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ABSTRACT: The covalent photoadduct (PA) between
[Ru(TAP)3]

2+ (TAP = 1,4,5,8-tetraazaphenanthrene) and
guanosine monophosphate (GMP) opened the way to
interesting photobiological applications. In this context, the
PA’s capability upon illumination to give rise to the addition of
a second guanine base is especially interesting. The origins of
these intriguing properties are for the first time thoroughly
investigated by an experimental and theoretical approach. The
PA’s spectroscopic and redox data combined with TDDFT
results corroborated with resonance Raman data show that the
properties of this PA (pKa around 7) depend on the solution
pH. Theoretical results indicate that the acid form PA.H+

when excited should relax to MLCT (metal-to-ligand charge
transfer) excited states, in contrast to the basic form PA whose excited state should have LLCT/ILCT (ligand-to-ligand charge
transfer/intra ligand charge transfer) characteristics. Ultrafast excitation of PA.H+ at pH 5.9 produces continuous dynamic
processes in a few hundred picoseconds involving coupled proton−electron transfers responsible for luminescence quenching.
Long-lived species of a few microseconds capable of reacting with GMP are produced at that pH, in agreement with the
formation of covalent addition of a second GMP to PA, as shown by mass spectrometry results. In contrast, at pH 8 (mainly
nonprotonated PA), other ultrafast transient species are detected and no GMP biadduct is formed in the presence of GMP. This
pH dependence of photoreaction can be rationalized with the different nature of the excited states, thus at pH 8, unreactive
LLCT/ILCT states and at pH 5.9 reactive MLCT states.

1. INTRODUCTION

Polypyridyl ruthenium complexes have been the focus of
numerous studies dealing with their photophysical and
photochemical properties for many years. Thus, since the first
studies of [Ru(bpy)3]

2+ (bpy = 2,2′-bipyridine),1−3 numerous
new ligands generating novel RuII complexes have been
prepared and used in various research fields such as solar
energy conversion,4 water splitting,5,6 molecular machines,7,8

and in biological applications.9−12 Among the various ligands
that have been developed not only for complexation with the
Ru ion but also with other transition metal ions, the TAP ligand
(TAP = 1,4,5,8-tetraazaphenanthrene) and derivatives have
been the subject of increasing interest in the literature during

these last few years.13−19 In spite of the TAP similarity with the
extensively used phen ligand (phen = 1,10-phenanthroline), the
two supplementary N atoms of TAP (Figure 1) are the origin
of its attractive properties in coordination chemistry as
exemplified also in the present work. Due to its enhanced π-
deficiency, the TAP confers to the corresponding complexes an
increased photo-oxidation power as compared to phen-
equivalent complexes. Therefore, in the presence of a reducing
agent this results in a photoinduced electron transfer (ET).
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More particularly in the area of biology, the Ru compounds
based on this TAP ligand are of peculiar interest.11,13−15,17,19 In
the presence of DNA,20,21 the ET process takes place between
the DNA guanine (G) bases and the complex under irradiation.
This photoinduced ET produces radical species that either give
rise to the back electron transfer (BET) process with
regeneration of the starting material or after several reaction
steps lead to a final photoproduct. This latter has been isolated,
and its structure has been determined.22,23 It corresponds to a
covalent adduct of one G base or guanosine monophosphate
(GMP) to the complex such as [Ru(TAP)3]

2+ (Figure 1a).
During several years, efforts have been focused on the use and
applications of this light-triggered reaction to target G bases of
a specific DNA sequence and, in this way, damage DNA at
specific sites.20,24

It has also been shown that when such a photoadduct is
formed at a G base of an oligonucleotide, further illumination
of this Ru-damaged oligonucleotide in the presence of its
complementary strand containing another G unit induces an
irreversible photo-cross-linking between the two strands.25 This
finding is extremely interesting since, thanks to these
photoprocesses, two complementary G-containing oligonucleo-
tides can irreversibly be linked together via a single Ru-TAP
complex.11,25,26 AFM studies have also shown that such photo-
cross-linkings can even occur between G bases belonging to
different portions of a DNA plasmid.11,26 These discoveries
have prompted us to try to understand the origin of such cross-
linking processes.
The mechanism of formation under illumination of the

monoadduct like the one in Figure 1b seems to be well-
understood presently. It involves a proton coupled electron
transfer (PCET) process from a DNA’s G base to the 3MLCT
(metal to ligand charge transfer) state of the complex.27 This
process is of course accompanied by a luminescence quenching
of the excited Ru-TAP complex. In order to obtain a photo-
cross-linking between two DNA strands, it could be imagined
that once the monoadduct is formed, its further irradiation
would give rise to another PCET from another G base
belonging to the other strand. However, this explanation could
not easily be compatible from the fact that when the
monoadduct is isolated, it is not emissive, suggesting that the
excited state lifetime is shortened by a quenching process. The

origin of this photo-cross-linking is thus rather intriguing.
Moreover, since this photoreactivity is characteristic of TAP
ligands, maybe it might be extended to complexes with other
metal ions. The investigation of the origin of this photoinduced
reactivity is thus important.
The goal of this work is, in a first step, to demonstrate the

formation of G biphoto-adduct, no longer by the occurrence of
oligonucleotides or DNA strands cross-linkings as explained
above but by detection of GMP biadducts upon illumination in
the presence of GMP. In a second step, we want to investigate
the behavior of the isolated monophoto-adduct (Figure 1b), in
view of understanding the origin of its nonemissive property
and, in spite of this, its photoreaction with GMP to form
biphoto-adduct. In this study, we have thus examined the
properties of the isolated monophoto-adduct PA (Figure 1b)
by a combination of experimental and theoretical approaches.
After examination of its spectroscopic characteristics and the
required conditions to obtain a biadduct from PA in the
presence of GMP, the rational interpretation of the spectral and
redox data needed a computer modeling study, corroborated
with resonance Raman data. Moreover, the excited state
dynamic processes from the femto- to the microsecond time
domain, in comparison with that of the reference [Ru(TAP)3]

2+

complex, highlight not only the origin of the absence of
luminescence of PA but lead also to rational explanations of the
pH conditions necessary to form the biadduct.

2. EXPERIMENTAL SECTION
2.1. Preparation of Photoadduct. In a triple wall Pyrex

photoreactor, [Ru(TAP)3]
2+ (100 mL, 5.6 × 10−5 M) in the

presence of a mixture of Na2GMP (2 × 10−3 M) and H2GMP
(2 × 10−3 M) (pH 6) was illuminated for 7 h, under an argon
atmosphere with continuous stirring, using a 250 W xenon
lamp (Phillips). The photoreactor was maintained at room
temperature by a continuous water flow around the lamp. The
photoreaction was followed by UV−visible absorption spec-
troscopy and analytical HPLC. The irradiation was stopped
after 7 h. The [Ru(TAP)3]

2+ complex was synthesized
following previous reports.28 All chemicals and solvents used
were of spectro-chemical grade. Water was obtained by a Milli-
Q system.

2.2. HPLC. HPLC analysis and purification were realized
using a modular Waters HPLC system based on a quaternary
2535 pump, a 2707 autosampler, a 2998 PDA detector, a 2475
fluorimeter, and a WFC-III fraction collector. The whole
system was controlled by Waters (Empower 3). The elutions
were performed on an Atlantis T3 column with an isocratic
water/acetonitrile 90−10 eluent containing 0.1% of TFA.
Semipreparative HPLC purifications were also performed using
the same elution mixture.

2.3. Steady-State Spectroscopy. The emission spectra
were recorded with a Shimadzu RF-5301PC and the absorption
spectra with a PerkinElmer Lambda 40 UV−vis spectropho-
tometer. The steady-state illuminations in the presence of GMP
were performed with a Thermo Oriel xenon lamp (500 W).
Water was allowed to circulate through an IR filter and a 0.2 M
NaNO2 solution was used to cut off the UV.

2.4. Voltammetry. Differential pulse voltammetry was
carried out on a gold working electrode (approximate area = 3
mm2), in dried acetonitrile with tetrabutylammonium hexa-
fluorophosphate (0.1 mol L−1) as the supporting electrolyte.
The potential of the working electrode was controlled by an
Autolab PGSTAT 100 (Eco Chemie B.V., Utrecht, The

Figure 1. Structure of (a) [Ru(TAP)3]
2+ and (b) its photoadduct with

GMP, PA = [Ru(TAP)2(TAP(GMP))])2+. The GMP motif is tilted to
form a hydrogen bond between the guanine unit (NH position 1) and
the nitrogen of the TAP(G) ligand (see below DFT calculations).
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Netherlands) potentiostat through a PC interface with a scan
rate of 100 mV s−1 between −2 and +2 V versus Ag/AgCl. The
counter electrode was a gold disk, and the reference electrode a
Leakless Miniature ET072 (EDAQ). All measurements were
performed in a single compartment cell and under argon.
2.5. Mass Spectrometry. MALDI mass spectra were

recorded using a Waters QToF Premier mass spectrometer
equipped with a nitrogen laser, operating at 337 nm with a
maximum output of 500 J m−2 delivered to the sample in 4 ns
pulses at 20 Hz repeating rate. Time-of-flight mass analyses
were performed in the reflectron mode at a resolution of about
10000 at m/z 500. The matrix, α-cyano-4-hydroxycinnamic acid
(CHCA), was prepared in water (20 mg mL−1). The matrix
solution (1 μL) was applied to a stainless steel target and air-
dried. Samples were dissolved in water (1 mg mL−1). One
microliter aliquots of these solutions were applied to the target
area already bearing the matrix crystals and then air-dried. For
the recording of the single-stage MALDI-MS spectra, the
quadrupole (rf-only mode) was set to pass ions from m/z 50 to
1500, and all ions were transmitted into the pusher region of
the time-of-flight analyzer where they were mass analyzed with
1 s integration time. Data were acquired in continuum mode
until acceptable averaged data were obtained.
2.6. Raman and Resonance Raman Spectroscopy. The

sample was placed on an inverted microscope (TiU, Nikon).
The Raman signals were collected and sent to a spectrometer
(iHR 320, Horiba) equipped with a cooled electron multiplying
charge-coupled device (CCD) camera (Newton 920, Andor).
The excitation light was delivered by cw diode and Ar lasers
and the power density used was ca. 1−10 kW cm−2. Each
spectrum was averaged 100 times, while the integration time
was set to 0.5 s.
2.7. Fluorescence Decays. The fluorescence decay time

constants were determined by TCSPC measurements, and the
setup has been described in detail previously.29 A time-
correlated Single Photon Counting PC module (SPC 830,
Becker & Hickl) was used to obtain the fluorescence decay
histogram in 4096 channels. The decays were recorded with 104

counts in the peak channel, in time windows of 20 ns
corresponding to 4.9 ps/channel and analyzed globally with
time-resolved fluorescence analysis (TRFA) software. The full
width at half-maximum (fwhm) of the IRF was typically on the
order of 40 ps. The quality of the fits was judged by the fit
parameters χ2 (<1.2), Zχ

2 (<3), and the Durbin Watson
parameter (1.8 < DW < 2.2), as well as by the visual inspection
of the residuals and autocorrelation function. All measurements
were performed in cuvettes with an optical path length of 1 cm
at an optical density of ca. 0.1 at the excitation wavelength of
395 nm.
2.8. Ultrafast Transient Absorption Spectroscopy,

Picosecond Time-Domain. The ultrafast transient absorption
experiments were carried out using an apparatus described
elsewhere.30 Briefly, 1 kHz Ti:sapphire laser system delivered
100 fs (0.8 mJ) pulses at 800 nm. The excitation pulses were
obtained from an OPA (Palitra, Excel Continuum). Pump pulse
energy at the sample was about 3 μJ with a diameter of about
0.5 mm (1.5 mJ/cm2). The white light continuum probe beam
was generated by focusing the fundamental beam in a 1 mm
CaF2 rotating plate. The pump−probe polarization config-
uration was set at the magic angle (54.7°), and the probe pulse
was delayed in time relative to the pump pulse using an optical
delay line. The white light continuum was split into a probe
beam (with pump) and a reference beam (without pump). The

transmitted light of the probe and reference beam was recorded
on two different channels of a multichannel spectrograph
equipped with a CCD camera (Princeton Instrument), and the
transient spectra were computed. The samples were placed in a
quartz cell with path length of 1 mm, and the studied materials
were diluted to get a concentration corresponding to optical
density of about 0.8 at the pump wavelength. Stability of the
sample was checked after each experiment. The instrumental
response function of about 200 fs was estimated measuring the
stimulated Raman amplification signal from the solvent. All
experimental data were corrected from the group velocity
dispersion, and global decay analysis (using Igor Pro 6.20) was
applied to get time constants for the transients.

2.9. Transient Absorption Spectroscopy, Nano- and
Microsecond Time-Domain. Nanosecond laser flash photol-
ysis setup was described in detail elsewhere.31 Briefly, the
excitation pulses (fwhm ∼4 ns, 1 mJ, 0.5 Hz) were provided by
a 10-Hz Nd:YAG laser coupled to an OPO. The probe light
was provided by a pulsed Xe lamp. The transmitted light was
dispersed by a monochromator and analyzed with a photo-
multiplier coupled to a digital oscilloscope. The recorded traces
were averaged for several pulses and repeated for different
wavelengths to reconstruct the spectra afterward. The
deconvolution procedure of the individual decays with an
experimentally measured instrument response function for
single wavelengths analyses of the transient absorption data
were performed using Igor Pro 6.20. Samples were contained in
a quartz cell (10 × 10 mm) at an adjusted concentration
corresponding to optical density about 0.5 at the pump
excitation wavelength. The solutions were deoxygenated by
bubbling argon for at least 20 min before the measurements.
The same setup was used to record the luminescence decays in
nanosecond and microsecond timescales.

2.10. Quantum-Chemical Calculations. The ground-
state geometry of the RuII complexes has been optimized at the
density functional theory (DFT) level. The chosen exchange
correlation functional is the widely used B3LYP functional in
view of its good compromise between accuracy and computa-
tional cost; the basis set for the description of the electrons of
nonmetallic atoms is 6-31G**, while the LANL2DZ basis set
has been used for the ruthenium center. The energies and
nature of the electronic orbitals as well as the characterization
and nature of the excited states involved in the absorption
spectra rely on time-dependent density functional theory (TD-
DFT) calculations performed on the basis of the optimized
ground-state geometries, using the same functional and basis
set. The PCM (polarizable continuum model) scheme has been
coupled to all DFT and TD-DFT calculations to account for
solvent (water) effects. Within this model, the solute is
embedded in a shape-adapted cavity surrounded by the solvent
implicitly described by a dielectric continuum, which is
characterized by a dielectric constant (ε = 78.4 for water). All
the calculations were performed with Gaussian 09.32 The red/
blue [yellow/green] isosurfaces of Figure S8 (panels d−f) of
the Supporting Information have been generated by the Jmol
program33 by combining for each atom the LCAO coefficients
in all the occupied [unoccupied] molecular orbitals involved in
the TD-DFT description of the excited state and their weights
in the wave functions.34

3. RESULTS AND DISCUSSION
3.1.a. Photosynthesis, Isolation, and Spectroscopic

Characterization of the Monophoto-Adduct (PA). The
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photoadduct [Ru(TAP)2(TAP(GMP))]2+ (Figure 1b) (PA)
was prepared by photosynthesis from [Ru(TAP)3]

2+ with
GMP. A pH lower than 7 was necessary because at a higher pH
PA was not formed. Therefore, a pH of 5.9 was chosen for the
present PA photosynthesis. Moreover, an argon atmosphere
was required to avoid the presence of secondary oxidized
products.35 The targeted [Ru(TAP)2(TAP(GMP))]2+ was
separated with difficulty from the starting complex [Ru-
(TAP)3]

2+ by successive cation-exchange column chromatog-
raphies. Semipreparative HPLC purifications were also needed
to remove the excess of GMP and the starting complex from
the desired PA.
Once isolated and purified, the absorption and emission

spectra of PA were recorded in a Tris buffer medium. As
previously observed, no emission or only an extremely weak
emission, depending on the prepared sample, could be detected
(Figure S1 of the Supporting Information).36 Unexpectedly, the
absorption spectrum of PA is pH sensitive (Figure 2a). At pH

lower than 5.9, the PA absorption in the visible range exhibits a
maximum which is slightly shifted to the blue relative to the
absorption maximum of [Ru(TAP)3]

2+, in agreement with the
spectroscopic signature reported for the formation of PA on
DNA.23 However, at pH 8, a shoulder appears around 490−500
nm. This pH dependence of the PA absorption indicates the
presence of an acid−base reaction. The evolution of the

absorbance at 370 and 490 nm allows the determination of a
pKa value around 6.8 (Figure S2 of the Supporting
Information). This pKa cannot correspond to the phosphate
group37 or the protonation of a TAP ligand, which occurs only
at much lower pH values.38 Therefore, it should correspond to
protonation of the PA’s guanine group. Thus, at pH around 6
and lower, mainly the protonated G group of PA should exist
(PA.H+), and at pH 8, mainly the basic form PA should be
present.39 It was also tested that neither protonated nor
nonprotonated PA was luminescent.

3.1.b. Evidence for Formation of a Biadduct under
Illumination. The isolated PA was also illuminated under
steady state conditions at pHs 5.9 and 8 in the presence of 10
mM GMP in order to detect the formation of biadduct from
the monoadduct PA. As shown in Figure 2b at pH 5.9, there is
a hyperchromic effect of the absorption spectrum as a function
of the illumination time. In contrast, there is no transformation
at pH 8 (Figure S3 of the Supporting Information). This is
consistent with the experimental condition needed for the
photosynthesis of monoadduct PA from the starting complex
[Ru(TAP)3]

2+. In order to confirm that a biadduct is potentially
obtained, MALDI mass spectrometry experiments have been
performed on the solution illuminated at pH 5.9 and 8. At pH
5.9, a signal at m/z 1370 confirms the presence of a biadduct
(Figure S4a of the Supporting Information), and interestingly,
in the spectrum at pH 8 (Figure S4b of the Supporting
Information), no signal around m/z 1370 mass range is
observed. To get more information on the structure of the
biadduct, tandem mass spectrometry analyses have then been
performed on the biadduct ions (m/z 1370) (Figure 3) and the
initial PA (m/z 1009) (Figure S4c of the Supporting
Information) for comparison purposes.
It has to be remembered that, as described previously with a

MALDI source,21 the ionized products involve at least two
competitive processes with production of two different singly
charged species: (i) a one-electron capture by the doubly
charged analyte, which generates in the present case, a radical
cation at m/z 1009 for PA, and m/z 1370 for the biadduct or
(ii) a one proton loss from a phosphate moiety, which gives rise
to a cation at m/z 1008 for PA and m/z 1369 for the biadduct
(Figure 3 and Figure S4c of the Supporting Information). It is
impossible to isolate the cationic from the radical cationic
counterparts prior to the MS/MS experiments. Therefore, the
spectrum in Figure 3 exhibits the fragmentations for the
biadduct singly charged species (at m/z 1369−1370). In that
case and by comparison with fragmentation of PA (Figure S4c
of the Supporting Information), the presence of two
consecutive ribose phosphate residue losses, generating m/z
1157−1158 and 945−946 ions, confirms indeed the presence
of two GMP residues. Interestingly, a 543 u loss, affording m/z
826 ions, is easily ascribed to the direct elimination of one
TAP(GMP) ligand. This observation leads thus to the
conclusion that two GMP moieties are present on two different
TAP ligands in the biadduct. However, we have also to note
that a more detailed analysis of this MALDI tandem mass
spectrum (Figure S5 of the Supporting Information) recorded
for the biadduct confirms the presence of another biadduct
isomer, bearing in that case the two GMP groups on the same
TAP ligand.
In conclusion, for the first time it is demonstrated by single

stage MALDI mass spectrometry and tandem mass spectrom-
etry that it is possible to photosynthesize a biadduct using PA
as reagent in the presence of GMP.

Figure 2. (a) Absorption spectra of [Ru(TAP)3]
2+ (orange) and PA or

PA.H+ at pH 5.9 (red), 7.4 (green), and 8.0 (blue) in H2O (0.1 M Tris
buffer); the ratio of absorbance at 500 nm versus 450 nm corresponds
to 0.23, 0.50, and 0.55 at pH 5.9, 7.4, and 8.0, respectively. (b) Change
of the absorption spectra of PA.H+ irradiated in the presence of GMP
10 mM at pH 5.9 during 4 h under argon.
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Moreover, as previously described for the photosynthesis of
PA from [Ru(TAP)3]

2+, the pH has to be lower than 7 for the
photoreaction of PA to proceed efficiently. It is also shown that
at least two types of biphoto-adducts are formed, one with one
GMP on two different TAP ligands and one with the two GMP
on the same TAP ligand. The following study and discussions
deal only with the monoadduct PA.
3.2. Electrochemistry of PA. In view of further character-

izing the ground state properties of the PA, electrochemical
measurements were performed by cyclic voltammetry (CV) in
MeCN. Due to the rather poor solubility of PA in organic
solvents and the small amount at our disposal, the CV curves
were recorded with a miniaturized electrochemical cell (see
Experimental Section) by differential pulsed voltammetry
(Figure S6 of the Supporting Information). As the PA was
isolated from a mixture of water and MeCN, it is difficult to
know at this stage which PA species is present after dissolution
in MeCN (PA, PA.H+, or both). The potential values are
gathered in Table 1 together with those of the parent
[Ru(TAP)3]

2+ complex, measured in the same conditions.

Interestingly, two oxidation waves can clearly be detected
(Figure S6a of the Supporting Information), the first wave
appears at a slightly less positive potential than the one for the
oxidation of the Ru center in [Ru(TAP)3]

2+. This contrasts
with the normal single Ru2+/Ru3+ wave observed for most
mononuclear RuII complexes. The presence of these two waves

for PA indicates that in addition to the RuII center, another
species is also oxidized. It is obvious that the only difference
between [Ru(TAP)3]

2+ and PA is the presence of the G
substituent. Therefore, the supplementary anodic wave for PA
can only be attributed to the additional guanine base moiety. It
is difficult at this stage to assign the first oxidation to the Ru or
the guanine base. In reduction, PA exhibits three waves, the first
one at a potential slightly less negative than that for
[Ru(TAP)3]

2+.
In order to determine the origins of the differences in the

electrochemical data for PA and [Ru(TAP)3]
2+, as well as for

the spectroscopic data, (TD)DFT calculations have been
performed.

3.3. (TD)DFT Calculations and Comparison with the
Spectroscopic and Electrochemical Data. DFT calcula-
tions provide insightful information on PA such as the nature of
the electronic transitions associated with both the basic and
acid forms, the localization and energy of the most frontier
molecular orbitals, as well as the most favorable sites of
protonation and hence the structure of the resulting PA.H+.
First, the relative energies of different protonated PA species

were calculated in order to determine the most stable structure
and thus the most probable protonation site. For simplifying
the calculations, the sugar−phosphate group has been omitted,
as it is very likely that it would not influence the protonation
and electronic properties of PA. The results show that a
protonation at position 7 of the guanine unit (Figure S7 of the
Supporting Information) is by far more favorable by 11.1 kcal/
mol than a protonation at position 3. This protonation pattern
was the same as that calculated for isolated guanine in water.40

When flipping by 180°, the protonated guanine moiety of the
most stable conformer, the resulting structure (Figure S7d of
the Supporting Information) is destabilized by 7.9 kcal/mol.
This points to the importance of the hydrogen bond stabilizing
interactions between the hydrogen located on nitrogen 1 of the
guanine and the nitrogen of the TAP ligand in the most stable
conformer (Figure S7c of the Supporting Information).

Figure 3. MALDI tandem mass spectrum recorded for biphoto-adduct (m/z 1369−1370). Signals marked with a star are attributed to the
fragmentation of isobaric contaminations.

Table 1. Oxidation and Reduction Potentials of the Photo-
Adducta

complex Eox (V vs SCE) Ered (V vs SCE)

[Ru(TAP)3]
2+ +2.02 −0.75; −0.88; −1.10

photoadduct +1.96; +2.16 −0.69; −0.96; −1.14
aMeasurements in dried MeCN by differential pulsed voltammetry
(0.1 M TBAPF6 as supporting electrolyte; gold working electrode and
gold counter-electrode; Ag/AgCl electrode as reference; E0Ag/AgCl =
−0.019 V vs SCE).
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After determination of the protonated structure, TD-DFT
calculations were conducted on the PA, PA.H+, as well as on
the reference [Ru(TAP)3]

2+ complex in water. Interestingly, as
shown in Figure S8 (panels a−c) of the Supporting
Information, a very good match is obtained between the
experimental and calculated absorption spectra for the three
species. A bathochromically shifted absorption feature near 500
nm is clearly present for the calculated nonprotonated form of
PA (Figure S8b of the Supporting Information) as observed
experimentally at pH 8.0, whereas it is not present for PA.H+

(Figure S8c of the Supporting Information). This finding is
thus in full agreement with the change of absorption observed
as a function of pH (Figure 2a and Figure S2 of the Supporting
Information).
If we consider the localization of the different orbitals

involved in the electronic transitions (Table S1 of the
Supporting Information) for the three species [Ru(TAP)3]

2+,
PA, and PA.H+, and more particularly the HOMO−LUMO
transitions (Table 2 and Figure S8 of the Supporting
Information), the following conclusions can be drawn. For
the reference complex [Ru(TAP)3]

2+, obviously the most
bathochromic transitions correspond to MLCT transitions
(Figure S8d of the Supporting Information and Table 2). For
the basic form of PA, the lowest energetic transitions have a
ligand-to-ligand charge transfer (LLCT) character, with an
electron shift from guanine to the TAP ligands, and feature as
well an intraligand CT contribution (in TAP(GMP), ILCT,
Figure S8e of the Supporting Information and Table 2). These
CT transitions are responsible for the appearance of the
bathochromic shoulder at 500 nm at pH 8. In contrast, for the
protonated PA.H+ species, the absorption band, more energetic
than the CT transitions at pH 8, corresponds to a mixture of
MLCT transitions (Figure S8 (panels f1−f3) of the Supporting
Information and Table 2), with an extremely weak contribution
of LLCT. Thus, mainly MLCT transitions from Ru toward
TAPGH+ and TAP ligands are responsible for the most
bathochromic absorption. These results are important for the
assignment of the transient absorptions below.
On the basis of the relative energies of the HOMO and

LUMO levels of the three species (Table 2 and Table S1 of the
Supporting Information), conclusions concerning the electro-
chemical behavior described above can also be drawn. The
oxidation and reduction potentials in Table 1 would belong
more probably to the protonated PA.H+ species. Indeed the
HOMO level of PA.H+ is close to that centered on the RuII of
[Ru(TAP)3]

2+, in agreement with the small difference in the
oxidation potentials of the reference complex and protonated
PA, in contrast to a larger difference between the HOMO levels
of nonprotonated PA and [Ru(TAP)3]

2+. The second oxidation
wave could probably be attributed to oxidation of the GMPH+

substituent. Moreover, the LUMO level of PA.H+ is more
stabilized than that for [Ru(TAP)3]

2+ and for PA, in agreement
with the less negative reduction potential of the first reduction

wave measured for the photoadduct. Arguments are thus in
favor of the presence of PA in its protonated form in the
MeCN solution during the electrochemical experiments.

3.4. Resonance Raman Spectroscopy of PA. In order to
confirm experimentally the participation of LLCT and/or ILCT
transitions to the bathochromic electronic absorption of
nonprotonated PA at pH 8, resonance Raman (rR) spectra
were recorded at 532 nm, thus in the absorption shoulder of
nonprotonated PA (Figure 2a, blue curve). Moreover, rR
measurements were also performed at pH 7.4 and 5.9. For
comparison purposes, the rR spectrum of [Ru(TAP)3]

2+ at the
same 532 nm laser wavelength was recorded as well as the
Raman spectrum of GMP (at 473 nm) (Figure S9 of the
Supporting Information and Table 3).

It is first observed that for the same concentration, the
intensities of the frequency signals of the PA decrease with
decreasing the pH from 8.0 to 5.9 (Figure S9a of the
Supporting Information), which is in agreement with the blue
shift of the 500 nm absorption shoulder by protonation of PA.
A second observation (Table 3) is that some rR frequencies

of PA seem to be characteristic of the GMP substitution in PA,
such as 1071, 1269, and 1395 cm−1 as compared to 1075, 1267,
and 1390 cm−1, respectively, for the Raman frequencies of
GMP. This confirms thus the participation of the LLCT/ILCT
transitions.
Other comparisons of the rR spectra of PA with those of the

reference compounds are less obvious. Indeed the rR vibrations
of TAP in [Ru(TAP)3]

2+ at 532 nm are extremely weak (Figure
S9 of the Supporting Information), since this wavelength is in
the absorption tail of the MLCT transition Ru-TAP, which

Table 2. Characteristics of the First Three Calculated Excited Statesa

[Ru(TAP)3]
2+ PA PA.H+

ES λ (nm) (osc) type λ (nm) (osc) type λ (nm) (osc) type

1 438 (0.001) MLCT 505 (0.077) LLCT 437 (0.0037) MLCT
2 436 (0) MLCT 492 (0.040) ILCT 433 (0.0004) MLCT/LLCT
3 436 (0) MLCT 483 (0.008) LLCT 431 (0.0002) MLCT/LLCT

aEnergy (in nanometers), oscillator strength (in parentheses), and description of the first three calculated excited states for [Ru(TAP)3]
2+, PA, and

PA.H+ (B3LYP using water as solvent). For the PA.H+, the contribution of LLCT is extremely weak.

Table 3. Vibration Frequencies in Resonance Ramana

PA (pH 8) [Ru(TAP)3]
2+ GMP

rR (freq/cm−1) rR (freq/cm−1) Raman (freq/cm−1)

927
960
1022b 1015
1071b 1075
1136
1205b (1184 sh) 1221
1253
1269b 1267

1313
1355
1395b (1383 sh) 1390
1461b (1441 sh)b 1420 1481
1550

aComparison of the vibration frequencies in resonance Raman (laser
wavelength 532 nm) for PA at pH 8.0 and [Ru(TAP)3]

2+ and in
Raman spectroscopy (laser wavelength at 473 nm) for GMP.
bFrequencies similar to those of GMP and [Ru(TAP)3]

2+
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does not facilitate the comparison. Moreover, the PA could
exhibit some differences in the TAP vibrations due to a change
of symmetry in the molecule and a change of chromophore
(i.e., MLCT and LLCT/ILCT transitions). Taking this into
account, in the rR of PA, the 1022 and 1441 cm−1 signals could
be attributed to TAP ligand frequencies that appear at 1015 and
1420 cm−1, respectively, in the rR spectrum of [Ru(TAP)3]

2+.
In contrast, the 1205 and 1461 cm−1 signals in PA could be
assigned to the guanine, the frequency of which appears at 1221
and 1481 cm−1, respectively, in the Raman spectrum of GMP.
In conclusion, the TD-DFT calculations and rR spectroscopy

clearly support the data of absorption and voltammetry. As
both the protonated and nonprotonated forms of PA are
nonluminescent, both excited species have been further studied
in view of explaining the absence of luminescence and the
origin of formation of biphoto-adducts in the presence of GMP
(addition of a second GMP moiety to the PA). Therefore, both
forms of the photoadduct, PA and PA.H+, were examined by
laser-induced time-resolved spectroscopy in order to highlight
their similar or different behaviors.
3.5. Ultrafast Spectroscopy of the Reference Complex

[Ru(TAP)3]
2+. Before studying by ultrafast spectroscopy, the

PA/PA.H+, the reference complex (i.e., [Ru(TAP)3]
2+) was

examined. The photophysics of [Ru(TAP)3]
2+ has been well-

documented in the literature,11,41 at least in the nanoseconds
time-domain. This complex emits in water and in MeCN from
the 3MLCT state with a lifetime under an argon atmosphere of
223 and 68 ns, respectively.41 Although several works in
ultrafast spectroscopy have been conducted with [Ru-
(bpy)3]

2+,42−47 no studies have ever been performed until
now in the pico- and femto-second time-domain for the
[Ru(TAP)3]

2+ complex. These data are needed for a
comparison with the behavior of PA and PA.H+ in the same
timescale. The ultrafast transient absorption spectra from
excitation of [Ru(TAP)3]

2+ by a 100 fs pulse at 400 nm in
buffered aqueous solution are shown in Figure 4a.
Within the excitation pulse, a transient spectrum with three

different bands appears. A negative band in the 375−500 nm
region with a maximum at 440 nm corresponds to the
depopulation of the ground state, whereas two positive bands,
one below 375 nm and another one above 550 nm, are
attributed to the formation of excited states. Within 1 ns, the
UV positive band with a maximum at 340 nm decreases by
about 70% (Figure 4a and Table 4), and its decay is
characterized by a short minor time constant of a few
picoseconds and a major long one of several hundred
picoseconds (Table 4). During the first step, the maximum of
the band at 340 nm is slightly blue-shifted, which is assigned to
intramolecular vibrational relaxation (IVR) and vibrational
relaxation (VR) assisted by the solvent from vibrationally hot
excited states. The depopulation band (at 440 nm) and weak
positive band above 550 nm are characterized by the same time
constant values as observed for the 340 nm UV-band within the
experimental error (Table 4). This is confirmed by a global
decay analysis (Figure S10 of the Supporting Information).
Two time constants are thus retrieved from a single wavelength
fitting, 2.2 ± 0.8 ps (IVR/VR) and 633 ± 150 ps, respectively
(at 340 nm for example, Table 4). The error for the longer
component (633 ps) is intrinsic to the experiments. By single
photon counting experiments, a value of about 740 ± 50 ps was
determined (Figure S11 of the Supporting Information); taking
the errors into consideration, this value is in relatively good
agreement with the value found in absorption.

This several hundred picoseconds decay was unexpected. It
has to be underlined that, in contrast to the classical bpy ligand,
the TAP ligand possesses two additional nonchelating nitrogen
atoms that might be involved in H-bond formation with water
and buffer molecules.38 Moreover, the basicity of the TAP
ligand is enhanced in the 3MLCT excited state of the complex,
in which one TAP ligand bears a negative charge.38 The
transient which decays in about 700 ps could thus be attributed
to the excited 3MLCT state forming H-bonds with water/buffer
molecules due to the increased basicity upon excitation. This
process is accompanied by a decay to the ground state (see
depopulation band recovery in Figure 4 and Table 4), involving
vibronic coupling via the hydrogen bond (internal conversion,
IC)48,49 so that more or less 60% of the initially laser produced
excited states relax to the ground state. The 40% remaining H-
bonded excited species decay afterward in the nanosecond time
domain to the ground state in 223 ns. This is in full agreement
with previous data,38 showing that the luminescence lifetimes of
[Ru(TAP)3]

2+ measured in the nanoseconds timescale depend
on the buffer; the emission is quenched differently with a static
quenching contribution by different buffers for a same pH
value. We tried to confirm further this hypothesis by
conducting the same measurements with [Ru(TAP)3]

2+ in
acetonitrile and with [Ru(phen)3]

2+ in water, since this latter
complex should not be able to form H bonds because the
phenanthroline ligand has no free nonchelating nitrogen atoms.
As it is observed in Figure 4b, the long decay component

Figure 4. (a) Ultrafast transient absorption spectra of [Ru(TAP)3]
2+ in

H2O (0.1 M Tris buffer pH 7). (b) Normalized transient absorption
time profiles for [Ru(TAP)3]

2+ in H2O (at 340 nm, red),
[Ru(TAP)3]

2+ in MeCN (at 340 nm, blue), and [Ru(phen)3]
2+ in

H2O (at 330 nm, green).
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(around 633 ps) for [Ru(TAP)3]
2+ in buffered solution is quasi

absent in MeCN and does not exist for [Ru(phen)3]
2+ in water.

In conclusion, although an extremely weak decay contribution
is still detectable in MeCN (probably due to remaining water in
this solvent), the fact that (i) the 700 ps decay is absent for
[Ru(phen)3]

2+, (ii) it has almost disappeared in MeCN for
3[Ru(TAP)3]

2+, and (iii) the luminescence of the produced
species after the 700 ps process depends on the buffer
(concentration and type of buffer),38 confirms the possible
origin of this transient as H-bonded excited 3[Ru(TAP)3]

2+.
Scheme 1 could be proposed for the dynamic processes for
[Ru(TAP)3]

2+ in aqueous buffered solution.
3.6. Ultrafast Spectroscopy of the Photoadduct. The

decay analysis for the excited PA is even more challenging.
Indeed, taking into account the pH influence on the absorption

spectrum, at least two species PA and PA.H+ can be present in
the ground state. Of course, the pH medium can be adjusted,
but the pH window is rather limited for experimental reasons.
As mentioned above, at high pH values (pH > 8) dechelation of
the ligand from the metal center does occur. Moreover, at pH <
5, a protonation of TAP ligands takes place in the excited
state.38 Therefore, the analyses using a 400 nm pulsed
excitation were performed at pHs 5.9 and 8.0.50

3.6.a. Transient Absorption at pH 5.9. Similarly to the
[Ru(TAP)3]

2+ case, the transient absorption spectrum formed
immediately after femtosecond excitation (spectrum at 0.6 ps,
Figure 5a) is also characterized by three bands, two positive

Table 4. Time Constantsa

single wavelength fitting

complex solventb λ (nm) τ (ps) (amp)c

[Ru(TAP)3]
2+ H2O 340 2.2 ± 0.8 (0.0089)

633 ± 150 (0.0254)
>1000 (0.0147)d

440 2.9 ± 0.8 (−0.0032)
735 ± 150 (−0.0521)
>1000 (−0.0373)d

PA.H+ H2O 480 1.6 ± 0.3 (0.0036)
12.8 ± 3 (−0.0041)
159 ± 25 (−0.0216)
>1000 (0.0322)

D2O 480 1.5 ± 0.3 (0.0058)
20.4 ± 6 (−0.0081)
328 ± 40 (−0.0282)
>1000 (0.0401)

PA H2O 550 3.0 ± 0.4 (0.0041)
222 ± 40 (0.0027)
>1000 (0.0135)

D2O 550 3.2 ± 0.6 (0.0028)
258 ± 40 (0.0028)
>1000 (0.0123)

aTime constants obtained by fitting the kinetic traces recorded in
femtosecond transient absorption experiments for [Ru(TAP)3]

2+, PA,
and PA.H+. bSamples were dissolved in aqueous TRIS buffered
solutions with pH and pD 7.0 for [Ru(TAP)3]

2+, 5.9 for PA.H+ and
8.0 for PA. cEstimated error for the amplitudes is ±10%. See the
Supporting Information for all the global analyses. dThe long
component was fixed during the fitting procedure to the value of
223 ns, which was obtained from nanosecond experiment.

Scheme 1. Dynamic Processes for Excited [Ru(TAP)3]
2+; “Hot” for Vibrationally Excited States

Figure 5. Ultrafast transient absorption spectra of PA.H+ at pH 5.9
recorded (a) from 0.6 to 10 ps and (b) from 10 ps to 1 ns after the
pulse. (c) Evolution of the transient absorption signal at 480 nm up to
1 ns (inset: from 0 to 30 ps). Fitting according to a multiexponential
function with time constants of 1.6 ± 0.3, 12.8 ± 3, and 159 ± 25 ps.
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bands for the formation of photoexcited states and the negative
depopulation band of the ground state. However, instead of a
very weak positive absorption at wavelengths >550 nm
observed for [Ru(TAP)3]

2+, the visible positive band for
PA.H+ starts from 475 nm with a maximum at 490 nm and a
broad shoulder from 550 nm. Such a difference is assigned to
the presence of the G unit in the photoadduct structure. Within
a few picoseconds, a short decay of the entire spectrum is
observed and attributed to the combination of cooling
processes (IVR and VR in comparison with [Ru(TAP)3]

2+)
and relaxation to the ground state (IC) because the
depopulation band is decreasing (Figure 5a and Table 4).
Afterward, while the positive absorption band around 340 nm
and depopulation band around 375 nm remain quasi constant,
the band centered at 490 nm increases in a few hundred
picoseconds. Moreover, this increase is accompanied by a blue
shift of the maximum to a value of 480 nm, and at the same
time, by a decrease of the depopulation band at around 450 nm
due to a strong overlapping with the increasing of the 480−490
nm band (Figure 5b). The final spectrum at 1 ns remains
unchanged and is similar to the one obtained by nanosecond
transient absorption experiments (vide infra). The single
wavelength fitting at 480 nm gives three time constants, one
decay (1.6 ps) and two growing ones, 12.8 and 159 ps (Figure
5c and Table 4). As it can be seen in the decay associated
spectra obtained by global analysis (Figure S12 of the
Supporting Information), the shorter growing time constant
has a minor contribution, and its maximum is shifted in
comparison to the major long decay. Such biexponential fit is
characteristic of a growing band concomitantly with a shift of its
maximum, and only the main contribution time constant will be
taken into account for this step of growing absorption.51 Since
at pH 5.9, the excited state should mainly correspond to the
protonated excited PA.H+, after relaxation of this state, some
proton transfers could be imagined for the next steps.
Therefore, we performed the same time-resolved experiments
in heavy water D2O at pD 5.9 in order to test whether the
transient exhibit an isotopic effect. This is indeed the case since
the time constant increases from 159 to 328 ps (Figures S13
and S14 of the Supporting Information and Table 4). The
initial protonated excited state PA.H+* is thus transformed into
other species involving proton transfer(s) and giving rise to a
continuous absorption band shift during continuous dynamic
processes within a 1 ns time-window without repopulation of
the ground state of the starting complex.
On the basis of the TD-DFT calculations (Table 2, Table S1

and Figure S8 of the Supporting Information), mainly two
different MLCT electronic transitions are involved in the visible
absorption of PA.H+. As is generally accepted for the Ru

complexes that the MLCT character in absorption is kept in
emission, we could infer from these theoretical data that the
lowest relaxed protonated excited states should correspond to
3MLCT states. Therefore, following the cooling processes and
some relaxation to the ground state in 1.6 ps (in H2O),
depending on the localization of the excited electron on one or
the other ligand in the excited protonated 3MLCT states, two
possible states could be produced, one with the electron on a
TAP ligand (Scheme 2, eq 6) and another with the electron on
the TAP bearing the GMP unit (Scheme 2, eq 6′).
The following reaction steps after population and relaxation

of the 3MLCT excited states could be proposed (see Scheme
2). (i) In eq 6 or 6′, the TAP•− motif of the excited state is
rather basic (see pKa* of the excited Ru-TAP complexes).38

Therefore, due to this sudden increase of local basicity, a
proton transfer (PT) could take place from the protonated
guanine group GH+ to the TAP•− motif (eq 7 or 7′). (ii)
Thanks to this deprotonation in the excited state (thus thanks
to the acid−base reaction in the 3MLCT excited states), the
deprotonated G substituent would then behave as an electron
donor versus the oxidizing RuIII center of the 3MLCT states.
This would result into an intramolecular electron transfer from
G to RuIII (eqs 8 and 8′) most probably accompanied by
deprotonation of the G radical cation (PCET, see also below).
These processes would thus be responsible for the
luminescence quenching of the 3MLCT excited states.
The reactions 7−7′ to 8−8′ would constitute continuous

dynamic processes taking place in 159 ps (328 ps in D2O) with
a continuous blue shift of absorption without restoration of the
starting material. At the end of these transformations (1 ns)
long-lived radical species like those formed in eqs 8−8′ and
observed in the nanosecond time domain (see below) would be
formed.
In favor of these hypotheses, the following independent data

can be cited. (i) The resemblance between the transient
spectrum in Figure 5b with the one obtained in the past for the
“classical” intermolecular photoelectron transfer between
excited [Ru(TAP)3]

2+ and free GMP as electron donor (see
Introduction) is striking (Figure S15a of the Supporting
Information).52 Of course, in this latter case of intermolecular
reaction, the electron transfer quenching is slow because it is
diffusion limited (kET > 109 s−1). Importantly, in that case, the
transients in the hundred microseconds time domain had been
unambiguously assigned to the reduced protonated complex
and deprotonated radical cation of the GMP guanine (thus two
solvated radicals, Figure S15b of the Supporting Information).
These radical intermediates have a strong resemblance with

the proposed biradical produced in eqs 8−8′, except that in this
case the processes are intramolecular. (ii) In another case, the

Scheme 2. Dynamic Processes for the Excited PA.H+
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Ru-TAP complex intercalated in a DNA helix where the
diffusion step is absent, the characteristic time constant for the
electron transfer from a DNA guanine base to the excited
complex corresponds to 480 ps.27 Because of an isotopic effect,
this process was proposed to be kinetically coupled to
deprotonation of the guanine radical cation. Therefore, in the
present case, the same kinetically coupled process is considered
in eqs 8−8′. (iii) The triggering event for the continuous
reactions from 6−6′ to 8−8′ with luminescence quenching
would thus be the deprotonation of the GH+ substituent of the
excited PA.H+. Indeed, a direct electron transfer (ET) from
GH+ would not be possible because an ET from a GMP
guanine to the excited complex is already very weakly exergonic
(ΔG0 = −0.07 eV),20 thus an ET process from a protonated
guanine would have still a lower probability to occur.
In conclusion, by population of the excited 3MLCT states of

PA.H+, an acid−base reaction would take place in the excited
states, triggered by the basicity of the produced TAP•‑ motif.
This leads to a continuous transformation with quenching of
the excited states with a time constant of 159 ps (328 ps in
D2O) and with formation of the proposed ground state long-
lived biradical species (eqs 8−8′). Moreover, these continuous
processes would include two intracomplex proton transfers (or
transfer via water molecules) in agreement with the isotopic
effect. This whole scheme would thus explain the absence of
luminescence of the photoadduct at pH 5.9.
3.6.b. Transient Absorption at pH 8.0. At pH 8.0, mainly

the deprotonated form of the photoadduct should be present.50

Since there is a bathochromic shoulder around 500 nm in the
electronic absorption spectrum, excitation wavelengths in this
region could be used. However, the 400 nm excitation was
preferred because of a higher molar absorption coefficient at
that wavelength and because excitation around 500 nm
prevents transient absorption kinetic analyses at 480 nm,
which is a key wavelength for the transients detection.
Figure 6 (panels a and b) shows the transient absorption

spectra recorded at pH 8.0 as a function of time. The spectra
and dynamic behavior are different from those at pH 5.9.
Whereas at pH 5.9 a strong absorption band appears at 490 nm
within excitation and increases in 159 ps, only a broad band at
wavelengths >525 nm with a maximum around 550 nm is
observed at pH 8.0. This band disappears in two steps, a first
one in a few picoseconds and a second one in a few hundred
picoseconds concomitantly with the decay of the band at 350
nm and the depopulation recovery. After 1 ns, a very weak
remaining absorption is still observable with a slight maximum
at 480 nm.
On the basis of the pKa of the PA and the above data for the

protonated photoadduct, it is probable that this remaining
spectrum at pH 8.0 could be assigned to the PA.H+

photoproducts. Indeed, some participation (less than 10%) of
the protonated species can still be excited at pH 8.0. Kinetic
analyses (Figure 6c, Table 4 and Figure S17 of the Supporting
Information for D2O) at 550 nm as well as global analysis
(Figure S16 and Figure S18 of the Supporting Information)
give two time constants of 3.0 and 222 ps, which are almost
nonsensitive to D2O (3.2 and 258 ps). The first time constant is
assigned to vibrational relaxation and internal conversion to
ground state as depopulation recovery is observed. On the basis
of the TD-DFT calculations (Table 2 and Table S1 and Figure
S8 (panels b and e) of the Supporting Information), the few
hundred picoseconds decay (222 ps) is assigned to relaxation of

the lowest CT excited states (i.e., LLCT and/or ILCT excited
states).

3.7. Nano- and Microsecond Time Resolved Spectros-
copy of the Photoadduct at pH 5.9 and 8.0. According to
the conclusions in ultrafast spectroscopy, the process of 159 ps
(328 ps in D2O) at pH 5.9, responsible for the quenching of the
excited states, would give rise to biradical species, [RuII(TAP)-
(TAPH•)(TAP(G(-H))•)]2+ and [RuII(TAP)2(TAPH

•(G(-
H))•)]2+ (eqs 8−8′). In order to investigate the slower
processes characterizing the reactivity of these species,
nanosecond transient absorption measurements have also
been carried out.
At pH 5.9 with PA.H+, a very long and weak transient is

observed as a positive signal at 480 nm and depletion around
400 nm, from 10 ns until a few microseconds (Figure S19 of
the Supporting Information).53

The spectra are similar to those of Figure 5b, except the
presence of a very weak negative signal with a maximum around
625 nm, attributed to emission of contaminating [Ru-
(TAP)3]

2+.36 These long-lived microseconds radical species
could disappear by different possible inter- and/or intra-
molecular reactions according to complicated kinetics. As noted
from the remaining permanent absorption, the reactions of
these radicals lead to final stable products (black curve in Figure
7). Interestingly, these long-lived species disappear more
rapidly in the presence of added 10 mM GMP (red curve in
Figure 7). Because these radical species are the only long-lived
transients at pH 5.9 that are able to react with free GMP, it is

Figure 6. Ultrafast transient absorption spectra of PA at pH 8.0
recorded (a) from 0.6 to 12 ps and (b) from 12 ps to 1 ns after the
pulse. (c) Evolution of the transient absorption signal at 550 nm up to
1 ns (inset: from 0 to 30 ps). Fitting according to a multiexponential
function with time constants of 3.0 ± 0.4 ps and 222 ± 40 ps.
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proposed that they would be the origin of formation of the
biphoto-adducts. Independent results corroborate this hypoth-
esis; as mentioned above, two types of biphoto-adduct have
been detected by mass spectroscopy analyses from solutions of
PA illuminated at pH 5.9, one with two guanine units
covalently attached to the complex via two different TAP
ligands and one where the two guanine moieties are on the
same TAP ligand (Figure 3 and Figure S5 of the Supporting
Information). Thus, this would mean that species like those in
eqs 8−8′ (i.e., [RuII(TAP)(TAPH•)(TAP(G(-H))•)]2+ and
[RuII(TAP)2(TAPH

•(G(-H))•)]2+) could be the reactive
intermediates which react with GMP to produce irreversible
biphoto-adducts from the monophoto-adduct PA.H+.
In contrast, at pH 8.0, from the nanosecond to the

microsecond timescale, no transient can be detected. This is
in agreement with the fact that the nonprotonated PA has other
types of lower excited states (i.e., LLCT/ILCT states), which
do not lead to intramolecular proton and electron transfer
processes but simply decay to the ground state.

4. CONCLUSIONS
Thanks to a combination of different experimental and
theoretical approaches, we succeeded in getting a deep insight
in the photophysical processes underlying the behaviors of the
monophoto-adduct PA formed between [Ru(TAP)3]

2+ and a
guanine base (Figure 1). The fact that the pKa value of this PA
is close to 7 is physiologically important. Indeed, if the local pH
would be a bit lower or higher than 7, it will have important
consequences on the biadducts formation with GMP or cross-
linking with G-containing DNA as mentioned in the
introduction. A pH < 6 is essential for producing biadducts.28,54

The different results of this work demonstrate this very clearly.
Thus, the biadducts can be detected by mass spectrometry after
irradiation at pH 5.9 and not at pH 8.0. Moreover, it can be
concluded that these pH conditions for the PA photoreaction
can also be fully explained by the PA photophysical scheme,
which depends on the pH value.
At pH > 8, the nonprotonated PA has lowest excited states

corresponding to LLCT/ILCT states that control their
deactivation to the ground state. These excited states do not
lead to radicals that are reactive versus GMP and thus no
biadduct is formed. In contrast at pH < 6, PA.H+ is present. In
that case, after the excitation, MLCT excited states are
populated. These states give rise to continuous processes in

159 ps triggered by the enhanced basicity of the TAP•− motif in
the excited MLCT states of PA.H+. These processes occurring
inside the photoadduct explain not only the absence of
emission but also the reactivity versus GMP with production of
biadducts. It is interesting to note that in agreement with the
population of two types of MLCT excited states, based on the
results of the TD-DFT study, two different biadducts are
produced.
In conclusion, this PA study explains not only the

photoreactivity of the Ru-TAP complexes versus DNA but
also it constitutes to some extend a model study for electron
and proton transfer with Ru-TAP complexes and DNA.
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