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Abstract.

The synthesis, spectroscopic and electrochemical characterisation of ruthenium
(1) éaolypyrl yl mononuclear complexes containing 1,2 4-tnazole and tetrazole moiety
are described. Chaﬁterone_ls an introduction relating to the work described, in the thesis.
The methods of characterisation, which are described in chapter two, include High
Performance Liquid Chromatography, 'H-NMR, UV/Visible spectrosco Y fluorimetry,
electrochemistry, spectroelectrochemistry, mass spectrometry, and lifetime emission
measurements.” . _ _
Chapter three describes the synthesis of the new set of ligands and their mononuclear
Ruthenium (I1) complexes. _ o _

Chapter four contains an extensive characterisation of Ru(ll)(bgy)z moiet
complexes containing a 5-(2-pyridyl)-1,2,4-triazole ligand, (Apy), or a -(2-pyn%yf§
tetrazole ligand, ([ipy), and their comparison with the archetype_Ru(bpy)sZt he
examination of the acid-base chemistry of the complexes by UV/Visible spectroscopy
revealed important information about the location of the excitéd state _

Chapter five explores the spectroscopic, photophysical and electrochemical
Pr_opemes of the new [ u(%p%/)pryA)] complexes, where pyAg_Z is the 2,6 di-(1,2,4-
_r|az-3-yl)-pYr|d|ne ligand. The new species was exhaustively studied especially because
it revealed fo be one of the few example, available in literature, of emitting RuSH&
terpiridine complexes, with a lifetime of the excited state in the order of 10
nanoseconds. _ _ .

~Chapter six describes the synthesis of complexes contammg_(ApyA)Z and
terpyridine derivatives or vice-versa terpyridine and (ApyA)2' derivative liganas. One of
them will be used as a Photsenmnser in a photovaltaic cell. Attachment of the
!Ru(ll)(tctp;ﬁ(ApyA)] complex to nanocrystalline TiCs films indicates incident photon-
0-current efficiency (IPCES)ofgreaterthan 60%. _ o
Chapter seven exptores the use of a new 2,6 d|-(tetraz;5-rl)-pynd|n_e ligand,
&Upe{ll}) anld the spectroscopic, photophysical and electrochemical ~properties of its
u(ll) complexes, o _

Chapter eight is an attemPt to rationalise the collected data of the Ru(tpy) moigty.
The change of the energy levels in relation to the different ligands is analysed. The
correlations hetween spectroscopic, photophysical and electrochemical data of the new
complexes and the existent ones created an extensive knowledge of the tridentate Ru(H)
complexes, that increases their availability as a photosensitive building block for a
s(,:uhpratmolecular system. Some suggestions for future work are also considered in the final

apter.

.p Finally two appendices are included in this thesis. The first is a literature Survey
which synopsises the last ten years scientific papers, on the Ru-tpy mmet_Y,_mcIudmg
Investigations of their properties, use in analytical research or their use as building blocks
in supramolecolar sYstems. The second appendix refers to the publications, poster
presentations and oral presentations made during the course ofthe research.
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Chapter One

The Introduction”

. “Nothin? IS as easy as it lqoks,
Everything takes Tonger than you think”
Murphy



1.1 Introduction

The first pioneering studies on the photochemical behaviour o fco-ordinatipn
compounds date back to the late 19505 1A 4 In these five decades, the field has
experienced an enormous growth and the photochemistry of co-ordination
compounds stands now as a well-known and active research field56 8 The ifrst
period ofthis development, in the seventies, saw strong activity in the qualitative anfl
quantitative characterisation of the photoreactivity of several classes of co-ordination
compounds, notable examples being Cr(HI) and Co(IH) complexes. Parallel efforts
were devoted, in the same period, to the characterisation of the photophysical
behaviour ofseveral classes ofco-ordination compounds based on metal ions such ag:
Cr(IH), Ru(E), Os(I1), Rh(11) and Ir(IEI) complexes. An important goal in the field
was the recognition that excited state compounds can easily be involved ip
bimolecular processes such as energy and electron transfer; in this last process9, co-
ordination compounds are extremely versatile because of their easily tunable redox
propertiesl0112 This has permitted an extraordinary blossoming of studies on
bimolecular processing. Ru(bpy)s2, one of the most popular single molecules of the
whole chemical scene over the last thirty years, has surely played the leading rolet3’4
The problem of chemical conversion of solar light into energy has provided
additional driving force to the field 15161718 At the end of these four decades, it can be
fairly stated that for several classes of simple co-ordination compounds, a satisfactory



degree of understanding of the excited state properties (photophysical behaviour,
unimolecutar reactivity and bimolecular processes) has heen reached.

With this background firmly established, it’s possible now to start to shift
towards the study of more complex systems. This tendency, that is part ofa moe
general trend of today’s chemical research from the molecules towards
supramolecular systems? , has brought into the photochemical scene polynuclear
co-ordination, i.e. relatively large molecules containing two or more transition metal
complex subunits (components) linked together by suitable bridging ligands.

Moreover, interesting developments of this field can be imagined if the spatial
organisation inherent to polynuclear complexes coupled to the possibility of
performing appropriate sequences of intercomponent transfer processes is considered
It is indeed conceivable that research in this area can lead in the future to the
development of a polynuclear system capable of performing valuable light induced
functions such as charge separation and vectorial transport of electronic energy
(Photonic Molecular Devices)2,2



1.2 Unimolecular complexes

Molecules are multielectron systems, where the electronic Schroendingpr
equation can not he solved exactly. Approximate electronic wavefunctions of a
molecular system can be conveniently written as products of one electron

wavefunctions, each consisting ofan orbital and a spin part
p=@®s=znt (u)
The (£are appropriate molecular orbitals (MO) and sj is one of the two possible spin

eigenfunctions. The orbital part of this product multielectron wavefunction defines
the electronic configuration to which the electronic state belongs.
Typical inorganic molecules of photochemical interest are co-ordination compounds
of transition metals. A schematic MO diagram for an octahedral transition metal is
shown in Fig. L1

The various MOs can he conveniently classified according to their predominant
atomic orbital contribution as:

I strongly bonding, ligand centred a Lorbitals

it. bonding, ligand centred n orbitals

iii. essentially non bonding nM(t2)) metal centred, predominantly d orbitals
Iv. antibonding oV (eg) metal centred, predominantly d orbitals

v. ligand centred antibonding n * orbitals

vi. strongly antibonding, metal centred a Me-orbitals.



In the electronic ground configuration state of an octahedral complex ofa dn
metal ion, orbitals of type (i) and (ii) are completely filled, while n electrons occupy
the orbitals of type (iii) and (iv). As usual, excited configurations can be obtained
from the ground configurations by promoting one electron from occupied to vacant

MOs.

Figure. 1.1 MO diagram for an octahedral metal complex, the arrows indicate the typ?s of
trsifors besed gconf{guratqon. P op



At relatively low energies it’s possible find electronic transitions of this type:

a) metal centred, MC, transitions from oftype (iii) to orbitals oftype (iv)

b) ligand centred, LC, transitions from (ii) to (v)

¢) ligand to metal charge transfer, LMCT, from (iii) to ()

d) metal to ligand charge transfer, MLCT, from (i) to (iii)

The relative energy ordering of these types of configurations in any particular
complex depends on the nature of the metal and the ligands.

1.2.1 Light absorption

A molecule can be promoted from the ground electronic state to an
electronically excited state by the absorption of a quantum of light, if the photon
energy, hv, matches the energy gap between the two states. This energy gap, for low
energy states of inorganic molecules corresponds to light in the visible and near
ultraviolet regions.

The probability of transition from the ground state 'Pi to the excited state *Pf is
proportional to the square of the transition moment
Wh/) (-2
where (i s the dipole moment operator2L.
The equation (1.2) can be elaborated in the form:

Mif = (@ uK)(s.sy)E<x,0pxyit) (1.3)



The dipole-moment operator is considered to be independent of nuclear co-ordinates,
Frank Condon approximation, and spin; it only appears in the integral containing the
orbital part ofthe electronic wave function.

From the equation (1.3) it becomes possible to identify typical cases in whiph
the first or second term are expected to vanish, thus leading to a zero predicted
intensity ofthe electronic transition. The rules defining such cases are known as t}ie
selection rules for light absorption. Because of the orthogonality of spin
wavefunctions, the second term in (1.3) is expected null whenever the initial and the
final states have different multiplicity; those electronic transitions are called spin-
forbidden.

Departure from this approximation can be dealt with in terms ofa perturbatign
called spin-orbit coupling, by which states of different spin multiplicity can be mixed.
This perturbation will increase as the fourth power of the atomic number ofthe atpms
involved.

| the product 0;0f does not belong to the same irreducible representation pf

the point group of fj, the first term of the equation (L.3) is zero; in these cases the
transition is said to be symmetry forbidden. An example of symmetry forbidden
transitions is the d-d transitions of centre-symmetric co-ordination compounds. In
practice, such transitions have low but sizeable intensity because of the pogr
separability of electronic and nuclear functions. This can be dealt with as a
perturbation, called vibronic coupling.



1.2.2 Excited states processes

Light absorption by molecules wilt generate excited states and the
electronically excited molecules can return to the ground state by emission of a
quantum oflight or without emission of radiation.

When the process of deactivation between one electronically excited state and
the Ground State is generated by emission of light;

Av_sA+ hv

the process is known as a spontaneous emission, it depends on the third power of tfye

frequency of the radiation and on the transition moment. Therefore the emission is

affected by the same rules of symmetry and spin, which hold for the absorption

process. When the emission process will be a spin allowed process it is called

fluorescence, when it will be forbidden, phosphorescence.

In radiative deactivation, energy conservation is provided by the emission of light.

If an excited state is to be converted into the ground state without emission of

radiation, a two step mechanism must operate:

a) isoenergetic conversion of the electronic energy of the upper state into vibrational
energy of the lower state

b) vibrational relaxation ofthe lower state.

The first step normally is the rate determining process. It is dependent on the Fermi’s

Golden Rule:

(1.4)



where H11is the spin orbit coupling (vibronic) perturbation operator, that is the
promoter ofthe transition.

As for the emission process, the radiationless transition assumes a different
name if it would be spin allowed or spin forbidden. When the transition is spin
allowed it is called internal conversion, when spin forbidden it is inter system
crossing.

For a given ground state vibrational frequency, the probability of radiationless
transition decreases exponentially with the energy gap between the states, energy gap
law. The higher the energy gap, the higher is the vibrational quantum number ofthe
isoenergetic level of the ground state and the smaller is the overlap between the
vibrational functions.

At constant energy gap, the probability will depend on the vibrational energy
spacing of the ground state, since the smaller is the energy spacing, the higher the
vibrational quantum number of the isoenergetic level of the ground state, and the
smaller the overlap. Therefore, high energy vibrations such as C-H stretching, are
more effective than low frequency ones as energy accepting modes"4 . (Deuteration,
which lowers the vibrational frequency, is used as a tool for reducing the rate of
radiationless transition.)

Radiative and radiationless processes do not cause any chemical change in the
light absorbing molecule and can thus be classified as photophysical processes.
However excited states can achieve deactivation to ground state species, also by a
variety of chemical processes, because energy rich species, such as excited states, are
expected to he more reactive than those ofthe corresponding ground states.



The radiative and radiationless processes as described in this chapter compete
for deactivation ofany excited state ofa molecule.
In absence of other processes, an excited state ( A) will decay according to an

overall first order kinetics, with lifetime, x(*A) given by equation (1.5)

Al e - D
r( \ kr+knrtkp ¢ 09

Where kr is the radiative rate constant, km is the non-radiative one and kp is the rate
constant o fpossible reactipns.

For each proeess ofthe *Aexcited state, an efficiency r|j(*A) can be defined as in :

Ti{*A) = Al = kIT(*A) 04

The quantum yield  ofa given process originating from the excited state is defined
as the ratio between the number of molecules undergoing the process per unit time

and the number of photons absorbed per unit time;
<t> = (4% (17)

Where rin terms represent the efficiencies of the various steps involved in the
population of *A,

Kashaz has expressed in a rule the outcome of the competition hetween
excited state unimolecular processes ofa typical organic molecule: “the emitting level
of a given multiplicity is the lowest excited level of that multiplicity”. Kasha’s rule
has heen extend by CroshyXto typical transition metal complex; “in the absence of

photochemistry from upper excited states, emission from a transition metal complex

10



with an unfilled d-shell will occur from the lowest electronic excited state in the
molecule or from those states that can achieve a significant Boltzmann population
relative to the lowest electronic excited state.”



1.3 Supramolecular Systems

The term “supramolecular” was originally coined for multicomponent
systems, where molecular components are clutched together by weak intramolecular
forces such as: hydrogen bonds, electrostatic or host-guest interaction2z and donor
acceptor interactions. Now the definition of supramolecular systems also include
systems, which have molecular components covalently bonded. In a supramolecular
system the intercomponent hond would only have a structural role and will not
change the essential individual component properties. However, the properties of a
supramulecule will generally not be a simple superposition of those of the component
molecules. 1t is possible to form new processes, which can include energy and
electron transfers or complexation of new species.

A covalently linked molecular system can be defined supramolecular’61928
when the interactions of the molecular components are weak enough to preserve their
individual properties. The problem of the degree of electron de-localisation in .
complex chemical system must be addressed, especially for the class of complexes
containing the same metal in different oxidation states (mixed valence compounds):
The problem can explained using a simple two component model, A-B, as the
binuclear complex (NHs)sRu-L-Ru(NHs)%+ , where L represents a symmetrical
bridging ligand 27,

In a vaténce localised description, in terms of integral oxidation states ofthe
metal centres, this overall charge implies that the complex is a Ru(Il)-Ru(lI1) species.



Otherwise, in a fully delocalised description the species will result with both
Rutheniums in a oxidation state of 2.5. The factors, who will determine the localised
or delocalised nature of the complex, can be easily appreciated following the
approach developed by Hush-Satin3L Consider the two valence localised electronic
isomers;

Ru(I1)-Ru(l1) orA-B

Ru(IU)-Ru(TI) or A*-B

a specific equilibrium geometry corresponds to each of these species, in terms of
inner (Ruthenium-Ammonia distance) and outer (solvent molecules orientation
around the centres) nuclear degrees of freedom. Using parabolic potential energy
curves for the two electronic isomers and a generalised nuclear co-ordinate, involving
inner and outer nuclear displacements, it is possible to distinguish three different
situations. (Fig. 1.2 points out the fact that at the equilibrium geometry of each
electronically excited state). The energy separation between these two states at the
equilibrium is usually called reorganisational energy and is indicated by X The two
electronic isomers can be principally inter-converted by an electron exchange
process; at the equilibrium geometry, electron exchange may only occur with
concomitant absorption of a photon of energy X Otherwise, energy conservation is
fulfilled by a radiationless process at the nuclear geometry of the crossing point,
which can be thus viewed as the classical transition state for the classical transition

state for electron exchange. It is energy is in the model X/4.

13



When the electronic interaction between the metal centres, 1 ave, is absolutely
negligible, (it could be due to very long centre to centre distance or isolating character
ofthe bridge, L), the curves in Fig. 1.2 a represent the system at any geometry along
the nuclear co-ordinates.

In most cases, however, some intercomponent electronic interaction is fikejy
to be present, either as a consequence of direct orbital overlap between the metal
centres, or through some hridge mechanism. In this case, Fig. 1.2a will represent only
the zero order situation. The electronic interaction has almost no effect on the zero
order curves in the proximity of the equilibrium geometry where the difference in
energy between the electronic isomers is much larger than Habdl, but causes mixing of
the zero order states nearer the crossing point.

(b) ()

Figure 1.2 Potential energy curves for mixed-valence compounds with negligible (a), wcalf (b)
and strong (c) electronic coupling.

These kind of systems can be still considered as valence localised and will still
exhibit the properties ofthe isolated component, but new properties and

14



processes promoted by the two centres can be observed, such as optical transition or
thermally activated electron transfer. The barrier to thermal electron transfer is only
negligibly smaller than that calculated on the basis of the zero order curves A/4.

When a strong electronic coupling is provided by the bridging ligand, the ze\o
order levels can he substantially perturbed even in the proximity of their equilibrium
geometry, in the limit of a very large electronic coupling the first order curves wijll
show a single minimum and an intermediate geometry. The binuclear complex can be

considered futty delocalised, Fig.L.2c.

1.3.1 Localisation of Excitation Energy

The conceptual scheme used above to discuss the oxidation states can be
extended to analyse the location of excitation energy in a supramolecular system. In
the two component system A-B, it is again, possible to distinguish three possible
situations, whose are depending on the magnitude of the relevant centre to centre
electronic coupling Hah™ In the ideal case of Har" O the excitation is fully localised
on one of the centres, either *A-B or A-B*, but there would be no possibility for
intercomponent enerqy transfer; otherwise, for hig electron coupling, the system is a
whole excited “large molecule” (A-B)*. When Hab™is not negligible but smaller
than the vibrational trapping energy, the excitation can be still regarded as essentially
localised, but now a intercomponent energy transfer processes of the *A-B to the A-

B* type are allowed.



In this extension of the localisation argument from the electron transfer to the energy
transfer field, the difference between the quantities involved should not be
overlooked. At first the difference between the nncand wase , but also it should be
remembered that trapping energies for electronic excitation are expected to involve
mainly reorganisation of internal vibrational modes. Reorganisation of solvent
modes, which is always an important part of X in electron transfer, is expected to be
small for energy transfer unless the ground and excited state have had much more
different dipole moments.

1.4 Intercomponent Processes

The previous discussion about the localisation of oxidation states and
excitation energy will help the discussion under which a covalently linked chemically
complex system can be classified as supramolecular
Sometimes the absorption spectrum ofa supramolecule can differ from the sum of the
spectra of the molecular components such as new hands appearing in its spectrur”,
These hands are due to the optical electron transfer process (Fig. 1.3, 1.4). This
process must be clearly distinguished from photoinduced electron transfer, which
corresponds to thermal election transfer following electronic excitation of a single

component.;

A-B— -B

16



In this case the reorganisational energy X is defined as a virtual, rather than real,
energy difference, pertaining to a hypothetical isoenergetic system with the same
nuclear displacements.

According to the Hush theory the energy of an optical electron transfer transition, Eq,
is correlated to the energy between the minima ofthe A-B and A+B' curves, AE, and
to the reorganisational energy, X

EQ-AF+X (1)

Whether or not electron transfer transitions are actually observed in the
supramofecular spectra depends on several factors. Except for systems exhibiting
large interactions, the intensities ofthese bands are expected to be low with respect to
those of the components. Therefore to be observable these bands require need" to
occur in a region of the spectrum free from absorption hands of the components,

usually the visible or the near infrared.

17



Cases are possible, however, where, because of an AE greater than X the relaxed state
A -B* remains an excited state, so an emission analogue of the absorption process is

possible. Emission from electron transfer state in some supramolecular systems have
indeed been observed.

Figure 1.3 Schematic representation of different type of electron transfer processes in a two-
centre systenrr 1. Optical, 2-3 Photoindueed, 4 Thermal.



Figure 14 Energy profiles and parameters relevant to optical electron transfer.

Photoinduced electron transfer and charge recombination are both examples of
electron transfer.

*A-B >A+-B

A"-B~ >A -B

As for any radiationless transition between weakly interacting electronic states of a
molecule, the probability is given by a expression of the type:

T9



where Habd is the electronic coupling hetween the two states interconverted by the
electron transfer process and FCWD is the Frank-Condon weighted density states.

It is possible to consider HABJ as a one-electron matrix element involving the
HOMO ofthe electron donor centre and the LUMO ofthe electron acceptor centre. In
a supramolecular system, this matrix element is expected to depend exponentially on
the distance between the two components; the law is:

hl=H%(o)exp ° ("~ (1.10)

The variable r is the intercomponent distances if a direct intercompouent
orbital overlap is assumed. It could be better regarded as the effective distance, where
the interaction is assumed to be mediated by a bridging unit; Haba (o) is the
interaction at the minimal intercomponent distance ro and P is the attenuation
parameter, dependent on nature of the bridge.

The FCWD term is a thermally averaged Frank-Condon factor connecting the
initial and final states. It contains a sum of the overlap integrals between the nuclear
wavefunctions including the vibrational modes (inner) and the solvent reorganisation
modes (outer).

The expression of FCWD, which is normally very complicated, becomes
relatively simple in ideal situations. In a simple approximation in which the solvent

modes (v0) are thermally excited and treated classically (hvo«kBT), and internal

20



vibrations (vi) "are frozen and treated quantum mechanically (k]jT«hvj), the FCWD

term becomes:

1 'SITe S (aG® +A0+mhv,y

D= ety v o & 4AdBT

i 42

In equation 1.11, the sum extends over m, the number of quanta of the inner
vibrational mode in the product state, AG® is the thermodynamic driving force of the

process and X0 is the outer sphere (solvent) reorganisational energy, in its simplest

form will be;

o B W e e

where e is the electron charge, r>p and Ds are the optical and static dielectric
constants of the solvent, rAand tr are the radii ofthe two molecular components, and
r the intercomponent distance; X, is the innersphere reorganisational energy given, in

the single mode approximation, by

Where k is an average force and AQeis the change in the equilibrium geometry alpng
the vibrational mode considered.

|t could be demonstrated that in the high temperature limit, the nuclear factor takes
the form:.

21



FCWD Al (aG° -hA f
“anlkjj T aakm 13

The exponential term of this equation is the same as predicted by the classical model
of Marcus"] where parabolic energy curves, such as those of Fig. 1.5, are considered.
The activation free energy of the process is that required going from the equilibrium

geometry of the reactants to the crossing point

Figure 1.5 Energy protiles and parameters relevant to photoinduced electron transfer.

The equations contain an important prediction, namely, that of three typical kinetic
regimes depending on the driving force range:
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(2) a normal regime for small driving forces (-A.<AG®<0), the process is thermally
activated and is promoted by an increase ofdriving force

(b) an activation less regime (-A.=AG"), the rate can not be increased by changing the
driving force

(c) an inverted region regime for a strongly exoergomic reaction (-*>AG°), the
process slows down with increasing driving force.

Increasing X slows down the process in the normal regime, but accelerates it in the

inverted regime. The main difference hetween the high temperature limit expression

and the full quantum mechanical expression of FCWD lies in the type of quantitative

free energy dependence predicted in the inverted region. The classical limit predicts fi

parabolic decrease of In(kehss with increasing driving force, as compared with the

linear decrease predicted by the quantum mechanical models, but definite proofs for

the existence ofthe inverted region have been accumulating in the last years%37.
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Nuclear Configuration

Figure 1.6 Potential energy curves for reactant and product states of an electron transfer process
inthe three archetypal free energy ranges of the Marcus model.

Energy transfer is another type of radiationless transition between the electronic states
of the supramolecule.

'A-B >A-B'

Thus, the rate constant for energy transfer is given by the golden rule expression,
formally identical to that used for electron transfer,

K.={"(n7.):n'm 019
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where Hab6” is the electronic coupling between the two excited states interconverted
by the energy transfer process and FCWD is an appropriate Frank Condon factor.

Analogously to what happens for electron transfer processes, the Frank
Condon factor for energy transfer processes can he cast either in quantum
mechanical -s-s 0r in classical terms4). Although the nature of the reorganisational
energy can be somewhat different in the two cases, large contributions from solvent
reorganisation are generally not expected for energy transfer. It will be an exception
ifthe process involves large dipole moment changes upon local excitation, the effects
of X and AG® are qualitatively the same as in electron transfer, including the
prediction ofactivated, activationless and inverted regime.

As to the electronic factor, @ major difference exists between the detailed
structure of Hab6*and Hab6' Whereas the first one is a one electron, connecting the
HOMO of the electron donor and the LUMO of the electron acceptor, the Hab2' is a
two-electron matrix element involving HOMOs and LUMOs on both the energy
donor and energy acceptor centres.

In general case, Hah6' may contain two terms: coulombic (Forster) and
exchange (Dexter). The two terms have different dependencies on a various
parameters of the system and each of them can become predominant depending on
the specific system and experimental situation. The coulombic mechanisma: is a long-
range mechanism that does not require physical contact between donor and acceptor.
It can be shown that the most important term within the coulombic interaction is the
dipole-dipole term, that obeys the same selection rules as the corresponding electric
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dipole transictions f the two partners. The typical example of efficient coulombic
mecchanism is that of a singlet to singlet energy transfer:

A'(S,)-B(Sa)----

between large aromatic molecules, a process used by nature in the antenna device of
the photosynthetic system42

The exchange mechanism is a short mechanism that requires orbital overlap,
and therefore physical contact, between donor and acceptor. The exchange interaction
can be visualized as a simultaneous exchange oftwo electrons hetween the donor and
the acceptor via LUMOs and HOMOs. The spin selection rules for this type of
mechanism arise from the need to obey spin conservation in the reacting pair as a
whole. This allows this mechanism to be operative in many cases in which, as in co-
ordination compounds, the relevant excited states are forbidden in the u”ual
spectroscopic sense.

An interesting question is that concerning the relative rates of electron and
exchange energy transfer in an ideal system, where both processes are
thermodynamically altowed. Generally speaking, energy transfer tends to have
smaller re-organisation barriers than electron transfer, due to the much smaller
solvent re-polarisation required for the former process. As far as the electronic term is
concerned, the two-electron versus the one-electron nature of the interaction implies

more sever overlap requirements for energy than for electron transfer. In a number of
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elegant studies on covalently linked organic donor-acceptor systems, Closs and
Miller? have recently probed the relationship between electron and exchange energy
transfer, showing that rates of energy transfer decrease with increasing bridge length
much faster than those of corresponding electron transfer processes.
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1.5 Photochemical Molecular Devices

An assembly of motecutar components capable of performing light induced
functions carr be called a photochemical molecular device4&, (PMD).

PMDs are present in nature where they perform functions essential to life such
as photosynthesis and vision. Important progress towards the understanding of sucfi
natural PMDs has been made in recent yearsd474849. For example, the structure of
the reaction centre of bacterial photosynthesis is know and its function are reasonable
well understood5)5L The very efficient photo induced charge separation achieved in
this system arises from the successful competition of forward over back electron
uansfer reactions, which is made impossible by the very specific supramolecular
organisation reached as the result of evolution.

To perform a particular function and to be useful for a specific application, a
PMD needs to be constructed of suitable molecular components, each having a
specific role. It’s possible to distinguish three fundamental kind of molecular
components:
active components, which perform an elementary act or a sequence ofelementary acts

directly related to the desired function
perturbing components, which can be used to modify the properties of the active

components
connecting components, which can be used to link tougher components in the desired
spatial arrangement,
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The first requisite of any PMD is chemical stability. Only stable devices are able to
process a large number of photons and can thus be useful for practical applications.
From the previous chapters we have seen that polynuclear complexes are

made of components with individual photochemical and photophysicat properties and
the behaviour of the polynuclear complex is determined by the spatial arrangement
and relative energiesofthe components. Polynuclear complexes clearly have some pf
the distinctive features of PMDs. Whether or not a given polynuclear complex is to
be considered a PMD depends, ofcourse, on the extent to which its behaviour can be
considered as useful light induced function.
Generally speaking, it’s possible to divide the PMDs by the functions perforrped:

photoinduced electron transfer

electronic energy transfer

photoiduced structural change.

1.5.1 Photoinduced Electron Transfer PMDs

PMDs can perform conversion of light into chemical energy (artificial
photosynthesis) like those shown in Fig 1.7. The principal components of the device
must have appropriate relative redox potentials (ground and, or excited state) and
must be assembled in a correct energy sequence. Photoinduced charge separation cap
occur either between two relay components as in [Fig.1.7.(a) a] or between the
photosensiteser and a relay as in [Fig. 1.7 (a) b]. If connected with electrodes, these
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devices can convert light into electrical energy and constitute the fundamental

elements ofthe molecule-based photovoltaic cells,

Figure 1.7 Photo Molecular Devices

Photosensitisation of an electron transfer process hetween remote reactant is
another important application of PMDs hased on photoinduced electron transfer
process (Fig 7(a) c). This process may become useful in the case of a spontaneous
overall electron transfer process that is prevented by intermediate step having a high
energy barrier. At last, the potential application of photoinduced electron transfer can
be applied lo the switching of electric signals. The Relay (Rel) components are

connected to electrodes and separated by an electron transfer photosensitiser (Pel).
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Application of a potential difference to the electrodes does not allow electronic
migration when the Pei is kept in the dark because its HOMOs and LUMOs lie at tqo
high energy with respect to the Fermi levels of the electrodes. Under light excitation,
it becomes possible to transfer one electron between the HOMO and LUMO o fthe
photosensiteser, consequentially it is possible the transfer of an electron between the
two relays and therefore the two electrodes. Because ofthe possibility ofmodifying
its electrical resistance with light, this PMD can be considered as a phototransistor

1.5.2 Electronic Energy Transfer PMDs

Light absorption by a component of @ PMD generates localised electronic
energy. The possibility of transmitting this electronic energy to another component of
the PMD, where the energy can be used for chemical purposes or reconverted into
light. This function can only be obtained upon elaboration ofthe light energy input in
the dimension of energy, space and time by means of an appropriate sequence of
suitable components.

Energy transfer PMDs can include:
* spectral sensitisation

* antenna effect

* remote photosensitisation

* light-energy up-conversjon
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For this group of PMDs, the interface toward light will be an energy transfer
photosensithiser (Pen), a molecular species capable of absorbing light and donating
electronic energy to a different device’s component.

Spectral sensitisation is important when a luminescent or photoreactiye
species can not be excited in a desired wavelength, because it does not absorb light in
aparticular spectrum region; the suitable device could be a simple dyad as in Fig. L1.7.
The antenna effect, Fig. 1.7(b) b, is an enhanced light sensitivity obtained by an
increase in the overall cross section for light absorption. The result is obtained using
several Pens, whose will convey the energy to another component. The final
component can be a luminophore, obtaining an emission a different wavelength, but it
can play also a different role, as electron transfer photosensitiser.

In the remote energy transfer photosensitisation, the component interfacing
the PMD towards use can be either an energy transfer relay (ren) or a luminophore.
To obtain migration over long distances, the PMD should involve a sequence of
energy transfer processes along a vectorial array of components. A PMD, who is able
of performing light energy up conversion so as to obtain anti-stokes luminescence, is
an another potential use of electronic energy transfer (Fig. 1.7)

1.5.3 Photoinduced Structural Changes PMDs

The characteristic active-components ofthis kind of PMDs are photoisomerizable
components, Pi. Important requirements for the Pi are possibility of being excited
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either by light absorption or energy transfer, chemical and photochemical stability
and possibility or reconverting the photoinduced structural change by athermal or
photochemical reaction. The nature ofthe other components ofa PMD performing
this function depend on its specific utilisation, which include:

* switching electrical signals,

* switching receptor ability,

* modification ofcavity size,

* activation of coreceptor catalysis

1.5.4 Design of Supramolecular Systems as Semiconductor

Sensitisers

The use of solid state materials for conversion of solar energy into eiectricily
is a topic of much interest to scientists. Colloids and nanocrystalline films of several
semiconductor systems have heen employed in the direct conversion ofsolar energy
into chemical or electrical energy5253 In the 1950s the improvements of silicon purity
and solid-state junctions created a revolution in the development of solar cells.
Silicon solar cell efficiencies improved of an order of magnitude in the 1950s up to
reach 24% in 199554 In the 1990s a major photoelectrochemical solar cell
development was obtained with the introduction of thin film dye sensitized solar cells

devised by Gratzel%. For the first time a solar energy device operating on a molecular
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level showed the stability and the efficiency required for potential practical
applications%AI 3

Although the general principles of dye sensitization of wide-band-gap
semiconductors were already well established in the 1970s® progress in the
application of such techniques, to light energy conversion, has been initially very
stow due to the limited light absorption showed by monolayer of dyes on electrodes
of small surface roughness. Substantial advances in conversion efficiencies, obtained
with sensitized semiconductor electrodes, started with the development of high
surface area nanocrystalline semiconductorseo and of suitable molecular
sensitizers®-©?

Most of the nanocrystalline semiconductors studied up to now are met"|
oxides or chalcogenides, such as Ti02 Zn0O, SC>, Nb205 W03, SrTi03 Ta20s or
CdS. Films based on these materials are constituted by a network of mesoscopic
particles which are in close contact with each other and allow for an efficient
electronic migration. Because of their high roughness factor and relative good
conductivity, these materials are ideal candidates for a number of interesting
applications such as photoelectrochemical solar cells, sensors, electro- and
photochromic materials, and photocatalytic devicese3 Wide band gap n-type
semiconductors such as TiC- and ZnO, are materials that do not undergo
decomposition upon irradiation or heating and are therefore generally utilized in dye
sensitized photoelectrochemical solar cells 461 The developments of these materials
and of efficient molecular sensitizers have caused a sharp acceleration in the field and
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active research on several aspects of this technology is now being performed in many
|ahoratories.

Dye sensitization, i.e. charge injection from an electronically excited adsorbed
dye, is a well-established technique that allows photoelectrochemical and
photocatalytic processes on wide band-gap semiconductors using sub band-gap
excitation. The energy gradient initially stored in the interfacial charge separated pair

TiG2(e')/D+ can be utilized to drive chemicaf reactions as well asto convert visible
lightinto electricity 't

Figure 1.8 Schematic representation of the elementary ste_P_s involved in a re?enerative
photoefectrochemieal celt for light conversion based on dye sensitization of semiconductors



An accepted model for dye sensitization in regenerative photoelectrochemical
celts is shown in Figure 1 The cetl consists ofa molecular sensitizer anchored to the
semiconductor surface, a solution containing a relay electrolyte, and a counter
electrode. Light excitation promotes the sensitizer to upper lying electronic excited-
states that convert very rapidly and efficiently to the lowest-lying electronic excited-
state. The excited dye injects an electron into the conduction band of tfye
semiconductor from a normal distribution of donor levels at a rate k-, and becomes
oxidized. An electron donor (I-) acting as relay electrolyte then reduces the oxidized
dye, at a rate k4. The electron flows (ks) through an external circuit to perform useful
work. Reduction of the oxidized donor (13) occurs at the counter electrode (k?) and
the solar cell is therefore regenerative. Radiative decay, nonradiative decay (ki) ofthe
excited dye molecule, and recombination of the photoinjected electron with the
oxidized dye (k3), represent loss mechanisms. Additional loss mechanisms, such as
recombination of the conduction band electrons with the oxidized electron donor, afe
represented by the rate constant ke. Other loss mechanisms, as chemical reactions
taking place from the oxidized or excited dye sensitizer, are not shown in Figure Ls.

The performance of the cell can he quantified on a macroscopic level with
parameters such as Incident Photon to Current Efficiency (IPCE), open circuit
photovoltage (Voo), and the overall efficiency of the photovoltaic cell, r|«i. The
parameter measuring directly how efficient incident photons are converted into
electrons is the incident photon to current conversion efficiency (IPCE) 6L The
wavelength dependent IPCE term can be expressed as a product of the quantum yield
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for charge injection the efficiency of collecting electrons in the external circuit
(r), and the fraction of radiant power absorbed by the material or «light harvesting
efficiency» (LHE), eq.1.19:

IPCE(X)- LHE(X) 0 fj (L 19)

While d? and rj, can be rationalized on the hasis of kinetic parameters, LHE depends
on the active surface area of the semiconductor and on the cross section for light
absorption of the molecular sensitiser. In practice the IPCE measurements are
performed with monochromatic light and calculated according Eq. 1.20,

IPCE (k) = 124-10: (V mm)xphotocurrentdensity u+cm )
wavelength (nm)xphoton flux(W -in )

The maximum open-circuit photovoltage, attainable in the dye-sensitized solar cell, is
the difference between the Fermi level of the solid under illumination and the Nernst
potential of the redox couple in the electrolyte. However, for these devices this
limitation has not been realized and Vocis in general much smaller. It appears that Ve

is kinetically limited and for an n-type semiconductor in a regenerative cell the diode

(1.21)

equation 1.1 can be applied e
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where j is the electron injection flux, n is the concentration of electrons in Tio2, and
the summation is for all electron transfer rates to acceptors A. One successful
strategy for increasing Voo has been to add pyridine derivatives to the electrolyte.
Pyridine is thought to adsorb on the Tio> surface and to inhibit recombination of
injected electrons with 15" (ke). An alternative approach, which wilt be discussed in
section 4, involve the use of supramolecular systems containing a sensitizer unit
covalently bound to a suitable electron donor unit that allows to translate the positive
charge from the oxidized form ofthe sensitizer.

The overall efficiency ofithe photovoltaic cell, r|eeu, is given by eq. 1.22

IvhxVocx ff
W= (L22)

where igh is the integrated photocurrent density, ff the cell fill factor, and Is the
intensity of the incident light. The integrated photocurrent density represents the
overlap between the solar emission and the monochromatic current yield. The
maximum overall efficiencies reported so far are in the 7-11% range, depending on
the fill factor of the celts. Under optimal current collection geometry, minimizing
ohmic losses due to the resistance of the conductive glass, and under reduced solar
irradiance, fill factors of o s have been obtained.

Photosensitization of Tio= with transition metal complexes, chlorophyll
derivatives, and related natural porphyrins have been reported. Besides these stupes,
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a different approach involving coupling oftwo semiconductor particles with different

energy levels, such as CdS-ZnO and CdSe-Tio 2, has been proposed by Kamat6d

In order to be useful in a photoregenerative ceil, the molecular sensitiser should fulfil

several requirements, including:

1 the ability to adsorb firmly on the semiconductor.

2. efficient light absorption in the visible region.

3. an excited-state redox potential negative enough for electron injection into the
conduction band.

4. aground-state redox potential as positive as possible, compatible with b) ancfe)r

5. small reorganizational energy for excited- and ground-state redox processes, o as

to minimize free energy tosses in primary and secondary electron transfer stfps.
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Figure 1.9 Possible sequences of intramolecular and interfacial electron-transfer (a) linear and
(b? Branched antenna systems adsorbedon a semiconductor#

It should be noticed that the photoregenerative device, described in the previous
section (see Figure 1.7), has the peculiarity of operating with molecular sensitizers

40



having short lived excited-states, and with sensitizers showing photochemical
instability or irreversible ground-state redox behaviour. This peculiarity is satisfied
when charge injection processes to the semiconductor are very fast and competitive
with deactivation or chemical reactivity of the excited sensitizer. A fast reduction of
the sensitizer-oxidized form can be obtained by increasing the concentration of iodide
in the electrolytic solution.

The most successful sensitizers, used so far, are based on polypyridine
complexes of d&metal ions, such as Ru(ll), Os(H), and Re(l) showing intense metal
to ligand charge transfer transitions in the visible region, leading to MLCT states. The
energies of these states can be varied systematically by changing the substituents at
the chromophoric ligands (electron-withdrawing substituents tend to decrease the
energy of the n* orbitals of the polypyridine ligand, while the opposite effect is
observed with electron donating substituents) as well as by changing the non-
chromophoric ligands. For bis-chelate complexes of the type c/s-[Run(bpy)z (X)2], as
well as for the analogous Osu complexes, MLCT absorption bands shift to higher
energy changing X from n donating ligands to n accepting ligands. The main effeqt,
in this case, is a direct perturbation of the electronic density at the metal center. With
this kind of system, open circuit photovoftages of ca 0.6 Voft, short circuit
photocurrents of about 8-10 mA/cm2 and overall solar energy conversion efficiency
ofthe order of 10% can be obtained in laboratory experiments.

An additional strategy to increase the light absorption efficiency of a
sensitised semiconductor could be to replace the sensitiser molecule at the
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semiconductor solution interphase with an antenna sensitiser molecular device
(Fig. L9). In principle, this device should take advantage of efficient inetrcomponept
electron transfer from a number of light absorbing (antenna) units to an energy
collecting unit, which is at the same time a good photosensitesr for charge injection.
In this way, the light energy absorbed by all the components can be used to effect
charge injection. In this way, the light energy absorbed by all the components can be
used to effect to effect charge injection, with an increase in he overall cross section
for lit absorption compared to the case of a simple molecular sensitiser. How this
increase is actually distributed over the action spectrum depends on the spectral
characteristics of the antenna and sensiteser cromophores, subject to the obvious

condition, hv‘<hv.
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1-6 Ruthenium Polypyridine Complexes

In the last twenty years Ru(ll)-polypyridine complexes have attracted tfye
attention of several research groups hecause of a unique combination of ground and
excited state propertiesss (Fig. 1.10). The prototype of these complexes is the well-
know {Ru{bpy)s]2+which is extensively used as :

a photoluminescent compound,

an excited state reactant in energy and electron transfer processes,

an excited state product in chemiluminescent and electrochemiluminescent reactipns
amediator in intercorversion of light and/or chemical energy.

Paris and Brandt™ first reported [Ru(bpy)s]CI? as a luminescent species, in fluid
solution, in 1959 and since then this molecule has become the building block for an
ever-expanding array of photoactive molecules of dilating complexity.

The absorption spectra of bipyridiles complexes of ruthenium are dominated by a
metal to ligand charge transfer (MLCT) band in the visible region, as it showed in
Fig. 1.11(a), the maximum wavelength of asobrtion for [Ru(bpy)s]2+ is 450 nm.
Transitions within the ligand -bonding or *-antibonding orbital labelled n-n* or
ligand centred transitions usually lie at higher energies (185, 285 nm.) have high
extinction coefficients and are substantially ligand in character. In addiction,
transitions such as promotion of an electron from atzqto a egorbital are possible and
such d-d or metal centered transiction give rise to weak absorption bands (322, 344
-nm, spin-forbidden) 7L
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Figure 1.10 Photophysical and redox properties ofthe complex [Ru(IT)(bpy)i]i+

Xinm

Fi?ure 1.11 Absorption (a) and emission spectra (b) of [Ru(11)(bpy)32; at r.t. in acetonitiile
solution.
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For [Ru(bpy)s] 2+the lowest excited state is a 'MLCT excited state; the efficiency of
population from the upper singlets, obtained by excitation, to the lowest triplet state is
essentially unity (Crosby rule). The MLCT excited state- is the emissive state (Fig.
111 ), low temperature measurements of the banded emission indicate the presenqe
of three electronic components in the emitting with the upper two members situated
approximately 10 and 60 cm-: above the lowest. The excited state lifetime is
temperature dependent and increases dramatically as the temperature is decreased73
The large energy gap between the lowest excited states and the ground state allows
radiative processes (phosphorescence) to compete with non-radiative ones.
Population of MC states following MLCT excitation by internal conversion from the
MLCT to the MC excited states, can lead to at best non-radiative decay, hut can also
lead to ligand-loss photochemistry (Fig. 1.13).

Oxidation of [Ru(bpy)s]2+ complexes usually involves a metal centred orbital,
with formation ofRu(11) centres, which are inert to ligand sobstitution.
The oxidation potential in this complex fall in a rather narrow range around +1,25 V
versus NHE, but substitution of one or more bipyridine ligands by another similar
type ligand can drastically change their potential.
Reduction of [Ru(bpy)?]2" takes place on a ligand n* orbital (-1,46 V), that is usually
the same involved in the MLCT transition; correlation exist between the
electrochemical and spectroscopic data (Fig. 1.10). Because of its higher energy
content, the excited state is a both a stronger reductant and a stronger oxidant than the
corresponding ground state,
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Excited state redox potentials can be tuned by changing the ground state redox
potential and-or excited state energy. Since reduction usually takes place on a ligand,
the ground state reduction potential will be roughly related to the reduction potential
ofthe free ligand. However, the ability ofa 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 o and n honding by the other ligands. A change in the oxidation
potential of the ground state causes a change in the excited state oxidation potential.

From the viewpoint of the excited state properties bipyridyl aqd
phenanthroline are much better ligands than terpyridine for ruthenium complexes. It
is well know that at room temperature, in fluid solution, Ru(bpy)s2' exhibits a strong
and long lived luminiscence, MLCT lifetime in the order of one thousand nsec,
whereas Ru(tpy)z2 does not show any luminenseence and a MLCT lifetime of 250
psec. That is because the main radiationless decay path at room temperature is in |l
the case an activated crossing to an upper lying, distorted MC excited state. Since the
tepyridine ligand has a bad hite angle for octhedral co-ordination, the ligand field
strength in terpyridine complexes is weaker than in bipyridyl type complexes. As a
consequence, the energy gap hetween theMLCT and MC levels is smaller and the
deactivating radiationless decay through the MC is faster. At 77 K the activated
radiationless decay through the 3VIC levels is stopped and the luminescence lifetime
between tpy and bpy type complexes is comparable.
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Nuclear Configuration

Figure 1.12 Schematic representation of the photophysical pathways of [Ru(bpy)32

From the viewpoint o fstructure, however, bridging ligands hased on tpy, are
much more appealing than those based on bidentate ligands. One reason is that there
are important differences concerning the co-ordination to the metal centres. This is
highlighted in Fig.1.13 where the structures of ruthenium bidentate and tridentate
polipyridine complexes are illustrated: The bidentate ligands give rise to stereo-
isomerism at six-cordinated centres due to its hidentate nature and therefore an

M (bpyh2+ complex exists in two enantiomeric forms (A and A). If the two co-
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ordinating nitrogens are not equivalent, as it happens for mono-substituted bpy, two
geometrical isomers arepossible (fee and mer>; furthermore each ofthem can exists
as one ofthe two enantiemers. In contrast o fthis behaviour, a octhaedral coordinate
metai forms an achiral [RiKftpy)?7}2* complex upon reaction with terpyridine. The
introduction of single substituent in the 4’ position of each terpyridine ligands does
not present any change ofglobal symmetry orformationof geometrical isomers.

Ftgtrre 1.ASchematjc representations ofthetwo chiral isomers of [Ru(bpy)drcomptex ared the
uniquefoimof (R utpyg

Another important structural difference

type ligands with a spacercamot occur along the co-ordination axis, whereasthis can
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be obtained by 4’ substitution ofthe tpy. ligand. The tridentate tpy ligand is therefore
more appearing than the bidentate bipyridine and phenantrotine ligands from the point
ofview of constructing linear, rodlike polynuclear complexes.

From the above discussion, the optimum would be a complex with the
photophysical properties of Ru(l1)(bpy)s complex and the structural properties of
Ru(n)(tpy)2 complex. Untitnow, in order to increase the excited state fifetime ofRu-
tpy base cromophoric unit two different pathways have been used:

1. substitution in 4fposition of the tpy by electron acceptor groups such as -Me$02

(atr.t. the luminescence lifetime is 36 nsec)74
2. use of ancillary ligands, which can increase the ligand field strength, as-CN (rt.

lummecence lifetime is 40 nsep.)™



1.7 Scope of the Thesis

The synthesis, spectroscopic and electrochemical characterisation of
ruthenium (I1) polypyridyl mononuclear complexes containing 1,2,4-triazole and
tetrazole moiety will be described. Chapter one is an introduction relating to the
work described in the thesis. The methods of characterisation, which are described in
chapter two, include High Performance Liquid Chromatography, ‘H-NIVIR,
UV/Visible spectroscopy, ftuorimetry, electrochemistry, spectroelectrochemiStry,
mass spectrometry and lifetime emission measurements,

Chapter three will describe the synthesis of the new set of ligands and their
mononuclear Ruthenium (1) complexes.

Chapter four will describe an extensive characterisation of Ru(H)(bpy):
moiety complexes containing a 5-(2-pyridyl)-1,2,4-triazole ligand, (Apy), or a 5-(2-
pyridyl) tetrazole ligand, (I ipy), and their comparison with the archetype Ru(bpy)3+.
The examination of the acid-base chemistry of the complexes by UVIVisible
spectroscopy will reveal important information about the location of the excited state

Chapter five will explore the spectroscopic, photophysical and
electrochemical properties of the new [Ru(tpy)(ApyA)] complexes, where (ApyA) "is
the 2,6 di-(1,2,4-triaz-3-yl)-pyridine ligand. The new specie will be exhaustively
studied especially because it will revealed to be one ofthe few example, available jn
literature, of emitting Ru(ll) terpyridine complexes, with a lifetime of the excited

state in the order of 100 nanoseconds.
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Chapter six will describe the synthesis of complexes containing (ApyA)2' apd

terpyridine derivatives or vice-versa tepyrinine and (ApyA)2' derivative ligands. One
of them will be used as a photsensitiser in a photovoltaic cell. Attachment of the
[Ru(H)(tctpy)(ApyA)] complex to nanocrystalline Ti02 films indicates incident
photon-to-current efficiency (IPCE) of greater than 60%.

Chapter seven wilt explore the use of a new 2,6 di-(tetraz-5-yf)-pyridine
ligand, (DpyD)2' and the spectroscopic, photophysical and electrochemical properties
of its Ru(I3) complexes.

Chapter eight wilt be an attempt to rationalise the collected data of the Ru(tpy)
moiety. The change of the energy levels in relation to the different ligands will be
analysed. The correlations between spectroscapic, photophysical and electrochemical
data of the new complexes and the existent ones will create an extensive knowledge
of the tridentate Ru(lt) complexes, that witt increase their availability ag a
photosensitive building block fora supramolecular system.

Some suggestions for future work will be considered and developed in the
final Chapter.

Finally two appendices will be included in this thesis:

The first will be a literature survey which synopsises the last ten years
scientific papers, on the Ru-tpy moiety, including investigations of th™ir
properties, use in analytical research or their use as building blocks in
supramolecolar systeips.
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The second appendix will refer to the publications, poster presentations
and oral presentations made during the course of the research.
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Chapter 2

“Experimental Procedures”

“Anything that can gc wrong witl go wrong"

Murphy



2.1 Introduction

Synthetic procedures are described in each chapter. All synthetic reagents
were of commercial grade and no further purification was employed, again unless
otherwise stated.

All solvents employed in spectroscopic measurement were HPLC or

spectroscopic grade.

2.2 Chromatographic techniques

High performance liquid chromatography (HPLC) was carried out on a
Waters 510 HPLC using a Waters 990 photodiode array detector equipped with a
NEC PAC IE computer, a 20 pi injector loop and a Partisil SCX radial PAK
cartridge. The detection wavelength used was 280 nm. The chromatography was
achieved using a mobile phase, which consisted of acetonitrile/ water, 80/20 (v/v)
containing 0.08 M LiC104. The flow rate for routine work was 1s cmsmin'L

Semi-preparative HPLC was performed using an ACS pump, a 1 cms
injection loop and a Waters Partisil SCX 10 pin cation exchange column (25 x
100 mm). The mobile phase used 0.12 M Ammonium Acetate in methanol. The

flow rate used 2.0 cma/min.
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2.3 Absorption and:Emission Spectroscopy

UVIVis spectra were carried out on a Shimadzu UV-*100
spectrophotometer. Emission spectra were obtained by a Perkin Elmer LS50
luminescence spectrometer,'at room temperature the measurements were t*ken
using an excitation slide of 10 mm and emission slit of 10 mm. At 77 K, different
mixtures were used and the excitation and emission slit widths were setto 5fnm.
In hoth absorption and emission spectroscopy deprotonation was achieved using
diethyiamme or concentrated agueous ammonia, and protonation using 60 %
(w/v) perchloric acid.

The ground state pKas were measured by manipulating the observed
changes in the UV/Vis absorption intensity as a function of pH. The excited state
acid-base equilibria were measured by manipulating the changes in the emission
intensity as a function of pH. The excitation wavelength for the emission titration
was chosen from a suitable isobestic point determined fronr the absorption
acid/base titration spectra. The samples were dissolved in a few drops of
acetonitrile (* 10 M ) and diluted-with 100 cms of Britton-Rohson buffer ( p.04
M Dboric acid, 0.04 M acetrcracid, 0.04 M phosphoric acid). The pH was adjusted
by adding conc. NaOH or conc. H2504 and was measured using a Coming 240
digital pH meter. The pKaswere determined from the sigmoidal fitting of change

in ahsorbance versus pH.
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2.4 Luminescent lifetime

Luminescent lifetimes were carried out on a Q-switched Nd-Yag System.
Room temperature measurements were carried out in methanol, unless otherwise
stated.

For laser work samples were of low concentration ie ICT4 orlO‘5M.
Samples were degassed by bubbling dry argon through the sample for at least 20
minutes. Lifetimes conforming to single exponential decays were analysed with
Microcal Origin Software. The lifetime errors are estimated to be less than 8%

Short-lived measurements were carried out with a Single Photon Counter
of Edinburgh Analytical Instrument in a T setting. The lamp were a nF900, in a
Nitrogen setting, the monochromators were J-yA models, the detector was a
Single Photon Photomultiplier Detection System, model S 300, with a MCA card
type Norland N5000 and a PC interface Cd900 serial. The program used for the

data correlation and manipulation is F900 Program, Version 5.13.

2.5 Nuclear Magnetic Resonance

'H-NMR spectra were recorded on a Bruker AC400 (400 MHz)
instrument. ~ The solvent used for the complexes was mainly deuteriated
acetonitrile. Deuterium oxide was used in some of the spectra but this is clearly
stated. Deuteriated dimethyl sulphoxide was used for the ligands. The chemical

shifts were recorded relative to the standard tetramethylsilane (TMS). The spectra
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were converted from their Free Induction Decay (FID) profiles using a Bruker
WINNMR software package.

The 2-D COSY (correlated spectroscopy) experiments involved the
accumulation of 128 FIDs of 16 scans. Digital filtering was sine-bell squared and
the FID was zero filled in the FI dimension. Acquisition parameters were Fl = £
500 Hz, F2 = 1000 Hz and tm = 0.001 s. The cycle time delay was 2 s.

2.6 Electrochemistry

For electrochemistry all organic solvents were HPLC grade, dried over
molecular sieves.  The electrolyte used was  TetrabutylAmonium
EsaFluoroPhosphate (TBAPFg). The working electrodes were ora 3 mm diameter
Teflon shrouded glassy carbon electrode or a platinum electrode, the reference
electrode was a saturated calome electrode and auxiliary electrode was a platinum
gauze. The electrochemical cell was a three-electrode cell compartmentalised with
glass frits. The analyte was degassed with argon in order to measure the cathodic
potential. pH was adjusted using perchloric acid or dry tryethilamina.

For cyclic voltammetry an EG&G PAR model 362 scanning potentiostat,

and a Linseis, model 17100 x-y recorder, at scan rate of 100 mVs'L
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2.7 Mass Spectrography

The experiments were performed on a timing MAT equipped witlj an
electro spray interface (ESI) in Technische Universitaet Berlin or in DCU
University with the assistance of Mr. Maurice Burke

Spectra are collected by constant infusion of the analyte dissolved in a
mixture of 80:20, methanol: water, in presence of Acetic Acid ( 1%).

ESIis a soft ionisation technique, resulting in protoneted, Sodiated species
in positive ionisatioir mode and deprotonated, chlorinated or acetate- sa}t in

negative ionisation mode.

2.8 Spectroelectrochemistry.

Spectroelectrochemistry was carried out as using a home-made pyrexglass
thin layer cell (1 mm), a platinum gauze as working electrode , a Ag/AgCl quasi-
reference electrode and a platinum wire as counter electrode. The electrolyte ysed
was 0.1 M TEAP in acetonitrile and the UV/Visible/NIR spectra were recorded
using the Shimadzu 3100 UV/NIR spectrometer interfaced to air Elonex PC433
computer. The working electrode was held at the required potential during the
spectral scan using a CH-instrument Model 660 potentiostat electrochemical
workstation interfaced to an Elonex 486 PC. Scans at anodic potentials required

degassing ofthe samples.
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2.9  Elemental analysis.

C,H,N elemental analyses were carried out by the Microanalytical

laboratories at University College Dublin.

2.10 Titanium dioxide solar cells.

Solar energy conversion studies were performed in Ferrara University with

the assistance ofMonica Alebbi from the group ofProf. Carlo Bignpzzi.
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Chapter 3

“Synthesis of Ligands and Complexes”

“Ifthere is a possibility of several things going wrong,

the onethat will cause the most damage will be the oneto go wrong.
Ifthere is a worse time for something to go wrong, itwill happen then.”
Murphy



3.1 Synthesis of 4, 4', 4" methoxy carbonyl-2, 2', 6", 2"-
terpyridine. [Hs(tctpy)]

The synthesis was a modification ofthe one in literature: (Scheme 1)
3.1.1 Synthesis of4, 4', 4" ethyl-2, 2', 6', 2"terpyridine

Freshly distilled 4-ethyl pyridine (50 cm3) was refluxed (170°C) under argon with
49 of 10% Pd on activated carbon. After 9 days the mixture was cooled down to
room temperature and 500 cms of CH2Cl> added. The carbon catalyst was
filtered, washed with 100 cms of CH2Cl2 and the solution rotary evaporated to
dryness. The bpy Et2 was distilled out of the mixture under vacuum leaving 9.5¢
oftpyEts. Yield 20%. The tpyEts ligand was used without further purification.
*HNMR (200 MHz, CDC13) ppm: 1.35 (sH, t, J 7.6 Hz), 137 (3H, t, J 7.6 Hz),
between 2.75 and 2.89 (s H, two partially overlapped quartets, J 7.6 Hz), 7.18 (2H,
d,J 5.0 Hz), 8.29 (2H, s), 8.44 (2H, 5), 8.59 (2H, d,J 5.0 Hz).

3.1.2 Synthesis of 4, 4', 4" carboxy-2, 2', €', 2"terpyridine

The oxidation of 4, 4', 4" ethyl-2, 2', 5, 2"terpyridine (0.8¢.) was carried out in
H2504 (4 cm3 96 % wiw), with K2Cr206 (3.5¢.) at 60 °C.. After two hours, the
reaction was added to a mixture of ice and water, yielding (60%) of 4, 4, 4"
carboxy-2, 2, 5, 2"terpyridine. tHNMR(Na0OD/D20): 7,52 (2 H, d), 8.13 (2H, )
8,31 (2H,s), 831 (2H, 5), 8,43 (2H, d)
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3.1.3 Synthesis of 4, 4, 4" methboxy carbonyl-2, 2', 6
2"terpyridine

The 4, 4, 4” carboxy-2, 2\ 5' 2"terpyridine (127 mg) was esterified reacting with
CH2N2 in diethyl ether (25 ¢cm3). When all the diazomethane had reacted (change
ofthe solution colour from bright yellow to brown) the white solid precipitate was
filtered, dissolved in chloroform and recrystallised, yield 80%.IHNMR(CDCI3):
4.04 (3Hs), 4.05 (sH,s), 7,94 (2H, d), 8.90 (2H,d),9.03 (2H,s), 9.13 (2H.5). Mp.:
238-239°

El

Et
Pd/C

Et COOH

Et hasod  HOOC

KOCr,0,

Scheme 1 Synthesis of 4, 4', 4" methoxy carbonyl, 2, 2', 6', 2" terpyridinc
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3.2 Synthesis of 4" (pyrid-4"-yl) -2, 2', 6', 2"-terpyridine. [py-
tpy]

The ligand 4' (4™ "pyrdyl) -2, 2', 6", 2"-terpyridine, (py-tpy) was a modification of
the Kroenke preparation, as described in literature2,

3.2.1 Synthesis of 1.5-Bis(2 pyridyl) pentane -1,5-dione
(dione).

A solution of 2-acetylpyridine (8.4 cm3, 0.074 mol), pyridine 4 carbaldehyde (3.0
cm3, 0.032 mol) and sodium hydroxyde (2.0 gr) in water (25 cm3) and ethanol (35
cm3) was stirred for 1 hour at room temperature. After this period water (30 cm3)
was added and a white precipitate obtained. This was collected by filtration,
washed well with cold ethanol and dried to give the molecule as a white solid (4.5
gr, 45 %)..HNMR(CDa3> 3.77 (4H, m>, 4.20 (1H, m) 7.37 (2H,dd), 7.51 (2H,
ddd), 7.86 (2H, td), 8.02 (2H, dt) 8.52 (2H, dd) 8.70 (2 H, m)

3.2.2 Synthesis of 4" (4™pyrayl) -2, 2', 6', 2"'-terpyridine. [py-
toy]

A solution of the dione (0.40 g, 1.21 mmol) and ammonium acetate (5.00 g) in
water was heated to reflux for 2 hours. After this period, the pale coloured

solution was cooled to give an off-white68precipitate, which was collected by



filtration. Recrystallisation from ethanol gave small white needles of 4'
(4" pyrdyl) -2, 2\ 6", 2"-terpyridine (0.30gr, 50 %) IHNMR(CDCh): 7.37 (IH,t),

7.19 (LH, dd), 7.89 (IH, 1), s.66 (LH, dd) 8.73 (LH, dd) 8.76 (2 H, m) , mp 233-
235 C°



3.3 Synthesis of di 2, 6 (1,2,4, triazil-3-yl) pyridine. [H:(AyA)]
The synthesis is a modification ofthe one in literatures for similar molecules.

3.3.1 Synthesis of Pyridine-2, 6-dicarboxy acid diethylester

10 g (0.080 mmol) of Pyridine-2,s-dicarboxilic acid were dissolved in 70 cms of
ethanol containing 1.3 cms concentrated sulphuric acid. The resulting mixture was
refluxed overnight. The excess ethanol was removed in vacuo and the residue
neutralised with @ NaHCCb saturated solution and extracted with CH2Clz. The
organic layer was washed twice with NaCl saturated solution. After removal, the
product was obtained as oil, which solidified on standing. Yield: 78%

'H-NMR, CDCls (1.40-1.55 (t), 3H, J=12 Hz; 4.40-4.60, (q), 2H, J=18 Hz; s .00-,
8.01 (t), 0.5H, J=19 Hz; 8.02-8.04 (d), 1H;)

3.3.2 Synthesis of Pyridine-2, 6-dicarboxy diamide

3.5 g of the Pyridine-2, &-dicarboxylicaciddiethylester (3.3.1) was dissolved in 3
cms methanol and added to 15 cms ofa stirring agueous solution of NHs (d=0.88),
immersed in an ice-hath. Precipitation occurred after a half-hour. Another 7 cms
of methanol was added and the resulting mixture stirred overnight at room
temperature. The product was collected by filtration and washed with cold
methanol. Yield: 77%H-NMR ds DMSO(3.403.55(s),3H;7.68-7.76 (s), 1H;

8.09-8.22 (), L5H; 8.85-8.93 (s), 1H)
10



3.3.3 Synthesis of Pyridine-2, 6-dicarbonitrile

A mixture of 29 of the Pyridine-2,6-dicarboxylic-acid-diamide and 50 emS DMF
were warmed up until a clear solution was obtained. The solution was immersed
inan ice hath and 4 cm3 of POCls was slowly added. The resulting clear, yellow
solution was stirred for 3h by room temperature. The residue was diluted with
CH2Cl2 and mixed with water. The organic layer was collected and washed one
more time with water. The solvent was reduced under vacuum. The product was
crashed out from the resulting thick mixture by adding a small amount of ice,
filtered off, washed with water and dried. Yield: 72%

A-NMR d6- DMSO (7.85-7.92, (d), 2H, J=20 Hz, 7.99-8.06, (), 1H, J=19 Hz)
(Fig. 3.1)

3.3.4 Synthesis of Pyridine-2, 6 diimidrazone

A 20-fold excess of hydrazine monohydrate (26 ¢cm3) was added to a stirring
solution of 3.6 g (27.9 mmol) of pyridine-2, 6-dicarbonitrile and 70 cm3 of
ethanol. The resulting yellow solution was stirred for two hours at 60 °C. A
precipitation occurred which was collected by filtration, washed with a small
portion of very cold methanol (-4 C°) and dried. Yield: 81%

'H-NMR-d6:DMSO (5.10-5.35, (s), 2H, 5.90-6.15, (s), 2H, 7.63-7.69, (t), 2H,
J=19 Hz, 7.78-7.83, (d), 2H, J=20 Hz) (Fig 3.2)

1



hzo4
COOH EtOH  Et0OC N COOET

nhzhh?
NC N CN

HCOOH
H-N

Scheme 2 Synthesis of the di-2, 6 (1,2,4, triaz-yl) pyridine. [H2(ApyA)|
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3.3.5 Synthesis of the H2{ApyA) ligand

3¢ (0.016 mmol) ofthe diimidrazone was carefully added step wise to 38 cm3 of
formic acid at 0 °C. The resulting mixture was stirred for three hours, after which
the acid was removed under reduced pressure. The resulting oil was dissolved in
23 ecm3 of 1,2-Ethandiol and refluxed for 70 min. The solution was allowed to
cool, mixed with a small amount of ice (water) and left in the fridge overnight. A
precipitation occurred, which was collected by filtration and washed with small
amounts of diethyl ether. Yield: 70%

H-NMR-d6-DMSO( 8.00-8.15, (m), 2H; 8.20-8.50, (s), 1H) (Fig. 3.5)

Mass Spec found (214), teoric. (214.4) (Fig. 3.3)

3.4 Synthesis of the di-2,6 ['phen-3-yl (1’2" 4", triazil-5-yl)]
pyridine. [H:(@AyAQ]]

20 (0.0105) ofthe diimidrazone (obtained from synthesis 3.3.5) were dissolved in
18 cm3THF, 2 cm3triethylamina and 40 cm3of ethanol. The resulting yellow
mixture was stirred overnight. The intermediate was collected by filtration. After
recrystallisation the resulting solid was dissolved in 1,2-ethandiol and refluxed for
two hours. The solution was allowed to cool down, mixed with a small amount of
ice water and left in the fridge overnight. Precipitation occurred, which was
collected by filtration and washed with a small portion of diethylether. The yield
was almost quantitative, 80 %. M.Spec found 365, calc 365 (Fig 3.4)

13



7-NMR-d6- DMSC)(7.40-7.65, (m), s H; 8.10-8.20, (d), 4H, J=22 Hz;8.20-8.40,
(5), 3H) (Fig. 3.6)

3.5 Synthesis of the di-2,6 (tetraz-5-yl) pyridine. [HalipyG)]

The synthesis above present modification to the one reported in literatures

In a double necked 100 cms flask equipped with a condenser, 2,6 pyridine
dicarbonitrile (2.0 g 155 mmol), NaNs (2.1g 325 mmol), NH«CI (1.8 ¢
34.Immol) and LiCl (1.9 g 46.5mmol) were charged. DMF (20 cm3) was added
and the stirred suspension was maintained at 110-120° for s-10 hrs under nitrogen
atmosphere. After cooling at r.t., evaporation of the solvent afforded a residue
which was re dissolved in water. Dropwise addition of HC1 1M afforded a white
precipitate which was collected by filtration and dried under vacuum, [during HCL
addition volatile HNs could be formed; the flask was connected to a bubbler with
a concentrate NaOH solution]. The product, (FW 215; 3.2 g; 97%) obtained in
quantitative yield, was recristallised from water/ethanol 1/1 solution.
H-NMR-d6-DMSO( 8.00-8.15,) (m), 3H) (Fig 3.7)

1C-NMR-d6:DMSO (154, 1C; 143, 2C; 140, 2C; 123, 2C)

14



36 Synthesis of Ru(X-tpy)(Cls)

The synthesis of these complexes are already reported in literatureb

1 g (0.044 mmol) of RuCI3.2H2) were dissolved in 150 cm3 of ethanol, the
solution was refluxed and | equivalent of 4°X 2, 2’; 6°,2” terpyridine (X-tpy),
where X can either be H or Cl, dissolved in 20 cm3 of ethanol, were dropped in
the reaction bulk. The reaction was heated for 2 h. and filtered hot. A Siena’s
burned earth solid was collected and washed with ethanol, water and diethyl ether.
Yield 80%.

The complex was used without any further purification.

3.7 Synthesis of Ru[tcttpy](Cls)

The synthesis of this complex is already reported in literature. 1

The complex was synthesised by adding a solution of4, 4', 4" methoxy-2, 2', &', 2"
terpyriding (40 mg, 1*10-4 mmol), in dichloromethane (20 cm3), to a solution of a
hydrated ruthenium trichloride (26 mg) in ethanol (30 cm3. The reaction mixture
was refluxed for 2 hours and the solution was concentrated to 20 ¢cm3. The
precipitated complex was collected and washed thoroughly with ethanol water and
diethyl ether. (Yield 80%)

The complex was used without any further purification.

15



38 Synthesis of Ru(AnyA)(CU)

19 ofRUCI32H2 was dissolved in 150 cm3of ethanol, the solution was refluxed
and 1 ¢ of 2, 2% 6\2” terpyridine, was suspended in the reaction bulk. The
reaction was heated for 2 h. and filtered hot. A pale okra-yellow solid was
collected and washed with ethanol, water and Diethyl Ether. Yield 80%.
[Ru(ApyA)CI3] (H20) Anal, calcd. H 1.62 C 24.76 N 22.46 found H 1.99 C 24.62
N 21.62

'H-NMR (d6-DMSO) 8.55 (2H, d), 8.45 (H, 1).

39 Synthesis of Ru(py-tpy)(Cls)

The ligand 4' (4" "pyrdyl) -2, 2', 6', 2"-terpyridine, (py-tpy), was precipitated as its
PF6salt, dissolving it in hydrochloric aqueous solution (pH 2) and by adding an
excess 0fNaPF6salt. 1g of RuCI3.2H20 was dissolved in 150 cm3 of ethanol, the
solution was refluxed and 2 g of [4' (4" "pyrdyl)-2, 2°; 6°,2"][PF6] terpyridine, was
suspended in the reaction bulk. The reaction was heated for 2 h. and filtered hot.
A Marijuana-green solid was collected and washed with ethanol, water and
Diethyl Ether. Yield 80%.

16



310 Synthesis of Na [Ru(tctpy)(AnyA)]

The Ru(tctpy) complex was obtained by heating [Ru(tctpy)]Cls, (160 mg, 3*10%)
and a stoichiometric amount of the ligand H2(ApyA) (70 mg, 3*LO4) in water
containing a slight molar excess 0fNaOH and few drops of N-ethylmorpholine.
The reaction mixture was refluxed for two hours; the dark green solution was
evaporated. Purification of the solid by column chromatography on Sephadex
LH20 (methanol) gave a 30% yield.

Elemental analysis suggests Na3[Ru(tctpy)(ApyA)](H20)2 Anal, calcd. C 41.6, H
2.2,N 17.97; found C 42.7 H 2.60 N 18.03.

IH-NMR (CD30D) 9.20 (2H, 5, 8.77 (2H, 5), 841 (2H, d), 8.31(1H, 1), 8.02 (2H,
$), 7.70 (2H, d), 7.23 (2H, d)

3.11 Synthesis of [Ru(tpy)(ApyA)]

The Ru(tpy) complex was obtained by heating [Ru(tpy)]Cls (1 g, 2.2 *10'3and a
stoichiometric amount of the ligand Hz(ApyA) (0.5 g, 2.2 *109) in water
containing a slight molar excess ofNaOH and few drops of N-ethylmorpholine.
The reaction mixture was refluxed for two hours; the dark green solution was
concentrated, acidified to pH 2 with HCL and an excess of NH4PF6 was added.
Purification by column chromatography on alumina (acetonitrile/methanol 50:50)

gave a 30% yield. Elemental analysis suggests that a mixture of monoprotonated

1



[deprotonated (80:20) complex is formed after recrystallization from
acetone/water. For a mixture of [Ru(tpy)H(ApyA)][PFe]: [Ru(tpy)(ApyA)],
(80:20), Anal, calcd. C 43.52, H 2.56, N 21.15; found C 43.7 H 2.60 N 21.03.
*H-NMR (CD30D) 8.6 (2H, q), 8.4 (2H, q), 8.2 (H, m), 8.1(3H, m), .73 (2H, 1),
7.6 (H, d), 7.25 (2H, tofd), 7.06 (2H, m), 6.98 (H, d)

312 Synthesis of [Ru(Cl-tpy)(ApyA)]

The Ru(Cl-tpy) complex was obtained by heating [Ru(Cl-tpy)]Cls and a
stoichiometric amount of the ligand Hz2(ApyA) in DMF containing a slight molar
excess of NaOH and few drops of N-ethylmorpholine. The reaction mixture was
refluxed for two hours; the brown green solution was concentrated, acidified to
pH 3 with HCL and aqueous solution of NH4PFs was added. A Cayenne red
complex precipited, it was recrystallise from a acidic water acetone (1:1) solution.
For H2[Ru(Cl-tpy)(ApyA)][PF6]2 (DMF)i/2 Anal, calcd. C 29.13, H 2.35, N 28.74;
found C 30.10 H 2.60 N 28.70. For NMR discussion see chapter 6.
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3.13 Synthesis of {Ru(tpy)(<DAyAQ)}

[Ru(tpy)Cls] (250 mg, 0.57 mmol), AgBFs (331 mg, 1.70 mmol) were
refluxed for 2 hours in dry acetone (75 ml). The solution was filtered in order to
remove AgCl, DMF (50 ml) was added and the acetone was evaporated. A
suspension of (OApyAQ) (208 mg, 0.57 mmol) and N-ethylmorpholine (5 drops)
in DMF (120 cm3) were heated till complete dissolution of the ligand. Then, the
DMF solution containing the Ru complex was slowly added and the resulting
solution was refluxed for 4h. The solvent was removed under reduced pressure
and the residue mixture was dissolved in the minimum amount of methanol and.
separated on an alumina column with acetonitrile/acetone (80/20) as the eluent.
This resulted in three fractions. The second fraction contained the desired
complex, 23 % of yield. However a TLC of this fraction showed the presence of
two coordination isomers. Further attempts were necessary in order to separate
this second fraction into its two components (See Chapter 6 for separation and
NMR spectroscopy ofthe two coordination isomers).

Mass Spec (m/z) {H[Ru(tpy)(OApyAO)]" calcd. (699) found (699)
[Ru(tpy)(OApyAQ)]Anal. calcd. C 51.19 H 3.10 N 16.58 found C 50.19 H 3.41 N
15.81,
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3.14 Synthesis of [Ru(tpy)(DpyD)]

The complex was obtained by heating [Ru(tpy)]Cls (1 g, 2.2 *10') and a
stoichiometric amount of the ligand tkippyd), (0.5 g, 2.2 *10"3, in 20 ¢cm3 of
ethylene glycol containing a slight molar excess of NaOH and few drops of N-
ethylmorpholine. The reaction mixture was refluxed for two hours, by adding
water a crab brown solid precipitated. The complex was recrystallised from
DMF: Water solution (L:1). The final Yield was 40%

[Ru(tpy)(DpyD)] (H20) Anal, calcd. C 46.73 H 2.85 N 29.72 found C 46.9 H 2.60
N 29.03.

N-NMR (d6-DMSO0) 9.00 (d),8.80 (2H, dd), 8.55 (2H, d), 8.45 (H, 1), 8.45 (2H, 1)
8.0(2H, dd), 7.38 (2H, d), 7.30 (H, dd).

3.15 Synthesis of [Ru(Cl-tpy)(DpyD)J

The Ru(Cl-tpy) complex was obtained by heating [Ru(CI-tpy)]Cls, (L g, 2.1 *10'
3, and a stoichiometric amount of the ligand H2(DpyD)(0.44 g, 2.1 *103, in 20
cm3ofethylene glycol containing a slight molar excess 0fNaOH and few drops of
N-ethylmorpholine. The reaction mixture was refluxed for two hours, by adding
water a moroccan brown solid precipitated. The complex was recrystallised from
DMF:Water solution (L:1). The final Yield was 42%

[Ru(tpy)(DpyD)] (DMF) Anal, calcd. C 4541 H 2.25 N 28.88 found C 45.49 H

2.35 N 28.83.
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ANMR (ds-DMSO) 9.34 (2H, 5), 891 (2H, dd), 8.56 (2H, d), 8.49 (H, 1), 8.06
(2H, dd), 7.73 (2H, d), 7.36 (H, dd).

3.16 Synthesis of [Ru(py-tpy)(DpyD)]

The complex was obtained by heating [Ru(py-tpy)]Cls (lg, 20mmol) and a
stoichiometric amount of the ligand H2C IpyH) (0.46g, 20 mmol) in 20 cms of
DMF containing a slight molar excess of NaOH and few drops of N-
ethylmorpholine. The reaction mixture was refluxed for two hours, by adding a
acidic aqueous solution ( HCIOs 6 M) a dark blood red solid precipitated. The
complex was recrystallised from Acetonitrile:Water solution (1:1). Finally the
complex was precipitated as esaflurophosphate salt, by dissolving it in the
smallest amount of acetone and adding an acidic (pH 2) aqueous solution of
sodium esaflurophosphate. The final Yield was 20 %.

Mass Spec (m/z) {[Ru(py-tpy)(LIpyl )][C104]}2+ calcd. (361) found (361) (Fig 3.9)
'H-NMR (ds-DMS0) 9.07 (2H, 5), 8.97 (2H, d), &.65 (2H, d), 8.14 (2H, d), 7.97
(2H, dd), 743 (2H, d), 7.20 (H, dd).
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317 Synthesis of [Ru(bpy)-(Apy)]PF:

The complex was made following literature6

0.395 g (L.41 mmol) of HApy ligand was dissolved in 50 ¢cm3 ethanol:water (1:1
viv). This was heated to reflux until the ligand was fully dissolved. 0.520g (1
mmol) cis-[Ru(bpy)2CI2].2H20 was added and the reaction allowed to reflux for
5-8 hours. After the solution was allowed to cool the reaction was filtered and the
volume reduced to ca 15 cm3. The complex was precipitated by addition of a
concentrated aqueous solution of ammonium hexafluorophosphate. ~ The
precipitate was filtered and washed with a small volume of water (10-15 ¢cm3).
The product was dried by washing with diethylether and left under vacuum for a
few hours. The dry complex was recrystallised from acetone/water (2:1 v/v).
Yield = 053 g (60 %). Calcd. for [Ru(bpy)2(Apy)]PF6-3H20: C: 42.30; H: 3.10;
N: 14.80 %. Anal. Found: C: 42.8: H: 3.10; N: 4.10 %.

318 Synthesis of [Ru(bpy):(Dpy)][PFe]

0.395 ¢ (1.41 mmol) of HDpy ligand was dissolved in 50 cm3 methanol. This was
heated to reflux until the ligand was fully dissolved.  0.520g (1 mmol
[Ru(bpy)2C12.2H2 was added and the reaction allowed to reflux for 3 hours.
After the solution was allowed to cool the reaction was filtered and the volume

reduced to ca 15 cm3. The complex was™precipitated by addition of a



concentrated aqueous solution of ammonium hexafluorophosphate. ~ The
precipitate was filtered and washed with a small volume of water (10-15 cm3),
The product was dried by washing with diethylether and left under vacuum for a
few hours. The dry complex was recrystallised from acetone/water (2:1 v/v).
Yield = 0.70 g (70 %). Calcd. for [Ru(bpy)2(Dpy)]PF6.H2: C: 40.80; H: 3.10;
N: 21.80 %. Anal. Found: C: 41.2; H: 3.18; N:20.5 %.

3.19 Preparation of Titanium Oxide.

Preparation of transparent Ti02 membranes supported on conducting glass
sheets was produced by deposition of colloidal particles on a conducting glass
support. The procedure applied was similar to that used in literature78,

Ti02 colloid solutions were prepared by hydrolysis of titanium
isopropoxide, Ti(OCH(CHs)2)« as follows: Under a stream of dry argon, 125 ¢m3
of Ti(OCH(CH3)2)4 was added to 150 cm3 dropping funnel containing 20 cm3 of
2-propanol. The mixture was added over a period of 30 min. to a solution of 750
cm3of deionised water while undergoing vigorous stirring. It was then autoclaved
for 12 hours at 220 C under an argon current. The mixture was then stirred for 8
hours at 90 C and the water was evaporated until 700 cm3 of colloidal sol was
obtained.

A portion of the above gel (100 cm3) was concentrated and added to a mixture of
ethyl cellulose in ethanol (100 cm3) and terpineol (20 cm3), stirred for 3 hrs. in a

broyer machine, in order to obtain a serygraphic paste. The deposition of a
83



7pm thickness film on optically transparent glass (CTO glass, fluorine-doped
Sn02) was obtained through a serygraphic technique. After the deposition the
glass heated under oxygen enriched air for 20 minutes at 400 C. High resolution
scanning electron microscopy revealed Ti02 to be composed of a three-

dimensional network nanoscale particle (15-20 nm.).
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Figure 3,1 "HNMK of Pyridine-2,0-dicarbonitrile in d6-DMSO

1 I_ J’T

Figure 3.2 '"HNMR «L*Pyridine-2,6-imidrazone in d-DMSO

85



| : ifi N . ik | PR

%I fifitvJl 14 Ol-FVO-»-09 gﬂgjra}f{ 2l 9? 99 288 .9 é
I Kk Mi Ui N (LIN » UP PROP .

ﬁ%‘iﬁis %ei 'ZIY Hetre CEe intief > g ) na!c,g%(iil_r 100 a 400

Pef’lrgi EOOO O mmu RIO : 535 1301 ifpe«ks:

Ad.

Smth « 3

3.0

300

Figure 3.3 Mass Spectrum of H2(ApyA)
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Figure 3.5 ‘H-NMR spectrum of HXApyA) ligand in d6DMSO

Figure 3.6 ‘H-NMR spectrum of Hz(®ApyAO>) ligand in d6DMSO
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Figure 3.7 "H-NMR spectrum of HAQpyD) ligand in d*-DMSO

Figure 3.8UC-NMR spectrum of HADpyO) ligand in d&DMSO
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Figure 3.9 Mass spectrum of {H2[Ru(py-tpyXUpyn)|[CI04]}2+
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Chapter 4

“Bpy Based Complexes”

“Ifanythingi simﬁly cannot go wronq, it will anyway.
[fyou perceive that there are four possible ways in which
a procedure can go wrong, and circumvent these
ﬁ d g g, and tthese,
then a fifth way, unprepared for, will promptly devel0ﬁ.’

Murphy



4.1 Introduction

Aromatic nitrogen heterocycles represent an important class of ligands
in transition metal coordination chemistryl2 The major division in the
classification of aromatic nitrogen heterocycles is according to ring size. The
six member ring nitrogen heterocycles (azines, pyridine) are Tt-deficient with
relatively low energy 7C* orbitals, which allow good metal-to-ligand, back
bonding from the d-orbitals ofthe metal to the Tt-system ofthe ligand. The five
member aromatic nitrogen cycles (azoles), on the other hand, are rc-rich, n-

donors and can also form anionic ligands by deprotonation of acidic NH

groups.
H
2,2 dipyridyl 2-(H 1,3 pyrazol-2-yl) pyridine
(bpy)
| H
2-(H 1,2,4-triazol-3-yl) pyridine 2-(H tetrazol-yl) pyridine
(D) (Hopy) ™

Figure 4.0-1 Ligands cited in text.
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Heterocycles with more than one nitrogen atom in six member (diazine,
triazine, etc.) or five member (diazoles, triazoles, tetrazoles) rings are also
useful as ligands, and have quite different electronic properties to those of
pyridine. In addition, they possess multiple coordination sites and are therefore
potentially capable ofbridging more than one metal centre.

The most well studied chelating heterocyclic ligand is 2,2’-bipyridine
(bpy). This ligand was first synthesized over 100 years ago3 and has been
extensively used in preparative and analytical coordination chemistry hecause
of the stable hidentate complexes it forms with most transition metalsd. In
recent years, many bidentate chelating ligands related to hpy have been
synthesized in which one or both of the pyridine rings are replaced with either
azines or azoles5. These ligands form complexes with properties, which depend
markedly on the specific heterocycles incorporated. Thus, by the appropriate
choice of ligand, it is possible to tune, in a predictable manner, the ground and
the excited state properties of the complex such as in the well studied
[Ru(bpy)s]2+ complex®.

There have been several recent studies of the metal complex of 2-
(pyrazol-yl) pyridine with particular emphasis on its ruthenium(l1) complexes?.
Replacement of one of the pyridine rings ofbpy by a pyrazole ring, as in figure
1, results in significant changes in the physicochemical properties of the
complexes8. Similarly, there have been many recent reports of ruthenium (1)
and osmium (I1) complexes of chelating ligands containing triazole rings., €.g.
2-(HI,2 4-triazol-yl) pyridine (HAp)9.10. Again the triazole ring alters the

chemical and physical behaviours of the complexes. The presence of the acidic
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NH proton allows pH control of the electronic and electrochemical properties
of the complexes. Furthermore, the deprotonated triazole ring has more than
one nitrogen available for coordination, and such ligands can lead to the

formation of coordination isomers.

[Ru(bpy)3[+ [Ru(bpy)2AZoy)]+

[Ru(bpy)2Adpy)]+ [Ru(bpy)2Dpy)l+

Figure 4.2 Ruthenium Complexes



The present chapter describes the preparation and the photophysical
characterisation of complexes of bidentate heterocyclic ligands which
incorporate triazolate or tetrazolate rings and their comparison with
[Ru(bpy)3]2+complex. The triazole complex was previously studied, but a new
set of measurements of their properties was carried out, under the same
experimental condition, to facilitate an accurate comparison. This comparison
will act as a model for the new terpyridine type complexes discussed in the
following chapters.
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4.2 The Archetype: [Ru(bpy)32

Ru[(bpy)s]AI complex has certainly been one of the molecules most
extensively studied during the last 20 years. A unique combination of chemical
stability, redox properties and excited state lifetime has attracted the attention
of many research workers. The preparation and purification of the complex are
facile and folly described in literature1L

4.2.1 Characterisation and NMR Spectroscopy

By X-ray crystallography the Ru-N bond length was found to be 205.6

pm., somewhat shorter than the 210.4 pm value of the [Ru(NHs)s] indicating
a significant back bonding between Ru(I1) and the #t*orbitals of bpy.
A five-line 3C-NMR spectrum is observed for the solvated speciess2 (158, 151,
137, 127 and 124.5 ppm C5 C3 Cs and C2, respectively) and the 'H-NMR
spectrum can be interpreted in terms of four coupled spins in each of the six
equivalent pyridine rings. The NMR spectra are therefore consistent with
retention of D3 symmetry for the solvated species. The complex structure in its
hexafluorophosphate salt is a low spin ds systemss and the bpy ligands are
colourless molecules possessing a donor orhital localized on the nitrogen and
1i* acceptor orbital delocalised on the aromatic rings.

Following Orgel’s notation14, the n* orbitals may be symmetrical (x) or
antisymmetrical (\j/) with respect to the Cz rotation axis retained by each
Ru(bpy) unit. A more detailed picture of the highest occupied and lowest

empty orbital is shown in fig. 4.3. The highest filled molecular orbitals are
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7iMai(d) and 7tMe(d), which are predominantly localized on the metal. The
lowest unoccupied molecular orbitals (LUMO) are 7*La2(l) and 7t*Le(\(),
which are localised on the ligands. The ground state ofthe complex is a singlet,
derived from the 7iMe(d)4 7iMai(d)2 configuration. The high energy excited
states transition metal complexes undergo fast radiationless deactivation. Thus,
only the lowest excited state and the upper one, which can be populated on the
basis of the Boltzmann equilibrium law, may play a role in the luminescence

emission and in himolecular processes.

Figure 4.3 a Simplified molecular orbital diagram for [Ru(L).]2+complexes in octhaedral
symmetry showing the three types of electronic transitions occuring at low energies; b,
detailed representation of the MLCT transition in D, symmetry.

The [Ru(bpy)s]2+ cation shows remarkable chemical stability. For
example it can be stored in aqueous solution for months and is reported to be
unaffected by boiling concentrated HCL or 50% aqueous sodium hydroxide

solution15,16.
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4.2.2 Electrochemistry and Electronic Spectroscopy

The cyclic voltammogram of the complex in acetonitrile presents one

oxidation and three reduction processes, all monoelectronic and reversible. The
redox potentials are more or less solvent independent.
The absorption spectrum of the compounds is shown in figure 4 with the
proposed assignments. The bands at 185 nm (not shown in the picture) and 285
nm have been assigned to LC n-it* transitions by comparison with the
spectrum of protonated dipyridile. The two remaining intense bands at 240 and
450 nm have been assigned to singlet MLCT d-dtransitions. In the long
wavelength of the absorption spectrum a shoulder is present at about 550 nm (s
=600) when the absorption measurement is made in an ethanol-methanol glass
at 77 K. This absorption feature is thought to correspond to the lowest MLCT
excited state.

Because of the presence of the heavy ruthenium atom, it is reasonable
to assign the electronic transition of the complex as being to triplet or singlet
states, a singlet character slightly less than 10% has been estimated for the
lower-lying excited states. The maximum of the *MLCT at 450 nm is slightly
solvent sensitive, suggesting the formation of the dipolar excited state
[(Ru34(bpy)2(bpy”)]

Excitation of the complex in any of its absorption bands leads to a
luminescence emission, whose intensity, lifetime and energy positions are
temperature dependent. Detailed studies on the temperature dependence of the

luminescence lifetime and quantum yield in the temperature range 2-70 K has
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Shownl»?iO,IO,OH

that luminescence originates from a set ofthree closely spaced
levels (10 and 61 cm']) in thermal equilibrium. The theoretical description of
these levels continues to be a matter of debate. Recent results suggest that the
best description is that which assumes a substantial triplet character and a
single localized excitation. In rigid alcoholic glass at 77 K the emission

lifetime is approximately 5 fisec. and the quantum emission is 0.4.

4.2.3 Lifetime Temperature Dependence

With increasing temperature, the emission lifetime and quantum yield

decrease. This behaviour can be fitted with the equation 4.1,

(4.1)

The values of the various parameters (Table 5) are somewhat dependent on the
nature of the solvent. Included in the first term are the radiative kor and
nonradiative korrrate constants at 84 K.

From the room-temperature luminescence lifetimes and quantum yields,
it is possible to obtain the rate constants for the radiative (k=0 /x) and non
radiative (knr=(I-c]>)/x).

A first Arrhenius term, represented by Ai and AEi in that range of
magnitude, is thought to correspond to the thermal equilibration with a level

lying slightly higher in energy and having the same electronic nature. The
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second Arrhenius term is thought to correspond to a thermally activated surface
crossing to an upper-lying MC level which undergoes fast deactivation.
Identification of this higher level as a 3MC state is based upon the observed
photosubstitution behaviour at elevated temperatures, consistent with its
established photoreactivity.

4.3 The Triazolate Model: [Ru(bpy)2Apy)]+

The ligand 2-(pyridin-2-yl)-1,2,4triazole, (Apy), and its protonated form
(HApy) were chosen for their o-donor and ti-acceptor properties and of interest
is how these different properties affect the excited states ofthe complex.

The synthesis of the (HApy) has been previously reported by Hage et
8).282, which illustrated that the complex resulting from the coordination of
this ligand, not only formed coordination isomers but also formed a very pH
sensitive complex. Indeed an UV spectrum analysis ofthe complex, prior to the
addition of acid or base, shows the presence of two species, one protonated and
the other deprotonated. Also when obtaining a X1-NMR of the complex the
solution has to be pH controlled in order to obtain a clear spectrum.

Initially the complex obtained was analysed on an analytical HPLC
system, see figure 4.9 which shows the chromatograms of the two isomers after
separation on the alumina column. The chromatogram portrayts the two
coordination isomers at their different retention times but with similar UV
spectra from the photodiode array detector. The isomer separation is due to

their different acid-base properties, as shown previously. The separation was
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successfully achieved on neutral alumina columns using 100 % acetonitrile to
isolate the first and 100 % methanol to isolate the second fraction. In the
elucidation of the structures of ruthenium polypyridyl complexes H-
NMR 25262728 has proven to be avery powerful technique29,303L32.3,

If fpm  HVgm ii/fpm  HYpm  H fpm

(CIS Valug)

bpy 848 793 T4 867

HApy 809 798 751 870 827

HDpy 831 805 706 879

[Ru(bpy)J 833 783 710 760

[Ru(bpy)2(A2py)]+ 832 799 734 157 8ll
(0.23) (-04) (017)  (L13)  (-0.16)

[Ru(bpy)2 (Adpy)]+ 808 784 7A1 749 790
(001) (014 (040)  (121)  (037)

Ru(bpy)2 (HA2py)2" 823 800 726 770 865

Ru(bpy)2(HADY)2 805 790 716 76 838

Ru(bpy)2(Dpy) 853 8023 744 195

0007)  (0.06)  (0.3) (-1.17)

Table 41 'H-NMR spectroscopic data for d3acetonitrile solutions of Ruthenium
Ic,ompollez%s,svalues In parenthesis represent change in shift of complex compared to free
igan
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Figure 4.4 'H-NMR spectrum of the compie* [Ru(bpy)i(A20y)]+in d3acetomtrfle

Figure 45H COSY-NMR spectrum of the complex [Ru(bpy>. (Adpy)]+in d3acetonitrfle
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Figure 4.613C-NMR spectrum of the complex [Ru(bpy)2A20y)J+in d3acetonitrile
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Fiqure 4.7 C-H correlation -NMR Spectrum of the complex [Ru(b J+in d3
cchiontile P plex [Ru(opy)2A2y)
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Figure 4.8 C-NMR Spectrum ofthe complex [Ru(bpy). (Adpy)]+in d3acetonitrile
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4.3.1 NMR Spectroscopy

Table 4.1 summarises the NMR data for HApy and its complexes (Fig
4.5 and 4.6) in acetonitrile and includes the coordination induced shift values
(CIS =5@rpiex - Siicerdl mSome dramatic upfield shifts are observed for the Apy
pyridine proton signal on coordination to ruthenium. Previously, a number of
factors have heen identified that contribute to the sign and magnitude of the
CIS values in such ruthenium complexes. Ligand to metal cr-donation, metal to
ligand  7i-back donation, chelation imposed conformational changes,
coordinative disruption of inter ring conjugation and interligand through space
ring current anisotropy effects have all been invoked to explain CIS values of
tris (biheteroaromatic) ruthenium(ll). By far the largest upfield CIS is
experienced by H6. This is undoubtedly due to through-space ring-current
anisotropy effect since the proton lies directly over the shielding plane of one
of the bpy pyridine rings. When comparing the protons of the isomers the H5
signal has the most indicative shift. For N4 isomer (-0.37), which is double of
that N2 isomer (-0.16). The signal of the H5 proton of the triazole ring
undergoes a large shift up field when a Ru(bpyh moiety is coordinated to the
N4 coordination site. The ring current effect of the adjacent bpy is experienced
by H5’ when it is in such close vicinity.

The 13C-NMR of the complex shows that the presence of the
asymmetric Apy ligand splits the carbons in 25 non equivalent signals: at
around 124 ppm the five signals of the carbons in 5 position (C5 are visible,
around 127 the five of C3, C4 are situated at 136 ppm and C6 about 153. The
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four quaternary carbons on the bpy ligands appear around 157, instead the
singlet of the quaternary carbon on the pyridine ring of the Apy ligand is
upfielded to 150 and the one on the triazole is situated at a lower field of!62.
The ternary carbon on the triazolate ring is situated at 154 ppm for the N2
isomer and 152 for the N4. (Fig 4.6, 7, 8)

4.3.2 Redox Properties

The oxidation and reduction potentials are given in Table 2. All values
have been corrected using the redox potential of ferrocene under the same
experimental conditions as a secondary reference. Its potential is taken to be
0.38 Y vs SCE.

The anodic region ofthe cyclic voltamogramm features reversible metal
centred oxidation, while the cathodic region has poorly defined waves
resulting from the reduction of the coordinated polypiridyl ligands. The
oxidation potentials are significantly lower than that of Ru(bpy)32+, lower
oxidation potentials indicating that the metal ion has more electron density,
which could be caused by strong « donating and n accepting ligands. When
the triazole ligand is deprotonated (Apy') the oxidation potentials are further
lowered, which is induced by the strong a donor capabilities of the triazolate
ligand. On protonation ofthe complex it shows an anodic shift of between 200
and 300 mV compared to the deprotonated species, since in its protonated

form the Apy is a better n acceptor and a weaker a donor. This results in a
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decrease in electron density at the metal centre, which then becomes more
difficult to oxidise.

Comparing the oxidation potentials of the two pyrid-yl-triazole isomers
shows that N2 bound isomer, [Ru(bpy)2(HA2py)]2+, is oxidised more easily
than the N4 bound isomer, [Ru(bpy)2(HA4py)]2+ The same observation has
been made for the analogous deprotonated species. This suggests that HApy is
a better a donor when the binding nitrogen to the Ru(bpy)2 moiety is in the 4-
position with respect to that of the 2-position.It should be noted that well
defined reduction waves for the acidified species were not obtained, the
problem is that even though the protonated species are formed by adding a 0.1
M HCKVacetonitrile solution, they can readily be deprotonated when
scanning to a negative potential.

The first two reductions of the isomers are very similar to those
observed for [Ru(bpy)3]2+, which suggests bpy based reductions, the third
being at a much more negative potential that will agrees with the observation
that (HApy) is a stronger a donor but also a weaker n acceptor than the bpy

moiety.
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4.3.3 Electronic Spectroscopy

The absorption, emission and luminescent lifetime (room temperature)
properties of the Ru(l1) pyridine triazole complex are listened in Table 4.3. The
electronic absorption spectra (Fig. 4.10, 11) ofthe Ru(l1) complex is dominated
in the visible region by dn-n* metal to ligand charge transfer (MLCT)
transitions (bpy based) , which are typical of Ru(ll) polypyridine complexes
and in the UV region (280-310nm.) by intense n-n* associated with the
bipyridyl ligand blue shifted with respect to the [Ru(bpy)3]2+as a result of
strong cj-donation of the negatively charged triazole moiety. When the
complex is protonated the coordination ligand becames a weaker c-donor and a
stronger t-acceptor. As a consequence, the metal dit(t2g) orbitals are stabilised
and the ground state-MLCT energy gap is increased, resulting in the observed
blue shift in the emission and absorption spectra. As for the deprotonated
species, the emission and absorption maxima occur at lower energy. This i
because the metal t2g orbitals are stabilised, decreasing the energy gap between
the ground state and the MLCT,

The emission maxima (Fig 4.12, 13) for the complexes is in the region of 660
nm at room temperature. An important question is if the emitting state is
localised on the bipyridyl ligands or located on the pyridyl moiety of the
pyridyl triazole ligand. As discussed in the literature for other systems a
relation is often present between the electrochemical potentials and the

absorption and emission maxima. Ina MLCT absorption process, one electron
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is removed from the filled metal orbital (drc) to an empty orbital of the ligand
(7t%).

Oxidation is also removal of one electron from the d orbitals and in the case of
reduction one electron is transferred to the LUMO (bpy based) ofthe complex.
A similar explanation is also valid for the MLCT emission process. By
determining the nature of LUMO with electrochemical measurements it is
possible determinate the nature of the emitting state. By comparison of the
value intable 2, it is possible to assign the first two reduction potential for the
mixed ligand complex as bpy based. The &*-levels of the bpy ligands are
much lower than those of the pyridyl triazole.

E'o 0 red o red Elsd

(Volt) (Volt) (Volt) (Volt)
[Ru(bpy)3i+ 1.27 131 150
[Ru(bpy)2 (A2py)]+ 083 147 -T2
[Ru(bpy)2 (Adpy)]+ 090 144 151

(bpy)2(HAZpy)] 2+ 1.14 (-149)  (L73)  (-225)
[Ru(bpy)2 (HA4py)]2+ 1.20 (-1.47)  (-1.72)

(bpy)2(Dpy)]+ 1,02 150 172 (2.52)
(

HDpy)|2t 1.12 (-1.50)

Table 4.2 Cyclic voltammetry data for the Ruthenium complexes (acctonitrile solution,
[rBuAN][PFé supporting electrolyte, Fc/Fc+ reference). All redox potentials are accurate
to£ 10 mV. Redox potentials in brackets are for quasi-reversible processes.
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Absorption Emisssion

X S 7298 K) & (298K 80K) t(80K)

(hm)  (M~xem'd  (nm) (nsec) (hm)  (nsec)

[Ru(bpy>3]+ 451 14600 608 6.2%104 946 582 6.2
[Ru(bpy)2(A2py)]+ 465 10700 650  3*108 142 607 42
[Rulbpy)2(Ady)l+ 470 9000 660  6.3*103 146 607 4
[Ru(bpy)2(HAZy) 2 437 8900 610  4.3*10" 2 517 65
[Ru(bpy)2(HA%y)1+ 450 7700 615 1.3¥10"* 5 580 6.0
[Rubpy)2(Llpy)/f 466 10920 630  6.3*103 100 610 38
[Ru(bpy)2(IEpy)]2+ 436 11600 610 - 51T T

Table 4.3 Spectroscopic and photophysical data in de-gassed methanol.



A,(nm)

Fi?ur_e 4,10 Absorption spectra of [Ru(bpy>.(HA:py)]2+ (red Bne) and [Ru(bpy)-(A:py)]+
(blu line) in acetonitrile solution at room temperature.

X(nm)

Fi?ur_e 4,11 Absorption spectra of [Ru(bpy>. (HA.py)]2+(red line) and [Ru(bpy)- (A.py)]+
(blu line)in acetonitrile solution at room temperature.
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&(nm)

FiPure 4,12 Emission spectra of [Ru(bpy).(HA.py)]2+and [Ru(bpy).(A-py)|* in acetonitrite
solution at room temperature.

X(nm )

Fir[;ure 4.13 Emission spectra of [Ra(bpy>. (HA.py)|2+and [Ru(bpy)i(A.py)]+in acetonitrile
solution at room temperature.
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At 77K the complex exhibit a strong emission with vibrational
structure. This vibrational structure is due to relaxation via bipyridil based
vibrations which is common in ruthenium polypyridyl complexes34. On cooling
to 77K a blue shift is observed inthe emission maxima for both : protoneted
anddeprotonanated species. This is associated witha phenomenon defined
“rigidchromism” by Wrighton and co-workers3, who were the first to report on
it. In the alcoholic glass formed a 77 K, the solvent dipoles are immobile on the
time scale of the excited state and consequently they can not respond to the
change in electronic configuration between the ground and excited state.The
result is an increase in the emission energy, which is confirmed in a blue shift
in the emission spectra. Another observation at low temperature is the increase
in emission intensity and a longer lifetime of the excited state of the complex.
This is attributed to two factors:

First factor, being solvent dependent, at low temperature, the
complex and its environment are rigid, making it less
susceptible to vibronic coupling to low frequency, high
amplitude Ru-N vibrations, which contribute to radiationless
decay, k. Solvent interactions, which may contribute to ko are
also considerably reduced in the frozen matrix, as too is
quenching of the excited state by the presence of oxygen, since
diffusion of oxygen is restricted.

Second factor, it is related to the SMLCT-3MC energy gap.

Since this transition is thermally activated at 77K there will be
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insufficient thermal energy to populate the 3MC, and as a

consequence, he intensity of the emission increases.

4.3.4 Acid-base Properties

The protonation and the deprotonation of the pyridine triazole ligand
alter its o donor and n acceptor properties. The emission properties of the
complex are listed in table 4.3.

The acidity of the excited state has been investigated by a study of the
pH dependence of the emitting properties of the compounds. The emission
titrations were carried out by excitation into the appropriate isobestic point. By
investigating the acid-base behaviour of this type of ruthenium compound
important information about its electronic state properties can be obtained.
The ground state behaviour tends to be a measure of the amount of electron
donation from the ligand to the metal, while the excited state measurements
can give information about the nature of the emitting state. Upon coordination
to ruthenium, the acidity of the triazole proton in the ground state increases
considerably, which is generally explained by a donation from the ligand to
the metal centre.

In Ru-polypyridyl complexes the nature of the Ru-N bond is mainly or
but it is also stabilised by backbonding between the t2g and 7* orbitals of the
metal and ligand respectively33738. By manipulation of the acid-base
properties of the pyridyltriazole unit in the complexes, the ground state pKa
can yield information on the extent of backbonding from the metal and the cr-

donor and -acceptor properties of the ligand. Determination of the excited
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state pKa* gives important information regarding the properties of the ligand
and the nature of the emitting state. For these reasons the acid-base behaviour
ofthe complexes is presented in this section. In most ruthenium complexes the
pKa value of the ligand decreases on coordination, which can be explained by
strong a-donation effects from the ligand to the metal centre. Less electron
density is present on the triazole ring after coordination resulting in the
increased acidity of the ligand. Figures 4.16 and 4.17 are typical examples of
the acid-base chemistry of the ruthenium (II) complexes containing the Apy
ligand. In the UV absorption spectra clean and clear isobestic points are
observed in the bpy complexes at 460, 390 and 345 nm indicating that there are
no intermediates formed in the pH range examined.  All the spectroscopic
changes of the complexes are reversible in the pH range 1-9. The absorption
titrations are performed by adjusting the pH of a 5x105 M solution of the
complex in Britton Robinson buffer. By monitoring the spectral changes, at a
wavelength where there is considerable change as a function of pH, a graphical
analysis was carried out by plotting percentage change in absorbance against
pH. The pKa was determined from the point of inflection of the curve. The
pKa obtained represents the pKa of the triazole ring. In all titrations there is a
blue shift ofthe MLCT band as the pH is lowered due to the stabilisation of the
t2gorbitals and the resultant increase in the SMLCT-t2genergy gap.

The excited state pKa values (pKaa) can be evaluated in two different
ways. The first method is one of the first and most important contributions to
the excited state acid-base equilibria by Forster3d. This thermodynamical

treatment was based on the changes following protonation/deprotonation in the
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excited state of an organic species and it leads to the Forster cycle equation
(4.2). Using this equation the excited state pKa* of a species can be calculated

from its ground state properties.

pKa* = pKa + (0.625/T)( vB - vhb) (4.2)

where vb- and Vhb are the Eo-0 values (in ¢cm') of the deprotonated and
protonated complexes respectively. These values are taken from the Anaxofthe
emission spectra at 77 K as they are the most accurate means of obtaining an
estimate for the energy difference involved in the 0-0 transition. An important
point to remember in the use of the Forster equation (4.2) as a method for
determining the pKa* is that small errors in the assessment of Eo-0 for Vb- and
Vhb produce considerable errors in pKa’ 40.

The second method employed for the determination of pKa* is based on
a kinetic model devised by lreland and Wyatt3 where the pKa* may be
measured from the emission lifetimes of the protonated (tnb ) and deprotonated
(tb- ) complexes and the point of inflection of the emission titration curve, pHi.
The point of inflection of the luminescence intensity against pH titration curve
IS pHi. Equation 4.3 describes the model.

pKa*=pH + log (thb/th.)  (4.3)

Although this method would be the preferred choice for the evaluation of pKa

it was not used due to the fact that it relies heavily on the establishment of the
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value via pH, and lifetimes. Thus the Forster cycle equation (4.2) was used for
the evaluation of the pKaae values shown in table 4.2. The trend for our pKaz
values is that they are more acidic than the ground-state pKa values. These
results suggest that as expected the excited state is not based on the triazole
ligand which can then be referred to as the spectator ligand. These conclusions

are in line with previous work on ruthenium(Il) complexes of pyridyltriazole

complexes.

pKag pKa pHi
[Ru(bpy)2(A2py)]+ 4,07 2.2 2.8
[Ru(bpy)2(Adpy)]+ 5.1 4.2 5.1

Table 4.4 Ground and excited state pK values of Ru(bpy)i (A.py)+ and Ru(bpy)i

(A.py)+, pH-, is the inflection point of emission intensity titration, pKa s calculated using
equation (4.3)
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Figure 4.16 pH dependence of the absorption spectra of [Ru(bpy).(HA.py)]+(5 X 10s M
in-an aqueous Britton-Robinson buffer at pH 1.2,1.6,2.%,2.&,?.8,5.5, M.]S,(S.S and 6.5)
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Figure 4.17 pH dependence of the emission spectra of [Ru(bpy).(HA.py)]+ (5
an aqueous Brittor?—Robinson buffer at pH 1p.2,1.6, 2.[1, 2(5)/3)0( 3.5?0! 4(.5,
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4.3.5 Lifetime temperature Dependence

The 3MC-state energies cannot be determined directly, but the gap
between 3MLCT and 3MC states can be proximated from activation
parameters obtained from temperature-dependent luminescence lifetimes,
table 6. The activation parameters obtained for equation 4.1 for the MLCT
emission of complexes usually fell into one of two categories:

small activation energies, less than 800 cm'L and low A
factors, less than 109 sec'l

large activation energies, more than 2000 cm'L and large A
factors, more than 1011 sec'l

Complexes, for which both activation barrier and prefactor are small,
are usually unreactive to photosubstitution since these values suggest that
population of MC state does not occur4l. Low prefactor also suggests that the
process involves population of a state weakly coupled to the 3MLCT. On the
basis of these observations and molecular calculation, Kober and Meyer have
postulated that this activated process corresponds to population of a MLCT
state

Another interesting effect noticed on the Apy complex was a small
solvatochromic effect inthe emission and absorption spectra, Table 4.4, which
is due to the interaction hetween the external nitrogens and the solvent (table
4) and is stronger than that observed for [Ru(bpy)3]2+.
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[Ru<bpy)li* [Ru(bpy)2A2y)l+  [Ru(bpy)AA4py)]+ [Ru(bpy)2f Ipy)14

Abs Emi.  Abs Emi. Abs Emi. Abs Emi.

(kk) (k) (kk) (kk). ~(kk) (kk) ~(kk) (k)
h2o 22.22 1597 21.36 1519 2110 1522 22.07 16.07
Methanol 22.22 1595 21.36 15.15 21.03 15.17 22.01 16.05
Ethanol 2222 19.94 2127 1488 2090 14.92 21.95 16.02
CH2C2 2217 1591 20.90 1470 2056 14.75 21.60 15.95
DMSO 2212 1590 2048 14.68 20.48 1470 2152 1590
DMF 22.12 1587 2048 14.64 2047 1470 2154 1594
CHICN  22.09 1613 20.47 14.64 20.24 14.64 2145 1587
(CH32CO 229 1650 2023 1445 2023 14.64 21.09 1543

Table 4.5 Spectroscopic, photophysical properties of the complexes in different solvents

k° ki AEi k2 ae?
[Ru(bpy)3|2+ 5.2*105  4.6*105 84 26%104 3140
[Ru(bpy)2A2py)]+ 1.7%106  9.2¥107 500

Ru(bpy)2Adpy))+ 16%106  47%107 600  _ _
[Ru(bpy)2Dpy)]+ 37%105  26*10r 450  1*10" 2700

Table 4.6 Activation parameters from temperature dependent luminescence lifetimes, in
ethanol-methanol (4:1) solution.
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4.4 The Tetrazolate Model: [Ru(bpy)A py)]+

Tetrazole belongs to the class of aromatic azapyroles membered
heterocycles with nitrogen atoms in the ring. Since the discovery, numerous
tetrazoles and tetrazole derivatives have been reported.

The first tetrazole has been prepared by the Swedish chemist J.A.
Bladin at the University of Uppsala in 1885.42 He proposed the name
Tetrazole for the new ring structure in 1886.

Tetrazole is the most acidic of the azoles (pKa=4.89)43 and readily
deprotonates to form the tetrazolate ion. Surprisingly, the coordination
chemistry of the tetrazole has received very little attention in the past. In 1977,
a review of the chemistry of the tetrazoles discussed the metal complexes of
the tetrazoles such as the parent compound 5-phenyltetrazole and its
derivatives. Such ligands are only capable of monodentate coordination to a
metal centre and, as such, the complex are less stable than the corresponding
complexes of the chelate ligand discussed previously. In 1979 the first
complex of chelating tetrazole containing ligand were described44 and in 1988
a full review of the coordination chemistry of tetrazoles and tetrazolates was
published454647.

The ligand 5-(2-pyrid-yl) tetrazole (HDpy) was prepared by reaction of
pyridine-2-carbonitrile and hydrazoic acid. Its reaction with one equivalent of
[Ru(bpy)2CI2] in methanol afforded the complex [Ru(bpy)2(Upy)]1in a good

yield, which was isolated as the hexafluorophosphate salt and characterized by
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elemental analysis. Thus the HDpy ligand formed complexes in the

deprotonated tetrazolate form. This is consistent with the high acidity of the

NH proton in tetrazoles.

4.4.1 NMR Spectroscopy

The 1XC-NMR of the complex shows that the presence of the
asymmetric Dpy ligand splits the carbons in 25 non equivalent signals: at
around 125 ppm the five signals of the carbons in 5 position (C3) are visible,
around 129 the five of C3, C4 are situated at 139 ppm and C6 about 153. The
four quaternary carbons on the bpy ligands appear around 157, instead the
singlet of the quaternary carbon on the pyridine ring of the Dpy ligand i
observed at 150 and the one on the tetrazole is situated at a lower field of 162
ppm. The ~-NMR shows 20 non-equivalent protons due to the non-
symmetrical nature of the H( Ipy. Despite considerable overlap of this signal,
the five Hoprotons are all resolved from each other in the region 7.5-8.0 ppm.
A two-dimensional H-H (cosy) and C-H correlated spectra facilitated the
assignment of the others.

Table 4.1 summarises the NMR for the complex and its CIS values.
Some striking upfield shifts are noticed for the ligand proton signals on
coordination to ruthenium. By far the prevalent upfield CIS (-1.17 ppm) is
experienced by the H6 proton, this is certainly due to through space ring current
anisotropy effects since the proton lies directly over the shielding plane of one

of the bpy pyridine rings. The others protons experience smaller upfield shifts
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(from -0.072 t0 -0,032 ppm) due to a combination of factors. Negative
CIS values are usually ascribed to strong metal to ligand % back donation,
however, inour case they may simply be a consequence of deprotonation of the
tetrazole and resulting transfer of electron density from the negatively charged

tetrazolate ring to the 7t-deficient pyridine ring.
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Figure 4.18 «H-NMR spectrum of the complex [Ru(bpy)-(npy)j+in D-acetonitrile

Figure 419 H COSY-NMR spectrum of the complex [Ru(bpy>.(Dpy)]+in D-acetonitrile
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Figure 4.20..C-NMR Spectrum of the complex [Ru(bpy)-(Dpy)][PF€] in D-acetonitrile

Figure 4.21 C-H correlation -NMR spectrum of the complex [Ru(bpy)i(Cpy)]+in D-
acctonitrile
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Fi?ure 4.22 Absorption spectra of p*u(bpy){(HDpy))2+(red line) and fRu(bpy)j(Qpy)]+
(black line) in acetonitrile solutionat room temperature.

\ (nm)

Figure 4.23 Emission spectrum of [Ru(lJpy)j(Dpy)fin acetonitrile solution at room
temperature
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4.4.2 Electronic Spectroscopy

The absorption emission and luminescent lifetime data of
[Ru(bpy)2(ppy)]+are listened in Table 4.2. The electronic absorption spectra of
the complex are dominated in the visible region by d7i-7t* metal to ligand
charge transfer (MLCT) with the maxima at 465 and 350 nm. In the UV region
two intense 71-7* transition are visible at (280 and 310 nm), associated with the
bipyridyl moiety, and are blue shifted with respect to [Ru(bpy)3]2+as a result of
stronger a donation ofthe negatively charged tetrazole ring.

Addition ofacid and consequentially formation of the protonated specie
[Ru(bpy)2(HDpy)]2+, moves the MLCT absorption to higher energy (436 nm.)
than that of [Ru(bpy)3]2+. When the complex is protonated the coordinated
ligand becomes a weaker o-donor and a stronger T7l-acceptor, and as a
consequence the t2g(M) and the n* energy gap increases, which in turn increase
the energy gap between the MLCT and the ground-state and a blue shift of the
emission and absorption spectra occurs. The pH of the complex titration
(Fig.4.25, 26) in its ground state revealed a pKa lower than 0, and it was not
possible to measure the pKa of the excited state because in aqueous solution
the protonated complex is not an emitting species.

The previous investigations have shown that the luminescence emission
of the tetrazole complex originates from triplet ruthenium-bpy metal to ligand
charge transfer (MLCT) excited states, the 5-(2-pirid-yl) tetrazole playing, to a
first approximation, the role of “spectator” ligands. Consideration of the
molecular geometry shows that for the mono-charged, polar [Ru(bpy)2(Dpy)]+
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complex the charge separation , with consequent generation of a dipole,
caused by Ru-bpy CT excitation will reduce the molecular dipole in the
excited state with respect to the ground state. In fluid solution rearrangement
ofthe solvent molecules will occur afterward.

At 77K the complex exhibit a strong emission with vibrational
structure. This vibrational structure is due to relxation via bipyridil base
vibrations, which is common in ruthenium polypyridyl complexes. On cooling
to 77K a blue shift is observed in the emission maxima for both: the
protonated and the deprotonated species. This is again associated with the

“rigidchromism”.

Figure 4.24 Emission spectra of}Ru(bpy)z(H npy)]2+ (blue line) and IRu(bpy).(Dpy)]+ (red
ling) in acetonitrile solution at 77 K
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4.4.3 Redox Properties

Further insight into these effects is provided by electrochemical data.
The tetrazolate complex exhibits a reversible one-electron oxidation at 1.02 V
and two reversible one electron reductions at -1.50 and -1.72 V, which are
bpy based. There are no other reductions within the solvent limit. Thus
relative to [Ru(bpy)™]2h the complex is more easily oxidised but more difficult
to reduce. Clearly the negatively charged tetrazolate group is a powerful
electron donor which significantly increases electron density of the Ruthenium
centre. Furthermore, the AEowed value, 2.52 V, is less than that of
[Ru(bpy)3|2+, 2,58 V, which is consistent with the visible absorption spectra
for which the same orbitals are involved. Addition of acid results in a

significant increase in the oxidation potential for Ru(bpy)2(HDpy)2+, relative to

Ru(bpy)2(Dpy)1+, and this is consistent with the shift to higher energy of the
MLCT absorption. Access to the reduction potentials was prevented by

reduction of excess acid to hydrogen.
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Figure 4.25 17 pH dependence ofthe absorption spectra of [Ru(b

lz\/lj in an aqueous Britton-Robinson buffer at pH 0,0.2, 0.4, 0.6, 0.9, 1. , and
Figure 4.26 17 pH dependence of the emission spectra of [Ru(bpy)- (HDpy)]+ (5 X 10's M)
inan aqueousgrltton-Robmson bufferatpH 0,0.2, 0.4, 0.6,0.9, 1.2, 1.4,1.8, and 2.5.



4.4.4 Lifetime temperature Dependence

Equation 4.1 adequately describes the temperature dependent decay of the
excited state of Ru(l1) systems above the solvent melting temperature. As can
be seen from Table 4.5, two Arrhenius terms are needed to explain the
temperature dependence of the lifetimes. By analogy with [Ru(bpy)3]2+ the
first Arrhenius term is thought to concern the thermal equilibration of MLCT
levels spaced by 450 c¢cm'L About the second term, there is a general
agreement in the literature that the temperature dependence of the emission
lifetime of Ru(Il) polypyridine complexes is related to an activated surface
crossing from the 3VILCT manifold to a 3VMIC level which undergoes
photochemical or photophysical deactivation. The second term values (101
sec')) for the [Ru (bpy)2(Dpy)]+ are too low to correspond to the frequency
factor of a surface crossing process (10131014 sec"l), more reasonably A2
corresponds to the rate of the nonactivated 3MC decay, and the activation

energy AE2 corresponds to the MC-3VILCT energy gap.
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4.5 Conclusions

The photophysical and electrochemical behaviours (Table 4.2, 3) of the azole
complexes are quite similar, since both (Apy)" and (Dpy)" ligands are charged
strong CT-conor. The MLCT excitation involves a ruthenium to bpy electron
transfer, in which both can be involved in non-specific interaction with the
solvent (e.g. hydrogen honding) because of the presence of free nitrogen on
the ligands. We must highlight that in the (Apy)' case the interaction with the
solvents are stronger (Table 4.5), probably because the lone pair on the non-
coordinated nitrogens are more available than the (Dpy)’, which is proved from
the pH data (Table 4.4).
As for the electrochemical behaviour of the complexes, it is important to
emphasise the following points:
The metal centred oxidation potential become less positive
moving from bpy to (Apy)', passing through (Dpy)’, which is
expected because triazole is better a-donor than tetrazole, and
both are better o-donor of bpy.
The first and second reduction potentials of the complexes
correlate well with the first and the second of [Ru(bpy)s]2+and
can they be assigned to reduction of coordinated bpy ligands.
A more complete discussion of the electrochemical properties of the (Apy)' and
(Chy)' ligands can not be done hecause the reduction waves below -2.00 V are
irreversible under the experimental conditions. It would be certain worthwhile

to extend the present investigation to low temperature (-54 °C) conditions,
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where higher number of reversible waves are usually observed for
mononuclear ruthenium complexes4

The two heteroleptic complexes show a shorter lifetimes of the MLCT if
compared with [Ru(bpy)3 2+, for the (Dpy) complex it can be explain in term of
the population of the population of the nearby 3MC state, and consequentially
fast deactivation from very efficient inter-system crossing between the 3MC
state and the ground state. In the case of [Ru(bpy)2(Apy)]+;a possible factor,
responsible of the shorter lifetime, could be the decrease in symmetry moving
from tris bpy (os) to a complex bearing only two bpy ( class of symmetry
lower than c2). Unfortunately, the influence that the low symmetry class has
on the energies of the various excited states is difficult to assess even in a
qualitative sense49. The symmetry problem will not be present in the tpy based
complexes, that will be studied in this thesis, in fact all of them have the same

symmetry.
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Chapter 5

"The Prototype: [Ru(tpy)(ApyA)M

“| gft to themselves, things tend to go from bad to worse.”
Murphy



5.1 Introduction
Since the tridentate ligand 2, 2°: 6", 2” terpyridine, tpy (Fig. 5.1), was first

prepared over 70 years agol its coordination chemistry, along with that of its
substitutent (X-tpy) analogues, has heen widely studied2. They have been found
highly sensitive reagents for the colorimetric determination of iron (I1), with some
finding potential applications in clinical chemistry. More recently tpy have found
increasing favour as coordination chemistry has started to shift from the molecular
to the supramolecular levels. Substituents on the ligand may be used to tailor the
properties of the resulting coordination complexes. Appropriately functionalised
tpy3 have been anchored to oxide surfaces, permitting the build up of a monolayer
or athin film of coordination complexes. The ability of terpyridine to chelate to a
wide range of metal ions has been leds to its incorporation in macrocyclic ligands.

There has been considerable recent interest in metallosupramolecular
species constructed from a number of metal ions linked by suitable ligands
containing two or more sets of potential donor atoms. If such ligands are
dinucleating, then linear oligomers and polymers may be formed. If, instead, the
ligand contains three or more donor sets, then two- and three-dimensional
metallo-supramolecolar arrays can be created. Much of the interests derived from
the possibility of photo-induced electron or energy transfer from one metal centre
to the to the next if suitable energy gradient exists in the complex. Thus, suitably
designed linear oligomers may act as molecular wires while two and three-
dimensional species may be used for the harvesting of light energy.4 The tpy-
lanthanide complexes are attracting interest as luminescent agents.5 Instead the

tpy ruthenium complexes show weak  luminescence from very short living
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MLCT excited state at room temperature (see Chapter 1).

2-6 di(1,2,4 triazol-3yl)
H2(ApyA)

Figure 5.1 Ligands cited in the text, and ‘H-NMR proton assignments.

The aim of this chapter is to study comprehensively a method to increase
the emission quantum yield and increase the lifetime ofthe excited state,

The tridentate ligand H2(ApyA), 2-6 di (1,2,4 triazol-3yl) pyridine (Fig.
5.1) was synthesised according to the literature for similar ligands6, using little
modifications, and used for its a donor and n acceptor properties and it is hoped
that due to these properties the excited states of the Ru(ll) complexes would
substantially alter their photophysical properties.
The H2(ApyA) ligand contains a pyridine ring which is a good n acceptor and two

triazolate moieties which are strong @ donors, its coordination to ruthenium
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complexes is tridentate, in a pseudo-octahedral coordination. Due to the
ruthenium complexes building block potential in supramolecolar systems, it is

necessary to know their properties as individual units.

5.2 Synthesis and Purification

Different synthetic pathways were followed for the synthesis of complex
[Ru(tpy)(ApyA)], first approach was based on the formation of [HAApyA)RuCI3|
precursor. RuClI3 and H2(ApyA) ligand were reacted in ethanol, under the same
conditions used in the synthesis of the analogous Ru(tpy)CI3, this reaction
produced a brown-yellowish complex with a yield of 90%. The elemental analysis
yielded the correct ratio of nitrogen, hydrogen and carbon; a 'H-NMR analysis of
the complex in DMSO showed the presence of the ligand in a symmetrical
coordination. However unfortunately NMR analysis revealed that the oxidation
state of the ruthenium was three instead of two. After a period of 10 minutes in
solution, the complex changed its colour from brown to green. In contrast to the
behaviour of the other [Ru(tpy)CI3], this complex did not undergo any reaction
upon boiling with a solution of one equivalent of tpy in methanol, in presence of a
reducing agent, even after prolonged reaction times. Those observation may be
indicative that the new ruthenium species is polymeric, with adjacent ruthenium
centres being bridged by the (ApyA)2'free nitrogens. All the attempts of using this
complex as a precursor in other reactions was unsuccessful

The next method investigation was the reaction between Ru(tpy)CI3 and
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the H2(ApyA) ligand. This method proved to be somewhat problematic. The major
problem encountered involved the solubility of the ligand. The H2(ApyA) ligand is
soluble in hot DMF, DMSO or in aqueous solution in presence of base as anionic
form.
In the course of preparation of the target complex two solvents scheme were used:
A DMF-ethylen glycol (1:1) boiling solution
A basic aqueous solution in presence of N-ethyl morpholine as a
reducing agent
Both were found to give the desired complex, in the same quantities, 30% of
yield. However, the later was the favourite method in terms of ease oipreparation.
Purification by column chromatography on alumina (acetonitrile-methanol 1-1)
produced the stated yield. The complex was recrystallised from L1 water-
methanol solution and obtained as an analytically pure intensely dark coloured
powder. The elemental analysis suggests that a mixture of mono protonated-
deprotonated (80/20) species be formed after recrystallisation, as it has been seen
for the model bpy based complex, [Ru(bpy)2(Apy)]+ triazoles facilitate the
formation of hydrogen bonds?.

At the end of the purification, HPLC (Fig.5.3) and H'-NMR (Fig. 5.4)
investigations, due to the different coordination sites of the triazolate moieties
detected three configurational isomers (Fig. 5.2). The major isomer (about 60%) is
the complex with N2 and N4 bounded triazolate rings, [Ru(A2yAd)(tpy)], with a
retention time of 7.3 minutes. The second isomer with an abundance around 30%

Is assigned to the double N4 coordination, [Ru(ll)(AdoyAd)(tpy)J, (very broad peak
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with retention time approximately of 20.2 minutes). The third isomer (about 10%)
is all N2 bound with a retention time of 3.3 minutes. The isomer ratios were
estimated by integrating the H6, 'H-NMR signals, where the three isomers show
distinctly different positions, and it was confirmed using the integration of the
HPLC peaks.
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Rutpy)(A20yA2)] [Rutpy)(AZpyAd)] fRu(tpy)(AdpyAd]

[Ru(tpy)H(AZyA4]+ fRu(tpy)H(AdpyAd3+

2+ 2+

IRu(tpy)H2A2pyA2)]2' [Ru(tpy)H2(A20yA4)]2+ [Ru(tpy)H2AAdpyAd] 2+

Figure 5.2. Possible isomers for [Ru(tpy)(ApyA)J complex in various protonation states.
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Figure 5.3 HPLC Cromatogram of fRu(tpy)(ApyA)} isomers in a phase solution a solution of
% (0.08 M) in acetmitrile/watcr (88/%3
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Figure 5.4 *H-NMR spectra of the isomers of the|Ru(tpy)(ApyA)| complex in (a) acidic (red)
and (b) basic (blue) d.-meth”nol
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Acid-base ground and excited state studies of the isomers showed peculiar
differences, which portrayed the non-equivalence of the triazole coordination
sites. Initially the mononuclear complexes were investigated on an analytical
HPLC using a CSX cation exchange column and a 0.08 LICICU, 80:20
acetonitrile-water mobile phase with a flowrate of 18 cm3Imin and a detector
wavelength of 280 nm. The chromatogram in Figure 5.3 is an example of the
mononuclear complex containing the three isomers at their different retention
times. The UV-visible spectra of the three different isomers, obtained from the
photodiode array detector of the HPLC Varian ProStar system, appear similar. 1t’s
thought that the isomer separation is due to the difference in acid-base properties
based on their binding sites as shown in Chapter 4 for the analogous bpy

complexes.

The separation of a mixture of isomers: ([Ru(l1)(A2pyA2)(tpy)],
[Ru()(A2oyAd)(tpy)]; [Ru(l)(AdpyAd)(tpy)d, was achieved on neutral alumina

columns 100% acetonitrile to isolate the first fraction and 100% methanol in the
isolation of the second fraction containing the third isomer. Semi-preparative
HPLC was utilised in the isolation of the other two isomers with a mobile phase
0.1 M tetrabutylammonium acetate in methanol. Semi-preparative HPLC is a
useful technique for the isolation of isomersg and high percentage purity (95 %)
of the isolated isomers was achieved. However some drawbacks do occur, for
example when dealing with a large quantity of salt and a small quantity of
complex, a considerable part of the complex is lost through a process of
irreversible adsorption on the HPLC column,
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5.3 NMR Spectroscopy

All three isomers were diamagnetic, and the 'H-NMR properties were

investigated in order to probe the ligand to ligand and metal-1igand interactions in
these systems; in all cases, the 'H-NMR spectra were recorded in d4-methanol.
(Fig.5.4, 5.5 and Table 5.1)
In general in tpy-Ru(l1) complexesd, the lowest field resonance is H3, followed by
H4, H6 and H5. The upfield shifting of H6 with respect to H3 is explained by the
fact that it lies in the shielding region above a pyridine ring of the other ligand,
(protons numbering are shown in Fig. 5.1)

The cis coordination shifts are relative to the free ligand in pmso
solution (Table 8.1). A number of general patterns are observed, which provide
information about the conformational and electronic charges upon coordination.
In the diprotonated complex H3 experiences a small downfield shift upon
coordination, which is usually attributed to Van der Waals deshielding by H'. It
has been suggested that this is a direct consequence of the change from transoid to
cisoid configuration about the intramolecular c-c bounds upon coordination,
however, charge and 7i-cloud perturbation with the ligands as a consequence of
coordination are equally important. In general, H3 undergoes very minor
coordination shifts. Large upfield coordination shifts are associated with H6. This
represents a balance between the expected downfield shield shifts resulting from
positive charge building up upon coordination and the upfield shifts from the
proton or the nitrogen of the HAApyA) ligand lying over a nearby triazole ring,
together with the uncertain anisotropic effects associated with the ruthenium (I1)
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centre. The shift of H3 on the central tpy ring, is associated in part with Van der
Waals interaction, in part it may be attributed to the metal interaction with the
central pyridine ring, this shift is greater that that with the terminal rings. It is
generally observed that the shorter Ru-N bond distances are associated with the
central rings of the terpyridine moiety10

It is of interest to note that the H6 proton is the most sensitive to
differences in coordination of the ligand H2(ApyA). In the case of the H2(ApyA)
ligand, the observed shift of the H3 and H4 protons may be attributed to the same
reasons referred to those for the terpyridine ligand. That is that the H5 and H5
proton shifts are strongly dependent on the N-bonding of the (ApyA)2' ligand and
the acidity-basicity and polarity of the solution is of great importance. This has
already heen shown for the bpy based analogue in Chapter 4.

In the case of the deprotonated isomers, the negative CIS values become
greater, this is simply a consequence of deprotonation of the triazole rings and the
resulting transfer of electron density from the negatively charged triazolate to the
Ruthenium centre. In direct comparison of the [Ru(tpy)2]2+ and the
[H2(ApyA)Ru(tpy)]2+ complexes, it is important to note that the three protons, H6
and H3 and H4, are the tpy protons more sensitive to the presence of the new
ligand. The H3 and H4 shifts are an evidence of a strong interaction between the

two pyridine rings lying on the C2axes of symmetry of the complexes
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Figure 5.5 'H-MNR of [Ru(tpy)H(A.pyAd]+in d.-methanol.

(ppm) HJ H. Hs H. H H. ir Hs
@ @) @) @ @ © @ O §
Tpy 87 ... 150 870 855 ...
H.(ApyA) “ s , 5 )
[Ru(A.pyA.)(tpy)] 843 7.75 7.10 7.33 863 8.08 830 827 7.0
[Ru(A.pyA.)(tpy)] 840 7.73 707 726 860 808 ... 817 759 6.80
[Ru(A.pyA.)(tpy)] 830 769 7.05 721 857 808 ... ... 6.96

[Ru(.-ApyA)(tpy)]# 869 798 731 755 .. 835 842 854 848
[RUH-ADyA)(tpy)]2 -« 798 730 7.48 884 840 842 854 845 825
[RUH.ApyA)(tpy)]2+ 867 797 729 743 882 835 8.42 854 8.19
[Ru(tpy) 22+ 882 808 7.34 772 909 859

Table 51 '"H-NMR spectroscopic data for d4methanol solutions of ligands and their
ruthenium complexes (see Fig. 5.1), a) d.-DMSO.
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5.4 Electronic Spectroscopy

The UV-vis. absorption spectra of the complexes (tab. 5.2 and Fig. 5.7,

5.8, 5.9), in basic ethanol show intense metal-to-ligand charge transfer bands
around 390 nm and 480nm, with a molar extinction coefficient of 7900 M'Lx ¢cm’
The bands around 275 and 309 are assigned to the intra ligand n-n* transitions
of the ligand. The small shoulders at 626, 579 nm have not yet been assigned,
however one possible explanation is that they arise due to a rare example of a
phenomenum involving Ru(ll) complexes in which absorption from the excited
triplet state u’12 which is usual observed for Os(I1) complexes. Alternatively, they
may be explained in terms of low-energy shoulders in the absorption which can be
explained in terms of the qualitative orbital splitting diagram for [Ru(tpy)22+ as
described in figure 5.6. As we have seen for [Ru(bpy)3]2+, the relative energies of
the molecular orbitals can be inferred from the zero order energies of the ligand
orbitals. The two lowest lying 7t* orbitals of the tpy ligand are labelled in light of
their symmetry, which is perpendicular to the ligand and passes through the
central nitrogen. An AMI calculation 1314 reveals that the lowest energy
unoccupied orbital, termed x> is antisymmetric with respect to this operation. It
lies 0.543 eV below the next lowest energy n* orbital, termed \, which i
symmetric with respect to this operator. Under the assumption of Td symmetry,
the X orbitals from the tpy ligand split in a2and bi representations while the higher
energy i/ orbitals span the e representation. Simple perturbation theory arguments
lead to the orbital splitting scheme in figure 5.6. In accordance with the theory

developed by Mulliken51617 the  transitions with significant oscillator
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strength should be those that are z polarised, and they are indicated with arrows in

picture 5.9. The lowest in energy transition, namely the e-a2 orbital excitation, is

allowed. However, it occurs with xy polarisation and should be comparatively

weak since it does not benefit from the charge transfer term (we must highlight

that in our case the symmetry group of the complex is C2V which will slightly

change the orbital energy levels).
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X 8
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[Ru(tpy)2)+ 474 10400
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Figure 5.6 Schematic onc-clectron energy level diagram for [Ru(tp tdy symmetry I)zd- The
X, y, [ axis are chosen to lie Iong the C*symmetry elements aligned so that the z axis passes
through each ligand. Arrows indicate the /-polarised transition.
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Figure 5.7 Absorption (Mack) and emission (red) spectra of [Ru(A-pyA.)(tpy)[, in ethanol.
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FiPu_re 5.8 Absorption (black) and emission (red) spectra ofIRu(A.pyA.Xtpy)], in-efljanol
solution.
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Figure 5.» Ahsorption(hlackXand emission (red) spectraof [RnfA..pyAf)(tpy}L inethjmol.
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When excited within the MLCT absorption bands at 298 K in a basic
deaereted ethanol solution, the complexes exhibits quite a strong phosphoresce
with a single band centred around 700nm (table 2) and a lifetime around 60 nsec.
The decrease in energy of the SMLCT state, reflected by the red shifted emission
in comparison with the emission of [Ru(tpy)2 is probably due to the
destabilisation of the t2g metal orbital by the negative charges present on the
ligand. This effect can be understood by considering the removal of one electron
from the metal results in the formation of Ru(lll) which withdraws electronic
charge from the negative charged (ApyA)2 ligand destabilising the t2y metal
orbitals, similar results are obtained from the electrochemistry.

The protonation of one or both triazole rings results in a total quenching of
the emission. The origin of the quenching of the luminescence of the protonated
complexes is not clear. In many Ru(ll) diimine complexes, a competing path for
nonradiative relaxation is the thermally activated population of a 3MC energy to
the MLCT state. In studies of the effects of protonation on the excited-state
behaviour of [(bpy)Ru(CN)7, Scandola and co-worker postulated that
protonation of the complex results in a decrease in the MLCT-3MC gap and a
subsequent fhcrease fn the nonradMtive relaxation rate. In the case of the (ApyA)”
complex, protonation results in an increase in the emission energy. The MLCT
transition results froma Ru - tpy transition, while the 3VIC state has its origin as a
Ru(tZ) -Ru(eg) transition. Protonation of the complex results in a stabilisation of
the ground state since H2(ApyA) is a weaker cx-donating ligand than (ApyA)2 and,
assuming an averaged ligand field environment for hoth species, the Ru(t2) -

Ru(eg) energy should be larger for the  deprotonated species. Thus both
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changes in metal-ligand interaction which occurs upon protonation should serve to
decrease the energy gap between the IMLCT and 3VIC states. It is reasonable that
the decrease in the luminescence lifetime upon protonation of the ligand,
complexes may result from facile internal conversion to 3MC state which rapidly
relaxes to the ground state.

As we have seen in the previous chapter, the excited state acid base
properties can differ significantly from those in the ground state. These acidity
changes can be explained by the differences in electron distribution between the
ground state and the excited state. The theoretical principles of the excited state
acid base process have been described many times in the literature. In general
protonation181920 will change the electronic levels in a particular molecule and
this will naturally lead to changes electronic transitions. The excited state acid
base properties of the compounds are therefore, most easily probed by absorption
or emission spectroscopy. The excited state acidity of a compound can be
evaluated using Forster cycle which is based exclusively on thermodynamic

principles.

pk*a=pka+ (0.625/RT) (vHb-0b-) (5.1.a)

Where k*a and ka are the excited and ground state equilibrium constant, R
the gas constant and T the absolute temperature, and v values are express in cm'L
With this approach excited state pKa values, pKa*, can be obtained from the
ground state and spectroscopic parameters. Apart from the thermodynamics of the

acid-base system, the kinetic aspects — must also be considered. In the Forster
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only thermodynamic and kinetic aspects are not included. However, if the species
involved in the proton transfer does not emit then its excited state will be very
short lived and an equilibrium between the species will not been established.
Detailed kinetic analyses have been given elsewherel1d

When proton exchange is much faster than the excited state decay of both
protonated and deprotonated species, non-equilibrium can be established in the
excited state. Under those conditions meaningful results can be obtained from the

Forster cycle.

pk*a=pH, + (0.625/RT) (zm-w  (fml-h)

By monitoring the spectral changes as a function of pH in Robison &
Britton buffer solution, titration curves were obtained (Fig. 5.10, 11,12) from
which the ground state pKa values were obtained. The complex shows reversible
behaviour in the pH range 2-9. Lowering the pH results in a blue shift of the
MLCT band, which is probably due to stabilisation of the t2y orbitals. Observed
inflection points of the different species are listened in Table 5.3, they are
obtained from a sigmoidal fit of the spectroscopic data.

In order to investigate the excited state acidity (Fig. 5.13, 5.14), emission
titrations were carried out by excitation at the isobestic point taken from the
ground state pKa titration. Unfortunately the pKa values obtained from the fit of
the emission data were the same as the ground state and it was preferred report
them as inflection point of the sigmoidal curve. The value obtained for absorption

and emission titration were the same is  because the lifetime of the mono or
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diprotonated species excited states is too short and there was no equilibrium

between the species in their excited states, as it has seen previously.

pKa(l) pKa(2)
[Ru(AZpyA2(tpy)] 2.2 .2
[Ru(AZpyAd)(tpy)] 2.1 5.2
[Ru(AdpyAd)(tpy)] 2.8 58

Table 5.3 Ground state pKa values of [Ru(tpy)(ApyA)J isomers
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Figure 5.10 Absorption/pH dependence of [Ru(tpyXA.pyAd)], 2 to9 pH.
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Figure 5.14 Sigmoidal tit of the fluorimetrie titration, wavelength 700 nm.
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5.5 Redox Properties and Spectroelectrochemistry

The oxidation and reduction potentials of the complexes are given in table
5.4. As discussed in the literature for the previous systems, a relationship is often
present between the electrochemical potentials and the absorption and emission
maxima. Ina MLCT absorption process, an electron is removed from the d orbital
(d7t) to an empty orbital of the ligand (tc*). Oxidation is also removal of an
electron from the d orbitals and in the case of reductions, the electron is
transferred to the LUMO (tpy) of the complex. By determining the nature of the
LUMO with the electrochemical measurements, it is possible to assign on which
ligand is the emitting state based. By comparison of (tpy) based Ru(ll) complexes
0t00 0"

the first not reversible reduction potential for these mixed ligand complexes
are terpyridine based, the n* levels of the terpyridine are expected to be much
lower than those ofthe (ApyA)2 ligand.

The oxidation potentials ofthe neutral isomers are significantly lower than
that of [Ru(tpy)2%2', which indicates that the [(ApyA)]2 ligand is a much stronger
a donor ligand than tpy, in the diprotonated species the potentials become slightly
lower than the tpy complex. Oxidation and reduction potentials have shown to be
solvent dependent. (Table 5.2 and 5.5)

The utility of spectroelectrochemistry in the study of the electrochemically
generated reduction products ofthe d6polypyridyl complexes has previously been
demonstrated. 245 Usually the UV-visible spectrum of the reduced form of the
appropriate homoleptic complex provides a model spectrum for a particular ligand

anion ina mixed ligand complex. In the case of [Ru(tpy)2]2', it was found that two
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strong absorption bands grow in when an electron is added. One has a maximum
at around 340 nm. and has been assigned as a n-n* transition from the highest
completely filled LUMO(7t6) to the half filled HOMO(7t7) ofthe tpy anion.2627

Another more structured absorption appears near 525 nm. and has been
assigned as a 7c*-7t* transition (r17-7110) 0f tpy'. Two other less intense hands are
resolved. One appears as pronounced shoulder at 625 nm. In the spectrum of
[Ru(tpy)2]+, and it shift to 665 nm on further reduction. A second harely resolved
band is observed between 420 and 450 nm. in the [Ru(tpy)2JH and [Ru(tpy):]
spectra. Two similar features are observed in the spectrum of singly and doubly
reduced [Os(tpy)2]2+

The spectroelectrochemistry data are shown in figure 5.15 and 5.16.
Electrogeneration of one electron oxidised form is possible with more than 95%
regeneration  of the original  oxidation state. In the oxidative
spectroelectrochemistry of [Ru(tpy)(ApyA)] the ruthenium to tpy 3MLCT
transitions are completely lost upon the one oxidation of the Ru(ll) centre, as
observed for other Ru-tpy complexes.2
Electrogeneration of one electron reduced form is irreversible, the spectrum is not
easy to interpret since it virtually tracks the spectrum of the [Ru H(ApyA)(tpy)]h
Therefore it is evidence that the tpy ligand reduction is followed by reaction ofthe

negatively charged molecule with the solvent, through an irreversible process.
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Figure 5.15 Near UV VISIblC spectra of |Ru((py Ap ) and [Ru(tpy)(ApyA)f+ (
recorded at 0 (B E)Volt ||n acctonltrlecontammgog (1PF¥A

Jt(nm)

Figure 5.16 Near-UV-visiblc spectra of (Ru(tpy)(ApyA>] (B) and iRu(tpy)(ApyA)]'
regorded at0(B),-1 (D), -1.4 (F )p15VoIt( () |§1%%)c(t0?1¥tr|l]e conta|n|ngl05 py)fBR)I/-I
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5.6 Lifetime temperature dependence

The emission lifetime ofthe excited state obtained for the [Ru(ApyA)(tpy)]
species represents an increase by 2 order of magnitude with respect to
[Ru(terpy)2+ (Tab. 5.2). It is, therefore, clear that the use of the ligand
dramatically extends the lifetime of the MLCT excited states of the Ru(ll)(tpy)
complex. This is likely to originate from the raising of the 3VC states following
the replacement ofthe weak field terpyridine ligand by a strong field ligand.

In order to investigate the increase of the ligand field, low temperature
excited state lifetime measurements were made. As we have seen in the
introduction, the decay of an excited state takes place by competitive radiative and
not radiative processes.

In general, the changes in the (1/t) vs. /T plot (Fig. 5.18) over a large
temperature range can be accounted for by the coming into play of additional
contributions to the radiationless decay process of the emitting excited states as

the temperature increases:

/2= ko+Ykt (5-2)

In equation 5.2, ko is a temperature independent term and k, is the rate constant of
the step which contributes to the decay process. Previous studies have shown that

the ktterms can be either in the form of an Arrhenius equation (5.3)"""™ """

k, -Atexp(-AEtRT)



where Ai is a frequency factor and AEj an activation energy, or an empirical
equation(5.4)#LB3.

h = BY {L+exp[Q(T TR} (54)

This describes a stepwise behaviour centred around a certain temperature TB. In
equation 5.4 Ci is temperature related to the step smoothess, and B, is the value
assigned k\ when T » T Bi. The method by which eq. 5.4 may be derived is given in
the reference ™

The temperature dependence of the emission lifetime of [Ru(ApyA)(tpy)]
in a mixture of deareted butyrronitrile-ethanol (5:4) solution can be accounted for
by two Arrhenius terms (equation 5.3) and one stepwise term (equation 5.4). The
kinetic parameters derived from the fitting of equation 5.2 to the experimental
results of figure 5.18 are shown in table 5.5. The stepwise term o, Tpt=\37.5 K
Ai=8;7 *104 sec'], corresponds to the red shift observed in the emission spectra of
the complex in the range 120-150 K (Figure 5.19, 20) and is thought to be
associated with a relaxation of the Ru-N co-ordinates or small solvent molecule
rearrangements (table 3). The second little red shift observed for the emission
spectra in the range of 150-170 K, (Fig. 5.19) is thought to be associated with the
reorientation of the solvent molecules4), which can only take place when the
solvent has acquired the properties of nonviscous fluid.

Hence, two Arrhenius terms are needed to fit the temperature dependence.

The equivalent Arrhenius terms have been obtained by fitting the value under 120
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K and above 140 K separately, these values lie in the vicinity of the melting point
ofthe solvent matrix, and this ensures that the term has an intramolecular origin.
By analogy with previous studies on ruthenium polypyridine complexes,
which term is thought to concern the thermal equilibration of different MLCT
levels, spaced by 500 cm'L this occurs since, under the C2Vsymmetry of the
Ru(tpy)(ApyA) complex, the Tim(t2g) octahedral orbitals split into ai, bi and b2 and
the 71* tpy orbital belongs to the bi symmetry. From the overlap between the b
metal and ligand orbitals, first order bonding and antibonding orbitals are
obtained. The low energy 3VLCT excited states are obtained by promoting an
electron from the bi bonding and ai and b2 non-bonded metal orbitals to the bi
antibonding ligand orbital. Their symmetry is hence Ai, Bi and A2 respectively
with triplet multiplicity. The 3Ai state deriving from the transition between
bonding and antibonding orbitals will lie at higher energy than the others,
As the temperature increases (T>250) a second Arrhenius term is needed. There is
a general agreement in the literature that the temperature dependence (at high
temperature) of the emission lifetime in ruthenium polypyridine complexes
(Figure 5.17), on a activated surface, is related to energy crossing from a MLCT

manifold to a 3MC(metal centred) level.

MLCT->MC (k] (5.5)
MLCT<-MC () (5.6)

The MC level undergoes photochemical and a photophysical deactivation (eq 5.7).
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IMC -> Ground state and/or photoreactions (kg  (5.7)

ke is the sum of all the rate constants of the possible deactivation processes that
can deactivate the MC states. As pointed out by Meyer and co-workers39, the
experimental deactivation rate constant that comes into play at high temperatures

can be expressed as follows,

k2=A2exp (~AE2IRT) (5.9)

or kinetically as

k2=Ka[ ke/(kh+KkJ] 59)

the equation can describe two limiting cases, as described by Balzani et al34
(i) when k<> the decay of the "MC is rapid ko=ka. It follows that;

A2exp (-AE2/RT)~ Aaexp (~AEa/RT) (5.10)

In this limit, A2and AE2 are parameters obtained from the fit corresponding to the
pre-exponential factor and the activation energy for the MLCT to MC surface
crossing, Fig. 5.18

(i) When kb»kc, the decay of 3VIC is slow compared to the back surface crossing
to 3MLCT. In such a case, the two states are in equilibrium and the equation

hecomes:
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ko = (ka/ h) kc Since

(j kb= kcexp (-AERD) exp (ASR)  (5.00)

Where AE and AS are the internal energy and entropy differences between the
SMLCT and 3MC. Neglecting the expected small entropic term, it becomes

possible write the following equation:

Az exp (-AE2/RT) =kcexp(-AE IRT) (5.12)

The meaning of the experimental quantities A2 and AE2 depends on the nature of
the processes that contributes to kc- The following limiting cases are of interest
(ii-1)

When the major contribution to kc comes from a chemical reaction or the

deactivation processes ofthe MC an Arrhenius type equation is employed.

Az exp (-AE2/RT)= Acexp (~AEGHAE /RT) (5.13)

The Az and AE2 parameters obtained will correspond to the pre-exponential factor
of the decay processes of the MC and to the sum of the MC-MLCT energy gap
and the activation energy.

(ii-2)

When the main contribution to kc comes from a non-activated process, Az will

correspond to the rate of the non-activated process (kt), and the activation energy
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AE2 may correspond either to the energy gap between 3MLCT and 3MC or the
distance between the MLCT level and the crossing point of the two surfaces. For
complexes of the same family the AE2 data have probably the same meaning and
the energy gap between the minimum energy of the 3MLCT level and the MC
level is most likely related to the distance between the 3VLCT level and the
crossing point ofthe two surfaces.

In principle it can be expected that Az in the first and second cases are high
frequency (10131024 sec-1) vibrations whose activation leads to the SMLCT-3VC
surface crossing region ( Fig 5.17 i and ii-1). By contrast, in the third case, A2 can
be much smaller because it represents the rate constant of a radiationless trasintion
having a poor Frank-Condon Factor.

The Az and AE: values for the Ru(ApyA)(tpy) isomers, Table 5.4, could
suggest that they are borderline cases between the type (ii-b) and the type (i), in
fact the Az factors are quite small to correspond to a frequency factors of a surface
crossing process. Other examples of such limiting are reported in the literatured.
It is interesting to notice how the parameters obtained from the different isomers

result quite close, even closer that the ones obtained for the analogous bpy
complexes, [Ru(bpy)AA%y)]+and [Ru(bpy)2(Adpy)]+.
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M-I, M-,

Figure 5.17 Schematic representation of the situation of the potential energy surfaces for the
three limiting cases described in the text.
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k« AE, k2 AE?
(seed  (see'D (cmy  (secd  (cm4)

IRUCAZyA (tpy)| 2.2x105 2.6x107 520 2x102 2730
IRU(AZyAd) (tpy)| 2.1x105 2.2xl01 439 2x102 2700
IRU(AdoyAdHtDY)| 2.2x10s  2.6x107 540 1.9x10* 2750

Table 5.4 Kinetic parameters for excited state decay obtained from the fitting of equation
(5.2) to the experimental results

Temperature (K)

Figure 5.18 Plot of 1/t vs T of [Ru(tpy)(A2oyA4]. Curve fit in according to equation 5.2,
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5.7 Solute Solvent Interaction

[Ru(tpy)(ApyA)] exhibits a pronounced solvatochromic behaviour. The
absorption spectra in water, ethanol, DMF and acetonitrile are shown in picture
b.22. For these and other solvents, the energies of the lowest energy absorption
band maximum Xmaxas(298 K), are collated in table 5.5. This behaviour is similar,
but not as compelling as, what is observed for [Ru(tpy)CNs]* .40

Solvent as em T E-°  ElR *el2

(Acceptor number) \gm( \C('m( ns g,% m'l Vo (eV)
5298 K) 3298 K) gzgs K) 584 K) (€V)

\(/%/2t8e)r 1186~ 14450 55 15150

Methanol 21119 14415 60 15083 060 -1.28

(413) 81.878

E3t7h%nol 20812 14267 63 38 5080 0.58

(zioc'ggoromethane 20661 13531 70 14947

ﬁ%éggnitrile 20492 13453 75 14947

%/igso 20243 13480 75 14903

EMF) 20202 13292 82 25 14771 049 -131

QG-O)_ (1.83)

Mlz(;lne 20202 1371 88 14749

1%éggne 20202 13239 70 14620

HF 20202 13192 63 14450

(8.0)

Table 5.5 Spectroscopic, photophysical and redox properties of [Ru(tpy)(ApyA)] in different
solvents, a) Ft)he data are cgllect d¥rom the frozen matrix referre m%%?tgrepg.z)l].
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Specific solute-solvent interactions are known to play an important role in
optical and thermal electron transfer involving transition metal complexes. These
interactions can influence hoth spectroscopic energies, because of the relative
abundance of the isomer [Ru(tpy)(A2yA4)] on comparison with the other two
isomers, the following measurements were made only on it

Dielectric continuum theory provides a starting point for analysis of this
data. It has been successfully applied to solvent shifts or MLCT absorption bands
in polypyridyl complexesdl. This theory predicts that correlation should exist
between band energies and solvent dielectric functions whoseformsdepend upon
the assumption made in modelling the charge transferprocess.42in the classical
limit, the energies of absorption (Eax) and Emission (Eem) are related to the
internal energy charge, AE°, and re-organisational energies (x) as shown in eqs
5.14 and 5.15.

Fas =AE®+%= A#" 4%, +%0  (5-1)
Eem=AE°-Z =AE°-Zi-Zo  (>-15)

% and xo are intramolecular and solvent reorganisational energies, respectively.
These simple relationships are exact only for Gaussian band shapes. They also
assume equal force constants (quantum spacing) in the initial and final states for
the vibrations and solvent vibrations coupled to transitions. With unequal
quantum spacing the re-organisational energy of the excited state above the

ground state (Xes) and ofthe ground state helow the excited state (x) are unequal.
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AG,

Nuclear Coordinate (Q)

Figure 5.21 Energy coordinate diagram depicting the relationships in eq. 5.17,18 The %s are
the reorganisational energies for the excited state (above the ground state, Xcs) and the
ground state (below the excited state, %#), Q is the displacement coordinate. Harmonic
oscillator energy curves are assumed with f,,=. . f*, where f s are the force constants.

This is illustrated in Fig. 521 for absorption and emission with a coupled

harmonic oscillator mode with

Y%es~ (0-2)Zgs (fes=0.2f ) (5.16)

Eds=AG" +X* = AG“+X.5+20c, (51

En = AGM-zv =AG“. 7,.¢5- Zogs (5w
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Acceptor Number

Figure 5.21 Variations in Eah (red dots) and Eem ?Wacksquares) with acceptor number for
the complex. Slopes, interceptsand correlation: coefficients are listed in Table 5.6.

Ru(tpy)(A20yA)
EasMLCT)  slope 23.52+ 0.00354
intercept 1993473+ 0.11701
R* 0.94776
EQn slope 26.93 +0.00521
intercept 13,07708 +0.17228
R2 0.91774

Table 5.6 Fittin? parameter» from correlation with acceptor number, slopes, intercepts and
correlation coefficient» were calculated from linear regression between the quantities
indicated and the acceptor number. The slopes are in cm'Yacceptor number unit.
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In the classical limit with t>" 5@’ and Aco=| co-r0" | «co, 00', the energy
quantities in the equations 5.17, 18 are the free energies of the excited state above
the ground state, AGO giving eqs(5.18, 20); AG°esis equal to the 0-0 energy, Eo-o,
in this limit. 1f the excited and ground states are approximated as dipoles in a
sphere and the solvent as a dielectric continuum, the solvent dependent parts of
Eabs (Eabs,s) and Eem(Eams) are given by equationss.19, 20.434

wss , g(pe-lier 72 figlig~fie)2 At (5.19)

Fens = . Al pyVZZ) +1 (5.20)

Eabs is the sum of the solvent-dependent part of AG®es (AGOss) and xoes. Eem3 is

the difference between AG°es and xogs In these expression,  and jueare the

vector dipole moments of the ground and excited states, a is the radius of the
effective spherical cavity enclosing the dipoles, and Dop, equal the square of the
medium refractive index, and Dsare the optical and static dielectric constants of
the solvent. The internal dielectric constants of the solute and reference medium
are taken to be one. A more elaborate treatment has been developed by McRae
which includes repolarisation solvent, solute, dipole solvent induced dipole, and
solute dipole solvent dipole interactions as well as mixing with the other
electronic transitions within the solute. Because of the difficulty in calculating

individual terms, McRae presented the empirical function in equation (5.21)4 in
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which A, B and C are constants characteristic of the solute and Lo is the

characteristic constant of the solvent

r Do -1 N+C D. -1 . Dgp-1

Fabs=(AL0*B) 9p, w1 *C D, +2 %D, 42,
p

(5.21)

Attempts to find reasonable correlations between Eas and any of these dielectric
functions were unsuccessful, instead statistically reasonable correlations
(R2>0.90) were found to exist with Gutmann’s acceptor number (AN)46, Fig. . The
slopes and the intercepts derived from the correlation are listed in tah 5.6.

The universal dependence of the various experimental and derived
quantities on acceptor number is striking. The acceptor number dependence can
be explained by invoking simple bonding arguments. They assume that specific
donor acceptor electronic interaction exists between individual solvent molecules
and that the lone pair of electrons centred primarily on nitrogen atoms of the
triazole rings. Electron pair donation to the solvent makes the ligand a better n

acceptor increasingly so as the acceptor number increases.
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Figure 5.22 Solvent dependency of the [Ru(tpyXA.pyAd}] absorption spectraat 298 K.

Figure 5.23 Solvent dependency of the [Ru(tpy)(A.pyAd)} emission spectra at298 K.
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ure 5.24 Solvent dependence ofthe emission spectra of [Ru(tpy)(A.pyAd} at 77 K; *I M
%Iglass hEt(H: MEOH (4:1) glass. T)M: CHF() (0] )5 as(SPY)( pyAd}

The plot nf lifetimes of ERu(A20yA4)(tpy)] emission in various solvent®, at
room temperature againstthe solvent acceptornumber or the related excited state
energy, has a rather bi-phasic shape (Fig. 5.25, 26): the longer lifetime is found
(86 ns) in pyriding, and the lifetime of the excited state drops increasing or
decreasing the: acceptor number of the solvent or the relative emission energies.
This behaviour can he interpreted using: the previously outlined energy scheme
(Figure 5.1?, (ii-2)). The emitting MLCT state deactivates along two main
competing channels: (Indirect radiationless transition to the ground state (kr knr)
and (2) conversion to the lowest metal centred 3MC excited state and from there,
to the ground state (kd).

(5.22)
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Vo is not expected to be sensitive to MLCT energy change, see table5.8. The
other two channels are expected to be sensitive to changes in the energy of the
QMLCT. The term ;"o in equation 4.22 represents the energy gap law, which
predicts an exponential decrease in deactivation rate with corresponding increase
ofthe MLCT energy.

K = k£ Oe-aFuu (5.23)

In the third term AEarepresents the energy gap between the MLCT and the
MC states, and the value ofk ’depends on the situations which we have previously
explored. As we have seen for the thermally activated pathway the decay rate is
expected to increase, while the energy of the MLCT state growth, results in a

decrease ofthe MLCT to 3MC energy separation.

1
Tz +k"e  )+k'ew (5.24)

These opposing effects provide a simple basis for the rationalisation of the
biphasic behaviour ofthe lifetimes.

Finally, considering the equilibrium kinetic limit, which we postulated
previously in the temperature dependence measures, and assuming that the energy
of the MC state is not solvent dependent, or at least much more solvent-
independent than the MLCT energies, it becomes possible fit the MLCT state
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lifetimes using equation 5.24. This results in a surprisingly acceptable model
when a reasonable set of parameters are used (Table 5.8). The ascending arc of
the calculated curve occurs as a result of direct deactivation. In contrast the
descending arc is due to deactivation from the near MC energy states. In low-
temperature glass, the population of the MC states is completely deactivated and
the solvent dependence follows the energy-gap law, that is that the lifetime
increases with increasing acceptor number. It is interesting to note the fact that the
k’ obtained from equation 5.2 (temperature-lifetime dependence) has the same
value as that obtained from equation 5.24 (lifetime-solvent dependence). Also the
value ofthe MC energy, achieved from equation 5.24, is equal to the sum of the
AE procured from the previous calculation (equation 5.2) and the E™ from the

emission ofthe complex at 77K in the ethanol/butyronitile mixture.

[Ru(AZyAA ] Emi. T k" kr, inr,

(HO (nsee) (| ans (sec) x 10s (sec) x 104 (secd x 10s

b) B @ () @ ()
HD,9MLCl 1515 50 390 186 781 1.09

EtOHrMeCH (4i) 1500 60 486 208 8.10 1.20
EtOH:Butyronitrile 45 1495 92 820 22 8.90 1.30
DMF.CHZL2 (3i) 1460 82 740 25 9.00 1.60

Table 5.7 Solvent dependence of decay properties and excited state decay parameters for
[Ru(tpi/))(AzpyAél)] in avariety ofsolvents at 298 K (a) and their glasses at 80 K(b). The values
were obtained by fitting the observed temperature dependence of the luminescence lifetimes.
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Equation  Ai(s')  AEi(m') A2(s') AE2(cm') B[ (s') TBi(K)

(5.2) 2.6x107 439 2x102 2700 8.7x104 1315

kV) a(em*) k(sT Emc(cm) “AEa- Emc-Emict
(cm])

(5.24) 5.6xI0J 0.00103  2x102 17815 2820

Table 5.8: Kinetic parameters for excited obtained from the fitting of the experimental
results. *The em Ict ,used in this calculation, is obtained from the emission at 80K In the
mixture Ethanol/Butyronitrile (4/5)



5.8 Conclusions

In this chapter, the use of (ApyA) ligand to extend the lifetime of the MLCT
excited states of Ru(ll) terpyridine complexes has been explored. With respect to
[Ru(tpy)]2+a gain of two order of magnitude inthe MLCT state is obtained. With
lifetimes in this range, interesting perspectives arise for the use of structurally
attractive Ru(ll) terpyridine units as photosensitiser molecular components in
supramolecolar devices. The presence of the (ApyA)2 ligand introduces
solvatochromie behaviour in the complexes. Emission energy correlates linearly
with solvent acceptor number, while a clearly biphasic dependence is observed for
emission lifetimes as a function of emission energy. The lifetime solvent
dependence can be readily explained in terms of a standard model involving
competition between direct radiationless decay to the ground state and a thermally
activated pathway through upper metal centred states.

The general question as to the effect of replacing a tpy ligand with a (ApyA)2
ligand on the lifetime of Ru(ll) complexes does not allow a simple answer. The
prediction is complicated by the solvent dependence of lifetimes, their sensitivity
to the energy of both MC and 3MLCT states, and the occurrence of intrinsic
vibronic effects of triazoles on 3MLCT decay. In the case of Ru(ll) terpyridine
complexes, however, the effect is certainly one of lifetime enhancement, and its
main reason is the lifting of the MC states accompanying the substitution of

strong-field (ApyA)2 ligand for the weak-field tpy ligand.
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Aoceptor Number

Figure 5.25 Correlation ofthe emission lifetime with the Gutmann acceptor number for
[Ru(tpy)(A-pyAd)]

Figure 5.26 Plot of the emission lifetime vs solvent-dependent emission energy with for
(Ru(tpy)(A.pyA4)], the full line is calculated using equation 5.24.
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Chapter 6:

“The Triazolate Family”

“If everything seems to be going well, you have obviously overlooked something”

Murphy



6.1 Introduction

In Chapters 5 the synthesis, characterisation and properties of tpy complex
with the ligand Hz2(ApyA) have been reported. In this chapter the preparation and
characterisation of some related compounds are discussed. These investigations are
aimed at widening the scope of the application of the triazole ligands. Therefore the
H2(ApyA) ligand is complexed to the metal centre with two different substituted tpy
ligands (Fig 6.1). The photophysical and electrochemical properties of these
complexes are compared with those ofthe unsubstituted tpy ligand. It was hoped that
by varying the nature ofthe tpy ligands more information on the nature ofthe excited
state could be obtained. The chosen ligands were Cl-tpy and Hs(tctpy). The
introduction of the chlorine and the carboxylic groups is expected to effect the n*
level of the tpy ligand. In addition these are several possible applications of
substituted tpy complex. The second problem that this chapter aims to address is that

of the coodination isomers observed for the H*ApyA) ligand. The new ligand

H2(0OApyAQ) has heen prepared aimed at reducing the number ofisomer formed.
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4’ chloro-2,2":6",2” terpyridine 4 4” 47" tricarboxyl -2,27:6°,2" terpyridine
(Cl-tpy) H:(tctpy)

1)is{4,-(2,2,:6",2” tcrpyridiyl)} cther

di-2,5 [3' phen-yl (I'2" 4", triazil-yl)] pyridine
H. (<>AWAC
(yotaepy) KA

Figure 6.1. Ligands cited in the test
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6.2 [Ru(Cl-tpy)(ApyA)]

Metallodendrimers, dendrimers incorporating metal sites, are an important
emerging motif in supramolecolar chemistry. They offer the advantage of multiple
reaction sites within a chemically well-defined and discrete macromolecular
systems.LFour main strategies may be identified for the inclusion of metal centres in
metallodendrimers:

Use of a metal-containing core which is then structurally developed

using a divergent dendrimer synthesis or the convergent attachment

of dendritic wedges,

Decoration of the surface of inner generations of a conventionally

prepared and fimctionalised dendrimers

Incorporation of the metal centres as part of the backbone

connectivity ofthe dendrimer

The use ofthe metal as the branching point within the dendrimer.
Critical concepts in dendrimers and metallodendrimer chemistry are those of
successive generations and building blocks that are used in divergent iterative
synthesis or in the preparation of dendrintic wedges for convergent synthesis. These
concepts may be transferred to metallostars, which are expected to be closer to
monodispersed and exhibit fewer or no failure sequences. Constable et al.2 considered
methodology leading to topolically linear heteromultinuclear complexes, which will
subsequently be adapted for the attachments, as equivalents of denidritic wedges. The
strategy adopted is the formation of the his{4’-(2,2:6,,2" terpyridiyl)} ether (Fig.
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6.1), which contains two tpy metal-binding domains. A 4’ chloro-2,2":6’,2"
terpyridine Ruthenium complex is the precusor, the presence of the metal enhances
the Cl-tpy electrophilicity , allowing the in situ synthesis of the ether ligand under
mild conditions by reaction with the nucleophillic 4,-hydroxy-(2,2":6,,2" terpyridine)

6.2.1 Synthesis and purification

[Ru(CI-tpy)(ApyA)] was prepared, in order to be used as possible precursor, in
a basic DMF solution in presence of N-ethyl morpholine as a reducing agent. The
complex was precipitated as a PF6 salt, by adding an acqueous NaPF6 solution to the
reaction mixture. Purification by column chromatography on alumina (acetonitrile)
produced an overall yield of around 30%.. The complex was recrystallised from 1.1
water-acetone solution and obtained as an analytically pure Cayenna red coloured
powder. The elemental analysis indicates the presence ofthe di-protonated complex.

Following purification, HPLC and HANMR (Fig. 6.2) investigations were
carried out and it was concluded that, due to the presence of different coordination
sites of the triazolate moieties, three configurational isomers were produced. The
isomer ratios were estimated by integrating the H6 resonance (because of the
impossibility of separation, the proton 'H-NMR signal assignation was obtained by

comparison with the [Ru(tpy)(ApyA)], Fig. 6.2), which is at different position for
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each of the isomers. The ratio obtained from the ~-NMR signal integrals was
confirmed by HPLC.

Based on this NMR evidence it is proposed that here the major isomer (about
50%) is presumably the complex with N2 and N4 hounded triazolate rings,
[Ru(A2yA4)(Cl-tpy)], the second isomer with an abundance around 35% is assigned
to the double N4 coordination, [Ru(Il)(A4pyA4)(Cl-tpy)]. The third isomer (about 5%)
is probably all N2 bound.

Unfortunately all the attempts of isomer separation were unsuccessful, all the
measure reported in this section are on the isomer mixture.

The cyclic voltammogram of the complex in acetonitrile presents one very
broad and not well-defined oxidation peak around 0.60 Volt.
The absorption spectrum of the mixture is shown in Figure 6.3. The bands at 218 nm
and 376 nm have been assigned to LC n-n* transitions by comparison with the
spectrum [Ru(tpy)(ApyA)] (see Chapter 5, section 5.3 and references therein). The
two remaining intense bands at 379 and 489 nm have been assigned to singlet MLCT
d-7itransitions. In the long wavelength of the absorption spectrum two shoulders are
present at about 612 and 660 nm. Those absorption features are thought to correspond
to the lowest 'MLCT, see Chapter 5.

Excitation of the complex in any of its absorption hands leads to a broad
luminescence (Fig. 6.3) around 770 nm. with a lifetime of 45 nsec., in deaerated
acetonitrile, whose intensity, lifetime and energy positions are temperature and

solvent dependent. The presence of the electron-accepting group, chlorine, in 4’
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position of the tpy moiety will stabilise the LUMO (n+ orbital located on the tpy),
decreasing consequentially the distance in energy between ground-state and MLCT,
that will correspond to a red shift for absorption and emission spectra4s compared
with the unsubstituted analogous complex. This is an additional piece of evidence of
the tpy based MLCT assignation.

Once again the presence of the structural isomers proved to be a major
problem for the investigation of the products in the successive steps of the
supramolecolar system synthesis, because ofthe impossibility of separate the isomers
no further investigation or synthesis were madk.
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Figure 6.3 Emission (basic, blue) and absorption (acidic, blacky basic, red) spectra of

[Ru(ApyA)(Cl-tpy)], in acctonitrile solution.
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6.3 [Ru(ApyA)(tctpy)]

Dye-sensitised solar cell (Fig. 6.4) technology is an interesting and promising
inexpensive alternative to the solid state photovoltaic cells. In recent years, many
groups7,8’9 10 u, have heen focusing their attention on fundamental aspect of dye
sensitised solar cell components.

Dye derivatised mesoporus TiCh film is one of the components. The
electrochemical, photophysical and ground/ excited state properties ofthe dye play an
important role in the charge-transfer dynamics at the semiconductor interface.

The optimal sensitiser for the dye sensitised solar cell should be panchromatic, that is,
absorbs light of all colours. Ideally, all photons, below a threshold wavelength of
about 920 nm., should be harvested and converted to electric current.
In addition the sensitiser should fulfil several demanding conditions:

It must be firmly grafted to the semiconductor oxide surface and inject

electrons into the conduction band with a quantum yield ofunity.

Its redox potential should be sufficiently high so that it can be regenerated

rapidly via electron donation from the electrolyte as a hole conductor

It should be stable enough to sustain at least 20 years of exposure to natural

sunlight.

Molecular engineering of ruthenium complexes that can act as panchromatic
charge transfer sensitisers for TiC hased solar cells presents quite a challenge, as

several requirements have to be contemporaneously fulfilled by the dye.
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Firstly, the LUMO and HOMO need to be at levels where photoinduced electron
transfer in the Tio2 conduction band and regeneration of the dye by iodide can take
place at practically 100% off yield. This restricts greatly the option available to
accomplish the desire red shift of the metal to ligand charge transfer transitions
(MLCT) to about 900 nm.

The spectral and red-ox properties ofruthenium can be timed in two ways:
First by introducing a ligand with low-lying 71* molecular orbital
Second by destabilisation ofthe metal tagorbital through the introduction ofa
strong a-donor ligand.

Meyer et all2 have used these strategies to tune the MLCT in ruthenium
complexes. However, the extension of the spectral response into the near IR was
gained at expense of shifting the LUMO orbital to lower levels from where charge
injection inthe Ti02conduction can no longer occur, especially in tpy complexes.

A near infrared response can also be gained by increasing the energy of the
ruthenium tZy (HOMOQ) levels. However, it turns out that the introduction of the
strong a-donor ligands into the complex often does not lead to the desired spectral
result as both the HOMO and the LUMO are displaced in the same direction.
Furthermore, the HOMO position cannot be displaced on freely as the redox potential
to insure rapid regeneration of the dye by electron donation from iodide following
charge injection into the Ti02 The use of terpyridine incorporating carboxylate
functions because:

It increases the molar coefficient ofthe complex
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It facilitates the grafting of the dye on the semiconductor surface
It ensures intimate electronic coupling between its excited state and the
conduction band ofthe titanium dioxide.
The role of the Hz(ApyA) ligand is to tune the metal t2g orbitals of ruthenium and
possibly stabilise the positive hole, generated on the metal, after having injected an

electron into the conduction band.
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Figure 6.4 Gratzel type solar cell containing [Ru(tetpy)(ApyA)J as sensitiser and its
schematic ~ representation of the elementary steps involved in a regenerative
photoelectrochemical cell for light conversion based on dye sensitization of semiconductors, see
Chapter 1, section 1.5.4 tor dettailed explanation.
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6.3.1 Synthesis and purification

[RuHs(tctpy)(ApyA)] has been prepared using a modified version of a
literature method (see Chapter 3). The synthesis of the tctpy ligand precursor was
carried out utilising 4-ethylpyridine rather than 4-methylpyridine which has allowed
the dehydrogenation catalysed by Pd/C to be carried out at a higher temperature and
hence doubling the yield of 4,4 4 -triethyl-2,2 6,2 -terpyridine. This ligand was
then converted to the corresponding acid by oxidation with dichromate and then
esterified with diazomethane. These modifications have proved extremely useful for
obtaining pure esterified ligand. Moreover the complexes have been purified by size
exclusion chromatography, the presence of carboxylate groups and free nitrogens
which prevent the use ofany other kind of cromatography purification.

Three isomers were found by 'H-NMR investigations however just one of
them was isolated by precipitation from a acidic water solution, presumably the
isomer [RuH3(tctpy)HZAZ0yA2]2t, which is expected to be more hydrophobic, by
comparison with the homologous [Ru(tpy)(A2oyA2)], which showed to be less
interactive with the polar solid phase ofthe HPLC chromatographic column than with
the less polar liquid phase .

The complex was characterised by elemental analysis, *H NMR and UV
spectroscopy. The electronically excited states of the complexes were characterised
by emission spectroscopy and lifetime measurements. The A-NMR (Fig. 6.5)
spectrum of the isolated isomer is in agreement with a C2Vsymmetry, showing the

presence ofa single symmetric isomer.
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Figure 6.5 "H-NMR spectra of the isomers of the[Ru(tctpy) (A.pyA2)] complex in d.-methanol.

The 1H-NMR spectrum of the complex, Fig 6.5, shows seven sharp and well
resolved signals in the aromatic region, four of them correspond to the terpyridyl
protons in which the two peripheral rings are magnetically equivalent. In the pseudo
octahedral geometry, a tridentate ligand like tpy coordinates to a metal centre in a
meridional fashion, and the ApyA lies in the orthogonal plane. Using arguments
similar to those used in Chapter 5, for the tpy ligand, the lowest field signals centred
at 9.2 and 8.8 ppm are assigned to H3 and H3protons respectively. These two singlets
are downfield shifted compared to the H6 proton that appears as a doublet centered at
7.70 ppm. The Hb5proton signal shows a doublet centred at 7.5 ppm. In the case ofthe
H2(ApyA) ligand, the observed shift ofthe H3 (triplet) and H4 (doublet) are 8.33 and
8.41 ppm, respectively. That is that the H5 proton shift, knew to be strongly
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dependent on the N-bonding of the (ApyA)2' ligand and the acidity-basicity and
polarity ofthe solution, as it was seen in chapter 5, section 5.3, in the present solution
shows a singlet signal at 8.02 ppm, this is a evidence ofa totally symmetric complex,
in agreement with the [RuHs(tctpy)H2AA2pyA2)]5+isomer assignation.

The electronic spectra ofthe complexes {Ru[H3tctpy)][H2(A2yA2)]|}5+ shows
metal to ligand charge transfer bands (MLCT) that dominate the visible region and n-
n* transitions in the UV region (Fig 6.6). The spectra are very sensitive to variation
in solvent and pH because of the presence of the ApyA ligand and the carboxylic
functionality. Upon changing from a solvent of high to one of low polarity, the
MLCT band moved to lower wavelength. This solvatochromism, previously reported
for the ApyA-Ru complexes, is associated with the interactions of polar solvents with
coordinated ApyA moiety and the carboxyl tpy functionalities, which reduce the
electron density on the metal. The effect of protonation on the spectra of these
complexes, shown in Fig 6.6 and 6.7, are not so easily interpreted. The ruthenium-
tctpy moiety complexed to the ApyA ligand forms a meridional configuration, in
which the two peripheral pyridyl groups are trans to each other and electronically
equivalent13 The central pyridine is different to the two peripheral pyridines. The
tctpy ligand symmetry, which is preserved after coordination suggests that the pKa of
the carboxilate group on the central pyridine is different from those that are attached
to the peripheral pyridines. Four different pKa values were detected, respectively 5.8,
4.8, 2.8, 1.8 pH units (Fig. 6.5). The first protonation, (value of pKa 5.8, associated

with a small blue shift in the absorption maximum), is assigned to one of the
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triazolate moieties of (ApyA)2 ligand (associated with a quenching of the emission),
while the second arises due to protonation on the carboxilate functional group on the
central pyridine ofthe tpy ligand (little red shift). The third and the fourth pKa values
are related to protonation of the second triazolate ring (blue shif of the absorption
maximum) and the double protonation ofthe peripheral equivalent CO2" functionality
on the tpy (associated with an increase ofthe quantum emission and a red shift of the
absorption maximum) respectively. The last protonation, on the carboxilate functions
on the tpy ligand, causes a lowering ofthe LUMO energy associated with this ligand
and consequently both the n-n* and MLCT bands undergo a blue shift. A similar
explanation can be used to explain the emission spectra in Fig. 6.6. Which is
consistent with a stabilisation ofthe triplet state in the last protonated form.

The electrochemical behaviour of these species is in general non-reversible and so it
IS not possible to make a meaningful comparison of the relative energies of the n
antibonding orbitals for the terpyridine carboxylate ligand and the analogous
terpyridine ligand. Nevertheless it is noted that the tpy carboxilate complexes show
less cathodic reduction waves than the bpy ones indicating the greater electron-
acceptor capacity of the tpy ligand. Clearly this is reflected in the substantial shift in
the MLCT to higher wavelength in the visible spectrum. The oxidation potentials
indicated in Table 6.2 show that the new complex of the tpy ligand is more easily
oxidised than the corresponding complexes with tpy ligands. This effect must arise
from the negative charges on the ApyA ligand that, through a-donation, in low

polarity solvents, increase the electron density on the metal centre.
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The photophysical properties of the complex show that the new tctpy complex emits
at lower energy than the corresponding tpy complexes. The reduction/oxidation data
reported in Table 6.2 are therefore to be considered purely qualitative (not reversible
reductions and quite poor resolution in oxidation), but useful for comparisons of
spectroscopic energies and the oxidation/reduction properties of the excited states of
the complex. One can therefore assume that the reduction capacity of the excited
states of these complexes are well represented by calculating the values of Eox*
(Excited-state redox potential obtained as a difference of ground state oxidation
potential and excited state energies, Eox-E™*). These values suggest that the excited
states of the studied complex can act as moderately strong reductants with potentials

around -1.3 eV, a value suitable for Ti02 photovoltaic cells.
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A monolayer of the complex was absorbed from a warm 2x10™ M solution of the
complex in ethanol containing 40 mM of sodium taurodeoxycholate as a co
adsorbentl4 onto a 7 nm thick nanocrystalline TiCs film (see Chapter 3) prepared on
conducting glass.

The photoaction spectra of the dark orange-green coloured film measured on
TiC2 in a photovoltaic cell in conjunction with a redox electrolyte such as 0.9M Lil
and 0.1 M LUs in propylene carbonate reveal a lower efficiency of light conversion
for complexes containing the tpy ligand than that observed for bpy. This is
apparently in contrast with what has been reported for the complex
[Ru(tctHs)(NCS)3] by Graetzel et al.15 For this species, a photoaction spectrum has
been reported with IPCE values of the order of 80%, as observed with the complex
[Ru(dcbH2)2(NCS)2]16.  The reasons for the different behaviour observed is most
likely related to the difference in optical density between the photoanodes used. In the
two experiments the IPCE is related to differences in transmittance or absorbance
between the electrodes used, according to the equation

LHE= 1-10A

where A is the absorbance. The thickness of 7p.m was used in our experiments, this
resulted in values of maximum absorbance, which were of the order of 70%. While in
the laboratories in Lausanne, the optical density of the electrode used were almost
double because of the greater thickness of the colloidal TiCx film (il4fjm). 1f this
difference is taken into account, the LHE term in our experiment should be 20%

lower than the value obtained by Grétzel & al.18 and the maximum photocurrent
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obtained for the complex |Ru(tctHsXNCS)3{TBA should show a conversion
efficiency of about 60%. The fact that the LPCE (Fig: 6.7) in our measurement in the
400-500 nm interval varies from 70 to60% validates this hypothesis.
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Rw(tctpy3
80- [[RuétctpySg 4p pyA;] + Tam)de-CKydioHc-Sodaijn salt
-fRiMdpyJ(NCS)? + T aurodaax”cholic Sodium salt
T3-
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»PH
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Figure. . Photocurrent action spectra obtained with nanocrystallineTK.. film supported onto a

conductin é;lass sheet and derivatised with fRu(tcrtpy)(ApyA)# (red and black lines) and
Ru|tctp%/(g8 N,. (green line). The LEGE is plotted as a function of wavelength. A sandwich type
cell contiguration was used to measure this spectrum.
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6.4 Synthesis and Characterisation of [Ru(tpy)(OApyAQj]

As pointed out in the introduction of Chapter 5 the reason for the preparation
of H2(OApyAO) is aimed to the number of structural isomers. This goal can be
obtained of the steric hindrance between the terpyridine and the extended (OApyAO)
ligand during the formation of the complex, this should result in the formation of
solely the [Ru(tpy)(0A20yA20)] isomer (Fig 6.4). It has already been shown that for
triazolate bidentate ligands1718 containing bulking groups at the 5 position, such as
phenyl, phenol or bromine moieties, differentiation ofthe two coordinating nitrogens
occurs leading almost exclusively to complexation at N2 atom. Molecular model of
the possible configurational isomers, using the Hyperchem Software, supports the
importance of steric hindrance for the ligand, in fact just as in the case of the
[Ru(tpy)(OA2iyA28)] isomer the two phenyl groups, lying in an orthogonal plane to
the tpy ligand in the energetic configurational minimum, have the possibility of free
rotation. However in the other two isomers, one or two of the phenyl groups are
constricted in an almost frozen position from the interaction of the tpy lying on the
parallel plane (Fig. 6.9).

The new H2(OApyA<E>) ligand was prepared in a similar way to the Hz(ApyA)
ligand (chapter 3). For the synthesis ofthe [Ru(tpy)(OApyAQ)J complex, two solvent
schemes were used, a DMF solution and a 1,2-ethandiol solution. Both solvents gave
the desired complex in the same quantity of a 23% yield. More recently, DMF has

been used for the reaction, because ofthe easier work up of the product.
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The purity of the complexes was verified with HPLC-measurements (Fig.
6.5). Inthe chromatogram of the solid before purification, three bands were observed.
Two peaks were located between two and three minutes and a third around four
minutes. The last peak was an [Ru(tpy2)]21 impurity, which was eliminated by
column chromatography onto allumina, using acetonitrile as solvent. From the
purified solids obtained from both reactions, surprisingly two isomers were obtained,
which could be separated using silica chromatographic column and methanol as
eluent. The ratio of the isomer fractions resulted 45%: 55% of isomer
[Ru(tpy)(<5A20yA40)] : Isomer [Ru(tpy)(0AZyA20)].
The formation of an intermediate with formula {Ru[tpy][(riJOApyAO]X}(X =
solvent molecule) (Fig.6.9), where, initially, the (OApyAO) ligand bonds to the Ru-
tpy complex as a bidentate ligand, may explain the formation of the two isomers
instead ofthe expected three or the anticipated [Ru(tpy)(<J>A20yA20)]. It is envisaged
that the first coordination will be via the nitrogen of the central pyridine ring and
subsequently indifferently via N2 or N4 of one of the triazole moieties. The second
triazole ring will always bind trough the N4 atom. This is expected because of the
steric hindrance between the phenyl ring and the tpy ligand already complexed.
Synthesis or photochemical formations of a r|2tpy complex have precedents in

literature.1920
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IRu(tpy)(d>AdpyAdod)l IRu(tpy)(@AZ0yAXD)

IRu(tpy)(<DA4pyAz0) ]

{Ru|tpy 11(TiOApyAcDI(X)}

Figure 63 Possible isomers for [RuitpyXS’ApyA®)) complex, and space filling molecular models
for the possible intermediates {Ru[tpy][(ri-}<>ApyA<I>] X}* where X is a solventnndgcnle.
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Figure 6.10 Chromatograms (a) ami absorption spectra (b) in. ;. . LIGK.. M acetonitrHe: water
(4:1) solution of |Ru(tpy)(<I>A. pyA.d>)l (red line) and fStt(tpyK <A.pyA.<I>)"(blae™ine)

Figure 6.11 [Ku(tpy)((i>ApyA<I>)t:isemersandtheir N M R assignments.



The chromatograms of the two pure isomers are shown in Figure 6.10, the
retention times are a three minutes for [Ru(tpy)(0A2oyA40)] and around 2 minutes
for [Ru(tpy)(0A2yA20)].

The "H-NMR spectra (Fig. 6.12, 6.13, 6.14) of a methanol solution of the two
isomers are qualitatively quite similar to that of the analogous [Ru(tpy)(ApyA)J
isomers, assignments were made on the basis of coupling constants and by analogy
with [Ru(tpy)(ApyA)].

As expected one of the two 'H-NMR spectra exhibits eleven resonances (Fig.
6.13 and 6.14), six from the tpy ligand and five from the (OApyAQ) ligand. The
observation ofthe eleven resonances confirms the symmetrical structure of one ofthe
isomer on the NMR time scale. The other H-NMR (Fig. 6.12) spectrum instead
showed the presence of 14 signals, evidence of non-symmetrical coordination by the
(OApyAQ) ligand. The assignments ofthe tpy ligand proton signals were made on the
basis ofthe coupling constants. The tpy terminal pyridyl ring resulted in 4 resonances
at 8.37, 7.75, 7.17, 7.44 ppm, in the sequence H3, H4, H5and H6 respectively, made on
the basis of the differing coupling constants J(H5 H6) and J(H3 H4). The two
remaining tpy resonances, assigned to H3and H4 of the central pyridine ring of the
tpy, are sensitive to the different coordination of the (OApyAQ) ligand, or better,
sensitive to interaction with the pendent phenyl groups (Fig. 6.9 and Table 6.1).

The assignment of the proton signals of the (OApyAO) ligand was also made
on the basis of the coupling constants. The two resonances, assigned to H3and H4 of

the central pyridine ring of (OApyAO), data in Table 6.1, are slightly sensitive to the
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N2N4 coorination. The presence of two sets of signals for the each proton on the
phenyl rings, [Ha Hb Hd and [H@, HE', Hc] (Fig. 6.11), in one of the ‘H-NMR
spectra, that is the asymmetric one (Fig.6.12), is in agreement with the presence of
one asymmetric complex [Ru(tpy)(OA20yA40)]. In the asymetric complex, the
upfield shift ofthe tpy H4and H3 protons and the upfield shifts of (OApyAQ) Ha, Hb
and Hc protons, in comparison with Ha, Hb, Hc, are indicative of a strong interaction
between one of the phenyl moieties and the central ring of the tpy. That presumably
means that the triazole moiety, with the phenyl group in the 5™ position (Fig. 6.11
and 6.9), must be bound to the triazole ring coordinating via N4 nitrogen. In the
symmetric *-NMR spectrum (Fig.6.7, 6.8), the phenyl protons are all shifted down
field, which will prelude to a fully complexed N2 bonded, [Ru(tpy)(0A2yA20)

Isomer.
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Figure 6.12 'H-NMR spectrum of the[Ru(tpy) (®A.pyA4®)] complex in d.-mettaanol.

Issssfsa

hiw [l o W

Figure 6.13 *H-NMR spectrum of the[Ru(tpy) (®A2pyA ®)] complex in d -methanol.
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As previously observed for [Ru(tpy)(ApyA)], the UV/VIS absorption spectra
of the isomers show, in a basic ethanol solution, a strong metal to ligand tpy based
charge transfer band, for the [Ru(tpy)(C>A20yA40)] isomer at 475 nm and for
[Ru(tpy)(0A2pyA20)] at 477 nm. The bands at 272, 315 of both isomers are assigned
to the intra ligand n-n* transition (Table 6.2, Fig. 6.9 and 6.12). Two small shoulders
were detected at around 620 and 650 nm.(for the assignments see Chapter 5, section
53)

In the same solvent at room temperature, the complex shows a strong
phosphorescence band at 701 nm for [Ru(tpy)(0A2pyA20)] and at 694 nm for
[Ru(tpy)(0A2yA20)], the emission maxima and the lifetimes of the excited states, as
seen for the analogous [Ru(tpy)(ApyA)j, show a strong temperature (Table 6.2) and
solvent ( Table 6.3 and Fig. 6.12 and 6.13) dependency, but the [Ru(tpy)(OApyAQ)]
isomers showed more significant differences than the corresponding [Ru(tpy)(

ApyA)] species.

In comparison with [Ru(tpy)2]2+ complex, the [Ru(tpy)(OApyA<t>)] also shows
a decrease in the energy ofthe MLCT state, the emission maxima are red shifted.

In the pH-titration of the isomers, two different patterns were found. Both
isomers display a reversible behaviour in the pH range between 15-9. For the
emission titrations the wavelength of 475 nm was chosen for excitation, which does

not vary greatly from the wavelength of the isobestic points of the pKa values of both
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titrations. A quenching of the emission was observed in the acid pH-range of the pH-
titration.

The [Ru(tpy)(OA20yA2))] isomer shows a blue shift ofthe MLCT band upon
lowering of the pH. Two isobestic points at 470 nm and 405 nm. were observed. A
double sigmoidal fitting of the data procured two pKa values of 2.1 and 5.3. For the
emission titration curve only one inflexion point was observed at 5.6 which is due to
the total quenching of the emission after the first protonation. In contrast the pH-
titration of the isomer [Ru(tpy)(0A20yA4B)] contained two shifts, first a blue-shift
which was then followed by a red-shift. There were also two isobestic points at
around 474 nm and 400 nm. The data, when sigmoidally fitted, yield two ground-
state pKa values for the absorption, occurring at 2.6 and 6.7 and two inflexion points
for the emission at 3.5 and 6.3.

The oxidation potential, E/V vs SCE in methanol solution, observed is 0.60 Y
for the isomer [Ru(tpy)(0A20yA40)] and 0.50 V for [Ru(tpy)(0A20yA20)]. These
shifts, compared to the potential of [Ru(tpy)2]2+ (Table 6.2), result from the higher
charge density on the metal centre, caused by the strong cr-donor ligand (OApyAO).
The values show that (0A2pyA20) coordinated ligand is a slightly stronger cr-donor
than (0A20yA40)2 or than the (ApyA)2 isomers. Both isomers displayed an
irreversible reduction around -1.35 V.

For the two isomers the tpy based luminescence lifetimes and spectra in
temperature interval from 300 to 80K were measured. As shown by the previous

investigations, it was possible to analyse the temperature dependence of the
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luminescence lifetime using an Arrhenius -type approach (Equation 5.2). In equation
5.2, Ai and AEt are parameters concerned with the fact that the luminescent level is
actually composed of cluster of MLCT states, and AEi can be viewed as the energy
width ofthe clustered levels. A2and AEzare the pre-exponential factor and the energy
barrier, for thermal population of a higher-lying metal-centred state of d-d orbital
origin, which is involved in the deactivation ofthe MLCT state luminescence.
The kinetic parameters, for the excited state decay of the complexes examined, are
collected in Table 6.4, they show that:

The photophysical behaviour is strongly affected by temperature

In the high temperature region, deactivation of the MLCT excited

state is governed by a deactivation process.
According with the lifetime temperature dependency treatment used in chapter 5 this
implies population ofa higher-lying 3MC state which is in turn so strongly coupled to
the ground state that this rate constant is much higher than that for the backward
MC-MLCT step. This represents the limiting Kinetic case whereby the pre-
exponential factors A2 is in the range of 10n-1012 sec'land the energy differences
(AE2) is the energy between the MLCT and 3MC curves, see picture 5.16.
It is of particular interest to note how the two isomers displayed quite different AE2
values and how this relates to the difference in the energy gap between the MLCT
and MC states. As seen for the oxidation potentials, the [Ru(tpy)(0A2pyA20)]

isomer proved to be a stronger cj-donor than the other isomer, increasing the ligand
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field strength and consequentially the distance in energy between the 3MC and
MLCT curves.

A similar outcome was also expected as a result of the different solvent
behaviour illustrated by the two isomers in polar solvents (Table 6,3), in fact, the
lifetimes ofthe MLCT excited state was to be much longer for [Ru(tpy)(<E>A20yA20)]
than for the other isomer, due to the increase in energies between MLCT and 3MC
states. However the general solvent acceptor number-3MLCT energy dependency and
MLCT lifetime-energy dependency trends, as seen in Chapter 5 for the archetypal
[Ru(tpy)(A20yAd)] complex, were also followed by the [Ru(tpy)(<MpyA3>)] isomers
(Table 6.3).
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Figure 6,10 Emission spectra of thc[Ru(tpy) (®A.pyA.Q)] complex in basic (black line) or acidic
(red line) ethanol, registred at r.t.

Wavelengthinm]

Fignre 6.11 Emission spectra ofthe[Ru(tpy) (<PA pyA.<D)] complex in basic (black line) or acidic
(red line) ethanol, registrad at 77K.
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Figure 6.12 Solvent dependency ofthe [Rn(tpyX"A20yA20 ) absorption spectra at 298 K
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Figure 6.13 Solvent dependency ofthe [Ru(tpy)(<DA2oyAZ<E)] emission spectra at 298 K
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(pm) H3 H4 H5 HE HI H4 H- HE Ha e U

@ (@) @) @ @ O @ O @ ©
Toy 8.7 500 750 870 855 5.0
H2(DAPYAD) * 51 82 81 82 (04
Ru(tpy)22+ 882 808 7.34 7.72 9.09 859
rRuoazyamtey) 837 T.75 717 744 834 755 5.0 829 619 676 698
rueazyao)tpy] 834 770 712 738 501 7.90 520 819 6.36/ sc 698/
761 112 117

Table 6.1 "H-NMR spectroscoBic data for d4-methanol solutions of ligands and their ruthenium
complexes (see Fig. 6.5), a) d6-DMSO.

Abs 298 Ka Emi. 298 Ka  Emi. 77 Ka Electrochem’
k s x + dJen kX Erd Ed

(ran)* (NTem)  (ran)6 (nsec)f (M) (isec) (Vo) (Volt
[Ru(tpy)ij 474 10400 629 025 5.0*10 598 89 167 092
[Ru(ApyA)(Cl-tpy)] 1 489 13250 770 45 130 0.60

RU@ADyABXY)| 486 13500 694 51 25*10° 648 7 (136) [050]m
RUPAZYAD)(toy)| 485 12800 701 24 lono-4 660 55 (135) [0.60]m
[Ru(AZyA(totpy)l's 1 490 10500 770 100 670 (1.31) 040

Table 6.2 a) Ethanol, b) Methanol, ethanol (1, 4), ¢) DMF vs. F¢/ Fct, i round braguette not
reversible reductions, d) Wavelength of the lowest energy absorption maximum, €) Wavelength
of hlqhest energy.emjssion feature, f) Luminescence emission lifetime (+ 10%). h) Luminescence
quantum yield,™1) photoPhysmaI measurements in deareted DMF solution, mi) Measured In
methanol Solution'where thé complex presented the higher solubility
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Solvent Y/maxabs Y/maxabs Ylmaxem T

(Acceptor number) am. am. am. s
(298 K)  (298K)  (298K) (298 K)
Ru(OA2pyA2)(t

Methanol Ru(OAZy 48)3( ) 374 687 50
Ell.S)

thanol 486 378 694 51
gll). .

cetonitrile 492 382 721 72
E19.3

MSO 495 388 718 94
89.3

M 495 391 723 80
(16.0)

IRU(C>AZpyAdct>)(tpy)|

'\ﬁlftgham' 483 378 700 20
Ethanol 485 380 701 24
)

cetonitrile 493 384 729 65
19.3

MSO 498 387 734 92
i

M 498 390 738 62
(16.0)

Ta}ble 6.3 Spectroscopic and photophysical properties of |Ru(tpy)(0ApyAO)] isomers in different
solvents.

k0 ki AEi k2 AE2

(sec) (sec) (ecm) (") (cm)
[Ru(0A2pyA)(tpy)] 15%103  9*10s 700 5¢10“ 2850
[Ru(0A20yAD)(tpy)] 2007105  1*10* 350 2%10 2650

Table 6.4 Kinetic parameters for excited state decay obtained from the fitting of equation (5.2) to
the experimental results
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Chapter 7

“The Tetrazolate Family”

"Nature always sides with the hidden flaw. “

Murpy



7.1 Introduction

Tetrazole and substituted tetrazoles, although sometimes capable of violent
decomposition reactions, have heen used in coordination chemistry to prepare a
number of coordination compounds during the last decades123 Nevertheless they
are not widely known as common ligands and little is known about the nature and
strenght of the coordination behaviour of the tetrazole ring. This encouraged the
investigation into some unknown fields of the tetrazole coordination chemistry.

In Section 4.4 the (I Ipy) ligand and its bis (bipyridyl) ruthenium complex
have been discussed. The nature ofthe metal-to-ligand interaction in this complex
was studied by 'H-NMR, electronic spectroscopies and cyclic voltammetry. It was
shown that the negatively charged tetrazole group is a strong electron donor
whereas the protonated tetrazoles demonstrated a significant lowering in the
energy of the metal based HOMOs and raising in the energy of the ligand base
LUMOs.

The H2(l IpyCl) ligand (Fig. 7.1) was synthesised for its electronic, a-donor
and Tc-acceptor, and structural, tpy type ligand, properties. Like the H2(ApyA)
ligand, it contains a central pyridine ring which is a good 7T-acceptor and instead
ofthe two triazolate moieties, two tetrazolate rings are present. They also are good
a-donor, as shown in Chapter 4, but because of the high symmetry of the
nitrogens in the terazole moiety, the presence of structural isomers is avoided. The
H2(DpyD) ligand coordination to ruthenium complexes is tridentate, in a pseudo-

octahedral coordination, the class of symmetry ofits tpy complexes is C2v,
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’\‘,N"N hn-
N NW'M

2-6 di (tetraz-5-yl) pyridine

H2(l Ipyl 3
4 (pyrid-4-yl) 2,27, 6°, 2" terpyridine
AN afK (Py-toy)
N
N
4 chloro 2,2’;6°, 2” terpyridine 2,2°,6, 2" terpyridine
(Cl-tpy) (tpy)

Figure 5.1 Ligands cited in the text

The aim of this chapter is to study comprehensively a method to increase
the emission quantum yield and increase the lifetime ofthe excited state, avoiding
the formation of stuctural isomers.

The tridentate ligand H2( Ipyl 1), (Fig.7.1) was synthesised (see Chapter 3)
according to the literature for similar ligands4, using little modifications, and used
for its a donor and n acceptor properties and it is hoped that due to these
properties the excited states of the Ru(ll) complexes would substantially alter

their photophysical properties.
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The Hz(ppyn) ligand contains a pyridine ring which is a good n acceptor and two
tetrazolate moieties which are strong a donors but they do not have different sites
of coordination. The coordination to ruthenium complexes is tridentate, in a
pseudo-octahedral coordination. Due to the ruthenium complexes building block

potential in supramolecolar systems, it is necessary to know their properties as

individual units



1.2 Synthesis and Purification

The ligand di 2,6-(tetraz-5-yl) pyridine, H2Dpyll]), was prepared by
reaction of pyridine-2-6, carbonitrile and sodium azide, as shown in section 3. The
preparation of the complexes involved its reaction with one equivalent of [Ru(X-
tpy)Cls], where X=H, Cl or py. Once again the method proved to be somewhat
problematic. The major problem was again the solubility of the ligand and the
solubility of the resulting complex. The EfeCDpyD) ligand is soluble in hot DMF or
in basified polar solvents in its anionic form.

In the course of preparation of the mononuclear complex a boiling DMF
solution, in presence of N-ethyl morpholine as a reducing agent, was used.

The reaction was found to give the desired complex with an average yield
of 30%. Purification was achieved by recrystallisation from 1.1 water-DMF
solution and producing an analytically pure, curry-brown coloured powder. The
protonated species is very poorly soluble in all solvent systems tried. The [Ru(py-

tpy)(I' lpyl 1] was the only exception, it was isolated as [Ru(Hpy-tpy)(I lpy[ 1)][PF6]
and [Ru(Hpy-tpy)H=(DpyD)][Cio41s Salts. These complexes showed good

solubility in acetone, acetonitrile and DMF.
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7.3 NMR Spectroscopy

The complexes obtained were diamagnetic, anti the *H-NMR properties
were investigated to probe the inter ligand and metal-Bgand interactions in these
systems. The LH-NMR spectra (Fig.7.3, 7.4, 7.5, 7.6, 7.7 and Table 7.1) were
recorded in dé-DMSO.

As discussed in Chapters 5 and 6, in tpy-Ru(l 1) complexes, the lowest field
resonance is H3, followed by H4, H6 and H5. The upfield shifting of H6 with
respect to H31is explained by the fact that it lies in the shielding region above the

tetrazolate ring o fthe other ligand.

X= H, Cl, Py

Figure 7.2» Ruthenium complexes, and ~-NMR protun assignations.

From the CIS coordination shifty CIS (=5c«mpiex - SiiggadX a number of
general patterns are observed, which provide information about the
conformational and electronic charges upon coordination. In the deprotonated
complexes H3 experiences a small downfield shift upon coordination, which is
usually attributed to Van der Waals deshielding by H3”In genera® H5 undergoes

very minor coordination shifts. The shift of H3 is related in part to the Van der
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Waals interaction, in part it may attributed to the metal interaction with the central
pyridine ring, which is greater than that with the terminal rings.

In the case of the H2(DpyD) ligand, the H3 and H4 proton shifts observed
may be explained in similar terms as those referred to for the H3 and H4 protons
ofthe terpyridine ligand.

The negative CIS values appear greater than for the analogous tpy
complexes, this is simply a consequence of deprotonation of the tetrazole rings
and the resulting transfer of electron density from the negatively charged tetrazole
to the metal.

The ~-NMR spectral data (Fig. 7.3, 7.4, 7.5, 7.6, 7.7) of a d@DMF
solution of [Ru(py-tpy)(DpyD)] are collected in Table 7.1. The spectrum is
relatively clear and well resolved, and illustrates the symmetry of the ruthenium
complex. The spectrum was unambiguously assigned on the basis of H-cosy and
by comparison with the spectrum of [Ru(tpy)(Dpy[ 1] and [Ru(py-tpy)2J2'. Itis of
particular interests that, in the tetrazolate compounds [Ru(tpy)(l Ipyl I)] and
[Ru(py-tpy)(I Iyl 1)], the coordination shifts associated with H3 (CIStpy +0.46,
CISpy-tpy 0.38 ppm) are similar. This strongly suggests that the electronic changes
occurring within the ligand upon coordination to the metal are similar to the two
ligands, which indicates that there are no significant changes in the configuration
ofthe non-coordinated pyridine ring upon adoption of the tridentate mode.

Although it was not possible to have solid state structural data for the
complex, analogous studies on 4’-phenyl substituted ligands suggest that the
interplanar angles between the central ring of the tpy and the 4-pyridyl substituent

will be inthe range 5-20°5
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The mono protonated species , in which the coordinated (py-tpy) ligand is
protonated at the free 4-pyridyl group, is shown in Figure7.2. Looking at the
protonation shifts A5 ( Sprotonated complex ““parent complex) and the CIS ( complex
Sugand), a number of features are immediately noted. The terminal pyridine rings
are essentially unperturbed by protonation and all ofthe changes in charge density
are associated with the central "4, 4’ bipyridine functionality (Fig. 7.2). Most
surprisingly, the major shift (0.63 ppm) is associated with Haand not with Hb, the
proton adjacent to the site of protonation. This is in accord with the known
protonation hehaviour of pyridine, and 4, 4" bipyridine in D20 s The down field
shift of Ha is much larger than that for H3. Two possible factors are involved in
these shifts. The first is a purely electronic one, which results in charge build-up
on the non-coordinated pyridyl ring. The second effect involves rotation about the
inter-annular bond between the two rings of the ‘4, 4™ bipyridine unit. This will
result in changes in the anisotropic shielding and deshielding of Haand H3, but

cannot easily be quantified.
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Figure 7.3 ‘H-Cosy-NMR spectra of the [Ru(tpy)(QpyD)] complex in d6DMSO

Figure 7.4 "H-Cosy-NMR spectra of the [Ru(CI-tpy)(I lpy[ I)| complex in d&DMSO
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Figure 7.5 ‘H-NIVIR spectra of the [Ru(Cl-tpy)(DpyD>] complex in d6DMSO,
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Figure 7.6 ‘H-NIVIR spectra of the [Ru(HPy-tpy)(l Ipy! ])|+complex in d6:DMSO.
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Figure 7.7 2-Cosy-NMR spectra of the fRu(py-tpy)(Dpyl 1] complex in d6-1)MSO
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(ppm) W

@
tpy 8.66
Cl-tpy 8.59
Py-tpy 8.12

H2OpyD)

[Ru(tliy) (Upya] ~ 8.80
RuLlpyL)(CHpy) 891
[Ru(GpyD)(Hpy-tpy)]  8.30
[Rii(UpyLD)(pv-tpy)] — 8.96
[Rucpy)ir 8.48
[Ru(Cl-tpy)i)+ 8.90
[Ru(py-tpy) 2 8.66
IRU(Hpy-tpy)z4+ 8.69

H4

1.95
1.84
1.99

8.00
1.13
8.06
8.00
1.91
8.12
191
8.01

Table 7.1 ‘H- NMR sectrosco

[D¢= Hy instead when

H5

142
1.36
147

1.30
1.37
147
1.37
115
1.38
1.20
1.24

tl6

©
8.69

8.70
8.74

1.38
1.46
1.46
1.34
1.33
1.86
143
144

@
8.54

8.48
8.78

9.00
9.34
9.16
9.37
8.74
9.23
9.07
9.13

Hr
@

8.95
8.56
8.01
8.45

H4'

8.45
8.49
8.01
8.39

HX

8.02

1.83

8.45

8.78

8.85

1.92

8.14
8.74

8.11

9.07
9.07

8.97
9.05

a for d6DMSO solutions of ligands and their
Ruthenium complexes (s Qee It%en XVL! thpy, the substituent X= py then HX= Haand
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7.4 Electronic Spectroscopy

The UV-vis. absorption spectra of the complexes (tab. 7.2 and Fig. 7.6,
1.7), in DMF show two intense metal to ligand charge transfer bands around 390
nm and 480nm, the bands around 275, 309 are assigned to the intra ligand k-k*
transitions ofthe ligand.

Ho(DpyD), after coordination with the Ru-tpy moiety, is found to be a
much stronger acid, pKa values of less than 0 were found upon titration in Britton
Robinson, than H*ApyA) (pKa values 2.4 and 4.5), the species studied in
solution are normally the fully deprotonated.

The (Dpy[1)2'is expected to be, as will be shown in section 7.4, easier to
reduce than (ApyA)2 but much less than tpy. On this basis, it is possible to
hypothesise that, in coordination compounds, (I IpyC)2'ligand is a poorer a-donor
than (ApyA)2, but a better a-donor and a poorer »-acceptor than terpyridine. In
agreement with this hypothesis, all the emission spectra were blue shifted in
respect with the analogous (ApyA) complexes. However replacement of one X-tpy
(X=H, CI, py) ligand of [Ru(X-Tpy)2]2 with (DpyD)2 ligand causes an increase
in the electronic charge on the metal, with a consequent red shift of the metal to
ligand (tpy based) charge transfer absorption and emission bands (Fig. 7.8, 7.9,
7.0, 7.11).

Upon adding acid to the acetonitrile solution of [Ru(py-tpy)(' IpyLJ)] a
colour change from crab brown to lobster pink occurred. This corresponds to the
formation of a complex in which the coordinated ligand is protonated at the free

4-pyridyl group, [Ru(Hpy-tpy)([ IpyfJ)] , and the colour change is associated with
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a shift in the MLCT band from 490 to 506 nm. Shifts also occur within the free
pendant pyridine based « -t transitions which are observed at 340 nm. The shift
of the MLCT band to lower energy is compatible with the lowering in energy of
tt* levels of the protonated ligand. Systematic shifts in the electronic spectrum
occurred upon titration of buffer solutions of [Ru(py-tpy)(( jpyl ] complex. A
single protonation process with an approximate pKa of 2.8 is observed, in
agreement with the analogous [Ru(py-tpy)2]21 a large excess of acid must be
added to observe the protonation on the (DpyD)2 ligand, (pKa less than 0). The

fully protonated species shows, in fact, a lemon-the yellow colour with a

maximum around 460 nm.

ahs 298 Ka emi 298 Ka emi 77 Ka
X E X 17 & X T

(ma () (useo) (me (e
[Ru(tpy)2H 475 11600 629 025 5*10% 598 113
[Ru(PoyD) (tpy) 4749500 680 42 T*I(Tr 615 84
IR uH2LIpyUXtpy)]2 461 10800 _ _  _ 5%
Ru(llpyl)(C]-tpy)] 47410500 695 107 som625 65
[RUHZDpyOXCl-tpy)jz+ 463 11700 _ _ 607
[Ru(DpyIH)(Hpy-tpy)]L 506 11500 700 8 2*10'4
[Ru(Dpy0)(py-tpy)] 490 10300 671 110 2*10%4 615

Table 7.2 @) DMF, b) Methanol, ethangl ﬁ 4I), cg DMF vs. F¢7 Fe+, in braguette not
reversible reductions d) Wavelength of the fowést energy absorption maximum e

Wavelength of highest en,er%/ emission feature f) Luminescence emission lifetime (£ 10%) h
Luminestence quantum yie
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x (nm)

Eignre 7.8 Absorption sPec_tra of fRu(tpyKnpyiU)] (m1 line) and [Ra(tpy)(A20yAd)] (blue
dashed tine) in ethanol solution.
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Figure 7.9 Emission spectratemperature dependence of the [Ru(tpy)E]py[ )} from 298 to 80 K
in ethanol: butyrronitrile (4”) solution.
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When excited within the MLCT absorption bands at 298 K in a deaereted
DMF solution, the complexes exhibit a visible phosphoresce with single bands
Emission lifetimes and walenght maxima are reported in table 7.2. The
protonation of one or both tetrazole rings results in a total quenching of the
emission.
The origins of the quenching of the luminescence of the protonated
complexes are:
protonation of the complex results in a stabilisation of the ground
state since H*DpyD) is a weaker a-donating ligand than (DpyD)2.
Assuming an averaged ligand field environment for both species,
the Ru(t=0)-Ru(eg) energy gap should be larger  for the
deprotonated species.
Those changes, which occur upon protonation, should serve to decrease
the energy gap between the MLCT and MC states. As we have seen in chapter 5
for (ApyA)Z, it is expected that also for DpyD complexes quenching of the
luminescence lifetime upon protonation of the ligand may result from facile
internal conversion to a lower energy MC state which rapidly relaxes to the

ground state,
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X (nm)

Figure 7.12 Absorption spectra pKa dependency of [Ru(Dpyl )Xpy-tpy)]iB Britton Robinson
buffer solution, from pH 1to pH 5

X(nm)

Figure 7.13 Emission spcctra of fRu(l IpyCl)(py-tpy)] in Britton: Robinson buffer salutimi; (pH
6 green, pH L blue ling).
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7.5 Redox Properties and Spectroelectrochemistry

The oxidation and reduction potentials of the complexes are given in Table 7.3,
By comparison of (tpy) based Ru(n) complexes the first (not reversible) reduction
potential for these mixed ligand complexes are terpyridine based, the k™ levels of
the terpyridine are slightly lower than those of the (DpyD)2 ligand. The oxidation
potentials of the neutral complexes are lower than that of [Ru(X-tpy)2]2h which
indicates that the (DpyD)2 ligand is a stronger a donor ligand than tpy, they are
higher than that of [Ru(tpy)(ApyA)], which confirms that (DpyD)2 is a less
stronger a-donor ligand than (ApyA).
The potential of spectroelectrochemistry in the study of the electrochemically
generated reduction products ofthe d6polypyridyl complexes has previously been
demonstrated.78 Usually the UV-visible spectrum of the reduced form of the
appropriate homoleptic complex provides a model spectrum for the ligand anion,
in amixed ligand complex, upon excitation. (See chapter 5)

Spectroelectrochemistry data of [Ru(tpy)(DpyD)] are shown in figure 7.14
and 7.15. Electrogeneration of the one electron oxidised and reduced forms are
possible with more than 95% regeneration ofthe original oxidation state.
In the oxidative spectroelectrochemistry for [Ru(tpy)(ApyA)] the ruthenium to tpy
MLCT transitions are completely lost upon the one oxidation ofthe Ru(ll) centre,
as observed for other Ru-tpy comlexes.9

Electrogeneration of one electron reduced form is reversible, the spectrum
obtained virtually tracks the spectrum of the [Ru(tpy)z]'. In the case of

[Ru(tpy)2]2+, two strong absorption bands grow in when an electron is added. One
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has @ maximum at around 340 nm. and has been assigned as a »- transition
from the highest completely filled LUMO(7t6) to the half filled HOMO(7i7) of the
tpy anion. 1011 Another more structured absorption appears near 525 nm. and it
has heen assigned as a K*-n* transition qe-rcioy 0f tpy'. Two further, less intense
bands, are also observed. One appears as a pronounced shoulder at 625 nm. In
[Ru(tpy)2+ this band shifts to 665 nm on further reduction. A second harely
resolved band is observed between 420 and 450 nm. in both the [Ru(tpy)2]+ and
[Ru(tpy)2] spectra. Two similar features are observed in the spectrum of singly
and doubly reduced [Os(tpy)22+. The CRu(tpy)(DpyD)] has maxima near 420 and
660 nm. Therefore it is more evidence that the tpy ligand is reduced first.
However a third hand grows 850, which is assigned to a ligand to metal charge
transfer, from the electron rich (ripyl I)2 ligand to the electron deficient metal

centre.
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X (nm)

Figure 7.14 Ncar-UV-visiblc spcctra of [Ru(tpyXApyA)] (white) and [Ru(tpy)(ApyA)]+(nav
regorded In acctonitrile contaﬁ]ing 0.5|\[/ITEF/)\yH. PyAJ (white) and [RutoyNApyA)+(nevy)

X (nm)

Figure 7.15 Ncar-UV-visiblc spectra of [Ru(tpy)(ApyA)] (black) and [Ru(tpy)(ApyA
(k;ﬂﬁje)?n aceton?trieca/A%!atfnir?B 0.5MT[3/§JI£I.p Y)ApyAY] (black) and [Rultoy)(ApyAl
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7.0 Temperature Dependence of the MLCT Energy and
Lifetime

The temperature dependence ofthe MLCT excited state emission lifetime
of the [Ru(X-tpy)(I]pyi 1)] species still represents an increase of magnitude with
respect to [Ru(X-tpy)2]2+ complexes (Tah. 7.2). Using arguments put forwards in
Chapter 5 it is likely that this increase can be explained by the increase of the
energy gap between MC and MLCT states following the replacement of the
weak field terpyridine ligand by a strong field ligand.

To determinate the increase of the ligand field, low temperature excited
state lifetime measurements of [Ru(tpy)(DpyD)] were made in butyrronitrile-
ethanol (5:4) solution.

As discussed in Chapter 5 and 6, the decay of an excited state takes place
by competitive radiative and not radiative processes. The (L/x) vs. LT plot (Fig.
1.16) have been obtained, with equation 5.2 fitted to the experimental points. The
ko, Aj, andAEi are collected in Table 7.4.

The temperature dependence behaviour of the [Ru(tpy)([ 'py(])] emission
lifetime and emission energy maxima (Fig 7.8) are consistent with that measured
for the analogous [Ru(tpy)(ApyA)] complexes. The most important features are
the presence of two closely spaced states, AE of 450 ¢cm'. whose have similar
decay properties and an excited state lying 2450 c¢m'y, which undergoes fast
radiationless deactivation.

As it was seen in Chapter 5, section 5.6 and Fig. 5.17, when the main
contribution to k¢ (kc is the sum of all the rate constants of the possible

deactivation processes that can deactivate the MC states), comes from a non-
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activated process, A2 will correspond to the rate of the non-activated process (K').
The activation energy AE. may correspond either to the energy gap between
MLCT and MC or the distance between the MLCT level and the crossing point
ofthe two surfaces. For complexes of the same family the AE2 data have probably
the same meaning and the energy gap between the minimum energy of the
MLCT level and the MC level is most likely related to the distance between the
MLCT level and the crossing point ofthe two surfaces. This will be discussed in
Chapter 8.

Electrochemistry
Fox Erd Erd

(Volt) (Volt) (Volt)
{Ru(tpy)Zi+ 0.92 -1.67 -1.82
[RU(Gl-tpy)jJ*+ 1 -1.53 -1.78
[Ru(Py-tpy)J 2t 0.895 -1.66 -1.92
[Ru(HPy-tpy)34+ 1.045 a a
[RuHpyH)(tpy)J2+ 0.89 -1.53
[Ru(Cyt)(Cl-tpy)]& 0.9 -1.45 -1.98
[Ru(GpyG)(Hpy-tpy)J+ 0.9 a a
[Ru(OpyDXpy-tpy)] 0.87 (1.53)a

Table 7.3 Red-ox potentials in DMF solutions vs. Fc/ Fct; in braquette not reversible
reductions, a) reductive processes poorly resolved.

249



ko(sec)  fii AE, k2(sec')  AE>
(sec]) (cmY) (cm]
RulLlpyU)(tpy)  12«0"  6.5x10" 450 L4x10™% 2450

Table 7.4 Kinetic parameters fin*excited state decay obtained from the fitting of equation
(5.2) to the experimental results.

Temperature (K)

Figure 7.16 Plot of 1/t vs T of [Ru(tpy)(LIpyD)]. Curve fitin according to equation 5.2.
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7.7 Solute Solvent Interaction

The [Ru(tpy)(GpyD)] exhibits pronounced solvatochromic behaviour, the
emission spectra in different solvents are shown in picture 7.18. The energies of
the lowest absorption and emission hand maxima are collated in table 7.5. Table
1.5 clearly shows that both absorption and emission spectra of [Ru(tpy)(DpyD)]
depend on the nature of the solvent. As for the analogous [Ru(tpy)(ApyA)] no
statistic correlation of both absorption and emission energies with dielectric
constants or refractive index ofthe solvent (See Chapter 5).

Previously different research groups123explained the solvent dependence
of the [RULZACN)2] and [Ru(tpy)(CN)3'" absorption and emission energies hased
on the Gutmann’s acceptor number24 and the [Ru(tpy)(ApyA)] complex showed a
similar dependence as discussed in Chapter 5.

Figure 7.17 shows that there is a linear correlation of [Ru(tpy)(DpyD)] absorption
and emission energies with the solvent acceptor number.
However the [Ru(tpy)([JpyU)] solvatochromic behaviour is less pronounced when
compared with the analogous [Ru(tpy)(ApyA)], showing that the tetrazole nitrogen
lone pairs are less available for coordination than the triazole ones.
It is interesting highlight how the emission curve area of the complex in different
solvents increases (Fig.7.18), increasing the acceptor number of the solvent, while
the lifetimes ofthe complex do not have noticeable increase.
This could be explained in two different ways:

Supposing that to the increase of the emission curve areas

correspond a increase of the quantum yield in different solvents,
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increase of the kom and the generation of different species
(polinuclear cluster united by hydrogen bonds) must be admitted
The presence of an equilibrium between a non-emitting species
(hydrogen bonded with the solvent) and the emitting one. The
latter hypothesis would explain why the emission intensity i
almost 100 times higher in less protic solvent than in water, but
instead the lifetimes are not substantially changing.
In order to prove the formation of hydrogen bond a titration of the complex was
made in THF, adding water, the result was a gradual quenching of the emission.
The titration result cannot be considered the final prove of the formation of
hydrogen honds, but it can be considered an evidence of the interaction of the

water with the complex,
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Solvent Vmax@®  Ymaxds Ymaxem T

(Acceptor number) kk kk kk ns
(298 K) 5298 K) (298K) (298 K)

Water 2057 2124 1492 " 45
(54.8)

Methanol 2222 2117 1488
E41.3)

3t7hfimol 2183 2710 1488 45
(E)zigqioromethane 2096  26.88  14.83
(Aicgégonitrile 2197 2717 1461 48
Dllg/i3SO 2014 2695 1485 54
E)l\/i 2014 2702 1461 54
16.0)

HF 2092 2670 1457
(8.0)

&able 1.5 Solvent dependence of absorption and emission spectra of [Ruftpy)(DpyL I» at 298
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Solvent Acceptor lumber

Figure 7.17 Variations in Edx (]black squares) and Eem(blue squares) with solvent acceptor
number for the [Ru(tpyXQpyD)I complex.

A(nm)

Figure 7.18 Solvent dependency of the |Ru(tpy)(L IpLL1)] emission spectra at 298 K, the
different solutions had the same optical density.
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7.8 Conclusions

In this chapter, the use of (DpyD) ligand, as alternative to (ApyA), ligand to
extend the lifetime of the MLCT excited states of Ru(Il) terpyridine complexes
has heen explored. Photophysical and electrochemical data were analysed in order
to give a well defined picture of {Ru(tpy)(DpyD)] properties,.

In comparison with [Ru(tpy)(ApyA)], [Ru(X-tpy)(DpyD)] has a shorter
MLCT excited state lifetime due to the decrease of the energy gap hetween the
MC and MLCT states. However these complexes display an advantageous lack
of structural isomers, which will be an agreeable factor in any further
investigation on their ultimate supramolecular systems. In fact, the lifetimes ofthe
tetrazolate complexes is still in an acceptable range, interesting perspectives arise
for the use of structurally attractive Ru(ll) terpyridine units as photosensitiser

molecular components in supramolecolar devices,
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Chapter 8
Final Discussion, Conclusions and
Future Work

“Mother nature is a bitch......

Murphy



8.1 Introduction

The design of supramolecolar systems with appropriate electronic properties
is an area of intense activity. Metal polypiridine complexes are often used as building
blocks in supramolecular species performing complex light induced functions
(photochemical molecular devices). Particularly important in this context are the
polypyridine complexes of d6metals. With their strong metal to ligand charge transfer
(MLCT) absorption and long lived emitting MLCT excited states, such complexes
are ideal candidates as photosensitisers.

In the studied ligand, bidentante ligands such as 2,2’ bipyrdine or 1,10
phenantroline type and tridentate ligands such as terpyridine (tpy) are commonly
used.

Althought the coordination chemistry of substitued bidentate pyridine based ligands
has been intensively utilised over the past thirty years, there have been few systematic
studies of the analogous tridentate systems. Substituted 2,2" 6’2" terpyridines have
been evaluated as colorimetric reagents for the detection of iron (Il), but it is only
recently that there has heen any interest in their coordination chemistry with
ruthenium (1), (more than 250 papers in the last ten years, see Appendix 2). In part
this is due to the differences in the photochemical and photophysical properties of the
ruthenium of the bidentate and tridentate ligands. In terms of the symmetry and
topology of molecular arrays, the bidentate and tridentate ligands have strongly
different properties. Ata given octahedral metal centre, three bipyridines are arranged
in a mutually orthogonal fashion, whereas only two tpy types occupy two of the
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orthogonal planes, creating the possibility to design well defined supramolecular
systems.

Along with these structural advantages observed for tpy complexes, there is,
however, a serious draw back of a photophysical nature. The lifetime of the MLCT
excited states is known be strongly dependent on:

The energy of the state (energy gap law)
The proximity of higher energy metal-centred (MC) excited states, which can
provide an additional, thermally activated decay path.

In contrast to bischelating bpy-type ligands, the bite angles of a tris-chelating
ligand such as tpy are not ideally suited for octahedral coordination. A recent crystal
structure of a bis (tpy) complex of Ru(ll) with a derivative of tpy has shown that the
coordination about the metal centre deviates substantially from the octhaedral such
that the N-Ru-N" hite angle is only about 16001 The distorsion results in a relatively
weak ligand field at the metal, low energy MC states, and efficient thermally
activated decay pathway.

As a consequence, terpyridine complexes tend to have relatively short-lived
MLCT states and are weak emitters, if compared to the analogous bpy complexes.

While the MLCT state of the [Ru(bpy)s] is long lived, 960 nsec in
deaereted acetonitrile, and highly luminescent <&m= 0.059, [Ru(tpy)2]2+ has an
extremely short lifetime, t = 250 psec in deaerated acetonitrile, and displays little
luminescence (Oan« 5 x 10'6) at room temperature. This is a severe drawback for the

use of Ru(H) terpyridine complexes as photosensitiser units. All but very fast
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intercomponent processes are inefficient in supramolecolar systems containing these
units, and pico or femtosecond spectroscopy is required for those investigations.
Alternatively, low temperatures can be used to reach convenient excited-state
lifetimes, but this introduces other experimental problems and may rule out the
occurrence ofthermally activated intercomponent processes.

In this thesis more ten new ruthenium-tpy complexes were synthesised (Chapter
3) and their photophysical and electrochemical properties were investigated (Chapters
5-7). All the complexes examined displayed a strong luminescence at room
temperature with lifetimes of the excited states in the order of one hundred

nanoseconds.

8.2 Discussion

Rational strategies can be devised to increase the excited state lifetime of
ruthenium-tpy type complexes. Since one of the main origins of the short lifetime of
the MLCT excited state is the small energy gap between the emitting state and the
upper lying MC state, increasing this energy gap is expected to be beneficial. In bis
tpy complexes, substitution of the 4 positions of the ligands has been used for this
purpose. Investigations carried out on [Ru(X-tpy)(Y-tpy)] complexes23, (where X
and Y are substituents in the 4" position of the 2,2’ 6°,2"terpyridine) have shown that
electron- donating (D) or electron-accepting (A) substituents can cause changes in the
luminescence and electrochemical properties. Electrochemical studies indicate:
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The electron accepting groups stabilise the LUMO n* ligand orbitals more

than the HOMO Ti(t2g) metal orbitals.

The electron-donor groups destabilise the HOMO Tt(t2g) metal orbitals more

than the LUMO n* ligand orbitals.
Where luminescence properties are concerned, two general trends were found .

The energy of the emission maximum decreases regardless of the electron

accepting and donating nature of the substituent.

Athigh temperature, electron accepting substituents have the opposite effect.
These conclusions can he explained on the basis of the correlation between the
electrochemical potentials and emission energies, the two processes involve electron
transfer hetween the same molecule orbitals. 1t was concluded that when the
substituents are electron acceptors, the n* ligand centred orbital is more stabilised
than the 7i(t2)) metal centred orbital because of proximity reasons. In addition the
oxidised metal, in the excited state, does not receive any charge compensation from
the A-tpy ligand not involved in the electronic transition. When the substituents are
electron donating groups, the MLCT excited state energy decreases as a consequence
of the destabilisation of the metal centred T7t(t2) orbital. Heteroleptic complexes
carrying an electron accepting and a electron donating group always show lower
emission energies when compared to the parent homoleptic complexes because the -*
orbital of the A-tpy ligand is stabilised and the D-tpy destabilises the metal centred
Tt(t2g) orbitals.
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These effects can also explain why the room temperature luminescence quantum
yield and lifetime increase upon replacing H4 with an electron accepting substituents
and its decrease with electron-donating moieties.

When the tpy are connected through their 4’ position with n-delocalising4
moieties, remarkable lifetime enhancements are observed. Again this can be
rationalised in terms of stabilisation of the MLCT upon delocalisation. However the
concomitant decrease of the excited state distortion and, thus, of the Frank-Condon
factors for radiationless decay probably add to the effects.

An alternative strategy to the design of long-lived Ru(El) terpyridine
complexes is the use of ancillary ligands, to change the relative MLCT and MC
energy states. To increase the energy MC states and decrease the energy of the
MLCT, an ideal ancillary ligand should simultaneously:

Increase the strength of the ligand field.

Provide high charge density on the metal.

In the past ten years just two examples can be found in literatureh 6 1
[Ru(tpy)(NCS):]"and [Ru(tpy)(CN)s]'. It should be pointed out that the properties of
these two complexes are found to be strongly solvent dependent, through second
sphere donor-acceptor interaction with free nitrogen or sulphur atoms.

The complexes synthesised and studied in this thesis give the possibility to
investigate the last cited strategy.
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In an attempt to rationalise the results obtained, in the present Chapter it will be
examined the correlation between spectroscopic, photophysical and electrochemical
data.

From the data discussed in the earlier chapters a number of conclusions can be
achieved:

the oxidation is centred on the 7t(t2g) ruthenium orbitals and the reduction is

centred on the n* orbitals ofthe x-tpy

the lowest energy absorption and emission hands have a MLCT orbital

origin,

On the basis of these conclusions a linear correlation between the electrochemical and
spectroscopic energy values is expected.

In Figure 8.1, the general trend observed is a linear correlation, with a mutual
increase of the spectrochemical and electrochemical energies, which confirms the
MLCT nature of the absorbing and emitting states. It is of importance to note that a
linear regression coefficient ofthe emission correlation (Ren of over 0.94 indicates a
good statistical correlation. The data points for the absorption are quite scattered
around the linear fit, Ras less than 0.7. A explanation for this behaviour is the
presence of an overlap between several MLCT bands in the absorption spectra, in this
case the selected maxima do not always correspond to the lowest energy MLCT
transition. In fact we noted, in almost all the complexes examined, the presence of

two small shoulders around 650 nm and in Chapter 5 it has been shown that the
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molecular orbitals of the Ru(tpy) complexes split under C2V symmetry, generating
many different MLCT transitions.

Figure 8.1 Correlation between the energy of the absorption maximum (planets) and emission
maximum at 80 K (stars) and the redox energy.
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In the following discussion only complexes bearing an unsubstituted tpy
moiety and an ancillary ligand will be considered (Tab 8.1), hence it is possible to
make the assumption that the oxidation is on the metal centre and the reduction on the
Ti* orbital of the tpy moiety.

According to Lever§ the stronger a-donor capacity of the ancillary ligand
gives rise to a smaller effective nuclear charge on the ruthenium, destabilising the
Tt(t2g) orbital on the metal, this can be understood by considering that removal of one
electron from the metal centre causes the formation of Ru(lll), which withdraws
electronic charge from the electron rich ancillary ligand, thereby destabilising the
HOMO Tit2g) metal orbitals. As previously seen, oxidation of the studied complexes
is metal centred, the increase in oxidation potentials is related to the a-donation
capacity, the order of increasing capacity of a-donation is tpy < (flpylJ)2 < (ApyA)2 =
OApyAO<CN .

Figures 8.2 and 8.3, respectively, show how the decrease of the MLCT
energies depend on mutual decreases of reduction and oxidation potentials, following

the a-donation capacity ofthe ancillary ligand.

266



Complex Femisk  ERed In(l/1:80K)
1) [Ru(tpy)(CN)3 g%g e% (\1/.)35 Ee% 10.28915

(

(2) Ru(tpy)(AdoyA)) 258 185 135 050 1010194
(3) Ru(tpy) () A'pvAZ&Y 255 18 135 050 980818
(4) TRu(tpy) (AyA] 258 187 L3 049 1007784
(5) [Rultoy) (<PADyAMY)] 255 187 136 060 956702
(6) [Ru(tpy) (A%yAi) 25 188 138 047 1007784
(7) [Ru(toy)(Jpy! 3] 262 200 153 089 938469
) [Rutpy)ilt+ 261 201 167 092 908812

Tabella 8.1 Spectroscopical and electrochemical data of the complexes containing a tpy moiety

B0

Figura 8.2 Plot ofthe emission energy (80K) vs the potential of oxidation.
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EV>

Figura 8.3 Plot ofthe emission energy (80K) vs the potential of reduction.

As discussed in Chapter 5, it is possible find a correlation between energy and
lifetime of the luminescent excited state. In fact, the decay of excited states takes
place by competitive radiative and radiationless transition. For all the complexes the
temperature dependence of the excited state lifetime can be fitted using the equation

5.2, in the study of the present complexes the equation was used in the form:

;A
Ur =k0+AR KT +A2 R (81)

Here, k0 s the sum of radiative and radiationless rate constant at 80K, the second
term of equation 8.1 is related to different MLCT state clusters (see Chapter 5), the

third term can be associated with an activated surface crossing to an upper lying
level.
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As the temperature increases the term AZxp(-AEoJRT) becomes more
important, at room temperature it usually represents the predominant radiationless
decay path. This process is interpreted as an activated surface crossing to an upper
lying, shorter lived MC level, which is derived from a a(t2y)-a*(eg), d-d, transition.

Referring to Chapter 5 and Figure 5.28, in principle it can be expected for the
cases i and ii-1 that Ay.is high frequency vibrations (1013104 sec') whose activation
leads to the MLCT-MC surface crossing region. For the case ii-2, A2will be much
smaller because it represents the rate constant of a radiationless transition having a
poor Frank-Condon factor. [Ru(bpy)s]2+ (A2 » 104 sec"l AE2 » 4000 ¢m']) and
several other Ru polypyridine complexes9101L are thought to belong to case i, The A2
(101010'12 solvent dependecy) and AE2 values for [Ru(bpy)2CN2], however are
quite different, in particular the value for A2 is far too low to correspond to the
frequency factor of a surface crossing process. The hehaviour observed for this
compound is therefore described by the case ii-2.

The complexes considered here have A2values (10'1-10'13) on the borderline
between the case ii-2 and the case i and they could be assigned more to i case than to
ii-2. Controversial assignation were also done for [Ru(tpy)Z™ ™™ but as discussed
in the previous Chapters, for similar complexes the AE2 values probably have the
same meaning, we will consider all our complexes a limit case i.

The data, Table 8.1, show that the energy gap between the luminescent
MLCT state and the crossing point with the upper lying MC state, is increasing
following the a-donating capacity of the ancillary ligands (tpy < (DpyD) "< CN~<
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(ApyA)2 = OApyAO), it is important to note that the cyanide complex would be
expected to have a larger gap, but the MC energy value, taken from reference 6, was
evaluated, in less accurate way, by means of the solvent dependency. It should be
highlighted that because of the increasing energy gap hetween the two states, a
strong luminescence is observed for the complexes.

The low temperature radiationless lifetimes vs. the emission maxima are
plotted in Fig. 8.4. At 80 K, where the internal conversion process hetween MLCT
and 3MC states is blocked, the data behave according to the energy gap law (linear
correlation). The rate constant of radiationless decay ofthe MLCT excited state to
the ground state increases as the energy gap between ground and excited state
decreases. Because of this effect, complexes with low energy absorption bands, and
consequentially low energy emission, typically are weak emitters, with short-lived

excited states
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Figure 8.4 Plot of In(l/xgoK) against the excited state energy.

A schematic diagram outlining the energy levels involved is shown in Fig 8.5,
the 80 K emission wavelength represents the energy ofthe MLCT and the MC state
energies are estimated from the MLCT-3MC energy gap obtained from the excited
state lifetime temperature dependence.

Quite surprisingly the energy scheme obtained shows that the increase of the
excited state lifetimes obtained from the new set of Ru-tpy complexes is not
dependent, as believed, on an increase of the energy difference between the d(tg
and d(eg) ruthenium orbitals, due to the increase of the strength of the ligand field
obtained by moving from tpy to cyanide, as ancillary ligands. The MC state energies
are, in fact, decreasing moving trough the o-donating series, that is because what we

are considering it is not the really MC level but the crossing point of the two energy
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surfaces. The presence of the electron rich ancillary ligands lowered the MLCT
states and the crossing points between the MC and the MLCT states increasing the
lifetime of the excited state, but the decrease in energy of the MLCT s larger than
that of the crossing point, consequentially the energy gap between the two states
becomes bigger moving through the ligand series.
The MLCT energy decrease is related to:
The destabilisation of the tyorbitals on the ruthenium, moving all the way
through the ligand series from tpy to CN', as it was discussed previously
(decrease of the oxidation potential).
The energy stabilisation of the n* orbital of the tpy, moving from tpy to CIST
(increase of the reduction potential, that was not expected, being the MLCT
energy always tpy-based). This behaviour needs to be more thoroughly
investigated. The [Ru(tpy)(SCN)s]"complex ,(Eox= 0.60V; Ered=-1.40V data
from reference 7), follows this general comportment,
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Complexes

Figure 8.5 Schematic representation of the energy levels moving trogh the a-donating ligand
setes (StDEDL) el g trog g lig

8.3 Future Work

The new series of ligands and the luminescent properties of their complexes,
tpy hased, discussed in this thesis, combine the luminescent properties of bpy based
Ru complexes to the advantageous structural properties oftpy based.

The long lived excited state of these complexes makes them suitable building
blocks for the introduction in PMDs or in solar cell, as shown in Chapter 6. They
also have the advantageous property to be pH sensitive, the eventual supramolecular

system, incorporating these molecules, can he “switched off” or “on™ simply
changing the solution pH.
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The future work ofthis thesis will involve the incorporation of the molecules
in simple linear arrays as diads (Fig 85, 8.6) and triads.

Fig. 8.5 Possible linear hetero-nuclear diad incorporating a phenyl spacer.

Covalently-linked donor acceptor system are a class of supramolecular
systems of great photochemical interest. The simplest system of this type, two
components, “dyads”, are suited for the study of photoinduced electron or energy
transfer process. From a fundamental standpoint, such unimolecular processes are
free from many of the kinetic complications inherent to bimolecular analogous.
Indeed, studies on dyads have greatly contributed to shaping our understanding of the
effect of basic physical factors (energy gradient, distance, intervening bonds,
medium, etc.) on the kinetic of electron and energy transfer processes. In
multicomponent systems such as “triads”, “tetrads”, etc., light absorption can trigger
sequences of electron transfer processes which, under appropriate Kinetic control,
yield vectorial transport of electronic charge. Also, energy transfer can be used, upon

appropriate organisation in space and energy, to channel the excitation energy from
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many chromophoric components to a common acceptor component. On this hasis,
important functions such as antenna effect and photo-induced charge separation can
be obtained with relatively simple systems, and sensible approaches toward more
complex supramolecular system for artificial photosynthesis can be devised.

Fig. 8.6 Possible linear hetero-nuclear diad incorporating two phenyl spacer.

Taking advantage of the structural properties of M(tpy) type complexes the syntheses
of rigid, rod-like compounds, where Ru (I1)(ApyA) or (ClpyCl) based and Os(H),
rhcon, Ir(IH)-(tpy) based building blocks are either directly linked or connected by
one or two phenyl, or thiophene spacers.

These kind of systems will give the possibility to study processes such as energy
(Ru(IL)-Os(11)) (Fig 8.5, 8.6) or electron transfer (Ru(Il)-Ir(ni) or Ru(Il)-Rh(l1)) in
the nanosecond range scale.
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a 1,2,4-triazole based cr-donor ligand
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Abstract

The mononuclear compound [Ru(terpy )L |, where H2L is 2,6-bis( 1,2,4-triazol-3-yl)pyridine, shows an emission lifetime of 65 ns, about
00

Yl)
300 times longer than that observed for the parent [Ru(terpy)1]2+ complex.  ©2

reserved.

0 Published by Elsevier Science S.A. All rights
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1. Introduction

Ruthenium polypyridire conplexes are wicely used &
potsssitisars n oalady lined multicomponent sys-
tars. Their potgdysical prgeerties make them idal can-
dichtes s huilldirg blods far tre design of supranolecular
goecies parforming complex It induoed fuctias [1]

The polypyrid/ ligads employed are mainly darivatives
ar analagues of trehidentate 2,2"-bipyridire or darvatives
ar analages of tretridentate 2,6,2°,2 “tapyridire (&py)
[1-3)- Tridatate terpyridire-type ligats are ic=l fran a
georetrical pointofview as they canform acthiral conpllexes
farwhich teClv symetry isrot affected by sstituion in
tre 4 position of tre tapy liggts. Furttermore, te Yad-
lie’ geoetry of tree conplexes offars tre best gatal
arranganent far tre synttesis of triads or nolecular wires.
Honever, trevery dortecited-state Iifetimreand weak lumi-
nesoence intesity of JRu(terpy)3171 et room tenperature,
rgresataseare limtatinto tregplicaticnoftiscarpllex
&s dotcssitiser. Improvenent of tre photophysical prop-
atissof tarpy-esad Ru( ) coplexes sttarefoeanmatly
te dyject of intasive stuties |4-8], As a antriution ©
these studies, we ot tenew [RuL(t&py) mononuclear
aoplex, where HL B 2,6t1s( 1,2 4triaol-3/yDpridire,
which ehibitsarenarkeble 300-fold inoeeseof theemission
lifetire when copared with te parait compound
Ru(terpy) 21.

* Corresponding author, Tel, 4-353 1704 5307; fax: -1-353 1704 5503;
e-mail; hiii),yos<P\lcujc

2. Experimental

2,6Bi( L2Atrianl-3yDpyridire was synttesised, n
highyield, folloving tre litaraturepathiay [9,101farsimilar
carpounds

The Ru(terpy) coplex wes dotained by hestirg
[Ru(terpy) ICL, and a stoichiaretric amountt of tre liged
H3. invater antainirg a sligtnolar ecess ofNaOH ad
afew dgs of Aethylnodollire. The resctionmixturewes
refued far 2 hy; the dark green solution was cooentrated,
acudified 1o pH 3 with HC1 and an exosss of NH, ,PFiives
added. Rurificatian by colum chromattography on alumina
(aetmitrilefretrarol 50:50) gave a30% yiekd

In agreament with tre litaatue [11,12), three diffaat
isarers were foud (Scheme D). Isorers A (10%) ad B
(60%) were eluted from a wautral alumina colum wsirg
aetonitrile folloned by the elutian of tte isorer C (30%)
wsirg metharol. The dntification of tte three IsoEers B
besad on trednemical dhiftoftte triaoleproton ntteNMR .

Since isorer C Bnost esily puified dl futter studies
were ariad aut using this gecies, both A and B yieldhow-
eer \ay similar isits. Elerental aslysis supests teta
mixture of monoprotonated/deprotorated (80:20) Isorers
s formed aftar raystallisation of C fron acstoeAater.
IRu(terpy) (HL) 1IPF(|:Ru(terpy)© | E0:20): Anal.
Glc.: C, 43.32; H, 25%; N, 21.15. Foud: C, 43.7; H, 2.80;
N, 21.086. "HNMR:  (CD,OD, NaOD) 8.6 (H, §), 84
&, 9,82 H, M, 8.1H, M), 7.3 (H, 9,76 (, d),
7.25 (H, tofd), 7.06 CH, m), 6.8 (H, d) .To esue €l

187-70(13/00/$ - sec front mallei' (H2000 Published by Elsevier Science S A. All righi* icserved
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[somer A

[somer B

Isomer C

Scheme 1. Possible coordination isomers for [Ru(terpy)L].

deprotoratian of the carpllex dll measurements rgorted n
thiscomunication were Gamied aut inbesic media.

3. Results and discussion

The W-Vis amoptian spectrun of the compllex
[Ru(temy)L], isomer C, intesic etterol shows an inteee
nmetal-to-liggd-darge-trasfer (MLCT) band & 480 nm
(Fo. 1(a)). Witha nolaredtinctionaefficietof7000M 1
cm'' 1.The bandsat 275, 309 and 380 areassiged totte ntra
ligad . - t* tasttin of tte ligats. The srall but distirct
shoulders a6%, 579 nm have notyet been assiged.

When ecitedwithintteMLCT asorptaan band a298 K,
in a lesic etrerol olutian, tre conplex edibits a stragy
amission with a sirgle band cantrad a700 nm (Hg- 1(b))
and a lifetireof 65 (+ 3) rs. Protoation of the triaolerings
reauilts ina o quenchiing of the emissian.. Based on resulits
rqorted in te liaaue for otter rutheniun polypyridyl
complexes artainirg 1,2 4triaole antaining liggds s
amission Bnore then likely tapy besed and the bistriaole-
pyridire liggdadtsas a gedtator ligad [13]. The emission
lifetire measured for this compound reoresants an inoreese
by two arders of megnirtude wirth respect o [Ru(terpy) 22+
(Table D). Kkstaefore der tet tre use of tre triaokain

300 450

Table 1
Electronic properties

Absorption Emission
Anl<dnrri (eX 10~4/M ‘'em -1) Anll/nm  Tins

[Ru(terpy)2]2+ ht 474 (10.4) 629 0.25
[Ru(terpy) (L)]d 480 (7.9) 701 65

1Room temperature, de-aerated solution.
bRef [s],

¢ Acetonitrile.

d Ethanol.

liggd dastically exteds te lifetie of tre 3ILCT
ecited saeof tre Ru(l ) (tarpy) aomplex. This s lilkely o
arigirete fron tre raisirg of tte 31C  states folloving te
replacarent of the weak field tapridire ligad by astrag
a-coor ligad. The asorption and anissiion seectra show
alo intaestirng sohatodranic pgerties (s Table 2),
similartothese dosened Tar Ru(tarpy) CN3] [8]- This ol-
vantdependence may be used o furttermenipullate tre pho-
tghysial prgerties of the compound.-
4, Conclusions

This comunication desarites an altarretive strateyy ©
extad tre lifetireof the tripet state Intepy-tye rutheniun

600 750

A.(nm)

Fig. | Absorption (a) and emission (h) spectra ol |Ru(terpy)(1.) | in basic ethanol solution: excitation was at474 nm
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Table 2
Absorption and emission properties of [Ru(lerpy)L] in different solvents

Solvent (acceptor no.)

HD MeOH EtOH

(58.4)" (41.3) (37.1)
\m) fiinm (298 K) b 472 4735 4805
A,.,""Tnm (298 K) 692 693.7 700.9
\im,“"7nni (77 K) 663 et 666
aAcceptor numbers were taken frpm Ref. [12], s' £
hLow-energy band. r~r~ J A
9 M LiCl glass. ) J

1EtOH:MeOH (4:1) glass.
L DMF:CH,CL, glass.
1High energy band.

anplees. Bally, cloalisation of tre enitting Stle B
used 1o inoresee tte lifetine of terpy besed ecited States [4-
7] Inaur goproechwe have raissdttedeectivatirg 3V C state
irsteed. To trebest ofour knowvledge trare sonly one otter
compound, nanrely [Ru(tapy)CN3], where a similar
goproach hes been Eaen [8]. With tre ligard introdbiosd n
this antrilutaon an inoessed stEhility s eected far te
terpy aomplex, sinemonodentate cyano ligads tad e
more Hile. Inatitian, trevell-cefired syntteticpathneys
tet edst for pridAtriazole compounds  [10,11] eeble
many nodificatios far thee ligaos. This should E&dllitae
tre gynttesis of dinclear complexes with bridging triaole
ligats. Arally, tte corbiration of thisapproach with thio-
phere [7] oralkyre [6] anntaining teipy ligads seqected
yieldnultinclear systers witheven laeranission life-
tines, which could fird gplicatios as dotcsasiiss n
raHikemlecular sssmblies.
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Introduction

Mulanuclear ruthenium polypyrid/ corplexes aeanratdy
tte abject of edasive Nnestigptios, teir pgotgdhysical
prgoerties mekiing them ickall components far grotodhemical ly
ad electradenically driven molecular cbvicss. . 1Among trese
compounds,  mononuclear ruthenium aoplexes  axtaining
biimidezole ar biberzimicazole (bikzinkh) tyee licgg2have
been shown tobe ecllathuilding blods farthe synttesis of
reterauclear coplees of tte type {(py), Ru[(ikezimv-
oy (M = Ry, Gs, Ni, G0).35 This behavior mekes

aonplexes prine adidates far gplicatian as lunino-
pores for te detection of metal ios. The luninophore
goporoech o tte devel oprent of sesars hes been wicely used .6
Ruthenium polypyridd conpllexes have been proposed s
Iuminescent saears far tre detection of anilas.7
In this antritution, we wish 1 ot tre interection of tre
nonluminescentcompound [R(tdapy)e (bikzin)], 1 (seFigare
D, witha sziesofnetal ios n<olutio. The reaulits dotaired
show tret the enission of 1 s svitcdhed on by the presence of
metal ias such as 2D, MDD, ad QD). Itsalo shon
trat both te enission sty ad the emission vavelegth
are depadent on tre aomtration ad tte reture of tre retal
i Corparable resits regardirg tre tunirg of the emissian
maximawere recetly dotainad far s strtuted drerenthrolines 8
To tre bestof aur knoMlede, ttare Banly are otter exaple
where tre emission in@sEity of a rutheniun coplex B
increessd by binding of another netal 9 The X-ray stucture of

(1) (at Balzani,_V.. Scandola, F. Supramolecular Photocheinistry, Ellis
orwood: Chichester, UK., 199L. (b) Sun, L.; Berglund, H.. Davyday,

R., Norrby, T.. Hammarstrom, L.; Korall, P.. Boije, A.: Philouzg, C.,
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. Ada 1983,775, 29,
8, M., Matsumura-Inoue, T.; Yamabe, S. Inorg. Chem. 1987, 26,

ma, D. P.: Sahai, R.; Matthews, P. Edwards, A. K.; Shaver, R.
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I, Md. M., Arakawa, R. Angew. Chem., Int. Ed. Engl.
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10.1021/3cP1225h CCC: $19.00

—
=)
D

—_ = = = =

QO
22—
3 I

=

(&3] (&%)
=

2SS
—

B g o -

>

(O,
a3

_ = —~ -
I~
-
o,

[=2)

Q>
=

w

LA

B8
IS R T S

T o=,
w =;
PR
=t}

-

vy wn

M

oo~

< ogoo e
5 E?pog oo
—.

N -
T~
e
[$a)

—
=
A

O
Q.
=5
=
o -
o

2 NaOH,
) extraction

N2

Figure 1. Synthesis of 1 from 2. Anions, solvent molecules, and
rotons, except for the N3 and the N4 hydrogen in 2, omitted from the
-ray structures for clarity.

1 and of its protonated analogue [Ru(tbbpy)z(bibzimH2)]2+, 2,
are also reported.

Experimental Section

Methods and Materials. All sa/nthetic work was performed using
Schlenk techniques. Emission and absorption spectra were recorde
ugin_? septum-equipped luminescent cells FHeItma). THF was dried and
distilled over sodium/benzophenone, CH.CN was dried over CaH. and
distilled, and all other solvents were distilled prior to use. NMR spectra
were recorded using Bruker 400 and 200 MHz spectrometers, UV —
vis spectra were obtained using a Varian Cary 1UV—vis or a Shimadzu
UV 3100 UV—vis—NIR spectrometer. Emission spectra were not
corrected and were recorded using a Perkin-EImer LS50B spectrometer
e.(}uipped with a Hamamatsu R928 red-sensitive detector. Luminescent
litetimes were measured by employing a Spectra Physics Nd:YAG
frequency-tripled, Q-switched laser as the excitation source, coupled
ina rlght-angled configuration with an Oriel iCCD. Laser power was
measured as 30 mJ/20 ns pulse. IR spectra were recorded using a Perkin-
Elmer 2000 FT-IR spectrometer. Elemental analyses were performed
by the Microanalytical Laboratory of the University Jena. RuCI3-3H2),
4-lert- buiylpyridine, MgCl2, ZnCl., ZnEt2 1,2-diaminobenzene (Aid-
rich), oxamide (Fluka), Cu(CHtCN),BF.i, and Pd(CH-.CN)2CI2(ABCR
were used as purchased without farther purification. Ru%bbpy)ZCIZ,
tbbpy,fand bibzimH2" were prepared by literature methods.

Synthesis of [Ru(tbbpy)2(bibzim H2)]C 12 (()2) The synthesis was
Eerfqrmed using standard procedures2 with 265 m 51. 3 mmol) of

ibzitnH2 and 510 mq (0.71 mmol) of Ru(lbbpy)X12 Crystals of 2
suitable for X-ray studies were grown from an acetonitrile solution of
[Ru(tbbpy)2(bibzimH2)]Cl.. To obtain the complex as its perchlorate,
the product was redissolved in water and precipitated by the addition
of aqueous LiClO.j. Nole\ Perchlorates are potentially explosive.
Yield: 740 mg (0.64 mmol). Anal. Calcd. for rRugtbbpy)%blbumHZ)V
(C10.)2-2HD-Me2C0: C, 54.60; H, 5.84; N, 9.62. Found: C, 54.70;

10) Hadda_T. B.; Le Bozec, H, Polyhedron 1988, 7. 575.
11) Lane, E. S.J. Chem. Soc. 1955." 1079,

© 2000 Arerican Chemical Sxiety

Rblished on Web 08/17/2000
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Notes

Table 1. ESI-MS and Photophysical Data for Investigated Complexes Based on 1

AWM nm
E bpy;2£b|b2|m 580
bgyzbtbum 2)ICl2 430 645
Ru(thbpy)2}2(bibzim) I PFe) 510 700
t bpy)2(Bibzim ZnC 2 500 675
Ru tbbBy 2(bibzim)ZnEt2 510 675
thopy)a(bibzim)} 2ZnClal 530 710
UI bpy)2(bibzim)CuBF4| 500 685
Ru(thbpy)a(bibzim)MgClal 500 675
Ru(tbbpy)z(bibzim)NiBr2 505
Ru(thbpy)z(bibzim)CoBr2l 492
Ru(tbbpy)2(bibzim)PdCI2 462

Not measured.

H,590 N, 988.'H NMR for [Ru%tbbpygzébibzimHzICIz (CH3CN-d3;
dﬂpm 8.55 (LH, 5), 8.45 (iH, s), 7.78 (3H, m), 7.47 (1H,dE), 731
EZ , 70(1 IH t 564 (IH d), 1.46 (9H, s); 1.34 (9H, ). ES-MS
;871 (M -

Synthe5|s of [RuCIb fyMbIbZIm ). A 500 mg sam‘ple of [Ru-
(tbbpy)2(bibzimH2[CI2 2, was dissolved in ca. 200 mL of methanol.
A 200 ml. portion of a5 M aqueous NaOH solution was added, and
the violet mixture was stirred at room temperature for 15 min. The
solution was then extracted three times with CH2C12 and the organic
layers were combined. The solvent was |mmed|ately removed br
vacuum distillation at room temperature. A small sample was crysta
lized from dry CH3CN to yield X-ray-suitable crystals. ES-MS { mz):
871 (M + H+). FT-IR spectra (Nujol emulsion and KBr disk) showed
no NH or OH signals. 'l NMR (THF-J»; <§t|J_F J 8.56 EIH sg 8.45
EIH, s), 7.85 (2H, m), 7.40 (2H, m), 7.26 (IH, d), 6.66 (IH, t), 6.37
IH, 1), 5.38 (IH, d), 1.45 (9H, s), 1.30 (9H, s).

Investigation of the Luminescence Properties of Mixed-Metal
Solutions Containing 1. A 9 mL portion of a concentrated solution of
the corresponding metal compound in THF was added to 1 mL of a
10-4 M THF solution of 1. The resulting mixture was stirred for 30
min and then was analyzed by UV -vis and emission spectrometry.
To investigate the concentration dependence of the luminescence, a
dilute zinc solution (54 x 10 3 M) was %radually added via a
microsyringe to 10 mL ofa 10 5M solution of 1. All mixtures obtained
were analyzed by electrospray mass spectrometry as described below.

X-ray Structure Determinations. The intensity data for the crystals
of compounds 1 and 2 were collected on a Nonius K%JR/?CCD
diffractometer at T= ~90 <C,using graphite-monochromated Mo Ka
radiation. Data were corrected lor Lorentz and polarization effects but
not for absorption.

The structures were solved by direct methods (SHELXSI) and
refined by full-matrix least-squares techniques agatnst F.2 (SHELXI.
9714). Two iert-butyl groups of 2 were found to be disordered, but the
disorder could be solved. For 2, the hydrogen atoms of the amine group
in the hibenzimida/ole system were located by a difference Fourier
synthesis and refined |sotrop|caII¥ All other hydrogen atoms were
included at calculated positions with fixed thermal parameters. All non-
hydrogen atoms were refined anisotropically. u XP (SIEMENS Analyti-
cal X-ray Instruments, Inc.) was used for structure representations.

Mass Spectroscopy. Mass spectra were recorded on a Ftnmgan MAT
95 XL spectrometer. In the ESI process, the sample used for the
photochemical mvesttF jon (ca. 10 5 M solution in THF) was
introduced into the ESI ion source with a Harvard A garatus syrmg
infusion pump, model 22, with a flow rate of 5—=20 "iL/min. T
positive-ion ES mass spectra were obtained with potentials of 3—4 kv
applied to the electrospray needle. The resolution was usually about
2000 at m/z 750

Results and Discussion

CmpoundZ\AeanaajLsrgstartbrdsﬂtmcneﬂmbz
The dgorotoreted coplex 1 wes then dotaiined anveniently

by resction of 2 with NaOH and subssopent extraction with
dichloorettere. 4,446 BA2.2;biprdd wes usad ©
inprove tre solhility of tre compounds N agenic ohats

Xem nm

r,ns signal (m/z
ESI-MS | (m/
[Ru(tbbpy)2(bibziroH)I+ (871
130 Ru ﬁbbE% bibzim 3 {38713
70 & u%b py)2h( b|b2|m)l( Ff,)+51654
80 ? bpy¥2 bi bZ|m ZnCll+ (97
a u(tbbpy)>(bibzim ZnKt|+ 963
68 H{Ru(tbbpy)2(bibzim)]2ZnClI+ (1841)
a
40
IRu(tbbpy)2(bibzim)NiBrl+ (1009(}
Ru(tbbpy)2(bibzim)CoBrl+ (1101 )
[Ru(tbbpy)2(hibzim)PdCIF (1012)

such as THF. The ollecullar struotures of compounds 1 .and 2
& dotained fran X-ray aralysis are shovn inFigure 1

As eqected, R possesss in both cases a distortad
octenedral coordination gtere. Bogpt farawidenedN—-C—N
agleof 117 23)° at tre briching cartoon of tre bibarzimideole
liggd n 1 compared with 113.23)° h2,nosug1ﬁcat
sdual dages ae inlcad throgh te dqaotmatlm
Ruthenipm-nitrogen (tyy) distaess in both 1
~2.045R (ot in2, where Ru—N6 = 2.4 ardae
within tre rarge eqacted, ruthenium- niArcgm G-
zim) disacs ae2.04Q A far2 ad 2.101Q) A for 1.b

Deprotoration of 2 yields a sigificentathodhramic sift in
the asorptaan spectrum of aoout 100 nm and also rsults ina
ot quenchiing of emission (s Teble D). Addition of asares
ofverias metal slits o 1 N THF resullts in a hypsodhramic
shift of te asoption mexima firan 580 b & 500 m,
deperding on tre reture of tre mretal ion (&= Table 1. In
atiitian, tre luminesoence B“‘svitched on’™” uypon actirtian of
ZnCh, ZrEz,MgCl2, or QUICHJOVBF/t. Interestirgly, tte
vaelegth of te emission maximum B metal dgoatant,
varyirg fram 670 nm far o@D 1© 710 nm for tre trindear
ZnClz corpllex (se=Figure 2). Upon atditicnofnetal slitssuch
& NiCl2 and PdBrz, a hypsodhramic dift in te asoptian
Masd)ser\ajasmellmtmems&m iscktected, which
BiInantrast o reentdy plblised chta faraRu—Pd camplex. b
These s, egecially for ZnEe, show tet tte gectral
daes carot be elained by protorataan of tre imidezole
rrg. The maxima doserved far both asorption and anissian
gectraare honever quite similar o those fourd far tte Ru—
Ru dimer (seTable ).

The gmctreeapic dages desened an, trarefae, be a=
triued © binding of te tasito netal ios © te fiee
biberzimicezole binding Sie. In this e, we can eqect 17,
12, ar 1=3aamplexes e fomed. To cetify tecnpositias
of tte compounds dotaired, electragaay mess goectraretry ves
caried aut on tte reection mixiures. The resulits dotaiined are
given inTeble 1.The mass gedtral data diearly irdicate tre
apositias of te netal aoplees. All reection mxiures,
et fartheee of magnesiium gacies, show asigal tetcan
be attritad © a binclear gecies with an oaall darge of

Otwinowski, Z.: Mi nor, ethods Enzymol 1997 276, 307-326.
r,ck,G l\/l A ta Crystall o, Sect, A 1990, 46, 461,
rick, G. M. SHEL L97 ntversny of Gotttngen Germany,

(15) (a) Haga, M. AIi, Md. M. Koseki, S.; Fujimoto, K.; Yoshimurg, A

ki, 'K Ohno, T Nakajtma K. SIutkens D. . Inorgj Cher

1996 35, 3335 h2 Madumdra  Peng, . Goswami, S J. Chem.
Soc., Dalton Trans, 1998, 1569

(16) Foran emitting ruthentum palladium complex, see: Yam, V. W.-W.:

58?5\/ W.-M Cheung, K K. J. Chem. Soc., Chem. Commun. 1994,
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Figure 2. Selected UV—vis and emission spectra recorded in THF
for some of the heteronuclear complexes discussed in the test.

+ 1, reauitirg fran tre ks ofone conterion. This deenation
agrsts ttetwhen aneasss of netal 106 BpeAT, a 14
complex sdotaired. Also agaroretallic camplexes aefoud
tobird. 1 forms acomplexwithZnEt2 trethes pgarties vary
similar 1o thoee dosenved far isZnGh aallag e. The dsarptian
maximum s digtly dified, but this agaroretallic corplex
anits a tre sare vavelagth as tte 1-ZnCh conplex (&
Teble D).

IF1 Breected with sralll anounts of ZnCl2 (p o 3 e/
equiv of 1), tre dsarpticn maximum gred el ly siftsfran 580
530 nm ad at tte sare tine a e of tre amission & 710
nm Bdeerved. This rgaesants abathochramic Saftof 30 nm
in both asapian ad emissian vavelegth maxima with
regEct o those doserved athigh ZnClz -l ratics, supestarg tet,
a low zirc entratias, a trindear conplex sformed &
shoan inFAigure 3 Thishyottesis isaorfimed by electrogray
mess geEctrsayy, which Irdicatss tet, at low zinc concen-
tatios, a prodct with te coposidon {JRu(tdpy)2-
(bitzim) pZnCl2} sfomed. When 1 Breected with more then
a 104Hold exesss of ZnCl2 acomplex of tte aorposition KR+
(e (bilzim) }4Ck] Bditaind (s=Figare J.

One of tte most strilkilrg deenvatia s s tret tre maxima of
both dsaptaicnand enission gedtraare dgpadanton trereture
ad aetration of tre retal 1o aobld. The i
featurss of rutheniun pphpyridd aoplees n tte viside
ragin aeeplained by trepresae ofasirgiet netal-to-ligad
date ttasfr ("M.CT) tastim, vhile te enissin B
romelly assumed 1o coor fram a "MLCT stete. The diifts
deened in both ad emissin rdicie
thadfoe ttactte aagies ofboth te MLCT ad te3ILCT
trasitios ae affedad by binding of tre tasition netal ios.
Indl s, tredmaption maxima are shiffted tohidereeryy
then dosened i tte geectra of 1. All are honever &t loner
aergy then fourd far 2. The amissian vavelagtis follov a
similar ted

An el i of ttee aits tet tre
bsl’a/la’ctsanmlcmbeeplalrsd by a stehiliataon of te
metal-esad ground stete intte heteranuclear compounds with
regect o 1. This Brotueected, and such beravior hes been

Hae R.: Haasnoot, J. G.: Nie
( ) 0 Ry 3

A.: Vos,
Banﬂgellettl R: De'Col

N wenhuis, H. A.; Reedljl J. De Ridder,
Reedijk, 1., Vos, J. G.

u
m. Chem. Soc.

B lzani, V. Hage R HaasnootJ (L

Chem. 1989, 28. 4.145.
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excess ZnX2
X: CI\ Et'

up to 3 ZnClj

Figure 3. Proposed pathways for the reactions of 1 with different zinc
compounds.

dosened faratter aaplexes with recpiinvely drarged ricbes 377
The amissian dosened can thenbe eplained by tre inoeesd
aergy ggp betneen the enittirg tripdet state and tre groud
see. This inoreesed eneryy ggp Beqectad ot anly o dift
treanission to higer energy but also 1o Iinoreese tre emission
liftie. The \ariatios hanissilmand asopin eagies ae
thaefae measures of tre electrorwititdraning prgoerties of
trenetal ios adbd. Honever, a secod fector tet neas ©
be taken b acoount stte loation of tre deectivating tripet
metal-atered @IC) see. Upon birdirg of a secod retal
i, tteeraryy of this staiewilll ke redlod, sinee tre electrn
crsity on tre necptively drarged briicke Bnow shared by two
netal antas, leedirg 10 a deareese of tre amission lifetine.
This B, Tareamle, daaly tte == fatte mronanuclear ad
dinuclear Ru(bpy)2camplexes of tre ligad 3, 5-his(pridin2-
yDH 2 Atriaole HpY)- For tis licad, which dyorotoretes
upon birdirg, forming lt, tre emission diftstohidereaeryy
upon binding of a secod ruthenium anter, but tre emissian
Iifetive dsoressss from 160 o 100 s because of a loneriing of
te 3/C ke BThe anission lifeties deened for tee
anplees wll taefae be govermed by both te eergy gep
lavand by tre relaieaagies of tre enittirg tridet stieiead
tredeectivatirg 31C e

In coclusian, we rgaort here a retral rutheniium conpllex
tretcan atas a ligpd far diffaatnetal atas, thisasstiy
diffaathetadar- and Fetarotrindear aplees. Alo, ot
rovetallic such as ZnEk can be coplexed by 1,
which might allov tte tunirg of tre reectivity of tre Zn—Rt
bond through tre Inaractionwith e ruthenium aopllex. The
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hcteronuclear bibenzimidazole complexes show a remarkable
“2-fold" tunability. The emission, which can be “switched on”
szcomplcxation with closcd-shcll metal ions such as Zn2+ and
Mg2+, can also be “fine-tuned" in both wavelength (AU and
Intensity (r) simply by choosing a suitable metal ion. These
Propertles are very promising in view of the continuing search
or components to be used in molecular-level devices and might
also lead to the design of novel luminescence-based sensors.
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Complexes of tre type [RUHDILZINR)A 2rHD R=H, 2.2-bipridie, by, X =CFB03 LR = Mg,
Hipridie, dipy, X =PF6 2 R =tert-higl, 44°diderthtyi2 2-bipridire, tiyy, X =CF

3, Hbikzim= 1, 1™-bibarzimidezolle) artainirg two NH functias acting as hydragen bond donors formed diffaat
satiEally hichly agenised sprarlecular sssarblies with vater. X-Ray inesticgation reesled tret tre reture of tte

aounter ion influeces tre hydrogen bodiing attem and edent of gt

il agmisation. In2 one diresiael deirs

ofhydragen bonded vater aould be fourd.. In tre deprotorated aonpllex: [Ruikzim)(tipy) 4 veter oleculles

serve as hydrogen

bond doors. The disstereoreric foms Sa/5b of tre liorodinuclear rutheniium coplex

KRx(ttypy)ZAbilazin) J[FFeRaould be separated. No diffaetess in teirgotochysical prgoerties aould be cetectad.
The X-ray nestiction of5a and [{R(opy) ZAikzin) J[FFeR6 shoned litte infllee of perideral abstitution
on struiural pgarties. Camplexes 3-5 eibit adtivity nellectrodemical CO 2reductian whilch Gan betuned by

\ariation of tte degree of protorataan of tre bibarzimiceole.

Introduction

The ofpolypyridire rutheniun(U) corpllexes bricd
by bi- or tri-cntate ligadslhes received much attention in
arecdon with tte astructian of nolecular electranic
cbvicss 2 Siiteble briching Ilgafdsaefremple biprimid-
re3 astituted praares,” abstituted bipridiness ad
bimideroles/” In tre st few years rutheniun polypyridA com-
plees besad on barzimidazole noieties have been inesticpied
incetal _7These studies have concentrated on the specticsanpic
ad electrademical of texe aoplees. The pes-
ae of tteacidic imickzolle proto alllons dgorotoration of tte
aplees ad tis isits na ridh denistry where darges n
pH can ke usd 1o detemiire tte electradenical ad photo-
hsical pgaties of te compounds.” This, dgrotoration
of bitezimdole kr irstate allos for tre fomation of
d- ad digpndexr aplees.™ Atitaaelly, rutheniun
bervimicemole aoplees cn e 1 a5 ctahats Tor te
electrcdenical redctian of C02  ad teir gplication &
proton drinen nolecullar svitd es hes e lgoorted 1LRscantly
we hae foud tet a sbstituted, dgprotorated bibarzimid-
aole can ax s aretal sEsY.R

Gosicering tte bage nunber of studies aried aut an
ruthenium nsoluton ksuisig tet taets
ben much ks inlaest in tte study of trese campounds invell
cHlingd lid Seeenvironments. The presace of tre imid-
ale nitram atos N barzimicezole aonplees inloth tar
protoeled ail dyrotorated stake sauld be an ol huald-
iy blok 1o te cstructin of sdlid state ayraimleaular

DO k 10.108¥D)IBx1"

struotures besed on hydrogen bodirg. Our infaest n ttese
strofold. Arstwe would lie o e tre imideole
it as a huildirg blok far tre arstructian of velll defired
solid stete strudures. Ssaodlly we are intarested o seewnether
tre knomn dependence of potghysical pgerties on te
sterecdanistry of ruthenium coplees K B alo \dlid faor
biberzimidezole besad sstens.
In this antribuian we rIgart on anumber ofgynttesss and
aysal struues of bawimiceole artainirng  ruthenium
id/ anplees. The studures dotained show same vell
cehired hydrogen bonding Etams. We alo show et te
ian of tre stereoisorers of tte horodinuclear com-
plees Bpesibleand tet tre dotgdysical pgearties of tese
ISTTErs are inogpencent. of teir stereadenistry. I adbition
we rgort on tre ataijtic prgoarties of these compounds T
treelectrodenical mdmmofCOZ.Allompwrﬂs dotaind
are Ty daracterizd by X+ay aystallagaty, NMR, WAvis
and emission geEctrosTyy.-

Experimental
Materials

All snttetic work wes performed wsing Schilerk tedmiges.
Emission and SEctra were recorcd uslrgseplm
equiped Iumiresomnt s (Helle) n

ritrile (Hu@) ad THF @ldridy). THF \Aesd‘lajardoﬁlllai
oer sodium , CH,CN wes dried oer Gill,
ad ddillet dl otter haits vare ddtilld priar © e

J.('hem. Sor., Dalton Trans, 2000, 160 367 3649
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[Ru(CD)C13 I biberzimicezole (Hjbilazim),"'1 4,4°-chteri-
A2, 2-bipridire_ (1)), B Rulpy)ZI12D Ru(drbpy)2-
CI2  (diopy =4, 4"-dinethyi=2,2"-bipridie), 2. [Rubilzam)-
(tip)qPad [{RJ(hw)Z}Kbltm)]W Syntresizd
wirg litgatue rethods. Oalic acid and NHA104 HUa)
were LBaJIwrlfwtﬁIﬂerpnﬁcanl

Preparations

[Ru(tbbpy)X12. 12238 g Q0B mol) [Ru(CD)C1Y, ad
23.2g (0.0%5mol) thpy vere reflued N40cm3DMF far72h
The DMF and oclaocta-L,5-diae were removed by vacuum
dtilltion and tre resuitirg black miaaarystallire compound
wes dried uker vacuum fr 2 h The camplex wes purified by
Sohlet edraction with tohee. The toluere wes removed
ad te cark lire compound dried
uder vacuum fr3 h Yiekt 786. H NMR ¢
5 D@QH, d H), 8% (AH, sHB), 82QH, sH3), 7.8
(H,d, B, 748 (H, d, HB), 7.8B8(AH, d,Hx), 18.OH, s
this) ad 13 OH, s thtd). UV (THF) An, =583 m.
MS: ‘mh =708 (conrespoding isotgee petten for C3H4r
NLIR)).

[Ru(Hibzim)(R-bpy)ZX2 1-3. These were synttesized using
stahrd procares.79cAuTIoN: pachlorates are polentially
After reroval of tresolvant 10cm3naterwere added
folloed by a cootrated agqueoss olubian of NHAPF6,
LiCF,S03ar LiC104 naly. Hno counter ion sureewes
added tre aompllex was dotaiired as isdichlorice and purified
wsirg tresame tedniges. The resUltirgprecipitaie ves filliaad
dff, rdisohad nastoitrike, filaedand then tte sohatves
removed. Yields vere aove 90% far dl compounds. ES—I\/S
[Rubitzi)(p)A[FER 1, mh =647 (corespordirg
tope pattem far C3HZAE); [RJG-ﬂ)lelm)(dThw)a[HﬁZ
2, Mtz =7 (comegoah manﬁC\B-l,,_NSQ_J),

toe ttam fa CEHEN ). ﬂeoorrpourdsmerealsad’sr
adterizad isiig "HNMR - (Teble2), W-vis and amiissian (feblle
3 ad gdicwoltametry (Teble J. Suitzblle aystals for Xy

were dotained by slov esgooration of an
acetore-vwater solution (1) of 1and 2 and of an acetitrile-
water solutian (L-1) of 3,

[Ru(bibzim)(tobpy)d 4. This wes reayetellied fiom an
acetorevater & ) solution s tre dihydrate.

[{Ru(tbbpy)Z}Z(blelm)][PF6]2 5. Thisvwes snthesizd sirg

of [Rutdp)ZI12] ©.522mmol) and 6L mg @.ZSrrmol)
H2b|l:2|m refluad with 2 cm3 triethylanire for 20 h n 100
cm” etterolvater (). The solutian wes allloned o adl,
fillaed ad tte ohat reoved. The dark residle ves redis-
sohad in 10cm3ofvatar. A aconoantrated aoueous solutaan of
NH&F6ves attkd. The iy pecpitae ves fillaad off
ad reisohad n 10 cm3acetoevater (101) ad Ht ©
ranystElie. The pracpitateves fillaaddifand aalysad by ™H
NMR goectrosayy Two isorers could ke icrtified. The pre-
apiteteves purified by rexysiEllization and o pure fiacdios
of te acamplex auld ke sgaated. [Ru(bilazim)-
(tdpy)cean ke refluadwith are equinalent of [Ru(tdpy)Z1
in etraolvater (1) for 8 h ad tre resultarg compound
tredied in tre sae way as cesriled far tre former snttesis.
Yield far both rethods: 025 mmoll (984)- After dotainig tte
pue fictios rexysalliation fion acetore vater @:5)
vieldsd siteble aystals o X-ray diffraction far tremcso  10-
mer 5a "HNMR, seTeble 2 UAvis, electradenical cataad
anissian, se [able3

[{Ru(bpy)Z}Z(blbz||n)][PFJ26 Tisves aysalliz by slav
egoratin of an astonitrile vater oluian (0:50) of te
dlastermrencnvdue

3650 /. Client. Soc., Dalton 'jVans., 2000, 3649 3657

Instrumentation

NMR sgoectra were recarced usirg Bruker 400 and 200 MHz

, W-VIS gectra usirg a Varian Cary 1 W-vis
ara Shimedzu UV 3100 W-visNIR gectroreter. Bnission
gectra are ot anrected and were recorcsd wsirg a Rarkin-
Elimer LS50B equipped with a Hamamattsu R928
rad ssitive cetectr. IR geectravere recorded wsirga Rarkin-
Ellmer 2000 FT-1R gectroreter.

Lifetime measurements

Luminesoatt lifetines were nessured employing a Sectra
Fhysics Nd-YAG frequagy trided, Qswitthed ks s edl-
s suce apled na ndtagled anfiguratian toan Oriel
i0CD; k=arponerwas measured ss 0mJ per 20 rspulkee. The
sirgie photon aountiing (SFC) meesuremants far tre dinclear
anplees were parfomed with an Edinburgh  Instrumants
A-900 geectrofluorneter ecuigoed with a nirgen filkel
disdtate lap ad a Rttla~aoled Hamamatsu R-928 PM
te. The emission decays were analysed with the Edinburch
Instrurarits softvare (arsian 30), besed on moHlirear kst
ares reyessian sing amodirfied Marguardt algortim

Electrochemical equipment

The odicvoltametric meesuraments were made with ahome
hultcomputer antrolled irstrurant besaed on the DAP-3200a
chta appisitin board (DATALOG Systars) as vell as with
tre Autolab PG St 20 (Vetrdm). The eqeringts were
perfomed in a three electiak @l uder a blarnket of sohat

satuated argn or carbon diodace regeEctnvely. The omic
resistae which haed 1o ke compensated farwes dotained by
measuring tre inpedance of tte system at potentials where tre
farachbic anatt was regligibly sralll. Background aonrection
wes acoamplised by sbtrecting tte auratt anes of te
blak detroivte (Gntainig tte sare cootradan of
suporting electrdvte) fram tre eqerimentall ane. The refa-
axe waes an Ag-AgCl eleciak in astowtrile antainirg
05 M amonium chiloriick but far anveniece
dlil potlamals vere frdly refaraad o tre SCE2 thragout.
Biastive detrolhss of aplees ware parfomed with
000l M solutias of tte aoplees n driad astoutrile with
IM tetra-nHoutylamoniun pardhllorate as sygporting electro-
Me wsing a Bank ptenticstat. Solhvat and meroury were
ramoved and tre conpllex resugpaded N2 cm3nater follonad
by edraction with 2cm3CHC 1 3.0alate wes determined intte
agueoss pdee. The yield of oalate wes determined Lsirg
a Knaver HPLC system with a C,Boolum and 5% H3P04
& nbile pes, eqnpmlvwmaanerakm‘mrre
chtector W-1 sstat208 nm calilrated with a solutian ofoallic
aad. Oalic acid vwes attiticelly idntified by abtrectirg IR
gectra of te aoplex N <oluion efae ad aftr te
g@ésmwbadatl%m Iwes assiged toodlic

Mass spectroscopy

The mess gectra were recorded wsirg a SSQ 10, Amigen
MAT, electragaray mess gectraon a Fimigen MAT, MAT %6
XL irstrueit. In te BSI poess tre sanple bisd far tte
photodhemical inestigation (€. 10 5M solutian InTHF) ves
inbroolcd into the B3I ion source with a Havard Apparatus
srie infision pup, Model 2, with a flov rate of 5-20
Imin = The psitive ES mess gectra ware dotaired with
\oltagss of 34 KV gplied biteelex:troaua/rwle. The
resolution wes La.Ally about 2000 am |; 70,

Crystal structure determination

e naEtly daa fo tte compounds were clledted on a
Noniius KggeeODdifiraetoneler, usinggrachite-monoehrom-



[RPbpy>20IamHiXCF3S03*3 HzO (1)

@Jbz]’nH* \ “:her
y 1 u / ﬁfﬁs,l-h

1 R R R=¢H3

v Nx N-H PF6HD
J y Y B »(Ri<dni»py)2biirimH2](PF6)2*2H20 (2)

Vol
R R
9 L 2Cr
. IF_(laot-butyl

IR(tpyjinfil21 HD p)

[Ri*lbbpy”bfenn]-: HX (4)

Scheme 1 Synthesis of the complexes 1-6.

ated Mo-Ka rediation. Datta vere conected for Lorentz ad
polarizatin effets, hut ot far 2L The structures
vere solved by direct methods (SHELXS2Dand refired by €l
natrix lest sgAes tedniges apirst F2 (SHELXL 9725
For the compound 2 the hydrogen aitons of tre ““amine group”
ad trevater moleaules were located by Fourier diffaaesn-
testisad refred isoqaclly. Al other hydrogen atons vare
incluosd et alaulated psitias with foed thermal

All nronHhydrogen ators were  refired 5 XP
Giaes Asyical X-Ray Instrurats, o) wes usd far
structure e atio s.

Crystal data. [Ru(HDbitziy(p)A[CFB0FP-3HD |
CETHEO\NBGRUS2, Mr=99.34 g mol*“1, maoclinic, ST
group C24,a = 2.0580(10), b = 16 10) ¢ = B.HE)
fi= 22U, V=454 -0, Z=4,
//QbKa)=581 cm °, 20 relhxms meesured, 490

[gececgecy s |eﬂedns, 7At=010, R efletios with
Fz&;MFO), Riods=0.056, u.2[p5=022, =017,
wRZ2m =024

[RuHDilzim)@rp) A[FFER-2HD-2C3H® 2. Cj,H3F R
NBPRU-2CHD2HD, Mr=146.38 g nol ~, moodinic,

sece grap Cite, a = sz@b BA0G), c—9641(3)
Afi= 12783, V=8D2A2)A3T= -90 T, 2 =4,//(b-
Ka) 4.8cm ~, 6467 refletiosmeasured, 3362 irpadat,
A,=0.018, W75 wiith FO>4a(F0), R 1L,,=000, WR20kt=
0.1, Ri,» =0.0%67, M23,=018.

MB)IbZIm)(lﬂqme—HZJ -2CHEN 3 Desaibd
previasly. P

[Ruitzin)(tip)A-2HD"C3HD 4. CHHBNRU-CHD-
21D, M,~%21 g nol rr(m:hnlc qmgap
C2ki a_n_mg@ b=17 ) 522(1)A

//Q\/b—

101.63Q), V=4826®) T=- 90°C Z=
Ka) =3.6cm SEBreﬂEdnsnassnd 20 i

Rmt O OB, T2 with F,>der(FK), R L,AFO.GR, t2hg
0.8, A,,,-0.00, wR2m =0174.

HR(tp)ZAbilzin) |[FFR-6C31@ 2. Q 64, 4 IN IP2-
Ruj”CjHio, Mr=2146.3 gmol *, tridiiic, grop Pi,
a=1237Q),b -144512(4) c= B.AEE) A, 2= DO,
P=BINQ), y=BITQF, K=280.7(8) A r=-90°C,
Z= ],//QVb—Ka) 3.67 anrTl, 2676 naaswed,
142 i RInt=0.0%, 04 withFa> 4a(F0), R\, 6=

0.053, WR20ts = 0.1%, tfildl=0.05, WR2a = 0.168.
RRutoy)ZAbitkzin) | LHJN-2HD 6. CEHAFIN
PRU2-3CHTN-2HD, Mr=158.%5 g nol * rT[T(I:lII"IIK,
q:eaagrupCZIc a= 24474(2) tg ]3.%(1) ¢= 1943{1)
= 16880, o® A3 7=-90°C, Z =4, /Qb-
) 6.19cm* '1,8224 reﬂaxmsneesm,mimazermt,
Rint=006, 3% with Fa>4a(F0) R\os=0.08, wR2dM=
0.1%5, ﬂﬂ/l—O(HiS w22A=0.141.
CCDC referatenurber 185/2160.
See hittp=//Avw. rsc.ory/a oata/a/A/003Rf far andlal-
logghic fiks in affonat.

Results and discussion
Synthesis of complexes 1-6

Al aoplexes auld be dotaired via starcard procacres start-
irg fran tre conrespoding precursor [RUR-Hp)Z1 (Sdhere
.7 The aoplees with R=H aml CH3vere snttesizad
aocoording o litaauenrethods. 22 Honvever, nour hards te
snttesis of treten- hutd sbstituted carmplex did not procssd
alog staard procedres with rgradLcible relatively high
vieks. Irsteed of [R(tdpy)Z1 lae qentities of [R-
(tHpy)TAvere dotained. For s rees we devellgoed anew
raute vwhich Bhesed on sgaration of tre redlction and com-
plex fomation o a o step sttesis. I te fast step
RICITHD)v ves trested with 1 5dee © fom
tte polyneric rutteniun(in) aonplex RUICIZ0D),, i good
yiek. 7 Refludng of tre polyreriic compound \Amtﬁqcy n
DMF ad sissgent purification by edraction in Step 1
reaited intte pure aopllex.
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Fig. 1 Supramolecular arrangement of [Ru(H2b|b2|m)(dmbpy22]
|r|1 thte solid state; protons, anions and acetone molecules are omitted for
clarity.

Corplexdation with bibazimidezole yiekds the mono- or di-
rnclear compound deperding on e nollar ratio enployed
(Schare D). The dinclear camplex 5 ves also axessibke iftte
mononucllear compllex wes iolated and trested
\Nrmaeecplxale'tof[m(tﬁqw)ﬂammlam 1-4 vied
sypramleaular strudiures darederizd by diffaat hydrogen
bonding retwarks, synttesizad acoording to Scheme L

Crystal structures of complexes 1-6

The aoplees, [RJ(hw)thblbzm)][G::’SOSZ—a-m 1, R+
(H2b|b2|m) chipy)J[FeR-2HD 2, m&( g&
HD D 3, [R(Dllzm)(ﬁiqw)a—z-m 4
(ﬁm/ i) [FFop 52 and mejo-[{RIDy)ZR0kzm}-
[PFAR0 aoulld ke dotained as sirgie aydtals surteble Tar Xy
nestigatio. Treir <olid date studtuess ae diplaed n
A, 1:6. All inestacated coplexes possess a distortad octa-
hedral co-adiretioin & tte rutheniun e, The
rutrenium-bipyridire distaces are within the eqeected rage
and aewithin eqerinental enars nariat tonards tredifla-
at sbstitution & te 4 A sinilar resdt hes ben
dotained by Rillerae| al. fortrisdelates of rutreniunii) with
, bipyrimidire and bippazire B The  ruthenium-
biterwimidele distaes ae logr ten tte ruthenium-
bipyridire distarces and proved 1o ke inariant to darges of
tte dgree of protoration of the bibarzimidezole. They ae,
honeer, in tre dindlear coplees with regect ©
ﬂerrmrwlearomplees (ke D.

Mononuclear complexes 14 ami their supramolecular aspects.
i tre 0lid stae dll trese mononuclear aonplexes are accom-
penied by vater and sohant nolecules in tte asymetric Uit
We awuld ot honever fird ay interactin between sohatt
nolecules lieacetore ar astoitrile with the complex cation.

wom.mum)(mwnmm 2 ves formed by shov

(tp)2P- 32 (dble D ad ae within eqerirental enas
tre sare s fr tre BRu(dbpy)ZRpm K- (bpym=22-
biprimidire) system.3 The bibaraimiceole licgd N 2 B
digtly bt around e ruthenium aatre. This B refledad n
tre agle of 16.6' resitirg fron two lires costructad fran
tte catroid of te benzere rirg of ore elifof te ligerd and
tre conrespodig irg carbon atan. Both barzimiceole
rirgs edibit a digt tasion agle tonards eech otter of 4.3
Both N-11 fuctias of tte bibazimiceole licad sere &6
hydrogen bond doors far vater nolleules restig 0 a
nitragen-ayon distae of 2.811(5) A. One vater moleaulle
which B gatElly foad by te N-H kwh'ogan bod foms a

W trereigbouringmoleaule (0 ==<0 distate
2-7(5) A] which salso erl by aN-H hydrogen bond fram
tresare aoplex, s2 g L The redvater noleaule foms a
hydragen bord (© a reighoouniing vater nolecule which BN
tum hydragen bonded by a N Il fuctian (Om==() distate
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RuL,

LR

RuLj

Fig. 2 Graphical representation of the supramolecular arranqement
of 'complex 2 in the solid state; anions and acetone molecules are
omitted for clarity.

2.786) A) of aotrer molleaule oF2. The redt [RuHbikwin)-
(drbpy)Zp+ of te sare strad E3.96 A aowe tte plae
formed by tre biberzimicezole ligard of the fastoarplex and

antines throghout te whole
aysd and diredts tis higiyormraj gatiEl aenation n
arh avay tet te A eentiorer and te A eentiarer fom
sgarated strirgs vwhich are intercarectad by a one dimen-
siaal duin of vater noleaules (g- 2) ad tte acoplees
toether with tre vater noleaules are arraged na st lke
mamer. There ae aly a feveaples n te litaauevwere
sirgienoleaules are intercarectad by ane dinesical deirs
of waterZ none of them keing a ruthenium polypyridA com-
ple; even 0 trare ae a faw rutheniun aorpllexes diglayiry
more conplicated hydrogen bond retworks inolvirg vater. 8
Onystal structures of ruthenium amplees con-
tainirg tre barzimicezole fragrant digolay limited hydrogen
boding pattars.B IF nclear ese adstatuted bipridire

liggosareeployed myhlgﬁlyaganlzaj adhitectures
can be dotaired by suteble Mtarection of te hetarapdlic

Ih antrast to conpllex 2 tte dosely riatad [Ru(Hbioatn)-
E2[FR0P-3HD 1, dos a apleely dffaet
hydrogen barding retwork (g- 3. Similarly ©© 2, both ofthe
protorated ssoocary amine fuctias of tre biberzimicezole
arewithin hydrogen bodiing distare toare vater
Ihantrast o tre famer, both vater noleculles are rotwithin
hydrogen bondiing distance tonarts eech atter. They are how-
ewer both i hydrogen boding distae o a third vater mole-
alle and O an ayoen fram a e conter ion (CF303)

icly. The third vater noleaulle i N hydrogen bording
distate o teaygas fran o diffaet tilBecunter s
One rutteniun aomplex it B trerefoe imopoatad na
hydrogen bording network: inolvirg three vater and far -
Ik nolaales. Thee Inflatss are also N hydrogen boding
distae o otter vater nolecules which are in hydragen bond-
ingdistae avther nolecule of L The corplexes are tare-
fag, via terN Ml fuctios, intercarectad by acoplicatd
network inolvirg @water noleaules servirgas hydrogen bord



)][CF3~

%ydrogen bonding network of [Ru(szlbum)(
ules are

1in the solid ‘state; protons and acetone mole
ted for clarity.

Fl(?l

omi

Mg. 4 Hydrogen bonding system of [Ru(Hzbibzim)(tbbpy)2]Cl2-H2) 3
in"the solid slate; protons and acetonitrile molecules aie omitted lor

claiity

agxptors for N-H and O-H donors and @) rilHenoleaulles
svirg as hydrogen bond aoogptors far O-H - hydrogen bond
dorors fran vater noleaules aorectad to diffaat ruthenium
aplees.

Changing tte counter ian fran heafluorgadogdete o -
Ie daly nfllets te dgree of gatiEl adetation ad
adhr. Atiitiaally, dhlorice rgresats a suitzble counter
which B hagyer aamplees of bibazimideole,3' knon ©
interactdirectly with te N-H furction of e bibazimidazole.
A rutheniun bibarzimicezole complex would tarefae hae
tre qortunity © Nt erttarwith vater or chlonice os.

In a reEt comunication Pwe rgorted inaral stnc-
twd parareters of [Ru(Hbikzim)(tdpy)2JCI2-HD 3 Inadr
tocompare tre sypramlecular egoects of 3with thoee ofl ad
2vwe dusslerete boding retx/\orkdlsolaija
Ih tesdd siaehoth N-H fucticsae adates
hydragen bond donors (Ag- 4). Inantrest o tte previas o
struturesof land 2one bond Bformed thaaunter
ind (\'d 3.038)% A), te ssood 1o a noleaule of
water which Bdigilacad oer itias and fre disaissian
wall Lfeteveiwtajpsltlm(N-i) 266 A). The vater

mraﬁhbond donor o tte N-H a
O=Ch2E0 L secod O with an oagen-
dhlorice distate of 3.02(4) A, Ben 0 tte bibazimidaole
Ilgidobessmeasandm bord door; similr © te
fomer sstans, o furtter syprarolecular appragatian aould

ke doserned.
When we go fran tte bibarzimidezole | 3 1 tre bibe+-

/iy dlate aoplees ttegesstin arssass ohow tetras-

Fig. 5 Hydrogen bonding network of [Ru(bibzim)(tbbpy)2]-2HD 4,
protons and acetone molecules are omitted for clarity.

fomatian of tte secondary amine fuctias toamide fuctias
infless te boding retwork.  IF [Rubilezin)-
(tp)A 4 B aysEllad fran rest astonitrike no ypra-
molecular assarblies can be dserned P Honever when tre
sare aomplex B aysallizad fran an acstone-vwater mixture
nAorTolewlesofV\ateraez.Ei]QCS)A within hydrogen bonding
distae, oteni of te bibazimiceole
liggd and 3.05(5) A tonards eech otter asvell (Fig: 5. This
hydrogen bonding interaction does not seem o affiect: intaral
struotural parareters oftte ruthenium aarplex.

Itseans reesreble toassune tret trevater nolecules sre
& hydrogen bond domors tonarts tre regptinely olarizd
biberzimidezole nitrages. Addrtiaally ane noleaulle ofvnater
snes as hydrogen bond donor far the secord vater nolleculle.
Thissystemauid, nparcpe, fom agaptessnilato lad
2 Hoeer, tre trasfomation of tre bibarzimiceole unit
fram a hydroger+Hood donor o an acosptor seas o prevatt
siilar spramleaular araggEatts. Ben 0 tre dgee of

ian does not seem o affect intardl struotural param-
das alttogh it does stragly infllee tte sypralecular
structure of ttementioned aoplees.

Binclear aoplees. Deproteration of tre bibarzimidazole
liggd turs tte conrespoding caplex 1o a vary resctine
metallo ligad.2The aonbiration of two octatedral compllex
fragaits nae noleaule ultirately keecs © three dissterao-
meric isoers ttemeso form AA ad tte AA, AA isoErs
whose raoamic mixture Brefarad o asrac. The prablen Sas
a a ebetndy sinple ld iFsymetric bricoirg ligads ae

-yo-{Ru(tpy)Zbilzin) )P Sa. and meso-
HRu(y)2R0iim | [FFp6 belag o tisgaLp.

The tcri-husd sbstrtuted horodinuclear camplex 5a aould
ke aystallizad fran a solution of a purified fractian by slov
egoratian of tre ohatt. lsnoleaular strudiure Bdﬂdﬂj
inHg. 6 The Ru-Ntipydistaes of 2.0003) ©2.06Q)A ae
rot sgwhatly diffaet fron toee n tre e mono-
nuclear aoplexes desried dove ad anelate vell with

\alles rgorted far tre redated bii im) camplex.6
The Ru-Ndndistarcess are et 2.164Q) A sgifiatly looer
then N tte inestigated mononucllear

The hamodinuclear corplex meso- {RJ(lxy)Z(Zoimn)]—
[PF26 could ke aystallized fran amixture of te
neric ISJrersQ/sIONe\anatlm ofan Iesaltm.
The Ri-Npj distaces of 2R1(4) 10 2.08(@%) A ae rot sig-
rnifiatly diffaet fron tre r|aed mononuclear anplees
cesribad above and anelaie vell with te valless reatly
reported Tarweso-[{ Rl(hw)Z}Kbll’Kl)]EWﬂ”e RU-N,
distates ae, honeer, sgifiatly tten
nte nesugiajmmleear oorplemﬂhtcmehemkll

J. Chinn, Soc., Dalton 'Dans., 2000, 3649-3657 3653



Fig. 6 Structure of mejo-[{Ru(tbbpy)2}2(bibzim)][PF6]2 5a; protons,
anions and solvent molecules are omitted for clarity.

with tre \allss igoted for te dinclear biimiceolate
agplex. They also seem 1o ke didtly dorter copared ©
thoee of 5a. The bibazimidemole Tigad n both dinclear
aplees Brotbmtaround asirgle rutheniumand no tasin
agle betvean tre barzimidezole noieties aould be dosenvad.
The stiiotural evidaee inplies tet ypon goirg fram te
mononuclear 1 te dindlear aamplees a weakening of te
boding interaction betveen e rutheniun(n) aanre ad
tte brichirg bibawimideole aurs. I bibavinideole B
adtirgasa bricging ligad itsdalble deprotoreted and turs
inbamuch stratera door.7The inoresssd a donor stragth
might case a deeese of te acoeptor dalities. Honever
sine te rutheniunbibarzimiderole distaes in tte mono-
n.clear deprotorated conplex 4 Paremuch dorter tten ntte
dinclear aaplees diffaatss nte liggd pgearties canot
Ty eplain tre diffaaes nbond legts far tre mono- ad
di-ndlear aaplees deenad n tre stictural data dotaired
fran X+ay nestigptios. Comparing tre data dotained £ B
evicht tret abstitution at tre 4 position of tte erideral
bipridire sstem hes no sigafiat infllee on strotual
parareters of tte ruthenium aonplees (e Table 1.

NMR gectraaapy of aoplees 1-3ad5

NMR seectrosayy hes proved o bea useful tool in tte stic-
tua deraderizaton of ruthenium polypyridd copleesi
lut with a few exeeptios hes ot been Lsad  ay gest
edat n te scdual daadaizaton of Phpriod
ruthenium bibazimidezole anplees. The protoratad mono-
nclear aoplees [RutHbikzim)(@py)2p+ 1, [RuHbilzim)-
(drixy)a& 2 ad [RJ(I-mtzm)(ﬁiqw)a& 3 ehibit C2
symetry in solutin. The protos of the secochry amine
fuction of tre bibkazimicemole ligad ae ot detectzble n
CDZI2,DMSO, aetore or actonitrile and a direct inesti-

i N is inoherent_ in hydrogen bonding wes trerefare
prechuokd. Vihile te damical Shifts of tte aroratic biban-
zimiceole protos are alnost ueffectad by eitter diffaet
abstitution or ohat (Teble 2), tre bipridire besed protos
ehibita late dift on daging tedauteriated sohats fran
aetre basoirike. It svay ulidy ta tee diftsae
de B intaaction of tre secodary amine protans of biken-
zimickrole with sohat noleaulles sie sl Shiftshave been
doenad Tor [Ru(ttdpy)3ph(eble ).

The NMR gectraof tte dissteraoreric forms ofcamplex 5
ae diffaet (g 7). The sigels T ae pyridire systan
renain rekindy unchanged inboth fams, hoewer, te posi-
tiosoftte H5b ad HEb protors of tre other pridire moiety
arearsicarably shifted Lplield in tespectrun of teme fiac-
i ifoopared with tet of tenwxo form (Teble 2. This B
arsistat with resdts dotaired far tre stragly related [R-

(dropy)2Aqlgym)J " sstem-" and hes been eplained ntans
3654 |/ Chan. Soc., Dalton Trans., 2000, 3649 3657
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Table2 11 NMR data of complexes 1-3, 5 and [Ru(tbbpy),][PFf]2A in acelonc-d* and acetonitrile-d.

Chemical shifts in acetone-ds

Proton 1 2 3 5a 5h
fida 8.84 8.57 8.83 8.76 8

113h 8.30 8.46 8.72 8.68 8,
Hea 8.27 7.94 7.96 8.16 8.
fleh 8.16 7.80 8.02 8.32 1.
fl5h 8.05 7.18 761 7.70 1.
H3BL 782 7.80 7.80 6.66/5.66» 6.
1153 762 7.38 743 7.56 1.
H4BL 144 1.38 .38 6.66/5.66“ 6.
H5BL 7.08 7.02 1702 6.66/5.66“ 6.
Hs BL 587 5.86 578 6.66/5.66“ 6.
4position 827 Hda 257 Clla  147CaHe 143 8H* L
4position T44H4b 241 CHjb  133CeH, 134CeH, 1

" Owing to multiple peak overlap no assignment is possible.

Table 3 Photo- and electro-chemical data in acetonitrile of complexes 1-6

Complex absorption emission
1 463" 640“
2 465 650
3 473 648
4 580 —
5a 510 700
5h 510 700
§ 505 695
“Ref. 7.* Ref. 9.
Hy Hb Ha B 2HL 2HL
H tl 1A K A
B me e e e
1 Ji Lu, K A

92 ' 88 = 84 56 5.2

© 8.0 76 76 68 64 6 «

I'ig. 7'M NMR spectra of the nienti (top) (5a) and me (bottom) (5b)
forms of [{Ru(tbbpy)2}a(bibzim)][PFej in acetonc-d*.

of ;i greater anisotropic efTect from the ring current of the

adjacent bipyridine system experienced by H5b and Heb pro-

tons which are directly over the bridging ligand. The NMR
spectrum of the first fraction was assigned to the meso form
since crystals suitable for X-ray diffraction could be obtained
from the purified fraction.

Photophysical anil electrochemical properties of complexes 1-6

Alkyl substituents at bipyridine ligands should have an
inductively electron donating effect on the aromatic system
of the corresponding pyridine ring. In order to investigate the
influgnce of substitution on the properties of the ruthenium
complexes the oxidation potentials were determined. Alkyl sub-
stitution at the 4 position of the bipyridine ligand leads to a
roughly 0.1 V shift towards lower oxidation potential of all
mono- and di-nuclear complexes investigated which is in
agreement with results obtained for [{Ru(dmbpy)2(2(bibzim)]-
[C10,]2" (fable 3). These results suggest that substitution with
aliphatic groups has an influence on the electronic situation at
the central metal atom. It seems likely that the t | effect of the
alkyl substituent results in an increase ofthe electron density at
the metal.

As expected, deprotonation of the biben/.imidazole ligand
leads to a large shift of 0.6 V towards more negative potentials

Chemical shifts in acetonitrile-d;

A I 2 3
8.86 8.52 8.37 851 8.46
843 8.28 8.42
782 197 7.80 187 755
197 JA 1.76
7.38 JAN 1.35
/5,66 1.18 171 1.16
157 7.38 121 7.48 739
/5.66“ 1.38 137 143
/5.66" 1.05 1.03 7.06
/5.66" 5.76 583 5.68
Cally 138C,H, B8I11H4a 257CHa 147CeH,  139Qll,
C4Ho 797H4b  242CHjb 135 CaH,
Lifetime/ns EJV EJV
131* 112" —1.53/—1,86*
90 0.99
120 099 ca. -0.7 to —1.2
0.39 -1.16/-1.25
50 0.64/0.95 -1.07/-1.21
60 0.64/0.95 -1.07/-1.21
60* 0.76/1.04" -1.49/-1.78*

fa tte oxddcataon of te rutheniun aare. This Irdicaies an
enhanced electran darsity at tre netal aantre irduced by tre

Substitution also influences the reduction properties which
are related to the bipyridine system.s The most pronounced
effect can be attributed to deprotonation of the biben-
zimidazole ligand. The not well resolved reduction of the
protonated complex is replaced by a two step wave for
the deprotonated complex. However due to the complexity of
the data obtained for the protonated complex no direct com-
parison of reduction potentials is possible. Haga investigated
the non-substituted complex and did not find a large shift in
;eduction potentials for the protonated and deprotonated
orm.7

Owing to the intrinsic nature of the MLCT process an
increase of the electron density at the ruthenium centre should
also influence the photophysical properties of the complex.
However, the absorption and emission properties of the com-
plexes (Table 3) do not support this assumption. The mono-
nuclear unsubstituted ruthenium complex | absorbs in the
visible range at 463 nm. The emission is at 640 nm .79 W hilst the
absorption maxima of the series | to 3 do show a slight
bathochromic shift, the wavelength of emission seems not to be
affected at all (Table 3). An investigation of the lifetime of the
excited state shows that all three mononuclear complexes have
quite similar lifetimes (Table 3). An acetonitrile solution ofthe
dried grotonated complex 3 showed no differences to the above
described values for absorption maximum and emission wave-
length. However, if the same complex is dissolved in water a
small bathochromic shift in the absorption maximum i
observed and a bathochromic shift of 30 nm in the emission
wavelength as well. A similar experiment with [Ru(tbbpy)321
showed that the UV-vis spectrum and the wavelength of emis-
sion are nearly invariant changing from acetonitrile to
water. Comparison indicates that different environments at the
N -H (unctions in solution inlluence photophysical properties
and that water also serves as a hydrogen bond acceptor in

J Chem. Sor., Dalton Tranv, 2000, 3649 3657 3655
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solutin wheress astoitriledoss ot nBat bageatedatt
withtteN N fuctios.

As disassed e, Pdgarotoratian of the biberzimidezole
forming 4 reslits in a kess of enissian and bathochramic $ft
oftte ianmaxima.

Both dinclear i|Husd slstituied stereisoers /5
asorb & 510 nm in te vislde rae and emit & 700 .
Campllex 6 aosorts a506 nm and we determined tre emission
vaelegth a6 nm. Sbstitution of tre pyridire ligad does
ot seem © infllee pgotghysial pgaties © a gest
edatLt

Most intrigiirigvwes tte inestigation into tte lifetire of tre
edited dae of tre two =is of stereisoars /. The ie-
tines ofthe lovest edited dates of both ttemeso and trerac,
isorervere @+ 2 The aosae ofany inflleecof
te istry on tre lifetie of tte laest earted Sates
in dinuclear biberzimidezole anplees B h arsst © te
deenatias made far stareoisoers of dinclear HAT (tea-
aatrigeyiee) besd systems.Hovever n tte Hia anis-
sian oours from tte et MLCT iuthenium HAT seie ¥ h
tre e of tre dinclear bibareimidezole complees tteadl-
by bipridires? at s tte liniingdore. This might ke a
tentatieeplaation farte doesened independence of tre lie-
tire of tte loest ecitad Siaie of tte sterecdamistry &t te
ruthenium. Camparison with litaaue values of ecited Ste
liftres dotained far e ualbstituted isover 6, of 60 nNs9
shons tretakso intredindear anplees tre aistatutnwith
/a’/—blyllmgum hes no proounced inlhiee on e edited
e

Hectrodenical CO 2radlctin

Coplexes 3 4 ad a ragamic mixture of 5a and 5o vwere
inesticaied fa-trar aotivity inelectradenicall carbon diodace
redlctaon. Some  rutheniun hypridd  systens™s edibit a
renarkeble adtiMity and sletiMty In this process wherees
others do ot show any adtiMty.” Since dgorotoratian of tre
bibazimiceole ligad atences s u-donor pgates an
inflkeeon treelectradenical resdtiMity can be eviseoed
All nesticated aoplexes céan ke reduoed and et kst tho
reasile oe electrn red.ction proesss can ke discamad
wheress tre protorated aonplex eqirtsamuch more aorplex
bereviar hﬂepesemeofCOZm ineee N trectiadic
aat en be deenad far both stgs (g- 9 fardl thee
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corpounds. The nreeee Bireitndly srall o te st redlc-
tnstepwheress a ety stroy imresse fartte seood step
can be deened. This irdicatess et tre two electron redlced
gEies Bttemost adtive atalyst vhich trarsforms tre carbn
dioace. The degree of Imxeee of tte anat B dgadat
on tteaplex. The protorated aamplex 3edibitsanly a -
aidy sl innesse nanat. The dgprotorated caplex4 B
rachly tice as active judiing fram the anant enhencament
ad tre dinclear complex 5/% Beven nore ative tten tre
ceprotorated mononuclear aampllex.

Prelimirery inestigation Into tre rae of prodLcts dotaired
duirg an edastive redctian of carbon diodce na C02
satuated 01 M acstonitrile soluion of trese aopllexes wsig
3 shoned te producian of carbon monoxide (1-26) and
oalate Ca. 104). I, hovever, tredgorotorated aonpllex4 wes
amployed oalate wes produced with 43% aurant efficety
besick same carbon monoxide (1-26). The course of tte reec-
tonwes monitored usiing W-vils gesctrcsayyy. The
anplex shoned n tte it pese a dap daeeese n te
aosorptian and a dhift in temaxima fran 473 o548 .. This
new band contiinued to deareese duriing trediectiroysis and dis-
gopeared anpletely. For ﬂedaoroumled omplex no ach
difts could ke dsened honever tte aosorpaian dsaressed
This reaiit sgests tret some detrica erargy i consumed
by trarsfomatian of the protonated aorplex. This sigifiat
el betveen stricture and reedtivity een far tte two
mononucllear complexes together with teir knoan interactian
with water whiich might alta tre rage of prodLcts dotainedD
will ke inestigated nmore il

Conclusion

This work regresants 1o tre best of aur knovledge the fast
aystallagrahic inesticgatin o supramllecular agects of
ruthenium biberzimiderolle aoplexes. The assarbly ofhighly
satElly atered aras of mononuclear rutheniun bibe-
zimidezole caplees B posible Tor 2 by eploitirg e
hydrogen bond donor adtvity of biberzimiceole tonards
vater. tauld also ke shown tet tre doice of counter i0s
inflatss tre supraleaular striucture in tte solid sEie. The
reture of tte hydrogen bonding adtivity of rutheniium bilben-
zimicezole aoplexes can ke rearsad fran donor to acogptor
by dgarotorataon of tre secaodhry amine vwhich hes aly a
siall nfllee on intara sindual pEraetars. Hovever te
re=ultag geoes althoch in rcple geble of fomig
polyreric syprarolecular structures briidged by water mol-

Bylerglmodlnenslcml NMR twes also ssible toshow
tret two dissteregreric forms of ttehamodinuclear camplees
eat () ad can ke sgaated. The lifetine of te loest
edate staeproved tole indgperdant ofthe sterecdemistry et
tre ruttenium.

Alkyl sbstitution at tte 4 position of tte conresoding
pyridire unit resulited inargptinve siftofthe odadataan poten-
t=H ot tre ruthenium. Itspssible toswitch AT treemissian of
aonplex 3 by dgprotoration of the secochry amine futtian
of ttebibawimicerole liggd. 2

The mononuclear protorated carplex 3, s dgrotoreted
anslog e 4 ad tedinclearconplex Se/hare adtive catahyds
in electradenical carbon dioace redction. The reedtiMity
ad sletimMity ot tte nononuclear aomplees dgoends an
tre dyee of protoration sine 4 ehibits a rearly twofold
enhancament of tte clalytic anat and a 300% mese n
éfaura'teﬂiciaw in oalate prodlction ifcarpared with tet
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