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Abstract 

The compounds which are discussed in the present review are highly oxidizing Ru{II) 
complexes, based on various polyazaaromatic ligands, and acting as eflqcient electron acceptors  

in the excited state. The photoinduced charge transfer process and the following associated 
kinetic steps are characterized for the whole series of complexes by quite different techniques 
and methods. Thus their behavk)ur in the presence of reductants such as hydroquinone and 
mononucleotides {guanosine-5'-monophosphate and adenosine-5'-monophosphate) are exam- 
ined by flash phototysis, spectroelectrochemistry and photoelectrochemistry. It is explained 
how the light-initiated electron transfer process can be applied for spectral supersensitization 
of wide band gap SnO 2 semiconductor electrodes. Moreover, it is shown that such a knowledge 
of the behaviour of these photoredox reactions leads to interesting applications of these 
oxidizing complexes in a biological area, i.e. for the study of nucleic acids. Thus it is illustrated 
how these compounds can be used as promising photoreagents of DNA. The easy modulation 
of their size and shape, and their irreversible anchoring on the DNA bases, triggered by the 
reductive photoelectron transfer process from the guanine bases to the excited complex, allow 
one to regard these complexes as attractive molecular tools lk~r DNA study and maybe as 
future possible drugs activatable under visible light. (C 1998 Elsevier Science S.A. 

Ke.wrordv. Polypyridine Ru(ll) complexes: Photoelectrochemistry: Spectroelectrochemistry: 
DNA interaction: DNA photocleavages: DNA photoadducts 

1. Introduction 

Many reviews have been devoted to Ru( I I )  complexes where the interesting 
properties of their MLCT (metal to ligand charge transfer) excited states have been 
highlighted. This field of extensive research has induced the development of several 
applications based on these compounds in quite different areas. For example Ru( II ) 
polypyridine complexes have been used as photosensitizers for the splitting of water 
into elemental hydrogen and oxygen [ 1 9] and for the spectral sensitization of wide 
band gap semiconductor electrodes in photoelectrochemical cells [10 23]. These 
important developments in solar energy conversion and storage include also the 
design of molecular devices mimicking antenna systems [24,25]. More recently 
Ru( l l )  complexes have been studied as sensors in optrodes probing different kinds 
of analytes [26] and as photoprobes and photoreagents of biological molecules such 
as DNA [27 29]. They have also been chemically attached to synthetic oligodeoxy- 
nucleotides as specific luminescent probes [30 32] or photoreagents [33] of particular 
DNA sequences in order to inhibit specific gene functions. The complexes which 
have been tested in these various applications are of different types, they extend 
from monometallic to polymetallic species or from monofunctional to polyfunctional 
compounds. Examples of such complexes will be discussed later. 

The most exploited properties of these Ru( I I )  compounds are their photoredox 
behaviour responsible for photoinduced electron transfer reactions. It is striking to 
observe that, in most systems where the elementary photoeleclron transfer process 
has been studied, the Ru( II ) complex acts as an efficient electron donor. The well- 
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known Ru(bpy)3 + (bpy=2,2'-bipyridine) behaves indeed as a powerful reducing 
agent in the excited state. Therefore, in photoelectrochemistry as explained later, 
the excited state of Ru(bpy)~- and its derivatives is able to inject an electron into 
the conduction band of high band gap n-type semiconductor oxides. 

In this article in contrast, the discussion will focus on Ru(I I )  complexes which 
behave as electron acceptors, i.e. as powerful oxidants, in the excited 3MLCT state. 
These complexes are formed with polyazaaromatic ligands (Fig. 1 ) containing addi- 
tional unchelated nitrogen atoms in the aromatic rings; these supplementary nitrogen 
atoms induce significant changes in the photophysics and redox properties of the 
metal compounds, as reported previously for Ru( 11 ) complexes based on bpz (bpz = 
2,2'-bipyrazine), bpm (bpm=2,2'-bipyrimidine) [34-36] and TAP ( T A P =  
1,4,5,8-tetraazaphenanthrene) ligands [37]. 

Two applications of these highly photo-oxidizing complexes will be reviewed: the 
first one corresponds to their use in photoelectrochemistry with transparent SnO2, 
while the second application, of biological interest, involves I )NA studies. In both 
cases, we will discuss on the one hand, the striking similarities in the behaviour 
characterizing the photo-oxidizing Ru( I I )  compounds and, on the other hand, the 
differences as compared to all the other complexes studied in the literature. These 
usually behave as reducing agents in the excited state. In other words, the goal of 
this work is to show for this series of complexes, the similarity in the different 
elemental processes taking place at a semiconductor solution interface in photoelec- 
trochemistry (PEC) and in the microenvironment of a DNA double helix. Once 
these elemental processes have been characterized, it is easy to extrapolate the 
behaviour from one complex to the other in the same application, or from PEC to 
DNA studies for the same complex. While reviewing these two applications, we will 
stress the influence of a supplementary important parameter for the DNA studies, 
i.e. the shape and morphology of the metal compounds. Indeed this factor plays an 
essential role in the interaction of the rigid octahedral Ru( l l  ) complexes with DNA. 
As the shapes and the photoredox properties can easily be modulated, this represents 
a major advantage of the Ru(I [ )  compounds as photoprobes and photoreagents 
of DNA. 

N- -  - N  - -N N ~  Ihhl~ N 

B P Z  B P M  T A P  M e 2 T A P  

II•N 
N ~ N N ~ N N  :fyN? 

N " y  N N N ; 

H A T  D P P Z  P H E H A T  

Fig. 1. Structure of different polyazaaromatic ligands. BPZ=2,2'-bipyrazine:  BPM = 2,2'-bipyrimidine: 
T A P =  1,4,5,8-tetraazaphenanthrene: TAPMe_,-2,7-dimethyl-1,4,5,8-tetraazaphenanthrene: H A T -  1,4,5, 
8,9,12-hexaazatriphenylenc: DPPZ-dipyrido[3,2-a:2 ' ,Y-c]phenazine:  PHEHAT 1,10-phenanthrolino- 
[5.6-h] 1.4.5,8,9.12-hexaazat riphenylene. 
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Having defined the focus of  this work, the serics of  complexes which will be 
reviewed is rather restrictive. The list is given in Table 1 where the redox properties 
of  the complexes in the ground and excited states are compared to the electrochemical 
properties of  the well-known Ru(bpy)  3 + 

From inspection of Table 1, we can conclude that all the polyazaaromatic coin- 
plexes are more oxidant in their ground and excited states than Ru(bpy),~ +. The 
monometall ic  TAP compounds  Ru(bpy/phen)~TAP3 *~ ( phen == 1,10-phenanthroline: 
i=0 .1 ,2 )  have their first ground state reduction wave shifted positively by about 
0.5 0 .6V compared to Ru(bpy)3 + and the oxidation power increases with the 

Table I 

Oxida t ion  (E,,0 and reducl ion potelatials {LUred} of a series of  Ru(11) coraplexes,  together  with lhe corre- 

spond ing  oxida t ion  (Eo*d and reduct ion potent ia ls  (E*~d) in the excited 3MLCT slate [data vs SCE]  

Complex  E,,~ E, <.d E * ~  ~' /f*~d" Reference 

Ru{ HAT )~ 
Ru4 HAT )2! TAP)  2 
Ru{ TAP):(  HAT )2 

R u i T A P ) ~  
Ru{ BPZ }~ 

Rut  Me2TAP I ~ ' 
Ru(  HAT )2t phen) 2 " 
Ru TAP)z( DPPZ )2 
Ru BPZ Ifl D P P Z )  z b  

Ru HAT L4bpyl 2 
Ru b p y H T A P  11 FlAT }-' 
Ru TAPL4 bpy} 2 

Ru "I'A P L,I phen)  2' 
R u phen )_4 PH E H AT )2, ¢.d 

Ru bpyla(DPPZ)- '  ~.a 
Ru phen)2( DPPZ )2. <-.,~ 
Ru bpy l2 (TAPl  2' 
Ru p h c n ) 2 1  t t A T ) 2  " 

Ru bpy !2( HAT I ~ 

Ru bp.', i3 
[Rufbpy)e ]e t lAT a ' °  
[ Ru( p h e n l 2 ] 2 H A T  a- l 

+ 2.07 0.62 0.01 + 1.46 [ 39] 
4- 2.03 11.64 - o.f14 ~- 1.43 [ 39 ] 

+ 2.!)2 o.68 - 0.02 + 1.36 [391 
+ 1.94 0 7 5  0.12 + 1.32 [37] 
+ 1.86 ll.86 0 . 2 0  + 1.27 [3] 

+ 1.80 0.84 0.28 + 1.24 [42] 

+ 1.81~ - (I.()6 - 0 . 0 3  ; 1.23 146] 
+ 1.77 (I.81t -11.18 + 1.15 [126} 
+ 1.77 (I.78 11.15 + 1.14 /125] 

+ 1.79 0.76 -f t .08 F 1.12 [39] 
+ I.TN 11.75 0.08 4- I . I I  139] 

+ 1.70 0.83 0.19 + 1.06 146] 
+ 1.77 -. 11.83 --(I. lfi 4 1.06 [461 
+ 1.3-', 1!.84 0.52 + I.(13 [38] 

+ 1.24 1.02 11.75 +0 .97  14i. 1251 
+ 1.3!) I.I)0 0.67 +0 .97  [38] 
+ 1.51 0.88 0.23 +0 .86  [37] 

+ 1.53 0.86 (}.16 +O.83 [38] 
+ 1.56 0.84 0.1 I ~- I).83 [ 39 ] 
+1.28 - 1.35 0.73 ~1).66 [37 l 
+ 1.53 0.49 [39] 

- 1.52 0.49 + o . t l l  - 1.02 ] 39.40] 

~' Values for the oxidat ion  (E'x)  and reduct ion (E,*~d) polent ia ls  of the cxcited complexes  es t imated from 
the oxida t ion  (E,, O and reduct ion (Erca) potent ia ls  ill the ground s la te  (measured  b 5 cyclic w~l lammetry  
m ace ton i tMel  and  from the energy of 1he emission m a x i m u m  (AE . . . . .  ) in water. 
b Tlae redox potent ia ls  in the excited state have been es t imated  a i l h  a AE . . . . .  wthie co r respond ing  to the 
uncorrec led  emission n lax imt lm i11 water.  

As lhe complex does not luminesce in water,  lhe redox potent ia ls  m the excited s ta te  have been es t imated 
with the energ3 of the emiss ion m a x i m u m  in acetonitr i le .  
o The orbi ta ls  revolved m the spectroscopic  and redox processes are not  llle same and i'orn-mll 5, lhe redox 
potent ia ls  in the excited state are not  correct  {see commen t s  in the text }. 
~" As the emission m a x i m u m  cannot  be de le rmined  because it is too ba thoch romic  (2 ...... > 8 0 0  nm). the 
redox potent ia ls  in the excited state have nol been est imated.  
J The redox potent ia l  ~alues haxe been measured for each s tereoisomer  and do 11ot change from one 
isomer  to lhe other  [40]. 
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nurnber of rt-deficient TAP ligands in this series. Thc HAT ligand ( H A T =  
1.4,5.8.9.12-hexaazalripheneylcnet induces the same behaviour on thc corres- 
ponding complexes Ru(bpy phen)~HAT~, ( i-0.1.2) .  The anodic shill of the first 
reduction wave as compared to Ru(bpy)~  is however smaller for the 
Ru( bpy phen)2DPPZ 2- compounds ( DPPZ - dipyrido [3.2-~,:2'.3'-c]phenazine). 
Interestingly the first reduction wave for the PHEHAT complex ( P H E H A T =  
1.10-phenanthrolino[5.6-D]l.4.5.8.9.12-hexaazatriphenylene) appcars al the same 
potential as tor Ru(phenl_,HAT e-. indicating that on reduction, the process is 
controlled bv the HAT fragment of the PHEHAT ligand [3g]. The lh-st reduction 
wave of the bimetallic HAT complexes is positively shifted with respect to the 
corresponding vxaxe of the related monometallic compounds. This elt"ect nl;l', be 
attributed to the stabilization of tow-lying r:* orbitals upon muliicolnplexafion of 
the bridging HAT ligand [139]. Recently it has been shown [401 that the redox 
potential values o[" these dinticlear complexes, containing ancillary bp> or phen 
ligands, do not change from one stereoisomer to the other (i.e. from the r, tc A ,k. 
Z Z. to the mew~ A }~). 

The ground stale oxidation potentials characterizing the mononletallic TAP and 
HAT complexes and the biinetallic HAT compounds are also positivel? shifled in 
comparison with the value obtained for Ru(bpy)~ ~. The positive shift is however 
significantly smaller for the monometallic PHEHAT complex, indicating that the 
PHEHAT ligand exhibits, in c o n t r a s t  t o  the reduction process, lhe same properties 
as the phen ligand as hu as the oxidation of the metal c e n t r e  is COllCCrlled [ 3 S ] .  The 
same conclusion may he reached lk~r the DPPZ ligand in the m~momelallic 
Ru( bpy,phen)eDPPZ z ~ compounds [41 ]. 

The redox potentials for the excited sltite ha~e been estimated on the basis of the 
• , 7>[< energy of the emission maxinmm (E*. d = Ere d 4- AExm.,~: Lo- , ::  Eel-- AE; ....... ). It is 

obvious from Table 1 that lhe nlonometallic TAP and ttAT complexes and lhe 
bil-netallic [Ru( phen),]2HAT a~ behave as poor excited slate reductants. The excited 
state reduction potenlials conthm on the other hand the high oxidation po~ter of 
all the polyazaaromatic complexes m their ~MLCT excited state. The complexes 
based on three TAP HAT x-accepter ligands sho~ the strongest oxidation powers. 
For the Ru( phenI:PHEHAT-" ~ and Ru(bpy, phen)eDPPZ-' " compounds, the eslima- 
lion of the redox potentials in the excited state is not formalh correct :is. t;w those 
particular complexes, the PHEHAT or DPPZ orbitals in~olxed in lhc spectroscopic 
and redox processes are not the sanle [3S.41]. The values nlenlioncd in Table 1 
correspond therel\~re to an appl'oximation which will be useful *k~r the sludl, of these 
compounds m lhe presence of nucleic acids isee below). 

In summary, throughout this review, the primary photoinduced process responsi- 
ble for semiconductor oxide supersensilization and irrexersiblc damage caused lo 
DNA is examincd. This elementary photoelectron transfer corresponds 1o the reac- 
tion ( Eq .  ( I )) 

k q  

( ' * + D ~  C + D  ~ ~1) 

where C represents one of the Ru( l l l  compounds listed in Tablc 1. while the 



238 L Ortmans et aL / (bord#mtion Chemistry Review,~ 168 (]998) 233 271 

reductive quencher D corresponds to hydroquinone, to mononucleotides, or even 
to synthetic polynucleotides or natural DNA. 

The photo-oxidative behaviour of the complexes is first examined in the presence 
of hydroquinone and mononucleotides, using Ru(TAP)  2- as a model compound. 
The detection and mechanistic study of the monoreduced complex C generated 
by the elementary photoinduced process (Eq. (1)) are surveyed on the basis of 
various experimental approaches including flash photolysis and spectroelectrochemi- 
cal techniques. The results obtained for the Ru(TAp)2+-hydroquinone system are 
then used as a basis to elucidate the behaviour at a n  S n O  2 semiconductor electrode 
and to correlate the corresponding photoelectrochemical data with the flash photoly- 
sis results obtained in solution studies. The final part of the review is dedicated to 
the study of the photoelectron transfer in the presence of DNA and to the description 
of DNA reactions induced by this process. 

2. Spectroscopic and kinetic evidence for the elementary photoinduced electron 
transfer process 

The photoredox behaviour of the highly oxidizing Ru( I I l  complexes listed in 
Table 1 has been examined in the presence of several reductants corresponding to 
hydroquinone (HzQ) [142 44] and various mononucleotides including G MP  and 
AMP (GMP = guanosine-5'-monophosphate, AMP = adenosine-5'-monophosphate) 
[45,46]. Considering the reducing power of these reductants (EoxHzQ = +0.53 V vs 
SCE in a neutral medium [47]; EoxGMP= +0 .82V vs SCE at pH 7 [48]) and the 
oxidizing power of the excited Ru(I1) complexes (Table 1, E*ea), a photoelectron 
transfer process is expected to occur from H;Q and G MP  to most excited Ru ( l l )  
compounds of Table 1. The formation of a monoreduced complex according to 
reaction (Eq. ( l )) has indeed been observed for this series of compounds illuminated 
in the presence of H2Q and/or GMP. When the reductive quencher corresponds 
to AMP, only the most oxidizing excited complexes (Er*ed_> 1.32V vs SCE [46]) 
are photoreduced, in agreement with the higher oxidation potential of this 
mononucleotide. 

The results from the various experimental techniques which allow the detection 
and characterization of the monoreduced complex resulting fi'om reaction (Eq. ( 1 )) 
are described for the Ru(TAP),~ + model compound and they are more briefly 
overviewed for the other complexes. In order to highlight the photoelectrochemical 
behaviour of the C * + D  system at a semiconductor electrode and correlate the 
corresponding PEC results with the data obtained from spectroscopic and other 
kinetic methods, we will first survey the results obtained with the non-photoelectro- 
chemical techniques. These data will also be used as a basis to elucidate the photo- 
reactivity of the Ru(I I )  complexes versus DNA. 

2.1. Lumine,scence quenching experiments 

The first experimental evidence for the occurrence of process (Eq. (1)) has been 
found in the luminescence quenching of the Ru( l l  ) complexes upon addition of  the 
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reducing agent. The Ru(TAP)3 2 + model compound has been studied in the presence 
of hydroquinone and mononucleotides (Table 2). For the latter, the highest quench- 
ing rate constant value is obtained with GMP, that is when the exergonicity of the 
photoinduced electron transfer process is the largest considering the various 
Ru(TAP) 2- mononucleotide systems. Whereas quenching rate constants can be 
obtained with AMP, the luminescence quenching with TMP and CMP ( T M P =  
thymidine-5'-monophosphate, CMP=cytosine-5'-monophosphate)  is negligible, 
indicating that those two bases are not oxidized by the excited Ru(TAP)~ +. For the 
other complexes discussed in this review, it has been shown that the emission of 
many of them is quenched by GMP (Table 2). 

The plot of the logarithms of the corresponding quenching rate constants as a 
function of the reduction potential of the excited complexes (Fig. 2) gives a curve 
typical for the quenching by an electron transfer process, where the plateau value 
corresponds to the most exergonic charge transfers which are diffusion controlled. 
These data, analyzed on the basis of the Marcus and Rehm-Weller equation, give a 

Table 2 
Luminescence quenching rate constants measured for a series of  R u ( l l )  complexes in the presence of  
mononucleotides" and H2Q 

Complex GMP AMP b H2Q 

kq Ref. kq Ref. 
(109M ~s ~) (10~M ~s ~) 

kq Ref. 
(10~M ~s ~) 

Ru(HAT).~ 2.16 [46] 0.87 
Ru( HAT  )z( TAP)-' * 2.39 [46] 0.38 
Ru( TA P)2( HAT  )2 + 2.16 [46] 0.13 
Ru(TAP).~" 2.20 [45.46] 0.12 
Ru(BPZ)~ ~ 1.98 [46] ° 
Ru( MezTAP)~ ~ 1.74 [46] 
Ru( HAT )2(phen) z ~ 1.85~ [46] 
Ru( TAP)2( DPPZ )2 ~ 1.70 [ 126] 
Ru( HAT )2(bpy) 2~ 1.36 [46] 
Ru( TAP)2(bpy) 2 " 0.74 [46] 
R u ( TAP )2( phen 12 - 0.98 ~ [46 ] 
Ru(phen)2( PHEHAT)2- a d 
Ru( bpy)2(TAP) 2" ~ [461 
Ru( phen)2( HAT )2~ 0.024 [46] 
Ru( bpy)2( HAT )2 ~ 0.020 [46] 
[Ru{ phen)a]2HAT 4- 0.3 t [59,130] 

[461 
[46 l 
[461 
[46] 4.9 [421 

5.2 [42] 

0.7 [441 

2.3 [44] 

The measurements in the presence of  G M P  and A M P  were performed in buffered aqueous solution 
(0.1M phosphate bufi'er, pH 7). 
b Only the most photo-oxidizing compounds (E*ed > 1.32 V/SCE, see Table 1 ) are photoreduced by AMP. 

The quenching rate constant was measured at pH 9 because of  protonation of  the excited state at 
lower pH. 

The complex does not emit in water. 
No luminescence quenching. 

r Measurement at pH 9, no quenching at pH 7. 
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\;~lh.le for the oxidution potential of  G M P  which is in good agreement with the ~alue 
obtained from pulse radiolysis experiments [46.49]. 

Further evidence for the photoinduced electron transfer process consists in detect- 
ing the production of the transient monoreduced complex C . This species thus 
needs to be clearly characterized, both spectroscopically and kineticall>. 

2.]..S'/tuclnJ.scopic ullot'octuri-~llloll 

The reductixe quenching process (Eq. (1)) generates u one-electron-reduced 
species C which can be described as a ligand radical L coordinated to a 
RuL_, moiety ([RuL_~L ]- ). The ~isiblc absorption spectrum o1 such a monoreduced 
complex is generally ch~uacterized by low energy bands resulting from ligand centred 
( LC ) trunsitions Ioculized on the reduced ligand. The ligand b~tsed reduction process 
is indeed kno~n to induce a signilicant red shili of the corresponding lig~md centred 
absorption bands [50 54]. This can easily be demonstrated by comparison of the 
C absorption spectrum with that o1" the free ligand reduced electrochemically. On 
the other hand M LCT uansitions in'~rohing the reduced ligand are expected to shift 
to the blue as lhc g* levels of  these transitions increase in energy. 111 contrast, the 
M L( 'T bands towards the remaining inta.tct lig~mds are much less all'ccted as they 
are onl} slightl}, shifted to the red: these bands arc therefore maintained in the 
~isible region of the absorption spectrum o1" the monoreduced complex. These 
spectroscopic data ha~e been obtained l\)r several complexes of Table 1. from 
spectroelectrochcmical measurements described belov~. 

- , . ,  1. ~' l ,Uclroulucl r~. ,c l ,  u m i ~ l v r  _ . . , . .  

In a spectroelectrochemical experiment. 1he Ru( 11 ) complex ,)1 the free ligand are 
clcctrochemicall~ reduced at a potential corresponding to their first reduction wave 
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and visible absorption spectra of the electrolysis solution are recorded in the electro- 
chemical cell as a function of reduction time. A typical spectroelectrochemical cell 
is made of an optically transparent gold minigrid working electrode, a platinum foil 
counter electrode and an AgCI reference electrode [55], maintained between two 
optical window, s separated by a thin Teflon spacer. Reductive electrolysis is usually 
perl\~rmed in acetonitrile in the presence of supporting electrolyte in deoxygenated 
solutions. The remaining traces of oxygen are generally reduced at the potentials 
applied to thc working electrode (reduction of oxygen occurs at - 0 .78  V vs SCE in 
acetonitrile [56] and at -0.51 V vs SCE in water [57]). As the O~ absorption 
appears below 340nm [58], it does not disturb the detection of visible bands 
associated with the monoreduced complex or free ligand. 

The evolution of the absorption spectrum of the free ligands TAP and HAT and 
of the absorption of R u ( TAP),~ ~ and [Ru( phen )e],HAT 4 * on electrochemical reduc- 
tion is shown in Fig. 3 [44]. 

For the free reduced TAP, a new LC absorption band appears around 580 nm 
upon electrochemical reduction. In the case of  the free HAT ligand, a band centred 
on 42t)nm increases as a function of reduction time. There might be another 
absorption band characterizing the reduced H A T  ligand in the 550 650 nm region, 
but the very low solubility of  the HAT ligand in acetonitrile prevented the collection 
of clear data. 

For the monometallic Ru(TAP),~ ~ complex some decomposition is detected on 
electrochemical reduction. Complete recovery of the starting absorption upon appli- 
cation of a reverse bias (0 V vs SCE) to the working electrode is indeed observed 
only alter short reduction times (_<2 rain). The decomposition process corresponds 
probably to the loss of  a ligand, as indicated by the occurrence of an absorption 
around 491) 500 nm where complexes such as Ru(TAP)eX2 (X =C1 for example) 
absorb. Short electrolysis periods induce an absorption increase between 51)0 and 
(~00 nm, in accord with the spectrum of the reduced T A P  ligand. This absorption 
enhancement may consequently be attributed to the occurrence of LC transitions of 
the monoreduced T A P  ligand in the corresponding reduced complex. There is on 
the other hand no complete disappearance of the MLCT Ru T A P  absorption bands 
in the 361)500 nm region, as the monoreduced complex still contains intact TAP 
ligands responsible for the remaining MLCT transitions. Upon reduction of 
iRa(  phen),]2HAT 4÷, the Ru-bridging HAT M LCT transitions decrease in the visible 
part of  the spectrum and an absorption enhancement is observed between 400 and 
5t)1) nm, in agreement with the spectrum of H A T  . 

The absorption features of  some monoreduced complexes of the TAP and HAT 
series have also been determined from pulsed radiolysis experiments. The correspond- 
ing results [45,46] are consistent with the spectroelectrochemical data. 

2.2.2. Laser.t/ash phorol.rsis 
Once the absorption features of  the monoreduced complexes have been established 

on the basis of  spectroelectrochemical and/or pulsed radiolysis data, the spectro- 
scopic detection of transiently formed monoreduced complexes resulting from pro- 
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Fig. 3. Spectroelectrochemistry of fiee ligands and R u ( l l )  complexes at a gold minigrid electrode. The 
electrolysis was performed at a potential corresponding to the first reduction wave, in the presence of 
supporting electrolyte. (a) Free TAP ligand, 6 m M in acetonitrile, 0.1M N Bu4PF,; spectra were recorded 
every 3 min. (b) Free HAT ligand. 0.1 mM in acetonitrile, 0. I M NBu4PF G specr.ra were recorded at 2 rain 
intervals. (c) Ru(TAP)~ +, 2.4 mM  in acetonitrile. 0.1M NBuaPF~; spectra were recorded exery 2 min. 
(d) [Rui phen)_,]_,HAT 4" , 0.3 mM in water, pH 5.9, 0. I M giNO3: spectra were recorded at 2 rain intervals 
[adapted fronl Ref. [46]]. 

cess (Eq. ( 1 )) may be performed by flash photolysis experiments conducted in the 
presence of a reducing quencher. 

In laser flash photolysis, the monoreduced complex is produced under pulsed 
irradiation in the presence of  the reducing agent, and the absorbance change of the 
solution is monitored after the laser pulse, perpendicularly to the exciting beam. 
Just after the laser pulse, a differential transient absorption spectrum is obtained 
according to Eq. ( I ) 

A A ( 2 ) = C , i - ( e c  - - e C + e D  ~ - - eD) I  ( I )  
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where C o corresponds to the initial concentration of the monoreduced complex 
detected after the laser pulse; ec and eD are the extinction coefficients of the Ru( 11 ) 
complex and the reducing agent, whereas e c  and e D + stand for the absorption 
coefficients of the monoreduced complex and the monooxidized reductant formed 
by reaction (Eq. (1)); l corresponds to the optical path length. The spectroscopic 
detection of the monoreduced complex may be hindered by the absorption features 
of the starting material and of the oxidized reducing agent in wavelength ranges 
where overlapping occurs with the absorption bands of the monoreduced C 
species. 

The differential transient absorption spectra obtained by flash photolysis of 
Ru(TAP) 2+, Ru(phen)2PHEHAT 2+ and [Ru(phen)2]2HAT 4÷ in the presence of 
H2Q and mononucleotides are presented in Fig. 4 [44-46, 38, 59]. The corresponding 
absorption maxima are collected in Table 3, together with the differential absorption 
features obtained for other complexes of the TAP and HAT series [46]. 

The differential spectrum recorded for the mononuclear homoleptic Ru(TAP).~ + 
complex in the presence of H2Q (reaction (Eq. (2))) is characterized by a long 
wavelength shoulder ( ) .>500nm) due to LC transitions of the monoreduced 
T A P  ligand. Absorption from 500 nm down to 470 nm results from MLCT 
transitions of the monoreduced complex revolving intact TAP ligands. 

kq 
[Ru(TAP)3] 2+* +H2Q--+ [Ru(TAP)3] + + H Q  + H + (2) 

The semiquinone H Q  produced during the reductive quenching process ( Eq. (2)), 
formed upon loss of one electron and one proton from H2Q, contributes significantly 
to the transient absorption recorded alter the laser pulse in the 370 450 nm region, 
in agreement with the previously reported absorption maxima of semiquinone 
().m,×=410 and 430 nm for the acid and basic forms of H Q ,  respectively [47]). 

For the dinuclear complex [Ru(phen)2]_~HAT ~+ the characteristic features of 
the reduced H A T -  bridging ligand are observed in the 400 500 nm region of 
the spectrum produced from flash photolysis with HzQ. When 
Ru(phen)2(PHEHAT )2+ is photoreduced by H2Q, a transient absorption appears 
around 550 nm. This band would originate from the addition of an electron on the 
HAT fragment of the PHEHAT ligand as suggested by the reduction potentials 
(Table 1). If this attribution is correct, the flash photolysis results would confirm 
the existence of an absorption band in the 550-650 nm range for the monoreduced 
H A T -  ligand, already mentioned above (see Fig. 3). Note that this band is not 
observed in the case of the [Ru(phen)2]zHAT 4+ HxQ system, probably as a conse- 
quence of the bleaching of the starting material around 600 nm. For the PHEHAT 
and dinuclear compounds, overlapping occurs in the 400-450 nm region between 
the H A T  and S Q  bands. 

In the presence of GMP (reaction (Eq. (2'))), or even AMP for Ru(TAP)~'+, 
similar features are observed. The differential absorption obtained for Ru(TAP)3 + 
in the presence of mononucleotides is again characterized by a long wavelength 
shoulder attributed to the monoreduced T A P  - ligand and by intense bands around 
470 500 nm due to MLCT transitions involving the unchanged ligands. The fact 
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Fig. 4. Differential transient absorplion spectra recorded by laseF flash photolysis of various Ru111 ) 
complexes in the presence of hydroqumone and mononucleotides. (a) Laser flash photolysis of 
RuITAP)3  m the presence of H2Q. GMP and AMP (spectrum recorded 1 ps after lhe laser pulse) 
[adapted from Ref.[45]]. (b) Laser flash photolysis of Ru(phen)2PHEHAT z m the pFcsence of H_,Q 
and GMP {spectra recorded 4 and 5 ps after the laser pulse) [adaptcd from Ref. [38]]. (c) Laser flash 
photolysis of[Ru(phenL, JeHAT 4' in the presence of HeQ and GMP(spect rum recorded 2!.ts after 111¢ 
laser pulsc~ [adapted From RcF. [5'-)]J. 
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Table 3 
M a x i m a  for the t ransient  ab,,,orplion spcctru ob ta ined  from llash photoly:,is in the presencc of  G M P .  

A M P  arm H2Q 

Complex  ( i M P  A M P  I I . Q  

). . . . . .  R ef. / . . . . .  R el'. 2 ...... 

( 11111 ) I I1 II1 ) ( I111] ) 
Rel'. 

Ru( t t A T  )3 
Ru( FlAT )2( L-\ P)-' 
Ru TAP)2( FlAT )2 

Ru I 'AP)~  
Ru T A P l e (  D P P Z  I-" 
Ru HAT i2(bpyl 2 
Ru bpy)(  TAP)(  H ~T I 2 

Ru TAP)2(bpy)  2 
Ru TAP)a lphen)  2 

Ru phenle(PHEtt ~.T)2 

Ru bp})21TAP)  2 

[Rul  phen)212HAT i 

470" [46] 
480 u [46] 
480" [461 
475" [45.461 
4911 b 1126] 

5211" 14~,] 
511) b [4(1] 

505 b [ 46 ] 

5oo" [46] 
470, 540 ~ [3g] 

46(I [59. 130] 

4so,' [461 
470 ~ [46] 
470 ~ [46] 
480" [45.46] 425 d [44] 

55o ~ [3s ]  

530 ~ [441 

425 t 1441 

" Da la  recorded under argon in buffered aqueous  sohl t ion (complex 10 4M, G M P  or A M P  0.ill M. 

phosphate  bu l l ) r  0.1M. pH 7). 

h D a t a  recorded under the ~,aine condi t ions  as % without  buffer l p H 9  I1)). 

Da ta  recorded under  lhc sanlc condi t ions  as ~'. ~ i l h  Tris buffer [).5M, pH 7 
d Dam recorded m argon purged solut ion Icomplex 10 aM. HeQ I).(il M I. 

c Da ta  recorded under  the same cond i t ions  us ~. with u complex COllCelltr~.ilJon o l  1.2 × I(I aM :ind (I.I)3M 

tt 2Q. 
I [)~-lla recorded uudcr  the sallle condi t io l l s  as ". \xith a COlnplcx COllCenlration of  5 × 10 "M. 

"that the absorbance is weaker in the 370 450 nm region with GMP than with 
H2Q originates of course from the absence of the intense transient absorption of  
HQ. 

kq 
[Ru(TAP)3]-'+* ± G M P ~  [Ru(TAP)3]- + G M P  ~ ---H ~ 12') 

Simihirly, the transient spectra produced with Ru{phen)2(PHEHAT) 2~ and 
[Ru(phen)2]2HAT 4~ in the presence of GMP show an absorption around 450 nm 
corresponding to the monoreduced ligand. For the PHEHAT complex again, an 
additional transient absorption band appears in the 500 600 nm region, also charac- 
teristic oi" a reduction of  the HAT fragment of  PHEHAT. 

For all these complexes absorption in the 400 -500nm region should also be 
attributed to ( i M P " .  Indeed, if the hlscr photolysis experiments are performed in 
the presence of oxygen (see below), the monoreduced complex is reoxidized by 
oxygen within a few microseconds and the spectrum recorded alier this time corres- 
ponds to the radical cation of guanine, which confirms the formation of G M P  + 
during the reductive quenching process (Eq. (2')). 

In summary, although the absorption maxima are not identical in the spectra 
recorded upon electrochemical reduction of  the complexes arm by flash photolysis 
in the presence of a reducing agent, owing to the fact that, after the hlser pulse, the 
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spectrum corresponds to a differential absorption, the characteristic absorption of 
the monoreduced T A P  , P H E H A T -  and H A T  ligands are detected in all cases. 
The comparison of the spectroelectrochemical and flash photolysis results thus allows 
to conclude that the monoreduced complex is indeed produced after the laser pulse, 
according to reactions (Eqs. (2)) and ((2')) corresponding to the Ru(TAP)~ + model 
compound.  

2.3. Kinetic characterization 

The lifetime of the monoreduced complex produced by the photoinduced electron 
transfer can be determined from the kinetic analysis of  the reoxidation process 
regenerating the starting material. This reoxidation process may be studied either in 
solution, using the flash photolysis technique, or at a semiconducting electrode in a 
photoelectrochemical experiment. From both methods the lifetime of  the monore- 
duced intermediate can be determined and constitutes a parameter  which allows 
also the identification of the electroactive reduced species as will be shown in the 
PEC chapter. 

The laser flash photolysis technique allows us to examine the disappearance of 
the monoreduced species on the basis of  the transient absorption decays recorded 
after the laser pulse. The transient decays are usually monitored at the absorption 
maximum of the monoreduced complex, determined from the differential transient 
absorption spectrum recorded just after the pulse. The method is limited in the short 
timescales by the pulse width of the laser source used in the experiments. For the 
results reviewed in this paper, the shortest detectable lifetimes are oll the order of  
a f e w  ns .  

The reoxidation pathway of the monoreduced complex depends on several 
factors which are illustrated below in the case of  the Ru(TAP)3 + H2Q and 
R u ( T A P ) ~ + - G M P  systems. The corresponding kinetic data are summarized in 
Table 4. 

2.3.1. Bimolecular equimolecular reoxidation processes 
When flash photolysis of  the Ru(TAP)~*-HzQ or Ru(TAP)32+-GMP systems is 

conducted in deoxygenated solutions, the differential absorption disappears accord- 
ing to a second-order process [43,45], in agreement with the bimolecular equimolecu- 
lar reoxidation of the reduced complex by the semiquinone H Q  or radical cation 
G M P  + produced during the reductive quenching process 

k2ox 
[Ru(TAP)3] + + H Q  + H  + -+ [Ru(TAP)3] 2+ +H2Q (3) 

k2ox 
[Ru(TAP)3] + + G M P -  - ,  [Ru(TAP)3] 2 + + G M P  (3') 

I f  AA 0 and AA, are respectively the initial differential absorption and the 
differential absorption measured at time t, a plot of  AAo/AA, versus time is linear 
and gives a slope corresponding to the product of  the second-order rate constant 
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Table 4 
Kinetic data characterizing the monoreduced [Ru( TAP)3] ~ complex produced under pulsed laser illumina- 
tion of the systems Ru(TAP)_~* H2Q and Ru(TAP)~ ~ GMP, in the absence and presence of added 
oxidants 

System Ru{TAP}~- H2Q Ru{TAP)3 + H2Q BQ Ref. 

k2o~ flash ~' kilo flashb l- flash t' r PEC ~ 
(= I/(k.o[ BQ])) 

( M  < s -t ) { M -1 s - l )  (]_ts) (~.ls) 

Kinetic data 2 x l0 '~ 2.3 x lfl s 55 55 [43] 

System Ru(TAP)] '  GMP Ru(TAP)~' HzQ O e Ref. 

k2,,~ l]ash d ko2 tlash" z tlash" 
(-- 1 (Lo2[02]}) 

(M q s 1) (M q s <) (las) 

Kinetic data 1.2 x l(l" 0.19 x l0 s 40 [45,46] 

Derived from the transient absorption decay recorded at 480 nm by flash photolysN of a 1.l x 10 4M 
Ru(TAPL~ ÷ plus 10 2M H2Q degassed solution. 
b Measured from the transient absorption decay recorded at 480 nm by flash photolysis of a 1.2 x l0 '~ 
M Ru(TAP)~ ~. 10 2M H2Q and 4x  10 5M BQ deoxygenated solution. 

Obtained from the time-evolution of the laser-induced open-circuit photopotential of an SnO2 electrode 
in contact with a l0 aM Ru(TAP)~' ,  l0 2M H2Q and 4x 10 SM BQ deoxygenated solulion 
( 5 x l 0  2M LiNO,A. 
d Derived from the transient absorption decay recorded at 470 nm by flash photolysis of a 1(I aM 
Ru(TAP)~- plus 10 2M GMPAr-saturated solution(0.1M phosphate bufli,'r, pH7). 
° Measured from the transient absorption decay recorded at 470 nm by flash photolysis of a 6 × 10 5M 
Ru(TAP}~-, 10 -'M GMP and 1.25 × ](I 3M Oz solution (0.1M phosphate buffer, pH 7.5), 

k2o x w i t h  the  in i t i a l  c o n c e n t r a t i o n  o f  t he  m o n o r e d u c e d  c o m p l e x ,  a c c o r d i n g  to  Eq .  ( l I  ) 

A A o / A A ,  = 1 + k2o x [ R u ( T A P ) . (  ]or ( It ) 

A s  t he  in i t ia l  c o n c e n t r a t i o n  o f  t he  m o n o r e d u c e d  c o m p l e x  [ R u ( T A P ) ~ ] o  d e p e n d s  

o n  e x p e r i m e n t a l  p a r a m e t e r s  s u c h  as t he  l ase r  pu l se  i n t e n s i t y ,  t he  d e c a y  t i m e  d e r i v e d  

f r o m  the  s lope  o f  t he  A A o / A A ,  p l o t  h a s  n o  phys i ca l  m e a n i n g .  T h e  s e c o n d - o r d e r  r a t e  

c o n s t a n t  kzox m a y  h o w e v e r  be  e x t r a c t e d  f r o m  the  A A o / A A  , p lo t  o n  t he  bas i s  o f  

E q . ( I l l ) .  T h i s  e q u a t i o n  a l l o w s  e v a l u a t i o n  o f  the  in i l ia l  c o n c e n t r a t i o n  o f  

R u ( T A P ) [ ,  p r o v i d e d  t h a t  t he  a b s o r p t i o n  o f  t he  r e d u c i n g  a g e n t  a n d  o f  i ts o x i d i z e d  

f o r m  m a y  be  n e g l e c t e d  a t  t he  w a v e l e n g t h  w h e r e  t h e  a b s o r p t i o n  d e c a y  h a s  b e e n  

r e c o r d e d .  

[ R u ( T A P ) f  ]0 = Z~Ao/[(£Ru(I AP)3 + --~Ru TAP)-~ - )/] ( 111 ) 

T h e  d e t e r m i n a t i o n  o f  t he  in i t ia l  c o n c e n t r a t i o n  o f  t he  m o n o r e d u c e d  c o m p l e x  f r o m  

Eq.  ( I I l )  r e q u i r e s  t he  k n o w l e d g e  o f  the  e x t i n c t i o n  coef f ic ien t  o f  t he  m o n o r e d u c e d  
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species at the analysis wavelength. The corresponding value may be obtained from 
pulse radiolysis experiments [45.46,54]. On the basis of  the pulse radiolysis data 
recorded for Ru(TAP)~+ (eR,rr.wu' = 8 . 5 x  103M l cm l), approximate values of 
2 x 10~M ~ s t and 1.5 × 10+M t s ~ arc obtained respectively for the second-order 
rate constant associated with the reoxidation of the monoreduced Ru( TAP),~ species 
by H Q  and G M P  ~ Knowing the e values for the monoreduced R u ( T A P ) f  
species, the quantum yield of cage escape of the reduced complex fl'om the ion-pair 
formed by the electron transfer has been calculated and is equal to <).30 with 
G M P  [46]. 

In conclusion, this discussion of the laser flash photolysis data demonstrates that 
the extraction of kinetic data fl'om experiments performed in deoxygenated solutions 
is not straightforward. One can easily, imagine that this should be still more compli- 
cated in PEC experiments as will be explained later. Therefore the kinetic behavior 
of  monoreduced complexes is also studied in other experimental conditions ilhistrated 
in the following paragraph. 

] . 3 . 9 .  P.s'elldOtllOtlOlllO]w~'tt/ol" l 'wo.vid~lliOtl  l)l'OC~',vscs 

When an oxidizing agent such as benzoquinone (BQ) is purposely added to the 
Ru(TAP),~ ~ H+Q sohition in sufficiently large amounts ( [ B Q ] > 2  × 10 SM), the 
transient absorption decay becomes pseudomonomolecular  and the corresponding 
rate constant k w depends linearly on the benzoquinone concenlration [43]. In these 
conditions, the monorcduccd complex is reoxidized by the added oxidant according 
to reaction (Eq. (4)) 

/h, ~ - k 2 l B O l  

[Ru(TAP)+]- + B Q + H  + + [Ru(TAP)3] :+ + H Q  (4) 

The lifetime of the monoreduced complex, defined as the reciprocal value of the 
pseudomonomolecular  rate constant k m (~= l/kin), may be varied by adjusting the 
concentration of the added oxidant ([BQ1). A lifetime of 55 j_ts is measured for 
the monoreduced R u ( T A P t (  in the presence of 4× lit ~M of BQ. For the 
Ru(TAP)~ ~ GM P system, the decay of the transient reduced complex also becomes 
pseudomonomolecular  in oxygen-saturated solutions [45]. 

It should be noted however that a competition occurs between reoxidation path- 
ways ( Eq. ( 3 )) and ( Eq. (4)) when low amoutlts o1" oxidant are added to the solution: 
in these conditions the transient absorption decay is neither of second nor of  first 
order. The upper limit of the oxidant concentration is given by the short time scale 
limit of the experimental set-up and by the possible occurrence of oxidative quenching 
of the excited R u ( l l )  complex upon oxidant addition. 

3. Pholoelectrochemistry (PEC) 

The excited state redox properties of Ru< II ) polypyridine complexes have tkmnd 
interesting applications in various photoelectrochenlical systems. In particular, the 
illumination of Ru(bpy)~ + [10 12, 16.17,60 63] and carboxylated derivatives 
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such as R u [ 4 , 4 ' - ( C O O  )2bpy]~ [20,64--67] or cyario derivatives like 
R u [ 4 , 4 ' - ( C O O -  )zbpy]=(CN )~ [22], which behave as powerful reducing agents in 
the excited state, induces a photo-oxidation current on high band gap n-type semicon- 
ductors, such as n-doped SnO= electrodes or highly porous TiO, semiconductors 
[15,19,23]. This sensitization process has been shown to result from the direct 
injection of an electron from the excited complex adsorbed on the electrode surface 
into the conduction band of the semiconductor. As shown in Fig. 5, the oxidation 
potential of  excited Ru(bpy)3 ~ is indeed more negative than the flat band potential 
of  SnO2 and is therefore located above the lower level of the SnO= conduction band. 

Energy levels considerations show that the donor level of  the excited sensitizer 
lies actually well above the SnO 2 conduction band edge so that the electron injection 
is rather favourable [68]. This interracial elementary process where the excited 
complex behaves as an electron donor has been examined thoroughly by different 
teams: various approaches have been used including the covalent linking of the 
Ru( lI ) complex to the electrode [ 13, 14, 18, 22, 69-72] and, more recently, the design 
of supramolecular devices based on cyanobridged polymetallic compounds [21, 
73 75]. 

In contrast to Ru(bpy)~ +, no efficient direct photoelectron injection into the 
semiconductor takes place with excited complexes such as Ru(TAP),~- and other 
complexes of Table 1. which exhibit a poor  reducing power [42.76,77]. The donor 
level of  their 3MLCT excited state is indeed approximately at the same level as the 
SnO2 conduction band edge. A photo-oxidation current is however measured on 
SnO, under illumination of Ru(TAP)~ ÷ in the presence of a reductive quencher 
such as hydroquinone [42]. Tiffs photocurrent is qualified as supersensitized and the 
hydroquinone is referred to as the superscnsitizer, The electroactivity, i.e. the origin 
of  this photocurrent, is quite different from the direct photoelectron injection process 
described above for Ru( bpy)~ ~ and its derivatives: it is attributed in this case to the 

CB 

n SnO 2 

o-¢ 
o-¢_- 

VFB -0.1 : 

1+/ 2+ .,-0.76 Ru(TAP) 3 Ru(TAP)3 

- -0.73 Ru(bpy) 2+* / Ru~bpy)33+ 
.4 

-0.12 Ru(TAP) 2 + * ]  Ru(TAP)33+ 

solution 

V/SCE 

Fig. 5. Enorgy level diagram of Ihe SnO 2 RuIT/\P)~' and Snt) 2 Ru(bp)t~' soluiion iinerfaces. 
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monoreduced complex photogenerated transiently in the bulk solution by the reduc- 
tire quenching process (reaction (Eq; (1))). The so-formed Ru(TAP)~ species is 
indeed particularly reducing (Eru' !ru -- 0.76 V vs SCE [42]) so that, in contrast 
to the excited Ru(TAP)~ +, it is able to inject an electron into the SnO2 conduction 
band, whose band edge is located well below the donor level of Ru(TAP)~ (Fig. 5). 
The electron injection (ki) takes place after diffusion of the monoreduced complex 
from the bulk solution to the electrode surface, according to reaction ( Eq. (5)). The 
lifetime of the transient electroactive Ru(TAP),~ species diffusing to the electrode is 
limited by the bulk chemistry involving back electron transfer (reaction (Eq. (3))) 
and potential scavenging by oxidants (benzoquinone or oxygen, reaction (Eq. (4))) 
which would be present in solution. 

k i 

[Ru(TAP)3] I+ ~ " / " / ' - ~ [ R  u( TAP)3] +~le~,~od~ --* [Ru(TAP)~] 2 + + 1 ec~ ( 5 ) 

This supersensitization process of semiconducting electrodes by oxidizing Ru( I1 ) 
complexes illuminated in the presence of a reductant can actually be examined by 
two types of measurements: (i) stationary photocurrents recorded under continuous 
irradiation and (it) time-resolved measurements of open-circuit photopotentials 
induced under pulsed irradiation. Both methods are briefly described below, together 
with the useful parameters extracted from the corresponding experimental data. A 
comparison is made with the results obtained from the other techniques discussed 
above for the study of transiently produced monoreduced species. 

3. 1. Steady-state PEC experiments 

In this type of experiment, the Ru(I I )  complex reductant solution is illuminated 
through the transparent SnO~ electrode of the electrochemical cell with a continuous 
light source: the resulting stationary photo-oxidation current, reached after a fast 
initial rise, is measured for various polarization potentials applied to the semiconduc- 
tor. As outlined below, this method under continuous illumination allows us to 
confirm that the supersensitized photocurrent results indeed from the quenching 
process (Eq. (2)) followed by process ( Eq. (5)) and does not find its origin in any 
other supersensitization mechanism described for xanthenic dyes such as Rhodamine 
B for example. In this latter case, the dye injects from its adsorbed excited state an 
electron into the SnO2 conduction band [78 81]. The adsorbed oxidized dye which 
is formed is then "'trapped" by hydroquinone, regenerating ~he starting adsorbed 
dye on the semiconductor. 

With the oxidizing complexes discussed in this article, if electron injection at the 
SnO z electrode takes place from the transient reduced complex as described above. 
the steady-state photo-oxidation current measured at a given polarization potential 
increases as a function of the reductant concentration added to the bulk solution 
until a plateau value is reached. Indeed the amount of produced electroactive C 
species depends on the efficiency of the reductive quenching process (reaction 
( Eq. (11)). The treatment of the corresponding data according to Eq. ( IV ) allows 
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determination of the photoelectrochemical Stern Volmer constants K~s~ c [42,82, 83] 

L. - /o l 1 
- 1 +  - 1 +  (IV) g(' I - I o  kPFC.r rQ1 /~sv [Q] q O[ 1 

where Q is the quencher or supersensitizer added to the solution (i.e. H2Q). 1~. is 
the plateau value of the steady-state photocurrent reached at high reductant concen- 
tration, I0 is the photocurrent measured in the absence of quencher, k pEc is the rate .-q 

constant associated to the reductive quenching process occurring in the bulk solution 
and ~o is the lifetime of the excited R u ( l l )  complex measured in the absence of 
quencher. These Stern Volmer constants are qualified as photoelectrochemical, in 
contrast to conventional Stern-Volmer constants measured from luminescence 
quenching experiments. Obviously, values obtained from both methods should be 
the same, if the postulated supersensitization mechanism is correct. 

K~ p~<: extracted from the slope of the The Stern Volmer constants sv 
(Ioo-Io)/(I-Io) versus [Q] plots and the corresponding rate constants q̂/-Pl~c, calcu- 
lated using the luminescence lifetime % of the complex, are thus compared with the 
/d~ m and ],lum values obtained on the basis of conventional Stern Vohner plots .-q 

resulting from luminescence lifetimes measurements. The agreement between the 
kinetic quenching rate constants obtained from both techniques is illustrated in 
Table 5 for the Ru(TAP){ *- H2Q and Ru(M%TAP)3 + H2Q systems [42]. 

The PEC data recorded tinder continuous illumination confirm thus the postulated 
nature of the supersensitization process, discarding the occurrence of other supersen- 
sitization mechanisms previously reported for the Rhodamine B-hydroquinone 
system, i.e. the scavenging by hydroquinone of the oxidized dye produced after 
direct photoelectron injection into SnO2, with restoration of the starting material 
on the electrode surface. For this "trapping" supersensitization mechanism, no 
agreement is fimnd between the k prc and /:~um values [80]. .-q .-q 

3.2. Time-resoh,ed PEC exlwrhm'nts 

Although the PEC method under continuous illumination appears as a reliable 
technique for the kinetic study of the reductive quenching process at the origin of 

Table 5 
Luminescence quenching data for R u ( [ l )  complex l teQ systems, derived from luminescence lifetime 
measurements  and steady-state photoelectrochemical experiments 

Complex K"lCs~ (M i) kl~t.Cll0,~M i s i) Ref. 

r /~{" k~ ~'' E = 0 . 1 V  E = 0 . 2  V E = 0 . 1 V  E = 0 . 2  V 
(ns) (M 1) (10,~M i s I) 

Ru(tap)~ " 200 990 4.9 1350 1510 6 7  7.5 [42] 
R u ( M % T A P ) ] '  9(1 470 5.2 465 521 51 5.7 [42] 

K~U~ " and k~ m are the Stern Volmer constant and quenching rate con,;tant determined from luminescence 
liletime measurements,  while A't~ ~ and k~ ~ are lhe corresponding values obtained t]'om photoelectrochem- 
ical measurements  E is the polarization potential of the ShOe electrode, given in V vs SCE. 
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the photocurrent, it does not furnish any data on the characteristics of the electro- 
active species which is produced. When photoelectrochemical experiments are con- 
ducted under pulsed irradiation, information on the lifetime of the electroactive 
species, limited by the bulk chemistry, can be obtained. The pulsed PEC method 
consists of (i) irradiating with a laser pulse the Ru(I I )  complex-reductant solution 
through the transparent SnO2 electrode of a photoelectrochemical cell and (it) 
measuring the resulting open-circuit photopotential iX V as a function of time at a 
1 Mf~ external resistance (oscilloscope resistance) between the small SnO2 electrode 
and the large surl:ace area Pt counter-electrode of the cell. The photopotentials may 
be considered as open-circuit values in the short time scales examined in these 
experiments, which are indeed much lower than the RC constant of the experimental 
system, i.e. the time needed for the electrons injected into the SnO 2 to cross the 
external resistance between the SnO 2 and counter-Pt electrodes. 

In this type of experiment, the photopotential generated by the charging process 
of the semiconductor capacitance due to the electron injection has been shown to 
increase as a function of time until complete disappearance of the electroactive 
species [42,84]. If the electroactive entity corresponds to a monoreduced complex 
such as Ru(TAP),~, which has a much longer lifetime than the excited complex, and 
which has to diffuse to the electrode surface before the electron injection occurs, the 
rise-time of A V takes place in the time scale of the lifetime of the bulk electroactive 
monoreduced transient. 

In some particular conditions defined by the bulk chemistry, the lifetime of the 
electroactive monoreduced entity can be determined quantitatively from a kinetic 
analysis of the photopotential rise induced after the laser pulse. The lifetime determi- 
nation as explained above is in particular possible in the case of a Ru ( I 1 ) complex re- 
ductant system containing a sufficiently high concentration of purposely added 
oxidizing agent. The bulk chemistry which limits the lifetime of the monoreduced 
species in this case is no longer the back electron transfer to the oxidized species 
formed during the reductive quenching (reaction (Eq. (3)t), but corresponds to the 
pseudomonomolecular reoxidation process by the added oxidant (reaction (Eq. (4))). 
The diffusion controlled oxidation of the clectroactive monoreduced complex leads, 
in these particular conditions, to a photopotential that increases as a function of 
time according to an err function [42,43,51,84 86] 

iX V( t  ) = (nFA Co /'Csc ) (D/'kps)½eft(kps t )½ ( V ) 

where n is the number of transferred electrons, F is the Faraday constant, A and 
Csc are respectively the area and the space charge capacitance of the electrode, and 
D is the diffusion coefficient of the etectroactive species. It should be noted that a 
disappearance of the monoreduced electroactive species according to a bimolecular 
reoxidation process in the bulk solution does not lead to an erf function for the iX V 
evolution with time. 

The normalization of AV(t) to its plateau value for a time considered as infinite 
gives Eq. (VI) 

ix V(t)/A V~ = erf(kvs t )½ ( VI ) 
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For a time t equal to the lifetime of the monoreduced complex 
(z-= ]/kp+), kV(t ) /kV,+=erf (1)=0.8427.  The time corresponding to ~84% of the 
A V plateau coincides thus with the lifetime of the electroactive species. The time 
domain accessible for lifetime measurements by the pulsed laser-induced PEC method 
is limited for the short and long times by two time constants. The short time limit 
[87,88] is determined by the laser pulse width and by the response time of the 
system, given by an RC time constant corresponding to the resistance of the cell 
and capacitance of the wiring system: thus, processes taking place in a time domain 
shorter than this rise-time cannot be examined. The limit for the long time scale is 
given by the RC constant controlling the discharge of the SnO, space charge 
capacitance through the external 1 Mf~ resistance of the oscilloscope. 

The experimental time evolution of the photopotential induced by pulsed laser 
irradiation at an SnOe electrode in contact with a Ru(TAP)~ + H=Q solution contain- 
ing 4 x 10 SM of purposely added benzoquinone is shown in Fig. 6 [43]. 

The time value where 84% of the AV plateau is reached yields a [Ru(TAPt3] + 
lifetime of ~ 55 las, in complete agreement with the lifetime determined from flash 
photolysis experiments for the same concentration of added benzoquinone (Table 4). 
The excellent correlation between both techniques demonstrates the utility of the 
laser-induced PEC method to determine lifetimes of photochemically produced 
transient electroactive species. The time-resolved PEC technique allows us there- 
fore to confirm the nature of  the transient electroactive species, attributed to 
[Ru(TAP)3] + in the Ru(TAP),~ + H=Q system. 

3.3. S u p e r s e n M t i z a t i o n  in N a t i o n : "  . f i lms  

The supersensitization process of  semiconducting SnO 2 electrodes has been investi- 
gated in particular systems where the sensitizer (i.e. the Ru( I I  ) complex) is no longer 
in solution but is incorporated into a Nation '~ perfluorosulphonate polymer film 
(Fig. 7) recast on the SnO2 electrode, and where the supersensitizer (i.e. the reduc- 
tant) diffuses freely into the polymer film from the electrolyte solution in contact 
with the Nafion"-coated electrode. 

The loading of Ru( II ) complexes in polyelectrolyte films adhering on the semicon- 

l->> >-4- 
I )P i I_LZ_ | 

+I..+ i...I + . . . .  L+.I . l  + + + ,  ........ 
, i 

I s.,v I [, ? I 
) ! + 

Fig. 6. Time-evolution o1' the laser-induced open-circuit photopotential, {AJ Solution I0 2M in 
Ru(TAP)3', 10 -'M in H_,Q, 2× l{) SM in BQ and 5× 10 =M in LiNO,+. (B) Same as (A) bul wiLh 
4 × 10 5M BQ. Dark SnO= potential- q- 0.2g WSCF [adapted fl'om Ref. [43]]. 
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Fig. 7. Structure of  the Nation ~' polymer. 

ductor allows to concentrate the metal compound onto the electrode surface. The 
concentration of the metal compound in the film can indeed reach much higher 
values than the concentration in the solution used to load the film. Hence, larger 
photocurrents may be obtained at the coated electrode than at the bare electrode 
under similar conditions, as previously reported for Ru(bpy)32+ incorporated into 
a Nation x' film [89,90]. This type of system is therefore particularly attractive 
in the case of  R u ( I I )  complexes such as the dinuclear compound 
[Ru(phen)z]2HAT 4+ for which much smaller amounts of material can be prepared 
than for simple monometallic complexes. 

The [Ru(phen)2]zHAT ~+ H2Q system induces the same supersensitization pro- 
cess as that described by reactions (Eq. (2)) and (Eq. (5)) for the mononuclear 
Ru(TAP)  2+ complex. The excited dinuclear compound is indeed reductively 
quenched by H2Q in solution according to the electron transfer process (Eq. ( 1 )) 
[44]. Although less reducing than Ru(TAP)~ ,  the so-formed monoreduced dinuclear 
species (Eo×- - 0 . 4 9  V vs SCE [44]) is able to inject electrons in the SnO 2 conduction 
band. The use of  [Ru(phen)z]zHAT 4+ as sensitizer in solution would however 
require high concentrations (>  10-2M ) to observe a photocurrent or a photopoten- 
tial at the SnO2 electrode [83], which illustrates the interest of Nation :R~ coatings 
concentrating the compound on the electrode surface. 

The kinetics of the reductive quenching process and the lifetime domain of the 
electroactive species photogenerated in the Nation ~; film have been examined on the 
basis of  steady-state and time-resolved PEC experiments. PEC methods are particu- 
larly useful for the study of this system because the flash photolysis technique is not 
easily adaptable for the examination of polymer films [83]. Comparison of the PEC 
results obtained in the polyelectrolyte film with the corresponding data obtained 
from the solution studies provides insights for the influence of the polymer film on 
the kinetics of the system, as illustrated below, in the case of  the Ru(TAP)  2+ -H2Q 
and [Ru(phen)2]zHAT a+ H2Q systems. 

3.3.1. Diffusion oJthe Ru( H) complexes inside the pol),mer Jihn 
The steady-state PEC results obtained for the mono- and dinuclear complexes 

loaded in Nation "~' are illustrated in Fig. 8 [83]. 
The stationary supersensitized photocurrents are plotted as a function of the 

H2Q concentration in the electrolyte solution in contact with the Nation:R-coated 
electrode, for a constant polarization potential of the semiconductor. The 
Stern-Volmer plots derived from these data lead to straight lines (see inset of Fig. 8), 
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Fig. 8. Stationar 3, photocurrents plotted versus the HzQ concentration for Ru(TAP)3' and 
[Ru(phen),],HAT 4+ loaded in a Nation '~: film recast on an n-doped SnO z electrode. The semiconductor 
electrode was polarized at 0260 V versus SCE. The loading ratios (percentage of sulphonate sites of the 
polymer film occupied by the complex) are 33% and 24% for Ru(TAP)~ ~ and [Ru(phen)z]2HAT 4+, 
respectively. The PEC cell is filled with a 0.1M KNO 3 supporting electrolyte solution and tlzQ. Insert: 
Stern .Volmer plots determined from the stationary photocurrents measured [or Ru(TAP)3 + ( • ) and 
[Ru(phen)2],HAT 4+ ( • ) [adapted from Ref. [83]]. 

in a g r e e m e n t  w i th  Eq.  ( I V ) .  T h e  p h o t o e l e c t r o c h e m i c a l  S t e r n - V o l m e r  c o n s t a n t s  

K~s~ c e x t r a c t e d  f r o m  the  s lopes  o f  these  p lo t s  are  co l l ec t ed  in "Fable 6. 

In  o r d e r  to  ca lcu la te  the  c o r r e s p o n d i n g  k~ Ec q u e n c h i n g  ra te  c o n s t a n t s ,  as e x p l a i n e d  

a b o v e  fo r  the  s o l u t i o n  s tudies ,  the  exc i ted  s ta te  l i fe t imes  o f  Ru(TAP)32+ a n d  

[ R u ( p h e n ) z ] z H A T  4+ ins ide  the  p o l y e l e c t r o l y t e  film n e e d  to  be d e t e r m i n e d .  T h e s e  

m e a s u r e m e n t s  are  c o n d u c t e d  in d i f fuse  re f lec tance  c o n d i t i o n s .  As  SnOz d e p o s i t e d  

o n  g lass  is no t  su i t ab le  f o r  t hese  p a r t i c u l a r  m e a s u r e m e n t s ,  tile R u ( I I )  c o m p l e x  is 

l o a d e d  in a N a t i o n  ® film recas t  on  a n o n - l u m i n e s c e n t  silica p la te ,  a n d  the  exc i ted  

Table 6 
Steady-state PEC data for the Ru(TAP) 3 " H2Q and [Ru(phen)2]2HAT 4' H2Q systems in Nation "~ films 
recast on SnO2 

g l l ~ a  f I PECc Complex "Ecb kq~n Ref. 

r~l~an r~tN~r ' (M-I )  (10~M 1 s i) 
(ns) (ns) E= E= E= E= E= E= 

0.16V 0.26V 0.36V 0.16V 0.26V 0.36V 

Ru(TAP)~ ~ 60 360 1020 820 700 2.8 2.2 1.9 [83] 
IRu(phenl,]zHAT ~- 40 420 _ 710 920 _ 1.7 2.2 [83] 

Luminescence lifetimes determined by diffuse reflectance measurements from Nation '~ film recast on a 
silica plate: the solution in contact with the film is under argon. The luminescence decays are analyzed 
according to a biexponential law l( t )= A~ e~/'l + A2 e ''~2. 
b Stern Volmer constants obtained from the spectroelectrochemical data for different applied potentials 
versus SCE (E). 

Quenching rate constants calculated using the luminescence lifetime r_,~Naf~ derived from the long decay 
component. 
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state lifetime wdues measured in these conditions are used for the Nafion'~-coated 
on the SnO2 electrode. The corresponding luminescence decays obtained under 
pulsed irradiation are biexponential for both complexes (Table 6). This behaviour 
is attributed to the existence of  two distinct microenvironments characterized by 
different local acidities in the polymer film. The fast component  of  the luminescence 
decay results from local protonation of the R u ( I I )  complexes which exhibit shorter 
luminescence lifetimes than in non-protonating solution [91-96]. These protonated 
excited species located in high acidity environments are quenched only for HxQ 
concentrations exceeding 10 2M. Theret\3re, to a first approximation,  only the 
excited complexes located in the non-acidic microenvironment, associated to the 
long decay component,  should thus be involved in the supersensitization mechanism 
leading to the linear Stern Volmer plots presented in Fig. 8. The quenching rate 
constants k P~:c are thus derived from the Stern--Volmer constants /~s{; c using the ,-q 

long lifetime values of  the luminescence decays (T2)- The so-obtained quenching rate 
constants are approximately equal to 2 x 10~M i s  ~ for both complexes in the 
recast Nation": film. Comparison of these values with the quenching rate constants 
obtained from luminescence lifetime measurements in water indicates that the 
quenching rate constant has decreased by a factor of  2 3 in the polyelectrolyte film 
for the monometallic compound, but has remained almost unchanged for the 
dinuclear complex. These data provide insights into the mobility of  the excited 
compounds throughout the polymer film as developed below. 

The diffusion rate constant calculated for the Ru(TAP)} + H2Q system in water 
( ~ 7 . 4 x  10°M i s 1) [83] is of  the same order of  magnitude as the quenching rate 
constant determined from (i) luminescence lifetime measurements and from 
(ii) photoelectrochemical experiments in solution t/,_l ..... P ~ c - 5  7×10"M ~s i 
(Table 5)). It is thus clear that the photoelectron transfer process is diffusion con- 
trolled for the monometallic system in solution. The quenching rate constant associ- 
ated to the photoinduced electron transfer process decreases in Nation"'.  This drop 
from the solution to the Nation u' film indicates that the diffusion is slowed down in 
the polyelectrolyte environment. 

In the case of the [Ru(phen)2]2HAT 4+ HeQ system, the quenching rate constant 
measured in water (kq = 2  x 10~'M ~ s 1), which is smaller than for the monometallic 
complex, suggests that the photoreduction process of the dinuclear compound is 
probably no longer diffusion controlled in solution. This conclusion is confirmed by 
the absence of/,-q drop from the solution to the Na t ion"  film where the diffusion 
should be slightly slowed down, as concluded from the data characterizing the 
monometallic compound. On the other hand. if in solution the limiting step is the 
rate of the electron transfer itself, in Nation'",  the slower step could still be the 
diffusion. In other words, the electron transfer process could become diffusion 
controlled in Nation "~. This is in accord with the fact that a similar quenching rate 
constant, corresponding to the diffusion rate constant in Nation ~, is obtained in 
the polymer film for the monometallic and dinuclear complexes. 

As the diffusion rate constant in the polymer film is only a factor 2 3 lower than 
the diffusion controlled quenching rate constants in solution, it may be concluded 
that the mobility of the metallic complexes, even the dinuclear species, is rather high 
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in the polyelec t ro ly te  envi ronment .  These results suggest  that  the reduct ive quenching  
process  occurs  in a non-cons t ra in ing  mic roenv i ronmen t  o f  the recast  Na t ion  ® film 
and  are in agreement  with the current ly  accepted model  for  Na t ion  ® . Ion -con ta in ing  
po lymers  such as Na t ion  ~; are known to separate ,  on a microscopic  level, into two 
domains  or  phases,  co r respond ing  to a hyd rophob ic  bulk  po lymer  phase (mainly  
f luorocarbon)  and a hydrophi l i c  ionic cluster phase  [97-99] .  The la t ter  phase  is 
r a n d o m l y  d is t r ibuted  t h roughou t  the bulk po lymer  and  in terconnects  t h rough  a 
system of  na r row channels .  Since Ru(  It ) complexes  are par t ly  d i s t r ibu ted  in the low 
densi ty  cluster phase  [99] and since ion-pa i r  fo rma t ion  is usually not  significant in 
this type o f  po lymer  [100], actual  diffusion o f  the metal  c o m p o u n d s  is expected to 
occur  in the Na t ion  "~';' film. The occurrence o f  mass  t ransfer  processes in Na t ion  ~' 
films has been previously  discussed in the case o f  Ru(bpy)3  z+ [89]. 

3.3.2. N a t u r e  o f  the e lec t roac t i ve  s'pecies 

The supersensi t izat ion process  o f  the e lect rode by the loaded  Na t ion  ~ can be 
further  invest igated by the PEC method  under  pulsed i l lumina t ion  in o rde r  to 
evaluate  the lifetime o f  the electroact ive species responsible  for  the electron inject ion 
in the semiconductor .  In Table 7 are indica ted  the a p p r o x i m a t e  r ise-t ime values 
o f  the open-ci rcui t  pho topo ten t i a l s  recorded after  the laser pulse for  the 
Ru(TAP)3+  HzQ and [ R u ( p h e n ) z ] 2 H A T a + - H z Q  systems in solut ion and in 
Na t ion  g: films [83]. 

As expla ined above,  these A V rise-t imes co r respond  to the lifetime doma in  o f  the 
e lectroact ive species genera ted  from the reduct ive quenching process  (Eq.  (2)).  This  
lifetime is l imited in this case by the b imolecu la r  reox ida t ion  o f  the m o n o r e d u c e d  
complex  by the semiquinone  H Q  p roduced  dur ing  the pho toe lec t ron  t ransfer  
process.  

Fo r  the Ru(TAp)2+- -H2Q system, the A V rise-t ime increases t r emendous ly  upon  
incorpora t ion  o f  the R u ( I I )  complex  into the Na t ion  ':~: fihn. This indicates that  the 
monoreduced  R u ( T A P ) f  species has a much  longer  lifetime in the po lyme r  
( ~ 15 20 ms) than  in solut ion ( ~ 100 p,s). In o ther  words,  the back electron t ransfer  

Table 7 
Time-resolved PEC data for the Ru(TAP)3 + HzQ and [Ru(phen)2]eHAT 4+ H2Q systems in Nation ae 
films recast on SnO_, 

Complex zr water "'b Ref. rr Nation R"'b Ref. 

RulTAP)~ ~100gs [43] ~15 20 ms [83] 
[Ru(phen)2]zHAT 4÷ ~20 ms [83] ~ 15 20 ms [83] 

Rise times determined from pulsed laser-induced photopotentials measured as a function of time for 
Ru(TAP)3' and [Ru(phen)2]2HAT 4~ in aqueous solution and in Nation ~ films recast on SnO2, under 
argon. Measurements were performed in the presence of 10 2M HzQ and 0.2M KNO 3 as supporting 
electrolyte. 
b AS the degassing process of a PEC cell with Nation ,~ swollen with water is not totally efficient and as 
the measurements in the presence of BQ are not reliable for non-degassed solutions, only approximate 
rise times were obtained from the photopotentials recorded in the absence of BQ. 
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from the reduced complex to H Q  is considerably slowed down in the Nation s: film; 
this result may be attributed to some microenvironment effects on the semiquinone 
or on the reduced complex, which do not exist for the starting Ru(TAP)32+ and 
H2Q species as they can diffuse freely in the Nation "~. 

The results obtained for the [Ru(phen),]2HAT4+-H2Q system indicate that slow 
AV rise-times in the millisecond timescale (15-20ms) are not only observed in 
Nation '~, but also in solution. This particular behaviour, which contrasts with the 
data obtained for the Ru(TAP)~--H2Q system, could be attributed to the existence 
of a long-lived electroactive transient, which would be different from the monore- 
duced complex. This transient, also detected by laser flash photolysis experiments 
in solution [44], is proposed to be the bireduced biprotonated dinuclear complex 
[Ru(phen)e]eHATH 4+ which would be formed by dismutation of the protonated 
monoreduced complex. This last result illustrates the ability of the pulsed PEC 
method to obtain information on the nature of the electroactive entity on the basis 
of lifetime values determined from photopotential rise-times, in particular when the 
electroactive species does not correspond to the monoreduced complex. 

4. Photophysicai and photochemical behaviour in the presence of nucleic acids 

The knowledge of tile different properties and behaviour of the photo-oxidizing 
complexes listed in Table 1, discussed in the previous chapters on the basis of flash 
photolysis, spectroelectrochemistry and steady-state or time-resolved photoelectro- 
chemistry experiments, leads to particularly interesting applications related to the 
study of biological molecules such as nucleic acids. In this final chapter, we thus 
highlight this particular aspect, in connection with the systems presented in the 
previous sections. 

Much data have been accumulated on the photoredox properties of the oxidizing 
complexes in the presence of different reductants. Hydroquinone was first chosen 
because it is a rather good reductant. However the high oxidizing power of the TAP 
and HAT complexes in the excited state has also permitted their use with less 
reducing agents, such as mononucleotides corresponding to G MP  and. to a lesser 
extent, AMP. It was therefore expected that some of these complexes would also be 
able, under illumination, to abstract an electron from guanine bases of DNA. From 
this reasonable hypothesis, a research programme was initiated in the area of DNA 
studies [27 29]. On the basis of previous work on the interaction of various metal 
complexes with nucleic acids [101], it could indeed be foreseen that the photo- 
oxidizing complexes discussed in this article would interact with polynucleotides, 
and could therefore photoreact with DNA. 

In a first step, the oxidizing complexes which were involved in a photoelectron 
transfer with GMP were tested in the presence of DNA and polynucleotides, in 
order to study the existence of a photoinduced electron transfer process with DNA. 
It turned out fl'om these studies that this process does indeed occur with the most 
oxidizing complexes. Very interestingly, it has been shown that the photoelectron 
transfer is correlated with two types of DNA reactions: single-strand cleavages and 
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photoadducts formation of  the complex on DNA [102,103]. These photoprocesses 
were indicated by gel electrophoresis experiments, using supercoiled closed circular 
plasmid DNA or radioactively labelled oligonucleotides. Surprisingly, the study of 
those photoreactions with some complexes and 32p-labelled oligonucleotides showed 
that the dominant photoproduct is not a cleavage product, but the formation of a 
covalent adduct between the oligomer and the complex. The existence of photoadduct 
formation has also been indicated by UV-visible absorption spectroscopy and dialysis 
studies with DNA and synthetic polynucleotides. The Ru( l I )  complexes can thus 
be regarded as photoreagents versus DNA [27,28]. 

In the first part of this chapter we show how it is possible to rationalize this 
photoreactivity on the basis of the experimental data. A supplementary parameter 
is considered in the discussion, i,e. the importance of the geometry and size of the 
metal compound. Steric constraints are indeed introduced when the metal compound 
interacts with DNA; these geometric factors appear to govern at least partially the 
" R u ( l I )  complex-DNA" interaction. The second part of the chapter is thus dedi- 
cated to various strategies allowing to modulate the interaction between the metal 
compounds and the double helix, while keeping the photo-oxidizing ability of the 
complexes. The promising future of the Ru( II ) complexes discussed in this paper is 
finally commented in relation with their potential use as molecular tools for DNA 
studies, medical diagnostic agents or even new anti-tumour drugs. In this last case, 
the Ru(I I )  complexes would present an interesting alternative to the well-known 
cis-platin compound, whose anti-cancer activity has been extensively exploited 
[104-108]. 

4.1, Behaviour o/ TAP and HAT complexes in the presence of polynucleotides 

The interaction of a luminescent dye with polynucleotides induces in most cases 
an increase of the luminescence intensity and excited state lifetime of the dye. This 
exaltation of the luminescence properties results from the effects of the rigidity and 
hydrophobicity of the DNA double helix microenvironment, and thus from partial 
protection of the excited dye from the aqueous solution. For the Ru( II ) complexes, 
considerable changes in the emission properties are also observed upon addition of 
increasing amounts of DNA. Fig. 9 illustrates these important effects for the 

2+ Ru(bpy),,(TAP)3 ,, 01=0, 1, 2, 3) series [46] considered in the previous chapters. 
Depending on the nature and combination of the ligands in the complex, two 

different behaviour are observed. If the complex contains less than two TAP or 
HAT 7r-acceptor ligands, the luminescence is enhanced upon DNA addition. In 
contrast, if the complex contains at least two oxidizing ligands, the luminescence is 
quenched in the presence of DNA. 

Correlation of this behaviour with the reduction potentials of the complexes in 
the excited state (Table 1 ) shows that upon addition of  DNA quenching occurs for 
the most oxidizing compounds. The two types of behaviour illustrated in Fig. 9 are 
thus explained as follows. The luminescence increase is due, as mentioned above, to 
effects of the DNA microenvironment (rigidity, protection from water and from 
oxygen quenching). These factors decrease the efficiency of the nonradiative deactiva- 
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Fig. 9. Effect of increasing ratio of [DNA] (equivalent in phosphate concentration)/[complex], i.e. P/D, 
on the emission intensity of the complexes at constant concentration, for Ru( bpy),,( TAP)~ ~,,, n = 0, I, 2, 
3, ]adapted from Ref. [46]]. 

tion processes. In contrast, if the complex contains two or three oxidizing ligands, 
the luminescence is quenched by the nucleobases, and the correlation of this emission 
inhibition with the redox potentials in the excited state leads to the conclusion that 
the quenching would result from an electron transfer from the most reducing bases 
to the excited complex. To confirm this, studies have been performed with different 
synthetic polynucleotides (Table 8). 

From examination of this table, it appears that each excited complex containing 
two or three oxidizing ligands is quenched in the presence of  [poly(dG dC)]2. On 
the other hand. in the presence of  [poly(dA--dT)]2, the luminescence of these same 
compounds increases upon addition of polynucleotide, except for the most oxidizing 
compounds (E**d > 1.4 V vs SCE). In that particular case, the luminescence is also 

Table 8 
Effect of increasing concentrations of various polynucleotides on the 
wavelength 

luminescence intensity at a fixed 

Complexes CT-DNA [poly(dG dC)] 2 [poly(dA dT)]2 Reference 

Ru( bpy)2( TAP)-" ' ~" T [ 102,132] 
Ru( bpy)( TAP)~ * ~. " [ 102] 
Ru{TAP)3 ' ,, ,b T [45,102] 
R u l bpy)( HAT )2  ,, T [46,133 ] 
RuIHAT)3-  ,[ ,L [46,132] 
Ru(bpy) (TA P) (HAT) 2- J. T [132] 
Ru( TA P)2( HAT )2- l J, ~" [132] 
Ru( TAP)( HAT )_~ * l l [I 32] 
Ru( phen)2( PH EHAT )2+ T T [38] 
Ru( phen)2( DPPZ )-~' T ~" [38] 
Ru( TAP)2( DPPZ )2, ,L 1" [ 126] 
[Ru[ phen)2]2 H AT'* ~" A [59,134] 
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quenched in the presence of [poly(dA-dT)]2. In other words, for all the complexes 
for which a photoinduced electron transfer has been demonstrated with G M R  
luminescence quenching is detected with DNA or [poly(dG dC)]2 and luminescence 
enhancement is observed in the presence of [poly(dA-dT)]2. In the case of the most 
oxidizing complexes however, when a photoinduced electron transfer is indicated 
between AMP and the complex, the luminescence is also quenched in the presence 
of [poly(dA dT)]2. Surprisingly, although Ru(TAP)~ +* and Ru(TAP)2(HAT) e-* 
are inhibited by AMP, they exhibit luminescence enhancement in the presence of 
[po ly(d~dT)]2 .  For these two complexes, it may be possible that two antagonistic 
effects operate. Thus the luminescence decrease due to some adenine quenching 
would be more than compensated by the emission increase arising from the protection 
effect of the double helix. It might also be possible that the geometrical constraints 
generate an unfavourable orientation of the donor base and the acceptor complex 
so that an efficient quenching is prevented, in contrast with the situation observed 
in the presence of AMP. 

In summary, the experiments performed with synthetic polynucleotides can be 
correlated with emission quenching by the mononucleotides. This suggests that with 
DNA, the luminescence inhibition would operate by electron transfer via the gua- 
nines (also via the adenines for the most oxidizing complexes). In order to confirm 
these conclusions, laser flash photolysis experiments have been carried out with the 
complexes in the presence of DNA. As outlined above in the case of hydroquinone 
or GMP  as reductants, the corresponding monoreduced complex is also detected in 
the presence of DNA. However, as compared with the results obtained in the 
presence of mononucleotides, the transients which are formed with DNA are rather 
weak. This could originate from an important and rapid back electron transfer from 
the monoreduced complex to the oxidized base on the polynucleotide. Indeed when 
the transients resulting from the electron transfer are produced on DNA, after the 
laser pulse, they cannot diffuse away as they do in the "Ru( II ) complex -mononucleo- 
tide" systems. 

Other interesting experiments have been conducted with DNA in order to observe 
the protection effect of the DNA microenvironment not only on the excited complex, 
as discussed above, but also on the transient monoreduced complex produced in 
situ, on the DNA. In order to show this particular aspect, the "complex hydroqui- 
none benzoquinone" system, described in many details in the PEC section, has been 
used to probe the protection effect of the DNA double helix on the transient 
monoreduced complex. The complex and polynucleotide which have been chosen 
for this study are the Ru(TAP)2(HAT)2+ and [poly(dA dT)]2 where no lumines- 
cence quenching of the complex is observed. Thus when hydroqumone 50 mM and 
benzoquinone 1 mM are added to this complex in interaction with 
[poly(dA dT)]> pulsed illumination of the solution induces a quenching of the 
excited complex by HzQ, comparable to the process described in reaction (Eq. (2)). 
At this stage a first effect of DNA protection is observed. Indeed the kq value for 
the inhibition process is lower ( l x 109M i s 1) in the presence of [poly(dA-dT)]2 
than when the polynucleotide is omitted (3.5 x 10~M 1 s 1). On the other hand, 
just alter the laser pulse, the pseudo first-order disappearance of the monoreduced 
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complex corresponding to reoxidation by benzoquinone (reaction (Eq. (4))) can be 
followed. At this level, a second effect of the DNA protection is observed, i.e. on 
the lifetime of the transient monoreduced complex. Without [poly(dA-dT)]2 the 
decay is indeed faster than in the presence of [poly(dA-dT)]2 (both in the time scale 
of  a few p.s). These experiments demonstrate thus that a transient monoreduced 
complex produced in situ on the DNA is also protected by the double helix. 

4.2. D N A  reactions or damage induced by the photoelectron trans/L,r 

Single strand cleavages of  plasmid DNA upon excitation of a Ru(I I )  complex 
interacting with the plasmid have been observed for Ru(phen)32+ and Ru(bpy)32+ 
[109-1 11]. The quantum yields of these cleavages are however very low [1 12] and 
have been proposed to originate from oxygen singlet sensitization by the complex 
[1 13]. In contrast, higher quantum yields of  cleavage are observed in the presence 
of oxidizing ruthenium complexes of TAP, HAT and BPZ [27]. This is clearly shown 
in Fig. 10 for the series of  complexes Ru(bpy),(TAp)2_-,, and Ru(bpy),(HAT)~_-,, 
(n=0,  1, 2, 3) [102,46[. The single strand breaks in the plasmid have been demon- 
strated to result from the photoelectron transfer process involving the excited com- 
plex and a guanine base of DNA. This process indeed generates a guanine radical 
cation in the DNA, which would abstract an H-atom from a neighbouring ribose, 
giving rise, after several reactions, to a final strand break [114]. 

On the other hand, experiments with 32p-labelled oligonucleotides involving the 
same series of complexes show the appearance of  photoadducts of  the complex on 
DNA, for illumination times where no cleavages are detected. This photoadduct 
formation has been demonstrated from two types of experiments. UV/visible absorp- 
tion measurements allow an easy monitoring of the formation of photoproducts 
with DNA under visible irradiation of the complexes. The spectroscopic changes 
observed in those studies indicate the tris-chelated character of  the new metallic 
product formed upon irradiation. On the other hand, dialysis experiments indicate 
that these photoproducts correspond to photoadducts covalently bound to the DNA, 
as they are retained in the dialysis bag [46, 103]. Such photoadduct formation can 
be correlated with the oxidizing power of the complexes in the excited state, as the 
photoadducts are formed only with the most oxidizing compounds. Moreover, they 
are produced with both double-stranded and single-stranded oligonucleotides [103]. 
It is proposed that the adduct results from the reaction of the monoreduced complex 
with the guanine radical [45], as shown in the following equations for Ru(TAP)~ + 

As 

Ru(TAP)3 + +G-Fhv--+Ru(TAP)2(TAP - )+ + G  + (6) 

G + - + G ( - H )  + H  + (7) 

Ru ( TAP )2( T A P  ) + + H + --+ R u ( TA P)z( T A P H  )2 - ( 8 ) 

Ru(TAP)e( T A P H  )2 + + G( - H ) --+ photoadduct (9) 

the photoadduct formed with DNA exhibits a similar absorption spectrum as 
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Fig. 10. Percentage of OC form on visible irradiation of the plasmid pBR322 in the presence of 
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the one produced with GMP,  the studies aiming to determine the structure of  this 
photoproduct  have been conducted first on the Ru(TAP)~-  G M P  system. After 
isolation of the photoadduct  from the irradiated mixture with GMP, the ribose- 
phosphate group has been removed by acid treatment and the resulting compound 
characterized by N M R  and electrospray mass spectrometry [115]. The corresponding 
structure, given in Fig. 11, shows that the guanine is covalently linked to the complex 
through the exocyclic NH2 group of the base anchored to the a position of a non- 
chelated nitrogen of one of  the TAP ligands. 

More recently, photoadducts resulting from irradiation of Ru(bpy)(TAP)~* in 
the presence of DNA have been isolated after enzymatic and acid hydrolytic treat- 
ments of  the photosensitized DNA [116]. Two isomers are formed, both resulting 
from the bonding of the exocyclic amino group of the guanine to one of the TAP 
ligands, as shown in Fig. 12. Note that the anchoring via the NH_, position is 
consistent with an interaction of the complex in the minor grooves of  the helix. 

4.3. Modulation ~/lthe interaction with DNA 

4.3.1. Complexes dispho'ing no interaction 
As mentioned in the introduction of this chapter, changes of the ligands coordi- 

nated to the metal centre do not only modify the redox properties of the resulting 
complex, but also influence the interaction of the metal compound with DNA. 
Ru(Me2TAP),~ + (see Fig. 13) represents a typical case illustrating this point [46]. 
This compound behaves indeed as Ru(TAP)~ ~ if we compare the reduction poten- 
tials of  their SMLCT states (Table 1 ), or if we consider the quenching rate constants 
(Table 2) obtained for both complexes with hydroquinone or G M P  as reductants 
(see also the PEC section). However. despite an inhibition of the excited 
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Fig. 11. Structure of the phowadduct formed under irradiation of Ru(TAP)~ ~ and GMP, after HCI 
treatment to remove lhe ribose-phosphate. 
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Fig. 12. Structures of the photoadducts formed under irradiation of Ru( bpy)(TAP)~ ~ m the presence of 
DNA, after enzymatic and acid hydrolytic treatments of the photosensitized DNA. 
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Fig. 13. Structure of complexes exhibiting special interactions with DNA. 
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Ru(Me2TAP),~ + by GMP, neither absorption nor emission changes are observed 
upon CT-DNA addition. This lack of  luminescence quenching by DNA, not expected 
for such a photo-oxidizing complex, is attributed to a poor  interaction with the 
polynucleotide, resulting from steric hindrance of the methyl groups with the double 
helix backbone. 

4.3.2. Complexes with extended p&nar l~ands 
Although the photo-oxidizing power of the Ru( II ) complexes involved in electron 

transfer causing DNA damages makes them attractive for different applications (see 
further), several problems related to these complexes remain to be solved. For 
example their relatively weak binding constants to DNA represent limiting lectors 
preventing their direct application in biology. One strategy allowing us to solve this 
problem consists in preparing complexes which are able to intercalate one of their 
ligands between the base pairs of the DNA double helix. This approach led to the 
preparation of an extended planar ligand, the dipyrido[3,2-a:2',3'-c]phenazine or 
DPPZ [41], and the corresponding Ru(bpy/phen)=(DPPZ) 2+ complexes [117 124]. 
However, even if it has been demonstrated that these complexes display a high 
affinity for DNA, they are not photoreactive versus DNA. Indeed they are not 
sufficiently oxidant in their excited states to induce a photoelectron transfer in the 
presence of mononucleotides or polynucleotides. Therefore, in order to combine in 
the same complex the intercalation ability with a high photo-oxidizing power, other 
complexes have been synthesized, such as Ru(BPZ/TAP)2(DPPZ) =+ [125,126], 
Ru(phen)z(PHEHAT)=- [38] and, very recently, Ru(TAP)z(PHEHAT)  =+ [127] 
(Fig. 13). 

For the Ru(BPZ/TAP)x(DPPZ) z~ compounds, the photoreactivity originates 
from the introduction of  two rt-acceptor TAP or BPZ ligands, while keeping a 
good interaction via the extended DPPZ intercalator [33.125]. For 
Ru(phen)z(PHEHAT) -'+, it has been shown that the PHEHAT ligand confers to 
the complex a very high affinity for the DNA double helix. Moreover, flash photolysis 
experiments have demonstrated that this ligand makes the complex sufficiently 
oxidizing in the excited state to abstract an electren from G MP  (Fig. 4(b)) [38]. 
However, the oxidation process of guanines has not been observed with DNA. 
This situation is thus similar to that described above for Ru(TAP)3 ~ and 
Ru(TAP)2(HAT) =+ with AMP versus [poly(dA dY)]2 [128]. In order to make the 
PHEHAT complex more oxidizing in its excited state, the nature of the ancillary 
ligands has been changed. The resulting Ru(TAP)2(PHEHAT) 2+ complex has 
proven to be a good photoreagent versus DNA as its luminescence is strongly 
quenched upon addition of increasing amounts of DNA [129]. Moreover this photo- 
oxidizing complex shows, as expected for a complex based on an extended planar 
ligand, a high affinity' for DNA. In other words, this new complex combines the 
interaction efficiency with the photoreactivity versus DNA. 

4.3.3. Anchoring ql'complexes to ,s3,nthetic oligonucleotides 
In order to target the interaction, and thus the formation of photoadducts, on 

specific DNA sequences, photoreactive complexes have been chemically anchored 
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to synthetic oligonucleotides. This strategy has been adopted with a TAP complex 
which has been derivatized (see Fig. 13) and chemically attached, through the 
5-position of a thymidine base, to an oligonucleotide sequence complementary to a 
target sequence [33,126, 130]. Very interestingly, it has been shown that the lumines- 
cence of the anchored complex is quenched when the Ru-derivatized oligonucleotide 
is hybridized with the complementary sequence, and this only if the target sequence 
contains guanines in the vicinity of  the attached complex. This indicates that a 
photoelectron transfer takes indeed place from those guanmes lo the attached excited 
complex. Moreover, the existence of such a quenching process is correlated with an 
irreversible photo-crosslinking of the two strands, indicated by gel electrophoresis. 
and which originates from the formation of a photoadduct of the attached complex 
on the complementary strand. 

These results open interesting perspectives for the use of" this type of Ru( l l )  
compounds as new anti-tumour or anti-viral drugs, in the context of anti-gene and 
anti-sense strategies aiming to inhibit the expression of specific DNA and RNA 
sequences. 

4.3.4. Bimetallic complexes 
In order to improve the selectivity in the complex DNA interaction, other research 

has been focused on the design of complexes which target particular DNA topologies. 
In this context, the bimetallic complex based on the bridging HAT ligand [131,39], 
already discussed in the previous sections, appears to be a novel, attractive and 
interesting DNA photoreagent (see Fig. 13). Indeed, [Ru(phen)2]2HAT 4+ has been 
shown to interact exclusively with denatured DNA [59]. This DNA can be considered 
to be formed of 60% of normal double helix portions, and 40% of portions where 
the two strands are separated. Because of its size the dinuclear complex cannot 
penetrate inside the grooves of the nomaal DNA double helix but, in contrast, the 
denatured portions are accessible to the dinuclear compound. Moreover, its four 
positive charges induce a high affinity for the DNA strands. It has also been shown 
by laser flash photolysis that the dinuclear complex undergoes a reductive quenching 
process with GMP ( Fig. 4(c)) and guanine-containing polynucleotides. In correlation 
with this electron transfer process a photoadduct has indeed been observed with 
GMP. However, with DNA, probably because of important steric hindrance prevent- 
ing a good contact of the complex with the DNA bases, the photoelectron transfer 
process does not lead to the formation of a photoadduct. There is nevertheless one 
exception which corresponds to the illumination of the dinuclear complex with 
denatured DNA. In that case, as mentioned above, the complex can probably more 
easily approach the nucleobases at the level of the denatured portions and thus 
produce a photoadduct. 

In conclusion it seems that these bimetallic complexes could be used for the 
detection of single stranded DNA portions in irregular DNA structures. This 
illustrates another application of the complexes for DNA studies, i.e. as molecular 
tools in order to probe the DNA structures or topologies. 
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5. Conclusion 

In this review article, we have shown, for a series of photo-oxidizing R u ( I I )  
complexes (Table 1 ), based mainly  on the TAP and HAT ligands, that  the knowledge 
of their behaviour  with different reductants,  investigated with quite different methods  
and techniques in spectroelectrochemistry, photoelectrochemistry and flash photoly-  
sis, leads to interesting developments  of  these compounds  for the study of D N A ,  as 
emphasized in the final D N A  chapter. Thus  as illustrated above, one can easily 
imagine the impor tan t  role which could be played by these complexes in the future, 
for example as molecular  tools for the study of DNA.  Some of  these tools could 
also be applied in medical diagnostics, to detect special D N A  topologies generated 
by some mutat ions.  Moreover,  prel iminary experiments have shown that some TAP 
complexes are able to inhibit  the t ranscr ipt ion of D N A  into RNA,  in artificial 
biological systems. These observat ions may thus leave hope for the use of such 
compounds  as ant i-cancer  drugs activated under  visible i l luminat ion.  
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