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Chapter 3

Electrochemistry, Spectroelectrochemistry and
Monolayer Formation of Mononuclear Ruthenium

and Osmium Polypyridyl Complexes

Four mononuclear complexes of the type [M(bib}* where M is Ru/Os, bipy is
2,2-bipyridyl and L represents either the ligand(2pyridyl)imidazole[f]-1,10-
phenanthroline (pyrphen) or 2-(3-thio)imidazoleff]10-phenanthroline (thimphen)
have been studied as potential components for mialeelectronic devices. Cyclic
voltammetry and differential pulse voltammetry ed\@reversible one-electron metal
centred oxidation and several ligand based redustifor each complex, the peak
potentials of which are solvent dependent. Cyclattammmetry and reductive
spectroelectrochemistry of the M(pyrphen) compleggsst that the LUMO is based
on the pyrphen unit itself whereas the same exgatsnimply that the LUMO of the
M(thimphen) complexes is centred on a bipyridyatid. In contrast to this excited
state Raman spectroscopy provides evidence fovadblying excited state where the
7* orbital is bipy based for both types of compleXdsnolayers of each of the four
complexes have been formed on Au and Pt substiaigal analysis suggests that
repulsive interactions exist between adsorbatethersurface and the projected area
per molecule, calculated from the surface coveraggicates that these complexes do
not form complete monolayers on the surface. Thimast likely due to the existence

of lateral interactions within the monolayer.
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3.1 Introduction

Ruthenium and osmium are transition metals belangingroup VI of the d-block
of the periodic table. Situated directly below iram rows two and three respectively,
these noble metals exhibit properties which areéeqdifferent to those of iron. These
heavier metals are relatively inert in that they wat react with mineral acids
including aqua regia (a mixture used to dissolveamsethat consist of concentrated
hydrochloric acid mixed with concentrated nitriadgcat temperatures below 100°C.
Also, in contrast to iron, ruthenium and osmium rbayconsidered as precious metals

due to their rarity in the earth’s crust.

Ruthenium, depending on the coordinating ligand$iwithe complex, can exist in
nine different oxidation states (0-8) with osmiunmoiwn to exist in eight (0, 2-8)The
complexes discussed in this chapter are MeNdmplexes (M = Ru/Os) where the
ground state has an oxidation number of 2+. Conggledf ruthenium and osmium
exhibit particularly interesting electrochemical danphotophysical properties,
especially those of the’ domplexes of each metal. Over the last half aurgnmhore
and more scientists have expressed interest indhend diverse chemistry of these
coordination complexes. Owing to the extensiveaedethat has been carried out on
the chemistry of ruthenium and osmium polypyridghrgpounds, ample understanding
now surrounds their robust ligand chemistry and dimethetic strategies associated
with them. There are several exciting and intemgséattractions in the chemistry of
these octahedral group VIII metal complexes, intipaliar the ability to tune the
electrochemical and photophysical properties thinougriation of the coordinated
ligands? The first reporting of the luminescence propertiss the parent ion,
[Ru(bipy)]®* (where bipy = 2,2'-bipyridine), in 1959 by ParisdaBrandt® sparked
incredible curiosity regarding these systems ahthuigh the years to this day this

interest has flourished.

3.1.1 Mononuclear Transition Metal Complexes in Mol ecular

Electronics

As discussed in Chapter 1, the area of semiconthubs experienced a remarkable

miniaturization trend, in particular in the last $@ars or s§.Moore’s law states that
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in order to progress in the semiconductor induteynumber of transistors per chip
would need to double, by reducing the functionabany a half every couple of years,

with each new technology generation.

Finite limits exist in the downscaling of solid tasilicon based integrated circtiits.
Such limits are fast approaching and it is thisolhilrives the search for novel ways
of achieving the desired miniaturization targets tie semi-conductor industry.
Molecular electronics is concerned with using onenore molecules mounted on a
surface as a means of replacing electronic devisesh as transistors, wires and
diodes®, a concept that was born from Richard P. Feyntinan address entitled
“There is plenty of room at the bottoriihe concept of the “bottom-up” approach has
led to a considerable amount of research surrogmaliganic and inorganic systems in
the area of molecular wiré§ " ® ° transistors* and dioded? This chapter focuses
on mononuclear transition metal complexes and {haiential use as ‘transistor-like’

components for molecular electronic devices.

Molecules are said to have transistor-like behavishen the properties of the
molecule can be alternated between conductingradating through a change in the
physical, electronic or magnetic structure onceeaternal gate signal has been
applied. Alternating between these two states aloantrol of the flow of electrons,
acting like a switch in that the conducting staleves current to flow where the
insulating state does not. In order to design suskistem one must have the ability to
control the organization and function of the moleanuhen assembled in a monolayer
on a surface. Interfacial electron transfer andemdhr conductivity between the
molecule and the electrode surfaces are key issuen creating a molecular
electronic device. There are major limitations, arhfnately, with those molecular
“transistors” that have been reported previoushtha literature in that cryogenic
temperatures or ultra-high vacuums are requiredtHeir operatiort’® ¢ However,
systems comprised of mononuclear osmium and caof@plexes, Figure 3.1,
assembled on platinum and gold surfaces, have fegpemnted as exhibiting transistor-

like behaviour at room temperature in aqueous solst?
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Figure 3.1: Molecular structures of the Os and Co complexesndaiw Pt and Au
surfaces where bipy = 2,2-bipyridine, pOp = 4,4pbridine, tpy = 2,2’,2"-
terpyridine and Ac = acetyfy* 4

These complexes prove beneficial in the quest fsighing molecular electronic
devices because 1) they have two robust redoxssth&t are reversible and easily
accessible, 2) their equilibrium redox potentiale avithin a desired range for
assembly on Pt and Au surfaces as well as theartiog into a nanoscale environment
such as scanning tunnelling microscopy (STM) andh8)e is extensive literature
available regarding their synthesis and the elebemical properties can be tuned by
varying the coordinated ligands — the chemistrywbiich is robust and very well

understood?>°

A key prerequisite in determining if these systdrabave in a manner such that they
can be deemed potentially useful for moleculartedeic devices is the understanding
of how these molecules function on a surface. &rttid 1990's, Forster et dft *°
carried out extensive research into the synthesisembly and characterisation of
these and other osmium complexes and their monslayédhese complexes form
stable monolayers on metal surfaces and withindbigrolled environment electron
transfer rates for these types of osmium complesehigh as 9.0 x fGec" (K1)
have been reportéd.The near ideal cyclic voltammetry of the [Os(biggRp)CIF*
monolayer, where p2p is 1,2-bis(4-pyridyl)-ethaBg: & Ey,c = 35 mV and a full width

at half maximum (FWHM) of 90-110 mV is observeddahe fast electron transfer

kinetics suggest that the associated mechanisntbdee types of osmium complexes
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on a surface is uncomplicated. Bimolecular hopmng lateral interaction between
the different sites within the monolayers have beded out however, the behaviour
of these systems is dependent on the nature afalleent and electrolyte with greater
ion pairing observed between the oxidised redoxreeand perchlorate ions from the

electrolyte!*?

STM images of the [Os(bipyp2p)]>"** monolayer on a Au(lll) surface show that
this system forms a loosely disordered monolayeh veireas of ordered domain
identified. The electron transfer rates for ther@mnolayers (adiabatic) in Figure 3.1
are almost three orders of magnitude greater thandf the Co complex (diabatic
limit). In situ electrochemical STM studies have shown that arctaanelling
maximum is observed close to the equilibrium regdotential of the former and the
transfer of electrons from the molecule and thelasieg electrodes (substrate and
STM tip) has been deemed to be that of a two-sexpuential electron transfer
process. These results suggest that these typesrofim complexes may be deemed
suitable as transistor-like components for the tanson of molecular electronic

devices.

The electrochemical properties of four mononucleathenium and osmium
complexes, of the general formula [M(bipy)** where M is either ruthenium or
osmium, bipy is 2,2-bipyridyl and L represents heit the ligand 2-(4-
pyridyl)imidazole[f]-1,10-phenanthroline or 2-(Biv)imidazole[f]-1,10-
phenanthroline have been studied. These complexes lheen synthesised by Laura
Cleary, Prof. J.G. Vos research group. Monolayérallofour complexes have been
obtained and the complexes have been analysed exgiig voltammetry, differential
pulse voltammetry, resonance Raman spectroscopy $HERS. The molecular
structure of each complex is shown in Figure 3@&. the purpose of discussion the
names of each of the complexes have been abbreyicble 3.1.
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Figure 3.2: Molecular structures of the mononuclear M(pyrphandl M(thimphen)

complexes, where M = Ru/Os .

Full Name Abbreviation

[Ru(bipy)(2-(4-pyridyl)imidazole[f]-1,10-phenanthrolinéj]  Ru(pyrphen)
[Ru(bipy)(2-(3-thio)imidazole[f]-1,10-phenanthrolinéj] Ru(thimphen)
[Os(bipyy(2-(4-pyridyl)imidazole[f]-1,10-phenanthroliné)]  Os(pyrphen)

[Os(bipyk(2-(3-thio)imidazole[f]-1,10-phenanthroliné)] Os(thimphen)

Table 3.1: Abbreviations used to label each of the four ruthenand osmium

complexes.
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3.2 Results and Discussion

3.2.1 Redox Properties

Cyclic voltammetry (CV) and Differential Pulse Vathmetry (DPV) are two
electrochemical techniques employed in the charaateon of these complexes. The
oxidation potentials for each complex are detaitedable 3.2. Analysis using cyclic
voltammetry reveals a single reversible anodic watv@ositive potentials which is
observed in the CV of each of the four monomerguifd 3.3. This is assigned as the
oxidation of the metal centre with the removal of electron according to the
following process: M — M"' + €. The theoretical peak to peak separation between
the anodic and cathodic waves of a redox proceBs) for a one electron process is
59 mV at room temperatufé.'® **However, an experimental range of 60 — 100 mV
is generally accepted as a one electron procesge¥@ the range of 55 — 65 mV

were recorded foAE, of each mononuclear complex investigated.

The ruthenium complexes are oxidised at poten@gigroximately 450 mV more

positive than the corresponding osmium analogués. 4d orbitals house electrons
that are higher in energy and hence more polaez#éidn the electrons of the 5d
orbitals in osmium. As a result of this, a strongkiving force (more positive

potential) is required to remove an electron frdra outer orbitals of the ruthenium
complexes?

Comparing the oxidation potentials of the M(pyrphand M(thimphen) complexes it
is noted that there is very little difference betwehe two. This would suggest that
the coupling between the linker group (pyridinetlaophene) of the phenanthroline-
imidazole ligand and the metal centres is weak hes¢ types of mononuclear
complexes. Even though the M(pyrphen) complexesoardised at slightly higher

(more positive) potentials than their M(thimphewunterparts (due to the stronger
electron withdrawing properties of the pyridinegjra larger difference in potentials

between the two would be expected if the couplilag strong.
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Complex Electrode  B2ox (V)  Epa- Epc E1 rea.(V) Epe— Epa
(mV) (mV)

Ru(pyrphen) GC +1.33 60 -1.24 (irr.) -
-1.48 65
-1.73 70
-2.07 70
-2.38 110
-2.64 120

Ru(thimphen) GC +1.28 55 -1.37 30
-1.48 80
-1.58 60
-1.98 70
-2.40 150
-2.69 120

Os(pyrphen) GC +0.89 60 -1.18 (irr.)
-1.41 60
-1.70 65
-2.01 80

-2.35 (irr.)
-2.46 (irr.)

Os(thimphen) GC +0.86 60 -1.27 30
-1.42 80
-1.53 80
-1.92 60
-2.30 100
-2.60 90

[Ru(bipy)s]** GC +1.29 70 -1.33,-1.52, -1.76 60, 65, €5

[Os(bipy)s]** Pt +0.83 : -1.28

Table 3.2: Electrochemical potentials of the mononuclear caxe$ (vs. SCE) using
0.1 M TBAPE in acetonitrile as the supporting electrolyte. 8cate: 100 mV/s. GC
working electrode (3 mm geometrical diameter). paeent complexes, [Ru(bip}j*

and [Os(bipy)] ** ?° are included for comparison.

The electrochemistry of two ruthenium derivatives lheen reported by Zhou et3l.

where the pyrphen ligand (2-(4-pyridyl)imidazolelf]l0-phenanthroline) ligand is
replaced by imidazo[4,81,10-phenanthroline (ip) and 2-phenylimidazo[4,5-
1[1,10]phenanthroline (pip). The oxidation potetdia of the complexes
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[Ru(bipyk(ip)]** and [Ru(bipy)(pip)]** are +1.25 and +1.28 V respectively (vs. SCE).
The presence of the-acceptor phenyl ring on the pip ligand decreabessidonor
properties which results in an anodic shift of 3¥ mompared to that of the ip
complex. Furthem-delocalization results in a stabilisation of thetat d. orbitals
which accounts for the increase in the oxidatioteptal. Pyridine rings have greater
n-acceptor capabilities than phenyl rings pullingerevnore electron density away
from the metal. This may account for the observexease in the redox potential of
Ru(pyrphen) when comparing it to [Ru(bipip)]>* and [Ru(bipy)(pip)]*".
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Figure 3.3: Cyclic voltammetry of Os(thimphen), dashed lined &u(thimphen),
solid line, at a GC electrode (3 mm geometricalnuigder), vs. SCE, using 0.1 M
TBAPF; as the supporting electrolyte. Scan rate: 100 mV/s

Using a glassy carbon working electrode, in acétitmibased electrolyte, a potential
window with a negative limit of -2.9 V has been i@sled. Within this window several
cathodic processes have been observed. Under amaeonditions, up to six
reductive waves are present in the cyclic voltammawg of Ru(pyrphen) in
acetonitrile, Figure 3.4. The first (least negativkEthese peaks occurs at a potential of

-1.24 V {s.SCE) and is irreversible at slow scan ratéde infra This wave is also
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present for the osmium analogue but it does noe¢apm the cyclic voltammograms
of either of the thimphen derivatives. Based os tiesult alone it would appear that
this reduction is associated with the phenantheoln pyridine ligand where an
electron is added tozt orbital on this highly conjugated planar ligar@ookeet al.

%2 reported reduction potentials for a similar compau[Ru(bipy}(phen)f* (where
phen is 1,10-phenanthroline). The first ligand aun of this complex was compared
to that of the corresponding reduction in [Ru(bijf) with reported potentials of -
1.33 and -1.34 V \s. SCE) respectively. This suggests that the addibbrthe
imidazole-pyridine/thiophene moiety to the phenawithe ligand is responsible for
altering the energy of the LUMO level, with respéatthat of bipyridine, in each
compound.
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Figure 3.4: Cyclic voltammetry (black line) and differentiallp@ voltammetry (grey
line) of the reductions of Ru(pyrphen) at a GC &tae (3 mm geometrical diameter),
vs. SCE, using 0.1 M TBAPR acetonitrile. Scan rate: 100 mV/s.

By comparison of the reduction potentials of Rufbyn) with those of the parent

complex, [Ru(bipy)]®>* (Table 3.2) it is noted that the first reductiontential of
[Ru(bipy)]®* is seen at -1.35 V which is almost 100 mV moreatigg than this first
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process in Ru(pyrphen). Reductive spectroelectradiey supports this proposal that
the LUMO of the pyrphen complexes is actually lechon the pyrphen ligand itself,
however, excited state Raman spectroscopy indichtgsthe lowest lyingt* orbital
involved in the excited state chemistry of this pbew is not in the same location as
the LUMO,vide infra
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Figure 3.5: Cyclic voltammetry of the reductions of Ru(pyrph@tack and red lines)
at a GC electrode (3 mm geometrical diameter),SGE, using 0.1 M TBARHN
acetonitrile. The CV of the blank electrolyte isluded (blue line). Scan rate: 100
mV/s.

The second and third cathodic processes have redymitentials within the region of
the second and third reductions recorded for [Rwy(gi**, Table 3.2, and as a result
are assigned as bipyridyl based reductions. A éartthree cathodic waves are
observed with cathodic peak potentials of -2.11452and -2.71 V, Figure 3.4, and
these processes are not fully reversible. When eoadpwith the blank electrolyte
(0.1 M TBAPK in acetonitrile) it was found that the cathodicveaat -2.45 V is also

present in the CV of the blank electrolytg,{ = -2.37 V), Figure 3.5. Cryogenic
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temperatures are required for the addition of aors@celectron to the bipy anion
radical created upon reduction of the bipy ligah@aking this into account, along
with the observation that the two reductions att2and -2.71 V are not observed in
the CV of the blank electrolyte, these processee l@en assigned as being located
on the pyrphen ligand.
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Figure 3.6: Cyclic voltammetry of the reductions of Ru(pyrphémack line) and
Ru(thimphen) (red line) at a GC electrode (3 mmngetnical diameter), vs. SCE,
using 0.1 M TBAPEin acetonitrile. Scan rate: 100 mV/s.

The reductive electrochemistry of Ru(thimphen) edsefive well defined cathodic
processes within a potential window of 0 to -2.9 Rigure 3.6. The first (least
negative) and second well defined reversible redocipeaks have half-wave
potentials of -1.37 and —1.54 V (Table 3.2). Thpemcesses have been assigned as
bipyridyl based ligand reductions by comparisonhwjRu(bipy}]?*. There are
additional processes occurring (-1.%5 > -1.5 V) that are of very weak intensity
which may be a product of adsorptive processes hmn dlectrode surface in
acetonitrile. Scanning to more negative potentiel®als a third reversible process as

well as additional cathodic peaks which, like thobserved for Ru(pyrphen), are not
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fully reversible. The wave at -2.47 V has beengis=i as that of the reduction of the

solvent with the remaining cathodic waves assodiati¢h the thimphen ligand.

Complex E12ox. (V), vS. SCE E1/2 red.(V)
Ru(pyrphen) +1.33 -1.24 o), -1.48, -1.73
RT, acetonitrile
Ru(pyrphen) +1.19 €po) -1.48 Epc=-1.54), -1.72, -
RT, dichloromethane 1.96
Ru(pyrphen) +1.13 Epa = +1.20) -1.60K,), -1.80, -2.13
LT, dichloromethane
Ru(thimphen) +1.28 -1.37,-1.58, -1.98
RT, acetonitrile
Ru(thimphen) +1.21 €py -1.50, -1.84
RT, dichloromethane
Ru(thimphen) +1.11 Epa= +1.22) -1.58, -1.85

LT, dichloromethane

Table 3.3:Redox data for Ru(pyrphen) and Ru(thimphen) at awe€king electrode
(3mm geometrical diameter), vs. SCE, in acetoriihd dichloromethane with 0.1 M
TBAPFK; electrolyte. RT = room temperature and LT = lompeerature (-70°C). Scan
rate: 100 mV/s.

Oxidation of the ruthenium mononuclear complexesdichloromethane, using a
glassy carbon working electrode, results in adsmmpon the electrode surface.
Dichloromethane is an apolar solvent with a pojaoit 3.1. Increasing the charge on
the complex will result in the oxidised speciediigl out of solvent and adsorbing on
the electrode surface. This is not observed inoadeile as this is a solvent of
stronger polarity than dichloromethaffeThe oxidation potentials recorded for the
ruthenium complexes in dichloromethane are les#ip@ghan those recorded when
acetonitrile is used in the electrolyte system,l&@&b3. When comparing the oxidation
potentials of both ruthenium complexes in the défe solvents it is noted that they
shift toward more negative potentials when dichioethane is used as the
electrochemical solvent. This same observation lteen made for the reduction
potentials of each complex, Table 3.3. The potenttandow obtained within
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dichloromethane is narrower than that achieved adtonitrile. As a result not all of
the cathodic processes that are visible in therlappear in dichloromethane, Figure
3.7.
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Figure 3.7: Cyclic voltammetry of the cathodic processes ofpRphen) (top) and
Ru(thimphen) (bottom), at a GC electrode (3 mm @#ocal diameter), vs. Ag wire,
using 0.1 M TBAPEin dichloromethane at room temperature. Scan rat mV/s.
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The intensity of the return wave of the first retlue of Ru(pyrphen) appears to
increase in dichloromethane compared to the coorelipg peak in acetonitrile. This
process is also associated with the Os(pyrphenplexrand not observed with the
M(thimphen) complexes. This observation sugges#t this process involves the
pyridine ring of the pyrphen ligand. When the pypHhigand is reduced the extra
electron density and decreased overall chargeeofmblecule leaves the pyridine ring
susceptible to protonation. The presence of wateadetonitrile may provide the
proton source for this protonation whereas dichizethane is only sparingly soluble
in water and this may reduce the chance of thiscgg® occurring when

dichloromethane is used as the electrochemicaénalv

In cases where the return wave of a redox peabti®ibserved the process may be
deemed irreversible. This irreversibility can rédor a couple of different reasons.
The first of these is that the kinetics of the beekction is slow and the redox process
Is incomplete within the time frame of the cyclioltammetric cycle. Alternatively,
following the initial forward reaction at the elemtle, a proceeding chemical reaction
may occur involving the redox intermediate and preging the back reaction from
taking placé® A possible explanation for the irreversibility dfiet first cathodic
process of Ru(pyrphen) may be that the pyriding rnprotonated upon addition of

an electron via an electrochemical — chemical (B€hanism.

Increasing the scan rate, in cyclic voltammetry allows for the investigatiof the
true nature of the back reaction of a redox pracems increasing the scan rate allow
for the back reaction to occur by outrunning thecpeding chemical reaction of the

oxidised or reduced species?

Figure 3.8 includes the cyclic voltammetry of Osfden) at a Pt macro electrode.
The potential window was sufficiently narrow to prllow for the first reduction to

occur. As the scan rate increased the intensithettorresponding anodic wave also
increased, Figure 3.9. The increasing IR drop betwehe working and reference
electrodes is evident in Figure 3.8 where the @ithpeak potential shifts slightly in

the negative direction with increasing scan rates Effect is not as pronounced with
the use of Au micro electrodes as the working ebelet however noise is observed in

the CV at scan rates of 40 V/s and higher.
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With cyclic voltammetry, as the potential is swépin the initial to the final potential
the reactant within the diffusion layer at the #@lede surface undergoes an
electrochemical reaction and will be oxidised atueed depending on the potential
applied. With the case of the M(pyrphen) completkesfirst ligand reduction appears
irreversible at slow scan rates. At the electronlet®n interface the layer of
M(pyrphen) is reduced when a sufficient potensapplied (~ -1.25 Ws. SCE) and

a peak is observed in the CV, the current of winkztuces as the amount of unreduced
reactant decreases. At slow scan rates the tinee$oalthe proposed proceeding
chemical reaction (possibly the protonation of plyeidine) is less than the timescale
of the sweep cycle. However, moving to higher scates reduces the cyclic
voltammetric sweep time and a percentage of thecext! species within the double
layer is converted back to the original state aseoked through an increase in the
intensity of the return wave signifying the corresging oxidation of the reduced
ligand, Figure 3.8 and Figure 3.9. This suggesa$ tihis process is in fact a quasi-
reversible process and is dependent on the scaapptied.
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Figure 3.8: Scan rate dependence of the first reduction prooé&s(pyrphen) at a Pt
macro electrode using 0.1 M TBARIR acetonitrile as the working electrolyte.
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Figure 3.9: Graph to illustrate the relationship between thereat density, J, of the
first cathodic process, with the square root of sban ratey* and J vsv (inset), for

Os(pyrphen) at a Pt macro electrode.

The electrochemistry of each ruthenium mononucteEanplex was investigated at
low temperatures (T = ~-80° C) using cyclic voltaetmp and differential pulse
voltammetry, Figure 3.1@® Figure 3.12. At such low temperatures, the sbactive
species should diffuse away from the electrodeaserfat slower rates than would
occur at room temperature. Therefore by carryinglow temperature experiments
the possibility of diffusion being the limiting feor in determining the reversibility of
the first ligand reduction of Ru(pyrphen) could densidered. A mixture of ethyl
acetate and liquid nitrogen was used to obtain &zatpres as low as approximately -
80° C? As a result of this low temperature acetonitritepld not be used as the
electrochemical solvent as it has a freezing pofnt -44° C?° Dichloromethane,

which has a freezing point of ~ -95%C was used instead.
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Figure 3.10: Cyclic voltammetry (black line) and differentiallpe voltammetry (grey
line) of Ru(pyrphen), at a GC electrode (3 mm gedooa diameter), vs. Ag wire,
using 0.1 M TBAPE-in dichloromethane (temperature ~ -80° C). Scar:ra00 mV/s.
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Figure 3.11: Cyclic voltammetry of the oxidation of Ru(thimphea) room
temperature (grey line) and ~ -80° C (black ling),at a GC electrode (3 mm
geometrical diameter), vs. Ag wire, using 0.1 M PBAIn dichloromethane as the

supporting electrolyte. Scan rate: 100 mV/s.
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Comparing the oxidation and reduction potentials e&ch complex in
dichloromethane at both room temperature and lowp&zature (Table 3.3) it is noted
that the oxidation of the metal centre is not higadffected by the change in
temperature. A difference of 10 mV, between the termperatures, in the oxidation
potential of each metal complex is observed whschithin the range of experimental
error. The effect of adsorption of the oxidisedcspg on the glassy carbon electrode
surface is reduced at lower temperatures as olibenv€igure 3.11. However, the
distance between the anodic and cathodic peak tigePAE,, is increased at
temperatures of approximately -80° C which is gadgsdue to the effect on the

heterogeneous electron transfer kinetics.

At -80° C, Figure 3.12, the potential window of ld@mromethane is extended to -2.4
V. The third reduction of the Ru(pyrphen) which,rabm temperature has a peak
potential on the cusp of the end of the solvenepidl and as a result is not well
defined, is observed clearly at low temperaturdse Tathodic peak potential of the
first ligand reduction of this complex is shifteg @approximately 60 mV toward more

negative potentials at low temperature. The intgridithe corresponding return wave
is also reduced compared to that observed at reompdrature in dichloromethane.
The diffusion of a species from the electrode sigfiato the bulk solution can change
dramatically with changes in temperature. At ro@mperature, the diffusion of an

analyte through a solution exhibits Arrhenius typEhaviour. The rate constant of
reactions are also heavily dependent on solutionpégature. According to the

Arrhenius equation the rate constantklis inversely proportional to the temperature

according to the following expression:

Equation 3.1 k= AeEa/RT

It would be expected therefore that the diffusiéthe reduced Ru(pyrphen) complex
would occur at a slower rate at low temperaturespoisible explanation for the
irreversibility of this first reductive process mhg that it is dependent on the rate of
diffusion of the reduced complex. Cycling at -80°sBould decrease the rate of
diffusion. If the probability of the re-oxidatiorf the reduced ligand of Ru(pyrphen),

occurring within the timeframe of the voltammetadgcle is dependent on diffusion
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then the intensity of the return wave would be ekg# to increase at such low
temperatures compared to that observed at roomet@type. However, this is not
observed and therefore it is proposed that thei-gigasrsibility of this first cathodic
process in Ru(pyrphen) is as a result of a proogechemical reaction which may be
out-run by increasing the scan rate.

The reductive electrochemistry of the second moal@an ruthenium complex,

Ru(thimphen), was also studied at -80° C in didrwthane, Figure 3.12. The main
difference observed between the electrochemistrydichloromethane at room

temperature and at -80° C is that the first (Ie&sfative) cathodic process, which is
proposed to be located on a bipyridyl ligand in Mghimphen) complexes, is shifted
by approximately 80 mV in the negative directiorheTpeak potentials of the

subsequent reductions as well as the oxidatiompateof the metal centre at -80° C
are the same as those observed at room tempevethine experimental error, Table

3.3.
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Figure 3.12:Cyclic voltammetry (black line) and differentiallpe voltammetry (grey
line) of Ru(thimphen), at a GC electrode (3 mm gedoal diameter), vs. Ag wire,
using 0.1 M TBAPEin dichloromethane at -80° C. Scan rate: 100 mV/s.
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3.2.2 Spectroelectrochemistry — Oxidative

Spectroelectrochemistry is an analytical technithe incorporates electrochemistry
with spectroscopy to analyse both organic and smigcompounds. Each of the four
transition metal complexes discussed in this chidpd®e been analysed using both
oxidative and reductive spectroelectrochemistryis Tdonsists of electrochemically
generating the oxidised or reduced form of eachptexnand studying the associated
changes in the electronic absorption spectra. Aemaetailed introduction into
spectroelectrochemistry is given in Chapter 4. @vapt focuses on dinuclear
complexes and the use of spectroelectrochemistgsmn redox processes to specific
metal centres while investigating the interacti@meen them. This chapter looks at
using spectroelectrochemistry as an accompanysimigue to cyclic voltammetry in

the assignment of the redox processes in eactedbthr complexes.

In contrast to O5 complexes, wheréMLCT and *MLCT absorbance bands are

observed, onlyMLCT absorbance bands are observed it &mplexes, Figure 3.13.
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Figure 3.13: Spectroelectrochemistry of Ru(pyrphen) using a &tizg working
electrode, vs. SCE, using 0.1 M TBARFacetonitrile as the supporting electrolyte.
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The importance of spin-orbit coupling (which can defined as the mixing of the
molecules spin angular momentum with the orbitagjuder momentum) increases
down a group in the d-block of elements in the quid table from light to heavier
atoms (e.g., Fe> Ru— Os—...). Such formally spin-forbidden transitions®s#.CT

— the transfer of charge from the thetal centred orbitals to the& orbitals centred
upon the ligands — are observed in the absorbgredra of osmium complexes but
these bands are a lot weaker and not often observélde spectra of ruthenium
complexes?

The absorbance spectrum of Ru(pyrphen), Figure, 3&l@als'MLCT bands in the
region of 25000 — 20000 ¢M(400 -500 nm). Upon oxidation by bulk electrolysis
(potential held at +1.50 &, = +1.31 V,vs. SCE) the intensity of these absorbance
bands decreases due to the lesseningydfaick-bonding from the HlUmetal to the
ligand n* orbitals. When the solution of Ru(pyrphen) islyubxidised a very weak
broad absorption is observed, 16700 — 10000 ¢800 — 1000 nm), which may be
assigned as an LMCT absorption band of the trarsffeslectron density from the
ligand to the oxidised Rlimetal centre. This signal is no longer observeemthne

complex is reduced back to Rstate.

Upon investigation of the re-reduced species (pi@teheld at +0.30 V) it was noted
that although the intensity of th®MLCT bands returned back to the original state the
shape of the peak did not. A possible explanatamntliis is that the complex may
have been protonated with the nitrogen atom on gipedine ring offering a
protonation site. Water is oxidised above +1.0 Molwlproduces Hions which can
result in an increase in the acidity of the solutidny water that entered the system
during the experiment could have resulted in pratiom. Addition of the base,
tetraethyl ammonium (TEA), resulted in an absorkaspectrum witHMLCT bands
of the same intensity and shape as the original Mb@&nd of the Rlicomplex prior
to oxidation. The intensity of these absorbancedbafollowing addition of the base
is, however greater than the original spectrumsThay be due to evaporation of

solvent over the time taken to carry out the expent.

The spectroelectrochemistry of Ru(thimphen) iseysitmilar to that of Ru(pyrphen)

in that, prior to oxidation’MLCT absorbance bands are observed in the region of
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25000 — 19200 cth (400 — 520 nm), Figure 3.14. Thefof Ru(thimphen) is +1.30
V, vs.SCE (Table 3.2) . To oxidise the entire solutiérihe complex within the cell
the potential was held at +1.40 Vs(SCE) via bulk electrolysis. The intensity of the
'MLCT bands decreases upon oxidation of the metatteand a low intensity, broad
LMCT band is revealed from 18200 — 12500c¢B50 — 800 nm) which is not present

in the spectrum of the re-reduced complex.
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Figure 3.14: Spectroelectrochemistry of Ru(thimphen) using ag&ize working
electrode, vs. SCE, using 0.1 M TBAR# acetonitrile as the supporting electrolyte.
The black line represents the spectrum of the cexnptior to the applied potential.
The red and blue lines indicate the oxidised andedkiced spectra respectively.
Inset: LMCT bands in the region of 18000 — 12000 .cm

Upon bulk reduction (potential held at +0.30 V)tbé system it was discovered that
the oxidation was not fully reversible. This irresiility of the process involving the
oxidation to RU' implies that a change in the distribution of glestdensity within
the complex has occurred. This would lead to a gaan the shape of tH®ILCT. It

is not fully known where the change in the disttiba of electron density occurs on

the complex. However, the possibility of electrgpoérisation of the thiophene rings
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has been ruled as a much greater change in thebalbse spectra would be expected

if the complex was polymerising on the surfacehef ¢lectrodé’

In contrast to ruthenium complexes, boMLCT and *MLCT absorption bands are
observed in the spectra of osmium complexes in2theoxidation state (i.e. ®k
These are observed in the spectra of Os(pyrpheh)Caafthimphen) in the region of
25000 — 13900 cih (400 — 720 nm), Figure 3.15. The half-wave po&#ntf
Os(pyrphen), B, = +0.86,vs. SCE, is only 30 mV more positive than that of
Os(thimphen) with a half-wave potential of +0.83v¥,SCE, Table 3.2.

The spectroelectrochemistry of Os(pyrphen) is gsiteilar to that of the thimphen
analogue with the disappearance of il CT and*MLCT bands upon oxidation by
bulk electrolysis (potential held at +1.20W%&. SCE), Figure 3.15, confirming that this
anodic process is associated with the removal aflectron from the osmium metal
centre. The shape and intensity of these absorld@rws return to that of the original
spectra when the complex is reduced (potential lala0.30 V,vs. SCE). This

indicates that the oxidation of this complex i®aarsible process.

The half-wave potential ¢iz) of Os(thimphen) is +0.83 Ws. SCE. To ensure the
complex was fully oxidised the working electrodesweeld at a potential of +1.10 V
and the scan was repeated five times to ensursatin@le was converted fully to the
+3 state i.e. 35 TheMLCT and3MLCT absorption bands at 25000 — 18900’cm
(400 — 530 nm) and 18200 — 13900 t(B50-720 nm) respectively, are not observed
when the system is fully oxidised.
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Figure 3.15: Spectroelectrochemistry of Os(pyrphen) (top) and(ti@ephen)
(bottom) using a Pt gauze working electrode, vsg,S@sing 0.1 M TBAPRFIn
acetonitrile as the supporting electrolyte. The dildine indicates represents the
spectrum of the complex prior to the applied pagnThe red and blue lines indicate

the oxidised and reduced spectra respectively.
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As the complex is re-reduced (+0.30 ¥5. SCE) the absorption bands that were
observed prior to oxidation are again present ie #pectrum indicating the
reversibility of this anodic process in Os(thimpheRigure 3.15. There is a broad,
weak  absorbance band present at ~11000 * cm(900 nm),
Figure 3.16. This is assigned as an LMCT band ef@8' (bpy), part of the molecule
as bipyridyl ligands are strongracceptor ligands and therefore lead to weak high

energy absorbance bands in the UV-Vis spectrum.
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Figure 3.16: Spectroelectrochemistry of Os(thimphen), focusimghe region 16700-
9100 crit, using a Pt gauze working electrode, vs. SCE,quéii M TBAPE in
acetonitrile as the supporting electrolyte. Thedildine represents the spectrum of
the complex prior to the applied potential. The egdl blue lines indicate the oxidised

and reduced spectra respectively.
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3.2.3 Spectroelectrochemistry — Reductive

In section 3.2.1 the reductive diffusion controllel@ctrochemistry of this series of
ruthenium and osmium mononuclear complexes is dgamll From the analysis of the
electrochemistry in several solvents and at sevamanh rates, it is proposed that the
location of the LUMO (and hence the first reducjidiffers between the pyrphen and
thimphen complexes. Given that the first reductbonthe M(pyrphen) complexes is
irreversible at slow scan rates, Figure 3.8, ardiiscat a potential less negative than
that of the first reduction of the parent compliy(bipy)]** it is proposed that this
process is associated with the pyrphen ligandfit3déle M(thimphen) complexes
however exhibit a first reduction with a potensihilar to that of [Ru(bipyj** and
this process is assigned as being a reductionezkotr a bipyridyl ligand. Reductive
spectroelectrochemistry has been employed to difteate between the first reductive

process of the pyrphen and thimphen complexes.

The reductive spectroelectrochemistry was carrietlumder an argon atmosphere.
The complete exclusion of oxygen is required wheanming to such negative
potentials as the reduction of oxygen to supergxidg can interfere with the
electrochemistry of the analyte in the cell. Irgktly basic conditions in acetonitrile
the reduction of diatomic oxygen to superoxide cacur at relatively low over

potentials, Equation 3.2.

Equation 3.2 O, +6 o 0y (-0.47 V,vs.NHE '3

Bulk electrolysis, at potentials sufficient to ambe the first reduction of the osmium
monomers was carried out to generate the singlygeddacomplexes, [Os(bipx).)]",
where L = thimphen/pyrphen. The appearance of rieserbance bands indicative of
the bipy anion radical was used as an indicatorterlocation of the first cathodic
process on each complex. Os(thimphen) was reducddsaV s. Ag wire) in order

to monitor the changes in the absorbance specitavére induced by the presence of
the [Os(thimphen)] complex. These changes are compared with the spumeling
spectra of [Ru(bipy]*, Table 3.4°
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Complex n— n* (bipy) @ —a*(bipy)” =m—a*(bipy). =m— x*(bipy)”

nm nm nm nm
[Ru(bipy)] " ** 292 342 502 781
529 869
990
[Os(thimphen)] 296 333 516 700 - 850
[Os(pyrphen)] 292 336 511 ND

Table 3.4: Electronic absorbance data of [Os(thimphén}ind the singly reduced
parent ion, [Ru(bipy] *. T This absorbance appears as a series of large bahgsry
weak intensity, Figure 3.17. ¥ The low energy absnce bands observed for
[Os(thimphen)] (700-850 nm) are not detected (ND) for [Os(pyrphéms a result

of weaker intensity.

The formation of the [Os(thimpheii)fomplex is manifested by significant changes in
the absorbance spectrum compared with that of fi®sghen)f*. The intensity of the
bipy n — n* absorbance bands decreases slightly with a batbotc shift observed
also, Figure 3.17. Additional bands appear in tpecsum following the first
reduction of the complex which are observed at 33% and between 700 and 850
nm. These bands fall within the range observedther corresponding process of
[Ru(bipy)]® ?® (Table 3.4) and are therefore assigned to infatigbands from the
bipy anion radical. This observation supports theppsal that the LUMO of
Os(thimphen) is located on one of the bipy ligaagsndicated by the first reduction

involving a bipy unit.

Changing the potential to -1.9 V allows for the éidd of a second electron and the
formation of the [Os(thimpherf)jcomplex. This is manifested in the absorbance
spectrum by a significant decrease in the intensityhe bipyn — n* absorbance
bands with a concomitant further growth of the bgmnjon radicalt — =n* bands at
333, 516 and 700 — 850 nm. Bulk electrolysis at @v§. Ag wire) confirms the
reversibility of these cathodic processes. The slud@ach of the absorbance bands in
the spectrum returns to those observed for thehidgghenj" complex prior to
reduction. However, the overall intensity has iasexl due to the evaporation of the

solvent as a result of purging with argon overdberse of the experiment.
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Figure 3.17: Reductive spectroelectrochemistry of Os(thimphemgua Pt gauze

working electrode, vs. Ag wire, in 0.1 M TBAPR acetonitrile as the supporting

electrolyte. The solution was degassed using Argon.
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Comparing the spectra of [Os(pyrphéh)ith that of the monocationic complex,
[Os(pyrphen)] (bulk electrolysis at -1.3 Ws. Ag wire) it is noted that the changes
observed in the spectra of [Os(pyrphéraie less pronounced than those observed for
the [Os(thimphen)] complex, Figure 3.18 and Figure 3.19. The firstuctin of
Os(pyrphen) is a quasi-reversible process thageddent on scan rate. The intensity
of the absorbance bands, associated with the mpnaadical transitions, increases
with each change to more negative potentials. Bigktrolysis at 0 V\s. Ag wire),
allows for the re-oxidation to the [Os(pyrphéf)lcomplex. The corresponding
spectrum obtained includes certain minor differenetaen compared to the original
spectrum recorded prior to electrolysis. This ipasted due to the quasi-reversible
nature of this first cathodic process at slow scates. The irreversibility of the
changes in the spectrum along with the considemdifflerence in intensity of the bipy
anion radical bands between the two complexes mmgest, along with the
electrochemical data, that the first reduction dmhce the LUMO level is not
associated with a bipy unit on the Os(pyrphen) dempnstead the LUMO can be
assigned as located on the pyrphen ligand itself.
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Figure 3.18: Reductive spectroelectrochemistry of [Os(pyrphen)jand
[Os(thimphen)] comparing the spectra of the first ligand reduati®f each complex.
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Figure 3.19: Reductive spectroelectrochemistry of Os(pyrphemgua Pt gauze
working electrode, vs. Ag wire, in 0.1 M TBAPR acetonitrile as the supporting

electrolyte. The solution was degassed using Argon.
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3.2.4 Raman Spectroscopy

The determination of certain properties of moleswdech as the geometry of different
molecular orbitals, the nature of electronic trdoss and the energy levels of excited
states is a relatively complicated process whengusinly a single spectroscopic
technique. The use of several techniques, oft@emunction with one another is thus
needed for a more comprehensive and reliable ev@tuaf the various results. In
particular, specifying the location of the lowestiged state within a molecule is not
possible by luminescence spectroscopy alone, tkeofisa technique like Raman
spectroscopy provides invaluable information abthe changes in vibrational
energies upon excitation. Raman spectroscopy ischanique that investigates the
inelastic scattering of light caused by the intgéoac of a photon with a molecule.
Such an interaction leads to a change or increateistate of each vibrational mode
within. The intensity of the scattering is very lovith only 1 in 16 — 10" molecules
within a sample producing the inelastic scattefighe photorf® Scattering effects
can be greatly enhanced when Raman spectroscopgniducted under resonant
conditions as a result of the excitation wavelengtiinciding with that of the
electronic absorption band of the compound. Undesé conditions an enhancement
of the Raman scattering by factors as much &chd be achieved. Therefore,
resonant Raman spectroscopy can provide usefulniafiton for assigning electronic
transitions thanks to the enhancement of vibratidmends associated with that
particular electronic transitiof?.

The vibrational modes of the excited states of Rugfpen) and Ru(thimphen) were
examined using excited state resonance Raman gpeay where each complex was
irradiated with a short light pulse (9 ns) corrasgiog to a particular excitation
wavelength of the complexes, Figure 3.20. The tiegulRaman spectrum of each
complex is compared with that of the excited stspectrum of [Ru(bipy]?.
Excitation at a wavelength that corresponds tollaead transition such as Re n*

(bipy) will lead to enhancement of the symmetrretsthing modes associated with the
bipy ligand. Prominent peaks corresponding to them&n scattering from the
vibrational modes of the bipycan be seen in the Raman spectrum as a result. The
lowest lying excited state of [Ru(bip}j* is now widely accepted as *MLCT

transition involving a bipyridyl ligané’ Therefore the presence or absence of Raman
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shifts, such as those of the bipyf [Ru(bipy)]*** (where * denotes an excited state)
in the excited state, in the spectra of the rutlnmonomers will be used as an

indicator of the location of the lowest lying exadtstate.

A Blue — [Ru(py mphen)]?
Red — [Ru(thimphen)p
Green - [Ru(bipy)3]2*

1548 cm!

1605 cm-t

1492 cm
1425 cmt
1372 cmt

1349 cm?

1319 cm™?

1284 cm™
1210 cmt

1573 cm:L

| ’
1700 1600 1500 1400 1300 1200

Raman Shift (cm 1)

Figure 3.20: Resonance Raman spectra of [Ru(pyrphe)]*(blue line),

[Ru(thimphen)]** (red line) and [Ru(bipy)*** (green line) in acetonitrile. The
excitation wavelength used was 355 nm.

The excited state resonance Raman spectroscopnesd tomplexes was carried out
by Dr. Wesley R. Browne in the University of Grogean, The Netherlands. The
spectrum of each complex is shown in Figure 3.2@it&tion with a 9 ns pulse at 355
nm on the complexes allowed for promotion to arctedmically excited state of the
complexes under investigation. The choice of thisvelength allows the
determination of the possible involvement of ttteorbital of a bipy unit in MLCT
transitions since at this wavelength the bipy ameuical presents an absorption peak.
In fact, the resulting MLCT transition involves &amge in the electronic charge
distribution through a transfer of electron den$igm the ruthenium metal centre of
[Ru(bipyk(L)]?**, where L = pyrphen/thimphen, to either a bipy figaor the
pyrphen/thimphen ligand. The nature of the ligamat teceives charge from the metal
centre depends on the location of its lowest lyihgrbital.
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Each excited state complex exhibits Raman shifegattteristic of these vibrational
modes of the bipy These are observed at 1548, 1495, 1427, 136%, 12822 and
1164 cm' as has been observed for a similar ruthenium mesiear complex,
[Ru(bipy)]* 2*.3* The neutral bipy ligand exhibits Raman shifts @08, 1563, 1491,
1450, 1320, 1276 and 1176 ¢t The shifts in the spectra corresponding to thdse o
the anion radical of the bipy ligand are clearlgibie in both Ru(pyrphen) and
Ru(thimphen). This would suggest, contrary to rssabtained from electrochemistry
and spectroelectrochemistry where the excited epeare proposed to be
[Ru" (bipy)(bipy")(thimphen)] and [RY(bipy).(pyrpheri)] (vide suprd, that the
lowest lying excited state of each complex involvaMLCT transition is localised
on a bipyridyl ligand and not on the pyrphen ontphen ligands where the excited
state of the complex is represented by'[fipy)(bipy)(L)]. The remaining bands
are therefore assigned to the Raman scattering tinenvibrational modes associated
with the neutral phenanthroline type ligand (134® 4573 crit) as they do not
appear in the spectrum of [Ru(biglf}, Figure 3.20. These bands are also observed in
the SERS spectra of each of the complexeks infra(Section 3.2.5.2).

3.2.5 Electrochemical and Raman Spectroscopical Pro  perties of

Mononuclear Complexes Confined on a Surface

3.2.5.1 Electrochemical Properties of Surface Cordd Complexes

The formation of monolayers of chemical speciesgtiver they are self-assembled or
spontaneously adsorbed, involves the binding ofidase active functional group
within the molecule to a surface. Both types of olayers differ in the degree of
lateral interaction between the adsorbates on uhace. Self-assembled monolayers
work to stabilize lateral interactions between thdox active species on the surface.
The substrate choice can be of particular impodamcen forming monolayers. Long
range ordered monolayers offer more facile corgnal manipulation of the properties
of the monolayer. Substrate metals, e.g. Au, ABtodiffer in their surface properties
and as a result can affect the physical and chémprogerties of the monolayer. The
structure and defect density of a monolayer willraipe depending on the properties of
the substrate. Electrochemical and photophysiagbeaties of the species within the
monolayer can also be altered depending on theciassd substrat&. Molecular

electronics is concerned with assembling molecolesan electrode surface, in a
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manner in which they will be able to conduct andawelectrical currents, and using
these systems to replace components in solid skgetronic devices such as
transistors, wires and diodes. With this conceptmimd, monolayers of all four
mononuclear complexes discussed in this chaptez haen formed using Pt and Au

metals as the substrate for binding.

The process of self-assembly of a species on dratdss a relatively simple process
in which the monolayer will form under atmosphefcessure and at room
temperature. In the context of the complexes dseaisn this chapter it was not
necessary to prepare anhydrous or anaerobic swdutar the deposition procedure.
Simply exposing the substrate to solutions of eamhplex over time (overnight for
each complex in this chapter) is sufficient foreasbly. The solvent used for the
immersion process is chosen based on the solubfiitiye species and does not affect
the assembly process Concentrations in the rangeond to millimolar are generally
used — bearing in mind that the concentration nfégctathe homogeneity of the

resulting layer*

Monolayers of Ru(pyrphen) and Ru(thimphen) wereniedl on a Pt macro electrode
following overnight immersion in 500uM solutions of Ru(pyrphen) in
dimethylformamide(DMF)/HO (1:1) and Ru(thimphen) in ethanol. The Faradaic
response obtained for both complexes is a direttitref the species on the electrode
surface as neither complex was added to the elgigtrsolution prior to the
experiment. Also, any unbound residue of the compi@t was not removed with
rinsing of the electrode will give rise to a contration so low that it would not affect

the Faradaic response.
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Figure 3.21: Cyclic voltammetry of a monolayer of Ru(pyrphenp)ton a Pt macro
electrode (real surface area = 0.1041 Ynfollowing immersion overnight in a 500
uM solution of the complex in DMFB (1:1), vs. Ag wire, using 0.1 M TBAGI®
acetonitrile as the supporting electrolyte. Bottograph illustrating the linear

relationship between the peak curreptversus the scan rate,
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Both complexes form stable monolayers on Pt madextredes, the cyclic
voltammograms of which are shown in Figure 3.21 Bigiire 3.22. The scan rate of
the cyclic voltammograms was varied from 1 — 5 afidl the peak shape and potential
do not change with changes in scan rate. The obdecurrenti, (A) is directly
proportional to the scan rate, (V/s) which is consistent with a surface confined
species rather than a diffusion controlled procebserei, is proportional tov”.
Monolayers exhibiting ideal reversible redox resggmhave an anodic to cathodic
peak separatiom\E, equal to 0 V.AE, values of less than 15 mV and 25 mV have
been calculated for Ru(pyrphen) and Ru(thimphemspeetively. These non-zero
values can indicate the presence of intermolegataractions between the molecules
on the surface when oxidised. Alternatively, thisncalso suggest a degree of
reorganization within the monolayer following thepéied potential. The full width at
half maximum, FWHM is 90.6 mV calculated for a oglectron reversible reaction
showing Nernstian behaviotit.The monolayers of both ruthenium complexes have
FWHM values greater than this theoretical valu®@6 mV ranging from 100 — 110
mV for Ru(pyrphen) and 115 — 150 mV for Ru(thimpheihe FWHM was
calculated from the Faradaic current response ltlyegrcluding any contribution from

the capacitive current.
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Figure 3.22:Cyclic voltammetry of a monolayer of Ru(thimphéop) on a Pt macro
electrode (real surface area = 0.0982 Ynfollowing immersion overnight in a 500
uM solution of the complex in ethanol, vs. Ag wiusing 0.1 M TBACIQ in
acetonitrile as the supporting electrolyte. Bottograph illustrating the linear

relationship between the peak curreptversus the scan rate,
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This may suggest that lateral interactions existvben the molecules mounted on the
surface and that they are repulsive toward eacér offitractive interactions give rise
to FWHM values of less than 90.6/n mV, where n ® thumber of electrons
transferred? It is also possible that these values arise asaltrof a distribution of
formal potential within the monolayer caused byisodjanised orientation of the
molecules or differing electrostatic environmentsuad the redox centres within.
Although evidence of lateral interaction existswetn the molecules on the surface,
the behaviour of the molecules within the monolagan be described as close to
ideal. This has also been observed for a simildéhenium polypyridyl complex,
[Ru(bipyk(bipySH)F*, where thiol groups (SH) act as the surface lint@rPt
electrodes’® A AE, value of 15 + 5 mV and FWHM of 110 + 10 mV wer@aoeted for
this monolayer with a surface coverage of 8.1 X*¥fiol cm®. Monolayers of another
ruthenium mononuclear complex reported by Forstel. *® have a surface coverage
in the range of 0.2 — 1.0 x 1®mol cm? The FWHM of the voltammetric peaks of
this monolayer increases with increasing surfacee@me indicating increasing
destabilising lateral interactions as the distamewveen adsorbates decreases. As the
peak potentials;, of the Ru complexes discussed in this chapteralainange with
increasing scan rates ohmic effects and an inecrga& drop are not considered

influential toward the observed electrochemicapoese of the monolayet&

The surface coverage of each of the monolayerbéas calculated, Table 3.5. As the
concentration of the redox active species in thectsdlyte solution is zero, or
approximately zero, the observed Faradaic respisnassumed to originate from the
monolayer adsorbed on the surface of the electrdtlerefore the total Faradaic
charge injected into the monolayer upon oxidatibthe redox active species can be
obtained from the area under the corresponding wiawbe cyclic voltammogram
(excluding the contribution from the capacitive reunt) and can be related to the
surface coverage through Equation 3.3.

Equation 3.3 I' = Q/nFA

wherel represents the surface coverage in mof,0is the Faradaic charge, n is the

number of electrons involved in the redox procésis, the Faraday constant and A is
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the real surface area of the electrdtelsing the values obtained for the surface
coverage, the average area that each molecule iesc8poec (A% can be calculated

from Equation 3.4.

Equation 3.4 Anmolec = 10°% NaT

whereN, is the Avogadro constant. The surface coveragmileded for each complex
corresponds to a molecular area of occupation Bfs8&1 2560 A for each molecule
within the monolayer of Ru(pyrphen) and Ru(thimphesspectively. This area per
molecule is a lot larger than would be expecteddosely packed monolayers of
these complexes considering the projected areathHese types of ruthenium
polypyridyl complexes is approximately 9G.AThe values obtained for FWHM of the
voltammetric peaks of these monolayers are grelger the theoretical value of 90.6
mV for a one-electron proceSsConsidering this result and the molecular area of
occupation on the surface it seems likely that lspe interactions exist between
adjacent molecules on the surface, a factor whiak also observed for the similar

13° The orientation of the molecule within

ruthenium complex reported by Forsetra
the monolayer and the possibility that these corgdedo not form well ordered,

closely packed monolayers must also be considered.

Monolayer E., vs. SCE E., vs. SCE Surface CoverageIl’
Solution Phase Monolayer (mol / cnr)
Ru(pyrphen) +1.31V +1.33V 1.9 +0.02 x'10
Ru(thimphen) +1.30 V +1.24V 6.5+ 0.2 x %0

Table 3.5:Half-wave potentials of the solution phase andaefconfined complexes
and calculated surface coverage for the monolagéRu(pyrphen) and Ru(thimphen)

at a Pt substrate.

The four mononuclear ruthenium and osmium compléxe® been synthesised and
characterised for potential applications such as tkevelopment of molecular
transistors. For molecules to be considered patigntiseful as molecular transistor
they are required to have a stable redox centteettiabits reversible electrochemical
properties. The formation of stable well behavedatayers on an electrode surface
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is also required. Characterising the orientatiom @nnnelling currents of these
complexes within a monolayer can be carried oubgugin in-situ electrochemical
scanning tunnelling microscopy (STM) setup at rotemperaturé® The redox
potential of Ru(pyrphen) and Ru(thimphen) is higliean that of water and as
potential STM experiments are carried out in agsesolutions, and therefore at
potentials less positive than 1.0 ¥5(SCE), monolayers of the osmium analogues on

Au and Pt are deemed more suitable for this paati@pplication.

Monolayer Ey/V Ey/V Ew/V Surface Coveragel
Solution ~ Monolayer Monolayer (mol / cn)
Phase ACN ACN H-0

Os(pyrphen) +0.86 (Pt)  +0.88 (Pt)  +0.67 (Pt) 1.1 +0.02 X'1(H,0)
2.1 +0.02 x 18* (ACN)
Os(thimphen) +0.83 (Pt)  +0.93 (Au)  +0.68 (Au) 3.2 + 0.02 x1@H,0)
1.8 + 0.02 x 18 (ACN)

Table 3.6: Half-wave potentials, vs. SCE, of the solution phasd surface confined
complexes, in D and acetonitrile along with the calculated sudamverage for the
monolayers of Os(pyrphen) and Os(thimphen) on Mt /Am substrates. The working

electrode is specified in parentheses.

Stable monolayers of each of the osmium complexe been formed on both
platinum and gold electrodes. The electrochemiggponse from the monolayers was
investigated using both acetonitrile and waterh&sdlectrochemical solvent. LiCJO
was used as the electrolyte for the aqueous sy#terthis compound is insoluble in
acetonitrile a second perchlorate electrolyte, TBAOw~as used instead. The cyclic
voltammetry of the monolayers formed are shownigufe 3.23 to Figure 3.28 along
with the graphs illustrating the relationship betwehe peak current and the scan rate.
A linear relationship between the peak current thiedscan rate has been obtained for
both complexes indicating that a monolayer has leemed on the surface and the
Faradaic current response is not associated vdifiLsive process.
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Figure 3.23: Cyclic voltammetry of a monolayer of Os(pyrphenp)ton a Pt macro
electrode (real surface area = 0.1223 Ynfollowing immersion overnight in a 500
uM solution of the complex in DMF/® (1:1), vs. Hg/HgS®) using 0.1 M LiCIQin
H.O as the supporting electrolyte. Bottom: graphsthating the linear relationship

between the peak curreng, versus the scan rate,
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Monolayers of Os(pyrphen), in aqueous electrolfggyre 3.23), on a Pt substrate
reveal a greater degree of lateral interaction betwthe adsorbates on the surface
compared to the same system in acetonitrile. Bhabserved through such properties
as the FWHM (105 — 135 mV), the separation betvikrerpeaks\E, (30 mV) and the
surface coverage, Table 3.6. In acetonitrile theHW\of this complex ranges from
110 — 115 mV and the distance between the anodicathodic voltammetric peaks
is 20 mV. The monolayer in acetonitrile has a stgfaoverage of the same order of
magnitude as that of the aqueous systerit! Hol cm®. Using the values for the
surface coverage, the projected area of occuppgomolecule of the Os(pyrphen) in
each monolayer was calculated. It was found that raonlecule occupies an area of
780 A% on the substrate, recorded in acetonitrile eléggoThis value was doubled
when calculated from voltammetric peaks recordednraqueous environment (1480
A?. Similar osmium polypyridyl complexes have beeeparted where the
crystallographic data reports radii of 7.5 A foeske types of compoundsBased on
this, the proposed area per molecule for a simi@mium complex,
[Os(bipyk(pOp)CI]” where pOp is 4,4-bipyridyl, is 180°A" This information would
suggest that the packing density within the morerapvolves adsorbates that are
separated by significant distances. This can alggest that, like the monolayers of
the Ru complexes, the orientation of the molecdesthe surface may be more
complicated than the ideal situation where the owés stand perpendicular to the
surface of the electrode. The differing respondeained from the monolayers in each
solvent are not hugely significant however thessults suggest that repulsive
interactions exist within the monolayer (FWHM > &@. mV *3 in both acetonitrile
and water. The electrochemistry of the monolayéRugpyrphen) and Ru(thimphen)
was not examined in aqueous electrolyte as theatigidl potential of the ruthenium
metal centre is more positive than that of wates. uch, the projected area per

molecule of each ruthenium complex in agueous rligte was not investigated.

The difference between the anodic and cathodic pped&ntials, recorded for the
monolayer of Os(thimphen), Figure 3.24, is constargn agueous electrolyte with a
AE, of 65 mV whereas this value increases with ingngascan rate in acetonitrile.
Similar behaviour is observed when consideringAt#HM in both the agqueous and
organic environments. In an aqueous electrolyteF\WHM ranges from 110 — 130

mV whereas a range of 140 — 160 mV is recordedcetoaitrile. These values
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obtained for both the\E, and FWHM are greater than the corresponding values

associated with a monolayer exhibiting ideal etsdtemical responsedfg, of 0V
and FWHM of 90.6/n mV).
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Figure 3.24: Cyclic voltammetry of a monolayer of Os(thimphen)a Au bead
electrode (real surface area = 0.0424 Ynfollowing immersion overnight in a 500
uM solution of the complex in ethanol, vs. SCE, gigirl M LiCIQ, in H,O as the

supporting electrolyte. Bottom: graph illustratitige linear relationship between the

peak current,j, versus the scan rate,
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A surface coverage of 3.2 x 1bmol cm? has been calculated for Os(thimphen) in
aqueous electrolyte which leads to a projected pezamolecule of 530 A This is
double that of the projected area per moleculertegdor a monolayer of a similar
osmium complex, [Os(bipyipOp)CIT" **? (240 &) suggesting that the Os(thimphen)
molecules are less ordered on the surface of thstrsttle. Another possible
explanation may be the existence of greater latetaraction in the latter which
would result in a greater distance between the cotds, as reflected by the large
FWHM values obtained. The calculated surface cameraf the Os(thimphen)
monolayer on Au in acetonitrile decreases by apiprately a half from 1.8 x 18 to
5.6 x 10" mol cm? following the initial scanning at 10 V/s per seddor 8 sweep
segments, Figure 3.25. The diffusion controlledctetehemistry was carried out
using acetonitrile as the electrochemical solverdlbfour complexes are fully soluble
in this solvent. This increased solubility in acetdle compared to aqueous
electrolytes may be the cause of the decreaseiautface coverage of Os(thimphen)

in acetonitrile compared to that calculated forrm@nolayer of the complex in water.
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Figure 3.25: Cyclic voltammetry of a monolayer of Os(thimphen)a Au bead
electrode (real surface area = 0.0514 Jmvs. Ag wire, using 0.1 M TBACJGn
acetonitrile as the supporting electrolyte. A sabsial decrease in the intensity of the

peak current is observed in the second of two @uise scans at 10 V/s.
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In the cyclic voltammograms of both the Os(pyrpham)l Os(thimphen) monolayers
recorded in aqueous electrolyte, Figure 3.23 amgurEi 3.24 respectively, the
resulting capacitive current, following oxidatiofitbe metal centre to &% is greater
than that of the background current produced ptioroxidation as well as that
observed following reduction back to the®Ostate. The oxidation potential of these

metal complexes is close to that of the oxidatioteptial of water.
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Figure 3.26: Cyclic voltammetry of the Os(pyrphen) monolayereyyrwith the
solvent blank (black) on a Pt macro electrode,Hg/HgSQ, at 10 V/s using 0.1 M
LiCIO4 in H,O as the supporting electrolyte.

In aqueous electrolyte the potential window useg@ Wwatween +0.3 and +0.9 Vs.
SCE. It is possible that the resulting increaseh@ current is not a result of an
increase in capacitive current but instead is dught oxidation of the aqueous
electrolyte. Figure 3.26hows a CV of the Os(pyrphen) monolayer recordeldaft/s
overlaid with the aqueous electrolyte blank recdr@¢ the same scan rate. This
increase in the current (marked with * in Figur2aj. is also observed in the solvent

blank indicating that it is associated with the emus electrolyte and is not a
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consequence of increased capacitive current fatiguaxidation of the metal centre.

This effect is also less pronounced in organictedde, Figure 3.27.

-1.0x10™ 1

10-50V/s

-5.0x10°

0.0 -

Current, I/ A

5.0x10°

1.0x10™ 4

— T .
065 070 075 080 085 090 095 1.00 105 1.10
Potential, E/V, vs. SCE

Figure 3.27: Cyclic voltammetry of a monolayer of Os(pyrphen)arPt macro
electrode (real surface area = 0.1154 Ynfollowing immersion overnight in a 500
uM solution of the complex in DMF# (1:1), vs. SCE, using 0.1 M TBAGI®
acetonitrile as the supporting electrolyte.

For the electrochemical characterisation of the olayers a cyclic voltammogram
was obtained for each different scan rate by cgclietween the initial and final
potential for 8 sweep segments. The CVs obtained thee monolayers of
Os(thimphen) contain a feature that is not obsemetie cyclic voltammetry of the
monolayers of any of the previous three complexessudsed. The first sweep
segment of each scan reveals an anodic peak @itdmt is approximately 40 mV
more positive than the anodic peak potentials @hesonsecutive sweep segment
obtained thereafter, Figure 3.28. This trend cam@mwith each change in scan rate. It
is also noted that this is only observed for thenatayers of Os(thimphen) and not the

analogous ruthenium complex or either of the M(pgmy complexes. It must also be
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pointed out that this potential shift behaviour slo@t occur in organic solvent but is
observed in aqueous electrolyte only although thieréc component in both systems

is a perchlorate ion.
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Figure 3.28: Cyclic voltammetry of a monolayer of Os(thimphen)a Au bead
electrode (real surface area = 0.0424 Ynfollowing immersion overnight in a 500
uM solution of the complex in ethanol, vs. SCE, gigiril M LIiCIQ in H,O as the
supporting electrolyte. Each CV is made up of 8epnsegments.

Forster and Faulknéf®investigated the effects of ion pairing on a samibsmium
complex, [Os(bipy pOp)CI]. By changing the concentration of the perchlorate
electrolyte, and monitoring the effect on the fohpatential, the extent of ion pairing
around the redox centres within the monolayers exasnined. This was investigated
using both aqueous and organic electrolyte solventgas observed that the formal
potential E°, experienced shifts toward more negative potentidth each increase in
electrolyte concentration indicating that the red@ntre is more easily oxidised in
high electrolyte concentrations and experiencespaining from the anions in the
electrolyte.A plot of E° versus the log of electrolyte concentration idinwith a
theoretical slope of 5p/mV / decade wherp is the number of perchlorate electrolyte

anions paired with the oxidised redox centnean organic tetrahydrofuran electrolyte
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it was found that a single perchlorate ion is mhiséth the redox centre in the reduced
Os' state. Upon oxidation to &sa second perchlorate anion becomes strongly bound
to the monolayer as the slope obtained was 51 m&€tade, indicating that only one
anion is added to the oxidised complex. However,agqueous electrolyte two
perchlorate ions become strongly bound to the redentres within the molecule
following oxidation (slope of 24 mV / decade) - $hsuggesting that the reduced form
IS not ion paired.

It is possible that the observed shift in potentiithe Os(thimphen) monolayer in
aqueous solution, following initial oxidation toetlDS”* state, arises as a result of the
uptake of perchlorate ions that then become trappddn the monolayer: this can
lead to a certain degree of stabilisation withie thonolayer thereby lowering the
oxidation potential of the metal centre as it isrthodynamically more facile in an ion
paired state. Upon reduction, and in the experiaidimhe taking to manually change
the scan rate, the added anion may be releaseaf the monolayer allowing for the
same structural rearrangement to occur with the sexn rate. Forster and Faulkner
identified that the extent of ion pairing with tleet/pes of osmium complexes is
strongly solvent dependent which may explain whg fthenomena is observed in

aqueous electrolytes ont{?

Table 3.6 includes the half-wave potentials of boththe osmium mononuclear
complexes considering the diffusion controlled effein solution as well as the
surface confined processes in the monolayer systiera. noted that the oxidation
potential of each osmium metal centre within thenolayer, in aqueous perchlorate
electrolyte is approximately 200 — 250 mV less pesithan that of the monolayer
confined process in acetonitrile (TBACGJO The observed potential of Os(pyrphen)
assembled on platinum in acetonitrile is, howevery similar to that of the diffusion
controlled process even though the anion comporantise electrolyte systems are
different. Os(thimphen) within a monolayer on Au agetonitrile is oxidised at a

potential approximately 100 mV more positive thiaattof the complex in solution.

The effect of the solvent pH on the oxidation patnof the metal centres was
considered as one possible reason for the differenoxidation potential between the

metal centres within the monolayer in aqueous klbte and in acetonitrile. In
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aqueous electrolyte, the changes in the oxidataiarpial of the metal centre of each
complex was monitored at each different pH usidigNd.HCIO, and 0.1 M LiOH as
the acid and base respectively. Decreasing therqid 8.5 to 1.1, brought about only
small changes in the oxidation potential of Os(bfen). Over this range, in order of
reducing pH, the anodic peak potential was shiftecard more positive potentials by
approximately 50 mV whereas the cathodic peak palemwas only shifted by
approximately 10 mV. Similar behaviour was observed the monolayer of
Os(pyrphen) on a Pt surface over a pH range ofBM47 with positive shifts of only
25 and 15 mV for the anodic and cathodic peak piaisrespectively. Under basic
conditions the monolayer is stable up to a pH @fith minimal changes observed in
the oxidation potential of each complex. Increasthg pH above 9, results in
stripping of the electrode surface and consequestdf the voltammetric signal.

Given that the observed changes in potential urdifferent acidic and basic

conditions are small, it is proposed that a vasiatf pH is not the main cause of the
difference in potential when switching from aquedasorganic electrolytes. It is

reasonable to anticipate that the extent and etiesblvent ordering around redox
centres in a monolayer will be generally differémtthat of the species in solution.
Moreover, the possible coordination of Gbins by O§" in aqueous electrolyte might
alter the electronic charge surrounding the megaitre in a way that leads to a

decrease of the Os oxidation potential under thesditions.

The dielectric constant of the solvent can deteentie extent of solvent ordering and
the degree of insulation around the redox sitesntoto the surface within the
monolayer-*In addition to that, different solvents can afféwe thermodynamics of
electron transfer to and from the molecule on timease through differing degrees of
insulating each molecule and also through the tglli the solvent to influence ion
pairing within the monolayer. The dielectric comdtaf water (80) is far higher than
that of acetonitrile (~36%° As water has the higher dielectric constant it roéer
more insulation to the redox centres compared éboadrile thus reducing the degree

of repulsive lateral interaction between adsorbates
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3.2.5.2 Surface Enhanced Raman Scattering Spectopsc of Os(thimphen)
Assembled on Au Electrodes

The vibrational modes of each mononuclear complexewvalso investigated using
surface enhanced Raman scattering spectroscopy SISER major advantage of
SERS is the extent of enhancement of the Ramaralsibat is produced from the
surface of the substrate. SERS focuses on thetiabeh properties of molecules on a
surface or very close to it as opposed to thoskeobulk solution which allows for the
investigation of any structural changes in molegwaed their orientation when bound
to surfaces. The SERS spectra of aqueous solutibtise ruthenium and osmium
monomers were obtained using Au colloid as the cowf enhancement for the
Raman signal. The monolayers of each osmium conpége also analysed via SERS
using roughened Au beads and Au slides as theratdsthe results of which are

discussed below, Figure 3.29.

The Au colloid solution, originally pink in colowvas mixed with an aqueous solution
of each of the four monomers leading to a blue temluindicating that the metal
complex has aggregated with the Au nano-particidbe Au colloid. The presence of
the Au nano-particles leads to an enhancementeoR#iman signal due to the two
main contributions which include charge transfedl alectromagnetic enhanceméht.
This is evident by comparing the spectrum of thecAalloid/metal complex mix with

that of the metal complex in water alone where amBn signal was obtained.

The SERS spectra of Os(thimphen) are shown in EiR9 as well as that of
[Ru(bipy)]®" which is included for comparison of the bipy sthehg vibrations.
Monolayers of this complex were formed on a Au baad Au slide. The roughening
of each of these substrates was required prioeposition in order to achieve surface
enhancement. Using a proceddfeoriginally described by Tiaet al. *° the gold
beads and slides were roughened in preparatioovEmnight deposition in solution of
both of the osmium complexes. 0.1 M KCI solutionswesed as the electrolyte and
each of the gold electrodes, following polishingl &hectrochemical cleaning in 0.5 M
H,SQy, was prepared by scanning between potentials.8fa0d 1.2 Vys. SCE. The
gold electrode was held at -0.3 V for 1.2 secomakthe potential then jumped to 1.2
V and was held there for 30 seconds. This was tegeB2 times using the multi-

potential step function after which point the sogaf the gold electrode appears rusty
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brown in colour. The SERS spectra were recorded &erkin EImer Raman station

using a 785 nm laser.

Os(thimphen)
SERS on Au bead

SERS on Au slide
Int.

SERS on Au colloid

[Ru(bipy)s?*

] SERS on Au colloid
1659 1550 1450 1350 1250 1150 1050 950 850 750 650

Raman Shift / cm-1

Figure 3.29: SERS spectra of Os(thimphen) on a Au bead, Auahden Au colloid.
The SERS spectrum of [Ru(big¥) is included for comparison. The arrows indicate
non-bipy bands.

Comparing each of the four SERS spectra in Figu2@ a definite pattern emerges.
The presence of signals related to the bipyridygsiis recognised in each spectrum of
the Os(thimphen) complex. These are compared \nitket signals of [Ru(bipy]f*
the spectrum of which is highlighted in red in graph. The frequencies of each of
the vibrational modes of the bipy ligands have besported at 1608, 1563, 1491,
1320, 1276, 1264, 1176, 1043, 1028, 767 and 668%ifihe C-C stretching modes
of the bipy ligand give rise to frequencies at 160863 and 1491 ctwith the ring
modes occurring at 1028, 767 and 668'cmihe C-H bend coupled with the ring
stretch mode is represented by the band at 1176°tif Those peaks that are not
related to the bipy vibrational modes, indicated tbg arrows, must therefore be
associated with vibrations from a different souféem electrochemical analysis it is
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assumed that the Os(thimphen) complex is the ohgmical species bound to the
gold surface within the monolayer. Also, as the Raraross section for water is low
%t is assumed that the peaks in the spectrum reédaiising Au colloid are solely
related to the metal complex. It is therefore as=ithat the signals in the spectrum
that are not related to bipy appear as a resulvilmfations associated with the

thimphen ligand.

The Au bead and slide were soaked in a solutidghetomplex in ethanol. The SERS
spectra obtained correspond to a monolayer of dingptex on the substrate and this
can be compared with the Au colloid where the caxjd very close to the surface of
the Au colloid but not bound. The SERS spectrunth@nAu colloid portrays some
differences to that of the spectra obtained for ni@nolayer of the complex. The
orientation of the complex in the colloid is randavhereas the orientation of the
complex in the monolayer is more rigid. Two noteidfedences between the
monolayer spectrum and that of the solution ofdbmaplex are the intensities of the
peaks with frequencies at approximately 1600 an@516m*. These bands are
assigned as symmetric stretching modes from the llpnds and a possible reason
for the difference in intensity may be due to tliéedent orientation of the complex
close to the Au nanoparticle as opposed to the tageo of the complex. It is
suggested that the complex forms the monolayeugtrdahe thiophene lone pair and
as such the bipy ligands may be further away froendurface whereas with the Au
nanoparticles the complex orientation for this spec may result from the bipy

ligands located closer to the surface at that time.

Further experiments are required to conclusivesygmsall the signals arising from the
vibrational modes of the thimphen ligand. SERS ba tleuterated form of this
complex would provide supporting information to tttedotained here and lead to a
more comprehensive and reliable study of the thenphibrational modes and their
related frequencies. Although every signal in thectrum cannot be assigned exactly
with these results alone it can be stated that molager of the complex does form on
the Au substrate which is also confirmed in thetetehemistry of the monolayer on
Au.
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3.3 Conclusions

A series of ruthenium and osmium polypyridyl conxele, potentially useful as
molecular transistors for molecular devices hawnlavestigated, and their diffusion
controlled and surface confined electrochemicaperties have been examined. Each
complex exhibits a single reversible metal centgitlations and several reversible
and irreversible ligand based reductions, Table Ba2 first, least negative reduction
of the M(pyrphen) complexes is quasi-reversiblecpss that is dependent on the scan
rate applied. Comparing the potential of this pssceith that of the first reduction of
[Ru(bipy)]?*, and factoring in its quasi-reversible naturejsitsuggested that this
process is centred on the pyrphen ligand itselfredeethe first cathodic process of the
M(thimphen) is thought to be localised on a bipyricgand.

Reductive spectroelectrochemistry was carried autboth osmium complexes to
further investigate this hypothesis. Bulk electsidyat a potential sufficient to singly
reduce the Os(thimphen) complex results in an ebsedecrease in the intensity of
the bipy absorbance bands with the concomitantaappee of new absorbance bands
in the region of the bipy anion radical (circa 380, Figure 3.17). This result along
with the electrochemical data suggests that the OUdflthe M(thimphen) complexes
is located on a bipyridyl ligand. In contrast, timensity of the absorbance bands
associated with the bipy anion radical is far kesghe reduced Os(pyrphen) complex,
Figure 3.19. As the potential is gradually increbse the negative direction the
intensities of these bands increases slightly. Qi this evidence is not entirely
conclusive, comparison of the absorbance specttheofreduced complexes along
with the electrochemical data implies that the LUM&vel of the M(pyrphen)
complexes is on the pyrphen ligand itself and moadipyridyl unit.

Excited state Raman spectroscopy of both ruthemnononuclear complexes allows
for the identification of the lowest lying excitetlate. Using a 9 ns pulse at 355 nm
each complex was promoted to an electronically tegcstate, thus allowing the

associated vibrational modes to be examined. Tlagelength resonates with the
associated absorbance wavelength of the bipy aradiical. It was found that

vibrational modes of the bipy anion radical werseaed in the excited state Raman
spectra of both the Ru(thimphen) and Ru(pyrphenghyrsurprisingly, suggests that
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the lowest lying excited state involves’LCT transition localised on a bipyridyl
ligand and not on the pyrphen or thimphen ligan@ikis is in contrast to the
electrochemical and reductive spectroelectrochdmesaults which suggest that the
LUMO of the M(pyrphen) complexes is not associatéth a bipyridyl ligand.

Each of the four complexes has been spontaneowssgndled on Pt and Au
substrates. A linear relationship between the sa# and the peak current suggest
that the Faradaic response is associated with @leanon a surface and not that of a
diffusion controlled process. Th&E,, FWHM and projected area per molecule,
calculated from the surface coverage obtained, esigipat the monolayers of these
complexes do not produce ideal electrochemicalomsgs. The surface coverage
calculated is within the range of that of a monetafc 1.1 x 13° mol cni?) however
the FWHM of > 90.6 mV suggests that repulsive at&pns exist between adsorbates
on the surface. This is also supported by the prejearea per molecule of each

complex being greater than the area of the conmgaéx

The SERS spectra obtained for the Os(thimphen) m(Figure 3.29), bound to a
Au substrate and in a Au colloid solution also sggg that a monolayer is formed on
the Au surface. There are noted differences betwbenSERS spectrum of the
complex on a Au bead and that of the complex incAlloid solution. The random
orientation of the complex in the Au colloid leadscertain changes in certain bands
associated with the bipy ligands. This may be essalt of the less rigid orientation in
the colloid compared to the Au surface. It is prsgmbthat the complex binds to the
surface through the thiophene ring of the thimpligeand. However to fully assign the
non-bipy based vibrational modes as being soledp@ated with the thimphen ligand

requires further experiments including SERS ondinaterated forms of the complex.

The properties of each mononuclear complex on &&aceirhave been tentatively
examined in this chapter. For these complexes t@lhdgsed as viable for use as
molecular transistors their electron transfer rare$ mechanisms of tunnelling current
need to be examined. Further electrochemical aisadyslin situ scanning tunnelling

microscopy experiments would prove useful in reaghhis goaf* **
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