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Abstract: The development of artificial biomimetic systems with real-world 
applications relies on a profound understanding of all photophysical and photochemical 
processes taking place upon light absorption by a chromophoric unit. Efficient 
photoinduced charge separation in photosensitizers or specialized photocatalysts is 
the process triggering most of the chemical reactions in the production of solar fuels, 
and so its proper characterization is of utmost importance. In this work, we investigate 
photoinduced charge separation processes in a perfluorinated Zn- 
tetraphenylporphyrin photosensitizer (ZnF20). Ascorbate and 1,4-
diazabicyclo[2.2.2]octane (DABCO) are used as reversible electron donors for the 
nanosecond-resolved pump-probe experiments using both optical absorption and 
resonance Raman scattering as probes. Our results show that, in spite of similar 
charge separation efficiencies, the DABCO-containing system exhibits a much faster 
kinetics of the charge-separated state formation and decay . This is attributed to its 
inherent ability to coordinate to the metal center. Time-resolved resonance Raman 
measurements allow for the detection of vibrational modes specific to both the triplet 
excited state of ZnF20 and to its reduced state, complementing transient absorption 
data to fully characterize the charge separation process. 

Introduction 

The daring promise of artificial photosynthesis, a strategy to mitigate carbon 
dioxide (CO2) emissions, heavily relies on the fundamental comprehension of 
photoinduced charge transfer processes in carefully engineered biomimetic systems 
capable of both charge separation and accumulation of redox equivalents.1–5 The very 
development of the next generation of dedicated materials can only be accomplished 
by fine-tuning their behavior once submitted to photonic excitations as a way to induce 
chemical transformations. Achiving this requires a great deal of burdensome 
spectroscopy-based mechanistic investigations, supported by their theoretical 
counterparts, to shine some light on the principles that must guide molecular design 
towards long-lived charge-separated states.6  
 Be as troubling as it may, we now have access to proper experimental tools to 
interrogate such fundamental processes on a myriad of biomimetic systems that can 



be engineered with different strategies. Some of the most well-known approaches 
employ basic donor-photosensitizer-acceptor (D-PS-A) units, either covalently-
constructed7–9 or in a multicomponent configuration,10,11 to mimic the photoinduced 
processes (multiple electron transfers and accumulation) taking place in natural 
systems. Built on the blueprints of the natural photosynthetic process, such systems 
take us ever closer to realizing an actual functional biomimetic system that could 
potentially fullfill the promise of solar fuel production.  
 As far as the light-absorbing units, photosensitizers, are concerned, prototypical 
Ru(II) polypyridyl complexes remain unchallenged in terms of photochemical and 
photophysical properties,12–16 but porphyrin-based compounds have been gaining 
attention as reasonable alternatives. Among them, zinc tetraphenylporphyrin (ZnTPP) 
derivatives not only have been widely used as photosensitizers for different 
applications17–22 and in supramolecular self-assemblies,23–25 but they have even 
shown photo-26 and electrocatalytic27 proton and CO2 reduction activities, respectively, 
which makes them an even more valuable class of compounds. Because of these 
capabilities, they can also be used as photocatalysts for light-induced reduction 
reactions in artificial photosystems.  

On the donor/acceptor side, not only their thermodynamical compatibility with 
the photosensitizer’s excited state has to be taken into account, but implications in the 
charge separation kinetics are also relevant depending on whether these species are 
covalently bound or not. Consequently, the complete reversible cycle of 
reductive/oxidative quenching of the photosensitizer has to be investigated in detail 
prior to any systematic attempt at using the charge-separated species to trigger 
chemical transformations of any kind.  

It is in this context that we now report the complete characterization of the 
photoinduced and reversible electron transfer processes taking place in a 
perfluorinated Zn-tetraphenylporphyrin photosensitizer (hereafter referred to as ZnF20, 
Figure 1). For this, we use complementary time-resolved probes of optical light 
absorption and resonance Raman scattering in the standard pump-probe approach. 
This molecule shows two reversible reductions in CH3CN (Figure S1), with Ered 
(ZnII/ZnI) = -0.68 V vs. the normal hydrogen electrode (NHE) and Ered (ZnI/Zn0) = -1.07 
V vs. NHE. The addition of 10% H2O causes cathodic shifts of 30 and -10 mV, 
respectively (Figure S1). 

 
Figure 1. Molecular structures of the Zn porphyrin photosensitizer (ZnF20) and electron 
donors (DABCO and Asc). 



To investigate the reductive quenching mechanism, 1,4-
diazabicyclo[2.2.2]octane (DABCO, Eox = 0.98 V vs. NHE)28 and sodium 
ascorbate (Asc, Eox = 0.69 V vs. NHE, Figure S2) are used as reversible electron 
donors (Figure 1) in acetonitrile (CH3CN) and acetonitrile/water (CH3CN/H2O 
6:4)solutions, respectively. The choice of these electron donors responds to their 
intrinsically different properties – DABCO, soluble in organic solvents, is known 
to coordinate to the metal center of the porphyrin,29 whereas ascorbate can be 
used in water-containing mixtures,30 which is desirable for artificial 
photosystems envisaging future practical applications.31 

Experimental 

Materials 

DABCO, sodium ascorbate and acetonitrile are commercially available and 
were purchased from Sigma Aldrich. 1,3-dimethyl-2-phenyl-2,3-dihydro-
1Hbenzo[d]imidazole (BIH) was prepared according to the literature.32 
 For the synthesis of ZnF20, porphyrin-F20 (C44H10F20N4, 110 mg and 123 
μmol) was dissolved in a 100 mL CHCl3/MeOH 5:1 mixture. Then, Zn(OAc)2 (207 mg, 
1.23 mmol) and NaOAc (93 mg, 1.23 mmol) were added, and the reaction mixture was 
refluxed overnight. The reaction mixture was then filtered to remove the excess of salt 
and the solvent was evaporated under vacuum. The reaction crude was dissolved in 
50 mL of CHCl3 and 50 mL aqueous solution of 1 M NaHCO3 was then added so the 
two phases were separated. The organic phase containing the final ZnF20 complex 
was filtered through a silica plug and evaporated under vacuum to obtain a purple 
powder in 90 % yield (105 mg).   

Photoaccumulation and Spectroelectrochemistry 

Photoaccumulation experiments were performed in a 1 cm quartz cuvette 
purged with Ar. A single beam SPECORD s600 spectrophotometer (Analytik Jena) 
was used to probe the UV-Vis absorption of the samples. Vigorous stirring conditions 
were maintained during a 405 nm (~58 mW) continuous laser excitation. 
Spectroelectrochemistry (SEC) experiments were performed in a quartz cuvette with a 
1 mm optical path, with a Pt-mesh used as a working electrode, a Pt wire as a counter 
electrode and Ag/Ag+ as a pseudo-reference. The chronoamperometry method was 
used to induce reduction.  

Nanosecond Optical Transient Absorption Spectroscopy 

The experimental setup used for optical transient absorption (OTA) 
measurements has been described in detail in previous reports.10,11 Briefly, a tunable 
OPO laser set to 10 Hz is used as a pump and a supercontinuum white light laser 
operating at 20 Hz is used as an absorption probe. The pump-probe delays are 
electronically controlled as the differential spectra are obtained by subtracting the 
signals before and after the pump excitation.  



Time-Resolved Resonance Raman Spectroscopy 

Similarly, the time-resolved resonance Raman (TR3) experimental setup has 
been described elsewhere.33 Two tunable OPO lasers are used as pump and probe, 
both operating at 20 Hz. The wavelength of the probe laser is adjusted to match 
electronic transitions of the photogenerated products thus ensuring the resonance 
conditions and the concomitant signal enhancement. UV-Vis absorption spectra of the 
sample are recorded before and after laser excitation experiments to ensure stability 
under the operational experimental conditions.  

Computational Calculations 

Fully unconstrained geometry optimizations have been carried out using the 
CAM-B3LYP functional as implemented in the Gaussian 16 package.34 The Def2-
TZVP basis set was applied to C, H, N, and F atoms. The inner electrons of Zn were 
treated with the effective core potential LANL2DZ35 and the valence electrons with the 
associated double-ς basis set. The nature of all optimized geometries was confirmed 
through analysis of the harmonic vibrational frequencies at the same level of theory. 
Resonance Raman spectra were computed at the TD-DFT level of theory (CAM-
B3LYP) using the aforementioned basis sets. The modified vibronic theory of Albrecht 
with the Independent Mode Displaced Harmonic Oscillator (IMDHO) model was 
employed.33,36–38 The resulting theoretical resonance stick spectra were convoluted 
with Voigt functions (1:1, half-width 5 cm-1) and normalized at the most intense mode. 
No scaling was applied to the resulting spectra. 

Results and Discussion 

The ability of DABCO to coordinate the porphyrin’s metallic center in CH3CN is 
the very first aspect to be considered in this system. With a binding constant in the 
order of 105-108 M-1,39 this coordination has previously been described and built upon 
in the context of supramolecular self-assemblies29,40–47. Since the effect of DABCO’s 
ligation can easily be observed in steady-state UV-Vis absorption spectra, we 
performed a titration of ZnF20 in the presence of the binding donor (Figure 2, top panel). 
Upon coordination, both the Soret and the Q-bands of ZnF20 are subject to a red shift 
of approximately 6 nm. 



 
Figure 2. Absorption changes in the Soret band region and in the Q-bands (inset) upon 
titration of 4.9 μM ZnF20 with DABCO (top panel) in CH3CN. Absorption spectrum of 4.9 
µM ZnF20 in the absence and in the presence of 100 mM Asc (bottom panel) in 
CH3CN/H2O (6:4). 

It is well known that, for micromolar-ranged concentrations of the porphyrin, a 
1:1 complex with DABCO is formed, with further aggregation being possible under 
millimolar concentrations.41 However, our titration dataset at micromolar concentration 
of ZnF20 reveals that a 1:1 and a 1:2 complex (ZnF20-DABCO) are successively formed 
with equilibrium constants of K11 = 4.5 (± 1.3) ×105 M-1 and K12 = 1.7 (± 0.5) ×1010 M-1, 
respectively (Figure S3). When Asc is used as an electron donor, no changes are 
observed in the absorption spectrum of ZnF20 (Figure 2, bottom panel) and so no 
relevant ground state interaction is expected to take place. 

The same DABCO coordination effects can be observed in the emission spectra 
of ZnF20 in its initial ZnII oxidation state (Figure S4) and in its chemically-prepared 
reduced form, hereafter formally denoted as ZnI (Figure S5). For the chemical 
preparation of ZnI, cobaltocene (CoCp2) was used as a reducing agent (Ered = -0.96 V 
vs. NHE).48 Since these particular behaviors of ZnF20 with different electron donors are 
likely to have implications on the dynamics of photoinduced charge separation, we set 
to look deeper into the this process through time-resolved spectroscopic approaches. 

For OTA experiments, solutions of 5.8 μM of ZnF20 were consistently used and 
the porphyrin was excited at its Soret band (423 nm, 1 mJ/pulse). Excitaton of ZnF20 
alone in CH3CN shows the formation of its triplet state (denoted 3Zn*) with a broad 



excited state absorption (ESA) band centered at 453 nm (Figure 3a) and a 
monoexponential decay fitted with a time constant of 11.6 ± 0.2 μs (Figure S6). The 
same absorption signature was obtained in CH3CN/H2O (6:4) with a similar time 
constant of 26.0 ± 0.5 μs (Figure S7). In both cases, ~38±5% of the ground state 
population was converted into 3Zn*. This estimation is based on the analysis of the 
bleaching Q-band with ε(553 nm) = ~20500 M-1cm-1 in CH3CN. 

 
Figure 3. Transient absorption spectra (left panel) of a solution containing (a) 5.8 μM ZnF20 
and upon addition of (b) 100 mM DABCO in CH3CN or (c) ascorbate in CH3CN/H2O 6:4; (d) 
spectral references for ZnI obtained via photoaccumulation experiments with BIH. Simulated 
concentration profiles (right panel) for the photogenerated species with both DABCO and Asc 
as electron donors. λexc = 423 nm, 1 mJ/pulse. 

To investigate the reductive quenching mechanism, both DABCO and Asc were 
added in excess (100 mM) to samples containing 5.8 μM ZnF20. The resulting 
absorption spectra are shown in Figure 2 (bottom) for ZnF20 + ascorbate and in Figure 
S8 for the DABCO-containing sample. Upon excitation, ~1.4 ± 0.4 μM of 3Zn* was 
created in both cases (Figure 3b and c). For DABCO, reductive quenching of the 
excited state is observed with the decay of 3Zn* at 453 nm as a new ESA band rises 
at 448 nm (Figure 3b). Simulations of the kinetic decays were carried out with the 
SKANA software49 using bimolecular reactions of charge separation and 
recombination (Table S1). A quenching rate constant kq = 9.2 (± 2.8) ×107 M-1s-1 was 
obtained as well as a high recombination constant krec = 2.6 (± 0.8) ×1010 M-1s-1 when 
DABCO was used as the electron donor. The charge separation efficiency was about 
24 ± 3% with the formation of ~1.4 (± 0.4) μM ZnI-DABCO+.  

In the case of ascorbate, the ESA band due to the formation of ZnI appears blue-
shifted with respect to DABCO, at 440 nm along with the decay of 3Zn* (Figure 3c and 
3d). Kinetic simulations yielded slower quenching and recombination rate constants of 
kq = 1.6 (± 0.5) ×106 M-1s-1 and krec = 1.8 (± 0.5) ×108 M-1s-1, respectively (Table S1). 
Again, a similar charge separation efficiency of ~26 ± 3% was observed. Details on the 
spectro-kinetic simulations are available in the Supporting Information (Table S1 and 
Figures S9-10). The formation of both ZnI-DABCO+ and ZnI + ascorbate are confirmed 
by photoaccumulation (PA) experiments performed with 1,3-dimethyl-2-phenyl-2,3-



dihydro-1Hbenzo[d]imidazole (BIH) as a sacrificial nonbinding electron donor (Figure 
3d and Figures S11-12) and by spectroelectrochemistry (SEC, Figures S13-14). 

Although these systems have similar charge separation efficiency, their kinetics 
are intrinsically different. The right panel of Figure 3 shows the kinetic profiles of all 
photogenerated species when both DABCO and Asc are used as electron donors. In 
general, both the quenching and the charge recombination processes are much faster 
with DABCO compared to ascorbate. Indeed, this is directly manifested in the values 
of krec – the recombination takes place with a hundredfold increase in the order of 
magnitude for DABCO as compared to the ascorbate-containing sample (Table S1). 
We attribute this to the fact that DABCO axially binds to ZnF20, forming a complex that 
behaves like a dyad with the charge separation and recombination processes having 
an intramolecular character in nature. On the other hand, with ascorbate, the same 
processes are completely driven by diffusion and longer-lived reduced states are 
generated. 
 We then tried to look deeper into the reductive quenching mechanism by 
probing vibrational changes in the Zn porphyrin. In order to perform time-resolved 
resonant Raman experiments, we set the laser pump to 554 nm (2.2 mJ/pulse) to 
excite ZnF20 at its Q-band and the laser probe was set to 447 nm (2.2 mJ/pulse), in 
resonance with the the T1 excited state 3Zn* and the reduced state ZnI of the porphyrin. 
For TR3, we increased the concentration to 12.6 μM ZnF20 due to the lower extinction 
coefficient at the Q-band.  

We first investigated the formation of the triplet state by exciting the porphyrin 
alone. Pump excitation led to the formation and decay of new bands at 1655, 1528, 
1283, 1223, and 774 cm-1 (Figure 4). Similar bands of the triplet excited state have 
been previously identified for ZnTPP50 under similar Soret resonance conditions. The 
assignments of these bands have been discussed in the literature,50,51 and they are 
available in Table 1 together with the corresponding calculated DFT frequencies. It is 
noteworthy that, with respect to ZnTPP, the presence of perfluorinated phenyl rings in 
ZnF20 causes frequency shifts due to increased force constants, specially on the 
modes with a strong phenyl character, such as the one observed at 1655 cm-1 (Figure 
S15). Other modes are also strongly affected by fluorination. The corresponding 
theoretical spectra for the  ground and excited states under resonance conditions are 
available in Figure S16.  
 



 
Figure 4. TR3 spectra (top panel) obtained upon exciting 12.6 μM ZnF20 in CH3CN. 
Solid vertical lines represent time-evolving bands due to the formation of 3Zn*. 
Overlapped kinetic decays (bottom panel) obtained by OTA and TR3 under the same 
experimental conditions. λpump = 554 nm, 2.2 mJ/pulse; λprobe = 447 nm, 2.2 mJ/pulse. 

Interestingly, the 𝜈2 mode observed at 1559 cm-1 for ZnF20 in its ground state 
(solid red line in Figure 4) exhibits a strong time-dependent decrease in intensity upon 
formation of the triplet state (-100 ns to 0.6 µs) concomitant with the rise of a new band 
at 1528 cm-1. This indicates that this mode is strongly spin-state-sensitive as in the 
case for iron-based porphyrins.52 In fact, a similar downshift of 40 cm-1 has been 
previously demonstrated upon populating the triplet state of ZnTPP.50 Although a 
weaker intensity loss was observed in the 𝜈4 mode at 1357 cm-1, it did not exhibit any 
shift in frequency.  
 In addition, we observed a new band of 3Zn* at 774 cm-1 which according to our 
DFT calculations can be assigned to 𝜈16. This feature presents a strong component of 
the δ(CαNCα) mode and a strong phenyl contribution, having previously been 
described as symmetric pyrrole deformation in the metalloporphyrin D4h-core.53 Finally, 
we show (Figure 4, bottom panel) that all detected TR3 vibrations follow the same 
kinetics as the ESA band of 3Zn*, further corroborating their nature. 
 We then investigated the reductive quenching mechanism in the presence of 
both electron donors. Since no differences are observed in the resonant Raman 
spectra in the presence of either DABCO or ascorbate (Figure S17), as additionally 
shown by our DFT calculations (Figure S18), only the results related to the DABCO-
containing system will be discussed. Excitation of 12.6 μM ZnF20 in the presence of 



100 mM DABCO in CH3CN led to the time-resolved evolution of new bands detected 
at 636, 1277, and 1540 cm-1 (Figure 5, left panel). The reference spectrum of the 
chemically prepared ZnI species in the presence of 100 mM DABCO is displayed in 
Figure S19, together with the corresponding theoretical resonance Raman spectrum 
of ZnI shown in Figure S20.  

 

Figure 5. TR3 spectra (left panel) obtained upon exciting 12.6 μM ZnF20 in the presence 
of 100 mM DABCO in CH3CN. Black solid lines represent time-evolving bands due to 
the formation of ZnI and dashed blue lines indicated the bands of 3Zn*. Overlapped 
kinetic decays (right panel) obtained by OTA and TR3 under the same experimental 
conditions, with solid lines showing the simulated evolution of relevant photogenerated 
species. λpump = 554 nm, 2.2 mJ/pulse; λprobe = 447 nm, 2.2 mJ/pulse. 

 Once again, we observed a downshift of 19 cm-1 in the 𝜈2 mode detected, this 
time, at 1540 cm-1. This indicates that, in addition to being spin-state-sensitive, this 
mode is also sensitive to the oxidation state of the Zn-porphyrin. As a consequence of 
these two features, this mode constitutes an excellent probe for photochemical 
processes involving ZnF20 as a photosensitizer. The downshift of this band, due to the 
formation of both the triplet and reduced states, can be explained by the population of 
the LUMO orbital of the porphyrin macrocycle, weakening the π bonds of the 
conjugated rings.50 
 The mode at 1277 cm-1 has also been previously observed and assigned to the 
reduced state of ZnTPP in previous studies,54,55 and it has been identified as 𝜈(Cm-Cph). 
Our calculations are in agreement with this assignment for ZnF20 and, because this 
mode is of totally symmetric nature,54 it can be attributed to 𝜈1.53 Finally, we have 
detected a new band at 636 cm-1, also predicted by our DFT calculations, assigned to 
an out-of-plane phenyl vibration involving the fluorine atoms. A similar phenyl mode 
has been observed for NiTPP and it can be tentatively assigned to π3’, a mode 
described by a γ(CH) component in the hydrogenated phenyl ring that, naturally, 
becomes γ(CF) for ZnF20 (Figure S21). 
 
 



Table 1. Vibrational frequencies (in cm-1) of the main peaks observed in TR3 experiments 
attributed to ZnF20, 3Zn* and ZnI.  

ZnF20  3Zn*  ZnI  
Exp. DFTa Lit.b  Exp. DFTa Lit.b  Exp. DFTa Lit.b Assignmentc 
1656 1714 159850  1655 1714 159650     Ф4 (phenyl) 

1559 1632 154850  1528 1618 150850  1540 1554 153250 𝜈2, 𝜈(Cα-Cm) 

1357 1412 135250         𝜈4, 𝜈(Cα-N) 

1313 1353 130253         𝜈12, 𝜈(Cα-N) 

    1283 1302 128750  1277 1282 125750 𝜈27, 𝜈(Cm-Cph) 

    1223 1285 123350     𝜈1, 𝜈(Cm-Cph) 

1158 1188 117950         Ф6 (phenyl) 
730 752 639         Ф9 (phenyl)? 

    774 801 84653     𝜈16, δ(pyr def)sym 

        636 672  π3’, γ(CF) 
aUnscaled vibrational frequencies obtained from our CAM-B3LYP/Def2-TZVP/LANL2DZ calculations. bLiterature values observed 
either for ZnTPP50 or NiTPP53. cAssignments of relevant vibrational modes according to the metalloporphyrin core classification 
and the numbering scheme commonly used in the literature.53 

 
Remarkably, the time evolutions of the three reduced state bands of ZnF20 follow 

the same kinetics observed for the 447 nm band in OTA experiments (Figure 5, right 
panel). Not only the reduced state bands are visible in the presence of DABCO, but 
the excited state bands at 774 cm-1 and 1655 cm-1 are also present and are likewise 
shown to evolve with the same kinetics observed under the same conditions in OTA. 
Indeed, these results illustrate the complementarity of these two experimental 
approaches to track the fate of transient species through the lenses of different probing 
strategies, thus providing valuable information on the nature and dynamics of 
molecular photosystems.   

 

Figure 6. Jablonsky energy level diagram and reaction pathways for ZnF20 in the presence of 
a) ascorbate, and b) DABCO as reversible electron donors. kq

 = 1.6 (± 0.5) ×106 M-1s-1, krec = 
1.8 (± 0.5) x108 M-1s-1, k’q = 9.2 (± 2.8) ×107 M-1s-1, k’rec = 2.6 (± 0.8) ×1010 M-1s-1.  

 Lastly, we investigated the charge separation thermodynamics in both DABCO 
and ascorbate-containing systems. The energy level diagrams with the reaction 
pathways of all relevant photoinduced processes are presented in Figure 6. It should 
be noted that the energy of 3Zn* (~1.71 eV) was estimated from the phosphorescence 
spectrum recorded in an ethanol/methanol solvent mixture at 77 K (Figure S22). 



Because the energy of the first excited singlet state (1Zn*-DABCO) is virtually 
unaffected by the presence of DABCO, we assume that its effect is also negligible for 
the lowest lying triplet state (3Zn*-DABCO). The energy level diagram of Figure 6 
makes it evident that DABCO provides an electron transfer driving force that is 290 mV 
lower than that of ascorbate. Despite this, efficient reductive quenching of the excited 
state is observed with DABCO, with faster reaction rates of electron transfer and 
recombination that are likely associated to its coordination to the metal center. 

Conclusions 

 Although the systems containing ZnF20 and DABCO/ascorbate have 
similar charge separation efficiencies, they display intrinsically different kinetic 
properties exhibiting much faster quenching and charge recombination reaction 
rates with DABCO. Indeed, the estimated rate constants with DABCO are more 
compatible with intramolecular electron transfer processes as compared to 
ascorbate-containing samples. In the latter, the same processes are clearly 
governed by diffusion and so the charge-separated state has a much longer 
lifetime. This prolonged lifetime increases its probability of engaging in 
bimolecular electron transfer reactions with other molecular species, such as 
specialized catalysts. Overall, we provide a complete photophysical 
characterization of ZnF20 in reductive quenching reaction mechanisms using 
complementary time-resolved techniques to generate and probe transient 
charge-separated states. Such studies contribute to the very fundamental 
understanding of primordial light-induced processes operating in artificial 
photosynthetic systems.  
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