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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 

62 2 
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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 

63 3 
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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 

64 4 
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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 

65 5 



Chapter4 Chapter4 

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. 

67 7 
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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). 

68 8 
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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. 

69 9 
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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. 

3 --

c c 3 3 
oo 2-
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o o -l~ ~ 
— — 

1--
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II ' "* I ; ; 
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/ ' • '' ' " 

i i 

)) 150 

- „ „ 

"-- --

300 0 450 0 

""" "-

600 0 

timetime I ms 

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). 

/a.u. . 

1,0--
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^ ^ i ^ l ^ - ^ ^ 
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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/Viss 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 %. 

78 8 



MultimetallicMultimetallic Ruthenium(II) Complexes as ECL Labels 

References s 

1)) Paris, J. P.; Brandt, W. W. J. Am. Chem. Soc. 1959,81, 5001. 

2)) Klassen, D. M.; Crosby, G. A. J. Chem. Phys. 1968, 48, 1853-8. 

3)) Harrigan, R. W.; Hager, G. D.; Crosby, G. A. Chem. Phys. Lett. 1973,21, 487-90. 

4)) Collin, J. P.; Sauvage, J. P. Coord. Chem. Rev. 1989, 93, 245. 

5)) Roundhill, D. M. Photochemistry and photophysics of metal complexes; Plenum press: New 

York,, 1994. 

6)) Kalyanasundaram, K. Photochemistry of Polypyridine and Porphyrin Complexes', Academic 

Press:: London, 1992. 

7)) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.; von Zelewsky, A. Coord. 

Chem.Chem. Rev. 1988, 84, 85-277. 

8)) Tokel, N. E.; Bard, A. J. J. Am. Chem. Soc. 1972, 94, 2862. 

9)) Lee, W.-Y. Mikrochim. Acta 1997,127, 19-39. 

10)) Knight, A. W. Trends Anal. Chem. 1999, 75, 47-62. 

11)) Fahnrich, K. A.; Pravda, M.; Guilbault, G. G. Talanta 2001, 54, 531-559. 

12)) Gao, F. G.; Bard, A. J. Chem. Mater. 2002,14,3465-3470. 

13)) Buda, M.; Kalyuzhny, G.; Bard, A. J. J. Am. Chem. Soc. 2002,124, 6090-6098. 

14)) Leland, J. K.; Powell, M. J. J. Electrochem. Soc. 1990,137, 3127-3131. 

15)) Rubinstein, I.; Bard, A. J. J. Am. Chem. Soc. 1981,103, 512-516. 

16)) Blackburn, G. F.; Shah, H. P.; Kenten, J. H.; Leland, J.; Kamin, R. A.; Link, J.; Peterman, J.; 

Powell,, M. J.; Shah, A.; Talley, D. B.; Tyagi, S. K.; Wilkins, E.; Wu, T.-G.; Massey, R. J. 

Clin.Clin. Chem. 1991,37, 1534-1539. 

17)) Warner, I. M.; Soper, S. A.; McGown, L. B. Anal. Chem. 1996, 68, 73R-91R. 

18)) Hoyle, N. R.; Eckert, B.; Kraiss, S. Clin. Chem. 1996,42,1576-1578. 

19)) Zu, Y.; Bard, A. J. Anal. Chem. 2000, 72, 3223-3232. 

20)) Zu, Y.; Bard, A. J. Anal. Chem. 2001, 73, 3960-3964. 

21)) Knight, A. W.; Greenway, G. M. Analyst 1996,121, 101R-106R. 

22)) Bruce, D.; Richter, M. M.; Brewer, K. J. Anal. Chem. 2002, 74, 3157-3159. 

23)) Richards, T. C ; Bard, A. J. Anal. Chem. 1995, 67, 3140-3147. 

24)) Lee, S. K.; Bard, A. J. Anal. Letters 1998, 31,2209-2229. 

25)) Bolletta, F.; Ciano, M.; Balzani, V.; Serpone, N. Inorg. Chim. Acta 1982, 62, 207-213. 

26)) Bruce, D.; Richter, M. M. Anal. Chem. 2002, 74, 1340-1342. 

27)) McCord, P.; Bard, A. J. J. Electroanal. Chem. 1991, 318, 91 -99. 

28)) Issberner, J.; Vögtle, F.; De Cola, L.; Balzani, V. Chem. Eur. J. 1997,3, 706-712. 

29)) Vögtle, F.; Plevoets, M.; Nieger, M; Azzellini, G. C ; Credi, A.; De Cola, L.; De Marchis, V.; 

Venturi,, M.; Balzani, V.J. Am. Chem. Soc. 1999,121, 6290-6298. 

30)) Richter, M. M.; Bard, A. J.; Kim, W.; Schmehl, R. H. Anal. Chem. 1998, 70, 310-318. 

31)) Zhou, M.; Roovers, J. Macromolecules 2001,34, 244-252. 

32)) Pan, L. P.; Durham, B.; Wolinska, J.; Millett, F. Biochem. 1988,27, 7180-7184. 

33)) Martin, M. T.; Liang, P.; Dong, L. Electrochemiluminescenct monitoring of compounds; PCT 

Int.. Appl.:, 1996. 

79 9 



Chapter4 Chapter4 

34)) Leiand, J. K.; Gudibande, S. R.; Shen, L. Electrochemiluminescent Labels Having Improved 

Nonspecificc Binding Properties; PCT Int. Appl.: USA, 1997. 

35)) Balzani, V.; Juris, A.; Venturi, M.; Campagna, S.; Serroni, S. Chem. Chem. Rev. 1996, 96, 759-833. 

36)) De Cola, L.; Belser, P. Coord. Chem. Rev. 1998,177, 301-346. 

37)) Sutin, N.; Creutz, C. Adv. Cem. Ser. 1978,168, 1. 

38)) Sinclair, L.; Mondal, J. V.; Uhrhammer, D.; Schultz, F. A. Inorg. Chim. Acta 1998,278,1. 

39)) Amatore, C ; Azzabi, M.; Calas, P.; Jutand, A.; Lefrou, C ; Rollin, Y. J. Electroanal. Chem. 

1990,288,45-63. . 

40)) Rossenaar, B. D.; Haiti, F.; Stufkens, D. J.; Amatore, C ; Maisonhaute, E.; Verpeaux, J.-N. 

OrganometallicsOrganometallics 1997,16,4675-4685. 

41)) Bard, A. J.; Faulkner, R. L. Electrochemical Methods, Fundamentals and Applications; John 

Wileyy & Sons, Inc.: New York, 1980. 

42)) Mandal, K.; Hauenstein, B. L.; Demas, J. N.; DeGraff, B. A. J. Phys. Chem. 1983, 87, 328-

331. . 

43)) Dressick, W. J.; L., H. B.; Gilbert, T. B.; Demas, J. N.; DeGraff, B. A. J. Phys. Chem. 1984, 
88,88, 3337-3340. 

44)) Erler, K. Wien. Klin. Wochenschr. 1998,110, 5-10. 

45)) Workman, S.; Richter, M. M. Anal. Chem. 2000, 72, 5556-5561. 

46)) Gritzner, G.; Kuta, J. Pure Appl. Chem. 1984,56, 461-466. 

47)) Pavlishchuk, V. V.; Addison, A. W. Inorg. Chim. Acta 2000,298,97-102. 

80 0 


