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ABSTRACT

The synthesis, charactensation, photochemical and photophysical
properties of ruthenium (Il) and osmium (H1) polypyrndyl complexes containing
1,2,4-tnazole hgands are described These complexes were charactensed using
HPLC, UV/vis spectroscopy, electrochemistry, NMR, fluonmetry,
spectroelectrochemistry, laser flash photolysis and resonance Raman
spectroscopy

Firstly, the photochemistry of a series of mononuclear Ru(ll) polypyrndyl
complexes has been investigated Evidence for the existence of a mononuclear
photolysis intermediate during the irradiation of [Ru(bpy)o(4Mepytr)]2+ (where
4Mepytr = 4-methyl-3-(pyndin-2-yl)-1,2,4-tnazole) was found Photoisomensation
from the N4-bound iIsomer to the N2-bound isomer of complexes containing the
higand Hpztr (where Hpztr = 3-(pyrazin-2-yl)-1,2,4-tnazole) was noted, while the
deprotonated species remained photostable

In the main section of the thesis, the photophysical and photochemical
properties of a senes of dinuclear Ru(ll) and Os(Il) polypyndyl complexes
containing brnidging 1,2,4-tnazole higands were examined Investigation into the
nature of the lowest emitting state was carried out using mixed-ligand dinuclear
Ru(ll) polypyndyl complexes, containing the Hbpt igand (where Hbpt = 3,5-bis-
(pyndin-2-yl)-1,2,4-tnazole) The nature of the lowest emitting state was found to
depend on the polypyndyl ligand, whereas that of the reactive excited state (the
3MC excited state) depended on the asymmetric properties of the bridging ligand
The effect of replacing pyndine by the stronger n-accepting pyrazine ring was
examined using the ligand Hbpzt (where Hbpzt = 3,5-bis-(pyrazin-2-yl)-1,2,4-
tnazole) and 1t was found that the emitting state was bpy-based in the
mononuclear species, whereas a switch-over to a pyrazine-based emission
occurred upon formation of the dinuclear species A combination of these
properties were obtained using the Hppt ligand (where Hppt = 3-(pyrazin-2-yl)-5-
(pyndin-2-yl)-1,2,4-tnazole) and the photophysical properties investigated in detail
Its properties were compared with those obtained for the more symmetrical Hbpt
and Hbpzt igands Again, a switch-over to a pyrazine-based emission occurred
upon formation of the dinuclear species and upon protonation of the pyrazine-
bound monomer, whereas a bpy-based emission was observed for the pyrdine-
bound mononuclear complex

Vi



Finally, the replacement of the strong o-donor 1,2,4-tnazole hgands by the
more strongly n-accepting 1,2,4-tnazine igands was examined The lowest
emitting state was found to be pyndyltrnazine-based and the effect of substituents
on the physical properties of these complexes was evaluated

Vil
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CHAPTER 1

GENERAL INTRODUCTION



1.1 NATURAL PHOTOSYNTHESIS

Solar energy captured by the process of photosynthesis is the source of well over
90% of all the energy used by man for heat, ight and power, since coal, petroleum
ether and natural gas, the fuels for most man-made machines, are all
decomposition products of biological material generated millions of years ago by
photosynthetic organisms Life on earth, therefore, depends on the flow of energy
from the thermonuclear reaction taking place at the heart of the sun However,
living cells cannot use solar energy directly Green plants absorb a small fraction
of this light energy and transform it into chemical energy This process of
photosynthesis is the vital link between the vast energy resources of the sun and
the energy needs of the living world?

The overall equation for photosynthesis can be written as follows?

6C0O, + 6H,O + light + chlorophyll ----- > CgH420¢ (glucose) 111

Photosynthetically produced carbohydrates serve as an energy source for the
organism that produced them as well as for nonphotosynthetic organisms that
directly or indirectly consume photosynthetic plants3 Therefore, photosynthesis
can be defined as the utilisation of solar light energy by plant cells for the

biosynthesis of cell components

1 11 Light absorption

The process of photosynthesis depends upon the efficient capture of light quanta

by aggregates of pigments present in photosynthetic tissues Light has to be



absorbed before it can be of any use in a photobiological reaction? By far the
most important and most abundant of these pigments are the chlorophylls The
structure of chiorophyll is illustrated in Figure 1 1 1 Higher plants contain two
forms of chlorophyll, designated chlorophyll a (Chl a) and chlorophyll b (Chl b)
They are magnesium-porphyrin complexes The four central nitrogen atoms are
co-ordinated with a Mg2+ ion to form an extremely stable essentially planar
complex, with a long hydrophobic side chain® It absorbs light principally in the
violet and blue wavelengths and also in the red

Photosynthetic cells may contain pigments of two other classes
carotenoids (yellow) and phycobilins (red and blue) These pigments serve as
supplementary hight receptors for portions of the visible spectrum not covered by
chlorophyll4 These pigments are known as the light harvesting complexes

The pigment molecules of the ight-trapping apparatus are assembled into
arrays that funnel absorbed energy into photoreactive centres These arrays are
called photosystems The photosystems are located on the inner membranes of
organelles called chloroplasts Chloroplasts must, therefore, be the site of light-
induced O, evolution

in addition to pigments, electron transport systems are present These
carriers form an electron-transport chain that covers the potential span from about

-01Vto+04V4

11 2 Light Reactions

Chloroplasts contain two photosystems, designated Photosystem | and
Photosystem il Photosystem I, with a maximum near 710 nm, i1s associated with
those forms of chlorophyll a absorbing at longer wavelengths and is not

responsible for oxygen evolution It raises the energy of the absorbed electrons
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Structure of chlorophyll [5]

from about +0 4 Vto -0 6 V A similar photosystem is found in the membranes of
all photosynthetic bactena Photosystem ll, found only in oxygen-evolving
photosynthetic bacteria, s activated by shorter wavelengths, 670 nm and below,

and 1t 1s required for oxygen evolution It raises the energy of an absorbed electron



from about +0 9 Vto -0 2 V The two photosystems work together in chloroplasts
but have different functions?

Light energy first enters Photosystem i (PS-I1), where it 1s responsible for
two major events

(1) Electrons transportation

(2) The sphitting of water into protons, electrons and oxygen gas (see

Figure 11 2)

Excitation by absorbed light quanta result in excited electrons which are
channelled to P680, the reactive centre of PS-Il From here the electrons are
passed uphill at increasingly higher energy levels to a primary electron acceptor
Some of these electron acceptors are cytochromes® The electron is then passed
downhill along an electron transport chain to P700, the reactive centre of PS-1 In
the course of this reaction, ATP (adenosine tnphosphate) 1s formed from ADP
(adenosine diphosphate) and phosphate (P,) This process is known as
photophosphorylation

System |l probably has a second light reaction that generates a stronger
oxidant capable of extracting electrons from water and liberating oxygen The
acceptor of the electrons from water would then provide the reducing power
needed to reduce the cytochromes after they have been oxidised with the
simultaneous reduction of ferredoxin’

In photosystem | (PS-1), ight energy induces the electronic excitation of
pigments This excitation 1s then channelled by energy transfer to a special
chlorophyli a species, named P700, which in turn gets excited and boosts
electrons to an electron carrier from which they are passed downhili to the electron
acceptor molecule with the consequent formation of P700+ (see Figure 1 1 2)
Electrons for the re-reduction of P700+ come from excited PS-Ii via a central

electron transport chain Electrons required to fill the electron holes in PS-1l come
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Mechanism of electron transfer in PS-Il and PS-1[9]

from H,0, which 1s dehydrogenated and yields O, ® Reduced ferredoxin produced
by electron transfer from the primary electron acceptor in PS-1, serves for the
reduction of NADP+ (nicotinamide adenine dinucleotide phosphate), a coenzyme
which functions as an electron acceptor, and for the reduction of other chloroplast
components such as thioredoxin8 Ferredoxin is also involved in the cyclic electron
flow around PS-1, a process which 1s coupled to proton translocation and ATP
synthesis The precise mechanism of which is still poorly understood®

These two systems working together result in the conversion of ight energy
into electnical energy, followed by a flow of electrons, resulting in the electron

energy being converted to chemical energy stored in the form of NADPH and ATP



The general equation for the first phase of photosynthesis, 1 e the light

reactions, can be written in the following form

2H,0 + NADP+ + P, + ADP + hv ----> %20, + NADPH + H* + ATP + HO  1.1.2

The water molecule on the left-hand side of the equation 1s the donor of the two
electrons required to reduce NADP+ and of the oxygen atom that 1s released as
%20, The water molecule on the rnght-hand side of the equation anses from the
formation of ATP from ADP and phosphate

As we have already seen, the heart of the photosynthetic process 1s a
photochemical oxidation / reduction reaction in which the energy of a photon is
utihsed for producing a charge-separated pair capable of acting as reductant in
biological processes The process of charge separation takes place in the
photosynthetic reaction centres (see Figure 1 1 3)10 Two of the Bchl b molecules,
the so-called "special pair" are closely associated, they are nearly parallel and
have an Mg - Mg distance of 7 A The pnmary photochemical event of bactenal
photosynthesis 1s absorption of a photon by the special pair This event I1s nearly
instantaneous occupying < 1 fs (10-12 s) The excited electron is delocalised over
both of them Within 4 ps, the electron has been transferred to the Bpheo a on the
nght By some 200 ps later, the electron has further migrated to the menaquinone
or Qa, to form the anionic semiquinone radical Qp- In fact, this sequence of
electron transfers is so efficient that its overall quantum yield 1s virtually 100%
Within approximately 10 ps after its formation Q- transfers its excited electron to
the more solvent exposed ubrquinone, Qg, to form Qg This anionic quinol takes
up two protons from the solution on the cytoplasmic side of the plasma membrane
for form QgHy Thus, Qg 1s @ molecular transducer that converts two light-driven

one electron excitations to a two electron chemical reduction The electrons taken
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A bactenal photosynthetic reaction centrel3]

up by QgHj are eventually returned to P870+ via a complex electron transport

chain3



11 3 Dark reactions

In the second stage of photosynthesis, the energy generated by the light reactions
is used to incorporate carbon into organic molecules These reactions take place
in the stroma of the chloroplasts and do not need light, and so they are often
referred 1o as the "dark reactions” They involve a cycle called "The Calvin Cycle"
The dark reactions convert the chemical energy produced by the light reactions in
the form of ATP (a compound that has been called the universal energy currency
of living cells) and NADPH (the carrier of energy-rch electrons that, together with
protons, provide the hydrogen atoms used in the biosynthesis of organic
compounds) into forms more suitable for storage and transport and also build the
basic carbon structures from which all the other organic molecules of living
systems are produced This last process Is known as carbon fixation11

The Calvin cycle as shown in Figure 1 1 4, begins when carbon dioxide
enters the cycle and i1s incorporated into rnibulose-1,5-bis-phosphate (RuBP, a five-
carbon sugar with two phosphates attached) RuBP then splits to form two
molecules of 3-phosphoglycerate (PGA) The enzyme responsible for this reaction
is RuBP carboxylase Each step i1s regulated by a specific enzyme At each full
turn of the cycle, a molecule of CO, enters the cycle, 1s reduced, and a molecule
of RuBP is regenerated Six revolutions of the cycle, with the introduction of six
atoms of carbon are necessary to produce a 6-C sugar, such as glucose The

overall equation is1

6RuBP + 6CO» + 18ATP + 12NADPH ----- >
B6RUBP + glucose + 18P, + 18ADP + 12NADP+ 1.1.3

During the day, plants satisfy their energy needs via the light and dark
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The Calvin cycle (1]

reactions of photosynthesis At night, however, like other organisms, they must
use their nutntional reserves to generate their required ATP and NADPH through
glycolysis, oxidative phosphorylation and the pentose phosphate pathway Plants,
therefore, have a Iight-sensitive control mechanism to prevent the Calvin cycle
from consuming the catabolically produced ATP and NADPH The activity of RuBP
carboxylase responds to four ight-dependent factors

(1) tvanes with pH Upon illumination, the pH of the stroma increases from

around 7 0 to about 8 0 as protons are pumped from the stroma into the

10



thylakoid space RuBP carboxylase has a sharp pH optimum near pH 8 0
(2) It1s stimulated by Mg2+ Light-induced influx of protons to the thylakoid
space Is accompanied by the efflux of Mg2+ to the stroma
(3) It 1s activated by NADPH, which 1s produced by illuminated PS-I.
(4) It 1s strongly inhibited by 2-carboxylarabinitol-1-phosphate, which many
plants synthesise only in the dark
Thus, in plants ight simulates the Calvin cycle while deactivating glycolysis,
whereas darkness has the opposite effect (that 1s, the so-called dark reactions do

not occur in the dark)3

114 Summary

In summary, water is used as an electron donor and from it oxygen is evolved
during photosynthesis The first stage of photosynthesis (the light reactions)
results in the reduction of NADP+ and the phosphorylation of ADP In the second
state (the dark reactions), NADPH and ATP are used to reduce CO, to hexose

Phosphorylation of ADP 1s coupled to photoinduced electron transport in the
chain between PS-l and PS-ll Photoinduced electron transport is occurring during
the net transfer of electrons from water to NADP+ At least one molecule of ATP is
generated per pair of electrons passing from HoO to NADP+ Apparently, eight
light quanta are required to evolve each molecule of O5 and to reduced one

molecule of COy, for which two molecules of NADPH and three molecules of ATP

are necessary®

11



1.2 ARTIFICIAL PHOTOSYNTHESIS

The elucidation of the structure of the bactenal photosynthetic reaction centre
caused a marked change in direction for fundamental research aimed at
constructing artificial photosynthetic devices12 The study of photoinduced
electron-transfer reactions within large macromolecular units has dominated the
subject of artificial photosynthesis for the past number of years13-15

Considerable effort has been expended to develop artificial models that
mimic vanous aspects of natural photosynthesis1® A main goal is the use of solar
photons to sphit water into hydrogen and oxygen, thereby converting solar energy
Into electnical energy Hydrogen Is very energy-nch, it 1s a clean-burning fuel,
giving only water as the product Pollution problems, an integral part of other
energy producing systems, would be reduced tremendously if hydrogen was
burned instead of hydrocarbons Furthermore, the direct conversion of sunlight
and very abundant raw matenals into high energy chemicals, which can be further
converted to fuels that can be used to heat homes, make electricity, run cars, etc,
IS a very attractive prospect!’

In analogy to the structure of the photosynthetic reaction centre, efficient
electron transfer in artificial photosynthetic systems has been accomplished in
organised micro-heterogeneous media and also in sensitizer relay assemblies

possessing a covalent linkage of donor, sensitizer and electron acceptor (relay)18
1 2 1 Supramolecular complexes
In the last few years, a trend to study artificial assemblies of two or more molecular

components has emerged with the dual aim of making progress towards the

understanding of photobiological processes and the design of antificial systems

12



capable of performing useful functions These species are known as
supramolecular compounds19-20 In the area of co-ordination chemistry, one can
distinguish three types of supramolecular systems
(1)  Second-sphere co-ordination compounds, 1 e complexes associated to
other species by electrostatic interactions, hydrogen bonds, or other
intramolecular forces
(2)  Cage-type co-ordination compounds, 1 e complexes in which a metal ion s
encapsulated in a single, polydentate ligand
(3) Molecular building blocks linked via brndging units by means of covalent or
co-ordination bonds1®
What i1s clear from photobiology is that any valuable photochemical function
requires a complex elaboration in time of the absorbed light energy input by a
system suitably organised in the dmensions of space and energy The complexity
of the natural systems, however, makes immediately clear that any synthetic effort
aimed at their exact duplication would be hopeless The assembly of suitable
molecular components Into an appropriate supramolecular structure so as to
obtain an organised sequence of chemical acts leading to the desired function is
the real aim of supramolecular chemistry An approprate assembly of these
molecular components capable of performing light-induced functions can be called
a "photochemical molecular device" (PMD)21
A PMD can have a number of functions which have been summarnsed as
follows
(1) Generation and migration of electronic energy,
(2) Photoinduced vectornial transport of electric charge,
(3) Photoinduced conformational changes,
(4) Control and tuning of the photochemical and photophysical properties of

molecular components?1

13



The area of supramolecular photochemistry is currently active along three
research lines
(1) Photochemical and photophysical studies on adducts of transition metal
complexes with organic or inorganic species
(2) Photoinduced electron and energy-transfer processes in covalently-
linked molecular building blocks (e g polynuclear metal complexes)
(3) Photochemical and photophysical studies on rotaxanes, catenanes, and
related species®2,

We will be dealing mostly with the first two applications

1 2 2 Metal co-ordination complexes

For d® metal complexes, synthetic control and tuning of important properties such
as excited-state energy and lifetime, emission yields, photoreactivity and excited-
state redox potentials 1s now feasible Particularly interesting from the point of view
of artificial photosynthetic systems are molecular systems that contain two or more
metal centres connected by bndging ligands, 1 e supramolecular species To
obtain a photochemically interesting polynuclear complex, an "assembling
procedure” is usually followed, 1 e starting with mononuclear complexes having
well-defined individual properties and then making the appropnate chemical
connections between these units23-24

The extensive use of complexes as luminescent species, electron transfer
photosensitizers and chemiluminescence inducers has evidenced the need for
compounds that, while exhibiting the desired spectroscopic properties, do not
undergo dissociation when they are photoexcited, oxidised and/or reduced?25,

One of the most interesting and extensively studied co-ordination

compounds is [Ru(bpy)3]2+ and its derivatives The unique combination of

14



chemical stability, redox properties, excited state reactivity, luminescent emission
and excited state lifetime has attracted the attention of many research workers
The results show that in polynuclear systems, fast (subnanosecond)
intramolecular electron transfer between adjacent [Ru(bpy)»]2*+ chromophores
always leads to 100% efficient population of the lowest energy chromophore.
Systems of this type exhibit an "antenna effect” similar (though probably different
in mechanism) to that by which the antenna pigments increase the effective
absorption cross-section of the special pair in natural photosynthetic reaction
centres23 It is concelvable that artificial antennas of this type, but of larger size
can be constructed by replacing the terminal units with polymeric chromophoric
chains26-27

The conclusions that have been reached concerning energy transfer
processes in polynuclear systems are as follows

(1) The energy of the donor state must be higher than the energy of the

acceptor state

(2) The participation of bridging hgand orbitals in the excited states involved

in energy transfer are essential, and

(3) The efficiency of energy transfer is attenuated by distance to a greater

degree than what is observed for excited-state, electron-transfer reactions,

which are reasonably efficient over relatively long distances23
1 2 3 Photochemical water decomposition
Tns(2,2-bipyndinejruthenium(ll) has been recognised as a potential catalyst for

the decomposition of water by irradiation of solar ight28 The photodecomposition

can be regarded as two half-cell reactions

15



HoO + e ---> ¥%Hy + OH- 1.2.1
33 o S > %Op + H*+ + & 1.2.2

This reaction cannot occur in the dark as 1t 1s endothermic by 1 23 eV In pnnciple,
excitation with visible light should make the process thermodynamically
favourable However, as H50 is unable to absorb the exciting light, the reaction
cannot occur?® This "potential" photochemical reaction can be induced (or
sensitised) by a species which possesses specific redox, spectroscopic and
excited-state properties Such species are called light absorption sensitizers
(LAS) Similarly, "potential" chemiluminescent reactions can be induced by
suitable species that can be called light emission sensitizers (LES) Figure 1 2 1
shows the method of operation of these sensitizers

As early as 1975, Creutz and Sutin?® discovered that using absorption of
light in the visible region, [Ru(bpy)s]2+ yields *[Ru(bpy)z)2+ which is, in principle,
capable of reducing water or hydrogen ion to dihydrogen in the pH range 0-14,
with concomitant production of [Ru(bpy)s]3+ This latter species may be reduced

by hydroxide according to the following equation

[Ru(bpy)a]3+ + OH- -——-> [Ru(bpy)al2* + %40, + %:H,0 1.23

to form dioxygen and regenerate the starting matenal It was later found30 that a
redox catalyst such as ruthenium dioxide, RuO,, markedly effected the rate of
oxygen formation, and was, therefore, a necessary part of the water-splitting
process

Further investigation into the use of catalysts in this reaction lead Gratzel et
al 31 to study colloidal TIO, particles loaded with ultrafine deposits of Pt and

RuO, Such a catalyst 1s surpnsingly efficient in coupling H, and O, production to a

16
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hght-driven redox reaction in which an electron relay such as methyl viologen
(MV2+) 1s reduced by the CT excited state of [Ru(bpy)s}2+ The electron relay is
reduced on light excitation, and the photoreaction is coupled with catalytic steps
generating Hy and O, from water32 At this stage, sustained photochemical
cleavage of water by photocatalysts has been achieved, but still remains fairly

inefficient
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Subsequent studies33 involved addition of a suitable quencher to prevent
back-reaction of [Ru(bpy)3}3+ to [Ru(bpy)3]2+ Both EDTA
(ethylenediaminetetraacetate) and TEOA (triethanolamine) proved to be suitable
reducing agents

Various other attempts at improving the efficiency of the photoinduced
decomposttion of wa;er included optimisation of pH conditions34 and changing the
redox catalysts3% Two redox schemes for (a) the reduction of water into Hp on
platinum using TEOA as the sacrficial electron donor and (b) oxidation of H50 to
O, on ruthenium dioxide using [Co(NH3)5Cl}2+ as a sacnificial electron acceptor
are presented in Figures 1 2 2 and 1 2 3 respectively36

Gratzel et al have succeeded in constructing a photovoltaic cell with an
energy conversion efficiency that 1s commercially realistic37-38 A thin transparent
film of TIO, particles coated with a single molecular layer of a ruthenium complex
Is used, and allows the conversion of more than 80 % of incident ight photons to
electrical current Other studies involved incorporating [Ru(bpy)s]2+ and MV2+ 1n
micellar microenvironments in an attempt to increase the reaction rate by
increasing the local reagents concentration3® and tuning the excited-state
properties in the Ru(ll) polypyndy! family28 in an attempt to overcome problems
associated with using [Ru(bpy)s]2+ as a photosensitizer This latter method has
extensive possibilities, however, as to date no other complex has been produced
with properties to exceed those of the Ru(ll) polypyndyl complexes in the

photochemical decomposition of water
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1.3 THE PHOTOPHYSICAL PROPERTIES OF [Ru(bpy)a]?*

As already mentioned, Ru2+ is a stable, low-spin d® system and the polypyndy!
ligands are usually colourless molecules possessing o-donor orbitals localised on
the nitrogen atoms and n-donor and n*-acceptor orbitals more or less delocalised
on the aromatic nngs Figure 1 3 1 contains a schematic representation of the

structure of [Ru(bpy)3]2+ 28

1 3 1 Absorption and Emission properties

Visible light absorption in [Ru(bpy)s]2+ ts dominated by intense absorption bands
ansing from dr(Ru) - n*(bpy) metal-to-ligand charge-transfer (MLCT) transitions40-
41 These transitions have significant absorptions in the visible region The
maximum wavelength of absorption for [Ru(bpy)s]¢* 1s 452 nm Transitions within
the ligand n-bonding orbital to the n*-antibonding orbital, labelled n-x* or hgand-
centred transitions usually lie at higher energies (185 and 285 nm), have high
extinction coefficients and are substantially igand in character In addition,
transitions such as promotion of an electron from a t, orbital to an e orbital are
possible and such d-d or metal-centred transitions give nise to weak (Laporte
forbidden) absorption bands (322 and 344 nm)42 Figure 1 3 2 contains the
electronic absorption spectrum of [Ru(bpy)s]2+, showing the various electronic
transitions occurring upon excitation with visible light

The upper excited states of transition metal complexes can participate
either in a chemical reaction or undergo efficient radiationless deactivation to the
lowest excited state28 Figure 1 3 3 contains a diagrammatic representation of the
photophysical properties of [Ru(bpy)3}2* For [Ru(bpy)s]2* , the lowest excited-

state i1s a SMLCT excited-state®3 In fact, the efficiency of intersystem crossing
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Figure 1 3 1

Schematic representation of the structure of [Ru(bpy)s)2+ [28]

Figure 132

The electronic absorbance spectrum of [Ru(bpy)4]2+ [28]
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Figure 133
The photophysical properties of [Ru(bpy)3]2+ [43]

from the upper singlets (TMLCT) obtained by excitation to the lowest triplet 1s
essentially unity The large spin-orbital coupling present in this complex makes this
spin-forbidden transition allowed44 This 3SMLCT excited-state 1s the emissive

excited-state Low temperature (4 - 77 K) measurements of the banded emission
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of [Ru(bpy)3])2+, including its phosphorescence quantum yield (0p) and lifetime (1)
indicate the presence of three electronic components in the emitting state with the
upper two members situated approximately 10 and 60 cm-! above the lowest4®
The excited-state lifetime 1s temperature dependent and increases rather
dramatically as the temperature is increased4® This behaviour has been
successfully interpreted in terms of a thermally equilibrated Boltzmann population
of several low-lying excited states with ifetimes which are temperature ‘
independent From the temperature dependent lifetime measurements, evidence
for localisation of the excited electron on one of the bpy ligands s found, although
electron hopping from one ligand to another occurs on a rapid timescale4’
Evidence also exists for the presence of a fourth low-lying 3SMLCT state about 800
cm1 higher in energy Unfortunately, the ability to observed the fourth MLCT state
for [Ru(bpy)3)2+ 1s probably masked by a surface-crossing process to low-lying dd
states However, since the dd state does not appear to luminesce appreciably, the

fourth MLCT state may be detectable from changes in emission spectra as a

function of temperature48

1 3 2 Lifetime of the emitting state

The large energy-gap between the lowest excited states and the ground-state
allows radiative processes (emission) to compete with non-radiative ones
(quenching)4® The fraction of the luminescent set of excited states which undergo

radiative decay may be expressed as follows

O =k / Kr + Ky 1.3.1
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where k; and k,, represent the rate constants for radiative and non-radiative decay
of this luminescent set of states, respectively>® As mentioned previously, there
are additronal, low-lying MLCT states (in particular the fourth MLCT excited-state)
which can play a role in non-radiative decay Population of dd states following
MLCT excitation by internal conversion from the 3MLCT to the SMC excited states,
can lead to at best non-radiative decay, but can also lead to igand-loss
photochemistryS1, which is a major problem for utihisation of this complex in solar-
energy conversion systems

When the lifetime of the excited-state 1s sufficiently long (non-radiative
decay 1s inefficient), the excited molecule may have a chance to encounter a
molecule of another solute For [Ru(bpy)3]2*, only the lowest spin-forbidden
excited-state satisfies this requirement (0 6 ps at room temperature in degassed
aqueous solution)28 Energy-transfer or electron-transfer (either by the oxidation or

the reduction of the excited-state) may occur as follows

‘A 4+ B - > A + B Energy transfer 1.3.2
A+ B ------ > At + B- Oxidative electron transfer 1.3.3
A+ B ------ > A" + B+ Reductive electron transfer 1.3.4

The ability to undergo energy transfer is related to the 0 - 0 spectroscopic energy
levels (the energy gap between the ground-state and the ITMLCT excited state) of
the donor-acceptor pair and that of electron transfer s related to the redox
potentials#2 These processes can be used in the following manner

(1) To utihse well defined MLCT excited-states to explore the fundamental

details of how electron and energy-transfer occur
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(2) To learn how to prepare molecular assemblies in which long range
energy or electron-transfer can occur and, in doing so, to mimic, for
example, the reaction centre in photosynthesis |
(3) To prepare assemblies which can act as interfaces between simple
excited state electron-transfer and the multi-electron catalysts that are
required to carry out such small molecular redox reactions as the oxidation
of water to O, or the reduction of CO,
(4) To translate the solution based photochemistry to polymeric fiims where
it may be possible to utiise molecular level photochemistry in device-like
applications2®
Therefore, the ease of energy and electron-transfer in the excited state associated
with [Ru(bpy)s]2* and its denvatives make it an ideal candidate for investigating

these processes
1 3 3 Photochemical properties

As mentioned previously, the high chemical stability of [Ru(bpy)s]2+ in more than
one oxidation state and its high hght absorptivity in the visible made 1t an attractive
candidate for exploiting solar energy conversion possibilities However, at higher
temperatures additional temperature-dependent processes such as population of
low-lying SMC excited states which can lead to ligand-loss photochemistry and,
therefore, to loss of the useful properties associated with [Ru(bpy)s]2+ can occur
These temperature dependent processes play a role in dictating the
photochemical and photophysical applications of the complex

The mechanism of the observed photochemistry 1s not fully understood, but
it 1s thought to occur in the following manner (see Figure 1 3 4)52 The

photochemical reaction i1s initiated by thermal activation to an upper, presumably
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Mechanism of ligand-loss photochemistry occurring in [Ru(bpy)s}2+ (52

dd state, following population of the 3CT state From available evidence, 1t Is
expected that the SMLCT and the ground-state are probably structurally related, at
least in terms of the Ru - N co-ordination environment For a dd excited state, an
antibonding, metal-based orbital of e symmetry 1s occupied which is expected to
lead to significant distortions along the Ru - N bonding axes Substitution appears

to occur from the dd state by a thermally activated dissociative mechanism, with
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the formation of a five co-ordinate intermediate, which i1s square pyramidal in
structure There 1s then direct evidence for the six co-ordinate unidentate
intermediate shown in Figure 1 3 4 (where L = the co-ordinating anion, Cl” or a
solvent molecule such as MeCN)33 There is at this stage competition between
chelate ring closure to give [Ru(bpy)3)2+ and loss of bpy to give [Ru(bpy),Lo] The
former 1s favoured in aqueous solutions, whereas the latter 1s favoured in more

non-polar solutions such as'‘CH,Cly
1 34 Redox properties

Oxidation of Ru(ll) polypyndyl complexes usually involves a metal-centred orbital,

with formation of genuine Ru(lll) complexes, which are inert to igand substitution
[Rull(bpy)a]2*+ -----> [Rulll(bpy)3]3+ + - 1.3.5

Ru(ll) / Ru(lll) potentials in the complexes usually fall in a rather narrow range
around +1 25 V versus NHE Substitution of one or more polypyridine ligands by
another similar type higand can drastically change their potentials

Reduction of Ru(t) polypyndy! complexes usually takes place on a ligand n*

orbital

[Rull(bpy)3]?+ + e ----> [Rull(bpy),(bpy-)]* 1.3.6
Up to six electrons can be pumped into [Ru(bpy)3]2* , yielding a highly reduced

complex which can be formulated as [Rull(bpy2-)3}4- 28 The = orbital that is

Involved In the reduction processes Is usually the same orbital which Is involved in
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the MLCT transition Correlations exist between the electrochemical and
spectroscopic data

Because of its higher energy content, the excited state is both a stronger
reductant and a stronger oxidant than the corresponding ground-state2® In other
words, the excited state can be formulated as [Ru!!l(bpy)o(bpy-)]2* The electron
deficient Rull! centre 1s a strong oxidising agent and the electron proficient bpy”
acts as a strong reducing agent In fact, the 3+ 1on 1s capable of oxidising water to
O, (Eg (O / H0) = +1 23 V) and the 1+ state 1s also capable of reducing water to
Hs (Eg (HY /Hy) =00V)

Excited state redox potentials can be tuned by changing the ground-state
redox potentials and / or the excited state energy Since reduction usually takes
place on a ligand, the ground-state reduction potential will be roughly related to the
reduction potential of the free igand However, the ability of a co-ordinated ligand
to accept an electron also depends on the amount of charge transferred to the
metal or received from the metal via the ¢ and n bonding by the other ligands
Similarly, the oxidation potential depends on the amount of charge localised on the
metal A change in the oxidation potential of the ground state causes a change in

the excited state oxidation potential48

1.4 FINE TUNING OF THE EXCITED STATE

In catalytic photoredox applications, photochemical substitutions can be
suppressed by the addition of sufficient quencher to capture the 3SMLCT excited
state before surface crossing to the 3SMC excited-state can occur54 Also, it would
be desirable to control the factors involved in determining the relative ordering of

the 3MLCT and dd excited-state energies in Ru(lt) polypyndy! complexes For a
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series of [Rull(bpy),(L)]"* complexes, vanations in L can significantly affect the
relative position of the dd state and, hopefully, increase the energy-gap between
the 3MLCT and 3MC excited states, thus preventing population of the deactivating
stateSS Therefore, control of the luminescence properties of complexes hinges on
control of the relative state energies and the nature and energy of the lowest
excited-state>6

We have already seen that the 6-donor and n-donor / n-acceptor properties
of the co-ordinating ligand significantly influence the redox potentials of these
compounds As the spectroscopic and redox properties are closely related,
changes in the co-ordinating hgands can also influence to a larger degree the
positions of the CT bands and the 3MC excited state With an appropriate
combination of ligands, 1t should be possible to Increase the SMLCT -3MC energy
gap to a sufficiently large extent that population of the 3MC excited state is
prevented Thus, higand loss photochemistry 1s ehminatedS?

In fact, these complexes are also strongly influenced by both solvent and by
ion-pair formation Both the emission energies and the emission lifetimes were
found to vary on changing the anion58 As the emission energy increases, the
emission lifetime also increases This ion-pair effect may be useful to produce a
fine-tuning of the excited-state properties Changing the central metal ion, for
example, turning to osmium complexes which have larger spin-orbital coupling

constants, can also prevent population of this 3MC excited state
14 1 The effect of specific co-ordinating ligands
Apart from [Ru(bpy)3]2+, most attention has been focused on systems containing

at least one strong n-accepting ligand Specific examples of such ligands are 2,2'-

bipyrazine (bpz)°9-65, 2,2"-bipynmidine (bpm)86-69, 2 2"-biquinoline (big)70-72 and

29



2,3-bis-(2-pyndyl)-pyrazine (dpp)73-78 The structure of these ligands and the rest
of the higands cited in the text 1s given in Figure 1 4 1 The attraction of replacing
one bpy ligand by a strong w-acceptor ligand lies in the ability of this ligand to red-
shift the absorption and emission energies, thereby, facilitating a larger portion of
the energy of the sun to be harvested As the number of these ligands increase,
the potential of the Ru!'"Ru!! couple also increases, indicating that these ligands
are also weaker o-donors than bpy, which has the effect of stabilisation of the Rull
metal 1on”® Further stabilisation of Ru(ll) could then occur by backbonding of the
dr orbitals with the n* level of the co-ordinating ligands This interpretation would
suggest that the lower r* levels in a ligand like bipyrazine would result in more
effect mixing with the metal dr energy levels and result in stabilisation of the (dn)®
configuration for Ru(l1)83, but also destabilisation of the ligand =n* level As a result,
the ligand-field splitting of Ru(ll) 1s much smaller and after excitation of the
complex, the 3MC state becomes ver§/ easily populated and the emission yield is
diminished

Alternatively, the lower 7t* levels for these ligands leads to changes in the
excited and ground-state redox potentials as a consequence of changes in
electronic structure, but the photophysical properties of the emitting 3SMLCT states
are largely unaffected®2 As a result, in some cases the energy gap between the
SMLCT and 3MC excited states 1s larger than in [Ru(bpy)3]2* and photostable
complexes have been obtained62

Recently, there has been increased interest in systems containing at least
one strong o-donating ligand Specific examples of such ligands include
bibenzimadazoles80-86, pyrazoles (pz)87-89, imidazoles®0-91 and 1,2,4-tnazoles92-
98 Because of their stronger ¢-donor ability compared with bpy, the n* levels are
much higher in energy and, therefore, in mixed-ligand chelates, the emission is

always bpy-based Larger igand-field splitting may result, thus, preventing
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photodecomposition occurring A blue shift of the MLCT band energies also

results, which may be a disadvantage for solar energy capture
1 4 2 Dinuclear complexes

Dimenc Ru(ll) complexes are of interest because, if certain lifetime constraints are
satistied, they could in pnnciple act as a two-electron transfer reagent when
excited by two photons and are the first step to a more indepth understanding of
the potential applications of supramolecular species However, many of the
dinuclear species prepared containing strong n-accepting ligands do not satisfy the
cntena of hgand-field strength and/or co-ordination about each Ru(ll) 1on
necessary for luminescence Luminescence is not necessarnly a prerequisite for
photoredox behaviour, but its presence i1s a desired property as a convenient
probe of the excited state’4

Studies with previously synthesised Ru(ll) dimers, suggest that, in general,
dewviations from a bipyndine-like structure in the bndging hgand cause a loss of the
dn* luminescence characternstic of [Ru(bpy);]2+ and its homologues For example,
the monomer [Ru(bpy)o(bpm)]2+ is luminescent when dissolved in acetonitrile at
room temperature, but the corresponding brndged dimer
[Ru(bpy)2(bpm)Ru(bpy)o4+ 1s not73.76.78 Similar results for dinuclear complexes
containing the ligands 2,2™-bibenzimidazole or 2,3-bis(2-pyndyl)-quinoxaline were
also reported’4 Weak emissions were observed from ambient temperature fluid
solutions for the monometallic complexes, whereas the bimetallic species do not
emit under such conditions

Consequently, preparation of luminescent bimetallic Ru(ll) complexes
demands a bridging Iigand that resembles, as closely as possible, é,2'-b|pyr|d|ne,

so that the co-ordination and field strength about each Ru(ll) 1on i1s essentially
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equivalent to that in [Ru(bpy)s]2* In fact, studies on binuclear complexes
containing 2,3-bis-(2-pyndyl)-pyrazine (dpp) by Braunstein et al 74 and on 3,5-bis--
(pyndin-2-yl)-1,2,4-tnazole (Hbpt) by Bangelletti et al 99-100, showed that upon co-
ordination of the second Ru(bpy), moiety, luminescence was still present at room

temperature

143 1,24-tnazole igands

1,2,4-tnazole ligands are a particularly interesting type of co-ordination ligand,
because by the combination of a 5- and 6-membered ring I1n a higand such as 3-
(pyndin-2-yl)-1,2,4-tnazole, co-ordinating nitfrogen atoms are created which have
quite different electronic properties® In general, they are stronger o-donors and
weaker n-acceptors than 2,2'-bipyridine The central tnazole rning binds one metal
centre through N2 and the other one through N4 of the tnazole ring191
Furthermore, the co-ordinated ligand 1s a much stronger acid than the free
ligand102

As already mentioned, the Hbpt ligand allows formation of dinuclear species
which retain their luminescent properties Contrary to most of the previously
studies bridges, Hbpt carries a negative charge This negative charge has only a
minor effect on the excited-state and redox properties of the building Ru(bpy),
blocks and may allow the occurrence of vectonal energy or electron-transfer along
a suitably organised sequence of components Because of the stronger o-donor
power of bpt~, the MC levels are expected to lte at higher energy than for
[Ru(bpy)s]2+ Coupled with the lower energy of the luminescent 3MLCT level , this
leads to the conclusion that the 3MLCT - 3MC energy gap for [Ru(bpy)o(bpt)]* 1s
considerably higher than for [Ru(bpy);]2+, resulting in a photostable mononuclear

species The dimer is, however, photoactive, as the hgand-field strength is much
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lower upon co-ordination of the second metal unit, due to a sharnng of the n{egatlve
charge on the bpt- ligand between two metal units in this case®®

Both the mononuclear and dinuclear osmium-containing species were found
to be photostable, due to the greater spin-orbital coupling constant for Os(ll),
increasing the 3SMLCT -3MC energy gap, so that this state I1s inaccessible at room
temperature It was found that the bpt- ligand was not a trap for energy and
electron transfer and, thus, appears to be a convenient bridge for polynuclear
complexes which can exhibit photoinduced electron or energy migration100,

Mixed-metal ruthenium-osmium complexes containing this igand exhibit
efficient energy-transfer processes from the Ru-based SMLCT to the Os-based
SMLCT states103 As a result, these compounds are found to be photostable104
Electron delocalisation was also found to be significant for these complexes105 In
heteronuclear ruthenium-rhodium and ruthenium-indium complexes, efficient
energy transfer was found to occur from higher energy excited states centred on
the rhodium (or indium) component to the lowest energy excited state, which 1s a
MLCT level localised on the Ru(bpy)> component106

Replacement of the pynidyl ring by pyrazine to give (pyrazin-2-yl)-1,2,4-
tnazole hgands gave very interesting complexes The lowest unoccupied molecular
orbitals (LUMO) are now pyrazyltnazole based when protonated and bpy-based
when deprotonated®® The presence of the pyrazine ring leads to an increased
basicity of the excited state and, therefore, the excited electron is located on the
pyrazyltriazole igand?97 The bndging 3,5-bis-(pyrazin-2-yl)-1,2,4-triazole (Hbpzt)
ligand showed a bpy-based emission upon formation of the mononuclear species
and a bpzt-based emission upon protonation of the mononuclear species and
upon formation of the dinuclear species However, considerable metal-metal

Interaction does exist for this dimer This suggests that for tnazolate containing
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systems, hole transfer (via the HOMO (highest occupied molecular orbital) levels)
Is the main pathway for electron transfer in these systems108

Therefore, 1,2,4-tnazole igands are an interesting type of brnidging ligand,
Because of the synthetic control available in the preparation of these dinuclear
species, it should be possible to utilise the different co-ordinating properties of the
two sides of these asymmetric igands in order to get some detailed information

regarding the localisation of the emission state in these systems

1.5 SCOPE OF THIS THESIS

The aim of this present study I1s to synthesis and characterise mononuclear and
dinuclear ruthenium(ll) complexes containing various 1,2,4-tnazole and 1,2,4-
tnazine igands This work is part of a wider research programme on triazole-
containing complexes109-110 Particular emphasis on their photophysical and
photochemical properties i1s given, due to their potential application as sensitizers
In solar energy conversion systems The dinuclear species are studied with
respect to their metal-metal interaction, photochemical stability and localisation of
the lowest emitting excited state Vanations in the bridging ligand and the auxihary
polypyndyl igands are investigated with a view to find-tuning the excited state
properties of the co\mplexes The influence of the different co-ordination sites of
the tnazole ring on the electrochemical and electronic properties of the complexes
1S also investigated

In Chapter 2, a description of the physical measurements which are
common to all complexes are given In Chapter 3, mononuclear complexes
containing pyndyl and pyrazyl-1,2,4-tnazole ligands are discussed, with emphasis

on their photochemical properties In Chapter 4, mononuclear and dinuclear
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complexes containing the higand 3,5-bis-(pyndin-2-yl)-1,2,4-tnazole are studied
with a view to pinpointing the nature of the lowest emitting state in these
complexes and the effect of the different co-ordination environments of the
asymmetric bridging ligand Chapter 5 investigates the effect of replacing pyndine
nings with pyrazine nings using the analogous 3,5-bis-(pyrazin-2-yi)-1,2,4-tnazole
igand Chapter 6 examines the effect of increased asymmetry using a
combination of both pyndine and pyrazine nngs incorporated into the 3-(pyrazin-2-
yl)-5-(pyndin-2-yl)-1,2,4-tnazole igand Finally, Chapter 7 looks at the effect of the
6-membered 1,2,4-tnazine ring on the physical properties of mononuclear Ru(ll)
polpyridyl complexes and how substitutions on the triazine ring can be used to

fine-tune these properties
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spectrometer Measurements were carned out in acetone-d® or in deuterated
acetonitrile, unless otherwise stated The peak positions are relative to TMS
For the COSY (correlated spectroscopy) expenments, 128 FID'S of sixteen
scans each consisting of 1 K data points were accumulated After digital
filtering (sine-bell squared), the FID was zero filled to 512 W in the F1
dimension. Acquisition parameters were F1 = +/- 500 Hz, F2 = 1000 Hz and ty,,

=0001sec Thecycledelaywas?2s

2 3 Resonance Raman Spectroscopy

Time resolved Resonance Raman measurements were carned out using
a Q-switched Nd/Yag laser (Quanta-Ray GCR2, pulse width ca 9 ns) to
populate and probe the excited states of the various complexes at an excitation
wavelength of 355 nm Ground state spectra were also obtained for
comparison purposes using a Spectra Physics Argon ton laser at 363 8 nm,
457 9 nm, 4658 nm, 472 7 nm, 476 5 nm, 488 0 nm, 496 5 nm and 504 9 nm
All measurements were carried out In acetone/H>0 (1/5 v/v) solvent mixtures,
degassed by bubbling with argon throughout the measurement These
measurements were carried out in Queens University, Belfast under the

supervision of Dr J J McGarvey

2 4 Electrochemical measurements

Cyclic voltammetrnc (CV) measurements were carrnied out using an EG &
G Princeton applied research 362 Scanning Potentiostat Differential pulse
voltammetric (DPV) measurements were carried out using an EG & G
Princeton applied research 265 polarographic analyser / stripping voltammeter
A saturated calomel electrode (SCE) was used as the reference electrode
Measurements were carried out in spectroscopic grade acetonitrile with 0 1 M
TEAP as the supporting electrolyte Glassy carbon and platinum electrodes

were used as the working and counter electrodes respectively The scan-rate
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chromatography was achieved using a mobile phase which consisted of
acetonitrile water (4 1 v/v) containing 0 08 M lithium perchlorate, unless
otherwise stated The flowrate used was 1 5 - 3 0 cm3/min depending on the
elution of the complexes

Semi-preparative HPLC was carried out using an Applied
Chromatography services pump (model RR066) and detector (ACS model 353 /
UV/ivis), a 1 ml injection loop and a Magnum 9 partisil cation exchange column
(10 mm /25 cm) The mobile phase in this system consisted of acetonitnle
water (80 20 v/v) containing 1 0 M potassium nitrate  The flowrate used was

2 0 - 3 0 mi/min depending on the elution of the complexes

2 7 Photochemical measurements

Photochemical expenments were carned out using a Kodak carousel
S AV 2020 projector equipped with two medium pressure 250 W tungsten
lamps The sample was placed in a quartz cuvette (path length 1 cm3) The
light was focused by means of two glass lenses, a filter (> 390 nm) was used to
prevent any ultra-violet light from reaching the sample A transparent water
bath was placed in front of the sample to prevent any thermal reactions
occurning Any large scale expenments were carred out using a double walled

Pyrex glass vessel (cooled) and a medium pressure mercury lamp (400 W)

2 8 Elemental analyses
Elemental analyses on C, H and N were carried out at the Microanalytical

laboratory of University College Dublin (UCD)

2 9 Kinetics
All kinetic experiments were carried out using the Shimadzu UV 240

spectrophotometer connected to a thermostat bath, recycling water at the
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correct temperature (accurate to 1%) The calculations were carried out based

on the equation
In[OD(t) - OD(max) / OD(0) - OD(max)] = ki

where OD = absorbance (or optical density), and t = tme For a first order
equation, this plot would be linear, with a slope, k, in min1 This is the rate of
the reaction This slope can subsequently be used in an Arrhenius plot in order

to calculate the activation energy of the reactions
slope = A exp(-E/RT) ----- > Ink=InA-E,/RT

where R s the gas constant, 8 314 JK-1Mol-! and A i1s the pre-exponential
factor (which 1s independent of temperature) Therefore the activation energy,

E,, can be determined from a plot of Ink versus 1/T

2 10 Spectroelectrochemical measurements

Spectroelectrochemistry in the range 900 nm - 200 nm was carned out
on the Shimadzu UV240 spectrophotometer attached to an EG & G Princeton
applied research 265 polarographic analyser / stripping voltammeter connected
to a thermostat bath, recycling water @ 20°C Electrochemical oxidation was
carned out in a home-made cell with a platinum sheet as the working electrode,
a platinum wire as the auxihary electrode and a coated silver wire electrode as
the reference electrode The electrolyte used was acetonitrile containing 0 1 M
tetraethyl ammonium perchlorate Near infra-red spectra were obtained using
a Perkin-Elmer 9 UV/Vis/NIR spectrometer, and were also carried out In
acetone, benzonitrile and dichloromethane containing 0 5 M TBABF, These
NIR measurements were carried out at the University of Edinburgh, under the

supervision of Dr Lesley Yellowlees
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The potentials applied for the preparation of the mixed valence species
were 1 15 for RuRu complexes, 0 75 for OsOs and 1 00 V versus SCE for
RuOs complexes These potentials vaned slightly according to the solvent

used in the solvent dependence studies

2 11 References

1 JN Demas and G A Crosby, J Phys Chem,h 1971, 75, 8, 991
2 K Nakamuru, Bull Chem Soc, Japn, 1982, 55, 2697
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Figure 31 1
Proposed mechanism for the Inga:nd photosubstitution reaction of [Ru(bpy)s}e+
(2]
photochemical ‘reactw|ty3 However, no direct structural evidence proving thus
mechanism and the presence of such monodentate co-ordinated chelating
ligands has so far been published

One method of overcoming the problems associated with the use of
(Ru(bpy)3]2* for the conversion of water into its molecular components using
sunhight, would be to replace one of the bpy ligands by another ligand with
deliberately modified chemical and physical behaviour in an attempt to fine-
tune the various photoredox and photosubstitution properties of these
complexes, thus, creating a [Ru(bpy),(LL")]"*+ complex Examples of such LL'
higands are 1,10-phenanthroline®, 2,2"-bisbenzimidazole?, and 2,2-bipyrazine8.
If LL"1s a good n-acceptor igand, back-bonding from Ru(ll) to LL' results in

stabilisation of the dn levels relative to n*(bpy) and an increase in the MLCT
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band energy10 If LL' 1s a good o-donor ligand, the oxidation potential of the
complex is now lower and the emission properties of the mixed ligand systems
are now bpy-based!?

In this chapter, we concentrate on the effect of replacing a bpy hgand by
a 1,2,4-tnazole hgand has on the photochemical properties of ruthenium
polypyndy! complexes 1,2,4-tnazole ligands are known to be better c-donors
than bpy They are particularly interesting hgands because with the
combination of a six--membered ring such as pyndine or pyrazine into a
bidentate ligand, two different types of co-ordinating nitrogen atoms are
created It 1s anticipated that such asymmetric bidentate igands which contain
a o-donor and a n-acceptor site may produce ruthenium compounds with
unusual excited-state properties and may facilitate the formation of
monodentate intermediates

The photochemical and photophysical properties of Ru(bpy)> complexes
containing the higands 4-methyl-3-(pyndin-2-yl)-1,2,4-tnazole (4Mepytr), 3-
(pyrazin-2-yl)-1,2,4-tnazole (Hpztr) and 1-methyl-3-(pyrazin-2-yl)-1,2,4-tnazole
(1Mpztr) is reported (for structures see Figure 3 1 2) The effect of replacing a
pyndine nng by a pyrazine nng is examined by comparing the physical
properties of the complexes containing the pyrazine ligands with those of the
analogous 3-(pyndin-2-yl)-1,2,4-tnazole (Hptr) and 1-methyl-3-(pyndin-2-yl)-
1,2,4-tnazole (1Mpytr) compounds already studied by Wang et al'2 and 2-
(pyndin-2-yl)-pyrazole (pnp)13

54



'l-l H
. N l!l /N A\>__<=N
(< e,
N/ \N @ =N N /
Hpbum 2 2 bpyrazine (bpz)
1 10-phenanttvoline (phen)

2,2-bisbenzimidazole
H
CH
ol le .
N . — 5 g ““\3J -
5|l/,3 \ / ,!r/3 \ _/ [N)O
N -~
N~ N VSN, H,c/' 2 N
4-methyl-3-(pyridin-2-yl)-1,2,4-tnazole  3-(Pyridin-2 yl)-1.2,4 triazole 1-methyl-3-(pyndin-2 yl)-1,2,4 trazole
H

.
5 N/“" —N 5.|4N>3'_<:N
<) VeV,
:‘J'\N? N H3C/1 ?

3-(pyrazin-2-yl) 1,2,4-trnazole 1 methyl-3-(pyrazin-2.yl) 1, 241 )

6 3 '
2 S v
Q-0
A
6 4
PNP
2-(pyndin-2 yl)- pyrazole

Figure 3.1.2

Structures of the hgands cited in the text
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was left at -4 °C overnight The resulting product was collected by vacuum

fitration Yield 9 g (60 %)

[Ru(bpy)2(4Mepytr)](PFg)2 (1)
This compound was prepared according to the iterature? Yield 601 mg
(84%) Found C,387,H,28,N,125 CogHoyF1oNgPoRu requires C, 39 0, H,
28,N,13 0%

[Ru(bpy)o>(4Mepytr)ClIPFg H,O Method A (2)
The complex cis-[Ru(bpy)>Cl] 2H,0 (520 mg, 1 mmol) was heated under reflux
in acetone ethanol (50 50 cm3) The ligand 4Mepytr (190 mg, 1 2 mmol)
was dissolved 1n acetone (5 cm3) and added to the reaction mixture over a
penod of ten minutes and heated at reflux for a further thirty-five minutes The
solvent was removed by rotary evaporation and the remaining residue
dissolved in methanol diethyl ether (3 1) and punfied by column
chromatography using neutral alumina and methanol diethyl ether (3 1)
containing 1% acetone as eluent The first dark red fraction which eluted, later
found to be the monodentate species, was isolated by addition to an aqueous
solution of NH4PFg Yield 460 mg (60%) Found C, 43 3,H,32,Cl4 4, N,
141 CogHogCIFgNgOPRu requires C, 435, H,32,Cl,46,N, 148 %

[Ru(bpy)2(4Mepytr)Cl}PFg H,O Method B

This compound was also obtained in small quantities by photochemical means
100 mg of [Ru(bpy),(4Mepytr)]2+ was irradiated in 300 cm3 MeCN /0 01 mol
dm-3 LiCl in an immersion well at room temperature The solution was
continuously purged with nitrogen  The reaction progress was followed by
HPLC (see section 27) The optimum irradiation time was typically 20 minutes
The solvent was then evaporated in vacuo at room temperature and the

monodentate intermediate was separated by semi-preparative HPLC The
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matenal was found to be unstable in water, but it was possible to i1solate small
quantities of it by freezing out the aqueous component The maternal was
found to be NMR pure, but a substantial amount of KNOg, onginally in the
mobile phase, was present Therefore, elemental analysis was not successful.
Attempts at further purification failed, but the proton NMR spectrum obtained

was identical to that of compound 2, as prepared by method A

[Ru(bpy)2(4Mepytr)MeCN](PF), (3)
This compound was prepared in a similar fashion to compound 3, except that
30 mg of 1 was irradiated 1n 300 cm3 of acetonitrile, with an optimum irradiation
time of six minutes The monodentate intermediate was i1solated by semi-
preparative HPLC and the product precipitated using aqueous ammonium
hexafluorophosphate (0 5 g in 10 cm3) giving an overall yield of 60%
Recrystallisation did not improve the punty of the sample, as a small amount of
the starting matenal was always found (about 2 - 5%) No elemental analysis

was therefore carned out

[Ru(bpy)2(pztr)]PFg HO (4)
This complex was prepared as described in the literaturelS Two 1somers were
formed which were separated by semi-preparative HPLC The first compound
isolated from the HPLC will be termed as isomer 1 and the second as isomer 2.
Yield 52% Found C, 43 6,H,3 1, N, 17 3 CygHooFgNgOPRu requires C, 44 3,
H,29,N, 17 9%

[Ru(bpy)2(1Mpzin))(PFg)z 2H,0 (5)
This complex was synthesised as for compound (5) Only one isomer was
formed as evidenced by 'H NMR and from HPLC data Yield 68% Found C,
36 1,H,28,N, 13.7 CoyHogF1oNgO,P,Ru requires C, 36.0; H, 30: N, 14 0%
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3.3 RESULTS AND DISCUSSION.

3 3 1 General characterisation

3311 1H NMR spectroscopy

Proton NMR has proved to be a powerful technique in elucidation of the
structure of ruthenium dumine complexes, as they are diamagnetic low-spm d®
species 1825 The relevant TH NMR data of all complexes i1s present in Table
331 The chemical shifts of the bpy protons all fall in the normal range for
these systems and so are not discussed in detall here Assignments of the
resonances are made using COSY techniques, by comparison with other
related compounds and with the free igand The co-ordination mode of the

ligands can therefore be determined by examination of these spectra

[Ru(bpy)o(4Mepytr)j2+

In the case of [Ru(bpy),(4Mepytr)]2+, no ambiguity exists concerning the
co-ordination mode of the triazole nng, as the only possible co-ordination mode
available is via N2 of the tnazole nng The methyl group (8 4 35) and H3 proton
(3 8 59) are shifted considerably downfield upon co-ordination to the Ru(bpy),
moiety This is caused by the moderate steric influence between these groups
when the ligand 1s bound to the metal centre In the assignment of this and the
other complexes, the positions of the H8 protons of the varnous pyndine rings
enables the identification of most protons, as Hf is very sensitive to interaction

through space with neighbouring ligands, such as Cl- or tniazole26
[Ru(bpy)>(4Mepytr)CI]PFg and [Ru(bpy)o(4Mepytr)(MeCN))(PFg)s

In the case of the monodentate complexes, assignment of the co-

ordinating site of the tnazole ring i1s not straightforward From the
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200 MHz TH NMR spectrum of [Ru(bpy),(4Mepytr)CIJ* in acetone-d®

methyl protons In the [Ru(bpy)>(4Mepytr)MeCN]2+ monodentate species, an

acetonitrile resonance at 9, 2 55 clearly indicates that this molecule is co-

ordinated to the ruthenium (Il) centre, as free acetonitnle 1s found at (5, 1 95)27

[Ru(bpy)a(pztr)]* and [Ru(bpy)o(1Mpztr)]2+

The H NMR resonances of the two isomers of [Ru(bpy),(pztr)]* are

significantly different as already shown by Hage et al2® The H® proton I1s

influenced by its proximity to an adjacent bpy ring If the tnazole nng binds via
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N4 to the Ru(ll) centre, then the HY' proton 1s shifted considerably upfield If the
tnazole ring binds via N2 to the Ru(ll) centre, then the bpy nngs do not
influence the chemical shift of this proton By examination of the chemical shifts
of both 1somers, it can be clearly seen that isomer 1 1s bound via N4 to the
metal centre and 1somer 2 1s bound via N2

The TH NMR resonances of [Ru(bpy)o(1Mpztr)]2+ indicate the presence
of only one i1somer for this complex, in agreement with the results obtained by
Hage14 The methyl group on the N1 position In this ligand causes some sort of
steric hindrance which prohibits binding via the N2 of the triazole nng occurring
When co-ordination takes place via N4, the methy!l group 1s completely free and
has no interactions with other hgands However, when bound via N2, the methyl
group is close to one of the bpy ligands and a large upfield shift is expected for
the methyl group compared with the free ligand?® This large upfield shifti1s not
present in the NMR spectrum of this compound and therefore co-ordination

most probably takes place via N4 of the tnazole ring

3 31 2 Electronic and redox properties

The electronic and redox properties of the Ru(ll) polypyridyl complexes
and their protonated analogues are given in Table 33 2 and Table 33 3
respectively As in other ruthenium(!l) dumine compounds, the lowest energy
absorption band s in the correct region to be assigned to a metal-to-hgand
charge-transfer (MLCT) transition30 This MLCT band is formed by promotion
of an electron from a dr(Ru) orbital to a n*(L) orbital31 It should be noted that
very little difference exists between the absorption spectra for compounds 1
and 4

The position of the MLCT band in compounds 2 and 3 i1s in agreement
/
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COMPOUND aabsorption log e | 2Emussion (1/us) PEmission (t/us)
(300K) (77K)

[Ru(bpy)(pztr)]* 150 1 440 (457) (3 94) | 658 (659) 029 (0 08) | 630 (603) 4 6 (4 3)
[Ru(bpy)»(Hpztr)]2+ 1so 1 429 (439)  (414) | 657 (657) 004 (0 13) [ 603 (596) 67 (4 1)
[Ru(bpy)s(pztr)]* 1so 2 438 (456) (380) { 677 (680) 028 (008) § 607 (618) 41(49)
[Ru(bpy)o(Hpztn)}2+ 1so 2 430 (440)  (412) | 652 (662) 003 (0 01) | 603 (612) 71 (4 1)
[Ru(bpy)o(1Mpztr)]2+ 440 (440) (4 16) | 645 (630) 006 (0 07) | 593 (575) 69 (7 8)
Ru(bpy)o(4Mepytr)|2* 440 (4 16) | 600 (5--) 584 (=)
[Ru(bpy)»(4Mepytr)CII* 508 (369) | 710 (---) 655 {--)
[Ru(bpy)o(4Mepytr)(MeCN)I2+ | 440 () d d

Table 332

Electronic properties of the mononuclear complexes a@8Measured in acetonitrile,

bMeasured in ethanol 9Due to impunty in sample All protonated

measurements were carried out by addition of 1 drop of concentrated H,SOy4

Values in parenthesis are those obtained by Hage14 (77 K lifetime

measurements carried out in propionitrile / butyronitrile (4/5 v/iv))

with the presence of a [RuN5Cl] moiety32-33  The presence of the chlonde 1on

1s also confirmed by the emission energies and the low oxidation potential

observed As expected the [Ru(bpy)o(4Mepytr)Cl]+ compound emits at a longer

wavelength than its bidentate analogue33 It is probable that the stronger o-

donor ability of the CI- 1on results in a red shift of the lowest dn-n* absorption

band as seen in similar situations with other co-ordinated ligands34 The

emission 1s thought to onginate from bpy-based SMLCT states for all complexes

containing the 4Mepytr ligand35, whereas it was shown to be bpy-based for the

deprotonated complexes containing the pztr- igand and pyrazyltniazole-based
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Oxidation of these complexes involves a metal-centred orbital with formation of
genuine Ru(lll) complexes 36 Again the presence of chlonne in the compound
effects its redox properties Upon co-ordination to the ruthenium centre, the Cl-
ion causes a higher electron density on the metal centre and therefore a much
lower oxidation potential 1s observed 34

Compounds 1 and 3 also show similanties between their electronic and
redox properties Because of the presence of small amounts of compound 1
(less than five percent) in samples obtained for compound 3, an exact
extinction coefficient could not be obtained From the UV/vis spectira taken
dunng the photolysis of 1 1n acetonitrile, it 1s estimated that the extinction
coefficient at the maximum wavelength of compound 3 is about 60% of that of
compound 1 (vide infra) The presence of 1 also caused problems in the
measurement of the emission spectra for compound 3, as only weak emission
was observed, which can be attrnibuted to the spectra obtained for compound 1

The electronic properties of both 1somers of [Ru(bpy)»(pztr)]* are very
similar and therefore no additional information could be obtained from them
concerning the effect of the co-ordination mode on the physical properties of
the complexes The pKj's of the two 1Isomers are, however, significantly
different A pK, of 5 1 was observed for isomer 1, whereas a pK, of 3 2 was
found forisomer 2 This suggests that the pztr- ligand is considerably more
acidic when co-ordination via the N2 position of the tnazole ring takes place
Therefore, the N2 site Is a better o-donor than the N4 site33 The pzir- igand s
a stronger o-donor and n-acceptor compared to bpy, as reflected by the lower
energy of the absorption maxima and the lower Ru(li/lll) oxidation potentials for
the two [Ru(bpy)a(pztr)]* iIsomers compared to that of [Ru(bpy)3]2+ The higher
oxidation potentials of the protonated species compared to [Ru(bpy)s]2+
suggest that the Hpztr ligand 1s a weaker c-donor than bpy That the Hpztr
ligand is a stronger m-acceptor compared with bpy Is reflected by the less

negative reduction potentials for the Hpztr complexes
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3 3 2 Photochemustry

3 3 2 1 Photochemistry of pyridyltnazole complexes

The compound [Ru(bpy)»>(4Mepytr)](PFg)o was photolysed in both pure
acetonitrile and in acetonitnle containing 0 01 mol/dm=3 lithium chloride The
purpose of these expenments was to try to 1solate a possible intermediate
formed containing monodentate co-ordinated ligands UV/vis spectra taken
dunng the photolysis of 1 in both acetonitnle and in acetonitnle / hithium chlonde
do not show clear 1sosbestic points (see Figure 3 3 2), indicating that more than

more than two species are present in solution

Photolysis in nini

During the photolysis of [Ru(bpy)o(4Mepytr)]2+ in acetonitrile, the
absorption maximum of the reaction mixture eventually shifts from 450 nm to
425 nm In order to further investigate this photochemical process, HPLC
analysis was carried out at specified intervals during the photolysis An
example of the HPLC data 1s depicted in Figure 3 3 3 From the HPLC traces it
Is clear that upon photolysis of compound 1 (peak 4 in Figure 3 3 3) three main
photoproducts are formed The first product, peak 2, has a retention time of
3 05 minutes and an absorption maximum at 445 nm This product formed
solely without any evidence for the presence of free ligand Because of this
feature, this species was tentatively assigned as [Ru(bpy)s(4Mepytr)(MeCN))2+,
in which the pyndyltnazole hgand is bound in a monodentate fashion

The product peak 3, obtained in conjunction with peak 1, and found to be
the final product after a penod of one hour photolysis, has a retention time 6 8
minutes and an absorption maximum of 425 nm This species was identified as
[Ru(bpy)o(MeCN),J2+, by comparnson with an authentic sample and with

literature data3’ This compound Is also the expected final photoproduct The
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HPLC traces taken during the photolysis of [Ru(bpy)s(4Mepytr)}2+ in
acetonitrile Photolysis times are (a) 0, (b) 60, (c) 360 and (d) 660 s Flowrate
2 0 cm3 min-1, mobile phase MeCN H,0O (80 20) containing 0 1 mol dm-3

LiCIOy,, detection wavelength 280 nm For peak numbering see text

third species, peak 1, retention time 1 65 minutes was identified as free ligand
also by companson with an authentic sample

A preparative scale photolysis was carred out and the proposed
monodentate species was isolated by semi-preparative HPLC Proton NMR
spectra substantiated the above interpretation of the identity of the first
photoproduct (see Section 3 2)

Further evidence about the nature of the intermediate was obtained by a
study of its thermal properties The compound was heated at 80°C in

acetonitnle and NMR spectroscopy shows the formation of the starting
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bidentate species as the sole product (see Figure 3 3 4) The resonances
observed for 3 disappear and are replaced by signals which can be attributed
to 1, with complete loss of the acetonitrile resonance at 9, 2 55

Kinetic and thermodynamic studies were carried out on the
[Ru(bpy)o(4Mepytr)(MeCN)]2+ complex in order to investigate the thermal back

reaction

[Ru(bpy)o(4Mepytr)]2+  <--oemeem- [Ru(bpy)2(4Mepytr)(MeCN)j2+ 3.1

The thermal decomposition of compound 3 in acetonitrile, methanol and
acetone was followed by UV/vis spectroscopy over a range of temperatures
between 70 and 90°C As can be seen in Figure 3 3 5, the reaction proceeds
showing no change in the maximum wavelength of absorption However, there
IS an increase in the amount of light absorbed as the reaction proceeds The

reactions fit a first order equation of the form

In[OD(t) - OD(max) / OD(0) - OD(max)] = kT 3.2

A typical first order plot 1s presented in Figure 3 3 6, as used to calculate the
rate constant, K, in acetonitrile at 80°C The activation energy of the reaction in
acetonitrile, obtained from measurements carried out over the 70 - 90°C
temperature range, 1s 100 (+/- 10) kd/mol and an entropy change of close to
zero was obtained In methanol the activation energy over the same
temperature range was the same However, in acetone a value of 70 (+/- 10)
kd/mol was found This discrepancy could be due to the difficulty observed 1n
acetone to keep a constant volume The Arrhenius plot for acetonirile i1s
presented in Figure 337

Durham et al 3 have proposed that upon photolysis of ruthenium (Il)

tns(dumine) complexes, intermediates are formed which contain one of the
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TH NMR spectrum in CD3CN of [Ru(bpy),(4Mepytr)(MeCN)]2+ at (a) time 0, (b)
after 2 h at 80°C, and (c) after 5 h at 80°C

70



g I

=1

2

S

£

<

0l __ ; — i
330 400 500 600 700
Wavelength (nm)
Figure 335

Thermal decomposition of [Ru(bpy)>(4Mepytr)(MeCN)}2+ at 80°C in acetonitnle
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Figure 336

First order plot used to calculate the rate constant, k, in acetonitrile at 80°C, for

[Ru(bpy)2(4Mepytr)(MeCN)j2+
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Figure 337
The Arrhenius plot in acetonitrile of (Ru(bpy)z(4Mepytr)(MeCN)J2+ over a range

of temperatures

chelating hgands co-ordinated in a monodentate fashion according to the

following equation
[Ru(bpy),(L-L)]2* + MeCN <=====> [Ru{bpy)s(L-L')(MeCN)}2+ 3.3
They furthermore proposed that thermal nng closure, as in equation 3 1, occurs

to regenerate the starting matenal This has been clearly seen to occur in our

situation, with the [Ru(bpy),(4Mepytr)]2+ complex
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Further photochemical experniments were carried out on the isolated
monodentate [Ru(bpy)2(4Mebytr)(MeCN)]2+ species Photolysis in acetonitrle
causes the formation of one photoproduct, which has been identified as the bis-
acetonitrile species, [Ru(bpy)o(MeCN))2+ Clearly, photodecomposition of the
monodentate species has occurred However, photolysis in both acetone and
methanol, from HPLC and UV/vis data, clearly show the formation of the
onginal bidentate starting matenal [Ru(bpy),(4Mepytr)]2+ (peak 3) (see Figure
338) A fast reaction occurs first in which the monodentate species
disappears and forms what is possibly its methanol analogue (peak 2) Thisin
turn disappears in a much slower reaction to form the bidentate species It
appears that in solvents that are weaker ligands, photochemically induced ring
closure i1s observed There 1s no evidence for any free ligand formed throughout

the photolysis

Photolysis in nitnl 1M bLithium Chlon

Photolysis of [Ru(bpy)s(4Mepytr)]2+ in acetonitrile and 0 01 M Iithium
chloride shows a more complicated picture Again UV/vis spectra taken during
the photolysis do not show isosbestic points HPLC traces taken during the
photolysis are presented in Figure 3 33 At photolysis imes of up to 170
seconds, the main photoproduct obtained is peak 3, which has a retention time
of 3 12 minutes and an absorption maximum of 445 nm This was found to be
the previously isolated [Ru(bpy),(4Mepytr)(MeCN)]2+ monodentate species
The formation of this compound reaches a maximum at a photolysis time of
540 seconds and subsequently decreases Another intermediate, peak 1, with
a retention time of 1 30 minutes and an absorption maximum of 500 and 340
nm is also formed early in the reaction

This species was again 1solated using a preparative scale photolysis
expenment and semi-preparative HPLC NMR spectroscopy has shown that

this matenal is [Ru(bpy),(4Mepytr)Cil*  This compound was also made by
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Figure 3 3 8 HPLC traces taken during the photolysis of
[Ru(bpy)o(4Mepytr)(MeCN)}2+ in methanol Photolysis imes are (a) 0 sec, (b)

10 sec, (c) 1 min and (d) 20 min For photolysis conditions see Figure 3 3 3.

thermal means as seen in the experimental section A striking observation Is
that according to the NMR data, the resonances observed for the thermally and
photochemucally prepared compounds are essentially identical An X-ray crystal
structure of the related complex [Ru(bpy)o(3Mpytr)(Cl)]* (where 3Mpytr = 3-
methyl-1-(pyndin-2-yl)-1,2,4-triazole) revealed that the monodentate
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Figure 339
HPLC traces during the photolysis of [Ru(bpy).(4Mepytr)]2* in acetonitrile and
0 01 M LiCl Photolysis times are (a) 0 sec, (b) 200 sec, (c) 400 sec and (d) 700

sec For HPLC conditions as in Figure 33 3

co-ordination mode observed was via N4 of the tnazole ring, or the non-
chelating co-ordination site This suggests that in thermally produced products
the co-ordination site that offers the least steric hindrance s favoured 28

The other photoproducts obtained were 1dentified, by companson with
authentic samples, 10 be [Ru(bpy)o(MeCN),]2+, peak 4, retention time 7
minutes, maximum wavelength 425 nm, and [Ru(bpy)>(MeCN)CI]*, peak 2,
retention time 1 95 minutes, and maximum wavelength at 475 nm ltis
possible to make a comparison between the peak areas of each photoproduct
(including the decay of the starting matenal) and the photolysis time A plot of
such data I1s presented in Figure 3 3 10

Photolysis experiments carred out on [Ru(bpy)o(pnp)}2+ (where pnp = 2-
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Figure 3310
Plot of the formation of the photoproducts and decay of the

[Ru(bpy),(4Mepytr)]2+ dunng its photolysis in MeCN containing 0 01 M LiCI

(pyndin-2-yl)-pyrazole) and [ﬁu(bpy)2(1 Mpytr)]2+ (where 1Mpytr = 1-methyl-3-
(pyndin-2-yl)-1,2,4-tnazole), which only contain nitrogens at chelating positions,
gave quite different results  Photolysis in acetonitrile of [Ru(bpy),(pnp)}2+ gave
two main photoproducts (see Figure 3 3 11) The main photoproduct, peak 2,
retention time 8 20 minutes, maximum wavelength 425 nm, was found to be the
bis-acetonitnle [Ru(bpy)o(MeCN),}2*+ complex The other main photoproduct,
peak 1, retention time 1 60 minutes was identified as free igand No photolysis
intermediates were detected The same result was found for
[Ru(bpy),(1Mpytr)j2+

It therefore seem clear that when co-ordination would have to take place
via a chelating site of the tnazole nng, then bidentate co-ordination results
Because of these observations, it 1s suggested that in both monodentate

species, co-ordination is taking place via the non-chelating N1 atom This is
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Figure 33 11
Photolysis in acetonitnle of [Ru(bpy),(pnp)}e+ Photolysis times are (a) 0 min,
(b) 135 min, and (c) 225 min Mobile phase MeCN H,0 (80 20) containing

008 M LICIO, Flowrate 25 cm3 min'! For peak numbering see text

quite an interesting observation as 1t suggests that in the photochemically
obtained compounds, 2 and 3, co-ordination of the central ruthenium atom to
the tnazole nng has changed from the chelating N2 position to the non-
chelating N1 atom The proposed structures for the monodentate tnazole

complexes are given in Figure 3 3 12

3 3 3 2 Photochemistry of pyrazyltriazole complexes

The complexes containing the pyrazine ligands, 3-(pyrazin-2-yl)-1,2,4-
tnazole (Hpztr) and 1-methyl-3-(pyrazin-2-yl)-1,2,4-tnazole (1Mpztr) were
photolysed in pure MeCN, in MeCN containing 0 01 mol/dm-3 lithium chloride,
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Figure 33 12

Proposed structures of the photochemically produced monodentate tnazole

complexes

in dichloromethane containing 0 005 mol/dm-3 benzy! tetraethyl ammonium
chlonde and in dichloromethane containing 1 drop of tnfluoroacetic acid The
purpose of these expenments was to examine the effect of the stronger n-
accepting pyrazine ning on the photochemical properties of the Ru(il)
complexes Photochemical studies of their pyridine analogues carned out by
Wang et al®8 have already been analysed and have produced some interesting
results The most important difference between the two types of complexes Is
that for the Hptr complexes the emitting state i1s bpy-based, whereas for the
pyrazyltnazole complexes studied here, the emitting state I1s pyrazyltnazole-
based. It 1s interesting to study the effect of the lower n* level of the Hpztr

ligand on the photochemical properties of these complexes

[Ru(bpy)a(1Mpaztr)]2+

The 1Mpztr igand has no non-chelating site available for co-ordination and
dunng synthesis only one 1somer formed Photolysis of [Ru(bpy)(1Mpztr)}2+ in
pure MeCN gave nse to only two main photoproducts, Peak 1, retention time

2 5 min, was identified as free ligand by comparison with an authentic sample
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and Peak 2, retention time 5 5 min, A5, 425 nm was dentified as
[Ru(bpy)>(MeCN),]2+ Complete photodecomposttion of the complex occurred
upon irradiation with visible ight without any evidence for the formation of
photolysis intermediates Similarly in the other solvent systems studied,
irradiation of the TMLCT band gave nse to a rupture of the Ru-N bond at the
tnazole ring with formation of free igand and [Ru(bpy)>Cls] In pure
dichloromethane or in dichloromethane containing 1 drop of trifluoroacetic acid
photochemical stability was observed Since the igand 1Mpztr has no N-H
proton, protonation of the complex 1s not necessary However, the fact that no
reaction occurs when acid 1s present in the solution, suggests that the presence

of acid itself 1s not leading to any photochemistry

[Ru(bpy)a(pztr)]*
Photolysis of both isomers of [Ru(bpy)s(pztr)}* in MeCN or in chlonde

containing solvents were photostable, similar to the results obtained by Wang
et al for the corresponding [Ru(bpy)s(ptr)]* complexes, where Hptr = 3-(pyndin-
2-yl)-1,2,4-tnazole under such conditions'2 Even upon prolonged irradiation (>
8 h) no evidence for photoanation is observed It should be noted that injection
of a mixture of the two 1Isomers onto the cation exchange column yields two well
resolved peaks occurring at retention times of 5 08 min (isomer 1) and 6 25 min
(iIsomer 2)

However, photolysis of both isomers of [Ru(bpy),(Hpztr)]2* (obtained by
addition of one drop of trifluoroacetic acid) in MeCN gave rise to two main
photoproducts which were identified as follows Peak 1, retention time 2 58 min
was identified as free ligand and peak 2, retention time 9 34 min, Ay, 425 nm
was identified as [Ru(bpy)>(MeCN),]2+ Figure 3 3 13 shows the HPLC traces
taken at different imes durnng the photolysis of iIsomer 1 in MeCN Photolysis in
chlonde-containing solvents gave similar results, with rupture of the Ru-N bond

at the co-ordinating site occurring, giving nse to photodecomposition of the
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HPLC traces taken during the photolysis in MeCN of [Ru(bpy)o(Hpztr)}2+ isomer
1 Photolysis times are (a) 0 min, (b) 45 min, and (c) 75 min Flowrate 2 0 cm3

min1 Mobile phase MeCN H,0 (60 40) containing 0 08 M LiCIO,4

protonated complexes Again, the protonated complexes containing the
analogous Hptr igand showed complete photodissociation of the compounds12,
Photolysis of the N4-bound isomer (isomer 1) of [Ru(bpy),(Hpztr)]2+ in
dichloromethane with tnfluoroacetic acid results in the formation of a small
amount (~ 20%) of the N2 1somer However, irradiation of the N2 1somer (peak

2) under the same conditions results in approx 80 % conversion to the N4-

80



bound 1somer (peak 1) Figure 3 3 14 shows the HPLC traces obtained during
this photolysis This phendndmen has already been encountered for the Ru(!l)
compounds containing the corresponding pynidine hgand (Hptr)12 It would
therefore seem likely that a monodentate form of the pyrazyltnazole complex is
formed during the photolysis which anneals to the starting complex while
undergoing linkage isomernsm to form the N4-bound i1somer The actual
equilibnum established between both 1somers is similar to that in the
pyndylitniazole case in which an equilibnium of 4 1 [Ru(bpy)o(Hptr)]2+ (N4) .
Ru(bpy)o(Hptr)]2+ (N2) was found12

3 3 3 Luminescent lifetime measurements
The room temperature and fow temperature (77 K) luminescent Iifetimes of the
two isomers of [Ru(bpy)o(pztr)]* and Ru(bpy)o(Hpztr)]2+ are listed in Table
3 32 At room temperature, the lifetimes for the protonated complexes are
much shorter than those of the deprotonated ones However, at 77 K, an
opposite behaviour was observed both protonated isomers have larger
emission lifetimes Upon protonation, the Hpztr ligand becomes a better n-
acceptor and a weaker o-donor compared with the deprotonated form This
results in stabilisation of the tpq orbitals which further results in an increase In
the tog - SMLCT energy gap Table 3 3 2 shows that the protonated forms have
higher emission energies In agreement with the energy-gap law39-40, this
results in longer emussion lifetimes of the protonated species at 77 K

At room temperature, however, the luminescent lifetimes of both 1somers
decrease upon protonation, in disagreement with the energy-gap law
Therefore, non-radiative decay of the 3SMLCT state is occurnng via a pathway
other than radiationless deactivation of the 3SMLCT excited state to the ground

state of the complex This competing pathway could be the thermally activated
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HPLC traces taken duning the photolysis of [Ru(bpy)s(Hpztr)J2+ isomer 2 in
dichloromethane containing trfluoroacetic acid Photolysis times are (a) 0 min,
(b) 10 mun, (c) 20 mun, and (d) 60 min Mobile phase 60 20 MeCN H,0O
contaimng 0 06 M LICIO4 Flowrate 2 0 em3 min-1

population of a 3MC state close in energy to the SMLCT state (vide supra) This
3MC state 1s much more difficult to populate at very low temperatures (< 150

K)38 As mentioned previously, upon protonation of the co-ordinated
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pyrazyltnazole ligand, it becomes a weaker ¢-donor and a stronger rn-acceptor
The weaker c-donating ability causes a smaller splitting of the toq - eg* energy
gap, while the strong n-acceptor ability reduces the tyg - SMLCT gap Both
effects result in decreasing the energy gap between the SMLCT - 3MC excited
states Thus, population of the SMC state becomes more feasible upon
protonation, resulting in faster non-radiative decay or photodecomposttion of
the protonated species, leading to shorter luminescent lifetime measurements
compared to the deprotonated species41-42

Temperature dependent lifetime measurements of the deprotonated and
protonated Hpztr complexes and of [Ru(bpy)o(1Mpztr)]2+ have been carried out
in order to further investigate the photochemical processes occurning with these
complexes The temperature dependence of the lifetime of the SMLCT state
has been explained by several workers as due to a close-lying igand field (d-d)
state that may be responsible for photochemistry43-45

The temperature dependent lifetime data in the 150 - 300 K temperature
range were analysed by assuming that the excited state decay consists of a
temperature independent intrinsic decay from the 3MLCT state and a single

thermally activated non-radiative decay process according to the equation
1/1obs = Kg + Aexpt-Ea/RT) 3.4

where Kg = Kqr + k; (the sum of the temperature independent radiative and non-
radiative decays), A is the frequency factor and E; 1s the activation energy from
the SMLCT to the 3MC excited levels

The radiative rate constant can be obtained by measuring the
luminescent quantum yield and lifetime at room temperature according to the

equation

Ky = Qg 3.5
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This constant 1s obtained at room temperature because 1t 1s generally accepted
that k, 1s temperature independent abové 77 K46 The temperature independent
non-radiative rate constant, k,, can be obtained from the lifeime at 77 K

according to the equation

Knr = 1/T77¢ - Kr 3.6

At 77 K, no extra deactivating processes are present (like population of the
SMC states) and now the value of k; 1s only governed by radiationless
deactivation of the SMLCT states

From the activation parameters obtained in this manner, it 1s possible to

calculate the efficiency of population of the 3MC state from the SMLCT state

(Nic) using the following equation

N,c = AexptEaRT/ (kg + Aexpl EaRT) 3.7

Activation parameters obtained for ruthenium polypyndy! complexes
usually fall into two categories
(1) Small activation energies (< 800 cm-1) and low prefactors (< 102 s1)
(2) Large activation energies (> 2000 cm1) and large prefactors (> 1011
s1)47

Complexes exhibiting the former behaviour are typically unreactive
towards photosubstitution47-48 The low prefactor suggests the process
involves the population of a state only weakly coupled to the SMLCT state
Based on these observations, Kober and Meyer have suggested that this
activated process corresponds to the population of an MLCT state of largely
singlet character4®

Complexes exhibiting the second type of behaviour are typically

photochemically active and the activation process has be ascribed to
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Figure 33 15

Temperature dependent luminescent measurements for (a) [Ru(bpy),(Hpztr)}2+

isomer 1 and (b) [Ru(bpy)o(Hpztr)}2+ isomer 2 in ethanol / methanol (4/1 v/v)

152

144

136

128

J
T
] 2 i 1 4 1 I 1 1t } i

32 42 52 62 72 82 Q2
1000/T (K1)

Figure 33 16
Temperature dependence for the luminescent lifetimes of (a) [Ru(bpy).(pztr)]*

isomer 1 and (b) [Ru(bpy)a(pztr)]* isomer 2 in ethanol / methano! (4/1 v/v)
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excitationZ No other activation step is noted for these complexes It 1s worth
noting, however, that isomer 1 is considerably more sensitive to the melting of
the solvent than 1somer 2

For both isomers, the activation energy 1s higher in its protonated form
Scandola et al postulated that protonation of [Ru(bpy),(CN),] results in a
decrease in the SMLCT - 3MC gap and a subsequent increase in the non-
radiative relaxation rateS® and this phenonomen was also observed for the
analogous [Ru(bpy)o(Hptr)}2+ complexes?2 This can be explained by taking
into account the stronger n-accepting and weaker og-donor abilities of the
protonated Hpztr hgand with respect to its deprotonated form Assuming an
average higand field environment for both protonated and deprotonated
complexes, the Ru(dn) ---> Ru(eg) (3MC state) energy should be larger for the
deprotonated complex Thus, changes in the metal-ligand interaction which
occur upon protonation should serve to decrease the energy gap between the
SMLCT and 3MC excited states, thus increasing the possibility of population of

the 3MC state for the protonated complex

Population of the 3MC state 1s a necessary step in the photochemistry of
the protonated pyrazylitriazole complexes The N2 site is a stronger ¢-donor
(from pK, data) Therefore, a larger sphtting between the tog and eg” levels
should occur for the N2 isomer relative to the N4 isomer Therefore, the
activation energy for population of the 3MC state from the 3MLCT state 1s
expected to be higher for the N2 isomer This was, however, not found to be
the case for the protonated complexes or for the compounds containing the
protonated Hptr igand2, suggesting that population of the 3MC excited state i1s
not the rate imiting step In the photochemustry of the protonated pyrazyltnazole
complexes Perhaps, in this situation, the rate-imiting step i1s governed by the
formation of the monodentate species during the photoisomensation and the

subsequent self-annealing process
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By considerning redox and luminescent data, approximate relative state
energies for these complexes can be calculated, as shown in Figure 6 3 17
These energies are compared to those obtained for the analogous complexes
containing the Hptr ligand The relative ground-state energies are obtained
from the Rull/lll potentials, while the SMLCT state energies are obtained from
the room temperature luminescent maxima®® The 3MC state energies can be
approximated from the activation energies obtained for population of this
stateS7 For the protonated forms where population of this state 1s occurring,

the energy gap between the tog and eg” can be estimated using
E(tyg - €g") = Eem + E,(3MLCT - 3MC) 3.8

For the deprotonated species, where population of the 3MC state is not
occurrning, it 1s assumed that the SMLCT - 3MC energy gap 1s taken to be the
same for both protonated and deprotonated complexes (although, it 1s expected
that the energy gap I1s much larger due to the stronger o-donor ability of the
pztr igand) This value will, therefore, be only a minimum value for this energy
gap for the deprotonated species

Values of the 3MLCT - 3MC energy gap for the protonated Hpztr
complexes agree reasonably well with those obtained for the Hptr
complexes38 The values obtained for the deprotonated spectes are only
limiting values, but nevertheless indicate that the pztr complexes have a lower
SMLCT - 3MC energy gap compared with the ptr- complexes This suggests
that replacement of a pyndine ring by a pyrazine ring in a Ru(ll) polypyridy!
complex, results in a lowering of the LUMO (it 1s pyrazyltnazole-based in the
protonated complexes) but also results in a greater lowering of the energy of
the 3MC excited state, thus reducing this energy gap These complexes are,

therefore, less useful as photosensitizers than the ptr- complexes.
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Approximate relative state energies for (a) [Ru(bpy)o(pztr)]* 1Isomer , (b)
[Ru(bpy)a(pztr)}* 1somer 2, (c) [Ru(bpy)a(Hpztr)]2+ isomer 1, (d)
[Ru(bpy)(Hpztr)]2+ 1somer 2, (e) [Ru(bpy)a(ptr)}* 1somer 1, (f) [Ru(bpy)a(ptr)J*
isomer 2, (g) [Ru(bpy)o(Hptr)]2*+ isomer 1 and (h) [Ru(bpy)o(Hptr)]2+ isomer 2
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CHAPTER 4

THE NATURE OF THE LOWEST ENERGY EXCITED STATE IN MIXED LIGAND
POLYPYRIDYL COMPLEXES OF RUTHENIUM (l1)
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4.1 INTRODUCTION

Following the current "supramolecular” tendency of chemical research,
inorganic photochemistry is evolving from the study of simple co-ordination
complexes to that of more complex systems15 These oligonuclear metal
complexes have been extensively studied due to their potential application for hght
induced energy and electron transfer6-15

An appropnate assembly of molecular components capable of performing
hght-induced functions can be called a photomolecular device In a photochemical
molecular device there must be an appropnate energy ordering of the lowest
(longest lived, redox active, and / or luminescent) excited state and of the first
oxidation and reduction potentials of the various components6 In these
complexes, the bridging ligand 1s an important parameter, as it often controls the
physical properties of these compounds?? Therefore, it is necessary that the
bridge (or connecting component) fulfils a number of important critena

(1) It must ensure a correct spatial arrangement of the entire system

(2) It must provide an appropriate degree of electronic communication

between the components, and

(3) It must not compromise the useful properties of the components16
In the case of bndging ligands between ruthenium(ll) polypyridine type
components, it is well known that even minor changes in the co-ordination about
the Ru(ll) centre can lead to the loss of valuable properties of the original
component'® For example, by replacing one of the polypyridine ligands n
[Ru(big)z]2+ (where big = 2,2"-biquinoline) by ClI 1ons, it is possible to change the
orbital nature of the lowest excited state, 1 e by decreasing the ligand field
strength, the SMLCT emission 1s altered to an emission from the 3MC excited

state19
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Many different bridging ligands have already been co-ordinated to
ruthenium(l!) polypyridyl complexes, such as pyrazole20, 4,4-bipyridine1-23, 2 2'-
bis(benzimidazole)24 and 4-cyanopyridine2> As mentioned in the introduction,
these chelating ligands can be split into two types The first type involves the
usage of a strong n-accepting ligand such as 2,3-bis(2-pyridyl)pyrazine (dpp)25,
azo-2,2-bipynidine (abpy)27-29 and 2 2-bipynmidine (bpm)30-31 These ligands
offer extremely low-lying ©* orbitals for interaction with occupied transition-metal d-
levels, which offers increased stabilisation of the filled d-orbitals The lowest
unoccupied molecular level (LUMQO) in ruthenium(ll) complexes containing these
ligands is therefore centred upon the bridging ligand and is directly involved in the
electrochemical reduction and emission processes The bridging igand can then
act as an electron-transfer or energy-transfer trap and this may result in a
decrease in the emission yield and decay hfetime fPr the complexes

In the second class of compounds, the bndging igands acts as a strong o-
donor Examples of such ligands are 3-(pyndin-2-yl)-1,2,4-tnazole32, 2,2'-
bis(benzimidazole)33 and bisimidazolate34 In this situation the bridging ligand acts
as a spectator igand and does not get involved in the emission process The
LUMO still remains on the bpy ligand and luminescence takes place from the
lowest 3MLCT level located on the auxiliary bpy ligands The bndging ligand may,
however, allow energy-transfer or electron-transfer along a suitably organised (in
spectroscopic energy or redox potential) sequence of components

The synthesis and properties of mononuclear and dinuclear Ru(bpy)»
complexes with the potentially chelating bridging ligand 3,5-bis-(pyndin-2-yl)-1,2,4-
tnazole (Hbpt) will be discussed in this chapter Ru(ll) polypynidyl complexes
containing bpt™ belong to the second class of compounds The anion, bpt, is a
particularly interesting bridge because, contrary to most of the previously used

polypyndyl bridges, 1t carries a negative charge, which results in a high o-donor
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and low n-acceptor ability Furthermore, its two bidentate functions are chemically
distinct, because the central tnazole nng uses the N1 (or N2) and N4 nitrogen
atoms for co-ordination (see Figure 4 1 1)35 Also interaction between the two
metal centres is very efficient36

As shown in previous work, In the bpt™ ligand, the c-donor ability on the N1
(or N2) position 1s greater than that on the N4 position On the basis of this
observation, the lowest energy luminescent SMLCT excited state (of Ru ---> bpy
ongin as the lowest n* level is bpy-based) 1s expected o be centred on the Ru-
containing unit attached to the N1 (or N2) position37, as the LUMO at this position
has been lowered significantly due to its stronger o-donor ability compared with
the N4 co-ordination site Such a unit should also experience a ligand field
stronger than the N4 unit because it involves the strong o-donor N1 nitrogen of the
tniazole ring It was postulated that as a result in dinuclear complexes of the type
[Ru(L)o(bpt)Ru(L5)]3+, the emitting excited state 1s located on the ruthenium centre
bound to the N1 site of the triazole ring, whereas photosubstitution 1s occurring at
the N4 site of the bridging ligand!® To venfy this 1s important for the application of
such compounds in molecular devices, since these differences might be used to
effect the aforementioned vectonal energy or electron-transfer However, since the
differences between the two states are small, it 1s very difficult to fully assess the
impact of this asymmetric co-ordination upon the photophysical properties of these
compounds

In this chapter, a series of dinuclear mixed polypyridyl compounds
containing 2,2'-bipyndy! (bpy), 1,10-phenanthroline (phen), and 4,7-diphenyl-1,10-
phenanthroline (dpphen) (see Figure 4 1 1) have been prepared, along with their
mononuclear analogues Using the synthetic approach recently developed in these
laboratories38, bis(phen), bis(dpphen) and bis(bpy) units can be co-ordinated in a

controlled manner to either the N1 or the N4 site of the tnazole nng It was thought
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that with such mixed polypyndyl compounds (especially bpy and phen), additional
information regarding the excited state and redox processes can be obtained,
since the UV/vis spectra of the phen and bpy moieties are significantly different [t
was further hoped that the use of dinuclear complexes would be beneficial in
establishing differences between the photophysical properties of the polypyndyl
ligands, bpy and phen The redox and excited state properties of all the complexes

are reported

_N\ \— Q\ T

22 bQquinoiine (big) 4.4 bpyndine (4 4 bpy)
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Figure 4 1 1 4,7-diphenyl-1,10-phenanthroline

Structures of the igands cited in the text

100



4.2 EXPERIMENTAL

All starting matenals and solvents used were of commercial grade uniess
otherwise stated cis-[Ru(bpy)-Cls] 2H,0 was prepared as descrbed in section

3 3 2 and In the literature? cis-[Ru(phen),Cl,] 2H,0 was also prepared according
to literature methods4! cis-[Ru(dpphen),Cly] 2H,0 was prepared in a similar

manner to cis-{Ru(phen),Cl,] 2H,0

4 2 1 Preparation of the ligand

The synthesis of the bndging ligand 3,5-bis-(pynidin-2-yl)-1,2,4-tniazole (Hbpt)3°

was carried out by Dr R Hage, Leiden University, The Netherlands

4 2 2 Preparation of the complexes

[Ru(bpy)2(bpt)]PFg H0 (1)

This compound was prepared as described in the literature3® Hbpt (2
mmol, 440 mg) was dissolved in 50 cm3 of hot ethanol water (2 1 v\v) and heated
under reflux with cis-[Ru(bpy),Cl,] 2H,0 40 (520 mg, 1 mmol) for 8 h The hot
solution was filtered and the solvent removed by rotary evaporation to dryness 10
cm3 of water was added to the filtrate and the dark red product was subsequently
precipitated by addition of a concentrated solution of aqueous NH4PFg The
compound was purified by semi-preparative HPLC, using a mobile phase of 80 20
acetonitnle water containing 0 1 M KNO5 and a flowrate of 2 0 cm3/min Further
punfication took place by recrystallisation from acetone water (1 1 viv) Yield 260

mg (33%)
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[Ru(phen)o(bpt)]PFg Hy0 @)
This compound was prepared 1n a similar manner to compound (1), 1 mmol
cis-[Ru(phen),Cls] 2H,0 41 and 2 mmol Hbpt (440 mg) were heated under reflux
in 50 cm3 ethanol water (2 1 viv) for 8 h The compound was again 1solated and
punified using semi-preparative HPLC Yield 440 mg (52%) Anal found C, 500,
H,30,N, 14 8% Calcd for C3gHogFgNgOPRu C, 51 0,H, 30, N, 14 8%

[Ru(bpy)2(bpt)Ru(bpy)2](PFe)a 3)

This compound was prepared as descnbed in the literature3® using the
same procedure as for compound (1), except that 0 5 mmol of the igand Hbpt
(110 mg) was added to a refluxing mixture of 572 mg (1 1 mmol) of cis-
[Ru(bpy)-Cls] 2H,0 in 100 cm3 ethanol  water (1 1 viv) for 8 h The residue was
again isolated as a PFg" salt and purified by recrystallisation from 1 1 acetone

water Yield 600 mg (37%)

[Ru(phen)z(bpt)Ru(phen)](PFg)3 (4)

This compound was prepared from [Ru(phen),Cl,] 2H,0 as described for
(3) Yield 1 18 g (74 6%) Anal found C, 43 1,H,25,N, 11 5% Calcd for
CeoHagF1gN13P3RUs C,429,H,24,N, 117

[Ru(bpy)2(bpt)Ru(phen),](PFg)3 2Ho0 (5)

1 mmol of [Ru(bpy)o(bpt)]PFg H-O (786 mg) was heated under reflux for 8
h with 1 2 mmol [Ru(phen),Cl,] 2H,0 (577 mg) in 50 cm3 ethanol water (1 1 v\v)
and purified by recrystallisation from acetone water (1 1 vlv) and semi-
preparative HPLC Yield 1 g (65 5%) Anal found C,430,H,27,N, 11 4%
CseH44F18N1302P3Rus requires C, 429, H, 28, N, 11 6%
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[Ru(phen)a(bpt)Ru(bpy)2)(PFg)3 2H,0 (6)

This complex was prepared as descrnibed for (5), using 1 mmol
[Ru(phen)(bpt)]PFg H-O (846 mg) and 1 2 mmol [Ru(bpy)oClo] 2H,0 (520 mg)
These were refluxed for eight hours in ethanol water (1 1 viv) and punfied by
semi-preparative HPLC and by recrystallisation from acetone water (1 1 vlv)
Yield1 2 g (78 6%) Anal found C,427,H,26,N, 112%
CseHaaF18N1302P3Rus requires C, 42 9,H,28,N, 11 6%

[Ru(bpy)a(bpt)Ru(dpphen)a](PFg)g 2Hz0 @

This complex was prepared as for (5), using 0 5 mmol
[Ru(bpy)2(bpt)]PFg HoO (393 mg) and 0 6 mmol [Ru(dpphen),Cl,] 2H50 (523 mg)
Yield 800 mg (86 %) Anal found C,526,H,33,N,96 CgyHgsF1gN1302P3RUs
requires C,513,H,32,N,97%
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4.3 RESULTS AND DISCUSSION

4 3 1 TH NMR spectroscopy

An outline of the synthetic scheme used to prepare the complexes Is
presented in Scheme 4 1 For the dinuclear complexes two geometrical 1Isomers
may be present, depending on the relative ornientation of the bpy (or phen) ligands
It 1s also possible that each geometrical isomer has a corresponding optical
iIsomer, although these are not expected to further complicate the NMR spectra42-
43 One of the most important applications of the TH NMR spectra s to venfy the
co-ordination mode of the bpt™ igand in the mixed-hgand dinuclear complexes We
have already seen, in the previous chapter, that proton NMR spectroscopy can
provide useful information regarding the structure of the ruthenium complexes 2-
dimensional COSY techniques have been employed in all cases in order to
elucidate the structure of the complexes44

A listing of the chemical shifts observed for these complexes 1s presented in
Table 4 3 1 As the protons of the polypyndine ligands fall into the normal range for

these types of complexes, they are not included

Mononuclear compounds

Both pyndine rings of the bpt- igand give two distinct sets of protons An x-
ray structure of [Ru(bpy)s(bpt)]* has already been determined4s, and this revealed
that one pyndine ring 1s bound to the Ru(bpy)s motety together with N1 of the
tnazole nng (ring A) and that the other ring is free (ring B) The most important
Information concerning the co-ordination mode of the bpt- igand comes from a

study of the position of the HE proton in the co-ordinated and uncoordinated hgand
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[Hu(bPY)20|zl I(Ru(bpY)z)z(bpl)](PFs)a
pr‘ /

[Ru(bpy),Cly] —— (Ru(bpy)(bpt)jPFg

‘R”‘p"e“% [Rulbey)optIRulphen) }PF )y

[Ru(bpy),Ct] [Ru(phen)(bpt)Ru(bpy) }(PF g)4
Hbpt /

R
[Ru(phen)Cly] ———e [Ru(phen),(bpt)JPFg

l””(Phe”’zckx

[(RU(Phe”)p_)z(pr](PFGb

Scheme 4 1

Synthetic scheme used for the preparation of the bpt™ complexes

From Table 4 1, it can be seen that for [Ru(bpy)»(bpt)]*, one HE proton i1s found at
7 74 ppm for ring A, whereas the other H8 proton is found at 8 45 ppm for ring B
This large difference between ring A and ring B for this proton indicates that the H6
proton at 7 74 ppm has to be assigned to the metal bound pyndine ring, as it is
strongly shified upfield This 1s due to the fact that the H6 proton of the pyndine
ring feels the nng current of an adjacent bpy ligand (magnetic anisotrophic effect)
and hence becomes shifted upfield46 By using 2-dimensional COSY techniques, it

IS now possible to assign the other protons of the bpt- igand
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COMPOUND H3 H4 H° H6
[Ru(bpy)a(bpt)]* RingA | 823(+008) | 799(-001) | 726(-026) | 774(-097)
Ring B! 806 (-009) 7 74 (-0 26) 720(-032 845 (-022
[Ru(phen)o(bpt)]*  Ring A 824(+009) | 788(-012) | 704(-040) | 749 (-122)
RingB| 795(020) | 772(-028) | 721(-031) | 845(-022)
[(Ru(opy)2)o(bpt)]3+ RingA | 669(-146) | 733(-067) | 721(-031) | 782(-085)
Ring B | 873 (+0 58) 8 08 (+0 08) 729(-023 711 (-1 56)
[(Ru(phen)2)a(bpt)]3+ Ring A
isomer 1 RingB | 622(-193) | 688(-112) | 679(-073) | 743(-128)
Isomer 2 RingA | 852(+037) | 779(-021) | 703(-049) | 715(-156)
RingB | 634(181) 693 (-107) 673 (-079) 7 27 (-1 44)
8 55 (40 40) 787 (-013) 7 04 (-0 48) 721 (-1 50)
[Ru(bpy)2(bpt)Ru(phen)]3+
RingA | 643(-172) | 700(-100) | 688(-064) | 733(138)
Ring B | 864 (+0 49) 7 63 (-0 37) 7 33 (-019) 686 (-1 81)
[Ru(phen)a(bpt)Ru(bpy)2]3+
RingA| 649(-166) | 712(-088) | 696(-056) | 756(-115)
RingB | 867 (+052) 784 (-0 16) 718 (-0 33) 7 34 (-1 33)
[Ru(bpy)=(bpt)Ru(dpphen) 5] 3*
662(-153) | 716(-084) | 697 (-055) | 744 (-123)
RingA| 902(+087) | 785(-015) | 703(-049) | 695 (-172)
Ring B
Hbpt Ring A and Ring B 8 15 800 752 871

Table 4 31 1H NMR resonances for the bpt” complexes in acetone db, and for the
free hgand in deuterated DMSO Chemical shifts compared with those of the free

ligand are given in parenthesis (H3 and H® = doublets, H4 and H5 = multiplets)

106



The HE proton of ring B of the pyndine tnazole ligand also experences an
upfield shift, but this time of only 0 22 ppm This 1s due to the fact that upon co-
ordination the Hbpt igand becomes deprotonated and more electron density Is
now present at the pyndine rng This causes and upfield shift, although no direct
interaction with adjacent bpy groups i1s present From these observations, it can be
concluded that the Ru(bpy), moiety for [Ru(bpy)s(bpt)]*+ complex 1s bound via ring
A of the bpt~ higand Co-ordination takes place via N1 of the tnazole ring as
observed from the X-ray structure analysis

TH NMR data for the mononuclear [Ru(phen)(bpt)]* complex (see Figure
4 3 1) reveals an upfield shift of 1 22 ppm for the H® proton of ning A, compared
with an upfield shift of only 0 22 ppm for ing B In both species co-ordination takes
place via the same co-ordination site at the triazole ring It does appear, however,
that the presence of adjacent phen ligands shifts the HE proton to a much higher
field that with the corresponding bpy ligands The vanation in resonances of Ring
A between phen and bpy can be because of two reasons

1 Larger electron density on the bpt~ ligand

2 Larger anisotrophic effect for phen
If the phenanthroline igand 1s a less good n-acceptor than bpy, it would drain less
electron density from the bpt™ igand Hence, there would be a higher electron
density on the bpt™ ligand, causing the NMR resonances to shift to higher field
Also the phen ligand has a "larger" n-system and may, therefore, have stronger
ring currents These electronic effects could cause the upfield shift of the bpt

protons
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Only one isomer was evident in the TH NMR spectrum of
[(Ru(bpy)s)o(bpt)]3+ complex The doublet at 6 69 ppm was assigned to the H3
proton of ring A of the bpt- igand, since there 1s only a short distance between the
H3 proton of ning A and one of the bipyndine nngs This should result in a large
diamagnetic anisotrophic interaction occurring This results in a shift of the
resonance of the H3 proton to a higher field, as seen in the monomenc complex
with the HE proton This coupled with the larger j-splitting of this doublet compared
with a H6 proton confirms its assignment as H3 47-48

This doublet 1s again present in the NMR spectrum of the dinuclear
phenanthroline complex, (4), implying that this doublet occurs irrespective of the
nature of the Ru(L-L'), moiety co-ordinated to the bpt- ilgand, where L-L'1s phen or
bpy or dpphen By using COSY techniques, the H4, H3 and H® protons of the
same nng were readily assigned

The doublet at 7 11 ppri has been assigned to the HE proton, shifted 0 85
ppm upfield due to its proximity to an adjacent bpy (or phen) ligand The upfield
shift of the H5 proton, compared to that of the free ligand, 1s similar to the
mononuclear complexes and can be explained by the presence of the negatively
charged bpt- ligand It s interesting to note that again replacement of a bpy higand
by a phen ligand shifts all the protons of the bpt~ ligand considerably upfield Two
geometnical isomers formed in a 1 1 ratio and are evident in the NMR spectrum of
the dinuclear [(Ru(phen),)s(bpt)]3+ complex, as evident from the presence of two
H3 doublets observed at 6 22 and 6 32 ppm No attempts have been made to
separate these isomers, as it has been shown previously that the physical

properties of the two geometrnical 1somers of [(Ru(bpy),)o(bpt)]3+ are the same3°.
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All future measurements on this complex are carried out with this mixture of the
two Isomers

The chemical shifts of the second pynidine ring are very different, H3 of ring
B is now observed at a much lower field (8 73 ppm for [(Ru(bpy)z)o(bpt)]3+) This
proton i1s not affected by an adjacent bpy (or phen) hgand By using COSY
techniques, it was then possible to assign all other protons in this pyridine ring
The H6 proton for ring B 1s shifted more upfield than in ning A, occurnng at 7 11
ppm, possibly due to the negatively charged bpt- hgand and an adjacent bpy (or
phen for compound (4)) igand Figure 4 3 2 shows the proton NMR spectrum of
the [(Ru(phen)»)o(bpt)]3+ complex

The two related mixed-ligand dimeric species, compounds (5) and (6) show
differences in their YtH NMR spectra due to differences in their co-ordination at the
tnazole nng Figure 4 3 3 shows the proton NMR spectra obtained for both
species The HS proton for ring B in complex (5) 1s shifted considerably more
upfield than in complex (6) This s again due to the effect of the adjacent phen
lgand causing a more dramatic upfield shift than an adjacent bpy ligand In
compound (6), the HE proton for ring A 1s not as significantly shifted upfield as for
compound (5) This i1s presumably due to the stronger o-donor properties of the N1
position of the triazole ning It has been shown previously49 for imidazole ligands
that an increase of electron density on the ligand (with a consequent reduction in
the o-donor properties) causes an upfield shift of the imidazole protons The NMR
data, therefore, suggest that bpy I1s a stronger o-donor than phen For
[Ru(bpy)a(bpt)Ru(dpphen),]3+, we see an increase in the upfield shift of the H6
proton of ing B by 0 16 ppm when bpy is replaced by dpphen This would suggest
that the larger n-system of the dpphen ligand may have stronger ring currents,
thus causing an upfield shift of the bpt- protons Compared with compound (5), a

downfield shift of 0 09 ppm for the H® proton of this compound 1s observed
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Figure 4 32
1H NMR spectra obtained for the dinuclear [(Ru(phen)z)z(bpt)]3+ compound In

acetone-dé
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Figure 43 3
TH NMR spectra of (a) [Ru(bpy)a(bpt)Ru(phen),]3+ and (b)
[Ru(phen),(bpt)Ru(bpy),]3+ obtained in acetone-dé
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4 3 2 Absorption and emission properties

The ligands 2,2-bipynidine and 1,10-phenanthroline have very similar
properties and there appears to be significant confusion in the literature with
regards to quantitative differences between their 6-donor and n-acceptor
propertiesS0-53 |t 1s hoped to clanfy these differences in the following sections of
this chapter

All compounds i1solated exhibit intense absorption bands in the visible
region of the spectrum, which have been assigned as metal-to-igand charge
transfer (MLCT) bands in nature>4-56 Table 4 2 lists the absorption maxima of the
mononuclear and dinuclear complexes in the visible region and the emission
maxima at 300 K and at 77K The lifetime of the luminescent excited state and the

quantum yield of emission (¢.y,) of these compounds are also given

Mononuclear compoun

Replacement of a bpy ligand of [Ru(bpy)s]2+ by bpt-, to give
[Ru(bpy)o(bpt)]* causes an increase in the electron density at the metal (therefore,
an increase in the energy of the HOMO), with a consequent red shift of the metal-
to-hgand (dn - n*(bpy)) charge-transfer absorption and emission bands An
absorption maximum of 452 nm is observed for [Ru(bpy)3]%+ 18, whereas that of
the [Ru(bpy)o(bpt)]* monomer is at 475 nm The position of the MLCT band is
governed by both the o-donor and the n-acceptor properties of the igand For
[Ru(phen)x(bpt)]*, replacement of the 2,2"-bipyridine ligands with 1,10-
phenanthroline hgands causes a blue shift of the MLCT absorption band Figure
4 3 4 shows the absorption spectra obtained for both mononuclear compounds As

seen, a substantial difference exists between the peak shape of the bpy and phen
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COMPOUND aAbsorption (loge) | @Emission tus | PEmission wps | 3em
(300 K) (77 K)
[Ru(bpy)»(bpt)]* 475 (4 05) 650 (0354) 624 (543) 24x103
[F{u(bpy)g(prt)l2+ 429 640 (0 099) 612 (4 28) 22x104
[Ru(phen)s(bpt)]* 430 (4 26) 652 (0592) 599 (943) 12x103
[Ru(pjen)ZLprt)E*' 414 640 (0 161) 583 (883) 11x103
[(Ru(bpy)s)o(bpt)]3+ 452 (430) |642 (0085) |603 (416) [24x1073
Ru(phen)p)p(bpt)]3+ 421 (4 55) 627 (0033) {597 (969) 99x 104
[(F{u(bpy);ﬂ)pt)Flu(pherllgl:"+ 440 (437) 640 (0066) | 606 (479) 18x103
(Ftu(phenlz(ppt)ﬂu(bp)ﬂgl3+ 450 (4 31) 636 (0 051) 603 (515) 17x10-3
[(Ru(bpy)g(bpt)Ru(dpphen);»]e'+ 437 (4 45) 642 (0275) | 608 (1053) 41x103

Table 4 2
Absorption and emission properties of the mononuclear and dinuclear complexes

aMeasured In acetonitnle PMeasured in ethano! All lifetime measurements

reported are carried out under argon (error + 0 02us) Qg error = 10%

mononuclear species This becomes important for elucidation of the
photochemical processes for the dinuclear complexes

Luminescence in these complexes onginate from triplet MLCT excited
states, which corresponds to a spin-forbidden Ru ----> bpy (or Ru ----> phen)
transition18.36,57 Again, upon replacement of a bpy ligand by bpt-, a red-shift of
the emission maxima is observed due to the stronger o-donor ability of the bpt-
ligand The emitting state is localised on the bpy ligand in both of these

complexes1® This is confirmed by the electrochemical measurements A direct
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Figure 43 4
Absorption spectra for (A) [Ru(bpy).(bpt)]* and (B) [Ru(phen),(bpt)]* obtained in

acetonitrile

correlation exists between the electrochemical potentials and the absorption and
emission maxima’® In a MLCT absorption process, an electron is removed from
the filled dr orbital on the metal and transferred to the lowest unoccupied
molecular orbital (LUMO) located on the =n* level of the igand Oxidation 1s metal-
based and involved removal of an electron from the dr-orbital, whereas reduction

is ligand-based and involves placement of an electron in the LUMO or lowest n*

level of the complex>8-59
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The nature of the LUMO is very important in these complexes, as it Is
directly involved in the photoéﬁémmal and photophysical properties of these

compounds

The absorption bands of the dinuclear complexes have shifted to higher
energy compared with the analogous mononuclear complexes (see Table 4 2)
The negative charge on the triazolate anion has to be shared between two metal
centres upon co-ordination of the second Ru(bpy)» (or Ru(phen),) unit to the bpt-
hgand This causes a decrease In the electron density on the metal centres and a
corresponding blue-shift of the MLCT band A similar observation has been
reported before for mononuclear and dinuclear complexes containing
bisbenzimidazolate34 Values for both the mixed-ligand complexes are very
similar The different o-donor abilities of the phen and bpy auxiliary ligands may be
counteracted by the different o-donor properties of the N1 and N4 sites of the
triazole ring, thus causing both complexes to exhibit very similar properties The
emission spectra obtained for [Ru(phen),(bpt)Ru(bpy),]3+ at 300 K and at 77 K
are given in Figure 4 35

The emission energies of the dinuclear complexes again show a shift to
higher energy upon co-ordination of the second metal centre, due to the weaker o-
donor capability of the dinucleating bpt- lgand The mixed-ligand complexes (5)
and (6) again exhibit very similar excited state properties in all situations 1 e
irrespective of whether bpy or phen is co-ordinated to the N4 site of the tnazole
rng, no shift in the emission maxima is observed either at room temperature or at

77K
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Emission spectra obtained for [Ru(phen),(bpt)Ru(bpy),]3+ at (a) 300 K In
acetonitnle and (b) 77 K in ethanol
4 3 3 Ground-state and excited-state pK, measurements

The change in the absorption spectrum of [Ru(phen),(bpt)]*+ upon lowering

the pH 1s shown 1n Figure 4 3 6 A similar behaviour has been observed for other

complexes, including those containing pyrazole®9, 1,2,4-tnazole ligandsé1-62 and
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Figure 4 36

Changes in the absorption speétrum of [Fiu(phen)z(bp't)]+ upon changing the pH
Expenment carned out in Bntton-Robinson buffer at pH (a) 1 88, (b) 3 09, (c) 3 54,
(d)381,(e)433,(f)472,(g)511,(h)571,and (1) 7 85

imidazole igands®3-64 The shift to higher energy (Amax = 422 nm) upon
protonation of [Ru(phen),(bpt)]* can be explained by a decrease in the o-donor
strength ot the protonated hgand compared with the deprotonated one There is
therefore a reduction in the electron density at the metal centre and the absorption
maximum shifts to a lower wavelength32 ,

A pK, of 4 3 + 0 1 was obtained for the co-ordinated Hbpt ligand for this

complex It was found to be significantly lower than the value of 8 4 + 0 1 obtained
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for the free Hbpt ligand This lowering in the pKj value upon co-ordination can be
explained by strong o-donatidn effects from the ligand to the metal centre This
causes the acidity of the tnazole ligand in the ground state to increase
considerably Similarly, a pK, value of 4 2 £ 0 1 was obtained for [Ru(bpy)(bpt)}*
in its ground state (A value of 4 0 £ 0 1 was found by Hage et al3®)

The excited state acidity has been investigated by a study of the pH
dependence of the emitting properties of the compound The excited state acid-
base properties of compounds can differ significantly from those in the ground
state These changes in acidity can be explained by the differences in electron
distribution between the ground state and the excited state®> The changes in the
emussion spectrum of [Ru(bpy)o(bpt)}* upon lowering the pH are presented in
Figure 4 37 The emission titrations were carned out by excitation into the
appropnate isosbestic point taken from the absorption pK titration An increase in
the emission intensity was observed with increasing pH, until a maximum intensity
was reached at a pH value of 5 2 A shift iIn the emission maximum from 678 nm to
645 nm was observed upon going from pH 6 77 to pH 1 93 and the pKj (or pH,)
value 1s taken as the point of inflection of the curve

The point of inflection in the luminescence titration curves do not represent
real excited-state pKj values, or pK,*, because they need to be corrected for the
different lifetimes of the protonated and deprotonated species®6 Equation 4 1

demonstrates how these lifetimes are taken into account
pKa* (1) = pH, + log(ta/1p) 4.1

where 1, 1s the lifetime of the protonated species and 1, 1s the ifetime of the
deprotonated species

An estimate of the pK,* value can also be obtained from the ground-state
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The emission spectrum of [Ru(bpy)o(bpt)]* as a function of pH pH's are (a) 6 77,
(b) 513, (c) 472, (d) 4 13, (e) 327, (f) 2 95, (g) 2 36, and (h) 1 93

pK, values from the absorption titration and the emission energies of the
protonated and deprotonated species, using the Forster equation as given in

equation 4 2 67-70

pKa* (2) = pKy + 0625(vg-w) /T 4.2
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where v, and vy, are the emission maxima of the deprotonated and protonated
species respectively and T= iemperaturé at which the expernments were carried
out

Table 4 3 lists the ground state pK; values, the excited-state pH, values
obtained from the point of inflection of the titration curves and the corrected pKy*

values for the mononuclear complexes

Compound PKa pH, PKa* (1) | pKjs*(2)
[Ru(bpy)o(bpt)]* 42 39 33 37
[Ru(phen),(bpt)]* 43 39 33 37

Table 4 3

Ground-state and excited-state pK, values for the mononuclear Hbpt complexes

Although a small discrepancy is present for the calculated excited-state pK,
values of the compounds using equation (4 1) and (4.2), a general trend appears
to be that the co-ordinated pyridyltriazole igand 1s more acidic in the excited-state
than in the ground-state This suggests that the bpt ligand acts as a spectator
ligand and does not actively participate in the emission processes After excitation
of the ruthenium polypyridyl complex, an electron 1s promoted from the metal to
the bpy igand This results in the creation of a ruthenium centre with a formal
valence of 3+, with a consequent increase in o-donation from the tnazole ligand to
the metal 1on This causes a higher acidity for the igand when the complex is
excited

The discrepancy in the results obtained for both equations may be due to

the fact that when using the Forster equation, the energy of the 0-0 transition has

121



to be estimated accurately Small errors in the energy of a transition results In
large errors in the pK, values obtained At 300 nm an error of 4 nm in the energy
results in an error of 1 pK unit Determination of this energy 1s often difficult due to
the presence of strong solvation effects or extensive vibrational fine structure
Therefore, the Forster cycle can only be considered as a guide line with limited

quantitative applicability®>

4 3 4 Electrochemical properties

Table 4 4 lists the oxidation and reduction potentials observed for the
mononuclear and dinuclear complexes containing the Hbpt ligand All values given

are In volts versus SCE

Mononuclear compoun

The metal-based oxidation potential of [Ru(bpy)o(bpt)]* i1s significantly lower
than that of [Ru(bpy)s)2*, which has an oxidation potential of 1 26 V versus
SCE®8 This Is due to the increased o-donor ability of the deprotonated tnazole
ligand compared with that of bpy An increase in oxidation potential 1s observed
when the tnazole ligand i1s protonated This is due to the decreased o-donor
abilities of the protonated ligand, with a consequent decrease In the electron
density at the metal centre This means that the metal centre 1s more difficult to
oxidise than in the deprotonated case The oxidation potentials for the protonated
and deprotonated phen complexes are slightly higher than with bpy (a shift of 100
mV to a higher potential 1s observed for the protonated complexes)

The first two reduction waves observed at -1 44 and -1 68 V for
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Compound Oxidation pot. (V) Reduction pot. (V)
[Ru(bpy),(bpt)}* 085 144 -168
a[Ru(bpy)s(Hbpt)]2+ 106
[Ru(phen) (bpt)]* 0 86 -147  -179
a1Ru(phen),(Hbpt)}2+ 116
[(Ru(bpy)o)o(bpt)]3+ 106 138 -142 167
T(Ru(phen),)o(bpt)]3+ 104 134 148  -171
[Ru(bpy)(bpt)Ru(phen),]3+ 107 138 135  -171
Ru(phen)»(bpt)Ru(bpy)-]3+ 106 137 133 -171
Ru(bpy)»>(bpt)Ru(dpphen),]3+ 105 132 -142  -164
Table 4 4

Electrochemical potential (DPP) of the mononuclear and dinuclear complexes
containing 3,5-bis-(pyrnidin-2-yl)-1,2,4-tnazole All measurements carried out In
acetonitrile with 0 1 M TEAP @The complexes were protonated by the addition of

one drop of conc HySOy4

[Ru(bpy)2(bpt)]* are most likely bpy-based Similarly, those observed at -1 47 and
-1 79 V for [Ru(phen)o(bpt)}*+ are most likely phen-based Pyndyltnazole igands
are known to be weaker n-acceptors than bpy and are consequently more difficult
to reduce32 Potentials for the pyndyltnazole igands were therefore not observed
in the reduction range measured Due to the difficulty observed in obtaining
satistactory reduction potentials in acidic solutions, such as adsorption on the

electrode surface, no clear reduction waves could be produced
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Dinuclear complexes

The oxidation potentials obtained for all five dinuclear complexes are listed
in Table 4 4 A quite large difference in oxidation potentials of 300 mV is observed
between the oxidation potentials of both metal centres This is illustrated in Figure
4 3 8, which shows the oxidation and reduction processes of [(Ru(phen),)s(bpt)]3+
obtained in acetonitrile and 0 1 M TEAP This difference may be due to many
different effects
(a)  Oxidation of the first metal centre causes an increase in the charge of the

complex and subsequently a higher oxidation potential of the second metal

ton will result (or electrostatic effects)

(b)  The "Ru(ll)" electron of the mixed-valence species may be delocalised into
the Ru(lll) centre, causing a shift of the second oxidation potential to a
higher value than that observed for a totally oxidised system

(c)  Statistical reasons, as the M(Il) - M(ll) complex can either be oxidised to
M) - M or M(IH) - M(I1), and

(d)  The chemical environments of the two Ru(bpy)> (or Ru(phen),) moieties are
different due to the difference in their co-ordination modes (N1 and N4) at
the tnazole ring, causing differences in their oxidation potentials39
The last possibility may prove to be important As mentioned in the

introduction, the N1 atom 1s thought to have stronger o-donor properties than the

N4 atom of the tnazole ring Therefore, one would expect that the Ru(bpy), (or

Ru(phen),) moiety bound at the N1 site will be oxidised easier than the N4 bonded

group This will be discussed in more detail in the section on the mixed-valence

species

It should also be noted that the first oxidation potential of the dinuclear

complexes is nearly 200 mV higher than the oxidation potential of the
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(a)

(b)

Potential (V)

Figure 438
(a) Cyclic voltammogram of the oxidation (Scanrate 100 mV / sec) and (b)
differential pulse polarogram of the reduction (Scanrate 10 mV / sec) processes of

[(Ru(phen)s)s(bpt)]3+ in MeCN and 0 1 M TEAP Measured in volts versus SCE

mononuclear complexes This is due to the fact that upon co-ordination of the
second Ru(bpy), (or Ru(phen),) moiety, the negative charge of the bpt- igand has
to be shared between two metal centres Therefore, due to the decreased electron
density on the metal centre, it 1s more difficult to oxidise

For the mixed ligand complexes, very similar values were obtained for the
oxidation potentials, and particular redox processes cannot be identified with

respect to specific Ru(L), groupings
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The reduction waves obtained again clearly correspond to addition of an
electron into the n* orbital$ of either bpy ot phen This indicates that the emitting
excited-state (or LUMO) 1s located on the polypyndyl igands in these complexes
and that the bndging bpt™ ligand acts solely as a spectator ligand'® In the mixed-
hgand complexes, it is not clear which polypyndyl ligand 1s the LUMO Compared
with [Ru(bpy)o(bpt)}*, the first reduction wave of the dinuclear [(Ru(bpy),)2(bpt)}]3+
complex is at a slightly less negative value This is again due to the decreased
electron density to the metal centre, making the ligand easier to reduce, as the
negative charge on the bridging higand now has to be shared between two
Ru(bpy)» units The same phenonomen i1s observed for the phen species

An interesting observation s that in the mixed-ligand complexes (5) and (6),
a large difference of 350 mV exists between the first two reduction waves,
compared with a 200 mV difference in the case where the ligands are not mixed
This would suggest that the increased asymmetry causes the first reduction
potential to be located at less negative values and the second reduction potential
to occur at higher negative values This effect 1s not encountered for the oxidation
potentials, possibly as the metal centres are In all cases co-ordinated to the same

sites at the tnazole ring

4 3 5 Luminescent lifeime measurements

Lifetime measurements at room temperature and at 77 K are presented In
Table 4 2 for the mononuclear and dinuclear species These indicate that in the
mononuclear complexes, the phen compound I1s considerably longer lived than the
bpy complex, as expected’! However, in the dinuclear complexes, the bis-phen

species Is shorter lived than the bis-bpy complex, its lifetime decreasing by a factor
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of 20 compared to a decrease by a factor of four for the bpy complexes The low
ifetime of the phen dinuclear complex is somewhat surpnsing The decrease In
the luminescent lifetimes on going from the mononuclear to the dinuclear
complexes is accounted for by the fact that the negative charge on the bpt- hgand
1s now shared between the two Ru units for the dinuclear system and therefore the
o-donor properties of the bnidging ligand have decreased with the result that the
deactivating 3MC level 1s significantly lowered The decrease in the case of the
phen dinuclear complex 1s, however, significantly larger than for normal bpy-based
complexes Figure 4 3 9 shows a typical luminescence decay for
[Ru(phen)s(bpt)]3+ In acetonitrile at room temperature

The mixed-hgand complexes (5) and (6) have very similar lifetimes, so no
additional information about the nature of the emitting state is obtained from these
measurements Replacement of phen ligands by dpphen ligands in complex (7)
results in a significant increase in the lifetime of the dinuclear complex (see Table

42)

We already know that the luminescent excited state Is located on the auxihary
ligands in these complexes, but we do not know whether it is phen or bpy-based in
the mixed ligand dinuclear complexes (5) and (6), or whether it is dppher{ or bpy-
based in the mixed hgand complex (7) For this reason, temperature dependent
luminescence lifetime studies were carried out on all complexes in order to
Investigate the thermally activated surface crossing to a 3MC excited state at high
temperatures (see Section 3 3 3) Table 4 5 lists the preexponential factors and

activation energies obtained for both the mononuclear and dinuclear species
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COMPOUND E, (cm) A (s1)
[Ru(bpy)o(bpt)}* 1127 38x 108
[Ru(phen)(bpt)]* 1328 49x108
[Ru(bpy)s)s(bpt)13+ 4061 53x1015
[Ru(phen)s),(bpt)]3+ 2747 23 x 1013
[Ru(bpy)»(bpt)Ru(phen),]3+ 3470 36x1014
[Ru(phen).(bpt)Ru(bpy)»]3+ 3442 29x1014
[Ru(bpy)»(bpt)Ru(dpphen),]3+ 5230 11x1017
_[Ru(bpy)a]?+ 3960 13x10%
[Ru(phen)a]2+ 3157 76x1012

Table 45

Activation energies and prefactors obtained for the bpt complexes All
measurements were carned out 1n ethanol methanol (4 1) at temperatures greater
than 250 K Errors £ 10 %

Mononuclear complexes

Plots of In(1/1) versus 1/T in the range 150 K to 300 K are presented in
Figure 4 3 10 for the mononuclear species Both complexes had low prefactors
and low activation energies at temperatures greater than 250 K suggesting that
these complexes are unreactive towards igand photosubsitution Population of the
deactivating 3MC state does not occur The low prefactors suggest that the
process involves the population of a state only weakly coupled to the SMLCT
state’2-73 The plot shows a second step occurring for [Ru(bpy),(bpt)]* at

approximately 160 °K This has already been discussed in Chapter 3, and has
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Luminescent decay of [Ru(phen)o(bpt)j* under argon in acetonitrile at 298 K
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Figure 4 3 10

Plots of In(1/1) versus 1/T for (a) [Ru(bpy)2(bpt)]* and (b) [Ru(phen)o(bpt)]* in

etanol methanol (4 1) at temperatures > 150 K
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been attnbuted to reonentation of the solvent molecules due to strong changes in
the dipole moment caused by the Ru ---> bpy CT74 Interestingly, a much smaller
step is observed for [Ru(phen),(bpt)]* It 1s possible that the Ru ---> phen CT
causes less changes in the dipole moment

We already know that the energy difference between the 3SMLCT and 3MC
levels i1s large for the bis-bpy complex Three MLCT states are normally observed
for ruthenium(il) complexes below 200 K, but it has been suggested that a fourth
MLCT state exists at higher energy '8 The presence of the deactivating 3MC state
usually masks the fourth MLCT state Perhaps for the mononuclear complexes,
this state i1s now visible

Table 4 6 hst the kinetic parameters obtained for these complexes (see
Chapter 3) The "energy gap law" has been useful in rationalising the vanations in
the emission properties’2 7578 Jowering of the energy of the emiting MLCT
excited state 1s accompanied by enhanced non-radiative decay With respect to
radiative properties of the charge transfer excited state, this translates to
decreased emission quantum yields and radiative lifetimes As can be seen from
Table 4 2, considerably lower quantum yield of emission (0Ogn,) 1S observed for both
mononuclear complexes, in agreement with a large lowering of the energy of the

MLCT excited state compared with [Ru(bpy)3]2+

Dinuclear complexes

Plots of In{1/1) versus 1/T in the range 150 K to 300 K are presented in
Figure 4 3 11 for all five dinuclear complexes Unfortunately, the luminescent
hfetime measurements do not provide unequivocal evidence about the nature of
the emitting state In these measurements there appears to be a trend in

substituting phen for bpy A plot of number of phen ligands versus activation
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Compound ke (s71) Knr (s1) ka(sh) Nic
[Ru(bpy),(bpt)}* 669%x103 | 234x105 | 241x105
[Ru(phen),(bpt)]* 201x103 | 104x105 | 106x105
[Ru(bpy))o(bpt)}3+ 284x104 | 212x105 | 240x 105 099
[Ru(phen),),(bpt)]3+ 299x104 | 733x105 | 103x105 099
[Ru(bpy)(bpt)Ru(phen)sP+ | 277x104 | 181x105 | 209x 105 099
[Ru(phen)s(bpt)Ru(bpy)sl3* | 324x104 | 162x105 | 194 x105 099
[Ru(bpy)»(bpt)Ru(dpphen)-}3+ | 150x 104 | 802x 104 | 952x 105
[Ru(bpy)s]2+ 800x104 | 130x104 | 210x 104 1018]
[Ru(phen),]?+ x 104 x 105 x 109
Table 4 6

Kinetic parameters obtained for the bpt- complexes Rate constant error £ 5 %

energy I1s shown in Figure 4 3 12 As caf be seen, the plot results in a perfect

straight line The emission energies and lifetimes suggest that in the mixed-higand

dinuclear complexes (5) and (6), the lowest 3SMLCT state is bpy-based The bpy-

containing complexes have higher prefactors and higher activation energies than

phen-containing complexes, which again suggest that the emission 1s bpy-based

The high frequency factors (A) and large activation energies (AE) suggest that at

higher temperatures an activated surface crossing to a SMC excited state is

occurring for these complexes Population of the 3MC excited state leads to a fast

deactivation to the ground state and/or decomposition of the complex43.77 Indeed

these complexes are photolabile
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Figure 4 3 11

Plots of In(1/1) versus 1/T for (1) [(Ru(bpy)2)2(bpt)]3+, (2) [(Ru(phen)o)a(bpt)]3+, (3)
[Ru(bpy)2(bpt)Ru(phen),]3+, (4) [Ru(phen)z(bpt)Ru(bpy),]3+, and (5)
[Ru(bpy)o(bpt)Ru(dpphen),]3+ in ethanol methanol (4 1)

Further information can be obtained from examining the kinetic parameters

obtained for these complexes As can be seen in Table 4 6, k, is almost the same

for [Ru(bpy)3]2+ as for all the dinuclear species If the values of k,,, are expected
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A plot of the number of phen ligands versus activation energies for the dinuclear

complexes

to increase with decreasing energy of the luminescent level, these results would
indicate that the bis-phen complex (4) has luminescent levels which lie at higher
energy than for [Ru(bpy)s]2+, in agreement with its emission maximum The three
dinuclear complexes (3), (5) and (6) are of the same order of magnitude as the k,,
calculated for [Ru(bpy)3]2+, within expenimental error This suggests that in these

compounds the lowest luminescent level is bpy-based The LUMO s of course

located on phen for the bis-phen complex (4)
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For [Ru(bpy)2(bpt)Ru(dpphen),]3+, the situation is less clear, as its Ay, of
emission 1s similar to those of (3), (5) and (6), although its k, value is lower The
presence of the two dipheny! groups on the phenanthroline ligand may alter the
position of the LUMO The activation energy and pre-exponential factor for this
complex are very large The long lifetime of this complex (4 times larger than that
obtained for [Ru(bpy)»(bpt)Ru(phen),]3+) may suggest that the efficiency of
internal conversion from the SMLCT to the 3MC excited state is lower and that the
emission may be dpphen based for this complex A long luminescent hfetime s, of
course, a requirement of a photosensitizer and therefore this complex may have
some useful ight-induced functions compared with the bpy or phen species

The efficiency of internal conversion, 1,., was calculated for these
complexes The values represent the efficiency of population of the 3SMC state”8 It
was found to be close to one for all dinuclear species indicating that no other
deactivating process other than population of this 3MC excited state 1s occurring

here

4 3 6 Resonance Raman Measurements

Ground state resonance Raman measurements have been carrnied out for
complexes (3), (4), (5) and (6) at excitation wavelengths of a series of wavelenghts
within the MLCT band and 364 nm The 364 nm s close to the wavelength 354 7
nm employed for the single colour pulsed excitation transient resonance Raman
studies Resonance Raman spectroscopy has been extensively used in order to
assign the nature of the electronic transition occurring in ruthenium polypyndyl
complexes79-82 Enhancement is observed for the symmetrical stretching modes

of the ligand which 1s involved in the Ru ---> n*(L) transition The presence of
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different electronic transitions underneath one absorbance band can therefore be
detected and 1dentified by studying the wavelength dependence of the resonance
Raman spectraB3-85 We already know that the LUMO s located on the auxiliary
ligands , but we do not know whether it 1s located on bpy or phen in the mixed
ligand complexes

The ground-state spectra recorded at 457 nm for compounds (3) and (4)
display features attributable to modes of bpy and phen respectively, while those of
the mixed-ligand spectes (5) and (6) show features due to modes of both bpy and
phen The other excitation wavelength used for CW studies, 364 nm, is not in
resonance with MLCT transitions, but the spectra display bands which can largely
be correlated with those attnbuted to bpy and phen modes in the 458 nm excited
spectra Figure 4 3 13 contains the ground-state spectra for these complexes at
364 nm No trend in the ratio of bpy to phen resonances is observed as a function
of the excitation energy

The points of more immediate significance in the context of the present
iInvestigation relate to the 354'7 nm pulse-excited Raman spectra of the
complexes, as shown in Figure 4 3 14 The trace in Figure 4 3 14 (a) shows
prominent bands at 1210, 1287, 1427, 1497, and 1552 cm-1 with other weaker
features at 1177, 1321, and 1243 cm™! This spectrum corresponds to excitation of
the bis-bpy complex Apart from the band at 1243 cm-1, all other features listed for
compound (3) correlate closely in both position and relative band intensities with
the spectrum of [Ru(bpy)3]2+” orginally reported by Woodruff and Dallinger86
(using pulsed excitation at the same wavelength, 354 7 nm, as used in the present
study) and assigned to the localised MLCT excited state [(bpy),Rulll(bpy -)]2+ We

therefore formulate the above MLCT excited state for compound (3) as

[(bpy)Rul!l(bpy -)(bpt)Rull(bpy),]3+
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Resonance Raman spectra of the ground-state spectra of (a) [(Ru(bpy)s)a(bpt)}3+,
(b) [Ru(bpy)(bpt)Ru(phen)2]3+, () [Ru(bpy)2(bpt)Ru(phen),]3+, and (d)
[(Ru(phen),)o(bpt)}3+ at 364 nm in acetone water (1 4)
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Excited-state resonance Raman spectra of (a) [(Ru(bpy),)2(bpt)]3+, (b)
[Ru(bpy)2(bpt)Ru(phen)2]3+, (c) [Ru(bpy)a(bpt)Ru(phen),}3+, and (d)
[(Ru(phen),)o(bpt)]3+ at 354 7 nm in acetone water (1 4)
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in which the Raman scattering arises predominantly from the (bpy)Ru'!l(bpy-")
region of the complex

Similarly, for complexes (5) and (6), the Raman spectra again very closely
resemble those of the 3SMLCT state of [Ru(bpy)s]é+* and can therefore be
attnbuted to excited states which contain the (bpy)Rulll(bpy--) chromophonc

moiety These states may be characterised as follows

[(bpy)Ru'll(bpy *)(bpt)Ru'l(phen),]3+,

in which the bipyndyl co-ordinated ruthenium centre i1s attached to the N1 or N4
positions of the bpt™ ligand in complexes (5) and (6) respectively 1 e the excitation
Is localised on the bpy-co-ordinated Ru centre irrespective of the co-ordination
position at the bpt~ ligand Neither (5) nor (6) exhibit any of the Raman marker
bands for an excited Ru(phen), centre 87 The spectrum of the bis-phen dinuclear
species is given in Figure 4 3 14 (d) and the differences between the Raman
spectra can be clearly seen there

" Indeed, the only differences between the spectra of excited (3), (5) and (6)
and those of the excited mononuclear [Ru(bpy);]2+ complex are the appearance of
one extra band at 1243 cm*1n (3) and at 1458 cm-1 in (5) and (6) These extra
bands in the dinuclear complexes may arise from the unexcited metal/ligand
region which would be expected to continue to give "ground-state” spectra (1 e
neutral hgand modes) even in the 3MLCT complexes The band at 1243 ¢cm-?
found in (3) 1s also found in the ground-state spectrum of the same complex, while
in complexes (5) and (6) the 1458 cm-1 band 1s close to a band at 1451 cm-?
found in the ground-state Raman spectrum of the bis-phen complex This
phenonomen has been noticed before Previous work carried out by Turro et al85

on the mixed ligand [Ru(bpy)o(phen)]2+ and [Ru(bpy)(phen)o]2+ complexes found
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that if there was a bpy ligand present in the molecule, only bpy excited-state bands
are observed and disagreed with previous suggestions by Crosby and ElfningS7
that the bands observed were due to a statistical average of the parent tris-
chelates.

From the transient resonance Raman spectroscopy data direct evidence is
obtained concerning the nature of the SMLCT band These indicate that in
compounds containing bpy 1 e compounds (3), (5) and (6), the lowest excited
state 1s bpy-based and are not influenced to a great extent by the asymmetnc
properties of the bndging tnazole igand The only case in which phen-based
emission 1s evident is for the dinuclear [(Ru(phen),)o(bpt)]3+ complex This
indicates that the 3MLCT excited state for bpy 1s indeed lower than for phen, and

correlates well with the temperature dependent lifetime measurement
4 3 7 Excited state absorption

Excited state absorption studies (ESA) were also carned out on complexes
(3), (4), (5) and (6) and are presented in Figure 4 3 15 Those for the mixed-ligand

species (5) and (6) are essentially identical, suggesting that the lowest MLCT state

of these two complexes are likewise 1dentical88

4 38 Mixed Valence compounds
Mixed-valence dinuclear systems often exhibit intervalence-transition (IT)

bands A strong IT band points to significant communication between the metal

centres89 For the dinuclear complexes, spectroelecirochemistry has been carried
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Excited state absorption spectra of (a) [(Ru(bpy)2)o(bpt)]3+ (b)
[(Ru(bpy)2(bpt)Ru(phen)a}3+ (c) [(Ru(phen),(bpt)Ru(bpy),}3+ and (d)
[(Ru(phen)z)o(bpt)]3+ -
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out in the UV, visible and near IR region of the spectrum Only the experiments
carried out in the near IR region give spectfic information regarding the IT bands
The other two sets of data will be dealt with separately
Intervalence transition bands orniginate from a light induced electron transfer
(e g Ru'lRul'---> RullRu'lly In a dinuclear system M4-L-M5 bridged via an
appropriate bridging hgand L, different degrees of electronic coupling may occur,
depending on the properties of the components Robin and Day®0 classified the
situations that can arise as follows
CLASS 1 The electronic coupling between metal centres 1s very small
Therefore, no interaction between the metal centres is present and
the chance of light-induced electron transfer i1s negligible
CLASS 2  One of the energy transfer states is at relatively low energy Although
most of the properties of the metallic centres are still consistent with
their onginal oxidation states, the electronic coupling between the
metallic centres is appreciable and a number of new properties
charactenstic of the ensemble (e g IT bands) also appear
CLASS 3 In this class of compounds, the properties of the isolated
components are absent and the electronic coupling between the
metallic centres is strong Only new properties characternstic of the
ensemble are observed The new absorption bands do not involve
new metal to metal charge transfer transitions and are better
descrnibed in terms of a delocalised molecular orbital picture
The energy of the intervalence transition band can be considered to consist
of an inner-sphere and an outer-sphere part The inner-sphere part has been
attnbuted to changes in the metal-ligand bond lengths and force constants for M(ll)
and M(lIt) centres The outer-sphere part arises because solvent molecules have

to reorganise themselves when the oxidation state of the metal 1on 1s changed By
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measuring the energy of the IT bands in different solvents, the inner-sphere and
outer-sphere energies of thé IT band cah be estimated

The extent of delocalisation of the exchanging electron in mixed-valence
ions can also be estimated from the properties of their IT bands according to the

Hush model presented in equation 4 391-92

02 = (42 x 10%) €q04 AU 4.3
Eop 02

where o2 = the extent of electron delocalisation, £y, = the extinction coefficient of
the IT band (M-Tcm-1), Av'2 = the peak width at half height of the IT band (cm1), d
= distance between the metal centres (A), and E, = the energy of the IT band
(cm-1) The expenmental a2 value is the average of the a2 values for the ground
and mixed-valence (vertical) excited states If delocalisation is small, the electronic
wave functions used for overlap are relatively unperturbed and o2 1s a direct
measure of delocalisation in the ground-state93

Hush also showed®1-92 that the bandwidth at half height, Av'2, of the

Intervalence band can be calculated according to equation 4 4

AU2 = [2310 (Eqp - 3E) ]2 4.4

where Egy, is the energy of the IT band and 8E 1s the energy difference induced by
the asymmetric co-ordination environment This asymmetry may be caused by
either the presence of two different metal centres, by two different co-ordination
sites present on the bridging ligand, or by different auxiliary ligands Av'? gives an
indication about the type of mixed-valence species that has been obtained If the

measured band width fits the calculated bandwidth, then the system 1s most likely
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valence trapped (localised) If the observed band i1s too narrow, the species
belongs to the class of delocalised systems®4

The degree of electronic coupling between the metal centres, H,g, can be
evaluated from the position, bandwidth and intensity of the IT band through the

following equation91.94

d2

This can be simplified to read
Has =[02 Eop2]1/2 46

Another feature of the mixed-valence complexes, is the thermally-induced electron
transfer from the M!! centre to the M centre®1-92 Hush has shown that the
activation barrier of this electron transfer (Ey,) Is related to the energy of the IT

band according to the equation

Eih = [(Eop)2/4(Eop - 8E)] 4.7

The rate constant of the thermally-induced electron transfer from the M!! centre to

the M!!l centre can then be calculated according to the following equation
Kih = Vp exp(-Ey, / KT) 4.8

where ky, = the rate constant for the electron transfer (s'1), k = the Boltzmann

constant, and vy, = the frequency factor (normally taken as 5 x 1012 s-1)%4 |t
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should be pointed out at this stage that even small errors in By, can lead to quite
large errors in the rate constants, ki,

Electrochemical oxidation of the dinuclear ruthenium compounds leads to
the generation of a mixed-valence species Two new bands appear in the
absorption spectrum at 735 nm and 1800 nm for [(Ru(bpy)s)o(bpt)]3+ Similar
spectral features were obtained for the complexes containing phen ligands
Further oxidation to the Ru''lRu'!! species leads to a disappearance of the band at
1800 nm with a small shift in the band at 735 nm to 725 nm As the band at 735
nm s still present after full oxidation, it cannot be caused by an intervalence
transition from the Ru to the Ru'!l centre Comparison with a similar band found
for a Ru(ll) polypyndyl complex containing benzimidazolate suggests that this
band i1s a igand-to-metal charge-transfer (LMCT) band34 The disappearance of
the band at 1800 nm when the complex is fully oxidised shows that this band must
be an IT band A light-induced electron hopping from the Rull centre to the Rull!
centre takes place and therefore an IT band can only be observed for the mixed-
valence species Figure 4 3 16 shows the near infrared spectrum of
[(Ru(bpy)s)o(bpt)]3+ upon oxidation in acetonitnile at 1 2 V, and illustrates the grow
in of the IT band upon preparation of the mixed-valence species

Table 4 7 Iists the extent of electron delocalisation (a?), the bandwidth at
half height of the IT band (Av*?2), electronic coupling (H,g), the activation barrier
for thermal-induced electron transfer (Ey,) and the rate constant for the electron
transfer (ky,) for the dinuclear species in acetonitnle This is quite a large value in
comparison with most mixed-valence ruthenium species'! It has been observed
before for complexes containing bisbenzimidazolate34 In this situation, it was
thought that the negative charge of the imidazolate bridge enhanced the extent of

electron delocalisation The presence of a negative charge on the bpt- ligand in
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Absorbance

Compound AV? | AV2 | qp,, | @? Hae | Ein Kin

(calc) | (expt) [-1/Dg [ M'em™? | (em™) | (Jx 1029) | (s*! x 1011)
[(Ru(bpy)o)o(bpt)]3+ | 3259 | 4020 | 0528 | 0025 | 854 15 13
[(Ru(phen)>)-(bpt)13+ | 3224 | 4000 | 0528 | 0026 | 855 16 10

Table 47

Properties of the IT bands at 298 K in MeCN Estimated errors are 10% for a2,

AV'2, E, and 50% for k,

Figure 4 3 16

Wavenumber (cm1)

Near infrared spectrum of [(Ru(bpy),),(bpt)}3+ in MeCN featuring the IT band

taken at different time intervals Applied potential 1s 1 2 V
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our case, suggests that this may also be having a similar effect here

The bandwidth at half height, Av12, has been measured for these
complexes, by doubling width of half the band on the high energy side, as it was
not possible to measure the entire bandwidth in the range of the instrument used.
This value may also be calculated by using equation 4 4 It was found that the
observed intervalence transition bandwidth and the calculated bandwidth agree
reasonably well with each other, within expenmental error This i1s further proof that
the band at 1800 nm is indeed an IT band

The degree of electronic coupling, H,g, was found to be rather large for the
dinuclear species, which is in agreement with the high extent of electron
delocalisation already found for these dinuclear systems Similar values (700 - 800
cm-1) were reported for the benzimidazolate dinuclear complexes34

The values obtained for Ey,, the activation barner for thermally-induced
electron transfer from the Rull centre to the Ru'l! centre are all pretty similar 8E
has been estimated at 100 mV for the dinuclear complexes9>

The rate constant for the thermally-induced electron transfer has also been
calculated These values are quite large As mentioned previously, the negatively
charged tniazolate bridge probably facilitates electron transfer, thereby accounting
for the large rate constant observed

As you can see from the data, the values of the IT parameters obtained for
both dinuclear species are very similar This suggests that no differentiation is
possible between these two ligands on this basis of their spectroelectrochemical
data in the NIR region The IT parameters of the mixed-ligand complexes were not
studied In detail, but it 1s suggested that the values obtained for these species
would be similar to those found for the [(Ru(bpy)s)o(bpt)]3+ and
[(Ru(phen),)o(bpt)]3+ complexes and would not provide any insight into the

location of the first metal based oxidation in these systems
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4 3 9 Localisation of metal based oxidation

Spectroelectrochemistry has been highly successful in detecting redox
orbital localisation in d® metal tns-(dimines)®6-98 For this reason it has been
carned out in both the visible and ultra-violet regions In the mixed-valence species
the absorption spectrum in the 300 - 500 nm region 1s dominated by the Rull
centre It should therefore be possible to elucidate which metal centre 1s been
oxidised first1 e the N1 or the N4 centre A fully oxidised Rull'Ru'!! species has no
absorbance in the visible region (1 e the MLCT band collapses under oxidation at
16 V) Figure 4 3 17 represents the absorbance spectra obtained for the mixed-
valence dimers (3), (4), (5), and (6) in the 350 - 850 nm range The absorption
spectra of the phen-based complex (Figure 4 3 17 (b)) has broader UV/vis spectra
than the bpy-based complex (Figure 4 3 17 (a)) The maximum wavelength of
absorption for [(Ru(bpy),)-(bpt)]3+ Is found at 425 nm, whereas the maximum
wavelength of absorption for [(Ru(phen)s)o(bpt)]3+ 1s found at 405 nm Complex
(5) has an absorbance spectrum similar to that observed for [(Ru(phen),)o(bpt)]3+,
indicating that the Ru(bpy), site Is being oxidised first Complex (6) exhibits a
spectrum similar to that obtained for [(Ru(bpy),)»(bpt)]3+ after its oxidation to the
mixed-valence state, suggesting that Ru(phen), is oxidised first in this situation
These results indicate that in the mixed-igand complexes (5) and (6), the centre
attached to the N1 position of the tnazole ring i1s oxidised first, irrespective of which
Ru-containing unit 1s attached there This confirms earlier suggestions based on
the acid-base properties of pyndyltnazole ligands, that the N1 position of the
tnazole ring 1s a better o-donor than the N4 position This further suggests that the
energy of the anti-bonding 3MC state will be lower for the N4 position Since
population of this level is responsible for the photodecomposition of ruthenium

polypyridyl complexes, this observation is of importance for the analysis of the
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Figure 4 3 17

The absorbance spectra obtained for the mixed-valence dimers (a)
[(Ru(bpy)2)2(bpt) 13+, (b)[(Ru(phen)2)2(bpt)13+, (c) [(Ru(bpy)2(bpt)Ru(phen),}?+ and
(d) [(Ru(phen)2(bpt)Ru(bpy)ol>+

photochemical properties (vide infra)

More direct evidence about the localisation of the first metal-based
oxidation comes from a study of the spectroelectrochemistry of these complexes in
the UV region Figure 4 3 18 shows the spectra obtained for [(Ru(bpy)s)o(bpt)])3+

before oxidation (1), in its mixed-valence state (2) and after full oxidation (3) The
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Figure 4 3 18
UV spectrum of [(Ru(bpy),)o(bpt)]3+ (1) before oxidation (Rul'Rul!), (2) in its mixed

valence state (Rul''Ru'l) and (3) in its fully oxidised state (Ru'!!'Ru'll)
UV/vis absorption spectrum depends on the oxidation state of the ruthenium 1on

Both "oxidised" and "reduced" Ru centres are observed simultaneously If the

excited electron was delocalised, one would expect that the spectra of the mixed-
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valence species would be intermediate between the spectra of the unoxidised and
fully oxidised species® However, this is not the case In the mixed-valence
species, no shift of the maximum wavelength of absorption Is observed between
this spectrum and the one of the unoxidised species However, when the complex
is fully oxidised, a shift from 286 nm to 303 nm is observed The spectrum of the
mixed valence species occurring at 286 nm can be attributed to that of the bpy
mononuclear complex (1) A clear isosbestic point is maintained throughout the
titration at 298 nm For all the dinuclear complexes, similar results are obtained
Furthermore, for the [(Ru(phen),)o(bpt)]3+ complex, a shift in the Ay, from 263
nm to 272 nm is observed between that of the Ru''Ru!l and Ru'!'lRulll species The
spectrum obtained for the mixed-valence complex with a A5, at 263 nm can be
attnbuted to that of the phen mononuclear species (2) Similarly, the mixed
valence spectrum obtained for [(Ru(bpy)(bpt)Ru(phen)s]3+ has a Ay, at 265 nm
(corresponding to that of the phen monuclear complex), whereas that of
[(Ru(phen)s(bpt)Ru(bpy)o]3+ has a X, at 281 nm (attnibutable to that of the bpy

monuclear species)

w

4 3 10 Photochemical properties

Photochemustry 1n CH»Cl> containing 0 005 M CI

During the photolysis of the mixed ligand species, compound (5) and
compound (6) in CHCly containing 0 005 M CI-, UV/vis spectra taken at specified
Intervals show a decrease In the absorbance as the reaction proceeds Figure
4 3 19 shows the UV/vis spectra taken at different time intervals of compound (5)

A clear isosbestic point 1s obtained with a shift in the absorbance maximum from
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UV/vis spectra taken at different time intervals during the photolysis of

[Ru(bpy)2(bpt)Ru(phen),}3+ in CH,Cly containing 0 005 M CIF

440 nm to 490 nm, with a subsequent growth in a new peak at 550 nm This
confirms the results obtained be Barigelletti et al for [(Ru(bpy),)o(bpt)]3+ 16
In order to investigate the photochemical process further, HPLC analysis

was carried out at specified intervals throughout the photolysis A typical set of
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traces obtained for the photolysis of compound (5) Is given In Figure 4 3 20 From
these traces it can be seen that, contrary to expectation, at least five main
photoproducts were obtained The products are identified as follows Peak 1,
retention time 2 12 mins, with an absorbance maximum of 520 nm, was identified
as [Ru(phen),Cl,] Peak 2, retention time 2 30 mins, absorbance maximum at 365
and 520 nm was found to be [Ru(bpy)-Cls] Taking into account the extinction
coefficients of these two products at the monitoring wavelength of 280 nm, their
ratios were approximately 1 1 Peak 3, retention time 4 44 mins, absorbance
maximum at 330 and 470 nm was identified as [Ru(bpy)>(MeCN)CI]2+, presumably
formed by interaction with the acetonitnle in the mobile phase Peaks 4 and §,
which are present in almost identical proportions, have been identified as two bpt-
containing mononuclear complexes Peak 4, with a retention time of 5 64 min and
an absorption maximum at 430 nm, was identified as [Ru(phen)s(bpt)]*, the N4
isomer of compound (2), since it has a similar absorbance spectra to the N1
isomer, but a different retention time according to HPLC Attempts have been
made 1o isolate this N4-bound 1S5omer using a large scale photolysis experiment 99
However, sufficient amounts could not be isolated by semi-preparative HPLC, as
the maximum amount formed during photolysis is less than 20% No evidence for
the formation of an N4 isomer for either of the mononuclear complexes was
evident duning synthesis Finally, peak 5, with a retention time of 9 18 mins and a
maximum absorbance of 475 nm, has been identified as the N1 isomer of the
[Ru(bpy)o(bpt)]* complex The UV/vis spectra absorption maxima were located
using the HPLC photodiode array detector and the solvent is therefore mobile
phase

Similar results to those obtained for compound (5), were also observed
during the photolysis of compounds (3), (4) and (6) The presence of both
[Ru(bpy)2Cly] and [Ru(phen),Cly] and the presence of the two mononuclear bpt-
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Figure 4 3 20

HPLC traces taken during the photolysis of [Ru(bpy)o(bpt)Ru(phen),]3+ in CH,Cl,
containing 0 005 M CI* Photolysis times are (a) 0 min, (b) 10 mun, (c) 29 mun, and
(d) 74 min Mobile phase MeCN H,O (80 20) containing 0 08 M LiICIO4 Flowrate

2 0 cm3/min

complexes in the photolysis of these complexes, confirms the results obtained for
compound (5) For compound (3), both the N1 and the N4 isomers of
[Ru(bpy)o(bpt)]* were present and for compound (4), both the N1 and the N4
iIsomers of [Ru(phen),(bpt)]* were obtained Finally for compound (6), the N1
isomer of [Ru(phen)z(bpt)}* and the N4 isomer of [Ru(bpy)(bpt)]* were present
upon irradiation

Photolysis of [Ru(bpy),(bpt)Ru(dpphen),]3+ in CH,CI, containing 0 005 M
CI- gave nse to the presence of both [Ru(bpy),Cl,] (ret time 5 35 min, Amax 370
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and 530 nm) and [Ru(dpphen),Cl,] (ret time 3 50 min, Anayx 940 nm) and the two
mononuclear species [Ru(bpy)o(bpt)]* (ret time 4 03 min, Amay 475 nm) and the
N4 isomer of [Ru(dpphen),(bpt)]*+ (ret time 4 26 min, A5 435 nm) Clearly, the
same photolysis processes are occurring for this complex, as occurring for the

other three complexes

Ph hemi In N containin 1iMCI

UV/vis spectra taken during the photolysis of [Ru(bpy),(bpt)Ru(phen)s]3+ In
MeCN containing 0 01 M CI” show a single 1sosbestic point at 467 nm , with a shift
in the absorbance maximum from 428 to 465 nm (see Figure 4 3 21) However,
the HPLC traces again indicate the formation of at least four main photoproducts
The photoproducts were identified by retention times, by UV/vis spectra taken from
the HPLC photodiode array traces and by comparison with authentic samples
Again, both the N1 and the N4 positions of the triazole ring are apparently
photolabile in the presence of CI* ions Photolysis of the other three dinuclear
complexes (3), (4) and (6) gave similar results In all four cases
[Ru(bpy)2(MeCN)CI]2+ and [Ru(phen),(MeCN)CI]2+ and two monomeric bpt-
containing complexes are formed during irradiation For compound (3), both the
N1 and N4 1somers of [Ru(bpy)s(bpt)]* were present, along with
[Ru(bpy)>(MeCN)CI}2+ as the sole photoproducts For compound (4), the N1 and
N4 1somers of [Ru(phen),(bpt)]+ formed with [Ru(phen)>(MeCN)Cl]2+ Figure
4 3 22 contains HPLC traces taken at specified intervals during this photolysis
Compound (5) had the following photoproducts, the N1 isomer of [Ru(bpy),(bpt)]*
and the N4 1somer of [Ru(phen),(bpt)]* formed in conjunction with both
acetonitrile-chlonde containing species Finally, for compound (6), the N1 isomer

of [Ru(phen),(bpt)]* and the N4 1somer of [Ru(bpy)o(bpt)]* formed again with the
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Figure 4 3 21
UV/vis spectra taken dunng the photolysis of [Ru(bpy),(bpt)Ru(phen),]3+ in MeCN

containing 0 01 M CI
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HPLC traces taken during the photolysis of [Ru(phen),)o(bpt)]3+ in MeCN
containing 0 01 M Ci- Photolysis times are (a) 0 min, (b) 10 min, (c) 30 min, and

(d) 60 min HPLC conditions as for Figure 4 3 20

two acetonitrile-chloride containing species A graph of the decay of the starting
matenal and the growth of the photolysis products for [Ru(bpy),(bpt)Ru(phen)]3+
1s presented in Figure 4 3 23 In this graph, both mononuclear species grow at the
same rate and are supenmposed They are therefore represented as photolysis
product 3 Product 11s [Ru({bpy)oCl,], product 2 i1s [Ru(bpy)o(MeCN)CIij2+.

Photolysis of [Ru(bpy).(bpt)Ru(dpphen),]3+ in MeCN containing 0 01 M CI
gave similar results to those obtained for the other four dinuclear complexes

Again, both the N1 and the N4 sites of the trniazole ring were photolabile
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Figure 4 3 23
Graph of the decay of the starting matenal and growth of photolysis products
versus irradiation time for [Ru(bpy),(bpt)Ru(phen),}3+ in MeCN containing 0 01 M

CI- For peak numbering see text

Photochemistry in MeCN

As can be seen in Figure 4 3 24, photolysis of [Ru(phen)s),(bpt)}3+ in
MeCN gave nse to only 2 main photoproducts, which were 1dentified as follows:
Peak1, retention ttime 10 10 mins, A5, 430 nm was found to be the N1 isomer of
[Ru(phen)x(bpt)]* complex and peak 2, retention time 15 05 mins, Ayax 425 nm
was identified as the [Ru(phen),(MeCN),]2+ complex No evidence for the
formation of any other mononuclear complex was present All other complexes
show similar results Upon irradiation of compound (3), only the N1 isomer of
[Ru(bpy),(bpt)]* and [Ru(bpy)>(MeCN),]2+ are formed, for compound (5),
[Ru(bpy)o(bpt)]* and [Ru(phen),(MeCN),)2+ are found, and for compound (6),
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conditions as for Figure 4 3 20

[Ru(phen)o(bpt)}* and [Ru(bpy)o(MeCN),J2+ results

Photolysis of [Ru(bpy),(bpt)Ru(dpphen),]3+ in MeCN again showed similar
results with the formation of [Ru(bpy)o(bpt)]* (ret time 3 3 min, A5 475 nm) and

[Ru(dpphen)>(MeCN),J2+ (ret time 4 05 min, A,y 435 nm) as the sole

photoproducts

All the photochemical data presented here lead to a number of conclusions The

presence of CI” 1ons considerably speeds up the photochemical process and this

may account for the fact that selective photodecomposition i1s not encountered
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when these 1ons are present in solution dunng the reaction As we have seen the
efficiency of population of thé 3MC state from the 3MLCT level (n,.) was found to
be approximately one for all dinuclear complexes, indicating that no other
deactivation process other than population of this 3MC state 1s occurring here.

The photochemical results suggest that when Ci-1s present in solution
photodissociation occurs at both the N1 and the N4 positions of the tnazole ring,
and therefore there i1s no localised photodissociation occurring from the N4
position Photoreaction appears to take place via population of 3MC levels on both
ruthenium units Although differences do exist (due to the non-equivalence of the
co-ordinating nitrogens of the bridging ligand), between the positions of the lowest
MLCT levels at each co-ordination site as confirmed by the spectroelectrochemical
results, they appear not to be large enough to cause a large energy gap between
the two 3MC states18.72.96 This energy gap was expected to be enhanced by the
different polypynidyl hgands However, the different properties of the polypyndyl
ligands do not appear to be large enough to make a significant difference under
these conditions

In pure MeCN, however, a considerably slower reaction takes place, which
most likely allows the different properties of the two nitrogen donor atoms (N1
versus N4) of the asymmetrnic igand to become important in the
photodecomposition of the complex The results show that population of the 3MC
state can occur either from the same Ru-containing unit if bpy 1s attached to the
N4 position of the triazole ring or from different Ru-containing units if bpy I1s
attached to the N1 position It appears that the energy of the reactive excited state
(the 3MC state) depends on the asymmetric o-donor ability of the bridging tnazole
ligand, whereas the energy of the luminescent excited state (the SMLCT state) is
mainly controlled by the properties of the auxiliary polypyndyl ligands attached to

the Ru-containing unit
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4.4 CONCLUSION

The data obtained suggest that the emitting state in mixed bpy/phen
compounds i1s bpy-based This i1s an important result, since neither the ligand-
based reductions nor the ground-state resonance Raman spectra could
discnminate between the TMLCT levels of the two polypyndyl igands The nature
of the emitting state 1s most likely dpphen-based in the mixed hgand
[Ru(bpy)o(bpt)Ru(dpphen)s]3+ complex

The linear relationship between the number of bis(phen) units in the
dinuclear complexes and the activation energy for the population of the 3MC level,
with the energy decreasing as the number of bis(phen) groups increase Is quite an
interesting phenonomen The results indicate that the nature of the emitting charge
transfer states is solely determined by the nature of the polypyndyl hgand, but that
on the other hand, the location of the first metal-based oxidation is controlled by
the asymmetry of the bpt™ igand Photochemical experiments in MeCN strongly
suggest that the 3MC level of the rutheniurn unit at the N4 tnazole atom 1s lowest
in energy However, in the presence of chlonde ions, both the N1 and the N4 sites
are labilised The efficiency of population of the 3MC levels in all compounds Is
close to one The differences observed between the photochemical experiments
carned out in pure MeCN and in the presence of chlonde are, therefore, most
likely explained by a large increase in the rate of the photodecomposition pathway
with respect to radiationless decay as mechanisms for the deactivation of this

metal-centred excited state
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CHAPTER 5

RUTHENIUM AND OSMIUM COMPLEXES WITH BIS(PYRAZYL)TRIAZOLE:

EFFECT OF REPLACING A PYRIDINE RING BY A PYRAZINE RING ON THE
PHOTOCHEMICAL AND PHOTOPHYSICAL PROPERTIES
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5.1 INTRODUCTION

The design of polynuclear complexes capable of performing photoinduced
energy migration or charge separation requires the assembly, in an appropnate
spatial sequence, of building blocks that exhibit different excited-state energies or
redox potentials’ Hence, by changing one of the co-ordinating ligands, 1e by
replacing 2,2"-bipynidine by other similar igands with shightly modified properties, it
may be possible to design an interesting building block, thus, forming a
polynuclear complex which is capable of performing useful hight induced functions

For example, it has been shown that by replacing pyrndine in a ligand by
pyrazine, the LUMO of the resulting Ru(ll) polypyridyl complex 1s lowered
considerably This 1s caused by the stronger n-acceptor properties of pyrazine26
The complex [Ru(bpz)s]2+ (where bpz = 2,2"-bipyrazine) has been shown to be an
excellent photocatalyst, similar in many ways to [Ru(bpy)s}* 78 An important
feature of the former is that the lifetime of the excited state 1s longer than that of
the latter9 Also, the standard redox potentials for [Ru(bpz);]2+ are shifted by ca
0 5 V more positive than those of the corresponding couples for [Ru(bpy)z)2+ 10
An interesting feature of the [Ru(bpz)3]2+ complex, I1s the existence of two
penpheral uncoordinated nitrogen atoms for each bpz available for protonation or
for coupling substrates in energy-transfer or electron-transfer processes1-15

Another method of tailoring the properties of these complexes, is to change
the metal attached to the polypynidine ligands Os(ll)-polypyrndine complexes also
exhibit quite interesting photochemical, photophysical and redox properties6-21
They have similar properties to Ru(ll)-polypyridine complexes, in that their
oxidation processes are metal-centred, their reduction processes are higand-
centred and the lowest (luminescent and long-lived) excited state is a triplet metal-

to-igand charge-transfer (3MLCT) level22-24 They also exhibit excellent
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absorption properties in the visible region, stability in their oxidised and reduced
forms and relatively long-lived luminescent excited states?5.25-27

Os(ll) complexes have certain advantages over Ru(ll) complexes They can
be oxidised at less positive potentials than the Ru(ll) analogues, which also implies
that the luminescent SMLCT level of an Os(Il) complex lies lower in energy than
that of an analogous Ru(ll) complex The excited-state chemistry of ruthenium is
strongly effected by low-lying dd-states, which tend to complicate the interpretation
of the photophysical and photochemical properties and have been known to lead
to photodecomposition28-29 The dd states in osmium are much higher in energy
than in ruthenium For these two reasons, osmium complexes are expected to be
more stable towards photodissociation.28 and many of the problems associated
with ruthenium can be avoided

As for Ru(ll)-polypynidine complexes, oxidation processes are known to be
metal-centred, thus the potential values mainly depend on the electronic density
that the co-ordinated ligands leave on the metal30-31 Also the energies of the
MLCT transitions depend on the n* level of the involved ligand and on the electron
density on the Os(ll) (which in turn results from a balance of the o-donor and =n-
acceptor properties of all the co-ordinated ligands)32-33 Therefore, the
combination of the stronger n-accepting properties of the bridging ligand coupled
with the increased energy gap between the 3MLCT and 3MC excited states for
osmium complexes should lead to some Interesting results

However, osmium(ll) polypyrndine complexes do have some major
disadvantages for their application as potential photosensitizers
(@)  The low energy of the 3MLCT emission and their low absorption in the

visible region of the spectrum means that they are unable to harvest

sufficient light energy for solar energy conversion Also, the "energy-gap

law" 25.34-35 states that as the energy gap between the 3MLCT and ground-
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state decreases, the rate of non-radiative decay increases This results in

very short hfetimes for 3MLCT emission in Os(ll) complexes3®
(b)  An extensive background synthetic chemistry exists for Ru(ll) and the

preparative conditions involved are less demanding37-38
(c)  The background synthetic chemistry to ligand-bridged dimers and oligomers

and to intramolecular quenching is known and the potential clearly exists for

designing complex systems where the Ru-bpy chromophore 1s attached to

potential catalytic sites®
For these reasons, it 1s unlikely that Os(ll) polypyndine cor;wplexes will supersede
Ru(ll) polypyndine complexes as superior sources of photosensitizers

Key components in polynuclear complexes are the bndging ligands, since
the interaction between the bridged units and, thereby, the properties of the
polynuclear complex, are cnitically dependent on the size, shape and electronic
nature of the bndge3® Therefore, even small changes in the bndging ligand can
lead to large changes In the photophysical properties of these polypyrnidine Ru(ll)
complexes

In this chapter, the synthesis, charactensation, photochemical and
photophysical properties of a series of mononuclear and dinuclear ruthenium and
osmium complexes containing the asymmetric bridging ligand 3,5-bis-(pyrazin-2-
yl)-1,2,4-tnazole (Hbpzt) are reported Figure 5 1 1 contains the structure of the
Hbpzt igand The acid-based chemistry of the ruthenium mononuclear complex,
the etffect of the bpzt~ igand on the metal-metal communication in the ruthenium
dinuclear system, and the nature of the emitting excited state in the ruthenium
systems has been investigated by Hage et al40 Results of electrochemical,
resonance Raman data, absorption and emission expenments for the ruthenium
complexes reveal that complexes with bpzt~ are very unusual, as [Ru(bpy),(bpzt)]*

shows a bpy-based emission / reduction, while [(Ru(bpy)s)s(bpzt)]3+ exhibits a
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bpzt--based emission / reduction This switch-over in location of the LUMO causes
minor changes in the absorption and emission MLCT energies in going from
mononuclear to dinuclear compounds This is due to a combination of a lowering
of the n* level and the weaker ¢-donor capabilities of the bndged bpzt- ligand
Considerable metal-metal interaction exists for the mixed-valence species
containing this ligand

In this chapter, results for the Os(1l) systems will be compared to those
obtained by Hage40 for the Ru(ll) complexes The photochemical and
photophysical properties of the complexes studied will be investigated in detail and
the results compared to those obtained for complexes containing the bpt- igand,
as already discussed in Chapter 4 The effect of replacing a pyndine ring by a

pyrazine nng in a bndging ligand is closely examined

2,2"bipyrazine

3.5 bis(pyrazin 2 yl) 1,2,4-tnazole

5 1 1 Structure of the 2,2"-bipyrazine (bpz) and 3,5-bis-(pyrazin-2-yl)-1,2,4-tnazole
(Hbpzt) ligands
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5.2 EXPERIMENTAL

52 1 Preparation of the igand

The hgand 3,5-bis-(pyrazin-2-yl)-1,2,4-tnazole (Hbpzt) was prepared according to
literature methods4! [Ru(bpy),Clo] 2H,0 was prepared as described in Chapter 3

5 2 2 Preparation of the complexes

[Os(bpy)2Cla] 2H0

Potassium hexachloroosmate (IV) (1 9 g, 3 95 mmol) and 2,2'-bipyndine (1 3 g,

8 3 mmol) are suspended in 40 cm3 DMF and heated at reflux in an oil bath for 1
hour while the solution 1s stirred magnetically The crystals of KCI are removed by
filtration and the solution cooled to 0 °C in an ice-bath The complex cis-bis(2,2'-
bipyridine-N,N')dichlorcosmium (i) chlonde dihydrate is precipitated by the slow
addition of 250 cm3 diethyl ether while the solution is stirred rapidly After the oily
precipitate crystallises, 1t is collected on a medium-porosity sintered-glass funnel
and air-dned The precipitate (1 0 g, 1 55 mmol) is dissolved in a mixture of DMF
(20 cm3) and MeOH (10 cm3) contained in a 500 cm3 beaker A dilute solution of
sodium dithionite (2 0 g, 1 1 mmol in 200 ¢cm3) 1s added slowly with stirring over

0 5 hr The solution 1s cooled in an ice-bath and the dark purple oily suspension is

filtered and washed with water and diethyl ether Yield 0 87 g (98%)42

[Ru(bpy)2(bpzt)}PFg 2H0 (1)
This compound was prepared as descrbed in the literature4? Hbpzt (2 mmol, 440
mg) was dissolved in 50 cm3 of hot ethanol water (1 1 v/v) Cis-

[Ru(bpy)oClo] 2H,0 (520 mg, 1 mmol) was added in small portions to the
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dissolved mixture and further heated at reflux for six hours The hot solution was
filtered and evaporated to dr);néss 10 cm3 of water and one drop of concentrated
ammonia was added to the dark red residue The compound was precipitated by
addition of an excess of aqueous NH4PFg to the solution The compound was
punfied by semi-preparative HPLC using a mobile phase of 80 20 acetonitnle
water containing 0 1 M KNOj at a flowrate of 25 cm3/mm  Further punfication
took place by recrystaliisation from acetone water (1 1 v/v) Yield 049 g (62%)
Found C, 44 30,H,296,N, 19 10% Anal Calcd for C3pHogFgN1102PRu C,
44 01,H,3 18, N, 18 83%

[(Ru(bpy)2)2(bpz))(PFg)3 3H-0 2)

This compound was prepared as for (1), except that 1 mmol cis-

[Ru(bpy)oCls] 2H,0 (520 mg) and 0 4 mmol Hbpzt (90 mg) were heated at reflux
for 8 hrin 50 cm3 ethanol water (2 1 v/v) The PFg salt was i1solated and
punfication took place by semi-preparative HPLC and by recrystallisation from
acetone water (1 1 v/v) Yield 0 66 g (44%) Found C,3891,H,272,N, 1360%
Anal Calcd for CggHyasF1gN1503P3Ru, C, 3898, H, 2 85, N, 13 64%

[Os(bpy)2(bpzt)](PFg)2 HO (3)

This complex was prepared as for (1), except that 2 mmol Hbpzt (440 mg) was
heated at reflux with 1 mmol cts-[Os(bpy)>Cl5] (575 mg) for two days in 50 cm3
ethanol water (1 1 v/v) Punfication took place by semi-preparative HPLC and by
recrystallisation from acetone water (1 1 v/v) Yield 0 47 mg (42%) Found C,
3560, H, 234, N, 14 93% Anal Calcd for CyHosF1oN11O0sP, C, 34 82, H,
232,N,1489%
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[(Os(bpy)2)2(bpzt))(PFe)3 3H20 (a)
This complex was prepare& as for (2) usi’ng 1 mmol cis-[Os(bpy)oCls] (575 mg)
and 0 4 mmol Hbpzt (90 mg) in 50 cm3 ethanol water (2 1 v/v) and heated at
reflux for three days Punfication took place by semi-preparative HPLC using the
conditions descnibed for compound (1) and by from acetone water (1 1 v/v)
Yield 0 68 mg (40%) Found C, 3519, H, 243, N, 12 42% Anal Calcd for
CsoH4oF18N150,0soP3 C, 3531, H,2 47, N, 12 36%
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5.3 RESULTS AND DISCUSSION

531 TH NMR spectroscopy

A Iist of the TH NMR resonances for the mononuclear and dinuclear Hbpzt
complexes is given in Table 5 1 We know from the X-ray structure analysis of
[Ru(bpy)o(bpt)jt that the Ru-containing unit 1s bound to the bpt™ igand via N1 of
the tnazole ring#® The similarities in the spectra observed for this complex and the
mononuclear [Ru(bpy)o(bpzt)]* complex, suggest that co-ordination is taking place
via the same site In both complexes In addition, it is expected that binding via N4
causes significant sterc interaction between the free pyrazine ring and an adjacent
bulky Ru(bpy)> group and will, therefore, not be favoured Only the N1 isomer was
found for the analogous compound containing 3-methyl-5-(pyrazin-2-yl)-1,2,4-
tnazole2 The changes in the chemical shifts of the protons of the non co-
ordinating nng B of the complex are small compared to those of ring A (or the co-
ordinating nng) Replacement of a pyndine nng by a pyrazine ring considerably
alters the positions of the HS and H® protons of the bridging ligand (see Figure
51 1) The HE proton does not appear to feel the effect of the adjacent bpy ring to
such a large extent and, hence, is not shifted so far upfield, but the HS proton I1s
considerably shifted upfield It 1s unclear why a different behaviour is observed for
these complexes compared with their pyrndine analogues The [Os(bpy)o(bpzt)]*
complex is also co-ordinated via the N1 site at the tnazole nng The resonances of
the osmium complex are found at shghtly higher field than those of the ruthenium
complex, which i1s 1n agreement with previous observations on either Ru(Il) and
Os(It) polypyridine complexes?4-45 Figure 5 3 1 shows the TH NMR spectrum
obtained for [Os(bpy)o(bpzt)]* in deuterated acetonitrile

The TH NMR spectra of the dinuclear complexes are very complicated and
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Compound H3 H4 H5 H6
[Ru(bpy)2(bpzt)]*
Ring A 932(-002)s| --- |762(-116)d | 824 (-054)d
Ring B 922(-012)s| ---- 1848(-030)d | 848 (-030)d
[(Ru(bpy)2)(bpzt)]3+
Ring A 768(-166)s | --—- |744(-134)d|829(-049)d
Ring B 913(-021)s| - |746(132)d|843(-033)d
[Os(bpy)o(bpzt)]*
Ring A 923(-011)s | -- |757(121)d|806(-072)d
Ring B 920(-014)s| - |846(-032)d | 846(-032)d
[(Os(bpy)2)2(bpzt)]3+
Ring A 794 (-180) s -- | 736(-152)d|811(-067)d
Ring B 924 (-010)s | ---- | 759(119)d | 836(-042)d
Hbpzt 934s 878d 878d
Table 5 1

Chemical shifts (ppm) of the protons of the bpzt™ complexes in CD;CN The free
hgand 1s measured in (CD3)>SO Values in parenthesis represent the shifts in the
protons of the co-ordinated ligand compared with the free igand (s = singlet, d =

doublet)

no complete assignment could be made However, by using COSY techniques and
by companson with the [(Ru(bpy)z)o(bpt)]3+ dimer48, the protons of the bpzt-
lgand could be identified Only one geometrical iIsomer was present in the 1H
NMR spectra of both dinuclear complexes, although it 1s expected that two optical

Isomers exist, which do not show up in the TH and COSY NMR spectrum of the
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Figure 53 1
400 MHz 1H NMR spectrum obtained for [Os(bpy),(bpzt)]* in CD3CN

[(Ru(bpy)s)o(bpzt)}3+ dimer (see Figure 5 3 2) In the dinuclear compounds, a very
shont distance between H3 of ring A and one of the neighbouring bpy ligands is
present, leading to a large shift towards a higher field of this proton The H3 proton
of ring B 1s not influenced by any neighbouring bpy ligands and is therefore not
shifted upfield Co-ordination takes place via the N1 and N4 sites of the triazole

nng Similar chemical shifts for the osmium dimer are found

5 3 2 Absorption and Emission properties

The UV/wis absorption and emission properties of the complexes are
presented in Table 5 2 An intense band is observed for all complexes in the
visible region, which has been assigned as metal-to-igand charge-transfer (MLCT)
in nature47-48 Companson with the values obtained for the Hbpt complex (see
Table 4 2), shows a shift to higher energy of the maximum wavelength of
absorption and the emission maxima at both room temperature and at 77 K This

can be explained by the weaker o-donor and stronger n-acceptor properties of the
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Figure 532
400 MHz 1H and COSY NMR spectra of [(Ru(bpy)2)2(bpzt)}3+ in CD3CN

bpzt- igand compared with the bpt- igand, which causes less electron density to
be present on the metal and consequently a shift to higher energy of the lowest
unoccupied molecular orbital (LUMO)4® The emission spectra at room
temperature were broad and featureless, because interactions with the
surrounding solvent molecules broaden the individual vibronic components

resulting in Gaussian-shaped envelopes appearning®® Protonation of the
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Compound Absorption (log €) Emission Emission
298 K 77K
[Ru(bpy)s(bpzt)]+ 450 (4 09) 666 605
_ [Ru(bpy)o(Hbpzt)]2+ | 436 (4 07) 690 645
[Os(bpy)o(bpzt)]* | 404 436 (3 66) 783 725

483 (3 70) 600

~ [Os(bpy)o(Hbpzt)]2+ | 416 452 791 717
[(Ru(bpy)s)o(bpzt)]3+ | 452 (443) 671 617
[(Os(bpy)2)o(bpzt)]3+ | 408 (3 78) 480 (3 79) 788 721

600

Table 52

Absorption maxima in MeCN at 298 K and emission maxima in MeCN at 2988 K

and in ethanol at 77 K for the bpzt- compounds

complexes does not lead to large changes in their absorption and emission

properties This will be discussed in more detall in Section 53 3 The room

temperature emission maxima of both the osmium monomer and the osmium

dimer are shifted to shorter wavelengths compared with the bpt- complexes#1

For Os(Il)-polypyrndyl complexes, at room temperature excited-state

properties are determined by a series of three low-energy Boltzmann populated

MLCT states which have considerable triplet character and which behave

kinetically as a single state33, while the fourth state i1s predominantly singlet in

nature!” It was found that the "tniplet" states of osmium have 2-5 times as much

singlet character as the Ru analogues!’ For osmium complexes, additional

absorbance bands are observed at 600 - 660 nm, which can be assignedto a
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formally forbidden triplet dn - n* (bpy) MLCT transitions?251 The intense
absorption bands in the UV region observed for all complexes are due to the usual
hgand-centred (n - n*) transitions typical of these metal(ll) polypyndyl
complexess?

The absorption and emission energies are very similar for the mononuclear
and corresponding dinuclear complexes This is quite unusual behaviour, as
normally for igands with low n* levels such as pyrazine, upon going from a
mononuclear to a dinuclear compound, the empty n* level 1s stabilised, with the
result that the absorption maxima are shifted to lower energy>2-54 For bridging
hgands with a strong o-donor ability, the formation of the dinuclear system leads to
a shift of the maximum wavelength of absorption to higher energy>>-96 It has been
suggested40 that in bpzt™ complexes, both effects are important with the result that
no shift in the A5, 1S observed This will be discussed in more detall in the next

section

5 3 3 Acid-base properties

For pyrazyltnazole complexes, two (de)protonation steps are expected?
For [Ru(bpy)(bpzt)}*, these steps can be represented as follows
pK4(1) PK4(2)
[Ru(bpy)2(Hzbpzt)]3+ /=== [Ru(bpy)2(Hbpzt)}>* == [Ru(bpy),(bpzt)]*

The first step involves the (de)protonation of the Ru-based pyrazine ring (pK(1)),
whilst the second step (pK4(2)) 1s related to (de)protonation of the tnazole proton

The same applies for the osmium mononuclear complex
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Following from the work of Hage41, who found a pK(2) of 2 0 + 0 2 for the
ruthenium monomer, we measured the analogous osmium compound The
changes observed in the absorption spectrum of [Os(bpy)s(Hbpzt)]2+ as a function
of pH are presented in Figure 5 3 3 for determination of the pK4(2) value A pK,(2)
value of 1 2 £ 0 2 1s found for [Os(bpy)»(bpzt)]* [Ru(bpy)o(bpzt)]* had a pK,4(2) of
2 0 £ 0 2 1n agreement with earlier observations40 The pKj of the free ligand,
Hbpzt, was foundtobe 71 +02

This lowering of the pK, upon co-ordination can be explained by a strong o-
donation from the hgand to the metal centre, which reduces the electron density on
the igand and hence it 1s more acidic The similanty in the pKy's of both
complexes, indicates that the protonation step i1s the same for both complexes
Only a very small shift in the absorbance maximum from 449 nm to 443 nm 1s
observed in the absorbance spectra upon lowering the pH A similar small shift 1s
found for the osmium complex A pKj, value of 4 1 £ 0 1 was found for
[Ru(bpy)o(bpt)]*, and that of the free igand Hbpt was foundtobe 8 4 £ 01 As the
pK, of the free ligand is related to the o-donor capacities of the ligandS7, this
confirms the assumption that the Hbpt ligand is a stronger o-donor ligand than
Hbpzt If stronger o-donor ligands have weaker n-acceptor propertiesS8, then bpzt
Is a stronger m-acceptor than bpt-, but weaker than bpy (pKz Hbpy = 4 4)

The excited-state acid-based properties were also evaluated Figure 53 4
shows the changes in the emission spectra upon changing the pH for
[Ru(bpy)o(bpzt)]* Again a very small shift in the emission maximum from 692 nm
to 705 nm s observed Similar small shifts were observed for the osmium
complex A pH, value of 4 8 = 0 1 was found for [Ru(bpy),(bpzt)]*, and a pH, value
of 2 3 was found for [Os(bpy)o(bpzt)]* As discussed previously in Chapter 4,
these values do not represent real excited-state pK,* values Using equations 4 1

and 4 2, excited-state pK,* values are calculated and are tabulated in Table 5 3
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Figure 533

Changes in the absorption spectrum upon lowering the pH for [Os(bpy)a(bpzt)}* in
Bnitton-Robinson buffer (a) pH 4 48, (b) 3 85, (c) 2 93, (d) 2 70, (e) 2 44, (f) 2 31,
(g) 1 93, (h) 150, (1) 1 06, (j) 0 80, (k) 0 60, () 0 33, and (m) 0 10
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Figure 53 4
Changes 1n the emussion spectrum as a function of pH for [Ru(bpy)a(bpzt)]* in

Britton-Robinson buffer (a) pH 2 55, (b) 2 95, (c) 3 60, (d) 4 95, (e) 5 95, (f) 6 95,
(9) 7 83, and (h) 8 85
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Compound pPK, pH, pK,*(1) pKa*(2)

[Ru(bpy)a(bpzt)]* 20%02 4901 38+x02 28+02
-15+02

[Os(bpy)a(bpzt)}* | 12+02 2301 16202 13+02

-14+02

Table 53
Ground-state pKj, pH, (inflection points of the emission titration curve), and

excited-state pK,* values obtained using equations 4 1 and 4 2 respectively

Although the calculated pK;*(1) (using equation 4 1) and pK;*(2) (using equation
4 2) values do not exactly agree with each other, they nevertheless point to a
definite trend between the ground-state and excited-state pKj values Itis
generally assumed>8 that the acidity of the excited state 1s increased with respect
to the ground state when the ligand involved in the acid-base reaction is not
directly involved in the emission process If, however, the acidity is decreased, the
excited state i1s thought to be localised on the ligand showing the acid-base
chemistry These assumptions are based on the knowledge that upon excitation of
a ruthenium polypyndyl complex, a metal-based electron is promoted to a hgand-
based n* orbital This results in the creation of a ruthenium centre with a formal
valence of 3+ A decreased basicity Is then explained by a reduced electron
density on the spectator acid-base ligand as a result of electron donation to the
metal centre The fact that the pK;* values are higher or equal to the pK, values
suggest that the electron is excited into the pyrazine igand so that the ligand does

not Just act as a spectator ligand
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The larger the value of ApK,* (the difference between the ground state and
excited state pK;'s), the less the dn metal orbital contributes to the ground state
mixed metal-igand wavefunction 1 e the less the metal acts as a n-donor®9-60 |n
our complexes, ApKy" 1s larger for ruthenium than for osmium and therefore
osmium acts as a better n-donor Conversely, the larger the value of ApK,*, the
less the igand acts as a n-acceptor towards the metal and therefore bpzt™is a
better n-acceptor than bpt”

Apart from (de)protonation of the tnazole ring, the pyrazine rning can also be
protonated, as seen previously by Crutchley et al for [Ru(bpz)s]2+, where bpz =
2,2-bipyrazine®! They found a pK, value of -2 2 in the ground state for the first
protonation step Titrations were carried out using concentrated sulphuric acid
solutions, and a pK,(1) of -1 5 + 0 2 was found for [Ru(bpy),(Hbpzt)]2+, and -1 4 £
0 2 for [Os(bpy),(Hbpzt)]2+ Figure 5 3 5 illustrates the changes in the absorption
spectrum upon changing the pH for the [Os(bpy)s(Hbpzt)]2+ complex over the pH
range -0 510 -2 9 As can be seen, a shift in the absorbance maximum from 465
nm to 490 nm occurs, with a subsequent growth in a new band at 520 nm An
iIsosbestic point 1s also maintained throughout the titration, indicating that only one

(de)protonation step 1s occurnng in this region

5 3 4 Redox properties

Table 5 4 hists the oxidation and reduction potentials of the bpzt- mononuclear and
dinuclear complexes in MeCN containing 0 1 M TEAP The oxidation potential of
[Ru(bpy)a(bpzt)]* occurs at a higher value than that of the analogous bpt
complex We have already seen from the pK, measurements that bpzt-is a

stronger m-acceptor igand than bpt-, thus causing less electron density on the
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Figure 535

Changes in the absorption spectrum upon changing the pH for
[Os(bpy)o(Hbpzt)j2+ using concentrated sulphurnic acid (a) pH -0 586, (b) -0 86, (c) -
104, (d) -1 16, (e) -1 26, (f) -1 41, (g) -1 52, (h) -1 67, (1) -1 82, (j) -1 96, (k) -2 10,
(I) -2 21, (m) -2 43, and (n) -2 88
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Compound Oxidation (pot. V) | Reduction (pot. V)
[Ru(bpy)o(bpzt)]* 100 141 -166
3[Ru(bpy)-(Hbpzt)]2+ 129

[Os(bpy)»(bpzt)]* 0 64 141 -169
3[Os(bpy),(Hbpzt)]2* 108

[Ru(bpy)o),(bpzt)]3+ 119 150 |-127 -139 -159
[Os(bpy)o)a(bpzt)]3+ 047 071 |-123 -142 -157 -168
Table 5 4

Electrochemical potentials (DPP) of the mononuclear and dinuclear bpzt-
complexes In MeCN containing 0 1 M TEAP Al potentials in volts versus SCE
aProtonated measurements carried out by addition of 1 drop of concentrated

HoSOy

metal, therefore, making it more difficult to oxidise The first reduction potential of

both complexes s very similar, suggesting that a bpy-based reduction 1s occurring
This observation 1s in agreement with the weaker n-acceptor properties of bpt- and
bpzt™ in companson with bpy, as inferred from the pK,; measurements An increase
In the oxidation potential 1s observed when the complex becomes protonated This

has been observed previously for Ru(ll) and Os(ll) polypyridy! complexes and

occurs as a consequence of the weaker o-donor ability of the protonated ligand®®.
No well defined reduction potentials are observed for [Ru(bpy),(Hbpzt)]2+ due to
adsorption on the electrode surface

The dinuclear complexes exhibit two oxidation waves, again occurring at

slightly higher potentials than for the analogous bpt- complexes, most likely due to
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the weaker o-donor and better n-acceptor capabilities of bpzt™ The first reduction
wave Is found at a less negative potential (-1 24 V) than for its bpt™ analogue This
points to a bpzt™-based first reduction potential (vide supra) This has been
confirmed by resonance Raman measurements carried out by Hage et al4® They
found that for [Ru(bpy)o(bpzt)]* the lowest MLCT band 1s Ru ---> bpy based,
whereas for [Ru(bpy)o(Hbpzt)]2+ and [(Ru(bpy)s)2(bpzt)]3+ the LUMO is bpzt-
based The second reduction potential 1s comparable to that obtained for the first
reduction potential of [(Ru(bpy),)o(bpzt)]3+ and therefore has been assigned as a
bpy-based reduction As expected, the oxidation potential of the osmium moteties
are about 0 4 V lower than those in the ruthenium analogues®2-65 AE, or the
separation between the two monoelectronic reversible oxidations, reflects the
amount of communication between the two metal centres®567 and 1s also related
to the electronic and structural properties of the bridging hgand As the bndging
higand i1s bpzt™ in both the ruthenium and osmium dinuclear species, a comparison
of the metal-metal communication i1s both systems i1s possible In the
[(Ru(bpy)s)o(bpzt)]3+ complex, the difference between the two oxidation potentials
1s 310 mV, indicating that noticeable electronic communication occurs between the
two metals It s interesting to note that this difference 1s 240 mV for the analogous
[(Os(bpy))o(bpzt)]3+ complex and therefore the metal centres do not
communicate as well in this complex as in the ruthenium case This can be
accounted for by invoking interaction between the already oxidised trivalent metal
ion and the electron-rnich HOMO of the bridge This interaction reduces the
electron density present on the other co-ordination centre for the second metal
ion As Ru(lll) i1s a better n-acceptor than Os(lll), this effect is more pronounced for
ruthenium than for osmium® The opposite effect 1s found for complexes
containing dpp (where dpp = 2,3-bis(2-pyridyl)-pyrazine)51.69, where back-

donation of n electron density by the first metal centre to the LUMO of the bridge

189



increases the basicity of the free co-ordination centre with the result that the
oxidation potential of the second metal 1on will be higher Because of the stronger
back-donation capabilities of osmium compared to ruthenium, this effect is
expected to be more pronounced for osmium in the dpp system®8

It 1s possible to correlate the redox properties and spectroscopic properties
of these types of complex Redox potential measurements serve as a very good
guide for the assignment of the excited-state luminescence Differences in the
potential between the first oxidation potential and the first reduction potential,
AEyy,, are of much interest’0 By plotting the energies of the MLCT absorption and
emission bands (in eV) versus AEw,, it 1s possible to examine If the same higands
are responsible for both the electrochemical and MLCT properties?1-73 Figure
5 3 6 contains these plots for the bpzt~ complexes Some pyrazine-based
complexes are included for comparison purposes As can be seen, the plot
resulted in a straight ine This is not an unexpected result, because as mentioned
previously, oxidation involves removal of an electron from a d orbital, whereas
reduction involves placing an electron in a igand-based n* orbital In an MLCT
transition, an electron is removed from a metal-based drn orbital and placed in a
ligand-based n* orbital33 Therefore, a direct correlation between both
electrochemical potentials and absorption / emission energies Is not unusual

Vanations in the MLCT excited-state energies, therefore, depend largely on
two factors
(1) The relative energies of the n* orbital of the luminophoric ligand, and
(2) The relative stabilisation of oxidation state Ru(ll) (or Os(ll)) compared to Ru(lll)

(or Os(lll)) by a combination of o and n effects as the ligand I1s vaned®
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Figure 53 6

Plot of AEy, versus (1) absorption and (2) emission energies for the complexes (a)
[Ru(bpy)(3Mpztr)]2+, (b) [Ru(bpy)(pztr)]* 1somer 2, (c) [Ru(bpy)z(1MSpztr)}2+, (d)
[Ru(bpy)2(bpzt)]*, (e) [Ru(bpy)z(pztr)}* isomer 1, (f) [(Ru(bpy)z)2(bpzt)13+, (g)
[Ru(bpy)o(1M3pztr)]2+, (h) [Ru(bpy)s]?*, and (1) [Ru(bpz)s]+

5 3 5 Location of the emitting states

As mentioned previously, nearly identical MLCT energies were found for the
mononuclear and dinuclear complexes The switch-over from a bpy-based

emission for [Os(bpy)o(bpzt)}* to a bpzt-based emission for [(Os(bpy)o)o(bpzt)]3+
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and [Os(bpy)o(Hbpzt)]2+ could be responsible for the lack of a significant shift in
the MLCT energies of the absorption and emission of these complexes This
behaviour is similar to that obtained for the Ru(ll) complexes and can be explained
as follows#!

Firstly, a lowering of the n* level of the bndging higand i1s observed on going
from the mononuclear to the dinuclear complex As a result the bpzt=-based n*
level 1s now located below the original emitting n* bpy orbital This has been shown
to be correct on the basis of resonance Raman spectroscopy4?

Secondly, the higher oxidation potential observed for the bpzt- dinuclear
compound compared to the analogous monomer shows that the filled d orbital I1s
lowered This is caused by the fact that in the dinuclear compound, two Os(bpy)»
units share the o-donor capacity of the negatively-charged bridging igand As the
difference in first reduction potentials for [Os(bpy)o(bpzt)]* and
[(Os(bpy)s)o(bpzt)]3+ (0 18 V) is nearly the same as the difference in their
oxidation potentals (0 17 V), the two effects cancel out and very similar MLCT
absorption and emission erergies are observed for both compounds A similar
effect was observed for the osmium complexes

This behaviour is very unusual for these type of M(l1) polypyndy!
complexes Thus, the position of the lowest unoccupted molecular orbital (LUMO),
which 1s responsible for emission in these complexes, Is an extremely important
consideration for the design of supramolecular species, as it controls the energy of
the MLCT bands and therefore the photochemical and photophysical properties of

these complexes

192



5 3 6 Mixed-Valence species

Spectroelectrochemistry was carried out on [(Ru(bpy)o)o(bpzt)}3+ in the NIR
region A band was located around 1870 nm which was caused by an intervalence
transition, 1 e , a light induced electron hopping from the Ru(ll) centre to the Ru(lll)
centre Figure § 3 7 shows the spectrum obtained upon generation of the
intervalence transition Using the equations described in Chapter 4, the properties
of the IT band of the mixed-valence species have been calculated and the results
are presentedin Table 5§ 5

The energy of an optical transition, Eqp, Is correlated according to the Hush
model”4, to the energy gradient between the minima of the M(I)M(Il1) and
M(HI)M(IT) curves, 8E (the internal energy difference between the two oxidation-
state isomers), and to the reorganisational energy Figure 5 3 8 contains a
graphical representation of the nuclear configuration of the mixed valence states
For symmetncal complexes 8E = 0 In an asymmetric case, as for the ligands
studied here, on the assumption that differences in entropy terms are neghgible,
OE can be estimated from standard redox potentials (see Chapter 4)

In mixed-valence species, the equiibrium nuclear configuration of a species
changes when it looses or gains an electron In the case of a metal complex, this
configuration change involves changes in the vibrations and rotations of the
solvent dipoles (Ay) and also changes in the metal-ligand and intra-ligand bond
lengths and angles (X,) The changing nuclear configurations give rise to an
activation barrier to electron transfer because nuclear motion occurs on a
timescale of 1011 - 10-13, much longer than electronic motion (< 10-15s) So A, 1s
an intninsic property of the binuclear complex, whereas 1, depends on the
reorganisation of the solvent environment?4

The intervalence transition band energy is related to the Marcus-Hush
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Figure 537

Near infrared spectra of [(Ru(bpy)o)o(bpzt)]3+ on electrochemical oxidation in

MeCN Applied potential is 1 3 V for (a) 10 min, (b) 20 min, (c) 30 min, (d) 40 min,
and (e) 50 min

reorganisational energy term for thermal electron transfer by75-76

where A, and A, are the inner and outer sphere reorganisational contnbutions to A

The energy of activation, Ey, 1s related to A according to the following equation’”
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Solvent |Egp |AVy, AUy, |Emax | 1Dop |02 [Has |kin (8 | Ep ()
cm1) | (exp) | (calc) | MTem-1 | -1D (x1019) | (x 10-20)
aMeCN 5450 | 3800 | 3277 | 3149 [ 0528|0024 | 844 13 15
dAcetone | 5400 { 4600 | 3260 | 1734 | 0495|0016 { 683 63 18
aCsH=CN | 5250 | 3800 | 3206 | 2063 | 0391 (0016 | 664 63 18
aCH-Cl, | 5200 [ 3800 | 3188 | 1305 |[0381[0010| 520 39 20
bMeCN 5450 [ 4020 | 3259 { 3074 {05281 0025| 854 13 156
bAcetone | 5370 | 4200 | 3249 | 4914 | 0495|0042 | 110 45 95
1
bCﬁligCN 5280 | 4200 | 3217 | 3098 |0391|0027 | 868 17 14
bCH,Cl, | 5240 | 4100 | 3203 | 3094 | 0381|0027 | 861 17 14
Table 55

Properties of the IT band of (a) [(Ru(bpy)s)o(bpzt)]3+ and (b) [(Ru(bpy)s)s(bpt)]3+

in different solvents (see Chapter 4)

4Eth = 7\.

52

Using a dielectric continuum model, the following equation has been dernived for

calculation of the outer sphere reorganisational energy?5-76

Ao =€2(1/2Ry + 1/2Ry - 1/d) ( 1/n2 - 1/D)

53

where Ry and R; are the molecular radu at the redox centres, d is the internuclear

separation between the metal centres, e 1s the unit electron charge, Dy i1s the static

dielectric constant, and n2 is the optical dielectric constant Since Eop = 8E and Egp
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Figure 538

Nuclear configuration of the mixed-valence species

= Ao + A, In @ series of solvents, the intervalence transition band energy should
vary linearly with 1/n2 - 1/D¢ and the intercept of the plot should give a value for A,
(the value at the intercept corresponds to the measurement of Egpina solvent like
CCly, where there 1s no permanent dipole moment’7) The IT expenment thus
allows the activation barrier to electron transfer to be partitioned between the inner
and outer-sphere reorganisational contnbutions Table 5 5 contains the IT band
parameters for [(Ru(bpy)s)o(bpzt)}3+and the IT band parameters for
[(Ru(bpy)2)o(bpt)]3+ in four different solvents Figure 5 3 9 shows a plot of the
solvent dependence of the Ru(ll)Ru(ilf) complexes As can be seen a reasonable
linear relationship was found for both complexes It was found that the energy of

the intervalence transition band increased with increasing solvent polanty This

196



3
(Eop - 9E) X 10

49F
46 T
(b) .
g {
437(8)
4 [l 1 4 1 |
03 035 04 0 45 05 055 06
1/Dyp - 1D
Figure 539

Plot of the solvent dependence of the mixed-valence species of (a)

[(Ru(bpy)2)2(bpt)]3+ and (b) [(Ru(bpy)z)a(bpzt)]3+

would appear to be reasonable, because of the fact that more polar solvents have
a greater dipole moment and therefore any change in the electronic state of a
solvent complex will cause a greater activation barrier to the electron transfer
taking place The values for the inner sphere reorganisational energy appear to be
very similar for both complexes A, values of 3812 cm-1 for [(Ru(bpy),)2(bpzt)]3+
and 3977 cmfor [(Ru(bpy),)(bpt)]3+ were calculated

An essential requirement for the stability of mixed-valence species is a
sutficiently large comproportionation equilibrium constant, K, 88, which can be

formulated as follows

2[M-LL-M]M —==[M-LL-M}(n+1)+ 4+ [M-LL-M)(n-1)+
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K. can be calculated from the following equation

:
’

AE = 0059 log(K,) 5.4

where AE is the difference in oxidation potentials of the two metal centres The
stability against redox dissociation for [(Ru(bpy)»)»(bpt)]3+ (1 2 x 10%) and for
[(Ru(bpy)2)o(bpzt)]3+ (1 8 x 109) are quite large, possibly due to effective mixing
between the high-lying n-orbitals of the bridging igand and the dn metal(lll}-based
orbitals®3

It has been suggested that hole transfer is an important pathway for
intervalence transfer in mixed-valence species containing anionic bridges, such as
those studied here40.78 In other words, electron transfer occurs by holes
transfernng through the highest occupied molecular orbital (HOMO) If the HOMO
of the tnazolate bridge mediates the delocalisation, rather than the level of the
LUMO, then similar values for a2 should be observed for both complexes If,
however, the level of the LUMO 1s mediating the extent of electron delocalisation,
a much stronger metal-metal interaction for the bpzt™ dinuclear compound
compared with the bpt~ complex would be expected, as the bpzt- system has a
much lower nt* level than the bpt~ system As can be seen from the results, very
little difference exists in the extent of electron delocalisation for both complexes
These results support the suggestion that hole transfer 1s playing an important role
in intervalence transfer

As the extent of electron delocalisation was found to be quite large for
[(Ru(bpy),)o(bpzt)]3+, this points to significant metal-metal communication The
effective interaction between the n orbitals of the anionic bridging higand and the

dn orbitals 1s most likely the reason for the relatively strong interaction55
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The switch over of the LUMO from bpy-based to bpzt™-based emission upon
going from a mononuclear t6 a dinuclear $pecies was previously only observed for
complexes where no or very little communication between the metal centres was
present for the bridging igands79-80 The high o2 value for [(Ru(bpy)s)(bpzt)]3+
makes this system unique It was found previously that communication between
the metal centres with pyrazine as a bndging group Is far greater from osmium
than for ruthenium®8, because the larger spin-orbital coupling constant for Os(I!1)
in companson with Ru(lll), would tend to stabilise the ground-state of the Os(lll)
complexes to a greater extent We, therefore, have no reason to believe that the
metal-metal interaction for [(Os(bpy),)»(bpzt)]3+ 1s as strong (if not stronger) as for
the ruthenium dinuclear species This, however, has not been measured for this
complex

The degree of electronic coupling H,g, which dictates the intensity of the
intervalence transition band, was found to vary with the solvent used as did the
activation barrier to the thermally induced electron transfer from the M(Il) centre to
the M(Ill) centre, Ey, The rate constant for the thermally induced electron transfer
from the M(ll) to the M(lll) centre, ky,, was also measured and showed similar
vanations It should be noted that even small changes in Ey, can lead to quite
large errors in the rate constants However, It Is possible to conclude that the
compounds measured here show a definite solvent dependency If the measured
bandwidth fits the calculated bandwidth, then the system 1s most likely valence
trapped (localised) If the observed band is too narrow, the species belongs to the
class of delocalised systems8! Qur calculated and experimentally obtained
bandwidths agree reasonably well, suggesting a localised mixed-valence system

tn our dinuclear species
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Spectroelectrochemistry was also carried out in the visible and UV regions
Figure 5 3 10 shows the absorbance spectra obtained for the oxidation of
[(Ru(bpy)s)»(bpzt)]3+ in MeCN containing 0 1 M TEAP The absorbance maximum
of the MLCT band at 450 nm shifts to 430 nm upon generation of the mixed-
valence species and then disappears when the species is fully oxidised to its
Ru(ll)Ru(lll) state The ligand-centred n - n* transition occurring at 284 nm does
not shift upon formation of the mixed valence species, but a considerable shift to
300 nm1s observed upon generation of the fully oxidised Ru(l11)Ru(lll) species
This has also been observed for the dinuclear complexes containing the bpt-
hgand, and suggests localisation of the excited electron on one Ru-containing site
(see Chapter 4)

For this compound, 1t 1s also suggested that the N1 site of the tnazole nng1s
a better o-donor than the N4 site and therefore, the Ru-containing unit attached to

the N1 position of the tnazole ring 1s oxidised first

537 Luminescent lifetime measurements

Table 5 6 lists the luminescent Iifetime measurements of the complexes at
298 K and at 77 K, including their quantum yield of emission values (¢gy) As can
be seen from the data, protonation of the mononuclear complexes considerably
decreases their luminescent ifetimes This 1s due to the weaker ¢-donor capacity
of the protonated ligand, leading to lower-lying metal-centred dd states which are
easily populated, resulting in rapid radiationless deactivation to the ground-state of
the complexes In general, it i1s notable that replacement of a Ru(ll) centre by an
Os(l) centre causes the luminescent lifetime to decrease by a factor of greater

than 12 36, due to the low energy of the MLCT emission for Os(Il) complexes and
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Figure 53 10
Absorbance spectra obtained for [(Ru(bpy),)o(bpzt)}3+ in MeCN containing 0 1 M
TEAP Applied potentials are (a) 0V, (b) 13V,and(¢c)17V

the high percentage of singlet character of the MLCT excited states of Os(l)
complexes, which increases the coupling with the ground state of the complex
This 1s also observed for complexes containing the bpzt- ligand

Temperature dependent luminescent lifetime measurements have been

carned out on both mononuclear complexes and on the dinuclear
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PSS

Compound a300K (us) b77K (us) 40em
[Ru(bpy)-(bpzt)]* 032 6 40 25x103
[Ru(bpy),(Hbpzt)]2+ 023 4 97 68x10°
[Os(bpy)o(bpzt)I* 0014 099 55x104
[Os(bpy),(Hbpzt)]2+ 029 15x105
[(Ru(bpy))s(bpzt)]3+ 020 7 03 30x103
[(Os(bpy)»)»(bpzt)]3+ 0008 097 52x10°
Table 5 6

Luminescent lifetimes (£ 0 02 us) and quantum yield of emission (error 10%) of

the bpzt- complexes @Measured under argon in MeCN bMeasured in ethanol

[(Ru(bpy)s)o(bpzt)]3+ complex No measurements were carried out on the
dinuclear osmium complex, because its lifetime was below the rnise-time available
on our instrument The temperature dependence of the Ru(ll) complexes is shown
In Figure 5 3 11 over the temperature range 150 - 300 K As can be seen,
[Ru(bpy)o(bpzt)]* exhibits a steep increase in the In(1/t) Vs 1/T plots in the
temperature range 190 - 210 K This step has already been encountered for the
[Ru({bpy)o(bpt)}+ complex (see Chapter 4) and was attnbuted to reorientation of the
solvent molecules due to strong changes in the dipole moment caused by Ru --->
bpy charge transfer It was not observed for [(Ru(bpy)s)o(bpt)}3+ 41 or in the case
of the bpzt~ dinuclear system

The plot of the In (1/1) versus 1/T for [Os(bpy),(bpzt)}* is shown in Figure
5312 It does not contain this step at 190 - 210 K This 1s analogous to the result
obtained for [Os(bpy),(bpt)]* by Barigelletti et al! The absence of this step was

attributed to the more covalent character of the Os - N bonds (greater n-
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Figure 5 3 11
Plot of the In(1/T) Vs 1/T for (a) [Ru(bpy).(bpzt)]* and (b) [(Ru(bpy)z)z(bpzt)]3+ in

ethanol methanol (4 1)

backbonding for Os) and conséquently the smaller amount of charge transferred in
the SMLCT level most likely causes a smaller solvent interaction for the osmium
compound

A very important observation is that for both mononuclear complexes, no
steep nse in the temperature-dependent lifetime plots 1s observed at temperatures
greater than 250 K However, a nise is observed for the dinuclear ruthenium
complex Table 5 7 contains the activation energies and frequency factors
obtained for these complexes The large E, (3735 cm™1) and large A (9 9 x 1013)
values obtained for the dinuclear Ru complex are indicative of a thermally
activated surface crossing from the emitting 3MLCT state to a 3MC (deactivating)
state33 These values predict that this compound I1s photolabile Similarly, the low

activation energies and frequency factors obtained for the mononuclear complexes
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Compound E, (cm) A(s)
[Ru(bpy)»(bpzt)]* 1370 21x109
[Os(bpy)-(bpzt)]* 128 25x 108
L(Ru(bpy)?)g(bpzt)]3+ 3735 99x 1013
Table57

Activation energres (E,) and prefactors (A) (£ 10%) obtained for the bpzt-

complexes In ethanol methanol (4 1)

18
175F
"E_ 17
£
165
16 | 1_ | - 1 1 1 1
32 37 42 47 52 57 62 67
1000/T (K1)
Figure 53 12

Plot of the In(1/1) versus 1/T for [Os(bpy),(bpzt)]* in ethanol methanol (4 1)

204




suggest that the 3MC state cannot be populated in this temperature range, with
the consequence that these complexes should be photostable In fact, irradiation
of these complexes in CH,Cl» containing Cl~ does not lead to any
photodecomposition The 3MLCT - 3MC energy gap for the mononuclear
complexes Is expected to be larger than for the dinuclear complex, due to the
stronger o-donor ability of the mononucieating igand

For [Os(bpy)s]2+, results of temperature dependent studies revealed that
contributions to excited-state decay exist that occur from a sernes of low-lying
Boltzmann-populated MLCT states2? At the low end of the temperature range,
population of a third state becomes important and plays an increasingly important
role in determining excited-state properties as the temperature 1s increased At the
high end of the temperature range, population of a fourth state probably accounts
for the steady increase in the slope of In(1/1) as the temperature increases?’ |t
was postulated that four low-lying MLCT states are needed to explain the
temperature dependent properties of the excited state The three lowest lying
states are quite close together in energy and are within 100 cm-1, the founth state
for [Os(bpy)3]2* lies approximately 600 cm1 higher in energy?? Usually, the ability
to observe the fourth MLCT state for [Ru(bpy)s]2* is masked by a surface-crossing
process to low-lying dd (or 3MC) states82 In the osmium complexes, the presence
of this state 1s evident from temperature dependent studies The slow nise in the
In(1/7) with increasing temperature above 200 K for [Os(bpy),(bpzt)]* suggests
that some sort of deactivating process i1s occurrning here, other than population of
the 3MC state Population of this fourth MLCT state, therefore, most likely
accounts for the shortening of the hfetime of the complex at elevated
temperatures The presence of a fourth MLCT state has also been suggested for

Ru(ll) polypyndine complexes and, therefore, this deactivating process could also
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be occurring for [Ru(bpy)o(bpzt)}* 83, since due to the absence of low-lying 3MC
excited states the presence of this MLC;T" state 1s not masked

The 0 Were found to decrease upon protonation of the mononuclear
complexes and again when Ru(ll) was replaced by Os(il) (see Table 5 6) The
radiative (k;) and non-radiative (k) rate constants for these complexes are
presented in Table 5 8, kg 1s the sum of the radiative and non-radiative rate
constants

The non-radiative rate constant, kp, t1s a measure of the radiationless
deactivation of the 3MLCT states According to the energy gap law, k,,, decreases
with increasing emission energy34-3584 This s clearly demonstrated by the
osmium complexes which have the lowest emission energy of these species and
an extremely short ifetime at room temperature The values of k,,; obtained for the
ruthenium compounds are in close agreement with the value already obtained for
[Ru(bpy)s]2+ 41

A plot of In(ky,) versus emission energy (Eem) IS presented in Figure 5 3 13
Included in this plot are the values obtained for the bpt™ complexes A reasonable
linear plot suggests that in these complexes, the energy-gap law I1s applicable82-
84 This implies that for a series of related excited states based on the same
chromophoric unit, where vanations in electronic coupling are not too large,
radiationless decay rates are determined largely by the extent of vibrational

overlap between the ground and excited states34

5 3 8 Photochemical properties

The photochemistry of the bpzt~ complexes was investigated by irradiating

the compounds in the following solvents, MeCN, MeCN containing 0 01 M CI- and
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Compound k, (s71) Ko (s71) kg (s)
[Ru(bpy)-(bpzt)]* 7.9 x 103 . 15x10% 16x 103
[Ru(bpy)-(Hbpzt)]2+ 15x 104 13x10% 14x105
[Os(bpy).(bpzt)]* 38x 104 97x103 10x106
[Ru(bpy)-(Hbpzt)}2+ 26x 104 10x 106 10x106
[(Ru(bpy)s)o(bpzt)]3+ 29x104 11x105 14x105
[(Os(bpy)»)o(bpzt)}3+ 76x 103 35x 106 x 108
[Ru(bpy)a]?* 8 0 x 104 13x 109 21x104
[Os(bpy)al2* 62x10° x 10° x 103
Table 5 8

Kinetic parameters (£ §%) obtained for the bpzt- complexes in ethanol methanol

(41)
17000 Eem (V)
16500 I
16000 +
15500 -
15000 }
14500
14000 d .
10 105 1 115 12 125 13
In(k,,,)
Figure 53 13

Plot of the In(k,,) versus E¢m for (a) [(Ru(bpy)z)a(bpzt)]3+, (b) [Ru(bpy),(Hbpzt))2+,

(c) [Ru(bpy)2(bpzt)]*, (d) [(Ru(bpy)2)2(bpt)13+, () [Ru(bpy)a(pztr)]* 1somer 1, (f)
[Ru(bpy)a(pztr)]* 1isomer 2, and (g) [Ru(bpy)a(bpt)]*

207



CH,Cl, containing 0 005 M CI- The mononuclear complexes [Ru(bpy)(bpzt)]*
and [Os(bpy)o(bpzt)]* were fouRd to be photostable, as expected from their
temperature dependent luminescent lifetime measurements [Ru(bpy)>(Hbpzt)]2+
was found to be photolabile, and in chlonde-containing solvents rupture of the Ru-
N bond at the tnazole ring occurs resulting in two main photoproducts which were
identified as [Ru(bpy)>Clo] and free Hbpzt ligand The dinuclear
[(Os(bpy),)o(bpzt)]3+ complex was also found to be photostable, as expected17.85
The dinuclear [(Ru(bpy)s)o(bpzt)]3+ species was photolabile This is the only
compound which will be discussed In detail in this section The results obtained will

be compared to those obtained for [(Ru(bpy)s)2(bpt)]3+ in Chapter 6

Photochemistry in Acetonitnile

During the photolysis of [(Ru(bpy)s)o(bpzt)]3+ in pure acetonitrile, UV/ivis
spectra taken at specified intervals show a decrease in the absorbance as the
reaction proceeds (see Figure 5 3 14) The absorbance maximum shifts from 446
nmto 428 nm and a clear i1sosbestic point 1s maintained throughout the photolysis

In order to further investigate the photochemical process, HPLC analysis
was carned out Figure 5 3 15 contains a typical set of traces obtained from the
photolysis in MeCN From these traces, it can be seen that only two main
photoproducts form These have been identified as follows Peak 1, retention time
S 28 min, Apmax 425 nm was identified as [Ru(bpy)>(MeCN)5]2+ by companson with
an authentic sample Peak 2, retention time 10 88 min, A4 450 nm was identified
as [Ru(bpy)o(bpzt)]*(the N1 isomer)

Taking into account the extinction coefficients of these two products at the
monitoring wavelength of 280 nm, their ratios were approximately 1 1 These

results are analogous to those obtained for the bpt- dinuclear complexes, and it
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Figure 5 3 14

UV/vis spectra taken during the photolysis of [(Ru(bpy)o)a(bpzt)]3+ in MeCN after

(a) 0 mun, (b) 10 mun, (c) 15 mun, (d) 22 min, (e) 29 min, (f) 36 min, (g) 43 min, (h)
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Figure 5§ 3 15
HPLC traces taken during the photolysis of [(Ru(bpy),)o(bpzt)]3+ in MeCN after ()
0 min, (b) 80 min, (c) 145 min, and (d) 175 min Mobile phase 80 20 acetonitnle

water containing 0 08 M LiIC! Flowrate 15cm3/ min

was suggested that in this case, the different properties of the two nitrogen donor
atoms (N1 versus N4) of the asymmetnc ligand govern the photochemical
reactivity of these complexes Population of the 3MC state occurs from the Ru-
containing unit attached to the N4 position of the tnazole ring for
[(Ru(bpy),)o(bpt)]3+ (see Chapter 4 3 8) Similarly, irradiation of
[(Ru(bpy)s)a(bpzt)]3+ in MeCN results in population of a low-lying 3MC state

located on the N4 (or weaker o-donor) site at the triazole nng, with subsequent

photodecomposition of the complex occurnng
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Ph hemi in MeCN contatnin 1MCI

L

i

UV/vis spectra taken during the photolysis of [(Ru(bpy)2)a(bpzt)13+ in MeCN
containing 0 01 M CI- (see Chapter 2) again resulted in a decrease in the
absorbance at 447 nm, with a shift in the absorbance maximum to 452 nm
Isosbestic points were maintained throughout the photolysis

HPLC traces were taken at specified intervals throughout the photolysis and
are represented in Figure 5 3 16 Photolysis resulted in the simultaneous growth of
four photoproducts which have been identified as follows Peak 1, retention time
2 3 min, A5 360 and 575 nm, was identified as [Ru(bpy),Cl,] Peak 2, retention
time 5 2 min, A5 340 and 475 nm, was identified according to its UV/vis
spectrum and by comparison with an authentic sample as [Ru(bpy)»(MeCN)Cl]2+
Peak 3, retention time 6 3 min, Ay« 425 nm was dentified as
[Ru(bpy)2(MeCN),j2+ and peak 4, retention time 8 64 min, A4, 450 nm was
identified as [Ru(bpy)o(bpzt)]* (the N1 1somer) again by companson with an
authentic sample There was no evidence for the formation of any other isomer of
the mononuclear species, as seen upon photolysis of [(Ru(bpy),)-(bpt)]3+ in

MeCN containing 0 01 M CI-

Photochemistry in CH»Cl»>_ containing 0 005 M CI

UV/vis spectra taken during the photolysis of [(Ru(bpy)o)o(bpzt)]3+ in
CH,Cl, containing 0 005 M CI- (see Chapter 2) resulted in a decrease in the
absorbance maximum at 450 nm, with a shift in the maximum to 452 nm A
subsequent growth in two new peaks at 548 nm and 326 nm occurred Figure

5 3 17 shows the changes in the UV/vis spectra upon photolysis
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Figure 53 16

HPLC traces taken during the photolysis in MeCN containing 0 01 M CI-

Photolysis times are (a) 0 min, (b) 30 mun, (c) 90 min, and (d) 150 min Mobile

phase 80 20 acetonitrile water containing 0 08 M LiICI Flowrate 1 0 cm3/min

HPLC traces taken throughout the photolysis showed the formation of only

two main photoproducts (see Figure 5 3 18) which have been identified as follows
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Figure § 3 17

bpzt)]3+ in CHLCly

UV/vis spectra taken durning the photolysis of [(Ru(bpy)s)a(

0 5 min, (c) 1 min, (d)

a) 0 min, (b)

(

containing 0 005 M CI- Photolysis times are

, (1) 55 min, (k) 7

35min, (1) 45 min

)

h

(

1S5 min, (e) 2 min, (f)2 5 min, (g) 3 mmn

min, (1) 10 min, and (m) 15 min
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Figure 53 18

HPLC traces taken during the photolysis of [(Ru(bpy)s)a(bpzt)}]3+ in CH,Cly
containing 0 005 M CI~ Photolysis times are (a) 0 min, (b) 4 min, (c) 8 min, and (d)
17 min Mobile phase 60 40 acetonitnle water containing 0 06 M LiCl Flowrate

1 5 cm3/min

Peak 1, retention time 3 4 min, A5, 360 and 575 nm was identified as
[Ru(bpy)oCl,] and peak 2, retention time 10 86 min, A5, 450 nm was identified as
[Ru(bpy)o(bpzt)]* (the N1 1somer) Again, no evidence for the formation of the N4

isomer of [Ru(bpy),(bpzt)]* was present, unlike 1n the bpt™ dinuclear species
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It appears that photolysis of [(Ru(bpy).)o(bpzt)]3+ In any of the solvents
used results in preferential ruptiire of thé Ru-N bond at the N4 site of the tnazole
nng This supports the assumption that the N4 site 1s a weaker c-donor than the
N1 site86 It also suggests that the luminescent excited state (the lowest SMLCT
excited state) and the photoactive excited state (the 3MC excited state) are located
on different Ru-containing units in the dinuclear [(Ru(bpy)s)o(bpzt)]3+ species
Photodecomposition occurs exclusively from the 3SMC excited state located at the
N4 site of the tniazole ring.

An interesting observation is that photolysis of [(Ru(bpy)s)o(bpt)]3+ in the
presence of Cl” 1ons results in photodecomposition occurring at both the N1 and
N4 sites at the tnazole ring The results presented here suggest that the LUMO of
the [(Ru(bpy)z)o(bpzt)]3+ complex is lower than that of [(Ru(bpy)s)s(bpt)]3+ (as
expected from the electrochemical and emission measurements) resulting in a
larger energy gap between the SMLCT and 3MC excited states Although this
energy gap Is not large enough to prevent photodecomposition occurring via the
3MC deactivating pathway, 1t nevertheless causes an increase in the selectivity of

this deactivation
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5.4 CONCLUSION

All of the performed measurements indicate that replacement of a pyndine
by a pyrazine in a bridging ligand (1 e upon going from Hbpt to Hbpzt) causes
" some interesting vanations in the photochemical and photophysical properties of
Ru(ll) (and Os(ll)) polypyndine complexes In agreement with the results obtained
for [Ru(bpy)o(bpzt)}*, [Os(bpy)o(bpzt)]* exhibits a Os ---> n*(bpy) MLCT band for
the absorbance and emission bands and the first reduction potential 1s therefore
bpy-based However, upon protonation of the trnazole ring or upon co-ordination of
a second Os(bpy), moiety, the level of the n*(bpzt”) LUMO is lowered and now a
bpzt--based first reduction potential 1s observed Also the lowest absorption and
emission MLCT bands are now Os ----> nt*(bpzt) transitions This i1s very unusual
for such complexes and to our knowledge is a unique property of the bpzt™ system
This ligand could be of interest for the design of taillor-made polynuclear
complexes, in which the luminescent properties are conveniently located on either
the bridge or on the auxiliary igand . :

The photophysical properties of the bpzt- complexes are quite similar to
those obtained for compounds containing the bpt™ bridging ligand Results of
temperature dependent luminescent lifetime data, indicated that population of a
3MC deactivating excited-state occurs for the [(Ru(bpy)s)»(bpzt)]3+ dinuclear
species, but not for the mononuclear ruthenium or osmium complexes In this
system, replacement of a Ru(ll) metal centre with an Os(ll) metal centre leads to
photostable products, but also to a significant reduction in the luminescent lifetime
of the osmium species, in agreement with the energy-gap law and the results
obtained for complexes containing the bridging bpt- Iigand

The photochemical properties indicate that as the dinuclear

[(Ru(bpy)2)o(bpzt)]3+ complex now has a bpzt-based LUMO, the energy gap
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between the SMLCT and 3MC excited states 1s larger than with bpt™, with the result
that due to the stronger c-donor properties of the N1 site of the tnazole ring, the
3MC level of the Ru-containing unit at the N4 tnazole atom is lowest in energy
Therefore, photodecomposttion occurs only from the N4 site The 3MLCT and
3MC excited states are localised on different Ru-containing units In the dinuclear
system87 Interestingly, for [(Ru(bpy)s)o(bpt)]3+ photolysis in a chloride-containing
solvent resulted in both the N1 and N4 sites being labilised This was not
encountered for the bpzt™ system The asymmetry of these hgands which contain
two shightly different N-donor atoms allows the design of iIsomeric dinuclear

species, each having different electrochemical and electronic properties
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CHAPTER 6

RUTHENIUM AND OSMIUM COMPLEXES WITH 3-(PYRAZIN-2-YL)-5-
(PYRIDIN-2-YL)-1,2,4-TRIAZOLE
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6.1 INTRODUCTION

It 1s well known that in the photosynthetic reaction centres of photosynthetic
bactera, photon absorption by chlorophyll (photosensitizer) causes a charge
separation and then an intramolecular electron-transfer process, which ends up
with the reduction of ubiquinone (electron acceptor) coupled with protonation 1-2
(see Chapter 1) In Ru(ll) complexes, excitation leads to an electron being
transferred from the Ru(ll) moiety to the ligand-based n* orbital 3-4 This might also
be considered to be an intramolecular electron-transfer process

Artificial photochemical molecular devices (PMD's) based on ruthenium
compounds have, therefore, attracted much attention due to the possibility of
mimicking the natural photosynthetic process °8 They can be designed on the
basis of (1) metal-containing building blocks that exhibit suitable ground- and
excited-state properties, and (2) bndging ligands capable of inking the building
blocks to form appropniate supramolecular structures 12 Intramolecular energy-
and electron-transfer processes in dinuclear and oligonuclear complexes have,
therefore, attracted increased attention due to their importance in the design of
PMD's

Mixed-metal complexes have not been studied to a very large extent, due to
the lack of convenient synthetic methods for their preparation and isolation 13-14
With the recent developments by Balzani et al using the "complexes-as ligands"
and "complexes-as metals" strategy 1517, it 1s now possible to produce
heteronuclear complexes relatively easily The design of effective synthetic
procedures to prepare systems having particular compositions and topologies
represent a major advance n Ru(ll)polypyndyl chemistry

Part of the interest in studying mixed-metal systems anises from a possible

use of these matenals to control photochemical processes in which optical
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excitation is followed by spatially directed energy or electron transfer 18-20 Energy
transfer can take place via a dipole-dipole interaction between an electronically
excited donor and an acceptor in the ground state Alternatively, energy transfer
takes place via an electron-exchange mechanism in which a spatial overlap of the
donor and acceptor orbHals is required

Efficient energy transfer has already been noted for a number of mixed-
metal systems For example, in heteronuclear complexes containing the bndging
ligand bpt", efficient energy transfer takes place from the Ru(bpy), moiety to the
Os(bpy)» group, even though the bpt™ ligand i1s not directly involved in the emission
process 21 For mixed-metal ruthenium / rhodium complexes containing the same
igand, a Ru-based emission and a Rh-based photochemistry i1s observed when
exciting at high energy 22-23 Again, excitation-energy transfer from co-ordinated
Ru centres to a central iron bipyndyl complex occurs for complexes bridged by
covalently linked 2,2"-bipyridine denvatives 24 The intramolecular energy transfer
In this system is analogous to that observed in organic donor-acceptor complexes
linked by an alkyl chain and 1s a good example of intramolecular energy transfer in
inorganic systems having no ground-state electronic interaction between the donor
and acceptor orbitals

As already discussed in Section 4 1, a large problem associated with the
use of Ru(ll)polypyndyl complexes as PMD's is their imited photostability due to
population of low-lying 3MC excited states 25-27 |n order to 1solate the 3MC state
(or the deactivating state) from the 3MLCT excited state (or the state responsible
for luminescence), 1t i1s necessary to increase the energy-gap between these two
states as much as is possible 28-31 It 1s hoped that by the combination of the
stronger c-donor pyndyltriazole ring and the stronger n-accepting pyrazine ring in
this lgand, sufficient perturbation of the 3MC excited state will occur that will

prevent its population Strong c-donating ligands tend to increase the 3MC energy
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level, but the tog - 3MLCT energy gap may decrease because of destabilisation of
the tog energy level 32-34 These ligands act as spectator igands and are not
directly involved in the emission process Good n-accepting ligands may also
serve 1o enlarge the 3MLCT - 3MC energy gap, but again the tpg - 3SMLCT energy
gap will be decreased 3537 These ligands are expected to be directly involved in
the electrochemical and emission processes by lowering the energy of the SMLCT
level

In this chapter, the synthesis, characterisation, photochemical and
photophysical properties of a series of mononuclear and dinuclear Ru(Il) and
Os(Il)polypyndyl complexes containing the ligand 3-(pyrazin-2-yl)-5-(pyndin-2-yl)-
1,2,4-tnazole (Hppt) are reported (for structure see Figure 6 1 1) In addition to the
homonuclear complexes, mixed-metal complexes containing the aforementioned
ligand are also studied

It 1s of interest to examine the effect of increasing the asymmetry in this
ligand (one co-ordination site I1s pyndine-based and the other co-ordination site 1s
pyrazine-based) on the photophysical and photochemical properties of these
complexes ’

The effect of the increased asymmetry on the metal-metal interaction
across the bndge is also examined by studying the properties of the intervalence
transition bands Intramolecular en.ergy transfer in mixed-metal RuOs complexes
Is also studied The ongin of the luminescence in these complexes Is compared
with that obtained for compounds containing the more symmetric (although still
ineguivalent due to the weaker o-donor properties of the N4 site compared with
the N1 position of the tnazole ning) Hbpt and Hbpzt igands In particular the nature
of the LUMO 1s or interest since both bpy and pyrazine based emissions can be

expected
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Figure 6 1 1
Structure of the ligands 3-(pyrazin-2-yl)-5-(pyndin-2-yl)-1,2,4-tnazole (Hppt), 3,5-

bis-(pyridin-2-yl)-1,2,4-tnazole (Hbpt) and 3,5-bis-(pyrazin-2-yl)-1,2,4-tnazole

(Hbpzt)
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6 2 EXPERIMENTAL

Unless otherwise stated, all matenals and solvents used were of commercial
grade cis-[Ru(bpy).Cls] 2H,0 was prepared as described in Section 3 2 cis-
[Os(bpy)-Cls] 2H,0 was synthesised as described in Section 5 2

6 2 1 Preparation of the ligand

3-(pyndin-2-yl)-5-(pyrazin-2-yl)-1,2,4-tnazole

15 g 2-pyrazylcarboxylic acid was dissolved in 50 cm3 ethano! and 20 cm3
concentrated Ho,SO4 and heated under reflux for 3 hours After neutralisation with
sodium carbonate, an equimolar amount of hydrazine hydrate was added to the
ester After leaving the reaction mixture at 0 °C for 3 hours, the hydrazide
precipitated An equimolar amount of 5 g 2-cyanopyndine was dissolved in 20 cm3
MeOH and was heated at reflux with 0 5 g Na for 3 hours to form the
pyndylmethyl-imidate The 1solated pyrazylhydrazide was added and the solution
was heated for 15 minutes A yellow product appeared, which was heated to 250
©C and recrystallised from hot ethanol Yield 15 g (56%) M P 250 -252 °C 1H
NMR data [(CD3)o(SO)] Pyrazine ring 9 35 (H3, s), 8 72 (H5 and H8,m), Pyridine
nng 8 20 (H3,d), 8 03 (H4,t), 7 56 (H5,t), 8 79 (HS, d)

6 2 2 Preparation of the complexes

[Ru(bpy)2(ppt)]PFg 2H0 (1)
This complex was prepared by adding 520 mg of cis-[Ru(bpy),Cly] 2H,0 38
(1 mmol) to 224 mg Hppt (1 mmol) in 50 cm3 ethanol water (1 1 v/v), which was

then heated under reflux for 6 hours The solution was evaporated to dryness and
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A ?

the residue then dissolved in 10 cm3 water and precipitated by addition of aqueous
ammonium hexafluorophosphété The resulting complex was a mixture of two
Isomers, which were separated by semi-preparative HPLC Further punfication
took place by recrystallisation from acetone water (1 1 v/v) Isomer 1 was formed
as a deprotonated species whereas 1somer 2 was found in its protonated form
Yield of combined fractions 0 84 g (90%) Found for [Ru(bpy)o(ppt)]PFg 2H20
(isomer 1) C,457,H,32N, 17 0% Anal Calcd for C31H>7FgN1gO2PRu C,
455,H, 33, N, 17 1% Found for [Ru(bpy)>(Hppt)](PFg)> 2H,0 (1somer 2) C,
384,H,27,N,14 3% Anal Calcd for C31Ho7F1oN1gO2PoRu C, 387, H, 2 8, N,
14 6%

[(Ru(bpy)2)a(pp))(PFe)3 2HO  (RuRu)  Method A (2)

This compound was prepared as for (1), except that 0 57 g of
[Ru(bpy)»Cls] 2H,0 (1 1 mmol) was added to a refluxing mixture of 0 11 g Hppt
(0 5 mmol) in 50 cm3 ethanol water (2 1 v/v) and heated for 8 hours After
Isolation as an PFg salt, the compound was purified by semi-preparative HPLC
and by recrystallisation from acetone water (1 1 v/v) Yield after purification 0 6 g
(82%) Found C,403,H,28,N,126% Anal Calcd for C5iHs3F1gN1402P3Ru,
C,403,H,28,N,129%

[(Ru(bpy)2)2(ppt)](PFg)3 2H,0  (RuRu) Method B

This complex was also prepared by an alternative method 220 mg of
[(Ru(bpy)2(ppt)]PFg 2H50 (1somer 1 or isomer 2) (0 24 mmol) was heated under
reflux with 140 mg (0 24 mmol) of [Ru(bpy),Cls] 2H,0 in 50 cm3 ethanol water
(2 1 v/v) for 8 hr The complexes were isolated as PFg salts and purified by
recrystallisation from acetone water (1 1 v/v) Yield after purfication 360 mg (90

%) for1isomer 1 and 320 mg (80 %) for isomer 2
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[Ru(bpy)2(PPt)Os(bpy)2l(PFg)3 HoO 3C3HgO (isomer 1) (RuOs1) (3)

This complex was prepa?ed as for (1), except that 110 mg of
[(Ru(bpy)2(ppt)]PFg 2H0 (isomer 1) (0 12 mmol) was refluxed with 70 mg
[Os(bpy),Cls] 2H,0 39 (0 12 mmol) for 8 hours in 50 cm3 ethanol  methanol (2 1
v/v) The complex was isolated by addition of aqueous NH4PFg and punfied by
semi-preparative HPLC and by recrystallisation from acetone water (1 1 v/v)
Yield after punfication 60 mg (30%) Found C,407,H,31,N, 10 9% Anal
Caled for CggHsgF1gN14040sPsRu C,408,H,33,N, 11 1%

[Ru(bpy)2(PPt)Os(bpy)2l(PFe)s 2Hz0 (somer2)  (RuOs2) (@)

This compound was prepared as for (3), except that 110 mg of
[Ru(bpy)o(ppt)](PFg)a 2H0 (1isomer 2) (0 12 mmol) was refluxed with 70 mg
[Os(bpy)oClo] 2H,0 (0 12 mmol) Stmilar purification procedures took place Yield
after recrystallisation 60 mg (30%) Found C, 385,H,26,N, 12 3% Anal Calcd
for C51Ha3F1gN140s0-P3Ru C,380,H,27,N, 12 2%

[Os(bpy)2(ppt)]PFe 2H,0 (3)

This complex was prepared as for (1), except that 575 mg
[Os(bpy)2Cly} 2H,0 (1 mmol) was added to a refluxing mixture of 223 mg Hppt (1
mmol) for 2 days Again 2 1isomers formed which were separated by semi-
preparative HPLC and recrystallised from acetone water (1 1 v/v) Yield of
combined fractions 0 82 g (78%) Found for [Os(bpy)o(ppt)]PFg 2H,O (isomer 1)
C,411,H,28,N,153% Anal Caled for C3iHo7FgN1g0O20sP C, 411, H, 30, N,
15 5% Found for [Os(bpy).(Hppt)}(PFg) 2H0 (isomer2) C,356,H, 26, N,
13 5% Anal Calcd for C3yHo7F1oN1gOx0sP,s C, 354, H, 26, N, 13 3%
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[(Os(bpy)2)2(PP](PFg)g 2Ho0 2C3HEO (OsOs) (6)

This complex was prepared as for compound (2) Method A, except that 1
mmol [Os(bpy)2Cls] 2H,0 (575 mg) was refluxed for 3 days with 0 5 mmol Hppt
(112 mg) The complex was i1solated and purnfied by semi-preparative HPLC Yield
after punfication 0 68 g (36%) Found C,357,H,3 1, N, 10 1% Anal Calcd for
Cs7Hs5F 18N14040s,P3 C, 357, H,3 1, N, 10 2%

231



6.3 RESULTS AND DISCUSSION

6 3 1 TH NMR spectroscopy

Mononuclear compoun

The TH NMR resonances of the ppt- complexes and Hppt are presented in
Table 6 1 For the mononuclear ruthenium and osmium complexes, two isomers
are formed It 1s of utmost importance to venfy the co-ordination mode of the ppt-
ligands in these mononuclear species, as they are further used as starting
matenals to synthesise the mixed-metal complexes There are potentially four
possible co-ordination modes for binding a Ru(bpy), (or Os(bpy)s) moiety to Hppt,
e via N1 of the tnazole nng and the N of the pyrazine nng, via N4 of the triazole
ring and the N of the pyrazine rnng, via N2 of the tnazole ring and the N of the
pyndine ring and finally, via N4 of the tnazole ring and the N of the pynidine ring

As seen previously and verified by X-ray structure analysis of
[Ru(bpy)o(bpt)}*, in mononuclear compounds the bpt~ ligand is bound via N1 of the
tnazole ring to the metal 1on40 Similarly, for [Ru(bpy)o(bpzt)]* (see Chapter 5 3 1)
the bpzt~ ligand 1s bound via N1 of the tnazole ring to the metal ion No evidence
for binding via N4 of the tnazole ring for any of the complexes is observed This 1s
Indeed expected from steric considerations It, therefore, seems reasonable to
suggest that the two isomers produced using the ppt™ ligand have the Ru(bpy)s (or
Os(bpy)») unit co-ordinated via N1 of the tnazole ring and the pyrazine ring and via
N2 of the tnazole ning and the pyndine ring This assumption has been venfied
using 'H NMR spectroscopy Figure 6 3 1 contains the TH NMR spectra of the two
isomers of [Ru(bpy)-(ppt)]*

For isomer 1, the HE proton of the pyndine rning, ring B, 1s considerably

shifted upfield compared with the H® proton of the pyrazine ring, ring A This can
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Compound H3 H4 HS H6
[Ru(bpy)o(ppt)]* (1) A | 922(-013)s 854 (-018)d | 849(-023)d
RingB | 820(000)d | 795(-008)m | 720(-036)m | 794(085)d
[Ru(bpy)o(Ppt)]* (2) A | 932(-003)s 768(-104)d | 834(-038)d
RingB | 818(002)d | 759(-044)m | 806(+050)m | 849(-030)d
[Os(bpy)o(Ppt)]* (1) A | 919(-016)s 850(-022)d | 843(-029)d
RingB | 813(-007)d | 775(-028)m | 707(-049)m | 742(-137)d
[Os(bpy)o®Ept)]* 2) A | 925(-010)s 764(-108)d | 813(-059)d
RingB | 846 (+026)d | 731(-072)m | 775(+019)m | 853(-026)d
RuRu RngA | 911(-024)d 740 (-132)d | 828(-044)d
RingB | 669(-151)d | 708(-095\m | 797(+041)m | 838(-041)d
OsOs RingA | 897 (-038)d 773(-099)d | 829(-043)d
RingB | 653(-167)d | 703(-100)m | 689(067)m | 832(-047)d
RuOs1 RingA | 905(-030)d 741(131)d | 838(-034)d
RngB | 682(138)d | 703(-100)m | 795(+039)m | 837(-042)d
RuOs2 RingA | 910(-025)d 739(-133)d | 804(-068)d
RngB | 685(-135d | 708(-095m | 797(+041)m | 837(-042)d
Hppt Ring A 9 35 (s) 8 72 (d) 8 72 (d)
Ring B 8 20 (d) 8 03 (t) 756 (1) 8 79 (d)
Table 6 1

400 MHz 'H NMR resonances observed for the complexes containing the ppt-

ligand in CD3CN Hppt was measured in deuterated DMSO Values in parenthesis

are the chemical shifts compared with the free igand (s = singlet, d = doublet, t =

tnplet and m = multiplet)
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Figure 6 3 1

400 MHz TH NMR spectra of (a) 1somer 1 and (b) 1somer 2 of [Ru(bpy)(ppt)]* In
CD4;CN
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be explained by the fact that the H8 proton feels the ring current of an adjacent
bpy ligand when co-ordinated to Ru(bpy)s (or Os(bpy)2) A general upfield shiftis
observed for all the protons of the ppt~ igand, because of the proximity of the
negatively charged trazole ring causing more electron density to be present at the
pyndine and pyrazine rings compared with the free igand Assignment of the HS,
H4 and H3 protons of these nngs are now straightforward, using 2-dimensional
COSY technigues The main conclusion for these observations is that the structure
of isomer 1 of the ruthenium and osmium mononuclear complexes are similar and
that in both cases co-ordination 1s taking place via N2 of the tnazole rning and via
the N of the pyndine nng The pyrazine ring is in this case uncoordinated

For isomer 2, it is suggested that co-ordination 1s taking place via N1 of the
trniazole ning and via the pyrazine nng Comparing the chemical shifts of the
pyrazine ring, ring A, with those obtained for [Ru(bpy)»(bpzt)]* (see Chapter
5 3 1), we see the same large upfield shift of the H> proton of the co-ordinated
pyrazine ring This shielding must be caused by an adjacent bpy ring4! Using 2-
dimensional COSY techniques 1t is then possible to assign the other protons of the
pyrazine ring The resonances for the free pyndine ring show a small shift upfield
of the protons due to the influence of the deprotonated tnazole ring The H5 proton
on this ning is shghtly shifted downfield Again similanties in the TH NMR
resonances for the second isomer of the ruthenium and osmium mononuclear
complexes show that they are both co-ordinated in a similar manner

What is interesting to note 1s that the osmium mononuclear complexes are
shifted more upfield that the corresponding ruthenium mononuclear complexes
This has been noted before42-44, and was attributed to the increasing L <---- M -

bonding as ruthenium is replaced by osmwum The n-bond is considered to affect

the ring protons in the same way as an electron donating substituent on the ring
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inuclear compoun

The 1H NMR resonances of the dinuéléar ppt- complexes are also
presented in Table 6 1 Figure 6 3 2 contains the 1H and COSY NMR spectrum of
the dinuclear [(Ru(bpy)»)o(ppt)}3+ complex This compound can have three
different isomers The Ru(bpy)> moleties can be co-ordinated via N1 of the triazole
ring and the pyrazine ring and via N4 of the tnazole ning and the pyndine ring, via
N1 of the triazole nng and the pyrazine ring and via N2 of the tnazole ring and the
pyridine ring, and finally, via N4 of the tnazole nng and the pyrazine nng and via
N2 of the tniazole rning and the pyndine ring

H3 of the pyndine nng and H® of the pyrazine nng are both shifted
considerably upfield due to the magnetic anisotrophic effect of adjacent bpy
nngs45-47 Due to the complexity of the TH NMR spectra, however, unequivocal
evidence as to which co-ordination Isomer is present in this complex i1s not
obtained In order to ascertain the binding sites at the tnazole ring, two different
synthetic procedures were carried out to make the dinuclear species (see Section
6 2) A companson of the TH NMR resonances obtained for the dinuclear
complexes prepared by using the mononuclear complexes as starting matenals
with those of the dinuclear species prepared by reacting Hppt with two Ru
equivalents gave the following conclusions, when the pyrazine-bound monomer
(isomer 2) was used as a starting matenal in the synthesis of the dinuclear
species, a 'H NMR spectrum was obtained that exactly matched that of the
onginal dinuclear species However, when the pyndine bound monomer (isomer 1)
was used as the starting matenal, the TH NMR spectrum which resulted showed
considerably differences when compared to the TH NMR spectrum of the onginal
dinuclear species (see Figures 6 3 2 and 6 3 3)

Examination of the TH NMR resonances and comparison with the

resonances observed for [(Ru(bpy).)o(bpt)}3+, suggest that the co-ordination mode
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Figure 6 3 2
400 MHz 1H and COSY NMR spectrum of [(Ru(bpy)s)a(ppt)]3+ in CD3CN as

prepared from reacting Hppt with two equivalents of [Ru(bpy)2Clo]
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(a)

(®)

Figure 6 33
Companson of the 400 MHz TH NMR spectra of [(Ru(bpy)z)2(ppt)}3+ in CD3CN

prepared from (a) the pyndine-bound mononuclear complex, isomer 1 and (b) the

pyrazine-bound mononuclear complex, isomer 2
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of nng B Is very similar in both cases, H3 of ring B 1s now observed at much lower
field Thls proton does not feel the nng current of an adjacent pyndine ring and 1s
not effected by magnetic anisotropy from bpy ligands This proton is a doublet in
the spectra of the dinuclear species, indicating that long range coupling with H3
must be occurring for this proton The HE proton Is shifted more upfield than that of
nng A, due to the presence of the negatively charged ppt™ hgand and the shont
intramolecular distance between the HE proton and a bpy ligand Therefore, it can
be concluded that co-ordination in the dinuclear complexes takes place via N1 of
the triazole ring and the pyrazine nng and via N4 of the tnazole nng and the
pyndine ring

According to the similarities in both spectra, it is also reasonable to assume
that the same sort of co-ordination 1s taking place for the dinuclear
[(Os(bpy)2)o(ppt)]3+ bomplex Again, larger upfield shifts are observed for the
osmium dinuclear species compared with the ruthenium complex

The mixed-metal complexes were prepared according to Scheme 6 1
Differences exist In the chemical shifts obsérved for both complexes (see Figure
6 3 4) due to their different co-ordination modes at the tniazole nng, albeit the
differences are quite small In fact, comparing the TH NMR spectra of all four
dinuclear species, only minor differences exist in the chemical shifts of all the
complexes This has already been encountered for the mixed-metal complexes
containing the bpt™ igand*8 The resonances of the HS5 proton at 7 40 ppm is
similar for RuRu and both RuOs complexes, but is replaced by a resonance at
7 73 ppm for the OsOs species This phenonomen was seen previously4® for
mixed-metal complexes It appears that this proton Is particularly sensitive to the
effect of an adjacent metal group Only one geometrical 1Isomer was evident from
the TH NMR spectra of all these dinuclear species According to the synthetic

procedure, isomer 1 contains a Ru(bpy), unit co-ordinated to the N2 site of the
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[Ru(bpy),(ppt)Os(bpy), )3+

[Os(bpy)QCIZ.]/ isomer 1

[Ru(bpy), (ppt)l*
isomer 1
[RU(DPY)2C‘2l
\\lRll(be)zazl
Hppt [(Ru(bpy),)a(ppt))3+
\ Ktl(bpy)zﬂzl
[Ru(bpy)2Clo]
[Ru(bpy),(pPt)]*
isomer 2
QPY)ZCIQJ
[Ru(bpy),(Ppt)Os(bpy),13*
isomer 2
Scheme 6 1

Synthetic method for the preparation of the mixed-metal dinuclear complexes

RuOs1 and RuOs?2

tnazole ring and to the pyndine rning and an Os(bpy), unit attached to the N4 site of
the tnazole nng and to the pyrazine ring Isomer 2, on the other hand, contains a
Ru(bpy), co-ordinated to the N1 site of the triazole ring and to the pyrazine nng,

whereas the Os(bpy), unit 1s attached to the N4 site of the tniazole ring and the
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Figure 6 3 4

400 MHz 1H NMR spectra of (a) isomer 1 (RuOs1) and (b) 1somer 2 (RuOs2) of
[Ru(bpy)2(ppt)Os(bpy),I3+ in CDZCN
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pyndine nng

6 3 2 Absorption and Emission properties

Table 6 2 contains the absorption and emission maxima of the ppt
complexes and their luminescent Iifetimes at room temperature and at 77 K All the
complexes exhibit the usual dn-n* (bpy) metal-to-ligand charge-transfer bands in
the visible region between 350 and 500 nm characternistic of Ru(polypyndyl)
complexes#9-52 Emission occurs from 3MLCT excited states33-54 Protonation of
the complexes causes a shift to higher energy of the MLCT bands, because of thé
decreased c-donor capacity of the protonated hgands resulting in a stabilisation of
the d-orbitals5>-57 A shift to higher energy of the MLCT band Is also evident on
going from [Ru(bpy)o(ppt)]* tsomer 1 to isomer 2 (and again in the osmium
mononuclear species) due to the better ;r-acceptor capabilities of the pyrazine ring
compared with the pyndine nng (see Chapter 5 3 2) Very Iittle difference exists
between the absorption and emission maxima of the two mixed-metal species
(except for the room temperature emission maximum) again agreeing with the
small differences in the TH NMR data At lower energies, some additional bands
are visible for the compounds containing osmium These bands have been
observed before for other osmium complexes and have been assigned as
forbidden transitions to triplet states®® At higher energies, 1 e 1n the UV region,
very Intense bands are present for all complexes which have been assigned as n-
n* transitions>9-60

A feature of these complexes is that replacement of a ruthenium-containing
unit by an osmium-containing unit causes a shift to lower energy of the MLCT

absorption and emission bands This has been observed for other osmium
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Compound Absorption (log €) Emission (1) Emission (1)
(nm) (nm) 298 K | (nm) 77K

[Ru(bpy)o(ppt)]* (1) [475 (4 04) 676 (022) [612 (6 33)

[Ru(bpy)»(Hppt)]3+ (1) | 440 612  (0007) | 581 (372)

[Ru(bpy)o(ppt)]*  (2) | 438 (4 35) 657 (014) |602 (6 60)

Ru(bpy)»(Hppt)]2+ (2) | 425 670  (0014) | 612 (6 18)

[Os(bpy)o(ppt)]* (1) | 385 (395)446 (374) [ 730 (0 045) | 743 (0 37)
498 (3 82) 620

[Os(bpy)o(Hppt)]2+ (1) (392 432 470 |701  (0025) | 706 (0 26)
600

[Os(bpy)o(ppt)]*  (2) | 408 (4 04) 432 (407) | 759 (0 043) | 723 (0 88)
474 (4 11) 610

[Os(bpy)o(Hppt)j2* (2) [408 450 600 |739  (0027) | 719 (0 31)

RuRu 453 (435) 675 (022) |607 (5 25)

OsOs 395 (4 30) 440 (4 34) | 776 (0 047) | 730 (0 73)
475 (4 36)

RuOs1 450 (451) |725  (0075) | 706 (0 89)
600

RuOs2 452 (443) |765 (010) {719  (076)
600

Table 6 2

Absorption, emission data and luminescent lifetime measurements for the ppt-

complexes @Acetonitrile, PEthanol Lifetimes values + 0 01 ps
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systems and is caused by the higher energy of the Os 5d orbitals compared with
the Ru 4d orbitals®1-62 The dinuclear [(Ru(bpy)s)o(ppt)]3+ complex exhibits a shift
to higher energy compared with the mononuclear [Ru(bpy)o(ppt)]* 1somer 1 and a
shift to lower energy compared with isomer 2 For [(Ru(bpy)o)o(bpt)]3+, a shift to
higher energy was observed which was explained by the fact that upon co-
ordination of the second Ru(bpy)> unit to the bpt~ igand, the negative charge on
the tnazolate anion 1s now shared between two metal centres This results in a
decreased electron density on the metal centre causing a blue shift of the MLCT
band

For [(Ru(bpy),)2(bpzt)]3+, very little shift in the absorbance or emission
maxima at 77 K was observed upon going from a mononuclear to a dinuclear
species, most likely because the blue shift caused by the sharing of the negative
charge of the tnazole ring 1s counteracted by a red shift of the MLCT band caused
by a switch-over from a bpy-based LUMO to a bpzt=-based LUMOZ2! For
[(Ru(bpy)s)o(ppt)]3+, co-ordination of the second metal centre, causes a shift to
higher energy of the MLCT band compared with isomer 1 consistent with the
weaker o-donor properties of the ligand due to the negative charge now being
shared between two Ru(bpy), units However, the n* level of the ppt~ igand must
also be lowered as in the bpzt~ case, as a shift to lower energy compared with
isomer 2 1s observed The nature of the emitting state in dinuclear complexes
containing the ppt™ Iigand will be investigated further by examination of its
electrochemical properties and by using resonance Raman spectroscopy The
mixed-metal complexes exhibit very similar absorption and emission properties
Emission in these compounds appears to be osmium-based No evidence for any

emission from the ruthenium-contaimning unit 1s found
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6 3 3 Acid-Base properties

The changes In the absorption spectrum of [Ru(bpy)»(ppt)}* 1somer 1 and
isomer 2 upon lowering the pH are presented in Figure 6 35 We know that
isomer 11s the pyndine-bound 1somer and we therefore expect a pK, of ca 4 0, by
comparison with the similar [Ru(bpy)»(bpt)]* species As isomer 2 is the pyrazine-
bound isomer, it is reasonable to suggest a pK, of ca 2 2 for this species by
comparison with [Ru(bpy)o(bpzt)]* A shift in the A 54 from 436 nmto 424 nm s
observed for isomer 1, whereas a shift from 444 nm to 450 nm i1s observed for
isomer 2 This small shift in the A5« upon (de)protonation of the tnazole ring for
the latter species has already been observed for [Ru(bpy)o(bpzt)]*
[Ru(bpy)o(ppt)]+ 1somer 2, therefore, exhibits similar behaviour to a mononuclear
complex containing the bpzt~ igand, whereas isomer 1 exhibits behaviour similar
to that of a complex containing the bpt™ igand The resulting dinuclear complex
contains contnbutions from both the pyndine and pyrazine nngs and therefore an
intermediate behaviour ts observed in its MLCT energies

Table 6 3 lists the pK; data As can be seen from the results presented
here, [Ru(bpy)(ppt)]* isomer 1 exhibits a pK, value of 2 7 Isomer 2, on the other
hand, yields a pK, value of 3 8 Again in the case of [Os(bpy).(ppt)]*, isomer 1 has
a pK, of 2 1, whereas the pK, of Isomer 21s 3 5 In fact, these results are exactly
opposite to those expected for these complexes in comparison to the data
obtained for the bpt™ and bpzt™ mononuclear complexes

The excited-state pK,* values were also examined and are tabulated in
Table 6 3 pH, values represent the point of inflection of the emission titration
curve As these values do not represent real pK,* values, pK,* has been
calculated using equations 4 1 and 4 2 For isomer 1 of both monomeric species,

the acidity of the excited state i1s increased with respect to the ground state
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Figure 6 35
The absorption spectrum in Bntton-Robinson buffer of (a) isomer 1 and (b) isomer

2 of [Ru(bpy)a(ppt)]* as a function of pH The pH was vaned from 1 62 to 5 88 by
addition of 3 M NaOH
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Compound pK, pH, pKa*(1) PKa*(2)
[Ru(bpy)o(ppt)]* (1) 27 17 03 10
[Ru(bpy)o(ppt)]* (2) 38 25 18 40
[Os(bpy)o>(ppt)]* (1) 21 13 11 15
[Os(bpy)o(ppt)]* (2) 35 30 29 35
[Ru(bpy)o(bpt)}* 42 39 33 37
[Os(bpy)o(bpt)]* 40
[Ru(bpy)o(bpzt)]* 20 49 38 28
[Os(bpy)s(bpzt)]* 12 23 16 13
Table 6 3

Ground state pK, and excited state pK,* values of the mononuclear ppt
complexes and some related compounds pKy*(1) and pK;*(2) were calculated
using equations 4 1 and 4 2 respectively All measurements are carried out in

Britton-Robinson buffer All values = 0 1

and therefore the ligand involved in the acid-base process is not directly involved
In the emission process83-65 This is a reasonable conclusion, as we already know
that the complex [Ru(bpy)o(bpt)]*, in which the Ru(bpy), unit 1s also bound to a
pyndine hgand, the LUMO 1s situation on the bpy igands and the brnidging bpt
ligand acts solely as a spectator ligand

For the second isomer of both complexes, the excited-state acidity 1s very
similar (if not slightly increased for [Ru(bpy),(ppt)]* 1somer 2) to the ground-state
acidity The similanty of the ground state and excited state acidity in complexes
containing the similar igand Hpztr (where Hpztr = 3-(pyrazin-2-yl)-1,2,4-tnazole)

has been explained by a change in the nature of the emitting state upon
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protonation®6 The lowest MLCT state i1s based on the pyrazine igand when the
tnazole ring Is protonated and based on the bpy when deprotonated®” Therefore,
for [Ru(bpy)o(ppt)]* isomer 2, a switch-over from a bpy-based luminescence to a
pyrazine-based luminescence may be observed upon protonation of the tnazole
nng Furthermore, the relatively small increase of the pK;*(2) value compared with
the ground-state value suggests that while the excited electron is clearly located
on the ppt™ igand when protonated, the major part of the electron density is
present in the pyrazine ring

The ground-state pK, values of 2 7 and 3 8 for [Ru(bpy)(ppt)j*+ 1somer 1
and 1somer 2 respectively, suggest that isomer 1 (or the pyridine bound i1somer) I1s
a weaker o-donor than 1somer 2 (or the pyrazine bound 1somer)68-70 In general,
hgands with high pK, values are strong c-donor ligands and weak n-accepting
ligands”! However, it has already been shown that pyrazyltnazole ligands are
weaker o-donor hgands than their pyndyltnazole analogues®’ Therefore H-
bonding between the tniazole ring and the free pyrazine ring must be occurring for
isomer 1, thus causing the pKj to be influenced by the weaker o-donor properties
of the pyrazine ning and causing a drop of the pK, to 2 7 Similarly, for isomer 2,
H-bonding between the triazole ring and the free pyndine ring causes the pKj to
Increase dramatically

A second pKj, value has been obtained for isomer 2 of both mononuclear
species This is very direct evidence for the fact that 1Isomer 2 1s co-ordinated to
the pyrazine nng, since free pyrazine is only protonated at much more acidic
values No second pK, was observed for isomer 1 1n the pHrange20to-15 A
typical pK, absorption titration at low pH's is presented in Figure 6 3 6 for
[Ru(bpy)o(Hppt)]2* 1somer 2 This type of behaviour has been observed previously
for [Ru(bpy)o(Hbpzt)}2*+ and was attributed to (de)protonation of the pyrazine ring.

Therefore the (de)protonation steps for this complex (and its osmium analogue)
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Figure 6 36

Changes in the absorption spectrum in acetonitrile upon changing the pH by

addition of concentrated HoSO4 for [Ru(bpy)»(Hppt)}2+ 1somer 2 1n the pH range
20to-15pHunits
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are as follows

pK,(1) PK,(2)
[Ru(bpy)a(Hoppt))3+ —=2 [Ru(bpy)(Hppt)]2* —— [Ru(bpy).(ppt)}*

Values of -1 5 and -1 4 were calculated for isomer 2 of [Ru(bpy)o(Hppt)]2+ and
[Os(bpy)o(Hppt)]2+ respectively

6 3 4 Electrochemical properties

n { mpoun

Table 6 4 contains the electrochemical potentials obtained for all the ppt-
complexes As can be seen from the data, 1somers 2 of both mononuclear species
have a metal-based oxidation at a higher potential than the analogous 1somer 1
This 1s due to the weaker c-donor properties of the pyrazine ligand, less electron
density is present on the metal and therefore it i1s harder to oxidise72-73

The reduction potentials observed for the mononuclear deprotonated
complexes are most likely bpy-based”4-75 Unfortunately, it was not possible to
obtain satisfactory reduction potentials of the protonated complexes due to
hydrogen formation 1n acidic solutions

The oxidation potentials of the osmium complexes are approximately 400
mV lower than those of the corresponding ruthenium complexes This is normal
behaviour for these types of systems and I1s attributed to the higher energy of the

5d orbitals compared to the 4d orbitals76-77

inuclear compoun

Each dinuclear complex exhibits two reversible metal-based oxidation
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Compound Oxidation Pot (V) Reduction Pot. (V)
[Ru(bpy)o(ppt)]* (1) 094 147 -171
[Ru(bpy)»(Hppt)]?*+ (1) 127 (=)
[Ru(bpy)>{ppt)]*+ (2) 103 -151 174
[Ru(bpy)o(Hppt)]2+ (2) 118 (=)
[Os(bpy)s(ppt)]t (1) 052 -142 -169
[Os(bpy)o(Hppt)i2* (1) 080 (----)
[Os(bpy)~(ppt)]* (2) 063 -144 -172
[Os(bpy)o(Hppt)]2* (2) 077 (=)

RuRu 116 143 -122 -145 -166
OsOs 068 093 -121 -139 -162
RuOst ) 083 121 -122 -143 -169
RuOs2 073 128 -125 -145 -160
Table 6 4

¢
5

Electrochemical potential (DPP) of the mononuclear and dinuclear ppt- ligands at
a scanrate of 10 mV/sec All measurements carried out in acetonitrile containing

01 MTEAP Protonation by addition of concentrated HoSO4

processes A difference of 270 mV exists for the oxidation potentials of the RuRu
species, whereas the difference 1s 250 mV for the OsOs system The similanties in
the value obtained for the difference in oxidation potentials of both the RuRu and
OsOs dinuclear species further substantiate the assumption that the co-ordination

environment of these two species 1s the same
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Part of the large difference |Hn oxidation potentials observed for these
complexes may be caused by the diffefent co-ordination environments of the two
metal centres The two mixed-metal species RuOs1 and RuOs2 may, therefore,
yield information regarding the different co-ordination sites of the bndging tnazole
igand and indeed differences are observed

in the RuOs1 dinuclear compound, the Os 1on 1s bound to N4 of the triazole
nng and pyrazine is oxidised first at 0 83 V, whilst the Ru ton bound via N2 of the
tnazole nng and pyridine 1s oxidised at 1 21 V In the RuOs2 complex, the Os ion
bound via N4 of the tnazole nng and pyrnidine i1s oxidised at a lower potential (0 73
V versus SCE), whilst that of the Ru 1on bound via N1 of the tnazole nng and
pyrazine i1s oxidised at a higher potential (1 28 V) than for the RuOs1 complex
This can be rationalised as follows In RuOs1, the Ru(bpy), morety is co-ordination
via the stronger o-donating pyridine ring, which causes a shift to lower potential of
the oxidation, the Os(bpy)» moiety is co-ordinated via the weaker o-donating and
stronger n-accepting pyrazine ring, which reduces the electron density present on
the metal centre, thus making it more difficult to oxidise and hence a higher
oxidation potential results Simitarly, for RuOs2, the Ru(bpy), unit 1s co-ordinated
via the stronger n-accepting pyrazine ring, causing a shift to higher oxidation
potential compared with RuOs1, whereas the Os(bpy), moiety Is co-ordinated via
the stronger c-donating pyndine nng, causing more electron density to be present
on the metal and making it easier to oxidise The result of the different properties
of the co-ordination sites is that a difference of 550 mV exists between the
oxidation potentials of the RuOs2 complex, compared with a difference of only 380
mV for the RuOs1 complex Figure 6 3 7 shows the cyclic voltammograms of
these two complexes

The reduction potentials obtained for all four dinuclear species indicate that

the first reduction must be ppt™ based, as 1t i1s found at a less negative potential
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Figure 637

Cyclic voltammograms (scanrate 100 mV/sec) of the mixed-metal species (a)

RuOs1 and (b) RuOs2 in CH3CN containing 0 1 M TEAP

than that of the bpt~ analogue The second two reduction waves are attributable to
successive one electron reductions of the bpy ligands Therefore, similar
behawviour occurs for the ppt- ligand as occurred for the bpzt~ ligand, 1 e in the
mononuclear species a bpy-based LUMO 1s observed (only bpy-based
reductions) However, upon co-ordination of a second Ru(bpy)2 (or Os(bpy)2)
moiety, the n* level of the ppt- ligand I1s lowered The n* level of the dinucleating
ppt™ ligand i1s now shghtly lower than that of bpy, with a consequent less negative

ppt -based reduction potential observed at ca -1 22 V
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Again it is possible to correiate the electrochemical potentials (where AE1,
Is the difference between the first oxidatiofi potential and first reduction potential of
the species) and the MLCT (absorption / emission) energies of the ruthenium and
osmium species’879 A plot of such data is presented in Figure 6 3 8 Included in
the plot are a number of other mononuclear and dinuclear species containing
bndging ligands as this i1s useful for good correlation The appearance of a
relatively straight line for such data indicates that in these complexes containing
the ppt~ bridging igand, the same type of orbitals play a role in the absorption,

emission and electrochemical processes

6 35 Luminescent lifeime measurements

Luminescent lifetimes at room temperature and at 77 K of these complexes
are presented In Table 6 2 A decrease in the ifetime of the SMLCT excited state
IS observed upon protonation of the mononuclear species and upon co-ordination
of a second Ru(bpy)» (or Os(bpy),) molety to generate the dinuclear species

In order to investigate further the photophysical brocesses occurrning for
these complexes, temperature dependent lifetime measurements were carried out
on all compounds Exponential prefactors (A) and activation energies (E) were
calculated according to the formula described in section 3 3, and are tabulated in

Table 6 5

Mononuclear compoun
As seen from the data in Table 6 5, very low activation energies (E,) and
prefactors (A) result for all the mononuclear species, suggesting photostable

complexes In fact, prolonged irradiation of any of these species in CH,Cl,
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Figure 6 38

Correlation between the absorption / emission energies and AE,,, for the
complexes (1) [Ru(bpy)2(bpt)}*, (2) [Ru(phen)z(bpt)}*, (3) [(Ru(bpy)2)2(ppt)]3+, (4)
[Ru(phen),(bpt)Ru(bpy),13+, (5) [Ru(bpy)a(bpzt)}*, (6) [Ru(bpy)a(ppY]* somer 1,
(7) [Ru(bpy)(bpt)Ru(phen)2]3+, (8) [(Ru(bpy)2)2(bpzt)}3+, (9) [(Ru(bpy)2)2(bpt)13+,
(10) [(Ru(phen)2)2(bpt)13+, (11) [Ru(bpy)2(ppt)]* 1somer 2, and (12) [Ru(bpy)s]2*

containing CI- does not result in any appreciable photodecomposition occurring
Thermal population of the dd states is insignificant at room temperature due to the
large 3MLCT - 3MC energy gap for these complexes80-81

Plots of In(1/T) versus 1/T for the mononuclear [Ru(bpy),(ppt)]* complexes
are presented in Figure 6 3 9 and show a discontinuity around 120 - 130 K At this

temperature, the solvent molecules around the cation and metal-ligand bonds can
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Compound . E, icm") A (s1)
[Ru(bpy)a(ppt)}* (1) 513 556 x 107
[Ru(bpy)o(ppt)]* (2) 514 125x 108
Os(bpy)(ppt)]* (1) " 1064 359 x 109
[Os(bpy)o(ppt)]* (2) 834 277 x10°
RuRu 2844 227x1013
OsOs 565 429x108
RuOst 440 257 x108
RuOs2 212 220x 108
Table 65

Activation energies and prefactors for the ppt™ complexes at temperatures > 250 K

in ethanol / methanol (4/1 v/iv) (Values * 10%)

158

148

138

In(1k)

128

118
32 42 52 62 72 82 92 102 12 122 132

1000/T (K1)

Figure 6 39
Plot of the In(1/1) versus 1/T for [Ru(bpy)»(ppt)]* (a) isomer 1 and (b) isomer. 2. All

measurements were carried out in ethanol methanol (4 1)
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|
relax to their most favourable state after excitation of the complex and
consequiently the 3MLCT enéfgy 1s decreaéd In a ngid glass matrix, this
relaxation process cannot occur as the solvent molecules cannot react to the
change 1n elution distribution which occurs upon excitation, as they have not
sufﬂcnen;t time to reonentate themselves in the excited state in response to the
changm“g dipole This type of activated surface process can be dealt with by the

empincal equation82-84
|
| knr = B/[1 +exp{C(1/T-1/T(B))}] 6.1
|
which désonbes a stepwise change of lifetime centred at a certain temperature
T(B) Inthis equation C is a temperature related to the smoothness of the step and
B s the |[ncrement for k,r at T >> T(B) The values for the mononuclear complexes
relating tlo the reorientation of the solvent molecules occurring above the glass
transmoré temperature (T(B>,)) are presented in Table 6 6 There is also an
mcrease;m the non-radiative rate constant related to the melting of the solvent at T
= T(B4) tThns was found to occur at 128 K for [Ru(bpy),(ppt)]* 1somer 1 and at 127
K for [Ru[(bpy)z(ppt)]+ 1somer 2
A :second step is encountered around 180 K in the In(1/T) versus 1/T plots
for both éomplexes A similar behaviour has been observed before for
[Ru(bpy)gz(bpt)]+ and [Ru(bpy)o(bpzt)]* and has been attributed to reorentation of
the solvent molecules due to a strong change In dipole moment caused by the Ru
---> bpy éharge transfer, and the possibility of interacting with the solvent
molecules via hydrogen bonds85
Th;e In(1/t) versus 1/T plot for the osmium mononuclear complexes 1s

|
presented in Figure 6 3 10 For Os(ll) polypyridyl complexes where 10 Dq is ca

30% Iargc[ar than for the Ru(ll) complexes, dd states are expected to be thermally
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Compound o B(sT) . |.. C(KT) T(B,) (K)
Ru(bpy)-(ppt)i* (1) 929 x 103 8996 183
Ru(bpy)-(pp)}* (2) 978 x 105 13411 187
Os(bpy)»(ppt)]* (1) 2 47 x 107 25325 179
Os(bpy)-(ppt)}* (2) 9 27 x 106 19039 226

Table 6 6

Kinetic parameters obtained for the ppt complexes The B values represent the
increase of the nonradiative rate constant (s-1) related to reonentation of the

solvent molecules around T = T(B,) (see text) Errors +5 %

20
1956+
19+
£
£
32 37 42 47 52 57 62 67
1000/T (K1)
Figure 6 3 10

Plot of the In(1/1) versus 1/T for [Os(bpy)o(ppt)]* (@) isomer 1 and (b) isomer 2 in

ethanol / methanol (4/1 v/v)
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inaccessible8® The small activation energies and prefactors obtained for these
complexes support this coﬁ‘cld’i%ton As méntioned in the previous chapter, the slow
nse in the In(1/t) with increasing temperature above 150 K has been observed for
all osmium complexes and suggests that some other sort of deactivating process
must be occurring Meyer et al87 have shown that a fourth MLCT state 1s
populated at increasing temperatures This state has been shown to have
increased singlet character compared with the other three low-lying MLCT states
and therefore population of this state leads to a shortening of the lifetime of the
complexes For [Ru(bpy)s]2+ the existence of a fourth state Is obscured in the
temperature dependent lifetime measurements in solution because of the
intervention of a strongly temperature dependent transition to a low-lying dd state
or states that become important above 200 K As we have good evidence to
suggest a large energy gap between the 3SMLCT and 3MC excited states for the
ruthenium mononuclear complexes, population of this fourth MLCT excited state
may also be occurring for these compounds, thereby accounting for the small nse
in the In(1/1) above 250 K

A small step I1s observed at 170 - 180 K for [Os(bpy)o(ppt)]* 1somer 1, due
to the reorientation of the solvent molecules due to the Os ---> bpy charge
transfer This step is encountered for isomer 2 at 220 K, but not for the
mononuclear osmium complexes containing the ligands bpt™ and bpzt-

The kinetic parameters calculated for all the ppt- complexes are presented
in Table 6 7 As can be seen from the data, the value of the radiative rate
constant, k;, 1s of the same order of magnitude for all the complexes studied,
except for [Ru(bpy)o(ppt)]* 1somer 1 and [Os(bpy)o(ppt)]* isomer 1, which have a
considerably lower value k; 1s expected to vary linearly with E,,3 [59.88] The
relatively slight vanations in k, strongly suggest that vanations in the quantum yield

of inter-system crossing from the TMLCT to the 3MLCT excited states, 0,
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Compound k, (s71) Kpr (1) bem
[Ru(bpy)»(ppt)]* (1) 6 68 x 103 262 x 105 153 x 103
[Ru(bpy)o(Hppt)]+ (1) 329 x 104 236 x 105 230x 104
[Ru(bpy)s(ppt)]* (2) 184 x 104 144 x10° 252x103
[Ru(bpy)»(Hppt)]2+ (2) 2 69 x 104 132x10° 415x 104
[Os(bpy)s(ppt)]* (1) 491x103 267 x 106 221 x104
[Os(bpy)o(Hppt)}2* (1) 6 28 x 103 378 x 106 157x104
[Os(bpy)-(ppt)]* (2) 140 x 104 112x 1086 6 00 x 104
[Os(bpy)»(Hppt)]3+ (2) 277 x103 321 x106 7 47 x 10°5
RuRu 128 x 104 178 x 10° 280x 103
OsOs 372x 104 133 x 106 175x103
RuOs1 2 41 x 104 995x10%° 181x103
RuOs2 1 60 x 104 129 x 106 163x103
Table 6 7

Kinetic parameters obtained for the ppt” complexes ¢¢ry values £ 10% Rate

constant values + 5%

throughout the senes cannot be too significant8é

The non-radiative rate constants, k;,, are expected to increase with
decreasing energy of the luminescent level, as predicted on the basis of the
"energy-gap law"88-91 The values of k;,, are higher for complexes containing
osmium This has been noted previously for other osmium-containing
complexes86 An increase in k, by a factor of three for complexes of Os(l1)

compared to complexes of Ru(ll) that have the same emission energy was
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observed This was rationalised by taking into account the enhanced singlet
character of the osmium excited states resulting from the larger magnitude of the
spin-orbital coupling constant for osmium compared to that of ruthenium

Although the SMLCT excited state lifetimes can be increased by increasing
the energy gap between the SMLCT and 3MC excited states, this may not
completely solve all the photodecomposition problems associated with
Ru(Il)polypynidyl complexes We have seen that as the energy of emission
Increases, kp, decreases, but k; increases, albeit at a slower rate Eventually, k;
will dictate the excited-state hfetimes especially for osmium complexes where
there is no complication ansing from decay through a dd channel

A companson of the temperature dependence of the ruthenium
mononuclear complexes containing the bpt-, bpzt~, and ppt” ligands are
represented In Figure 6 3 11 As can be seen, the bpzt™ complex and
[Ru(bpy)o(ppt)]* 1somer 2 exhibit quite different behaviour from the other two
complexes, a much larger step occurring at around 180 K The similanties of the
temperature dependence of [R‘u(bpy)z(bpi)]+ and [Ru(bpy)»(ppt)]* 1somer 1,
suggest very similar emission processes for these complexes, whereas the
similanties of the emission profile for the remaining two complexes indicates that
the emission 1s similar for these compounds and, therefore, a pyrazine-based

emission IS occurring in iIsomer 2
Dinuclear compoun

Examination of the activation energies and prefactors obtained for the
dinuclear complexes, suggest that only the dinuclear [(Ru(bpy)»)o(ppt)]3+ species

Is photochemically active In fact irradiation of the other three dinuclear complexes

does not lead to any photodecomposition A plot of the In(1/1) versus 1/T for the
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Figure 6 3 11

Plot of In(1/t) versus 1/T for the mononuclear ruthenium complexes (a)
[Ru(bpy)2(bpt)}*, (b) [Ru(bpy)a(bpzt)}*, (c) [Ru(bpy)o(ppt)]* 1somer 1, and (d)
[Ru(bpy)o(ppt)}* 1somer 2 in ethanol / methanol (4/1 v/v)

dinuclear complexes is presented in Figure 6 3 12 [(Ru(bpy)»)o(ppt)]3+ shows a
similar temperature dependence to that found for the bpt~ and bpzt~ dimers A
steep nise in the In(1/T) occurnng at temperatures greater than 250 K, suggest that
an activated surface crossing to a 3MC excited state 1s occurning92-93 Population
of this state leads to fast radiationless deactivation to the ground state and/or to
photodecomposition of the complex The second step observed for the

mononuclear complexes is not seen here Most likely, the weaker c-donatmg
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Figure 6 3 12
Plot of the In(1/t) versus 1/T for the dinuclear complexes (a) RuRu, (b) OsOs, (c)

RuOs1, and (d) RuOs2 in ethanol / methanol (4/1 v/v)

ability of the dinucleating ppt™ igand causes the SMLCT - 3MC energy gap to
decrease, thereby facilitating population of the 3MC excited state

For the osmium dinuclear compound, a step 1s observed at around 180 K
This has also been noted for the complexes containing the bpt™ and bpzt™ ligands
and was explained by the possibility of having two closely lying excited states of

MLCT ongin involved in the emission processes®4 A very important observation is
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the absence of the steep nse in the In(1/1) versus 1/T plot observed for the OsOs
complex This is due to the g}’eéter hgand-field splitting of osmium compounds with
respect to ruthenium complexes causing a larger energy gap between the SMLCT
and 3MC excited states Population of a higher SMLCT excited state must be
occurnng for this complex also, as the emission lifetime still continues to decrease
shghtly with increasing energies The increased singlet character of this fourth
MLCT state leads to a shortening of the lifetime of the complex8”

The In(1/1) versus 1/T plots for the mixed-metal dinuclear complexes show
a discontinuity in the plot at the glass-fluid transition region, 120 K, as seen for the
ruthenium mononuclear complexes in this region This 1s again caused by solvent
reorientations as the glass melts The plot above 250 K is very similar to that
observed for the osmium dinuclear species In fact, the activation energies and
prefactors are very similar for these three compounds within experimental error,
but differ significantly from the ruthenium dinuclear complex

The emission energies for these compounds Indicate that emission occurs
only from the osmium site The absence of a ruthenium-based emission for the
two heteronuclear complexes is reflected in the temperature dependent profiles
This Indicates that either an efficient energy-transfer or electron-transfer process I1s
taking place in these complexes Comparison with the work carried out for the
mixed-metal complexes containing the bpt- igand9> suggest that for this system
an efficient energy-transfer process from the Ru(bpy)s to the Os(bpy), moiety is
present A consequence of this behaviour is that the RuOs1 and RuOs2
complexes take on the properties of osmium complexes with resulting
photostability

The quantum yield of internal conversion from the 3SMLCT to the 3MC
excited states, 1,, was calculated for the [(Ru(bpy),)s(ppt)]3+ complex A value of

close to one was observed for [(Ru(bpy).)o(ppt)]3+ indicating that no other
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Figure 6 313
Energy level diagrams for (a) [(Ru(bpy)2)2(bpt)]3+ (b) [(Ru(bpy)s)s(bpzt)}3+ and (c)

[(Ru(bpy)2)2(ppt)3+

deactivation processes are occurrnng for this complex

A comparison of the energy level diagrams of the ruthenium dinuclear
species containing the bpt", bpzt-, and ppt- ligands (see Figure 6 3 13) show that
the complexes containing the bpzt™ and ppt- ligands have very similar properties
Population of the 3MC state 1s more difficult for complexes containing bpt™ than for
those containing the other two ligands In fact the energy of the SMLCT - 3MC gap

increases In the following order ppt™ < bpzt~ < bpt~ This energy-gap should affect
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the photochemical properties of these complexes This will be discussed 1n more

detail in Section 6 3 8

6 36 Mixed-valence species

In mixed valence compounds the interaction between the metal centres can
be probed by studying the intervalence transition bands (IT)%6%8 Figure 6 3 14
shows the IT band of the [(Ru(bpy),)o(ppt)J4+ complex upon oxidation at 1 4 V at
different ime intervals Two absorption bands are visible, one centred at 13800
cm-t and the other at 5300 cm™! The former band has been assigned as a ligand-
to-metal charge transfer (LMCT) band by comparison with literature data$9-100
Further oxidation to the RulllRu!!! species leads to a complete disappearance of
the band at 5300 cm™!, which supports its assignment as an intervalence transition
bang101-102

The characteristics of the IT band have been studied in a number of
solvents and the data are 'presented in Table 6 8 A plot of the solvent
dependence of the IT band 1s shown in Figure 6 3 15 Included in this plot I1s the
solvent dependence of the other two dinuclear species containing the bpt™ and
bpzt- hgands An inner-sphere reorganisational energy, A, of 3987 cm-! was
calculated from this plot for the ppt™ dimer, which was very similar to the values
obtained for the other two dimers Therefore, changing the bridging ligand does
not appear to have a very large effect on A, for this series of complexes

All three complexes exhibit a certain amount of solvent dependence
Because of the large error involved in these measurements, it is difficult to
accurately assess the effect of changing the brndging ligand However, it is

noteworthy that the energy of the IT band increases with increasing polanity of the

266



Intensity (a u )

o©
&
1

®
N
|

e e 1

L L T 1 ¥ L Rl R

q
19000 14000 9000 4000
WAVENUMBER (cm 1)

Figure 6 3 14
IT band of [(Ru(bpy)o)o(ppt)]*+ iIn MeCN Applied potential 1s 1 4 V Spectra are

taken as a function of time from 0 to 60 min

solvent, as expected due to the greater dipole moment of the more polar solvents
Any change in the electronic state of a solvent complex will cause a greater

activation barrier to electron transfer taking place

The value of a2, the extent of electron delocalisation, 1s 0 025 for
[(Ru(bpy)2)o(ppt)]3+ and indicates a relatively large metal-metal interaction for the

mixed-valence complex, in agreement with the measurements for the bpt- and
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Solvent | Eop | AUy, Avy, €max 1/Don o2 Hae | Kin (5-1) Ein (J)
em 1) | (exp) | (calc) | Mlem1 | - 1/Dg (em 1) | (x1017) [ (x 10-20)
MeCN 5200 | 3800 | 3188 3102 [ 0528 [{0025| 822 17 14
Acetone | 5180 | 3900 | 3180 2958 (049510024 | 802 17 14
CegHCN | 5100 | 3800 | 3152 2825 [ 0391 (0023 | 773 13 15
CH,Cl, | 5080 | 3800 | 3144 1891 | 0381 {0016| 643 33 17
Table 6 8
Properties of the IT band calculated for [(Ru(bpy),)o(ppt)]3+.
4900 |
[ 4600 -
IQ.
o]
L
_(b)
4300 p(a)
—(c)
4000 1 1 1 { ul
03 0 35 04 045 05 055 06
1/Dop - 1/DS
Figure 6 3 15

Plot of the solvent dependence of the IT parameters for (a) [(Ru(bpy),)(bpt)]3+,
(b) [(Ru(bpy)2)2(bpzt)]3+ and (c) [(Ru(bpy))a(ppt)13*
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bpzt- systems This further supports the hole-transfer mechanism proposed by
Hupp and Taube103-104 a5 mentioned in Section 5 3 6 It also indicates that the
metal-metal interaction I1s to an extent independent of the n* level of the bridging

higand for these complexes

6 3 7 Localisation of the metal based oxidation

Evidence of the localisation of the metal based oxidation for the dinuclear
complexes was obtained from a study of the spectroelectrochemical properties In
the visible and UV regions of the compounds Figure 6 3 16 contains the
absorption spectrum of the [(Ru(bpy)o)o(ppt)]3+ complex in the following oxidation
states Ru'lRu!', RulllRull, and Ru"lRu!!l The MLCT band occurring at 452 nm
shifts to 430 nm upon partial oxidation of the complex and completely disappears
upon full oxidation Actually, the absorbance spectrum of the mixed-valence
species closely resembles that of the mononuclear pyrazine-bound i1somer (isomer
2) with a Apa¢ at 430 nm This would suggest that the Ru-containing unit co-
ordinated via N4 of the tnazole rning and the pyndine rnng i1s oxidised first This 1s a
reasonable assumption, as the pyridine ring i1s a stronger c-donor than the
pyrazine ring, causing the amount of electron density on the ruthenium metal
attached to the pyndine ring to be greater, thus making it easier to oxidise

in the Ru!'Ru'l species, a n - n* band at 285 nm 1s observed In the mixed-
valence Ru'lRul! species, the intensity of this band decreases significantly
However, no shift in the A5, 1S observed In the fully oxidised RulllRull! species, a
shift in the A4 10 302 nm occurs As seen for the bpt™ and bpzt- dimers, if the
metal based oxidation was delocalised, an intermediate shift in the A5, between

the unoxidised and fully oxidised complexes would be expected for the mixed-
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Figure 6 3 16
Absorbance spectrum of [(Ru(bpy)s)o(ppt)]3+ at applied potentials of (a) 0 9 V
(RuRull), (b) 12V (RuMRuM), (c) 1 4 V (RuRull) and (d) 1 7 V (Ru"Rull!) in
MeCN containing0 1 M TEAP

valence species The absence of this shift suggests a localised model for the
metal based oxidation is most appropriate in these systems
Again for the other three dinuclear complexes, OsOs, RuOs1 and RuQOs2,

evidence for the localisation of the metal based oxidation 1s obtained from their
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absorbance spectra in the mixed-valence state Also for the OsOs dimer, there I1s
evidence to suggest that the éé‘-contammg unit attached to the N4 position of the
tnazole ring and to the pyndine ring i1s oxidised first, due to the better c-donor
properties of the pyndine nng compared with the pyrazine nng As expected, in the

mixed-metal dimers, the osmium-containing unit 1s always oxidised first

6 3 8 Resonance Raman Spectra

Resonance Raman spectroscopy can be useful for the assignment of the
nature and charactenisation of electronic transitionsé” If excitation takes place into
an allowed electronic transition, the resonance Raman spectrum is charactersed
by strong Raman effects for the vibrations of those bonds that are mostly affected
by the electronic transition For this reason, resonance Raman spectra of the ppt-
complexes were carred out

The ground-state Raman spectra for [Ru(bpy)o(ppt)]* 1somer 1 and
[Ru(bpy)o(Hppt)]2+ isomer 2 are presented in Figure 6 3 17 Both spectra exhibit
enhancements of the rR peaks at 1610, 1567, 1491, 1318, 1178, 1040, and 1023
cm1 These features can be attributed to the ground-state features of bpy105-107
The spectra also exhibit extra bands at 1528, 1449, 1412, 1282, 1246, 1162, and
1095 cm™! which may be attributed to the ground-state features of the bridging ppt
ligand The wavelength of 364 nm employed for these studies lies close to the
wavelength of 354 7 nm employed for the single colour pulsed excitation transient
rR studies Similarly, for the dinuclear [(Ru(bpy)s)s(ppt)}3+ complex, ground-state
features of both bpy and ppt- have been observed in the spectrum

Much more direct evidence concerning the nature of the emitting state can

be obtained from the 354 7 nm pulsed-excited Raman spectra of the complexes
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Resonance Raman spectrum obtained in the ground-state for (a) [Ru(bpy)>(ppt)]+

isomer 1 and (b) [Ru(bpy)o(Hppt)]2+ 1Isomer 2 in acetone / water (5/1 v/v)

Figure 6 3 18 contains the excited-state rR spectra of [Ru(bpy).(ppt)]*+ 1Isomer 1
and [Ru(bpy)s(Hppt)]2+ 1somer 2 A considerably more simple spectrum is
obtained for the pyndine-bound i1somer (isomer 1) In fact, the excited-state
resonances observed for this complex at 1547, 1502, 1424, 1287, and 1212 ¢cm-1
correlate closely in both position and relative intensities with the spectrum of

[Ru(bpy);]2+* using pulsed excitation at the same wavelength, 354 7 nm, as used
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Excited-state Resonance Raman spectra of (a) [Ru(bpy)o(ppt)]* 1somer 1 and (b)

[Ru(bpy)o(Hppt)]2+ isomer 2 in acetone / water (5/1 v/v)

in the present study?08 The localised excited state for [Ru(bpy)s]2* was assigned
as [(bpy)Ru''(bpy--)]2+ Therefore, it is possible to formulate 1somer 1 as
[(bpy)Rutt(bpy--)(ppt)]*, in which the Raman scattering nses predominantly from
the (bpy)Ru!!(bpy--) region of the complex

The excited-state spectra of [Ru(bpy)o(Hppt)]2+ 1somer 2 and of the

dinuclear [(Ru(bpy),)s(ppt)}3+ complex are considerably different than that
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observed for the mononuclear pyndine-bound isomer (isomer 1) They contain
common features at 1608, 15%6, 1528, 1499, 1322, 1285, 1211, and 1041 cm-!
No evidence for any bpy-~ modes are present in the spectra Therefore, the
excited-state spectra obtained must correspond to excitation of the bndging ligand
and not of the auxihiary polypyndyl igands, in agreement with the electrochemical
data obtained for these complexes106,109-110 This would suggest that for these
complexes, the lowest 3MLCT band i1s a Ru ---> Hppt transition for
[Ru(bpy)o(Hppt)]2+ 1somer 2 and a Ru ---> ppt™ transition for the dinuclear
complex This shows that upon protonation of the ppt- ligand, or upon addition of a
second Ru(bpy), moiety, the n* level is lowered significantly, as concluded before
for the pyrazyltnazole containing complexes®’ The results given are only a
preliminary investigation and the rR spectra of [Ru(bpy)s(Hppt)]2+ isomer 1 and

[Ru(bpy)o(ppt)]* 1Isomer 2 would be necessary in order to confirm these results

6 3 9 Photochemical properties

As [(Ru(bpy)s)o(ppt)]3+ was the only complex In this senes which exhibited
photolability, photochemical discussions will be restricted to this compound
However, the photochemical stability of the RuOs1 and RuOs2 complexes 1s
notable As seen before for mixed-metal complexes containing the bpt ligand, an
efficient intramolecular energy-transfer 1s occurring from the Ru(bpy), moiety to
the lower energy Os(bpy)> moiety This causes emission to result totally from the
Os(bpy)» site and eliminates population of the 3MC state, which 1s an inherent
property of ruthenium complexes and ultimately leads to photodecomposition This
Is an important observation, as it implies that these mixed-metal complexes are

now photostable This coupled with the increased absorbance in the visible region
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due to the presence of both the Os(bpy), and the Ru(bpy), moieties make these
complexes candidates for solar-energy conversion systems However, the
luminescent lifetimes of these complexes are very short which 1s a distinct

disadvantage for their apphcation

Photochemustry in CH>Cl» containing CI°

UV/vis absorbance spectra taken during the photolysis of
[(Ru(bpy)s)s(ppt)]?+ in CH,Cly containing 0 005 M ClI- shows a decrease In the
Amax Occurnng at 455 nm, with a subsequent growth of two new peaks with Ay«
at 480 and 550 nm (see Figure 6 3 18) In order to investigate further the
photochemical processes occurring for this complex, HPLC traces were taken at
specified intervals during the photolysis Figure 6 3 20 contains a representative
example of these traces As can be seen from the HPLC analysis, photolysis
results in the simultaneous growth of three main photoproducts, which were
identified according to their HPLC retention times, UV/vis absorbance spectra and
by comparnison with authentic samples as follows Peak 1, retention time 2 05 min,
Amax 370 and 530 nm was identified as [Ru(bpy)-Clo] Peak 2, retention ttme 4 05
min, Amax 340 and 475 nm was found to be [Ru(bpy)>(MeCN)CIJ2+ Peak 3,
retention time 5 65 minutes, A5 475 nm was dentified as [Ru(bpy)(ppt)]*
iIsomer 1 (or the pyndine-bound isomer) Peak 4, retention time 6 10 minutes, Aqax
475 nm, was dentified as [Ru(bpy).(ppt)}*, which may be co-ordinated via N4 of
the tnazole ring and via the pyndine nng This is similar to the N4 isomer of
[Ru(bpy),(bpt)]* as described in Section 4 3 8 Peak 5, retention ttime 10 2 min,
Amax 450 nm did not correspond to any of the known 1somers of the ppt-
mononuclear species lt s, therefore, most likely that the photolysis product I1s
another unknown isomer This photoisomernisation implies that the photolysis

product can only be produced by photochemical means, as from synthesis
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Changes tn the absorbance spectrum upon photolysis in CH,Cl, containing 0 005

M CI for [(Ru(bpy)2)2(ppt)}3*

(thermal reaction) there 1s no evidence for this isomer No evidence for any of the
known pyrazine-bound i1somers 1s apparent from the HPLC spectra.

These are very different results in companson with the photochemical
properties of the bpt™ and bpzt~ dinuclear complexes It appears that photolysis of
the ppt- complex leads to a rupture of the Ru-N bond at the Ru-containing unit

attached to N1 of the tnazole ning and the pyrazine nng In the bpzt~ dimer, rupture
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causes the 3MC (or metal-centred) excited state to be localised on this Ru-

()]

HPLC traces taken during the photolysis in CH,Cl, containing 0 005 M Ci- for
[(Ru(bpy)2)o(ppt)]3+ after (a) 0 mun, (b) 10 min, (c) 50 min, and (d) 80 min Mobile

of the Ru-N bond occurs at the N4 (or the weaker s-donor) position of the tnazole

nng Obviously, in this situation, the weaker o-donor properties of the pyrazine ring

containing unit Population of this excited state leads to rapid photodecomposition
of the complex The N2-bound pyndine isomer (isomer 1) is much more stable
than the N4-bound isomer (as inferred from the absence of the N4-bound isomer

in the synthetic process) and, therefore, conversion to the N2-bound pyndine



Ph hemi in MeCN containing Cl-

UV/vis absorbance spectra taken during the photolysis of
[(Ru(bpy)2)2(ppt)]3+ in MeCN containing 0 01 M Cl-, again shows a decrease in
the Aqax at 450 nm, with a subsequent increase in a new band at 460 nm HPLC
traces taken durnng the photolysis show the simultaneous growth of four main
photoproducts dentified as follows (see Figure 3 6 21) Peak 1, retention time 2 1
minutes, Amax 360 and 575 nm was 1dentified as [Ru(bpy),Cl,], Peak 2, retention
time 2 45 minutes, Ayay 340 and 475 nm was identified as [Ru(bpy)o(MeCN)CIJ2+,
Peak 3, retention time 6 min, Ayay 470 nm was found to be [Ru(bpy)>(ppt)]+
isomer 1 (the pyndine-bound isomer) and Peak 4, retention time 7 minutes, Apax
470 nm was identified as the N4-pyndine bound isomer of [Ru(bpy)>(ppt)]*

In this solvent, the lowest SMC state again resides on the Ru-containing unit

attached to the weaker c-donor pyrazine ligand

Photolychemistry in MeCN

UV/vis spectra taken during the photolysis of [(Ru(bpy)s)o(ppt)]3+ in pure
MeCN shows a decrease in the absorbance at 450 nm, with a simultaneous
growth in a new peak at 425 nm HPLC traces taken during the photolysis (see
Figure 6 3 22) shows the growth of two main photoproducts which were identified
as follows Peak 1, retention time 7 25 minutes, A2 470 nm was identified as
[Ru(bpy)o(ppt)]* 1somer 1 Peak 2, retention time 8 1 minutes, Ay 425 nm was
identified as [Ru(bpy)>(MeCN),]2+ The longer time necessary for this photolysis
allows complete conversion to the N2-bound pyndine isomer (or the more stable
isomer) No evidence for the formation of any pyrazine-bound isomer 1s again

apparent from this analysis
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HPLC traces taken during the photolysis of [(Ru(bpy),)o(ppt)}3* in MeCN
containing 0 01 M CI- Photolysis times are (a) 0 min, (b) 120 min, and (c) 300

min For separation conditions see Figure 6 3 20

it, therefore, seems reasonable to assume that for [(Ru(bpy)»)o(ppt)]3+, photolysis
results in a cleavage of the Ru-N bond centred at the Ru-containing unit attached
to the N1 position of the tnazole ring and to the pyrazine nng Therefore, the 3MC
state responsible for this photolysis is localised at this site The SMLCT excited
state responsible for emission is localised on this Ru-containing unit also (the

LUMO 1s pyrazine-based)
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HPLC traces taken during the photolysis in MeCN of [(Ru(bpy)2)2(ppt)]3+
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The reason for the differences in photochemical properties for the dinuclear
complexes containing the bpt-, bpzt- and ppt™ bridging ligands is not that clear A
tentative explanation i1s as follows

In the bpt~ dimer, the 3MC excited states localised on both Ru-containing
units are very close in energy, thus facilitating population of both sites in CI”
containing solvents and leading to photodecomposition occurring from both Ru-
containing units in the dinuclear complex Selective photodecomposition from the

N4 site of the tnazole ring 1s only encountered in pure MeCN
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The ppt™ dimer has greater asymmetnc properties The weaker c-donor
properties of the pyrazine ring dominates the photochemical process, as the
LUMO i1s now pyrazine-based Therefore, the SMLCT level may be lower in energy
than for the bpt~ complex However, the strong o-donating properties of the
pyndine ring leads to a much higher lying 3MC state for this Ru-containing unit
(perhaps even equivalent to the level at which the bpt- 3MC state 1s found) This,
therefore, leads to photodecomposition occurring only from the pyrazine-bound
Ru-containing unit

For the bpzt~ dimer, the situation i1s less clear In theory, the asymmetric
properties of this ligand should be similar to those of the bpt™ ligand and
consequently their photochemical properties should be similar This, however, was
not found to be the case The energy-gap between the 3SMLCT and 3MC excited
states Is quite similar to that found for the bpt- dimer (3735 cm-1 for bpzt- versus
4061 cm™1 for bpt") The weaker o-donor properties of the N4 site of the tnazole
hgand cause the lowest SMC excited state to be localised here, whereas the
SMLCT excited state is localised on the Ru-containing unit attached to the N1 site
of the tnazole ring This latter state 1s much lower in energy (comparable to that of
the ppt™ dimer) than for bpt~ The weaker o-donor properties of pyrazine compared
to pyndine must further attenuate the weaker c-donor properties of the N4 site at
the tnazole nng This causes the SMC excited state of the Ru-containing unit
attached to the N1 site of the tnazole ring to be at a much higher energy than that
of the N4 site and thus prevents its population, with the result that
photodecomposition takes place solely from the Ru-containing unit attached 1o the
N4 site of the triazole nng The behaviour observed is very much a combination of
both the asymmetry of the tniazole ligand and the differences between pyrazine

and pyndine
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6.4 CONCLUSION

In this chapter, the synthesis and properties of Ru(!l)polypyridyl and
Os(Il)polypyridyl complexes containing the ppt- ligand have been illustrated and
compared to the properties of analogous complexes containing the bpt™ and bpzt
hgands it has been shown that even small changes in the bndging hgand can lead
to quite large changes In the photochemical and photophysical properties of these
compounds The Hppt ligand 1s a very interesting bridge as it has increased
asymmetric properties compared with the other two ligands, thus making it's two
co-ordination sites at the tnazole rning very different The combination of both a
pyndine and a pyrazine nng in the bridge results in Ru(lf) (or Os(Il)) mononuclear
complexes which can have either properties related to either a weaker o-donor
(pyrazine) or a strong o-donor (pyndine) hgand The uncoordinated ring can effect
the properties as seen in the section on acid-base chemistry

In the dinuclear systems and for the protonated pyrazine-bound
mononuclear complexes, the compounds take on properties very similar to those
of the bpzt~ dinuclear complex, with emission now becoming ppt™-based
Photochemistry becomes localised from the Ru-containing unit attached to the
pyrazine igand The influence of the asymmetnc properties of the tnazole ligand
(1e N1.s a stronger o-donor than N4 of the tnazole nng) on the photochemical
properties of complexes containing the Hppt ligand are negligible compared with
the influence of the pyndine and pyrazine rnings in the igand

In the mixed-metal dimers, efficient energy-transfer takes place from the
Ru(bpy), to the Os(bpy), moiety, resulting in emission that occurs exclusively from
the latter site, with a consequent reduction in the luminescent lifetimes of the
complexes The properties of the intervalence transition band point to strong

metal-metal interaction for these complexes supporting this conclusion The
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asymmetnc properties of the bridging ligand s reflected in the differences in
electrochemical potentials observed for these mixed-metal complexes Another
result of this energy-transfer is that the dinuclear complexes are now photostable
In fact, their temperature dependent luminescent lifetime profiles resemble closely
those of the homonuclear osmium complex

Therefore, it I1s possible to alter the position of the SMLCT and 3MC excited
states by changing the bndging ligand or the metals in these systems Based on
the knowledge gained in this study, it should be possible to predict the position of
these excited states and thus the photochemical and photophysical properties of

Ru(Il)polypyndy! (or Os(Il)polypyndyl) complexes relatively easily
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CHAPTER7

RUTHENIUM COMPOUNDS WITH PYRIDYLTRIAZINE LIGANDS: FINE-TUNING
OF THE ELECTROCHEMICAL AND PHOTOPHYSICAL PROPERTIES
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7.1 INTRODUCTION

As we have already seen in Chapter 1, photosubstitution of Ru(ll) polypyrndyl
complexes represent a major problem for their application in solar-energy
conversion systems Strategies to eliminate the dd state from its role in the
excited-state manifolds of these complexes have involved turning to Os(ll), where
10 Dq 1s approximately 30% greater than for Ru(i1)1-2, and to mixed-ligand
chelates of ruthenium(ll), where the 3MLCT - 3MC energy gap can be increased
by lowering the energy of the 3MLCT level3

The properties of a sernes of Ru(l!) polypyndyl complexes containing strong
c-donor ligands have already been examined in detail in the previous chapters
1,2,4-tnazole igands act as spectator ligands and are in most cases not directly
involved in the emission processes48 They can, however, control metal-metal
tnteraction, influence the position of the lowest MLCT band and dictate the
photostability (1 e whether population of the SMC excited state can occur) of the
compounds®

The propenrties of Ru(ll) polypyridyl complexes containing weak c-donor
hgand with strong n-acceptor properties (compared with bpy) have also been
examined in great detall Examples of such ligands are 2,3-bis(2-pynidyl)pyrazine
(dpp)10-13, pyrazine (pz)14-15, 4,4'-di-(carboxy)-2,2-bipyridine (dcbpy)16-17, 2,2
bipyrimidine (bpym)18-22 and dipyndo[3,2-c 2',3'-e]pyndazine (taphen)23-24
Analysis of these [Ru(bpy)o(LL")]"* complexes reveal that these ligands are
directly involved in the emission processes | e the lowest unoccupied molecular
orbital (LUMO) 1s located on the LL' igand and the bpy ligands merely act as
spectator ligands Low first reduction potentials and high oxidation potentials result

for the ruthenium compounds It was found that low lying n* levels in complexes

that contain ligands such as those mentioned above, lead to significant changes in
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ground- and excited-state redox potentials, but to relatively small changes in
absorption and emission spectral properties>26 The compounds, therefore,
retain their useful ight absorption properties in the visible region of the spectrum,
while at the same time, the photostability of the complexes may be increased
According to Lever2®, a igand with a weaker o-donor capacity compared to
bpy gives nise to a greater effective nuclear charge on the ruthenium centre which
results in stabilisation of the metal d orbitals The greater effective nuclear charge
on the ruthenium could have the synergistic effect of lowering the energy of the
ligand n* level through charge interaction, thus destabilising the ligand =* level9
Further stabilisation of Ru(ll) could then occur by back-bonding of the dr orbitals
with the n* level of the co-ordinating igands This would further suggest that the
lower n* levels in the ligand would result in more effective mixing with the metal dn
energy levels and result in stabilisation of the (dr)€ configuration for Ru(ll)
Furthermore, electron-withdrawing substituents should also stabilise the
lowest lying MLCT states relative to the dd states resulting in a larger energy gap
between the 3MLCT and the 3MC excited states2’ Hence, with sufficiently good
electron-withdrawing substituents, thermally accessible dd states and ligand loss
photochemistry can in principle be designed out of the complex In terms of
synthetic design, chromophoric ligands having low-lying n* levels offer the
advantage of loss of complications arsing from low-lying dd states without a
significant lowerning in the excited-state lifetimes There 1s evidence that
photosubstitution follows a general pattern based on the energy-gap between the
3MLCT state and the 3MC excited state and, therefore, if this energy-gap Is
sufficiently increased by an appropnate choice of co-ordinating ligands, it should
be possible to prevent photodecomposition of the Ru(ll) polypyridyl complexes28
There 1s, however, a problem associated with this approach which has its

basis in the energy gap 1aw29-32 As the emission energy decreases, the
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luminescent lifetime also decreases This effect s due to an increase of the
nonradiative decay rate (k)22 The energy-gap law predicts that radiationless
decay rates depend on the energies of the emitting state, namely the lower the
energy of an emitting state, the more strongly it couples with the ground state and
the larger the value of k,,, Hence, the luminescent lifetime decreases

In this chapter, we concentrate on a series of pyndyltnazine higands and
examine the effect of the more electron-withdrawing six-membered nng in
comparison with the aforementioned electron-donating five-membered tnazole
nng Much attention has been focused on effects ansing from the effect of
substituent changes in the chromophoric igand in a co-ordination environment,
I e, by the addition of electron-withdrawing or electron-donating substituents on
the tnazine nng The ligands studied are 3-(pyridin-2-yl)-1,2,4-tnazine (pt), 5,6-
dimethyl-3-(pyndin-2-yl)-1,2,4-tnazine (dmpt), 5,6-diphenyl-3-(pyndin-2-yl)-1,2,4-
tnazine (dppt) and 3,5,6-tnis-(pyndin-2-yl)-1,2,4-tnazine (tpt) For the structure of
these ligands, see Figure 7 1 1 The effect of lowering the ligand n* level i1s
investigated with respect to the photostability of the Ru(ll) polypyndyl complexes.

A number of ruthenium compounds containing the ligands dmpt, dppt and
tpt have already been prepared by Hage et al33 The results suggest that the
pyndyltnazine higands have rather low-lying LUMO levels, and have weaker o-
donor properties than those of 2,2"-bipyridine Furthermore, it was concluded that
these ligands do not merely act as spectator ligands, but participate actively in the
photophysical processes occurring for these complexes However, no
photophysical studies were carried out In this chapter, the photophysical
properties of mononuclear Ru(!l) polypyndyl complexes containing the ligands pt,
dmpt and dppt were investigated

A dinuclear compound containing the pt ligand I1s also investigated, where

one Ru-containing unit1s bound bidentately to the triazine igand and to the N of
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the pynidyl nng and the other Ru-containing unit must be co-ordinated in a
monodentate fashion to another N at the tnazine nng This is quite and unusual
compound because of the monodentate nature of one of its ruthenium units and its

electronic and electrochemical properties are, therefore, investigated in detail

4 ¢ O S N

dcbpy
4,4"di-(carboxy)-2,2 -bipyridine

2,3-bis(2-pyndyl)pyrazine

=N
N ==

/\ ¥ ¢ 3 N
W O—O (0@
bpm N NI ZN-Nl

taphen
2,2 bipynimudine - pt
dipyrido/3,2-c 2 ,3-elpyridazine 3-(pyridin-2-yl)-1,2,4-triazine

RN CHy . © NO
5@?}'@%(:"43 Q—{r@ Q—i&% p

tot
5,6-dimethyl-3-(pyridin-2-yl}-1,2,4-triazine P

3,5,6-tris-(pyridin-2-yl)-1,2,4-triazin
5,6-diphenyl-3-(pyridin-2-yl)-12,4-triazine

" Figure 711

Structure of the ligands cited in the text
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7.2 EXPERIMENTAL

7 2 1 Preparation of the ligands

The ligands 3-(pyrdin-2-yl)-1,2,4-triazine (pt), 5,6-dimethyl-3-(pyndin-2-yl)-1,2,4-
tnazine (dmpt), 5,6-diphenyl-3-(pyrnidin-2-yl)-1,2,4-tnazine (dppt) and 3,5,6-tnis-
(pyndin-2-yl)-1,2,4-trnazine (tpt) were synthesised by Dr R Hage, Leiden
University, The Netherlands cis-[Ru(bpy).Cl»] 2H,0 was prepared as mentioned

in Section 3 2

7 2 2 Preparation of the complexes

[Ru(bpy)2(pt)](PFe)2 (1)
520 mg (1 mmol) cis-[Ru(bpy)-Cls] 2H,O was heated under reflux with 2 2

mmol Hpt (350 mg) for 6 hr in 50 cm3 ethanol water (1 1 v\v) After evaporating
the alcohol, an excess of aqueous NH4PFg was added The resulting precipitate
was filtered and recrystallised from acetone water (1 1 viv) Although two isomers
are possible for this complex, only one iIsomer was observed in the HPLC traces in
appreciable yields Further punfication took place by semi-preparative HPLC,
using a mobile phase of 80 20 acetonitrile water containing 0 1 M KNO3 and a
flowrate of 2 5 cm3/min Yield 70% (560 mg) Found for CogHopF1oNgPoRu C,
388,H,26,N,130% Anal Calcd C,390,H,26,N, 130%

[Ru(bpy)2(dmpt)](PFg) HoO (2)
This complex was prepared according to literature methods33 and punfied
as for compound (1) Two 1somers formed In the ratio of 4 1 The main fraction

was Isolated in good yield, but the second iIsomer was only obtained in small
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quantities Therefore, a very imited analysis of this fraction is given Yield 70%
(635 mg) forisomer 1 Yield 10% (30 mg) for isomer 2 Found for
030H28F12N80P2RU (lsomer 1) C,401,H,30,N, 12 4% Anal Caled C, 397, H,
31,N,124%

[Ru(bpy)2(dppt)l(PFe)2 (3)

This complex was prepared and punfied as for compound (2), yielding one
main fraction Yield 80% (810 mg) Found for C4gH3pF1oNgPoRu C, 476, H, 3 1,
N, 11 0% Anal Caled C, 474,H,30,N, 11 1%

[Ru(bpy)2(tpt)](PFe)z H2O @)

This compound was again prepared and purified as for compound (2) Yield
65% (670 mg) Found for CagH3gF1oN1gOPoRu C, 44 0, H, 30, N, 13 5% Anal
Calcd C,441,H,29,N, 136%

[(Ru(bpy)2)2(pt)CI}(PFg)3 2H0 (5)

114 g (2 2 mmol) cis-[(Ru(bpy)oCl,] 2H,0 and 160 mg (1 mmol) Hpt was
heated under reflux for 8 hrin ethanol water (1 1) The resulting complex was
isolated by addition of aqueous NH4PFg after evaporation of the ethanol The
compound was puntfied by repetitive recrystallisation from acetone water (1 1
V\v) Yield 45% (670 mg) Found for C4gH4oF1gN1o05P3RuU, C,387,H,2 7, N,
11 3% Anal Calcd C,386,H,28,N, 11 3%
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7.3 RESULTS AND DISCUSSION

7 31 'H NMR spectra

Table 7 1 lists the TH NMR resonances obtained for Ru(ll) polypyndyl complexes
containing the tnazine igands Chemical shifts of the bpy ligands have been
omitted because of their similarity to those reported previously for other similar
compounds34-38 |n fact, the bpy protons of all four compounds are very similar
The complexity of the spectra made 1t necessary to carry out COSY expenments
to assign the peaks3®

Figure 7 3 1 contains as a representative example, the 1H and COSY NMR
spectrum of [Ru(bpy),(pt)]2* For the mononuclear [Ru(bpy)o(LL)]2+ complexes
(where LL = pt, dmpt, dppt and tpt), H3 is shifted at least 0 46 ppm downfield
compared with the free igand This I1s caused by the presence of the metal ion
forcing the ligand to adopt a cis-conformation The stenc crowding of the H3 proton
and strong Van-der-Waals interactions causes a significant downfield shift of the
H3 proton40-41 The H4 and H> protons are similarly shifted downfield for all the
complexes, again due to their proximity to the metal ion, although the effect is less
noticeable for these protons On the other hand, the H6 proton is shifted by at least
0 49 ppm upfield in companson with the free ligand This i1s due to the position of
the HE proton lying just above a pyridyl ring of an adjacent bpy ligand42-43 The
singlet at 7 35 ppm shows up In the spectra of all of the complexes and is not
coupled to any other proton For this reason, it is assumed to be an impunity in the
solvent used, 1 e all NMR spectra were carried out in the same CD;CN

The co-ordination mode of the pyndyltriazine ligands is expected to be via

N2 of the tnazine rning and via the pyndine nitrogen atom33 In this case, much less
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Figure 7 3 1

400 MHz TH and COSY NMR spectrum of [Ru(bpy),(pt)]2* in CD5CN
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Compound H3 H4 HS H6 R
[Ru(bpy)a(pt)]2+ 888(d) [ 833(t) | 781(t) | 821(d)| 906 9212
(-057) | (-041) | (-032) | (+049) | (d) (d)
[Ru(bpy)o(dmpt)]2+ F1 | 878 (d) | 826(t) | 772(t) | 812(d) | 245 270b
(-042) | (-027) | (-017) | (+064) | (s)  (s)
[Ru(bpy)o(dmpt)]2+ F2 9 02 8 22 7 56 7 65 222 255b
(066) | (-023) | (-001) | (+111) | (s)  (s)
[Ru(bpy)2(dppt)]2+ 900(d) | 833(t) | 780(t) | 824 (d) | 714-802¢
(-064) | (-034) | (-025) | (+052) (m)
[Ru(bpy)s(tpt)]2+ 905(d) | 835(t) | 782(t) | 827(d) | 7 41-840d
(-046) | (-024) | (-017) | (+060) (m)
[(Ru(bpy)s)o(pt)CIj3+ F1 | 883 (d) | 826 (t) | 759 (t) | 850 (d) 8 23 (d)
(-052) | (-034) | (-010) | (+0 20) 10 00 (d)
[(Ru(bpy)2)o(pt)CIj3+ F2 | 878 (d) | 825 (t) | 766 (t) | 854 (d) 8 23 (d)
(-047) | (-033) | (-017) | (+0 16) 10 00 (d)
pt 831(d) | 792(t) | 749(t) | 870(d) | 8909 50 (d)?
dmpt 836(d) | 799(t) | 755(1) | 876(d) | 270260 (s)b
dppt 854(d) | 806 (t) | 762(1) | 884 (d) | 737-7 89 (m)S
tpt 861(d) | 811 (t) | 767(t) | 888(d) | 7 44-8 37 (m)d
Table 7 1

TH NMR resonances of the tniazine complexes in CD3CN and free ligands In

deuterated DMSO (R groups a =H, b = CHg, ¢ = phenyl, and d = pyndyl) (s =

singlet, d = doublet, t = triplet and m = multiplet)
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steric hindrance between the R groups and adjacent ligands i1s present The
chemical shifts of the protons of the R groups (H, CHs, phenyl or pyridyl) are not
changed much upon co-ordination, indicating that steric hindrance is not present to
a large extent

The dinuclear complex, [(Ru(bpy)s)2(pt)Cl]3+, has a very complicated 1H
NMR spectrum (see Figure 7 3 2) and consequently no complete assignment of
the NMR peaks is possible The spectrum does, however, indicate the presence of
two i1somers for this complex The presence of these iIsomers 1s not expected to
affect the physical properties of the complexes and, therefore, no attempt was
made to separate them further44 All future measurements are carned out on this
mixture of two isomers

The H3 proton of the dinuclear complex Is shifted downfield to the same
extent as with the monomeric complex However, a less dramatic upfield shift of
the HE proton 1s observed when a second Ru ion is co-ordinated The presence of
the second metal ion causes the steric interaction between the bpy rings and the
trrazine ligand to increase?> Also, the sharing of the electron density on the
tnazine hgand between two metal ions causes a less dramatic downfield shift of
the H3 proton 1n comparson with the mononuclear situation44

The similarities between the resonances observed for the mononuclear and
dinuclear complexes éuggest that again in the dimeric situation co-ordination of
one Ru(bpy), unit occurs via N2 of the tnazine nng The second Ru(bpy),Cl unit
must be co-ordinated either via N1 or N4 of the tnazine nng Due to steric reasons,
N4 is the favoured site of co-ordination Due to the presence of the CI- 1on, if co-
ordination via N2 of the tnazine ring was taking place, a large downfield shift of the
H3 proton would be expected due to the effect of the polansed Ru-Cl bond46
Therefore, it i1s postulated that the Ru(bpy), unit 1s co-ordinated bidentately via N2

of the tnazine ning and the Ru(bpy),C! unit 1s co-ordinated in a monodentate
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Figure 7 3 2
400 MHz TH NMR spectrum of [(Ru(bpy)2)2(pt)CIJ3+ in CD4CN

fashion via N4 of the tniazine nng In order to elucidate the structure of this

compound fully, an X-ray structure would be necessary
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7 3 2 Absorption and Emission properties

The absorbance and emission maxima of the trnazine complexes are presented In
Table 7 2 Included In this table are the extinction coefficients and luminescent
lifetimes of the complexes

Compared with [Ru(bpy)s]2+, the maximum wavelength of absorption for
[Ru(bpy)o(pt)]2* 1s only slightly blue-shifted However, the presence of two methyl
substituents in the dmpt complex causes a considerable blue shift in the Ay
Again a blue shift is observed when the dinuclear [(Ru(bpy)s)o(pt)CI]3+ complex is
formed In the case of complexes containing the ligands dppt and tpt, a red shift in
the Amax 1S Observed Similarly, in the case of the emission maxima, a shift to
higher energy I1s observed for complexes containing dmpt and for the dinuclear
complex compared with [Ru(bpy)o(pt)]2+ and a shift to lower energy Is seen when
the hydrogens are replaced by phenyl or pyndine rnings

The differences observed in the Ay Of absorption for these complexes
compared with [Ru(bpy)s]2+ may be related to the inductive effect of the
substituents on the tnazine rning, as no shift in the A, 44 Is observed when bpy is
replace by pt (the non-substituted pyndyltnazine hgand)44 The position of these
bands are governed by both the ¢-donor and r-acceptor properties of the ligand41
Electron-withdrawing ligands reduce the electron density on the metal ion resulting
in a stabilisation of the metal-based tog level with a consequent blue shift of the
MLCT bands Strong o-donating igands cause destabilisation of the filled d
orbitals and, therefore, the MLCT band shifts to lower energy Similar shifts are
observed with the emission maxima at room temperature and at 77 K

The blue shift observed in the absorption and emission maxima upon

replacement of the pt igand with the dmpt ligand has been encountered before for
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Compound aAbsorption (log €) | 2Emission (t/us) | PEmission (t/us)
298 K 77K

[Ru(bpy)s(pt)]2+ 450 (4 14) 688 (0084) | 632 (5 06)
[Ru(bpy)»(dmpt)]2+ 1 | 443 (416) |663 (0097) |12 (5 75)
[Ru(bpy)o(dmpt)]2+ 2 | 435 (---) 654 (0093) | 617 (5 42)
[Ru(bpy)-(dppt)]2+ | 475 (430) |712 (108) |65 (10 09)
[Ru(bpy)»(tpt)]2+ 485 (423) |722 (037) | 704 (7 26)
[(Ru(bpy)2)o(pt)CIj3+ | 438 (419) | 665 (0096) | 611 (4 93)
¢ 597 (4 45)

[Ru(bpy)]2+ 452 (411) |608 (062) (582  (480)

Table 7 2
Absorption and Emission properties of the tnazine compounds @Measured Iin
acetonitnle PMeasured in ethanol Lifetime measurements (£ 0 02 ps) carned out

under argon

complexes containing methyl substituents48-50 |t reflects the decrease in
electronic charge occurring on Ru(ll) as a consequence of the increased n-
acceptor ability and lower o-donor ability of dmpt relative to pt

Upon co-ordination of a second metal 1on, the n-acceptor properties of the
tnazine igand now has to be shared between two metal sites, thus causing a shift
to higher energy of the MLCT bands51-52 The low energy band at 597 nm1s in
agreement with the presence of a [RuNsCl] moietyS3 There 1s a shift to higher
energy for the emission maximum compared with the mononuclear case, again

due to the sharing of the n-acceptor properties of the pt ligand upon co-ordination
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of the second Ru(bpy)o unit lt1s very unusual to observe an emission from this
type of dinuclear species However, the emission occurs at a different wavelength
than that observed for the mononuclear complex and from both HPLC analysis
and NMR data no impurity appears to be present in the sample Therefore, it i1s
concluded that the emission observed for this dinuclear species is due to a metal-

to-ligand charge transfer transition and not due to an impurity in the sample.

7 3 3 Acid-Base properties

For the mononuclear complexes containing the igands pt, dmpt and dppt, no shift
in the Aqax Was observed upon changing the pH in the pH range 1 5 - 9, due to the
absence of an available N-H group on the triazine nng The tnazine ligands are
considerably more acidic than the 1,2,4-tnazole complexes studied previously54-
56

The only compound to exhibit any pH dependency in its absorption
spectrum was [Ru(bpy)o(tpt)]2+ As can be seen from Figure 7 3 3, a shift in the
Amax from 495 nm to 523 nm occurs upon changing the pH in the range 7 45 -
1 14 pH units with an isosbestic point being observed at 512 nm Upon further
acidification in the pH range 1 14 - 0 00 pH units, the A4, 0f absorption further
shifts from 523 nm to 545 nm with a second isosbestic point being maitained at
555 nm Two separate pK; steps are occurring Due to the fact that no pK; steps
were detected for the other complexes in this pH region, it is reasonable to
assume that these pKj steps are due to (de)protonation of the two pyndine nngs48
in the tpt igand, and not due to (de)protonation of the triazine ring Again
(de)protonation of the triazine ring occurs outside our range of measurements

The pKj, values for (de)protonation of the pyndine rings were calculated to occur at
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Changes in the absorption spectrum in MeCN as a function of pH for
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pH 1 26 and pH 0 6 Both pH dependent steps were found to be reversible

7 3 4 Electrochemical properties

The electrochemical properties of the tnazine complexes are presented in Table
7 3 For the ruthenium compounds containing dipyridyl or diphenyl substituted
pyndyltnazines as ligands and for [Ru(bpy)o(pt)]2+, the RulV!ll oxidation potentials
have been shifted to more positive values compared with those of [Ru(bpy)3]2+,
while the ligand based reduction potentials have been shifted to less negative
values, indicating that the triazine hgands are stronger n-acceptors than bpy>8-60

A comparnison with results obtained by Hage et al33 suggest that the first
reduction potential of [Ru(bpy)o(dppt)]2+ i1s approximately the same as that of
[Ru(dppt)s)2+, while the second reduction potential occurs at the same value as
that of the first reduction potential of [Ru(bpy)s]2+, indicating that the first reduction
step i1s dppt-based for this compound

Compared with the analogous dppt, tpt and pt compounds, the oxidation
potentials of [Ru(bpy),(dmpt)]2+ are less positive and the first reduction wave 1s
observed at a much more negative potential This indicates that the difference
between the lowest n* level (or LUMO) and the filled d-orbitals (or HOMO) 1s larger
in the case of complexes with dmpté1-64 and the dmpt ligand is therefore a weaker
n-acceptor in companson with the other tnazine igands The reduction potential I1s
still less negative than the first reduction potential of [Ru(bpy)3]2+, indicating that
the tnazine ligand 1s reduced first The second two reduction potentials for all the
complexes studied here are bpy-based reductions65-66 AJl the results indicated
that the lowest n* levels of the complexes are pyndyltriazine based

For the dinuclear compound, two oxidation potentials are observed Figure
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Compound Oxidation Pot. (V) | Reduction Pot. (V)
[Ru(bpy)s(pt)]2+ 141 080 -148 -171
Ru(bpy)s(dmpt)]3+ (1) 128 -113 -180 -177
[Ru(bpy)-(dmpt)]?+ (2) 130 -116 -150 -177
[Ru(bpy)(dppt)}e+ 135 -088 -157 -179
[Ru(bpy)»(tpt)]?+ 142 -078 -150 -170
[(Ru(bpy)2)o(pt)CII3+ 092 155 -066 -140
[Ru(bpy)a]?+ 122 -136 -153

Table 7 3

Electrochemical potentials (DPP) of the tnazine compounds measured in

acetonitnile containing 0 1 M TEAP Values in volts versus SCE

7 3 4 shows the CV of [(Ru(bpy)s)o(pt)CIJ3+ In the potential range 0- 18 V The
first oxidation process occurring at 0 92 V i1s reversible However, the second
oxidation process occurring at 1 55 Vs irreversible The presence of the chlonde
lon is also confirmed by the low first oxidation potential observed®7 If it 1s
assumed, therefore, that the first oxidation potential corresponds to a one electron
oxidation of the monodentate Ru-containing unit with co-ordinated CI- then the
second oxidation process i1s due to the bidentate Ru-containing unit

Further investigation of the redox processes for this complex were carried
out using spectroelectrochemistry in the UV/vis region of the absorbance spectrum
(see Figure 7 3 5) 88 Upon generation of the mixed-valence RulRu! species 1 e
using an apphed potential of 1 30 V, the maxima at 438 nm and 597 nm are shifted

to higher energy to 415 nm and 485 nm with a significant reduction of intensity

308



500

Current (pA)

0 WAY
f Potential (V)
Figure 73 4

Cyclic voltammogram of the oxidation processes for [(Ru(bpy)2)2(pt)CI]3+

measured in acetonitrile /0 1 M TEAP Scan rate 100 mV/sec
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Spectroelectrochemistry in the UV/vis region of [(Ru(bpy)s)2(pt)CIJ13* iIn MeCN /0 1
M TEAP Applied potentials are (a) 0V, ()09 V, (c) 10V, (d) 13V, (e) 1.6V,
and (o9 V
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When the appled potential 1s removed, the maxima return to their onginal values.
The peak at 438 nm regains its onginal intensity and 1s, therefore, reversible
However, the peak maximum at 597 nm has nearly disappeared and the redox
process Is, therefore, irreversible An electrochemically induced anion loss has
occurred leading to this irreversibility as observed previously for [Ru(bpy)o(L)Cl*
(where L = pyndine)8®

Figure 7 3 6 contains the absorption and emission maxima ( in eV) versus
the difference between the first oxidation and first reduction potentials (AEsy,) for
the tnazine complexes Also included In the plot is a number of ruthenium
compounds with pynidyltrniazole igands as reported previously’0-71 The absorption
and emission maxima of the ruthenium compounds with dppt, pt and tpt correlate
well with the electrochemical measurements, indicating that the same type of
orbitals play a role in the absorption and emission processes as well as the
oxidation and reduction processes of the complexes’2-73 The two dmpt
complexes are not found in the linear region of the graph, suggesting that perhaps
different lgands are involved in the absorption and emission processes compared
with the electrochemical processes The luminescence does not come from the CT
excited state involving the LUMO, but from a higher energy (thermally activated)
excited state This phenonomen has been encountered previously for compounds
containing the dipyrido-3,2-phenazine (DP) ligand18

It 1s also possible to calculate the excited-state redox potentials of these
compounds by calculating the difference between the ground state and the excited

state emission energy in eV according to the equations74-75

E‘/23+/2+* = E‘/23+/2+ - Eem 7.1

E‘/22+'/+ = E1,2+/+ 4 Eem 7.2
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AE 14

Figure 73 6

Plot of the (a) absorption and (b) emission energies versus AEyy, for (a)
[Ru(bpy)2(tpt)]2+,(b) [Ru(bpy)2(pt)]2+, (c) [Ru(bpy)o(dppt)]2+, (d)
[Ru(bpy)2(3Mpztr)2+, (e) [Ru(bpy),(pztr)]* 1somer 2, (f) [Ru(bpy)o(1M5pztr)]2+, (g)
[Ru(bpy)o(dmpt)]2+ 1somer 1, (h) [Ru(bpy)o(pztr)}* 1somer 1, (1) [Ru(bpy)o(dmpt)]2+
isomer 2, (j) [Ru(bpy)o(1M3pztr)]2+ and (k) [Ru(bpy)s]2+

These values are presented in Table 7 4 The values are lower imits, since the
luminescence energy contains a contribution from vibrational distortion between
ground and excited states'® The excited-state potentials indicate that the metals
can behave as both photooxidants and photoreductants?® As photoreductants,
the tnazine compounds have approximately the same driving force (E1,3+/2+* = 0 4

V) (with the exception of the dmpt compound and the dinuclear pt species),
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Compound E1,3+/24* iy, 2+/4*
[Ru(bpy)o(pt)]2* -0 39 +1 00

Ru(bpy),(dmpt)]?+ F1 -0 59 +074
[Ru(bpy)-(dppt)]3+ -0 39 +0 86
[Ru(bpy)»(tpt)]Z+ -0 30 +0 94
[(Ru(bpy))o(pt)CII3+ -0 94 . +120

Ru(bpy)a}2* -0 77 +0 48
Table 7 4

Excited-state redox potentials of the tnazine compounds calculated according to

equations 7 1 and 7 2

whereas the photooxidants potentials vary in the order pt > tpt > dppt > dmpt Egp,
changes more rapidly than E1,2++ as the ligands are changed?® The results
Indicate that the triazine complexes are stronger photooxidants but weaker
photoreductants than [Ru(bpy)s]2+, except for [(Ru(bpy),)2(pt)CI]3+ which 1s both a
weaker photooxidant and a weaker photoreductant than [Ru(bpy)s]2+. Therefore, it
Is possible that excited-state redox potentials may be varied systematlcally overa
wide range of compounds of ruthenium(l1) by the appropnate combination of
ligands This has the benefit of extending the possible range of excited-state

photocatalytic applications for Ru(ll) polypyrdyl compounds
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7 35 Luminescent lifetime properties

All mononuclear complexes containing pyrndyltnazine ligands exhibited
photostabilty, 1 e , no appreciable photodecomposition was detected after five
hours irradiation The dinuclear [(Ru(bpy),)(pt)Cl]3+ complex showed partial
photostability with a decomposition rate of ca 20% in 5 hours

The luminescent lifetimes of these compounds at room temperature and at
77 K are represented in Table 7 2 The hfetimes increased in the order of pt >
dmpt > tpt > dppt A surpnisingly long lifetime 1s observed at room temperature for
the [Ru(bpy)o(dppt)]2+ complex The tnis compound, [Ru(dppt)s]2+, was also
prepared For this complex, which was not 1solated sufficiently pure, a lifetime of
0 69 us at room temperature was obtained Because of the relatively long
luminescent lifetime of this complex, the emitting state of the mononuclear species
was investigated in detall using temperature dependent luminescent lifetime
measurements

The activation energies and exponential prefactors for the pt, dmpt and dppt
compounds are presented in Table 7 5 The values obtained for [Ru(bpy)o(pt)}2*
and [Ru(bpy)o(dmpt))2+ are the same within expenmental error, suggesting that
similar excited-state processes are occurnng for these tnazine ligands irrespective
of the substitutions on the ligand However, the activation energy for
[Ru(bpy)o(dppt)]2+ was significantly lower than for the other two complexes The
low activation energies and prefactors of all the complexes are indicative of
photostable species and suggest that thermally activated surface crossing to the
SMC excited state cannot occur 1 e the energy gap between the SMLCT and 3MC
excited states 1s quite large76-78

Figure 7 3 7 shows the In(1/1) versus 1/T plot obtained for these

compounds As can be seen, there are significant differences in their temperature
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Compound E, (cm-) A (s1)
[Ru(bpy)-(pt)]2+ 1356 967 x 108
[Ru(bpy)o(dmpt)]2+ isomer 1 1398 175x10°
[Ru(bpy)o(dppt)]2+ 1057 106 x 10°
Table 7 5

Activation parameters and kinetic parameter for the tnazine compounds as

measured in ethanol methanol (4 1 viv) Errors + 10 %

17

In(1+)

141 C

12 1 ] 1 | 1 1 A

1000/T (K1)

Figure 737
Plot of the In(1/1) versus 1/T for (a) [Ru(bpy)2(pt)]2+, (b) [Ru(bpy),(dmpt)]2+ and
(c) [Ru(bpy)o(dppt)]2* in ethanol methanol (4 1 v/v) at temperatures > 150 K
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