecules, the assembly of
monolayers on an electrode surface and charadtensaf such monolayers must be
carried out. Each of the complexes in Chapter 3vemsembled on either Au or Pt
electrodes and the properties of these monolayere wvestigated using cyclic
voltammetry and surface enhanced Raman scatteripgctrescopy (SERS).
Monolayers of the osmium complexes on Pt and Alewgéable in aqueous electrolyte
and given that the associated metal centred ogidatotentials are less positive than
that of HO, these compounds are ideal candidates for asahgielectrochemicah
situ STM. Unfortunately due to time constraints chadsation using such a
technique was not possible.

An important feature of a molecular rectifier istpresence of two stable redox
centres. Chapters 4 and 5 discuss a range of crelgith two redox centres. A
series of dinuclear ruthenium and osmium polypyraynplexes were synthesised by
Dr. Lynda Cassidy (Prof. J.G. Vos research grolipg peripheral ligands consist of
bipyridyl ligands in each complex. By maintainirgst consistency with the peripheral
ligands throughout the series, the electrochemigatl spectroelectrochemical
properties could be investigated as a functionhef liridging ligand as well as the
coordination geometry of the metal centres. Chaptecludes the characterisation of
the redox properties of each of these dinucleacispaising cyclic voltammetry and
differential pulse voltammetry. Considering thae tdegree of electronic coupling
between the metal centres, across the bridginghdigaannot be determined from
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electrochemical results alone, the intermetallitenaction was investigated via
spectroelectrochemical measurements where the eagrelectronic coupling was
determined by the presence and analysis of intemeal charge transfer bands in the
NIR region of the absorbance spectrum.

In addition to the dinuclear complexes in Chapteartalternative organic compound
with two independent redox states was studied (@nd&). This compound, based on
a TTF core was sourced from the Prof. J.D. Wallisearch group in Nottingham
Trent University, UK. Following on from reports afolecular conductivity within a
TTF based molecule assembled on a Au electfdenis molecule was considered
potentially useful as a molecular rectifier; maindje to the appropriate redox
chemistry as well as the possibility of bindingat@urface through two possible sites
on the compound. Two redox states are present rwite molecule: the neutral
compound undergoes a one-electron oxidation tarttveocation radical followed by
a subsequent one-electron oxidation to the dicat\ssembly of this molecule on the
surface of a Au or Pt electrode forming a monolafeat is stable in aqueous
electrolyte, in air, would allow for the measuremead conductivity within the

molecule.

Unfortunately, due to limited access to the neagssgquipment, as well as stability
issues with the monolayer in an aerobic environméme STM studies proved
inconclusive. However, the compound was charaegrtsy cyclic voltammetry and
differential pulse voltammetry, both in the solutphase diffusion controlled state
and on the surface of a Pt electrode. Spectroetdwmical studies were also

employed to investigate the stability of the redtiermediate monocation radical.

Chapter 6 discusses an isolated topic unrelatatigqrevious three chapters. As a
result of current interest within the research grawolving hydrogen production by
metal catalysts, Chapter 6 explores a series ofohauelear diiron hydrogenase
analogues. This work was carried out in collaboratwith the Prof. W. Wiegand
research group in the University of Jena, Germa&tycompounds discussed in this
chapter were synthesised in Jena by Ulf-Peter Agufel all electrochemical analysis

was carried out in Dublin City University.
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In the quest to find a possible alternative to ¢herent energy source which relies
heavily on fossil fuels, there has been increagipgbpular interest in the development

of analogues of the naturally occurring hydrogerexssymes?

+%0.31The hydrogenase
enzymes, found in biological microorganisms catltse reductive generation and
oxidative uptake of molecular hydrogen at remarkabhdtes. A more detailed
discussion of the catalytic process involved in tr@duction of H from the

hydrogenase enzyme is given in Chapter 6.

[FeFe] Hydrogenase

Figure 1.17:Molecular structure of the [FeFe] hydrogenase.

The structure of the [FeFe] hydrogenase enzymeeiig similar to the well known
organometallic synthetic compounds of the formue,(CO)(u-SR)]. A series of
hydrogenase analogues bearing one or more diiniveasites, linked by a dithiolate
bridge are discussed in Chapter 6. These hexattgrbomplexes are compared with
several examples of hexacarbonyl diiron complexes fthe literaturé® >>The main
differences between these complexes lie in ther@atd the central unit of the
dithiolate bridge. For most of the complexes ihaded that the catalytic hydrogenesis
proceeds via electron transfer as the first stefh@freaction pathway and an ECEC

(electrochemical-chemical-electrochemical-cheminahanism is often observed.

The electrochemistry of a series of novel analogfete naturally occurring diiron
hydrogenase enzyme was investigated using cycltammetry and differential pulse
voltammetry, the results of which are presente@lapter 6. In the ground state the
compounds are in the e redox state. Their ability to catalytically procuc
hydrogen from a low valent state using a weak éietic acid) as a proton source is
also discussed in Chapter 6. By varying the natdirdne coordinated ligands on the
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diiron centres of these types of hydrogenase anakghere is an opportunity to tune
the catalytic properties of the complexes and exptbe mechanistic pathways of

hydrogen production.

Chapter 7 outlines the main concluding remarks freach chapter. The proposed
future work for each of the different studies ie fhrevious sections is also outlined in
Chapter 7. A series of refereed papers have bekisped on the work presented in
this thesis (Appendix A
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