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Chapter 4

Electrochemistry and Spectroelectrochemistry of
Homo- and Hetero-Dinuclear Ruthenium and

Osmium Polypyridyl Complexes

A series of binuclear ruthenium and osmium comglédggEipyyRu(gpy)Ru(bipy)**
(1),  [(bipy)Os(apy)Os(bipy]“ (2),  [(bipy)Ru(pytr-bipy)Ru(bipy)**  (3),
[(bipy)oRu(pytr-bipy)Os(bipy) > (4), [(bipy)-Os(pytr-bipy)Ru(bipy)**(5) and
[(bipy).Os(bpbt)Os(bipy]** (6) {bipy = 2,2-bipyridyl; gpy = 2,2:5°5"2"2"-
quaterpyridyl; pytr-bipy = 3-(2,2bipyrid-6-yl)-5-(pyrid-2-yl)-1,2,4-triazolato, and
bpbt = 5,5-bis-(pyrid-2-yl)-3,3-bis-1,2,4-triazolato} are reported. Analysis ofeth
electrochemical data focuses on structural factansl on determining the extent of
electronic communication between the metal ceritrabe mixed valence oxidation
state. Intervalence charge transfer (IT) bands ddug identified in the spectra of the
complexest and 6 only. Analysis of their spectroelectrochemicaladétads to the
conclusion that the IT is superexchange mediatealith the HOMO of the bridging
ligand.
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4.1 Introduction

4.1.1 Supramolecular Chemistry

The world of science is driven by a great degreanalbition and an immense thirst to
discover the unknown. Science as a subject haveahto different disciplines and
as a result of highly sophisticated approacheggearch these disciplines are broken
down and become more and more defined as timeayoedver the last two centuries
chemists have designed and successfully produagdasingly complex molecules
held together by making and breaking covalent bdnuéith Alfred Werner's
classification of coordination compounds at thentaf the 28 century came a new
perspective on assembly of large complex molecaiesthe highly interdisciplinary

field of supramolecular chemistry.

Supramolecular Compound Large
species molecule
*‘A~B
A~B* ] H
A*~B-

A ~B*

A ~B +€° +e”

AB- = AB—F (A~B)-
A*~B -€ -€

A~B* <—— AB ———> (A~B)*

Figure 4.1: lllustration of photochemical and electrochemicataria used to classify

a complex as a supramolecular species or a largkecude.

It wasn’'t until the 1970’s that this discipline wasily recognised and several
definitions for supramolecular chemistry have bgaoposed; the most widely
accepted being that by J.M. Lehn defining the asdthe chemistry beyond the
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molecule, bearing on the organized entities of digtomplexity that result from the
association of two or more chemical species haj@tiver by intermolecular forced

2 These types of assemblies are created using matethwilding blocks” allowing
the properties therein to be manipulated in a oflett manner. In contrast to large
molecules, supramolecular species are multicomgooempolynuclear systems that
exhibit properties associated with those of theviddal components as well as new

properties related to the structure and composiifahe entire array.

Metal complexes based on polypyridyl ligands cauati versatile models for the
construction of multifunctional supramolecular gyss applicable in molecular
photonics and molecular electronfc§he myriad of applications is founded on the
well defined chemistry of these compounds and tadsntage of the favourable
photophysical® and photochemical and electrochemicaf properties that are
associated with the metal-to-ligand-charge-tran@#irCT) excitation in these metal

complexes.

4.1.2 Spectroelectrochemistry and Mixed Valence Systems

Metal-polypyridyl assemblies are characterized lhy strong localization of redox
processes within the complexes. The HOMO levelsruthenium and osmium
polypyridyl complexes are generally located on etatred orbitals with the LUMO
levels known to reside on the ligands; oxidatiod eeduction sites are localized at the
metal centres and at the pyridyl-based ligandspeas/ely. Oxidation of the
ruthenium and osmium centres involves removal ofettron from the metabg
orbitals resulting in the low-spin 2¢5d for osmium) configuration. This system is
inert to ligand substitution resulting in a revetsi redox process. The oxidation
potential of the metal centres can be tuned byfalaselection of the coordinated
peripheral or bridging ligands. Those ligands vdttongr-acceptor properties allow
for back-bonding from the metal to the ligand dtaing the by orbitals. This
increased stability leads to less electron dermitghe metal centre and as result the
removal of an electron becomes difficult and th&lation potential increases moving
towards more positive potentials. As mentioned abogducing the complexes result
in addition of an electron to the LUMO localized the ligands with the stable low-

spin & configuration remaining. In mixed ligand systethe first reduction will
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occur on the ligand with the lowest lyimg orbital. Reduction of the triazole based
ligands fall outside the potential window investegh due to the increased electron
density and strong-donor character associated with these heterocycfes

As discussed above the main difference between ettional chemistry and
supramolecular chemistry is that the latter moweayafrom the focus of the covalent
bond and instead concentrates on the weaker bomdisinderactions in complex
molecules such as hydrogen bonding, electrostatieractions, metal — metal
communication etc. Spectroelectrochemistry is ohéhe many techniques used to
analyse the weaker interactions in the molecul@ainicular, the interaction between
metal centres in transition metal complexes wherg ehanges in the absorbance
spectra are monitored when the complex is in theethvalence. Amongst the many
multinuclear polypyridyl complexes reportédan interesting subclass is represented
by those binuclear systems that display additigpakttroelectrochemical features due
to the electronic interaction between the two meggitres in the mixed valence redox

state(s) 12

Intramolecular interaction arising from direct dabioverlap of the metal centres
would require an internuclear distance of a few #mgns; any larger separation
results in the interaction being purely electrostat“Communication” between metal
centres where direct orbital overlap is not possiisl achieved through use of a
bridging ligand (BL); it possesses a system of pzddle electrons that are capable of
mediating the redistribution of the electronic g@eias a result of the changes in the
oxidation states of the two distinct metal centres* ** Since bridging ligands are
used as mediators between metal centres, theiratéc properties play an important
role: the position of the HOMO and LUMO levels dfet bridge can determine
whether a redistribution of charge from the dormmatceptor metals is achievable.
The spatial orientation (length and configuratioh)the BL will also influence the
electron delocalization with the probability of cha transfer decreasing with
increasing bridge lengthy. If the bridging ligand is sufficiently capable ofediating
an internuclear interaction then direct (opticdBcton transfer is possible in the
mixed valence state (i.e.,JM," — M"Mm",). 1718
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In supramolecular assemblies certain photochenpicadesses taking place between
the individual components of the molecule are atipalar importance as they can
enhance the oxidising and reducing ability of a enale. Such processes include
those occurring following excitation by light (platduced electron and energy

transfer) and those occurring directly upon exitita{optical electron transfef).

Equation 4.1 A~B+hv—>A"~B
Equation 4.2 A~B+hv—A*~B > A" ~B
Equation 4.3 A"~B—>A~B

Optical electron transfer (Equation 4.1) is a terapge independent form of electron
transfer. Through use of electromagnetic radiaonelectron is moved from the
donor to the acceptor metal resulting in a chaegasated species of opposite polarity
to that of the initial mixed valence stafeFor photoinduced and thermal electron
transfer, thermal energy is necessary in orderawster electronic charge, Equation
4.2. Thermal back electron transfer is a spontasigaghermodynamically favourable
process which may follow optical or photoinduceédction transfer and is described
in Equation 4.3. The relationship between eachhesé electron and energy transfer
processes is illustrated in Figure 4.2.

Y
X=A~B
Y=*A~B
Z=A"~B

Figure 4.2: Possible routes for electron transfer in a supragaolar species where 1
represents optical electron transfer, 2 and 3 reerd photoinduced electron transfer

and 4 represents thermal electron transfer.
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Following a vertical transition to the vibrationakxcited state the nuclear coordinates
of the product state equal that of the equilibriggometry of the initial state (the rate
of electron transfer is faster than nuclear mosiorihe nuclear geometry is effectively
frozen) in accordance with the Franck Condon ppilecithis optical electron transfer
is manifested in the appearance of metal-to-me¥#1I’'CT), or intervalence (IT)
charge transfer!® 2 2! typically in the far red and near infrared regiof the
spectrumt? ** 2% Analysis of these absorption band® can provide detailed
information as to the nature and extent of therauigon between the metal centres.
The energy of such a transitidé,, encompasses not only the difference in Gibbs free
energy of initial and final stateaG°® but also the reorganizational energgyaccording

to the following expression

Equation 4.4 Epp=A +AG°

For symmetrical systems Equation 4.4 becoBgs A because the value afG° is

Zero.

4.1.3 Interaction in the Mixed Valence State

Creating a mixed valence species results in amsydtat may be described as valence

localized (M'-M") or valence delocalized (¥-M""

) depending on the extent of
communication between the metal centres. Extenstivdy has been carried out on
mixed valence systems and a theoretical basithéostudy of intervalence transitions
has been developed by Hu§hRobin and Day*® and later by Creutz, Meyer and

otherg’.

— K
(H3N)s RU_N\\ //N_Ru (NgH)g

Figure 4.3: Molecular structure of the Creutz Taube ion.

Ligand bridged dinuclear ruthenium and osmium caxg$ have played an important

role in the development of this theory; in partasuihe disclosure of the Creutz-Taube
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ion (Figure 4.3),* where two ruthenium centres are bridged by a myeatigand
([(NH3)sRu(pyr)Ru(NH)s]*"), allowed for a greater understanding of the lkasrio
intramolecular electron transfer in these typesystems.

In the valence localized system 'W1") and (M"-M") are considered electronic
isomers in which a different equilibrium geometryisés for both. The
reorganizational energy, the difference in energy between the two eledtrmomers

at their equilibrium geometry, consists of indepamtdcontributions from both inner
and outer sphere effects. The inner sphesg dffects are concerned with the
reorganisation of the metal-ligand and intra-ligdvahd lengths and angles and the
energy required for the re-orientation of the sotvaround the metal centres
constitutes the outer sphebg)(effects’® >**When one of the electronic isomers is in
a state of equilibrium, the other isomer can besw®red as an electronically excited
state, Figure 4.4. It is at this point that the ajynity for electron transfer arises and a
transition from one state to the other is possiblee reorganizational energy, is
related to the intrinsic barrier to electron tramsi/4. At the point where one of the
isomers can convert to the other, the energy andthgey of each is the same. As a

result there are no Franck Condon restrictions lézt®n exchange and there is

potential for thermal electron transfer.

M2 M2%:
(a) (b) (c)

Figure 4.4: Potential energy curves detailing the differentetypof interaction in
mixed valence species: (a) negligible, (b) wea&randtion and (c) strong interaction.

The lighter grey, dashed lines represent the zederstates in (b) and (¢}
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In systems where the distance between the mettksas large or the bridging ligand
acts as an insulator between the metals then dotr@hic interactionHan) between
the two centres in the mixed valence state is gdxdi. This situation is known as
Type | in the Robin and Day classificatiofl,Figure 4.4a. The system may still gain
the required activation energy to reach the intgige region of the diabatic curves
however the probability of a transition is almost@ The properties observed are
those of the individual components within the coempls a whole. Type | systems
may be characterized by the absence of an interm@ldand in the absorbance
spectra. It is also highly likely that a single e&dvave will be observed in the cyclic
voltammogram. The comproportionation constant Wal/e the theoretical statistical
limit of 4 (vide infra). An example of a Type | cghex is that of the homonuclear
ruthenium complex reported by Creutz in 1980, [¥hiCl)Ru(P2P)Ru(bipy(CI)]°"*
(Where P2P = 1,2-di-(pyryd-4-yl)-ethane), Figur&% A single oxidation wave is
observed representing the simultaneous oxidatiobadh metal centres. Also, the
absence of IT bands in the infrared and near ieffaegion rule out any electronic
coupling between the metal centfés.

3+

Figure 4.5: Molecular structure of [(bipy(Cl)Ru(P2P)Ru(bipy(CI)] **.

For the majority of dinuclear complexes a certagrée of interaction and mixing of
the potential wells occurs, either by direct overtd the metal orbitals or indirectly
using the orbitals of bridging ligand using a sepehange mechanism. Type |l
systems occur where there is a weak interactiowdsast the metal centres in the
mixed valence state. The effect of the interactmn the nuclear geometries is

negligible in this case because the energy diftaxebetween the two electronic
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isomers is much larger thaiy, There is a certain degree of mixing of the zewteo
states (Figure 4.4b). As a result of this the systeill still possess some of the
properties of its individual components as it il sbnsidered valence localized but
additional properties arise due to the'@") interaction in the form of intervalence
transfer transitions whetes = A andHgp, is only slightly smaller thai/4 — the barrier
to thermal electron transfer. This barrier to th&rrelectron transfer in Type Il
assemblies is only slightly less than the valuewated on the basis of the zero-
energy curvesj/4 (Figure 4.4a) and because of this only a wedkraation is
observed. The intensity of the resulting intervakebands observed in the absorbance
spectra is heavily dependent on the degree of miairthe two adiabatic states. Even
though a certain degree of mixing of the two stassurs the system is best referred
to as a valence localized [M") with an example being that of
[(NH3)sRu(POP)RU(NH)s]°* (where POP = 4 4'-bipyridine)’. The effect of
lengthening the bridging ligand on the electronouming between the centres is
evident when comparing this system with the [@¢Ru(pz)Ru(NH)s]>*, where pz =
pyrazine. Using pyrazine as a bridging ligand ressul a smaller distance between the
metal centres and as a result the electronic cogip§i greater and this complex is

classed as a Type Il systeride infrg).>’

A third case arises when the bridging ligand alldas strong electronic coupling
between the metal centres resulting in a largeant®n. This causes a perturbation of
the zero-order electronic state geometries andwagreund state minimum with an
intermediate geometry realised wheig, ~ A, Figure 4.4c. These systems are best
described as valence delocalized®(M%*) and are classed as Type lll: the odd
electron of the mixed valence state is locatedniroibital that is evenly delocalized
over the entire metal-bridge-metal system. The entigs of the mixed valence state
are generally unrelated to those of the individzahponents. The intervalence bands
corresponding to the optical electron transfer leetwsuch strongly coupled centres
are generally narrow intense absorption bands. daamproportionation constants

are associated with Type Ill systems indicatinglstanixed valence species.
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2+

R = Me. Et

Figure 4.6: Molecular structure of [(bipyRu(OR)Ru(bipy}] **.

In 1993 Ward et al first published a strongly cagplhomodinuclear ruthenium
complex, [(bipy)Ru(ORYRu(bipy)y]** (where R = Me or Et, Figure 4.6), exhibiting
Type Il behaviouf® Strong intervalence bands were observed for tbimptex

suggesting that the alkoxide bridges are useful imb@d for strong metal-metal

interaction.

The Type 1ll compounds fall into the “large molegutategory whereas Type | and
Type Il may be classified as supramolecular spediese recently there have been
descriptions of complexes that possess propertieboth Type Il and Type Il

systems. As a result of this a fourth category texte adequately describe the

interaction in such complexes and these are reféoras simply Type I/11F

The extent of electron delocalization from the dotm the acceptor metal in the
mixed valence state of dinuclear complexes can deulated by analysing the
properties of the intervalence band(s). Informati@tailing the extent of interaction
can be obtained from such variables as the delatimih parameterg?, and the
coupling constanti,

Equation 4.5 o? = (4.2 x 1Pemadvis
d*Eop
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whereemay is the extinction coefficient of the IT band tem™), Avay, is the peak
width at half height of the IT band (¢f)) d is the distance between the metal centres
(A) andE,, is the energy of the IT band (& For the series of complexes discussed
in this chapter the distanckis taken to be 9.5 A®however this value corresponds
to the centre-to-centre distance and does not iade account the reduction in
electron transfer distance due to strong mixingvbeh metal orbitals and BL-based
orbitals>* Hence the calculated values fi&t andH., represent the lower limit of the

actual value.

Equation 4.6 Hab = [0 Eop ]

These two parameters are used to determine thegstref interaction between the
two metal centres. The intensity of the intervateband observed in the spectrum
will depend on the degree of electronic couplingfoimation about the class of
interaction can be obtained from the theoreticalkpsidth at half heightAvi/zcaie In
cases where the value for the peak width at hadhéound from direct measurement
of the IT band correlates well with the theoreticalue obtained from Equation 4.7
then the system is best described as Type |l (evaldocalized). If the IT band is
narrower than that value predicted then the comgexType Il valence delocalized

system.

Equation 4.7 AVijcaic= [2310€qp — AE)]H?

4.1.4 Electrochemistry and Comproportionation Equilibrium

Broadly speaking, mixed valence spectés®® can be generated electrochemically

f 122 27 28 complexes if the applied potential

from both hetero- and homodinuclea
lies between the oxidation potentials of two mefahtres: oxidation of one metal
centre only leads to a decrease in electron dewsityhat metal and as such the
opportunity arises for “communication” between ttveo centres. In the more
intriguing case of homodinuclear complexes, mixatknce species can be produced

when the two equal metal centres coordinate ligavittsconsiderably different donor
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propertiesUnder these circumstances, the two metal centees@fonger equivalent

electronically and their redox properties are tthisgsinguishable electrochemically.

For symmetrical dinuclear complexes any electrazocpling between the metal
centres is presumed to result in a splitting indkelation potentials of the two metal
centres; two metal centres undergoing oxidatioapgroximately the same potential
indicating an absence in electronic coupliKg.is the comproportionation constant
and is used as an indication of the stability @ thixed valence [MM"'] species in
relation to the fully reduced [MM"] and fully oxidised [M'M"'] forms?*? The peak-
peak separatiomE (mV), is used to quantify the separation betwtenoxidation
potentials of the two metal centrds; is directly proportional toAE and may be

defined as the equilibrium constant for the reactio

Ke
Equation 4.8 MM+ MM == 2Mm"M"
for Type | and Il systems and
Ke
Equation 4.9 MM+ MM == 2m™m "

for Type lll valence delocalized systems.

Equilibrium constants, lik&. for the above reactions, can be related back to the
thermodynamic parameter of Gibbs free energy chémga systemAG and to the

electrochemical properties using Equation 4.10.

Equation 4.10 AG = -RTInK; = -nFAE)

Equation 4.11 K¢ = exp[0.038QE] at 298 K

whereAE is measured in mV.
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Complexes where the interaction is strong yielgdd{. values and complexes with
little or no interaction, or symmetrical redox a&st give rise to small values fkig.
When the electronic interaction is negligible (Type lower limit of 4 is assuméed.

It is important to note however, that large values often arise as a result of redox
asymmetry in asymmetrical complexes and are noégssetily a direct measure of
electrostatic interaction between metal centreg ddmproportionation constant can
be dependent on the conditions of the systiégcan be particularly sensitive to the
donor and acceptor strengths of the solvent aradrelgte and can vary as a resiilt.
With this the electronic interaction and extentetéctron delocalization can not be

determined from electrochemical measurements alone.

4.1.5 Aim of this Chapter

In terms of molecular electronics, dinuclear compgewith two accessible, reversible
redox centres assembled on a surface may be viablding blocks in the
construction of molecular diodes for molecular #latic devices. The importance of
the presence of electronic interaction in the mixeadlence state of dinuclear
complexes is, as of yet, uncertain in terms ofizeqj rectifying behaviour in these
potentially useful systems. With this, the intei@ttin a series of dinuclear complexes

has been analysed with the crucial factors forawion examined alsw@jde infra

The disclosure of the Creutz-Taube ion in 186@nd the extensive analysis of its
mixed valence state properties has led to increasedest into dinuclear mixed
valence complexes and the extent and mechanisntiseointeraction between the
metal centres therein. In this chapter the eleb&oucal and spectroelectrochemical
properties of a series of binuclear compounds efgéneral formula Mbipy),-BL-
Mo(bipy), where M represents a metal centre, bipy is 2 @iroiyl, and BL is a
bridging ligand are considered in order to evaludwe electronic communication
between the two metal sites as a function of tleetednic properties of the bridging
ligand and the positioning of the two metal centres

In particular, attention has been directed towatts homo- and heterodinuclear

complexes of the ®dmetals ruthenium and osmium [(bipRu(qpy)Ru(bipyd]** (1),
[(bipy)20s(apy)Os(bipy] ** ), [(bipy).Ru(pytr-bipy)Ru(bipy)]*"  (3),
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[(bipy)2Ru(pytr-bipy)Os(bipy)]**  (4), [(bipy)2Os(pytr-bipy)Ru(bipy)*'(5), and
[(bipy).Os(bpbt)Os(bipy)®>* (6) where bipy = 2,2-bipiridyl, qpy =
2,2":5,5":2”,2"-quaterpyridyl, pytr-bipy = 3-(2,2'-bipyridyn-6-yl)-5-(pyridyn-2-
yh)-1,2,4-triazolato, and bpbt = 5,5-bis-(pyridi-yl)-3,3'-bis-1,2,4- triazolato
(Figure 4.7). These compounds have been synthesiskdharacterised by Dr. Lynda
Cassidy (Prof. J.G. Vos research group), the detz#ilwhich have been reported

previously®®: 3

The data are compared with the structures and rggéettrochemical properties of
the binuclear complexes [(bipRu(bpbt)Ru(bipyy]** @), 12d
[(bipy):Ru(bpt)Ru(bipy)]** (8), *** ***  [(bipy):Ru(bpt)Os(bipy)]** (9), *** **
[(bipy)20s(bpt)Os(bipy) >*(10) 22 and [(bipy}Os(bpt)Ru(bipy)]®* (11) **® *where
bpt = 3,5-bis(pyridin-2’-yl)-1,2,4-triazole (Figurd.7). The series of complexes
[(bipy)-M(apy)M(bipy)o]* (12,  [(bipy)-M(apy)M(bipy)]** (13,  and
[(bipy)2M(apys)M(bipy)2]** (14) with gpy, = 2,2%:3',2":6”,2"-quaterpyridyl " 14*
B gpy = 2,2:4,47:27 27-quaterpyridyl 2% 3% qpy = 2,2':4',2":6",2™-
quaterpyridyl *® (Figure 4.8), are compared with the photophysicaid
electrochemical properties of the homonuclear [(Ru(gpy)Ru(bipy)]** (1) and
[(bipy)20s(qpy)Os(bipyj** (2) described here. Of particular emphasis is theceftf
the differences in connectivity between the briddigands. The systematic variation
in the nature of the bridge and the introductiorboth ruthenium and osmium metal
centres allows a critical evaluation of the strugkdactors that affect the extent of
electronic communication between the metal centleshese types of dinuclear

complexes.
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Figure 4.7: Structures of new binuclear complex&s reported here and the

reference homo- and heterodinuclear ruthenium/osmgomplexeg-11.
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Figure 4.8: Structures of quaterpyridyl bridged binuclear coeyds 1, 2,

[(bipy)Ma(apy)Ma(bipy)y] **  (12),  [(bipy):M(apy)M(bipy)]** (13, and
[(bipy)2M(apys)M(bipy)]** (14) differing for the isomer type of quaterpyridiBe.

The electrochemical and spectroelectrochemicalgit@s of complexeg — 11 have
been examined by Vaet al*?® 93 ¢ 28,34 5 revealed that in all five complexes the

metal centres are oxidised at independent redosngiats. This observation and the
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presence of IT bands in the absorbance spectraaitedihe presence of electronic
interaction between the metal centres in the misadnce state. The presence of the
triazole unit on the bridging ligand has provedpiay an important role in the
investigation of intercomponent interaction in theknuclear systems. Triazole rings
offer synthetic flexibility which in turn allows fothe tuning of the electronic and

electrochemical properties.

Coordination of the triazole ligand to a metal cestleads to deprotonation of the
ring: the loss of this proton destabilizes therbitals of the bridge to a certain extent
which is a significant aspect of intermetallic “comnication” in the mixed valence
state. It is suggested that the delocalizationl@fteon density from the donor to the
acceptor metals in the mixed valence state occuess avr HOMO mediated
superexchange mechanism: electron transfer ocaarsnixing of the metal based
HOMO levels (a-orbitals) with the HOMO levels of the bridging éigd E-orbitals).
When the bridge is protonated th@rbitals of the triazole ring are stabilized ahtbt
leads to an increase in the energy gap betweeméta& and bridging ligand HOMO

levels and a concurrent decrease in interactionds=t the metal centrés.*®

The elucidation of the electron transfer mechanissi a HOMO mediated
superexchange is further supported by the dinudRef¢bipy), complex bridged by
1,2,4-triazole-3,5-dicarboxylic acid as reportedNBget al.in 2004>” The increased
electron withdrawing properties of the carboxyladagroups leads to a stabilisation
of theo-orbitals of the triazole unit as a result of legsctron density on the ring. The
peak - peak separation in the cyclic voltammetryhef complex is reduced and as a

result the interaction between the metal centrdgdseased.

The presence of the negative charge on the bridgiagd proves to be an important
factor in the realisation of electronic delocaliaat between metal centres in the
mixed valence state. Complexd2 — 14 are bridged by quaterpyridyl ligands
possessing strongacceptor properties. Disrupting the conjugatioringfr subunits

across the quaterpyridyl bridge will affect the odlenic interaction. This was

demonstrated by Steet al **

in 1991 where the ability of the two bridging bipgits
to rotate around the C4’-C4” bond led to a reducedpling between the metals and

the resulting interaction was, at best, very weak.
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Likewise in 2003, Hanaret al. *® reported a series of homo- and heterodinuclear
complexes bridged by a quaterpyridyl unit conneetethe C4’-C4” position also. Like
that of Steelet al. a very weak metal — metal interaction was reporidus was
observed through a favourable comparison of thelatkin potentials of the metal
centres in the dinuclear complexes with those efrttononuclear subunits. The lack of
coupling across the quaterpyridyl bridge is furteepported in the all ruthenium dimer
published by Ward in 199%.Two very closely spaced oxidations of the complexe
observed indicating a weak electrostatic interactioross the bridge.
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4.2 Results and Discussion

4.2.1 Redox Properties

The redox properties of dinuclear complefe8 have been investigated using cyclic
voltammetry and differential pulse voltammetry, tlesults of which are detailed in
Table 4.1.

E1 ox/ V VSSCE AE,/mV  Eiprd/ VVSSCE

1 +1.34 70 -1.01 [BL], -1.20 [BL], -1.50, -1.80

2 +0.89 60 -0.99 [BL], -1.16[BL], -1.47, -1.77

3 +0.99, +1.36 70, 70 -1.32 [BL], -1.50, -1.76

4 +0.86 (Os), +0.97 (Ru) 50, 60 -1.24 [BL], -1.47.81

5 +0.56 (Os), +1.31 (Ru) 60, 70 -1.30, -1.40, -1.52,70, -1.82
[BL]

6 +0.47, +0.56 40, 40 -1.42, -1.70

712 +0.80, +0.98 -1.22, -1.53, -1.70

g 12a. 282 +1.04, +1.34 -1.40, -1.62, -1.67, -2.23

g 12e 32 +0.73(0s), +1.20(Ru) -1.33, -1.41, -1.59, -1.6815, -
2.32

10%P +0.64, +0.85 -1.34, -1.57, -2.23, -2.30

111232 +0.65(0s), +1.30(Ru) -1.36, -1.63, -2.17, -2.32

12a38 +1.33, +1.44 -1.15, -1.36, -1.58

12b 3 +0.97, +1.06 -0.98, -1.22, -1.40

13a* +1.24 85 -1.10, -1.44, -1.57, -1.64

13b% +1.28 92

143 +1.30, +1.47 -1.05, -1.32, -1.45

[Ru(bipy)4]** % +1.26 -1.35, -1.55, -1.80

[Os(bipy)s]** *° +0.83 -1.28

Table 4.1: Cyclic voltammetric data of complexds6 and related compounds: formal
potential, B, [E1,= (EpatEpc)/2], and peak separatiodE, (4E, = Ep+Epc ). Epaand B
are the potential values corresponding to the aoaahd cathodic peaks, respectively. BL

=bridging ligand.
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The half-wave potential€;,, as determined by cyclic voltammetry indicate the t
oxidations and reductions of each of the six congseare centred on the metals and
ligands, respectivelyFor homodinuclear complexésand2, a single reversible metal
oxidation wave is observed and assigned to twoebeetron oxidations of the two
metal centres M(11)- M(lll). The oxidation process Ru(lh Ru(lll) in 1 is at more
positive potentials with respect to Os@Ps(IIl) in 2 [1.34 versus0.89 Vvs SCE
(Table 4.1)] due to the destabilization of the asmi5d orbitals compared to the 4d
orbitals of rutheniuni? **
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Figure 4.9: Differential pulse voltammogram of compleidmM], at a glassy carbon
electrode (3 mm geometrical diameter), in acetdeittichloromethane (1:1) with 0.1

M TBAPF; as the supporting electrolyte.

The symmetric homodinuclear compl&exhibits electrochemical properties (Figure
4.9) similar to that of its regioisomer [Ru(bipgpy)Ru(bipy}]** (133 first reported

by Steelet al?®

in which the bipyridyls of the BL are connectedts C4 position. A
reversible two electron oxidation wave at +1.34s\6bserved fot, i.e. 100 mV more
positive than the oxidation potential reported ¥8a2° This difference is assigned to

the variation in connectivity of the two bipyridgioieties of the BL13a s linked at
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the C4-C4’ position allowing for rotation arouncetE-C bond whereas direct linkage
from C5 inl leads to a more impeded rotation around the bohid. would diminish
delocalisation across the bridge with consequemrease in the oxidation potential for
the bridged metal centresIncompared td3a TheAE, of 70 mV forl (Table 4.1) is
larger than the theoretical value expected forvansble one-electron process of 59
mV,** *® however the ratio of the peak currents (= 0.93%ady indicates the

reversibility of the oxidation.
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Figure 4.10: Cyclic voltammogram of compl@{1mM], at a glassy carbon electrode
(3 mm geometrical diameter), in acetonitrile:diccdmethane (1:1) with 0.1 M

TBAPFs as the supporting electrolyte. Scan rate: 100 mV/s.

The electrochemistry of the osmium analo@ué-igure 4.10) is similar to that df
with the observation of one anodic process and ¢athmodic processes. A difference
of 440 mV between the anodic half-wave potentidld and2 is observed which is
expected for osmium compounds when compared to thisienium analogué€sThe
redox potential of [Os(bipy)** is +0.83 Vvs SCE*° which is 60 mV lower than the
redox potential of Os i2. Both osmium metal centres are oxidised simultaskgo
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and only one reversible anodic wave is observedesgmting two one-electron
processesThis suggests that electronic interaction betwéentivo metal centres is
negligible. Four cathodic processes are resolveddarCV ofl and2, and analysis by

differential pulse voltammetry (DPV) indicates th#ttese four redox waves
correspond to six reduction steps with only thetftivo redox processes being fully

resolved, Figure 4.9.

Comparison with related compounds and considetiagceptor properties of the BL,

suggests that the first two reductions at -1.00-4r2D Vvs. SCE are localized on the

BL rather than on the peripheral bipyridyl ligarfds"* The third and fourth reduction

waves, each representing two partially resolvedealaetron reductions, are assigned
to the reductions of the four peripheral bipyridggands. The comparison of the

reduction potential values for the quaterpyridyl BLcomplexesl and 2 shows a

weak dependence of these on the nature of the ioatirdg metal.
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Figure 4.11: Cyclic voltammogram of complexbipy),Ru(pytr-bipy)Ru(bipy)** 3
[LmM], at a glassy carbon electrode (3 mm geomatriddiameter), in
acetonitrile:dichloromethane (1:1) with 0.1 M TBAF4&S the supporting electrolyte.
Scan rate: 100 mV/s.
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In contrast tdl and2, homodinuclear ruthenium compl&wexhibits two well resolved
reversible one-electron oxidation waves (Figurel1).that correspond to the
sequential oxidations at the two different bindsiigs of the asymmetric ditopic pytr-
bipy bridging ligand. The two redox processes carassigned to oxidation of metal
centres coordinated to the pytr (+0.99V¥. SCE) and bipy (+1.36 Ws. SCE)
components of the BL, respectively, by comparisath ihe redox potentials of
related complexe®: 124 40 4*The introduction of a triazole moiety to the bridgi
ligand accounts for this negative shift in the fermvith respect to complek since
the negatively charged triazolato groups exhibivreders-donor properties and are
weakerr-acceptor ligands relative to the bipyridine ligahtdthe case of the bridging
ligand in3 the stronger donor properties are displayed byNthetom of the triazole
moiety with respect to N4 in the same ring, andhi nitrogen of the pyridine sub-
unit.?® 2% 12°The similarity of the latter redox potential withat of complexl is an
indication of the localisation of this oxidationogess at the metal centre that
coordinates the bipyridyl unit of the BL. This peotial is 100 mV higher than the
oxidation potential of the mononuclear complex [Rpy)]**, Table 4.°% This
positive shift may be a consequence of electroffeces since the Ru(bipy(bipy)**
moiety in complex3 is close to the positively charged moiety obtainpdn oxidation

of the Ru centre bonded to the triazole moietyhefBL.

The least negative, one-electron, reduction proaess.32 V is assigned to reduction
of the bipy grouping on the pytr-bipy ligand 8f Figure 4.11. This is because the
number of exchanged electrons at -1.32 V correspdonda process of mono-
electronic reduction. Therefore, this implies thealvement of a bipy unit belonging
to the BL in3. If reduction would have taken place at a periphkipy, the number of
exchanged electrons would have been two, as fordthaction process occurring at
lower potential values. The two redox waves at mgative potentials (-1.50 and
-1.76 Vvs. SCE, Figure 4.11) are assigned to the first amorsk reduction of the
peripheral bipy ligands, respectively. The secaoedliction step of the triazole based
ligand lies outside the potential window availal8enilar assignments can be made in
the analysis of the reduction processes of the $&lmm heterodinuclear complek
(Table 4.1).
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The oxidation processes of the heterodinuclear texep4 and 5 consist of two
resolved one-electron redox steps, the separatiotheo two redox waves being
markedly different between the two complexes (Fegdrl2). The Ru oxidation
potential is shifted towards more positive potdatia passing from comple4 in
which Ru coordinates the pyridyl-triazole moietytbé BL, to5 in which the same
metal coordinates the bipyridyl moiety of the Bluc8 a positive shift is expected due
to the decrease of thedonor properties of the coordinated nitrogen wpassing
from the triazole ring to the pyridyl sub-unff’ ***For 5, assignment of the two redox
processes can be made on the basis of comparistin related mononuclear
complexes. The first oxidation is assigned to tledyl-triazolato bound osmium
centre (+0.56 V) while the second process at +}.3% assigned to the ruthenium
centre bound to the bipyridyl unit of the bridgiingand.

3.0x10™4

2.0x10°
< ‘
= /
@ 1.0x10™4 /
5
] J /

I A
b \/
-1.0x10™
U L AL I L R AL B |
-0.3 0.0 0.3 0.6 0.9 1.2 15 1.8

Potential, E/ V vs SCE

Figure 4.12: Cyclic voltammograms of the anodic processes oipyjiRu(pytr-
bipy)Os(bipy)] °*(4) (black) and [(bipyjOs(pytr-bipy)Ru(bipy] **(5) (grey) [1mM],
at a glassy carbon electrode (3 mm geometrical dian), in
acetonitrile:dichloromethane (1:1) with 0.1 M TBAP&s the supporting electrolyte.
Scan rate: 100 mV/s.
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For 4, the assignment is less obvious since the twoxrades are separated by only
110 mV and are both close to those of their relateghonuclear complexes.
Assignment on the basis of comparison would sugthestthe Os(bipy}bipyridyl
bound centre is the first to be oxidised followegdtbe Ru(bipy)-pyridyl-triazolato
centre. This assignment is verifiable by spectiedehemistry yide infrg which
shows that the first oxidation is accompanied bgearease in the intensity of the
osmium>MLCT absorption bands. Overall, the differencetir half-wave potentials
of the ruthenium and osmium metal centres is smatlomplex4 (AEj,, 110 mV)
compared to that observed for complefAE; />, 750 mV), Figure 4.12.
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Figure 4.13: Cyclic voltammogram (black full line) and differet pulse
voltammetry (dotted red line) of the cathodic pssms of [(bipyOs(pytr-
bipy)Ru(bipy)] **(5) [1mM], at a glassy carbon electrode (3 mm geoioatr
diameter), in acetonitrile:dichloromethane (1:1)twD.1 M TBAPE as the supporting
electrolyte. Scan rate: 100 mV/s.

Analysis of the reduction processes with cyclictamimetry and differential pulse
voltammetry in heterodinuclear [(bip@s(pytr-bipy)Ru(bipy)]** (5) (Figure 4.13),
shows five distinct one-electron processes. Inayalto Ru(bipy), the reduction
peaks at -1.30 V and -1.52 V are assigned to tect®n of the two non-bridging
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bipy ligands that are coordinated by Ru(l)sinSimilarly, the two reduction steps at -
1.40 V and -1.70 V are still ascribed to the reducbf the two non-bridging bipy
ligands that are coordinated by Os(ll). The negashift observed for the reduction
steps of the non-bridging ligands of Os(ll) is tethto the presence of a negative
charge in the triazolato moiety coordinated by s@nd secondly, the stronger
electron releasing properties of Os(ll) with regpgecRu(ll). The fifth reduction step
at -1.82 V is assigned to the reduction of the Blcarrespondence of the bipy moiety
of the BL because of the closeness of this valud wiat of the third reduction
potential of Ru(bipyy, Table 4.1.

Since triazoles are strongerdonors (and hence weaketacceptors) than bipyridyl
ligands, they are reduced at more negative potemibues. Consequently, the
reduction potential of pytr moieties falls outsithee potential window investigated
here (-2.0 to +1.6 V).
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Figure 4.14:. Cyclic voltammogram (black full line) and differet pulse
voltammetry (dotted red line) of the anodic proesssf [(bipy)Os(bpbt)Os(bipy)**
(6) [ImM], at a glassy carbon electrode (3 mm georoalr diameter), in
acetonitrile:dichloromethane (1:1) with 0.1 M TBAP&s the supporting electrolyte.
Scan rate: 100 mV/s.
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Complex 6, the osmium analogue of [(bipRu(bpbt)Ru(bipy)]>* > exhibits two
reversible one-electron oxidationsEajf, = +0.47 and +0.56 Vs.SCE (Table 4.1 and
Figure 4.14). The metal centres@rare oxidised at less positive potentials than the
sites in the ruthenium analogue as a consequentteedéss rigid, more polarizable
electrons in the 5d orbitals of osmiumespite the chemical equivalency of the Os
sites in neutrab (Figure 4.7), two close, but resolved redox waappear for the

oxidation of the two metal centres, Figure 4.14.

Interestingly the analogous ruthenium complex [¥piRu(bpbt)Ru(bipy)]** has aAE
value of 180 mV, i.e. twice that observed &iT he first metal oxidation potential 6f

is 420 mV lower than the oxidation potential of thmeetal centres in the
homodinuclear osmium compleéxin agreement with the coordination of both metal
centres to pyridyl-triazolato units. The two redoct waves of complexe are
consistent with two bi-electronic processes of otidn that are localised on bipy

ligands as reported previousfy*®

4.2.2 Comproportionation Constant as a Measure of Intermetallic

Interaction

With the exclusion of homodinuclear complexgsand 2, the observation of a
separation in the oxidation potentials of the nsetmldicates either electrostatic
interaction (through space effect) or ligand-meztiadelocalisation of the SOMO over
both metals. As mentioned above, the compropoti@maconstant,K. (Equation
4.11) can be calculated from the difference in pid¢s of each metal centrAE =
[E112(My) - Ezo(M2)O.*

The comproportionation constami, calculated from th&E values according to Eq.
1, is a useful indicator of the extent of electatistinteraction and redox asymmetry
between the metal centres as well as the stabilitie mixed valence compouftd*®
The comproportionation constants for complexdes- 14, referring to the above
equilibrium, are reported in Table 4.2. The larg&st values in this series of
complexes are observed for complegemd5 with calculated values of 1.8 x 4and
4.8 x 16° for AE = 370 @) and 750 %) mV, respectively. Complexebsand6 present
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lower values ofAE (110 and 90 mV, respectively), and heikgas 72 @) and 35 §),

respectively.

AE +30/ mV K.
1 0 ~4
2 0 ~4
3 370 1.8*16
4 110 72
5 750 4.8*16°
6 90 35
712 180 1100
gl 300 1.2*18
gtz 470 8.9*10
10*%¢ 210 3.6*10
11%% 650 9.9*1d"
12a%® 110 72
12b 3% 90 35
13a* 0 ~4
13b*° 0 ~4
143° 170 744

Table 4.2: Separation between first and second oxidation piatisn AE, and the
corresponding comproportionation constant, KEquation 4.11), for dinuclear

complexed-14.

In dinuclear complexes wherdE = 0 mV and the redox sites are then
electrochemically equivalent, the limiting value Kf is 4, which corresponds to the
statistical valué’ With this limiting situation the fully reduced (M1") and fully
oxidised (M'M") forms each account for 25 % of the mixture with mixed valence

(M"M") species making up the other 50°%In the case of the complexgésand?2,
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the concurrent oxidation of both metal centresdatdis that the electronic coupling
across the bisbipyridyl bridge is either absentwamak and that an electrostatic
interaction is abserftThis conclusion is supported by the absence ohtmialence

transfer band in the vis—NIR spectrum of theseesgstyide infra).

Generally, the observation of a separation betwid®wn metal centred oxidation
potentials is taken as an indication of electrostatteraction or ligand orbital
mediated superexchange between the metal centiesnmiportant, however, to note
that the nature of the metal centres involved agidays a role. The related
comproportionation constar; (vide suprd, calculated usingE (Equation 4.11), is
therefore often taken as an indicator of the ext#nelectrostatic interaction and
thermodynamic stability of the mixed valence commbas well as redox asymmetry
between the metal centres in the case of asymneetniplexes (Table 4.3§: 1415 47
Since absorption bands assignable to IT transitivage observed for complexds
and 6 whereas compound3 and 5 showed no evidence of such absorptionslg
infra), the value oK. observed for these compounds reduces to be thanafasure
of the redox asymmetry between the metal centréfaito the degree of electrostatic
interaction. It must also be taken into account tha value oK is sensitive to the

donor/acceptor properties of solvent and electeglghd varies as a restilt.

4.2.3 Spectroelectrochemistry - Oxidative

The spectral properties of the binuclear compleix@sare summarized in Table 4.3.
The absorption bands in the UV are assignedrto 1* intraligand electronic
transitions (wavenumber range:> 25000 crit for polypyridyl-based ligands$} The
absorption bands detected in the wavenumber raB§801<V < 23800 crit (420<

A< 720 nm) are assigned to MLCT transitions. The ddimuclear complexes of Ril,

and 3, show singlet-basetMLCT type transitions in the range 21250/ < 24000
cm™ (420< A < 470 nm, Table 4.3). However, tHBILCT bands of the analogous

homodinuclear complexes of O2 &nd6) are accompanied by the additional triplet-

based®MLCT transitions within the range 13850V<< 16950 crit (590 <A < 720
nm, Table 4.3). Heterodinuclear complexesnd5 show both singlet- and triplet-
based MLCT transitions (Table 4.3) with théLCT type due to the Os metal centre.
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Absorption peaks / cm' (nm)

1 23250, sh430); 22222 450

2 22574, sh443); 21375 #68,Ayax); 16937, bs90); 15378, shg50)

3 23127, sh432); 22160 #51,Ayax)

4 22422, b 446, Ayax); 21231, b, sh471); 17331, b §77); 14956, b, sh
(669

5 23567, sh 424); 21978 @55, huax); 20243, sh 494); 16313, b §13);
14298, b 700

6 22260, b 449); 19960 601, Awax); 15385, b §50); 14045, sh {12

712 30303 830, Auax); 27174, sh368); 22624, b442); 20747, b 482

glee 22123 ¢52?

glze 25380(394) 2178§459), 16666(600) 15150(660)

101% 25380(393) 442,21786(460) 475 16666(600) 15150(660)

1112 22123(453), 17240(580), 14925(670)

12a3% 34965(286) 22260(448)

12b3%® 34965(289) 21231(471) 15385(650)

13233 40985(244) 34845(287), 22472(445), 21231(471)
13b* 19608(510) 16129(620)

14% 40000(250); 34965(286), 22222(450)

Table 4.3: Spectral data for complexds— 6 in acetonitrile; b: broad, sh: shoulder.
Spectral data of the binuclear analogués- 14 are included for comparison. a:
only Amax The values in parentheses represent the wavelengththe absorption

peaks. Error = +1 nm.

The3MLCT bands are observed in the spectra of complegetining osmium due to
the stronger interaction of the electron spin wviishorbital motion through spin orbit
coupling (the greater the positive charge in a eus| the faster the electrons will
orbit; therefore the interaction between electucrents and magnetic field will be
stronger)?> In ruthenium complexes these processes are étabsiéspin - forbidden
and are not observedhen metal centred oxidation of binuclear speti€ss carried
out significant changes to their electronic absorpspectra are seen with new bands
within the range 75909¢ < 17700 crit (560<A< 1350 nm) and the accompanying
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decrease of the main MLCT absorption ban#srar! Reference source not found.

to Figure 4.20).
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Figure 4.15: Spectral variations of [(bipgRu(gpy)Ru(bipy]** (1) upon controlled
electrochemical oxidation of Ru centres; 0.1 M TBAk acetonitrile. (green) E =
+0.30 V vs. SCE; (red) E = +1.33 V vs. SCE {Ru']; (blue) E = +1.50 V vs. SCE
[Ru"RU"]. Inset: focusing on the region of 18200 — 11160'c

Spectroelectrochemical analysis of [Ru(bfypy)Ru(bpy)]** (1) reveals that the
region of most interest is the UV/Vis region whehe 'MLCT transitions of this
complex absorb around 22200 ¢i@50 nm), Figure 4.15. Since both metal centres in
the complex are coordinated to strangcceptor ligands, the observed ligand to metal
charge transfer (LMCT) bands are high in energg assult of poor electron density
on the bipyridyl rings. Such LMCT bands are obsérae shorter wavelengths in the
spectrum generally in the region of 25000-10000*Afrhe first of these occur at high
energies, centred upon 23250 tM30 nm), and are not observed until the compex i
fully oxidised as they are somewhat masked by'#eCT absorption bands in the

mixed valence and fully reduced states. The sesehdf LMCT transitions exhibit an
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absorption band found in the region of 16600-12&00. This is a very broad band of
low intensity — characteristic of bipyridyl LMCT sbrptions, Figure 4.15.

The symmetry across the bis-bipyridyl bridge in ptew 1 leads to the simultaneous
oxidation of the metal centreSy;, = +1.34 V. TheMLCT peak is not observed in the
fully oxidised RU'RU" state and upon reduction to the"Ru' state this band
reappears in the spectrum demonstrating the réiéxsof the system. The decrease
when going from the reduced state to the mixed negleRU'RU', and finally,
oxidised state is linear. Likewise, for the cas¢hef LMCT band (16600 ¥ > 12500
cm?) the increase when oxidising from the fully rediicgtate, through the mixed
valence state and on to the fully oxidised statelstively linear. There is a baseline
shift in the spectrum which will alter the linegrivf the rate of change of the MLCT
and LMCT absorption bands. Through analysis ofethi@e spectrum, looking further
into the Near-IR region, it is noted that no aduditil bands appear which may be
assigned as IT bands. This result and the analydl®e comproportionation constant,
leave little evidence of any interaction betweemtilio ruthenium metal centres in the
mixed valence state. If there was interaction amdihd would be expected to appear

in the Near-IR region.

From 10000 cri through to 4000 cih any increase or decrease in signal is due to a
baseline shift. It is also observed that watereisndp absorbed by the system, shown by
the bands at 7246, 5235 and 4525' 1880, 1910 and 2210 nm respectively).

[Os(bipyk(gpy)Os(bipy}]** (2), the osmium analogue df was fully oxidised by
bulk electrolysis, with the voltage held at +1.20(%. SCE) followed by partial
reduction (voltage at +0.89 V) in order to inveate the spectral properties of the
mixed valence state. BotlILCT (21270 cnt (470 nm)) andMLCT (19230 >V >
13330 cn) absorption bands are observedZpFigure 4.16, with th@MLCT arising

due to the increased spin-orbit coupling effedhefheavier osmium atom.
Oxidation of the Os compleR leads to the decrease of the MLCT absorption bands

(Figure 4.16) and the simultaneous appearancevwofiitensity bands in the region

4450 <V < 5700 cnt. These weakly absorbing, low energy LMCT signais a
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characteristic of osmium complex®€sThey are assigned as'Osit — dr transitions
and occur as a result of the larger spin-orbit dagpthat can be found in osmium
complexes’® Following bulk oxidation of the complex the systemas partially
reduced to obtain the mixed valence'Os' state (E/ ox= +0.89 V).
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Figure 4.16: Spectral variations of [(bipyDs(qpy)Os(bipy]** (2) upon controlled
electrochemical oxidation of Os centres; 0.1 M TBAR acetonitrile. (green): E =
+0.30 V vs. SCE; (red) E = +0.89 V vs. SCE {@s']; (blue) E = +1.20 V vs. SCE
[0s"'04d"]. Inset: focusing on the region of 5700 — 4400'cm

The rate of change of absorbance from the fullgliged to partially oxidised states is
not a linear process. This absence of linearitwel as the lack of isospestic points
may indicate possible electronic interaction betwdege metal centres in the mixed
valence state. However, there are no intervaleaceld observed which are required
in order to conclusively state that an interactiaours. The low energy LMCT bands
observed in the mixed valence state also appean e system is fully oxidised

proving that they may not be assigned to intervaebands as these types of

interaction bands are not observed when complatiatan is achieved. These results
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show that any interaction between the metal cemsreggligible and may be classed

as a Type | interaction.

The spectroelectrochemistry of [Ru(bigigpy)Ru(bipy}]**, 1, and its osmium
analogue %) portrays no evidence of an electronic interactimiween the metal
centres in the mixed valence state. Varying thdding ligand can strongly affect the
electronic interaction between two metal centrea ginuclear complex: the energies
of the metal HOMO and LUMO levels can be adjuste@ @onsequence of changing
the electronic properties of the bridging ligandisT was investigated with the
introduction of a triazole moiety into the bridge complex [Ru(bipy)pytr-
bipy)Ru(bipy}]** (3). Triazoles exhibit strong-donor properties and give rise to a
negative charge on the bridging ligand; the level,pback bonding from the metal
centre coordinated to the triazolato unit of th&lde is reduced leading to a less

positive oxidation potential compared to complex

Upon oxidation of [(bipy)Ru(pytr-bipy)Ru(bipy)]** (3) at +1.10 Vvs SCE, the
formation of a mixed valence species is recognesdhtough a decrease in the
intensity of the 'MLCT band (distinguishing between th8MLCT from the
[Ru(bipyk(pytr)] metal centre and th&LCT from the [Ru(bipy)(bipy)] metal
centre), and with the appearance of a new bandoand 11700 cr, Figure 4.17.
This is assigned as an LMCT absorbance band andmiit band since it persists in
the spectrum of the fully oxidised species alsas TIMCT band is most likely due to
the charge transfer from the pyridine-triazole mo®f the BL since the triazole ring

possesses the strongedonor properties with respect to pyridyl riffgs:?® °2

The oxidation of the second metal centre at +1.48s\6CE brings about a further
decrease in th&MLCT absorbance and an increase in intensity ofLié€T bands.
Intervalence charge transfer bands are not observdate spectrum oB, which
indicates negligible communication between the imegatres in the mixed valence
state despite the large value Kf (1.8 x 16, Equation 4.11), confirming that
separation is due to the asymmetry of the redoxtresli Therefore,
[Ru(bipyh(pytr)]** metal centre is oxidized first, with the [Ru(bigipipy)]** metal

centre being oxidized thereafter (Figure 4.17).
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Figure 4.17: Spectral variations of [(bipyRu(pytr-bipy)Ru(bipy)®* (3) upon
controlled electrochemical oxidation of Ru centr@sl M TBAPE in acetonitrile.
(green): E = +0.30 V, vs. SCE; (red) E = +1.10 V. &CE [RU'RU"; (blue) E =
+1.40 V vs. SCE [RIRU"].

The effect of the nature of the metal centre onrtramolecular interaction across the
bridging ligand is investigated in the spectroetmthemistry of heterodinuclear
complexes4 and5. The cyclic voltammetry of [Ru(bipy(pytr-bipy)Os(bipy)]** (4)
shows two metal centred anodic processes occuatimptentials quite close to one
another (k. ox = +0.86 and +0.97 V). Based on electrochemicalyaisaalone, it is
not safe to assume that the osmium metal centtdevibxidised before the ruthenium
metal centre due to the fact that the osmium igdinated to the bipyridyl moiety of
the bridge with the ruthenium coordinated to thedige-triazole section. As triazoles
display much stronges-donor properties than bipyridyl ligands, thereftoerering
the oxidation potential of the metals bonded tarthé is not possible to assign the

oxidation potential of each metal without the aidjpectroelectrochemical analysis.
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Bulk electrolysis of4, at a potential of +0.95 Vs SCE, (i.e. half way between the
oxidation potentials of the two metal centres) lssin a decrease in the intensity of
the 'MLCT and3WLCT absorptions. These results indicate that Bs(bipyh(bipy)]
metal centre is oxidized first due to the disapaeee of the’MLCT transition.
Furthermore, LMCT absorption bands are observettegmt ca. 11800 cf Figure
4.18. By increasing the applied potential to +1V1the oxidation of the second metal
centre results in a further decrease of tWE.CT absorption band. A substantial
increase in the intensity of the LMCT band occus®awhich is consistent with the
donation of electron density from the triazole ba bridge to the RUto stabilise the

metal centre following oxidation.
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Figure 4.18 Spectral variations of [(bipyRu(pytr-bipy)Os(bipy)®* (4) upon
controlled electrochemical oxidation of Os and Rentces; 0.1 M TBAPE in
acetonitrile. (green): E = +0.30 V vs. SCE; (red)=£+0.95 V vs. SCE [O5RU'];
(blue) E = +1.10 V vs. SCE [#JsRu"]. Inset: focusing on the region of 9000 — 4000
cmit,
The mixed valence RMs" absorbance spectrum 4freveals the formation of an IT
band, Figure 4.18. This IT band is centred upor05&@* and is a broad band of low

intensity. This band is not observed in the fulkjdised RU'Os" state leading to the
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conclusion that it is in fact an IT band and ntdwa energy LMCT band. This coupled
with the shape and height of the band would sugtiedgta Type Il interaction is

present between the metal centres in comflex
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Figure 4.19: Spectral variations of [(bipyDs(pytr-bipy)Ru(bipy)®* (5) upon
controlled electrochemical oxidation of Os and Rentces; 0.1 M TBAP§E in
acetonitrile. (green) E = +0.30 V vs. SCE; (red)=E+0.90 V vs. SCE [O%RU'];
(blue) E = +1.50 V vs. SCE [BIRU"].

In contrast to4 cyclic voltammetry of [Os(bipy(pytr-bipy)Ru(bipy}]** (5) reveals
two well defined oxidations that exhibit a largeape- peak separation between them
(AE1;, = 750 mV). The higher energy of the 5d electransesmium metal complexes
compared to ruthenium analogues results in a lesgiye oxidation potential of the
former metal centreSAs a result of this, and the fact that the osmiugtal centre in

5 is coordinated to a triazolato unit of the bridgingand (a stronges-donor ligand
than the bipyridyl ligand) it is assumed that tli@s(bipy)(pytr)] metal centre is
oxidized first, B2 ox = +0.56 V, with the [Ru(bipy|bipy)] metal centre oxidised at a

more positive potential, iz ox= +1.31 V.
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The oxidation of5 at +0.90 Vvs. SCE results in the decrease in intensity of the
MLCT signal (Figure 4.19). It is also noted thaeé fMLCT band disappears and is
replaced by an LMCT band centred at 14300crThis confirms that the
[Os(bipyk(pytr)] metal centre is oxidized first as expectedm analysis of the
electrochemical data (Figure 4.2@de suprd. The [Ru(bipy)(bipy)] metal centre is
oxidised by bulk electrolysis (voltage at +1.50/% SCE). This event is accompanied
by a further decrease in thARILCT bands (Figure 4.19). A second absorption biand
observed in the mixed valence'@u" state which appears in the low energy region
of the spectrum at approximately 4300 trThis low energy broad LMCT band is
characteristic for osmium (lll) complexe¥. This is observed in the fully oxidised
0s"RU" state thus indicating that it is an LMCT band aod an IT band. IT bands
are not observed suggesting that interaction betweemetal centres is negligible.

[Os(bipyk(pytr-pytr)Os(bipyd]?* (6) exhibits two sets of MLCT bands in the UV-vis-
NIR spectrum (Figure 4.20). THMLCT bands are centred at 20000 tif500 nm)
while the®MLCT bands are centred at lower energies, i.e. @498 (670 nm). The
half-wave potential of the first osmium metal cens +0.47 V and +0.56 Vs. SCE
for the second centre (Figure 4.14de suprd. When the system is fully oxidised at
+0.75 Vvs. SCE the intensities of bottMLCT and *MLCT bands are reduced. An
absorption band is observed at 13700"c(#30 nm), that may be assigned to a
bipyridyl-based LMCT transition as thesecceptor ligands usually give rise to broad
high energy band®. The exact potential of the mixed valence stat,viay between
the oxidation potentials of the two metal centisgjot entirely clear from the cyclic
voltammogram. A voltage of +0.51 V was selectethaspoint at which interaction, if
any, would occur between the metal centres in thednvalence state. The rate of
change of théMLCT band from the fully reduced species to théyfokidised species
is linear. TheMLCT also decreases linearly, however fivL.CT becomes masked
by the LMCT when the system is fully oxidised whighscures the rate of change in
the >MLCT peak. The fact that the LMCT band does notéase at the same rate as
the MLCT bands decrease suggests that there may b#eraction between the two

metal centres in the 8©d' mixed valence state. At +0.51% SCE when the system

is partially oxidised LMCT absorption bands appaathe region of 12500 ¢/ <
16600 crit, Figure 4.20. Also, a very broad low intensity lpés observed in the
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region of 4700 </ < 11100 crit for the mixed valence state &f This absorption is

not observed for the fully oxidised form, indicafithat these features are IT in nature.
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Figure 4.20: Spectral variations of [(bipyDs(bpbt)Os(bipy)** (6) upon controlled
electrochemical oxidation of Os centres; 0.1 M TBAk acetonitrile. (green) E =
+0.30 V vs. SCE; (red) E = +0.51 V vs. SCE {@s']; (blue) E = +0.75 V vs. SCE
[0s"04"]. Inset: focusing on the region of 10000 — 4000'cm

In the region of 5000 ¥ < 6900 cnt a new band is observed for the'®©s" state

of complex6 and it is assigned to an LMCT transition sinces iho longer observed
when the system is brought back to the fully redustate O¥0<s". The mixed
valence state shows a band of different shape eeatey intensity in the same region
as this LMCT band. The increase in intensity agaiggests that there is an IT band in
this region that may be masking the LMCT band thatild be of weaker intensity in
the mixed valence state. Analysis of the low enaepion 4000 <V < 5000 cnit
shows additional LMCT bands. The spectra for bagttes O80s' and 08 03" of
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complex6 exhibit these LMCT peaks, being stronger for fudkidised species. This
indicates that these particular bands are LMCTraotdT bands in origin.

Overall, it is apparent that there is an interacbetween the two metal centressah
the mixed valence state. This is supported by #uok lof isospestic points in the
spectra. This interaction is small as indicatedhgylow intensity and broadness of the
putative IT band? The low intensity of the proposed IT band rendbesevaluation

of the various interaction parameters difficwide infrg).*3 17 18. 19 202,54

4.2.4 Interaction Parameters in Mixed Valence States

The calculation of the equilibrium constakt through Equation 4.11 for the
comproportionation reaction of Equation 4.8 allofes an evaluation of how
displaced the reaction is towards the formatiora ghixed valence product starting
from a complex with fully oxidised metal centreslamcomplex with metal centres at
their lower oxidation stat€. This calculation relies on purely thermodynamic
considerations since only the difference in oxwlatpotentials for the two metal
centres AE) of the binuclear complex is included in the foten(Equation 4.113> %’
ConsequentlyK. values cannot be indicative of the effective delisation of charge

between the metal centres in the mixed valence oangi®

The four primary classifications for the electronibaracter of mixed valence
dinuclear complexes are (i) type | (non-interagiin(@) type Il (weakly interacting),
(iii) type 1I/11l (solvent dependent interactionha (iv) type Il (strong interactiorff
Depending on the extent of interaction betweemik&al centres in the mixed valence
state, the delocalisation across both metal cefdfgsnd the electronic coupling,,
between the metal centres will vary. Since largkies for AE do not necessarily
imply strong internuclear interactione. a large value fon® or H,, the analysis of
spectroelectrochemical data is critical in the eafbn of the extent of interaction
between metal centres when the mixed valence spetsplay absorption bands

deemed to originate from an IT process (opticatteda transfer).

In the present series of binuclear complek&sIT related bands are unambiguously
identifiable in the cases of [(bipBu(pytr-bipy)Os(bipy]®* (4), and
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[(bipy).Os(bpbt)Os(bipy]>* (6) (vide suprd and for the complex
[(bipy).Ru(bpbt)Ru(bipyj? (7) *°. The calculation of the interaction parametefs
(Equation 4.5),H,, (Equation 4.6) andAviscac (Equation 4.7) representing the
delocalisation parameter, the coupling constanttaedcalculated peak width at half
height for the IT band, respectivefy,'”?° is feasible only for the heteronuclear
complex4, since the IT band observed in the spectruré lods a broad low intensity
character and lies in the same region as the lesvggnLMCT bands \(ide supra

precluding accurate evaluation of the peak widith iatensity.

Eop/ cm™  AVyjpexp/ cm™  &nax ! Mem™  AVyjpcae/ cm™ a’

(+ 0.002 x 10Y
4 5128 4636 633 3405 2.7*T0
71 5490 4690 1820 3060 7.0+t0
g 12 5556 3300 2400 3341 16.0¥10
g 12 7143 3800 1200 3650 7.0+%0
10*** 8333 4500 460 4170 2.7*T0
11 8772 4300 1140 3700 6.1*F0

Table 4.4: Interaction parametersy (Equation 4.5)AViscac (Equation 4.7) and
Avipexp between metal centres for complefthis work), and complexesl1 (taken
from literature). Values of&nax and Amax Of Eyp are also reported for the

characterization of the IT transition in these bifear complexes.

From the spectral datAvijcac= 3405 cnit, &* = 2.7*10° and Hap, = 267 cni for

[(bipy)2Ru(pytr-bipy)Os(bipy)]** (4) and &uax = 633 M* cmi?, Avy, = 4636 cnit,

Eopt = 5128 crif, AE = 887 cni* are obtained assuming 9.5'& as a value of electron
transfer distance, Table 4.4. Since the calculatibr’ incorporates the geometrical
metal-to-metal distance and does not take into wadcthe reduction in electron
transfer distance due to strong mixing between Ihwetatals and BL-based orbitals
(vide supra)the resulting values represent the lower limityaoifl the actual value for

the coupling constant.
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The difference betweenvicac and Avy, classifies the type of interaction between
metal centres. Wher&v,,cac andAvyy, correlate then the system is best described as
Type Il (valence localized) mixed valence compowaedording to Robin and Day
classification'® If the experimental IT band is narrower than tipaedicted by
Equation 4.7 then the complex is defined as a Thpalence delocalized system. In
case of compleX the Avy, value determined by direct measuremathe IT band is
larger than the theoretical value (Equation 4.7®icating that the system is best
described as Type Il (valence localizé)!® From Table 4.4it is clear that the
interaction in terms of delocalisation4ns close to complexes such@s which the

metals are separated by an electron rich triazdigdad.

Complexes3-5 all contain the same BL (pytr-bipy) with the meatahtres varying (i.e.
rutheniumvs. osmium). The variation of the redox propertie30b and4 are in the
first instance due to the difference in the redoteptials of the ruthenium and the
corresponding osmium units, and, secondly, theewddffce in the coordination
properties of the pyridine-triazolato and bipyrigdgmponents of the ditopic bridging
ligand. The metal centre coordinated to the pyeeimazole moiety of the bridge B
and5 is oxidised first, whereas in compldxt is the metal centre coordinated to the
bipyridine moiety which is first oxidisedln fact, an IT band, which indicates
significant internuclear interaction, is only obsst in the spectrum ¢&f, and not for
the other two pytr-bipy bridged complexé&s and 5. This is counter intuitive
considering that for symmetric dinuclear compouadsincrease in the separation
between the first and second oxidation potenthdt)(typically indicates increased
interaction strength (where the separation is na tb electrostatic interactions or
asymmetry). The internuclear separation betweernmétl centres precludes either
electrostatic interaction or direct metal orbitaledap between the osmiumj and
ruthenium() metal centres. Based on this, and the observdtanh internuclear
interaction only occurs when it is the metal cefitoeind to the bipyridine moiety of
the bridge that undergoes the first oxidation,ithieraction strength manifested in the
IT absorption band can be ascribed to HOMO mediatgeerexchange interaction

between the metal centretie dominant interaction is that ofla(M"

)- (L) mixing
with = -orbital from bipyridyl moiety, and the through LBIOMO hole transfer

mechanism is assumédl.
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By comparison of the reduction potentialsiofith those ofl and2 (Table 4.1), it can
be seen that thet (LUMO) of BL in 4 is higher in energy than that of bdttand?2.
This additional consideration leads to the conolusithat the mechanism of
intermetallic interaction ir is preferably through a BL-HOMO mediated and not a

BL-LUMO mediated superexchange process.

Os(bpy), Ru(bpy),

(bpy),Ru(gpy,)Ru(bpy), (14) 1 leeoo- |
(bpy),Os(apy,)Os(bpy), (13b)+ |
(bpy),Ru(gpy,)Ru(bpy), (13a)1 |
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Figure 4.21: Oxidation potentials for metal complexkd4. Continuous/dotted lines
indicate occurrence/lack of IT interaction betwewsatal centres of the corresponding
complex indicated on Y-axis. The values abovdirles indicate the energyog(in
cm?) of the IT absorption peak and in parenthesesttb&ar absorptivitysmax (in M™
cm?) in correspondence of the IT peak. Oxidation ptigds of [Ru(bipy)]®* and

[Os(bipy)]** are reported for reference.

An important result emerging from the data reportefligure 4.21 is the observation
of IT transition only in case of [(bipyRu(pytr-bipy)Os(bipy)]*>* (4) within the series
of binuclear complexe8-5 bridged by the same pytr-bipy ligand (Figure 4.1Me
high specificity of the IT effect in one complexlpmwithin the series prompted the
analysis of the mechanism of IT process in termthefpositions of frontier levels of
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the metal centres and the ligands involved (Figu&?). The increased interaction
observed fod compared witl8 and5 can be rationalised by considering the nature of
the optical electron transfer in terms of the eparfyjthe ‘donor and‘acceptor metal
centres. Fo#, the optical transition, 3RU' —Od'RU" involves a conversion to a
state, which is relatively close in energy to theupd state compared with the
corresponding transition for compleX and 5 (Figure 4.22). Furthermore, if an
electron hopping model is considered then in tise cd complexe8 and5 the optical
transfer of an electron formally results in an @age in the energy difference of the
HOMO orbitals of the bridging ligand (bpy- and pytm the optically excited state

whilst in the case of these states move closer together in energy.

Homodinuclear compleR is characterized by having the first oxidation wecng at
the ruthenium centre that coordinates the N atorheftriazole ring, Figure 4.11. In
the mixed valence state 8fit is expected that a partial negative chargeassferred
from the pytr unit of the bridging ligand to theidised Ru centre as witnessed by the
occurrence of the LMCT transition at 12000 cm-Jure 4.17. Such a transfer should
lead to a lowering of the frontier levels of thetrpynit that then acquires a partial
positive charge. It is supposed that the lowerihghe HOMO level of pytr with a
partial positive chargé+ is not sufficient to warrant a passage of elegttr@harge
from the HOMO of the adjacent bipy unit.

Another possible reason for the missing chargesteaincould be the scarce overlap
between the orbitals of the different units constilg the bridging ligand (geometrical
factor), but there is no apparent reason why sugeanetrical effect would not be
critical in case of comples. Moreover, the occurrence of the MLCT transiti@ivizeen

Ru(ll) and the LUMO level of the bipy in the brieg ligand at 23000 cm-1 (Figure
4.17) is not followed by the energetically favouealransfer of charge between the
LUMO level of the bipy and the LUMO level of theabilized pytr with thed+ charge.

This implies that possible IT in this type of comys would occur only via a HOMO-

mediated superexchange.
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Figure 4.22: Proposed mechanisms for the HOMO mediated supemageh in
complexes3 — 5 in the mixed valence states. The levels of thealnzetd ligand

orbitals are relative energies only.

Analogous considerations hold for the analysishefitnpeded IT process in complex
5 where the Os centre is oxidized first. Neitherrgharansfers from bipy-HOMO to
stabilized pytd+ HOMO and from bipy-LUMO to stabilized pyd+ LUMO take
place after the MLCT transition between Ru(ll) ath@ bipy unit of the bridging
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ligand at 23000 cih and the LMCT transitions between the pytr unithef bridging
ligand and Os(lll) at 14300 and 4300tm

For the heterodinuclear complek intervalence bands are observed because, in
contrast to3 and5, the transfer of charge between the pytr- and-bipyts of the
bridging ligand is energetically favourable via ®MO mediated superexchange,
Figure 4.22.n fact, the stabilization of the bipy orbitalsltaking the LMCT between
bipy unit and Os(Ill) at 13000 chis critical for the occurrence of the successive
transfer of charge between the HOMO of the pytt and the stabilized HOMO (or
SOMO) level of the partially positivé+ bipy. As a rule it can be here established
that IT will take place in those binuclear complexe which the first oxidized metal
centre is the one that coordinates the weakerreledonor N of the bridging ligand,

usually the N atom of a bipy unit in polypyridylstgms.

Complexes and7'* are bridged by the same bis-(pyridyl-triazolatgahd but differ
in the metal centres.¢. osmiumvs. ruthenium). The magnitude ofE for 6 is less
and the intensity and energy of the IT band ofrtlieed valence state indicate that
both the delocalisatiornf) and interaction parametek, possess lower values and
hence the internuclear communication can be coreside be weaker. Previously, the
interaction mechanism in the mixed valence statedmplex7 was assigned as being
via HOMO mediated superexchange by the electron riahdlato ligands. Hence the
less positive oxidation potentials of the metalteesiof6 compared witlty imply that
mixing with the HOMO orbitals of the bridging ligdrwill be reduced: the greater
distance from the md orbitals to the nucleus of the metal allows fosslerigid
movement of the 5d electrons and hence less mixrtge dn(M")- n(BL) orbitals.
This would explain the decreased interaction stiengp.

Figure 4.21 summarizes the spectroelectrochemroplepties of complexek-14. The
first observation concerns the correlation betwdeanergies and relative position of
the coordination sites of the interacting metalshie bridging ligand: the higheBt,
of IT transitions are found for those complexewimch both metal centres coordinate
N atoms from the same ring like the bpt bridged plexes8-11with E;, > 5500 cm
! The complexes in which the metal centres cootdit@sites belonging to adjacent

183



Chapter 4: Electrochemistry and Spectroelectroclsémiof Homo- and Hetero-Dinuclear Ruthenium
and Osmium Polypyridyl Complexes.

rings of the bridging ligand generally present lowalues forE,, (< 5500 cm'), as

verified with the bpbt bridged complexdsand 6. This implies that the larger the
distance between metal centres the greater theebéor transfer of electron charge
from one metal centre to another. Such a correlasandicative of an electrostatic

contribution, i.e. a through-space effect, coninglthe energy of IT transition.

Another correlation for the complexes containingiazole ring in the bridging ligand
(complexes4-11), involves the intensity of the IT absorption, gtiable with the
&nax parameter, and the nature of the metal centrect@tinates the N1 atom of the
triazole in the bridging ligand. It is generallyufad that the higher values afaxfor
the IT transition are associated with those conmgdexaving Ru (the more
electronegative atom with respect to Os) coordmggtine N1 atom of the triazole ring,
i.e. the strongeo-donor among the N atoms of the ring (compleXe9). Such a
correlation holds whether the triazole ring is sldarcompounds8-11) or not
(compoundgi-6) by the two interacting metal centrenother related observation is
the direct proportionality between the value of firet potential of oxidation of
dinuclear complexes displaying IT transition, am@ tintensity of this absorption
through the evaluation of th&g«Vvalue, i.e. the higher B;x0xthe larger isgnax Since
ruthenium oxidation occurs generally at higher pbéts with respect to osmium, the
dinuclear complexes with the more intense IT alismmp are expectedly those
containing only ruthenium centres. Such a cormeheis valid for complexeg-9in the
order &nax(8) > &max(7) > &max(9) being alsoE1/20x(8) > E120x(7) > E120x(9), Figure
4.21. Within this series only comple contains osmium when it coordinates the N4
of a triazole ring, i.e. a relatively poor electrdonor atom of the triazole unit (Figure
4.7). We can conclude that if the first oxidized taheof a binuclear complex
displaying IT absorption is ruthenium the IT abdmanp will be then characterized by
a high intensity. Inversely, the weakest IT absorpbands appear when the osmium
centre that coordinates the N1 of a triazole rireg,the stronger electron donor atom

of the ring, is first oxidized (complex&s10, 11, Figure 4.21).
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4.3 Conclusions

The electrochemical properties of binuclear comgeeix- 6 have been analysed and
their spectroelectrochemical properties have beamaed in the vis-NIR range. The
oxidation potentials of the metal centres in quatedyl bridged specie$ and2 have

a weak dependence on the type of quaterpyridyl ésdigompare complexd?—-19,
that bridges the two metal centres and oxidising fist metal centre shows no
evidence of intermetallic communication Inand 2. Within the group of pytr-bipy
bridged complexe8-5 only 4 exhibits spectroelectrochemical features in itsaai
valence state, which could be assigned unambigydosin IT transition. It is found
that the overall change in energy involved in thetrhnsition {.e. the difference in
oxidation potentials of the metal centres), andetffiect of the electron transfer on the
relative energies of the HOMO orbitals associatath whe binding units of the
bridging ligand constitute the critical factors fibre occurrence of IT; the structural
factors that accompany such an electronic eveminvihe studied series of complexes
are the presence of osmium as metal centre, angrésence of at least one triazole
moiety in the bridging ligand. In the sole cased4othe ligand mediated electron
transfer Ru()-[pytr-bipy]-Os(i1) —Ru(l)-[pytr-bipy]-Os() is possible because of
the larger electron-withdrawing strength of the domg moiety (bipy) that is
coordinated by the oxidised metal centre (Os). Thigies a HOMO (of the bridging
ligand) mediated superexchange mechanism wherendrgy differences between the
HOMOs of the binding sites and the gap betweenretlagsl the energy levels of the

coordinating metals are the critical parameters.

Compound6 displays an IT transition also, which occuiea a HOMO (of the
bridging ligand) mediated superexchange mechanisitie case of complexé&sand

7 differing only in the nature of the metal centré® weaker intermetallic interaction
of osmium comple in comparison to the analogous ruthenium comléxdue to
the larger gap between the energy of the metatadsbof Os with respect to Ru and
the HOMO of the binding unit of the ligand. The al=lisation parameter, the
coupling constant and the calculated peak widtia#theight could be evaluated only
in the case of the heterodinuclear complesince thdT band features dDs complex

6 were ill defined as a result of overleyith other types of electronic transitions in the
same spectral region. Compléxcan be considered of the Type Il according to the
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classification of Robin and Day’ i.e. a system that manifests properties origimatin
from a relatively weak interaction between metatientres as a result of a small

perturbation of the isolated metal centres.

This series of homo- and heterodinuclear complerabibit electrochemical

properties required for the development of moleacdiades in that they each have
two stable redox centres that are electrochemicalgrsible and accessible at low
potentials. In order to continue with the developtm& molecular diodes using these
types of complexes a linker ligand is required Bat tthey can be assembled to
electrode(s). Following this, insertion into a nawale environment such as STM will
allow for the measurement of the molecular conghitgtiand investigation of the

interfacial electron transfer mechanisms.
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