[bookmark: _GoBack]pH dependence of the photoinduced electron transfer with [Ru(TAP)3]2+.
Ludovic Troian-Gautier†#, Epiphanie Mugeniwabagara‡#, Luca Fusaro‡, Cécile Moucheron†, Andrée Kirsch-De Mesmaeker†* and Michel Luhmer‡*
† Laboratoire de Chimie Organique et Photochimie, Université libre de Bruxelles, 50 av. F. D. Roosevelt, CP160/08, B-1050 Bruxelles, Belgium
‡ Laboratoire de Résonance Magnétique Nucléaire Haute Résolution, Université libre de Bruxelles, 50 av. F. D. Roosevelt, CP160/08, B-1050 Bruxelles, Belgium

KEYWORDS. Photo-CIDNP; NMR; Ruthenium; Polypyridyl; Polyazaaromatic; Reductive quenching

ABSTRACT. The quenching of the excited state of [Ru(TAP)3]2+ (TAP = 1,4,5,8-tetraazaphenanthrene) by guanosine-5’-monophosphate (GMP), N-acetyl-tyrosine (N-Ac-Tyr) and hydroquinone (H2Q) has been studied in aqueous solution over a wide range of pH including, for the first time, strongly acidic media. This quenching by electron transfer was examined by steady-state 1H photo-Chemically Induced Dynamic Nuclear Polarization (photo-CIDNP) as well as by more conventional techniques, among which pulsed laser-induced transient absorption and emission experiments. A deeper knowledge of the photochemical behavior of [Ru(TAP)3]2+ has been gained thanks to the combined use of these two approaches, photo-CIDNP and electronic spectroscopies, highlighting their complementarity. In contrast to what was believed, it is found that the protonated excited state of [Ru(TAP)3]2+ may give rise to an electron transfer with N-Ac-Tyr and H2Q. Such a photoinduced electron transfer does not occur with protonated GMP, however. 1H photo-CIDNP experiments are expected to be particularly promising for the characterization of the reductive quenching of excited ruthenium(II) polypyridyl complexes comprising several non-equivalent protonation sites.

Introduction. The majority of ruthenium(II) polypyridyl complexes studied so far exhibit a common deactivation pathway after photoexcitation with visible light.[1-3] This pathway converges to a triplet Metal to Ligand Charge Transfer  (3MLCT) excited state, which generally is a rather long-lived emitting state with a lifetime ranging from a few tens up to several hundreds of nanoseconds in neutral aqueous solution. This all-important 3MLCT excited state possesses both radiative and non-radiative decay channels but may also undergo thermal activation to a non-emitting triplet Metal Centered (3MC) state, leading to the dechelation of one ligand. Besides, ruthenium(II) polypyridyl complexes in the 3MLCT excited state exhibit enhanced redox potentials and, consequently, enhanced reactivity. For instance, those complexes comprising at least two π-deficient ligands, such as 1,4,5,8-tetraazaphenanthrene (TAP) or 1,4,5,8,9,12-hexaazatriphenylene (HAT), may photoreact with the guanine nucleobase as well as with the amino acids tyrosine and tryptophan.[4, 5] This photoreaction involves a photoinduced electron transfer (PET) from the biomolecule (the electron donor) to the excited complex (the electron acceptor) and may lead to the irreversible formation of covalent adducts.[4] The structure of several photo-adducts has been elucidated and, as illustrated in Figure 1 for the adduct between the complex [Ru(TAP)3]2+ and guanosine-5’-monophosphate (GMP), it involves a covalent bond in ortho-position of a non-chelating nitrogen atom (i.e. positions 2 or 7 of the TAP and HAT ligands).[6-8] It has been shown that the photoreaction between the complex [Ru(TAP)2(DPPZ)]2+ (DPPZ = dipyrido[3,2-a:2',3'-c]phenazine) and DNA not only involves an electron transfer but also a proton transfer.[9] Whether such a proton transfer takes place before, at the same time, or after the PET process is delicate to be established and remains unclear.[10,11] Related to this issue, it is worth noting that a recent study by ultrafast spectroscopy strongly suggests that the long-lived emitting excited state of [Ru(TAP)3]2+ in neutral aqueous solution is actually a H-bonded 3MLCT state formed in the ps time-domain.[12] 
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Figure 1. Structure of the complex [Ru(TAP)3]2+ (X = H) and structure of the corresponding photo-adduct with GMP, as determined after hydrolysis of the ribose phosphate group.[6] 

We have shown that the photochemistry of ruthenium(II) polypyridyl complexes can also been investigated by 1H NMR spectroscopy via steady-state Chemically Induced Dynamic Nuclear Polarization (CIDNP) measurements.[13] CIDNP refers to a non-Boltzmann nuclear spin state distribution in the diamagnetic products of radical reactions and is a consequence of hyperfine interactions in the radical-pair precursors.[14-17] The radical reaction of concern in photo-CIDNP studies with ruthenium(II) polypyridyl complexes is simply the dark back electron transfer. The corresponding radical-pair precursor thus comprises the mono-oxidized biomolecule (the radical cation of the electron donor) and the mono-reduced complex (the radical anion of the electron acceptor), which are produced by a PET process as described above. The readers are referred to our previous study for a detailed description of the processes that come into play in steady-state photo-CIDNP experiments with ruthenium(II) polypyridyl complexes.[13] This study dealt with the complexes [Ru(TAP)3]2+, [Ru(TAP)2(phen)]2+ and [Ru(phen)3]2+ (phen = 1,10-phenanthroline) in the presence of either GMP or N-acetyl tyrosine (N-Ac-Tyr). No 1H CIDNP effect was detected with [Ru(phen)3]2+ since this complex cannot photo-oxidize GMP nor N-Ac-Tyr. In contrast, 1H CIDNP effects were observed with the Ru - TAP complexes and both biomolecules, being evidence of the occurrence of a PET in each case. The photo-CIDNP effects measured for the complexes were rather weak but, very interestingly, they revealed the unpaired electron density in the transient mono-reduced complexes and the experimental results were found to be in excellent agreement with density functional theory (DFT) calculations.[18] With the heteroleptic complex [Ru(TAP)2(phen)]2+, the data indicated that the unpaired electron is localized on the TAP ligand and not on the phen ligand. Furthermore, with both [Ru(TAP)2(phen)]2+ and [Ru(TAP)3]2+, the results showed that the unpaired electron is primarily localized in the vicinity of positions 2 and 7 of the TAP ligand, suggesting that 1H CIDNP measurements allow the prediction of the site(s) of irreversible covalent bonding in the photo-adducts. 
Photo-CIDNP remains an unconventional experimental approach and proved to be very informative for the characterization of mono-reduced Ru-TAP complexes. Our previous photo-CIDNP study was carried out in deoxygenated aqueous solution at pH 7.[13] Hence, considering the importance of the protonation state of the species involved in a PET process, we decided to investigate the pH effect on the photochemistry of the complex [Ru(TAP)3]2+ and this with three different electron donors: GMP, N-Ac-Tyr and hydroquinone (H2Q). Herein, we report the results of steady-state 1H photo-CINDP and luminescence measurements as well as pulsed laser-induced transient absorption and emission experiments in deoxygenated aqueous solution at pH values ranging between about 0.5 and 8.[19] Relevant pKa data are given in Table 1. It is noteworthy that the pKa of the excited complex, the pKa of the ground state monoreduced complex, as well as the pKa of the guanine imidazole ring are within the investigated pH range. 

Table 1. Relevant pKa data in aqueous solution (H2O) for the Ru-TAP complex and for the electron donors.
	[Ru(TAP)3]2+
ground state
	[Ru(TAP)3]2+ * 3MLCT             excited state a
	[Ru(TAP)3]• + monoreduced complex
	GMP b
	N-Ac-Tyr c
	H2Q d

	-3.0 [20]
	3.5 (app)  5.0 (F) [20]  
	7.6 [21]
	2.4 , 3.2 [22,23]
	10.1 [24]
	9.9 [25]


(a) app = apparent pKa value, F = Förster’s pKa value. (b) pKa of the guanine imidazole ring. (c) pKa of the phenolic function. (d) pKa for the dissociation of a first hydroxyl group.
 


Experimental
Materials. [Ru(TAP)3]Cl2 was synthesized and purified as previously described.[26] N-acetyl-tyrosine (N-Ac-Tyr) and guanosine-5’-monophosphate (GMP) disodium salt were purchased from Sigma-Aldrich and used without further purification. Hydroquinone (H2Q) was purchased from Sigma-Aldrich and was sublimed prior to use. 4,4-dimethyl-4-silapentane-1-sulfonic acid sodium salt (DSS) was purchased from Riedel‑de Haën and was used as received. For the NMR measurements, a concentrated phosphate buffer (100 mM, pH ~ 7) was prepared in D2O using D3PO4 (Isotec) and NaOD (Sigma). Buffered aqueous solutions were otherwise prepared with Millipore Milli-Q water and phosphate sodium salts (Riedel-de Haën). The pH of the solutions was measured using a Consort P601 pH meter. For both the NMR and transient absorption measurements, the solutions were deoxygenated by bubbling with argon (Air Liquide, Belgium) for at least 30 min.
NMR measurements. Samples were prepared by mixing suitable volumes of aqueous (D2O) stock solutions of [Ru(TAP)3]Cl2, electron donor, DSS and phosphate buffer. The pH was adjusted at the desired value using NaOD or DCl; it was not corrected for deuterium isotope effect. D2O was then added to reach a volume of 600 µL and the following concentrations: ~  0.1 mM [Ru(TAP)3]Cl2, ~ 2 mM electron donor, 0.2 mM DSS and 10 mM phosphate buffer. A different sample was prepared for each pH value. It was transferred into a standard 5 mm NMR tube and thoroughly deoxygenated prior to careful introduction of the optical fiber and sealing with Parafilm. 
The NMR measurements were carried out at 298 K on a 600 MHz Varian VNMRS spectrometer equipped with a standard 5 mm Triple Inverse z-Gradient probe. The light source was a continuous wave argon ion laser (Innova 70C series laser model, Coherent) operating at 488 nm. A mechanical shutter controlled by the spectrometer was employed to produce light pulses. The samples were illuminated in the NMR magnet, from above, via a 1 mm diameter optical fiber positioned inside a coaxial insert (Wilmad WGS 5BL) whose tip was about 3 mm above the top of the NMR receiver coil.[27] The actual output power of the laser at 488 nm, ~ 2.6 W, and the output power from the optical fiber within the coaxial insert, (1.1 ± 0.1) W, were measured before each series of experiments. 
The pulse sequence used for the 1H photo-CIDNP experiments is depicted in Figure 2. The illumination period of 250 ms was followed by a delay of 10 ms prior to the non-selective 1H RF pulse and subsequent acquisition of the free induction decay (FID). The spectral width was about 16 ppm centered at the signal of the solvent (HDO).
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Figure 2. 1H NMR pulse sequence used for the photo-CIDNP experiments. The duration of the successive components is not represented on scale: the relaxation delay (13.7 s) is followed by (i) continuous-wave radio frequency (RF) irradiation for presaturation of the signal of the solvent (3 s), (ii) blue-light illumination for photo-CIDNP spectra (250 ms) or a corresponding waiting delay for control spectra,  (iii) a stabilisation delay (10 ms), (iv) high-power non-selective RF pulse (5.8 µs) and (v) acquisition of the FID (1.3 s). The sequence was repeated 12 times saving each FID separately. They were then summed up and processed to provide the final spectrum.

 1H longitudinal relaxation time (T1) measurements were performed using the same experimental setup as for the photo-CIDNP experiments and the standard inversion-recovery pulse sequence with a non-linear sampling of the magnetization recovery (18 recovery delays, tr , ranging between 5 ms and about 13 s; repetition delay = 23 s). 
[bookmark: OLE_LINK1]The processing of both the photo-CIDNP and inversion-recovery spectra comprised exponential apodization of the free induction decay (lb = 2 Hz), zero-filling (spectrum digital resolution of 0.07 Hz/point) and calibration of the chemical shift scale with respect to the methyl signal of DSS (0.00 ppm). The T1 data were determined by nonlinear least-squares analysis of the signal integrals according to the usual equation with three adjustable parameters, i.e. , where I° is the equilibrium integrated intensity and α is a constant (α was somewhat smaller than 2 as a consequence of experimental imperfections).
Flash Photolysis Measurements. The flash photolysis experiments were performed in a cross-beam configuration by using the excitation source composed of a frequency-tripled (355 nm) Nd:YAG Q-switched laser (Continuum Inc.) coupled with an optical parametric oscillator (Continuum Inc.) covering the wavelength region ranging from 410 to 2300 nm with a maximum pulse energy from 10 to 120 mJ depending on the wavelength. The average pulse duration was 5 ns. As a probe source, a 150 W, xenon arc lamp producing a continuous spectral distribution ranging from 190 to 2600 nm was used. The grating Czerny-Turner monochromator (Spectra Pro 2300i, Acton Research Corp.) was used for the spectral selection. The solutions were placed in a quartz cell of 10 mm optical path length for the analytical beam and 1 mL sample volume. The transient absorption spectra were measured in the 250-650 nm spectral range with a gated intensified CCD camera (PI- MAX, 1024x256 pixels, Princeton Instruments) coupled to a monochromator (the detection gate was 2 ns). The time delays for probing, following the laser excitation pulse, were controlled by a programmable time generator (Princeton Instruments). For kinetic analyses, the transient absorption traces at selected individual wavelengths were transferred through the same optical system and were detected by a photomultiplier (R928, Hamamatsu). The signal was recorded with a digital oscilloscope (HP 54200A), connected through the IEEE488 interface to a personal computer, and was averaged over at least 16 shots; baseline corrections were also introduced. Kinetic analyses of the absorption traces were performed by nonlinear least-squares regression modified by Levenberg-Marquardt algorithms. The ground-state absorption spectra were measured using a Perkin-Elmer (Lambda 40 or Lambda 45) UV/vis spectrometer. 
Stern-Volmer Measurements. Stern-Volmer measurements were performed under air in a quartz cell of 10 mm optical path length that was filled with 2 mL of solution buffered at the desired pH containing [Ru(TAP)3]Cl2 with an absorbance of 0.1 (about 10 µM), 150 mM NaCl, 10 mM phosphate and the quencher with a concentration of 20 mM for GMP and 25 mM for H2Q and N-Ac-Tyr. The quencher concentration was gradually diluted without changing the concentration of the other compounds. Emission spectra were recorded with a Shimadzu RF-5301 PC spectrofluorimeter equipped with a Hamamatsu R928 red-sensitive photomultiplier tube. The spectra were corrected for the instrument response.  The luminescence lifetime data were measured using the same excitation source and the same monochromator as described here above (see Flash Photolysis Measurements). The solutions were placed in a quartz cell of 10 mm optical path length. The signal at selected wavelength was analysed via a photomultiplier (R928, Hamamatsu). The signal was recorded with a digital oscilloscope (HP 54200A), connected through the IEEE488 interface to a personal computer, and was averaged over at least 16 laser shots. 
Results and discussion
Photo-CIDNP results. Photo-CIDNP experiments were carried out at 600 MHz and 25°C for a total of 26 freshly prepared samples (see the Experimental section). At least three 1H NMR spectra were recorded for each sample: a first spectrum without sample illumination (first “dark spectrum” referred to as D1), a spectrum with blue-light illumination (spectrum L1) and a second spectrum without sample illumination (spectrum D2). For illustration purposes, the region of the 1H NMR spectra showing the signals of [Ru(TAP)3]2+ is displayed in Figure 3 for the sample containing H2Q at pH 4.8. As expected, the equilibrium spectrum D1 exhibits three signals of equal integrated intensity (Figure 3a). In contrast, signals of unequal intensity are observed in spectrum L1 (Figure 3b). With respect to spectrum D1, the integrals indicate that spectrum L1 exhibits positive photo-CIDNP enhancements of about 30 % for both signals H-3,6 and H-9,10 (see Figure 1 for numbering) while a much stronger effect of 170 % is observed for signal H-2,7 (in the following, photo-CIDNP enhancement and photo-CIDNP effect are used in an equivalent manner). Note that sample illumination did not cause significant signal broadening. The integrals observed in spectrum D2 (Figure 3c), which was recorded without illumination immediately after spectrum L1, are once again equal and are not significantly different from the values observed in spectrum D1. 
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Figure 3. 1H NMR signals of [Ru(TAP)3]2+ observed for the sample containing H2Q at pH 4.8 (see Figure 1 for signal assignment): (a) equilibrium spectrum D1 recorded without illumination, (b) spectrum L1 obtained with blue-light illumination and (c) spectrum D2 recorded without illumination immediately after spectrum L1.

Qualitatively similar results were obtained with H2Q in the whole range of pH investigated, as well as with GMP and N-Ac-Tyr at 3 < pH < 6 (see further). However, with these two electron donors, significant broadening was observed at pH ≥ 6 for the signals of [Ru(TAP)3]2+ and only for these signals (not for the signals belonging to the electron donors). Photo-CIDNP extinction, i.e. attenuation of the photo-CIDNP effects upon repeated sample illumination, was also observed. The occurrence of signal broadening and photo-CIDNP extinction at pH 7 was reported in our previous work and is illustrated therein for the system [Ru(TAP)3]2+ - GMP.[13] Linewidth data measured in spectrum L1 for the singlet signal H-9,10 of [Ru(tap)3]2+ in the presence of N-Ac-Tyr and H2Q are plotted versus pH in Figure 4. As illustrated in the Supporting Information (SI), linewidth values on the order of 40 Hz were observed with N-Ac-Tyr above pH 7. 
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Figure 4. pH effect on the full linewidth at half-height observed in spectrum L1 for the signal H-9,10 of [Ru(tap)3]2+ in the presence of (a) N-Ac-Tyr and (b) H2Q. The linewidth measured at pH about 8 in the presence of N-Ac-Tyr is on the order of 40 Hz (see SI). The line broadening due to exponential apodization of the FID (lb = 2 Hz) is included.
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Figure 5. pH effect on the 1H photo-CIDNP enhancements observed for the complex [Ru(tap)3]2+ in the presence of (a) GMP, (b) N-Ac-Tyr and (c) H2Q.[28]  The absolute error on the enhancement data is estimated to be on the order of 10 %. For clarity reasons, the confidence intervals are only shown for the H-2,7 data. 
The photo-CIDNP enhancements measured at various pH are shown in Figure 5; they were calculated using the integral data from spectra D1, L1 and D2 according to equation 1. 
	photo-CIDNP enhancement (%) = 100×(IL1-ID)/ID   with   ID = (ID1+ID2)/2
	(1)


With the three electron donors used in the present work, the photo-CIDNP enhancements measured for H-2,7 are systematically greater than for H-3,6 and H-9,10. Independently of the pH, the unpaired electron density is thus primarily localized in the vicinity of positions 2 and 7. It must be stressed that this is consistent with the DFT predictions reported for the monoreduced complex [Ru(TAP)3]•+ but also for its protonated form [Ru(TAP)2(TAPH)•]2+.[18] The photo-CIDNP effects measured with the three electron donors exhibit other common features, which can be described as follows: weak or vanishing enhancements are observed at pH ≥ 7; they increase as the pH decreases and approach or reach a maximum at pH 5. However, the measurements reveal a striking difference at low pH. Indeed, the intensity of the photo-CIDNP effect measured for H-2,7 falls down below 20 % (Figure 5a) in the presence of GMP whereas similar enhancements of about 80‑90 % are observed in the presence of N-Ac-Tyr or H2Q (Figures 5b-c). Besides, the results indicate that the maximum effect observed for H-2,7 is larger with H2Q than with the other electron donors. Finally, as mentioned above, significant broadening of the 1H NMR signals of [Ru(TAP)3]2+ was observed at pH ≥ 6 with GMP and N-Ac-Tyr but not with H2Q. 

Photo-CIDNP enhancements at pH > 5 and signal broadening. There is no doubt that a reductive quenching of the 3MLCT excited state of [Ru(TAP)3]2+ by GMP, N-Ac-Tyr or H2Q takes place in neutral solution, as previously demonstrated by laser-induced transient absorption measurements.[9, 21] The observation of significant photo-CIDNP effects for 1H of these electron donors confirmed that a PET did occur in our experiments even when vanishing photo-CIDNP effects are detected for [Ru(TAP)3]2+. This is illustrated in the SI for the aromatic signal H-3,5 of N-Ac-Tyr at pH about 8, which exhibits a negative photo-CIDNP effect in agreement with literature.[13] The fact that decreasing 1H photo-CIDNP effects were detected for [Ru(TAP)3]2+ at pH > 5 is attributed to the occurrence of electron self-exchange. Indeed, dissociation of the triplet radical-pairs generated by the PET (the so-called geminate radical-pairs) yields non-protonated or protonated free radicals in solution that may, respectively, give rise to electron or hydrogen-atom self-exchange with the parent diamagnetic complex.[29] For the complex under study, these degenerate exchange processes can be written as: 
	
[Ru(TAP)3]• +   +   [Ru(TAP)3]2+        [Ru(TAP)3]2+   +   [Ru(TAP)3]• +
	(2a)

	
[Ru(TAP)2(TAPH)•]2+   +   [Ru(TAP)3]2+        [Ru(TAP)3]2+   +  [Ru(TAP)2(TAPH)•]2+
	(2b)


Fast electron self-exchange (2a) may effectively shorten the 1H longitudinal relaxation time and, consequently, inhibit or even prevent the build-up of non-equilibrium nuclear polarization during steady-state illumination. Hence, the observed photo-CIDNP enhancements are expected to depend on the protonation state of the monoreduced complex free in solution. Since the pKa of the monoreduced complex is 7.6 (Table 1), it is the protonated form [Ru(TAP)2(TAPH)•]2+ that exists in solution at pH ≤ 5 and the build-up of photo-CIDNP effects is therefore not inhibited by the electron self-exchange process. The increase of the photo-CIDNP enhancements from pH 7.5 to 5 is thus consistent with the increasing fraction of protonated monoreduced complex free in solution. 
Broadening of the 1H signals of [Ru(TAP)3]2+ is also due to electron self-exchange and indicates that, despite the delay provided after sample illumination (Figure 2), this process still occurs during the acquisition of the FID. This was also observed in our previous study and, as explained therein, it reveals the accumulation of the mono-reduced complex free in solution.[13] Accumulation of the mono-reduced complex may occur in deoxygenated media if the radical cation of the electron donor gives rise to irreversible leak reactions that compete with diffusive re-encounter and subsequent dark back electron transfer (BET). It is known to be the case with mono-oxidized N-Ac-Tyr, which partially yields by-products instead of regenerating the starting material in the presence of the reduced complex.[30,31] Our results strongly suggest that mono-oxidized GMP is also involved in leak reactions. In contrast, the photoreaction between [Ru(TAP)3]2+ and H2Q is highly cyclic, because disproportionation of the semiquinone yields benzoquinone and both these species are capable of reoxidizing the reduced complex into the starting material. 
Longitudinal relaxation time (T1) measurements were performed for the system [Ru(TAP)3]2+ - N-Ac-Tyr at pH 7, before and after sample illumination.  No significant variation was detected for the 1H of N-Ac-Tyr (not shown). In contrast, after a few illumination periods of 100 ms, the T1 values measured for the 1H of the complex fell off by about two orders of magnitude (Table 2). Such a strong relaxation enhancement fully corroborates the interpretation given here above for the variation of the photo-CIDNP effects at pH > 5. 

Table 2. 1H longitudinal relaxation times of [Ru(TAP)3]2+ measured at 25 °C in presence of N-Ac-Tyr at pH 7.  The confidence intervals correspond to the fitting standard errors.
	Sample
illumination
	T1 (s)
H-2,7
	T1 (s)
H-9,10
	T1 (s)
H-3,6

	none
	2.8 ± 0.1
	3.2 ± 0.1
	2.3 ± 0.1

	3 × 100 ms
	0.045 ± 0.003
	0.060 ± 0.003
	0.051  ± 0.005



Energetics of the PET processes and photo-CIDNP enhancements at low pH. The occurrence of a PET process is a prerequisite for the observation of photo-CIDNP. Therefore, in view of explaining the pH dependence of the photo-CIDNP enhancements, we examined the possible pH dependence of the PET process itself. The corresponding Gibbs free energy () is controlled by the difference between the oxidation potential of the electron donor () and the reduction potential of the acceptor ().  can be estimated using equation 3, where F is the Faraday constant and is the energy of the 3MLCT excited state of the complex with respect to the ground state (approximated by the energy of the emission maximum).
	
	(3)



Table 3. Gibbs free energy of the PET processes. ∆G°ET was calculated for neutral solutions according to equation 3. The value used for the reduction potential of the excited complex [Ru(TAP)3]2+* is 1.32 V vs SCE.[32] The values used for the oxidation potentials of the electron donors are 1.07 V vs SCE (as determined from pulsed radiolysis)[33] or 1.25 V vs SCE (as determined from the electrochemical oxidation)[34] for GMP, 0.85 V vs SCE for N-Ac-Tyr[35] and 0.46 V vs SCE for H2Q.[36-38] ΔE00 for [Ru(TAP)3]2+* is approximated to 2.066 eV and corresponds to 600 nm for λmax emission. 
	
	GMP
	N-Ac-Tyr
	H2Q

	∆G°ET (eV)
	-0.25 or -0.07 [39] 
	-0.47
	-0.86




In neutral solution, the exergonicity of the PET process follows the order H2Q > N-Ac-Tyr > GMP (Table 3). However, the redox potentials depend on the protonation state of the species and the PET exergonicity might thus depend on the pH of the medium. Relevant pKa values of the three electron donors are given in Table 1. Protonation of the imidazole ring of guanine should have a negative impact on the exergonicity of the PET. Besides, electrostatic repulsion between this protonated form of GMP and the positively charged excited complex might also reduce the quenching percentage. Hence, it is possible that the protonated form of GMP does not behave as an electron donor. The important decrease of the photo-CIDNP effects observed for the system [Ru(TAP)3]2+ - GMP at low pH, towards almost zero at pH < 1 (Figure 5a), would then be consistent with the increasing fraction of protonated GMP. In agreement with this interpretation, the photo-CIDNP enhancement observed for H-8 of GMP also vanishes at low pH, while no significant broadening was detected for this signal. Furthermore, laser-induced transient absorption experiments performed at pH 1.2 for the system [Ru(TAP)3]2+ - GMP did not reveal the formation of the mono-reduced complex (not shown).

As indicated by their pKa values (Table 1), H2Q and N-Ac-Tyr should still be available for a PET process in acidic solution, in agreement with the observation of photo-CIDNP enhancements at pH < 3 with both these electron donors (Figure 5b-c). The ground state of [Ru(TAP)3]2+ is not basic enough to be protonated in the investigated pH range. In contrast, the basicity of the 3MLCT excited state of [Ru(TAP)3]2+ (the electron acceptor) is drastically higher, with an apparent pKa value of 3.5 (Table 1), and its protonation has therefore to be considered (Scheme 1). However, this protonated excited state is short-lived (< 10 ns)[20] and, a priori, it was not expected to observe photo-CIDNP enhancements at low pH (vide infra). For this reason and also for rationalizing the relative amplitude of the photo-CIDNP enhancements observed at pH 5 with the different electron donors, steady-state emission as well as pulsed laser-induced emission and transient absorption experiments were carried out at various pH.


Scheme 1. General representation of acid-base equilibria in the ground and excited states 
[image: ]
C and CH+ stand, respectively, for the basic and acid form of [Ru(TAP)3]2+ while C* and CH+* represent the corresponding forms of the 3MLCT excited state. k1 is the rate constant of protonation of the excited state and k2 is the corresponding deprotonation rate constant. k3 and k4 are the inverse of the lifetime of the non-protonated and protonated excited states, respectively. The lifetime of CH+* (1/k4) is < 10 ns whereas that of C* = 220 ns under argon.[32] Because k4 >> k2, the acid-base equilibrium cannot be established in the excited state.[20]

Percentage of quenching and photo-CIDNP enhancements at pH 5. The basic form of the excited complex is easily and selectively detected by measurement of the emission at 595 nm because the emission of the protonated form does not occur in this wavelength region.[20] The pH dependence of the emission intensity at 595 nm, normalized with respect to the value measured at about pH 7, is shown in Figure 6.[40] It exhibits a marked decrease between pH 5 and pH 2, indicating a drop in the percentage of basic form. It can thus be safely concluded that, at pH 5 or above, the PET takes place mainly with the non-protonated 3MLCT excited state of [Ru(TAP)3]2+.
[image: ]
Figure 6. Normalized emission intensity of [Ru(TAP)3]2+ measured at 595 nm as a function of pH. Lifetime measurements are shown in the SI.

Relatively large photo-CIDNP enhancements were measured at pH 5 with the three electron donors (Figure 5). These photo-CIDNP effects should thus originate from the quenching of the basic form of the excited complex and should be directly related to the percentage of luminescence quenching. In order to test this hypothesis, Stern-Volmer experiments were conducted at pH 5 with the three electron donors (see SI). The photo-CIDNP enhancements measured at pH 5 and the corresponding percentage of quenching (determined at the same concentration of electron donors as used in the CIDNP experiments) are collected in Table 4. The data reveal indeed a nice positive correlation between the photo-CIDNP enhancements and the percentage of quenching of the basic form of the excited complex: higher values with H2Q and similar smaller values with N-Ac-Tyr and GMP. Obviously, this correlation is not expected at low pH since significant photo-CIDNP enhancements are still observed at pH < 1 (80-90% for H-2,7 with either H2Q or N-Ac-Tyr, Figure 5) while the emission measurements indicate that the percentage of non-protonated excited complex is negligible in such an acidic medium (Figure 6). Hence, this strongly suggests that photo-CIDNP enhancements may also originate from the reductive quenching of the protonated 3MLCT excited state and this in spite of its short lifetime. 

Table 4. Photo-CIDNP enhancements observed at pH 5 for H-2,7 and percentages of quenching of the excited complex determined at pH 5 for 2 mM of electron donor.
	
	% CIDNP
	% quenching

	H2Q
	170 ± 10
	64

	N-Ac-Tyr
	102 ± 10
	46

	GMP
	110 ± 10
	41




Quenching of the protonated excited state of [Ru(TAP)3]2+ by H2Q and N-Ac-Tyr. The reduction of the protonated form of the excited complex should be more favorable than the reduction of the non-protonated form. It is not possible to access the reduction potential of the protonated excited state, neither experimentally nor by calculation, but the driving force of the PET should increase at low pH and this would correspond to more exergonic  values than indicated in Table 3 for neutral solutions. Pulsed laser-induced transient absorption can be used to prove, at least qualitatively, that indeed a PET is possible at low pH.  It must be stressed that the absorption spectra of the non-protonated and protonated mono-reduced complexes are very similar; they both exhibit a maximum of absorption around 470 nm but the corresponding extinction coefficients are different.[21] The reductive quenching of the protonated excited complex [Ru(TAP)2(TAPH)]3+* should produce the protonated ground state reduced complex [Ru(TAP)2(TAPH)•]2+. Actually, the reductive quenching of the non-protonated excited complex [Ru(TAP)3]2+* at pH 5 also produces this protonated reduced complex free in solution since the pKa of the reduced species is 7.6 (Table 1). In other words, independently of the protonation state of the excited complex, transient absorption spectra recorded at pH ≤ 5 should correspond to the protonated reduced complex. 
Transient absorption measurements were performed at pH 5, pH 3 and pH 1 in the presence of 10 mM H2Q or N-Ac-Tyr. Remarkably, the same differential transient absorption spectrum, with a maximum around 470 nm, was detected at these three pH values (Figure 7 and SI), indicating that the reductive quenching by H2Q or N-Ac-Tyr is indeed possible at very low pH. 




Figure 7. Transient absorption spectra (left) and decay of the transient absorption at 470 nm (right) measured for the complex [Ru(TAP)3]2+ in the presence of 10 mM H2Q at (a) pH 5, (b) pH 3 and (c) pH 1. The insets show the decays in the linear representation mode for bimolecular equimolecular kinetics (1/ΔA versus time).

The decay of the transient absorption is due to diffusive re-encounter of the reduced complex with the oxidized electron donor and subsequent BET. This should take place in the µs time scale according to a bimolecular equimolecular kinetics and a straight line should be obtained by plotting the inverse of the transient absorption versus time.[21,41] In equation 4, k is the rate constant of the BET process, l is the optical path length and ,  and correspond to the absorption coefficients of the reduced complex, oxidized quencher and ground-state complex at 470 nm, respectively. It must be stressed that (i) is weak at 470 nm for the quenchers under[42-46] study and (ii)  is not expected to vary considerably between pH 5 and pH 1 since the pKa of the ground state is -3 (Table 1).  
		  with		 and	
	(4)



The bimolecular equimolecular kinetics was easily observed with H2Q (insets of Figure 7). With N-Ac-Tyr, however, the decay was found to depend on the number of laser pulses, which corroborates the accumulation of the mono-reduced complex due to leak reactions of the radical cation of the quencher, and the signal to noise ratio could therefore not be improved (see SI). The values of the apparent rate constant, kapp, are collected in Table 5. They are systematically smaller for H2Q than for N-Ac-Tyr. This is rational since oxidized H2Q should behave as a weaker acceptor in the BET process than oxidized N-Ac-Tyr. For a given electron donor, similar kapp are obtained at the three pH values. The kinetic results thus corroborate the occurrence of a reductive quenching of the protonated excited complex at low pH.



Table 5. Apparent rate constant (kapp) of the BET at various pH 
	
	pH 5
	pH 3
	pH 1

	N-Ac-Tyr
	1.6 x106 s-1
	3.0 x106 s-1
	3.0 x106 s-1

	H2Q
	3.2 x105 s-1
	4.0 x105 s-1
	4.0 x105 s-1




Photo-CIDNP enhancements with N-Ac-Tyr and H2Q at low pH. Both photo-CIDNP and laser transient absorption experiments clearly show that a PET process is possible at low pH with N-Ac-Tyr and H2Q. However, how could one explain that, with both these electron donors, the reductive quenching of the protonated excited complex between pH 3 and 1 yields similar and essentially constant photo-CIDNP effects (80-90%), whereas the reductive quenching of the non-protonated excited complex at pH 5 gives rise to stronger effects with H2Q than with N-Ac-Tyr (Figure 5b-c)? As mentioned above, protonation of the excited complex considerably shortens its lifetime. Hence, for a constant concentration of quencher, the PET should become less probable at low pH and, consequently, an important decrease of the photo-CIDNP effects might have been expected with both electron donors. A significant decrease is observed with H2Q but not with N-Ac-Tyr, indicating that just lifetime considerations cannot explain the results.  Protonation of the excited complex also increases the exergonicity of the PET process and, considering the Marcus theory, we believe that this significantly affects the rate constant of the electron transfer with N-Ac-Tyr but not with H2Q. Indeed, the rate constant of the PET with H2Q might approach the diffusion limit at pH 5. Hence, the increased exergonicity has little effect and the percentage of quenching decreases significantly due to the shortening of the excited state lifetime, in agreement with the significant decrease of the photo-CIDNP effects below pH 5. In contrast, because N-Ac-Tyr is a weaker reducing agent (Table 3), the rate constant at pH 5 would be smaller than the diffusion limit. Consequently, the PET process is affected by the increased exergonicity at low pH, which boosts the quenching, but at the same time is limited by the shortening of the excited state lifetime. These antagonistic effects could compensate each other and, globally, a weak variation of the photo-CIDNP effects is observed with N-Ac-Tyr below pH 5. Hence, similar 1H photo-CIDNP enhancements are observed for the complex at pH < 3 with both H2Q and N-Ac-Tyr because (i) the same species is quenched, i.e. the protonated 3MLCT excited state; (ii) most importantly, the quenching rate constants would be both limited by diffusion; (iii) the same reduced species, i.e. the protonated mono-reduced complex is generated by the PET processes and the hyperfine coupling constants are not significantly affected by interactions with the oxidized quencher; (iv) hydrogen-atom self-exchange has a weak impact and, obviously, (v) the experimental conditions are similar, including the concentrations.

Conclusion
At pH 5 or above, GMP, N-Ac-Tyr and H2Q give rise to a PET process with the non-protonated form of the excited complex, as previously established. At lower pH, the protonated 3MLCT excited state comes into play and the reductive quenching of this short-lived form was not expected to be significant. The quenching by GMP is indeed not effective at very low pH but this is primarily due to the protonation of this electron donor. In contrast, and contrary to expectations, the quenching by H2Q or N-Ac-Tyr does still take place at pH < 1. The data strongly suggest that the PET process with H2Q is diffusion limited at pH ~ 5 (or above) and that the overall quantum yield of the PET decreases at lower pH, but does not vanish, mainly because the lifetime of the protonated excited complex is shorter. N-Ac-Tyr is not as good an electron donor as H2Q and, therefore, it is thought that the PET process is affected by two antagonistic effects associated with the protonation of the excited complex, i.e. the increased exergonicity of the PET process, which boosts the quenching with a rate constant approaching the diffusion limit at low pH, in addition to the decreased lifetime of the excited state which decreases the quenching.
These conclusions are based on the results of steady-state photo-CINDP experiments, steady-state luminescence measurements as well as pulsed laser-induced transient absorption and emission experiments. The complementarity between photo-CIDNP and photochemical approaches deserves to be highlighted. The detection of photo-CIDNP effects is a proof that a PET process occurs but the reverse in not true. Indeed, significant effects were observed at pH ≥ 7 for the electron donors but not for the complex and this because electron self-exchange is responsible for strong longitudinal relaxation enhancements that prevent the build-up of non-equilibrium magnetizations. As a rule of thumb, it appears that significant photo-CIDNP effects can be observed in the 1H NMR spectrum of polyazaaromatic complexes if the corresponding mono-reduced species free in solution is predominantly protonated. On the other hand, the protonation state of mono-reduced polyazaaromatic complexes cannot be easily asserted based on transient absorption experiments as outlined above. Besides, the reductive quenching of the protonated 3MLCT excited state of polyazaaromatic complexes is not easily monitored by emission experiments. In the present study, photo-CIDNP experiments afforded direct and clear-cut evidence of the reductive quenching of the protonated excited state of [Ru(TAP)3]2+ by either N-Ac-Tyr or H2Q. Photo-CIDNP also provides information on the electron-spin density in radical pairs giving rise to BET and this with the atomic resolution of 1H NMR spectroscopy. In the present study, the electron-spin density on the mono-reduced complex was not of particular interest because, independently of the protonation state and in agreement with DFT calculations, it is mainly localized in the vicinity of H-2,7. However, the possibility of probing the electron-spin density in complexes comprising several non-equivalent protonation sites is of much greater interest. Current works are focused on heteroleptic ruthenium(II) polypyridyl complexes based on the TAP, bpz (2,2'-bipyrazine) and/or HAT ligands.
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The reductive quenching of the 3MLCT excited state of [Ru(TAP)3]2+ has been studied in aqueous solution over a wide range of pH by steady-state 1H photo-Chemically Induced Dynamic Nuclear Polarization (photo-CIDNP) as well as by pulsed laser-induced transient absorption and emission experiments. In contrast to previous belief, it is found that the protonated excited state of this complex may give rise to an electron transfer.
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