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Abstract.

The synthesis, spectroscopic and electrochemical characterisation o f ruthenium 
(II) polypyridyl mononuclear complexes containing 1,2,4-tnazole and tetrazole moiety 
are 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-NMR, UV/Visible spectroscopy, fluorimetry, 
electrochemistry, spectroelectrochemistry, mass spectrometry, and lifetime emission 
measurements.
Chapter three describes the synthesis of the new set of ligands and their mononuclear 
Ruthenium (II) complexes.

Chapter four contains an extensive characterisation o f Ru(II)(bpy)2 moiety 
complexes containing a 5-(2-pyridyl)-l,2,4-triazole ligand, (Apy), or a 5-(2-pyridyl) 
tetrazole ligand, ([ ipy), and their comparison with the archetype Ru(bpy)s2+. The 
examination o f the acid-base chemistry o f the complexes by UV/Visible spectroscopy 
revealed important information about the location of the excited state

Chapter five explores the spectroscopic, photophysical and electrochemical 
properties o f the new [Ru(tpy)fApyA)] complexes, where (ApyA)2' is the 2,6 di-(l,2,4- 
triaz-3-yl)-pyridine ligand. The new species was exhaustively studied especially because 
it revealed to be one o f the few example, available in literature, o f emitting Ru(H) 
terpiridine complexes, with a lifetime o f the excited state in the order o f 100 
nanoseconds.

Chapter six describes the synthesis o f complexes containing (ApyA)2' and 
terpyridine derivatives or vice-versa terpyridine and (ApyA)2" derivative ligands. One of 
them will be used as a photsensitiser in a photovoltaic cell. Attachment o f the 
[Ru(II)(tctpy)(ApyA)] complex to nanocrystalline TiC>2 films indicates incident photon- 
to-current efficiency (IPCE) o f greater than 60%.

Chapter seven exptores the use o f a new 2,6 di-(tetraz-5-yl)-pyndine ligand, 
(Upyl ]) ", and the spectroscopic, photophysical and electrochemical properties of its 
Ru(II) complexes.

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

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 moiety, includmg 
investigations o f 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 o f the research.
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Chapter One 

The Introduction”

“Nothing is as easy as it lqoks. 
Everything takes longer than you think” 

M urphy



1.1 Introduction

The first pioneering studies on the photochemical behaviour o f  co-ordinatipn 
compounds date back to the late 1950s 1A ’4 In these five decades, the field has 
experienced an enormous growth and the photochemistry o f co-ordination 

compounds stands now as a well-known and active research field5’6’ ,8. The ifrst 
period o f  this development, in the seventies, saw strong activity in the qualitative anfl 
quantitative characterisation o f the photoreactivity o f 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 o f the photophysical 

behaviour o f  several classes o f  co-ordination compounds based on metal ions such ag: 
Cr(IH), Ru(E), Os(II), Rh(III) 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 o f their easily tunable redox 
properties10,11,12 This has permitted an extraordinary blossoming o f studies on 
bimolecular processing. Ru(bpy)32 , one o f the most popular single molecules o f the 
whole chemical scene over the last thirty years, has surely played the leading rolet3’14. 
The problem of chemical conversion o f  solar light into energy has provided 
additional driving force to the field15,16,17’18. At the end o f these four decades, it can be 
fairly stated that for several classes o f simple co-ordination compounds, a satisfactory

2



degree of understanding o f the excited state properties (photophysical behaviour, 

unimolecutar reactivity and bimolecular processes) has been reached.
With this background firmly established, it’s possible now to start to shift 

towards the study o f  more complex systems. This tendency, that is part o f  a mo^e 
general trend of today’s chemical research from the molecules towards 
supramolecular systems1̂ ,  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 o f  this field can be imagined if the spatial 
organisation inherent to polynuclear complexes coupled to the possibility o f 

performing appropriate sequences o f  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 o f performing valuable light induced 
functions such as charge separation and vectorial transport o f electronic energy 

(Photonic Molecular Devices)21,22.

3



1.2 Unim olecular com plexes

Molecules are multielectron systems, where the electronic Schroendingpr 
equation can not be solved exactly. Approximate electronic wavefunctions o f a 
molecular system can be conveniently written as products o f  one electron 
wavefunctions, each consisting of an orbital and a spin part

' p = ® s = n ^  ( u )i
The ()>£ are appropriate molecular orbitals (MO) and sj is one o f the two possible spin

eigenfunctions. The orbital part o f this product multielectron wavefunction defines 

the electronic configuration to which the electronic state belongs.
Typical inorganic molecules of photochemical interest are co-ordination compounds 
o f transition metals. A schematic MO diagram for an octahedral transition metal is 

shown in Fig. 1.1
The various MOs can be conveniently classified according to their predominant 

atomic orbital contribution as:

i. strongly bonding, ligand centred a L orbitals

it. bonding, ligand centred n orbitals

iii. essentially non bonding nM (t2g) metal centred, predominantly d orbitals

iv. antibonding crM* (eg) metal centred, predominantly d orbitals

v. ligand centred antibonding n * orbitals

vi. strongly antibonding, metal centred a M*-orbitals.



In the electronic ground configuration state o f an octahedral complex o f  a dn 
metal ion, orbitals o f type (i) and (ii) are completely filled, while n electrons occupy 

the orbitals o f 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 transitions based MO configuration.
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At relatively low energies it’s possible find electronic transitions o f this type:

a) metal centred, MC, transitions from of type (iii) to orbitals o f type (iv)
b) ligand centred, LC, transitions from (ii) to (v)

c) ligand to metal charge transfer, LMCT, from (iii) to (y)
d) metal to ligand charge transfer, MLCT, from (ii) to (iii)
The relative energy ordering o f these types o f  configurations in any particular 
complex depends on the nature o f 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 o f a quantum o f 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 o f transition from the ground state 'Pi to the excited state *Pf is 

proportional to the square of the transition moment

W ^ h /) (I-2)

where (i is the dipole moment operator2'1.

The equation (1.2) can be elaborated in the form:

M jf = { ® , U K ) ( s , | s y ) ; £ < x , , 0 | x yiJ, )  (1.3)
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The dipole-moment operator is considered to be independent o f nuclear co-ordinates, 
Frank Condon approximation, and spin; it only appears in the integral containing the 

orbital part o f the 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 o f  the electronic transition. The rules defining such cases are known as t}ie 
selection rules for light absorption. Because of the orthogonality o f 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 o f a perturbatiqn 

called spin-orbit coupling, by which states o f different spin multiplicity can be mixed. 
This perturbation will increase as the fourth power o f the atomic number o f the atpms 

involved.

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

the point group o f fj., the first term o f the equation (1.3) is zero; in these cases the 

transition is said to be symmetry forbidden. An example o f symmetry forbidden 
transitions is the d-d transitions of centre-symmetric co-ordination compounds. In 
practice, such transitions have low but sizeable intensity because o f the poqr 
separability of electronic and nuclear functions. This can be dealt with as a 
perturbation, called vibronic coupling.

7



1.2.2 Excited states processes

Light absorption by molecules w ilt generate excited states and the 
electronically excited molecules can return to the ground state by emission o f a 
quantum o f light or without emission o f radiation.

When the process of deactivation between one electronically excited state and 

the Ground State is generated by emission o f light:

A * —> A +  h v

the process is known as a spontaneous emission, it depends on the third power o f tfye 
frequency o f the radiation and on the transition moment. Therefore the emission is 

affected by the same rules o f  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 o f light.

I f  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 o f the upper state into vibrational 

energy o f the lower state
b) vibrational relaxation o f the lower state.
The first step normally is the rate determining process. It is dependent on the Fermi’s 

Golden Rule:

( 1 . 4 )
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where H 1 is the spin orbit coupling (vibronic) perturbation operator, that is the 
promoter of the 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 o f 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 o f  the 
isoenergetic level o f 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 o f the ground state, since the smaller is the energy spacing, the higher the 

vibrational quantum number o f 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 o f 
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 be more reactive than those o f the corresponding ground states.



The radiative and radiationless processes as described in this chapter compete 

for deactivation o f any excited state o f a molecule.
In absence o f other processes, an excited state ( A) will decay according to an 

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

r( " A\ —--------   =  (}.5)
'  kr + k nr+ k p £

Where kr is the radiative rate constant, km- is the non-radiative one and kp is the rate 

constant o f  possible reactipns.

For each proeess of the *A excited state, an efficiency r| ¡(*A) can be defined as in :

Tii{*A) = ^ Lr = k lT(*A) O-6)

The quantum yield o f a 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 o f photons absorbed per unit time;

< t > , = ^ ( * 4 n ??« (l? )n
Where rin terms represent the efficiencies o f the various steps involved in the 

population o f * A.
Kasha25 has expressed in a rule the outcome of the competition between 

excited state unimolecular processes o f a typical organic molecule: “the emitting level 
of a given multiplicity is the lowest excited level o f that multiplicity”. Kasha’s rule 
has been extend by Crosby26 to typical transition metal complex; “ in the absence o f 
photochemistry from upper excited states, emission from a transition metal complex

1 0



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.”

r r



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 interaction27 and donor 
acceptor interactions. Now the definition o f supramolecular systems also include 
systems, which have molecular components covalently bonded. In a supramolecular 
system the intercomponent bond would only have a structural role and will not 
change the essential individual component properties. However, the properties o f a 
supramulecule will generally not be a simple superposition o f those o f the component 
molecules. It is possible to form new processes, which can include energy and 

electron transfers or complexation o f new species.
A covalently linked molecular system can be defined supramolecular16'19’28, 

when the interactions o f the molecular components are weak enough to preserve their 

individual properties. The problem o f  the degree o f electron de-localisation in 9. 
complex chemical system must be addressed, especially for the class o f 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 (NH3)5Ru-L-Ru(NH3)55+ , where L represents a symmetrical 

bridging ligand 29’30.
In a vatënce localised description, in terms o f integral oxidation states o f  the 

metal centres, this overall charge implies that the complex is a Ru(II)-Ru(III) species.

n



Otherwise, in a fully delocalised description the species will result with both 
Rutheniums in a oxidation state o f 2.5. The factors, who will determine the localised 
or delocalised nature o f the complex, can be easily appreciated following the 
approach developed by Hush-Satin31. Consider the two valence localised electronic 

isomers:
Ru(II)-Ru(III) orA-B  
Ru(IU)-Ru(TI) or A *-B
a specific equilibrium geometry corresponds to each o f  these species, in terms of 
inner (Ruthenium-Ammonia distance) and outer (solvent molecules orientation 

around the centres) nuclear degrees o f  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 o f 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 o f a photon o f  energy X. Otherwise, energy conservation is 

fulfilled by a radiationless process at the nuclear geometry o f 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, H a b6', is absolutely 
negligible, (it could be due to very long centre to centre distance or isolating character 

o f the 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 bridge 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 o f the equilibrium geometry where the difference in 
energy between the electronic isomers is much larger than HabcI, but causes mixing of 

the zero order states nearer the crossing point.

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

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

(b) (*)
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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 o f the zero order curves A/4.

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

considered futty delocalised, Fig.1.2c.

1.3.1 Localisation of Excitation Energy

The conceptual scheme used above to discuss the oxidation states can be 
extended to analyse the location o f 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 o f the relevant centre to centre 

electronic coupling Hah™ In the ideal case o f Har^ O  the excitation is fully localised 
on one o f the centres, either *A-B or A-B*, but there would be no possibility for 

intercomponent energy transfer; otherwise, for big 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 o f 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 H,\hc' and H ab“  , but also it should be 
remembered that trapping energies for electronic excitation are expected to involve 
mainly reorganisation o f 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 o f 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 of a supramolecule can differ from the sum of the 
spectra of the molecular components such as new bands appearing in its spectrur^. 
These bands 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 o f 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 o f an optical electron transfer transition, Eop, 

is correlated to the energy between the minima o f the A-B and A+-B' curves, AE, and 

to the reorganisational energy, X.

E0p —AFl+X. (1-8)
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 o f these bands are expected to be low with respect to 
those o f the components. Therefore to be observable these bands require need" to 
occur in a region o f the spectrum free from absorption bands o f the components, 

usually the visible or the near infrared.

17



Cases are possible, however, where, because o f an AE greater than X, the relaxed state 

A -B‘ remains an excited state, so an emission analogue o f the absorption process is 

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

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

IX



Figure 1.4 Energy profiles and parameters relevant to optical electron transfer.

Photoinduced electron transfer and charge recombination are both examples o f 
electron transfer.

* A - B  >A+ - B

A" - B ~  >A - B
As for any radiationless transition between weakly interacting electronic states o f a 
molecule, the probability is given by a expression o f the type:

T9



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

It is possible to consider HABcl as a one-electron matrix element involving the 
HOMO of the electron donor centre and the LUMO of the 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:

P ( r ~ ro)h 1b = H % ( 0)exp (1.10)

The variable r is the intercomponent distance32 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; Hab61 (0 )  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 o f  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
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vibrations (vi) ’ are frozen and treated quantum mechanically (k]jT«hvj), the FCWD 

term becomes:

FCWD = 1
V4ttX 0k B T j

'  S me s 
V t n \

exp- ( a  G° + A0 + m h v,y  
4A0kBT

h v i (1.12)

In equation 1.11, the sum extends over m, the number o f quanta o f the inner 

vibrational mode in the product state, AG° is the thermodynamic driving force o f the 

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

form will be:

A 0 = e ‘ T 1 ^ + U - ] D s - D 0p

A 2.raJ V2rfc, I r J _ }>o/>b _
(1.13)

where e is the electron charge, r>op and Ds are the optical and static dielectric 
constants of the solvent, rA and tr are the radii o f the 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 AQe is the change in the equilibrium geometry alpng 

the vibrational mode considered.
It could be demonstrated that in the high temperature limit, the nuclear factor takes 
the form:
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FCWD  =

i
Ai

4 n l  k j j e x p -
(aG ° -hA f

4 A k HT (1.13)

The exponential term o f this equation is the same as predicted by the classical model 
of Marcus''1, where parabolic energy curves, such as those o f Fig. 1.5, are considered. 
The activation free energy o f the process is that required going from the equilibrium 

geometry o f 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 o f three typical kinetic 

regimes depending on the driving force range:
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(a) a normal regime for small driving forces (-A.<AG°<0), the process is thermally 

activated and is promoted by an increase o f  driving 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 between the high temperature limit expression 
and the full quantum mechanical expression o f FCWD lies in the type o f quantitative 
free energy dependence predicted in the inverted region. The classical limit predicts fi 
parabolic decrease o f In(kei) 35 with increasing driving force, as compared with the 
linear decrease predicted by the quantum mechanical models, but definite proofs for 
the existence of the inverted region have been accumulating in the last years36,37.
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Nuclear Configuration

Figure 1.6 Potential energy curves for reactant and product states o f an electron transfer process 
in the three archetypal free energy ranges o f the M arcus model.

Energy transfer is another type o f radiationless transition between the electronic states 

o f 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„={^j(n7.): n'm 0-16)
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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 be cast either in quantum 
mechanical ' 8 ' 9 or in classical terms40. Although the nature o f 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 
if the 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 o f  activated, activationless and inverted regime.
As to the electronic factor, a major difference exists between the detailed 

structure o f H ab6* and Hab6" Whereas the first one is a one electron, connecting the 
HOMO o f the electron donor and the LUMO of the electron acceptor, the H ab2" is a 
two-electron matrix element involving HOMOs and LUMOs on both the energy 

donor and energy acceptor centres.
In general case, Hab6" may contain two terms: coulombic (Forster) and 

exchange (Dexter). The two terms have different dependencies on a various 
parameters o f the system and each o f them can become predominant depending on 
the specific system and experimental situation. The coulombic mechanism41 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 o f efficient coulombic 
mecchanism is that o f a singlet to singlet energy transfer:

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

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 o f  two electrons between the donor and 
the acceptor via LUMOs and HOMOs. The spin selection rules for this type o f 
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 o f 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 o f 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 

M iller1’ have recently probed the relationship between electron and exchange energy 
transfer, showing that rates o f energy transfer decrease with increasing bridge length 
much faster than those o f corresponding electron transfer processes.
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1.5 Photochemical Molecular Devices

An assembly o f  motecutar components capable o f  performing light induced 
functions carr be called a photochemical molecular device44’45, (PMD).

PMDs are present in nature where they perform functions essential to life such 
as photosynthesis and vision. Important progress towards the understanding o f sucfi 
natural PMDs has been made in recent years46,47,48,49. For example, the structure o f 
the reaction centre o f bacterial photosynthesis is know and its function are reasonable 
well understood50,51. 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 o f  evolution.
To perform a particular function and to be useful for a specific application, a 

PM D needs to be constructed o f suitable molecular components, each having a 
specific role. It’s possible to distinguish three fundamental kind o f molecular 

components:
active components, which perform an elementary act or a sequence o f  elementary acts 

directly related to the desired function 
perturbing components, which can be used to modify the properties o f  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 o f any PMD is chemical stability. Only stable devices are able to 

process a large number o f photons and can thus be useful for practical applications.
From the previous chapters we have seen that polynuclear complexes are 

made o f components with individual photochemical and photophysicat properties and 
the behaviour of the polynuclear complex is determined by the spatial arrangement 
and relative energiesof the components. Polynuclear complexes clearly have some p f 
the distinctive features o f PMDs. Whether or not a given polynuclear complex is to 
be considered a PMD depends, o f course, 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 o f light into chemical energy (artificial 
photosynthesis) like those shown in Fig 1.7. The principal components o f 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]. I f  connected with electrodes, these
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devices can convert light into electrical energy and constitute the fundamental 
elements o f the molecule-based photovoltaic cells.

Figure 1.7 Photo M olecular Devices

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

connected to electrodes and separated by an electron transfer photosensitiser (Pel).
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Application o f 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 o f the electrodes. Under light excitation, 

it becomes possible to transfer one electron between the HOMO and LUMO o f  the 
photosensiteser, consequentially it is possible the transfer o f an electron between the 

two relays and therefore the two electrodes. Because o f  the possibility o f  modifying 
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 o f a PMD generates localised electronic 
energy. The possibility o f transmitting this electronic energy to another component o f 
the PMD, where the energy can be used for chemical purposes or reconverted into 
light. This function can only be obtained upon elaboration o f the light energy input in 

the dimension o f energy, space and time by means o f an appropriate sequence o f 
suitable components.
Energy transfer PMDs can include:

•  spectral sensitisation

•  antenna effect

• remote photosensitisation

•  light-energy up-conversjon
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For this group o f PMDs, the interface toward light will be an energy transfer 
photosensithiser (Pen), a molecular species capable o f 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 
a particular spectrum region; the suitable device could be a simple dyad as in Fig. 1.7. 
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 o f 
energy transfer processes along a vectorial array o f components. A PMD, who is able 

o f performing light energy up conversion so as to obtain anti-stokes luminescence, is 
an another potential use o f electronic energy transfer (Fig. 1.7)

1.5.3 Photoinduced Structural Changes PMDs

The characteristic active-components o f  this kind o f  PMDs are photoisomerizable 
components, Pi. Important requirements for the Pi are possibility o f 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 o f  the other components o f  a PMD performing 
this function depend on its specific utilisation, which include:

•  switching electrical signals,

•  switching receptor ability,

•  modification o f  cavity size,

•  activation o f coreceptor catalysis

1.5.4 Design of Supramolecular Systems as Semiconductor 
Sensitisers

The use o f  solid state materials for conversion o f  solar energy into eiectrici|y 
is a topic o f much interest to scientists. Colloids and nanocrystalline films o f several 
semiconductor systems have been employed in the direct conversion o f  solar energy 
into chemical or electrical energy52,53. In the 1950s the improvements o f silicon purity 
and solid-state junctions created a revolution in the development o f solar cells. 
Silicon solar cell efficiencies improved o f an order o f magnitude in the 1950s up to 
reach 24% in 199554. In the 1990s a major photoelectrochemical solar cell 

development was obtained with the introduction o f thin film dye sensitized solar cells 
devised by Grätzel55. 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 

applications56757,58.
Although the general principles o f  dye sensitization o f  wide-band-gap 

semiconductors were already well established in the 1970s59, progress in the 
application o f such techniques, to light energy conversion, has been initially very 

stow due to the limited light absorption showed by monolayer o f  dyes on electrodes 
o f small surface roughness. Substantial advances in conversion efficiencies, obtained 
with sensitized semiconductor electrodes, started with the development o f  high
surface area nanocrystalline semiconductors60 and o f suitable molecular

61,62sensitizers

M ost o f the nanocrystalline semiconductors studied up to now are met^l 
oxides or chalcogenides, such as T i0 2, ZnO, SnC>2, Nb20 5, W 0 3, S rT i03, Ta2Os or 

CdS. Films based on these materials are constituted by a network o f mesoscopic 
particles which are in close contact with each other and allow for an efficient 
electronic migration. Because o f  their high roughness factor and relative good 
conductivity, these materials are ideal candidates for a number o f interesting 

applications such as photoelectrochemical solar cells, sensors, electro- and 
photochromic materials, and photocatalytic devices63. Wide band gap n-type 
semiconductors such as TiC>2 and ZnO, are materials that do not undergo 
decomposition upon irradiation or heating and are therefore generally utilized in dye 
sensitized photoelectrochemical solar cells ’4,61. The developments o f 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 

laboratories.
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 as to  convert visible 

light into electricity’65.

Figure 1.8 Schematic representation o f the elementary steps involved in a regenerative 
photoefectrochemieal celt for light conversion based on dye sensitization o f semiconductors



An accepted model for dye sensitization in regenerative photoelectrochemical 
celts is shown in Figure 1.8  The cetl consists o f  a 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 o f  tfye 
semiconductor from a normal distribution o f donor levels at a rate k2, 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 o f the oxidized donor (I3‘) occurs at the counter electrode (k?) and 
the solar cell is therefore regenerative. Radiative decay, nonradiative decay (ki) o f  the 

excited dye molecule, and recombination o f the photo injected 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 k6. Other loss mechanisms, as chemical reactions 
taking place from the oxidized or excited dye sensitizer, are not shown in Figure 1.8 .

The performance o f the cell can be quantified on a macroscopic level with 
parameters such as Incident Photon to Current Efficiency (IPCE), open circuit 

photovoltage (Voc), and the overall efficiency of the photovoltaic cell, r |0di. The 

parameter measuring directly how efficient incident photons are converted into 
electrons is the incident photon to current conversion efficiency (IPCE) 66,61. The 
wavelength dependent IPCE term can be expressed as a product o f the quantum yield
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for charge injection the efficiency o f collecting electrons in the external circuit 

(r|), and the fraction o f radiant power absorbed by the material or «light harvesting 

efficiency» (LHE), eq.1.19:

IPCE(X)  =  LHE(X) 0  rj (1. 19)

While d? and rj, can be rationalized on the basis of kinetic parameters, LHE depends 

on the active surface area o f  the semiconductor and on the cross section for light 
absorption o f the molecular sensitiser. In practice the IPCE measurements are 
performed with monochromatic light and calculated according Eq. 1.20.

The maximum open-circuit photovoltage, attainable in the dye-sensitized solar cell, is 
the difference between the Fermi level o f the solid under illumination and the Nernst 

potential o f the redox couple in the electrolyte. However, for these devices this 
limitation has not been realized and Voc is in general much smaller. It appears that V O0 

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

IPCE (À) = 1.24-1 O'1 (V ■ nm)xphotocurrent density (juA • cm ) 
wavelength (nm) xphoton flux(W  - in ")

\  <

(1.21)

/
equation 1 .2 1  can be applied .68
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where 7mj is the electron injection flux, n is the concentration o f electrons in Ti0 2 , and 
the summation is for all electron transfer rates to acceptors A;. One successful 

strategy for increasing V oc has been to add pyridine derivatives to the electrolyte. 
Pyridine is thought to adsorb on the Ti0 2  surface and to inhibit recombination of 
injected electrons with I3" (ke). An alternative approach, which wilt be discussed ¡n 
section 4, involve the use o f 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 o f  the sensitizer.

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

ivhxV ocx f f  
Vcetl =  7  (L22)

where iph is the integrated photocurrent density, f f  the cell fill factor, and Is the 
intensity o f 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 o f the celts. Under optimal current collection geometry, minimizing 
ohmic losses due to the resistance o f the conductive glass, and under reduced solar 

irradiance, fill factors o f 0 .8  have been obtained.
Photosensitization o f Ti0 2  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 o f two semiconductor particles with different 

energy levels, such as CdS-ZnO and CdSe-Ti0 2 , has been proposed by K am at69.
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. a ground-state redox potential as positive as possible, compatible with b) ancf c)r

5. small reorganizational energy for excited- and ground-state redox processes, so as 
to minimize free energy tosses in primary and secondary electron transfer stfps.
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Figure 1.9 Possible sequences o f intram olecular and interfacial electron-transfer (a) linear and 
(b) Branched antenna systems adsorbed on a semiconductor#

It should be noticed that the photoregenerative device, described in the previous 
section (see Figure 1.7), has the peculiarity o f  operating with molecular sensitizers
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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 o f the excited sensitizer. A fast reduction o f 
the sensitizer-oxidized form can be obtained by increasing the concentration o f iodide 
in the electrolytic solution.

The most successful sensitizers, used so far, are based on polypyridine 
complexes o f d& metal ions, such as Ru(ll), Os(H), and Re(I) showing intense metal 
to ligand charge transfer transitions in the visible region, leading to MLCT states. The 

energies o f  these states can be varied systematically by changing the substituents at 
the chromophoric ligands (electron-withdrawing substituents tend to decrease the 

energy o f the n* orbitals o f 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 o f the type c/s-[Run(bpy)2 (X)2], as 
well as for the analogous Os11 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 o f  system, open circuit photovoftages o f ca 0.6 Voft, short circuit 
photocurrents o f about 8-10 mA/cm2, and overall solar energy conversion efficiency 
o f the order o f 1 0 % can be obtained in laboratory experiments.

An additional strategy to increase the light absorption efficiency o f 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. 1.9). In principle, this device should take advantage o f efficient inetrcomponept 
electron transfer from a number o f 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 o f a simple molecular sensitiser. How this 
increase is actually distributed over the action spectrum depends on the spectral 

characteristics o f 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(II)-polypyridine complexes have attracted tfye 
attention of several research groups because of a unique combination o f ground and 

excited state properties14 (Fig. 1.10). The prototype o f these complexes is the well- 
know {Ru{bpy)3]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
a mediator in intercorversion o f light and/or chemical energy.

Paris and Brandt™ first reported [Ru(bpy)3]Cl? 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 o f dilating complexity.

The absorption spectra o f  bipyridiles complexes o f 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 o f asobrtion for [Ru(bpy)3]2+ is 450 nm. 

Transitions within the ligand 7r-bonding or 7i*-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 a t2g to a eg orbital are possible and 
such d-d or metal centered transiction give rise to weak absorption bands (322, 344 
-nm, spin-forbidden) 71.
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Figure 1.10 Photophysical and redox properties of the complex [Ru(lT)(bpy)i]i+.

X/nm

Figure 1.11 Absorption (a) and emission spectra (b) of |Ru(II)(bpy)3]2+, at r.t. in acetonitiile
solution.
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For [Ru(bpy)3] 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 3MLCT excited state72 is the emissive state (Fig. 
1 . 1 1 b), low temperature measurements o f the banded emission indicate the presenqe 
of three electronic components in the emitting with the upper two members situated 
approximately 10 and 60 cm ' 1 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 o f 3MC states following MLCT excitation by internal conversion from the 
3MLCT to the 3MC excited states, can lead to at best non-radiative decay, hut can also 
lead to ligand-loss photochemistry (Fig. 1.13).

Oxidation o f [Ru(bpy)3]2+ complexes usually involves a metal centred orbital, 
with formation ofRu(III) 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 o f [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 

o f the free ligand. However, the ability o f  a co-ordinated ligand to accept an electron 
also depends on the amount of charge transferred to the metal or received from the 

metal via the o  and n bonding by the other ligands. A change in the oxidation 

potential o f the ground state causes a change in the excited state oxidation potential.
From the viewpoint o f 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)32' exhibits a strong 
and long lived luminiscence, 3MLCT lifetime in the order o f one thousand nsec, 
whereas Ru(tpy)22 does not show any luminenseence and a MLCT lifetime o f  250 
psec. That is because the main radiationless decay path at room temperature is in a|l 
the case an activated crossing to an upper lying, distorted 3MC excited state. Since the 
tepyridine ligand has a bad bite 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 between the3MLCT and 3MC levels is smaller and the 

deactivating radiationless decay through the 3MC is faster. At 77 K the activated 
radiationless decay through the 3MC 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)3]2+.

From the viewpoint o f  structure, however, bridging ligands based 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 o f ruthenium bidentate and tridentate 
polipyridine complexes are illustrated: The bidentate ligands give rise to stereo­
isomerism at six-cordinated centres due to its bidentate nature and therefore an 

M (bpyh2+ complex exists in two enantiomeric forms (A and A). I f  th e  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 o f  them can exists 
as one o f  the two enantiemers. In  contrast o f  thi s  behaviour, a octhaedral coordinate 
metai forms an achiral [RiKftpy)?}2* complex upon reaction with terpyridine. The 
introduction o f single substituent in the 4 ’ position o f  each terpyridine ligands does 
not present any change o f  global symmetry o rfo rm ationof geometrical isomers.

Ftgtrre 1 .^ S c h e m a tic  representations o f thetwo ch ira l isomers of [Ru(bpy)3lr+comptex a red the 
unique fo im of (Ru(tpy)2p+.

Another important structural difference 
type ligands with a spacercam ot occur along the co-ordination axis, whereas this can
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From the above discussion, the optimum would be a complex with the 
photophysical properties o f Ru(II)(bpy )3  complex and the structural properties of 

Ru(n)(tpy ) 2  complex. U ntit now, in order to increase the excited state fifetime o fR u- 
tpy base cromophoric unit two different pathways have been used:
1. substitution in 4f position o f the tpy by electron acceptor groups such as -M e$02  

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

* * * 75lummecence lifetime is 40 nsep.)

be obtained by 4 ’ substitution o f the tpy. ligand. The tridentate tpy ligand is therefore
more appearing than the bidentate bipyridine and phenantrotine ligands from the point
o f view of constructing linear, rodlike polynuclear complexes.
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1.7 Scope of the Thesis

The synthesis, spectroscopic and electrochemical characterisation o f 
ruthenium (II) 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 o f characterisation, which are described in 
chapter two, include High Performance Liquid Chromatography, ‘H-NIVIR, 
UV/Visible spectroscopy, ftuorimetry, electrochemistry, spectroelectrochemi$try, 
mass spectrometry and lifetime emission measurements.
Chapter three will describe the synthesis o f the new set of ligands and their 
mononuclear Ruthenium (II) complexes.

Chapter four will describe an extensive characterisation o f Ru(H)(bpy) 2  

moiety complexes containing a 5-(2-pyridyl)-l,2,4-triazole ligand, (Apy), or a 5-(2- 

pyridyl) tetrazole ligand, (I ipy), and their comparison with the archetype Ru(bpy)32+. 

The examination o f the acid-base chemistry o f  the complexes by UV/Visible 
spectroscopy will reveal important information about the location o f the excited state 

Chapter five will explore the spectroscopic, photophysical and 

electrochemical properties o f the new [Ru(tpy)(ApyA)] complexes, where (ApyA) " is 

the 2,6 di-(l,2,4-triaz-3-yl)-pyridine ligand. The new specie will be exhaustively 
studied especially because it will revealed to be one o f the few example, available jn 
literature, o f emitting Ru(II) terpyridine complexes, with a lifetime o f the excited 

state in the order o f 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 o f the 

[Ru(H)(tctpy)(ApyA)] complex to nanocrystalline Ti02 films indicates incident 

photon-to-current efficiency (IPCE) o f 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 w ilt be an attempt to rationalise the collected data o f the Ru(tpy) 

moiety. The change o f the energy levels in relation to the different ligands will be 
analysed. The correlations between spectroscopic, photophysical and electrochemical 
data o f the new complexes and the existent ones will create an extensive knowledge 
o f the tridentate Ru(It) complexes, that w itt increase their availability ag a 
photosensitive building block for a 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 o f the research.
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Chapter 2 

“Experimental Procedures”

“Anything that can gc wrong witl go wrong"

Murphy



2 .1  In trod u ction

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 W aters 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 o f acetonitrile/ water, 80/20 (v/v) 

containing 0.08 M  LiC104. The flow rate for routine w ork was 1 . 8  cm3 m in '1.

Semi-preparative HPLC was performed using an ACS pump, a 1 cm 3 

injection loop and a W aters 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  cm 3/min.

Synthetic procedures are described in each chapter. All synthetic reagents

were o f commercial grade and no further purification was employed, again unless

otherwise stated.
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2 .3  Absorption and:Em ission Spectroscopy

UV/Vis spectra were carried out on a Shimadzu UV-^100 

spectrophotometer. Emission spectra were obtained by a Perkin Elm er LS50 

luminescence spectrom eter,'at room temperature th e  measurements were t^ken 

using an excitation slide o f 10 mm and emission slit o f  10 mm. At 77 K, different 

mixtures were used and the excitation and emission slit widths were set to  5fnm . 

In both absorption and emission spectroscopy deprotonation was achieved using 

diethyiamme or concentrated aqueous 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 o f  pH. The excited state 

acid-base equilibria were measured by manipulating the changes in the emission 

intensity as a function o f  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 o f 

acetonitrile ( *  10' 5 M  ) an d  diluted-with 100 cm 3 o f  Britton-Robson buffer ( p.04 

M  boric acid, 0.04 M  acetrcracid, 0.04 M  phosphoric acid). The pH was adjusted 

by adding conc. NaOH or conc. H 2 SO4  and was measured using a Com ing 240 

digital pH meter. The pKas were determined from the sigmoidal fitting o f  change 

in absorbance versus pH.
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2.4  Luminescent lifetim e

For laser work samples were o f low concentration ie 1CT4 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 

o f 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 M CA 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 -NM R spectra were recorded on a Bruker AC400 (400 M Hz) 

instrument. The solvent used for the complexes was mainly deuteriated 

acetonitrile. Deuterium oxide was used in some o f 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

Luminescent lifetimes were carried out on a Q-switched Nd-Yag System.

Room temperature measurements were carried out in methanol, unless otherwise

stated.
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The 2-D COSY (correlated spectroscopy) experiments involved the 

accumulation o f 128 FIDs o f  16 scans. Digital filtering was sine-bell squared and 

the FID was zero filled in the F I dimension. Acquisition parameters were F I  = ± 

500 Hz, F2 = 1000 Hz and tm  = 0.001 s. The cycle tim e 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 or a 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 m odel 362 scanning potentiostat, 

and a Linseis, model 17100 x-y recorder, at scan rate o f  100 m V s'1.

were converted from their Free Induction Decay (FID) profiles using a Bruker

W INNM R software package.
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2.7 Mass Spectrography

The experiments were performed on a tim ing M AT equipped witlj an 

electro spray interface (ESI) in Technische Universitaet Berlin or in DCU 

University with the assistance o f Mr. M aurice Burke

Spectra are collected by constant infusion o f  the analyte dissolved in a 

mixture o f 80:20, methanol : water, in presence o f  Acetic Acid ( 1%).

ESI is 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 -instrum ent Model 660 potentiostat electrochemical 

workstation interfaced to an Elonex 486 PC. Scans at anodic potentials required 

degassing o f  the samples.
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2.9 Elemental analysis.

2.10 Titanium dioxide solar cells.

Solar energy conversion studies were performed in Ferrara University with 

the assistance o f  M onica Alebbi from the group o f  Prof. Carlo Bignpzzi.

C,H,N elemental analyses were carried out by the M icroanalytical

laboratories at University College Dublin.
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Chapter 3

“S y n th esis  o f  L igands and C om p lexes”

“If  there is a possibility o f several things going wrong, 
the one that will cause the most damage will be the one to go wrong. 

I f  there is a worse time for something to go wrong, it will happen then.”
M urphy



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

The synthesis was a modification o f  the one in literature1 (Scheme 1)

3.1.1 Synthesis of 4, 4', 4" ethyl-2, 2', 6', 2"terpyridine

Freshly distilled 4-ethyl pyridine (50 cm3) was refluxed (170°C) under argon with 

4g o f 10% Pd on activated carbon. After 9 days the mixture was cooled down to 

room temperature and 500 cm3 o f  CH2CI2 added. The carbon catalyst was 

filtered, washed with 1 0 0  cm3 o f CH2CI2 and the solution rotary evaporated to 

dryness. The bpy Et2 was distilled out o f  the mixture under vacuum leaving 9.5g 

o f tpyEt3 . Yield 2 0 %. The tpyEt3 ligand was used without further purification.

*H NMR ( 2 0 0  MHz, CDC13) ppm: 1.35 (6 H, t, J  7.6 Hz), 1.37 (3H, t, J  7.6 Hz), 

between 2.75 and 2.89 (6 H, two partially overlapped quartets, J  7.6 Hz), 7.18 (2H, 

d, J  5.0 Hz), 8.29 (2H, s), 8.44 (2H, s), 8.59 (2H, d, J  5.0 Hz).

3.1.2 Synthesis of 4, 4', 4" carboxy-2, 2', 6', 2"terpyridine

The oxidation o f 4, 4', 4" ethyl-2, 2', 5', 2"terpyridine (0.8g.) was carried out in 

H2 SO4 (4 cm3, 96 % w/w), with K2Cr206 (3.5g.) at 60 °C.. After two hours, the 

reaction was added to a mixture o f  ice and water, yielding (60%) o f  4, 4', 4" 

carboxy-2 , 2', 5', 2"terpyridine. 1 HNM R(Na0D/D 20 ) : 7,52 (2 H, d), 8.13 (2H, s) 

8,31 (2H,s), 8.31 (2H, s), 8,43 (2H, d)
6 6



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 

o f the solution colour from bright yellow to brown) the white solid precipitate was 

filtered, dissolved in chloroform and recrystallised, yield 80%.1HNMR(CDCl3):

4.04 (3H,s), 4.05 (6 H,s), 7,94 (2H, d), 8.90 (2H,d),9.03 (2H,s), 9.13 (2H,s). Mp.:

238-239°

El
Et

Pd/C

Et COOH

Et

K0Cr,O,

h2so4 HOOC

Scheme 1 Synthesis o f 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 o f 

the Kroenke preparation, as described in literature2.

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

A  solution o f  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 % ).1H N M R (C D a3>: 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”’pyrdyl) -2, 2', 6', 2"-terpyridine. [py-
tpy]

A solution o f 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-white precipitate, which was collected by68



filtration. Recrystallisation from ethanol gave small white needles o f  4' 

(4”’pyrdyl) -2 , 2 \  6 ', 2"-terpyridine (0.30gr, 50 %) lHNM R(CDCb): 7.37 (IH ,t), 

7.79 (1H, dd), 7.89 (IH , t), 8 . 6 8  (1H, dd) 8.73 (1H, dd) 8.76 (2 H, m) , mp 233- 

235 C°



3.3 Synthesis of di 2, 6 (1,2,4, triazil-3-yl) pyridine. [H2(ApyA)]

The synthesis is a modification o f the one in literature3 for similar molecules.

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

10 g (0.080 mmol) o f  Pyridine-2,6 -dicarboxilic acid were dissolved in 70 cm 3 o f 

ethanol containing 1.3 cm3 concentrated sulphuric acid. The resulting mixture was 

refluxed overnight. The excess ethanol was removed in vacuo and the residue 

neutralised with a NaHCCb saturated solution and extracted with CH2 CI2 . 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, CDCI3 (1.40-1.55 (t), 3H, J=12 Hz; 4.40-4.60, (q), 2H, J=18 Hz; 8 .0 0 -,

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 o f the Pyridine-2, 6 -dicarboxylicaciddiethylester (3.3.1) was dissolved in 3 

cm3 methanol and added to 15 cm3 o f  a stirring aqueous solution o f NH 3 (d=0.88), 

immersed in an ice-bath. Precipitation occurred after a half-hour. Another 7 cm3 

o f 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 d6 DMSO(3.403.55(s),3H;7.68-7.76 (s), 1H; 
8.09-8.22 (m), 1.5H; 8.85-8.93 (s), 1H).
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3.3.3 Synthesis of Pyridine-2, 6-dicarbonitrile

• • • • • 3A mixture o f 2g o f the Pyridine-2,6-dicarboxylic-acid-diamide and 50 cm DMF 

were warmed up until a  clear solution was obtained. The solution was immersed 

in an ice bath and 4 cm3 o f POCI3 was slowly added. The resulting clear, yellow 

solution was stirred for 3h by room temperature. The residue was diluted with 

CH2CI2 and mixed w ith 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 o f ice, 

filtered off, washed w ith water and dried. Yield: 72%

^ -N M R  d6- DMSO (7.85-7.92, (d), 2H, J=20 Hz, 7.99-8.06, (t), 1H, J=19 Hz) 

(Fig. 3.1)

3.3.4 Synthesis of Pyridine-2, 6 diimidrazone

A 20-fold excess o f  hydrazine monohydrate (26 cm3) was added to a stirring 

solution o f  3.6 g (27.9 mmol) o f 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 o f 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)
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Scheme 2 Synthesis o f  the di-2, 6 (1,2,4, triaz-yl) pyridine. [H2(ApyA)|
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f

3 g (0.016 mmol) o f  the diimidrazone was carefully added step wise to 38 cm3 o f 

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 cm3 o f  1,2-Ethandiol and refluxed for 70 min. The solution was allowed to 

cool, mixed with a  small amount o f  ice (water) and left in the fridge overnight. A 

precipitation occurred, which was collected by filtration and washed w ith small 

amounts o f  diethyl ether. Yield: 70%

1H-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 ( l ’,2',4', triazil-5-yl)] 
pyridine. [H2(®ApyAOJ]

2 g (0.0105) o f  the diimidrazone (obtained from synthesis 3.3.5) were dissolved in 

18 cm3 THF, 2 cm3 triethylamina and 40 cm3 o f  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 o f

ice water and left in the fridge overnight. Precipitation occurred, which was 

collected by filtration and washed with a small portion o f  diethylether. The yield 

was almost quantitative, 80 %. M.Spec found 365, calc 365 (Fig 3.4)

3.3.5 Synthesis of the H2(ApyA) ligand
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^ -N M R -d 6- DMSC)(7.40-7.65, (m), 6 H; 8.10-8.20, (d), 4H, J=22 Hz;8.20-8.40, 

(s), 3H) (Fig. 3.6)

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

The synthesis above present modification to the one reported in literature4 

In a double necked 100 cm3 flask equipped with a condenser, 2,6 pyridine 

dicarbonitrile (2.0 g 15.5 mmol), NaN 3 (2.1g 32.5 mmol), NH 4CI (1.8 g 

34.1mmol) and LiCl (1.9 g 46.5mmol) were charged. DMF (20 cm3) was added 

and the stirred suspension was maintained at 1 1 0 - 1 2 0 ° for 8 - 1 0  hrs under nitrogen 

atmosphere. After cooling at r.t., evaporation o f  the solvent afforded a  residue 

which was re dissolved in water. Dropwise addition o f  HC1 1M afforded a  white 

precipitate which was collected by filtration and dried under vacuum, [during HC1 

addition volatile HN3 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. 

1H-NMR-d6-DMSO( 8.00-8.15,) (m), 3H) (Fig 3.7)

13C-NMR-d6-DMSO (154, 1C; 143, 2C; 140, 2C; 123, 2C)
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3.6 Synthesis of Ru(X-tpy)(Cls)

The synthesis o f  these complexes are already reported in literature5 

1 g (0.044 mmol) o f RuCl3.2H20  were dissolved in 150 cm3 o f ethanol, the 

solution was refluxed and I equivalent o f  4 ’X 2, 2 ’; 6 ’,2” terpyridine (X-tpy), 

where X  can either be H or Cl, dissolved in 20 cm3 o f  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 o f  this complex is already reported in literature. 1 

The complex was synthesised by adding a solution o f 4, 4', 4" methoxy-2, 2', 5', 2" 

terpyridine (40 mg, 1 *10-4 mmol), in dichloromethane (20 cm3), to a solution o f  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.
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3.8 Synthesis of Ru(ApyA)(CU)

1 g o fR uC l3.2H20  was dissolved in 150 cm3 o f ethanol, the solution was refluxed 

and 1 g o f  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, w ater and Diethyl Ether. Yield 80%. 

[Ru(ApyA)Cl3] (H20 )  Anal, calcd. H  1.62 C 24.76 N  22.46 found H  1.99 C 24.62 

N  21.62

'H-NM R (d6-DMSO) 8.55 (2H, d), 8.45 (H, t).

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

The ligand 4' (4” ’pyrdyl) -2, 2', 6', 2 "-terpyridine, (py-tpy), was precipitated as its 

PF6 salt, dissolving it in hydrochloric aqueous solution (pH 2) and by adding an 

excess o f  NaPF6 salt. 1 g o f  RuCl3.2H20  was dissolved in 150 cm3 o f  ethanol, the 

solution was refluxed and 2 g o f [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  M arijuana-green solid was collected and washed w ith ethanol, water and 

Diethyl Ether. Yield 80%.
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3.10 Synthesis of Na3[Ru(tctpy)(ApyA)]

The Ru(tctpy) complex was obtained by heating [Ru(tctpy)]Cl3 , (160 mg, 3*10^) 

and a stoichiometric amount o f  the ligand H2 (ApyA) (70 mg, 3*1 O’4) in water 

containing a slight molar excess o fN aO H  and few drops o f  N-ethylmorpholine. 

The reaction mixture was refluxed for two hours; the dark green solution was 

evaporated. Purification o f  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.

!H-NMR (CD3OD) 9.20 (2H, s), 8.77 (2H, s), 8.41 (2H, d), 8.31(1H, t), 8.02 (2H, 

s), 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)]Cl3 (1 g, 2.2 *10'3)and a 

stoichiometric amount o f  the ligand H2(ApyA) (0.5 g, 2.2 *10'3) in water 

containing a slight molar excess o fN aO H  and few drops o f  N-ethylmorpholine. 

The reaction mixture was refluxed for two hours; the dark green solution was 

concentrated, acidified to pH 2 with HC1 and an excess o f  NH4PF6 was added. 

Purification by column chromatography on alumina (acetonitrile/methanol 50:50) 

gave a 30% yield. Elemental analysis suggests that a mixture o f  monoprotonated
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/deprotonated (80:20) complex is formed after recrystallization from 

acetone/water. For a  mixture o f  [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 (CD3OD) 8.6 (2H, q), 8.4 (2H, q), 8.2 (H, m), 8.1(3H, m), 7.73 (2H, t),

7.6 (H, d), 7.25 (2H, t o f  d), 7.06 (2H, m), 6.98 (H, d)

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

The Ru(Cl-tpy) complex was obtained by heating [Ru(Cl-tpy)]Cl3 and a 

stoichiometric amount o f  the ligand H 2(ApyA) in DMF containing a slight molar 

excess o f  NaOH and few drops o f  N-ethylmorpholine. The reaction mixture was 

refluxed for two hours; the brown green solution was concentrated, acidified to 

pH  3 with HC1 and aqueous solution o f  NH 4 PF6 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 N M R discussion see chapter 6.
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3.13 Synthesis of {Ru(tpy)(<DApyAO)}

[Ru(tpy)Cl3] (250 mg, 0.57 mmol), AgBF4  (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 o f  (OApyAO) (208 mg, 0.57 mmol) and N-ethylmorpholine (5 drops) 

in DMF (120 cm3) were heated till complete dissolution o f  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 o f 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 % o f yield. However a TLC o f  this fraction showed the presence o f 

two coordination isomers. Further attempts were necessary in order to separate 

this second fraction into its two components (See Chapter 6 for separation and 

NM R spectroscopy o f  the two coordination isomers).

Mass Spec (m/z) {H[Ru(tpy)(OApyAO)] ' calcd. (699) found (699) 

[Ru(tpy)(OApyAO)]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)]Cl3 (1 g, 2.2 *10'3) and a 

stoichiometric amount o f  the ligand tk ip p y d ), (0.5 g, 2.2 *10"3), in 20 cm3 o f 

ethylene glycol containing a slight molar excess o f  NaOH and few drops o f 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 (1:1). 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 M R  (d6-DMSO) 9.00 (d),8.80 (2H, dd), 8.55 (2H, d), 8.45 (H, t), 8.45 (2H, t) 

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(Cl-tpy)]Cl3 , (1 g, 2.1 *10' 

3), and a stoichiometric amount o f  the ligand H2(DpyD)(0.44 g, 2.1 *10'3), in 20 

cm3 o f  ethylene glycol containing a slight molar excess o f  NaOH and few drops o f 

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 (1:1). The final Yield was 42%

[Ru(tpy)(DpyD)] (DMF) Anal, calcd. C 45.41 H 2.25 N 28.88 found C 45.49 H 

2.35 N 28.83.
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^ -N M R  (d6-DMSO) 9.34 (2H, s), 8.91 (2H, dd), 8.56 (2H, d), 8.49 (H, t), 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)]Cl3 ( lg , 20mmol) and a 

stoichiometric amount o f  the ligand H2C IpyH) (0.46g, 20 mmol) in 20 cm 3 o f 

DMF containing a  slight molar excess o f  NaOH and few drops o f  N- 

ethylmorpholine. The reaction mixture was refluxed for two hours, by adding a 

acidic aqueous solution ( HCIO4 6 M) a dark blood red solid precipitated. The 

complex was recrystallised from Acetonitrile:W ater solution (1:1). Finally the 

complex was precipitated as esaflurophosphate salt, by dissolving it in the 

smallest amount o f  acetone and adding an acidic (pH 2) aqueous solution o f 

sodium esaflurophosphate. The final Yield was 20 %.

Mass Spec (m/z) {[Ru(py-tpy)(Llpyl l)][C1 0 4 ]}2+ calcd. (361) found (361) (Fig 3.9) 

'H-NMR (d6-DMSO) 9.07 (2H, s), 8.97 (2H, d), 8 . 6 6  (2H, d), 8.14 (2H, d), 7.97 

(2H, dd), 743 (2H, d), 7.20 (H, dd).
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3.17 Synthesis of [Ru(bpy)2(Apy)]PF6

The complex was made following literature6

0.395 g (1.41 mmol) o f  HApy ligand was dissolved in 50 cm3 ethanol:water (1:1 

v/v). This was heated to reflux until the ligand was fully dissolved. 0.520g (1 

mmol) cis-[Ru(bpy)2Cl2].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 o f  a 

concentrated aqueous solution o f ammonium hexafluorophosphate. The 

precipitate was filtered and washed with a small volume o f  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 = 0.53 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 %.

3.18 Synthesis of [Ru(bpy)2(Dpy)][PFe]

0.395 g (1.41 mmol) o f  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)2Cl2].2H20  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 w as^precip itated  by addition o f  a



concentrated aqueous solution o f ammonium hexafluorophosphate. The 

precipitate was filtered and washed with a small volume o f  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.H20 :  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 o f  transparent T i0 2 membranes supported on conducting glass 

sheets was produced by deposition o f  colloidal particles on a  conducting glass 

support. The procedure applied was similar to that used in literature7,8.

T i0 2 colloid solutions were prepared by hydrolysis o f titanium 

isopropoxide, Ti(OCH(CH 3) 2) 4  as follows: Under a stream o f  dry argon, 125 cm3 

ofTi(OCH (CH 3)2)4 was added to 150 cm3 dropping funnel containing 20 cm3 o f 

2-propanol. The mixture was added over a period o f 30 min. to a solution o f  750 

cm3 o f 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 o f colloidal sol was 

obtained.

A portion o f the above gel (100 cm3) was concentrated and added to a mixture o f 

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 o f  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 T 1O2 to be composed o f  a three- 

dimensional network nanoscale particle (15-20 nm.).
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Figure 3,1 'HNM K o f  P yrid ine-2 ,ó-dicarbonitrile in d6-DM SO

"T"— —~~T'
I I I I

»•t li &

Figure 3.2 'HNM R «1‘ Pyridine-2,6-im idrazone in d'-DM SO

85



Sl»KC : fifitVJl 14 Ol-FVO-»-09 K I ajafj*? ! OO : 0 0 i 2 0 .9 4§wUTI]> : 1 SLar: t. s X  1  :  23 e 02 f5Como» i 2 :l 3
Mock* i ii?: i «r vk i» r .Mii UiJCAJN { LIN » UP PROPOpex- ; B ejrL il Hofr.e C l i e n r  : bistltri I n l e t  iH.iiHi S 214 .2 intieri « 97ìj7< ) H asse ii r 1 OO a. 400NOtrm: 2 14 .3 RIO : 53581301 ifp e« k s : :aPea k i lOOO . OO mmu
Act..*Vi : 1 =. <J Smth « 3

3 . 0

3 0 0

Figure 3.3 M ass Spectrum o f  H2(ÀpyÀ)
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Figure 3.5 ‘H-NMR spectrum of H2(ApyA) ligand in d6-DMSO

Figure 3.6 ‘H -NM R spectrum o f  Hz(®ApyAO>) ligand in d6-DMSO



!C
ppm

Figure 3.7 'H -N M R  spectrum  o f  H 2(QpyD) ligand in  d*-DMSO

Figure 3.8UC-NM R spectrum o f  H 2(DpyO) ligand in d6-DM SO
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Figure 3.9 M ass spectrum o f  {H2[R u(py-tpyX U pyn)|[C I04]}2+
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Chapter 4

“Bpy Based Complexes”

“If  anything simply cannot go wrong, it will anyway. 
I f  you perceive that there are four possible ways in which 

a procedure can go wrong, and circumvent these, 
then a fifth way, unprepared for, will promptly develop.”

M urphy



4 .1  In troduction

Aromatic nitrogen heterocycles represent an important class o f  ligands

classification o f 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 o f the metal to the Tt-system o f the 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 o f acidic N H  

groups.

in transition metal coordination chemistry1,2. The m ajor division in the

H

2,2’ dipyridyl 
(bpy)

2-(H 1,3 pyrazol-2-yl) pyridine

/H
2-(H l,2,4-triazol-3-yl) pyridine 

(HApy)

H
2-(H tetrazol-yl) pyridine 

( HDpy) *

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 o f 

pyridine. In addition, they possess multiple coordination sites and are therefore 

potentially capable o f  bridging 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 because 

o f  the stable bidentate complexes it forms with m ost transition metals4. In 

recent years, many bidentate chelating ligands related to bpy have been 

synthesized in which one or both o f the pyridine rings are replaced with either 

azines or azoles5. These ligands form complexes w ith properties, which depend 

markedly on the specific heterocycles incorporated. Thus, by the appropriate 

choice o f  ligand, it is possible to tune, in a predictable manner, the ground and 

the excited state properties o f  the complex such as in the well studied 

[Ru(bpy)3]2+ complex6.

There have been several recent studies o f  the metal complex o f  2- 

(pyrazol-yl) pyridine with particular emphasis on its ruthenium(II) complexes7. 

Replacement o f  one o f  the pyridine rings o f  bpy by a pyrazole ring, as in figure 

1, results in significant changes in the physicochemical properties o f  the 

complexes8. Similarly, there have been many recent reports o f  ruthenium (II) 

and osmium (II) complexes o f chelating ligands containing triazole rings., e.g. 

2-(Hl,2,4-triazol-yl) pyridine (HAp)9,10. Again the triazole ring alters the 

chemical and physical behaviours o f  the complexes. The presence o f  the acidic
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NH proton allows pH control o f  the electronic and electrochemical properties 

o f  the complexes. Furthermore, the deprotonated triazole ring has more than 

one nitrogen available for coordination, and such ligands can lead to the

formation o f  coordination isomers.

[Ru(bpy)3]2+

[Ru(bpy)2(A4py)]+

[Ru(bpy)2(A2py)]+

[Ru(bpy)2(Dpy)]+

Figure 4.2 Ruthenium  C om plexes



The present chapter describes the preparation and the photophysical 
characterisation o f  complexes o f  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 o f  measurements o f  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.

96



4.2 The Archetype: [Ru(bpy)3]2+

^ IRu[(bpy)3] complex has certainly been one o f  the molecules most 

extensively studied during the last 20 years. A  unique combination o f  chemical 

stability, redox properties and excited state lifetime has attracted the attention 

o f  many research workers. The preparation and purification o f  the complex are 

facile and folly described in literature11.

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 o f  the [Ru(NH3)6] indicating 

a significant back bonding between Ru(II) and the 7t* orbitals o f  bpy.

A  five-line l3C-NMR spectrum is observed for the solvated species12 (158, 151, 

137, 127 and 124.5 ppm C5, C3, C4 and C2, respectively) and the 'H -NM R 

spectrum can be interpreted in terms o f  four coupled spins in each o f  the six 

equivalent pyridine rings. The N M R spectra are therefore consistent with 

retention o f D 3 symmetry for the solvated species. The complex structure in its 

hexafluorophosphate salt is a  low spin d6 system 13 and the bpy ligands are 

colourless molecules possessing a  donor orbital localized on the nitrogen and 

7i* acceptor orbital delocalised on the aromatic rings.

Following Or gel’s notation14, the n* orbitals may be symmetrical (x) or 

antisymmetrical (\j/) with respect to the C2 rotation axis retained by each 

Ru(bpy) unit. A  more detailed picture o f 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 7i*L,a2(v|/) and 7t*Le(\(/), 

which are localised on the ligands. The ground state o f  the 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 o f  the Boltzmann equilibrium law, may play a role in the luminescence 

emission and in bimolecular processes.

Figure 4.3 a Sim plified m olecular orbital diagram  for [Ru(L)3 ]2+ com plexes in octhaedral 
sym m etry showing the three types o f  electronic transitions occuring at low  energies; b, 
detailed representation o f the M LC T transition in  D 3  sym metry.

The [Ru(bpy)3]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 HC1 or 50% aqueous sodium hydroxide 

solution15,16.
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4.2.2 Electrochemistry and Electronic Spectroscopy

The cyclic voltammogram o f  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 o f  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 o f  protonated dipyridile. The two remaining intense bands at 240 and 

450 nm have been assigned to singlet MLCT d-7i transitions. In the long 

wavelength o f  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 3MLCT 

excited state.
Because o f  the presence o f  the heavy ruthenium atom, it is reasonable 

to assign the electronic transition o f  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 o f  the *MLCT at 450 nm is slightly 

solvent sensitive, suggesting the formation o f the dipolar excited state 

[(Ru3+)(bpy)2(bpy")].
Excitation o f  the complex in any o f  its absorption bands leads to a 

luminescence emission, whose intensity, lifetime and energy positions are 

temperature dependent. Detailed studies on the temperature dependence o f  the 

luminescence lifetime and quantum yield in the temperature range 2-70 K has
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shown 1 ’ ’ that luminescence originates from a set o f  three closely spaced 

levels (10 and 61 cm'1) in thermal equilibrium. The theoretical description o f

1 »? i  o  1 O OH

these levels continues to be a matter o f  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.

The values o f  the various parameters (Table 5) are somewhat dependent on the 

nature o f  the solvent. Included in the first term are the radiative kor and 

nonradiative konr rate constants at 84 K.
From the room-temperature luminescence lifetimes and quantum yields, 

it is possible to obtain the rate constants for the radiative (kr=0 /x) and non 

radiative (knr=(l-c|>)/x).

A  first Arrhenius term, represented by Ai and AEi in that range o f  

magnitude, is thought to correspond to the thermal equilibration with a level 
lying slightly higher in energy and having the same electronic nature. The

( 4 .1 )
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second Arrhenius term is thought to correspond to a thermally activated surface 

crossing to an upper-lying 3MC level which undergoes fast deactivation. 
Identification o f  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)2(Apy)]+

The ligand 2-(pyridin-2-yl)-l,2,4triazole, (Apy), and its protonated form 

(HApy) were chosen for their o-donor and ti-acceptor properties and o f  interest 
is how these different properties affect the excited states o f  the complex.

The synthesis o f the (HApy) has been previously reported by Hage et 
aj.22,23,24., 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 U V spectrum analysis o f the complex, prior to the 
addition o f acid or base, shows the presence o f two species, one protonated and 
the other deprotonated. Also when obtaining a XH-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 o f  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 o f  the structures o f  ruthenium polypyridyl complexes 1H- 
NMR25,26,27,28 has proven to be a very powerful technique29,30,31,32,33.

If /ppm 
(CIS Value)

H V ppm i i /ppm H*Yppm H /ppm

bpy 8.48 7.93 7.42 8.67

HApy 8.09 7.98 7.51 870 8.27

HDpy 8.31 8.05 7.06 8.79

[Ru(bpy)3]2+ 8.33 7.83 7.10 7.60

[Ru(bpy)2 (A2py)]+ 8.32
(0.23)

7.99
(-0.4)

7.34
(-0.17)

7.57
(-1.13)

8.11
(-0.16)

[Ru(bpy)2 (A4py)]+ 8.08
(-0.01)

7.84
(-0-14)

7.11
(-0.40)

7.49
(-1.21)

7.90
(-0.37)

Ru(bpy)2 (HA2py)2 ' 8.23 8.00 7.26 7.70 8.65

Ru(bpy)2(HA1py)2' 8.05 7.90 7.16 7.62 8.38

Ru(bpy)2 (Dpy) 8.53
(0.007)

8.023
(-0.06)

7.44
(-0.3)

7.95
(-1.17)

Table 4.1 'H-NMR spectroscopic data for d3-acetonitrile solutions of Ruthenium 
complexes, values in parenthesis represent change in shift of complex compared to free 
ligand (CIS)
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Figure 4.4 'H-NMR spectrum of the compie* [Ru(bpy)î(A2py)]+ in d3-acetomtrfle

Figure 4.5 H COSY-NMR spectrum of the complex [Ru(bpy>2 (A4py)]+ in d3-acetonitrfle
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Figure 4.613C-NMR spectrum of the complex [Ru(bpy)2(A2py)J+ in d3-acetonitrile

_ aAaavv_ n• * A ■.A/L^AA/UV ^A a KA

Figure 4.7 C-H correlation -NMR Spectrum of the complex [Ru(bpy)2(A2py)J+ in d3- 
acetonitrile
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Figure 4.8 C-NMR Spectrum of the complex [Ru(bpy)2 (A4py)]+ in d3-acetonitrile

Figure 4.9 HPLC chromatograms of [Ru(bpy)2(A2py)]+ (a) and [Ru(bpy)2(A4py)]+ (b) in 
phase a solution of LiC104 (0.08 M) in acetonitrile/water (80/20)
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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 =5COmpiex - 5iigand )■ Some dramatic upfield shifts are observed for the Apy 

pyridine proton signal on coordination to ruthenium. Previously, a number o f  

factors have been identified that contribute to the sign and magnitude o f  the 

CIS values in such ruthenium complexes. Ligand to metal cr-donation, metal to 

ligand 7i-back donation, chelation imposed conformational changes, 
coordinative disruption o f  inter ring conjugation and interligand through space 

ring current anisotropy effects have all been invoked to explain CIS values o f  

tris (biheteroaromatic) ruthenium(II). 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 o f one 

o f the bpy pyridine rings. When comparing the protons o f the isomers the H5 

signal has the most indicative shift. For N 4 isomer (-0.37), which is double o f  

that N2 isomer (-0.16). The signal o f the H5 proton o f  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 o f  the adjacent bpy is experienced 

by H5’ when it is in such close vicinity.
The 13C-NMR o f the complex shows that the presence o f the 

asymmetric Apy ligand splits the carbons in 25 non equivalent signals: at 
around 124 ppm the five signals o f  the carbons in 5 position (C5) are visible, 
around 127 the five o f  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 o f  the quaternary carbon on the pyridine ring o f  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 N 2 

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 o f  ferrocene under the same 

experimental conditions as a secondary reference. Its potential is taken to be 

0.38 Y vs SCE.
The anodic region o f  the cyclic voltamogramm features reversible metal 

centred oxidation, while the cathodic region has poorly defined waves 

resulting from the reduction o f the coordinated polypiridyl ligands. The 

oxidation potentials are significantly lower than that o f  Ru(bpy)32+, lower 

oxidation potentials indicating that the metal ion has more electron density, 
which could be caused by strong cj 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 o f  the triazolate 

ligand. On protonation o f  the complex it shows an anodic shift o f  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 o f  the two pyrid-yl-triazole isomers 

shows that N 2 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 o f  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 o f  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 o f  the Ru(II) pyridine triazole complex are listened in Table 4.3. The 

electronic absorption spectra (Fig. 4.10, 11) o f  the Ru(II) complex is dominated 

in the visible region by dn-n* metal to ligand charge transfer (MLCT) 

transitions (bpy based) , which are typical o f  Ru(II) polypyridine complexes 

and in the UV region (280-3 lOnm.) by intense n-n*  associated with the 

bipyridyl ligand blue shifted with respect to the [Ru(bpy)3]2+as a result o f  

strong cj-donation o f  the negatively charged triazole moiety. When the 

complex is protonated the coordination ligand becames a weaker c-donor and a 

stronger 7t-acceptor. As a consequence, the metal dît(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 is 

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 o f  660 

nm at room temperature. An important question is i f  the emitting state is 

localised on the bipyridyl ligands or located on the pyridyl moiety o f  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. In a MLCT absorption process, one electron
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is removed from the filled metal orbital (drc) to an empty orbital o f  the ligand 

(7t*).

Oxidation is also removal o f  one electron from the d orbitals and in the case o f  

reduction one electron is transferred to the LUMO (bpy based) o f  the complex. 
A similar explanation is also valid for the MLCT emission process. By 

determining the nature o f LUMO with electrochemical measurements it is 

possible determinate the nature o f  the emitting state. By comparison o f  the 

value in table 2 , it is possible to assign the first two reduction potential for the 

mixed ligand complex as bpy based. The 7t*-levels o f  the bpy ligands are 

much lower than those o f  the pyridyl triazole.
E°*-• OX

(Volt)

ü  red
(Volt)

•t! red 
(Volt)

EUred
(Volt)

[Ru(bpy)3]i+ 1.27 -1.31 -1.50

[Ru(bpy)2 (A2py)]+ 0.83 -1.47 -1.72

[Ru(bpy)2 (A4py)]+ 0.90 -1.44 -1.51

[Ru(bpy)2 (HA2py)]2+ 1.14 (-1.49) (-1.73) (-2.25)

[Ru(bpy)2 (HA4py)]2+ 1.20 (-1.47) (-1.72)

[Ru(bpy)2 (Dpy)]+ 1.02 -1.50 -1.72 (2.52)

[Ru(bpy)2 (HDpy)]2+ 1.12 (-1.50)

Table 4.2 Cyclic voltam m etry data for the Ruthenium  com plexes (acctonitrile solution, 
[nBii4 N][PF6] supporting electrolyte, Fc/Fc+ reference). A ll redox potentials are accurate 
to ±  10 mV. Redox potentials in brackets are for quasi-reversible processes.
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Absorption Emisssion

X
(nm)

s
(M~'x cm '1)

^ (2 9 8  K) 

(nm)

♦ "t(298 K) 

(nsec)

^ (8 0  K) 

(nm)

t(8 0  K) 

(nsec)

[Ru(bpy>3]2+ 451 14600 608 6 .2 *104 946 582 6.2

[Ru(bpy)2 (A2py)]+ 465 10700 650 3*10’3 142 607 4.2

[Ru(bpy)2(A4py)l+ 470 9000 660 6.3*1 O' 3 146 607 4
[Ru(bpy)2 (HA2py) 2+ 437 8900 610 4.3*10^ 2 577 6.5
[Ru(bpy)2(HA4py)]2+ 450 7700 615 7.3*10"* 5 580 6.0

[Ru(bpy)2 (L Ipy) | f 466 10920 630 6.3* 10'3 100 610 3.8
[Ru(bpy)2 ( IE p y )]2+ 436 11600 610 - 577 7

Table 4.3 Spectroscopic and photophysical data in de-gassed methanol.
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A,(nm)

Figure 4.10 A bsorption spectra o f  [Ru(bpy>2 (HA2 py)]2+ (red Bne) and [Ru(bpy)2 (A2 py)]+ 
(blu line) in acetonitrile solution at room  tem perature.

X(n m )

Figure 4.11 Absorption spectra o f  [Ru(bpy>2 (HA4 py)]2+ (red line) and [Ru(bpy)2 (A4 py)]+ 
(blu line)in acetonitrile solution at room  tem perature.
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&(nm)

Figure 4.12 Em ission spectra o f  |R u(bpy)2 (HA2 py)]2+ and [Ru(bpy)2 (A2 py)|* in  acetonitrite 
solution a t room  tem perature.

X(nm )

Figure 4.13 Em ission spectra o f  [Ra(bpy>2 (HA4 p y)|2+ and [Ru(bpy)i(A 4 py)]+ in acetonitrile 
solution a t room  tem perature.
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ivavelciigth-iini

Figura 4.14 Emission spectra of |Ru(bpy)2(HA4py)]2+ and | Ru(bpy)2(A4py)]+ in ethanol- 
mcthanol (4:1) solution at 77 K

wavclcngth-nm

Figure 4.15 Emission spcctra of [Ru(bpy)2(HA2py)l2+ and [Ru(bpy>2(A2py)]+ in ethanol- 
mcthanol (4:1) solution at 77 K.
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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 in the emission maxima for both : protoneted
and deprotonanated species. This is associated with a phenomenon defined
“rigidchromism” by Wrighton and co-workers35, 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 o f  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 o f  the excited state o f  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, knr. Solvent interactions, which may contribute to knr are 

also considerably reduced in the frozen matrix, as too is 

quenching o f the excited state by the presence o f oxygen, since 

diffusion o f  oxygen is restricted.
Second factor, it is related to the 3MLCT-3MC energy gap. 
Since this transition is thermally activated at 77K there will be

115



insufficient thermal energy to populate the 3MC, and as a 

consequence, he intensity o f  the emission increases.

4.3.4 Acid-base Properties

The protonation and the deprotonation o f  the pyridine triazole ligand 

alter its o  donor and n acceptor properties. The emission properties o f  the 

complex are listed in table 4.3.
The acidity o f  the excited state has been investigated by a study o f  the 

pH dependence o f  the emitting properties o f  the compounds. The emission 

titrations were carried out by excitation into the appropriate isobestic point. By 

investigating the acid-base behaviour o f this type o f  ruthenium compound 

important information about its electronic state properties can be obtained. 
The ground state behaviour tends to be a measure o f  the amount o f  electron 

donation from the ligand to the metal, while the excited state measurements 

can give information about the nature o f  the emitting state. Upon coordination 

to ruthenium, the acidity o f  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 o f  the Ru-N bond is mainly cr 

but it is also stabilised by backbonding between the t2g and 71* orbitals o f  the 

metal and ligand respectively36,37,38. By manipulation o f  the acid-base 

properties o f  the pyridyltriazole unit in the complexes, the ground state pKa 

can yield information on the extent o f  backbonding from the metal and the cr- 

donor and 7i-acceptor properties o f the ligand. Determination o f  the excited
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state pKa* gives important information regarding the properties o f  the ligand 

and the nature o f  the emitting state. For these reasons the acid-base behaviour 

o f  the complexes is presented in this section. In most ruthenium complexes the 

pKa value o f  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 o f  the ligand. Figures 4.16 and 4.17 are typical examples o f  

the acid-base chemistry o f  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 o f  the complexes are reversible in the pH range 1-9. The absorption 

titrations are performed by adjusting the pH o f a 5x1 O'5 M solution o f the 

complex in Britton Robinson buffer. By monitoring the spectral changes, at a 

wavelength where there is considerable change as a function o f  pH, a graphical 
analysis was carried out by plotting percentage change in absorbance against 
pH. The pKa was determined from the point o f inflection o f  the curve. The 

pKa obtained represents the pKa o f  the triazole ring. In all titrations there is a 

blue shift o f  the MLCT band as the pH is lowered due to the stabilisation o f  the 

t2g orbitals and the resultant increase in the 3MLCT-t2g energy gap.
The excited state pKa values (pKaae) can be evaluated in two different 

ways. The first method is one o f the first and most important contributions to 

the excited state acid-base equilibria by Forster39. This thermodynamical 
treatment was based on the changes following protonation/deprotonation in the
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excited state o f  an organic species and it leads to the Forster cycle equation
(4.2). Using this equation the excited state pKa* o f  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-o values (in cm'1) o f  the deprotonated and 

protonated complexes respectively. These values are taken from the A,max o f  the 

emission spectra at 77 K as they are the most accurate means o f  obtaining an 

estimate for the energy difference involved in the 0-0 transition. An important 
point to remember in the use o f the Forster equation (4.2) as a method for 

determining the pKa* is that small errors in the assessment o f  Eo-o for Vb- and 

Vhb produce considerable errors in pKa’ 40.
The second method employed for the determination o f  pKa* is based on 

a kinetic model devised by Ireland and Wyatt39 where the pKa* may be 

measured from the emission lifetimes o f  the protonated (t h b  ) and deprotonated 

(tb- ) complexes and the point o f  inflection o f the emission titration curve, pHi. 
The point o f inflection o f  the luminescence intensity against pH titration curve 

is p H i. Equation 4.3 describes the model.

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

Although this method would be the preferred choice for the evaluation o f  pKa 

it was not used due to the fact that it relies heavily on the establishment o f  the
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value via pH, and lifetimes. Thus the Forster cycle equation (4.2) was used for 

the evaluation o f  the pKaae values shown in table 4.2. The trend for our pKaae 
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(II) complexes o f  pyridyltriazole 

complexes.

pKag pK ae pHi
[Ru(bpy)2(A2py)]+ 4.07 2.2 2.8

[Ru(bpy)2 (A4py)]+ 5.7 4.2 5.1

Table 4.4 Ground and excited state pK  values o f  R u (b p y )i (A 2 p y )+ an d  R u (b p y )î  
(A 4 py)+, pH-, is the inflection point o f em ission intensity titration, pK ae is calculated using  
equation (4.3)
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500 600
w a v e le n g th  - nm

Figure 4.16 pH  dependence o f the absorption spectra o f [Ru(bpy)2 (HA 4 py)]+ (5  X  10 s M ) 
in an aqueous Britton-Robinson buffer at pH  1 .2 ,1 .6 ,2 .1 ,2 .5 ,3 .0 ,3 .5 ,  4, 4.5, 5.5 and 6.5

Figure 4.17 pH dependence o f the em ission spectra o f  [Ru(bpy)2 (HA 4 py)]+ (5 X  10 ‘ 5  M ) in 
an aqueous Britton-Robinson buffer at pH  1 .2 ,1 .6 , 2.1, 2 .5, 3.0, 3.5, 4, 4.5, 5.5 and 6.5.

500 550 600 650 700 750 800
wavelength-nm
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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 3MLCT 

emission o f complexes usually fell into one o f  two categories:
small activation energies, less than 800 cm'1, and low A 

factors, less than 109 sec' 1

large activation energies, more than 2000 cm'1, and large A  

factors, more than 1011 sec ' 1 

Complexes, for which both activation barrier and prefactor are small, 
are usually unreactive to photo substitution since these values suggest that 
population o f  3MC state does not occur41. Low prefactor also suggests that the 

process involves population o f a state weakly coupled to the 3MLCT. On the 

basis o f  these observations and molecular calculation, Kober and Meyer have 

postulated that this activated process corresponds to population o f  a MLCT 

state
Another interesting effect noticed on the Apy complex was a small 

solvatochromic effect in the emission and absorption spectra, Table 4.4, which 

is due to the interaction between the external nitrogens and the solvent (table 

4) and is stronger than that observed for [Ru(bpy)3]2+.
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|R u< bpy)Jli ‘ [R u (b p y )2(A2p y )]+ [Ru(bpy)2(A4py)]+ [R u (b p y )2f  Ipy) ]4

Abs
(kk)

Emi.
(kk)

Abs
(kk)

Emi.
(kk).

Abs
(kk)

Emi.
(kk)

Abs
(kk)

Emi.
(kk)

h 2o 22.22 15.97 21.36 15.19 21.10 15.22 22.07 16.07
Methanol 22.22 15.95 21.36 15.15 21.03 15.17 22.01 16.05
Ethanol 22.22 19.94 21.27 14.88 20.90 14.92 21.95 16.02
CH2C12 22.17 15.91 20.90 14.70 20.56 14.75 21.60 15.95
DMSO 22.12 15.90 20.48 14.68 20.48 14.70 21.52 15.90
DMF 22.12 15.87 20.48 14.64 20.47 14.70 21.54 15.94
CH3CN 22.09 16.13 20.47 14.64 20.24 14.64 21.45 15.87
(CH3)2CO 22.9 16.50 20.23 14.45 20.23 14.64 21.09 15.43

Table 4.5 Spectroscopic, photophysical properties o f  the com plexes in different solvents

k° ki AEi k2 a e 2

[Ru(bpy)3]2+ 5.2*105 4.6*105 84 2 .6*1014 3140

[Ru(bpy)2(A2py)]+ 1.7*106 9.2* 107 500 — —
|Ru(bpy)2(A4py))+ 1.6 * 106 4.7*107 600 — —
[Ru(bpy)2(Dpy)]+ 3.7* 105 2 .6 * 10r 450 1* 10" 2700

Table 4.6 Activation param eters from  tem perature dependent lum inescence lifetim es, in 
ethanol-m ethanol (4:1) solution.
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4.4 The Tetrazolate Model: [Ru(bpy)2( py)]+

Tetrazole belongs to the class o f  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 o f  Uppsala in 1885.42 He proposed the name 

Tetrazole for the new ring structure in 1886.
Tetrazole is the most acidic o f  the azoles (pKa=4.89)43 and readily 

deprotonates to form the tetrazolate ion. Surprisingly, the coordination 

chemistry o f  the tetrazole has received very little attention in the past. In 1977, 
a review o f  the chemistry o f  the tetrazoles discussed the metal complexes o f  

the tetrazoles such as the parent compound 5-phenyltetrazole and its 

derivatives. Such ligands are only capable o f  monodentate coordination to a 

metal centre and, as such, the complex are less stable than the corresponding 

complexes o f  the chelate ligand discussed previously. In 1979 the first 
complex o f  chelating tetrazole containing ligand were described44 and in 1988 

a full review o f  the coordination chemistry o f  tetrazoles and tetrazolates was 

published45'46’47.
The ligand 5-(2-pyrid-yl) tetrazole (HDpy) was prepared by reaction o f  

pyridine-2-carbonitrile and hydrazoic acid. Its reaction with one equivalent o f  

[Ru(bpy)2Cl2] in methanol afforded the complex [Ru(bpy)2(Upy) ] 1 in 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 o f  the 

NH proton in tetrazoles.

4.4.1 NMR Spectroscopy

The 13C-NMR o f  the complex shows that the presence o f  the 

asymmetric Dpy ligand splits the carbons in 25 non equivalent signals: at 
around 125 ppm the five signals o f  the carbons in 5 position (C3) are visible, 
around 129 the five o f  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 o f  the quaternary carbon on the pyridine ring o f  the Dpy ligand is 

observed at 150 and the one on the tetrazole is situated at a lower field o f  162 

ppm. The ^ -N M R  shows 20 non-equivalent protons due to the non- 
symmetrical nature o f  the H( Ipy. Despite considerable overlap o f  this signal, 
the five H6 protons 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 o f 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 o f one 

o f  the bpy pyridine rings. The others protons experience smaller upfield shifts
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(from -0.072 to -0 ,032  ppm) due to a combination o f  factors. Negative 

CIS values are usually ascribed to strong metal to ligand % back donation, 

however, in our case they may simply be a consequence o f  deprotonation o f  the 

tetrazole and resulting transfer o f  electron density from the negatively charged 

tetrazolate ring to the 7t-deficient pyridine ring.
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Figure 4.18 •H -N M R  spectrum  o f  the com plex [Ru(bpy)2 (n py)j+ in D -acetonitrile

Figure 4.19 H  C O SY -N M R  spectrum  o f  the com plex [Ru(bpy>2 (Dpy)]+ in D-acetonitrile
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Figure 4 .2 0 1 3 C -N M R  Spectrum o f  the com plex [Ru(bpy)2 (Dpy)][PF6] in  D-acetonitrile

Figure 4.21 C-H correlation -N M R  spectrum  o f the com plex [Ru(bpy)i(Cpy)]+ in D - 
acctonitrile
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k (nm)

Figure 4.22 Absorption spectra  o f  p*u(bpy)j(HDpy))2+ (red line) and fRu(bpy)j(Qpy)]+ 
(black line) in acetonitrile so lu tion  a t room  tem perature.

\  (n m )

Figure 4.23 Em ission spectrum  o f  [R u(lJpy)j(D py)f in  acetonitrile solution a t room
tem perature

128



The absorption emission and luminescent lifetime data o f  

[Ru(bpy)2(ppy)]+ are listened in Table 4.2. The electronic absorption spectra o f  

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 71-71* 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 o f 

stronger a  donation o f  the negatively charged tetrazole ring.
Addition o f  acid and consequentially formation o f  the protonated specie 

[Ru(bpy)2(HDpy)]2+, moves the MLCT absorption to higher energy (436 nm.) 

than that o f [Ru(bpy)3]2+. When the complex is protonated the coordinated 

ligand becomes a weaker o-donor and a stronger 71-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 o f  the 

emission and absorption spectra occurs. The pH o f  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 o f  the excited state because in aqueous solution 

the protonated complex is not an emitting species.
The previous investigations have shown that the luminescence emission 

o f  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 o f  “spectator” ligands. Consideration o f  the 

molecular geometry shows that for the mono-charged, polar [Ru(bpy)2(Dpy)]+

4.4.2 Electronic Spectroscopy
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complex the charge separation , with consequent generation o f  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 
o f  the 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 Em ission spectra o f  [Ru(bpy)2 (H npy)]2+ (blue line) and lRu(bpy)2 (Dpy)]+ (red  
line) 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 .5 0  and -1 .72  V, which are 

bpy based. There are no other reductions within the solvent limit. Thus 

relative to [Ru(bpy)^]2 h, 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 o f  the Ruthenium 

centre. Furthermore, the AEox-red value, 2.52 V, is less than that o f  

[Ru(bpy)3]2+, 2,58 V, which is consistent with the visible absorption spectra 

for which the same orbitals are involved. Addition o f  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 o f  the 

MLCT absorption. Access to the reduction potentials was prevented by 

reduction o f  excess acid to hydrogen.
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J.(nm )

Figure 4.25 17 pH  dependence o f  the absorption spectra o f | Ru(bpy)2 (HDpy)]+ (5 X 1 0 " 5  

M ) in an aqueous Britton-R obinson buffer at pH 0, 0.2, 0.4, 0.6, 0.9, 1.2, 1 .4 ,1 .8 , and  
2.5.

Figure 4.26 17 pH  dependence o f  the em ission spectra o f  [Ru(bpy)2 (HDpy)]+ (5 X  10‘s M ) 
in an aqueous Britton-R obinson buffer a t p H  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 o f  the 

excited state o f  Ru(II) systems above the solvent melting temperature. As can 

be seen from Table 4.5, two Arrhenius terms are needed to explain the 

temperature dependence o f  the lifetimes. By analogy with [Ru(bpy)3]2+ the 

first Arrhenius term is thought to concern the thermal equilibration o f  MLCT 

levels spaced by 450 cm'1. About the second term, there is a general 
agreement in the literature that the temperature dependence o f  the emission 

lifetime o f  Ru(II) polypyridine complexes is related to an activated surface 

crossing from the 3MLCT manifold to a 3MC level which undergoes 

photochemical or photophysical deactivation. The second term values (1011 
sec'1) for the [Ru (bpy)2(Dpy)]+ are too low to correspond to the frequency 

factor o f  a surface crossing process (1013-1014 sec"1), more reasonably A2 
corresponds to the rate o f  the nonactivated 3MC decay, and the activation 

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

The photophysical and electrochemical behaviours (Table 4.2, 3) o f  the azole 

complexes are quite similar, since both (Apy)' and (Dpy)" ligands are charged 

strong CT-donor. 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 bonding) because o f  the presence o f  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 o f  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 o f  bpy.
- The first and second reduction potentials o f  the complexes 

correlate well with the first and the second o f [Ru(bpy)s]2+ and 

can they be assigned to reduction o f  coordinated bpy ligands.
A more complete discussion o f  the electrochemical properties o f  the (Apy)' and 

(□py)' ligands can not be done because 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 o f  reversible waves are usually observed for 

mononuclear ruthenium complexes48
The two heteroleptic complexes show a shorter lifetimes o f  the 3MLCT if  

compared with [Ru(bpy)3]2+, for the (Dpy) complex it can be explain in term o f  

the population o f  the population o f  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 o f  [Ru(bpy)2(Apy)]+; a possible factor, 

responsible o f  the shorter lifetime, could be the decrease in symmetry moving 

from tris bpy (D 3)  to a complex bearing only two bpy ( class o f  symmetry 

lower than c2v). Unfortunately, the influence that the low symmetry class has 

on the energies o f  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 o f  them have the same 
symmetry.
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Chapter 5 

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

“I .eft to  themselves, things tend to go from bad to worse.”
M u rp h y



Since the tridentate ligand 2, 2 ’: 6 ’, 2” terpyridine, tpy (Fig. 5.1), was first 
prepared over 70 years ago1, its coordination chemistry, along with that o f its 

substitutent (X-tpy) analogues, has been widely studied2. They have been found 

highly sensitive reagents for the colorimetric determination o f iron (II), 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 o f the resulting coordination complexes. Appropriately functionalised 

tpy3 have been anchored to oxide surfaces, permitting the build up o f a monolayer 

or a thin film o f coordination complexes. The ability o f terpyridine to chelate to a 

wide range o f metal ions has been leds to its incorporation in macrocyclic ligands.
There has been considerable recent interest in metallosupramolecular

species constructed from a number o f  metal ions linked by suitable ligands
containing two or more sets o f 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 o f 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 o f 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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3MLCT excited state at room temperature (see Chapter 1).

4'

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

Figure 5.1 Ligands cited in the text, and ‘H -N M R  proton assignm ents.

The aim o f this chapter is to study comprehensively a method to increase 

the emission quantum yield and increase the lifetime o f  the 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 o f  the Ru(II) 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 a  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 o f  complex 

[Ru(tpy)(ApyA)], first approach was based on the formation o f  [H2(ApyA)RuCl3] 

precursor. RuCl3 and H2(ApyA) ligand were reacted in ethanol, under the same 

conditions used in the synthesis o f  the analogous Ru(tpy)Cl3, this reaction 

produced a brown-yellowish complex with a yield o f 90%. The elemental analysis 

yielded the correct ratio o f  nitrogen, hydrogen and carbon; a 'H-NMR analysis o f 

the complex in DMSO showed the presence o f the ligand in a symmetrical 
coordination. However unfortunately NMR analysis revealed that the oxidation 

state o f the ruthenium was three instead o f two. After a period o f 10 minutes in 

solution, the complex changed its colour from brown to green. In contrast to the 

behaviour o f the other [Ru(tpy)Cl3], this complex did not undergo any reaction 

upon boiling with a solution o f one equivalent o f tpy in methanol, in presence o f 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 o f using this 

complex as a precursor in other reactions was unsuccessful
The next method investigation was the reaction between Ru(tpy)Cl3 and
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the H2(ApyA) ligand. This method proved to be somewhat problematic. The major 

problem encountered involved the solubility o f  the ligand. The H2(ApyA) ligand is 

soluble in hot DMF, DMSO or in aqueous solution in presence o f base as anionic 

form.
In the course o f preparation o f the target complex two solvents scheme were used: 

A DMF-ethylen glycol (1:1) boiling solution 

- A  basic aqueous solution in presence o f  N-ethyl morpholine as a 

reducing agent
Both were found to give the desired complex, in the same quantities, 30% o f  

yield. However, the later was the favourite method in terms o f ease oipreparation. 
Purification by column chromatography on alumina (acetonitrile-methanol 1-1) 
produced the stated yield. The complex was recrystallised from 1:1 water- 
methanol solution and obtained as an analytically pure intensely dark coloured 

powder. The elemental analysis suggests that a mixture o f 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 o f hydrogen bonds7.
At the end o f the purification, HPLC (Fig.5.3) and H'-NMR (Fig. 5.4) 

investigations, due to the different coordination sites o f 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(A2pyA4)(tpy)], with a 

retention time o f 7.3 minutes. The second isomer with an abundance around 30% 

is assigned to the double N 4 coordination, [Ru(II)(A4pyA4)(tpy)J, (very broad peak
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with retention time approximately o f  20.2 minutes). The third isomer (about 10%) 

is all N 2 bound with a retention time o f  3.3 minutes. The isomer ratios were 

estimated by integrating the H6, 'H -N M R  signals, where the three isomers show  

distinctly different positions, and it was confirmed using the integration o f  the 

H PLC peaks.
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[ Ru(tpy)(A2pyA4)]| Ru(tpy)(A2pyA2) j

fRu(tpy)H(A4pyA4)J+
2+

[Ru(tpy)H2(A4pyA4)]2+

f Ru (tpy)( A4py A4)]

2+

[Ru(tpy)H2(A2pyA4)]2+

[Ru(tpy)H(A2pyA4)]+

Figure 5.2. Possible isom ers for [Ru(tpy)(ApyA)J com plex in various protonation states.

I Ru(tpy)H2(A2pyA2)]2'
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ttn r e (m i n )

Figure 5.3 HPLC C rom atogram  o f  fRu(tpy)(ApyA)} isom ers in  a phase solution a  solution of 
L 1CIG4  (0.08 M ) in acetm itrile/w atcr (88/20)

A \

v ?r N . r ^ N , kIsf1 I s f

Figure 5.4 *H-NMR spectra o f  the isom ers o f  the|R u(tpy)(A pyA )| com plex in (a) acidic (red) 
and (b) basic (blue) d4 -m eth^nol
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Acid-base ground and excited state studies o f the isomers showed peculiar 

differences, which portrayed the non-equivalence o f the triazole coordination 

sites. Initially the mononuclear complexes were investigated on an analytical 
HPLC using a CSX cation exchange column and a 0.08 LiClCU, 80:20 

acetonitrile-water mobile phase with a flowrate o f 1.8 cm3/min and a detector 

wavelength o f 280 nm. The chromatogram in Figure 5.3 is an example o f the 

mononuclear complex containing the three isomers at their different retention 

times. The UV-visible spectra o f the three different isomers, obtained from the 

photodiode array detector o f  the HPLC Varian ProStar system, appear similar. It’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 o f a mixture o f isomers: ([Ru(II)(A2pyA2)(tpy)],

[Ru(II)(A2pyA4)(tpy)]; [Ru(II)(A4pyA4)(tpy)J, was achieved on neutral alumina
columns 100% acetonitrile to isolate the first fraction and 100% methanol in the
isolation o f the second fraction containing the third isomer. Semi-preparative
HPLC was utilised in the isolation o f  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 o f isomers8, and high percentage purity (95 %)
o f the isolated isomers was achieved. However some drawbacks do occur, for
example when dealing with a large quantity o f salt and a small quantity o f
complex, a considerable part o f the complex is lost through a process o f
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-1 igand 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(II) complexes9, the lowest field resonance is H3, followed by 

H4, H6 and H5. The upfield shifting o f H6 with respect to H3 is explained by the 

fact that it lies in the shielding region above a pyridine ring o f the other ligand, 
(protons numbering are shown in Fig. 5.1)

The CIS coordination shifts are relative to the free ligand in DMSO 
solution (Table 8.1). A  number o f 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

3'coordination, which is usually attributed to Van der Waals deshielding by H' . It 
has been suggested that this is a direct consequence o f 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 o f  

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 o f the H2(ApyA) ligand lying over a nearby triazole ring, 
together with the uncertain anisotropic effects associated with the ruthenium (II)
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centre. The shift o f  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 o f  the terpyridine moiety10.
It is o f  interest to note that the H6 proton is the most sensitive to 

differences in coordination o f  the ligand H2(ApyA). In the case o f  the H2(ApyA) 
ligand, the observed shift o f  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 o f the (ApyA)2' ligand and 

the acidity-basicity and polarity o f  the solution is o f  great importance. This has 

already been shown for the bpy based analogue in Chapter 4.
In the case o f  the deprotonated isomers, the negative CIS values become 

greater, this is simply a consequence o f  deprotonation o f  the triazole rings and the 

resulting transfer o f  electron density from the negatively charged triazolate to the 

Ruthenium centre. In direct comparison o f  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 o f  the new 

ligand. The H3 and H4 shifts are an evidence o f  a strong interaction between the 

two pyridine rings lying on the C2 axes o f  symmetry o f the complexes
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Figure 5.5 'H -M N R  o f  [Ru(tpy)H(A 4 pyA4)]+ in d4 -m ethanol.

(ppm) H J

(d)

H 4

(dd)

H s

(dd)

H 6

(d)

H

(d) (t) (d)

H 4

(t)

i r

(s)
H s

(s)
Tpy 8.7 8 . 0 0 7.50 8.70 8.55 8 . 1 0

H 2 (ApyA) “ 8 8 8 8

[Ru(A2 pyA2 )(tpy)] 8.43 7.75 7.10 7.33 8.63 8.08 8.30 8.27 7.60

[Ru(A2 pyA4 )(tpy)] 8.40 7.73 7.07 7.26 8.60 8.08 8 . 2 2 8.17 7.59 6.80

[Ru(A4 pyA4 )(tpy)] 8.30 7.69 7.05 7.21 8.57 8.08 8 . 1 0 8 . 1 0 6.96

[Ru(H 2 A2 pyA2 )(tpy)]2+ 8.69 7.98 7.31 7.55 8 . 8 8.35 8.42 8.54 8.48

[Ru(H 2 A2 pyA4 )(tp y )]2+ 8 . 6 8 7.98 7.30 7.48 8.84 8.40 8.42 8.54 8.45 8.25

[Ru(H 2 A4 pyA4 )(tp y)]2+ 8.67 7.97 7.29 7.43 8.82 8.35 8.42 8.54 8.19

[Ru(tpy)2]2+ 8.82 8.08 7.34 7.72 9.09 8.59

Table 5.1 'H -N M R  spectroscopic data for d4-m ethanol solutions o f  ligands and their 
ruthenium com plexes (see Fig. 5.1), a) d 6 -DM SO .
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5.4 Electronic Spectroscopy

The UV-vis. absorption spectra o f 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 o f 7900 M'1 x cm'

The bands around 275 and 309 are assigned to the intra ligand n-n* transitions
o f  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 o f  a
phenomenum involving Ru(ll) complexes in which absorption from the excited
triplet state u ’12, which is usual observed for Os(II) complexes. Alternatively, they
may be explained in terms o f  low-energy shoulders in the absorption which can be
explained in terms o f  the qualitative orbital splitting diagram for [Ru(tpy)2]2+ as
described in figure 5.6. As we have seen for [Ru(bpy)3]2+, the relative energies o f
the molecular orbitals can be inferred from the zero order energies o f  the ligand
orbitals. The two lowest lying 7t* orbitals o f  the tpy ligand are labelled in light o f

their symmetry, which is perpendicular to the ligand and passes through the
central nitrogen. An AMI calculation 13,14 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 v|/, which is
symmetric with respect to this operator. Under the assumption o f  T>2d symmetry,

the x  orbitals from the tpy ligand split in a2 and 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 Mulliken15,16,17 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 o f  the complex is C2V, which will slightly 

change the orbital energy levels).

Abs 298 K “ Emi. 298 K* Em i. 77 K ‘ Elcctrochem . 0

X 8 X T km" X T E red E„x

(nm)a ( m tW 1) (nm)e (nsec)f (nm)e (Usee) (Volt) (Volt)

[Ru(tpy)2]2+ 474 10400 629 0.25 5*10“6 598 8.9 1.67 0.92

[Ru(A2 pyA2 )(tpy)] 479.5 9800 701.5 77 5*10"* 670 4.1 (1.38) 0.50

[Ru(A2 pyA4)(tpy)] 480.5 8700 697.5 62 5*10‘4 662 4.2 (1.38) 0.49

[Ru(A4 pyA4 )(tpy)l 479 9900 692 70 5*10^ 660 4.2 (1.35) 0.47

[Ru(H 2 (A2 pyA2 )(tpy)]2+ 443 11450 — — — 620 — 0.80

[Ru(H 2 A2 pyA 4)(tp y)]2+ 444 11250 — — — 620 7.5 (1.40) 0.75

[Ru(H 2 A4 pyA4 )(tp y )|2+ 439 11300 — — — 610 — 0.75

Tabic 2 a) Ethanol, b) M ethanol, ethanol (1, 4), c) DM F vs. Fc/ Fc+, in briquette not 
reversible reductions d) W avelength o f  the lowest energy absorption m axim um  e) 
W avelength o f  highest energy em ission feature I) Lum inescence em ission lifetim e (+  10% ) h) 
Lum inescence quantum yield
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Figure 5.7 Absorption (M ack) and em ission (red) spectra o f [Ru(A2 pyA2 )(tpy)[, in  ethanol.
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Figure 5.8 Absorption (b lack) and em ission (red) sp ectra  o flR u (A 2 pyA 4 Xtpy)], in-efljanol 
solution.

X  (n m  )

Figure 5 .»  A hsorption(hlackX and em ission  (red) sp ectra  o f  [RnfA.4 pyAf)(tpy}L inethjm ol.

154

Em
is

si
on

 
(a

.u
.) 

Em
iss

ion
 

(a
.u

.)



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 o f the 3 MLCT state, reflected by the red shifted emission 

in comparison with the emission o f [Ru(tpy)2]2+ is probably due to the 

destabilisation o f the t2g metal orbital by the negative charges present on the 

ligand. This effect can be understood by considering the removal o f  one electron 

from the metal results in the formation o f Ru(III) which withdraws electronic 

charge from the negative charged (ApyA)2' ligand destabilising the t2g metal 
orbitals, similar results are obtained from the electrochemistry.

The protonation o f  one or both triazole rings results in a total quenching o f  

the emission. The origin o f  the quenching o f  the luminescence o f  the protonated 

complexes is not clear. In many Ru(II) diimine complexes, a competing path for 

nonradiative relaxation is the thermally activated population o f  a 3MC energy to 

the 3 MLCT state. In studies o f  the effects o f protonation on the excited-state 

behaviour o f [(bpy)2Ru(CN)2], Scandola and co-worker postulated that
protonation o f the complex results in a decrease in the 3MLCT-3MC gap and a

« « ■ 2 subsequent increase in the nonradiative relaxation rate. In the case o f the (ApyA) '
complex, protonation results in an increase in the emission energy. The 3MLCT
transition results from a Ru -  tpy transition, while the 3MC state has its origin as a
Ru(t2g) -R u(eg) transition. Protonation o f  the complex results in a stabilisation o f

the ground state since H2(ApyA) is a weaker cx-donating ligand than (ApyA)2' and,
assuming an averaged ligand field environment for both species, the Ru(t2g) -
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 3MLCT and 3MC states. It is reasonable that 
the decrease in the luminescence lifetime upon protonation o f 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 o f  the excited state 

acid base process have been described many times in the literature. In general 
protonation18’19’20 will change the electronic levels in a particular molecule and 

this will naturally lead to changes electronic transitions. The excited state acid 

base properties o f the compounds are therefore, most easily probed by absorption 

or emission spectroscopy. The excited state acidity o f  a compound can be 

evaluated using Forster cycle which is based exclusively on thermodynamic 

principles.

p k * a =  p k a  +  ( 0 . 6 2 5 / R T )  ( v H b -  O b -) ( 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'1.
With this approach excited state pKa values, pKa*, can be obtained from the
ground state and spectroscopic parameters. Apart from the thermodynamics o f  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 w ill not been established. 
Detailed kinetic analyses have been given elsewhere19.

When proton exchange is much faster than the excited state decay o f 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  ($■ 1- b)

By monitoring the spectral changes as a function o f  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 o f  the 

MLCT band, which is probably due to stabilisation o f  the t2g orbitals. Observed 

inflection points o f  the different species are listened in Table 5.3, they are 

obtained from a sigmoidal fit o f  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 o f
the emission data were the same as the ground state and it was preferred report
them as inflection point o f  the sigmoidal curve. The value obtained for absorption
and emission titration were the same is because the lifetime o f  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.

pK a(l) pKa(2)

[Ru(A2pyA2)(tpy)] 2.2 5.2

[Ru(A2pyA4)(tpy)] 2.7 5.2

[Ru(A4pyA4)(tpy)] 2.8 5.8

Table 5.3 Ground state pK a values o f [Ru(tpy)(ApyA)J isom ers
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400 500 600 700
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Figure 5.10 A bsorption/pH  dependence o f  [ Ru(tpyX A2 py A4)], 2  to 9  pH.

pH

Figure 5.0-11 Sigm oidal fit of 
absorption/pH titration, wavelength 472
UDl.

Figure 5.12 Sigm oidal fit of 
absorp tion /p li titration, w avelength 472 
nm.
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5.5 Redox Properties and Spectroelectrochemistry

The oxidation and reduction potentials o f  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. In a MLCT absorption process, an electron is removed from the d orbital 

(d7t) to an empty orbital o f  the ligand (tc*). Oxidation is also removal o f  an 

electron from the d orbitals and in the case o f  reductions, the electron is 

transferred to the LUMO (tpy) o f  the complex. By determining the nature o f  the 

LUMO with the electrochemical measurements, it is possible to assign on which 

ligand is the emitting state based. By comparison o f  (tpy) based Ru(II) complexes
o t oo 0^’ ’ the first not reversible reduction potential for these mixed ligand complexes 

are terpyridine based, the n* levels o f  the terpyridine are expected to be much 

lower than those o f  the (ApyA)2' ligand.

The oxidation potentials o f  the neutral isomers are significantly lower than 

that o f [Ru(tpy)2J2 ', 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 o f  spectroelectrochemistry in the study o f  the electrochemically 

generated reduction products o f  the d6 polypyridyl complexes has previously been 

demonstrated. 24,25 Usually the UV-visible spectrum o f  the reduced form o f  the 

appropriate homoleptic complex provides a model spectrum for a particular ligand 

anion in a mixed ligand complex. In the case o f  [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) o f  the tpy anion.26,27

Another more structured absorption appears near 525 nm. and has been 

assigned as a  7c*-7t* transition (717-7110) o f  tpy'. Two other less intense bands are 

resolved. One appears as pronounced shoulder at 625 nm. In the spectrum o f 

[Ru(tpy)2]+ , and it shift to 665 nm on further reduction. A second barely resolved 

band is observed between 420 and 450 nm. in the [Ru(tpy)2]H and [Ru(tpy)2 ] 

spectra. Two similar features are observed in the spectrum o f  singly and doubly 

reduced [Os(tpy)2]2+-
The spectroelectrochemistry data are shown in figure 5.15 and 5.16. 

Electrogeneration o f  one electron oxidised form is possible w ith more than 95% 

regeneration o f  the original oxidation state. In the oxidative 

spectroelectrochemistry o f  [Ru(tpy)(ApyA)] the ruthenium to tpy 3MLCT 

transitions are completely lost upon the one oxidation o f  the Ru(II) centre, as 

observed for other Ru-tpy complexes.28

Electro generation o f one electron reduced form is irreversible, the spectrum is not 

easy to interpret since it virtually tracks the spectrum o f the [Ru H(ApyA)(tpy)]h. 

Therefore it is evidence that the tpy ligand reduction is followed by reaction o f  the 

negatively charged molecule with the solvent, through an irreversible process.
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Figure 5.15 N ear-UV-visiblc spectra o f  |Ru((py)(ApyA)| (B) and [Ru(tpy)(ApyA)f+ (H) 
recorded at 0 (B), 0.7 (1)^ 1  (F ), 1 V olt (H ). in acctonitrile containing 0.5 M TRAH.

Jt (nm )

Figure 5.16 Near-UV-visiblc spectra o f  (Ru(tpy)(ApyA>] (B ) and ¡Ru(tpy)(ApyA)]" (H) 
recorded at 0 (B ) , -1 (D), -1.4 (F), 1.5 Volt (H ). in acctonitrile containing 0.5 M TBAH.
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The emission lifetime o f the excited state obtained for the [Ru(ApyA)(tpy)] 

species represents an increase by 2 order o f  magnitude with respect to 

[Ru(terpy)2]2+ (Tab. 5.2). It is, therefore, clear that the use o f  the ligand 

dramatically extends the lifetime o f  the 3MLCT excited states o f  the Ru(II)(tpy) 

complex. This is likely to originate from the raising o f  the 3MC states following 

the replacement o f  the weak field terpyridine ligand by a strong field ligand.

In order to investigate the increase o f  the ligand field, low temperature 

excited state lifetime measurements were made. As w e have seen in the 

introduction, the decay o f  an excited state takes place by competitive radiative and 

not radiative processes.

In general, the changes in the ( 1 / t )  v s . 1/T plot (Fig. 5.18) over a large 

temperature range can be accounted for by the coming into play o f  additional 

contributions to the radiationless decay process o f the emitting excited states as 

the temperature increases:

l / z =  ko + Y jk t (5-2)

In equation 5.2, ko is a  temperature independent term  and k, is the rate constant o f 

the step which contributes to the decay process. Previous studies have shown that
O Q  I f )  "31 ‘I ' l  ' i ' ithe kt terms can be either in the form o f  an Arrhenius equation (5.3) ’ ’ ’ ’ :

5.6 Lifetime temperature dependence

k, -A t exp(-AEt/R T)



where Ai is a  frequency factor and AEj an activation energy, or an empirical 

equation(5.4)34’35’36’37:

h  = Bt/  {1 +exp[Q(l/T —l/T Bj)]} (5.4)

This describes a stepwise behaviour centred around a certain temperature TBl. 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
TOthe reference .

The temperature dependence o f  the emission lifetime o f  [Ru(ApyA)(tpy)] 

in a mixture o f  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 o f  equation 5.2 to the experimental 

results o f figure 5.18 are shown in table 5.5. The stepwise term  o, Tptl= \37.5 K, 

Ai=8;7 *104 sec'1, corresponds to the red shift observed in the emission spectra o f 

the complex in the range 120-150 K  (Figure 5.19, 20) and is thought to be 

associated with a relaxation o f  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 o f  150-170 K, (Fig. 5.19) is thought to be associated with the 

reorientation o f  the solvent molecules40, which can only take place when the 

solvent has acquired the properties o f  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 o f  the melting point 

o f  the 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 o f  different 3MLCT 

levels, spaced by 500 cm '1, this occurs since, under the C2V symmetry o f  the 

Ru(tpy)(ApyA) complex, the 7tm(t2g) octahedral orbitals split into ai, bi and b2 and 

the 71* tpy orbital belongs to the bi symmetry. From the overlap between the bi 

metal and ligand orbitals, first order bonding and antibonding orbitals are 

obtained. The low energy 3MLCT 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) o f the emission lifetime in ruthenium polypyridine complexes 

(Figure 5.17), on a activated surface, is related to energy crossing from a 3MLCT
3 \manifold to a MC(metal centred) level.

3M L C T ~ > 3M C  ( k j  (5.5)

3M L C T < -3M C (kb)  (5.6)

The MC level undergoes photochemical and a photophysical deactivation (eq 5.7).
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JM C ->  Ground sta te and/or photoreactions (kc) (5.7)

kc is the sum o f all the rate constants o f  the possible deactivation processes that 

can deactivate the 3MC states. As pointed out by M eyer and co-workers39, the 

experimental deactivation rate constant that comes into play at high temperatures 

can be expressed as follows,

k2 = A2 exp (~AE2 /RT) (5.8)

or kinetically as

k2 = ka [ k c/( k h + kc)] (5.9)

the equation can describe two limiting cases, as described by Balzani et al34.

(i) when k<>>kh the decay o f  the ’MC is rapid k2=ka. It follows that:

A2 exp (-AE2/RT)~ Aa exp (~AEa/RT) (5.10)

In  this limit, A2 and AE2 are parameters obtained from the fit corresponding to the 

pre-exponential factor and the activation energy for the 3M LCT to 3MC surface 

crossing, Fig. 5.18

(ii) When k b » k c, the decay o f  3MC is slow compared to the back surface crossing 

to 3 MLCT. In such a case, the two states are in equilibrium and the equation 

becomes:

167



k2 = (ka /  h )  kc. Since

k j  kb = kc exp (-AE/R1) exp (-AS/R) (5.11)

Where AE and AS are the internal energy and entropy differences between the 

MLCT and 3MC. Neglecting the expected small entropic term, it becomes 

possible write the following equation:

3

A 2 exp (-AE2 /  RT) = kc exp(-AE /RT) (5.12)

The meaning o f  the experimental quantities A2 and AE2 depends on the nature o f  

the processes that contributes to kc- The following limiting cases are o f  interest 

(ii-1)

W hen the major contribution to kc comes from a chemical reaction or the 

deactivation processes o f  the 3MC an Arrhenius type equation is employed.

A 2 exp (-AE2 /RT) = A c exp (~AEC+AE /RT) (5.13)

The A2  and AE2 parameters obtained will correspond to the pre-exponential factor 

o f  the decay processes o f  the 3MC and to the sum o f  the MC-MLCT energy gap 

and the activation energy.

(ii-2)

W hen the main contribution to kc comes from a non-activated process, A2 will 

correspond to the rate o f  the non-activated process (k ’c), and the activation energy

168



AE2 may correspond either to the energy gap between 3M LCT and 3MC or the 

distance between the 3MLCT level and the crossing point o f  the two surfaces. For 

complexes o f  the same family the AE2  data have probably the same meaning and 

the energy gap between the minimum energy o f  the 3MLCT level and the 3MC 

level is most likely related to the distance between the 3MLCT level and the 

crossing point o f  the two surfaces.

In principle it can be expected that A2 in the first and second cases are high 

frequency (1013-1014 sec-1) vibrations whose activation leads to the 3MLCT-3MC 

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 o f  a radiationless trasintion 

having a poor Frank-Condon Factor.

The A2 and AE2  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 A2 factors are quite small to correspond to a frequency factors o f  a surface 

crossing process. Other examples o f  such limiting are reported in the literature37. 

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)2(A2py)]+ and [Ru(bpy)2(A4py)]+.
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Figure 5.17 Schematic representation of the situation of the potential energy surfaces for the 
three limiting cases described in the text.

170



k«
(se e 1) (see'1)

AE,

(c m 1)

k2
(se c 1)

AE2

(cm 4 )
|Ru(A2pyA2)(tpy)| 2.2x105 2.6x107 520 2 x l0 12 2730

|Ru(A2pyA4)(tpy)| 2.1xl05 2.2x10 1 439 2 x l0 12 2700

|Ru(A4pyA4Htpy)| 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

T em perature (K)

Figure 5.18 Plot of 1/t vs T of [Ru(tpy)(A2pyA4)]. Curve fit in according to equation 5.2 .
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Figure 5.19 Shift of the emission band maximum as a  function of the temperature, for
[Ru{tpy)(A2pyA4)]

T, K

Fignre 5.20 Schematic diagram showing the shift of the emission band maximum as a 
function of the temperature for |Ru(tpyXA2pyA4)l
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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 

5.22. For these and other solvents, the energies o f the lowest energy absorption 

band maximum X.maxabs(298 K), are collated in table 5.5. This behaviour is similar, 

but not as compelling as, what is observed for [Ru(tpy)CN 3]‘ .40

Solvent
(Acceptor number)

v  absvmax
c m 1

v  em vmax
cm'1

T
ns

Ta
pis

E°-°
cm"1
(eV)

El/2
V

*e 1/2
(eV)

(298 K) (298 K) (298 K) (84 K)
Water
(54.8)

21186 14450 55 4 15150

Methanol
(41.3)

21119 14415 60 15083
(1.87)

0.60 -1.28

Ethanol
(37.1)

20812 14267 63 3.8 15080 0.58

Dichloromethane
(20.4)

20661 13531 70 14947

Acetonitrile
(19.3)

20492 13453 75 14947

DMSO
(19.3)

20243 13480 75 14903

DMF
(16.0)

20202 13292 82 2.5 14771
(1.83)

0.49 -1.31

Pyridine
(14.2)

20202 13271 88 14749

Acetone
(12.5)

20202 13239 70 14620

THF
(8 .0 )

20202 13192 63 14450

Table 5.5 Spectroscopic, photophysical and redox properties of [Ru(tpy)(ApyA)] in different 
solvents, a) the data are collected from the frozen matrix referred in picture 5.24.
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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 both spectroscopic energies, because o f  the relative 

abundance o f  the isomer [Ru(tpy)(A2pyA4)] on comparison with the other two 

isomers, the following measurements were made only on it.

Dielectric continuum theory provides a starting point for analysis o f  this 

data. It has been successfully applied to solvent shifts or MLCT absorption bands 

in polypyridyl complexes41. This theory predicts that correlation should exist 

between band energies and solvent dielectric functions whose forms depend upon

the assumption made in modelling the charge transfer process.42 In the classical

limit, the energies o f  absorption (Eabs) 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.

E abs = A E ° + % = A#" +%, +%0 (5-14)

Eem= A E ° - Z  = A E ° - Z i -Z o  (5-15)

%i 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 o f  the excited state above the 

ground state (Xes) and o f  the ground state below the excited state (xgs) are unequal.
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Nuclear Coordinate (Q)

Figure 5.21 Energy coordinate diagram  depicting the relationships in  eq. 5 .1 7 ,1 8  T he %’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 displacem ent coordinate. H arm onic 
oscillator energy curves are assumed w ith  f„= 0 .2 f^, where f  s are the force constants.

This is illustrated in Fig. 5.21 for absorption and emission w ith a  coupled 

harmonic oscillator mode with

% es~  ( 0 - 2 )Z g s  ( fe s= 0 .2  f gs>)  ( 5 . 1 6 )

Eabs = AG" +  x*  = AG “ + x,.es + Zo.c, (5-17)

E „n, =  AG^ -  Z v  =  AG“ -  z , . gs -  Z o .g s ( 5 ■ W
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A cceptor N um ber

Figure 5.21 V ariations in Eah, (red dots) and Eem (W ack squares) w ith acceptor num ber for 
the com plex. Slopes, intercepts a n d  correlation: coefficients are listed in Table 5.6.

Ru(tpy)(A2pyA4)

Eabs(MLCT) slope 23.52+ 0.00354
intercept 19.93473+ 0.11701
R* 0.94776

ECm slope 2é.93 + 0.00521
intercept 13,07708 + 0. 17228
R2 0.91774

Table 5.6 Fitting param eter» from  correlation w ith  acceptor num ber, slopes, intercepts and 
correlation coefficient» w ere ca lcu la ted  fr o m  linear regression b etw een  the quantities 
indicated and  the acceptor num ber. T he slopes are in cm'1/acceptor num ber unit.
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In the classical limit with t)a> ^  5®’ and Aco= | co-ro’ | « c o , co’, the energy 

quantities in the equations 5.17, 18 are the free energies o f  the excited state above 

the ground state, AG0«*, giving eqs(5.18, 20); AG°esis equal to the 0-0 energy, Eo-o, 

in this limit. I f  the excited and ground states are approximated as dipoles in a 

sphere and the solvent as a dielectric continuum, the solvent dependent parts o f 

Eabs (Eabs,s) and Eem (Eem>s) are given by equations5.19, 20.43,44

abs.s a 2/}g(p g - / i e^ A - 1
2D . +1 '2 f ig {fig ~ f ie )2 A , " 1 (5.19)

E  = —em.s 3a
P . - 1

2D . +1 +2 ¡2 (ji -py f  Dop - 1  '
V2Z)0,  + 1 (5.20)

Eabs is the sum o f  the solvent-dependent part o f  AG°es (AG0es,s) and xo.es. Eem,3 is 

the difference between AG°es>s and xo,gs In  these expression, and jue are the

vector dipole moments o f the ground and excited states, a is the radius o f  the 

effective spherical cavity enclosing the dipoles, and Dop, equal the square o f  the 

medium refractive index, and Ds are the optical and static dielectric constants o f 

the solvent. The internal dielectric constants o f  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 o f the difficulty in calculating 

individual terms, McRae presented the empirical function in equation (5 .21)45 in
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which A, B and C are constants characteristic o f  the solute and Lo is the 

characteristic constant o f  the solvent

Ea b s = (A L 0 + B) r  D - 1  N°P
2D  +1v  °p

+ C D. - 1  D on -1op—  +-D + 2 D  +2s  op y
(5.21)

Attempts to find reasonable correlations between Eabs and any o f  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 tab 5.6.

The universal dependence o f  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 o f  electrons centred primarily on nitrogen atoms o f  the 

triazole rings. Electron pair donation to the solvent makes the ligand a better n  

acceptor increasingly so as the acceptor number increases.

178



Mnm)

DMF
Water
Acetonitrile
Ethanol

Figure 5.22 Solvent dependency o f  the [Ru(tpyXA 2 pyA4}] absorption spectra  a t 298 K.

Figure 5.23 Solvent dependency o f  the [Ru(tpy)(A 2 pyA4)} em ission spectra a t  298 K.
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Figure 5.24 Solvent dependence o f  the em ission spectra o f  [Ru(tpy)(A 2 pyA4)} at 77  K; * 9 M  
LiCl glass. h E t()H :M eO H  (4:1) glass. T )M I:C H 2 ( L 2  (9 : l)g la s s

The plot n f  lifetim es o f  ERu(A2pyA4)(tpy)] emission in various solvent^, at 

room  temperature against the solvent acceptor num ber o r the related excited state 

energy, has a rather bi-phasic shape (Fig. 5.25, 26): the longer lifetime is found 

(86 ns) in pyridine, and the lifetime o f  th e  excited state drops increasing or 

decreasing the: acceptor number o f  the solvent or the relative em ission energies. 

This behaviour can  he  interpreted using: the previously outlined energy scheme 

(Figure 5.1?, (ii-2)). The emitting 3M LCT state deactivates along tw o main 

competing channels: (Ind irec t 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)

i s a



Vo is not expected to be sensitive to 3MLCT energy change, see table5.8. The 

other two channels are expected to be sensitive to changes in the energy o f  the 

3MLCT. The term ¿"'o in equation 4.22 represents the energy gap law , which 

predicts an exponential decrease in deactivation rate with corresponding increase 

o f  the MLCT energy.

K = k £ 0e-aEuu* (5.23)

In the third term  AEa represents the energy gap between the M LCT and the 

MC states, and the value o f  k ’ depends on the situations which we have previously 

explored. As we have seen for the therm ally activated pathway the decay rate is 

expected to increase, while the energy o f  the 3MLCT state growth, results in a 

decrease o f  the 3MLCT to 3MC energy separation.

1
-  = (k  + k " e  ) + k 'e w  (5.24)

These opposing effects provide a simple basis for the rationalisation o f  the 

biphasic behaviour o f  the lifetimes.

Finally, considering the equilibrium kinetic limit, which we postulated 

previously in the temperature dependence measures, and assuming that the energy 

o f  the 3MC state is not solvent dependent, or at least much more solvent- 

independent than the 3MLCT energies, it becomes possible fit the 3MLCT state
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lifetimes using equation 5.24. This results in a surprisingly acceptable model 

when a reasonable set o f  parameters are used (Table 5.8). The ascending arc o f 

the calculated curve occurs as a result o f  direct deactivation. In contrast the 

descending arc is due to deactivation from the near MC energy states. In low- 

temperature glass, the population o f  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 o f  the MC energy, achieved from equation 5.24, is equal to the sum o f  the 

AE procured from the previous calculation (equation 5.2) and the E°"° from the 

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

[Ru(A2pyA4)(tpy>] Em i.
(kk>
(b)

T
(nsee)

(a)
(i x nr5) 

(a)

k"
(se c 1)  x  10s

(b)

k r„
(se c 1)  x  104

(a)

inr
K  0

(s e c 1) x  10s

(b)
H20,9 M LiCl 15.15 50 3.90 1.86 7.81 1.09
EtOHrMeOH (4:i) 15.01 60 4.86 2.08 8.10 1.20
EtOH:Butyronitrile (4:5) 14.95 92 8.20 2.2 8.90 1.30
DMF:CH2CL2 (9:i) 14.60 82 7.40 2.5 9.00 1.60

Table 5.7 Solvent dependence o f  decay properties and excited state decay param eters for 
[Ru(tpy)(A 2 pyA4)] in a variety o f  solvents at 298 K  (a) and their glasses at 80 K(b). The values 
w ere obtained by fitting the observed tem perature dependence o f the lum inescence lifetim es.
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Equation Ai (s'1) AEi (cm'1) A2 (s'1) AE2 (cm'1) B| (s'1) TBi(K)

( 5 . 2 ) 2.6x107 439 2x10 12 2700 8.7x1 O'4 137.5

k V ) a  (cm*1) k- ( s T E m c  (c m 1) “AEa -  E m c - E m i ,c t  
(c m 1)

( 5 . 2 4 ) 5.6xlO,J 0.00103 2 x l0 12 1 7 8 1 5 2 8 2 0

Table 5.8: K inetic param eters for excited obtained from  th e fitting o f  the experim ental 
results. * The E m l c t  ,used in  this calculation, is obtained from  the em ission a t 80K  In the 
m ixture Ethanol/Butyronitrile (4/5)
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5.8 Conclusions

In this chapter, the use o f (ApyA) ligand to extend the lifetime o f  the 3MLCT 

excited states o f  Ru(II) terpyridine complexes has been explored. W ith respect to 

[Ru(tpy)]2+ a gain o f  two order o f  magnitude in the 3M LCT state is obtained. With 

lifetimes in this range, interesting perspectives arise for the use o f structurally 

attractive Ru(II) terpyridine units as photosensitiser molecular components in 

supramolecolar devices. The presence o f  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 o f emission energy. The lifetime solvent 

dependence can be readily explained in term s o f  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 o f  replacing a tpy ligand with a (ApyA)2' 

ligand on the lifetime o f R u(ll) complexes does not allow a simple answer. The 

prediction is complicated by the solvent dependence o f  lifetimes, their sensitivity 

to the energy o f  both 3MC and 3MLCT states, and the occurrence o f  intrinsic 

vibronic effects o f triazoles on 3MLCT decay. In the case o f Ru(II) terpyridine 

complexes, however, the effect is certainly one o f  lifetime enhancement, and its 

main reason is the lifting o f the MC states accompanying the substitution o f 

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

Figure 5.25 Correlation o f  the em ission lifetim e with the Gutm ann acceptor num ber for  
[Ru(tpy)(A 2 pyA4)]

Figure 5.26 P lot o f  the em ission lifetim e vs solvent-dependent em ission energy w ith for  
(Ru(tpy)(A 2 pyA4)], th e 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”

M u rp h y



6.1 Introduction

In Chapters 5 the synthesis, characterisation and properties o f  tpy complex 

with the ligand H 2 (ApyA) have been reported. In this chapter the preparation and 

characterisation o f  some related compounds are discussed. These investigations are 

aimed at widening the scope o f the application o f  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 o f  these 

complexes are compared with those o f  the unsubstituted tpy ligand. It was hoped that 

by varying the nature o f  the tpy ligands more information on the nature o f  the excited 

state could be obtained. The chosen ligands were Cl-tpy and H 3(tctpy). The 

introduction o f  the chlorine and the carboxylic groups is expected to effect the n* 

level o f  the tpy ligand. In addition these are several possible applications o f 

substituted tpy complex. The second problem  that this chapter aims to address is that 

o f the coodination isomers observed for the H^ApyA) ligand. The new  ligand 

H2(OApyAO) has been prepared aimed at reducing the number o f  isomer formed.
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4’ chloro-2,2’:6’,2” terpyridine 
(C l-tpy)

4 ’,4”,4” ’ tri carboxyl -2 ,2 ’:6’,2” terpyridine  
H 3 (tctpy)

l)is{4, -(2 ,2, :6’,2” tcrpyridiyl)} cther 
(yptAtpy)

di-2,5 [3' phen-yl (l',2 ',4 ', triazil-yl)] pyridine
H 2 (<E>ÀpyÀC>)

Figure 6.1. L igands cited in the test
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Metallodendrimers, dendrimers incorporating metal sites, are an important 

emerging m otif in supramolecolar chemistry. They offer the advantage o f multiple 

reaction sites w ithin a  chemically well-defined and discrete macromolecular 

systems.1 Four main strategies may be identified for the inclusion o f  m etal centres in 

metallodendrimers:

Use o f  a metal-containing core which is then structurally developed 

using a divergent dendrimer synthesis or the convergent attachment 

o f  dendritic wedges,

- Decoration o f  the surface o f  inner generations o f  a conventionally 

prepared and fimctionalised dendrimers

- Incorporation o f  the metal centres as part o f  the backbone 

connectivity o f  the dendrimer

- The use o f  the metal as the branching point within the dendrimer. 

Critical concepts in dendrimers and metallodendrimer chemistry are those o f 

successive generations and building blocks that are used in divergent iterative 

synthesis or in the preparation o f  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 o f  denidritic wedges. The 

strategy adopted is the formation o f  the bis{4’-(2,2’:6, ,2” terpyridiyl)} ether (Fig.

6.2 [Ru(CI-tpy)(ApyA)]
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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 o f  the metal enhances 

the Cl-tpy electrophilicity , allowing the in situ synthesis o f  the ether ligand under 

mild conditions by reaction w ith the nucleophillic 4 ,-hydroxy-(2,2’:6, ,2” terpyridine)

6.2.1 Synthesis and purification

[Ru(Cl-tpy)(ApyA)] was prepared, in order to be used as possible precursor, in 

a basic DMF solution in presence o f 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 o f  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 o f the di-protonated complex.

Following purification, HPLC and H ^N M R  (Fig. 6.2) investigations were 

carried out and it was concluded that, due to the presence o f  different coordination 

sites o f  the triazolate moieties, three configurational isomers were produced. The 

isomer ratios were estimated by integrating the H6 resonance (because o f  the 

impossibility o f  separation, the proton 'H-NM R 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 o f  the isomers. The ratio obtained from the ^ -N M R  signal integrals was 

confirmed by HPLC.

Based on this N M R  evidence it is proposed that here the major isomer (about 

50%) is presumably the complex with N 2 and N 4 bounded triazolate rings, 

[Ru(A2pyA4)(Cl-tpy)], the second isomer with an abundance around 35% is assigned 

to the double N 4 coordination, [Ru(II)(A4pyA4)(Cl-tpy)]. The third isomer (about 5%) 

is probably all N 2 bound.

Unfortunately all the attempts o f  isomer separation were unsuccessful, all the 

measure reported in this section are on the isomer mixture.

The cyclic voltammogram o f  the complex in acetonitrile presents one very 

broad and not well-defined oxidation peak around 0.60 Volt.

The absorption spectrum o f  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-7i transitions. In the long wavelength o f  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 o f  the complex in any o f  its absorption bands leads to a broad 

luminescence (Fig. 6.3) around 770 nm. w ith a lifetime o f  45 nsec., in deaerated 

acetonitrile, whose intensity, lifetime and energy positions are temperature and 

solvent dependent. The presence o f  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 3MLCT, 
that will correspond to a red shift for absorption and emission spectra4,5 compared 
with the unsubstituted analogous complex. This is an additional piece of evidence of 
the tpy based 3MLCT assignation.

Once again6 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 of the impossibility o f separate the isomers 
no further investigation or synthesis were made.
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F igure 6.3 Em ission (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 been focusing their attention on fundamental aspect o f  dye 

sensitised solar cell components.

Dye derivatised mesoporus TiCh film  is one o f  the components. The 

electrochemical, photophysical and ground/ excited state properties o f  the 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 o f  all colours. Ideally, all photons, below a threshold wavelength o f 

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 o f  unity.

-  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 o f  exposure to natural

sunlight.

Molecular engineering o f  ruthenium complexes that can act as panchromatic 

charge transfer sensitisers for TiC>2 based 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 Ti0 2  conduction band and regeneration o f  the dye by iodide can take 

place at practically 100% o ff yield. This restricts greatly the option available to 

accomplish the desire red shift o f  the metal to ligand charge transfer transitions 

(MLCT) to about 900 nm.

The spectral and red-ox properties o f  ruthenium can be timed in two ways:

-  First by introducing a ligand with low-lying 71* m olecular orbital

-  Second by destabilisation o f  the metal t 2g orbital through the introduction o f  a 

strong a-donor ligand.

M eyer et al12 have used these strategies to tune the MLCT in ruthenium 

complexes. However, the extension o f  the spectral response into the near IR  was 

gained at expense o f shifting the LUMO orbital to lower levels from  where charge 

injection in the T i0 2 conduction can no longer occur, especially in tpy  complexes.

A near infrared response can also be gained by increasing the energy o f  the 

ruthenium t2g (HOMO) levels. However, it turns out that the introduction o f  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 o f  the dye by electron donation from  iodide following 

charge injection into the T i0 2. The use o f  terpyridine incorporating carboxylate 

functions because:

-  It increases the molar coefficient o f  the complex
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-  It facilitates the grafting o f  the dye on the semiconductor surface

-  It ensures intimate electronic coupling between its excited state and the 

conduction band o f  the titanium dioxide.

The role o f  the H2(ApyA) ligand is to tune the metal t2 g orbitals o f  ruthenium and 

possibly stabilise the positive hole, generated on the metal, after having injected an 

electron into the conduction band.
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F igu re 6.4 G rätzel type solar cell contain ing [Ru(tetpy)(ApyA)J as sensitiser and its 
schem atic representation o f  th e  elem entary steps involved in  a regenerative 
photoelectrochem ical cell for light conversion b ased  on  d ye sensitization o f  sem iconductors, see  
Chapter 1, section 1.5.4 tor dettailed explanation.
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6.3.1 Synthesis and purification

[RuH3 (tctpy)(ApyA)] has been prepared using a modified version o f  a 

literature method (see Chapter 3). The synthesis o f  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 o f  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. M oreover the complexes have been purified by size 

exclusion chromatography, the presence o f  carboxylate groups and free nitrogens 

which prevent the use o f  any other kind o f  cromatography purification.

Three isomers were found by 'H -N M R investigations however just one o f 

them was isolated by precipitation from a acidic w ater solution, presumably the 

isomer [RuH3(tctpy)H2(A2pyA2)]2+, which is expected to be more hydrophobic, by 

comparison with the homologous [Ru(tpy)(A2pyA2)], which showed to be less 

interactive with the polar solid phase o f  the HPLC chromatographic column than with 

the less polar liquid phase .

The complex was characterised by elemental analysis, *H NM R and UV 

spectroscopy. The electronically excited states o f  the complexes were characterised 

by emission spectroscopy and lifetime measurements. The ^ -N M R  (Fig. 6.5) 

spectrum o f  the isolated isomer is in agreement with a C2V symmetry, showing the 

presence o f  a single symmetric isomer.
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Figure 6.5 'H -N M R  spectra o f the isom ers o f  the[Ru(tctpy) (A2 pyA2)] com plex in  d 4 -m ethanol.

The 1H-NMR spectrum o f the complex, Fig 6.5, shows seven sharp and well 

resolved signals in the aromatic region, four o f  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 m etal 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 H 3 protons respectively. These two singlets 

are downfield shifted compared to the H6 proton that appears as a doublet centered at 

7.70 ppm. The H5 proton signal shows a  doublet centred at 7.5 ppm. In the case o f  the 

H2 (ApyA) ligand, the observed shift o f  the H3 (triplet) and H 4 (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 o f  the (ApyA)2" ligand and the acidity-basicity and 

polarity o f  the 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 o f  a  totally symmetric complex, 

in agreement with the [RuH3(tctpy)H2(A2pyA2)]5+ isomer assignation.

The electronic spectra o f  the complexes {Ru[H3(tctpy)][H2(A2pyA2)]}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 o f  the presence o f  the ApyA ligand and the carboxylic 

functionality. Upon changing from a solvent o f  high to one o f  low polarity, the 

MLCT band moved to lower wavelength. This solvatochromism, previously reported 

for the ApyA-Ru complexes, is associated with the interactions o f polar solvents with 

coordinated ApyA moiety and the carboxyl tpy functionalities, which reduce the 

electron density on the metal. The effect o f  protonation on the spectra o f  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 o f 

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 o f  pKa 5.8, associated 

with a small blue shift in the absorption maximum), is assigned to one o f  the
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triazolate moieties o f (ApyA)2' ligand (associated with a quenching o f  the emission), 

while the second arises due to protonation on the carboxilate functional group on the 

central pyridine o f  the tpy ligand (little red shift). The third and the fourth pKa values 

are related to protonation o f  the second triazolate ring (blue shif o f  the absorption 

maximum) and the double protonation o f  the peripheral equivalent CO2 ' functionality 

on the tpy (associated with an increase o f  the quantum emission and a red shift o f  the 

absorption maximum) respectively. The last protonation, on the carboxilate functions 

on the tpy ligand, causes a  lowering o f  the 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. W hich is 

consistent with a stabilisation o f  the triplet state in the last protonated form.

The electrochemical behaviour o f  these species is in general non-reversible and so it 

is not possible to make a meaningful comparison o f the relative energies o f  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 o f the tpy ligand. Clearly this is reflected in the substantial shift in 

the MLCT to higher w avelength in the visible spectrum. The oxidation potentials 

indicated in Table 6.2 show that the new complex o f  the tpy ligand is more easily 

oxidised than the corresponding complexes w ith 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 o f  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 o f 

spectroscopic energies and the oxidation/reduction properties o f  the excited states o f  

the complex. One can therefore assume that the reduction capacity o f  the excited 

states o f these complexes are well represented by calculating the values o f  Eox* 

(Excited-state redox potential obtained as a difference o f  ground state oxidation 

potential and excited state energies, Eox -E°"°). These values suggest that the excited 

states o f  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 o f  the complex was absorbed from a warm 2x10^ M solution o f  the 

complex in ethanol containing 40 mM o f  sodium taurodeoxycholate as a co 

adsorbent14 onto a 7 nm thick nanocrystalline TiC>2 film (see Chapter 3) prepared on 

conducting glass.
The photoaction spectra o f  the dark orange-green coloured film measured on 

TiC>2 in a photovoltaic cell in conjunction with a redox electrolyte such as 0.9M Lil 
and 0.1 M LÜ3 in propylene carbonate reveal a lower efficiency o f  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(tctH3)(NCS)3] by Graetzel et al.15 For this species, a photoaction spectrum has 

been reported with IPCE values o f  the order o f  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
LH E= 1-10A

where A  is the absorbance. The thickness o f  7p.m was used in our experiments, this 

resulted in values o f  maximum absorbance, which were o f  the order o f  70%. While in 

the laboratories in Lausanne, the optical density o f  the electrode used were almost 
double because o f  the greater thickness o f  the colloidal TiC>2 film (il4fjm ). I f this 

difference is taken into account, the LHE term in our experiment should be 20% 

lower than the value obtained by Grätzel & al.18 and the maximum photocurrent
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obtained for the complex | Ru(tctH 3XNCS)3 {TBA should show  a conversion 

efficiency o f  about 60% . T he fact that th e  LPCE (Fig: 6.7) in our measurement in the 

400-500 nm interval varies from 70 to 6 0 %  validates this hypothesis.
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Figure 6 . 8  Photocurrent action spectra obtained w ith nanocrystallineT K > 2  film  supported onto a 
conducting glass sh ee t and  derivatised w ith fRu(tcrtpy)(ApyA)| (red and black lines) and 
R u|tctpy |(SC N ) 3  (green  line). The LEGE is plotted as a  function o f  w avelength. A sandwich type 
cell configuration w as used to m easure th is spectrum .
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As pointed out in the introduction o f Chapter 5 the reason for the preparation 

o f H2(OApyAO) is aimed to the number o f  structural isomers. This goal can be 

obtained o f the steric hindrance between the terpyridine and the extended (OApyAO) 

ligand during the formation o f the complex, this should result in the formation o f 

solely the [Ru(tpy)(0A2pyA20 )] isomer (Fig 6.4). It has already been shown that for 

triazolate bidentate ligands17,18 containing bulking groups at the 5 position, such as 

phenyl, phenol or bromine moieties, differentiation o f  the two coordinating nitrogens 

occurs leading almost exclusively to complexation at N 2 atom. Molecular model o f 

the possible configurational isomers, using the Hyperchem Software, supports the 

importance o f  steric hindrance for the ligand, in fact just as in the case o f  the 

[Ru(tpy)(OA2pyA2$ )]  isomer the two phenyl groups, lying in an orthogonal plane to 

the tpy ligand in the energetic configurational minimum, have the possibility o f  free 

rotation. However in the other two isomers, one or two o f  the phenyl groups are 

constricted in an almost frozen position from the interaction o f  the tpy lying on the 

parallel plane (Fig. 6.9).

The new H 2(OApyA<E>) ligand was prepared in a similar way to the Hz(ApyA) 

ligand (chapter 3). For the synthesis o f  the [Ru(tpy)(OApyAO)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 o f  a 23% yield. M ore recently, DMF has 

been used for the reaction, because o f  the easier w ork up o f  the product.

6.4 Synthesis and Characterisation of [Ru(tpy)(OApyAOj]
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The purity o f  the complexes was verified with HPLC-measurements (Fig. 

6.5). In the chromatogram o f 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, w hich 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 o f  the isomer fractions resulted 45%: 55% o f  isomer 

[Ru(tpy)(<5A2pyA40 )]  : Isomer [Ru(tpy)(0A2pyA20 )] .

The formation o f  an intermediate with form ula {Ru[tpy][(ri2)OApyAO]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 o f  the two isomers 

instead o f  the expected three or the anticipated [Ru(tpy)(<J>A2pyA20 )] . It is envisaged 

that the first coordination will be via the nitrogen o f  the central pyridine ring and 

subsequently indifferently via N 2 or N4 o f  one o f  the triazole moieties. The second 

triazole ring will always bind trough the N 4 atom. This is expected because o f  the 

steric hindrance between the phenyl ring and the tpy ligand already complexed. 

Synthesis or photochemical formations o f  a  r |2-tpy complex have precedents in 

literature.19,20
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I Ru(tpy)(d>A4pyA4d>)l I Ru(tpy)(®A2pyA2<f>) )

I Ru(tpy)(<DA4py AzO) ]

{Ru |tpy 11(Ti2)OApyAcDl(X)}

Figure 6 3  Possible isom ers fo r  [RuitpyXS’ApyA®)) com plex, and space filling m olecular m odels 
for the possible interm ediates {Ru[tpy][(ri2 )<l>ÀpyA<I>] X}* w here X  is a solventnndqcnle.
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Figure 6.10 Chrom atogram s (a) am i absorption spectra (b ) in  0 ;0 1 LiGK> 4  M  acetonitrHe: water  
(4:1) solution o f | Ru(tpy)(<l>A2 pyA2d>)l (red line) and fStt(tpyK<̂ A 2 pyA4 <I>)^(blae^ine)

Figure 6.11 [Ku(tpy)((î>ApyA<l>)t:isemersandtheir ^ N M R  assignments.
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The chromatograms o f  the two pure isomers are shown in Figure 6.10, the 

retention times are a three minutes for [Ru(tpy)(0A2pyA40 ) ]  and around 2 minutes 

for [Ru(tpy)(0A2pyA20 )].

The 'H-NM R spectra (Fig. 6.12, 6.13, 6.14) o f  a methanol solution o f  the two 

isomers are qualitatively quite similar to that o f  the analogous [Ru(tpy)(ApyA)J 

isomers, assignments were made on the basis o f  coupling constants and by analogy 

with [Ru(tpy)(ApyA)].

As expected one o f  the two 'H -N M R spectra exhibits eleven resonances (Fig. 

6.13 and 6.14), six from the tpy ligand and five from the (OApyAO) ligand. The 

observation o f  the eleven resonances confirms the symmetrical structure o f  one o f  the 

isomer on the NM R time scale. The other 1 H-NMR (Fig. 6.12) spectrum instead 

showed the presence o f  14 signals, evidence o f  non-symmetrical coordination by the 

(OApyAO) ligand. The assignments o f  the tpy ligand proton signals were made on the 

basis o f the 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 o f  the differing coupling constants J(H5 H6) and J(H3 H4). The two 

remaining tpy resonances, assigned to H3 and H4 o f  the central pyridine ring o f  the 

tpy, are sensitive to the different coordination o f  the (OApyAO) ligand, or better, 

sensitive to interaction with the pendent phenyl groups (Fig. 6.9 and Table 6.1).

The assignment o f  the proton signals o f  the (OApyAO) ligand was also made 

on the basis o f  the coupling constants. The two resonances, assigned to H3 and H4 o f 

the central pyridine ring o f  (OApyAO), data in Table 6.1, are slightly sensitive to the
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N2/N4 coorination. The presence o f two sets o f  signals for the each proton on the 

phenyl rings, [Ha, Hb, Hc] and [Ha’, Hb’, Hc ] (Fig. 6.11), in one o f  the ‘H-NMR 

spectra, that is the asymmetric one (Fig.6.12), is in agreement w ith the presence o f  

one asymmetric complex [Ru(tpy)(OA2pyA40 ) ]. In  the asymetric complex, the 

upfield shift o f  the tpy H4 and H3 protons and the upfield shifts o f  (OApyAO) Ha , Hb 

and Hc protons, in comparison with Ha, Hb, Hc, are indicative o f  a strong interaction 

between one o f  the phenyl moieties and the central ring o f  the tpy. That presumably 

means that the triazole moiety, w ith the phenyl group in the 5’” position (Fig. 6.11 

and 6.9), must be bound to  the triazole ring coordinating via N 4 nitrogen. In  the 

symmetric ^ -N M R  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)(0A 2pyA20)J 

isomer.

214



w

Figure 6.12 'H -N M R  spectrum  o f the[Ru(tpy) (®A 2 pyA4®)] com plex in d 4 -mettaanol.
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y
Figure 6.13 ‘H -N M R  spectrum  o f the[R u(tpy) (®A2pyA ®)] com plex in d -methanol.
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As previously observed for [Ru(tpy)(ApyA)], the UV/VIS absorption spectra 

o f the isomers show, in a basic ethanol solution, a strong metal to ligand tpy based 

charge transfer band, for the [Ru(tpy)(C>A2pyA40 )]  isomer at 475 nm and for 

[Ru(tpy)(0A2pyA20 )]  at 477 nm. The bands at 272, 315 o f  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 

5.3)

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)(0A2pyA2O)], the emission maxim a and the lifetimes o f  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)(OApyAO)] 

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 o f  the 3MLCT state, the emission maxim a are red shifted.

In the pH-titration o f  the isomers, two different patterns were found. Both 

isomers display a reversible behaviour in the pH range between 1.5-9. For the 

emission titrations the wavelength o f  475 nm  was chosen for excitation, which does 

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

titration.

The [Ru(tpy)(OA2pyA20 ) ]  isomer shows a blue shift o f  the MLCT band upon 

lowering o f  the pH. Two isobestic points at 470 nm and 405 nm. were observed. A 

double sigmoidal fitting o f  the data procured two pKa values o f  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 o f  the emission after the first protonation. In contrast the pH- 

titration o f  the isomer [Ru(tpy)(0A2pyA4<E>)] contained tw o 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)(0A2pyA40 )]  and 0.50 V  for [Ru(tpy)(0A 2pyA20 ) ] . These 

shifts, compared to the potential o f  [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 (0A 2pyA20 )  coordinated ligand is a  slightly stronger cr-donor 

than (0 A 2pyA4O)2' or than the (ApyA)2' isomers. B oth 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 o f  the
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luminescence lifetime using an Arrhenius -ty p e  approach (Equation 5.2). In equation 

5.2, Ai and AEt are parameters concerned w ith the fact that the luminescent level is 

actually composed o f  cluster o f  3MLCT states, and AEi can be viewed as the energy 

width o f the clustered levels. A2 and AE2 are the pre-exponential factor and the energy 

barrier, for thermal population o f  a higher-lying metal-centred state o f d-d orbital 

origin, which is involved in the deactivation o f the MLCT state luminescence.

The kinetic parameters, for the excited state decay o f 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 o f the M LCT excited 

state is governed by a deactivation process.

According with the lifetime tem perature dependency treatment used in chapter 5 this 

implies population o f  a  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 

3M C-3MLCT step. This represents the limiting kinetic case whereby the pre­

exponential factors A2 is in the range o f  10n -1012 sec'1 and the energy differences 

(AE2) is the energy between the 3MLCT and 3MC curves, see picture 5.16.

It is o f  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 3MLCT 

and 3MC 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 

3MLCT cu rv es .

A similar outcome was also expected as a result o f  the different solvent 

behaviour illustrated by the two isomers in polar solvents (Table 6,3), in fact, the 

lifetimes o f  the MLCT excited state was to be much longer for [Ru(tpy)(<E>A2pyA20 )]  

than for the other isomer, due to the increase in  energies between 3M LCT and 3MC 

states. However the general solvent acceptor number-3MLCT energy dependency and 

3MLCT lifetime-energy dependency trends, as seen in Chapter 5 for the archetypal 

[Ru(tpy)(A2pyA4)] complex, were also followed by the [Ru(tpy)(<MpyA3>)] isomers 

(Table 6.3).
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W a v e l e n g t h  [ a m]

Figure 6.10 Em ission spectra o f  thc[R u(tpy) (®A2 pyA4 Q>)] com plex in  basic (b lack  line) or acidic 
(red line) ethanol, registred at r.t.

W a v e  le n g  th in  m ]

F ignre 6.11 Em ission spectra o f  the[R u(tpy) (<J>A2 pyA4<D)] com plex in basic (b lack  line) or acidic 
(red line) ethanol, registrad a t 77K.
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W a  ve length [nm ]

Figure 6.12 Solvent dependency of the [Rn(tpyX^A2pyA20 ) l  absorption spectra at 298 K

W a v e l e n  gth In m]

Figure 6.13 Solvent dependency of the [Ru(tpy)(<DA2 pyA2 <£)] emission spectra at 298 K
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(ppm) H3
(d)

H4
(dd)

H5
(dd)

H6
(d)

HJ’
(d)

H4
(t)

H*
(d)

H4”
(t)

H“a
(d)

j j b / b ’

(t)
U ‘
(t)

Tpy 8.7 8 . 0 0 7.50 8.70 8.55 8 . 1 0

H 2((DApyA«D) * 8 . 1 8 . 2 8 . 1 8 . 2 7.54
[R u (tp y )2] 2+ 8.82 8.08 7.34 7.72 9.09 8.59
[R u (0 A 2pyA20 ) ( t p y ) ] 8.37 7.75 7.17 7.44 8.34 7.55 8 . 2 0 8.29 6.19 6.76 6,98
[R u(® A 2pyA40 ) ( t p y ) ] 8.34 7.70 7.12 7.38 8 . 0 1 7.90 8 . 2 2 8.19 6.36/

7.61
6 . 8 6

/7.12
6.98/
7.17

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

Abs 298 K a Emi. 298 K a Emi. 77 K a Electrochem'

k s X T <|)emh k X Ered E oï
(ran)“ (NT'cm'1) (ran)6 (nsec)f (mu)' (|isec) (Volt) (Volt)

[Ru(tpy)î]2+ 474 10400 629 0.25 5.0*10^ 598 8.9 1.67 0.92
[Ru(ApyA)(Cl-tpy)] 1 489 13250 770 45 1.30 0.60
[Ru(®A2pyA2®Xtpy)l 486 13500 694 51 2.5*10^ 648 7 (1.36) [0.50]m
fRu(tPA2pyA40)(tpy) | 485 12800 701 24 l.ono-4 660 5.5 (1.35) [0.60]m
[Ru(A2pyA2)(tctpy)|'s 1 490 10500 770 100 670 (1.31) 0.40

Table 6.2 a) Ethanol, b) Methanol, ethanol (1, 4), c) DMF vs. Fc/ Fc+, in round braquette not 
reversible reductions, d) Wavelength of the lowest energy absorption maximum, e) Wavelength 
of highest energy emission feature, f) Luminescence emission lifetime (± 10%). h) Luminescence 
quantum yield, i) photophysical measurements in deareted DMF solution, m) Measured in 
methanol solution where the complex presented the higher solubility
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Solvent
(Acceptor number) v  abs v maxnm.

v  absv maxnm.
v  em v maxnm.

T
ns

(298  K) (2 98  K ) (298  K ) (2 98  K )
|Ru(OA2pyA20)(tp y)|

Methanol
(41.3)

483 374 687 50

Ethanol
(37.1)

48 6 378 694 51

Acetonitrile
(19.3)

492 382 721 72

DMSO
(19.3)

4 95 388 718 94

DMF
(16.0)

495 391 723 80

|Ru(cl>A2pyA4ct>)(tpy)|
Methanol
(41.3)

483 378 700 20

Ethanol
(37.1)

485 380 701 24

Acetonitrile
(19.3)

493 384 729 65

DMSO
(19.3)

4 98 387 734 92

DMF
(16.0)

4 98 390 738 62

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

k0
(sec1)

ki
(sec1)

AEi
(cm 1)

k2
(sec"1)

AE2
(cm 1)

[Ru(0A 2pyA20)(tpy)] 1.5*103 9* 10s 700 5 * 1 0 “ 2 850

[Ru(0A 2pyA40)(tpy)] 2 .0 0 *  105 1*10* 350 2 * 1 0 “ 2 65 0

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 o f  violent 

decomposition reactions, have been used in coordination chemistry to prepare a 

number o f  coordination compounds during the last decades1,2,3. Nevertheless they 

are not widely known as common ligands and little is known about the nature and 

strenght o f  the coordination behaviour o f  the tetrazole ring. This encouraged the 

investigation into some unknown fields o f  the tetrazole coordination chemistry.

In Section 4.4 the (I Ipy) ligand and its bis (bipyridyl) ruthenium complex 

have been discussed. The nature o f  the metal-to-ligand interaction in this complex 

was studied by 'H-NM R, 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 o f the metal based HOMOs and raising in the energy o f  the ligand base 

LUMOs.

The H2(l lpyCl) 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 

o f the two triazolate moieties, two tetrazolate rings are present. They also are good 

a-donor, as shown in Chapter 4, but because o f the high symmetry o f  the 

nitrogens in the terazole moiety, the presence o f  structural isomers is avoided. The 

H2(DpyD) ligand coordination to ruthenium complexes is tridentate, in a pseudo- 

octahedral coordination, the class o f  symmetry o f  its tpy complexes is C2v.
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4 (pyrid-4-yl) 2 ,2’; 6 ’, 2” terpyridine
(py-tpy)

N
N

2,2’; 6 ’, 2 ” terpyridine
(tpy)

Figure 5.1 Ligands cited in the text

The aim o f  this chapter is to study comprehensively a  method to increase 

the emission quantum yield and increase the lifetime o f  the excited state, avoiding 

the formation o f stuctural isomers.

The tridentate ligand H2(l Ipyl I), (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 o f  the Ru(II) complexes would substantially alter 

their photophysical properties.
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The H2(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 

o f 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



7.2 Synthesis and Purification

The ligand di 2,6-(tetraz-5-yl) pyridine, H2(DpyIl]), was prepared by 

reaction o f  pyridine-2-6, carbonitrile and sodium azide, as shown in section 3. The 

preparation o f  the complexes involved its reaction with one equivalent o f [Ru(X- 

tpy)Cl3], where X= H, Cl or py. Once again the method proved to be somewhat 

problematic. The major problem was again the solubility o f  the ligand and the 

solubility o f  the resulting complex. The EfeCDpyD) ligand is soluble in hot DMF or 

in basified polar solvents in its anionic form.

In the course o f  preparation o f  the mononuclear complex a boiling DMF 

solution, in presence o f  N-ethyl morpholine as a  reducing agent, was used.

The reaction was found to give the desired complex w ith an average yield 

o f  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)(l Ipyl 1)] was the only exception, it was isolated as [Ru(Hpy-tpy)(l lpy[ 1)][PF6] 

and [Ru(Hpy-tpy)H2(DpyD)][C10 4]3  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 

w ere investigated to  p robe  the inter ligand and metal-Bgand interactions in  these 

systems. The LH-NM R 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(I I) complexes, the lowest field 

resonance is H3, followed by H4, H6 and H5. The upfield shifting o f  H6 with 

respect to H3 is explained by th e  fact that it lies in  th e  shielding region above the 

tetrazolate ring o f  the  o ther ligand.

X 

X= H, Cl, Py

Figure 7.2» Ruthenium complexes, and ^-N M R  protun assignations.

From the CIS coordination shifty CIS (=5c«mpiex - SiigaadX a number o f 

general patterns are observed, w hich provide information about the 

conformational and electronic charges upon coordination. In  the deprotonated 

com plexes H3 experiences a small downfield shift upon coordination, which is 

usually attributed to  V an der W aals deshielding by H3  ̂In genera^ H5 undergoes 

very m inor coordination shifts. T he shift o f  H3 is related in part to th e  Van der
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Waals interaction, in part it may attributed to the m etal interaction with the central 

pyridine ring, which is greater than that with the terminal rings.

In the case o f  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 

o f  the terpyridine ligand.

The negative CIS values appear greater than for the analogous tpy 

complexes, this is simply a consequence o f  deprotonation o f the tetrazole rings 

and the resulting transfer o f  electron density from the negatively charged tetrazole 

to the metal.

The ^ -N M R  spectral data (Fig. 7.3, 7.4, 7.5, 7.6, 7.7) o f  a d8-DMF 

solution o f  [Ru(py-tpy)(DpyD)] are collected in Table 7.1. The spectrum is 

relatively clear and well resolved, and illustrates the symmetry o f the ruthenium 

complex. The spectrum was unambiguously assigned on the basis o f  H-cosy and 

by comparison w ith the spectrum o f  [Ru(tpy)(Dpy[ 1)] and [Ru(py-tpy)2]2 '. It is o f  

particular interests that, in the tetrazolate compounds [Ru(tpy)(l Ipyl I)] and 

[Ru(py-tpy)(l Ipyl I)], 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 

o f  the non-coordinated pyridine ring upon adoption o f  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 o f  the tpy and the 4-pyridyl substituent 

will be in the 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 “^paren t complex) and the CIS ( ^com plex

Sugand), a number o f  features are immediately noted. The terminal pyridine rings 

are essentially unperturbed by protonation and all o f  the changes in charge density 

are associated with the central ’4, 4 ’ bipyridine functionality (Fig. 7.2). M ost 

surprisingly, the major shift (0.63 ppm) is associated with Ha and not w ith H b, the 

proton adjacent to the site o f  protonation. This is in accord w ith the known 

protonation behaviour o f  pyridine, and 4, 4 ’ bipyridine in D 2O .6 The down field 

shift o f  Ha is much larger than that for H 3 . 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 o f  the ‘4, 4 ’ bipyridine unit. This will 

result in changes in the anisotropic shielding and deshielding o f Ha and H3 , but 

cannot easily be quantified.
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Figure 7.3 ‘H-Cosy-NMR spectra of the [Ru(tpy)(QpyD)] complex in d6-DMSO

Figure 7.4 ’H-Cosy-NMR spectra of the [Ru(Cl-tpy)(l lpy[ l)| complex in d6-DMSO
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Figure 7.5 ‘H-NIVIR spectra of the [Ru(Cl-tpy)(DpyD>] complex in d6-DMSO.
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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 ^-Cosy-NMR spectra of the fRu(py-tpy)(Dpyl I)] complex in d6-l)MSO
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(ppm) W
(d)

H4
(dd>

H 5
(dd)

t l6
(d)

Hy
(d)

H r
(d)

H4"
(t)

HXI H

tpy 8.66 7.95 7.42 8.69 8.54 8.02
Cl-tpy 8.59 7.84 7.36 8.70 8.48

Py-tpy 8.72 7.99 7.47 8.74 8.78 7.83 8.77

H2(OpyD) 8 8

[Ru(t|iy) (üpyü)] 8.80 8.00 7.30 7.38 9.00 8.55 8.45 8.45

[Ru(L lpyLl)(C!-tpy)l 8.91 7.73 7.37 7.46 9.34 8.56 8.49

[Ru(GpyD)(Hpy-tpy)] 8.30 8.06 7.47 7.46 9.16 8.01 8.01 8.78 9.07

[Rii(UpyLI)(pv-tpy)] 8.96 8.00 7.37 7.34 9.37 8.45 8.39 8.85 9.07

[R u«py)ir 8.48 7.91 7.15 7.33 8.74 7.92
[Ru(Cl-tpy)i)1+ 8.90 8.12 7.38 7.86 9.23
[Ru(py-tpy)2|24 8.66 7.97 7.20 7.43 9.07 8.14 8.97

IRu(Hpy-tpy)z|4+ 8.69 8.01 7.24 7.44 9.13 8.74 9.05

Table 7.1 ‘H-NMR spectroscopic data for d6-DMSO solutions of ligands and their 
Ruthenium complexes (see Fig. 7.2), when in X-tpy, the substituent X= py then HXI= Ha and 
I1X2= Hb, instead when X= H then HX1= H4.
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The UV-vis. absorption spectra o f the complexes (tab. 7.2 and Fig. 7.6, 

7.7), 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 o f the ligand.

H2(DpyD), after coordination with the Ru-tpy moiety, is found to be a 

much stronger acid, pKa values o f 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[ i)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 71-acceptor than terpyridine. In 

agreement with this hypothesis, all the emission spectra were blue shifted in 

respect with the analogous (ApyA) complexes. However replacement o f one X-tpy 

(X= H, Cl, py) ligand o f  [Ru(X-Tpy)2]21 with (DpyD)2' ligand causes an increase 

in the electronic charge on the metal, with a consequent red shift o f  the metal to 

ligand (tpy based) charge transfer absorption and emission bands (Fig. 7.8, 7.9, 

7.10, 7.11).

Upon adding acid to the acetonitrile solution o f [Ru(py-tpy)(' IpyLJ)] a 

colour change from crab brown to lobster pink occurred. This corresponds to the 

formation o f 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

7.4 Electronic Spectroscopy
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a shift in the MLCT band from 490 to 506 nm. Shifts also occur within the free 

pendant pyridine based k - tz*  transitions which are observed at 340 nm. The shift 

o f the MLCT band to lower energy is compatible with the lowering in energy o f 

tt* levels o f the protonated ligand. Systematic shifts in the electronic spectrum 

occurred upon titration o f buffer solutions o f  [Ru(py-tpy)(( ¡pyl I)] complex. A 

single protonation process with an approximate pKa o f 2.8 is observed, in 

agreement with the analogous [Ru(py-tpy)2]21, a large excess o f 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.

abs 298 K a em i 298 K a em i 77 K a

X E X T

-1-e- X T
(nm)a (nm)' (usec)f (nm )c (|.isec)

[Ru(tpy)2]2H 475 11600 629 0.25 5 * 10'6 598 11.3

[Ru(PpyD)(tpy)l 474 9500 680 42 7*l(Tr 615 8.4
|R uH2(1 lpyUXtpy)]2+ 461 10800 — — — 595
|Ru(llpvll)(C ]-tpy)] 474 10500 695 107 ■3-o*00 625 6.5
[RuH2(DpyOXCI-tpy)|z+ 463 11700 — — — 607
[Ru(DpylH)(Hpy-tpy)]1 506 11500 700 8 2*10'4
[Ru(DpyO)(py-tpy)] 490 10300 671 110 2*10'4 615

Table 7.2 a) DMF, b) Methanol, ethanol (1, 4), c) DMF vs. Fc7 Fc+, in braquette not 
reversible reductions d) Wavelength of the lowest energy absorption maximum e) 
Wavelength of highest energy emission feature f) Luminescence emission lifetime (± 10%) h) 
Luminescence quantum yield
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3 .0 x 1 04 - ,

X (n m )

Eignre 7.8 Absorption spectra of fRu(tpyKnpyiU)] (m l line) and [Ra(tpy)(A2pyA4)] (blue 
dashed tine) in ethanol solution.
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Figure 7.9 Emission spectra temperature dependence of the [Ru(tpy)E]py[ I)} from 298 to 80 K 
in ethanol: butyrronitrile (4^) solution.
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X ( n m )

IJMF solution.

K (n m  )

Figure 7.11 Emission spectra of ptu(tpyXDpyf 1)1 (black line> and[Ru(Cl-tpy)(Dpyf ])} (red line) in acetonitrile.
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When excited within the M LCT 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 o f one or both tetrazole rings results in a total quenching o f the 

emission.

The origins o f the quenching o f the luminescence o f the protonated 

complexes are:

- protonation o f the complex results in a stabilisation o f 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(t2g)-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 3M LCT and 3M C states. As we have seen in chapter 5 

for (ApyA)2', it is expected that also for DpyD complexes quenching o f the 

luminescence lifetime upon protonation o f the ligand may result from facile 

internal conversion to a lower energy 3MC state which rapidly relaxes to the 

ground state.
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X  ( n m )

Figure 7.Î2 Absorption spectra pKa dependency of [Ru(Dpyl )Xpy-tpy)]IiB Britton Robinson 
buffer solution, from pH 1 to pH 5

X (nm)

Figure 7.13 Emission spcctra of fRu(l IpyC l)(py-tpy)] in Britton: Robinson buffer salutimi; (pH 
6 green, pH 1 blue line).
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7.5 Redox Properties and Spectroelectrochemistry

The oxidation and reduction potentials o f the complexes are given in Table 7.3. 

By comparison o f (tpy) based Ru(n) complexes the first (not reversible) reduction 

potential for these mixed ligand complexes are terpyridine based, the k* levels o f 

the terpyridine are slightly lower than those o f the (DpyD)2' ligand. The oxidation 

potentials o f the neutral complexes are lower than that o f [Ru(X-tpy)2]2 h, which 

indicates that the (DpyD)2' ligand is a stronger a  donor ligand than tpy, they are 

higher than that o f [Ru(tpy)(ApyA)], which confirms that (DpyD)2' is a less 

stronger a-donor ligand than (ApyA).

The potential o f spectroelectrochemistry in the study o f the electrochemically 

generated reduction products o f the d6 polypyridyl complexes has previously been 

demonstrated.7,8 Usually the UV-visible spectrum o f the reduced form o f the 

appropriate homoleptic complex provides a model spectrum for the ligand anion, 

in a mixed ligand complex, upon excitation. (See chapter 5)

Spectroelectrochemistry data o f [Ru(tpy)(DpyD)] are shown in figure 7.14 

and 7.15. Electrogeneration o f the one electron oxidised and reduced forms are 

possible with more than 95% regeneration o f the original oxidation state.

In the oxidative spectroelectrochemistry for [Ru(tpy)(ApyA)] the ruthenium to tpy 

MLCT transitions are completely lost upon the one oxidation o f the Ru(Il) centre, 

as observed for other Ru-tpy comlexes.9

Electrogeneration o f one electron reduced form is reversible, the spectrum 

obtained virtually tracks the spectrum o f the [Ru(tpy)2]' . In the case o f 

[Ru(tpy)2]2+, two strong absorption bands grow in when an electron is added. One
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has a maximum at around 340 nm. and has been assigned as a 71-71:* transition 

from the highest completely filled LUMO(7t6) to the half filled HOMO(7i7) o f  the 

tpy anion.10,11 Another more structured absorption appears near 525 nm. and it 

has been assigned as a K*-n* transition (7t7-7Cio) o f 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 barely 

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 o f singly 

and doubly reduced [Os(tpy)2]2+. 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 band 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)]+ (navy) 
recorded in acctonitrile containing 0.5 M TBAH.

X (nm)

Figure 7.15 Ncar-UV-visiblc spectra of [Ru(tpy)(ApyA)] (black) and [Ru(tpy)(ApyA)| 
(blue)in acetonitrile containing 0.5 M TBAH.
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7.6 Temperature Dependence of the MLCT Energy and 
Lifetime

The temperature dependence o f the 3MLCT excited state emission lifetime 

o f the [Ru(X-tpy)(l ]pyi i)] species still represents an increase o f magnitude with 

respect to [Ru(X-tpy)2]2+ complexes (Tab. 7.2). Using arguments put forwards in 

Chapter 5 it is likely that this increase can be explained by the increase o f the 

energy gap between 3MC and 3MLCT states following the replacement o f the 

weak field terpyridine ligand by a strong field ligand.

To determinate the increase o f the ligand field, low  temperature excited 

state lifetime measurements o f  [Ru(tpy)(DpyD)] were made in butyrronitrile- 

ethanol (5:4) solution.

As discussed in Chapter 5 and 6, the decay o f an excited state takes place 

by competitive radiative and not radiative processes. The (1/x) vs. 1/T plot (Fig. 

7.16) 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 o f  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 o f two closely spaced states, AE o f 450 c m '. whose have similar 

decay properties and an excited state lying 2450 cm '1, which undergoes fast 

radiationless deactivation.

As it was seen in Chapter 5, section 5.6 and Fig. 5.17, when the main 

contribution to kc, (kc is the sum o f all the rate constants o f the possible 

deactivation processes that can deactivate the 3MC states), comes from a non­
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activated process, A2 will correspond to the rate o f the non-activated process (k'c). 
The activation energy AE2 may correspond either to the energy gap between 

3MLCT and 3MC or the distance between the 3MLCT level and the crossing point 

o f  the two surfaces. For complexes o f the same family the AE2 data have probably 

the same meaning and the energy gap between the minimum energy o f  the 

3M LCT level and the 3MC level is most likely related to the distance between the 

3MLCT level and the crossing point o f the two surfaces. This will be discussed in 

Chapter 8.

Electrochemistry
Fox

(Volt)
Ered

(Volt)
Ered

(Volt)
{Ru(tpy)2]i+ 0.92 -1.67 -1.82
[Ru(Gl-tpy)jJ*+ 1 -1.53 -1.78
[Ru(Py-tpy)2]2+ 0.895 -1.66 -1.92
[Ru(HPy-tpy)3]4+ 1.045 a a
[Ru (HI pyH)(tpy)J2+ 0.89 -1.53

[Ru (□pyü)(Cl-tpy)]2+ 0.95 -1.45 -1.98

[Ru(GpyG)(Hpy-tpy)]+ 0.95 a a

[Ru (OpyDXpy-tpy )] 0.87 (1.53)a

Table 7.3 Rcd-ox potentials in DMF solutions vs. Fc/ Fc+, in braquette not reversible 
reductions, a) reductive processes poorly resolved.
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ko (se c 1) fci AE, k2 (sec'1) AE 2

(se c 1) (c m 1) (cm 1)

|Ru(LIpyU)(tpy)| 1.2x10" 6.5x10' 450 1.4x10"* 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  v s  T  of [Ru(tpy)(LIpyD)]. Curve fit in 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 o f 

the lowest absorption and emission band maxima are collated in table 7.5. Table 

7.5 clearly shows that both absorption and emission spectra o f  [Ru(tpy)(DpyD)] 

depend on the nature o f the solvent. As for the analogous [Ru(tpy)(ApyA)] no 

statistic correlation o f both absorption and emission energies with dielectric 

constants or refractive index o f the solvent (See Chapter 5).

Previously different research groups12,13 explained the solvent dependence 

o f the [RuL2(CN)2] and [Ru(tpy)(CN)3]' absorption and emission energies based 

on the Gutmann’s acceptor num ber14, 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 o f [Ru(tpy)(DpyD)] absorption 

and emission energies with the solvent acceptor number.

However the [Ru(tpy)([]pyU)] 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 o f the complex in different 

solvents increases (Fig.7.18), increasing the acceptor num ber o f the solvent, while 

the lifetimes o f the complex do not have noticeable increase.

This could be explained in two different ways:

Supposing that to the increase o f the emission curve areas 

correspond a increase o f  the quantum yield in different solvents,
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increase o f the kcm and the generation o f different species 

(polinuclear cluster united by hydrogen bonds) must be admitted 

The presence o f 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 is 

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 o f hydrogen bond a titration o f the complex was 

made in THF, adding water, the result was a gradual quenching o f the emission. 

The titration result cannot be considered the final prove o f the formation o f 

hydrogen bonds, but it can be considered an evidence o f  the interaction o f  the 

water with the complex.
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Solvent
(Acceptor number)

v  absVmax
kk

v  abs »max
kk

v  em v max
kk

T
ns

(298 K) (298 K) (298 K) (298 K)
Water
(54.8)

22.57 27.24 14.92 45

Methanol
(41.3)

22.22 27.17 14.88

Ethanol
(37.1)

21.83 27.10 14.88 45

Dichloromethane
(20.4)

20.96 26.88 14.83

Acetonitrile
(19.3)

21.27 27.17 14.61 48

DM SO
(19.3)

21.14 26.95 14.85 54

DMF
(16.0)

21.14 27.02 14.61 54

THF 
( 8.0)

20.92 26.70 14.57

Table 7.5 Solvent dependence of absorption and emission spectra of [Ruftpy)(DpyL I» at 298 
K.
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Solvent Acceptor lumber

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

A. (nm)

Figure 7.18 Solvent dependency of the |Ru(tpy)(L IpyL 1)] 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 o f (DpyD) ligand, as alternative to (ApyA), ligand to 

extend the lifetime o f the 3MLCT excited states o f  Ru(II) terpyridine complexes 

has been explored. Photophysical and electrochemical data were analysed in order 

to give a well defined picture o f {Ru(tpy)(DpyD)] properties,.

In comparison with [Ru(tpy)(ApyA)], [Ru(X-tpy)(DpyD)] has a shorter 

3MLCT excited state lifetime due to the decrease o f the energy gap between the 

3MC and 3M LCT states. However these complexes display an advantageous lack 

o f structural isomers, which will be an agreeable factor in any further 

investigation on their ultimate supramolecular systems. In fact, the lifetimes o f the 

tetrazolate complexes is still in an acceptable range, interesting perspectives arise 

for the use o f structurally attractive Ru(II) 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......
M u r p h y



8.1 Introduction

The design o f supramolecolar systems with appropriate electronic properties 
is an area o f 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 o f d6 metals. With their strong metal to ligand charge transfer 
(MLCT) absorption and long lived emitting 3MLCT 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 o f 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 o f iron (II), but it is only 
recently that there has been any interest in their coordination chemistry with 
ruthenium (II), (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 o f the 
ruthenium o f the bidentate and tridentate ligands. In terms o f the symmetry and 
topology o f molecular arrays, the bidentate and tridentate ligands have strongly 
different properties. At a given octahedral metal centre, three bipyridines are arranged 
in a mutually orthogonal fashion, whereas only two tpy types occupy two o f 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 o f a photophysical nature. The lifetime of the 3MLCT 
excited states is known be strongly dependent on:

-  The energy of the state (energy gap law)
-  The proximity o f higher energy metal-centred (3MC) excited states, which can 

provide an additional, thermally activated decay path.
In contrast to bischelating bpy-type ligands, the bite angles o f a tris-chelating 

ligand such as tpy are not ideally suited for octahedral coordination. A recent crystal 
structure o f a bis (tpy) complex o f Ru(II) with a derivative o f tpy has shown that the 
coordination about the metal centre deviates substantially from the octhaedral such 
that the N-Ru-N’ bite angle is only about 160o1 The distorsion results in a relatively 

weak ligand field at the metal, low energy 3MC 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 3MLCT state o f the [Ru(bpy)3]2+ is long lived, 960 nsec in 

deaereted acetonitrile, and highly luminescent <Dem = 0.059, [Ru(tpy)2]2+ has an 

extremely short lifetime, t  = 250 psec in deaerated acetonitrile, and displays little 

luminescence (Ocm « 5 x  10'6) at room temperature. This is a severe drawback for the 

use o f 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 of thermally 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 o f the excited states in the order o f one hundred 
nanoseconds.

8.2 Discussion

Rational strategies can be devised to increase the excited state lifetime o f 
ruthenium-tpy type complexes. Since one of the main origins o f the short lifetime o f 
the 3MLCT excited state is the small energy gap between the emitting state and the 
upper lying 3MC state, increasing this energy gap is expected to be beneficial. In bis 
tpy complexes, substitution o f the 4 ’ positions o f 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 o f 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:

261



-  The electron accepting groups stabilise the LUMO n* ligand orbitals more 

than the HOMO 7i(t2g) metal orbitals.

-  The electron-donor groups destabilise the HOMO 7t(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 o f the substituent.

-  At high temperature, electron accepting substituents have the opposite effect. 

These conclusions can be explained on the basis o f the correlation between the 
electrochemical potentials and emission energies, the two processes involve electron 

transfer between the same molecule orbitals. It was concluded that when the 

substituents are electron acceptors, the n* ligand centred orbital is more stabilised 

than the 7i(t2g) metal centred orbital because o f 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 

o f the destabilisation o f the metal centred 7t(t2g) 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 71* 

orbital of the A-tpy ligand is stabilised and the D-tpy destabilises the metal centred 

7t(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 3MLCT 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(EI) terpyridine 
complexes is the use of ancillary ligands, to change the relative 3MLCT and MC 
energy states. To increase the energy 3MC states and decrease the energy of the 
3MLCT, 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 literature5, 6’ 1, 

[Ru(tpy)(NCS)3 ]' and [Ru(tpy)(CN)3]’. 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 o f conclusions can be 
achieved:

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

centred on the n* orbitals o f the x-tpy

-  the lowest energy absorption and emission bands 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 o f importance to note that a 
linear regression coefficient o f the emission correlation (Rem) o f over 0.94 indicates a 
good statistical correlation. The data points for the absorption are quite scattered 
around the linear fit, R abs less than 0.7. A explanation for this behaviour is the 
presence o f an overlap between several MLCT bands in the absorption spectra, in this 
case the selected maxima do not always correspond to the lowest energy 1MLCT 
transition. In fact we noted, in almost all the complexes examined, the presence o f 

two small shoulders around 650 nm and in Chapter 5 it has been shown that the
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molecular orbitals o f the Ru(tpy) complexes split under C 2V symmetry, generating 

many different MLCT transitions.

Figure 8.1 C orrelation  betw een th e en ergy  o f  th e  ab sorp tion  m axim u m  (p lanets) and em ission  
m axim um  at 80 K  (stars) and th e  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 

7i* orbital of the tpy moiety.

According to Lever8, the stronger a-donor capacity o f the ancillary ligand 

gives rise to a smaller effective nuclear charge on the ruthenium, destabilising the 

7t(t2g) orbital on the metal, this can be understood by considering that removal o f one 

electron from the metal centre causes the formation of Ru(III), which withdraws 
electronic charge from the electron rich ancillary ligand, thereby destabilising the 

HOMO 7i(t2g) metal orbitals. As previously seen, oxidation o f the studied complexes 

is metal centred, the increase in oxidation potentials is related to the a-donation 

capacity, the order o f increasing capacity o f a-donation is tpy < (flpyl J)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 o f the ancillary ligand.

266



Complex EAbs(eV) F Emi 80K(eV) ERed
(V)

Eox(eV) ln(l/i:80K)
(1 ) [Ru(tpy)(CN)3] 2.60 1.78 -1.35 0.49 10.28915

(2) [Ru(tpy)(A4pyAJ)| 2.58 1.85 -1.35 0.50 10.10194

(3) |Ru(tpy)(«I)A'pvA2(&)J 2.55 1.85 -1.35 0.50 9.80818

(4) fRu(tpy)(A4pyA2)] 2.58 1.87 -1.38 0.49 10.07784

(5) [Ru(tpy)(<P A2pyA M»)] 2.55 1.87 -1.36 0.60 9.56702

(6) [Ru(tpy)(A2pyAi)l 2.59 1.88 -1.38 0.47 10.07784

(7) [Ru(tpy)(lJpyl 1)] 2.62 2.00 -1.53 0.89 9.38469

( 8 )  [Ru(tpy)il1+ 2.61 2.07 -1.67 0.92 9.08812

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

E (V)OXV '

Figura 8.2 Plot of the emission energy (80K) vs the potential of oxidation.
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E,JV>

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

As discussed in Chapter 5, it is possible find a correlation between energy and 
lifetime o f the luminescent excited state. In fact, the decay o f excited states takes 
place by competitive radiative and radiation less transition. For all the complexes the 
temperature dependence o f the excited state lifetime can be fitted using the equation 
5.2, in the study o f the present complexes the equation was used in the form:

AT't AEi
1 / r  = k0 + A]e RT + A2e RT (8.1)

Here, k0 is the sum o f 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 A2exp(-AE2/RT) 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 3MC level, which is derived from a a (t2g)-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 (1013-1014 sec'1) whose activation 
leads to the 3MLCT-3MC surface crossing region. For the case ii-2, A2 will be much 
smaller because it represents the rate constant o f a radiationless transition having a 

poor Frank-Condon factor. [Ru(bpy)3]2+ (A2 » 1014 sec"1 AE2 »  4000 cm '1) and 

several other Ru polypyridine complexes9,10,11 are thought to belong to case i, The A2 

(1 0 10-10'12, 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 o f a surface crossing process. The behaviour observed for this 

compound is therefore described by the case ii-2.
The complexes considered here have A2 values (10’12-10'13) on the borderline 

between the case ii-2 and the case i and they could be assigned more to i case than to
2_|_ 12 13 3 *ii-2. Controversial assignation were also done for [Ru(tpy)2] , ’ ’ 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 

3MLCT state and the crossing point with the upper lying 1MC 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 3MC energy value, taken from reference 6, was 
evaluated, in less accurate way, by means o f the solvent dependency. It should be 
highlighted that because of the increasing energy gap between 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 between 3MLCT 
and 3MC states is blocked, the data behave according to the energy gap law (linear 
correlation). The rate constant o f radiationless decay o f the 3MLCT excited state to 
the ground state increases as the energy gap between ground and excited state 
decreases. Because o f 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 ln(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 of the 3MLCT and the 3MC state 
energies are estimated from the 3MLCT-3MC energy gap obtained from the excited 

state lifetime temperature dependence.
Quite surprisingly the energy scheme obtained shows that the increase o f the 

excited state lifetimes obtained from the new set o f Ru-tpy complexes is not 
dependent, as believed, on an increase o f the energy difference between the d(t2g) 
and d(eg) ruthenium orbitals, due to the increase o f the strength o f the ligand field 
obtained by moving from tpy to cyanide, as ancillary ligands. The 3MC 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 o f the two energy
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surfaces. The presence o f the electron rich ancillary ligands lowered the 3MLCT 
states and the crossing points between the 3MC and the 3MLCT states increasing the 
lifetime o f the excited state, but the decrease in energy of the 3MLCT is larger than 
that o f the crossing point, consequentially the energy gap between the two states 
becomes bigger moving through the ligand series.

The 3MLCT energy decrease is related to:
-  The destabilisation o f the t2g orbitals on the ruthenium, moving all the way 

through the ligand series from tpy to CN‘, as it was discussed previously 

(decrease o f the oxidation potential).
-  The energy stabilisation o f the n* orbital o f the tpy, moving from tpy to CIST 

(increase o f 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)3]" complex ,(Eox= 0.60V; Ered= -1.40V data 
from reference 7), follows this general comportment.
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Complexes
<9 -* u

Figure 8.5 Schematic representation of the energy levels moving trogh the a-donating ligand 
series (See table 8.1).

8.3 Future Work

The new series o f ligands and the luminescent properties o f their complexes, 
tpy based, discussed in this thesis, combine the luminescent properties o f bpy based 

Ru complexes to the advantageous structural properties o f tpy based.
The long lived excited state o f 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 be “switched off” or “on” simply 
changing the solution pH.
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The future work o f this thesis will involve the incorporation of the molecules 

in simple linear arrays as diads (Fig 8.5, 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 o f great photochemical interest. The simplest system of this type, two 
components, “dyads”, are suited for the study o f photoinduced electron or energy 
transfer process. From a fundamental standpoint, such unimolecular processes are 
free from many o f the kinetic complications inherent to bimolecular analogous. 
Indeed, studies on dyads have greatly contributed to shaping our understanding of the 
effect o f 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 o f electron transfer processes which, under appropriate kinetic control, 
yield vectorial transport o f 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 basis, 
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 o f the structural properties o f M(tpy) type complexes the syntheses 

o f rigid, rod-like compounds, where Ru (II)(ApyA) or (ClpyC I) based and Os(H), 

R h(O I), Ir(IH)-(tpy) based building blocks are either directly linked or connected by 
one or two phenyl, or thiophene spacers.
These kind o f systems will give the possibility to study processes such as energy 
(Ru(IL)-Os(II)) (Fig 8.5, 8.6) or electron transfer (Ru(II)-Ir(ni) or Ru(II)-Rh(lII)) in

the nanosecond range scale.
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A new luminescent Ru(terpy) complex incorporating 
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A b s tr a c t

T he m ononuclear com pound  [R u (te rp y  ) L | , w here H 2L is 2 ,6 -b is( 1,2,4 -triazo l-3 -y l)p y rid in e , show s an em ission  lifetim e o f  65 ns, about 
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1. Introduction

Ruthenium polypyridine complexes are widely used as 
photosensitisers in covalently linked multicomponent sys­
tems. Their photophysical properties make them ideal can­
didates as building blocks for the design of supramolecular 
species performing complex light induced functions [ 1 ].
The polypyridyl ligands employed are mainly derivatives 

or analogues of the bidenta te 2,2'-bipyridine or derivatives 
or analogues of the tridentate  2,6,2',2"-terpyridine (terpy) 
[1-3). Tridentate terpyridine-type ligands are ideal from a 
geometrical point of view as they can form achiral complexes 
for which the Clv symmetry is not affected by substitution in 
the 4 position of the tcrpy ligands. Furthermore, the ‘rod- 
like’ geometry of these complexes offers the best spatial 
arrangement for the synthesis of triads or molecular wires. 
However, the very short excited-state lifetime and weak lumi­
nescence intensity of | Ru( terpy )31 ’1 at room temperature, 
represent a severe limitation to the application of this complex 
as photosensitiser. Improvement of the photophysical prop­
erties of terpy-based Ru( II) complexes is therefore currently 
the object of intensive studies |4-8], As a contribution to 
these studies, we report the new [ RuL( terpy) | mononuclear 
complex, where H?L is 2,6-bis( 1,2,4-triazol-3-yl) pyridine, 
which exhibits a remarkable 300-fold increase of the emission 
lifetime when compared with the parent compound 
[ Ru( terpy) 112 1 .

* C orresp o nd in g  autho r, T el, .4- 353 ! 704  5307; fax: -1-353 1 704  5503; 
e-m ail: hiii),yos<P\lcujc

2. Experimental

2,6-Bis( 1,2,4-triazol-3-yl)pyridine was synthesised, in 
high yield, following the literature pathway [9,101 for similar 
compounds.
The Ru(terpy) complex was obtained by heating 

[Ru(terpy) 1C1, and a stoichiometric amount of the ligand 
H3L in water containing a slight molar excess of NaOH and 
a few drops of /V-ethylmorpholine. The reaction mixture was 
refluxed for 2 h; the dark green solution was concentrated, 
acidified to pH 3 with HC1 and an excess of NH„PFfi was 
added. Purification by column chromatography on alumina 
(acetonitrile/methanol 50:50) gave a 30% yield.
In agreement with the literature [ 11,12), three different 

isomers were found (Scheme I). Isomers A (10%) and B 
(60%) were eluted from a ueutral alumina column using 
acetonitrile followed by the elution of the isomer C (30%) 
using methanol. The identification of the three isomers is 
based on the chemical shift of the triazole proton in the NMR.
Since isomer C is most easily purified all further studies 

were carried out using this species, both A and B yield how­
ever very similar results. Elemental analysis suggests that a 
mixture of monoprotonated/deprotonated (80:20) isomers 
is formed after rccrystallisation of C from acetone/water.
I Ru(terpy) (HL) 11 PF(,|:| Ru(terpy) (L) | (80:20): A nal. 
Calc.: C, 43.52; H, 2.56; N, 21.15. Found: C, 43.7; H, 2.60; 
N, 21.03%. 'H NMR: (CD,OD, NaOD) 8.6 (2H, q), 8.4
(2H, q), 8.2 (H, m), 8.I(3H, m), 7.73 (2H, t), 7.6 (H, d), 
7.25 (2H, t of d), 7.06 (2H, m), 6.98 (H, d). To ensure full

.187 -7 0 (1 3 /00 /$  - sec front m allei' (H2000 P ublished by E lsevier Science S A. All righi* icserved 
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Isom er A Isom er B Isom er C
S ch em e  1. P ossib le  coo rd in a tio n  isom ers for [ R u ( te r p y ) L ] .

deprotonation of the complex all measurements reported in 
this communication were carried out in basic media.

3. R esults and  discussion

The UV-Vis absorption spectrum of the complex 
[Ru(terpy)L], isomer C, in basic ethanol shows an intense 
metal-to-ligand-charge-transfer (MLCT) band at 480 nm 
(Fig. 1(a)),  with a molar extinction coefficient of 7900 M 1 
cm " 1. The bands at 275, 309 and 380 are assigned to the intra 
ligand 7 7 - 7 t *  transition of the ligands. The small but distinct 
shoulders at 626, 579 nm have not yet been assigned.
When excited within the MLCT absorption band at 298 K, 

in a basic ethanol solution, the complex exhibits a strong 
emission with a single band centred at 700 nm (Fig. 1(b)) 
and a lifetime of 65 ( ± 3) ns. Protonation of the triazole rings 
results in a total quenching of the emission. Based on results 
reported in the literature for other ruthenium polypyridyl 
complexes containing 1,2,4-triazole containing ligands this 
emission is more than likely terpy based and the bistriazole- 
pyridine ligand acts as a spectator ligand [ 13]. The emission 
lifetime measured for this compound represents an increase 
by two orders of magnitude with respect to [Ru(terpy)2]2 + 
(Table 1). It is therefore clear that the use of the triazolato

T ab le  1
E lec tron ic  p roperties

A bso rp tio n E m ission
Aln:1</ nrri ( e X  1 0 ~ 4/M ' e m - 1 ) A,n;l)./n m T /ns

[R u ( te r p y ) 2] 2+ h't  4 7 4  (1 0 .4 ) 629 0.25
[R u ( te rp y )  (L )  ] d 480  (7 .9 ) 701 65

11 R oo m  tem pera ture , d e -a e ra ted  so lu tion . 
b R e f  [ 8], 
c A ceton itrile . 
d E thanol.

ligand dramatically extends the lifetime of the 3MLCT
excited state of the Ru(II) (terpy) complex. This is likely to 
originate from the raising of the 3MC states following the 
replacement of the weak field terpyridine ligand by a strong 
cr-donor ligand. The absorption and emission spectra show 
also interesting solvatochromic properties (see Table 2), 
similar to these observed for [ Ru( terpy )CN3] [8]. This sol­
vent dependence may be used to further manipulate the pho­
tophysical properties of the compound.

4. Conclusions
This communication describes an alternative strategy to 

extend the lifetime of the triplet state in terpy-type ruthenium

300 450 600 750

A.(nm)

Fig. I A bsorption  ( a )  and  em ission  (h )  spec tra  ol | R u ( te rp y ) ( I.)  | in basic ethanol so lu tion : exc itation  w as a t 474  nm
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T able  2
A bso rption  and  em ission  p roperties o f  [R u ( le rp y )L ]  in d iffe ren t so lvents

Solvent (accep to r  no .)
H ?0  M eO H  E tO H  C H ,C N  D M S O  DM  F  (C H O rC O
( 5 8 .4 ) "  (4 1 .3 )  (3 7 .1 )  (1 9 .3 )  (1 9 .3 )  (1 6 .0 )  (1 2 .5 )

\ mJ ,h'/n m  (2 9 8  K ) b 472  473 ,5  480.5  488  4 9 4  495 493
A,„„‘'" 7 n m  (2 9 8  K) 692  693 .7  700 .9  740  741 .8  752.3  734 .8
\ im,‘-'"7nni (7 7  K ) 663 e1 666 697  e'1

;1 A ccep to r num bers w ere taken frpm  Ref. [1 2 ] , s ' f '  ' I  ¡L. '  ^
h L ow -en erg y  band. r~r~ J  ^  '  C y  '¡f

9 M  LiCI g lass . )  J
11 E tO H :M eO H  (4 :1 )  glass.
L D M F :C H ,C L , g lass.
1 H igh  energy  band.

S o

complexes. Usually, delocalisation of the emitting state is 
used to increase the lifetime of terpy based excited states [4- 
7 ]. In our approach we have raised the deactivating 3MC state 
instead. To the best of our knowledge there is only one other 
compound, namely [ Ru( terpy) CN3], where a similar 
approach has been taken [8]. With the ligand introduced in 
this contribution an increased stability is expected for the 
terpy complex, since monodentate cyano ligands tend to be 
more labile. In addition, the well-defined synthetic pathways 
that exist for pyridyltriazole compounds [10,11] enable 
many modifications for these ligands. This should facilitate 
the synthesis of dinuclear complexes with bridging triazole 
ligands. Finally, the combination of this approach with thio- 
phene [7] oralkyne [ 6] containing teipy ligands is expected 
to yield multinuclear systems with even longer emission life­
times, which could find applications as photosensitisers in 
rod-like molecular assemblies.
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Introduction
Multinuclear ruthenium polypyridyl complexes are currently 

the subject of extensive investigations, their photophysical 
properties making them ideal components for photochemically 
and electrochemically driven molecular devices.1 Among these 
compounds, mononuclear ruthenium complexes containing 
biimidazole or bibenzimidazole (bibzimFh) type ligands2 have 
been shown to be excellent building blocks for the synthesis of 
heteronuclear complexes of the type {(bpy)„Ru[(bibzim)M- 
(bpy)2]3-n}m+ (M = Ru, Os, Ni, Co).3-5 This behavior makes 
these complexes prime candidates for application as lumino­
phores for the detection of metal ions. The luminophore 
approach to the development of sensors has been widely used.6 
Ruthenium polypyridyl complexes have been proposed as 
luminescent sensors for the detection of anions.7
In this contribution, we wish to report the interaction of the 

nonluminescent compound [Ru(tbbpy)2(bibzim)], 1 (see Figure 
1), with a series of metal ions in solution. The results obtained 
show that the emission of 1 is switched on by the presence of 
metal ions such as Zn(II), Mg(II), and Cu(I). It is also shown 
that both the emission intensity and the emission wavelength 
are dependent on the concentration and the nature of the metal 
ion. Comparable results regarding the tuning of the emission 
maxima were recently obtained for substituted phenanthrolines.8 
To the best of our knowledge, there is only one other example 
where the emission intensity of a ruthenium complex is 
increased by binding of another metal.9 The X-ray structure of
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(5) Haga, M.; Ali, Md. M.; Arakawa, R. A ngew . Chem., Int. Ed. Engl.
1996, 35. 76.

(6) (a) de Silva, A. P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.; Huxley, 
A. J. M.; McCoy, C. P.; Rademacher, J. T.; Rice, T. E. Chem. Rev.
1997. 97, 1515. (b) Voyer, N.; Maltais, F. Adv. M ater. 1993, 5, 568.

(7) Beer, P. D.; Cadman, J. New J. Chem. 1999, 23, 347.
(8) Joshi, H. S.; Jamshidi, R.; Tor, Y. Angew. Chem., Int. Ed. Engl. 1999, 

38. 2721.
(9) Barigelletti, F.; Flamingi, L.; Calogero, G.; Hammarstrom, L.; Sauvage, 

J.-P.; Collin, J.-P. J. Chem. Soc., Chem. Comm un. 1998, 2333.

i) NaOH 
S) extraction

N2

F ig u re  1. Synthesis o f  1 from 2. Anions, solvent m olecules, and 
protons, except for the N3 and the N4 hydrogen in 2, om itted from the 
X -ray structures for clarity.

1 and o f  its protonated analogue [Ru(tbbpy)2(bibzim H 2)]2+, 2, 
are also reported.
Experimental Section

M e th o d s  a n d  M a te r ia ls .  All synthetic work was perform ed using 
Schlenk techniques. E m ission and absorption spectra were recorded 
using septum-equipped lum inescent cells (Heltma). THF was dried and 
distilled over sodium/benzophenone, CH.CN was dried over C aH 2 and 
distilled, and all other solvents were distilled prior to use. NM R spectra 
were recorded using B ruker 400 and 200 M Hz spectrometers. U V — 
vis spectra were obtained using a Varian Cary 1 U V —vis or a Shimadzu 
UV 3100 U V —vis—N1R spectrometer. Em ission spectra were not 
corrected and were recorded using a Perkin-Elmer LS50B spectrometer 
equipped with a Ham amatsu R928 red-sensitive detector. Lum inescent 
lifetimes were measured by employing a Spectra Physics Nd:YAG 
frequency-tripled, Q-switched laser as the excitation source, coupled 
in a right-angled configuration with an Oriel iCCD. L aser pow er was 
measured as 30 mJ/20 ns pulse. IR spectra were recorded using a Perkin- 
E lm er 2000 FT-1R spectrometer. Elemental analyses were perform ed 
by the M icroanalytical Laboratory o f the University Jena. RuCl3-3H20 , 
4 -ler t- buiylpyridine, M gC l2, ZnC l2 , ZnEt2, 1,2-diam inobenzene (Aid- 
rich), oxam ide (Fluka), C u(C H tCN),BF.i, and Pd(CH 3C N)2Cl2 (ABCR) 
were used as purchased w ithout farther purification. Ru(tbbpy)2Cl2,111 
tbbpy,111 and bibzim H2" were prepared by literature methods.

S y n th e sis  o f  [R u ( tb b p y )2(b ib z im H 2) ]C l2 (2). The synthesis was 
perform ed using standard procedures2 with 265 mg (1.13 m m ol) o f 
bibzitnH 2 and 510 mg (0.71 mmol) o f Ru(lbbpy)2Cl2. Crystals o f 2 
suitable fo r X-ray studies were grown from  an acetonitrile solution o f 
|R u(tbbpy)2(bibzimH2)]Cl2. To obtain the com plex as its perchlorate, 
the product was redissolved in water and precipitated by the addition 
o f aqueous LiClO.j. N o le \ Perchlorates are potentially explosive. 
Yield: 740 mg (0.64 mmol). Anal. Calcd. for rRu(tbbpy)2(bibzimH2)V 
(C10.,)2-2H20 -M e2C 0 : 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.

I0.1021/ic99l225h CCC: $19.00 © 2000 American Chemical Society
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An,M, nm Xem, nm r , ns ESI-M S signal (m/z)
[Ru(tbbpy)2(bibzim)l" 580
fRu(tbbpy)2(bibzimH2)lC l2 480 645
[{Ru(tbbpy)2}2(bibzim )l(PF6)2 510 700
[Ru(tbbpy)2(bibzim)ZnCl2l 500 675
[Ru( tbbpy )2(bibzim)ZnEt2l 510 675
l{Ru(tbbpy)2(bibzim)} 2ZnCl2l 530 710
[Ru(ibbpy)2(bibzim)CuBF4l 500 685
[Ru(tbbpy)2(bibzim)M gCl2l 500 675
[Ru(tbbpy)2(bibzim)NiBr2l 505
[ Ru( tbbpy)2(bibzim)CoBr2l 492
[Ru(tbbpy)2(bibzim)PdCl2l 462

Not measured.

H, 5.90; N, 9 8 8 . 'H  NM R for [Ru(tbbpy)2(bibzim H 2)lC l2 (CH 3CN -d3; 
d ppm): 8.55 (1H, s), 8.45 (iH , s), 7.78 (3H, m ), 7.47 (1H, d), 7.31 
(2H, m), 7.01 (IH , t), 5.64 (IH , d), 1.46 (9H, s); 1.34 (9H, s). ES-MS 
(m/z): 871 (M -  H+ -  2C1).

S ynthesis o f [R uC lbbpyM bibzim )] (1). A  500 mg sam ple o f [Ru- 
(tbbpy)2(bibzim H2) |C l2, 2, was dissolved in ca. 200 m L o f methanol. 
A 200 m l. portion of a 5 M  aqueous NaOH solution was added, and 
the violet mixture was stirred at room temperature fo r 15 min. The 
solution was then extracted three times with CH 2C12, and the organic 
layers w ere combined. The solvent was imm ediately rem oved by 
vacuum distillation at room  temperature. A  small sam ple was crystal­
lized from  dry CH3CN to yield X -ray-suitable crystals. ES-M S (m/z): 
871 (M +  H +). FT-IR  spectra (Nujol emulsion and K B r disk) showed 
no N H  or OH signals. 'I I  N M R (THF-J»; <3, ppm): 8.56 (IH , s), 8.45 
(IH , s), 7.85 (2H, m), 7.40 (2H, m), 7.26 (IH , d), 6 . 6 6  (IH , t), 6.37 
(IH , t), 5.38 (IH , d), 1.45 (9H, s), 1.30 (9H, s).

In v e s tig a tio n  o f  th e  L u m in esc en c e  P ro p e r tie s  o f  M ix e d -M e ta l 
S o lu tio n s  C o n ta in in g  1. A 9 m L portion o f a concentrated solution of 
the corresponding metal compound in THF was added to 1 m L of a 
10- 4  M  TH F solution o f 1. The resulting mixture was stirred for 30 
min and then was analyzed by U V -v is  and em ission spectrometry. 
To investigate the concentration dependence of the luminescence, a 
dilute zinc solution (5.4 x 10 3 M) was gradually added via a 
microsyringe to 10 mL o f a 10 5 M  solution o f 1. All mixtures obtained 
were analyzed by electrospray mass spectrometry as described below.

X -ra y  S tru c tu r e  D e te rm in a tio n s . The intensity data for the crystals 
o f com pounds 1 and 2 were collected on a Nonius KappaCCD 
diffractom eter at T =  ~ 90 °C, using graphite-m onochrom ated M o K a  
radiation. Data were corrected lor Lorentz and polarization effects but 
not for absorption . 12

The structures were solved by direct methods (SH E LX S13) and 
refined by full-matrix least-squares techniques against F„2 (SH ELX I. 
9 7 14). Two iert-butyl groups of 2 were found to be disordered, but the 
disorder could be solved. For 2, the hydrogen atoms o f the amine group 
in the bibenzim ida/ole system were located by a difference Fourier 
synthesis and refined isotropically. All other hydrogen atoms were 
included at calculated positions with fixed thermal parameters. All non- 
hydrogen atoms were refined anisotropically . 14 XP (SIEMENS Analyti­
cal X-ray Instruments, Inc.) was used for structure representations.

M ass Spectroscopy. Mass spectra were recorded on a Finnigan MAT 
95 XL spectrometer. In the ESI process, the sam ple used for the 
photochemical investigation (ca. 10 5 M solution in THF) was 
introduced into the ESI ion source with a Harvard A pparatus syringe 
infusion pump, model 22, with a flow rate o f 5 —20 ^iL/min. The 
positive-ion ES mass spectra were obtained with potentials o f 3 —4 kV 
applied to the electrospray needle. The resolution was usually about 
2000 at m/z 750

Results and Discussion
Compound 2 was prepared using standard synthetic methods.2 

The deprotonated complex 1 was then obtained conveniently 
by reaction of 2 with NaOH and subsequent extraction with 
dichloromethane. 4,4/-ie;i-Butyl-2,2,-bipyridyl was used to 
improve the solubility of the compounds in organic solvents

130
IRu(tbbpy)2(bibziroH)l+ (871) 
[Ru(tbbpy)2(bibzim H)l+ (871)

70 [ {R u(tbbpy ) 2 h (b ibzim )l(PFf,)+ (1654)
80 [Ru(tbbpy)2(bibzim )ZnCll+ (971)

a |Ru(tbbpy)>(bibzim )ZnKt|+ (963)
a 1 {Ru(tbbpy)2(bibzim )]2Z nC ll+ (1841)

60 a
40

|R u(tbbpy)2(bibzim )NiBrl+ (1009)
1 Ru(tbbpy)2(bibzim )CoBrl+ (1010) 
[Ru(tbbpy)2(b ibzim )PdC lF  (1012)

such as THF. The molecular structures of compounds 1 and 2 
as obtained from X-ray analysis are shown in Figure 1.
As expected, Ru(II) possesses in both cases a distorted 

octahedral coordination sphere. Except for a widened N—C—N 
angle of 117.2(3)° at the bridging carbon of the bibenzimidazole 
ligand in 1 compared with 113.2(3)° in 2, no significant 
structural changes are induced through the deprotonation. 
Ruthenium—nitrogen (tbbpy) distances in both 1 and 2 are 
~2.045 A  (except in 2, where Ru—N6 = 2.024(2) A) and are 
within the range expected, whereas ruthenium—nitrogen (bib- 
zim) distances are 2.094(2) A  for 2 and 2.101(3) A for l.15
Deprotonation of 2 yields a significant bathochromic shift in 

the absorption spectrum of about 100 nm and also results in a 
total quenching of emission (see Table 1). Addition of a series 
of various metal salts to 1 in THF results in a hypsochromic 
shift of the absorption maxima from 580 to ca. 500 nm, 
depending on the nature of the metal ion (see Table 1). In 
addition, the luminescence is “switched on” upon addition of 
ZnCh, ZnEt2, MgCl2, or CuiCHjCN̂ BF/t. Interestingly, the 
wavelength of the emission maximum is metal dependent, 
varying from 670 nm for Mg(II) to 710 nm for the trinuclear 
ZnCl2 complex (see Figure 2). Upon addition of metal salts such 
as NiCl2 and PdBr2, a hypsochromic shift in the absorption 
spectra is observed as well but no emission is detected, which 
is in contrast to recently published data for a Ru—Pd complex.16 
These results, especially for ZnEt2, show that the spectral 
changes cannot be explained by protonation of the imidazole 
ring. The maxima observed for both absorption and emission 
spectra are however quite similar to those found for the Ru— 
Ru dimer (see Table 1).
The spectroscopic changes observed can, therefore, be at­

tributed to binding of the transition metal ions to the free 
bibenzimidazole binding site. In this case, we can expect 1:1, 
1:2, or 1:3 complexes to be formed. To identify the compositions 
of the compounds obtained, electrospray mass spectrometry was 
carried out on the reaction mixtures. The results obtained are 
given in Table I. The mass spectral data clearly indicate the 
compositions of the metal complexes. All reaction mixtures, 
except for those of magnesium species, show a signal that can 
be attributed to a binuclear species with an overall charge of

(12) Otwinowski, Z.; Minor, W. Methods Enzymol. 1997, 276, 307—326.
(13) Sheldrick, G. M. Acta Crystallogr., Sect. A 1990, 46, 467.
(14) Sheldrick, G. M. SHELXL-97. University o f Gottingen. Germany, 

1993.
(15) (a) Haga, M.; Ali, Md. M.; Koseki, S.; Fujimoto, K.; Yoshimura, A.; 

Nozaki, K.; Ohno, T.; Nakajima, K.; Slutkens, D. J. Inorg. Chem. 
1996, 35, 3335 (h) Majumdra, P.; Peng, S.; Goswami, S J. Chem. 
Soc., Dalton Trans. 1998, 1569.

(16) For an emitting ruthenium palladium complex, see: Yam, V. W.-W.: 
Lee, V. W.-M.; Cheung, K.-K. J. Chem. Soc., Chem. Commun. 1994, 
2075.
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F ig u re  2. Selected U V —vis and emission spectra recorded in THF 
for some o f the heteronuclear complexes discussed in the test.

+ 1, resulting from the loss of one counterion. This observation 
suggests that when an excess of metal ions is present, a 1:1 
complex is obtained. Also organometallic complexes are found 
to bind. 1 forms a complex with ZnEt2 that has properties very 
similar to those observed for its ZnGh analogue. The absorption 
maximum is slightly shifted, but this organometallic complex 
emits at the same wavelength as the 1—ZnCh complex (see 
Table 1).
If 1 is reacted with small amounts of ZnCl2 (up to 3 equiv/ 

equiv of 1), the absorption maximum gradually shifts from 580 
to 530 nm and at the same time a rise of the emission at 710 
nm is observed. This represents a bathochromic shift of 30 nm 
in both absorption and emission wavelength maxima with 
respect to those observed at high ZnCl2:l ratios, suggesting that, 
at low zinc concentrations, a trinuclear complex is formed as 
shown in Figure 3. This hypothesis is confirmed by electrospray 
mass spectroscopy, which indicates that, at low zinc concen­
trations, a product with the composition {[Ru(tbbpy)2- 
(bibzim)]2ZnCl2} is formed. When 1 is reacted with more than 
a 104-fold excess of ZnCl2 a complex of the composition | {Ru- 
(tbbpy)2(bibzim)}ZnCl2] is obtained (see Figure 3).
One of the most striking observations is that the maxima of 

both absorption and emission spectra are dependent on the nature 
and concentration of the metal ion added. The absorption 
features of ruthenium polypyridyl complexes in the visible 
region are explained by the presence of a singlet metal-to-ligand 
charge transfer ('MLCT) transition, while the emission is 
normally assumed to occur from a 'MLCT state. The shifts 
observed in both absorption and emission spectra indicate 
therefore that the energies of both the ’MLCT and the 3MLCT 
transitions are affected by binding of the transition metal ions. 
In all cases, the absorption maxima are shifted to higher energy 
than observed in the spectra of 1. All are however at lower 
energy than found for 2. The emission wavelengths follow a 
similar trend.
An initial interpretation of these results suggests that the 

behavior observed can be explained by a stabilization of the 
metal-based ground state in the heteronuclear compounds with 
respect to 1. This is not unexpected, and such behavior has been

(17) Hage, R.; Haasnoot, J. G .; Nieuwenhuis, H. A.; Reedijk, J.; De Ridder,
D. J. A.; Vos, J. G . J. Am. Chem. Soc. 1990, 112, 9245 

(IH) Barigelletti, R; De Cola, L.; Balzani, V.; Hage. R.; Haasnoot, J. (!.; 
Reedijk, J.; Vos, J . G. Inorg. Chem. 1989, 28. 4.146.

,-N ,® N . X Ru Y Z a  
' N o N '  X

excess ZnX2 
X: C l\  Et'

Ru" Y  
'N  a  N

up to 3 ZnClj

F ig u re  3 . Proposed pathways for the reactions o f 1 with different zinc 
compounds.

observed for other complexes with negatively charged bridges.3'17 
The emission observed can then be explained by the increased 
energy gap between the emitting triplet state and the ground 
state. This increased energy gap is expected not only to shift 
the emission to higher energy but also to increase the emission 
lifetime. The variations in emission and absorption energies are 
therefore measures of the electron-withdrawing properties of 
the metal ions added. However, a second factor that needs to 
be taken into account is the location of the deactivating triplet 
metal-centered (3MC) state. Upon binding of a second metal 
ion, the energy of this state will be reduced, since the electron 
density on the negatively charged bridge is now shared by two 
metal centers, leading to a decrease of the emission lifetime. 
This is, for example, clearly the case for the mononuclear and 
dinuclear Ru(bpy)2 complexes of the ligand 3,5-bis(pyridin-2- 
yl)-l,2,4-triazole (Hbpt). For this ligand, which deprotonates 
upon binding, forming bpt, the emission shifts to higher energy 
upon binding of a second ruthenium center, but the emission 
lifetime decreases from 160 to 100 ns because of a lowering of 
the 3MC level.18 The emission lifetimes observed for these 
complexes will therefore be governed by both the energy gap 
law and by the relative energies of the emitting triplet state and 
the deactivating 3MC state.
In conclusion, we report here a neutral ruthenium complex 

that can act as a ligand for different metal centers, thus creating 
different heterobi- and heterotrinuclear complexes. Also, orga­
nometallic compounds such as ZnEt2 can be complexed by 1, 
which might allow the tuning of the reactivity of the Zn—Rt 
bond through the interaction with the ruthenium complex. The
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hctcronuclcar bibenzim idazolc com plexes show a rem arkable 
“2-fold" tunability. The em ission, which can be “sw itched on” 
by com plcxation with closcd-shcll metal ions such as Z n2+ and 
M g2+, can  also be “fine-tuned" in both w a v e l e n g t h  (A,„UJ  and 
i n t e n s i t y  ( r)  simply by choosing a suitable metal ion. These 
properties are very prom ising in view o f the continuing search 
for com ponents to be used in molecular-level devices and might 
also lead to the design o f  novel lum inescence-based sensors.
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Complexes of the type [Ru(H2bibzim)(R-bpy)2X2-nH20 (R = H, 2,2'-bipyridine, bpy, X = CF3S03' 1; R = Me, 
4,4'-dimethyl-2,2'-bipyridine, dmbpy, X = PF6 2; R = tert-butyl, 4,4'-di-iert-butyl-2,2'-bipyridine, tbbpy, X = CF 
3; H2bibzim = l,l'-bibenzimidazole) containing two NH functions acting as hydrogen bond donors formed different 
spatially highly organised supramolecular assemblies with water. X-Ray investigation revealed that the nature of the 
counter ion influences the hydrogen bonding pattern and extent of spatial organisation. In 2 one dimensional chains 
of hydrogen bonded water could be found. In the deprotonated complex [Ru(bibzim)(tbbpy)2] 4 water molecules 
serve as hydrogen bond donors. The diastereomeric forms 5a/5b of the liomodinuclear ruthenium complex 
[{Ru(tbbpy)2}2(bibzim)][PF6]2 could be separated. No differences in their photophysical properties could be detected. 
The X-ray investigation of 5a and [{Ru(bpy)2}2(bibzim)][PF6]2 6 showed little influence of peripheral substitution 
on structural properties. Complexes 3-5 exhibit activity in electrochemical C02 reduction which can be tuned by 
variation of the degree of protonation of the bibenzimidazole.

Introduction
The chemistry of polypyridine ruthenium(u) complexes bridged 
by bi- or tri-dentate ligands1 has received much attention in 
connection with the construction of molecular electronic 
devices.2 Suitable bridging ligands ate for example bipyrimid­
ine,3 substituted pyrazines,'’ substituted bipyridines5 and 
biimidazoles/’ In the last few years ruthenium polypyridyl com­
plexes based on benzimidazole moieties have been investigated 
in detail.7 These studies have concentrated on the spectroscopic 
and electrochemical properties of these complexes. The pres­
ence of the acidic imidazole proton allows deprotonation of the 
complexes and this results in a rich chemistry where changes in 
pH can be used to determine the electrochemical and photo­
physical properties of the compounds." This, deprotonation 
of bibenzimidazole lor instance allows for the formation of 
di- and oligo-nuclear complexes.'' Additionally, ruthenium 
benzimidazole complexes can be used as catalysts for the 
electrochemical reduction of C02 and their application as 
proton driven molecular switches has been leported.11 Recently 
we have found that a substituted, deprotonated bibenzimid­
azole can act as a metal sensor.12
Considering the large number of studies carried out on 

ruthenium compounds in solution it is surprising that there has 
been much less interest in the study of these compounds in well 
delined solid state environments.The presence of the imid­
azole nitrogen atoms in benzimidazole complexes in both their 
protonaled anil deprotonated stale should be an ideal build­
ing block for the construction of solid state suprainoleeular

structures based on hydrogen bonding. Our interest in these 
compounds is twofold. First we would like to use the imidazole 
unit as a building block for the construction of well defined 
solid state structures. Secondly we are interested to see whether 
the known dependence of photophysical properties on the 
stereochemistry of ruthenium complexes lfi is also valid for 
bibenzimidazole based systems.
In this contribution we report on a number of syntheses and 

crystal structures of benzimidazole containing ruthenium 
polypyridyl complexes. The structures obtained show some well 
defined hydrogen bonding patterns. We also show that the 
separation of the stereoisomers of the homodinuclear com­
plexes is possible and that the photophysical properties of these 
isomers are independent of their stereochemistry. In addition 
we report on the catalytic properties of these compounds for 
the electrochemical reduction of C02. All compounds obtained 
are fully characterized by X-ray crystallography, NMR, UV-vis 
and emission spectroscopy.

E xperim ental
M aterials
All synthetic work was performed using Schlenk techniques. 
Emission and absorption spectra were recorded using septum 
equipped luminescent cells (Hellma) in spectroscopic aceto- 
nitrile (Fluka) and THF (Aldrich). THF was dried and distilled 
over sodium bcnzophcnone, CH,CN was dried over Call, 
and distilled; all other solvents were distilled prior to use

DO I: 10.1039/1)0039921' ./. ( ' h e m .  S o r . ,  D a l t o n  T r a n s . ,  2000, .1649 3657 3649
This journal is © The Royal Society o f Chemistry 200(1



[Ru(COD)CI2]„,17 bibenzimidazole (Hjbibzim),"1 4,4'-di- te r i-  
butyl-2,2'-bipyridine (tbbpy),19 Ru(bpy)2Cl2,20 Ru(dmbpy)2- 
Cl2 (dmbpy =4,4'-dimethyl-2,2'-bipyridine),21 [Ru(bibzim)- 
(tbbpy)2]12 and [{Ru(bpy)2}2(bibzim)][PF6]27 were synthesized 
using literature methods. Oxalic acid and NH4CI04 (Fluka) 
were used without further purification.
Preparations

[Ru(tbbpy)2CI2]. 12.08 g (0.043 mol) [Ru(COD)CI2]„ and 
23.2 g (0.086 mol) tbbpy were refluxed in 40 cm3 DMF for 72 h. 
The DMF and cycloocta-1,5-diene were removed by vacuum 
distillation and the resulting black microcrystalline compound 
was dried under vacuum for 2 h. The complex was purified by 
Soxhlet extraction with toluene. The toluene was removed 
and the resulting dark microcrystalline compound dried 
under vacuum for 3 h. Yield: 78%. ’H NMR (acetone-d6): 
5 10.02 (1 H, d, H6), 8.54 (I H, s, H3), 8.42 (1 H, s, H3a), 7.68 
(lH,d, H5), 7.48 (1 H, d, H6a), 7.08 (1 H, d, H5a), 1.51 (9 H, s, 
t-butyl) and 1.31 (9 H, s, t-butyI). UV (THF) Am„ = 583 nm. 
MS: m h  = 708 (corresponding isotope pattern for C36H4ir 
N4CI2Ru).

[Ru(H 2bibzim)(R-bpy)2]X2 1-3. These were synthesized using 
standard procedures.7,9 CAUTION: perchlorates are potentially 
explosive. After removal of the solvent 10 cm3 water were added 
followed by a concentrated aqueous solution of NH4PF6, 
LiCF,S03 or LiC104 respectively. If no counter ion source was 
added the complex was obtained as its dichloride and purified 
using the same techniques. The resulting precipitate was filtered 
off, redissolved in acetonitrile, filtered and then the solvent was 
removed. Yields were above 90% for all compounds. ES-MS: 
[Ru(H2bibzim)(bpy)2][PF6]2 1, m h = 647 (corresponding iso­
tope pattern for C34H25N8Ru); [Ru(H2bibzim)(dmbpy)2][PF6]2 
2, m tz = 702 (corresponding isotope pattern for CJ8H„N8Ru); 
[Ru(H2bibzim)(tbbpy)2][PF6]2 3, /m / i  = 871 (corresponding iso­
tope pattern for C50H57N8Ru). The compounds were also char­
acterized using 'H NMR (Table 2), UV-vis and emission (Table 
3) and cyclic voltammetry (Table 3). Suitable crystals for X-ray 
crystallography were obtained by slow evaporation of an 
acetone-water solution (1:1) of 1 and 2 and of an acetonitrile- 
water solution (1:1) of 3.

[Ru(bibzim)(tbbpy)2] 4. This was recrystallized from an 
acetone-water (50: 50) solution as the dihydrate.

[{Ru(tbbpy)2}2(bibzim)][PF6]2 5. T his was synthesized using 
369 mg of [Ru(tbbpy)2Cl2] (0.52 mmol) and 61 mg (0.26 mmol) 
H2bibzim refluxed with 2 cm3 triethylamine for 20 h in 100 
cm’ ethanol-water (1:1). The solution was allowed to cool, 
filtered and the solvent removed. The dark residue was redis­
solved in 10 cm3 of water. A concentrated aqueous solution of 
NH4PF6 was added. The resulting precipitate was filtered off 
and redissolved in 100 cm3 acetone-water (1:1) and left to 
rccrystallize. The precipitate was filtered olf and analysed by 'H 
NMR spectroscopy Two isomers could be identified. The pre­
cipitate was purified by recrystallization and two pure fractions 
of the complex could be separated. Alternatively [Ru(bibzim)- 
(tbbpy)2] can be refluxed with one equivalent of [Ru(tbbpy)2CI2] 
in ethanol-water (1:1) for 8 h and the resulting compound 
treated in the same way as described for the former synthesis. 
Yield for both methods: 0.25 mmol (96%). After obtaining the 
pure fiactions recrystallization from acetone water (50:50) 
yielded suitable crystals for X-ray diffraction for the m c s o  iso­
mer 5a 'H NMR, see Table 2. UV-vis, electrochemical data and 
emission, see [able 3.

[{Ru(bpy)2}2(bibziin)][PFJ2 6. Tli is was crystallized by slow 
evaporation of an acetonitrile water solution (50:50) of the 
diastereomeric mixture.

Instrum entation
NMR spectra were recorded using Bruker 400 and 200 MHz 
spectrometers, UV-VIS spectra using a Varian Cary 1 UV-vis 
or a Shimadzu UV 3100 UV-vis-NIR spectrometer. Emission 
spectra are not corrected and were recorded using a Perkin- 
Elmer LS50B spectrometer equipped with a Hamamatsu R928 
red sensitive detector. IR spectra were recorded using a Perkin- 
Elmer 2000 FT-1R spectrometer.
Lifetime measurements
Luminescent lifetimes were measured employing a Spectra 
Physics Nd-YAG frequency tripled, Q-switched laser as exci­
tation source coupled in a right angled configuration to an Oriel 
iCCD; laser power was measured as 30 mJ per 20 ns pulse. The 
single photon counting (SPC) measurements for the dinuclear 
complexes were performed with an Edinburgh Instruments 
FL-900 spectrofluorimeter equipped with a nitrogen filled 
discharge lamp and a Peltier-cooled Hamamatsu R-928 PM 
tube. The emission decays were analysed with the Edinburgh 
Instruments software (version 3.0), based on non-linear least 
squares regression using a modified Marquardt algorithm.
Electrochemical equipment
The cyclic voltammetric measurements were made with a home 
built computer controlled instrument based on the DAP-3200a 
data acquisition board (DATALOG Systems) as well as with 
the Autolab PG Stat 20 (Metrohm). The experiments were 
performed in a three electrode cell under a blanket of solvent 
saturated argon or carbon dioxide respectively. The ohmic 
resistance which had to be compensated for was obtained by 
measuring the impedance of the system at potentials where the 
faradaic current was negligibly small. Background correction 
was accomplished by subtracting the current curves of the 
blank electrolyte (containing the same concentration of 
supporting electrolyte) from the experimental curve. The refer­
ence was an Ag-AgCI electrode in acetonitrile containing 
0.25 M tetra-n-butylammonium chloride but for convenience 
all potentials were finally referenced to the SCE22 throughout. 
Exhaustive electrolyses of complexes were performed with 
0.001 M solutions of the complexes in dried acetonitrile with 
I M tetra-n-butylammonium perchlorate as supporting electro­
lyte using a Bank potentiostat. Solvent and mercury were 
removed and the complex resuspended in 2 cm3 water followed 
by extraction with 2 cm3 CHCI3. Oxalate was determined in the 
aqueous phase. The yield of oxalate was determined using 
a Knauer HPLC system with a C,B column and 5% H3P04 
as mobile phase, equipped with a Knauer absorbance 
detector UV-1 set at 208 nm calibrated with a solution of oxalic 
acid. Oxalic acid was additionally identified by subtracting IR 
spectra of the complex in solution before and after the 
electrolysis where the band at 1645 cm 1 was assigned to oxalic 
acid.
M ass spectroscopy
The mass spectra were recorded using a SSQ  170, Finnigan 
MAT, electrospray mass spectra on a Finnigan MAT, MAT 95 
XL instrument. In the ESI process the sample used for the 
photochemical investigation (ca. 10 5 M solution in THF) was 
introduced into the ESI ion source with a Harvard Apparatus 
syringe infusion pump, Model 22, with a flow rate of 5-20 
I min '. The positive ES mass spectra were obtained with 
voltages of 3-4 kV applied to the electrospray needle. The 
resolution was usually about 2000 at m l; 750.
Crystal structure determination
I lie intensity data for the compounds were collected on a 
Nonius KappaCCDdiflraetomeler, usinggraphite-monoehrom-
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Scheme 1 Synthesis o f the complexes 1-6.

ated Mo-Ka radiation. Data were corrected for Lorentz and 
polarization effects, but not for absorption.21 The structures 
were solved by direct methods (SHELXS24) and refined by full- 
matrix least squares techniques against F02 (SHELXL 972S). 
For the compound 2 the hydrogen atoms of the “amine group” 
and the water molecules were located by Fourier difference syn­
thesis and refined isotropically. All other hydrogen atoms were 
included at calculated positions with fixed thermal parameters. 
All non-hydrogen atoms were refined anisotropically.25 XP 
(Siemens Analytical X-Ray Instruments, Inc.) was used for 
structure representations.

Crystal data. [Ru(H2bibzim)(bpy)2][CF3S03]2-3H20 I. 
C3f,H2fiF6NB06RuS2, M r = 999.34 g mol“1, monoclinic, space 
group C'2/r, a = 22.0290(10), b = 16.2900(10). c = 13.3542(6) A, 
f i =  122.214(2)°, V  = 4054.5(4) A 5, T = -  90 °C, Z = 4,
//(Mo-Ka) = 5.81 cm ', 20269 reflections measured, 4590 
independent reflections, 7?int = 0.101, 3531 reflections with 
Fa > M F 0), R i obs = 0.095, u.«2„b5 = 0.222, = 0.128,
wR2m = 0.241.
[Ru(H2bibzim)(dmbpy)2][PF6]2-2H20-2C3H60 2. Cj„H34FI2- 

NBP2Ru-2C3Hfi02H20, M r = 1145.93 g mol ', monoclinic, 
space group C ite, a = 22.7551 (5), b = 23.9120(5), c = 9.6410(3) 
A , f i=  112.708(3)°, V = 4839.2(2) A3, T= -90 °C, 2 = 4,//(Mo- 
Ka) = 4.88 cm ', 6467 reflections measured, 3362 independent, 
/it,,, =0.018, 3075 with F0 > 4a(F0), R I„„, = 0.042, wR2obt = 
0.123, R i,»  = 0.0467, iv/?2a„ = 0.133.
[Ru(H2bibzim)(tbbpy)2]CI2-H20-2CH3CN 3. Described 

previously.12
[Ru(bibzim)(tbbpy)2]-2H20'C3H60 4. C5llH56N8Ru-C3HfiO- 

21120, M ,~ 964.21 g mol monoclinic, space group
C 2 k \ a = I 1.7219(5), b = 17.5925(8), <: = 24.522(1) A, /! 
101.083(3)“, V = 4962.6(4) A 3, T=-90°C, Z = 4, //(Mo- 
Ka) = 3.66 cm ', 5809 reflections measured. 3209 independent, 
R.mt 0 045, 3082 with F„>4er(FK,), R I „„/if 0.053, ti>«2„h,g 
0.148, /<!,„ -0.069, wR2m = 0.174.

[{Ru(tbbpy)2}2(bibzim)][PF6]2-6C3H60 5a. Q 6H,„4FI2N12P2- 
Ruĵ CjHiO, M r = 2146.36 g mol ', triclinic, space group P i,  
a = 12.3749(3), b = 14.4512(4), c= 16.6108(5) A, a = 80.763(2), 
/? = 88.971(2), y = 75.717(2)°, K=2840.7(l) A 3, r=-90°C, 
Z= 1, //(Mo-Ka) = 3.67 crrT1, 20676 reflections measured, 
11432 independent, R lnt = 0.047, 9084 with Fa > 4a(F0), R \„ bs = 
0.063, wR2obs = 0.155, tfl all = 0.085, wR2an = 0.168.
[{Ru(bpy)2}2(bibzim)][PF6]2-3C2HjN-2H20 6 . C54H4I,F12NI2- 

P2Ru2-3CH3CN-2H20, M r = 1508.25 g mol ', monoclinic, 
space group C2lc, a = 24.474(2), b = 13.921(1), c= 19.433(1) A, 
p  = 106.843(3)°, V = 6336.9(8) A 3, 7’=-90°C, Z = 4, //(Mo- 
Ka) = 6.19 cm“1, 8224 reflections measured, 4504 independent, 
R int = 0.045, 3666 with Fa > 4a(F0), R \ ohs = 0.048, wR2ab% = 
0.125, _ftlaM = 0.0635, w/?2all = 0.141.
CCDC reference number 186/2160.
See http://www.rsc.org/suppdata/dt/b0/b003992f/ for crystal- 

lographic files in .cif format.

R esults and discussion
Synthesis of complexes 1-6
All complexes could be obtained via standard procedures start­
ing from the corresponding precursor [Ru(R-bpy)2CI2] (Scheme 
I).7 The complexes with R = H and CH3 were synthesized 
according to literature methods.20,21 However, in our hands the 
synthesis of the te n -butyl substituted complex did not proceed 
along standard procedures with reproducible relatively high 
yields. Instead of [Ru(tbbpy)2CI2] large quantities of [Ru- 
(tbbpy)3Cl2] were obtained. For this reason we developed a new 
route which is based on separation of the reduction and com­
plex formation into a two step synthesis. In the first step 
RuCI3(H20)v was treated with cycloocta-l ,5-diene to form 
the polymeric ruthenium(ii) complex RuCI2(COD)„ in good 
yields.17 Rcfluxing of the polymeric compound with tbbpy in 
DMF and subsequent purification by extraction in step 1 
resulted in the pure complex.
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Fig. 1 Supramolecular arrangem ent of [Ru(H2bibzim)(dmbpy)2]21 2
in the solid state; protons, anions and acetone molecules are omitted for 
clarity.

Complexation with bibenzimidazole yields the mono- or di- 
nuclear compound depending on the molar ratio employed 
(Scheme 1). The dinuclear complex 5 was also accessible if the 
mononuclear complex was deprotonated, isolated and treated 
with one equivalent of [Ru(tbbpy)2CI2], Complexes 1-4 yield 
supramolecular structures characterized by different hydrogen 
bonding networks, synthesized according to Scheme I.
C rystal structures of complexes 1-6
The complexes, [Ru(bpy)2(H2bibzim)][CF3S03]2-3H20 1, [Ru- 
(H2bibzim)(dmbpy)2][PF6]2-2H20 2, [Ru(H2bibzim)(tbbpy)2]- 
C12-H20 12 3, [Ru(bibzim)(tbbpy)2]-2H20 4, iMeio-[{Ru-
(tbbpy)2}2(bibzim)][PF6]2 5a and mejo-[{Ru(bpy)2}2(bibzim)]- 
[PF6]2 6 could be obtained as single crystals suitable for X-ray 
investigation. Their solid state structures are displayed in 
Figs. 1-6. All investigated complexes possess a distorted octa­
hedral co-ordination geometry at the ruthenium centre. The 
ruthenium-bipyridine distances are within the expected range 
and are within experimental errors invariant towards the differ­
ent substitution at the 4 position. A similar result has been 
obtained by Rillema el al. for tris chelates of ruthenium(ii) with 
bipyridine, bipyrimidine and bipyrazine.26 The ruthenium- 
bibenzimidazole distances are longer than the ruthenium- 
bipyridine distances and proved to be invariant to changes of 
the degree of protonation of the bibenzimidazole. They are, 
however, elongated in the dinuclear complexes with rcspect to 
the mononuclear complexes (Table 1).

M ononuclear complexes 1—4 ami their supram olecular aspects.
In the solid state all these mononuclear complexes are accom­
panied by water and solvent molecules in the asymmetric unit. 
We could not however find any interaction between solvent 
molecules like acetone or acetonitrile with the complex cation. 
[Ru(H2bibzim)(dmbpy)2][PF6]2-2H20 2 was formed by slow 
crystallisation from an acetone-water solution. The Ru-Ndmbpy 
distances are somewhat longer than in [Ru(H2bibzim)- 
(tbbpy)2]2+ 312 (Table I) and are within experimental errors 
the same as for the [{Ru(dmbpy)2}2(bpym)]4+ (bpym = 2,2'- 
bipyrimidine) system.3 The bibenzimidazole ligand in 2 is 
slightly bent around the ruthenium centre. This is reflected in 
the angle of 166.6" resulting from two lines constructed from 
the centroid of the benzene ring of one half of the ligand and 
the corresponding bridging carbon atom. Both benzimidazole 
rings exhibit a slight torsion angle towards each other of 4.3“. 
Both N-ll functions of the bibenzimidazole ligand serve as 
hydrogen bond donors for water molecules resulting in a 
nitrogen-oxygen distance of 2.811(5) A. One water molecule 
which is spatially fixed by the N-H hydrogen bond forms a 
hydrogen bond to the neighbouring molecule (O • • • O distance 
2.762(5) A) which is also fixed by a N-H hydrogen bond from 
the same complex, see Fig. I. The next water molecule forms a 
hydrogen bond (o a neighbouring water molecule which is in 
turn hydrogen bonded by a N II function (()■••() distance

L2R11

RuL,

RuLj

Fig. 2 Graphical representation o f  the supram olecular arrangem ent 
o f  complex 2  in the solid state; anions and acetone molecules are 
om itted for clarity.

2.778(5) A) of another molecule of 2. The next [Ru(H2bibzim)- 
(dmbpy)2]2+ of the same strand is 3.976 A above the plane 
formed by the bibenzimidazole ligand of the first complex and 
its hydrogen bonded water.
This structural principle continues throughout the whole 

crystal and directs this highly ordered spatial orientation in 
such a way that the A enantiomer and the A enantiomer form 
separated strings which are interconnected by a one dimen­
sional chain of water molecules (Fig. 2) and the complexes 
together with the water molecules are arranged in a step like 
manner. There are only a few examples in the literature where 
single molecules are interconnected by one dimensional chains 
of water27 none of them being a ruthenium polypyridyl com­
plex; even so there are a few ruthenium complexes displaying 
more complicated hydrogen bond networks involving water.28 
Crystal structures of ruthenium polypyridyl complexes con­
taining the benzimidazole fragment display limited hydrogen 
bonding patterns.13 If nuclear base substituted bipyridine 
ligands are employed structurally highly organized architectures 
can be obtained by suitable interaction of the heterocyclic 
moieties.29
In contrast to complex 2 the closely related [Ru(H2bibzitn)- 

(t>py)2][CF3S03]2-3H20 1, shows a completely different
hydrogen bonding network (Fig. 3). Similarly to 2, both ofthe 
protonated secondary amine functions of the bibenzimidazole 
are within hydrogen bonding distance to one water respectively. 
In contrast to the former, both water molecules are not within 
hydrogen bonding distance towards each other. They are how­
ever both in hydrogen bonding distance to a third water mole­
cule and to an oxygen from a trillate counter ion (CF3S03 ) 
respectively. The third water molecule is in hydrogen bonding 
distance to the oxygens from two different trillate counter ions. 
One ruthenium complex unit is therefore incorporated in a 
hydrogen bonding network involving three water and four tri­
llate molecules. These Inflates are also in hydrogen bonding 
distance to other water molecules which are in hydrogen bond­
ing distance to another molecule of I. The complexes are there­
fore, via their N II functions, interconnected by a complicated 
network involving (i) water molecules serving as hydrogen bond
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Fig. 3 Hydrogen bonding network o f [Ru(H 2bibzim)(bpy)2][CF3- 
S0j]2-3H20  1 in the solid state; protons and acetone molecules are 
om itted for clarity.

Mg. 4 Hydrogen bonding system o f [Ru(H2bibzim)(tbbpy)2]CI2-H20  3 
in the solid slate; protons and acetonitrile molecules aie omitted lor 
claiity

acceptors for N-H and O-H donors and (ii) trillate molecules 
serving as hydrogen bond acceptors for O-H hydrogen bond 
donors from water molecules connected to different ruthenium 
complexes.
Changing the counter ion from hexafluorophosphate to tri­

llate clearly influences the degree of spatial orientation and 
order. Additionally, chloride represents a suitable counter ion 
which is, in copper complexes of bibenzimidazole,3" known to 
interact directly with the N-H function of the bibenzimidazole. 
A ruthenium bibenzimidazole complex would therefore have 
the opportunity to interact either with water or chloride ions.
In a recent communication 12 we reported internal struc­

tural parameters of [Ru(H2bibzim)(tbbpy)2]CI2-H20 3. In order 
to compare the supramolecular aspects of 3 with those ofl and 
2 we discuss here the hydrogen bonding network displayed by 3. 
In the solid state both N-H functions are protonated and act as 
hydrogen bond donors (Fig. 4). In contrast to the previous two 
structures of 1 and 2 one hydrogen bond is formed to a counter 
ion Cl (N • ■ • Cl 3.080(4) A), the second to a molecule of 
water which is displaced over two positions and the discussion 
will use the weighted position (N • ■ ■ O 2.626(4) A). The water 
serves as hydrogen bond donor to the N-H bonded Cl 
(()•■• Cl" 3.039(4) A) and to the second Cl with an oxygen- 
chloride distance of 3.022(4) A. Even so the bibenzimidazole 
ligand does serve as a hydrogen bond donor; similar to the 
former systems, no further supramolecular aggregation could 
be observed.
When we go from the bibenzimidazole I 3 to the biben- 

/imida/.olate complexes the question arises as to how the trans­

Fig. 5 Hydrogen bonding network o f [Ru(bibzim)(tbbpy)2]-2H20  4, 
protons and acetone molecules are om itted for clarity.

formation of the secondary amine functions to amide functions 
influences the hydrogen bonding network. If [Ru(bibzim)- 
(tbbpy)2] 4 is crystallized from neat acetonitrile no supra­
molecular assemblies can be observed.12 However when the 
same complex is crystallized from an acetone-water mixture 
two molecules of water are 2.819(5) A, within hydrogen bonding 
distance, to the nitrogens of the deprotonated bibenzimidazole 
ligand and 3.036(5) A towards each other as well (Fig. 5). This 
hydrogen bonding interaction does not seem to affect internal 
structural parameters of the ruthenium complex.
It seems reasonable to assume that the water molecules serve 

as hydrogen bond donors towards the negatively polarized 
bibenzimidazole nitrogens. Additionally one molecule of water 
serves as hydrogen bond donor for the second water molecule. 
This system could, in principle, form aggregates similar to 1 and 
2. However, the transformation of the bibenzimidazole unit 
from a hydrogen-bond donor to an acceptor seems to prevent 
similar supramolecular arrangements. Even so the degree of 
protonation does not seem to affect internal structural param­
eters although it does strongly influence the supramolecular 
structure of the mentioned complexes.
Binuclear complexes. Deprotenation of the bibenzimidazole 

ligand turns the corresponding complex into a very reactive 
metallo ligand.12 The combination of two octahedral complex 
fragments in one molecule ultimately leads to three diastereo- 
meric isomers the meso form AA and the AA, AA isomers 
whose racemic mixture is referred to as rac. The problem stays 
at a relatively simple level if symmetric bridging ligands are 
employed. me.yo-[{Ru(tbbpy)2}2(bibzim)][PF(;]2 5a and meso- 
[{Ru(bpy)2)2(bibzim)][PF6]2 6 belong to this group.
The tcrt-butyl substituted homodinuclear complex 5a could 

be crystallized from a solution of a purified fraction by slow 
evaporation of the solvent. Its molecular structure is depicted 
in Fig. 6. The Ru-Ntbbpy distances of 2.040(3) to 2.065(3) A are 
not significantly different from those in the related mono­
nuclear complexes described above and correlate well with 
values reported for the related biimidazolate (biim) complex.6 
The Ru-Nbib/lm distances are at 2.164(3) A significantly longer 
than in the investigated mononuclear complexes.
The homodinuclear complex meso-[{Ru(bpy)2(2(bibzim)]- 

[PFfi]2 6 could be crystallized from a mixture of the diastereo- 
meric isomers by slow evaporation of an acetonitrile solution. 
The Ru-Nhpj distances of 2.021(4) to 2.043(4) A are not sig­
nificantly different from the related mononuclear complexes 
described above and correlate well with the values recently 
reported for wcso-[{ Ru(bpy)2}2(biim)][CI04]2.f’ The Ru-N, 
distances are, however, at 2.139(4) A significantly longer than 
in the investigated mononuclear complexes12 but correlate w'cll
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Fig. 6 S tru c tu re  o f  m e jo -[{ R u ( tb b p y )2}2(b ib z im )][P F 6]2 5a; p ro to n s , 
a n io n s  a n d  so lv e n t m o le c u le s  a re  o m it te d  fo r c larity .

with the values reported for the dinuclear biimidazolate 
complex. They also seem to be slightly shorter compared to 
those of 5 a. The bibenzimidazole ligand in both dinuclear 
complexes is not bent around a single ruthenium and no torsion 
angle between the benzimidazole moieties could be observed.
The structural evidence implies that upon going from the 

mononuclear to the dinuclear complexes a weakening of the 
bonding interaction between the ruthenium(n) centre and 
the bridging bibenzimidazole occurs. If bibenzimidazole is 
acting as a bridging ligand it is double deprotonated and turns 
into a much stronger a donor.7 The increased a donor strength 
might cause a decrease of the acceptor abilities. However 
since the ruthenium-bibenzimidazole distances in the mono­
nuclear deprotonated complex 412 are much shorter than in the 
dinuclear complexes differences in the ligand properties cannot 
fully explain the differences in bond lengths for the mono- and 
di-nuclear complexes observed in the structural data obtained 
from X-ray investigations. Comparing the data obtained it is 
evident that substitution at the 4 position of the peripheral 
bipyridine system has no significant influence on structural 
parameters of the ruthenium complexes (see Table 1).
NMR spectroscopy of complexes 1-3 and 5
NMR spectroscopy has proved to be a useful tool in the struc­
tural characterization of ruthenium polypyridyl complexes31 
but with a few exceptions52 has not been used to any great 
extent in the structural characterization of polypyridyl 
ruthenium bibenzimidazole complexes. The protonated mono­
nuclear complexes [Ru(H2bibzim)(bpy)2]2+ 1, [Ru(H2bibzim)- 
(dmbpy)2]2+ 2 and [Ru(H2bibzim)(tbbpy)2]2+ 3 exhibit C2 
symmetry in solution. The protons of the secondary amine 
function of the bibenzimidazole ligand are not detectable in 
CD2CI2, DMSO, acetone or acetonitrile and a direct investi­
gation into its involvement in hydrogen bonding was therefore 
precluded. While the chemical shifts of the aromatic biben­
zimidazole protons are almost unaffected by either different 
substitution or solvent (Table 2), the bipyridine based protons 
exhibit a large shift on changing the deuteriated solvents from 
acetone to acetonitrile. It is very unlikely that these shifts are 
due to interaction of the secondary amine protons of biben­
zimidazole with solvent molecules since similar shifts have been 
observed for [Ru(tbbpy)3]2 h (Table 2).
The NMR spectra of the diastereomeric forms of complex 5 

are different (Fig. 7). The signals for one pyridine system 
remain relatively unchanged in both forms, however, the posi­
tions of the H5b and H6b protons of the other pyridine moiety 
are considerably shifted uplield in the spectrum of the m e frac­
tion if compared with that of the nwxo form (Table 2). This is 
consistent with results obtained for the strongly related [{Ru- 
(dmbpy)2)2(bpym)J" system-' and has been explained in terms
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Table 2 ì l  NMR data o f complexes 1-3, 5 and [Ru(tbbpy),][PFfi]2 A in acelonc-d* and acetonitrile-d.

Chemical shifts in acetone-d6 Chemical shifts in acetonitrile-d¡
Proton 1 2 3 5a 5b A I 2 3

fi 3a 8.84 8.57 8.83 8.76 8 76 8 .8 6 8.52 8.37 8.51
113b 8.80 8.46 8.72 8 .6 8 8,73 8.43 8.28 8.42
H6 a 8.27 7.94 7.96 8.16 8.09 7.82 7.97 7.80 7.87
f l 6 b 8.16 7.80 8 .0 2 8.32 7.78 7.97 7.71 7.76
fl5b 8.05 7.18 7.61 7.70 7.29 7.38 7.11 7.35
H3BL 7.82 7.80 7.80 6.66/5.66» 6.66/5,66“ 7.78 7.71 7.76
115a 7.62 7.38 7.43 7.56 7.51 7.57 7.38 7.27 7.48
H4BL 7.44 7.38 7.38 6.66/5.66“ 6.66/5.66“ 7.38 7.37 7.43
H5BL 7.08 7.02 7.02 6.66/5.66“ 6.66/5.66“ 7.05 7.03 7.06
H6 BL 5.87 5.86 5.78 6.66/5.66“ 6.66/5.66“ 5.76 5.83 5.68
4 position 8.27 H4a 2.57 C l l3a 1.47 C4H9 1.43 Q H * 1.43 C 4119 1.38 C„H, 8.11 H 4a 2.57 C H ,a 1.47 C 4H,
4 position 7.44 H4b 2.41 CH jb 1.33 C4H , 1.34 C4H , 1.38 C4H 9 7.97 H 4b 2.42 C H jb 1.35 C4H,

8.46
7.55

7.39

1.39 Q ll,,

" Owing to multiple peak overlap no assignment is possible.

Table 3 Photo- and electro-chemical data in acetonitrile o f complexes 1-6

Complex absorption emission Lifetime/ns E J V E , J V

1 463" 640“ 131 * 1 .1 2 “ — 1.53/—1,86*
2 465 650 90 0.99
3 473 648 1 2 0 0.99 ca. -0 .7  to —1.2
4 580 — 0.39 -1 .1 6 /-1 .2 5
5a 510 700 50 0.64/0.95 -1 .0 7 /-1 .2 1
5b 510 700 60 0.64/0.95 -1 .0 7 /-1 .2 1
6 505 695 60* 0.76/1.04“ -1 .4 9 /-1 .7 8 *

“ Ref. 7.* Ref. 9.

IU* H3b HSb H5a 116b H6* 2 HBL 2 HBL

H  tl 1A. K A
lUa Hlb

i Hii H5b H6i  H6t> 2 HBL 2 HBL

1  J i  L u ,  K  A.
9  2 '  8 .8  '  8.4  '  8 .0  7 6  7 2 6  8 6 4  6  «  5 6 5.2Ò

I’ig. 7 'M NM R spectra o f the nienti (top) (5a) and me  (bottom ) (5b) 
forms o f [{Ru(tbbpy)2}2(bibzim)][PF6]2 in acetonc-d*.

o f  ;i g rea te r  a n is o tro p ic  efTect from  th e  rin g  c u r r e n t  o f  th e  
a d ja c e n t b ip y rid in e  system  ex p erienced  by H 5 b  a n d  H 6 b  p ro ­
to n s w hich  are  d irectly  o ver the b rid g in g  lig a n d . T h e  N M R  
sp e c tru m  o f  the first frac tio n  was a ssig n ed  to  th e  m eso  fo rm  
since c ry s ta ls  su itab le  for X -ray  d iffrac tio n  c o u ld  be o b ta in e d  
from  th e  purified  frac tio n .

Photophysical anil electrochemical properties of complexes 1-6
A lkyl s u b s t itu e n ts  a t b ip y rid in e  lig an d s  s h o u ld  have an 
in d uc tiv e ly  e lec tro n  d o n a tin g  effect on  th e  a ro m a tic  system  
o f  th e  c o rre sp o n d in g  p y rid in e  ring. In o rd e r  to  in v es tig a te  the 
in fluence o f  s u b s titu tio n  on the p ro p e rties  o f  th e  ru th e n iu m  
co m p lex es the o x id a tio n  p o te n tia ls  w ere d e te rm in e d . A lkyl s u b ­
s titu tio n  at the 4 p o s itio n  o f  th e  b ip y rid in e  ligand  leads to  a 
rough ly  0.1 V sh if t to w ard s  low er o x id a tio n  p o te n tia l  o f  all 
m o n o - a n d  d i-n u c le a r com plexes inv estig a ted  w hich is in 
a g re em e n t w ith  resu lts  o b ta in e d  fo r [{ R u (d m b p y )2 ( 2(b ibzim )]- 
[CIO„]2”  ( f a b le  3). T h ese  resu lts  suggest th a t s u b s t itu tio n  w ith 
a lip h a tic  g ro u p s  has an  in fluence on th e  e lec tro n ic  s itu a tio n  at 
the c e n tra l m etal a to m . It seem s likely th a t th e  t I effect o f  the 
alkyl s u b s titu e n t resu lts  in an  increase o f th e  e lec tro n  d en sity  at 
th e  m eta l.

As ex p ec ted , d e p ro to n a tio n  o f  the b ib en /.im id azo le  ligand  
leads to  a large shift o f  0.6  V to w ards m o re  n eg ative  p o ten tia ls

for the oxidation of the ruthenium centre. This indicates an 
enhanced electron density at the metal centre induced by the 
deprotonation.

S u b s titu tio n  a lso  in flu en ces  th e  re d u c tio n  p ro p e rtie s  w hich 
a re  re la ted  to  th e  b ip y r id in e  sy s tem . 5 T h e  m o st p ro n o u n c e d  
effect can  b e  a t tr ib u te d  to  d e p ro to n a tio n  o f  th e  b ib en - 
z im id az o le  lig an d . T h e  n o t  well re so lv ed  red u c tio n  o f  th e  
p ro to n a te d  co m p lex  is re p lac ed  by a  tw o s tep  w ave for 
th e  d e p ro to n a te d  co m p lex . H ow ever d u e  to  the co m p lex ity  o f  
th e  d a ta  o b ta in e d  fo r th e  p ro to n a te d  co m p lex  n o  d ire c t c o m ­
p a riso n  o f  re d u c tio n  p o te n tia ls  is p ossib le . H ag a  in v es tig a ted  
th e  n o n -s u b s t itu te d  c o m p lex  a n d  d id  n o t  find  a la rg e  sh if t in 
re d u c tio n  p o te n tia ls  fo r  th e  p ro to n a te d  a n d  d e p ro to n a te d  
fo rm .7

O w in g  to  th e  in tr in s ic  n a tu re  o f  th e  M L C T  p ro cess  an  
in c rea se  of th e  e lec tro n  d e n s ity  a t th e  ru th e n iu m  ce n tre  sh o u ld  
a lso  in fluence  the p h o to p h y s ic a l p ro p e rtie s  o f  th e  co m p lex . 
H ow ever, th e  a b s o rp tio n  a n d  em ission  p ro p e rtie s  o f  th e  co m ­
plexes (T ab le  3) d o  n o t s u p p o r t  th is  a s su m p tio n . T h e  m o n o ­
n u c le a r  u n s u b s titu te d  ru th e n iu m  co m p lex  I ab so rb s  in  th e  
visible ran g e  a t 463 n m . T h e  em ission  is a t 640 n m . 7,9 W h ils t th e  
a b s o rp tio n  m ax im a  o f  th e  series I to  3 d o  show  a s ligh t 
b a th o c h ro m ic  sh ift, th e  w avelength  o f  em iss io n  seem s n o t  to  be 
affected  a t all (T ab le  3). A n  investigation  o f  the lifetim e o f  the 
ex c ited  s ta te  show s th a t  all th re e  m o n o n u c le a r  com p lex es have 
q u ite  s im ila r  lifetim es (T ab le  3). A n a c e to n itr ile  so lu tio n  o f th e  
d ried  p ro to n a te d  co m p lex  3 show ed  n o  d ifferences to  the above 
d esc rib e d  values for a b s o rp tio n  m ax im u m  a n d  em ission  w ave­
len g th . H ow ever, i f  th e  sam e  co m p lex  is d isso lv ed  in w ate r a 
sm all b a th o c h ro m ic  sh if t in th e  a b s o rp tio n  m ax im u m  is 
o b serv e d  an d  a b a th o c h ro m ic  shift o f  30 nm  in the em ission  
w avelength  as well. A s im ila r  ex p erim en t w ith  [R u (tb b p y ) 3] 2 1 
sho w ed  th a t th e  U V -vis sp e c tru m  an d  the w avelength  o f  em is­
sion  a re  n ea rly  in v a ria n t c h a n g in g  from  a c e to n itr ile  to 
w ater. C o m p a r is o n  in d ica te s  th a t d ifferen t en v iro n m en ts  a t the 
N -H (u n c tio n s  in so lu tio n  in lluence p h o to p h y sic a l p ro p e rties  
an d  th a t w a te r a lso  serves as a hydrogen  b o n d  a c c e p to r  in
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Fig. 8 Negative cyclic voltammogram of [{Ru(tbbpy)2}2(bibzim)]- 
[PFjJj 5a/5b in acetonitrile vs. SCE; (lower) two one electron reductions under an argon atmosphere; (upper) catalytic current enhancement 
under a C02 atmosphere.

solution whereas acetonitrile does not interact to a great extent 
with the N N functions.
As discussed earlier,12 deprotonation of the bibenzimidazole 

forming 4 results in a loss of emission and bathochromic shift 
of the absorption maxima.
Both dinuclear ieri-butyl substituted stereoisomers 5a/5b 

absorb at 510 nm in the visible range and emit at 700 nm. 
Complex 6 absorbs at 505 nm and we determined the emission 
wavelength at 695 nm. Substitution of the pyridine ligand does 
not seem to influence photophysical properties to a great 
extent.
Most intriguing was the investigation into the lifetime of the 

excited state of the two sets of stereoisomers 5a/5b. The life­
times ofthe lowest excited states of both the meso and the rac. 
isomer were 60 ± 2 ns. The apparent absence of any influence of 
the stereochemistry on the lifetime of the lowest excited states 
in dinuclear bibenzimidazole complexes is in contrast to the 
observations made for stereoisomers of dinuclear HAT (hexa- 
azatriphenylene) based systems.However in the latter emis­
sion occurs from the triplet MLCT iuthenium HAT state.14 In 
the case of the dinuclear bibenzimidazole complexes the ancil­
lary bipyridines7 act as the luniinophore. This might be a 
tentative explanation for the observed independence of the life­
time of the lowest excited state of the stereochemistry at the 
ruthenium. Comparison with literature values of excited state 
lifetimes obtained for the unsubstituted isomer 6, of 60 ns9 
shows that also in the dinuclear complexes the substitution with 
/er/-butyl groups has no pronounced inlluence on the excited 
state lifetime.
Electrochemical C02 reduction
Complexes 3, 4 and a racemic mixture of 5a and 5b were 
investigated for their activity in electrochemical carbon dioxide 
reduction. Some ruthenium polypyridyl systems'5 exhibit a 
remarkable activity and selectivity in this process whereas 
others do not show any activity."’ Since deprotonation of the 
bibenzimidazole ligand enhances its u-donor properties an 
influence on the electrochemical reactivity can be envisaged
All investigated complexes can be reduced and at least two 

reversible one electron reduction processes can be discerned 
whereas the protonated complex exhibits a much more complex 
behaviour In the presence of C02 an increase in the cathodic 
current can be observed for both steps (Fig. 8) for all three

compounds. The increase is relatively small for the first reduc­
tion step whereas a relatively strong increase for the second step 
can be observed. This indicates that the two electron reduced 
species is the most active catalyst which transforms the carbon 
dioxide. The degree of increase of the current is dependent 
on the complex. The protonated complex 3 exhibits only a rel­
atively small increase in current. The deprotonated complex 4 is 
roughly twice as active judging from the current enhancement 
and the dinuclear complex 5a/5b is even more active than the 
deprotonated mononuclear complex.
Preliminary investigation into the range of products obtained 

during an exhaustive reduction of carbon dioxide in a C02 
saturated 0.1 M acetonitrile solution of these complexes using 
3 showed the production of carbon monoxide (1-2%) and 
oxalate (ca. 10%). If, however, the deprotonated complex 4 was 
employed oxalate was produced with 43% current efficiency 
beside some carbon monoxide (1-2%). The course of the reac­
tion was monitored using UV-vis spectroscopy. The protonated 
complex showed in the initial phase a sharp decrease in the 
absorption and a shift in the maxima from 473 to 548 nm. This 
new band continued to decrease during the electrolysis and dis­
appeared completely. For the deprotonated complex no such 
shifts could be observed however the absorption decreased. 
This result suggests that some electrical energy is consumed 
by transformation of the protonated complex. This significant 
relation between structure and reactivity even for the two 
mononuclear complexes together with their known interaction 
with water which might alter the range of products obtained10 
will be investigated in more detail.

C onclusion
This work represents to the best of our knowledge the first 
crystallographic investigation into supramolecular aspects of 
ruthenium bibenzimidazole complexes. The assembly of highly 
spatially ordered arrays of mononuclear ruthenium biben­
zimidazole complexes is possible for 2 by exploiting the 
hydrogen bond donor activity of bibenzimidazole towards 
water. It could also be shown that the choice of counter ions 
influences the supramolecular structure in the solid state. The 
nature of the hydrogen bonding activity of ruthenium biben­
zimidazole complexes can be reversed from donor to acceptor 
by deprotonation of the secondary amine which has only a 
small influence on internal structural parameters. However the 
resulting species although in principle capable of forming 
polymeric supramolecular structures bridged by water mol­
ecules remains isolated. The deprotonated complex 4 represents 
a reactive metallo ligand.12
By using two dimensional NMR it was also possible to show 

that two diastereomeric forms of the homodinuclear complexes 
exist (5a/5b) and can be separated. The lifetime of the lowest 
excited state proved to be independent ofthe stereochemistry at 
the ruthenium.
Alkyl substitution at the 4 position of the corresponding 

pyridine unit resulted in a negative shift ofthe oxidation poten­
tial ot the ruthenium. It is possible to switch olT the emission of 
complex 3 by deprotonation of the secondary amine function 
of the bibenzimidazole ligand.12
The mononuclear protonated complex 3, its deprotonated 

analogue 4 and the dinuclear complex 5a/5b are active catalysts 
in electrochemical carbon dioxide reduction. The reactivity 
and selectivity ot the mononuclear complexes depends on 
the degree of protonation since 4 exhibits a nearly twofold 
enhancement of the catalytic current and a 300% increase in 
current efficiency in oxalate production if compared with that 
of 3.
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