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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 efficient 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 behaviour in the presence of reductants such as hydroquinone and
mononucleotides (guanosine-5-monophosphate and adenosine-5'-monophosphate) are exam-
ined by flash photolysis. spectroelectrochemistry and photoelectrochemistry. It is explained
how the light-initiated electron transfer process can be applied for spectral supersensitization
of wide band gap SnQ, 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 for DNA study and maybe as
future possible drugs activatable under visible light. © 1998 Elsevier Science S.A.

Keywords: Polypyridine Ru(1l) complexes: Photoelectrochemistry: Spectroelectrochemistry:
DNA interaction: DNA photocleavages: DNA photoadducts

1. Introduction

Many reviews have been devoted to Ru(lIl) 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(Il)
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(I1) complexes have been studied as sensors in optrodes probing different kinds
of analytes [26] and as photoprobes and photoreagents of bioclogical 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(II) compounds are their photoredox
behaviour responsible for photoinduced electron transfer reactions. It is striking to
observe that. in most systems where the elementary photoelectron transfer process
has been studied, the Ru(Il) complex acts as an efficient electron donor. The well-
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known Ru(bpy)i* (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)3~ 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(Il) complexes which
behave as electron acceptors, i.e. as powerful oxidants, in the excited *MLCT 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=22"-bipyrimidine) [34-36] and TAP (TAP=
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 SnO,,
while the second application. of biological interest, involves DNA studies. In both
cases, we will discuss on the one hand. the striking similarities in the behaviour
characterizing the photo-oxidizing Ru(Il) 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(I1) complexes with DNA.
As the shapes and the photoredox properties can easily be modulated, this represents
a major advantage of the Ru(Il) compounds as photoprobes and photoreagents
of DNA.

CH
W L O A
N7 N?~CH,
BPZ BPM TAP Me,TAP
N _z Nj i
NN §
&N
HAT DPPZ PHEHAT

Fig. 1. Structure of different polyazaaromatic ligands. BPZ =2.2"-bipyrazine: BPM =2.2"-bipyrimidine:
TAP=1.4.58-tetraazaphenanthrene; TAPMe, =27-dimethyl-1.4,5 8-tetranzaphenanthrene: HAT =1.4.5.
8.9.12-hexaazatriphenylenc; DPPZ =dipyrido[3.2-«:2",3'-c]phenazine: PHEHAT = 1.10-phenanthrolino-
[5.6-5]1.4.5.8.9.12-hexaazatriphenylene.
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Having defined the focus of this work. the series of complexes which will be
reviewed is rather restrictive. The list is given in Table 1 wherc 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 com-
plexes are more oxidant in their ground and excited states than Ru(bpy)i*. The
monometallic TAP compounds Ru(bpy/phen),TAP;"; (phen == 1.10-phenanthroline;
i=0.1,.2) have their first ground state reduction wave shifted positively by about
0.5-0.6 V compared to Ru(bpy):® and the oxidation power incrcases with the

Table 1
Oxidation (£,,) and reduction potentials (£,.4) of a series of Ru(1l) complexes. together with the corre-
sponding oxidation (£%) and reduction potentials (£%4) in the excited *MLCT state [data vs SCE]

0x “red

Complex Fo Frea ExY Erg Reference
Ru{HAT ) +2.07 —0.62 —0.01 +1.46 [39)
Ru(HAT ).( TAP) +2.03 —0.64 —0.04 +1.43 139}
Ru{TAP).,(HAT)* +2.02 - 0.68 -0.02 +1.36 [39]
RutTAP): +1.94 —.75 —0.12 +1.32 [37)
Ru(BPZ ) +1.86 — .86 —0.20 +1.27 [3]
Ru(Mec.TAP)" +1.80 —0.84 —0.28 +1.24 (42}
Ru(HAT ),(phen)*" +1.86 -{).66 ~0.03 +1.23 146]
Ru(TAP),(DPPZ)* +1.77 0.80 -0.18 +1.15 [126]
Ru(BPZ),(DPPZ)* P +1.77 -0.78 0135 +1.14 [125]
Ru(HAT ),(bpy)* +1.79 076 —(1.08 +1.12 [39]
Ru(bpy)(TAP)(HAT ) +1.78 —0.75 —~0.08 +1.11 [39]
Ru(TAP),(bpy)? +1.70 —0.83 —0.19 +1.06 [46]
Ru{TAP),(phen)*” +1.73 - 0.83 ~0.16 +1.06 [46]
Ru(phen),(PHEHAT)* " <4 +1.33 ~0.84 —0.52 +1.03 [38]
Ru(bpy),(DPPZ)- "< +1.24 —1.02 —0.75 +0.97 [41.125]
Ru(phen),(DPPZ)* < +1.30 —1.00 —0.67 +0.97 [38]
Ru(bpy).(TAP)* + 1.51 — .88 —~0.23 +0.86 [37]
Ru(phen).( HAT )" +1.53 —0.86 —0.16 +0.83 [38]
Ru(bpy).(HAT)? +1.36 —~0.84 —0.11 +0.83 [39]
Ru(bpy)s’ +1.28 -~ 1.33 —0.73 +1.66 (37
[Ru(bpy),],HAT" ¢ +1.53 —0.49 [39]
[Ru(phen),),HAT*" ~1.52 —0.49 +0.01 ~1.02 [39.40]

* Values for the oxidation (£%) and reduction (EL,) potentials of the excited complexes estimated from
the oxidation (£,,) and reduction (£,.4) potentials in the ground state (measured by cyelic voltammetry
in acetonitrile) and from the energy of the emission maximum (AE;,,.) in water.

" The redox potentials in the excited state have been cstimated with a AE .., value corresponding to the
uncarrected emission maximum in water.

¢ As the complex does not luminesce in water. the redox potentials in the excited state have been estimated
with the energy of the emission maximum in acetonitrile.

¢ The orbitals involved in the spectroscopic and redox processes are not the same and formally. the redox
potentials in the excited state are not correct {see comments in the text).

¢ As the emission maximum cannot be determined because it is 100 bathochromic (4, > 800 nm). the
redox potentials in the excited state have not been estimated.

"The redox potential values have been measured for each stercoisomer and do not change from one
isomer to the other [40].
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number of m-deficient TAP ligands in this series. The HAT ligand (HAT=
1.4.5.8.9.12-hexaazatripheneylene) induces the same behaviour on the corres-
ponding complexes Ru(bpy 'phen),HAT ", (i=0.1.2). The anodic shift of the first
reduction wave as compared to Ru(bpy)i~ is however smaller for the
Ru(bpy phen),DPPZ~  compounds (DPPZ=dipyrido[3.2-4:2".3"-¢]phenazinc).
Interestingly the first reduction wave for the PHEHAT compicx (PHEHAT =
1.10-phenanthrolino[5.6-h]1.4.5.8.9.12-hexaazatriphenylene) appears at the same
potential as for Ru(phen),HAT>". indicating that on reduction. the process is
controlled by the HAT fragment of the PHEHAT ligand [38]. The first reduction
wave of the bimetallic HAT complexes is positively shifted with respect to the
corresponding wave of the related monometallic compounds. This cffect may be
attributed to the stabilization of low-lying n* orbitals upon multicomplexation of
the bridging HAT higand [39]. Recently 1t has been shown [40] that the redox
potential values of these dinuclear complexes. containing ancillary bpy or phen
ligands. do not change from one stereoisomer to the other (i.e. from the rac A A,
7. to the meso A-2).

The ground state oxidation potentials characterizing the monometallic TAP and
HAT complexes and the bimetallic HAT compounds are also positively shitted 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 cxhibits. in contrast to the reduction process. the same properties
as the phen ligand as far as the oxidation of the metal centre is concerned [38]. The
same conclusion mayv be rcached for the DPPZ ligand in the monometallic
Ru(bpy ‘phen);DPPZ*" compounds [41].

The redox potentials for the excited state have been estimated on the basis of the
energy of the emission maximum (Ef =FE.  +AE, 0 EX=Ey—AE,.). It is
obvious from Table I that the monometallic TAP and HAT complexes and the
bimetallic [Ru(phen),[,HAT"" behave as poor excited state reductants. The excited
state reduction potentials confirm on the other hand the high oxidation power of
all the polyazaaromatic complexes in their *MLCT excited state. The complexes
based on three TAP HAT n-acceptor ligands show the strongest oxidation powers.
For the Ru(phen),PHEHAT* " and Ru(bpy phen),DPPZ?" compounds. the estimi-
tion of the redox potentials i the excited state is not formally correct as. for thosc
particular complexes. the PHEHAT or DPPZ orbitals involved i the spectroscopic
and redox processes are not the same [38.41]. The values mentioned in Table 1
correspond therefore to an approximation which will be usetul for the study of these
compounds in the presence of nucleic acids (see below).

In summary. throughout this review. the primary photoinduced process responsi-
ble for semiconductor oxide supersensitization and irreversible damage caused to
DNA s examined. This clementary photoelectron transfer corresponds to the reuc-
tion (Eq. (1))

“q
C"+D>C +D'~ (1)

where C represents one of the Ru(ll) compounds listed in Table 1. while the
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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);™ 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);*~hydroquinone system are
then used as a basis to elucidate the behaviour at an SnQO, 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(Il) complexes listed in
Table 1 has been examined in the presence of several reductants corresponding to
hydroquinone (H,Q) [42-44] and various mononucleotides including GMP and
AMP (GMP = guanosine-5-monophosphate, AMP =adenosine-5-monophosphate)
[45.46]. Considering the reducing power of these reductants (£,,H,Q= +0.53 V vs
SCE in a neutral medium [47]; £,,GMP=+0.82V vs SCE at pH 7 [48]) and the
oxidizing power of the excited Ru(Il) complexes (Table I, E%y). a photoelectron
transfer process is expected to occur from H,Q and GMP to most excited Ru(l1l)
compounds of Table 1. The formation of a monoreduced complex according to
reaction (Eq. (1)) has indeed been observed for this series of compounds illuminated
in the presence of H,Q and/or GMP. When the reductive quencher corresponds
to AMP, only the most oxidizing excited complexes (E¥,;>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 from 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(Il) complexes versus DNA.

2.1. Luminescence quenching experiments

The first experimental evidence for the occurrence of process (Eq. (1)) has been
found in the luminescence quenching of the Ru(Il) complexes upon addition of the
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reducing agent. The Ru(TAP);* 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 1s when the exergonicity of the
photoinduced electron transfer process i1s the largest considering the various
Ru(TAP);*-mononucleotide systems. Whereas quenching rate constants can be
obtained with AMP, the luminescence quenching with TMP and CMP (TMP=
thymidine-3-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 Ru(ll) complexes in the presence of
mononucleotides® and H,Q

Complex GMP AMP® H.Q

ky Ref. ky Ref. k4 Ref.

(10°M '™l (10°M ~1s (10°M "1™
Ru(HAT);" 2.16 [46] 0.87 [46] - -
Ru(HAT )5( TAP)* ™ 2.39 [46] 0.38 [46] - -
Ru(TAP),(HAT)** 2.16 [46] 0.13 [46] -
Ru(TAP)" 2.20 [45.46]  0.12 [46] 4.9 [42]
Ru(BPZ)3" 1.98 [46) ¢ - -
Ru(Me,TAP)}' 1.74 [46] - 5.2 [42]
Ru(HAT ),(phen)** 1.85¢ [46) —¢ - - -
Ru(TAP),(DPPZ)*" 1.70 [126] : - -
Ru(HAT )y(bpy)*" 1.36 [46] e - -
Ru(TAP),(bpy)* 0.74 [46] - -
Ru(TAP),(phen)*~ 0.98¢ [46] e -
Ru(phen),(PHEHAT)*~ ¢ - - - - -
Ru(bpy),(TAP)*" [46] e : 0.7 [44]
Ru(phen),( HAT)*" 0.024 [46] - -
Ru(bpy),(HAT )" 0.020 [46] - -
[Ru(phen),],HAT*" 0.3 [59.130] ¢ - 23 [44]

* The measurements in the presence of GMP and AMP were performed in buffered aqueous solution
(0.1M phosphate buffer, pH 7).

® Only the most photo-oxidizing compounds (E%,> 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.

9 The complex does not emit in water.

¢ No luminescence quenching.

f Measurement at pH 9, no quenching at pH 7.
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Fig. 2. Plot of the logarithm of the Tuminescence guenching rate constants A measured i the presence
of GMP. versus the excited state reduction potenuals caleulated for the complexes listed in Table 2
fadapted trom Ret. [40]].

value for the oxidation potential of GMP which is in good agreement with the value
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 €. This species thus
needs to be clearly characterized. both spectroscopically and kinetically.

2.2 Spectroscopic characterization

The reductive quenching process (Eq. (1)) generates a one-clectron-reduced
species C° which can be described as a ligand radical L™ coordinated to a
Rul, moiety ([RuL,L " "]7). The visible absorption spectrum of such &« monoreduced
complex is generally characterized by low energy bands resulting from higand centred
{ LC) transitions localized on the reduced ligand. The higand based reduction process
is indeed known to induce a signiticant red shift of the corresponding ligand centred
absorption bunds [30 54]. This can easily be demonstrated by comparison of the
C  absorption spectrum with that of the free ligand reduced electrochemically. On
the other hand MLCT wransitions involving the reduced ligand are expected o shift
to the blue as the n* levels of these transitions increase in energy. In contrast. the
MLCT bands towards the remaining ntact hgands are much less atfected as they
are only slightly shifted to the red: these bands arc therefore maintained m the
visible region of the absorpuon spectrum of the monoreduced complex. These
spectroscopic data have been obtained for several complexes of Table 1. from
spectroelectrochemical measurements described below.

2210 Spectroelectrochemistry
In a spectroclectrochemical experiment. the Ru(1l) complex or the free ligand arc
clectrochemically 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 AgCl reference electrode [55], maintained between two
optical windows separated by a thin Teflon spacer. Reductive electrolysis is usually
performed in acetonitrile in the presence of supporting electrolyte in deoxygenated
solutions. The remaining traces of oxygen are generally reduced at the potentials
apphed to the working clectrode (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 340 nm [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 igands TAP and HAT and
of the absorption of Ru(TAP)3;™ and [Ru(phen),].HAT*" 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 420 nm increases as 4 function of reduction time. There might be another
absorption band characterizing the reduced HAT ~ ligand in the 550-650 nm regton.
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 after short reductton times (<2 min). The decomposition process corresponds
probably to the loss of a ligand, as indicated by the occurrence of an absorption
around 490-500 nm where complexes such as Ru(TAP),X, (X=Cl" for example)
absorb. Short clectrolysis periods induce an absorption increase between 500 and
600 nm, 1n accord with the spectrum of the reduced TAP ™ ligand. This absorption
enhancement may consequently be attributed to the occurrence of LC transitions of
the monoreduced TAP ™ ligand in the corresponding reduced complex. There is on
the other hand no complete disappearance of the MLCT Ru-TAP absorption bands
in the 360-500 nm region, as the monoreduced complex still contains intact TAP
ligands responsible for the remaining MLCT transitions. Upon reduction of
[Ru(phcn) ] HAT“ the Ru- bridg:in;: HAT MLCT tramitions decrease in thc: visible

500 nm, in dglcemem with the spectrum of HAT ™

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 spectroelectrochemicul data.

2.2.2. Laser flush plotolysis

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 free ligands and Ru(Il) 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 mM in acetonitrile, 0.1M NBu,PF,: spectra were recorded
every 3min. (b) Free HAT ligand. 0.1 mM in acetonitrile, 0.1M NBu PF; spectra were recorded at 2 min
intervals. (¢) Ru(TAP);". 2.4 mM in acetonitrile. 0.1M NBu,PF,;: spectra were recorded every 2 min.
(d) [Ruiphen),],HAT*". 0.3 mM in water. pH 5.9. 0.1M LiNO,: spectra were recorded at 2 min intervals
[adapted from 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. (1)

AA(2)=C, (¢ - —€c+€p- + —€p)l (1)
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where C; = corresponds to the initial concentration of the monoreduced complex
detected after the laser pulse; ec and €y, are the extinction coeflicients of the Ru(11)
complex and the reducing agent, whereas ¢- - and €+ stand for the absorption
coeflicients of the monoreduced complex and the monooxidized reductant formed
by reaction (Eq. (1)); / 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):*, Ru(phen),PHEHAT?* and [Ru(phen),],HAT*" in the presence of
H,Q 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 H,Q (reaction (Eq.(2))) is characterized by a long
wavelength shoulder (A>3500nm) due to LC transitions of the monoreduced
TAP ~ ligand. Absorption from 500 nm down to 470 nm results from MLCT
transitions of the monoreduced complex involving intact TAP ligands.

]‘q
[Ru(TAP);]** " +H,Q— [Ru(TAP),]* +HQ +H" (2)

The semiquinone HQ " produced during the reductive quenching process ( Eq. (2)),
formed upon loss of one electron and one proton from H,Q, contributes significantly
to the transient absorption recorded after the laser pulse in the 370-450 nm region,
in agreement with the previously reported absorption maxima of semiquinone
(4max =410 and 430 nm for the acid and basic forms of HQ ", respectively [47]).

For the dinuclear complex [Ru(phen),,HAT** the characteristic features of
the reduced HAT = bridging ligand are observed in the 400-500 nm region of
the spectrum produced from flash photolysis with H,Q. When
Ru(phen),(PHEHAT)*" is photoreduced by H,Q. 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
HAT ™ ligand, already mentioned above (see Fig. 3). Note that this band is not
observed in the case of the [Ru(phen),],HAT**-H,Q 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 HAT ~ and SQ" 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)Z*
in the presence of mononucleotides is again characterized by a long wavelength
shoulder attributed to the monoreduced TAP" ~ 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 absorption spectra recorded by luser flash photolysis of various Ru(ll)
complexes in the presence of hydroquinone and mononucleotides. (a) Laser flash photolysis of
Ru(TAP); " in the presence of H,Q. GMP and AMP (spectrum recorded 1 ps after the laser pulse)
[adapted from Ref. [45]]. (b) Laser flash photolysis of Ru(phen),PHEHAT"" in the presence of H.Q
and GMP (spectra recorded 4 and 5 us after the laser pulse) [adapted from Ref. [38]]. (¢) Laser flash
photolysis of [Ru(phen),|,HAT*" in the presence of H,Q and GMP (spectrum recorded 2 ps after the
laser pulse) [adapted from Rel. [59]].
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Table 3
Maxima for the transient absorption spectra obtained from flash photolysis in the presence of GMP.
AMP and H,Q

Complex GMP AMP H.Q
Jmax Ref. max Rel. 7 man Ref.
(nm) (nm) (nm)
Ru(HAT); 4700 [40] 480 [46]
Ru(HAT ),( TAP) 4800 [46] 4701 [46]
Ru(TAP).(HAT )"~ 480¢ [46] 4704 [46)
Ru(TAP)" 475 [45.40] 480¢ [43.40] 4254 [44]
Ru(TAP),(DPPZ)* 4900 | 126]
Ru(HAT ),(bpy)* 3200 [40]
Ru(bpyi{ TAP)(HAT ) S0P [46]
Ru(TAP).(bpy)y S0sP [46]
Ru( TAP).( phen)? 3000 [46]
Ru(phen)y( PHEHAT)? 470, 340¢ [38] 350¢ [38]
Ru(bpy).( TAP) 330¢ [44]
[Ru(phen)],HAT" 460 [39.130] 425¢ {44}

* Data recorded under argon in buffered aqueous solution (complex 10 M. GMP or AMP 0.01M.
phosphate bufler 0.1M. pH 7).

P Data recorded under the same conditions as *. without butler (pH 9 10).

¢ Data recorded under the same conditions as *. with Tris butfer 0.5M. pH 7.

4 Pata recorded in argon purged solution (complex 10 *M. H,Q 0.01M).

¢ Data recorded under the same conditions as <. with a complex concentration of 1.2 x 10 *M and 0.03M

H.Q.

" Data recorded under the same conditions as *. with a complex concentration of 3 x 10 "M,

that the absorbance 1s weaker in the 370 450 nm region with GMP than with
H,Q originates of course from the absence of the intense transient absorption of

HQ .
l\q
[Ru(TAP), "+ GMP— [Ru(TAP),]” +GMP ™ +H" (2

Similarly. the transient spectra produced with Ru{phen),(PHEHAT)?>™ and
[Ru(phen),],HAT*" in the presence of GMP show an absorption around 450 nm
corresponding 10 the monoreduced ligand. For the PHEHAT complex again, an
additional transient absorption band appears in the 500 -600 nm region, also charac-
teristic of a reduction of the HAT fragment of PHEHAT.

For all these complexes absorption in the 400--300 nm region should also be
attributed to GMP ™ 7. Indeed. if the lascr photolysis experiments are performed in
the presence of oxygen (see below). the monoreduced complex 1s reoxidized by
oxygen within a few microseconds and the spectrum recorded after this time corres-
ponds to the radical cation of guanine, which confirms the formation of GMP™ ™
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 and by flash photolysis
in the presence of a reducing agent. owing to the fact that. after the laser pulse, the
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spectrum corresponds to a differential absorption, the characteristic absorption of
the monoreduced TAP  ~, PHEHAT ~ and HAT ~ 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 ( Egs. (2)) and ((2')) corresponding to the Ru(TAP)3* 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 on the order of
a few ns.

The reoxidation pathway of the monoreduced complex depends on several
factors which are illustrated below in the case of the Ru(TAP);*-H,Q and
Ru(TAP)}*-GMP systems. The corresponding kinetic data are summarized in
Table 4.

2.3.1. Bimolecular equimoleculur reoxidation processes

When flash photolysis of the Ru(TAP); "~H,Q or Ru(TAP);"~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 HQ" or radical cation
GMP * produced during the reductive quenching process

Kaox
[Ru(TAP);]* +HQ +H" > [Ru(TAP),]** +H,Q (3)
k?_\)x
[Ru(TAP),]* +GMP = - [Ru(TAP),P* + GMP (3

If A4, and AA, are respectively the initial differential absorption and the
differential absorption measured at time 7. a plot of A4,/AA, versus time is linear
and gives a slope corresponding to the product of the second-order rate constant



1. Ortmans et al. | Coordination Chemistry Reviews 168 (1998) 233 271 247

Table 4
Kinetic data characterizing the monoreduced [Ru( TAP),]* complex produced under pulsed laser illumina-
tion of the systems Ru(TAP);*-H,Q and Ru(TAP);*-~GMP, in the absence and presence of added
oxidants

System Ru(TAP); " -H,Q Ru(TAP);"-H,Q-BQ Ref,
kaox Tlash? kyo flash® 7 flash® t PEC®
(=1/(kyol BQI
(Msh (Mgt (1s) (1)
Kinetic data 2x10° 2.3 x 108 55 55 [43]
System Ru(TAP);" -GMP Ru(TAP);' —H.Q—-0, Ref.
Kk 5ox Tlash® koo flashe 7 flash®
(= 1(kha{ Oa]D
(M5 (M5 (1s)
Kinetic data 1.2 x 107 0.19 x 10 40 [45.46]

* Derived from the transient absorption decay recorded at 480 nm by flash photolysis of a 1.1 x 10™*M
Ru(TAP):* plus 107 *M H,Q degassed solution.

® Measured from the transient absorption decay recorded at 480 nm by flash photolysis of a 1.2x 1074
M Ru(TAP);". 107°M H,Q and 4 x 10 M BQ deoxygenated solution.

¢ Obtained from the time-evolution of the laser-induced open-circuit photopotential of an SnO, ¢lectrode
in contact with a 10" *M Ru(TAP);'. 10 *M H,Q and 4x 10 "M BQ deoxygenated solution
(3x 107 *M LiNO,).

4 Derived from the transient absorption decay recorded at 470 nm by flush photolysis of a 10 7*M
Ru(TAP);™ plus 10 "*M GMP Ar-saturated solution (0.1M phosphate buffer, pH 7).

¢ Measured from the transient absorption decay recorded at 470 nm by flash photolysis of a 6 x 107°M
Ru(TAP);". 107 *M GMP and 1.25 x 10 "*M O, solution (0.1M phosphate buffer. pH 7.5).

k,o, with the initial concentration of the monoreduced complex, according to Eq. (1I)

Ady/AAd, =1 +kyy [RU(TAP) 1ot (11)

As the initial concentration of the monoreduced complex [Ru(TAP)5 |, depends
on experimental parameters such as the laser pulse intensity, the decay time derived
from the slope of the A4,/AA, plot has no physical meaning. The second-order rate
constant k,,, may however be extracted from the A4,/AA4, plot on the basis of
Eq. (II1). This equation allows evaluation of the initial concentration of
Ru(TAP); . provided that the absorption of the reducing agent and of its oxidized
form may be neglected at the wavelength where the absorption decay has been
recorded.

[Ru(TAP); §, :AAOJ/[(ERU('I APy TERWTAPE " )/] (1)

The determination of the initial concentration of the monoreduced complex from
Eq. (IIT) requires the knowledge of the extinction coefficient of the monoreduced
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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); ™ (€gyram; =8.5x 10°M "' em '), approximate values of
2x10°M 's Yand 1.5x 10°M “'s " are obtained respectively for the second-order
rate constant associated with the reoxidation of the monoreduced Ru(TAP); species
by HQ  and GMP “. Knowing the ¢ values for the monoreduced Ru(TAP);
species, the quantum yield of cage escape of the reduced complex from the ion-pair
formed by the electron transfer has been calculated and is equal to 0.30 with
GMP [46].

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

2.3.2. Pseudomonomolecular reoxidation processes

When an oxidizing agent such as benzoguinone (BQ) ts purposcly added to the
Ru(TAP);"-H,Q solution in sufficiently large amounts {[BQ]>2x10"°M). the
transient absorption decay becomes pseudomonomolecular and the corresponding
rate constant &, depends linearly on the benzoquinone concentration [43]. In these
conditions. the monoreduced complex is reoxidized by the added oxidant according
to reaction (Eq. (4))

Ky~ kIBOY

[Ru(TAP);]" +BQ+H™ —  [Ru(TAP)J*" +HQ" (4)

The lifetime of the monoreduced complex. defined as the reciprocal value of the
pseudomonomolecular rate constant A, (t=1/k,). may be varied by adjusting the
concentration of the added oxidant ([BQ]J). A lifetime of 55 pus i1s measured for
the monoreduced Ru(TAP); in the presence of 4x10"°M of BQ. For the
Ru(TAP); “"~-GMP 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 amounts of 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 Ru(1l) complex upon oxidant addition.

3. Photoelectrochemistry (PEC)
The excited state redox properties of Ru(Il) polypyridine complexes have found

interesting applications in various photoelectrochemical systems. In particular, the
illumination of Ru(bpy);” [10-12.16.17.60--63] and carboxylated derivatives
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such as Ru[4.4'—(COO ),bpy]i~ [20.64--67] or cyano derivatives like
Ru[4.4'—(COO " ),bpy],(CN)3~ [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);”~ is indeed more negative than the flat band potential
of SnQ, 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, conduction band edge so that the electron injection
is rather favourable [68]. This interfacial elementary process where the excited
complex behaves as an electron donor has been examined thoroughly by different
tcams: various approaches have been uscd including the covalent linking of the
Ru(1I) 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 *MLCT excited state is indeed approximately at the same level as the
SnO, 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]. This photocurrent is qualified as supersensitized and the
hydroquinone is referred (o as the supersensitizer. The electroactivity. i.e. the origin
of this photocurrent, is quite different from the direct photoelectron injection process
described above for Ru(bpy)3™ and its derivatives: it is attributed in this case to the
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Fig. 5. Encrgy level diagram of the SnO. Ru(TAP); " and SnO, Ru(bpy)i  solution interfaces.
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monoreduced complex photogenerated transiently in the bulk solution by the reduc-
tive quenching process (reaction (Eq.(1))). The so-formed Ru(TAP); species is
indeed particularly reducing (£, l,-kuz ' = —0.76 V vs SCE [42]) so that, in contrast
to the excited Ru(TAP);*, it is able to inject an electron into the SnO, conduction
band. whose band edge is located well below the donor level of Ru(TAP); (Fig. 5).
The electron injection (k;) 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.
kl

[RU(TAP)}]H. /‘\/“/‘_,[Ru(TAP)3]+clectrodeA‘) [RU(TAP);]Z+ + le(;B (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: (1) stationary photocurrents recorded under continuous
irradiation and (ii) 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-stute PEC experiments

In this type of experiment, the Ru(Il) complex-reductant solution is illuminated
through the transparent SnQO, electrode of the electrochemical cell with a continuous
light source: the resulting stationary photo-oxidation current, reached after a fast
itial 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 SnO, conduction band [78-81]. The adsorbed oxidized dye which
is formed is then “trapped” by hydroquinone, regenerating the starting adsorbed
dye on the semiconductor.

With the oxidizing complexes discussed in this article, if electron injection at the
SnQO, 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. (1))). The treatment of the corresponding data according to Eq. (1V) allows
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determination of the photoelectrochemical Stern—Volmer constants Krv© [42.82.83]
I.—1, (4 1 L+ 1 (V)
I—1, kg € 1o[Q] KR[Q]
where Q is the quencher or supersensitizer added to the solution (i.e. H,Q). I is
the plateau value of the steady-state photocurrent reached at high reductant concen-
tration, /; is the photocurrent measured in the absence of quencher, [ is the rate
constant associated to the reductive quenching process occurring in the bulk solution
and 7, is the lifetime of the excited Ru(Il) 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.

The Stern-Volmer constants KLy extracted from the slope of the
(1., —Io)/(I— 1) versus [Q] plots and the corresponding rate constants k¢, calcu-
lated using the luminescence lifetime 7, of the complex. are thus compared with the

W" and k"™ values obtained on the basis of conventional Stern-Volmer plots
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);"- H,Q and Ru(Me,TAP);*-H,Q systems [42].

The PEC data recorded under 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, Le. the scavenging by hydroquinone of the oxidized dye produced after
direct photoelectron injection into SnO,. with restoration of the starting material
on the electrode surface. For this “trapping” supersensitization mechanism, no
agreement is found between the A{"C and k'™ values [80].

3.2. Time-resolved PEC experiments

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 Ru(Il) complex H,Q systems. derived from luminescence lifetime
mecasurements and steady-state photoelectrochemical experiments

Complex KO (M ASPCLTIOOM T Ts ) Ref.
T K /\"q“'“ E=01V E=02V E=01V E=02V
(ns) (M 1y (10°M 's Y
Ru(tap)i” 200 990 4.9 1350 1510 6.7 7.5 [42]
Ru(Mc,TAP);" 90 470 5.2 465 521 5.1 5.7 [42]

K&™ and k'™ are the Stern-Volmer constant and quenching rate constant determined from luminescence
lifetime measurements, while K8 and k5" are the corresponding values obtained from photoelectrochem-
ical measurements. £ is the polarization potential of the SnO, 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(Il) complex-reductant solution
through the transparent SnO, electrode of a photoelectrochemical cell and (ii)
measuring the resulting open-circuit photopotential AV as a function of time at a
1 MQ external resistance (oscilloscope resistance) between the small SnO, electrode
and the large surface 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, to cross the
external resistance between the SnO, 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
mcrease 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} 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(Il) 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 casc is no longer the back electron transfer to the oxidized species
formed during the reductive quenching (reaction ( Eq. (3))). but corresponds to the
pseudomonomolecular reoxidation process by the added oxidant (reaction ( Eq. (4))).
The diffusion controlled oxidation of the electroactive monoreduced complex leads,
in these particular conditions, to a photopotential that increases as a function of
time according to an erf function [42,43.51,84-86]

AV(1)=(nFAC, ™ [Csc U D/k o Yerf(k 1)} (V)

where #n is the number of transferred electrons, F is the Faraday constant, 4 and
Cyc are respectively the area and the space charge capacitance of the electrode, and
D is the diffusion coefficient of the electroactive 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 AV
evolution with time.

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

AV(1) AV, =erflk )3 (VI)
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For a time r equal to the lifetime of the monoreduced complex
= 1/k,,). AV(1)/AV, =erf(1)=0.8427. The time corresponding to ~84% of the
AV 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 MQ resistance of the oscilloscope.

The experimental time evolution of the photopotential induced by pulsed laser
irradiation at an SnQO, electrode in contact with a Ru(TAP);* - H,Q solution contain-
ing 4 x 107 °M of purposely added benzoquinone is shown in Fig. 6 [43].

The time value where 84% of the AV plateau is reached yields a [Ru(TAP),]"
lifetime of ~ 55 ps, in complete agreement with the hifetime 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 photochemicaily produced
transient electroactive species. The time-resolved PEC techmque allows us there-
fore to confirm the nature of the transient electroactive species. attributed to
[Ru(TAP);]"* in the Ru(TAP)?" H,Q system.

3.3. Supersensitization in Nuafion™ films

The supersensitization process of semiconducting SnO, electrodes has been investi-
gated in particular systems where the sensitizer (i.e. the Ru(Il') complex) is no longer
in solution but is incorporated into a Nafion®™ perfluorosulphonate polymer film
(Fig. 7) recast on the SnO, 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(1l) complexes in polyelectrolyte films adhering on the semicon-

1‘ 2mV
,1001“54 P 2mv
AT B

L

l
i S0us I
1 i

i

Fig. 6. Time-cvolution of the laser-induced open-circuit photopotential. (A) Solution 10 ?M in
Ru(TAP); ', 10 "M in H,Q, 2x 10 "°M in BQ and 3x 10 *M in LiNO,. (B) Same as (A) but with
4 x 107°M BQ. Dark SnO, potential = +0.28 V'SCF [adapted from Ref. [43]].
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Fig. 7. Structure of the Nafion™ 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)3* incorporated into
a Nafion® film {89,90]. This type of system is therefore particularly attractive
in the case of Ru(ll) complexes such as the dinuclear compound
[Ru(phen),,HAT** for which much smaller amounts of material can be prepared
than for simple monometallic complexes.

The [Ru(phen)2],HAT**-H,Q system induces the same supersensitization pro-
cess as that described by reactions (Eq. (2)) and (Eq. (5)) for the mononuclear
Ru(TAP):* complex. The excited dinuclear compound is indeed reductively
quenched by H,Q in solution according to the electron transfer process (Eq. (1))
[44]. Although less reducing than Ru(TAP)J, the so-formed monoreduced dinuclear
species (E,, = —0.49 V vs SCE [44]) is able to inject electrons in the SnO, conduction
band. The use of [Ru(phen),,HAT** as sensitizer in solution would however
require high concentrations (>10"?M) to observe a photocurrent or a photopoten-
tial at the SnO, electrode [83], which illustrates the interest of Nafion™ 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 Nafion® 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); " -H,Q
and [Ru(phen),],HAT**-H,Q systems.

3.3.1. Diffusion of the Ruf(Il) complexes inside the polvmer film

The steady-state PEC results obtained for the mono- and dinuclear complexes
loaded in Nafion® are illustrated in Fig. 8 [83].

The stationary supersensitized photocurrents are plotted as a function of the
H,Q concentration in the electrolyte solution in contact with the Nafion®-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. Stationary photocurrents plotted versus the H,Q concentration for Ru(TAP):* and
[Ru(phen),],HAT** loaded in a Nafion™ film recast on an n-doped Sn0O, electrode. The semiconductor
electrode was polarized at 0.260 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),,HAT*",
respectively. The PEC cell is filled with a 0.1M KNOj; supporting electrolyte solution and H,Q. Insert:
Stern-Volmer plots determined from the stationary photocurrents measured for Ru(TAP);* (- B-) and
[Ru(phen),],HAT*" (--) [adapted from Ref. [83]].

in agreement with Eq.(IV). The photoelectrochemical Stern—Volmer constants
K¢ extracted from the slopes of these plots are collected in Table 6.

In order to calculate the corresponding k¢® quenching rate constants, as explained
above for the solution studies, the excited state lifetimes of Ru(TAP)3" and
[Ru(phen),],HAT** inside the polyelectrolyte film need to be determined. These
measurements are conducted in diffuse reflectance conditions. As SnO, deposited
on glass is not suitable for these particular measurements, the Ru(Il) complex is
loaded in a Nafion™ film recast on a non-luminescent silica plate, and the excited

Table 6
Steady-state PEC data for the Ru(TAP); ™~ -H,Q and [Ru(phen),,HAT*" —~H,Q systems in Nafion® films
recast on SnQO,

Complex AN ke Ref.
Tmnan  Tinan (M ) (10°M ~'s™h)
(ns) (ns) = E= E= E= E= E=
016V 026V 036V 016V 026V 036V
Ru(TAP)}* 60 360 1020 820 700 2.8 2.2 1.9 [83]
[Ru(phen),l,HAT*" 40 420 _ 710 920 _ 1.7 22 [83]

* Luminescence lifetimes determined by diffuse reflectance measurements from Nafion® 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 /(1)=A, e"™" + A, e"*.

P Stern Volmer constants obtained from the spectroelectrochemical data for different applied potentials
versus SCE (E).

¢ Quenching rate constants calculated using the luminescence lifetime 7y,q derived from the long decay
component.
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state lifetime values measured in these conditions are used for the Nafion®™-coated
on the SnO, 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 Ru(1I) 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 H,Q
concentrations exceeding 107 *M. Therefore, 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 A%"C are thus derived from the Stern-Volmer constants K5:C using the
long lifetime values of the luminescence decays (7,). The so-obtained quenching rate
constants are approximately equal to 2x 10°™M “!s™! for both complexes in the
recast Nafion™ 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);* -H,Q system in water
(~7.4x10°M " 's ) [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 (kf™"*¢~5-7x10°M 15!
(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 Nafion®. This drop
from the solution to the Nafion® film indicates that the diffusion is slowed down in
the polyelectrolyte environment.

In the case of the [Ru(phen),],HAT*" -H,Q system, the quenching rate constant
measured in water (k, =2 x 10°M ~'s "1y, 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 A, drop from the solution to the Nafion™ 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 Nafion™, the slower step could still be the
diffusion. In other words, the electron transfer process could become diffusion
controlled in Nafion®. This is in accord with the fact that a similar quenching rate
constant, corresponding to the diffusion rate constant in Nafion®, 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 tower 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 polyelectrolyte environment. These results suggest that the reductive quenching
process occurs in a non-constraining microenvironment of the recast Nafion® film
and are in agreement with the currently accepted model for Nafion®. lon-containing
polymers such as Nafion® are known to separate, on a microscopic level, into two
domains or phases, corresponding to a hydrophobic bulk polymer phase (mainly
fluorocarbon) and a hydrophilic ionic cluster phase [97-99]. The latter phase is
randomly distributed throughout the bulk polymer and interconnects through a
system of narrow channels. Since Ru(Il) complexes are partly distributed in the low
density cluster phase [99] and since ion-pair formation is usually not significant in
this type of polymer [100], actual diffusion of the metal compounds is expected to
occur in the Nafion® film. The occurrence of mass transfer processes in Nafion®
films has been previously discussed in the case of Ru(bpy);™ [89].

3.3.2. Nature of the electrouctive species

The supersensitization process of the electrode by the loaded Nafion® can be
further investigated by the PEC method under pulsed illumination in order to
evaluate the lifetime of the electroactive species responsible for the electron injection
in the semiconductor. In Table 7 are indicated the approximate rise-time values
of the open-circuit photopotentials recorded after the laser pulse for the
Ru(TAP);"~H,Q and [Ru(phen),,HAT*"-H,Q systems in solution and in
Nafion® films [83].

As explained above, these AV rise-times correspond to the lifetime domain of the
electroactive species generated from the reductive quenching process (Eq. (2)). This
lifetime 1s limited in this case by the bimolecular reoxidation of the monoreduced
complex by the semiquinone HQ produced during the photoelectron transfer
process.

For the Ru(TAP)?*--H,Q system, the AV rise-time increases tremendously upon
incorporation of the Ru(1II) complex into the Nafion® film. This indicates that the
monoreduced Ru(TAP); species has a much longer lifetime in the polymer
(~15-20 ms) than in solution ( ~ 100 us). In other words, the back electron transfer

Table 7
Time-resolved PEC data for the Ru{TAP);*-H,Q and [Ru(phen),,HAT**H,Q systems in Nafion™
films recast on SnO,

Complex 7, water®® Ref. 7, Nafion™® Ref.
Ru(TAP)’ ~ 100 ps [43] ~15 20 ms (83]
{Ru(phen),],HAT** ~20 ms [83] ~15-20 ms [83]

* Rise times determined from pulsed laser-induced photopotentials measured as a functicn of time for
Ru(TAP);" and [Ru(phen),],HAT*" in aqueous solution and in Nafion* films recast on SnQ., under
argon. Measurements were performed in the presence of 107*M H,Q and 0.2M KNOj as supporting
electrolyte.

® As the degassing process of a PEC cell with Nafion® 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 HQ " is considerably slowed down in the Nafion® 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);* and
H,Q species as they can diffuse freely in the Nafion®.

The results obtained for the [Ru(phen),l,HAT**~H,Q system indicate that slow
AV rise-times in the millisecond timescale (15-20 ms) are not only observed in
Nafion®, but also in solution. This particular behaviour, which contrasts with the
data obtained for the Ru(TAP)3 —H,Q 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),],HATH3" 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. Photophysical and photochemical behaviour in the presence of nucleic acids

The knowledge of the 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 GMP 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 from 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 **P-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(Il) 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
“Ru(Il) 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(1II) 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(Il) 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 of 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
Ru(bpy),(TAP);*, (n=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 mn-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);Z,, n=0, 1. 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)],. On
the other hand. in the presence of [poly(dA~dT)],, the luminescence of these same
compounds increases upon addition of polynucleotide, except for the most oxidizing
compounds (F¥,>1.4V vs SCE). In that particular case, the luminescence is also

Table 8
Effect of increasing concentrations of various polynucieotides on the luminescence intensity at a fixed
wavelength

Complexes CT-DNA [poly(dG--dC)], [poly(dA-dT)], Reference
Ru(bpy),(TAP)*" 1 1 [102,132]
Ru(bpy)(TAP):* ! - * [102]
Ru(TAP)}' ! ! 1 [45.102]
Ru(bpy)(HAT)3" ! 7 [46,133]
Ru(HAT)3~ ! ! [46.132]
Ru(bpy)(TAP){(HAT)*" ! - 1 [132]
Ru(TAP),(HAT)*" ! ! i [132]
Ru(TAP)(HAT)3* l ! [132]
Ru(phen),(PHEHAT )** 1 1 [38]
Ru(phen),(DPPZ)*" i 1 [38]
Ru(TAP),(DPPZ)*' ! 1 [126]
[Ru(phen),,HAT*" 1 i [59.134)
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quenched in the presence of [poly(dA-dT)],. In other words, for all the complexes
for which a photoinduced eclectron transter has been demonstrated with GMP,
luminescence quenching 1s detected with DNA or [poly(dG—dC)], and luminescence
enhancement is observed in the presence of [poly(dA--dT)],. 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)],. Surprisingly, although Ru(TAP);** and Ru(TAP),( HAT > *
are inhibited by AMP, they exhibit luminescence enhancement in the presence of
[poly(dA—dT)],. 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 polynucieotide which have been chosen
for this study are the Ru(TAP),(HAT)*" and [poly(dA-dT)], where no lumines-
cence quenching of the complex is observed. Thus when hydroquinone 50 mM and
benzoquinone | 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 H,Q, comparable to the process described in reaction ( Eq. (2)).
At this stage a first effect of DNA protection is observed. Indeed the &, value for
the inhibition process is lower (1 x 10°M 's7 1) in the presence of [poly(dA-dT)],
than when the polynucleotide is omitted (3.5x 10°M 's™!). On the other hand,
just after 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)], the
decay is indeed faster than in the presence of [poly(dA-dT)], (both in the time scale
of a few ps). These experiments demonstrate thus that a transient monoreduced
complex produced in situ on the DNA is also protected by the double helix.

4.2. DNA reactions or damage induced by the photoelectron transfer

Single strand cleavages of plasmid DNA upon excitation of a Ru(II) complex
interacting with the plasmid have been observed for Ru(phen); ” and Ru(bpy)3*
[109-111]. The quantum yields of these cleavages are however very low [112] and
have been proposed to originate from oxygen singlet sensitization by the complex
[113]. 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); ", and Ru(bpy),(HAT)3=,
(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 **P-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)3;*

Ru(TAP)}" + G +hv—Ru(TAP),(TAP )" +G * (6)
G *—»G(—H) +H" (7)
Ru(TAP),(TAP ")* +H* -Ru(TAP),(TAPH )~ (8)
Ru(TAP),(TAPH )** +G(—~H) —photoadduct 9)

As 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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[adapted from Ref. [46]].
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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);"-GMP 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 NMR 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 NH, group of the base anchored to the o position of a non-
chelated nitrogen of one of the TAP ligands.

More recently, photoadducts resulting from irradiation of Ru(bpy)(TAP)3" 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 of the interaction with DN A

4.3.1. Complexes displuying 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(Me,TAP); " (see Fig. 13) represents a typical case illustrating this point [46].
This compound behaves indeed as Ru(TAP)3 ™ if we compare the reduction poten-
tials of their *"MLCT states ( Table 1), or il we consider the quenching rate constants
(Table 2) obtained for both complexes with hydroquinone or GMP as reductants
(see also the PEC section). However. despite an inhibition of the excited

Fig. 11. Structure of the photoadduct formed under irradiation of Ru(TAP)3' and GMP. after HCI
treatment to remove the ribose-phosphate.
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Fig. 13. Structure of complexes exhibiting special interactions with DNA.
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Ru(Me,TAP);* 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, 1s 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 planar ligands

Although the photo-oxidizing power of the Ru(11) 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 factors
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-¢:2".3"-¢]phenazine or
DPPZ [41], and the corresponding Ru(bpy/phen),(DPPZ)** 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),(DPPZ)** [125,126],
Ru(phen),(PHEHAT )’ [38] and. very recently, Ru(TAP),(PHEHAT)>* [127]
(Fig. 13).

For the Ru(BPZ/TAP),(DPPZ)** compounds. the photoreactivity originates
from the introduction of two m-acceptor TAP or BPZ ligands, while kecping a
good interaction via the extended DPPZ intercalator [33.125]. For
Ru(phen),(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 GMP (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(TAPY3*' and
Ru(TAP),(HAT )** with AMP versus [poly(dA dT)], [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),(PHEHAT)?" 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 of complexes to svathetic 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
S-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 guanines to the attached excited
complex. Morcover, 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(ll)
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
sequernces.

4.3.4. Bimetallic complexces

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),l,HAT** 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 normal DNA double helix but, in contrast, the
denatured portions are accessibie 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. 1n 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
llustrates 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 Ru(ll)
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 DNA, as
emphasized in the final DNA chapter. Thus as illustrated above, one can easily
imagine the important 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 DNA topologies generated
by some mutations. Moreover, preliminary experiments have shown that some TAP
complexes are able to inhibit the transcription of DNA into RNA, in artificial
biological systems. These observations may thus leave hope for the use of such
compounds as anti-cancer drugs activated under visible illumination.
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