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1.11 Transition metal complexes as luminescent probes. 

Thee determination of the presence and quantity of certain compounds is of tremendous 
importancee for several applications such as bio-medical assays, in particular for diagnostic 
purposes.. Traditional approaches utilize radioactive labels and fluorescent reagents, since 

1,2 2 

thesee can exhibit high sensitivities and robustness. More recently, probes based on 
luminescentt compounds, emitting in the low-energy visible region of the electromagnetic 
spectrum,, have also been developed. The large interest on luminescent probes is driven by 
thee possibility to replace isotope assays, hence preventing problems with radioactive waste 
storage. . 

Inn general, the signalling unit (probe) is excited by light. The resulting emission is then 
calledd photoluminescence (PL). Alternatively, the formation of the excited species may be 
obtainedd by a strongly exergonic redox reaction between two compounds, which leads to 
chemiluminescencechemiluminescence (CL). In this case, the energy needed for the excited state formation 
derivess from bond cleavage (as with luminol, lucigenin, peroxyoxalate, dioxetanes) or from 

ann electron transfer reaction (as with [Ru(bpy)3]2+, bpy = 2,2'-bipyridine). ' When one or 

bothh of the active species are generated at an electrode, the CL reaction is called 

electrochemiluminescenceelectrochemiluminescence or electrogenerated chemiluminescence (ECL), Figure 1.1. 

Figuree 1.1 Schematic representation of an ECL reaction. 

Bio-medicall  assays based on ECL show several advantages over those based on PL and 

CL.. ' One of them is the possibility to avoid probe excitation with light. Therefore, the 
backgroundd signal in PL-assays, originating from fluorescence of biological molecules and 

6 6 
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scatteredd light, is absent when ECL is performed. This results in higher sensitivities. The 
triggeringg of the ECL reaction by application of a voltage at the electrode is also an important 
advantage,, as it allows a more facile temporal and spatial control of the signal generation as 
comparedd to CL, where the reaction is initialized by mixing the reactant solutions. However, 
somee disadvantages are also present. Because the ECL reaction is bimolecular, slow diffusion 
off  the active species and their possible deactivation before encountering may reduce the ECL 
efficiency.. Furthermore, accessibility and vicinity of the reacting species to the electrode 
surfacee is a fundamental requirement in order to allow efficient redox reactions. 

Time e 

Figuree 1.2 Scheme depicting the advantage of time-gated detection using luminescent labels with a 
long-livedd excited state. 

Inn designing new luminescent probes several specific properties must be considered. 
Obviously,, the probe must exhibit high luminescence efficiency that enables high detection 
sensitivity.. Furthermore, for assays where the excited probe is obtained upon irradiation, a 
lifetimee longer than a few hundreds of nanoseconds is often required in order to allow time-
resolvedd measurements and avoid detection of background signal (usually of a few 
nanosecondss duration). Figure 1.2 shows how, using luminescent labels with long excited 
statee lifetimes, sensitivity can be improved by time-gated detection. For ECL-based assays, 
loww redox potentials of the reagents and stability of their redox forms are mandatory. Thermal 
andd photochemical stability, good solubility in water, and synthetic accessibility are other 
importantt requirements for the probes. 

AA promising class of compounds for sensor and probe technologies are luminescent 
transitionn metal complexes, in particular those of the group 7 and 8 metals (Ru(II), Os(II), 
Re(I),, Rh(III) and Ir(III) ) and the lanthanides. Due to their long excited state lifetimes 

7 7 
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(hundredss of nanoseconds to tens of microseconds) transition metal complexes are more 
appealingg than organic fluorophores (that usually have decay times of a few nanoseconds), 
whilee luminescence quantum yields, although mostly modest compared to organic 
fluorophores,, are adequate for a variety of applications. Furthermore, for many metal 
complexess the emission has a large Stokes shift, that allows a reduced background signal at 
thee detection wavelength, and is less affected by oxygen quenching, compared to traditional 
fluorescentt dyes and lanthanides. 

Thiss Thesis focuses mainly on the use of transition metal complexes as luminescent probes 
forr PL or ECL applications. The discussion sections of the experimental chapters will refer 
frequentlyy to several types of photophysical and redox processes which can occur in transition 
metall  complexes. The remainder of this chapter will give information about these processes, 
focusingg on the parts relevant for this Thesis. The subjects that will be dealt with 
consecutivelyy are as follows: first of all, the basic photophysical and redox properties of 
transitionn metal complexes, followed by an outline of the Marcus model for electron transfer 
reactions.. Since the majority of the complexes described in this Thesis belong to the 
ruthenium(II)) polypyridyl family, a separate section is devoted to relevant physicochemical 
propertiess of the parent complex, [Ru(bpy)3]2+, and to strategies toward increasing the excited 
statee lifetime of the complexes. Because osmium(II) polypyridyl fragments compose homo-
andd heterodinuclear complexes described in the last two chapters, Section 1.6 outlines the 
mainn differences between osmium(II) and ruthenium (II) polypyridyl complexes, followed by 
descriptionn of the principles governing energy transfer in dinuclear systems. The subsequent 
sectionn gives a background information on electrochemiluminescence. The chapter is 
concludedd with a section on the scope of this Thesis. 

1.22 Photophysical processes in transition metal complexes 

Inn this Section the main photophysical processes occurring in photoexcited transition metal 
complexess and their major differences as compared to organic molecules are outlined. 

Uponn irradiation with light quanta, a molecule may be promoted from the ground to an 
electronicallyy excited state with a probability that is largest for transitions that retain the spin 

12,13 3 

statee multiplicity (spin-allowed transition). ' For closed-shell molecules, such as organic 
moleculess and the transition metal complexes discussed in this Thesis, the ground state has 
singlett multiplicity, hence the most favoured are the transitions populating singlet excited 
states.. In metal complexes the presence of a heavy (5d metal) atom may induce spin-orbit 
couplingg to such extent that absorption bands due to spin-forbidden transitions gain intensity 

14-16 6 

andd may be observed (see for example the osmium complexes). 
Afterr photoexcitation, the molecule in a high excited state decays rapidly (on a femto- to 

picosecondd time scale), by non-radiative pathways, to the lowest state of the same spin 

8 8 
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multiplicityy (internal conversion, IC) or to a state of different spin multiplicity (intersystem 
12,13,17 7 

crossing,crossing, ISC). Figure 1.3 shows an overview of the various photophysical processes 

thatt can occur in molecules (simplified Jablonski diagram). Due to the fast decay of the upper 

states,, for most molecules the lowest singlet and triplet states are the only important levels for 

theirr emission properties and bimolecular interactions, such as photoinduced energy and 

electronn transfer processes and photochemical reactions. 

Whenn a molecule is in the lowest singlet excited state, it may undergo radiative 

(fluorescence)(fluorescence) or non-radiative (internal conversion) decay to the ground state, or intersystem 
10,12,13,17 7 

crossingg to the lowest triplet excited state (Figure 1.3). In turn, the triplet state can 

decayy to the ground level via non-radiative (ISC) or radiative (phosphorescence) transitions 

(Figuree 1.3). 

>k" " 

kph h 

Figuree 1.3 Jablonskii diagrams of the electronic states and various photochemical processes of a 
typicall  organic compound. The processes are indicated by the corresponding rate constants, i.e. 
internall  conversion (kic), intersystem crossing (kisc), fluorescence (kn), phosphorescence (kptl) and 
bimolecularr quenching (kq). 

Inn organic molecules, the intersystem crossing Si —> Ti is strongly spin-forbidden and 

internall  conversion and fluorescence occur with large rate constants. The singlet excited state 

hass therefore a short lifetime (pico- to nanosecond time scale) and fluorescence is observed. 

Contraryy to this, spin-forbidden phosphorescence and Ti -> So ISC have small rate constants 

and,, hence, the triplet state is long-lived (millisecond to second timescale). Quenching 

9 9 
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processess with another molecule (such as molecular oxygen, O2) can strongly compete with 
thee radiative decay, therefore phosphorescence is usually not observed in aerated solutions at 
roomm temperature. 

Forr transition metal complexes, the presence of the heavy (metal) atom increases the 
efficiencyy of the intersystem crossing from the lowest singlet to the lowest triplet state to 
nearlyy 100%, in the case of second- and third-period transition metal ions. Fluorescence is 
thereforee usually not observed in these cases and light emission occurs only from the lowest 

10,16 6 

triplett state. Since the radiative and non-radiative T| -» So transitions are more allowed, 
thee lowest triplet state is shorter lived (nano- to millisecond time scale) compared to organic 
moleculess and less susceptible to environmental quenching; emission is therefore observed 
alsoo in aerated solution at room temperature. Due to the spin-orbit coupling, the spin character 
off  the lowest excited state is not a pure triplet but a mixed triplet and singlet spin state. 
Emissionn of metal complexes is therefore usually referred to as luminescence. 

Anotherr important difference between metal complexes and organic molecules lies in the 
naturee of the excited states. Apart from intraligand electronic transitions from TC (bonding) or 
nn (non-bonding) orbitals to n* (anti-bonding) orbitals of a ligand, metal complexes also 
exhibitt transitions that involve only the metal or both the metal and the ligands. The energy of 
thesee transitions, and therefore the spectroscopic properties, can be conveniently tuned upon 
judiciouss choice of the metal ion and the chelating ligands. 

Forr complexes that consist of metal ions and ligands with limited derealization of their 
frontierfrontier orbitals, the spectroscopic properties can be described in terms of localized molecular 
orbitall  configurations, thus the excited states can be classified according to the localized 
molecularr orbitals involved in the electronic transition. ' Using this criterion, three main 
typess of excited states may be then distinguished (Figure 1.4): (1) metal-centered (MC), also 
knownn as "d-d" or "ligand field", excited states; (2) intraligand (IL), also called "ligand-
centered",, excited states; (3) charge transfer (CT) excited states, such as metal-to-ligand 
(MLCT)) or ligand-to-metal (LMCT) excited states (Figure 1.4). In some cases different 
excitedd states may be isoenergetic and intermix. This simplified picture is then no longer 
applicable.. The same applies for complexes with extensively delocalized n-bonding between 
thee metal and the ligands, where the electronic transitions possess limited CT character. 

10 0 
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MM ML-3 3L 

p p 

s s 

d d 

.. CT 

Figuree 1.4. MO diagram depicting various possible electronic transitions between different frontier 
orbitalss in octahedral metal complexes ML3 (M = metal, L = chelating ligand). 

Metal-to-ligandMetal-to-ligand charge transfer states are particularly important for the discussions in this 

Thesis,, as they are the lowest-energy excited states for the metal complexes herein studied 

andd are responsible for their photoluminescence and electrochemiluminescence processes. 

MLCTT transitions in octahedral d6 metal complexes occur from occupied 7tM(t2g) metal based 

too empty 71* ligand based MOs (Figure 1.4) and formally correspond to the oxidation of the 
10,16-188 . . , 

metall  and reduction of the ligand in the excited state. Their energies are therefore 
relatedd to the redox properties of the metal complex. Indeed, for complexes with easily 
reduciblee ligands such as a-diimines, MLCT levels are significantly stabilized. MLCT 
absorptionn bands are usually intense (e~ 104 mor'dm3cm"') and emission occurs with lifetime 
inn the order of nano- to microseconds time scale. Because MLCT transitions generally 
involvee a change in the dipole moment of the complex, on going from the ground to the 
excitedd states, their corresponding absorption and emission bands are usually solvatochromic, 
i.e.. they shift on changing solvent polarity. 

MLCT T 

m m 
LMCT T 
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Thee lifetime (r) of the excited state and the emission quantum yield (^«n) are important 

experimentall  parameters for the investigation of the spectroscopic properties of the 

molecules,, and can be expressed as (1.1) and (1.2), respectively 

l/T^krl/T^kr  + kn (1.1) 

<Pem=k<Pem=kTTTT (1.2) 

wheree kT and km are the radiative and non-radiative decay rate constants, respectively. For 
moleculess that undergo bimolecular quenching (with rate constant kq), the excited state 
lifetimee decreases with increasing concentration of the quencher ([Q]), Eq. 1.3 

l/T=kl/T=k rr + km + kq[Q] (1.3) 

1.33 Redox properties of transition metal complexes 

Thee specific redox properties exhibited by transition metal complexes are another important 
aspectt that makes them suitable for diverse applications where electron transfer reactions are 
involved.. This Section will mainly refer to ruthenium(II) and osmium(II) polypyridyl 
complexes,, that are the topic of this Thesis. 

Similarlyy to electronic transitions to excited states, for most of the ruthenium(II) and 
osmium(II)) polypyridyl complexes the electrochemical processes can be thought of as 

10,19 9 

occurringg at localized orbitals. For those metal complexes with lowest MLCT excited 

state,, the oxidation process involves subtraction of an electron from a KM(%) orbital and can 

bee considered as occurring at the metal center, e.g. Eq.1.4, 

[Ru"(bpy)3]
2++ -  [Rum(bpy)3]

3+ + e" (1.4) 

whilee the reduction process, involving addition of an electron to the lowest unoccupied n* 

orbital,, can be considered as a reduction of the ligand (Eq.1.5) 

[Ru"(bpy)3]
2++ + e - -  [Ru^bpyMbpy-)]" (1.5) 

Forr most of the ruthenium(II) and osmium(II) polypyridyl complexes the oxidized and 

reducedd redox forms are rather stable, and the redox potentials can be conveniently tuned by 

properlyy chosen ligands. Strong a-donor ligands stabilize the oxidized metal, and therefore 

oxidationn potential become less positive. Strong n* accepting ligands more readily 

12 2 
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accommodatee electron density, and the electrochemical reductions occur at less negative 

potentials. . 

Whenn a complex (R*) is in the CT excited state, it is both a stronger oxidant and a stronger 

reductantt than the parent species (R) in the ground level. The oxidation and reduction 

potentialss of the excited complex can be evaluated from the zero-zero excitation energy 

(£°°(R*))) and the ground state redox potentials (£°0X(R+/R) and £°red(R/R"), respectively), 

Eqs.. 1.6 and 1.7 respectively. 

£°(R+/R*)) m £°0X(R+/R) - £°°(R*) 

£°(*R/R")) * £°red(R/R") + £°°(R*) 

(1.6) ) 

(1.7) ) 

Thesee equations are valid in the approximation that (i) the vibrational partitioning functions 

off  the ground and excited states are not very different (therefore the enthalpy associated to the 

electronicc excitation can be approximated to the zero-zero excitation energy A//(M*/M ) = 

NNAAE°°(R*),E°°(R*), NA is the Avogadro number) and (ii ) the entropie contribution can be neglected 

(thatt is strictly true for complexes underging electronic excitation without changes in size, 
17 7 

shapee and solvation). 

Becausee the excited state has a stronger redox power, electron transfer reactions 

thermodynamicallyy forbidden for a complex in its ground state can become 

thermodynamicallyy allowed in the CT excited state (Figure 1.5 A) 

AA B 

*DD + A 

hv hv 

DD +A 

D++ + A~ 

AG G 

DD + A-
hv hv 

*DD + A - -»-D++ + A" +hv 

*AA + B 

hv hv 

AA +B 

AA + B~ -* -- *A + B-

•• A + B" 

AG G 

AA + B +hv 

Figuree 1.5 Energetic schemes for a photoinduced electron transfer reaction (A) and an electro 
chemiluminescencee reaction (B). 
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1.44 Photoinduced electron transfer  and electrochemiluminescent processes 

Transitionn metal complexes are often employed in electron transfer reactions such as 
20,21 1 

photoinducedd electron transfer (PET) processes (Figure 1.5 A) and generation of light by 
77 8 

redoxx reactions (such as electrochemiluminescence, ECL) (Figure 1.5B), due to the stability 
off  their reduced and oxidized forms and low redox potentials. 

Inn a photoinduced electron transfer process, the excitation energy of a donor (D) is 
transferredd to an acceptor (A) with formation of two redox species (e.g. D+ and A"), Figure 
1.5A.. This is allowed when the energy of the molecule in the excited state (D*) exceeds the 
energyy of the two redox products. The driving force (AG°PET) can be calculated as 

AG°PETT * £°(D+/D*) - £°red(A/A-) + £Coui(D-A) - £Coui(D+-A-) (1.8) 

wheree £°(D+/D*) is the oxidation potential of D*  and is given by Eq. 1.6, £°red(A/A") is the 
standardd reduction potential of A and £coui(D-A) and £coui(D+-A") are Coulombic interaction 
energiess required to respectively bring the reactants and the products together, to the most 
probablee separation distance TDA- For two oppositely charged ions, ECou\ can be calculated 

8,9 9 

usingg the Coulombic expression (Eq. 1.9) 

£couii  fa>A) = -#A eo21 An GQS rDA (1.9) 

wheree NA is the Avogadro constant, eo the electron charge, £Q the permittivity of vacuum, and 

fthee dielectric constant. 

Consideringg ECL (Figure 1.5B), the electron transfer between two electrogenerated species 
A++ and B" yields formation of a molecule in the excited state (e.g. A*) . It can be then regarded 
ass counterpart to the photoinduced electron transfer process and occurs when the energy 
associatedd to the charge separated components A+ and B" exceeds the energy of A in the 

9,19 9 

excitedd states (A*) . The free energy (AG°ECL) of this reaction can be calculated as (1.10) 

AG°ECLL  *£°red(B/B) -£°(A+/A* ) + £Coui(A+-Bl -£Coui(A-B) (1.10) 

Thee kinetics for photoinduced electron transfer as well as for ECL can be described on the 
groundss of the classical model for an electron transfer reaction in a unimolecular system 

9,13,17 7 

developedd by Marcus, Hush and Sutin (hereinafter indicated as Marcus model). The 
treatmentt of the theory is beyond the purpose of this chapter and only very general and brief 
conceptss are here described. 

Accordingg to this model, the electron transfer rate constant (ke\) can be expressed by (1.11) 

14 4 
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kkee\=\=  nj*-exp(-AG*/fl7) (1.11) ) 

Thee terms in (1.11) can be best discussed referring to two curves representing the potential 
energiess of reactants and products as function of reaction coordinates, that include internal 
coordinatess (bond lengths and angles of the reacting molecules, "inner coordinates") and 
coordinatess specifying the arrangement of the solvent molecules surrounding the reactants 
andd products ("outer coordinates"). The AG" is the energy (free activation energy) necessary 
too reach the configuration at which electron transfer between the reactants can occur. Thus, it 
correspondss to the energetic difference between the crossing point of the two potential energy 
curvess and the minimum of the reactant energy curve (Figure 1.6). KIS the transmission 
coefficientt (also called the electronic factor) of the reaction, that is the probability that the 
reactantss convert into products when they reach the crossing point, and vu is the nuclear 
frequencyy factor of the reaction. 

,A-B B 

A*-B B 

nuclearr configuration 

Figuree 1.6. Potential energy curves of reactants and products for a unimolecular electron transfer 
reaction. . 

Thee free activation energy AG* is determined by the combined effects of the degree of 

distortionn between products and reactants (horizontal displacement), and the driving force 

(AGG ) of the reaction. Marcus theory expresses this combined dependence as a parabolic 

functionn of AG0 (Eq.1.12).22 

AG**  = (A/4)[1+AG°/A]2 (1.12) ) 

wheree A is the so-called reorganizational energy, that corresponds to the vertical separation, 
att equilibrium geometry, between reactant and product curves for a hypothetical isoergonic 

15 5 
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reaction,, and can be expressed as sum of two contributions, XQ and A\, corresponding to 

reorganizationn of inner and outer nuclear modes, respectively. 

Thee most important result arising from Eq. 1.12 is that it predicts a parabolic dependence of 

lrufceii  on AG0. For small negative values of AG0, the activation free energy AG* decreases 

(andd lrufcei increases) with increasingly negative values of AG0. In this region of driving force 

valuess (called "normal region") the configurations of coordinates at the intersection point 

representt a compromise between the stable configuration of the reactants and that of the 

productss (Figure 1.7). When AG0 becomes so negative that it equals X, AG* vanishes and \nke] 

reachess the maximum value, ("activationless region") Figure 1.7. For more negative values of 

AG0,, AG* increases (and ln£ei decreases) with increasingly negative values of driving force. 

Forr these values AG0, the configuration of coordinates at the crossing point becomes 

increasinglyy different from both the stable configuration of the reactants and that of the 

productss ("inverted region"), Figure 1.7. 
Thus,, reactions strongly thermodynamically allowed may result not kinetically favoured. In 

ECLL reactions, for instance, ground state formation (A + B) by charge recombination between 
thee electrogenerated A+ and B" species may be not kinetically favoured, due to its 
correspondingg large driving force, leading to formation of the excited A*  species with high 
efficiency,, due to the smaller driving force (AG°ECL)- A more extended description of the 
processess competing in ECL reactions can be found in Section 1.8. 

normall activationless inverted 

Figuree 1.7 Potential energy curves for reactants and products in the three regimes of the Marcus 
model. . 

16 6 
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200 0 300 0 400 0 500 0 

Wavelengthh (nm) 

600 0 700 0 800 0 

Figuree 1.8 ( ) Absorption spectrum of [Ru(bpy)3]
2+ in acetonitrile; ( ) Emission spectra at room 

temperaturee (broad in acetonitrile) and 77 K (structured in butyronitrile). 

1.55 Ru(II ) polypyridy l complexes 

l 2+ + 
23 3 

Onee of the most extensively investigated luminescent metal complexes is [Ru(bpy)3j 

Thiss represents the prototype of several thousands of derivatives, some of them also described 

inn this Thesis. The combination of chemical stability, different redox states, rich excited state 

properties,, high emission quantum yield and long excited state lifetime have attracted a lot of 

attentionn for both pure and applied chemistry. *  [Ru(bpy)3]2+ and its derivatives play an 
29,30 0 

importantt role in diverse fields, such as photoenergy conversion, biomedical 
, .. . 7,11,31-36 • j • / , . , . . . . . . 37-41 

applicationss and electronic devices (e.g. light emitting diodes). 
Thee lowest-energy absorption band in the spectrum of [Ru(bpy)3]2+ (Figure 1.8) lies at 450 

II I 19,24,25,28 

nmm (£•= 14600 M cm ) and is attributed to d„(Ru)-»7i*(bpy) (MLCT) transitions. In 
addition,, the absorption spectrum shows two intense IL bands at 185 (not shown) and 285 nm. 
Thee less intense band at 240 nm belongs to a higher MLCT transition, while the shoulder at 
3444 nm is due to MC transitions. At room temperature, the emission from the 3MLCT state 

42 2 

appearss as a structureless band with maximum at 607 nm (Figure 1.8), and exhibits high 
42,433 42,43 

quantumm yield (@tm = 0.042) and long decay time ( r« 0.6 us). At 77 K in rigid matrix, 
itt becomes vibronically structured and shifts to higher energy (Figure 1.8) due to the lack of 
stabilizationn of the excited state by reorganization of solvent molecules. As recently reported, 
thee 3MLCT state of [Ru(bpy)3]2+ is populated from the upper excited states within 300 fs after 
photoexcitation,, and intersystem crossing from 'MLCT to 3MLCT occurs with unitary 

17 7 
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44,45 5 

efficiency.. Although usually considered as photochemically inert, deactivation of the 
lowestt 3MLCT by thermal population of the 3MC state may occur, giving rise to 
photodecompositionn by ligand displacement. However, the thermal stability can be improved 
byy increasing the energy gap between 3MLCT and 3MC states, for instance by increasing the 
a-donorr character of the ligand. 

1(MLCT)[Ru(bpy)3]
2+ + 

'Laxx = 4 50 n m 

SmSm = 14600 M~'.cm"1 

£,000 = 2.73eV 
£3

000 = 2.12eV 
TT = 0.6 us 

+0.844 V \ (*era = 0.042 

[Ru(bpy )3 ] 3 +^^^ [Ru(bpy)3r ^ ^ [Ru(bpy)3] 
+1.266 V -1.28 V 

1+ + 

Figuree 1.9 Schematic representation of the ground and excited state properties of [Ru(bpy);]  +. From 
10 0 

Ref. . 

Thee spectroscopic and redox properties of [Ru(bpy)3]
2+, in the ground and excited states, 

aree summarized in Figure 1.9. The oxidation and reduction potentials are +1.26 V and-1.28 
VV  (vs NHE) in the ground state and drop to -0.86 V and +0.84 V, respectively, in the lowest 

33 10,46 

excitedd MLCT state. 
Althoughh the 3MLCT is rather long-lived and its emission occurs with a high quantum 

yield,, longer excited state lifetimes (a few microseconds) and higher emission intensities are 
off  great interest for several analytical application (see Section 1.1). Therefore, several studies 
havee been performed in order to prolong r and increase fóm- Some of these approaches, more 
closelyy related to the subject of this Thesis, are hereafter reviewed. 

Besidess the interesting spectroscopic properties, one of the biggest advantages of utilizing 
ruthenium(II)) polypyridyl complexes lies in the fact that their chelation chemistry, to form 
strongg and stable complexes, is less demanding than, for instance, that of the lanthanide 
complexes. . 
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1.5.11.5.1 Ruthenium(II) polypyridyl complexes with rigid and delocalized ligands 

Thee excited state lifetime and the luminescence intensity of  3MLCT emitting complexes are 

largelyy determined by the non-radiative decay, since the spin-forbidden radiative process has 

smalll  rate constant. Therefore, approaches aimed to reduce km are of high importance in order 

too have more competitive radiative decay. 

Severall  examples reported in the literature have proved that an increase of rigidity and/or n 

derealizationn within the accepting ligand reduces the nuclear configuration distortion (AQe) 

inn the excited state as compared to the ground state, leading to a decreased overlap between 

thee iso-energetic vibrational wavefunctions of the ground and excited states, and finally to a 

reducedd km. ' An example is given by [(dm-bpy)2Ru(/i-bbpe)Ru(dm-bpy)2]
4+ (dm-bpy = 

4,4'-dimethyl-2,2'-bipyridine,, bbpe = fran.s-l,2-bis(4'-methyl-2,2'-bipyridyl-4-yl)-ethene, 

Figuree 1.10) that shows longer excited state lifetime (1.3 us in acetonitrile at 298 K) 

comparedd to [Ru(dm-bpy)3]
2+ (950 ns, under the same experimental conditions) even though 

ii  2+ 1 4 7 _ 49 

itss energy gap is higher (15600 cm ) as compared to [Ru(dm-bpy)3] (13300 cm ). This 

effectt was ascribed to the extended K conjugation of the accepting bbpe ligand, that 

delocalizingg the electron on a larger framework than dm-bpy reduces AQe and therefore km-

Figuree 1.10 Molecular structures of the ligands described in the text. 

Similarly,, a combination of rigidity and derealization accounts for the enhanced lifetimes 
off  [Ru(bpy)2(dpp')]2+ (dpp' = 4',7'-phenanthrolino-5',6,:5,6-pyrazine) and [Ru(bpy)2(dpq')]2+ 

(dpq'' = dipyrido[2,3-a:3',2'-c]phenazine) (r = 1214 and 327 ns, respectively) compared 
respectivelyy to [Ru(bpy)2(dpp)]2+ (dpp = 2,3-bis(2'-pyridyl)pyrazine) and [Ru(bpy)2(dpq)]2+ 

49 9 

(dpqq = 2,3-bis(2'-pyridyl)quinoxaline) ( r= 226 and 71 ns, respectively). The structures of 

thee ligands are depicted in Figure 1.10. 
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Amongg the rigid and flat ligands, the most studied is dppz (dppz = dipyridophenazine[3,2-

a:2',3'-c]phenazine,, Figure 1.10). " ' Its ruthenium complexes [Ru(L)2(dppz)]2+ (L = bpy, 

phen;; phen = 1,10-phenanthroline) have been extensively used as probes for DNA structure. 

Thee probes are described as molecular "light switch". The luminescence, quenched in 

aqueouss solutions, becomes intense upon addition of double-helical DNA. This is due to the 

intercalationn of the dppz ligand into the hydrophobic helix of the DNA, that therefore protects 

thee dppz from interacting with water, responsible for the emission quenching. 

pyrene e 

Figuree 1.11 Energy levels of the Ru-pyrene complex shown in the inset. 

1.5.21.5.2 Equilibria between isoenergetic states. 

Thee covalent linkage of [Ru(bpy)3]
2+ to a chromophore possessing a long-lived 3IL state, 

isoenergeticc with the lowest 3MLCT of the metal complex, proved to be in some cases a 
successfull  approach for increasing the 3MLCT state lifetime, as result of a thermal 

. . . . . .. 50,63 

equilibriumm between the two states. In order to observe thermal equilibrium, a necessary 
conditionn is that the metal complex and the chromophore are at short distance. 

Inn this regard, one of the most investigated chromophores is the pyrene molecule. ' An 

examplee of system containing a ruthenium complex and a pyrene is given in Figure 1.11. The 

excitationn into R u ^) -> bpy(7t*) 'MLCT or 'lL(pyrene) absorption bands gives rise to 

emissionn from the 3MLCT state (with band shape and kT similar to those of [Ru(bpy)3]
2+), with 

decayy time of 5.3 \is. It was suggested that the long lifetime is due to the fast internal 

conversionn between the isoenergetic 3MLCT and 3IL(pyrene) states, that redistributes 

populationn between them, leading to a longer-lived 3MLCT excited state. However, if the 3IL 
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excitedd state of the chromophore contributes significantly to the equilibrated states, the 
emissionn quantum yield may be largely decreased, due to the low efficiency of the emission in 

64 4 

thee organic molecule. 

1.5.31.5.3 Dendritic structures 
Onee of the most important excited state quenchers for the ruthenium complexes is 

molecularr oxygen, which is often present in solution, in particular in biological assays. 
Therefore,, means to reduce dioxygen quenching are of great importance. 

Figuree 1.12 Molecular structure of the ruthenium-dendrimer described in the text. From Ref . 

Itt was shown that the binding of extended dendritic branches to the bipyridine ligands in 
[Ru(bpy)3]2++ has the effect of increasing the emission intensity and the excited state lifetime 

65,66 6 

inn aerated solution. A five-fold increase of the lifetime could be obtained with branches 

reachingg up to 54 peripheral units (Figure 1.12) leading to a kq reduced by one order of 

magnitudee (r = 1.01 us and kq = 0.22 x 109 s"1) as compared to the "naked" [Ru(bpy)3]
2+ in 

thee same experimental conditions (r= 172 ns and kq = 2.5-x 109 s"'). 
Thee dendritic branches exhibit a shielding effect towards the excited metal core due to 

differentt factors, such as lower solubility of molecular oxygen in the interior of the 
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dendrimer,, hindrance of suitable orbital overlap for energy transfer by exchange mechanism, 
andd decrease of the diffusion rate constant of the substituted ruthenium complex. 

Thiss approach could offer several advantages since the combination of an emitting core and 

branchess of different polarity and hydrophobicity can lead to compounds soluble in water as 

welll  as in apolar solvents. Furthermore, the branches could contain receptor groups able to 
67 7 

carryy specific drugs as radioactive labels, in order to perform more than one function. 

Exampless are also known of dendrimers containing metal complexes both as core and as 

peripherall  groups, able to absorb light and tunnel the energy to the central metal ("antenna 

effect").. Several studies in this area are in progress. 

1.66 Os(II) polypyridy l complexes 

Mostt of what written for the ruthenium(II) polypyridyl metal complexes is also valid for 

theirr corresponding osmium(II) compounds. An important feature of Os(II) a-diimine 

complexess is that metal-nitrogen distances are similar to those of the analogous Ru(II) 

complexes.. Thus, their physicochemical properties are similar. However, some important 
14,15,18,722 , . , . . . „  , . , 

differencess must be noted : (1) the oxidation potential of the osmium complexes is 
generallyy less positive than that of the analogous ruthenium complexes, due to the higher 
energyy of the 5d valence orbitals of the osmium; therefore, (2) their MLCT states lie at lower 
energy.. (3) Because osmium is a third-row transition metal, the crystal field splitting is larger 
forr its complexes and the lowest 3MC state lies at higher energy. Osmium(II) complexes are 
thereforee more stable towards photosubstitution reactions that occur via thermal population of 
thee 3MC state. (4) Furthermore, the larger heavy-atom effect in the osmium complexes 
inducess a mixing between singlet and triplet states, therefore spin-forbidden 3MLCT 
absorptionn transitions may be fairly intense, as observed for [Os(bpy)3]2+, while they are in 
generall  not observed for the corresponding ruthenium derivatives. Another important 
differencee is that osmium compounds are in general more difficult to synthesize, as the 
osmiumm is chemically more inert than ruthenium. 

1.77 Energy transfer  in heteronuclear  complexes 

Duee to the low energies of their 3MLCT states, luminescent Os(II) polypyridyl complexes 
aree often used as accepting unit (A) for the study of energy transfer processes from 
chromophoress (donor, D) with excited state at higher energy, such as the analogous ruthenium 

polypyridyll  complexes. 
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Thee free energy change, AG0, for the energy transfer reaction can be expressed by the 
differencee between the zero-zero spectroscopic energies of the donor and the acceptor excited 

73,74 4 

state. . 

AA Förster Mechanism 

LUMOO Q-

HOMO--
D* * 

*A *A 
D D 

© © 

BB Exchange Mechanism (Dexter) 

LUMO O 

HOMO--

Figuree 1.13. Schematic representation of Förster- and Dexter-type energy transfer mechanisms. 

75,76 6 

Thee energy transfer processes can occur by two mechanisms: Förster-and Dexter-type. 
Förster-typee (also called "coulombic", "dipole-dipole" or "resonance") energy transfer 
mechanismm takes place through the interaction of the oscillating dipole of the excited donor 

12,13,17 7 

(*D)) with that of the acceptor (A). ' Because the electrons involved in the energy transfer 
aree not exchanged between the two chromophores (Figure 1.13A), this mechanism does not 
requiree overlap of the orbitals of D and A ("through-space mechanism"), therefore this 
interactionn can take place at long distances (up to the order of 100A) and decays inversely 
withh the sixth power of the interchromophore separation. The rate Förster-type energy transfer 
cann be expressed in terms of spectroscopic quantities by Eq. 1.13 

Atouii  = 8.8 x 10"25 K2 (0 I n\r6) JF (1.13) ) 

wheree d> and r are the luminescence efficiency and lifetime, respectively, of the donor *D 

andd JF is the overlap integral, according to Förster theory, between the luminescence 

spectrumm of the donor and the absorption spectrum of the acceptor. Atoui depends on the 

radiativee decay rate constant (in the terms <Z> and r) of *D and on the oscillator strength (e) of 

AA (in the overlap integral), thus no change of spin multiplicity is "allowed" and the most 

favouredd process is singlet-singlet energy transfer. 
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Thee Dexter-type (also called "exchange") mechanism may be regarded as a double electron 

transferr process where the excited electron in *D is transferred to the lowest unoccupied 

molecularr orbital (LUMO) of A and, simultaneously, an electron from the highest occupied 

molecularr orbital (HOMO) of A is transferred to the HOMO of D (Figure 1.13B). ' ' This 

mechanismm requires overlap of the orbitals involved ("through-bond mechanism"), therefore 

itt occurs only at short distances, up to 20A. The rate constant for Dexter-type energy transfer 
78 8 

cann be expressed as (1.14) 

*Couii  = (4rc2H2//0JD (1.14) 

wheree H is the intercomponent electronic interaction energy between D and A and exhibits 

exponentiall  dependence on their separation distance, and JD is the overlap integral, according 

too Dexter theory, between the luminescence spectrum of the donor and the absorption 

spectrumm of the acceptor. In the exchange mechanism only the spin of donor and 

acceptorr as whole system should remain the same, therefore processes not allowed by 

Coulombicc mechanism can occur by exchange mechanism, such as the triplet-triplet energy 

transfer. . 

Forr Ru-Os complexes covalently linked by a bridging ligand (BL), both through-bond and 
through-spacee energy transfer mechanisms can operate. Very often they occur competitively 
andd their relative contribution can be difficult to evaluate. 

Inn transition metal complexe, the only excited state of appreciable lifetime is generally the 
lowestt triplet excited state, so that coulombic energy transfer is not expected to be frequent in 

80 0 

thesee systems. However, for complexes containing ruthenium and osmium units covalently 
linkedd and exhibiting small electronic coupling, such as dinuclear compounds containing 
bridgingg ligands with saturated spacers, the Förster-type mechanism may be the most 
efficient.. Dexter-type energy transfer is not favoured for metal centres that show weak 
electronicc interaction. Furthermore, for Ru and Os dinuclear complexes Förster-type 
mechanismm is more spin allowed, due to the partial singlet character of the 3MLCT levels. By 
contrast,, a large electronic coupling between ruthenium and osmium units favours tfie Dexter 
mechanism.. The experimental values observed for the rate of the energy transfer process then 

21 1 

becomee larger than the estimated values calculated using the Förster equation (Eq.1.13). 
Ann evaluation of the energy transfer rate constant can be obtained from experimental 

parameterss following Eqs. 1.15a-b 

kkmm=\l^{flI-\)=\l^{flI-\)  (1.15a) 

kktritri =\lT'\lf=\lT'\lf  (1.15b) 
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wheree f and -P are, respectively, the luminescence intensity and the excited state lifetime of 

thee donor in the absence of energy transfer (the Ru(II>based component), and I and r are its 

luminescencee intensity and lifetime after quenching. Evidence for the energy transfer as the 

solee quenching mechanism can be obtained by sensitisation experiments or by risetime 
81 1 

measurements.. For dinuclear ruthenium and osmium metal complexes, however, the 
measurementss may be complicated by the lack of selective excitation of the Ru-based 
chromophoricc unit, due to the similar absorption properties of the Os-component. A 
substantiall  fraction of Os-based excited states are already formed when energy transfer from 
thee ruthenium unit occurs. Furthermore, it is interesting to notice that intramolecular energy 
transferr processes are almost temperature independent ' ' because of the small 
reorganizationall  energy involved in these reactions. 

1.88 Electrochemiluminescence (ECL) 

Inn Sections 1.1 and 1.4 we have seen that light can be obtained from an excited species 
(A* )) formed by electron transfer between a reductant (B) and an oxidant (A*) leading to the 
soo called chemiluminescence (CL), or electrochemiluminescence (ECL) if the reacting species 
aree generated at the electrode surface. When the excited molecules A*  are obtained without 
bondd cleavage of the reactants, the ECL reaction is also called electroluminescence (EL). 
Sincee the electrochemiluminescence is the subject of part of this Thesis (Chapter 3 and 4), the 
processs itself and its applications in immunoassays are herein more extensively described. 

1.8.11.8.1 Energetics and kinetics 
Thee ECL reaction may involve two electrogenerated redox species R+ and R" deriving from 

8,9,85-87 7 

thee same molecule R {ion-annihilation mechanism), Eq. 1.16. 

R++ + R ->R + R*-»R + Av (1.16) 

Inn a schematic description, the reaction between R+ and R" can be thought of as undergoing 
twoo possible pathways: (1) formation of the ground state (Eq.l.l7a) and (2) formation of an 
excitedd state, with population of the singlet ("S-route", Eq.l.l7b) or triplet ("T-route", 
Eq.l.l7c)) state. 

R++ + R - >R + R (1.17a) 

R++ + R - » R + ' R* (1.17b) 
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R++ + R" -> R + 3R* (1.17c) ) 

Followingg the formulations in Section 1.4, the free energy AG0 for Eq. 1.17a can be 
expressedd by Eq. 1.18a 

AG"" * £°red(R/R") - £ox°(R+/R) + £coui(R+-R") - £coui(R-R) (1.18a) ) 

Thuss the free energy associated to Eqs. 1.18b-c can be respectively expressed as 

AG,00 * AG0 + £°°i (1.18b) 

AG30-AG°° + £00 (1.18c) ) 

wheree £ i and £°°3 are the zero-zero spectroscopic energies of the singlet and triplet 
excitedd states (Figure 1.14), that can be experimentally determined from the lowest energy 
absorptionn and highest energy emission at 77 K. 

R++ + R~ 

AGU U 

AG, , 

AG, , 

1p00 0 

1R** + R 

JR** + R 

3p00 0 

Figuree 1.14. Energetic scheme for the ECL reaction. 

Whenn -AG0 > £°°i, the formation of singlet as well as the triplet excited states are 
energeticallyy allowed. Population of the singlet excited state can also occur via triple-triplet 

88 9 

annihilationn (Eq. 1.19). ' 
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3R**  + 3R*-»R+,R* (1.19) 

Thee relative probabilities for the reaction pathways (1.17a-c) depend on their relative free 

energies,, as described in Section 1.4 following Marcus model. When the ground state 

formationn (Eq. 1.17a) is highly exergonic, AC?0 lies in the inverted Marcus region, resulting in 

aa small k^. By contrary, excited state formation is less thermodynamically favoured, being 

lesss exergonic. However, since its driving force (AGi° or AG30 ) lies in the activationless or 

normall  Marcus regions, it can be kinetically more allowed, and therefore excited state is 

formedd more preferably than the ground state. 

Thee ECL efficiency (^ci) defined as ratio between photons emitted and electrons 

transferredd between reductant and oxidant species, depends on the yield of the (emitting) 

excitedd state generation ($&) and emission quantum yield (fem) of the emitting species (R*), 

Eq.1.209 9 

#*l=$sX&nii  (1.20) 

Experimentally,, ^ 1 can be evaluated from the total ECL intensity, I (Einstein / s), 
integratedd over a finite period of time, divided by the integrated cathodic or anodic current 
overr the same time period that is equal to the total cathodic (Qc) or anodic (0a) charge 

87 7 

[Coulomb],, respectively. (Eq.1.21) 

& cll = J/d//J/c,ad* = | /d/ /0c,a (1.21) 

1.8.21.8.2 Ion-annihilation mechanism in Ru(II) polypyridyl complexes. 
88 8 

Sincee the discovery in 1972 of die ECL of [Ru(bpy)3]
2+ several studies were performed on 

,, T , „ T p - - , , 89-92 . . . . . . 85,86,89,93-96 m 

thee ECL of transition metal complexes, in particular ruthenium compounds. The 
highh interest in the ECL reactions of [Ru(bpy)3]2+ and its derivatives is due to their higher <jke\ 

9,97 7 
comparedd to organic molecules. Furthermore, ruthenium polypyridine complexes can be 
reversiblyy oxidized and reduced, and their redox forms are stable enough to enable 
bimolecularr reactions. Due to the reversibility of their redox reactions and stability of their 
redoxx product, these compounds can also undergo several ECL cycles. 

Generationn of the oxidized [Ru(bpy)3]3+ and reduced [Ru(bpy)3]+, by stepping the electrode 

potentiall  at the oxidation and first reduction potentials of [Ru(bpy)3]2+, gives rise to ECL (Eq. 

1.22)) with luminescence spectrum closely resembling the 3MLCT emission observed for 

[Ru(bpy)3]2++ by photoexcitation. 
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[Ru(bpy)3]
3++ + [Ru(bpy)3f -*  [Ru(bpy)3f + [Ru(bpy)3]

2+*  (1.22) 

Thee free energy AG0 for the ground state formation is 2.6 eV while £°°i and £°°3 are 2.73 
722 3 

andd 2.12 eV, respectively. Therefore, direct formation of the emitting MLCT is 

energeticallyy allowed and, given the experimental error, even the higher 'MLCT can be 

populated,, while ground state formation is not observed. The resulting ^ i is 0.05 (in 
98 8 

acetonitrilee at 25 °C). This value is generally used as ECL standard efficiency for the ECL 

reactionn via ion-annihilation of transition metal complexes. Since $.m of [Ru(bpy)3]
2+ is 0.062 

99 9 

inn deaerated acetonitrile, ^ (= ^c\ I f̂em) is very high compared to the ^ values of organic 
compoundss (< 50%). The high $» in [Ru(bpy)3]

2+ is due to the possibility to form the 
emittingg excited state (3MLCT) directly by electron transfer, while for several organic 
systemss where the emitting (singlet) excited state is populated by triplet-triplet annihilation 
mechanismm (Eq.1.19). Moreover, intersystem crossing from 'MLCT state to the emitting 
3MLCTT level occurs in [Ru(bpy)3]

2+ with unitary efficiency (see Section 1.5), thereby further 
increasingg 3MLCT population. 

1.8.31.8.3 ECL of Ru(II) polypyridyl complexes with tri-n-propylamine 
Inn diagnostics applications, the ECL reaction is generally performed in aqueous solutions. Due 

too the reduction of water observed at negative potentials, the ECL reaction of [Ru(bpy)j]2+ must 
bee performed by a mechanism that does not require reduction of the ruthenium complex to 

466 100 

[Ru(bpy)3]]  (occurring at -1.28 V vs NHE). Among the several species (such as oxalate, 

amines,, ' amino acids ' ) able to undergo ECL reaction with [Ru(bpy)3]
2+, the most 

102 2 

frequentlyfrequently used in diagnostics is tri-n-propylamine (TPrA), due to its highest ECL efficiency, 

^cii  (Figure 1.15). ' 

Thee ECL reaction for [Ru(bpy)3]
2+ and TPrA system occurs by oxidative-reduction mechanism 

(Eqs.. 1.23-1.27 and Figure 1.16).102 

[Ru(bpy)3]
2++ - • [Ru(bpy)3]

3+ + e" (1.23) 

TPrAA -> Pr2N*+CH2Et + e- (1.24) 

Pr2N
,+CH2Ett -> Pr2NC*HEt + H+ (1.25) 

[Ru(bpy)3]
3++ + Pr2NC'HEt -> *[Ru(bpy)3]

2+ + Pr2N
+=CHEt (1.26) 

*[Ru(bpy)3]
2++ - • [Ru(bpy)3]

2+ + h v (1.27) 
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Uponn application of a potential at the anode, [Ru(bpy)3] is oxidized to [Ru(bpy)3] (Eq. 

1.23)) and, simultaneously, TPrA is oxidized to a radical cation Pr2N*+CH2Et (TPrA*+) (Eq. 

1.24).. Pr2N"+CH2Et is very reactive and converts to the reductant active in the ECL reaction. 
102 2 

Thee exact nature of this reductant is not yet clear. Leland and Powell suggested that by loss 
off  an a-proton Pr2N'+CH2Et forms the radical species Pr2NC*HEt (TPrA ,̂ Eq.1.25) that 
reducess [Ru(bpy)3]

3+ to the excited [Ru(bpy)3]
2+!*  and forms Pr2N

+=CHEt (Eq.1.26). The 
excitedd [Ru(bpy)3]

2+*  decays by light emission and regenerates the ground state complex (Eq. 
1.27).. [Ru(bpy)3]

2+ can therefore undergo multiple reactions, while TPrA is irreversibly 
consumed. . 

emissionn a!61 On 

Figuree 1.15 Scheme of the ECL reaction using [Ru(bpy)3]
2+ and TPA, as sacrificial reductant. 

103,104 4 Thee oxidation potential of Pr2NC'HEt (1.28) is Eox° ~ +0.90 V (vs NHE) ' , therefore the 

energyy (AG0) possessed by Pr2NC'HEt and [Ru(bpy)3]
3+ is sufficient to produce the 3MLCT 

statee of the ruthenium complex. 

Pr2NC*HEtt -> Pr2N
+=CHEt + e" (1.28) ) 
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Thee mechanism represented by Eqs 1.23-1.27 is simplified, the ruthenium complex and the 
105,1066 ^ , , , . , . . 

TPrAA undergoing several side-reactions. Furthermore, due to its high reactivity, 

Pr2NC'HEtt tends to deactivate very easily, therefore a large excess of TPrA must be used. 

Thee concentration of TPrA in immunoassays therefore usually exceeds 7 orders of magnitude 

thatt of the ruthenium complex! 

Duee to the complexity of the mechanism of the reaction between TPrA and [Ru(bpy)3]  +, 

thee determination of the ECL absolute efficiency (<Z>eci) from the experimental parameters 

(anodicc current and ECL intensity signal) is prevented. Furthermore, the control of the several 

factorss influencing the reaction is rather difficult. The pH of the buffer solution determines 

thee rate for the radical Pr2N*CHEt formation by loss of a proton from the radical cation 

Pr2N"+CH2Et,, thus higher ECL intensities are observed in slightly basic conditions (pH=8-

9).. ' The electrode surface also strongly affects the ECL reaction. Hydrophobic electrodes, 

suchh as platinum and gold, increase the anodic current and ECL intensity as compared to 

carbonn glassy electrode. ' This is probably due to a more facile approach of the active 
->+->+ ~ 105,106 n , 

(hydrophobic)) molecules TPrA and [Ru(bpy)3] to their surface. On the other hand, 
platinumm and gold electrodes undergo passivation in aqueous solutions, due to platinum and 
goldd oxides formation, largely reducing the anodic current and ECL intensity. Another 
importantt factor, that strongly influences the ECL performance, in particular in diagnostics 
applications,, is the presence of surfactant in the buffer solutions. Surfactants are usually used 
too improve liquid flow through the tubes of the automatized instruments, avoid formation of 
bubbless and improve removal of the analytes from the ECL cell after each measurement. It 
wass recently proved that, in the presence of surfactant, the ECL intensity arising from the 
reactionn between [Ru(bpy)3]

2+ and TPrA largely increases (up to five-fold the intensity 
recordedd in the absence of surfactant). ' This influence cannot only be due to the effects 
outlinedd above. The role played by the detergent is not yet completely clear. Beside the 

95 5 

increasedd solubility of the reacting species in aqueous solutions, it probably facilitates the 
generationn of the reacting species at the electrode upon formation of an hydrophobic layer on 

106 6 

itss surface. 
Manyy aspects of the ECL reaction between metal complexes and TPrA are still not known, 

thereforee several studies aimed at a deeper understanding of the process are still needed. 
AA description of the principle of the immunoassays based on ECL detection can be found in 

Chapterr 2. 
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1.99 Scope of this Thesis. 

Thee aim of the studies described in this Thesis was the design and investigation of 
luminescentt metal complexes for diagnostics applications. 

Populationn of the excited state can be achieved by chemical reaction between two 
electrogeneratedd species of sufficient energy (electrochemiluminescence, ECL) or by 
photoexcitation.. As already outlined in Section 1.1, ECL assays have the advantage of having 
higherr sensitivity due to the possibility to avoid excitation light. 

Somee effort has been devoted to the ECL investigation of mononuclear ruthenium 
complexess with substituted bipyridine ligands (Chapter 3). Due to the strong interest in ECL 
assayss with high sensitivity, systems containing several ECL active centers can be a powerful 
tooll  to increase the signal intensity. Multinuclear ruthenium complexes were synthesized and 
theirr ECL behavior investigated (Chapter 4). 

Inn the search for luminescent probes with long-lived excited state, ruthenium-dendrimers 
withh the metal complex in the core were prepared and investigated (Chapter 5). In order to 
elongatee the excited state lifetime, a possible approach is indeed the protection of the 
luminescentt core from dioxygen or other species able to quench the emitting excited state. 

Anotherr interesting possibility is the design of metal complexes with a large aromatic 
(appendedd or chelating) ligand possessing long-lived triplet excited state of suitable energy. 
Inn particular, a good matching between the energy of  3MLCT (triplet metal-to-ligand charge-
transfer)) state of the metal centre, that is often the lowest excited state in ruthenium and 
osmiumm polypyridyl complexes, and the 3IL (triplet intra! igand) state of the large aromatic 
ligandd could lead to an equilibrium between the energetically close states, resulting in longer 
emissionn decay time. The spectroscopic properties of three dinuclear metal complexes with a 
bridgingg ligand possessing a long-lived 3IL state at low energy were investigated (Chapter 6 
andd 7). 
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2.11 Electronic Absorption and Emission Measurements. 

Electronicc absorption spectra of the compounds under study were recorded in quartz 

cuvettess (Hellma), using a Hewlett-Packard 8453 diode array spectrophotometer (range 190-

11000 nm). Continuous-wave (CW) emission spectra were obtained on a Spex 1681 

fluorimeter,fluorimeter, equipped with an Xe arc light source, a Hamamatsu R928 photomultiplier tube 

detectorr and double excitation and emission monochromators. Emission spectra were 

correctedd for source intensity and detector response by standard correction curves. Excitation 

spectraa were referenced to an internal rhodamine-B solution. Luminescence quantum yields 

(̂ >em)) were measured in optically dilute solutions, using [Ru(bpy>3]Cl2 in aerated H20 (<2>em = 

0.028)) as reference emitter, according to Eq.2.1 

0\0\mm==  ®r™(hlIT) (Ar/AJijjJ rtf (2.1) 

wheree the subscripts s and r denote respectively the sample and the reference, I is the 

integratedd emission intensity, A is the absorption at the excitation wavelength and TJ is the 

refractivee index of the solvent. Where required, deaerated solutions were prepared by freeze-

pump-thaww technique on a vacuum line. 

Time-resolvedd emission measurements were performed in quartz cuvettes using optically 

dilutee (A < 0.3) solutions of the compounds. The excitation source was a continuously tunable 

(AA = 400-700 nm) Coherent Infinity XPO laser, with a pulse duration of 2 ns FWHM. Full 

spectraa were recorded using a Hamamatsu C5680-21 streak camera, equipped with a M 5677 

sweepp unit. Kinetics were determined by single emission wavelength measurements, using an 

Oriell  monochromator, a Hamamatsu P28 photomultiplier tube, and recording the signal on 

Tektronixx TDS3052 (500 MHz) oscilloscope. A photodiode was used as external trigger 

source. . 

2.22 Nanosecond to (Sub)Picosecond Transient Absorption Spectroscopy. 

2.2.12.2.1 Principles 

Transientt absorption spectroscopy is a powerful tool to investigate electronic processes and 

theirr dynamics occurring in molecules upon photoexcitation. It consists of recording the 

electronicc absorption spectra of transient species, which can be excited states or intermediate 

photoproducts. . 

Thee transient absorption signal can be recorded in two ways, either as full-range spectra or 

att single wavelengths. In the former case the exciting laser pulse is followed by white light 

pulsee as probe light. In a nanosecond transient absorption setup this is typically a Xe flash 
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lamp,, while in (sub)picosecond transient absorption spectroscopy white light can be generated 
byy focusing a laser pulse into a cuvette with solvent, e.g. with water. The light that is 
transmittedd by the solution is recorded by a spectrographic detection system such as an optical 
multi-channell  analyser (OMA) or streak camera. 

Sincee the absorption spectrum of the non-irradiated solution is generally set to zero 
absorption,, the transient absorption spectrum shows both negative and positive absorption 
bands.. The negative absorption bands (bleaching) are due to depopulation of the ground state 
afterr the exciting laser pulse. The positive features are instead due to the absorption bands of 
thee transient species. 

Inn the case of a (sub)picosecond setup care must be taken, since due to the extreme short 
timee scale the influence of the speed of light becomes of importance, blue light travelling 
fasterr than red light. For accurate determination of rate constants of excited state processes, 
singlee wavelength measurements can be performed. In the case of a nanosecond setup, these 
cann be obtained by replacing the spectrographic detection system with a monochromator-
photomultiplier-oscilloscopee combination, as described for time-resolved emission 
spectroscopyy above. In contrast, for a (sub)picosecond setup, a second laser line is used as 
probee light. The time delay between exciting and probing laser pulses is obtained by guiding 
thee probe light over a so-called delay line, which is a set of mirrors that can be moved with 
greatt accuracy over the distance of about a meter. In that way the probe light has to travel a 
preciselyy determined longer distance than the excitation light, which results in the desired 
timee delay. By repeating the measurement at different time delays and using different probe 
wavelengths,, accurate kinetic results are obtained. 

2.2.22.2.2 Nanosecond Time-Resolved Transient Absorption Spectroscopy: Setup 

Nanosecondd time-resolved absorption spectra were obtained using a setup (Figure 2.1) 
2 2 

describedd previously. The irradiation source was a continuously tunable (400-700 nm) 
Coherentt Infinity XPO laser working at 10 Hz (2 ns FWHM). Excitation laser output was 
typicallyy less than 5 mJ/pulse. Samples were prepared to have optical density, at the excitation 
wavelength,, of ca. 0.3 in a 1 cm cuvette. For each sample, spectra were measured at no less 
thann 25 different time delays. 
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sample e 
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/ / 
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Figuree 2.1 Schematic representation of the nanosecond transient absorption setup. 

2.2.32.2.3 (Sub)Picosecond Time-Resolved Transient Absorption Spectroscopy: Setup 

Thee laser system, employed for the ultrafast transient absorption experiments, was based 

onn a Spectra-Physics Hurricane Titanium Sapphire regenerative amplifier system. The optical 

benchh assembly of the Hurricane included a seeding laser (Mai Tai), a pulse stretcher, a 

Ti:Sapphiree regenerative amplifier, a Q-switched pumped laser (Evolution) and a pulse 

compressor.. The output of the laser is typically 1 mJ/pulse (130 fs FWHM) at a repetition rate 

off  1 kHz. Two different pump-probe setups were used (see Figure 2.2): (i) a full spectrum 

setupp based on an optical parametric amplifier (Spectra-Physics OPA 800) as pump, with the 

fundamentall  light (2 uJ/pulse) being used for white light generation, which was detected with 

aa CCD spectrograph; (ii) single-wavelength kinetics measurements based on two OPAs, one 

off  them being used as pump and the other as probe, and an amplified Si-photodiode for 

detection.. For both setups the OPA(l) was used to generate excitation pulses at 350 nm 

(fourthh harmonic of the 1400 nm OPA signal beam) and OPA(2) 460/550 nm (fourth 

harmonicc of the 1840/2200 nm OPA idler beam). The output power was typically 4 uJ/pulse. 

Thee pump light was passed over a delay line (Physik Instrumente, M-531DD) that provides 

ann experimental time window of 1.8 ns with a maximal resolution of 0.6 fs/step. The white 

lightt generation was accomplished by focusing the fundamental (800 nm) into a H2O flow-

throughh cell (10 mm, Hellma). For the single-wavelength measurements, the polarization of 

probee light was controlled by a Berek Polarization Compensator (New Focus). The energy of 

thee probe pulses was ca. 5 x 10 u,J / pulse at the sample. The angle between the pump and 

probee beams was typically 5-7°. The circular cuvette (d = 1.8 cm; 1 mm, Hellma), with a 

solutionn of the sample, was placed in a homemade rotating ball bearing (1000 rpm), avoiding 

locall  heating by the laser beams. 

Forr the white light / CCD setup, the probe beam was coupled into 400 urn optical fiber after 

passingg the sample, and detected by a CCD spectrometer (Ocean Optics, PC2000). The 
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chopperr (Rofin ltd., ƒ = 20 - 10 Hz), placed in the excitation beam, provided I and I0 

dependingg on the status of the chopper (open or closed). The excited state spectra were 

obtainedd by AA = log (ƒ / /n). Typically, 2000 excitation pulses were averaged to obtain the 

transientt at a particular time. A chirp of < 1 ps was observed between 425 and 700 nm. For 

thee single wavelength kinetic measurement, an amplified Si photodiode (New-Port, 818 UV / 

4832-C)) was used. The output of the Si photodiode was connected to an AD-converter 

(Nationall  Instruments, PCI 4451, 205 kS/s), enabling the intensity measurement of each 

separatee pulse. Also here, analogous to the white light / CCD setup, the chopper (ƒ"= 50 Hz), 

placedd in the excitation beam provided I and /() and AA, respectively. Typically, 500 

excitationn pulses were averaged to obtain the transient at a particular time. 

/ / 

Probee beam 

^^ '—' ! White light 

11 ^ 
8000 nm 

/Mirro r r 
00 Lens 
|| Concave Mirror 

8000 nm 

Figuree 2.2 Schematic representation of the (sub)picosecond transient absorption setup: 1, Hurricane; 
2,, OPA-800 (pump); 3, OPA-800 (probe); 4, delay line; 5, white light generator; 6, Berek polarizer; 7, 
chopper;; 8, sample; 9, CCD camera; 10, Si-photodiode. 

Thee CCD spectrograph, chopper, Si-photodiodes, AD-converter and delay line were 
controlledd by a computer. In-house developed LabVIEW (National Instruments) software 
routiness were used for spectral acquisition, and single line measurements over a series of 
differentt delay settings. The total instrument rise time of the ultrafast spectrometer was ca. 

3000 fs. The solutions of the samples were prepared to have an optical density of ca. 0.8 at the 
excitationn wavelength in a 1 mm cell. The absorbance spectra of the solution were measured 
beforee and after the experiments. No photodecomposition was observed. 
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2.33 (Spectro)electrochemistry. 

Cyclicc and differential pulse voltammetric scans were performed with a gastight single-

compartmentt cell under an atmosphere of dry nitrogen or argon. The cell was equipped with a 

Ptt disk working (apparent surface area of 0.42 mm2), Pt wire auxiliary, and Ag wire 

pseudoreferencee electrodes. The working electrode was carefully polished with a 0.25 um-

grainn diamond paste between scans. The potential control was achieved with a PAR Model 

2833 potentiostat. All redox potentials are reported against the ferrocene-ferrocenium (Fc/Fc+) 

redoxx couple used as an internal standard (EV2 = 0.38 V vs SCE in acetonitrile)5. 

Tetrabutylammoniumm hexafluorophosphate (BI^NPFÖ) was used as supporting electrolyte. 

Byy performing redox reactions in situ inside a spectrometer, using an electrochemical cell 

thatt is transparent at the wavelength range of interest, the redox reaction can be followed in 

time,, and the products can be characterised spectroscopically. In this Thesis UV/Vis 

spectroelectrochemicall  experiments were performed with an air-tight optically transparent 

thin-layerr electrochemical (OTTLE) cell, equipped with a Pt minigrid working electrode and 

quartzz optical windows. The controlled-potential electrolyses were carried out with a PA4 

potentiostatt (EKOM, Czech Republic). All electrochemical samples were 5 x 10"4 M in the 

studiedd complex and contained 3 x 10"1 M Bu4NPF6. . 

2.44 ECL Immunoassays 

2.4.12.4.1 Principles of immunoassay 

Inn immuno- and DNA-probe assays based on ECL detection, a modified [Ru(bpy)3]
2+ 

moietyy (such as [4-N-succinimidyloxycarbonylpropyl)-4'-methy 1-2,2 '-bipyridine]bis(2,2'-
77 8 

bipyridine)ruthenium(II)) dihexafluorophosphate, Figure 2.3) ' is used to label proteins, 
haptenss and nucleic acids. 
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Figuree 2.3 Molecular structure of the modified [Ru(bpy),]2+ label developed by Igen. The active N-

succinimidyll  ester group allows facile conjugation of the complex to the biological molecule via 

formationn of a peptidic bond. 

Severall  types of immunoassays and DNA-probe assays can be performed. For example, for 

haptenss (small molecules foreign to the organism) of low molecular weight a competitive 

assayy is usually carried out. The haptens labeled with ruthenium complexes compete with the 

freee analyte for the binding to the recognition site of the antibodies (Figure 2.4). 

Antibod y y 
Freee analyt e 

^ ^ 
Bioti n n 

Streptavidin e e 

\ \ 
Labele dd analyt e 

Paramagneti c c 
nanoparticl e e 

Figuree 2.4. Scheme of a competitive heterogeneous immunoassay. 

Increasingg the free analyte concentration, a smaller number of labeled haptens bind to the 

antibody.. A separation step is then performed to remove the unbound species and avoid their 

interferencee with the detection of the bound molecules. 
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2.4.22.4.2 Heterogeneous ECL immunoassay: nanoparticles technology. ' 
Onee of the most widely used methods to separate unbound analytes from the bound ones is 

basedd on paramagnetic nanoparticle technology. As it involves the binding of the species to a 
solidd substrate, the immunoassay is called "heterogeneous". 

Boehringerr Mannheim GmbH / Roche Diagnostics GmbH have developed heterogeneous 
immunoassayss (Elecsys®) where the binding of the antibodies to the nanoparticles is 
performedd by means of streptavidin / biotin system (Figure 2.4). Streptavidin is a protein with 
molecularr weight of 60000 Dalton and four binding sites for biotin, a ligand known to exhibit 
aa strong non-covalent binding with streptavidin, with an association constant (KD ~ 10"15 

mol/1)) comparable to covalent bonds (Figure 2.5). The magnetic particles (made of 
polystyrenee and containing iron oxides) are covered with streptavidin, adsorbed on their 
surfaces,, while the antibodies are modified and bound to a biotin molecule. 

I I 
HNN NH 

Streptavidinn + 4 Biotin  Streptavidin* 4 Biotin 
KD:: 1015mol/L 

Figuree 2.5 Representation of the biotin-streptavidin equilibrium. 

Inn heterogeneous immunoassays, the solutions containing nanoparticles, antibodies and 
haptenss (free and labeled) are mixed prior to the measurement and let incubate for a certain 
time.. The assay buffer is then drawn into a flow-through chamber measuring cell (Figure 2.6). 
Uponn lifting a magnet below the working electrode, the paramagnetic nanoparticles are forced 
too lie on its surface, and a buffer solution is drawn into the cell to remove all the unbound 
species.. Finally, the ECL reaction is triggered upon application of a positive voltage at the 
workingg electrode and the emitted light is recorded by a photomultiplier placed opposite to 
thee working electrode. 

Besidess the possibility to separate bound and unbound species, the nanoparticle technology 
hass the advantage to collect the bound species on the electrode surface, thus ensuring that a 
largee proportion of ruthenium labels is accessible for the ECL reaction. 

Thee sensitivity of the immunoassays based on the ECL reaction of [Ru(bpy)3]
2+ and tri-n-

propylaminee is very high, with low detection limit in the sub-picomolar range and linear 
77 8 

dynamicc range extended over six or more orders of magnitude. ' 
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Photomultiplie r r 

Figuree 2.6 Scheme of the flow-through cell for the ECL measurements performed by means of 
magneticc nanoparticles. 

2.4.32.4.3 Instrumentation. 
Thee ECL measurements were performed using an Elecsys® instrument (Roche Diagnostics 

9 9 

GmbH).. It consisted of an automated system for handling the solutions, a flow-through 
chamberr measuring cell, a potentiostat and a red-sensitive photomultiplier tube, placed above 
ann optically transparent window of the cell. The cell was equipped with a platinum sheet 
workingg electrode (4.8 mm x 5.0 mm) and a platinum auxiliary electrode made of two wires 
symmetricallyy placed above the working electrode. A Ag/AgCl (KC1 saturated) electrode was 
employedd as reference. After each measurement, the cell was washed with a cleaning 
solution.. The surface of the working electrode was regenerated upon application of a potential 
steppedd at positive and negative values. 

2.55 Synthesis 

Thee synthesis procedures of the complexes investigated in Chapters 4 and 5 are reported in 
thee respective Chapters. The compounds described in Chapters 3 were prepared by the group 
off  Prof. Fritz Vögtle (University of Bonn, Germany) following procedures described 

10-12 2 

elsewhere.. The complexes described in Chapters 6 and 7 where prepared by the group of 

Prof.. Peter Belser (University of Fribourg, Switzerland).13'14 
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Electrochemistry,, Spectroscopy and 

Electrochemiluminescencee of 4,4'- and 5,5'-

Substituted-Bipyridinee Ruthenium Complexes 

TheThe electrochemical, spectroscopic and ECL properties of a series of 4,4'- and 5,5'-substituted bipyridine 

rutheniumruthenium complexes are reported. Due to our ongoing interest in the factors influencing the ECL reactions, 

suchsuch as hydrophobicity of the metal complex, the series of complexes [Ru(4,4'-di-CH;-bpy)i] \ [Ru(4-CHr4'-

CHCH22C(C0C(C022Et)Et)rrbpy)Jbpy)J2+2+ and [Ru(4,4'-di-CH2C(C02Et)rbpy)3]
2+ (bpy = 2,2'-bipyridine), with hydrophobicity 

increasedincreased with respect to the reference compound [Ru(bpy)J2+, is discussed and compared with the analogous 

5,55,5  complexes [Ru(5,5'-di-CHrbpy)J2*  and [Ru(5,5'-di-CH2C(C02Et)i-bpy)}]
2\ The 

electrochemicalelectrochemical and spectroscopic results show only small changes of their electronic properties, while the large 

CHCH22C(C0C(C022Et)Et)33 groups have a shielding effect towards the metal core, resulting in slower oxygen quenching rate. 

AA more limited hindrance effect by the substituents at 5,5 '-positions is observed, resulting in faster oxygen 

quenchingquenching rate and higher ECL efficiency. ECL intensity enhanced by 10% as compared to the reference 

[Ru(bpy)[Ru(bpy)33]]
22**  was found for [Ru(5,5'-di-CH3-bpy)i]2*. No influence of the increased hydrophobicity on the ECL 

reactionreaction could be observed. 



ChapterChapter 3 

3.11 Introduction . 

Sincee the discovery1 of the electrochemiluminescence (ECL) of [Ru(bpy)j]2+ (bpy = 2,2'-

bipyridine)) in 1972, this metal complex has played an important role in Ihe development of 

ECLL and its diverse applications.2-6 The ECL reaction between [Ru(bpy>3]2+ and tri-n-

propylaminee (TPrA)7 in aqueous solution has become an important detection method in fields 

suchh as diagnostics, e.g. for immunoassays and DNA-probe assays (see also Section 1.8 and 

Chapterr 4).2>3'8*9 Among the most important advantages of this method is the electrochemical 

triggeringg of the reaction, that is easily controlled and, avoiding excitation with light sources, 

itt reduces the signal background and increases the sensitivity (the detection limit being as low 

ass 2 x 10~13 mol dm 3).9 The possibility to avoid radioactive products, employed in isotope 

assays,, and the large dynamic range (six orders of magnitude) are some further important 

advantages.9 9 

Duee to the increasing demands for accuracy in diagnostics, higher sensitivity (signal-to-

noisee ratio) of ECL assays is required. The enhancement of the ECL intensity therefore 

becomess a crucial point. Several studies have focused on the investigations of complexes with 

differentt metal ions, generally resulting in ECL intensities lower than that of [Ru(bpy>]2+.10~ 
133 Only recently, an osmium complex has been reported to show increased efficiency for the 

ECLL reaction with TPrA.14 Ruthenium complexes with modified ligands were also 

investigated.15"188 Among them, [Ru(dp-phen)3]
2+ (dp-phen = 4,7-diphenyl-l,10-

phenanthroline)) with high emission quantum yield (> four-times that of [Ru(bpy)3]2+) shows 

ECLL efficiency (#&]  = ca. five -times the efficiency of [Ru(bpy)3]2+) for the reaction 

performedd via ion annihilation mechanism in acetonitrile (see Section 1.8). However, the ECL 

reactionn in aqueous solution with TPrA was less efficient than for [Ru(bpy]b]2+. 

Ass recently reported, addition of surfactant to an aqueous solution of [Ru(bpy)b]2+ and 

TPrAA has a dramatic effect on the ECL performance, enhancing the anodic current £ two 

times)) and the ^ i (> five times).19,20 The role played by the detergent is not yet clear. It is 

believedd that the presence of a surfactant layer on the electrode surface increases the 

hydrophobicityy of the electrode, facilitating the approach of the active hydrophobic molecules 

(TPrAA and [Ru(bpy)3]
2+) to the electrode and finally increasing the heterogeneous electron-

transferr rates.19 On the grounds of these results one would expect higher ECL efficiency for 

rutheniumm complexes more hydrophobic than [Ru(bpy)3]
2+ in the presence of a surfactant. 

Inn this Chapter the electrochemical, spectroscopic and ECL properties of a series of 

modifiedd ruthenium bipyridine complexes 2-11 (see Scheme 3.1) are reported. Complex 

[Ru(bpy)3]
2++ (1) is used as reference. 

Sincee we are interested in studying the influence of hydrophobic ruthenium complexes on 

thee ECL reaction, the discussion will focus on the series of complexes [Ru(4,4-di-CH3-

bpy)3]
2++ (2),21-24 [Ru(4-CH3-4'-CH2C(C02Et)3-bpy)3]

2+ (3) and [Ru(4,4'-di-CH2C(C02Et)3-
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bpy)3]2++ (4)25 with increasing hydrophobicity of the ligands in the same order. The analogous 

5,5'-substitutedd complexes [Ru(5,5'-di-CH3-bpy)3]
2+ (5)21"24 and [Ru(5,5'-di-CH2C(C02Et)3-

bpy)3]]  + (6) are also discussed, and the hindrance effect of the substituents in positions 5,5' on 

thee ECL reaction is compared to that of the 4,4'-bound substituents. 

V^ \ \ 

^Sr r 
,Ru(PF6)2 2 

11 R, = R, = H 

22 R,=R, = Me 

33 R, = Me, R2 = 

C02Et t 
EtOjC,,, , 

C02Et t 

C02Et t 

Et02C/ / /7/ / 

 C02Et 

44 R, = R, 

55 R=Me C02Et t 

Ru(PF6)2 2 

Et02C/ / / / ( ( 

66 R = 

77 R = 

88 R = 

99 R-

100 R = 

 C02Et 

< : : 

OEt t 

OEt t 

OH H 

O O 

PP \rtOEt 

^ O E t t 

111 R = 

Schemee 3.1 Schematic representation of the investigated complexes 
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Tablee 3.1. Electrochemical data of the investigated ruthenium complexes and reference 
compoundd 1." 

Complex x 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

10 0 

[Ru(L)3]
1/ü ü 

-2.18 8 

-2.27 7 

-2.25 5 

-2.11 1 

-2.34 4 

-2.32 2 

-2.21 1 

-2.20 0 

[Ru(L)3]
+1/0 0 

-1.91 1 

-2.01 1 

-1.97 7 

-1.87 7 

-2.05 5 

-1.96 6 

-1.88 8 

-1.94 4 

[Ru(L) 3r
/+1 1 

-1.80 0 

-1.83 3 

-1.78 8 

-1.70 0 

-1.87 7 

-1.77 7 

-1.67 7 

-1.71 1 

[Ru(L)3] +^ ^ 

+0.94 4 

+0.76 6 

+0.86 6 

+0.96 6 

+0.84 4 

+0.96 6 

+0.95 5 

ca.ca. +0.88 

"Redoxx potentials {Em) in Volt vs Fc/Fc+; L reduction in dimethylformamide at 293 K, Ru(II) 
oxidationn in dichloromethane at 293 K. 6Data in eV. 

3.22 Results and Discussion. 

3.2.13.2.1 Electrochemistry. 

Thee electrochemical data for the complexes 1-6 are summarized in Table 3.1. The reduction 

potentialss were determined in dimethylformamide and the oxidation potentials in 

dichloromethane,, to avoid adsorption on the anode observed in dimethylformamide solutions. 

Thee cyclic voltammograms (CVs) of the complexes show one-electron oxidation occurring 

att the Ru(II) centre, and three reversible one electron reductions occurring at the bipyridine 

ligands. . 

Inn the cathodic region, the dimethyl-substituted bipyridine complexes 2 and 5 are reduced 

moree negatively (Ev2 = -1.83, -2.01 and -2.27 V for 2 and -1.87, -2.05 and -2.34 V for 5) 

thann the unsubstituted reference compound 1 (£1/2 = -1.80, -1.91 and -2.18 V). This 

behaviourr is in agreement with that reported in the literature,21'23 and is consistent with the 

resonancee electron donor effect of the methyl substituents on the bipyridines. Upon stepwise 

replacementt of the methyl groups in complex 2 with CH2C(C02Et)3, the reduction potentials 

becomee less negative (Em = -1.78, -1.97 and -2.25 V for 3, and -1.70, -1.87 and -2.11V for 

4).. Analogous trend is observed for the 5,5'-disubstituted complex 6 (£1/2 = -1.77, -1.96 and 

-2.322 V) compared with the 5,5'-dimethyl substituted 5, consistent with the electron 
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withdrawingg effect of the ester groups that reduce the donor character of the substituents. Less 
negativee reduction potentials can be noticed for complex 4 compared to reference 1, in 
agreementt with an electron withdrawing character of the CH2C(C02Et)3 groups. MNDO 
molecularr orbital calculations show that the lowest unoccupied molecular orbital (LUMO) of 
thee bipyridine ligand is mainly localized at positions 1,1' and 5,5', with positions 4 and 4' 
contributingg only to a small extent.26 Thus, a stronger stabilizing effect of the CH2C(C02Et)3 
groupss would be expected for the 5,5'-disubstituted complex, 6. Surprisingly, this complex 
showss reduction potentials of the first and second steps similar to the reference 1. 

Inn the anodic region, the complexes 2-6 exhibit one reversible one-electron step. 
Complexess 3, 4 and 6 showed adsorption on the electrode surface. In the series of 4,4'-
disubstitutedd complexes, the oxidation potential becomes more positive as the CH3 groups are 
replacedd by the CH2C(C02Et)3 groups (Em = + 0.76, + 0.86 and + 0.96 V for 2, 3 and 4, 
respectively),, as expected for the decreased electron donating character of the substituents on 
goingg from 2 to 4. Analogous behaviour is observed for complexes 5 and 6, oxidized at Em = 

++  0.84 and + 0.96 V, respectively. The oxidation potential for 4 and 6 are very similar to that 
forr the unsubstituted complex 1, proving that the -CH2C(C02Et)3 groups impose only weak 
electronicc effect on the oxidized Ru(III) centre. 

1.5--

1.0 0 

0.5 5 

3000 400 500 600 

\\ /nm 

Figuree 3.1. UV/Vis and emission (inset) spectra of complex 6 in acetonitrile solution. 

3.2.2.3.2.2. UV-Vis Absorption and Emission. 
Thee spectroscopic properties of complexes 3 and 6 in acetonitrile solutions are reported in 

Tablee 3.2. Data for the compounds 2,22 4,25 522 and reference l25 are also included for 
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comparisonn purposes. The absorption and emission spectra of complex 6 are depicted in 

Figuree 3.1. 

Tablee 3.2. UV/Vi s absorption, luminescence and ECL data of the investigated ruthenium 

complexess and reference 1 in an air-equilibrated acetonitrile solution, unless stated otherwise. 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

Abs s 

x x 

(nm) ) 

450 0 

4 5/ / 

285,459 9 

290,, 459d 

444/ / 

290,, 459 

293,451 1 

292,, 458 

291,452 2 

295,452 2 

291,458 8 

•̂ max x 

(nm) ) 

611rf f 

63D7 7 

618 8 

611rf f 

6 0 / / 

603 3 

613 3 

616 6 

620* * 

602 2 

630 0 

T T 

(ns) ) 

172* * 
99Q99Qd.e d.e 

99 9 

915e e 

166 6 

1100e e 

287d d 

960960d.e d.e 

83 3 

490e e 

315 5 

1940e e 

208 8 

305 5 

400* * 

184 4 

270 0 

Luminescence e 

2988 K 

&m m 

0.016^ ^ 

0.062** * 

0.079^ ^ 

0.016 6 

0.11e e 

0.035d d 

0.10rfe e 

0.036^ ^ 

0.027 7 

0.16e e 

0.014 4 

0.016 6 

0.025* * 

0.015 5 

0.016 6 

fcqfcq X 

(NT11 s~ 

4.7 7 

2.7 7 

1.3rf f 

5.3 3 

1.9 9 

lO-9 9 

y y 

777 K* 

Anax x 

(nm) ) 

5822 d 

590 0 

583rf f 

576 6 

587 7 

581 1 

580' ' 

580 0 

606 6 

X X 

(us) ) 

4.88 d 

5.3 3 

5A5Ad d 

6.90 0 

5.40 0 

5.44 4 

5.05' ' 

6.15 5 

4.10 0 

ECLa a 

4:1 1 

1.0 0 

0.74 4 

0.27 7 

1.12 2 

0.94 4 

0.83 3 

0.12 2 

0.96 6 

0.06 6 

"Inn phosphate buffer solution (300 mM PO4 , pH 6.8) containing TPrA (180 mM) and a 

non-ionicc surfactant. 6In rigid butyronitrile matrix. cDioxygen quenching rate constant (in 

acetonitrile).. rfRef.25. *Deaerated solution, 'Ref.22 ^Complex as CI" salt. *In air-equilibrated 

H 20.. 'In EtOH. 
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Thee UV-Vis absorption spectra of all the complexes exhibit bands characteristic for the 
generall  class of polypyridyl ruthenium(II) compounds.27,28 

Thee UV region is dominated by an intense absorption band, at 285 nm for 3 and at 290 nm 
forr 6 (Figure 3.1), assigned to singlet intraligand ('iL) transitions within the bipyridine 
ligandss (Table 3.2). In the visible region, a broad absorption band is assigned to singlet metal-
to-ligandd charge transfer (lMLCT) transitions from the d^Ru) orbitals to the 7t*  orbitals of the 
bipyridines.. The absorption maximum (459 nm for 3 and 6) of this band is red-shifted 
comparedd to reference 1 (450 nm), in agreement with the electrochemical data and the 
electronn withdrawing character of CH2C(C02Et)3. 

Uponn excitation at 450 nm at 293 K, a structureless emission is observed for complex 3 
(6188 nm) and 6 (603 nm, inset of Figure 3.1) in acetonitrile solution. All the complexes 2 -6 
showw only minor changes in the emission spectra compared to the reference, proving that the 
substituentss in the studied series of complexes do not strongly influence their electronic 
properties. . 

Interestingly,, the excited-state lifetime in air-equilibrated acetonitrile solutions largely 
increasess in the series of the 4,4'-substituted complexes 2, 3 and 4 (99, 166 and 287 ns, 
respectively),, differently from the deaerated conditions where the changes are more limited 
(915,, 1100 and 960 ns, respectively), see Table 3.1. This result suggests that the 
CH2C(C02Et)33 groups in 3 and 4 protect the metal core from dioxygen quenching, as 
confirmedd by the quenching rate constants, kq, calculated in acetonitrile from the Stern-
Volmerr equation (Eq. 3.1),27 

ii pp/T=l+k/T=l+k qqi?[0i?[0 22]]  (3.1) 

wheree r and t are the excited-state lifetimes in deaerated and air-equilibrated solutions, 

respectively,, and [O2] is the concentration of dioxygen in the air-equilibrated solution.25 The 

kkqq values are indeed 4.7 x 109 M" V for complex 2,2.7 x 109 M" ls_1 for complex 3 and 1.3 x 

100 M s " for complex 4,25 Table 3.2. A decrease of kq, but far more pronounced, was already 

observedd for dendritic complexes with extended branches on the bipyridines (frq decreased of 

onee order of magnitude for a Ru(II) bipyridyl complex with 54 peripherical units, compared 

too [Ru(bpy)3]
2+), and this was attributed to the shielding effect of the dendrimers towards the 

metall  core, resulting in reduced oxygen quenching constant rate.25 The 5,5'-disubstituted 

complexess 5 and 6 show similar trend, with lifetimes of 83 and 315 ns, respectively, in air-

equilibratedd solutions and quenching rate constants of 5.3 x 109 M~V and 1.9 x 109 M" ls_! 

(Tablee 3.2), respectively. However, some caution should be taken in directly comparing these 

kkqq values, as the excited state lifetime found for 6 in deaerated solution is much longer than 

forr complex 5 (1.94 and 0.49 us, respectively). The longer r found for 6 may indeed be due to 

aa partial delocalisation of the excited electron on the substituents. A comparison of complexes 
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substitutedd in positions 4,4' (2 and 4) with the analogous 5,5'-disubstituted complexes (5 and 

6,, respectively), shows higher &q for the latter species, suggesting a smaller shielding effect of 

thee substituents. 

Att 77 K in rigid butyronitrile matrix, the emission of the complexes becomes structured and 

shiftss to higher energy, consistent with the lack of solvent reorganization. The emission 

maximaa are 576 nm for complex 6 and 590 nra for complex 3, with lifetimes of 6.9 and 5.3 

lis,, respectively. 

3.2.3.3.2.3. Electrochemiluminescence. 

Thee electrochemical and spectroscopic studies have shown so far that within the series of 

complexess 1-6 only small changes in the electronic properties can be observed. Notably, a 

shieldingg effect of the bulky CH2C(C02Et)3 groups results in less efficient dioxygen 

quenchingg and longer excited-state lifetime of the complex in air-equilibrated solution. 

Wee have then performed ECL measurements for the complexes 1-2 and 4-6 in phosphate 

bufferr in the presence of tri-H-propylamine (TPrA, see Section 1.8), using equimolar solutions 

off  the ruthenium complexes and TPrA in a large excess (> 106 fold the concentration of the 

complex).. A non-ionic surfactant was also added, above its critical micellar concentration. 

Thee ECL reaction was triggered by the application of a positive voltage (~ 1.4 V), just above 

thee oxidation potential of the ruthenium complexes, and the signal was recorded over a range 

off  700 ms. As an example, the ECL signals of complex 5 and reference 1 are depicted in 

Figuree 3.2. The ECL results are given as intensity integrals and are reported as relative values 

consideringg [Ru(bpy)3]2+ as reference complex with unitary ECL intensity (4Ci,rei = 1). The 

dataa are an average of six trials and are summarized in Table 3.2. 

Ass shown in Figure 3.2, after application of a voltage the ECL signal sharply increases, 

withinn few milliseconds after the voltage application, slowly falling afterwards. The decrease 

off  the signal is due to slow diffusion of the ruthenium complexes from the bulk solution and 

too passivation of the electrode surface. 

Thee relative ECL intensities for the 4,4'-disubstituted complexes 2 and 4 are 0.74 and 0.27, 

respectively,, while for the 5,5'-disubstituted complexes 5 and 6 they increase to 1.12 and 

0.94,, respectively. Thus, an increase by 10% of the ECL intensity compared to reference 1 

couldd be observed only for the 5,5'-dimethyl complex 5. 

Notably,, the ECL intensity is higher for the dimethyl-substituted complex 2 than for 

complexx 4 bearing the larger CH2C(C02Et)3 groups. Analogous trend is observed for the 

complexess 5 and 6. This result indicates that in 4 and 6 the steric hindrance due to the bulky 

CH2C(C02Et)33 groups hampers the efficient reaction of the oxidized metal complex with the 

activee TPrA species (see Section 1.7 for a description of the reaction mechanism), with regard 

too that of the dimethyl-substituted complexes. 
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l /a.u. . 

600 0 700 0 

timee (ms) 

Figuree 3.2. ECL plotted against time for complex 2 ( ) and reference 1( ) (10 8 M) in (3 x 10 ' 

M)) phosphate buffer solution with (1.8 x 10~' M) TPrA and non-ionic surfactant. 

Interestingly,, the 5,5'-disubstituted complexes 5 and 6 show higher ECL efficiency than the 

4,4'-disubstitutedd derivatives 2 and 4, suggesting larger hindrance of the bipyridine ligands in 

thee latter case. These trends are in agreement with that already observed for the dioxygen 

quenchingg rate constants (see above). 

Thee increased hydrophobicity of the studied ruthenium complexes as compared to 

[Ru(bpy)3]
2++ (1) has not lead to the expected enhancement of ECL intensity, probably due to 

thee increased hindrance for the substituted complexes that inhibits the reaction with the large 

activee TPrA species and the efficient population of the MLCT excited state. Therefore, the 

designn of new complexes with higher ECL efficiency should take into account the shielding 

effectt of the luminescent core and the kinetics on the excited state formation. 

3.33 Conclusions 

Wee have studied the electrochemical, spectroscopic and electrochemiluminescent behaviour 

off  a series of ruthenium complexes with modified bipyridines, bearing CH3 or CH2C(C02Et)3 

groupss as substituents in the 4,4'- or 5,5'-positions. Our aim was to investigate the influence 
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off  hydrophobic groups on the ECL reaction and the steric influence of the substituents at 

differentt positions of the bipyridines. 

Thee CH3 and CH2C(C02Et)3 groups induce only limited changes of the electronic properties 

comparedd to reference [Ru(bpy)3]2+ (1), as the redox and spectroscopic data remain similar. 

Enhancementt of the hydrophobicity of the ruthenium complexes does not lead to the expected 

strongg increase of ECL intensity, the only positive increment by 10% being observed for 

[Ru(5,5'-di-CH3-bpy)3]2++ (5). The dramatic increase (five times) of ECL efficiency reported 

inn the literature for the ECL reaction between [Ru(bpy)j]2+ and TPrA upon addition of 

surfactantt to the ECL buffer solution,19'20 is hence most likely due to factors other than the 

hydrophobicc interactions between ruthenium complexes and surfactant. 

Substitutionn of the bipyridine ligands with the bulky CH2C(C02Et)3 groups resulted in 

stericc hindrance of the metal complex towards reaction with TPrA. However, upon 

substitutionn of the bipyridine ligands at the 5,5'-positions the metal complex becomes less 

stericallyy hindered, and reacts more easily with TPrA. 

3.4.. Experimental Section. 

Materials.. The ruthenium complexes were prepared by the group of Prof. Fritz Vogtle (University 

off  Bonn, Germany). The syntheses were performed following procedures reported elsewhere.21'25'29'30 

Forr electrochemistry, dichloromethane (Acros, analytical grade) was dried over CaFfc and freshly 

distilledd under nitrogen. Dimethylformamide (Acros, analytical grade) was distilled and stored under 

argon.. Tetrabutylammonium hexafluorophosphate (BiijNPFe, Aldrich) was recrystallized twice from 

ethanoll  and dried overnight under reduced pressure at 60 °C. Ferrocene (Aldrich) was used as 

supplied.. For electrochemiluminescence, buffer solutions were purchased from Roche Diagnostics 

GmbHH and consisted of millipore deionised water, 3 x 10"1 mol dm-3 phosphate salt, non-ionic 

surfactantt and 1.8 x KT1 mol dm 3 tri-n-propylamine (TPrA), pH 6.8. For spectroscopy, acetonitrile, 

ethanoll  and butyronitrile (Fluka, spectroscopic grade) were used as received. 

Generall  Techniques. Cyclic voltammetric scans were performed with a gastight single-

compartmentt cell under an atmosphere of dry nitrogen or argon. The cell was equipped with a Pt disk 

workingg (apparent surface area of 0.42 mm2), Pt wire auxiliary, and Ag wire pseudoreference 

electrodes.. The working electrode was carefully polished with a 0.25 urn-grain diamond paste between 

scans.. The potential control was achieved with a PAR Model 283 potentiostat. All redox potentials are 

reportedd against the ferrocene-ferrocenium (Fc/Fc+) redox couple used as an internal standard (£°i/2 = 

++ 0.63 V vs NHE32).31 Bii4NPF6 was used as supporting electrolyte. Scan rate was 100 mV/s. All 

electrochemicall  samples were 5x10 *̂  mol dm-3 in the studied complex and contained 3 x 10 ' mol 

dm-33 Bu4NPF6. 

ECLL studies were performed using an Elecsys® instrument (Roche Diagnostics GmbH).33 It 

consistss of an automatized system for the handling of the solutions, a flow-through chamber cell, a 

potentiostatt and a red-sensitive photomultiplier tube, placed above an optically transparent window of 
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thee cell. The cell was provided of platinum working electrode (4.8 mm x 5.0 mm) and a platinum 

counterr electrode made of two wires symmetrically placed above the working electrode. As reference, 

aa Ag/AgCl (KC1 saturated) electrode was employed. All the ECL samples were 10"8 mol dm-3 in the 

investigatedd complex and solutions were made in phosphate buffer containing TPA. Estimated 

experimentall  error for the reported ECL intensities is 5 %. 

Absorptionn spectra were measured with a Perkin-Elmer Lambda 6 spectrophotometer. Corrected 

luminescencee experiments were performed in air-equilibrated acetonitrile or water solutions at room 

temperaturee and in freshly distilled butyronitrile at 77 K. Luminescence spectra were obtained with a 

Perkin-Elmerr LS 50 spectrofluorimeter. Luminescence decay measurements were performed with an 

Edinburghh single photon counting machine. Analysis of the curve decays was performed with 

commerciall  programs. When necessary, deaerated solutions were prepared by repeated freeze-pump-

thaww cycles. Luminescence quantum yields were measured following the method described in the 

literature,344 using [Ru(bpy)3]
2+ as a standard {tjkm = 2.8 x 10~2 in air-equilibrated water solution).35 For 

thee £, calculations the value of 1.9 x 10~3 mol dm3 for dioxygen concentration in acetonitrile was 

considered.366 Experimental errors are: X,  2 nra; e,  10 %; t,  8 %; 0,  20 %. 
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ChapterChapter 4 

Multimetallicc Ruthenium(II) Complexes as ECL 

Labels s 

TwoTwo homometallic complexes [Ru2-LysJ*+ and fRu3-LysLysJt+ containing ruthenium polypyridyl units bound to 

lysinelysine (Lys) amino acid or the related dipeptide (LysLys), as bridging ligand, were synthesized and their 

electrochemical,electrochemical, spectroscopic and electrochemiluminescence (ECL) properties properties investigated. The electrochemical 

andand spectroscopic results prove that the two metal complexes mainly retain the electronic properties of [4-

carboxypropyl-4'-methyl-2,2'-bipyridineJbis(2,2''bipyridine)ruthenium(II)carboxypropyl-4'-methyl-2,2'-bipyridineJbis(2,2''bipyridine)ruthenium(II) complex, [Ru-Reff*, isostructural with 

thethe ruthenium moieties in the two complexes. 

TheThe ECL studies show that an improvement by 30% of the ECL intensity can be achieved for the dinuclear and 

trinucleartrinuclear complexes as compared to [Ru-Reff*. A larger improvement is prevented by their slower diffusion rate. 

HeterogeneousHeterogeneous ECL studies, performed on larger dendritic complexes containing up to 8 ruthenium units, have 

shownshown that limitations due to slow diffusion can be easily overcome by means ofnanoparticle technology, leading to 

ECLECL intensities proportional to the number of ruthenium moieties in the complex. However, care must be taken 

whenwhen considering large multimetallic systems as hydrophobic interactions with nanoparticles and biological 

moieties,moieties, present in the assay buffer, may dramatically increase the background signal. 
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4.11 Introduction . 

Sincee the discovery of the photoluminescence of [Ru(bpy)3]2+ (bpy = 2,2'-bipyridine) 

severall  studies have been performed on this metal complex. The strong interest in 

[Ru(bpy)3]
2++ arises from its specific features, such as the emission wavelength, the long 

excitedd state lifetime, the high emission quantum yield, the numerous redox states suitable for 

aa number of electron transfer reactions, the good solubility in various organic solvents and 

aqueouss media, the photochemical- and thermal stability and, importantly, the possibility to 
2-7 7 

populatee the excited state by a redox reaction. In particular, the electrogenerated 

chemiluminescencee (ECL) of [Ru(bpy>3]2+ and its diverse applications have been subject of 
, .. 8-13 

numerouss studies. 
ECLL for [Ru(bpy)3]

2+ can be obtained upon charge recombination between the 

electrogeneratedd [Ru(bpy)3]
3+ and [Ru(bpy)3]

+ (ion annihilation mechanism), that leads to 
33 14 

populationn of the emitting triplet metal-to-ligand charge-transfer ( MLCT) excited state. A 

moree detailed description of the mechanism can be found in Chapter 1 (Section 1.8). 

Alternatively,, ECL can be generated upon reaction between [Ru(bpy)3]3+ (or [Ru(bpy)3]
+) and 

9,10,14,15 5 

aa reductant (or oxidant) species. 
Onee of the most important applications for the ECL of [Ru(bpy)j]2+ lies in diagnostics, e.g. 

9,10,166 , , i i i i i -

forr immunoassays and DNA-probing assays. The ruthenium complex, labelling a 

biologicall  molecule, undergoes an ECL reaction by oxidative-reduction mechanism with tri-

w-propylaminee (TPrA) as co-reactant (see Section 1.8). The possibility to avoid the well 

knownn radioactive assays, the facile triggering of the electrochemical reaction, the low 

detectionn limit (200 fmol dm"3) and the large dynamic range (six orders of magnitude) are 

amongg the most important advantages of the ECL technique over isotope or fluorescence 

labellingg techniques. Despite the good performance of the ECL assays, higher sensitivity 

(signal-to-noisee ratio) is required, due to the increasing demands for accuracy in diagnostics. 

Thee enhancement of the ECL intensity therefore becomes a crucial point. Several studies have 

recentlyy dealt with the role of numerous parameters involved in the ECL process, such as the 

electrodee surface, ' different coreactants, pH dependence. Less successful were attempts 

too increase the ECL quantum yield by using complexes of different metals. Only recently 
2++ 2 2 

ann osmium complex has been reported to exhibit ECL signal higher than [Ru(bpy)&] . A 

possiblee approach to improve the performance of the ruthenium ECL label is to modify the 

chelatingg ligands with suitable substituents in order to increase the emission quantum yield 

Forr instance diphenyl-substituted bipyridine and phenanthroline ruthenium complexes, known 

too have emission quantum yield higher than [Ru(bpy)j]2+, exhibit an increased ECL 

intensity.. The emission efficiency of [Ru(bpy)s]2+ can also be enhanced by shielding the 

metall  complex from dioxygen quenching by means of large dendritic branches bound to the 
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bipyridyll  ligands. However, this approach, very promising for labelling purposes where 
photoexcitationn is employed (see Chapter5), is less interesting for the ECL assay, since it has 

29 9 

thee disadvantage that ruthenium core is more difficult to oxidize and the interaction between 
thee ruthenium core and the active TPrA species can be hindered. 

[Ru-Ref] 2* * 

Schemee 4.1 Schematic representation of the investigated complexes |Ru2-Lys]4+ and [Ru3-LysLys]6+ 

andd the reference compound [Ru-Ref]2+. 

AA more promising approach towards the enhancement of luminescence of the label, and 

hencee the ECL signal, is to build multinuclear systems. ' Such strategy has the advantage of 

providingg multiple redox centres, increasing the probability of oxidation of at least one them 

andd of charge recombination event. Fundamental requirements for the above mentioned 

improvementt are (i) the accessibility of the ruthenium centres to the electrode surface and 

activee TPrA species and (ii) the electronic equivalence of the chromophores, to avoid 

intramolecularr energy transfer from the excited chromophores to the lowest-lying unoccupied 

molecularr orbital (LUMO) of an acceptor moiety. A proper choice of the bridging ligand is 

thenn of key importance in designing the multinuclear systems for the ECL reaction. Amino 
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acidss and peptides, bearing various functional groups, are versatile tools to design bridging 
ligandss with specific structure. Furthermore, their hydrophilic character will favour the 
solubilityy of the multimetallic complexes in water, in addition, their facile terminal 
functionalizationn will constitute a good linkage to the ruthenium bipyridine moieties bearing 

32 2 

appropriatee substituents. 

Schemee 4.1 Schematic representation of the multimetallic complexes [Ru4-Dend]  + and [Ru8-
Dend]l6++ conjugated to a progesterone molecule. 

Wee have synthesized a dinuclear and a trinuclear homometallic complex containing ruthenium 
polypyridyll  units bound to a bridging ligand by a propoxycarbonyl linker (Scheme 4.1). The 
bridgingg ligands are the amino acid lysine (Lys) and the related dipeptide (LysLys), respectively, 
withh amino functional groups suitable for the anchoring of the ruthenium units by a peptidic 
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bond,, and a carboxylic group, available for conjugation to biological molecules. In this work 

wee present the syntheses and electrochemical, spectroscopic and electrochemiluminescence 

investigationss of the two complexes, hereafter indicated as IRirè-Lysl 4*  and [Rtó-LysLys]6* 
(Schemee 4.1) The influence of surfactant on the spectroscopy and electrochemiluminescence of 

thee two complexes is also discussed. The [4-carboxylpropyl-4'-methyl-2,2'-bipyridine]bis(2,2'-

bipyridine)ruthenium(II)) complex, ' [Ru-Ref]2+ (Scheme 4.1), isostructural with the ruthenium 

moietiess in the two complexes, was investigated as reference compound. 

Furthermore,, we present the electrochemiluminescence properties of three larger dendritic 

complexess containing up to 8 ruthenium units, indicated as [Ru2-Dend]4+, [Ri^Dend] 8*  and 

[Ru8-Dend]l6++ (see Scheme 4.2 for [Ru4-Dendl8+ and [RuS-Dend]1**) . The ECL behaviour was 

alsoo investigated in progesterone immunoassay, where nanoparticle technology (heterogeneous 

immunoassay,, see Chapter 2, Section 2.4) was applied. 

4.22 Results and discussion. 

4.2.14.2.1 Electrochemistry. 
Thee electrochemical data for the investigated complexes [Ru2-Lysl4+, [Rirê-LysLys] 6*  and the 

referencee compounds [Ru-Ref]2+ and [Ru(bpy)3]
2+, in acetonitrile solution, are summarized in 

Tablee 4.1.The redox behaviour of the bi- and trinuclear compounds is consistent with metal-
basedd oxidation and ligand-based reductions, in agreement with the behaviour of several 

35,36 6 

multinuclearr complexes reported m the literature. 
Thee oxidation of [Ru2-Lys]4+and [Ritf-LysLys] 6*  occurs as one reversible multielectron (two-

andd tri-electron respectively, see below) step at Em = +0.83 and +0.86 V, respectively, which is 
veryy close to [Ru-Refl2+ oxidized at £"1/2 = +0.84 V (Table 4.1). The anodic potential of the three 
complexess is slightly less positive than that of the reference compound [Ru(bpy)&]2+ {Em = 

+0.899 V), in agreement with the presence of electron donor groups on the bipyridines of the 
bridgingg ligand that better stabilize the oxidized metal Ru(III) centre. 

Inn the cathodic region, [Ru2-Lys]4+ and [Rirê-LysLys]* *  exhibit the first multielectron (two 
andd tri-electron, respectively) reversible wave at the same potential as [Ru-Refl2+, Em = -1.74 
V,, close to the value found for [Ru(bpy)}]2+ (-1.72 V). This step is assigned to the unresolved 
reductionn of one ancillary 2,2'-bipyridine at each Ru(II) centre, consistent with their electron 
acceptorr character. At more negative potentials, the reduced bi- and trinuclear complexes (Ru2-
Lys]2++ and [Ru3-LysLys]3+ undergo second multielectron reduction process, with a sharp peak 
developedd along the corresponding reoxidation step due to adsorption of the neutral species 
[Ru2-Lys|| and [Ru3-LysLys] on the electrode. The reduction potentials are £1/2 = -1.88 and -
1.811 V, respectively. The second cathodic process is assigned to the reduction of the remaining 
neutrall  ancillary 2,2'-bipyridine ligands. Further reductions could not be readily observed due to 
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strongg adsorption of the neutral products. Application of glassy carbon disk electrode did not 
improvee the voltammetric record. The peak currents of the first and second cathodic steps are 
similarr to that of the Ru1™ anodic peak, consistent with the identical number of electrons 
exchanged.. Furthermore, the poor resolution of the multielectron anodic and cathodic waves 
provess negligible electronic communication between, respectively, the metal centres and the 
remotee ancillary 2,2'-bipyridine ligands. 

Tablee 4.1. Electrochemical data of the investigated complexes and reference compounds.0 

[Ru-RefJ2+ + 

[Ru2-Lys]4+ + 

[Rirf-LysLysl 6* * 

[Ru(bpy)3]
2+ + 

[Ru(bpy)2(4--

octoxy-bpy)]2+ + 

RuM" " 

++ 0.84 

++ 0.83 

++ 0.86 

++ 0.89 

++ 0.75J 

bPy0/1 1 

-1.74 4 

-1.96 6 
-1.74 4 

-1.88 8 
-1.74 4 

-1.81 1 

-- 1.72 

-1.93 3 

-- 1.82rf 

b b 
«app p 

1.11 1 

1.88 + 0.1 

3.44 + 0.3 

Z)c(105cmV) ) 

1.100 + 0.06 

0.644  0.03 

0.344  0.03 

1.05 5 

Ref. . 

thiss work 

thiss work 

thiss work 

thiss work, 

31 1 

"Redoxx potentials (£1/2) in Volt vs Fc/Fc+, in acetonitrile at 293 K. dumber of electrons 
transferredd during the oxidation, diffusion coefficient. dE\l2(TdVc+) = 0.421 V vs Ag/AgCl in 

•• •, 38 

acetonitrile. . 

Forr [Ru2-Lys]4+, (Ru3-LysLys]6+ and the reference complex [Ru-Ref]2+, the number of 

electronss exchanged at the electrode surface during the oxidation step (napp) and the diffusion 

coefficientt (£>) were separately determined, following the convenient literature procedure 
39,40 0 

reportedd by Amatore. In particular, transient (chronoamperometry) and steady-state (cyclic 
voltammetryy at ultramicroelectrode, UME) techniques are combined to provide two independent 
equationss for the faradaic current, i, as function of the two independent variables /iapp and D. 

Forr chronoamperometry, the current response to the potential step at a planar disk electrode is 

givenn by Eq. 4.1 : 

ii  = nappFADmc0(ntym (4.1) 

wheree / is the duration time of the applied potential step, F the Faraday constant, A the 

apparentt surface area of the working electrode and c0 the bulk concentration of the analyte. 
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Forr CV at a disk UME, perfomed at low scan rates (v< 100 mV), the current response 
41 1 

reachess a limiting value, *ij m, given by Eq.4.2 : 

kmkm = 4 «app FroDco (4.2) 

wheree ro is the radius of the disk UME. 

AA standard compound, ferrocene, with known «apP(Fc) = 1 and D(¥c) = 1.9 x 10"5 cm s" (in 
39,40 0 

acetonitrile)) was employed to avoid errors arising from the determination of A, in Eq. 4.1. 

Forr the ferrocene / analyte system the following Eqs 4.3-4.6 apply: 

^chronoo = [l CtyFc)] / [*(Fc) Co] ~ [fl app / «app(Fc)] [D I A F C ) ] ( 4 - 3) 

^UMEE = [«lira C0(Fc)] / [/lim(Fc) Cö] = [«app / "app(Fc)] [D I £>(Fc)] ( 4 . 4) 

Then,, D and napp can be calculated as: 
«appp = «app(Fc) [R chrono / / ? U M E] (4 -5) 

£)) = D(Fc) [Rchmao I /ÏUME]2 (4-6) 

Thee values of napp and D determined for [Ru-Ref]2+, (Ru2-Lys]4+ and [RuS-LysLys]**  in 

acetonitrilee are reported in Table 4.1. As expected, the number of electrons transferred (1.1 , 

11 and , respectively) in the oxidation process of the three complexes is proportional 

too the number of the poorly communicating metal centres that oxidize at the same potential. The 

diffusionn coefficients (D) are 6 x 10"5, 3 x 10"5, and 3 x 10"5 cm2 s"1 for 

[Ru-Ref|2+,, [Ru2-Lysl4+ and [RuS-LysLys]6*, respectively. The D value for [Ru-RefJ2+ is in 

goodd agreement with that reported in the literature for a similar ruthenium complex, 

[Ru(bpy)2(4-octoxy-2,2'-bipyridine)](PF6)22 in deuterated acetonitrile (D = 1.05 x 10s cm2 s'1). 

Thee values of D determined for |Ru-Refl2+, [Ru2-Lys]4+ and (RuS-LysLys]6*  decrease with 

increasingg number of metal units and size of the complexes, as one would expect. 

4.2.24.2.2 UV/Vis Absorption and Emission. 

Thee spectroscopic data for the complexes (Ru2-LysJ4+ and [Rtó-LysLys]* *  are summarized in 

Tablee 4.2. The reference compound [Ru-Ref]2+ is also reported for comparison. In all cases the 

dataa refer to aqueous phosphate buffer solutions (pH 6.8). The absorption spectra of [Ru2-Lys]4+ 

andd [Ru3-LysLys]**  and the emission spectrum of [Ru3-LysLys]6+ in phosphate buffer 

solutionss are depicted in Figure 4.1. 
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300 0 400 0 500 0 
XIXI nm 

Figuree 4.1 UV/Vis absorption spectra of [Ru3-LysLys]6+ ( ) and [Ru2-Lys]4+ ( ) in phosphate 
bufferr solution. Inset: emission spectrum of [Ru3-LysLys]6+ in phosphate buffer solution at room 
temperature. . 

Thee UV/Vis spectra of [Ru2-Lys]4+ and [Ru3-LysLys]6+ are similar to that of [Ru-Ref]2+, 
characterizedd by an intense band in the UV region due to intraligand (IL) 7r-jt*  transitions within 
thee bipyridine ligands and by a broad band in the visible region due to metal-to-ligand charge-
transferr (MLCT) transitions (Figure 4.1 and Table 4.2). The absorption bands do not shift in the 
seriess [Ru-Ref]2+, [Ru2-Lys]4+ and [Ru3-LysLys]6+ and the molar absorbance of the di- and 
trinuclearr complexes is proportional to the number of chromophores, about two- and three-fold, 
respectively,, that of the mononuclear compound (Table 4.2). This result is again consistent with 
thee absence of strong electronic interaction between the chromophores in the multinuclear 
complexes. . 

Roomm temperature emission spectra of [Ru-Ref]2+, [Ru2-Lys]4+ and [Ru3-LysLys]6+, 
recordedd in phosphate buffer solution, show nearly identical emission maxima, centred at 616, 
6177 and 619 nm, respectively (Figure 4.1 and Table 4.2). The emitting 3MLCT excited state is 
thereforee the same for all the three complexes and lies at the same energy, suggesting that the 
linkagee of several chromophores by a peptidic bridge has negligible effect on the electronic 
properties,, as already observed from the redox data. The determined luminescence quantum 
yieldd is very similar for [Ru2-Lys]4+ and [Ru3-LysLys]6+, viz. 0.027 and 0.029, respectively 
(Tablee 4.2). 
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Tablee 4.2. UV/Vis absorption, luminescence and ECL data of the investigated complexes and 

referencee compound." 

(Ru-Ref]2+ + 

[Ru2-Lys]4+ + 

[Rtó-LysLys] 6* * 

Absorption n 

(ex(ex 10^,Mlcrn 

456(1.40) ) 

4566 (2.61) 
2866 (14.8) 
4566 (4.29) 

2866 (24.0) 

']) ) nm m 

616 6 

617 7 

619 9 

Luminescence e 

A-A- max» 

nm m 

617 7 

616 6 

618 8 

(km (km 

0.027 7 

0.029 9 

$em$emC C 

0.030 0 

0.030 0 

ECL* * 

Acl,rel l 

1 1 

0.80 0 

0.60 0 

/scl,iel l 

1 1 

0.66 6 

0.44 4 

"Inn phosphate buffer solution (3 x 10"' M, pH 6.8). *In the presence of 1.8 x 10"1 M TPrA. cIn the 

presencee of non-ionic surfactant. 

Thee spectroscopic properties were also investigated for lRu-Refj2+, [Ru2-Lys]4+ and [Ru3-
LysLys]6**  in phosphate buffer solutions containing a non-ionic surfactant above its critical 

micellarr concentration (cmc). 

Uponn addition of surfactant, UV/Vis and emission spectra reveal only minor changes, with 
emissionn maxima at 617, 616 and 618 nm, for [Ru-RefJ2+, IRu2-Lys]4+ and [Rtó-LysLysJ6* 
respectively,, and quantum yields of 0.030, for both [Ru2-Lys]4+ and [Ru3-LysLys]6+ (Table 
4.2).. Formation of complex-micelle aggregations in the presence of non-ionic surfactants was 
observedd for some methyl- and phenyl-substituted phenanthroline ruthenium complexes, 
resultingg in strong emission changes: red-shift of the emission maxima, higher emission quantum 

42,433 2 + 

yieldss and longer excited-state lifetimes. However, [Ru(bpy)3] does not exhibit pronounced 
changess of the emission, due to the weak hydrophobic interactions between the 2,2'-bipyridine 
ligandss and the hydrophobic cavity of the micelles. ' The behaviour of [Ru2-Lys]4+ and [Ru3-
LysLysj6**  closely resembles that of [Ru(bpy)3]2+, with the bipyridine ligands only weakly 
interactingg with the surfactant. 

4.2.34.2.3 Electrochemiluminescence 

Thee electrochemical and spectroscopic studies prove that the metal moieties of [Ru2-Lys]4+ 

andd [RuS-LysLys]6*  do not strongly interact and retain to a large extent the electronic properties 
off  the mononuclear compound JRu-Ref|2+. This is an important requirement when more metal 
centress are linked by a bridging ligand in order to increase a specific output (current, emission) 
ass the sum of the contributions of the single units. 
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Ourr interest was then to investigate whether the multinuclear complexes do exhibit ECL 
signalss stronger than that of the reference compound [Ru-Ref|2+. 

Thee ECL reaction was performed by oxidative-reduction mechanism using tri-«-
propylamine,, TPrA, as coreactant. The mechanism is described in Chapter 1 (Section 1.8). 

Solutionss of (Ru2-Lys]4+, [Ru3-LysLys]6+ and the reference [Ru-Ref|2+ for the ECL 
experimentss were in phosphate buffer and contained TPrA in large excess (> 106 fold the 
concentrationn of the complexes). The solutions contained equivalent concentration of ruthenium 
moieties.. A non-ionic surfactant was also added in order to investigate the ECL behaviour of the 
multinuclearr complexes under the same experimental conditions applied for routine-

44 4 

immunoassays.. Surfactant is indeed employed in automatized instruments, in order to have a 
goodd liquid flow, avoid bubbles formation and better remove the analytes from the ECL cell 
afterr each measurement. Furthermore, it increases the solubility of the ruthenium complexes in 
aqueouss solutions. 
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Figuree 4.2. ECL of [Ru-Ref]2+(-
bufferr solution containing TPrA and surfactant. 

-),, [Ru2-Lys]4+ (-—) and [Ru3-LysLys]6+( ),, in phosphate 

Thee ECL signals for [Ru-Ref|2+, [Ru2-Lys]4+ and |Ru3-LysLys]6+ were recorded against 

time,, over a range of 700 ms after triggering the reaction, and are depicted in Figure 4.2. The 

ECLL results are given as intensity integrals relative to [Ru-Ref]2+ (̂ ci.rei = 1) calculated per 

rutheniumm unit, and are summarized in Table 4.2. The data are an average of six trials. 

Thee signal of [Ru-Ref]2+, [Ru2-Lys]4+ and [Ru3-LysLys]6+ increases sharply within a few 

millisecondss after triggering the reaction, then it slowly decays (Figure 4.2). The initial sharp 

peakk is due to the presence of the ruthenium complexes and TPrA molecules that are close to the 
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electrodee surface and readily oxidize. The consumption of the active species in the proximity of 
thee anode and their slow diffusion from the bulk solution result in decreased signal intensity. 
Passivationn of the electrode surface due to platinum oxides formation also contributes to the 
signall  decrease. Surprisingly, the intensity monitored at the maximum for [Ru-Ref|2+, [Ru2-
Lys]4++ and [RiLJ-LysLys]* *  decreases in the series. This behaviour is not totally clear, since one 
wouldd expect it to be similar for the three complexes, the concentration of the active species at 
thee anodic surface being initially the same. These differences are probably due to adsorption of 
thee complexes at the electrode. The relative intensities per ruthenium unit of |Ru2-Lys]4+ and 
[Rró-LysLysl^aree 0.66 and 0.44, respectively (Table 4.2). Some decrease of ECL intensity is 
expectedd in the series (Ru-Ref|2+, [Ru2-Lys]4+ and [Ritf-LysLys]** , as the diffusion 
coefficientss decrease (1.1, 0.65 and 0.33 cm2 s'\ respectively, Table 4.1). On the base of the 
diffusionn coefficients, the relative ECL intensities per ruthenium unit are estimated to beca. 0.8 
andd 0.5 for [Ru2-Lys]4+ and [Rtó-LysLys]6* , respectively, as the faradaic current is 
proportionall  to D1/2. The experimental values are then lower than expected, in particular for the 
dinuclearr complex. 

Inn order to investigate whether this discrepancy is due to a less efficient reaction between the 
multinuclearr complexes and the radical species generated from TPrA or whether it is due to 
somee effects caused by the surfactant, ECL measurements were performed in phosphate buffer 
solutionn without surfactant. 

Inn the absence of detergent almost no signal could be detected. This result suggests a crucial 
rolee played by the surfactant in the ECL measurements. Recent studies have shown that 
protectionn of the electrode surface from passivation, for instance upon addition of halides (e.g. I", 

Br")) to the assay buffer solution, greatly enhances the current due to TPrA oxidation and the ECL 
•>++ 1 9 

signall of the TPrA/[Ru(bpy)3] system. Enhancement of anodic current and ECL output was 
alsoo observed upon increasing the hydrophobicity of the electrode surface, e.g. upon formation 

20 0 

off a layer of thiols or surfactant. It was suggested that the hydrophobic interactions between 

electrodee surface and TPrA molecules promote their closer approach to the electrode, facilitating 
20 0 

thee electron transfer reaction. Hence, the surfactant is likely important to protect the electrode 
fromm passivation and to facilitate the oxidation of the active species. 

ECLL measurements were then performed for |Ru-Ref]2+, [Ru2-Lys]4+ and [Riré-LysLys] 6*, in 
phosphatee buffer, after washing the cell with a buffer solution containing surfactant. This 
allowedd a hydrophobic layer to form on the electrode surface prior to the measurement. The 
solutionss of the complexes were in equivalent concentration of ruthenium units and contained an 
excesss of TPrA. The ECL intensities are reported in Table 4.2, and the signals are depicted 
againstt time in Figure 4.3. 

Thee presence of surfactant in the washing buffer solution resulted in a dramatic increase of the 
ECLL signal, compared to the measurements performed without surfactant. The ECL signal 
reachess a maximum within few milliseconds after the potential step, decaying slowly afterwards 
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(Figuree 4.3). The peak maximum is similar for the three complexes. Importantly, the relative 
ECLL intensities per ruthenium unit (0.80 and 0.60 for [Ru2-Lys]4+ and [Rirê-LysLys]6*, 
respectively,, Table 4.2) are in good agreement with the values estimated on the base of the 
diffusionn coefficients (0.8 and 0.5, respectively), suggesting that the differences in ECL 
intensitiess of [Ru-Ref|2+, [Ru2-Lys]4+ and [Ru3-LysLys]6+ in the absence of surfactant in the 
assayy buffer can be easily explained on the base of the diffusional rates of the complexes No 
evidencee for different reactivity of the three complexes with the active TPrA species could be 
found. . 

-- 3 

Figuree 4.3. ECL of [Ru-Ref|2+( ), |Ru2-Lys]4+ ( ) and [Ru3-LysLys]6+( ), in the phosphate 
bufferr solution containing TPrA, in the absence of surfactant. 

Thee presence of a layer of detergent on the electrode surface is then important for the ECL 
intensityy to be largely enhanced. However, a high concentration of surfactant in the assay buffer 
slightlyy decreases the ECL signal, the absolute ECL intensity of [Ru-Ref]2+ being 80% of the 
intensityy measured when surfactant was only added to the cleaning solution and usedprior to the 
measurements.. Furthermore, the relative intensities for the complexes [Ru2-Lys]4+ and [Ru3-
LysLys)) + where lower (0.66 and 0.44, respectively) when surfactant was used in the assay 
bufferr solution, see above. 

Thee spectroscopic properties of the ruthenium complexes have already shown no dependence 
onn the surfactant, its influence on reducing the ECL response must therefore depend on other 
factors.. It was reported that, in spite of the weak interaction between [Ru(bpy)j]2+ and micelles 
off  non-ionic surfactant, a different diffusion coefficient is found for [Ru(bpy)3]2+ in water (D = 
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7.333 x 10"8 cm2 s~') and in aqueous solution containing Triton X100 surfactant (D = 4.70 x 10"8 

cmm s"). A similar effect can be expected for the complexes [Ru-Refj  , [Ru2-Lys] and 
[Ru3-LysLys]6+,, resulting in smaller diffusion coefficients when surfactant is added to the assay 
bufferr solutions, thereby explaining the lower ECL intensity observed. 

Thee diffusion rates are then a limiting factor for the improvement of the ECL intensity by the 
investigatedd complexes, [Ru2-Lys]4+ and [Ru3-LysLys]6+. However, as the ECL intensities 
consideredd so far are calculated per ruthenium unit (0.66 and 0.44, in the presence of surfactant 
inn the assay buffer), solutions of equimolar concentrations of the multimetallic complexes yield 
relativee intensities of 1.32 for both [Ru2-Lys]4+ and |Ru3-LysLys]6+ , hence resulting in an 
increasee of ca. 30% with respect to mononuclear reference [Ru-Ref|2+. 

4.2.44.2.4 ECL Immunoassay. 

Inn the research laboratories of Roche Diagnostics GmbH, large dendritic peptidic structures 
havee been developed containing two, four and eight [Ru(bpy)3]2+ moieties, viz. [Ru2-Dend]4+, 
[Ru4-Dend]8++ and [Ru8-Dend]16+, respectively. The molecular structures of |Ru4-Dend]8+ and 
[Ru8-Dend]16++ are depicted in Scheme 4.2. The multinuclear complexes were bound to a 
progesteronee molecule to test them in competitive progesterone immunoassay (see also Chapter 
2,, Sectio 2.4). 
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Figuree 4.4 ECL of [Ru2-Dend]4+(-
bufferr solution containing TPrA and non-ionic surfactant 

-),, |Ru4-Dend]8+ (-—) and |Ru8-Dend],6+( ••),, in phosphate 
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Thee ECL behaviour was first investigated in homogeneous assay, in phosphate buffer 
containingg large excess of TPrA. Non-ionic surfactant was also added to perform the 
measurementss in the same experimental conditions as those used for routine progesterone 
immunoassays.. The ECL signal, recorded for equimolar solutions of [Ru2-Dend]4+, [Ru4-
Dendl8++ and |Ru8-Dend]16+, sharply increases after few milliseconds after triggering the 
reaction,, and then slowly decreases (Figure 4.4). Its intensity integral does not much differ for 
thee three complexes, the absolute values being 43400, 45500 and 36422 counts, respectively. As 
forr [Ru2-Lys]4+ and [Rtó-LysLys]6*  (see above) different diffusional rates probably play an 
importantt role in limiting the enhancement of ECL intensity, expected upon increasing the 
numberr of ruthenium units in the complexes. 

Thee compounds [Ru2-Dend|4\ [Ru4-Dend]8+ and [Ru8-Dend]lft + were then tested in 
18,44 4 

progesteronee immunoassay, employing magnetic nanoparticle technology (heterogeneous 
assay),, see Chapter 2 for description. The analyte (progesterone) was added in increasing 
concentrationss to a solution where labeled progesterone molecules, biotin-antibodies conjugates 
andd streptavidin-coated nanoparticles were let incubate for a few minutes (see Experimental 
Section).. ECL intensities, given as absolute integrals, are reported in Table 4.3. 

Tablee 4.3 ECL progesterone immunoassay data for [Ru2-Dend]4+, [Ru4-Dend]8+ and [Ru8-
Dend|| complexes." 

Progesteronee (109 mol dm"3) 

0 0 

0.175 5 

1.75 5 

60-103 3 

[Ru2-Dend]4+ + 

43111 1 

40053 3 
26212 2 

2361 1 

ECL L 

[Ru4-Dend]8+ + 

99583 3 
90049 9 
65779 9 

14791 1 

|Ru8-Dend],6+i> > 

78021 1 

64555 5 

55863 3 
40130 0 

"Dataa are given as absolute intensity integrals for solutions in phosphate buffer (3 x 10"1 M, pH 

6.8)) containing (0.32 x 10"9 M) multimetallic complex, (0.32 x 10~9 M) biotin-antibodies and 

streptavidin-coatedd nanoparticles with 0.24 x 10"3 M biotin-binding capacity. Solutions also 

containedd 1.8 x 10~' M TPrA and non-ionic surfactant. 6In 0.16 x 10"9 mol dm*3 with (0.16 x 10"9 

M)) biotin-antibodies. 

Inn the absence of analyte, the ECL intensity of the three complexes (43100, 99600 and 78000 

counts,, respectively) is proportional to the number of ruthenium units (considering that [Ru8-
Dendl16++ was half concentrated than [Ru2-Dend]4+ and [Ru4-Dend]8+), see Table 4.3. Upon 

additionn of progesterone the ECL intensity decreases, as the analyte competes with the labeled 

progesteronee for the binding site of the antibody. For a large excess of the analyte (> 100 times 

thee concentration of the complex), the ECL of [Ru2-Dend]4+ drops to 5% of the initial signal, 

consistentt with the large competition of the analyte present in solution (Table 4.3). This residual 
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ECLL (background signal) increases moderately for |Ru4-Dend]8+ (10%) and dramatically for 
[RuS-Dend]1***  (46%), Table 4.3. The high ECL background found for [Ru4-Dend]g*  and, in 
particular,, for [Ru8-Dend|16+ is probably due to non-specific binding, via strong hydrophobic 
interactions,, of the large ruthenium complexes to the surface of the nanoparticles or to the 
antibodies. . 

Thee immunoassay results show that upon increasing the number of ruthenium units bound to 
thee peptidic dendritic structure, the ECL signal is proportionally enhanced. Since in the 
heterogeneouss assay, where nanoparticle technology is employed, the mass transport by 
diffusionn to the electrode does not occur and limitations due to the reduced diffusion coefficients 
off  the large complexes are overcome. 

4343 Conclusions 

Wee have synthesised two homonuclear complexes, |Ru2-Lys]4+ and [Ritf-LysLys] 6*, 
containingg two and three, respectively, modified ruthenium tris(bipyridine) units linked by an 
aminoo acid or peptidic bridging ligand. The redox and spectroscopic properties of the complexes 
showw that these ruthenium moieties remain independent and retain the electronic properties of 
thee isostructural mononuclear compound [Ru-Ref|2+. The ECL behaviour was investigated in 
phosphatee buffer solution (homogenous assay) containing a surfactant and TPrA. An increase of 
ECLL intensity by 30% can be achieved for equimolar solutions of [Ru2-Lys]  + and [Ru3-
LysLysJ6**  with respect to the reference mononuclear compound. The slow diffusion of the two 
oligonuclearr systems, prevents stronger enhancement of the ECL signal. We have also shown 
thatt while the surfactant does not affect the spectroscopic properties of [Ru2-Lys]4+ and [Ru3-
LysLysJ6*,, it increases significantly the ECL output. 

ECLL experiments were then performed for larger dendritic complexes, [Ru2-Dend]4+, [Ru4-
Dendl8**  and [Ru8-Dend]l6+, in homogeneous and heterogeneous assays. The results show that 
strongerr enhancement of ECL intensity can be achieved in heterogeneous assay, where 
nanoparticlee technology is employed. The ECL process becomes in fact independent of the 
diffusionn of the complexes, and the ECL signal intensity is proportional to the number of 
rutheniumm units of the multinuclear complexes. ECL intensity can be then strongly enhanced by 
increasingg the number of ruthenium moieties in the complex. However, large systems, such as 
[Ru8-Dend]l6+,, show high background signal due to hydrophobic interactions with biological 
moleculess present in the assay buffer and with the nanoparticles coated with streptavidin. Further 
studiess are currently in progress in order to reduce the ECL background. 
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4.55 Experimental Section. 

Materials.. [4-(Af-succimidyloxycarbonylpropyl)-4'-methyl-2,2'-bipyridine]bis(2,2'-

bipyridine)ruthenium(II)) dihexafluorophosphate, ' ' ' [Ru(bpy)2 (bpyOSu)](PF6)2> [4-
333 34 

carboxypropyl-4'-raethyl-2,2'-bipyridine]bis(2,2'-bipyridine)ruthenium(II)) dihexafluorophosphate 

([Ru-Ref](PF6)2)) and the multinuclear complexes [Ru2-Dend](PF6)4, [Ru4-Dend](PF6)g and [Ru8-
Dend](PF6)i66 were obtained by Roche Diagnostics GmbH. L-(+)-2,6-diamino-7V-caproic acid (Lys, 

Bachem),, A^-L-Lysyl-L-Lysinetrihydrochloride (Bachem), animoniumhexafluorophosphate (Aldrich), 

trifluoroaceticc acid (TFA, Merck), tri-n-propylamine (Aldrich), dimethylformamide (Acros, synthesis 

grade)) and acetonitrile (Merck, HPLC grade) were used as received. For electrochemistry, acetonitrile 

(Acros,, synthesis grade) was dried over CaH2 and freshly distilled under nitrogen prior to use. 

Tetrabutylammoniumm hexafluorophosphate (Bii4NPF6, Aldrich) was recrystallized twice from ethanol 

andd dried overnight under reduced pressure at 60 °C. Ferrocene (Aldrich) was used as supplied. 

Syntheses.. [Ru2-Lys](PF6)4. Z,-(+)-2,6-diamino-/V-hexanoic acid (Lys, 30 mg, 0.108 mmol) in 

phosphatee buffer solution (10 ml, pH 7.4) was added dropwise to [Ru(bpy>2 (bpyOSu)](PF6)2 (500 mg, 

0,4733 mmol) previously dissolved in dimethylformamide (20 ml). After stirring at room temperature 

overnight,, the solvents were removed under reduced pressure at 40 °C. Purification was performed by 

preparativee HPLC with Millipore water and acetonitrile (both containing TFA, 0.1%) as eluent, 

followingg a gradient method (0 to 40% acetonitrile in 120 min. The collected fractions containing the 

productt were regrouped according to the analytical HPLC retention time, and stored, after addition of 

aa saturated aqueous NRtPFt, solution, overnight at 4 °C. The precipitate was filtered off, washed with 

waterr and dried under vacuum at 60 °C, to give the product as pure orange powder. 

Yield:Yield: 311 mg (75%). In the NMR assignments the traditional numbering scheme for bpy ligands is 

used.. The substituted bpy ligands are denoted by an added "a" after the number, and for this ligand the 

twoo different rings are indicated by nothing and a prime, respectively. 'H NMR (CD2CI2): 8.41 (m, 

8H,, 3), 8.35/8.34 (2s, 4H, 3a+3a'), 8.03 (m, 8H, 4), 7.64-7.88 (m, 8H, 6), 7.36-7.52 (m, 12H, 

5+6a+6a'),, 7.25/7.21 (2d, J = 3.3 Hz, 4H, 5a+5a'), 6.90 (s, 1H, CH(COOH)-NH), 6.24 (s, 1H, 

CH(COOH)-(CH2)4-NH),, 4.23 (s, 1H, COOH), 3.65 (m, 1H, CH(COOH)), 3.14/3.06 (2 m, 2H, 

CH(COOHHCH2)3-CH2),, 2.83 (m, 4H, C(0)-CH2), 2.54 (s, 6H, bpy-CH3), 2.32/2.22 (2m, 4H, bpy-

CH2),, 2.01 (br m, 4H, bpy-CHrCHj), 1.55 (br m, 4H, CHtCOOHJ-CHz-CHj-CHj), 1.28 (br m, 2H, 

CHfCOOHVCHrCHj)) ppm. ESI-MS: m/z 483.7 [M+ - 4PF6 - H], 362.3 [M+ - 4PF6]. 

[Ru3-LysLys](PF6)6.. This compound was synthesized following the procedure described for (Ru2-
Lys](PF6)44 A^-L-Lysyl-Z-Lysine-trihydrochloride (29 mg, 0.075 mmol) in phosphate buffer solution 

(100 ml, pH 8) was added dropwise to [Ru(bpy)2(bpyOSu)](PF6)2 (350 mg, 0.302 mmol) in 

dimethylformamidee (50 ml). The product was obtained as an orange powder. 

Yield:: 105 mg (45%). NMR numbering as for the previous compound. *H NMR (CD3CN): 8.48 (m, 

12H,, 3), 8.39 (m, 6H, 3a+3a'), 8.04 (m, 12H, 4), 7.71 (m, 12H, 6), 7.53 (m, 6H, 6a+6a'), 7.39 (m, 12H, 

5),, 7.23 (m, 6H, 5a+5a'), 6.97/6.69 (2 t, 1H, NH), 6.44 (m, 2H, NH), 4.24 (br s, 1H, COOH), 3.04 (m, 

2H,, CH(COOH)-(CH2)3-CH2), 2.78 (m, 4H, C(0)-CH2), 2.52 (s, 6H, bpy-CH3), 1.5-2.3 (br m, 12H, 

bpy-CHrCH2++ CH(COOH)-CH2-CH2-CH2), 1.40/1.32 (2 m, 2H, CH(COOH)-CH2-CH2) ppm. ESI-

MS:: m/z 556.7 [M+ - 6PF6 - 2H], 445.7 [M+ - 6PF6 - H]. 
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Generall  Techniques. Analytical HPLC was performed on a Merck Hitachi apparatus equipped with 

LL 7100 HPLC pump, L 7200 autosampler, L 7400 UV-detector, 3612 ERC Erma degasser and Vydac 

C188 (300 A, 5 um) column. The set-up for preparative HPLC was equipped with a Gynkotek pump 

(M480P),, a Soma detector (S-3710), a Abimed automatized fraction collector (M202), a Vydac C18 

(3000 A, 15-20 um, 50-250 mm) column. Electron Spray Ionisation (ESI) mass spectra were measured 

onn a Platform II (Micromass) spectrometer. Cyclic voltammetry (CV), chronoamperometry and 

voltammetryy at ultramicroelectrode (UME) were performed with a gastight single-compartment cell 

underr an atmosphere of dry nitrogen or argon. For conventional CV and chronoamperometry, the cell 

wass equipped with Pt disk working (apparent surface area of 0.42 mm2), Pt wire auxiliary, and Ag 

wiree pseudoreference electrodes. The working electrode was carefully polished with a 0.25 jam-grain 

diamondd paste between scans. The UME working electrode was a home-made d = 10 um Pt disk. The 

potentialpotential control was achieved with a PAR Model 283 potentiostat. For chronoamperometry, the 

potentialpotential was stepped from a value typically 100-300 mV less positive than the oxidation potential of 

thee complex to a value 100-300 mV more positive. All redox potentials are reported against the 
46 6 

ferrocene-ferroceniumm (Fc/Fc ) redox couple used as an internal standard (E°i/2 - + 0.63 V vs 
477 40 

NHE).. Ferrocene also served as standard forD and «„pp determination. In this procedure, Rchnmo was 

determinedd as average between different potential step durations t, within the range of 15-300 ms 

aroundd the value of Te = 53 ms, calculated for ferrocene (£>(Fe) = 1.9 x 10"scmV) and the UME 

employedd (r0 = 5 urn). For each experiment it was checked that Tc, calculated using the value of D 

determinedd experimentally for the investigated complexes, was falling within the range of time t 

appliedd in the chronoamperometric measurements. The acetonitrile solutions of ca. 4 x 10"*  M 

complexx were prepared under nitrogen. 10"' M Bu4NPF6 was used as supporting electrolyte. 

UV/Vi ss spectra were recorded on a Hewlett Packard 8453 diode-array spectrophotometer. Emission 

spectraa were recorded on a Spex 1681 spectrophotometer. All emission spectra were corrected for the 
34 4 

photomultiplierr response. 
44 4 

ECLL studies were performed using an Elecsys® instrument (Roche Diagnostics GmbH). It 

consistss of an automatized system for handling the solutions, a flow-through chamber cell, a 

potentiostatt and a red-sensitive photomultiplier tube, placed above an optically transparent window of 

thee cell. The cell was equipped with a sheet platinum working electrode (4.8 mm x 5.0 mm) and a 

platinumm auxiliary electrode made of two wires symmetrically placed above the working electrode. As 

reference,, an Ag/AgCl (KC1 saturated) electrode was employed. Solutions for ECL homogeneous 

assayss were prepared in phosphate buffer (3 x 10"1 M phosphate salt in deionised water) containing 1.8 

xx 10"' M tri-M-propylamine. The pH value was adjusted to 6.8 with NaOH or H3PO4 aqueous solutions. 

Non-ionicc surfactant was added, when required, in concentration above its critical micellar 

concentrationn (cmc). Solutions were 10"8 mol dm"3 in ruthenium units for [Ru-Ref]2+, [Ru2-LysJ4+ and 

[RuS-LysLys]** ,, and 108 mol dm"3 of the complex for |Ru2-Dend|4+, |Ru4-Dend]8+ and [Ru8-

Dend]1^ .. Solutions for ECL heterogenous progesterone immonoassays contained (0.32 x 10"9 M) 

multimetallicc complex, (0.32 x 10'9 M) biotin-antibodies conjugates, streptavidin-coated nanoparticles 

withh biotin binding capacity of 0.24 x 10"3 M, (1.8 x 10"' M) TPrA and non-ionic surfactant. For [Ru8-

Dend]1***  solutions were 0.16 x 10"9 M in the multimetallic complex and 0.16 x 10"9 M in biotin-
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antibodiess conjugates. Solutions for heterogeneous assays were measured after a few minutes of 

incubationn time. Estimated experimental error for the reported ECL intensities is 5 %. 
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Spectroscopicc Properties of Dendritic Ruthenium 

Complexes s 

InIn this Chapter the syntheses and photophysical investigation of three ruthenium complexes with dendritic 

ligandsligands are presented. As metal core [Ru(4,7-(SO3-Ph)2-phen)J*~ (4,7-(SO}-Ph)2-phen = 4,7-(diphenylsulfonate)-

1,10-phenantroline)1,10-phenantroline) was used, which is known to have a lifetime of 3.8 fjs in deaerated water at room 

temperature.temperature. The complexes exhibit lifetimes of ca. 10 /is in butyronitrile rigid matrix and of ca. 7 fjs in 

deaerateddeaerated acetonitrüe solution at room temperature. Protection effect of the dendritic branches towards 

dioxygendioxygen quenching is observed; the quenching rate constants indeed decrease upon increasing their length. 
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5.11 Introduction . 

Dendrimerss are well-defined macromolecules with tree-like structure that have recently 
1,2 2 

attractedd a lot of attention for both fundamental and applied research. Particularly 
interestingg are the dendrimers bearing metal centres that are able to perform specific 
functions,, such as photoinduced processes or redox reactions. Metallodendrimers have indeed 

1,2 2 

beenn studied for various applications, e.g. as catalysts, sensors, and molecular antennas. The 
metall  centres can be incorporated in topologically different parts of the dendrimer: in the 
repetitivee motif of the dendritic branches, at the peripheral units, or encapsulated in the core. 
Inn Chapter 4 examples of multinuclear complexes were shown where up to eight [Ru(bpy)3]

2+ 

moietiess were bound at the peripheral units of a peptidic dendrimer. Dendrimers were there 
usedd as carriers to increase the number of electrochemiluminescence (ECL) active units 
([Ru(bpy)3]

2+)) per ECL immunoassay label. Binding of the ruthenium centres at the periphery 
off  the dendritic structure prevented steric hindrance of the metal units and allowed retention 
off  the electronic properties of the chromophores. 

Encapsulationn of a photoluminescence centre in the core of a dendritic structure can be, on 
thee other hand, of high interest for different applications. In time-resolved fluorescence (TRF) 

33 4 

immunoassayss and high throughput screening assays the signal of the fluorescent label is 
readd after the decay of the background fluorescence, that is due to biological molecules 
presentt in the assay solution and emitting on the nanosecond time scale (see also Chapter 1, 
Sectionn 1.1). Therefore, the availability of labels with long emission lifetime is fundamental. 
Lanthanidess are already extensively used for TRF applications, due to their long excited-state 

1,3,5 5 

lifetime,, of a few milliseconds. Recently, labels emitting on a shorter time scale 
(microseconds)) have been increasingly demanded, in order to decrease the accumulation time 
perr assay. Ruthenium complexes with properly chosen ligands, such as [Ru(4,7-(S03-Ph)2-
phen)3]

4""  (4,7-(S03-Ph)2-phen = 4,7-di(phenylsulfonate)-l,10-phenantroline), are known to 
exhibitt in deaerated solutions excited-state lifetimes of up to a few microseconds. They are 
thereforee suitable candidates for TRF applications. However, the lifetime strongly decreases in 
thee presence of oxygen. Encapsulation of the photoluminescent [Ru(bpy)3]

2+ units in the core 
off  a dendrimer has been reported to decrease the emission quenching due to molecular oxygen 

88 9 

too an extent that depends on the chemical nature and size of the dendritic branches. ' Because 
molecularr oxygen can not be avoided in immunoassays, dendrimers can be a powerful tool to 
achievee desired excited-state lifetimes and high luminescence quantum yields in its presence. 

Duee to the strong interest in this field, we have designed, in collaboration with the group of 
Prof.. F. Vogtle (University of Bonn, Germany), three metal complexes with dendritic 
branchess of increasing length, that will be hereinafter indicated as [Ru(l)3]

2+, [Ru(2)3]
2+and 

[Ru(3)3]
2++ (see Scheme 5.1). As metal core we used the complex [Ru(4,7-(S03-Ph)2-phen)3]

4~, 
6,7 7 

knownn to have lifetime of 3.8 us in deaerated aqueous solution. In this Chapter the 

82 2 
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photophysicall  properties of the three complexes are presented and the effect of the dendritic 

ligandss is discussed. The reference compound [Ru(4,7-(SO,-Ph),-phen),]4~ is also discussed. 

cVSf f 9JJ tPp 
dd b 

Ck k 

r r 
rO rO 

KK  'Ha?'  /<U 

[Ru(3)3p p 

Schemee 1. Molecular structures of the complexes [RU(1)3]
2T, [RU(2)3]

2+ and [Ru(3)3]
2 

5.22 Photophysical Properties. 

Thee UV/Vi s absorption spectra for the investigated complexes [Ru(l)3] , [Ru(2)3] and 

[Ru(3)3]
2++ and the reference compound [Ru(4,7-(S03-Ph)2-phen)3]

4~ are depicted in Figure 

5.1.. In Figure 5.2 the emission spectra of [Ru(l)3]
2+ and [Ru(2)3]

2+ are reported. The 

spectroscopicc data for [Ru(l)3]
2+, [Ru(2)3]

2+and [Ru(3)3]
2+ in acetonitrile are summarized in 

83 3 



ChapterChapter 5 

Tablee 5.1. Data for [Ru(4,7-(S03-Ph)2-phen)3]
4" are also included for comparison, they are 

reportedd for aqueous solution due to the poor solubility of the complex in acetonitrile. 

EE 20 

300 0 4000 500 

/UU nm 

Figuree 5.1. UV/Vis spectra of [Ru(l)3]
2+ (— —), [Ru(2)3]

2+ (- -) and [Ru(3)3]
2+ (•• 

acetonitrile.. Inset: UV/Vis spectra of [Ru(4,7-(S03-Ph)2-phen)3]
4" in water. 

•)in n 

Tablee 5.1. UV/Vis absorption and luminescence data of [Ru(l)3]
2+, [Ru(2)3]

2+and [Ru(3)3]
2+ 

inn acetonitrile air-equilibrated solutions, unless otherwise noted. 

Abs s 

Kax,Kax, nm 

465 5 

465 5 

466 6 

465 5 

/Imax,, nm 

614" " 

614 4 

613 3 

615 5 

r,, ns 

(aer.) ) 

940 0 

290 0 

420 0 

700 0 

Luminescence e 

r,, us 

(deaer.) ) 

3.7 7 

7.3 3 

6.9 9 

7.1 1 

(4m m 

0.014 4 

0.022 2 

kkqq x 10-9, 

Ms"1" " 

2.7 7 

1.7 7 

1.2 2 

0.68 8 

T,T, US* 

9.4 4 

10.1 1 

10.2 2 

[Ru(4,7-(S03--
Ph)2-phen)3]

4c c 

[Ru(l)3]
2+ + 

[Ru(2)3]
2+ + 

[Ru(3)3]
2+ + 

"k"kqq refers to dioxygen quenching constant rate. AAt 77 K. cData in H20. rfRef 
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Thee UV/Vis spectra of the complexes [Ru(l)3] , [Ru(2)3] and [Ru(3)3] are very similar 
too that of the reference compound [Ru(4,7-(SC>3-Ph)2-phen)3]4~, with the diphenyl-
phenanthrolinee intraligand (IL) absorption band (at 277 nm) and the cURu) to 7i*(phen) 
MLCTT band (at 465 nm) that remain nearly at the same energy (Figure 5.1). This proves that 
thee linkage of dendritic branches and their different lengths do not substantially affect the 
electronicc properties of the ruthenium core [Ru(4,7-(S03-Ph)2-phen)3]4". The absorption band 
duee to transitions at the benzyl groups, in the dendritic complexes, overlaps the diphenyl-
phenanthrolinee intraligand band at 277 nm, yielding an extinction coefficient that increases in 
thee series [Ru(l)3]

2+, [Ru(2)3]
2+and [Ru(3)3]

2+. 

2 2 

CD D 

^^  1 

5500 600 650 700 750 800 

XIXI n m 

Figuree 5.2. Emission spectra of [Ru(l)3]
2+ ( ), [Ru(2)3]

2+ ( ) in air-equilibrated acetonitrile 

(̂ xcc = 450 nm). 

Thee complexes [Ru(l)3]2+, [Ru(2)3]2+and [Ru(3)3]2+ emit from the lowest 3MLCT excited 

state,, at the same wavelength as the reference compound (ca. 614 nm), see Figure 5.2 and 

Tablee 5.1. More interesting is the trend observed for the excited state lifetimes. In air-

equilibratedd acetonitrile, the lifetimes increase in the series [Ru(l)3]2+, [Ru(2)3]
2+ and 

[Ru(3)3]2+,, being 290, 420 and 700 ns, respectively. In contrast, the lifetimes measured for the 

threee complexes in deaerated acetonitrile solutions are the same within experimental error, 

beingg respectively 7.3, 6.9 and 7.1 us. For the reference complex [Ru(4,7-(S03-Ph)2-phen)3]
4", 

excitedd state lifetimes of 940 ns and 3.7 us were measured in air-equilibrated and deaerated 

aqueouss solutions, respectively. At low temperature, in butyronitrile rigid matrix at 77 K, the 

lifetimess of the dendritic complexes become 10 us, similar to the 9.4 us decay time measured 
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forr the reference complex [Ru(4,7-(S03-Ph)2-phen)3]
4~ at 77 K in EtOH/MeOH (4:1) rigid 

matrix. . 

Thee similar lifetimes determined in rigid matrix at low temperature suggest that the 

electronicc properties of the ruthenium metal core of the investigated complexes are similar to 

thosee of the reference compound. The long excited state lifetime of the ruthenium diphenyl-

phenantrolinee core, as compared to [Ru(bpy)3]2+ ( r= 5.1 us in a butyronitrile rigid matrix at 

777 K) is known to be due to the larger n derealization and rigidity of the chelating ligand. 

Derealizationn and rigidity of the accepting ligand decrease the change in equilibrium 

displacementt between the ground and excited states, thereby decreasing excited/ground state 
12-17 7 

vibrationall  overlap and causing smaller non-radiative rate constants. For the bipyridine 

complexx (1.6 x 107 s"1) knr is approximately four times that of the phenanthroline compound 
122 17 

(3.88 x 106 s') in acetonitrile at 298 K, even though they emit at comparable energies. 
Fromm the Franck-Condon analysis of emission spectra, it follows that the bpy ligand is more 
distortedd in the excited state than phen, because of larger rigidity of the latter. 

Att room temperature, [Ru(l)3]2+, [Ru(2)3]2+ and [Ru(3)3]2+ have longer lifetimes than the 
referencee [Ru(4,7-(S03-Ph)2-phen)3]4" under deaerated conditions. This could be due to 
smallerr non-radiative rate constants for the dendritic compounds, caused by a larger rigidity 
inducedd by the branches. However, it must be noted that the measurements where performed 
inn different solvents, thus more efficient non-radiative decay via O-H vibrational modes in 
aqueouss solution might also explain the observed differences. The shorter lifetimes measured 
forr the investigated complexes under air-equilibrated conditions, as compared to the reference 
compound,, may be due to the different dioxygen concentration in the two solvents ([O2] = 1.9 
xx 10~3 M in acetonitrile and 0.29 x 10"3 M in water at 293 K). Further measurements should, 
however,, be performed for a better understanding of the different behaviours. 

Besidee these effects related to the first coordination sphere of the compounds, we observe 
somee interesting phenomena related to the dendritic structure. Increasing the dendrimer 
generationn from [Ru(l)3]2+ to [Ru(3)3]2+, the excited state lifetimes increase in aerated 
solutionss (see Table 5.1). The quenching of fairly long-lived excited states by molecular 
oxygenn contained in the solvents is a well-known phenomenon, that can involve both energy 
andd electron transfer. Oxygen quenching rate constants can be calculated following the Stern-

13 3 

Volmerr equation (Eq. 5.1) 

^/r=l+Jtqzp[02]]  (5.1) 

wheree z° and r are the excited-state lifetimes in deaerated and air-equilibrated solutions, 

respectively.. The kq calculated for [Ru(l)3]2+ is 1.7 x 109 M's"1, becoming smaller for 

[Ru(2)3]
2++ (1.2 x 109 M's1) and [Ru(3)3]

2+ (0.68 x 109
 M'S"1), Table 5.1. The £q values 
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decreasee upon increasing the length of the dendritic branches of the complexes. A similar 
effectt was already observed for other dendritic ruthenium complexes with different metal 
cores,, proving that the presence of long branches around it decreases the quenching rate by 
dioxygen.. The role played by the dendrimers is not yet completely clear in this respect. The 
lesss effective dioxygen quenching of the 3MLCT excited state of the ruthenium core on 
increasingg the dendrimer generation may depend on different factors: 1) decrease of the 
diffusionn rate constant of the metal complex, thereby lowering the probability of encountering 
aa molecule of oxygen; 2) lower solubility of the dioxygen in the interior of the dendrimer; 3) 
preferentiall  solvation of the metal core by dendrimers, hindering suitable orbital overlap for 
energyy or electron transfer. 

5.33 Conclusions 

Wee have investigated the spectroscopic properties of three metallodendrimers containing a 
derivativee of [Ru(4,7-(S03-Ph)2-phen)3]4~, as metal core, and dendritic branches of different 
lengthss and complexities. The presence of the dendritic substituents at the chelating ligands of 
thee ruthenium ion does not much affect the energy of the excited states of the luminescent 
metall  core, while it has a shielding effect on it. Excited-state quenching by molecular oxygen 
becomess in fact less effective upon increasing the size of the dendritic substituents, as shown 
byy the quenching rate constants that decrease upon increasing the dendrimer generation. 

Byy means of larger dendrimers, the excited state lifetime in air-equilibrated acetonitrile 
couldd be further prolonged, reaching a value close to the luminescence decay time of 7us 
measuredd for the investigated complexes under deaerated conditions. This could be of great 
interestt for diagnostics applications, in particular where non-aqueous environments are 
required,, such as technologies where the chromophores are encapsulated in organic 
nanoparticles.. Furthermore, upon judicious choice of the peripheral units the hydrophilicity of 
thee metallodendrimers can be tuned, and they can be suitable for assays in aqueous solutions. 

5.44 Experimental Section 

Materials.. Spectroscopic grade acetonitrile, butyronitrile, ethanol and methanol (Fluka) were used 
ass received. The ligands were prepared by the group of Prof. F. Vögtle at the University of Bonn, 
whilee the ruthenium complexes were synthesized in our laboratories by Uwe Hahn following the 
generall  procedure described below and depicted in Figure 5.3. 
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Figuree 5.3. General scheme for the synthesis of the investigated complexes [Ru(l)3]
2+, [Ru(2)3]

2+ and 
[Ru(3)3]

2+. . 

Synthesiss of [Ru(l)3](PF6)2, [Ru(2)3](PF6)2 and [Ru(3)3](PF6)2. 0.031 mmol of the dendron and 

0,011 mmol of RUCI32H2O were dissolved in 15 ml of diethylene glycol in the presence of few drops 

off  water. The solution was refluxed in a modified microwave oven for twice two minutes at 450 W. 

Thee orange solution was evaporated to dryness and 10 ml of water were added. The solution was 

treatedd with CH2CI2 to extract unreacted ligand. A saturated aqueous solution of NH4PF6 was added 

andd an orange precipitate was obtained. The mixture was filtered over celite, the precipitate washed 

withh water, diethyl ether and eluted with acetone. Thin-layer chromatography (eluent: H20/Na0 

(10%)) and CH3CN 1:3) showed that only one compound was present, which was strongly luminescent 

underr UV radiation. Yield 70%. 

[Ru(l)3](PF6)2:: 'H-NMR (400 MHz, Aceton-d6, 25°C); 8 [ppm] = 4.04 (br s, 12H, NC//2), 6.91-7.10 

(m,, 30H, ƒƒ„), 7.62-7.78 (m, 18H, ƒƒ„), 7.83 (s, 6H, //ar), 7.91 (m, 6H, ƒƒ„), 8.01 (s, 6H, H„),  8.57 (s, 

6H,, Hn). I3C-NMR (100.6 MHz, Aceton-dj, 25°C); 8 [ppm] = 47.7 (NCH2), 127.1, 127.7, 128.2, 

128.7,, 129.1, 129.8, 131.1, 134.3, 137.4, 138.2, 143.3, 148.5, 149.6, 153.9 (Car) 

[Ru(2)3](PF6)2:: 'H-NMR (400 MHz, Aceton-d6, 25°C); 5 [ppm] = 4.11 (br s, 12H, NC//2), 4.86 (s, 

24H,, OCH2), 6.35 (s, 6H, //ar), 6.45 (s, 12H, H„),  7.14-7.31 (br m, 60H, Ha), 7.70-7.79 (m, 18H, //„) , 

7.96-8.044 (m, 18H, Ha), 8.60 (m, 6H, /ƒ„). I3C-NMR (100.6 MHz, Aceron-d*, 25°C); 8 [ppm] = 47.7 

(NCH(NCH22),), 70.4 (OCH2), 101.7, 107.7, 127.1, 127.8, 128.4, 128.6, 129.2, 129.7, 131.0, 134.3, 137.2, 

138.0,, 140.6, 143.5, 148.4, 149.5, 153.8, 160.8 (Car) 

[Ru(3)3l(PF6)2:: 'H-NMR (400 MHz, Aceton-d6, 25°C); 8 [ppm] = 4.00 (br s, 12H, NC//2), 4.83 (s, 

48H,, OCH2), 4.88 (s, 24H, OCH2), 6.24-6.42 (m, 72H, Har), 6.56 (m, 12H, H„),  7.00-7.24 (m, 90H, 

ƒƒ„,.),, 7.50 (m, 18H, //„) , 7.73-7.91 (m, 18H, //ar), 8.33 (m, 6H, //ar). '3C-NMR (100.6 MHz, Aceton-ds, 

25°C);; 8 [ppm] = 47.3 (NCH2), 69.8, 70.2 (OCH2), 101.9, 102.1, 106.9, 107.3, 127.1, 128.4, 128.6, 

128.8,, 129.1, 129.8, 131.1, 134.3, 137.4, 138.2, 140.0, 143.3, 144.2, 148.5, 149.6, 153.9, 160.7, 160.8 

(Car). . 
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Generall  Techniques. UV/Vi s spectra were recorded on a Hewlett Packard 8453 diode-array 

spectrophotometer.. Emission and excitation spectra were recorded on a Spex 1681 spectrophotometer. 

Al ll  the emission spectra were corrected for the photomultiplier response. 

Time-resolvedd emission studies were performed at single wavelength, using a continuously tuneable 

(400-7000 nm) Coherent Infinity XPO laser as excitation source. The emission light was collected in an 

Oriell  monochromator, detected by a P28 PMT (Hamamatsu), and recorded on Tektronix TDS3052 

(5000 MHz) oscilloscope. A photodiode was used as external trigger source. 

Luminescencee quantum yields were measured in optically dilute solutions, using [Ru(bpy]b]Cl2 in 
18 8 

H200 ((Pen, = 0.028) as reference emitter. Estimated experimental errors in the reported data are as 

follows:: absorption and emission maxima  2 nm, emission lifetimes 8 %, emission quantum yields

200 %. Where required, deaerated solutions were prepared by freeze-pump-thaw technique on a 

vacuumm line. 
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(Spectro)electrochemicall  and Photophysical 

Studyy of Homodinuclear Ruthenium(II) and 

Osmium(II)) Complexes with 

Bridgingg Bis-(dipyridophenazine) Ligand. 

TheThe (spectro)electrockemical and photophysical properties of [(bpy)2Ru(bidppz)Ru(bpy)^4Jr, 

[(bpy)20s(bidppz)Os(bpy)z][(bpy)20s(bidppz)Os(bpy)z]4+4+ and the bridging ligand bidppz (bpy = 2,2'-bipyridine, bidppz = 1,1'-

dipyrido[3,2-a:2dipyrido[3,2-a:2 ',3 '-cjphenazin-l, '-cjphenazin-l, 1 '-yldipyrido[3,2-a:2', 3 '-cjphenazine) are investigated. Time-resolved 

spectroscopicspectroscopic studies were performed on (sub)pico- to microsecond time scales, offering insight into the excited 

statesstates responsible for the solvent-dependent photophysical behavior of the two complexes. In particular, 

f(bpy)2Ru(bidppz)Ru(bpy)rff(bpy)2Ru(bidppz)Ru(bpy)rf4+4+ shows long excited state lifetime, 9.7 ps, in deaerated dichloromethane solution, 

thatthat becomes much shorter (360 ns) in deaerated butyronitrile. The solvent plays a crucial role for the 

spectroscopicspectroscopic properties of this complex, since the energy of the triplet metal-to-ligand charge-transfer fMLCT) 

statestate is influenced by the polarity of the medium. (Sub)picosecond transient absorption spectra in 

dichloromethanedichloromethane indicate thermal population of the long-lived triplet intraligand (*IL)  state of the bridging 

ligandligand from the higher lying 3MLCT state. For f(bpy)2Os(bidppz)Os(bpy)J4+ in dichloromethane the }MLCT 

statestate lies low in energy and no interaction of this state with the 3IL state of the bridging ligand is observed. 
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6.11 Introductio n 

Onee of the strategies employed to elongate the excited-state lifetime of ruthenium 
polypyridyll  complexes has been the use of flat aromatic ligands as appended moieties or as 
partt of the chelating unit coordinated to the metal ion. In some conditions, they are indeed 
ablee to induce an equilibrium between their long lived triplet intraligand (3IL) excited state 
andd the triplet metal-to-ligand charge transfer (3MLCT) excited state of the ruthenium unit, 

,, 1-3 

resultingg in a longer MLCT emission decay time. 

e e 

[M-bidppz-M] s* * 

[Ru-dppz] 2* * 

MM = Ru: [Ru-bidppz-Ru ] 

MM = Os: [Os-bidppz-Os ] 

[M-bidppz-M p p 

Schemee 6.1. Schematic representation of the investigated compounds and the reference complex [Ru-
dppz]2*. . 

Inn this regard, among the most investigated systems are the ruthenium polypyridyl 
2,3 3 

complexess containing either a pyrene or a dppz (dppz = dipyrido[3,2-a:2',3'-
4-11 1 

c]phenazine)) unit (see also Section 1.5). In particular, ruthenium dppz complexes have 
stimulatedd a lot of research due to their "light switch" behavior in aqueous solution in the 

4-6,111 6,8,9,11,12 

presencee of DNA. The photophysical properties of dppz metal complexes are 
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ratherr intriguing, as well as those of several similar systems containing pyrido-phenazine unit 
13-18 8 

ass part of the bridging ligand. The presence of an electron withdrawing group, such as the 
phenanzinee moiety, and the weak electronic interaction between this unit and the 
phenanthrolinee chelating site have attracted a lot of attention. 

Inn our study a bridging ligand (l,r-dipyrido[3,2-a:2\3'-c]phenazine-l,l'-yldipyrido[3,2-
19,20 0 

a:2',3'-c]phenazine,, bidppz) ' consisting of two dppz moieties linked by a single C-C bond 
hass been employed to construct two luminescent dinuclear homometallic systems containing 
rutheniumm or osmium units. The two metal units bind ancillary 2,2'-bipyridine ligands. The 
homometallicc complexes are indicated hereinafter as [Ru-bidppz-Ru]4+ and [Os-bidppz-
Os]4+(Schemee 6.1). 

Inn this Chapter the (spectro)electrochemical and the photophysical properties of the two 
complexess are presented. The mononuclear [Ru-dppz]2*  complex (Scheme 6.1) is also 
discussedd as the reference compound. By time-resolved spectroscopic investigations 
performedd in a wide time-resolution range (from (sub)pico- to microseconds) and in different 
solvents,, insight into the excited states responsible for the spectroscopic behavior of the two 
complexess is obtained. 

Furthermore,, the spectroscopic properties and switching behavior of the electrochemically 
two-electronn reduced ruthenium dinuclear complex are presented. 

6.22 Results and Discussion. 

6.2.16.2.1 Redox properties. 

Thee electrochemical data for the complexes [Ru-bidppz-Ru]4+ and [Os-bidppz-Osl4+, and 
thee reference compounds [Ru-dppz]2+, [Ru(bpy)3]

2+ and Os[(bpy)3]
2+, are summarized in 

Tablee 6.1. The cyclic and differential pulse voltammograms (CV and DPV) for (Ru-bidppz-
Ru]4++ are reported in Figure 6.1. 

Thee voltammograms of [Ru-bidppz-Ru]4+ and [Os-bidppz-Os]4+ are consistent with 
metal(II)-basedd oxidations and several ligand-based reductions. 

Inn the cathodic region, the first two steps occur at-1.23 and -1.42 V for [Ru-bidppz-Ru]4+, 
andd at -1.22 and -1.41 V for [Os-bidppz-Os|4+. On the basis of the integrated DPV current 
intensitiess they are consistent with two one-electron reduction processes (see Figure 6.1 for 
|Ru-bidppz-Ru]4+).. These redox potentials are close to that of [Ru-dppz]2*, -1.39 V (Table 

9,21 1 

6.1),, where the first reduction occurs at the phenazine part of the dppz ligand. Thus, the 

firstfirst two steps in [Ru-bidppz-Ru]4+ and [Os-bidppz-Os]4+ are assigned to the consecutive 

reductionn of the two phenazine moieties of the bridging ligand. For the dppz and dppz-

basedd ligands, such as tpphz (tpphz = tetrapyrido[3,2-a:2',3'-c:3",2"-/i:2'"3"'-y]phenazine),18 

thee lowest unoccupied molecular orbital (LUMO) is mainly localized on the phenazine part of 
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thee ligand, with negligible contribution by the two coordinating nitrogen atoms of their 
phenantrolinee part. By analogy, we can expect a similar situation for bidppz, in agreement 
withh the electrochemical data. Furthermore, in |Ku-bidppz-Ru]4+ and [Os-bidppz-Os]  + a 
poorr electronic communication exists between the coordinated metal ions and the phenazine 
units,, explaining the negligible effect of the nature of the metal ion on the fust two reduction 
potentials.. By contrast, the separation of the two cathodic waves of the bridging ligand points 
too a strong electronic communication between the two phenazine moieties. 

Tablee 6.1. Electrochemical data of the investigated complexes and reference compounds" 

Complex x 

[Ru-bidppz--
Ru]4+ + 

[Os-bidppz-Os]4+ + 

[Ru-dppz]2+ + 

[Ru-dppz]2+* * 

[Ru(bpy)3]
2+ + 

[Os(bpy)3]
2+ + 

bidppz"2M M 

-2.26(1) ) 

-2.233 (1) 

bpy-,/00 bidppz-2M 

-1.80(2)) -1.42(1) 

-2.044 (2) 

-1.74(2)) -1.41(1) 

-2.033 (2) 

-1.80(1) ) 

-2.06(1) ) 

-1.73(1) ) 

-1.93(1) ) 

-1.72(1) ) 

-- 1.93(1) 

-1.59(1) ) 

-1.77(1) ) 

bidppz1/0 0 

-1.23(1) ) 

-1.22(1) ) 

dppz,/00 Ru1™ Os1171" 

+0.911 (2) 

+0.477 (2) 

-1.39(1)) +0.94(1) 

- 1 2 33 W
 + 0.95(1) 

(irrev) ) 

+0.89(1) ) 

+0.45(1) ) 

"Redoxx potentials (Ev2) in Voltvs Fc/Fc+, in butyronitrile at 293 K. In brackets, the number 

off  transferred electrons. ̂ Experiment in the presence of one equivalent of CF3SO3H. cCathodic 

processs coupled to protonation, A£p = 1.46 V for the chemically reversible process. 

Thee third and fourth steps of [Ru-bidppz-Ru]4+ (-1.80 and -2.04 V) and [Os-bidppz-Os]4+ 

(-1.744 and -2.03 V) occur as two bielectronic cathodic waves assigned to two pairwise one-
electronn reductions of the bipyridine ligands at the remote metal centers. They are shifted to 
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moree negative potentials than the first two reductions of the bpy ligands in [Ru(bpy)3]
2+ (-

1.722 and -1.93 V) and [Os(bpy)3]
2+ (-1.59 and -1.77 V), respectively, as a result of the 

coulombicc repulsion due to the electron density on the primary reduced bridging ligand, 
bidppzz ". The pair-wise response of the ancillary bipyridine ligands to the reduction indicates 
ann inefficient electronic interaction between the ruthenium centers across the presumably 
planarr two-electron reduced bidppz2" bridging ligand (see Scheme 6.1). 

AA fifth step is observed for [Ru-bidppz-Ru]4+ and [Os-bidppz-Os]4+ as one-electron wave 
att -2.26 and -2.23 V, respectively, ca. 1.0 V more negatively than the first bidppz-localized 
reductionn in the two dinuclear complexes. Similar potential difference has been reported for 
thee first and second reductions of the dppz ligand in [Ru-dppz]2+. By analogy, the fifth step 
iss then assigned to the further reduction of the bridging ligand to bidppz3". 

Inn the anodic region, [Ru-bidppz-Ru]4+ and [Os-bidppz-Os]4+ are oxidized at +0.91 and 
+0.477 V, respectively, in an unresolved doubly one-electron process, which once again 
revealss a weak electronic communication between the two metals. Similar potential difference 
iss commonly observed for other osmium complexes and their isostructural ruthenium 

22,233 24 25 

ones,, consistent with the higher energy of the 5d-osmium orbitals. 

11 o 

f / V v s F cc /Fc* 

Figuree 6.1 Cyclic voltammogram (top; v = 100 mV s') and differential pulse voltammogram (bottom) 
off  5 x 10"4 M [Ru-bidppz-Ru]4+, recorded at a Pt disk electrode in butyronitrile/10"1 M BiuNPFf, at 
2933 K. The asterisk indicates an overlapping adsorption peak. 

6.2.26.2.2 UV-Vis steady-state absorption. 

UV-Vi ss absorption spectra were recorded for the investigated complexes [Ru-bidppz-
Ru]]  + and [Os-bidppz-Os]4+ and, for easier assignments, for the uncoordinated bidppz ligand 
inn dichloromethane, Figure 6.2. Changing the solvent to acetonitrile causes only minor 
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changes.. The UV-Vi s absorption data are summarized in Table 6.2. Due to the poor solubility 

inn all common solvents, the absorption molar coefficients of ligand bidppz could not be 

determinedd with precision. 

AA I a.u. 

Figuree 6.2 UV/Vis spectra of [Ru-bidppz-Rul4+ ( ), [Os-bidppz-Os]4+ ( ) and bidppz 

(" " •)) in CH2C12. Inset: room temperature emission spectra of [Ru-bidppz-Ru] ( -)) and 

•)) in MeOH [Os-bidppz-Osl4++ ( ) (A.exc = 460 nm), and 77 K phosphorescence of bidppz (•• 

/EtOHH matrix containing ZnCl2 (A.exc = 460 nm). 

Thee UV/Vis absorption spectra of [Ru-bidppz-Ru] 4+ and |Os-bidppz-Os]4+ show similar 

featuress (Figure 6.2). In the UV region, the band at 290 nm and the shoulder at 300 nm are 

assignedd to singlet intraligand ('iL) n-n* transitions of the ancillary bipyridines and the 

bidppzz ligand, respectively. The band at 410 nm, also present in the absorption spectrum of 

bidppzz (Figure 6.2), is referred to a 'iL jc-jt* transition localized on the phenazine moiety. In 

thee region 440-540 nm, the electronic absorption spectra of the dinuclear metal complexes 

[Ru-bidppz-Ru] 4++ and [Os-bidppz-Os]4+ show absorptions assigned to singlet metal-to-

ligandd charge transfer ('MLCT) transitions from the d* orbitals of the metal to the n* orbitals 

off the ancillary bipyridines and the bridging bidppz ligand. Absorption due to 'MLCT 

transitionss from d„ orbitals of the metal to the n* system of the phenazine part of bidppz is 

expectedd to lie at lowest energy, on the grounds of the electrochemical data. However, due to 

thee poor overlap of the d* orbitals and the n* system of the central phenazine part, the 

oscillatorr strength for this transition is too small to permit observation of the corresponding 

absorptionn band. As expected, MLCT absorption bands of [Os-bidppz-Os]4+ are red-shifted 

comparedd to the ruthenium complex. [Os-bidppz-Os]4+ also shows a weak absorption tailing 



HomodinuclearHomodinuclear Ruthenium(II) and Osmium(II) Bis-DPPZ Complexes 

moree to the red (540-680 nm), assigned to spin-forbidden electronic transitions (3MLCT 
states)) that become partially allowed due to the strong spin-orbit coupling in the osmium 

complexes. . 

Tablee 6.2. UV/Vis spectroscopic data of the investigated compounds in CH2G2 

Complex x 

[Ru-bidppz-Ru]4+ + 

[Os-bidppz-Osl4+ + 

bidppz z 

>iabss / nm (£ x 10"4 / dm3 mol^cm"1) 

2899 (13.7), 410 (5.5), 464 (sh, 3.2) 

2933 (15.9), 410 (5.8), 490 (3.4) 

297,413 3 

Thee UV-Vis absorption spectra were also recorded for the oxidized ruthenium and osmium 
dinuclearr complexes, [Ru-bidppz-Ru]6*  and [Os-bidppz-Os]6*  respectively (see Scheme 
6.1),, and for their one- and two-electron reduced species, [Ru-bidppz-Ru]n+ and [Os-bidppz-
Os]11**  with n = 3, 2 (see Scheme 6.1), using an optically-transparent thin-layer 

27 7 

electrochemicall  (OTTLE) cell. The absorption spectra of the ruthenium and osmium redox 
productss are depicted in Figures 6.3 and 6.4, respectively. 

Thee electronic absorption properties of |Ru-bidppz-Ru]4+ and [Os-bidppz-Os]4+ undergo 
similarr changes upon oxidation and stepwise reduction (Figures 6.3 and 6.4, respectively). 
Thee spectra of two-electron oxidized [Ru-bidppz-Ru|6+ and [Os-bidppz-Os]**  reveal 
disappearancee of the bands above 410 nm, consistent with their assignment to MLCT 
transitionss and the oxidation of the metal centers, while the intraligand bands in the UV 
regionn and at 407 nm become red-shifted. Upon one-electron reduction to {Ru-bidppz-Ru]3+ 

andd [Os-bidppz-Os]3+ the absorption band at 407 nm disappears, while the shoulder at 454 
nm,, in the case of the diruthenium complex, and the band at 490 nm, in the case of the 
diosmiumm complex, remain almost unchanged. Importantly, a new absorption band was 
observedd at 580 nm, overlapping with the 3MLCT absorption band in the case of [Os-bidppz-
Os]3+.. The new band was proven to correspond to an IL 71-71* transition of the phenazine 
radicall  anion. Upon the second reduction, [Ru-bidppz-Ru]2*  and [Os-bidppz-Os|2+ are 
characterizedd by decreased intensity of the band at 580 nm and appearance of a new lower-
lyingg band at 965 nm. This band is assigned to an intraligand transition within the presumably 
planarr bidppz2'  bridging ligand, most likely at the C=C-linked phenazine moieties. 
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400 0 600 0 800 0 1000 0 

Figuree 6.3 UV/Vis spectra of [Ru-bidppz-Ru] + (~ -),, |Ru-bidppz-Rur ,, [Ru-bidppz-

Ru]3**  ( ) and [Ru-bidppz-Ru]2+ ( - • - • ) in butyronitrile solution (5 x 10"4 M) with Bu4NPF6 (3 

10"'' M), recorded within an OTTLE cell. 

EE 1.0-

400 0 600 0 800 0 1000 0 

XIXI nm 

Figuree 6.4 UV/Vis spectra of |Os-bidppz-Os]4+ ( ), [Os-bidppz-Os]6+ ( ), |Os-bidppz-

Osl3++ ( ) and [Os-bidppz-Os]2+ ( - • - • ) in butyronitrile solution (5 x 10~4 M) with Bu4NPF6 (3 x 

10~'' M), recorded within an OTTLE cell. 
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6.2.36.2.3 Luminescence. 
4+ + Thee emission properties of [Ru-bidppz-Ru] and [Os-bidppz-Os] were investigated at 

2933 K, in dichloromethane and butyronitrile solutions, and at 77 K, in butyronitrile rigid 
matrix,, upon excitation at 460 nm. The bidppz ligand was investigated at 77 K, in 
methanol/ethanoll  1:4 (v/v) rigid matrix, upon excitation at 350 nm. Inset of Figure 6.2 shows 
thee emission spectra of [Ru-bidppz-Ru]4+ and [Os-bidppz-OsJ4+ in dichloromethane solution 
att 293 K, and the phosphorescence band of bidppz, at 77 K. The photophysical data are 
summarizedd in Table 6.3. Data for the reference compounds [Ru-dppzJ2+, [Ru(bpy)3]2+ and 
[Os(bpy)3J2++ are also included for comparison. 

Tablee 6.3. Emission data of the investigated complexes and reference compounds. 

Complex x 

(Ru-bidppz-Ruu |4+ 

[Os-bidppz-Os]4+ + 

bidppz* * 

(Ru-dppzl2+ + 

[Ru(bpy)3]
2+ + 

[Os(bpy)3]
2+ + 

' ' 

613 3 
750 0 

600 0 
600 0 
717 7 

inn CH2C12 

nmm r/ns 

9700 0 
16 6 

590 0 

Rr r 

4m' ' 
675 5 

624 4 
610 0 
733 3 

in n 

nrr r 

BuCN N 

11 r, ns 

360 0 

27000c c 

500 0 
1100' ' 
60* * 

77K K 
inn BUCN 

4ra/nraa r/(is 

5911 4.0 
7300 0.68 
421(A),, 5.2 
595(ph) ) 
5811 5.0 
5799 5.1rf 

7000 1.1 

"Deaeratedd solutions. Solutions containing ZnCk. cData from time-resolved transient 

absorptionn measurements in CH3CN. rfRef. . *Ref. 

Thee emission maxima of the dinuclear [Ru-bidppz-Ru]4+ and [Os-bidppz-Os j 4+ complexes 
dependd on the solvent polarity (Table 6.3). Solvatochromism is expected for metal complexes 
withh MLCT lowest excited state. However, for [Ru-bidppz-RuJ4+ the change in solvent 
polarityy induces a dramatic change in photophysical properties. 

Thee luminescence of the dinuclear compound [Ru-bidppz-Ru]4+ in butyronitrile shows a 
maximumm at 675 nm, red shifted compared to the reference complexes [Ru-dppz]2+ and 
[Ru(bpy)3]2++ emitting at 624 and 610 nm, respectively (Table 6.3). This proves that the 
emittingg excited state of [Ru-bidppz-Ru|4+ has more CT character, with the excited electron 
localizedd on a phenazine n* orbital, lying at a lower energy than the lowest it*  orbital of the 
bpyy and dppz ligands. This result is consistent with what has already been deduced from the 
electrochemicall  data: the two phenazine moieties of bidppz are electronically coupled and the 
LUMOO of the extended bidppz is low in energy. The lifetime of the emitting excited state of 
[Ru-bidppz-Ru]4++ is 360 ns in deaerated solution (Table 6.3), and drops to 210 ns in air-
equilibratedd conditions. The emission decay time is of the same order of magnitude as that of 
thee reference complex [Ru-dppz]2+ (500 ns in a deaerated solution, Table 6.3), consistent 
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withh an emitting excited state of identical nature (3MLCT). In particular, the shorter lifetime 
off  the dinuclear complex is due to the lower energy of the emission, in agreement with the 

26 6 

energyy gap law. Changing solvent to less polar dichloromethane, the emission maximum of 
[Ru-bidppz-Ru]4++ shifts to higher energy (613 nm, inset to Figure 6.2) similarly, even though 
moree pronounced, to [Ru-dppz]2+ and [Ru(bpy)3]2\ emitting at 600 nm (see Table 6.3). The 
bluee shift is expected for MLCT states with a larger dipole moment in the excited state. 
Surprisingly,, the emission decay time of [Ru-bidppz-Ru|4+ in deaerated dichloromethane 
solution,, is very long, 9.7 us, and significantly exceeds the lifetime of 590 ns determined for 
thee model compound [Ru-dppz]2+ under the same experimental conditions (Table 6.3). The 
lifetimee of [Ru-bidppz-Ru]4+ drops to 800 ns when measured in air-equilibrated solution. 
Thee long lifetime of 9.7 (is cannot simply be attributed to the same emitting excited state 
observedd in butyronitrile. The sensitivity towards dioxygen suggests that a triplet ligand-
centeredd state is populated, and is responsible for the long emission lifetime of the complex. 
Inn order to determine the energy of the 3IL state, the emission properties of the bidppz ligand 
andd its metal Zn(II) complex have been studied. Beside the increased solubility of the ligand, 
thee coordination of bidppz to Zn2+ allows a better comparison of the properties of the ligand 
withh its transition metal complexes, when coordinated to a divalent ion. 

Thee uncoordinated bridging ligand bidppz shows broad fluorescence and phosphorescence 
bandss at 473 and 590 nm, respectively, at 77 K in methanol/ethanol 1:4 (v/v) matrix upon 
excitationn at 350 nm. The emission spectra were also recorded for a solution containing 
bidppzz with a large excess of ZnC .̂ For the Zn-bidppz complex, the fluorescence and 
phosphorescencee bands become structured and shift to 421 and 586 nm, respectively (Table 3, 
insett to Figure 6.2). 

Thesee investigations show that the triplet state of the bidppz coordinated to Zn(II) metal 
ionss lies at low energy (about 17065 cm"1), very close to the 3MLCT excited state (16920 cm" 
')) of [Ru-bidppz-Ru]4+. In principle, in the dinuclear ruthenium complex the 3IL state should 
stilll  lie at higher energy, but due to the uncertainty in determining the triplet state of the 
bidppzz (different metal and broad emission) and due to the low emission quantum yield and 
longg lifetime of the emitting excited state in [Ru-bidppz-Ru)4+, it is likely that the lowest 
excitedd state of the dinuclear complex in dichloromethane is indeed the 3IL (see Scheme 6.2). 
Thee observed emission therefore results from an equilibrium between the 3MLCT and the 3IL 
states. . 

Thee dinuclear [Os-bidppz-Os]4+, in deaerated dichloromethane solution, emits with 
maximumm at 750 nm and decay time of 16 ns (inset to Figure 6.2, and Table 6.3). This 
emissionn remains nearly unchanged under air-equilibrated conditions (15 ns). The emission of 
[Os-bidppz-Os]4+,, occurring at higher energy compared to [Os(bpy)j]2+ (717 nm, see Table 
6.3),, indicates that the emitting excited state in this case is a 3MLCT state, with the excited 
electronn localized on the bridging ligand, better electron acceptor than the ancillary 

100 0 



HomodinuclearHomodinuclear Ruthenium(H) and Osmium(U) Bis-DPPZ Complexes 

bipyridines.. In butyronitrile, the emission of [Os-bidppz-Os]4+ shifts towards the near-

infraredd region and becomes so weak to prevent an accurate lifetime determination. 

ElEl cm 

25000--

20000 0 

15000 0 

11 * 

MLCT. . 

3MLCTT J 6 P S 

hv-| | 

'IL L 

hv2 2 

613nm m 
9.7ns s 

3IL L 

GS S 

[Ru-bidppz-Ru] ] i4+ + 

Schemee 6.2 Simplified energy level diagram of [Ru-bidppz-Ru) + in CH2C12. Wavy arrows represent 

intersystemm crossing and internal conversion decays, while continuous arrows represent absorption and 

radiativee decays. 

Att 77 K in rigid butyronitrile matrix, the emission maxima of |Ru-bidppz-Ru)4+ and [Os-

bidppz-Os]4++ are 591 and 730 nm, respectively, being blue shifted compared to the emission 

recordedd at 293 K (Table 6.3). This trend is consistent with the charge-transfer nature of the 

emittingg excited states and the lack of solvent stabilization in rigid matrix. The emission of 

[Ru-bidppz-Ru] 4++ has spectral shape, energy and lifetime (4 p.s) similar to those of the 

mononuclearr complexes [Ru-dppz]2+ and [Ru(bpy)3]
2+ (both emitting at ca. 580 nm with 

lifetimee of 5 p.s, see Table 6.3), in agreement with an emitting 3MLCT state. However, taking 

intoo account the similarity with the phosphorescence band and excited state lifetime of the 

Zn(II)) coordinated bidppz (see above), we can not rule out a possible contribution from the 
3ILL state. The emission of the dinuclear osmium complex |Os-bidppz-Os)4+ at low 

temperature,, can be attributed to a 3MLCT transition. 
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Figuree 6.5 (A) Difference transient absorption spectra of [Ru-bidppz-Ru]4+ in deaerated CH2C12 

solution,, measured at time delays of 0, 3, 6, 9 and 15 us, respectively (A.exc = 460 nm, 2 ns FWHM). 

(B)) Difference transient absorption spectra of |Ru-bidppz-Ru|4+ in deaerated butyronitrile solution, 

measuredd at time delays of 0, 200, 400, 600 and 800 ns, respectively (Xexc = 460 nm, 2 ns FWHM). 

6.2.46.2.4 Pico- and Microsecond Time-Resolved Transient Absorption Spectra. 

Inn order to investigate the electronic properties of the dinuclear compounds in more detail, 

transientt absorption (TA) spectra were recorded in a large range of time domain. 

6.2.4.16.2.4.1 [Ru-bidppz-Ru]4+ complex. 

Transientt absorption (TA) spectra of |Ru-bidppz-Ru]4+ in the nano- and microsecond time 

domainn were recorded upon excitation at 460 nm (2 ns FWHM), in deaerated 

dichloromethanee and butyronitrile (Figures 6.5A and 6.5B, respectively). For the bridging 

ligandd bidppz in deaerated acetonitrile, TA spectra were measured in the microsecond time 

domain,, by excitation at 435 nm (2 ns FWHM) (Figure 6.6). The solution contained a large 

excesss of ZnC .̂ 
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Figuree 6.6 Difference transient absorption spectra of bidppz in deaerated CH2C12 solution with ZnCfe, 

measuredd at time delays of 0, 9, 18, 27, 36 and 54 us, respectively CA,.XC = 460 nm, 2 ns FWHM). 

Thee ns-TA spectra of [Ru-bidppz-Ru] 4+ in butyronitrile show ground-state bleach in the 

regionn 380-480 nm and a transient absorption band at 594 nm (Figure 6.5B) that decays with 

TT of ca. 350 ns, following first-order kinetics. This decay time is similar to the emission 

lifetimee in the same solvent (see above). A band, similar to the transient absorption band at 

5944 nm, is also observed in the steady-state absorption spectrum of the one-electron reduced 

speciess [Ru-bidppz-Ru] 3+, at 590 nm (Figure 6.3). The transient band is therefore assigned to 

thee absorption of the lowest 3MLCT excited state, where the electron is mainly localized on a 

phenazinee moiety of the bridging ligand. 

Inn deaerated dichloromethane solution, [Ru-bidppz-Ru] 4+ shows the bleach of the ground 

statee between 380 and 480 nm, while an intense transient absorption band arises at ca. 600 

nm.. The transient absorption band and the bleach of the ground state decay with first-order 

kineticss and lifetime of about 9 us, similar to the corresponding emission decay (see above). 

Thee profile of the band at 600 nm differs from that of the band at 594 nm observed in 

butyronitrile.. Furthermore, its intensity is higher, as it can be easily seen by the ratio between 

thiss absorption and the bleach at 404 nm (3:1 compared to 1:1 in butyronitrile). The different 

profiless and decay time observed for the TA spectra in butyronitrile and dichloromethane 

suggestt that the lowest excited state is not the same in these two solvents. Interestingly, the 

TAA spectra (Figure 6.6) of the bridging ligand bidppz, in deaerated acetonitrile solution, 

showw a transient absorption band at 590 nm with shape and order of magnitude of the decay 

timee (r = 27 us) similar to that of the dinuclear ruthenium complex [Ru-bidppz-Ru]  + in 

dichloromethane.. The long-lived band observed for the ruthenium complex is therefore 
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assignedd to the absorption of the 3IL (bidppz) state in thermal equilibrium with the emitting 
MLCTT excited state (see Scheme 6.1), consistent with the emission data. 
Inn order to obtain more kinetic information and insight into the mechanism of the processes, 

[Ru-bidppz-Ru]]  + was further investigated by (sub)picosecond TA spectroscopy. 

Picosecondd transient absorption (ps-TA) spectra were recorded for the dinuclear complex 
|Ru-bidppz-Ru)4++ in dichloromethane and in butyronitrile, between 380 and 680 nm, after 
excitationn at 350 nm. Kinetic profiles were probed at 610 nm (transient absorption). The ps-
TAA spectra and kinetics of [Ru-bidppz-Ru]4+ in dichloromethane and butyronitrile are 
depictedd in Figures 6.7 and 6.8, respectively. 

0.12 2 

XIXI nm 

Figuree 6.7. (A) Difference transient absorption spectra of [Ru-bidppz-Ru]4+ in CH2C12 solution, 
measuredd at time delays of 0 (baseline), 1, 6, 12 and 36 ps, respectively (A ĉ = 350 nm, 130 fs 
FWHM).. (B) Kinetic profile of the difference absorbance measured at 610 nm with 1 ps increment 
delayy (ieXC = 350 nm, 130 fs FWHM). 
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Figuree 6.8 (A) Difference transient absorption spectra of |Ru-bidppz-Ru]4+ in butyronitrile solution, 

measuredd at time delays of 0 (baseline), 5, 20 and 30 ps, respectively (/^xc = 350 nm, 130 fs FWHM). 

(B)) Kinetic profile of the difference absorbance, measured at 610 nm with 0.1 ps increment delay (A x̂c 

== 350 nm, 130 fs FWHM). 

Thee ps-TA spectrum of [Ru-bidppz-Ru]  + in dichloromethane measured 1 ps after the laser 

pulsee shows the bleach of the ground state in the region between 400 and 500 nm and 

transientt absorption with the maximum at 580 nm (Figure 6.1 A). The kinetic profile, recorded 

att 610 nm, shows that the transient absorption band is partially formed by direct excitation 

withinn the instrumental rise time and that, subsequently, its intensity further increases in time 

(TT = 16 ps) due to indirect formation from another excited state (Figure 6.8B). The ratio 

betweenn the direct and delayed transient formation is ca. 7:3. The bleach at 460 nm decreases 

withh time, suggesting that the excited state absorbing at 580 nm develops from the excited 

statee populated by the absorption of the ground state at 460 nm. The last spectrum recorded at 

366 ps has the same profile as the TA spectra in the nanosecond time domain (see above). 

Thee increase in intensity of the transient band at 580 nm is due to a delayed population of 

thee 3IL state from the energetically close 3MLCT state, which is populated (after intersystem 

crossingg 'MLCT—> 3MLCT) upon excitation (see Scheme 6.2). This is in agreement with the 

decreasee of the bleach at 450 nm, that indicates first the population of the 'MLCT state and, 

subsequently,, of the 3IL state. The possibility of mixing the 3IL and 3MLCT states, in 

dichloromethane,, is due to the small energy difference between the two states, estimated to 

1455 cm'1. In our investigation no evidence for equilibrium between different MLCT states 

wass gained. 
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Inn butyronitrile, the ps-TA spectrum of [Ru-bidppz-Ru]4+, measured 5 ps after the laser 
pulse,, shows a bleach in the region between 400 and 500 nm and transient absorption band at 
5900 nm (Figure 6.8A). The shape of this band is different from that observed in 
dichloromethane,, with a profile significantly falling off at 650 nm. The kinetic plot recorded 
att 610 nm shows that the transient band is formed within the instrumental rise time and 
remainss nearly unchanged during 100 ps after the laser pulse (Figure 6.8B). The different 
kineticss and profiles observed for the transient band of |Ru-bidppz-Ru]4+, in 
dichloromethanee and butyronitrile suggest that the corresponding excited state is different in 
thee two solvents, in agreement with the observations made in the nanosecond time domain. 
Thee ps-TA spectra in butyronitrile are consistent with the direct population of the lowest 
3MLCTT state localized on the bridging ligand that decays to the ground state in the 
nanosecondd time domain. In butyronitrile solution the 3MLCT state lies too low in energy 
(148000 cm') to allow any population of the higher lying 3IL state (AE > 2000 cm"1) (Scheme 
6.3). . 

E/cm"11 i l 

250000 — 

200000 — 

150000 — 

[Ru-bidppz-Ru] ] 

Schemee 6.3 Simplified energy level diagram of |Ru-bidppz-Ru]4+ in butyronitrile. Wavy arrows 
representt intersystem crossing and internal conversion decays, while continuous arrows represent 
absorptionn and radiative decays. 
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6.2.4.26.2.4.2 [Os-bidppz-Os] + complex. 
Transientt absorption (TA) spectra of [Os-bidppz-Os]4+ in deaerated dichloromethane were 

recordedd in the nanosecond time domain upon excitation at 460 nm (Figure 6.9). The ns-TA 
spectraa of [Os-bidppz-Os]4+ strongly differ from those of the analogous ruthenium complex 
inn the same solvent (Figure 6.5A). The bleach of the ground state dominates the region 
betweenn 400 and 500 nm, while a weak transient absorption is observed at 580 nm (Figure 
6.9).. The recovery of the ground state, monitored at 480 nm, follows a first-order kinetics 
withh lifetime of 13 ns, similar to the emission decay (see above). The transient absorption 
bandd at 580 nm is assigned to the absorption of the lowest-lying 3MLCT state, with the 
excitedd electron mainly localized on the central phenazine part of the bridging ligand. The 
bandd at ca. 580 nm has a lower intensity than expected for the absorption of the one-electron-
reducedd phenazine moiety. This is probably due to its overlap with the bleach of the 3MLCT 
bands. . 

5000 600 
klkl nm 

Figuree 6.9 Difference transient absorption spectra of |Os-bidppz-Os]4+ in deaerated CH2C12 solution, 
measuredd at time delays of 0, 5, 10, 15 and 20 ns, respectively (ACxC = 460 nm, 2 ns FWHM). 

Picosecondd transient absorption spectra (ps-TA) of |Os-bidppz-Os]4+ in dichloromethane 
weree recorded between 380 and 680 nm, after excitation at 350 nm. Kinetic profiles were 
probedd at 470 nm (bleaching). The ps-TA spectra and kinetics of [Os-bidppz-Os]4+ are 
depictedd in Figure 6.10. The ps-TA spectra are dominated by the bleach at 490 nm (Figure 
6.10A).. In the visible region no clear transient absorption can be observed. Kinetics plotted at 
4700 nm shows the appearance of the bleach within the instrumental rise time, that remains 
nearlyy unchanged within next 100 ps (Figure 6.10B). The ps-TA spectra of |Os-bidppz-Os)4+ 

aree consistent with the rapid population of the 3MLCT excited state and its decay to ground 
statee on the nanosecond time scale. Likewise for [Ru-bidppz-Ru)4+ in butyronitrile, the 
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3MLCTT excited state lies too low in energy (13300 cm"') to allow population of the 3IL state 

off  the bridge (Scheme 6.4). 

- ii  r 
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Figuree 6.10 (A) Difference transient absorption spectra of [Os-bidppz-Os]4+ in CH2C12 solution, 

measuredd at time delays of 0 (baseline), 1, 5 and 10 ps, respectively (Aexc = 350 nm, 130 fs FWHM). 

(B)) Kinetic profile of the difference absorbance, measured at 470 nm with 0.1 ps increment delay (/teXC 

== 350 nm, 130 fs FWHM). 
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Schemee 6.4 Simplified energy level diagram of [Os-bidppz-Os]  + in CH2C12. Wavy arrows represent 

intersystemm crossing and internal conversion decays, while continuous arrows represent absorption and 

radiativee decays. 
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6.2.56.2.5 Redox-switching behavior of [Ru-bidppz-Ru] 

Onee of the interesting features of the chosen bridging ligand (bidppz) is that it can undergo 
aa two-electron reduction with formation of a new chemical species that can be reversibly 
reconvertedd into the original molecule. Such process depicted in Scheme 6.1 can be 
investigatedd by photophysical means. A stable two-electron reduced and protonated species 
cann also be obtained using a chemical reducing agent in a protic medium. The influence of the 
reductionn of the bridging ligand on the emission of the homodinuclear [Ru-bidppz-Ru ] 4+ 

complexx was then investigated. Furthermore, the cyclic voltammograms of reference [Ru-
dppz]2**  and [Ru-bidppz-Ru]4*  in acidified solution were recorded and the spectroscopic 
propertiess of [Ru-bidppz-Ru]2*  were studied after protonation of the negatively charged 
nitrogenss of the reduced phenazine moieties. 

Ass already described (see above and Figure 6.3), the UV/Vis absorption spectrum recorded 
forr [Ru-bidppz-Ru]2*  in butyronitrile, within an OTTLE cell, shows in the UV region ]IL 
transitionss of the bipyridine ligands. The visible region exhibits lMLCT d„(Ru) to n*(bpy and 
bidppz)) transitions and, at low energy, at 965 nm, a band is assigned to 7i*-7t*  transitions of 
thee reduced, probably planar, bridging ligand. The emission of [Ru-bidppz-Ru]3*  and [Ru-
bidppz-Ru]2**  in deaerated acetonitrile was then monitored, within the OTTLE cell, by single 
photonn counting. Upon stepwise reduction to [Ru-bidppz-Ru]3*  and [Ru-bidppz-Ru]2*, the 
emissionn observed at 695 nm (r= 150 ns, in deaerated solution) for the parent complex [Ru-
bidppz-Ru]4**  becomes completely quenched. This is attributed to efficient electron transfer 

fromfrom the electrochemically reduced phenazine moiety of bidppz to the excited *{Ru in(bpy~ 

)}}  unit. The value of the Gibbs energy change associated with the electron transfer process 

cann be estimated from Eq. 6.1 (for [Ru-bidppz-Ru]3*) 

AG00 = £°(bdppz0/) - £°(bpy0M) - £oo = -1.23 - (-1.80)- 2.14 eV < 0 (6.1) 

wheree £oo is the zero-zero excitation energy, that can be evaluated from the emission at 77 K, 
andd £°(bdppz0/") and £°(bpy0M) are the electrochemical potentials of the ground-state redox 
couples,, with £°(bpy0/') denoting the one-electron reduction of the Ru(bpy>2 moiety. The 
negativee value of the Gibbs energy change, calculated from Eq.6.1, proves that the electron 
transferr process is thermodynamically allowed. 

Inn order to investigate the redox changes induced by the protonation of the reduced ligand, 
CVss were recorded for reference [Ru-dppz]2*  and [Ru-bidppz-Ru]4*  in butyronitrile 
containingg one and two, respectively, equivalents of trifluoromethanesulfonic acid. For 
referencee [Ru-dppz]2*, the phenazine-centred reduction of the dppz ligand becomes 
electrochemicallyy irreversible in the presence of the acid (Figure 6.11). 
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Figuree 6.11 Cyclic voltammograms (v = 100 mV s') of [Ru-dppz]2+ (5 x 10"4 M) recorded at a Pt disk 

electrodee in butyronitrile, B114NPF,; (10"' M), in presence ( ) and in absence ( ) of one 
equivalentt of CF3SO3H. 

Thee CV exhibits indeed a large separation between the reduction of |Ru-dppz]2+ at EPtC = -

1.233 V and the reverse anodic process at £p,a = -0.29 V, assigned to the oxidation of H[Ru-

dppz]2++ to [Ru-dppz]2+ (Table 6.1). Since in absence of the acid |Ru-dppz]2+ is reduced to 

[Ru-dppz]++ and re-oxidized at more negative potentials (-1.41 and -1.35 V, respectively, 

Figuree 6.11 and Table 6.1) the protonation clearly has a stabilization effect on the reduced 

dppzz ligand. By contrast, the bpy-centred reduction steps are not very much affected, 

remainingg fully reversible and shifting only by 100 mV to less negative potentials (-1.73 and 

-1.933 V, compared to -1.80 and -2.06 V in absence of acid); the ruthenium-centred oxidation 

remainss unchanged (+0.95 V), see Table 6.1 and Figure 6.11. The protonized reduction 

productt H[Ru-dppz] 2+ does not decompose during the cyclic voltammetric scan (v = 100 

mV/s),, as testified by the identical /PiC and /p>a peak current values (Figure 6.11). The 

electrochemicall  behavior of [Ru-dppz]2+ is consistent with chemical reversibility of the 

coupledd reduction/protonation process and its localization on the phenazine nitrogens. 

Analogouss voltammetric response was also observed for dinuclear |Ru-bidppz-Ru]4+ in 

acidifiedd butyronitrile. However, the voltammetric peaks associated with the 

electrochemicallyy irreversible reduction and protonation of the phenazine nitrogen sites 

becomee very broad and determination of the cathodic and anodic peak potentials lacks 

precisionn (Scheme 6.5). 
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[Ru-bidppz-KuJ4** H2[Ru-bidppz-Ru]4* 

Schemee 6.5 Scheme for the reduction nd protonation of [Ru-bidppz-Rul4+. 
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Figuree 6.12 UV/Vis spectra of [Ru-bidppz-Ru]4+ (— 

CH3CN.. Inset: emission spectra of [Ru-bidppz-Rul4+ (-

CH3CNN (/U = 450 nm). 

)) and H,[Ru-bidppz-Ru|4+ ( ) i n n 

)) and H2[Ru-bidppz-Ru]4+ ( - - ) in 

Thee UV-Vi s and emission spectra were recorded for 11;|Ru-bidppz-Ru]  + (see Scheme 6.5 

forr the structure) produced in situ by electrolysis in acetonitrile solution containing two 

equivalentss of trifluoromethanesulfonic acid, using an OTTLE cell, or by chemical reduction 

withh Zn granules added to an acidified acetonitrile solution of |Ru-bidppz-Ru]4+. 

Uponn protonation, the absorption spectrum of the reduced dinuclear complex shows almost 

noo change in the MLCT and 'iL bands at 420 - 460 nm (Figure 6.12) and 290 nm (not shown 

inn the figure), respectively, while the band at 965 nm, assigned to the absorption of the 

reducedd central bis(phenazine) system, shifts to higher energy, toward 650 nm (Figure 6.12). 
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Thee blue shift is consistent with the stabilization of the highest occupied n level of the doubly 
reducedd bridging ligand upon protonation, as testified by cyclic voltammetry. 

Forr H2[Ru-bidppz-Rul4+, produced by addition of Zn granules to an acidified acetonitrile 
solutionn of [Ru-bidppz-Ru]4+, luminescence is observed at 657 nm (inset to Figure 6.12). 
Kineticss recorded at single wavelength shows a second-order decay of the emission, with a 
shortt component of 160 ns (66 %) and a longer one of 723 ns (34 %) when monitored at 650 
nm,, and 140 ns (57 %) and 747 ns (43 %) at 600 nm. The biexponential decay is due to the 
presencee in solution of a mixture of H2[Ru-bidppz-Ru]4+ and [Ru-bidppz-Ru]4+, with 
H2lRu-bidppz-RuJ4++ emitting at higher energy (A,,̂  < 650 nm) and decay time of about 750 
ns.. As expected, a shift of the emission from 695 nm for the parent [Ru-bidppz-Ru]4+ to 
higherr energy upon reduction and protonation of the bridging ligand is observed. The emitting 
3MLCTT state of H2[Ru-bidppz-Ru]4+ indeed must lie at higher energy, since the electron 
withdrawingg character of the phenazine moiety is now destroyed by its reduction and 
protonation.. When H2[Ru-bidppz-Ru]4+ was produced by electrolysis in acidified acetonitrile 
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soutionn within an OTTLE cell no emission could be observed, probably due to its weakness. 
Thee lack of reductive luminescence quenching in H2lRu-bidppz-Ru|2+, in contrast to [Ru-
bidppz-Ru]2+,, clearly suggests that the protonation of the reduced bridging ligand stabilizes 
thee negative charge at the central phenazine moieties, in agreement with the electrochemical 
observations.. The reduction / protonation process is reversible and upon addition of H2O2 
emissionn at 695 nm is partly recovered. 

Thee [Ru-bidppz-Ru]4+ complex acts as a remarkable pH-dependent redox-switch, with the 
emissionn quenched upon reduction of the bridging ligand and recovered at higher energy after 
protonation.. However, further studies must be performed to determine more quantitatively the 
recoverr of luminescence. 

6.33 Conclusions 

Inn this Chapter the (spectro)electrochemical and photophysical behavior of two 
homonuclearr ruthenium and osmium complexes |Ru-bidppz-Ru]4+ and [Os-bidppz-Os]4+, 
andd the bridging ligand bidppz (bidppz = l,r-dipyrido[3,2-a:2\3'-c]phenazin-l,r-
yldipyrido[3,2-a:2\3*-c]phenazine)) were described. From the time-resolved spectroscopy in 
thee (sub)pico- to microsecond time domains, we have shown that different excited states are 
responsiblee for the spectroscopic behavior of the complexes in solvents of different polarity. 
Inn particular, for the [Ru-bidppz-Ru]4+ in butyronitrile the photoexcitation of the complex 
resultss in the population of a 3MLCT state lying at a lower energy than the 3IL state of the 
bridgingg bidppz ligand, which decays with a lifetime of 350 ns (Scheme 6.3). In deaerated 
dichloromethanee the excitation again initially populates the 3MLCT state that establishes in 
166 ps a thermal equilibrium with the slightly lower-lying IL state. The interconversion rate 
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betweenn the 3MLCT and the 3IL state therefore corresponds to k = 6.2 x 1010 s"1. The emission 

occurss from the 3MLCT state, equilibrated with the 3IL state, and with a lifetime of 9.7 p.s 

(Schemee 6.2). For the dinuclear osmium compound (Os-bidppz-OsJ4+, the 3MLCT state lies 

tooo low in energy to be in equilibrium with the 3IL state, in analogy to what observed for the 

rutheniumm complex in butyronitrile (Scheme 6.4). 

Furthermore,, the redox switch behavior of [Ru-bidppz-Ru] 4+ is also presented. Upon two-

electronn reduction, the bidppz ligand becomes planar and acts as quencher of the emission. 

Uponn protonation of the reduced bidppz2'  bridge, the negative charge is stabilized and the 

emissionn is recovered. These properties of the bidppz ligand classify it as a highly interesting 

redox-- and pH-controllable molecular switch of luminescence, in particular in the field of 

developingg molecular electronics. 

6.44 Experimental Section 

Materials.. Butyronitrile and acetonitrile (Acros), for electrochemical measurements, were dried 
overr CaH2 and freshly distilled under nitrogen prior to use. Spectroscopic grade acetonitrile, 
dichloromethane,, ethanol and methanol (Fluka) were used as received. The supporting electrolyte 
BmNPFss (Aldrich) was recrystallized twice from ethanol and dried overnight under reduced pressure 
att 60 °C. The internal standard ferrocene (Aldrich), ZnCfc (Fluka) and metallic zinc (Merk) were used 
ass received. Trifluoromethanesulfonic acid (Aldrich) was used as received. 

200 20 28 9 

Thee compounds bidppz, [Ru-bidppz-Ru](PF6)4, [Os-bidppz-Os|(PF6)4 and [Ru-dppz](PF6)4 

weree prepared by the group of Prof. Peter Belser (University of Fribourg, Switzerland) according to 
literaturee procedures. The doubly protonated complex H[Ru-bidppz-Ru]4+ was prepared in situ by 
reducingg [Ru-bidppz-Ru]4+ with metallic zinc in acidified acetonitrile or acetone. The parent complex 
(4.66 mg, 2.3 * 10"3 mmol) was dissolved in 50 ml of the solvent. This solution (8 ml) was acidified 
withh HC1 (2 ml) and stirred with added Zn granules (lg, about 1 mm size) for 15 min, until the orange 
colorr turned slightly brownish. 

Generall  Techniques. Cyclic and differential pulse voltammetric scans were performed with a 
gastightt single-compartment cell under an atmosphere of dry nitrogen or argon. The cell was equipped 
withh a Pt disk working (apparent surface area of 0.42 mm2), Pt wire auxiliary, and Ag wire 
pseudoreferencee electrodes. The working electrode was carefully polished with a 0.25 um-grain 
diamondd paste between scans. The potential control was achieved with a PAR Model 283 potentiostat. 
Al ll  redox potentials are reported against the ferrocene-ferrocenium (Fc/Fc*) redox couple used as an 
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internall  standard (Em = 0.38 V vs SCE in acetonitrile). Tetrabutylammonium hexafluorophosphate 
(BiuNPF6)) was used as supporting electrolyte. 

UVVViss and emission spectroelectrochemical experiments were performed with an optically 
27 7 

transparentt thin-layer electrochemical (OTTLE) cell, equipped with a Pt minigrid working electrode 
andd quartz optical windows. The controlled-potential electrolyses were carried out with a PA4 
potentiostatt (EKOM, Czech Republic). All electrochemical samples were 5 x 10"4 M in the studied 
complexx and contained 3 * 10"1 M BU4NPF6. 
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UV/Vi ss spectra were recorded on a Hewlett Packard 8453 diode-array spectrophotometer. Emission 
andd excitation spectra were recorded on a Spex 1681 spectrophotometer. For the 
spectroelectrochemicall  experiments, emission spectra and lifetime measurements (monitored by single 
photonn counting) were performed using an optical fiber connected to a nitrogen laser and a streak 
cameraa (Hamamatsu C5680-21), equipped with a M 5677 sweep unit. Excitation at 337 nm was 
achievedd by a pulsed (fwhm 600 ps) nitrogen laser (LTB, MGS 405 TD) operating at repetition rate of 
200 Hz. All the emission spectra were corrected for the photomultiplier response. 

Time-resolvedd emission studies were performed at single wavelength, using a continously tunable 
(400-7000 nm) Coherent Infinity XPO laser as excitation source. The emission light was collected in an 
Oriell  monochromator, detected by a P28 PMT (Hamamatsu), and recorded on Tektronix TDS3052 
(5000 MHz) oscilloscope. A photodiode was used as external trigger source. Alternatively, a streak 
cameraa (Hamamatsu C5680-21), equipped with a M 5677 sweep unit was used, with a continously 
tunablee (400-700 nm) Coherent Infinity XPO laser as excitation source. 

Nanosecondd time-resolved absorption spectra were obtained using a setup described previously. 
Thee irradiation source was a continously tunable (400-700 nm) Coherent Infinity XPO laser working 
att 10 Hz (2 ns FWHM). Excitation laser light was typically less than 5 mJ pulse"1. Samples were 
preparedd to have optical density, at the excitation wavelength, of ca. 0.3 in a 1 cm cuvette. For each 
sample,, spectra were measured at not less than 25 different time delays. 

Picosecondd transient absorption spectra and single wavelength kinetics were measured using a setup 
32 2 

describedd in detail in a previous paper. The laser system was based on a Spectra-Physics Hurrican 
Titaniumm Sapphire regenerative amplifier system. The full spectrum setup was based on an optical 
parametricc amplifier (Spectra-Physics OPA 800) as pump. A residual fundamental light from the OPA 
pump,, was used to generate white light that was detected with a CCD spectrograph. The single-
wavelengthh kinetics setup was based on two OPAs, one used for pumping and the other one for 
probing,, and an amplified Si-photodiode for detection. For both setups the OPA was used to generate 
excitationn pulses at 350 nm. The output laser was typically 5uJ pulse"1 (130 fs FWHM) with repetition 
ratee of 1 KHz. A circular cuvette (d = 1.8 cm, 1 mm, Hellma) with the sample solution was placed in a 
home-madee rotating ball bearing (1000 rpm) to avoid local heating by the laser beam. The solutions of 
thee samples were prepared to have an optical density at the excitation wavelength of ca. 0.5 in a 1 mm 
cell.. The absorbance spectra of the solutions were measured before and after the experiments. In all 
casess less than 10% photodecomposition was observed. 

Luminescencee quantum yields were measured in optically dilute solutions, using [Ru(bpy^b]Cl2 in 
33 3 

H2OO (<£em = 0.028) as reference emitter. Estimated experimental errors in the reported data are as 

follows:: absorption and emission maxima  2 nm, emission lifetimes 8%, emission quantum yields

20%.. Where required, deaerated solutions were prepared by freeze-pump-thaw technique on a vacuum 

line. . 
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(Spectro)electrochemicall  and Photophysical 

Studyy of a Heteronuclear Ruthenium(II) and 

Osmium(II)) Complex with 

Bridgingg Bis-(dipyridophenazine) Ligand. 

InIn this Chapter the (spectro)electrochemistry and the photophysical studies of the heteronuclear 

[(bpy)2Ru(bidppz)Os(bpy)rf[(bpy)2Ru(bidppz)Os(bpy)rf4Jr4Jr (bpy = 2,2'-bipyridine, bidppz = l,r-dipyrido[3,2-a:2',3'-c]phenazin-lJ'-

yldipyrido[3,2-a:2',3'-c]phenazine)yldipyrido[3,2-a:2',3'-c]phenazine) complex are presented. Steady-state emission and transient absorption 

measurementsmeasurements are in agreement with photoinduced energy transfer occurring from the excited ruthenium moiety 

toto the osmium unit. Although the electrochemical results and the steady-state absorption spectra show only 

weakweak electronic interaction between the ruthenium and osmium metal centres, a large energy transfer rate 

constantconstant ka > JO" s~' was found. Such fast process is most probably due to a Dexter-type energy transfer 

mechanism. mechanism. 
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bidppz z 

[Ru-bidppz-Ru]4++ : M1 = R u ( I I ) , M2 = O s ( I I) 

[Ru -b idppz -Ru ] 4 ++ : Mx = M2 = R u ( I I ) 

[ O s - b i d p p z - O s ]4 ++ : M1 = M2 = Os ( I I ) 

Schemee 7.1. Schematic formulas of the investigated compound and reference compounds and their 
abbreviations. . 

7.11 Introductio n 

Inn the previous Chapter we discussed the use of l,l'-dipyrido[3,2-a:2',3'-c]phenazine-l,r-
yldipyrido[3,2-a:2',3'-c]phenazinee (bidppz) as bridging ligand between two identical 
chromophores.. Due to the interesting properties of the bridge, such as possible two-electron 
reductionn with subsequent change in the structure and geometry of the complexes, we decided 
too investigate the analogous heteronuclear compound containing a ruthenium(II) and an 
osmium(II)) metal moiety (Scheme 7.1). 

Couplingg of a ruthenium and an osmium metal center, holding the same ancillary ligands, 

leadss to thermodynamically allowed photoinduced electron and energy transfer from the 

excitedd ruthenium unit to the osmium based component (see Chapter 1). Several studies have 

beenn performed in this regard, motivated by the interesting possibility to have vectorial and 

longg range charge and energy transfer transfer within covalently linked units. The rate and 

efficiencyy of the photoinduced processes however are not only dependent on the driving force 

(AG")(AG") of the reaction but also on the geometry, structure and electronic properties of the 
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bridgingg ligand. It is in fact very well known that for many heteronuclear compounds, the 
operatingg mechanism for electron and energy transfer reaction is a "through-bond" 
mechanism,, where the highest occupied and lowest unoccupied molecular orbitals of the 
bridgingg ligand mediate the orbital overlap of the two metal centers involved in the process, 

1-3 3 

resultingg in enhanced rate constant. Therefore, the possibility to modulate the electronic 
interactionn with a bridging ligand that can exist in more than one possible conformation is 
veryy appealing. This would ultimately lead to the design and development of systems in 
whichh an external stimulus (light, chemical reactants, electrons) could dramatically change 
thee electronic properties of the bridging ligand and therefore the rate of the photoinduced 
processes. . 

Furthermoree as shown in the previous Chapter, excitation of the ruthenium unit in the 
homodinuclearr complex already involves the bridging ligand, and not the ancillary ligands. 
Therefore,, fast photoinduced electron and energy transfer processes via the bidppz bridging 
ligandd can be expected. 

Inn this Chapter the (spectro)electrochemical and photophysical properties of the dinuclear 

ruthenium(H)) and osmium(II) complex with bidppz as bridging ligand and 2,2'-bipyridines 

ass ancillary ligands are described. 

Tablee 7.1. Electrochemical data of the investigated complex and reference compounds." 

Complexx bpy-,/0 bidppz271 bidppz"0 Ru'™ Os1™ 

[Ru-bidppz-Osl4++ -1.77(2) -1.41(1) -1.23(1) +0.91(1) 0.47(1) 

-2.055 (2) 

[Ru-bidppz-Ru]4++ -1.80(2) -1.42(1) -1.23(1) +0.91(2) 

-2.044 (2) 

[Os-bidppz-Os]4++ -1.74(2) -1.41(1) -1.22(1) +0.47(2) 

-2.033 (2) 

"Redoxx potentials (Em) in Voltvj Fc/Fc , in butyronitrile at 293 K. In brackets, the number 
off  transferred electrons. 
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7.22 Results and Discussion. 

7.2.11 Redox properties. 

Thee electrochemical data for the investigated complex |Ru-bidppz-Os]4+ are reported in 
Tablee 7.1. Data for the analogous homonuclear complexes [Ru-bidppz-Ru|4+ and |Os-
bidppz-Osi4++ are also presented for comparison purposes. A detailed discussion of the 
electrochemicall  behavior of the homodinuclear complexes can be found in Chapter 6. 

Inn the anodic region, the cyclic voltammogram of [Ru-bidppz-Os|4+ exhibits two one-
electronn reversible steps, at +0.47 and +0.91 V, assigned to the oxidation of the osmium and 
rutheniumm metal ions, respectively. The easier oxidation observed for the osmium moiety is 
duee to the higher energy of the valence (5d) orbitals of the osmium ion. Noticeably, the 
oxidationn potentials of osmium and ruthenium moieties in the heteronuclear complex remain 
unchangedd in the homonuclear [Ru-bidppz-Ru]4+ and [Os-bidppz-Os]4+ compounds, thus 
suggestingg a weak electronic communication between the metals in the three complexes 
(Tablee 7.1). 

Att negative potentials, [Ru-bidppz-Os]4+ undergoes several reversible ligand centered 
reductions,, with the first two occurring as one-electron steps at -1.23 and -1.41 V, 
respectively.. These values are similar to those found for [Ru-bidppz-Ru]4+ and [Os-bidppz-
Os]4++ (Table 7.1), and are close to the first reduction potential of dipyrido[3,2-a:2',3'-
c]phenazinee (dppz) ligand in [Ru(bpy)2(dppz)]2+. Several studies performed on dppz have 
shownn that this ligand can be considered as made of a phenantroline and a phenazine 

7-10 0 

moiety,, and the lowest unoccupied molecular orbital (LUMO) is mainly localized on the 
phenazinee part, with low coefficients at the coordinating nitrogen atoms of the phenantroline 
moiety.. ' Therefore, the first reduction in [Ru(bpy)2(dppz)]2+ occurs at the phenazine site of 
thee dppz ligand. For bidppz a similar situation can be expected. The two first cathodic steps 
inn [Ru-bidppz-OsJ2+ are then assigned to two consecutive reductions of the phenazine 
moietiess of the bridging ligand. This is also in agreement with the weak influence of the 
naturee of the metal ions on the first two reduction potentials, remaining them unchanged for 
thee ruthenium and osmium homonuclear complexes (Table 7.1). Importantly, the two central 
phenazinee moieties of the bridging bidppz ligand strongly electronically communicate, as 
showedd by the splitting of their reduction into two one-electron steps. The third and fourth 
cathodicc processes occur as two reversible two-electron steps at -1.77 and -2.05 V, 
respectively,, and they are assigned to pair-wise reduction of the ancillary bipyridines (Table 
7.1).. Noticeably, the first reduction of the bipyridines occurs at a potential average of the ones 
exhibitedd by the homonuclear complexes, consistent with a strong influence of the metal in 
stabilizingg the reduced bipyridines (Table 7.1). 
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7.2.27.2.2 Steady-state absorption spectroscopy 
Thee absorption spectrum of [Ru-bidppz-Os]4+ in dichloromethane solution is depicted in 

Figuree 7.1, where the spectra of [Ru-bidppz-Ru]4+ and [Os-bidppz-Os]4+ are also reported 
forr comparison. The inset in Figure 7.1 represents the absorption spectrum of the bidppz 
ligand.. Change of the solvent results only in minor spectral changes. 
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Figuree 7.1. UV/Vis spectra of [Ru-bidppz-Os]4+ ( ), |Os-bidppz-Osl4+ (-
bidppz-Ru]4++ ( ) in CH2C12. Inset: UV/Vis spectrum of bidppz in CH2C12. 

-)) and [Ru-

Thee absorption spectrum of [Ru-bidppz-Os]  + is identical to that of a solution containing 
[Ru-bidppz-Ru]4++ and [Os-bidppz-Os]4+ in a ratio of 1:1. This is in agreement with a weak 
electronicc communication between the two metal centers, that was already observed on the 
basee of the electrochemical properties. Thus, distinct ruthenium and osmium based MLCT 
excitedd states can be considered. 

Thee absorption spectrum of [Ru-bidppz-Os]4+ presents features characteristic of the class 
2,12 2 

off  ruthenium and osmium polypyridine complexes. The UV region is dominated by a 

singlett intraligand ('iL) band, at 290 nm, assigned to n-n* transitions at the bipyridine 

ligands,, and by a shoulder, at 300 nm, assigned to a 'lL(rc-7t*) transitions at the bidppz ligand 

(Figuree 7.1). The band, in the visible region, at 406 nm, corresponds t0 7t-7t*  transitions at the 

phenazinee moieties of the bidppz (Figure 7.1). At lower energy, a structureless band, at 440-

5200 nm, is due to spin allowed singlet metal-to-ligand charge-transfer ('MLCT) transitions 

fromm dn orbitals of the osmium and ruthenium metal ions to n* orbitals of the bipyridines and 

bidppz.. Due to the broadness of this band a more detailed assignment of the contributions of 

thee different transitions is not easy. However, 'MLCT transitions due to the osmium 

121 1 



ChapterChapter 7 

componentt are expected to occur at lower energy than for the ruthenium moiety, as shown by 

thee absorption spectrum of the homonuclear compound |Os-bidppz-Os]4+ as compared to that 

off  [Ru-bidppz-Ru] 4+ (Figure 7.1), and in agreement with the easier oxidation of the osmium 

basedd component (Table 7.1). An important issue is the assignment of Ihe lowest lying MLCT 

excitedd state. Distinct transitions from rL. orbitals of the metals to n* orbitals of the 

phenantrolinee or phenazine moieties of the bridging ligand can be expected. On the base of 

thee electrochemical data the MLCT transitions from osmium to the phenazine part are 

expectedd to lie at lowest energy, however due to the poor overlap between LUM O and 4 

orbitalss a direct excitation occurs with small oscillator strength. The weak band observed 

betweenn 540 and 660 nm for [Ru-bidppz-Os]4+ is also present in the absorption spectrum of 

[Os-bidppz-Os]4+,, and corresponds to spin-forbidden MLCT transitions at the osmium 

center,, partially allowed by the spin-orbit coupling that is strong for heavy atoms. 

II /nm 
600 0 800 0 

1000 0 

Figuree 7.2. (A) UV/Vis spectra of |Ru-bidppz-Os]4+ ( 

bidppz-Osl6++ (
),, [Ru-bidppz-Os]5+ ( ) and [Ru-

•)) in butyronitrile. (B) UV/Vis spectra of |Ru-bidppz-Os]4+ (- -),, [Ru-
bidppz-Os]3++ ( ) and [Ru-bidppz-Os]2+ ( •)) in butyronitrile. 
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Absorptionn spectra were recorded for the one- and two-electron oxidized and reduced 

speciess of [Ru-bidppz-Os]4+, in butyronitrile solution, using an optically transparent thin 

layerr electrochemical (OTTLE) cell, and are presented in Figure 7.2. 

Uponn oxidation and reduction, the absorption spectrum of [Ru-bidppz-Os]4+ undergoes 
majorr changes. Its behavior closely resembles that exhibited by the homonuclear [Os-bidppz-
Os]4++ and [Ru-bidppz-Ru]4+ compounds (Chapter 6). For the one-electron oxidized species, 
[Run-bidppz-Osm]5++ (Scheme 7.2), the 'MLCT band at 440-520 nm decreases in intensity, 
whilee the tail at lower energy disappears. The 'MLCT band then completely disappears upon 
furtherr oxidation to [Rum-bidppz-Oslnl6+ (Scheme 7.2). These spectral changes are in 
agreementt with the assignment of the band to MLCT transitions and with the electrochemical 
behaviorr of the complex. The 'iL bands, in the UV and at 406 nm, result red-shifted after 
oxidationn of the complex. 

Schemee 7.2. Scheme of the redox species of [Ru-bidppz-Os] 

Uponn one electron reduction, the band at 406 nm decreases in intensity, in agreement with 
thee assignment to a 'iL transition at the phenazine moieties of bidppz and consistent with the 
firstfirst reduction occurring at the phenazine part of the bridging ligand. Lower in energy (at 580 
nm)) a new band arises, which is also observed for the one-electron-reduced homonuclear 
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complexes,, [Os-bidppz-Os]  + and |Ru-bidppz-Ru]3+, and for the mononuclear 

[Ru(bpy)2(dppz)"]++ complex. Such transition is assigned to the radical anion of the phenazine 

moietyy of the bridging ligand. Upon addition of a second electron, the band at 580 nm 

decreasess in intensity and a low lying absorption band arises at 965 nm, due to an IL 

transitionn within the new largely delocalized rc-system of the planar C=C-linked phenazine 

moietiess of [bidppz]2" in [Ru-bidppz-Os)2+ (see Scheme 7.2). 

7.2.37.2.3 Emission properties 

Thee emission data for [Ru-bidppz-Os]4+ and the reference compounds [Ru-bidppz-Ru]4+, 
[Os-bidppz-Os]4+,, [Ru(bpy)2(dppz)]2+ and [Os(bpy)3]

2+ are reported in Table 7.2. The 
emissionn spectra of the dinuclear complexes, in air-equilibrated dichloromethane solution, are 
depictedd in Figure 7.3. The emission properties of [Ru-bidppz-Os)4+ were investigated upon 
excitationn at 460 nm, an isoabsorptive wavelength for equimolar solutions of all the dinuclear 
complexes. . 
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Figuree 7.3. . Emission spectra of [Ru-bidppz-Os]4+ (— —), [Os-bidppz-Os]4+ ( ) and |Ru-
bidppz-Ru]4++ ( ) in CH2C12, excitation at 460 nm (A = 0.1). 

Att room temperature, the emission of [Ru-bidppz-Os]4+ in dichloromethane occurs at 740 
nmm (Table 7.2). Comparison with the reference compounds [Os-bidppz-Os)4+ and 
[Os(bpy)3]

2+,, emitting at 750 and 716 nm respectively (Table 7.2), confirms that the emission 
off  the heteronuclear complex is due to a 3MLCT excited state of the osmium moiety. The red-
shiftt of the emission maximum found for [Ru-bidppz-Os]4+ and [Os-bidppz-Os|4+ compared 
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too [Os(bpy)3]
2+, is in agreement with the excited electron as localized on the bridging ligand, 

andd is consistent with the higher electron accepting character of the bridging ligand, due to 
thee presence of the phenazine part. The emission at 740 nm observed for [Ru-bidppz-Os]4+ 

decayss with lifetime of 20 ns, in deaerated dichloromethane solution, similar to the lifetime 
measuredd for [Os-bidppz-Os|4+ (16 ns) in the same experimental conditions, and it remains 
nearlyy unchanged for an air-equilibrated solution (19 ns), see Table 7.2. A weak emission 
observedd for [Ru-bidppz-Os]4+ at higher energy, 607 nm, with decay time of 380 ns (Table 
7.2)) is likely due to a small impurity (< 5%) of a mononuclear ruthenium species, 
[Ru(bpy)2((HO)2B-dppz)]2++ ((HO)2B-dppz = dipyrido[3,2-a:2\3'-c]phenazine-ll-yl-boric 
acid),, used as precursor for the synthesis of the heteronuclear complex. li t indeed shows 
similaritiess with the emission of the well known [Ru(bpy)ö(dppz)]2+ complex, emitting at 600 
nmm with a lifetime of 356 ns (Table 7.2). The excitation spectrum of [Ru-bidppz-Os]4+, 
recordedd at 700 nm, closely resembles the steady-state absorption spectrum of the complex, 
whilee it largely differ from it when recorded at 600 nm. Evidence for an emission occurring 
fromm the ruthenium moiety of [Ru-bidppz-Os]4+ was not found. The emission quantum yields 
off  the osmium moiety in [Ru-bidppz-Os]4+ and [Os-bidppz-Os|4+ in air-equilibrated 
dichloromethanee are similar, 0.0027 and 0.0031 respectively (Table 7.2), consistent with 
sensitizationn of the osmium center in the heteronuclear complex. 

Thee emission properties of [Ru-bidppz-Os]4+ are in agreement with energy transfer 
occurringg from the ruthenium moiety to the osmium centre with efficiency > 99%. Energy 
transferr from the excited ruthenium- to osmium-based component is observed for several 
heteronuclearr complexes, thermodynamically allowed by the energy difference between 

2,33 , 

donorr and acceptor excited states. It must be noticed that an interaction of few cm" between 
thee ruthenium and osmium moieties, which can not be observed by electrochemical and 
spectroscopicc investigations, may be sufficient to causee fast intercomponent energy transfer. 

Tablee 7.2. Emission data of the investigated complex and reference compounds. 

2933 Kfl 77 Kb 

Ruu Os Ru Os 

cnfcnf z/ns O ™ z/ns <2> rf z/us / IJnm z/us 

nmm nm nm 

[Ru-bidppz-Os]4++ 607 380 0.0012 738 19 0.0031 591 s!Ö 714 Ï T ~ 

[Ru-bidppz-Ru]4**  613 800 0.008 591 4.0 

[Os-bidppz-Os]44 750 16 0.0027 730 0.68 

[Ru(bpy)2dppzj2++ 600 356 581 5.0 

[Os(bpy)3]
2++ 717 700 1.1 

"Air-equilibratedd dichloromethane solutions. *Butyronitrile rigid matrix. 
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Changingg solvent, the emission properties of [Ru-bidppz-Os| undergo major changes. In 
butyronitrile,, a more polar solvent than dichloromethane, no emission is indeed observed for 
thee osmium moiety. Similar behavior was already found for the homonuclear [Os-bidppz-
Os]4++ (see also Chapter 6), and is probably due to a strong shift to lower energy of the 
emittingg 3MLCT state and low emission quantum yield in this solvent. Similarly to the 
solutionn in dichloromethane, an emission originating from the ruthenium moiety in [Ru-
bidppz-Os]4++ could not be observed in butyronitrile, while a weak emission due to impurities 
wass found at .̂max = 628 nm. 

Inn butyronitrile rigid matrix at 77 K, |Ru-bidppz-Osl4+ shows emission at 714 nm, blue-
shiftedd compared with the emission at room temperature, in agreement with the charge 
transferr nature of the emitting excited state and the lack of solvent stabilization. The excited 
statee exhibits lifetime of 1.1 |us (Table 7.2), typical value for osmium polypyridine complexes 

14 4 

att 77 K. Consistent with the measurements at room temperature, an emission due to 
impuritiess is observed at 591 nm, that decays following first-order kinetics (r = 5.0 p.s). 
Energyy transfer from the ruthenium to the osmium moiety clearly takes place at low 
temperature,, and it is confirmed by the excitation spectrum recorded at 700 nm at 77 K in 
butyronitrilee rigid matrix. It indeed resembles the steady-state absorption spectrum profile of 
thee complex at room temperature. 
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Figuree 7.4. Difference transient absorption spectra of [Ru-bidppz-Os|4+ in air-equilibrated CH2CI2 
solution,, measured at time delays of 0, 10, 20 and 45 ns, respectively (.4XC = 460 nm, 2 ns FWHM). 
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7.2.47.2.4 Time-resolved transient absorption spectroscopy 
Inn order to gain information on the photoinduced processes in the heterometallic [Ru-

bidppz-Os]4++ complex, transient absorption (TA) spectroscopy in the nano- and 
(sub)picosecondd time domain was performed. The ns-TA spectra were recorded for air-
equilibratedd dichloromethane and butyronitrile solutions upon excitation at 460 nm (2 ns 
FWHM)) and are depicted in Figures 7.4 and 7.5, respectively. For comparison purposes, the 
ns-TAA spectra of [Os-bidppz-Os]4+ in deaerated dichloromethane solution are reported in 
Figuree 7.6. They were recorded in the same experimental conditions as for [Ru-bidppz-Os]4+. 

Onn the nanosecond time scale, the TA spectra of [Ru-bidppz-Os]4+ in air-equilibrated 
dichloromethanee solution show bleach of the ground state at 400 and 490 nm, and differential 
transientt absorption at 350 and 580 nm (Figure 7.4). The recovery of the ground state follows 
first-orderr kinetics with a lifetime of 20 ns, similar to the decay time (19 ns) observed for the 
emissionn at 740 nm (see above). This result suggests that the excited state involved in the TA 
spectraa corresponds to the excited state emitting at 740 nm. In the nanosecond time-domain, 
thee TA spectra of [Ru-bidppz-Os]4+ and [Os-bidppz-Os]4+ show strong similarities. The ns-
TAA spectra of [Os-bidppz-Os]4+ show indeed the bleach of the ground state at 400 and 490 
nmm and transient absorption at 350 and 580 nm (Figure 7.6), with a profile closely resembling 
thee one exhibited by (Ru-bidppz-Os]4+ (Figure 7.4). The decay time of the bleach of the 
groundd state for [Os-bidppz-Os)4+ is 15 ns, similar to its emission lifetime (see also Chapter 
66 for a detailed discussion). The analogy of behavior of the two complexes in 
dichloromethanee is consistent with a lowest excited state of the same nature for the two 
compounds.. Importantly, an absorption band at 580 nm is also observed for the one-electron 
reducedd [Ru-bidppz-Os]3+ (Figure 7.2) assigned to the absorption of the phenazine radical 
anion.. Thus, differential absorption band in the TA spectra of [Ru-bidppz-Os]4+ is referred to 
thee absorption of the reduced phenazine. The TA spectra of [Ru-bidppz-Os]4+ and [Os-
bidppz-Os]4++ are in agreement with a lowest 3MLCT excited state that involves a transition 
fromfrom dn(Os) orbital to n*(bidppz), with the electron partially localized on the phenazine 
moiety. . 
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Figuree 7.5. Difference transient absorption spectra of [Ru-bidppz-Os]4+ in air-equilibrated 

butyronitrilee solution, measured at time delays of 0, 3 and 6 ns, respectively (ieXC = 460 nm, 2 ns 

FWHM). . 

Inn air-equilibrated butyronitrile solution, the nanosecond TA spectra of [Ru-bidppz-Os]4+ 

showw similar features as in dichloromethane, with bleach of the ground state at 400 and 490 

nmm and transient absorption at 350 and 580 nm (Figure 7.5). The ground state bleach recovers 

withh short decay time, less than 5 ns. Interestingly, the ratio between the intensity of the 

differentiall  absorption band at 580 nm and the bleach at 490 nm is higher for the TA spectrum 

recordedd in butyronitrile after the laser pulse (Figure 7.5, time delay 0 ns) compared with the 

ratioo in dichloromethane solution (Figure 7.4, time delay 0 ns). Analogously, the bleach at 

4000 nm is more intense for the solution in butyronitrile. This behavior is consistent with a 

largerr contribution of the phenazine moieties of the bridging ligand to the lowest 3MLCT 

excitedd state, as compared to the situation in dichloromethane. The higher polarity of 

butyronitrilee indeed better stabilizes a larger charge separation in the lowest lying 3MLCT 

state. . 
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Figuree 7.6. Difference transient absorption spectra of |Os-bidppz-Os| + in deaerated CH2C12 solution, 

measuredd at time delays of 0, 5, 10, 15 and 20 ns, respectively (i^c = 460 nm, 2 ns FWHM). 

Inn dichloromethane as well as in butyronitrile solution, no evidence of contributions from 

thee ruthenium moiety of [Ru-bidppz-Os]4+ to the ns-TA spectra is found. This is consistent 

withh energy transfer occurring from ruthenium to osmium on a shorter time domain. 

Inn the attempt to investigate the dynamics of the energy transfer process between ruthenium 

andd osmium in [Ru-bidppz-Os]4+ complex, TA spectroscopy was performed in the 

picosecondd time scale. The picosecond TA (ps-TA) spectra recorded for [Ru-bidppz-Os)4+ in 

dichloromethanee solution after excitation at 460 nm (FWHM 130 fs) are depicted in Figure 

7.7B.. For an easier understanding of the spectral changes, the ps-TA spectra of [Ru-bidppz-

Ru] 4++ and [Os-bidppz-Os]4+ in dichloromethane after excitation at 350 nm (FWHM 130 fs) 

aree also reported (Figure 7.7A). 

Inn Figure 7.7A a bleach of the 'MLCT absorption band can be observed for [Ru-bidppz-

Ru] 4++ at 480 nm while for [Os-bidppz-Os]4+ it is found at 490 nm (see Chapter 6 for a 

detailedd discussion). The red-shift observed for the osmium complex is due to the lower 

energyy of its 'MLCT level as compared to [Ru-bidppz-Ru] 4+. For the mixed metal complex 

[Ru-bidppz-Os]4++ after excitation at 460 nm a bleach due to the excited ruthenium moiety, 

andd in part also due to the excited osmium moiety, can be seen at 480 nm (trace recorded at 1 

pss time delay in Figure 7.7B). Within 10 ps this bleach is completely shifted to 490 nm, due 

too the excitation of the osmium moiety from the excited ruthenium center. This is a clear 

indicationn that energy transfer occurs in less than 10 ps. Such measurements and their kinetics 

aree complicated by the lack of a selective excitation of the ruthenium (donor) component. The 

excitedd state of the osmium, obtained by energy transfer, decays than in the nanosecond time 

domainn in agreement with the decay time of the emission recorded for the osmium component 

(199 ns, see above). 
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Figuree 7.7. (A) Difference transient absorption spectra of [Ru-bidppz-Ru]4+ ( ) and [Os-

bidppz-Os]4++ ( ) in CH2C12 solution, measured 1 ps after the laser pulse (  ̂ = 350 nm, 130 fs 

FWHM).. (B) Difference transient absorption spectra of [Ru-bidppz-Os]4+ in CH2C12 solution 

measured,, at time delays of 1 ( ), 10 ( ) and 800 ( ) ps (A x̂c = 460 nm, 130 fs 

FWHM). . 

Onn the base of the spectral changes (shift of the bleach of the MLCT band) observed at 

differentt time delays, and related to the decay of the excited ruthenium and formation of the 

excitedd osmium, the rate constant for the energy transfer process is ken>  10" s"1. This rate 

constantt is very fast for an interchromophore distance estimated to be 20 A (metal-metal 

distance).. However, as the excitation of the donor (Ru moiety) involves the bridging ligand, 

thee interchromophore distance can be expected to be shorter than 20 A. 

Thee energy transfer process can be either due to Föster-type or to Dexter-type mechanism. 

Föster-typee could be a contributing mechanism due to the good overlap between the emission 

spectrumm of the donor (ruthenium) moiety and the absorption spectrum of the acceptor 

(osmiumm ), as it can be seen from the emission band of [Ru-bidppz-Ru] 4+ (Figure 7.3) and 

absorptionn band of [Os-bidppz-Os]4+ (Figure 7.1). However, the observed energy transfer 

ratee ( > 10 ' s"1) is much faster than the rate constant (fccn = 2.1 x 107 s' ) calculated for 

Förster-typee mechanism for [Ru(bpy),]2+ and [Os(bpy)J2+ at shorter distance (17 A). 

Therefore,, a major contribution by Dexter-type mechanism can be expected. Furthermore, 

energyy transfer in [Ru-bidppz-Os]4+ occurs from the lowest triplet (3MLCT) excited state of 

thee ruthenium unit, therefore Dexter mechanism is more spin favourable(see also Chapter 1, 
15,166 4 + 

Sectionn 1.7). A final proof for the predicted Dexter-type mechanism in [Ru-bidppz-Os] 
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couldd be obtained upon changing conformation or geometry of the bridging ligand. As 
alreadyy mentioned, upon two-electron reduction of [Ru-bidppz-Os]4+ the bridging bidppz 
ligandd dramatically changes its electronic and geometrical properties. In such conditions, a 
changee in the rate of photoinduced processes can be expected. Work is in progress to 
determinee to what extent the reduction and subsequent protonation of the phenazine moieties 
off  bidppz ligand lead to a change in the photophysical behavior of the heteronuclear metal 
complex. . 

7.33 Conclusions 

Inn this Chapter the (spectro)electrochemical and photophysical properties of the 
heteronuclearr [Ru-bidppz-Os]4+ complex were described. Steady-state emission and transient 
absorptionn measurements are in agreement with photoinduced energy transfer occurring from 
thee excited ruthenium moiety to the osmium unit. Although the electrochemical results and 
thee steady-state absorption spectra show only weak electronic interaction between the 
rutheniumm and osmium metal centres, a high energy transfer rate constant £en > 10u s"1 was 
found.. Such fast process is most probably due to a Dexter-type energy transfer mechanism. 

Startingg from the heteronuclear [Ru-bidppz-Os]4+ complex, new systems could be 
developedd for the transfer of energy over long distance in a vectorial fashion. Furthermore, 
duee to the redox properties of the bridging bidppz ligand, change of the rate for the transfer 
off  energy could be obtained by an external stimulus such as redox reaction and pH change. 

7.44 Experimental Section 

Materials.. [(bpy)2Ru(bidppz)Os(bpy)2](PF6)4 ([Ru-bidppz-Os]4+) was synthesised in the group of 
Prof.. Peter Belser (University of Fribourg, Switzerland) and the synthesis procedure will be published 
elsewhere.. For electrochemistry and spectroscopy, butyronitrile (Acros) was dried over CaHï and 
freshlyfreshly distilled under nitrogen prior to use. For spectroscopy, acetonitrile, dichloromethane, ethanol 
andd methanol (Fluka, spectroscopic grade) were used as received. The supporting electrolyte B114NPF6 
(Aldrich)) was recrystallized twice from ethanol and dried overnight under reduced pressure at 60 °C. 
Thee internal standard ferrocene (Aldrich) was used as supplied. 

Generall  Techniques. Cyclic and differential pulse voltammetric scans were performed with a 
gastightt single-compartment cell under an atmosphere of dry nitrogen or argon. The cell was equipped 
withh a Pt disk working (apparent surface area of 0.42 mm2), Pt wire auxiliary, and Ag wire 
pseudoreferencee electrodes. The working electrode was carefully polished with a 0.25 um-grain 
diamondd paste between scans. The potential control was achieved with a PAR Model 283 potentiostat. 
Alll  redox potentials are reported against the ferrocene-ferrocenium (Fc/Fc+) redox couple used as an 
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internall  standard (EV2 = 0.38 V vs SCE in acetonitrile). Tetrabutylammoniumhexafluorophosphate 

(Bu4NPF6)) was used as supporting electrolyte. 

UV/Vi ss spectroelectrochemical experiments were performed with an optically transparent thin-layer 

electrochemicall  (OTTLE) cell, equipped with a Pt minigrid working electrode and quartz optical 

windows.. The controlled-potential electrolyses were carried out with a PA4 potentiostat (EKOM, 

Czechh Republic). All electrochemical samples were 5 * lO^M in the studied complex and contained 3 

xx 10'MBu4NPF6. 

UV/Vi ss spectra were recorded on a Hewlett Packard 8453 diode-array spectrophotometer. Emission 

andd excitation spectra were recorded on a Spex 1681 spectrophotometer. All the emission spectra are 

correctedd for the photomuitiplier response. 

Nanosecondd time-resolved absorption spectra were obtained using a setup described previously. 
Thee irradiation source was a continously tunable (400-700 nm) Coherent Infinity XPO laser working 
att 10 Hz (2 ns FWHM). Excitation laser light was typically less than 5 mJ pulse'. Samples were 
preparedd to have optical density, at the excitation wavelength, of ca. 0.3 in a 1 cm cuvette. For each 
sample,, spectra were measured at not less than 25 different time delays. 

Time-resolvedd emission studies were performed at single wavelength using a continously tunable 
(400-700nm)) Coherent Infinity XPO laser as excitation source. The emission light was collected in an 
Oriell  monochromator, detected by a P28 PMT (Hamamatsu), and recorded on Tektronix TDS3052 
(5000 MHz) oscilloscope. A photodiode was used as external trigger source. 

(Sub)pico-secondd transient absorption spectra and single wavelength kinetics were measured using a 
21 1 

setupp described in detail in a previous paper. The laser system was based on a Spectra-Physics 
Hurricann Titanium Sapphire regenerative amplifier system. The full spectrum setup was based on an 
opticall  parametric amplifier (Spectra-Physics OPA 800) as pump. A residual fundamental light, from 
thee pump OPA, was used for white light generation, which was detected with a CCD spectrograph. 
Thee single wavelength kinetics measurements setup was based on two OP As, one used for pumping 
andd the other one for probing, and an amplified Si-photodiode for detection. For both setups the OPA 

waswas used to generate excitation pulses at 350 nm. The output laser was typically 5uJ pulse' (130 fs 

FWHM)) with repetition rate of 1 KHz. A circular cuvette (d= 1.8 cm, 1 mm, Hellma), with the sample 
solution,, was placed in a homemade rotating ball bearing (1000 rpm), to avoid local heating by the 
laserr beam. The solutions of the samples were prepared to have an optical density at the excitation 
wavelengthh of ca. 0.5 in a 1 mm cell. The absorbance spectra of the solutions were measured before 
andd after the experiments. In all cases less than 10 % photodecomposition was observed. 

Luminescencee quantum yields were measured in optically dilute solutions, using [Ru(bpy^]Cl2 in 

air-equilibratedd H20 {0tm = 0.028)22 and [Os(bpy)3](PF6)2 in air-equilibrated CH3CN (0em = 0.0035)" 

ass reference emitters. Estimated experimental errors in the reported data are as follows: absorption and 
emissionn maxima  2 nm, emission lifetimes 8 %, emission quantum yields  20 %. Where required, 
deaeratedd solutions were prepared by freeze-pump-thaw technique on a vacuum line. 
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Summary Summary 
Thee aim of this Thesis was to design and investigate luminescent metal complexes for 

diagnosticss applications. As outlined in Chapter  1 (Section 1.1), there is a strong interest in 
thee development of luminescent probes for highly sensitive assays, such as immunoassays and 
DNA-probee assays. Population of the luminescent excited state can be achieved by a chemical 
reactionn between two species of sufficient energy (e.g. electrochemiluminescence (ECL)) or 
byy photoexcitation. High emission quantum yield of the probe is a fundamental requirement 
forr highly sensitive analysis. Furthermore, emission decay-times of a few microseconds are 
alsoo required in order to avoid background signal by means of time-gated detection, in 
particularr for the assays where the probe is excited upon irradiation. A promising class of 
compoundss for luminescent probe technologies are transition metal complexes with a lowest 
triplett metal-to-ligand charge-transfer (3MLCT) excited state, such as ruthenium and osmium 
polypyridyll  complexes. 3MLCT states can indeed be long-lived, exhibit relatively high 
emissionn quantum yields and are in general stable with respect to cleavage of metal-ligand 
bonds.. Furthermore, due to their low energy they can be populated by a strongly exergonic 
reaction,, such as electron transfer between two redox species (e.g. in ECL reactions). 

Inn diagnostics, the ECL-assays are usually performed in aqueous solution, employing 
[Ru(bpy)3]2++ (bpy = 2,2'-bipyridine) as label for the biological molecules and tripropylamine 
(TPrA)) as sacrificial reductant. In an attempt to improve the sensitivity (signal-to-noise ratio) 
off  the ECL-assays, we decided to study the behaviour of a series of modified ruthenium 
complexess with 2,2'-bipyridine ligands bearing substituents in 4,4'- and 5,5'-positions 
(Chapterr  3). The spectroscopic and ECL properties of the increasingly hydrophobic 
complexess [Ru(4,4'-di-CH3-bpy)3]

2+, [Ru(4-CH3-4'-CH2C(C02Et)3-bpy)3]2+ and [Ru(4,4'-di-
CH2C(C02Et)3-bpy)3]2++ and their 5,5'-substituted derivatives [Ru(5,5'-di-CH3-bpy)3]

2+ and 
[Ru(5,5'-di-CH2C(C02Et)3-bpy)3]

2++ are discussed in Chapter  3. An enhancement of the 
efficiencyy for the ECL reaction was expected due to hydrophobic interactions with non-ionic 
surfactantt present in the assay buffer (see Chapter  1). Even though for [Ru(5,5'-di-CH3-
bpy)3]

2++ the ECL intensity is enhanced by 10% as compared to the reference [Ru(bpy)3]
2+, no 

directt proof for the influence of the hydrophobicity of the complexes on the ECL reaction 
couldd be found. Substitution of the bipyridine ligands with the bulky -CH2C(C02Et)3 groups 
att the 4,4'-positions resulted in steric hindrance of the metal complex toward the reaction with 
TPrA.. However, substitution at the 5,5'-positions causes much less steric hindrance and the 
complexx then reacts more readily with TPrA. 

AA more successful approach to enhance the sensitivity of the ECL-assays regards larger 
numberr of ECL active centres contained within the label. Dendrimers are a convenient tool 
forr the design of large structures with several metal centres. Particularly promising are 
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multinuclearr systems with the metal units at the periphery of the dendrimer, as their redox 

reactionss are not hindered. In Chapter  4 the syntheses, spectroscopic data and ECL behaviour 

off  two di- and trinuclear homometallic complexes are described. The compounds contain 

rutheniumm tris(2,2*-bipyridine) units covalently linked by the amino acid lysine (Lys) or the 

correspondingg dipeptide (LysLys). The electrochemical and spectroscopic results prove that 

thee bridging Hgands (Lys and LysLys) do not affect the electronic properties of the metal 

centres,, their spectroscopic properties being similar to those of [4-carboxypropyl-4'-methyl-

2,2'-bipyridine]bis(2,2,-bipyridine)ruthenium(II)) complex, [Ru-RefJ2+, isostructural with the 

rutheniumm moieties in the two oligonuclear complexes. The ECL studies showed that 30% 

enhancementt of the ECL intensity can be achieved for the dinuclear and trinuclear complexes, 

ass compared to [Ru-RefJ2+. A greater improvement is prevented by their slow diffusion. 

Heterogeneouss ECL studies, performed on larger dendritic complexes, containing up to eight 

rutheniumm units, showed that limitations due to slow diffusion can be easily overcome by 

meanss of the nanoparticle technology, leading to ECL intensities proportional to the number 

off  ruthenium moieties in the complex (Chapter  4). However, care must be taken when 

consideringg large multimetallic complexes, as hydrophobic interactions with nanoparticles 

andd biological moieties in the assay buffer may dramatically increase the background signal. 

Dendrimerss can also be important means to prolong the excited state lifetime of a 

luminescentt metal core by protecting it from molecular oxygen and other quenchers. In 

Chapterr  5 the syntheses and photophysical investigations of three ruthenium complexes with 

dendriticc Hgands are presented. As metal core [Ru(4,7-(SC>3-Ph)2-phen)3]4" (4,7-(SC>3-Ph)2-

phenn = 4,7-(diphenylsulfonate)-l,10-phenantroline) was used, known to emit with lifetime of 

3.88 |is in deaerated water at room temperature. The dendritic complexes exhibit lifetimes of 

ca.ca. 7 us at room temperature in deaerated acetonitrile. In agreement with a shielding effect by 

thee dendritic branches on the central metal core, the oxygen quenching rate constants decrease 

uponn increasing the length of the branches. 

AA different approach for the elongation of the excited state lifetime is the design of metal 

complexess with a large aromatic (appended or chelating) ligand possessing long-lived triplet 

excitedd state of suitable energy. In particular, a good matching between the energies of 
3MLCTT (triplet metal-to-ligand charge transfer) state of the metal centre, that is often the 

lowestt excited state in ruthenium and osmium polypyridyl complexes, and the 3IL (triplet 

intraligand)) state of the large aromatic ligand, could lead to an equilibrium between these 

states,, resulting in longer emission decay time. In Chapter  6 the redox and photophysical 

propertiess of two homonuclear metal complexes [(bpy)2Ru(bidppz)Ru(bpy)2]4+ and 

[(bpy)2Os(bidppz)Os(bpy)2]
4++ (bpy = 2,2'-bipyridine, bidppz = l,r-dipyrido[3,2-a:2',3'-

c]phenazin-l,r-yldipyrido[3,2-a:2',3'-c]phenazine)) are described. The bridging bidppz 

ligandd has long-lived 3IL state at low energy. Strong solvent dependence of the spectroscopic 

propertiess of the two complexes was observed. In particular, [(bpy)2Ru(bidppz)Ru(bpy)2]4+ 
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showss long excited state lifetime (9.7 us) in deaerated dichloromethane that becomes much 
shorterr (360 ns) in deaerated butyronitrile. (Sub)picosecond transient absorption spectra in 
dichloromethanee showed that thermal population of die long-lived triplet intraligand (3IL) 
statee of the bridging ligand from the slightly higher-lying 3MLCT state takes place and is 
responsiblee for the observed long emission decay time. In butyronitrile the energy of the 
3MLCTT state is lowered due to the polarity of the medium and the 3IL state is not thermally 
accessible.. For [(bpy)20s(bidppz)Os(bpy>2]4+ the 3MLCT state lies low in energy even in 
dichloromethanee and no interaction of this state with the 3IL state of the bridging ligand 
occurs. . 

Duee to the large interest on photoinduced processes for vectorial and long range charge and 
energyy transfer within covalently linked units, we decided to study the 
(spectro)electrochemicall  and the photophysical behaviour of the heteronuclear 
[(bpy)2Ru(bidppz)Os(bpy)2]4++ (Chapter  7). Steady-state emission and transient absorption 
measurementss are in agreement with photoinduced energy transfer occurring from the excited 
rutheniumm moiety to the osmium unit. Although the electrochemical results and the steady-
statee absorption spectra show only weak electronic interaction between the ruthenium and 
osmiumm metal centres, a large energy transfer rate constant k^ > 1011 s"1 was found. Such a 
fastt process is most probably due to a Dexter-type energy transfer mechanism. 
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Samenvatting Samenvatting 
Hett doel van dit proefschrift was om luminescente metaalcomplexen voor 

diagnosticatoepassingenn te ontwerpen en te onderzoeken. Zoals uiteengezet in Hoofdstuk 1 
(paragraaff  1.1), is er een sterke interesse in de ontwikkeling van luminescente probes voor 
hooggevoeligee assays, zoals immunoassays en DNA-probe assays. Bezetting van de 
luminescerendee aangeslagen toestand kan bereikt worden door een chemische reactie tussen 
tweee deeltjes met voldoende energie (bijvoorbeeld elektrochemiluminescentie (ECL)) of door 
foto-excitatie.. Een hoge emissiequantumopbrengst van de probe is een fundamentele vereiste 
voorr hooggevoelige analyse. Bovendien zijn emissievervaltijden van een paar microseconden 
ookk vereist om achtergrondsignalen te voorkomen door middel van time-gated detectie, 
voorall  voor de assays waar de probe aangeslagen wordt na bestraling. Een veelbelovende 
klassee verbindingen voor luminescente-probetechnologieèn zijn overgangsmetaalcomplexen 
mett een laagste triplet metaal-ligand ladingsoverdracht ( MLCT) aangeslagen toestand, zoals 
rutheen-- en osmiumpolypyridylcomplexen. 3MLCT toestanden kunnen inderdaad lang-levend 
zijn,, relatief hoge emissiequantumopbrengsten vertonen en zijn in het algemeen stabiel met 
betrekkingg tot verbreking van metaal-ligandbindingen. Bovendien, dankzij hun lage energie, 
kunnenn ze bezet worden door een sterk exergone reactie, zoals elektronoverdracht tussen twee 
redoxdeeltjess (bijvoorbeeld in ECL-reacties). 

Inn diagnostica worden ECL-assays gewoonlijk uitgevoerd in waterige oplossing, gebruik 
makendd van [Ru(bpy)3]2+ (bpy = 2,2'-bipyridine) als label voor de biologische moleculen en 
tripropylaminee (TPrA) as opofferingsreductant. In een poging de gevoeligheid (signaal-
ruisverhouding)) te verbeteren van de ECL-assays, besloten we het gedrag te bestuderen van 
eenn serie van aangepaste rutheencomplexen met 2,2'-bipyridineliganden met substituenten in 
dee 4,4'- en 5,5'-posities (Hoofdstuk 3). De spectroscopische en ECL-eigenschappen van de 
inn toenemende mate hydrofobische complexen [Ru(4,4'-di-CH3-bpy)3]2+, [Ru(4-CH3-4'-
CH2C(C02Et)3-bpy)3]2++ en [Ru(4,4'-di-CH2C(C02Et)3-bpy)3]

2+ en hun 5,5'-gesubstitueerde 
derivatenn [Ru(5,5'-di-CH3-bpy)3]

2+ en [Ru(5,5'-di-CH2C(C02Et)3-bpy)3]
2+ worden besproken 

inn Hoofdstuk 3. Een vergroting van de efficiëntie van de ECL-reactie werd verwacht dankzij 
hydrofobee interacties met de niet-ionogene surfactant, die aanwezig is in de assay buffer, (zie 
Hoofdstukk 1). Ook al is de ECL-intensiteit vergroot voor [Ru(5,5'-di-CH3-bpy)3]2+ met 10 % 
vergelekenn met de referentie, [Ru(bpy)3]2+, kon er geen direct bewijs voor de invloed van de 
hydrofobiciteitt van de complexen op de ECL-reactie worden gevonden. Substitutie van de 
bipyridineligandenn met de bulky -CH2C(C02Et)3-groepen in de 4,4'-posities resulteerde in 
sterischee hindering van het metaalcomplex ten aanzien van de reactie met TPrA. Echter 
veroorzaaktt substitutie in de 5,5'-posities veel minder hindering en het complex reageert dan 
veell  gemakkelijker met TPrA. 
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Eenn succesvollere benadering om de gevoeligheid van ECL-assays te vergroten, is een 
groterr aantal ECL-actieve centra dat aanwezig is in het label. Dendrimeren zijn een handig 
middell  voor het ontwerp van grote structuren met verscheidene metaalcentra. Bijzonder 
veelbelovendd zijn multinucleaire systemen met de metaaleenheden aan de buitenkant van het 
dendrimeer,, aangezien hun redoxreacties niet gehinderd worden. In Hoofdstuk 4 worden de 
synthese,, spectroscopische gegevens en ECL-gedrag van twee bi- en trinucleaire 
homometallischee complexen beschreven. De verbindingen bevatten rutheentris(2,2'-
bipyridine)-eenhedenn die covalent gebonden zijn door het aminozuur lysine (Lys) of het 
overeenkomstigee dipeptide (LysLys). De elektrochemische en spectroscopische resultaten 
bewijzenn dat de bruggende liganden (Lys en LysLys) de elektronische eigenschappen van de 
metaalcentraa niet beïnvloeden, aangezien hun spectroscopische eigenschappen lijken op die 
vann ^-carboxypropyl^'-methyl^^'-bipyridineJbisCl^'-bipyridineJrutheenflI), [Ru-RefJ2+, 
datt isostructureel is met de rutheeneenheden in de twee oligonucleaire complexen. De ECL-
studiess lieten zien dat 30% vergroting van de ECL-intensiteit bereikt kan worden voor de 
binucleairee en trinucleaire complexen, vergeleken met [Ru-RefJ2+. Een grotere verbetering 
wordtt verhinderd door hun langzame diffusie. Heterogene ECL-studies, uitgevoerd aan 
groteree dendritische complexen, die tot acht rutheeneenheden bevatten, lieten zien dat 
beperkingenn ten gevolge van langzame diffusie gemakkelijk overwonnen kunnen worden 
doorr middel van nanodeelfjestechnologie, leidend tot ECL-intensiteiten die in verhouding zijn 
tott het aantal rutheeneenheden (Hoofdstuk 4). Echter moet er opgepast worden bij het 
beschouwenn van grote multimetallische complexen, aangezien hydrofobe interacties met 
nanodeeltjess en biologische eenheden in de assaybuffer het achtergrondsignaal dramatisch 
kunnenn vergroten. 

Dendrimerenn kunnen ook een belangrijk middel zijn om de aangeslagen-
toestandslevensduurr van een luminescerende metaalkern te verlengen door die te tegen 
moleculairee zuurstof en andere quenchers te beschermen. In Hoofdstuk 5 worden de synthese 
enn fotofysische onderzoeken van drie rutheencomplexen met dendritische liganden 
gepresenteerd.. Als metaalkern werd [Ru(4,7-(S03-Ph)2-phen)3]

4" (4,7-(S03-Ph)2-phen = 4,7-
(difenylsulfonaat)-l,10-fenantroline)) gebruikt, waarvan bekend is dat het emittert met een 
levensduurr van 3.8 (is in ontlucht water bij kamertemperatuur. De dendritische complexen 
vertonenn levensduren van ca. 7 us bij kamertemperatuur in ontgaste acetonitril. 
Overeenkomendd met een afschermingseffect door de dendritische takken op de metaalkern, 
verminderenn de zuurstofquenchingsnelheidsconstantes bij verlenging van de taklengte. 

Eenn andere benadering voor de verlenging van de aangeslagen-toestandslevensduur is het 
ontwerpp van metaalcomplexen met een groot aromatisch (aangehecht of chelerend) ligand dat 
eenn langlevende triplet aangeslagen toestand met een geschikte energie heeft. In het bijzonder 
zouu een goede overeenkomst tussen de energieën van de 3MLCT- (triplet metaal-ligand 
ladingsoverdrachts)) toestand, die vaak de laagste aangeslagen toestand is in rutheen- en 
osmiumpolypyridylcomplexen,, en de 3IL (triplet intraligand) toestand van het grote 
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aromatischee ligand, kunnen leiden tot een evenwicht tussen deze twee toestanden, met als 

gevolgg langere emissievervaltijden. In Hoofdstuk 6 worden de redox- en fotofysische 

eigenschappenn van twee homonucleaire metaalcomplexen [(bpy)2Ru(bidppz)Ru(bpy)2]  + en 

[(bpy)2Os(bidppz)Os(bpy)2]
4++ (bpy = 2,2'-bipyridine, bidppz = l,r-dipyrido[3,2-a:2',3'-

c]fenazine-ljr-yldipyrido[3,2-a:2',3'-c]fenazine)) beschreven. Het bruggende bidppz-ligand 

heeftt een langlevende 3IL-toestand bij lage energie. Een sterke oplosmiddelafhankelijkheid 

vann de spectroscopische eigenschappen werd waargenomen. In het bijzonder vertoont 

[(bpy)2Ru(bidppz)Ru(bpy)2J4++ een lange aangeslagen-toestandslevensduur (9.7 jxs) in 

ontluchtee dichloormethaan, die veel korter wordt (360 ns) in ontluchte butyronitril. 

(Sub)picosecondee transient-absorptiespectra in dichloormethaan lieten zien dat thermische 

bezettingg van de langlevende triplet intraligand- (3IL) toestand van het bruggende ligand 

vanuitvanuit de iets hoger liggende 3MLCT-toestand plaatsvindt en verantwoordelijk is voor de 

waargenomenn lange emissievervaltijd. In butyronitril wordt de energie van de MLCT-

toestandd verlaagd ten gevolge van de polariteit van het medium en is de IL-toestand niet 

thermischh toegankelijk. Voor [(bpy)2Os(bidppz)Os(bpy)2]
4+ ligt de 3MLCT-toestand zelfs in 

dichloormethaann laag in energie en komt er geen interactie van deze toestand met de IL-

toestandd van het bruggende ligand voor. 

Dankzijj  de grote interesse in fotogeïnduceerde processen voor vectoriële en lange-

afstandsladings-- en energie-overdracht binnen covalent gebonden eenheden, besloten we om 

hett (spectro)elektrochemische en fotofysische gedrag van het heteronucleaire 

[(bpy)2Ru(bidppz)Os(bpy)2]
4++ te bestuderen (Hoofdstuk 7). Steady-state emissie en transient-

absorptiemetingenn zijn in overeenkomst met fotogeïnduceerde energieoverdracht die van het 

rutheen-- naar het osmiumdeel gebeurt. Hoewel de elektrochemische resultaten en de steady-

state-absorptiespectraa slechts zwakke elektronische interactie laten zien tussen de rutheen- en 

osmiummetaalcentra,, werd een grote energie-overdrachtssnelheidsconstante ken > 10 s" 

gevonden.. Een dergelijk snel proces is meest waarschijnlijk het gevolg van een Dexter-type 

energieoverdrachtsmechanisme. . 
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