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Abstract

The compounds which are discussed In the present review are highly oxidizaang Ru(ll)
complexes. based on various polyazaaromatic ligands, and acting as etficient electron wecepiors
i the excited state. The photoinduced charge transfer process and the following assoviated
kinetic steps are charvacterized for the whole series of complexes by quite different techmgues
and methods, Thus their bebaviour in the presence of reductants such as hydroguinone and
mononucleotides { guanesine-S-monophosphate and adenosine-Y-monophosphate} are exam-
ined by Hash photolysis. speciroelectrochemmisiry and phetoelectrochemistry. Tt s expluined
how the light-initiated clectron transfer process can be apphed for spectral supersensitization
of wide band gap Sn(2; seemiconductor electrodes. Moreover, it s shown that such a knowledge
ol the behaviour of these photoredox reactions leads to interesting applications of these
oxidizing complexes it a bological area. ve. for the study of nucieic acids. Thus itis illustrated
haw these compounds can be used as promising photoreagents of DNAL The casy modulation
of their size and shape. and thetr irveversible anchoring on the DNA bases. iriggered by die
reductive photoelectron transter process from the guanine bases 1o the excited complex. allow
ane o repard these complexes as alractive molecular ool for DNA study and mavbe as
future possible drugs activatable under visible gl © 1998 Elsevier Science S AL

Revwordy: Polvpyridine Rufil) complexes: Photoelectrocheniistry: Spectroelecirachemistry:
DNA interaction: DNA photocleavages: DNA photoadducts

I. Introduction

Many reviews have been devoted to Ru{Il) complexes where the interesting
properties of their MLCT (metal to ligand charge transfer) excited states have been
hghlighted. This field of extensive research has induced the development of several
applications based on these compounds in quite different areas. For example Ru( [}
pelypynidine 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 scemiconductor ¢lectrodes in photoclectrochemical cells [HY 23] These
important developments i solar cnergy conversion and storage include also the
design of malecular deviees mimicking antenna systems [24.25]. More recently
RuiH) complexes have been studied as sensors in optrodes probing different kinds
of analytes [26] and as photoprobes and phatoreagents of biclogical moiecules such
as DINA 27 29]). They have also been chemically attached to synthetic oligodeoxy-
nucleotides as specibic luminescent probes (30 32] or photoreagents [ 33} of particuiar
IDNA sequences in order 1o inlnbit specibic gene lunctions. The complexes which
have been tested 1o these vanous applications are of different tvpes. they extend
rom monometallic to polymetallic species or from monotuncuonal to polyfunctional
compounds. Exumples of such complexes wall be discussed later.

The most exploited properties of these Ru{[1} compounds are thetr photoredox
behaviour respounsible for photoinduced electron transfer reactions. 1t s striking 1o
ohserve that. in most systems where the elementary photoelectron transfer process
has been studied, the Ru{ I} complcy acts us an efticient electron donor. The well-
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known Ru{bpy)i™ (bpy=2.2"hipyridine} behaves indeed as a powerful reducing
agent in the excited staie. Therefore. in photoelectrochemistry as explamed later,
the excited state of Ru{bpy}i~ and its derivatives is able to inje¢t an clectron into
the ¢onduction band of high band gap n-iype semiconductor oxides.

In this article in contrast, the discussion will locus on Ru{ll) complexes which
hehave as electron acceptors, ic. as powerful oxidants, in the excited *MLCT state.
These complexes are formed with polyazaaromatic ligands ( Fig. 1) containing add:-
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 reporied previously for Ru(ll} complexes based on bpz {(bpz =
2.2-bipyrazine). bpm  {bpm =22%bipyrimidine} [34-36] and TAP {TAP=
1.4.5 8-tetranzaphenanthrene) ligands | 37].

Two applications of these highly photo-oxidizing complexes will be reviewed: the
first one corresponds to their use in photoelectrochemistry with transparent SnQO,.
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{1l) compounds and. on the other hand. the
differences as compared 10 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 1o show for this serics of complexes, the simitarity in the different
elemental processes luking place at a semiconductor solution interfaece in photoelec-
trochemistry {PEC} and in the microcovironment of a DNA double helix. Once
these clemental processes have been charucterized. it is casy to extrapolate the
behaviour [rom one complex (o the other n the same application, or from PEC 10
DNA studies for the same compicx, While reviewing these two applications. we will
stress the influence of a supplementary important parameter for the DNA studies.
i.e. the shape und morphoiogy of the metal compounds. Indeed this factor plays an
essential role in the interaction of the rigid octahedral Ru(Il} compicxes with DNA,
As the shapes and the photoredos properties can easily be modulated. this represents
a major advantage of the Ru(ll) compounds as photoprobis and photorcagents
of DNA.

CH,
M= = =" M= II/‘}" g\“/\\,‘
O G Sy e
VSN T i
R g 85 OH,

BPL BFhe Tap M, TAP
e
PO »
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l“{-_,'“
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Fig. 1. Structure of dilferent polyazaaromatic figands, BPZ = 2.2-bipyvrazine BPM = 2.2-bipyamidine:
TAP =145 Btetroasaphenanthrone; TAPMe, - 2 7-dimethyl- 145 B-etraszaphenanthrene: 1IAT - 1.4.5.
8.9 12-bexaazatriphenylenc. DPPZ —dipynido[32-0:27. 3 -¢)phenazine:. PHEHAT 1 10-phenunthroline-
J5.6-A11.4.5.8. 9.1 2-hexaazatriphenylene.
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Having defined the focus of this work. the series of complexes which will he
reviewed is rather restrictive. The list 1s given in Table 1 where the redox properties
of the complexes in the ground and excited states arc compared to the electrochemical
properties of the well-known Ruibpyi .

From inspection of Table 1. we cun conclude that zli the polvazasromatic com-
plexes are more oxidant in their ground and excited states than Rufbpy); . The
monometaliic TAP cormpounds Ru{bpy phen), TAP: ", { phen = 1.10-phenanthroline:
i=0.1.2) have thar first ground state reduction wave shifted postinvely by zbout
0.5 0.6V compared to Ruthpy)i  and the oxidition power increases with the

Tabie |
Onadation 1£,, 4 ad reduction potentials tF, 1 of o series of Rug 1 compleses, together with the corre-
spondmy osidation (£70 and reduction potentials (2240000 the exeited "MELCT siate Jdata s SCE]

Sn

Complex £ Eo FE Ik Reteronee
Rut HAT ¥ 0T 062 i3.4H - 146 |34
R HATLITTAPY 2003 0.4ad -1 ~1.43 [ 391
RULTAP(HAT Y 1202 0.6% - - 1.2 [39}
Rut TAP <l 07s 012 -~ 1.3z 137)
Rut BP/ 3 + 1Ko 1150 .20 2127 13]
Rut Me. TAP 1RO R 2% v 104 1421
Rut HIAT b pheny™ ~ .86 R TR i 1.23 46
RutTAPRLDPPLY 17 (.80 NTRES R 126}
Ru{BPZ 1t DPP/Zy " - 157 078 0z ~1.14 P13
Ruf{ FIAT p4 bpyy ~ 1.7 0,76 - 048 B I [ 3]
Raibpyi TAPWHAT Y- AN 075 IR =111 3]
Raf TAP ). bpy)- LT 082 iy ~ 1.0 [461
Ru{ TAP Lt pheny +17 IR AT A 130
Ruoiphen( PHEHAT 1 43 0,54 hazr - 103 135]
Ruitbpy 1 DPPZ)- = 1,24 12 {78 S OYF [4i.125]
Rutphenyd DPPZ)T < 13 1.4H) 67 ~ 0,07 | 381
Rutbpyvit TAP) - LA L8RS (.23 R RS | 37]
Ruphenyd HAT Y I.53 186 b ~ 1R 3R]
Rutbpy 1A HATY — 1.3 IR S! on ~ 1N} RE]]
Rutbp s 210w Sl 073 - 11,66 [37]
[Ruibpy),] HAT <133 1.4 [RE]]
1Ru(phent. | HAT! ! —1.52

144 ELIRE — .42 | 3440

SNalues Tor the oxidation (£5) and reduction (£2,) porenrials of the excited compleaes esthimated from
the oxadaton (£ 1 and reduction (£ potentials in the ground siaie imessured by ovelic voltammelry
in acetanitoie) and from the energy of the emassion masimuem (A£, i watarn

" The redes petentials in the excited state have been estimated with w A vidue correspending 1o the
WRCOrected SmISSI MAXImn in wilier.

= Ax the comples does noet lumimesee in waier, the redox petentials ain the eacited state e been estimuied
wilh the coerey of the emssion masimiam m acetenirilke.

“The orbitals invalved anthe spectroseapic and redos pracesses are nol Bie same and tormally, the redox,
poteriiads i the eaeited st are not correet {see comments in the ead ).

“As the emission maxituin cannel be determined because i i 1oo bathochromic {4/,
redoy poteniials o the exoted stte have not been estimiated,

"The redex petential values hive been measured Tir cach sicreoisames and do not change {from ane
paawinier ler the otfier [4].

= R ey he
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number of m-deficiemt TAP higands i this series. The AT higand (HAT =
133891 2-hexaazatriphencyienel induces the same belaviowr an the corres-
ponding complexes Ruibpy phen) HAT: , (7 —{L1.2}). The anodie shift of the first
reduction  wiave as compared 1o Rutbpy)i is however smaller for the
Rutbpy pheny.[DPP7°° compounds  (DPPZ —dipyride[3.2-¢ 2.3 -cIphenazine).
fnterestingly the first reduction wave for the PHEHAT comples (PHEHAT =
Li0-phenanthrolmoe{ 53.6-h) 1 4.3.8.9.12-hexaszalnphenslene) appears at the same
potentind as for Ru{phen),HAT? _ indicating that on reduction. the process is
controlied by the HAT Irugment of the PHEHAT hgand [38]. The first reduction
wave of the himetallic HAT complexes 1s positively shilted with respect to the
corresponding wive of the related monometallic compounds. This eflect may be
attributed o the stabithzation of low-lving 7% arbials upon mulncomplesation of
the bridgimg HAT ltcand [39]. Revently it has heen shown [40] that the redox
potential vilues of these dinuclear complexes. containing anciliarn by or phen
ligands. do pot change from one stereotsomer 1o the other (e from the ne A AL
b o the mewe A LY

The ground state oxidation potentials characterizing the monomctallic TAP and
HAT complexes and the bimetathe HAT compounds are also positnely <hilted i
comparisan with the value obfained for Ru¢bpy): *. The posttive shitt is however
signilicantly smadier For the monometathie PHEHAT complex. indicating that the
PHEHAT higand exhibits. mn contrast 1o the reduction process. the same properties
as the phen ligand a3 far as the onidation of the metal cenire s concerned [38]. The
same conclusion wmay be reached Tor the DPPZ heand in the monometallic
Rutbpy phen)-DPPZS compounds [4i].

The redox potentials for the exciied state have been estimated on the basis ol the
energy of the eoission maximum (B3 = F AL, Lo FE =B AE W0 Tt
obvious from Table § that the wmonometallic TAP and HAT complexes and the
bimetallic [Rui phen ), HAT? T bebave us poor excited st reductants. The exeiied
state reduction patentials confirmy on the other hand the gk ovdanen power of
all the polvazaaromatic complexes n their *MLOT excited state. The complexes
hased on three TAP HAT r-acceptor higands show the strongest oxidation powers.
Forihe Rutphenm.PHEHAT "~ and Ruthpy pheni-DPPZ7 compounds. the estinui-
tion of the redox potentials in the excited state is pot formaily correct s, Tor those
particular compiexes. the PHEHAT or DPPZ orbitals mvolved w the spectroscopic
and redox processes are not the same [3XA1] The values mientioned in Tabie )
correspond therefore to an approximanon which will be uselul Tor the study of these
compounds 1 the presence of nucleic acids (see below),

In sumrmary. throughout this review. the primary photoinduced process responsi-
ble for semronductor oxide supersensivization and irveversible domage caused 1o
DNA s examined. This clementary phatoclectron transfer corresponds 1o the reac-
ton (Eq (1}

DS C D '

where O represents one of the Rué by compounds listed m Table 1. while the
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reductive quencher D corresponds to hvdroquinone, to mononucleotides. or even
to synthetic polynucleotides or natural DNA.

The photo-oxidative behaviour of the complexes is first examined in the presence
of hydroguinonc and monenucleotides. using Ru(TAP}; ™ as a model compound.
The detection and mechanistic study of the monoreduced complex €7 generated
by the elementary photoinduced process (Eq. (13} are surveyed on the basis of
various experimental approaches including flash photolysis and spectroelectrochemi-
cal technigues. The results obtained for the Ru{TAP); "~ ‘hydroquinone system are
then used as & basis to clucidate the behaviour at an SnQ), semiconductor electrode
and to correlate the corresponding photoelectrochemical data with the flash photoly-
sis results obtained in solution siudies. The final part of the review iy dedicated w0
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 hsted in
Tubie | has been examined in the presence of several reductants corresponding to
hyvdroquinone (H:Q} [42 44] and various mononucleouides mcetuding GMP and
AMP {GMP = guanosine-5-monophosphate, AMP =adenosine-5-monophosphate)
[45.46]. Considering the reducing power of these reductanis (£, H, Q= - .53 ¥ ws
SCE in a ncutral medivm [47]: £, GMP = ~0.82 V vs SCE at pH 7 [48]) and the
oxidizing power of the excited Rutll} complexes (Table 1, £%5). 2 photoclectron
transfer process 15 expected to occur from H.Q and GMP to most excited Ru{l]}
compounds of Table I. The formation of 2 monoreduced complex according to
reaction { Eq. (1)} has indecd been observed for this series of compounds iltuminated
m the presence of H,Q and-or GMP. When the reductive guencher corresponds
to AMP. only the most oxidizing exeited complexes (£X,=1.32V vs SCE [46])
are photoreduced. i 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)' mode! compound and they are more briefly
overviewed for the other complexes. In order to highlight the photoelectrochemical
behaviour of the C*+ D system g1 a semiconductor ¢lectrode and correlate the
corrgsponding PEC results with the data obtained from spectroscopic and other
kinetic methods. we will first survey the resuits obtained with the non-photocicctro-
chemical techniques. These data will also be used as a basis to elueidate the photo-
reactivity of the Ru( [} complexcs versus DNA,

24 Luminescence guenching experiments

The first experimental evidence lor 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 hydroquirone and mononuclectides (Table 2}. For the latter, the highest quench-
ing ratc constant value 1s obtained with GMP. that is when the exergonicity of the
photoinduced clectron trunsfer process 1s the lurgest considering the various
Ru{ TAP};” mononucleotide systems. Whereas quenching rate constants can be
obtluined with AMP. the luminescence gquenching with TMP and CMP (TMP=
thymidine-5-monophosphate, CMP =cytosine-5-monophosphate) is  negligibie,
indicating that those two bases are not oxidized by the excited Ru(TAP); . For the
other compiexes discussed in this review, 1t has been shown that the emission of
many of them 1s quenched by GMP { Table 2).

The plot of the logarithms of the corresponding quenching rate constants as a
tunction of the reduction potential of the excited complexes ( Fig. 27 gives a curve
typicat for the guenching by an clectron wansfer process, where the plateau value
corresponds to the most exergonie charge translers which are diffusion controlled.
These data, analyzed on the basis of the Marcus and Rehm-Weller cguation. give a

Table 2
Luminescence quenching rate constants measured Tor a series of Rulll} complexes in the presence of
monanucleotides® and H,Q

Complex GMP AMP? H.Q
ky Rel £, Ref, &, Ref.
(M s (I0°M Fs Yy (™ s Y
RutHATH 26 (46] 047 j461
RulHAT 1 TAPY 239 [36] 0.3% [46]
Rul TAP) HATY 26 {40] 0.13 [461
Rui{ TAP) 220 [45.46] 0.2 [46] 49 [42)
Ru{BPZy" 1.98 (361 ¢
Ru{Me, TAPH " 1.7+ [46] 52 [42)
Rui HAT ),( phen)* 1835 [46] ¢
Ru( TAPL(DPPZ ) i.70 {126] ¢
RurHAT hibpy ¥ 1.3¢ j46] ¢
Ru{ TAP).{bpy it 1,74 (46] :
Rut TAP) i pheny (ryxe [46] ®
Ruipheny PHENHATY - ¢ d
Ru(bpy) 4 TAPY = f46] « : 07 [44)
Ru{pheni HAT ) (KTt} [461 .
Ru{bpyid HATY (IR [46] *
| Rui phien),J HATS 33 159.130) 23 [44]

* The measurements in the presence of GMP and AMP were performed in butfered agueous solution
(.10 phosphate bulter, pii 73

Y Oniy the most photo-oxidizing compounds (EX,> 1,32 V SCE, sec Table 1} are photoreduced by AMP.
“The guesching rae constant wax measored 3 pH Y because of prownation of the exoned staie at
lorwer pli,

3 The complex does not ¢mil in waier.

¢ N lanmeseence guenching,

fMensuretnent at pH 4. no guenching at pH 7.
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value for the onidavion potential of GMP which is in good agreement with the value
obtained from pulse radiolvsis experimicnis | 46,491

Further evidencee Tor the photoinduced electron transier process consists in detect-
ing the production of the transient monoreduced complex € This species thus
needs o be clearly characierized. bath spectroscopically and kinetically.
220 Spectrasenpic characierizaiion

The reducuve guenching process (BEg (13 geierutes o one-clectron-reduced
species O which can be deseribed as @ Hgand radien) L coordinated to a
Rul.: moicty (fRul..I. |73 Thevisible absorption spectrum of such i monoreduced
complex s generally characterized by low energy bands resulung from hgand centred
¢ LC  tromsitions iocalized on the redueed ligand. The higand bused reduction process
i indeed krown 1o induee o significant red shift ol the corresponding hgand centred
absorption bands [3) 340, This con casily be demonstrated by comparison of the
¢ ubsorpuon spectrum with thae of the free haand reduced electrochemicaily. On
the eiher hund MLOT nassitions involving the reduced hgand are expected to shift
to the blue as the 7% Tevels of these ransitions increase 10 energy. In contrast. the
MLCT buands towards the remainmyg ntact igands are much less atlected as they
are only shighily shifted o the red: these bands are theretore maintatnied in the
vistble region of the absorption spectrum ol the monoreduced complex. These
spectrascopic data have been obtained for several complexes of Table 1. from
speetroclectrochemical measarements desenbed below,

SO L Speetroclectiocheniisiry
b o specireclectrochemical experiment. the Rut1ly complex or the lree ligand are
clectrochenncaily reduced at a poiential corresponding o their first reduction wave
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and visible absorption spectra of the electrolysis solution are recorded in the electro-
chemical cell us a function of reduction time. A typicul spectroelectrochemical cell
is made of an optically trunsparent gold nrinarid working electrode. a platinum foil
counter elecirode and an AgCl reference electrode [53]. maintained beiween two
optical windows scparated by a thin Teflon spacer. Reduetive clectrolysis is usuaily
performed in acctonitrile v the presence of supporting clectrodyte i deoxygenated
solutions. The remaining traces of oxygen are generally reduced at the potentials
applied to the working electrode (reduction of oxvegen occurs ut —0.78 V vy SCE in
acctonitrile {361 and at - 0.5FY vy SCE in water [37]). As the 0. absorption
appears below 330 nm [3¥] i does not disturb the detection of visible bands
associted with the monoreduced complex or tree hgand.

The evelution of the absorption spectrum ol the free ligands TAP and HAT and
of the absorption of Ru{ TAP); ™ 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. 1n the cuse of the free HAT ligand. a band centred
on 420 nm increases as a tunction of reducton time. There might be another
absorption band characterizmg the reduced HAT - ligand n the 350 650 um region.,
but the very low solubility of the HAT bgand in scetomirile prevented the collection
of clear data.

For the monemetaltic Ru{TAPY ' complex some decomposition is detected on
electrochemical reduction. Complete reeovery of the starting absorption upon appli-
cation of a reverse bias (0V vx SCE) 1o the working elecirode 13 indeed observed
only after short reduction times (<2 mint. The decomposition process corresponds
probibly to the loss of a hgand, as mdicated by the vccurrence of an absorption
around 490 30 nm where complexes such as Ru{TAPLX, { X=C1 {or example)
absorb. Short clectrolysis periods induce an absorption mercase between 500 and
600 nm. 1w accord with the spectrum of the reduced TAP  ligand. This ubsorption
enhancement ntay consequently be atiributed o the occurrence of 1O transitions of
the monoreduced TAP  ligand in the corresponding reduced complex. There is on
the other hund no complete disappesrance of the MLCT Ru TAP absorption bunds
il the 360 300 nim region, as the monoredoced complex sull contains intuet TAP
figands responsible Tor the remaming MLCT transitions. Upon  reduction of
[Ruiphenn,HAT? | the Ru-bridging HAT MLCT transitions decreuse in the visible
part of the spectrum and an absorption enhancement s observed between 40 and
MK nm. in agreement wath the spectrum of HAT

The absorption features of some monoereduced complexes of the TAP and HAT
series have also been determined from pulsed radiolysis experiments. The correspond-
ing results [45.40) are consistent with the spectroelectrochemcal data.

2220 Laser flash phorolisis

Osice the absorpion features of the monareduced complexes have been established
on the basis of spectroclectrochemica] andror pulsed radiolysis dat. U spectro-
scopic detection of transiently tormed monoreduced complexes resuliing Itom pro-
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Fig. 3. Spectroclecirochemistry of Iree ligaids and Rudil) complexes al a gold minignd clectrode., The
elecirolysis was performed ot a potential corresponding to the first reducoen wave, in the presence of
supporting electolyee. ok Free TAP ligand, 6 mM in acetoniteile, G008 NBu PF spectra were recorded
every 3 min. (B Free HAT ligand. (01 mM o acetonirile, 5.1 MBu,PEF - specirn were recorded it 2 min
mtervals, t¢) RutTAPY . 24 mM in acctonitrile. 0 1M NBu, PV spectra were recorded every 2 min.
(dy[Ruipheni-). HAT oo v iaM in water, pE 5.9, 0,10 LiNGy spectig were tecorded al 2 min mienvils
[adapied Trom Rell [46]).

cess { Eq. (1} may be performed by flush photolysis experiments conducted in the
presence of a reducing guencher,

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 s montored afler the laser pulse. perpendicularly 1o the exciting beam.
Just after the laser pulse, o differeatial transient absorption spectrum is oblained
according to Eq. {[}

AM=C 7 (g €€ - EpH (1)
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where ((; corresponds 1o the inilial concentration of the monoreduced complex
detected after the laser pulse; e and € are the gxtinction cocfhcients of the Ru(11)
complex and the reducing agent, whereas ¢ and €, + stand tor the absorption
coeflicients of the monoreduced complex and the monooxidized reductant formed
by reaction ¢Eqg. (1)) / corresponds 1o the optical path leagth. The speciroscopic
detection of the monoreduced complex may be hindered by the absorption features
of the starting material and of the oxidized reducing agent m wuvelength ranges
where overlapping occurs with the absorption bands of the monoreduced C
species,

The differential transient absorption spectra obinined by flash photolysis of
Ru{TAP);'. Ru{phen),PHEHAT?" und [Ru(phen),],HAT?" in the presence of
H,{ and mononuclestides are presented in Fig. 4 [43 46,38.59]. The corresponding
absorption maxima are collected in Table 3, together with the differential absorption
features obtatned for other complexes of the TAP and HAT series [46].

The differential spectrum recorded for the mononuciear homeleptic Ru(TAPY
complex in the presence of H,Q {(reaction {Eq.{2))) s characterized by a long
wuvelength shoulder {22530 nm) due o LC trunstons of the monoreduced
TAP  hgand. Absorption {rom 300 nm down to 470 nm results from MLCT
transitions of the monoreduced complex wvolving intact TAP ligands.

b,
[RUTAP)P "+ H.Q— [Ru(TAPY,]” +HQ +H- (2)

The semiquinone HQ ™ produced during the reductive quenching process { Eq. (2)).
Tormed upon loss of one electron and one proten [rom H,Q, contributes significantly
to the transient absorption recorded after the luser pulse in the 370 450 nm region.
m agreement with the previously reported absorption maxima of semiquinone
{£max =31} and 430 nm for the acid and basic forms of HQ ', respectively [47]}.

For the dinuclear complex [Rufphen’,,HAT?' the characieristic features of
the reduced HAT ™ bridging ligand are observed in the 40 500 nm region of
the  spectrum produced  from  flash  photolysis  with  H.Q. When
Ru{phen),( PHEHAT)Y s photoreduced by H,Q. a transient absorption appears
around 530 nm. This bund would originate from the addidon of an electron on the
HAT fragment of the PHEHAT ligand as suggesied by the reduction potentisls
(Table 1), If this attribution 1s correct. the flash photolysis results would confirm
the existence of an absorption band in the 5350- 650 nm range for the monoreduced
HAT ™ hgand. already mentioned above {sce Fig. 3). Note that this band is not
observed in the case of the [Ru(phen),[;HAT? " H-Q sysicm, probubly as a conse-
gquence of the bieaching of the starting material around 600 nm. For the PHEHAT
and dinuclear compounds. overlapping oceurs n the 400 450 nm region between
the HAT  and 8¢~ bands,

In the presence of GMP (reaction {Eq. {290, or cven AMP for RutTAPR",
similar features are observed. The differential absorption obtaivned for Ru{ TAP)'
in the presence of mononucleotides is again characterized by a long wavelength
shoulder attributed to the monoreduced TAP”  ligand and by intense bands around
470 300 om duc to MLCT transitions mvolving the unchanged ligands. The fact
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Fig. 3. Dideremial transient absorpiion spectiin recarded by Eser Bash photalssis of surious Rutll}
complexes i the presence of hivdroguiene and  mononuclestides, (a) Laser {lsh photolysis of
RulTAPH  n the prescnce of 18.Q. GMP and AMP (spectrom recorded | ps after 1he laser pulser
Jadapied from Relt [43]] {by Laser flash photolysis of RuiphenPHEHAT 1 the presence of Ha(Q
and GMP {apectra recorded < and 2 ps alter the daser pulsed facdapred trom Rell PI3]). 1o Faser Qash
photelysis of [Rui phens-LHAT ' in the pwesence of 1.0 and GAP spectrum recorded 2w aher the
leaser pulse [adugpried froem Ret |91
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Tuble 3
Maxiima for the transient absorption spectrac obtained Trom Nash photelisis ur the presence w’ GMP.
AMP aid 11,0

Complex Ml AME H.Q
7 e Ret, P Rui PN Rel,
fint nnil {1
Rulita®; 470 i40] s [E3H
Rud AT i TAPY NN, [46] 470 {46]
Rul TAPLOHAT Y BENTY [46:) ERY 4]
Rut TAPE 475 [35.401) 50 [33.46] EhE i
Ru(TAPLIDPPZ Y Aun 126
Ru(HAT 1{bpa v 3P j40]
RatbpyH TAPHE ALY S0t 146]
Rut TAP i bpyy” RN [ 463
Rui TAP )i plieny Hi" [46.
Rutphenit PHEHAT ¥ 4T 3y [ 3] 5 3R]
Rurbps i TAPY RRIIa 144
[Rutpheny .l AT! A IRERRIY 425 t441

* Paia recinded under argono e bufivred aqueans solutieon weamples [ 2R GAVP or AMP LO1M,
phasphaie butler 00N pld 7).

" Data recarded under the same conditions as *owichow beller (piH Y 1

s Dan recorded under e s conditions as *oowith T buifer B30, pH T

T recorded i argon pureed solution womplex 100 ML LG oM ),

S D recorded vonder the same comditions as owith 4 complex coneentrilion of 1.2« [ "% and 13

L.

P Doma recorded wider the samie conditionis as 0wt o compley concentration ol 3« T A

that the absorbance 1y weaker in the 370 450 amy region with GMP than with
H.Q onginates of course from the absence of the intense transient absorption of
HQ .
P “"
[RutTAPKT 7« GMP » [RutTAP, ] +GMP 7 1T 2’

Simifarly. the transient spectra produced with Rudpheni{ PHEHAT ¥~ und
[Ru{pheny:HATY 7 in the presence of GMP show an absorption arcund 430 nm
corresponding 1o the monoreduced ligand. For the PHEHAT complex again, an
additional transient absorpiion band appears in the 500 600 nim region. also charac-
teristic of a reduction of the HAT traement of PHEHAT.

For wll these complexes shsorption in the 400 300 nm region should alse be
atinbuted to GMEP 7 Indeed. of the laser photolysis experiments are performed in
the presence of axveen (see below). the monoreduced complex 15 reoxidized by
oxygen within a few microseconds and the spectrum recorded atter this time corres-
ponds to the radical cation of puanine, which contirms the tormation ot GMP
during the reductive guenching process (Ey. (271,

In summary. although the absorption maxima are not dentical in the spectra
recorded upon elecirochemicat reduction of the complexes and by tlush photolysis
in the presence of a reducing agent. owine to the toet that. after the luser pulse. the
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spectrum corresponds Lo a differential absorption. the characteristic absorption of
the monoreduced TAP | PHEHAT and HAT ™ ligands are detected in all cases.
The comparison of the spectroclectrochemical and Hash photolysis results thus allows
to conclude that the monoreduced complex 15 indeed produced afier the laser pulse,
according to reactions { Egs. {2)) and ({2'}) corresponding 1o the Ru{TAP}™ model
compound.

23 Kinetic characterization

The lifetime of the monoreduced complex produced by the photomduced electron
transfer cun 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 Nash photolysis technigue, or at a semiconducting electrode in 4
photocicetrochemical experiment. I'rom both methods the lifetime of the monore-
duced intermediate can be deiermined and constitutes & 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 an the basis of the transient absorption decays recorded
after the laser puise. The transient decays are usually monitored at the absorption
maximum of the monoreduced complex, deternuned 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
resuits reviewed 1o this paper, the shortest detectable fifetimes are on the order of
a few ns.

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

2.3 1 Bimolecwlar equimolecudar reoxidation processes

When flash photolysis of the Ru(TAP); ™ -H.Q or Ru{ TAP); ~- GMP systems is
conducted in deoxygenated solutions. the dilferential absorption disappears accord-
mg to g sceond-order process [43.45]. in agreement with the binolecular equimolecu-
tar reoxidation of the reduced complex by the semiquinone HQ' or radical cation
GMP™ " produced during the reductive quenching process

Arax
[Ru(TAPLT' +HQ +H" = [Ru{TAPYLJ " + H,Q (3)
firea
[Ru(TAP),]” +GMP ~ -+ [Ru(TAPY,L}* + GMP (37

If Ad, and AdA, are respectively the imitial differential absorption und the
differential absorption measured at time 7. o plot of A4,/AA, versus time is lincar
and gives a slope corresponding 10 the product of the second-order raic constuant
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Table 4

Kinetic duta characterizing the monareduced [Rui TAP Y| compiex produced under pulsed laser iliunina-
tion of the systems Ru{TAPY " H.Q and Ru(TAP) GMP. in the absence and presence of added
oxidants

Svstern RuiTAP)K  H.Q RuiTAPY  H,Q BQ Ref.
A rgy Mash” Fgey Mash® t {lash® T PR
(=1 1hyl BOIY
M sty M) (s} tush
Kinetic dita 2 )0 23 55 ss [43]
Sy<in Rui TAPY  GMP RulTaPy;” H.Q O, Refl.
<o Manh? biyys Dash® © Nashe
- 1tk On
Y R MY )

Kinelic data 12100 (149 % 108 40 [45.46]

! Derived Irom the ravsient gbsorption decay recorded at 480 am by Nosh photelusis of o B x 10 M
Ruo{TAPE " plus 1 *M H.Q degassed solulion.

* Mepsured from the trangient absorption decay vecorded al 480 nm by Raxh photolysis of 0 1.2 % 10
MRUCTAPK W "M HLOQ and 4 x 10 "M BG deonygenated solution,

S Obtaed fram the Himwe-cvolntion of the laser-induced open-vircoit photopotential of an 5n{). clectrade
woocontact with o 10 SN Re(TAPK . HE "M {.Q and 4 x 10 "AL BQ deoxyeenaded  solulion
(5% 1 28 LINO).

Y Derived from e Lransient absorption decay recorded st 470 nm by Rush photolysi of o 100 7\
Ru{TAPYE  plus 10 M GMP Arsaturaied solution (0,1 M phasphate but¥er. pH 7)

* Measured from the transient ubsorption decay recorded at 476 nm by flash photolysis of o 6« 101 73
Ru(TAPY .10 “M GMP and 1.25 « 10 "M L soludon (006 phosphate buiTer, phl 750

k 5o With the intual concentration of the monoreduced complex. according to Eq. (11}

Ady AA, =1 r ko [RU(TAP); Ty (113

As the 1mitia] concentration of the monoreduced complex [Ru{ TAP), |, depends
on expermmental parameters such as the laser pulse intensity. the decay time derived
from the slope of the AA4,°A4, plot has no physical nmeaning. The second-order rate
constant k,,, may however be extracted from the A4,°A4, plot on the basis of
Eq. ¢y, This equation ailows evaluztion of the imbml conceniration of
Ru(TAP}; . provided thut the absorption of the reducing apont and of its oxidized
form may be neglected at the wavelength where the absorption decay hus been
recorded.

IRWUTAPY To = Adg[l€warr ariy ~€rucrami ™ M1 ¢111)

The determination of the initial concentration of the monoreduced complex from
Eq. {IIT} reguires the knowledge of the extinction cocflicient of the monoreduced
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species at the analysis wavelength. The corresponding value may be obtained from
pulse radiolysis expertments [45.46.54]. On the basis of the pulse radiolvsis duta
recorded for Ru(TAPI ™ (equam, =853 x IPM Tem 1), approximaie values of
2x10°M 's land 13 x 10" Us T are obtained respectively for the second-order
rate constant wssociated with the reoxadation of the monoreduced Rut TAPS, species
by HQ and GMP . Knowing the ¢ values for the monoreduced Ru(TAP}
spectes, the quantum vield of cage escape ol the reduced complex from the won-pait
formed by the electron transfer has heen caleulated and is equal to 630 with
GMP [d6].

In conclusion. this discussion ol the laser flash photalysis data demonstrates that
the extraction of kinetic data from experiments performed in deaxvgenated solutions
ts not siraightforward. One can easily magine that this should be stli more complh-
cated in PEC experiments ax will be explamed later. Therelore the Kibetic behavior
of monoreduced complexes is also studied in other experimental conditions illustrated
m the following paragraph,

2320 Pseudonionomolecidar reoxidation processes

When an oxidizing agent such as benzoyumone (BQ ) 15 purposcly added to the
Ru{TAPYR " H,Q solutivn in sulliciently large amounts {[BQ=2x 10 M. the
transicnt absorption decay becomes pseudomonomeolecular and the corresponding
rate constant &, depends linearly on the benvoguinone concentration [43]. In these
conditions. the monoreduced complex is reoxidized by the added oxvidant according
to reaction {Eg. {4))

[ [ 131

[Rut TAPY, ] +BQ+H" - |Ru(TAPYL) - HO (4}

The hfetime of the monoreduced complex, defined as the reeiprocal value of the
pseudomaonomolecular rate constant A, (r= 14,0 may be varied by adjusting the
concentration ol the added oxtdant {[BQ]1. A lifetime of 35 us 15 measured for
the monoreduced Rui{ TAP, i the prosence of 3= 10 "M of BQ. For the
Ru{ TAP): - GMP svstem. the decuy of the transient reduced complex also becomes
pseudomonomaoleculir in oxygen-saturated solutions (45

[t should be poted however that @ competition oceurs between reoxidation path-
wavs { Eg. {3 and ( Eg. (4)) when low amoeuats of oxidant are added to the solution:
in these conditions the tramsient absorption decay s neither ol second nor of first
order. The upper Iimit of the oxidant coneentration s given by the short ume scake
limi of the expenimental set-up and by the possible occurrence of oxidative guenching
of the excited Ru¢ 11y comples upon exidant addition

3. Photoclectrochemistry (PEC}
The exeited state redox properties of Rué 1) polvpyridine complexes have found

interesting applications i various photocleetrochemical systems. In particular. the
ilflumination of Ruthpy); ™ [10 12.16.17.60 63] and carbexylated derivatives
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such  as  Ru[4.4 —(COO j:bpyy [20.64-67] or cyano  derivatives  like
Ru[4.4 —(COO 1hbpylLCN31  [22]. which behave as powerful reducing agents in
the excited state. induces & photo-oxidation current on high bund 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)i™ 1s indeced more negalive than the fat band potential
of SnO, and 15 therefore locited above the lower level of the $Sn(3, conduction band.

Energy levels considerations show that the denor level of the excited sensitizer
hes actually well above the Sn(2, conduction band edge so that the electron injection
s rather favourable [68]. This interfacial clementary process where the exated
complex behaves as an electron donor has been examined thoroughly by different
tcams: various approaches have been used including the covalent linking of the
Ruf{Il } complex to the clectrode [13.14,18,22.69 72} and. more recently. the design
of supramolecular devices bused on cvanobridged polymetallic compounds [21,
73 78]

In contrast to Rutbpy); . no cfficient direct photoelectron injection into the
semiconductor takes place with excited complexes such as Rut(TAP); und other
complexes of Table 1. which exhibit a poor reducing power [42.76.77]. The donor
level of their *MLCT excited stale s indeed approximately st the same level as the
Sn(, conduction hand edge. A photo-oxidation current is however measured on
SnO. under illunmination of Rut TAPY: in the preseace of o reductive quencher
such as hvdroguinone [42], This photocurrent 1 qualified as supersensitized and the
hivdrogumonc is referred (o as the supersensitizer. The eleetroactivity. 1.e. the origin
of this photocurrent. is quite different from the direct photoelectron injection process
described above for Rutbhpyli’ and its derivatives: it is atiributed in this case o the

076 RuTAP %/ RuTAP

o
-l

*
3 Rutopyr2* !’Ru{bpy}33+

AN

ETL
012 Ru(TAP) _{* lRu{TAP),f*

Vi 01 F
B o—_—

1 Sn0- ¥ solution

V/SCE

Fig. 5 Bocrgy devel dingrim of 1he $00: Rt TAPYE  and Snty, Rutbpyyd  solubon inlerfaces,
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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); specics is
indeed particularly reducing (&g, - ,Ruzl —  (L76 V vs SCE [42]) so that, in contrast
1o the excited Ru{TAP} ', it is able to iject 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 te the clectrode surface. according to reaction (Eq. (5)). The
litetime of the transient electroactive Ru{ TAP); species diffusing to the electrode 1s
itmited by the bulk chemistry involving back electron transfer {reaction (Eq. (33))
and potential scavenging by oxidants (benzoquinone or oxygen, reaction (Eq. (431))
which would be present in solution.

k,
RUTAPL]™ o v 1R L TAPYL]  eoioe — [RUTAPLT = oo (5)

This supersensitization process of semiconducting electrodes by oxidizing Ru(1l)
complexes iluminated in the presence of a reductant can actually be examined by
wo types of measurements: {1) stationary photocurrents recorded under continuouns
irradiation and {10} ume-resolved measurements of open-circuit photopotentials
induced under pulsed nrradiation. Both methods are briefly described below. together
with the vseful parameters extracted from the corresponding experimental data. A
comparison s made with the results obtained from the other techniques discussed
above Tor the study of trunsiently produced monoreduced species.

3. Steadv-stute PEC experiments

In this type of experiment. the Ru(Il} complex reductant sofution is illuminated
through the transparent SnQ, clectrede of the clectrochemical cell with # centinuous
light source: the resulting stattonary photo-oxidation current. reached after a fast
initial rise. is measured for various polarization poientials applied to the semiconduc-
tor. As outlined below, this method under continuous illumination allows us to
confirm that the supersensitized photocurrent resulis indeed from the quenching
process {Eqg. (2)) followed by process (£q. {31} and does not find its origin in any
other supersensitization mechantsm described for xanthenic dyes such as Rhodamine
B for example. In this latier case. the dve injects from its adsorbed exeited stale an
clectron mto the Sn(), conduction band [78 81]. The adsorbed oxidized dye which
is formed is then “trapped™ by hydroguinone, regeneraing the starting adsorbed
dye on the semiconductor.

With the oxidizing complexes discussed in this article. if elcetron injection at the
Snl); electrode takes place from the transient reduced complex as described above.
the steady-state photo-oxidation current measured at @ given polarization potentiul
increases as & lunction of the reductant concentration added to the bulk solution
until a plateau value is reached. Indeed the amount of produced electroactive €
species depends on the effiviency of the reductive guenching process (reaction
{Eq. (1. The treatment ol the corresponding data according to By, { [V) atlows
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determination of the photoclectrochemical Stern Volmer constants Kewt [42.82.83]

I, =1 N i {4 !

i1 H:F'{‘T()[Q] Ki;{([Q]
where Q 15 the quencher or supersensitizer added to the solution (i.e. HQ3 {, 18
the platcau valuc of the steady-state photocurrent reached at high reductant concen-
tration, I is the photocurrent measured in the absence of quencher, 47" 1s the rate
constant associzted to the reductive quenching process oceurring in the bulk solution
and 1, s the lifetime of the exeited Ru(Il) complex mecasured in the absence of
quencher. These Stern Volmer constants are qualified as photoetectrachemical, in
contrast to conventional Stern Volmer constants measured from  luminescence
guenching experiments. Obvicusly, values obtained from both methods should be
the same, if the postulated supersensitization mechanism is correct.

The Stern Volmer constanis  Kiy©  extracied  from  the slope  of  the
.= Ig)ith = 1) versus [Q] plots and the corresponding rate constants 7. caleu-
lated using the luminescence bietime 1, of the complex. are thus compared with the

e oand kf;"“ values obtained on the basis ol conventional Stern Velmer plots
resulting from luminescence fetimes measurements, The agreement between the
kinetic quenching rate constants obtained from both technques is ilusirated in
Table 5 for the Ru(TAPY - H.Q and RuiMe, TAP): ™ H.Q systems [42]

The PEC data recorded under continuous illuminaton confirm thus the postulated
nature of the supersensitization process. discarding the occurrence of other supcrsen-
siization mechamsms previously reporied for the Rhodamine B-hydroquinone
system, i.c. the scavenging by hydroguinenc of the oxidized dye produced alter
direct photoelectron injection into SnQG,. with restoration of the starting material
on the electrode surfuce. For this “trapping” superseositization mechanism, no
agreement is found between the A7 and A™ values [80].

(v

3.2 Fime-resolved PEC experiments

Although the PEC method under continuous ilfununation appears as a refiable
technique for the kinetic study of the reductive quenching process at the origm of

Table 5
Luminescence quenchmg dina for Rud M1y complex .0 svstems, derdsed From lomincseence lifetome
measuremnents and steads -state photoclectrachemical experiments

Complex AV (MY AR s Rel,
T Rl Ay F o L L0 L A L
sk M "t (M s Y
Ruf{tapm; RET I 4.4 T3S 1514 67 75 (42]
Ru(Me, TAPI; 9 470 30 463 3 s =7 [42)

Al and I;!I"”‘ are the Stern Volmer constant and guenching nike con<tant determined from lununescence
Iitetime measurenicats, whiie A4 and At are the corresponding volues obtained lrom pliotacketrochem-
ical measvrements £ iy the polarization potential ol the Snfd, clectiode. given in Vo SCE
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the photocurrent. 1t 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 clectroactive
species, limited by the butk chemistry, cun be obtamed. The pulsed PEC method
consists of {1} irrudiating with u laser pulse the Ru{Il} complex-reductant sotution
through the transparent S$nQO, clectrode of a photoelectrochemical cell and {ii)
measuring the resulting open-circuit photopotential AV as a function of time at a
) M} external resistance (oscilloscope resistance) between the small SnQ, clectrode
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 m thesc
experiments. which are indeed much lower than the RC constant of the experimental
system. 1.¢. the time needed (or the ciectrons injected into the SnQO, to cross the
external resistiunce between the $n(3, and counter-Pt electrodes.

In this type of experiment. the photopotential generated by the charging process
of the semiconductor capacitance due to the electron njection has been shown to
mcrease as 4 function of time untll complete disappearance of the clectroactive
species {42,84]. If the electroacuive entity corresponds 10 a monoreduced complex
such as Ru(TAP); . which has a much longer fifetime 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 clectroactive
monoreduced transient.

In some particular conditions defined by the bulk chemistry. the lifetime of the
electroactive monoereduced 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(1l) complex re-
ductant system containing o suthiciently high concentration of purposely added
oxidizing agent. The bulk chemstry which bmits the hfetime of the monoreduced
species in this case is no longer the back clectron transfer 1o the oxidized species
formed during the reductive gquenching (reaction { Eq. {3}, but corresponds to the
pseudomonomelecular reoxidation process by the added oxidant {reaction { Eg. {d})}.
The diffusion controlled oxidation of the electroactive monoreduced compiex leads.,
in these particular conditions, te a photopotential that increases as a function of
time according to an erf function [42.43.51.84 86

AV =(nFAC, Coe Dk erfik i (V)

where # is the number of transferred electrons. F s the Faraday constant, 4 and
Cye 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 electrouctive species according (o a bimolecular
reoxidation process in the bulk selution does not lead 10 an erf function for the AV
evolution with time.

The normalization of AF(s) to 1ts plateau value for a time considered as infinite
gives Eq. (V)

AVayAar, =erftk 1) (VI
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For a time r equal to the lifetime of the monoreduced complex
(= FAL L AV AY, —erf(1)=0.8427. The time corresponding 1o ~B4% of the
AL platcau comeides thus with the bifetime of the clectroactive species. The ume
domain accessible for ifcume measurements by the pulsed laser-induced PEC method
iy bnnted for the short and long times by two time constants. The short Ume limit
[87.88] is determined by the luser pulse widith and by the response ume 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 tinte scale s
given by the RC constant controlling the discharge of the SnO. space charge
capacitance through the external 1 MO resistance of the oscilloscope.,

The experimental time evolution of the photopotential induced by puised luser
irradiation at an $nQ, electrode in contact with a R TAPY - H.Q solution contain-
ing 4 x 10 "M of purposely added benzoguinonc is shown in Fig. 6 [43],

The time value where 84% of the AV plateau 15 reached yiclds a [Ru(TAPY]”
lifetime of ~ 55 ps. in complete agreement with the lifctime determined from flash
photolysis experiments for the same concentration of added benzoquinone { Table 4},
The excelient correlation between both techniques demonstraies the utility of the
laser-induced PEC method to determine lifetimes of photochemically produced
transient eleciroactive species. The ume-resolved PEC technique allows us there-
fore to confirm the nature of the transient clectrouctive species. attributed to
[Rut{ TAP:]  in the Ru{TAP)  H,Q system.

3.3 Superseimsitization in Nufion" fifmis

The supersensitization process of semmconducting Snd}, electrodes has been investi-
gated in particular systems where the sensitizer {1.¢. the Rut Il) complex) is no longer
in solution but is mncorperated inte a Nafion™ perfluorosulphonaie polymer film
{ Fig. 7} recast on the $n(); clectrode. and where the supersensitizer (ie. the reduc-
tant} diffuses freely into the polymer filin from the electrolvie solution in contact
with the Naflon "-coated clectrode.

The loading of RutIl'y complexes m poiyelectrolyvie films adhenng on the semicon-
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Fig. &, Time-evolution ol the deser-induced  open-circuil photopetential, 1A Solutien W M in
RulTAPY, . 10 “Moin 1LY 2% M "8 in BO and 3x 100 °M in LANCE (B Same as {400 but with
d 10 M BQ. Dark Snf), poiential - - 028 VSCT Jadapted Irom Rel (43]).
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Fig. 7. Structure of the Nafion™ pulvmer.

ductor allows 1o 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 ¢lectrode than at the bare electrode
under similar conditions, as previously reported for Ru(bpy)i~ incorporated into
a Naften™ film {89,90]. This type of system is therefore particularly attractive
in the case of Ru{ll) complexes such us the dinuclear compeound
[Ru{phenk,HAT*" for which much smaller amounts of material cun be prepared
than for simple monometallic complexes.

The {Ru{phen)2),HAT?" H,Q sysiem induces the same supersensitization pro-
cess as that deseribed by reactions (Eg. (2} and {(Eq. {5)) for the mononuclear
Ru{TAP);' complex. The excited dinuclear compound is indeed reductively
gquenched by H,Q in solution according to the clectron transfer process {Eg. (1)}
f44}]. Although less reducing than Ru(TAP); | the so-formed monoreduced dinuclear
species (£, = — (.49 V vs SCE [44]} is able to inject electrons in the $n(), conduciion
pand. The use of [Rufphen);,HAT? as sensitizer in solution waould however
require high concentrations {> 10~ *M ) to observe a photocurrent or a photopoten-
tial at the 8nQ), electrode [83]. which llustrates the interest of Nafion® coatings
concentrating the compound on the electrode surface.

The kinetics of the reductive quenching process and the lifetime domam of the
electroactve species photogenerated in the Nafion™ ilm 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 photolvsis technigue is not
casily adaptable for the examination of polvmer films [83]. Comparison of the PEC
results obtained in the polvelectrolyte film with the corresponding data obiained
from the solution studies provides insights for the influence of the polvmer film on
the kinetics of the system. as iltusirated below in the case of the Ru{TAP)} ' -H.Q
and [Ru(phen},),HAT*" HQ systems.

3.3.1. Diffusion of the Rut 11} complexes inside the pelvimer film

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

The stationary supersensitized photocurrents are plotted as a function ol the
H,Q concentration in the clectrolyte solution m contact with the Naflon ®-coated
electrode. Tor a constant polarization potential of the semiconducior. The
Stern--Volmer plots derived from these data lead to straight lines {see inset of Fig. 8},
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Stern Voimer plois determined {rom the stationary photocurrents measured for Ru(TAPY " { B }and
[Rulphent,.HAT®' - ) [adapted from Ref [R3]).

m agreement with Eg. {1V}, The photoelectrochemical Stern Volmer constants
KEEC extracted from the slopes of these plots ure collected in Table 6.

In order to calculate the corresponding 455 quenching rate constants, as explained
above for the solution studies. the excited state lifetimes of Ru{TAPY ™ and
{Ru({phen),[,HAT** inside the polyelectrolyie film need to be determined. These
measurements are conducted in diffuse reflectance conditions. As SnQ, deposited
on glass i3 not suitable for these particular measurements, the Ru{ll) complex is
loaded 1n a Nafion™ film recast on a non-luminescent silica plate. and the excited

Table &
Steady-state PEC duta {or the Rut TAPY - H,G and [Ruiphen),, AT HLEQ sysiemms m Nafion™ films
recast on Snik

FECh kI‘F Ec

Complex Kitaty a0 Ref.
Thvan Thewen (MTH (10 s 1y
(1%} {1y £ E— F_ F- E= £-

eV 02V 036V 816V 0260V 036V

Ru{ TAPY' 60 360 W20 820 O ¥ 22 i 83
tRu(phen,,HAT? 40 420 . 710 9726 . 1.7 b 183

* Luminescenee lifctimes determined by ditfuse refleclance measurements froin Nalion™ film vecast on a
silicy plater the solution in contael with the flm is under argon. The leminescence decays are anaiyzed
according ty a biexponential law =1, ¢ "' - F. 0"

P Stern Volmer constants obtained from the spectroelecirochenmical data for differeny applied potentials
versus SCE (F).

“Quenchimg tale constants caleulated using the luminescence lifetime 1.4, derived from the long decay
COMpORnThL,
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state lifetime values measured in these conditions are used for the Nafion" -coated
on the Sn(}, clectrode. The corresponding uminescence decays obtained under
pulsed irradiation are biexponential for both complexes { Table 6). This behaviour
1 attributed to the existence of two distinet microenvironments characterized by
difterent local aciditics i the polymer film. The fust component of the tuminescence
decay results from local protonation of the Ru{ 1) complexes which exhibit shorter
Tuminescence fileumes than i non-protonating solution [91-96]. These protonated
excited species located 1n high acidity environments are guenched anly for H.Q
concentrations excecding 10 °M. Therefore. to a first approximation. oniy the
excited complexes locuted in the non-ucidic mucroenvironntent. associated to the
long decay component, should thus be involved in the supersensitization mechanism
leading to the linear Siern Volmer plots presented in Fig. 8. The quenching rate
constants AL are thus derived from the Stern- Volmer constants K¢ using the
long litetime values of the luminescence decays {12}, The so-obtained quenching rate
constants are approximately equal to 2x 10"M 's ! for both complexes in the
recust Nufion® fiim. 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 polyelecirolyie film
for the monometallic compound. but has remuained almost unchanged for the
dinuclear complex. These data provide msights into the mobility of the excited
compounds throughout the polvmer film as developed below.

The dilfusion rate constant calculated for the Rul TAPR ™ H.Q system in water
(~7.4x 10" 15 " [83] is of the same order of magnitude as the quenching rate
constant dJetermined from {1} fuminescence  lifetime mcasurements and  from
(1) photoclectrochemical experiments in solution (A"~ 5 7x10"M s
{ Table 533 It 1s thus clear that the photoelectron transfer process 1s ditfusion con-
trolled for the monometatlic svstem in selution. The quenching rate constant nssoci-
ated to the photoinduced electron transfer process decreases in Nafion®. This drop
from the solution 1o the Nafion® film indicates that the diffusion is slowed down in
the polyelectrolyte environiment.

In the case of the [Ruéphen),sHAT? ™ H,Q system. the quenching rate constant
meusured in water (k,=2x 10°M 's '), which 1s smaller than for the monometallic
complex, suggests that the photoreduction process of the dinuclear compound 1s
probably no tonger diffusion controlled m solution. This conclusion 1y confirmed by
the absence of 4, drop from the solution to the Nafion™® film where the diffusion
should be shghtly slowed down. as concluded from the data characterizing the
monometallic compound. On the other hand. if in solutica the imiting step is the
rate of the clectron transfer 1tself. in Nalon®, the slower step couid sull be the
ditfusion. In other words, the clectron transfer process could become diffusion
controlled in Nufion". This is in accord with the faet that a similar quenching rate
constant. corresponding to the diffusion rate constant in Naflon®, is obtained in
the polymer film lor the monometallic and dinuelear complexes.

As the diffusion rate constant in the polvmer flm is only a factor 2 3 tower than
the ditfustion controlled quenching rate constants in solution. 1 may be concluded
that the mobility of the metailic complexes. even the dinuclear species. 1s rather high
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in the polyclectrolytc 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 Nuflon™ ure known Lo separate, on a microscopic levell into two
domuains or phases. corresponding to a hydrophobic bulk polymer phase (mainly
fluorccarbon) and a hydrophilic 1onte ¢luster phase [97-99]. The tatter phase is
randomly distributed throughout the bulk polymer and interconnects through a
system of narrow channels. Since Ru(li) complexes are partly distributed in the low
density cluster phuse [99] and since 1on-pair formation is usually not significant in
this type of polymer (100}, actual diffusion of ithe metal compounds is expected o
oceur in the Nafion™ film. The occurrence of mass transfer processes in Nafion®
films has been previously discussed in the case of Rutbpyy™ [89].

3.3.2. Nuture uf the electrouctive species

The supersensitization process of the electrode by the loaded Nafion™ can be
further investigated by the PEC method under puised illumination in order to
evaluate the lifetime of the cleciroactive species responsible for the electron mjection
in the semiconductor. In Table 7 are indicuted the approximate nse-time values
of the open-circuit photopotentials recorded after the laser pulse for the
Ru{TAP;3  H,Q and jRulphenk-HAT*  H.Q systems in secluticn and in
Nafion* films [83].

As explained above, these AY risc-times correspond to the lifetime domain of the
clectroactive species gencrated from the reductive quenching process (Eq. (2}, This
lifetime is limited in this case by the bimolecular reoxidation of the monoreduced
compiex by the semiquinone HQ produced during the photoclectron transfer
process,

For the Ru{TAP); " -H,Q svstem. the AV rise-time increases tremendously upon
incorporation of the Ru(Il} complex nto the Nafion® film. This indicates that the
monoreduced Ru{TAP){ spectes has 4 much longer lifetime in the polymer
(~15 20 ms) than in solution { ~ 100 ps), In other words. the back electron transfer

Tabke 7
Time-resolved FLC data for the Ryl TAP); © 1,0 and [Rulphent..HAT? H,Q svsieims in Naliop®
nlms recast on Sak

Complex 7, witlerd® Ref. - Nafian "t Rei.
Rut TAP) ~ 190 s [43) ~15 20 ms [83]
[Rutpheni. HATY" ~ 2w [R3] ~1% 2ims [83]

* Rise timnes determined Trom pulsed Lnser-induced photopotentials measured as 2 function of time Tor
Rul APy and [RuiphenssHATY in aguenus solution and in hahon™ lilms recast on SnO., under
argon. Measurenents were performed in the presence of 1 M HAQ and 0.2M KNO, as supporting
eleciroyie.

® Ay the degassing process of & PEC cell with Nafion® swollen with water i< not wtally efficient and ax
the measurements in the presence of BQ are not reliabie tor non-degassed solutions. only approximate
vise tmes were obtaingd fom the phowopotentials recorded in the absence of BQ
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from the reduced complex 10 HQ ' s considerubly slowed down n the Nalion™ 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 frecly in the Nafion™.

The results obtained for the [Ru(phen),],HAT? " -H,Q sysiem indicate that slow
AV rise-times in the milisccond timescale (15-20ms) are not only observed n
Nafion™, but also in solution. This particular behaviour, which contrasts with the
datu obtained for the Ru(TAP): ™ H,Q system, could be attributed to the existence
of a long-hived ¢lectroactive transient, which weuld be different trom the monore-
duced complex. This transient, ulso detected by laser flash photolysis experiments
in solution [44]. is proposed to be the bireduced biprotonated dinuclear complex
[Ruf{phen}s),HATHI  which would be formed by dismutation of the protonated
monoreduced complex. This last result illustrates the ability of the pulsed PEC
method 10 obtain information on the nature of the electroactive entity on the basis
of lifetime vatues determined from photlopotential rise-times. in particular when the
electroaciive specics does not correspond 1o the monoreduced complex.

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

The knowledge of the different propertics and behaviour of the pholo-oxidizing
complexes listed in Table 1. discussed in the previous chapters on the basis of flash
photelysis, spectroelectrochemistry and steady-state or time-resolved photoelectro-
chemistry experiments. leads to purticularly iateresting applications related to the
study of biological molecules such as nucleic acids. In this final chapter. we thus
highlight this particuiar 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. Hydroguinone 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 mononucicotides corresponding to GMP and. (o o lesser
extent, AMP. It was therefore expected that some of these complexes would also be
able. under illumination. 1o abstract an ¢leciron fram guanine bases of DNA. From
this reasonable hypothesis. a research programme was inittated 10 the arga 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 forescen that the photo-
oxidizing complexes discussed in this article would interact with polynucleotides,
and could thercfore photoreact with DNA.

In a first step. the oxidizing complexes which were involved in a photoelectron
transfer with (AMP were tested in the presence of DNA and polynucleotides, in
order o study the existence of a photoinduced electron transfer process with DNA.
[t turned out from these studies that this process does indeed occur with the most
oxidizing compiexes. Very interestingly. it has been shown that the phetoclectron
transfer s correlated with two types of DNA reactions: single-strand cleavages and
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photeadducts formution of the complex on DNA [102,103]. These photoprocesses
were indicated by gel electrophoresis experiments, using supercoiled closed circular
plasmid DNA or radicactively labelled oligonucleotides, Surprisingly. the study of
those photoreactions with some complexes and Y2P-labelled ofigonucleotides showed
that the dominant photopreduct is not a cleavage product, but the formation of a
covalent adduct beiween the ohgomer and the complex. The exsstence of photoadduct
formation has also been indicated by UV-visible absorption spectroscopy and dialvsis
studies with DNA and syathetic polynucleotides. The Ru( ) complexes can thus
be regarded us photorcagents versus DNA [27,28].

In the first part of this chapter we show how 1t is possible to ratienalize this
photoreactivity on the basis of the expenmentat data. A supplementary parumeter
15 considered in the discussion, i.c. the importance ot 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(ll} complex DNA" interuction. The second part of the chapter is thus dedi-
cated 1o vartous stralegies allowing o modulate the interaction beiween the metal
compounds and the double helix. while keeping the photo-oxidizing ability of the
complexes. The promising future of the Ru{ 1) compiexes discussed m this paper s
finally commented in relation with their potential use as molecular tools for DNA
studies. medical diagnostic zgents or even new anti-tumour drugs. In this last case.
the Ru(ll) complexes would present an imteresting alternative to the well-known
cis-platin compound. whose anti-cancer activity has been extensively exploited
[104--108].

4.1. Behaviowr of TAP and HAT complexes in the presence of pelvnucleotides

The interaction of a lurminescent dye with polynucteotides induccs 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 ngidity and
hydrophobicity of the DNA double helix microenvironment. and thus from partial
pratection of the excited dye from the aqueous solution. For the RutIl) complexes.
considerable changes in the entission properties are also observed upon addition of
ingreasing amounts of DNA. Fig. 9 illustrates these mmportant effects for the
Ru(bpy)(TAP) ™, (n=0. . 2. 3) serics {46] considered in the previous chapters.

Depending on the nature and combinauen of the ligands in the complex. two
ditferent behaviour are observed, [T the complex contains less than two TAP or
HAT m-acceptor ligands. the luminescence 18 enhanced upen DNA addition. In
contrast. if the complex contains at least lwo 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 { Tuble 1) shows that upon addition of DNA guenching occurs for
the most oxidizing compounds. The two types of behaviour illustrated in Fig, 9 are
thus explained as follows. The luminescence merease 15 Jue, as mentioned above, o
effects of the DNA microenvironmen! (rigidity, protection Irom water and from
axygen quenching ). These factors decrease the efficiency of the nonradiative deactiva-
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tion processes. [n contrast, 1f the complex contains two or three exidizing ligands.
the luminescence is quenched by the nucleobases. and the correlation of this emission
inhibition with the redox potentials in the cxcited state leads to the conclusion that
the guenching would result from an electron transfer from the most reducing bases
to the excited compiex. To confirm this. studies have been performed with diferent
synthetie polynucleotides (Table 8},

From examination of this table. 1t 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 )]s the lumnescence of these same
compounds imcreases upon addition of pelynucleotide. except for the most oxidizing
compounds (KX, > 1.4V vs SCEJ. [n that particular case. the luminescence is also

Table §
Fiiect of ncreasing conventralions of various pelynuclestides on the luininescence intensity at a fixed
winelength

Complexes CT-DNA fpobdG dCy). ipolytdA dT7. Relerence
Ruibpyhi TAPY B " F12,132§
Rutbpyy{ TAP) " " (167
Rui TAPY . . B [45.002]
Ruibpyn HATE . - (46,123
RuiHAT»- . i j46.132]
Rutbpy H TAPI{HAT | 1 1i32]
Rut TAPAHAT Y ! 1 * 1i32)
Ruf TAPHHATH l l [132]
Rut phent( PHENAT Y 1 1 [38]

Rui phenh( DPPZY * * {38]

Ruf TAP){DPPZY : - [126]

[Ruiphent, 1 1ATH h - {59,134
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guenched in the presence of {poly(dA-dT)},. In other words, for all the complexes
for which 2 photoinduced clectron transfer has been demonstrated with GMP,
Iuminescence quenching is detected with DNA or [poly{dG dC)], and luminescence
enhancement is observed in the presence of [poly{dA- dT)),. [n the case of the most
oxidizing complexes however. when a photoinduced electron transfer s indicated
between AMP and the complex. the luminescence is also quenched in the prescuce
of [poiv{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 antugonistic
effects operate. Thus the luminescence decrease due to some adenine quenching
would be more than compensated by the enission increase arising from the protection
eflect of the double hehx. it might also be possible that the geomictrical constraints
generate an unlavourable orentation of the doror base and the ucceptor complex
so that an efiicient guenching 15 prevented. in contrast with the situation observed
m the presence of AMP.

In summary. the expeniments pertormed with synthetic polynuclectides can be
correlated with emission quenching by the monenucleotides. This suggests that with
DDNA, the luminescence inhibition would operate by clectron transfer via the guas-
nines {alse via the adenines Tor the most oxidizing complexes). [n order 1o contirm
these conclusions. laser flush photelvsis experiments hive been carried out with the
complexes in the presence of DNAL As cutlined above in the case of hydrogquimone
or GMP us reductants, the corresponding menoreduced 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 imporiant and rapid back electron transter from
the monoreduced complex to the exidized buse on the polynucleotide. Indeed when
the transients resulting from the electron transfer are produced on DNA. after the
luser pulse. they cannot diffuse away as they de in the "Ru{ I complex -monoenucleo-
tide” systems.

Other interesting experiments have been conducted with DNA 1n order to observe
the protcction cifeet of the DNA mucroenvironment not only on the excited complex.,
as discussed above, bui also on the transient monoreduced complex produced in
situ, on the DNAL In order to show this partcular aspect, the “complex hydroqui-
none benzoguinene” 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 compiex and polynucicotide which have been chosen
for this study arc the Ru{ TAP){HAT )™ and [poly{dA dT}], where no lumines-
cence quenching of the complex s observed. Thus when hydroquinone 50 mM and
benzoquinone 1 mM  are  added to this complex i interaction  with
[polyidA dT),. pulsed illumination of the solution induces a quenching of the
excited complex by H,Q. comparable to the process desenbed in reaction (Eq. {2)),
At this stage a first effect of DNA protccuon is observed. Indeed the &, value for
the inhibition process is lower (1 x 10"M s "y in the presence of [poly{dA -dT)l,
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 cerresponding to reoxidation by benzequinone (reaction {Eq. (4)}) can be
followed. At this level, a second effect of the DNA protection is observed. i.e. on
the lifctime of the transient monoreduced complex. Without [poly(dA-dT ), the
decay 1s indeed taster than in the presence of {poly{dA- d T}, { both in the time scale
of a few ps). These experiments demonstrate thus that a transient monoreduced
compiex produced in situ on the DNA is also protected by the double helix.

4.2, DN A reactions or dumage induced by the photoelectron transfer

Single sirand cleavages of plasmid DNA upon excitation of & Ru{ll} complex
interacting with the plusmid have been observed for Ru{phen);  and Ru(bpy)}”
[109-111]. The quantum vields of these cleavages are however very low [112] and
have been proposed to onginute from oxygen singlet sensitization by the complex
[113]. In contrast. higher gquantum yiclds 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},(TAPY; ', and Ru(bpy),(HAT 3",
{n=0, 1, 2. 3) [1)2.46]. 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, 10 a final strand break [114].

On the other hand, experiments with *P-labelled oligonucicotides 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
obscrved 1n those studics indicate the tris-chelated character of the aew metallic
product formed upon uradiation. On the other hand, dialysis experiments indicate
that these photoproducts correspond to photeadducts covalently bound to the DNA,
as they are retained in the dialysis bag [46.103]. Such photouadduct 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
arc produced with both double-stranded and single-stranded oligonucleotides {103}
It 1s proposed that the adduct results from the reaction of the monoreduced complex
with the guaning radical [45]. as shown in the Tollowing equations for Ru{ TAP)”

Ru(TAP); +G+iv—Ru(TAPL{TAP } 4+G -~ (6)
G T -G(—-Hy +H” (7
Ru{TAPI{TAP " +H" S>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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the one produced with GMP. the studies aiming to determine the structure of this
photoproduct have been conducted first on the Ru{TAPY™ GMP system. After
isolation of the photoadduct from the irradiated mixture with GMP. the nibose-
phosphate group has been removed by acid treatment and the resulting compound
characterized by NMR and clectrospray mass spectrometry [115]. The corresponding
structure, given in Fig. 11. shows that the guanine is covalently linked to the complex
through the exocvelic NH; group of the base anchored to the « position of 4 non-
chelated nitrogen of one of the TAP ligands.

More recently. photoadducts resulting from irradiation of Ru(bpyH{TAP "
the presence of DNA have been solated after enzymatic and acid hydrolyuc treat-
ments of the photosensitized DNA {116]. Two isomers are formed. both resulting
from the bonding of the exocyelic amino group of the guanine to one of the TAP
hgands, as shown in Fig. [2. Note that the anchoring via the NH, position s
consistent with an interaction of the complex n the minor grooves of the helix.

4.3 Modlation of the interaction with DN 4

4.3.1. Complexes displaving no interaction

As mentioned in the introduction of this chapter, changes of the ligands coord:-
nated to the metal centre do not only modify the redox properties of the resulting
complex, but aiso influence the mteraction of the metal compound with DNA,
Ru{Me, TAPYK ™ (see Fig. 13) represents o typical case illustrating (his point [46].
This compound behaves indeed as Ru(TAP)3 ™ i we compare the reduction poten-
tials of their *MLCT states { Table 13, or if we consider the quenching rate constants
¢ Table 21 obiained for both complexes with hyvdrogumone or GMP as reductants
{sece alse the PEC scctiony. However. despite an inhibition of the exaited

Fig, 11, Stracture of the photeadduct formed under irradiznon of Rui TAP): and OMP. aler 1O
trankment 16 remove the ribose-phosphate,
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Fig. 12 Structures of the phowadducts formed under irradiation of Ru{bpy ) { TAPI: * in the presence of
DNA. afier enzvmaiic and ackd hyvdrodyiic ireatments of the photasensitized DINAL

Ru(TAP),(DIP*)*

[Ru(phen), 1,(HATY*

fig. 13 Structure of complexes exhibiting special inweractions with 1INAL
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Ru(Me,TAP)1~ 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 altributed to a poor nteraction with the
polyaucleotide. resulting from steric hindrance of the methyl groups with the double
heiix backbone.

4.3.2. Complexes with extended planar Higands

Although the photo-oxidizing power of the Ru{ 1) complexes involved i electron
transter causing DNA damages makes them attractive for different applications {sec
further). several problems related to these complexes remain to be sobved. For
example their relutively weak binding constanis to DNA represent limiting fuctors
preventing thetr direct application in biology. One strategy allowing us to solve this
problem consists in preparing complexes which are able to intercalate one of thew
igunds between the base pairs of the DNA double helix. This approach led 1o the
preparation of an extended planar higand. the dipyvrido3.2-4:2".3~¢|phenazme or
DPPZ [41]. and the corresponding Ru(bpy,phen),{ DPPZ)Y~ complexcs [117 124].
However, even if it has been demonstrated that these complexes display a high
affinity lor DNAL they are not photoreactive versus DNAL Indeed they are not
sufticiently oxidant in their excited states to induce a photoelectron transfer m the
presence of monenucleotides or polynucleetides. Therefore. in order to combine in
the same complex the intercatation ability with & high photo-oxidizing power, other
compiexes have been synthesized. such as Ru{BPZ TAP){DPPZ )" [125.126],
Ru{phen),(PHEHAT "~ [38] and. very recenily. Ru{TAPL{PHEHATY ™ [i27]
{Fig. 13).

For the RutBPZ:TAP)L{DPPZ}?" compounds, the photoreactivity originaics
from the introeduction of two m-acceptor TAP or BPZ ligands. while keeping a
good interaction  wvia  the extended DPPZ  intercalator [33.123]. For
Ruiphen),{ PHEHAT ¥ ", it has been shown that the PHEHAT ligand confers 1o
the complex a very high afflinity for the DN A double helix, Moreover. flash photolysis
cxperiments have demonstrated that this bgand makes the complex sufficiently
oxidizing in the exeited state to abstract an electren from GMP (Fig 4(b)) [38].
However, the oxidation process of guamines has not been observed with DNAL
This situation is thus similar to that described above for Ru{TAPY ' and
Ru{TAP){HAT " with AMP versus [polv(dA dT3), [128]. In order to make the
PHEHAT complex more oxidizing tn #s excited state, the nature of the anciliary
ligands has been changed. The rtesulting Ru{TAP)}(PHEHAT)®™ complex has
proven to be i good photorcagent versus DNA as its luminescence & strongly
quenched upen additton of mercasing amounts of DNA [129]. Moreover this photo-
oxidizing complex shows. as expecied for o complex based on an extended planar
Ligand. a high aflinity for DNA. In other words, this new complex combines the
interaction cfticiency with the photoreactivity versus DINA,

4.3.3 Anchoring of complexes to svnthetic ofigonucleotides
In erder to target the interaction. and thus the formation of photoadducts. on
spectfic DNA sequences. photorcactive complexes have been chemically anchored
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to synthetic ohgonucleotides. This strategy has been adopted wath a TAP complex
which has been derivatized {see Fig. 13) and chemicallv attached. through the
S-position of a thymidine buse. lo an oligonucleotide sequence complementary to a
target sequence [33.126.130]. Very interestingly, it has been shown that the Tumines-
cence of the anchored complex is quenched when the Ru-derivatized oligenucleotide
is iybridized with the complementary sequence. and this only 1f the target sequence
contains guanines in the vicinity of the attached complex. This indicates that a
photoclectron transfer takes indeed place from those guanines 1o the attached excited
complex. Morcover. the existence of such a quenching process 18 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 resuits open interesting perspectives for the use of this tvpe of Ru(ll)
compounds as new unti-tlumour or anti-viral drugs, m the context of anti-gene angd
anti-sense strategies aiming to inhibit the expression of specific DNA and RNA
SequUences.

4.3.4. Bimetallic complexes

In order to improve the selectivity in the complex - DNA interaction. other rescarch
has been focused on the design of complexes which target particular DN A topologies.
In this context, the bimetallic complex based on the bridging HAT ligand [131.39].
already discussed 1n the previous sections. appears 1o be a novel, attractive and
interesting DNA photoreagent {see Fig. 13}, Indeed. {Ru{ phen},],HAT" " has been
shown to interuct 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 ol ils size the dinuclear complex cannot
penctrate inside the grooves of the normal DNA deuble hehix but. in contrast. the
denatured portions are acecessiblie to the dinuclear compeound. Moreover. its four
positive charges induce a tugh allinity for the DNA strands. [t has also been shown
by laser flash photolysis that the dinuciear complex undergoes o reductve quenching
process with GMP ( Fig. 4(ch) and guanine-containing polynucleotrdes. In correlation
with this clectroa transfer process u photoadduct has indeed been observed with
GMP. However. with DNA| probably because of imporiant 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 cerresponds to the illumination of the dinuclear complex with
denuatured DNA. In that cuse. as mentioned above. the complex can probably more
easily approach the nucleobases at the level of the denatvred portions and thus
produce a photoadduct.

In conclusion 1t seems that these bimetallic complexes enuld be wsed for the
deteetion of singie stranded [DINA portions in irrcgular DNA structures. This
Hlustrates another application of the complexes for DNA studies, 1. as molecular
tools in order 1o probe the DINA structures or opologies.
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5. Conclusion

In this review article, we have shown. for a serics of photo-oxidizing Rutll)
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, onc can casily
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 upplied in medical diagnostics, to detect special DNA topologies generated
by some mutations. Morcover. preliminary experiments have shown that some TAP
complexes are able to inhibat the transcription of DNA into RNA. 1n artificial
biological systems. These observations may thus leave hope for the use of such
compounds as anli-cancer drugs aclivated under vistble illumination.
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