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Abstract: Light-induced charge accumulation is at the heart of biomimetic systems aiming at solar 

fuel production in the realm of artificial photosynthesis. Understanding the mechanisms upon 

which these processes operate is a necessary condition to drive down the rational catalyst design 

road. We have built a nanosecond pump-pump-probe resonance Raman setup to witness the 

sequential charge accumulation process while probing vibrational features of different charge-

separated states. By employing a reversible model system featuring methyl viologen (MV) as dual 

electron acceptor, we have been able to watch the photosensitized production of its neutral form, 

MV0, resulting from two sequential electron transfer reactions. We have found that, upon double 

excitation, a fingerprint vibrational mode corresponding to the doubly reduced species appears at 

992 cm-1 and peaks at 30 μs after the second excitation. This has been further confirmed by 

simulated resonance Raman spectra which fully support our experimental findings in this 

unprecedented build-up of charge seen by a resonance Raman probe. 
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Nature’s masterpiece of evolution, the photosynthetic process, provides energy to organisms 

through an arsenal of highly efficient light-powered transformations. Driven by humanity’s 

colossal needs of sustainable energetic development, scientists have been attempting to take the 

leap towards artificial photosynthesis by employing the lessons learnt from its natural counterpart1–

4. The blueprints of the natural process point out to a basic yet arduous requirement to march 

forward on this avenue: the light-driven accumulation of multiple redox equivalents and their 

exploitation on multi-electronic catalytic processes1,3,5–8. 

Indeed, natural organisms have evolved to master the ability of performing such 

thermodynamically challenging tasks9,10, providing science with clues on how to engineer artificial 

systems capable of mimicking their subtleties. However, the development of such biomimetic 

prototypes requires a great deal of rational molecular design coupled with a thorough and accurate 

spectroscopic depiction of the fundamental photoinduced charge accumulation and catalytic 

processes they host.  

Spectroscopic characterization of such photo-driven processes is oftentimes reliant upon the use 

of sacrificial reagents to skirt parasitic reactions5,11–13. Recent advances in reversible systems have 

allowed us to paint a more realistic picture of their full complexity, some of which were 

systematically reviewed by Bürgin and Wenger6. Experimentally, transient absorption 

spectroscopy is the primary technique capable of providing a real-time look into spectral and 

kinetic properties of such dynamic charge-accumulating systems14,15, and it has allowed us to draw 

mechanistic insights from their behavior on different timescales.  

Recently, some of us have demonstrated the possibility of probing accumulative charge 

separation by employing sequential pump-pump excitations on a biomimetic system containing 

methyl viologen8, a common electron relay in photochemical studies16–18. This concept was also 
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applied to a similar system with naphthalene diimide and [Ru(bpy)3]
2+ (bpy = 2,2’-bypiridine) in 

a dyad arrangement19 and in a multicomponent configuration with sodium ascorbate as a reversible 

electron donor20. A bimetallic ruthenium-rhenium dyad with a modest catalytic activity for the 

reduction of CO2 was also successfully investigated under double excitation21, thus further 

consolidating this technique. 

These successful applications of such sequential dual excitation strategy to probe the absorption 

of different charge-separated states have prompted us to look further into other complementary 

probing possibilities to detect transient species. This would be particularly beneficial for systems 

whose transient optical signatures are strongly overlapping, rendering their assignment rather 

difficult. 

To that end, time-resolved resonance Raman spectroscopy (TR3) is an outstanding candidate, 

providing both structural and dynamical information on transient species22 through their Raman-

active vibrational modes. In addition, this technique comes with the striking possibility of probing 

photogenerated reactive intermediates, enabling us to take real-time snapshots of reaction 

mechanisms and catalytic cycles23. This is a prime prospect for the pursuits of artificial 

photosynthesis where information on structure-activity relationships are indispensable to the 

engineering of molecular catalysts. 

Several examples of successful implementations of this technique to study electron transfer 

reactions have already been published24–27, and, most recently, our group has reported the 

reversible, photosensitized one-electron reduction of the methyl viologen dication (MV2+) to its 

radical cation form (MV·+) under laboratory pump-probe conditions tracked by resonance-

enhanced, Raman-active vibrational modes28.  
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In this communication, we take a step forward on these studies by demonstrating the application 

of a novel nanosecond pump-pump-probe resonance Raman experimental approach featuring the 

reversible, photosensitized, and sequential 2-electron accumulation on MV2+ to yield its neutral 

form (MV0). Herein, the system under scrutiny is analogous to our previous report8 – MV2+ (13.4 

μM) as the electron acceptor, [Ru(bpy)3]
2+ (86 μM) as the photosensitizer, and ascorbate (100 mM) 

as the reversible electron donor in deaerated CH3CN:H2O (6:4). The resonance Raman oxidation-

state-specific vibrational modes of the radical cation and the neutral species have been calculated 

in accordance with the vibronic theory of Albrecht29–31, modified by a multi-state version32,33 

which considers only Franck-Condon factors. (TD-)DFT calculations using the CAM-

B3LYP34/def2-TZVPP35 level of theory have been employed for this. The small displacement 

approximation and the independent mode displaced harmonic oscillator (IMDHO) models have 

been assumed in our calculations. The vibrational analysis in internal coordinates has been 

performed following the GF formalism of Wilson36–38. A comprehensive description of the 

experimental techniques and the theoretical approaches is presented in the Supporting Information.  

The nanosecond pump-pump-probe resonance Raman experimental setup is detailed in Figure 

S1. In short, two laser pumps (480 and 532 nm) are sent to excite the sample and a third laser (395 

nm) is used to probe the Raman scattering signals. The delay times amongst the individual pumps 

and the probe are electronically controlled, thus rendering the measurements time-resolved. The 

probe wavelength was chosen to match the overlapping electronic transitions observed for both 

MV·+ and MV0 (see absorption spectra in Figure S7)39, ergo allowing operation under resonant 

conditions, while the pumps had their energies adjusted to excite the [Ru(bpy)3]
2+ complex with 

approximately the same efficiency.  
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Excitation of the photosensitizing complex leads to the classical activation of the system – light 

absorption by [Ru(bpy)3]
2+ followed by reductive quenching of its 3MLCT excited state in the 

presence of excess ascorbate, forming [Ru(bpy)3]
+ (denoted Ru+)8,20. Since these are the very first 

transient events leading to charge accumulation, single flash TR3 measurements were performed 

in the absence of MV2+ to unravel possible contributions from transient species formed in these 

steps. Although a clear formation of Ru+ can be seen in transient absorption with a rising band 

centered at 510 nm (Figure S8), its formation in TR3, together with oxidized ascorbate (denoted 

asc+), seems to be silent or at least indiscernible (Figure S18). This observation is not surprising, 

and it can be rationalized by the fact that the Raman signals coming from both photogenerated 

intermediates are not enhanced by resonance under our experimental conditions. 

 

Figure 1. Single flash TR3 of the mixture MV2+ (13.4 μM), [Ru(bpy)3]
2+ (86 μM), and ascorbate 

(100 mM) in deaerated CH3CN:H2O (6:4), showcasing the formation and decay of MV·+. The 

spectra were recorded at the indicated delay times and the vibrational bands are assigned according 
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to a laboratory reference of MV·+ (solid lines); λpump = 532 nm – 4.5 mJ/pulse, λprobe = 395 nm – 

1.1 mJ/pulse. 

The same single flash TR3 measurements performed in the presence of MV2+, however, result 

in the formation of intense, well-resolved bands of MV·+, product of the first light-induced electron 

transfer from Ru+ to MV2+ (Figure 1). The main strong signals corresponding to the radical cation 

appear at 814, 1209, 1355, 1532, and 1659 cm-1 in the spectral window selected. A scaled reference 

spectrum of MV·+ obtained by Raman spectro-electrochemical measurements (SEC, Figure S14) 

is also included in Figure 1 for comparison, unquestionably confirming that the newly-formed 

bands result from the first electron transfer reaction. The characteristic vibrational modes of MV·+ 

have previously been reported28,40–42 and their assignment is available in Table 1 together with 

their DFT harmonic frequencies. The theoretical methodology employed herein allowed for an 

unambiguous assignment of the vibrations as the calculated spectra reproduce well the bands 

observed in the experiments. 

Complementarily, the transient absorption of the system was probed under single pump 

excitation (Figure S10), and the time evolution of the pure signal corresponding to MV·+ in 

transient absorption and TR3 (605 nm and 1355 cm-1, respectively) are shown to follow the same 

kinetics (Figure S19), with the radical cation concentration peaking at ~80 μs. The kinetic trace 

was successfully simulated with a formation rate constant of 3.5 (±1.0) x109 M-1s-1. One important 

feature to be noted in the TR3 spectra presented in Figure 1, particularly at 30 and 50 μs, is the 

presence of a new band at 992 cm-1. This signal is assigned to MV0 (see reference spectra, Figure 

S14) and, surprisingly, it indicates that charge accumulation is already observed with a single 

pump excitation due to two sequential single-photon absorption processes, a phenomenon that 

seems to be recurrent in such multicomponent systems20. The possibility of MV0 being formed due 
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to disproportionation of MV·+ was ruled out by kinetics simulations of the experimental decays, 

which have shown to not be compatible with a disproportionation mechanistic step. Naturally, the 

amount of MV0 formed due to the single pump is low, so that a robust accumulation strategy is 

needed. 

Our game plan consists in re-exciting the sample with a second pump delayed by 80 μs, 

strategically regenerating Ru+ when the solution has the highest possible concentration of MV·+, 

thus favoring the reduction of the latter to yield its neutral form. The time-resolved spectra 

presented in Figure 2, obtained after the second pump excitation, clearly showcase the rising and 

decay of a new vibrational mode centered at 992 cm-1. A comparison with the reference spectrum 

obtained for MV0 is presented and, remarkably, we can already attribute the new band to the 

formation of the neutral species.   

 

Figure 2. Double flash TR3 spectra of a solution containing MV2+ (13.4 μM), [Ru(bpy)3]
2+ (86 

μM), and ascorbate (100 mM) in deaerated CH3CN:H2O (6:4) at selected delay times after the 
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second pump. The time-evolving band at 992 cm-1 (solid line) indicates the light-induced 

formation of neutral methyl viologen (MV0). A reference spectrum of MV0, obtained from Raman 

SEC, is included in the dataset for comparison. The bands of MV·+ are also highlighted (dotted 

lines). The spectra were recorded with λpump1 = 480 nm – 0.8 mJ/pulse, λpump2 = 532 nm – 4.6 

mJ/pulse, λprobe = 395 nm – 1.0 mJ/pulse, with a delay of 80 μs between the pumps, and corrected 

for sequential single-photon absorption processes leading to the formation of MV0 (details in SI). 

The other intense vibrational signatures of MV0 observed at 1538 and 1654 cm-1 have a 

significant overlap with the  corresponding signals of MV·+ (Figure S14), so that they appear as a 

small contribution to the dominating bands of the radical cation, also formed with the second 

pump. Indeed, due to the contribution of MV0, the intensity ratio 𝐼1538/𝐼814 (814 cm-1 is the pure 

MV·+ band) increases by nearly 50% from 0 to 30 μs, the latter being the delay time at which the 

highest intensity of MV0 is observed. Figure 2 also contains the spectrum obtained at a negative 

delay time, i.e., -100 μs, showing only contributions of [Ru(bpy)3]
2+, ascorbate, and MV2+, none 

of which were in resonance with the Raman probe. 

A summary of the most intense vibrational frequencies detected in the time-resolved 

experiments is displayed in Table 1, together with the calculated DFT harmonic frequencies and 

the corresponding assignment of each vibrational mode. In the literature, the fingerprint band of 

MV0, recorded at 992 cm-1, had been previously assigned to ring breathing41  and  to out-of-plane 

bending of the ring carbon atoms42. In contrast, our DFT calculations (see Table S4), in agreement 

with a previous study43, indicate that this totally symmetric vibrational mode should be more 

appropriately assigned to a ring torsion (see Tables S2 and S4). 
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Table 1. Vibrational frequencies (in cm-1) of the main peaks observed in Single Flash (SF) and 

Double Flash (DF) TR3 experiments assigned to MV·+ and MV0, respectively. Literature values, 

as well as those obtained from DFT at the CAM-B3LYP/def2-TVZPP (not scaled) level are added 

for comparison. 

MV·+ MV0  

SF-TR3 Lit.[a] Theo.[b] DF-TR3 Lit.[a] Theo.[b] Assignment[c] 

814 
81741,42 

81428 
844   814 Ring breathing (1) 

   992 99641,42 1027 Ring torsion 

1209 
121241,42 

121428 
1255 1211 121441 1255 C-H rocking (9a) 

1355 
135741, 

135128,42 
1407    

C-H rocking (3) + C-C 

inter-ring stretching 

1532 
153241,42 

154528 
1592 1538 

153842 

154341 
1639 C-C inter-ring stretching 

1659 
166241 

165828,42 
1744 1654 

165642 

165941 
1763 C-C ring stretching (8a) 

[a] Literature values for comparison. [b] This work (unscaled). [c] Assignment of vibrational 

modes with Wilson’s notation in parenthesis44 

 

Although in TR3 the formation of MV0 can be readily seen due to the unique normal mode at 

992 cm-1, the same cannot be said about the measurements with an absorption probe. That is 

because the transient absorption signal observed at 395 nm in double flash experiments contains 

both the contributions of MV·+ and MV0 (Figure S7).  Luckily, for the methyl viologen system, 

the absorption feature of MV·+ at 605 nm in the single flash experiment can be used to correct the 

double flash signal and to obtain the spectrum of MV0 for each delay time. This was done in both 

our previous work8 and in this paper (Figure S13). Still, the possibility of observing the second 

charge-separated state in TR3 without relying on data treatment methodologies demonstrates the 
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startling capabilities of vibrational spectroscopy in the study of photogenerated charge-separated 

states, as well as the complementarity between both double flash experiments for a detailed 

structural and dynamical description of sequential charge accumulation in reversible biomimetic 

systems. 

 

Figure 3. Corrected and normalized kinetic traces of MV0 obtained with double flash excitations 

in transient absorption (395 nm) and TR3 (992 cm-1) spectroscopies. Simulation of the kinetics 

represented in the solid line.  

The time-resolved measurements also allow us to distil information on the pure kinetics of 

formation and decay of MV0. Figure 3 shows the normalized overlap between the kinetic curves 

of MV0 observed in transient absorption (395 nm), and TR3 (992 cm-1), together with the 

simulation of the second order reactions, which was performed on the SK-ANA software45. The 

formation of MV0 was simulated with kET2 of 2.5 (0.8) x109 M-1s-1 and the decay with krec of 1.5 
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(0.5) x109 M-1s-1, in accordance with previously published results8. The rising of the signal is due 

to the electron transfer reaction between MV·+ and Ru+, yielding MV0, while the decay comes 

from the recombination of the latter with asc+. Once again, we show that the decays measured by 

double flash under transient optical absorption and Raman probes reasonably follow the same 

kinetics. This further confirms that the same processes are being looked at through the lenses of 

different and complementary approaches. 

 

Figure 4. TR3 spectra recorded at the delay times in which the first and second charge-separated 

states are observed upon single (SF 80 μs) and double (DF 30 μs) flash excitations, respectively. 

The mixture was composed of MV2+ (13.4 μM), [Ru(bpy)3]
2+ (86 μM), and ascorbate (100 mM) 

in deaerated CH3CN:H2O (6:4). Laboratory references of MV·+ (plain blue curve) and MV0 (plain 

grey curve) are included for comparison, as well as our simulated resonant Raman spectra. 
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In addition, we find that MV0 has its highest concentration in solution approximately 30 μs after 

the second excitation. A summary of all photoinduced transient events investigated herein is 

presented in the energy diagram depicted in Figure S20. The rate constants have been reported 

elsewhere8, and here we focus on the detection and characterization of charge-separated states. 

An overview of all spectral features recorded in our experiments is shown in Figure 4. Reference 

resonance Raman SEC measurements undoubtedly confirmed the formation of MV·+ and MV0, 

with fingerprint vibrational modes observed at 1355 cm-1 and 992 cm-1, respectively. Our 

simulated resonant Raman spectra successfully reproduced the frequencies and relative intensities 

of the vibrational bands for both reduced states of methyl viologen, allowing us to look deeper into 

their character. The totally symmetric character of all vibrational modes obtained for both species 

(as in the simulation), is also confirmed with steady-state measurements of resonant Raman 

intensities under parallel and perpendicular polarizations (Figures S16 and S17). 

In conclusion, we have developed a novel nanosecond pump-pump-probe resonance Raman 

experimental setup devoted to investigating photoinduced sequential charge accumulation 

processes. The possibility of tracking the reversible, photosensitized charge build-up on methyl 

viologen with a resonance Raman probe is demonstrated for the first time. Such vibrational 

spectroscopy technique is particularly suited to inspect structural rearrangements resulting from 

electron transfers and can provide new insights in the mechanistic routes of photocatalytic 

reactions. In the ever-growing field of artificial photosynthesis and solar energy production, 

experimental tools to interrogate mechanisms of charge separation and accumulation are 

fundamental for the rational design and optimization of artificial biomimetic systems. 
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