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Abstract 

Three perfluorinated ZnII porphyrins were evaluated as n-type sensitizers in photoelectrosynthetic 

cells for HBr and water splitting. All the dyes are featured by the presence of pentafluorophenyl 

electron withdrawing groups to increase the ground state oxidation potential and differ for the 

nature and the position of the conjugate linker between the core and the anchoring group tasked 

to bind the metal oxide, in order to assess the best way of coupling with the semiconductor. A 

phenyl-triazole moiety was used to link the carboxylic anchoring group onto meso position, while 

an ethynyl-phenyl linker was chosen to bridge carboxylic and cyanoacrylic groups onto -pyrrolic 

position. A combination of electrochemical, computational and spectroscopic investigations 

confirmed the strong electron withdrawing effect of the perfluorinated porphyrin core which assures 

all the investigated dyes of the high oxidation potential required to the coupling with water 

oxidation catalysts (WOC). Such an electron-poor core, however, affects the charge separation 

character of the dyes, as demonstrated by the spatial distribution of the excited states, leading to a 

non-quantitative charge injection, although tilting of the molecules on the semiconductor surface 

could bring the porphyrin ring closer to the semiconductor, offering additional charge-transfer 

pathways. 

Indeed all the dyes demonstrated successful in the splitting of both aqueous HBr and water, with the 

best results found for the SnO2/TiO2 photoanode sensitized with the -substituted porphyrin 

equipped with a cyanoacrylic terminal group, achieving 0.4 and 0.1 mA/cm2 photoanodic currents 

in HBr and water, respectively, under visible light. The faradaic yield for oxygen evolution in the 

presence of an IrIV catalyst was over 95% and the photoanode operation stable for more than 1000 

seconds. 

Thus the perfluorinated porphyrins with a cyanoacrylic anchoring group at the -position should be 

considered for further development to improve the charge-transfer character. 

 

Introduction 

The implementation of a solar grid depends on strategies of energy storage, among which 

generation of solar fuels, where energy is stored in the form of chemical bonds of energy-rich 

molecules, is one of the most promising.1,2 Besides splitting of water into hydrogen and oxygen, 

hydrohalic acid (HX) splitting and notably HBr splitting3 by photoelectrochemical means (Dye-

Sensitized Phtoelectrosynthetic Cells, DSPEC) is attracting an increasing interest by the scientific 

community. DSPECs based on polypyridine RuII complexes characterized by MLCT absorption 

centred at ca. 450 nm, have been reported to intercept the Br2/Br- couple with high efficiencies, 
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resulting in photocurrents in the mA range associated to the net production of H2 and Br3
- at the 

respective cathodic and photoanodic compartment of the cell.4,5   

Among light-harvesting molecules for DSPEC, porphyrins are particularly promising, since they 

present various optical transitions in the visible region with high extinction coefficient (Soret or B 

band) covering the high energy portion of the visible spectrum and less intense, but broader, Q 

bands extending to the red. The electrochemical properties of ZnII porphyrins can be easily tuned by 

varying the peripheral substituents,6 resulting in some of the best performing dyes for dye sensitized 

regenerative solar cells.7-9  

A symmetrical fluorinated porphyrin has been employed by Brudvig et al.10 in conjunction with an 

iridium catalyst in a DSPEC for water splitting. This example was later followed by other works 

employing a perfluorinated free-base porphyrin based on hydroxamic acid linkage11 and by other 

studies demonstrating the possibility of electron injection into semiconductors by porphyrins having 

very positive ground state potentials,12,13,14,15 potentially useful for artificial photosynthesis.   

In this contribution we focus on the electronic and photoelectrochemical properties of a series of 

ZnII porphyrins (Figure 1), explored in the framework of photoelectrochemical cells for HBr and 

water splitting. With our molecular design we have tried to optimize charge separation at the 

semiconductor/dye interface by: 1) introducing four electron-withdrawing C6F5 groups in order to 

obtain an electron deficient tetrapyrrolic ring and increase the driving force for electron transfer in 

oxidation reactions involving the photooxidized dye, and 2) inserting a -conjugated electron 

acceptor linker, equipped with either a carboxylic or a cyanoacrylic group, tasked to bind metal 

oxides and obtain the proper directionality of the excited state for charge injection. In addition, 

either β or meso substitution positions were explored in order to evaluate their impact on the dye 

energetics and sensitization efficiency. 

 

Figure 1. ZnII porhyrins investigated in this work 

 

Results and discussion 
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Syntheses 

The syntheses of chromophores ZnTPPF20-COOH and ZnTPPF20-CN were performed according to 

Scheme 1. 

The H2TPPF20 porphyrin core was prepared in good yield by the Lindsey method,16 through a 

BF3•OEt2 catalysed condensation of pyrrole with pentafluorbenzaldehyde, followed by oxidation of 

the porphyrinogen to porphyrin upon addition of DDQ. 

The reaction of the free-base with Zn(CH3CO2)2•2H2O afforded the ZnII complex in almost 

quantitative yield. 

Then ZnTPPF20 was monobrominated in -pyrrolic position by reaction with N-bromosuccinimide 

(NBS), and the crude ZnTPPF20-Br was immediately used for the following Sonogashira’s coupling 

with 4-ethynylbenzoic acid or 4-ethynylbenzaldehyde to afford ZnTPPF20-COOH or ZnTPPF20-

CHO respectively, with N,N-dimethylformamide as a solvent, triethylamine as a base and catalytic 

amounts of [Pd(PPh3)4] and CuI, using a microwave assisted approach successfully developed by 

some of us to obtain -substituted ZnII porphyrins in good yield (1 hour reaction at 120 °C).17 

Finally, a Knoevenagel condensation between ZnTPPF20-CHO and cyanoacetic acid in CHCl3 with 

piperidine as a base afforded ZnTPPF20-CN in 56% yield. 
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Scheme 1. Synthesis of -pyrrolic substituted ZnII porphyrins 

 

The synthesis of ZnTPPF19-click-COOH (Scheme 2) involved a “click-chemistry” approach. The 

selective nucleophilic substitution of only one of the four para fluorine atoms of the 

pentafluorophenyl rings in 5,10,15,20 meso position of H2-PPF20 was achieved by reaction of the 

free-base with 1 equivalent of sodium azide,18 followed by complexation with ZnII. Then, a CuI 

catalysed Huisgen 1,3-dipolar cycloaddition between ZnTPPF19-N3 and 4-ethynlbenzoic acid in a 

1:1 THF/CH3CN mixture,19 with N,N-Diisopropylethylamine (DIPEA) as a base afforded 

ZnTPPF19-click-COOH in 89% yield. 
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Scheme 2. Synthesis of mesosubstituted ZnII click porphyrin 

 

The three new dyes were characterized by 1H- and 19F-NMR spectroscopy (Figures S1-S3 in SI), 

elemental analysis and mass spectrometry (SI). 

 

Spectroscopic and electrochemical properties in solution 

All the dyes have been investigated by UV-vis spectroscopy in toluene solution and the -

normalized spectra are reported in Figure 2. 
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Figure 2. A) UV-vis spectra recorded in toluene solution; B) -normalized spectra of Q bands and 

emission spectra recorded in toluene solution at 10-6 M concentration 

 

The spectra of ZnTPPF20-COOH and ZnTPPF20-CN (Figures 2A, S4 and S7 in SI) show the typical 

pattern of β-substituted ZnII porphyrins with two evident Q bands and a sizeable red-shift of about 

10 nm (for both B and Q bands) compared to the meso-substituted compound Zn-TPPF19-click-

COOH, indicating a more pronounced push-pull character for the -substituted compounds. At the 

same time, the presence of the stronger acceptor cyanoacrylic acid group in ZnTPPF20-CN barely 

affects the push-pull character as observed in other porphyrinic systems.17,20 Therefore, the high 

degree of fluorination, which produces a strong electron-poor porphyrin core, is not weakening the 

effect of the cyanoacrylic group. 

On the contrary, the absorption pattern of ZnTTPF19-click-COOH (Figure S10) resembles that of 

meso-substituted porphyrins, where only one peak is clearly detectable for the Q band. However, a 

more detailed analysis reveals a second Q band at 581 nm featured by a very low intensity (Figure 

2A). 

Normalized emission spectra recorded for each dye at 10-6 M concentration in toluene solution are 

reported in Figure 2B and the relative data are summarized in Table 1.  

As observed in the UV-vis spectra, β- and meso-substituted porphyrins present similar emission 

spectra reflecting the shape of their absorption Q bands. The excitation spectra (Figures S5, S8 and 

S11 in SI) superimpose with the relative UV-vis absorption spectra, indicating that population of 

the lowest emitting state occurs upon both the Soret and the Q bands excitation. Moreover, the 

minimal Stokes shift between the peak of the absorption band at lower energy and the peak of the 

emission band at higher energy, confirms the rigidity of these systems and reduced molecular 

structure distortions during the absorption and emission processes. 
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The lifetime has been measured in solution by the single photon counting using a pulsed laser 

source at 450 nm (see Experimental in SI), and from the deconvolution fitting of the decay profiles 

(Figures S6, S9 and S12 in SI),  values in the range 1.3-1.6 ns for each dye have been recorded 

(Table 1). Quantum yield (QY, ) of fluorescence have been measured in toluene solution at 10-6 M 

concentration obtaining values in the range of 2–4% (Table 1). 

Finally, from the spectroscopic data recorded in toluene the E0-0 value has been calculated, which 

corresponds to the spectroscopic HOMO-LUMO energy gap (Table 1).  
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Table 1. Absorption and emission data in toluene solution and spectroscopic HOMO-LUMO 

energy gap 

 λSoret/nm 

(log) 

λQ/nm  

(log) 

ex/nm  λem/nm  /ns /% E0-0/eV 

ZnTPPF20-

COOH 

430 (5.15) 553 (4.02) / 

592 (3.85) 

430 598 / 

649 

1.6 2.5 2.09 

ZnTPPF20-

CN 

430 (5.17) 554 (4.15) / 

592 (4.03) 

430 599 / 

650 

1.6 3.9 2.08 

ZnTPPF19-

click-COOH 

421 (5.54) 547 (4.27) / 

581 (3.60) 

421 585 / 

642 

1.3 2.0 2.21 

 

The electronic properties of the dyes have been investigated by cyclic voltammetry (CV) and 

compared to those of ZnTPPF20 under the same experimental conditions, as a benchmark. Complete 

CV patterns obtained at 0.2 V/s on a glassy carbon (GC) electrode in 0.1 M tetrabutylammonium 

perchlorate (TBAP) in DMF solution are reported in the SI (Figures S13, S15, S17 and S19) and in 

Figure 3, and their key features are summarized in Table S1 in the SI.  
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Figure 3. CVs including only first oxidation and reduction peaks (left) and DPVs including the 

second reduction process (right)  
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In all cases one oxidation peak and at least two reduction peaks have been observed in the potential 

window investigated, consistent with the electron-poor features of this class of perfluorinated 

porphyrins, resulting in a general anodic shift of the faradaic waves involving the frontier energy 

levels of these chromophores. The oxidation peak and the first reduction peak of each dye are 

reversible or quasi-reversible from both the electrochemical and chemical point of view, allowing 

for the calculation of the formal potentials of first oxidation (anodic, E0'
pa) and first reduction 

(cathodic, E0'
pc) processes in the chosen supporting electrolyte (formal potentials E0' approximate 

standard potentials E0 under the assumption of neglecting the activity coefficients). The 

experimental E0' values also allow the evaluation of the electrochemical HOMO and LUMO energy 

levels,6 and therefore of the HOMO–LUMO energy gap Eg (Table S1), employing the 

ferrocenium/ferrocene redox couple as a reference for intersolvental comparison of electrode 

potentials.21  

The electrochemical HOMO-LUMO Eg of the -substituted dyes are slightly higher than the 

spectroscopic ones (Table 1), in particular for ZnTPP20-CN for which a narrower gap was expected. 

In search for a better resolution of the relevant electrochemical processes, DPV analysis has 

allowed a clearer determination of the peak potentials (Figure 3 and S14, S16, S18 and S20 in the 

SI). Moreover, a perfect correspondence with the CV data has been obtained for the dyes having a 

well-defined CV pattern, confirming the great potential of this technique for the evaluation of 

ambiguous cases. 

The energy gaps obtained by DPV measurements (Table 2) are in good agreement with the 

spectroscopic data and with a narrower HOMO-LUMO gap achieved for the porphyrin endowed 

with a cyanoacrylic group, as reported in the literature.17  

The meso-substitued ZnTPPF19-click-COOH dye shows electrochemical potentials very similar to 

those of ZnTPPF20, resulting in the same oxidation potential values, but in a slightly shifted 

reduction process. In general it can be concluded that the strongly oxidizing ground state potential 

of these species should allow to trigger energy demanding oxidation reactions, keeping at the same 

time sufficient driving force for the oxidative quenching of the excited state by charge injection to 

appropriate semiconductors.  
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Table 2. Key DPV features of dyes and benchmark, their electrochemical energy levels HOMO and 

LUMO derived therefrom E0'Ia and E0'Ic (or Ep,Ia and Ep,Ic), all referred to Fc+|Fc.  

 
Ep,Ia/V 

(Fc+|Fc) 

E0'Ia/V 

(Fc+|Fc) 

Ep,Ic/V 

(Fc+|Fc) 

E0'Ic/V 

(Fc+|Fc) 
HOMO/eV LUMO/eV 

ΔE0'/V 

(Eg,EC/eV) 

ZnTPPF20-COOH 0.80 0.82 -1.34 -1.36 -5.62 -3.44 2.18 

ZnTPPF20-CN 0.79 0.81 -1.33 -1.35 -5.61 -3.45 2.16 

ZnTPPF19-click-COOH 0.75 0.77 -1.42 -1.44 -5.57 -3.36 2.21 

ZnTPPF20 0.75 0.77 -1.44 -1.46 -5.57 -3.34 2.23 

 

 

Computational Results  

TDDFT calculations in THF (IEFCPM) at the B3LYP 6311 G* level17 were used to extract 

information about the electronic distribution in the chromophores at their singlet ground and excited 

states. The EDDMs (Electron Density Difference Maps) generated from the Kohn-Sham (KS) 

orbitals associated to the main electronic transitions in the visible region are shown in Table 3. The 

computed electronic transitions, the KS contributions to the calculated optical transitions and the 

KS orbitals involved in these latter are reported in Figures S21 and S22 in the SI and in Table 3. 

Generally, despite a systematic red shift (0.1-0.2 eV) of the most intense transition associated to the 

B band, the computation reproduces in an acceptable fashion the main spectral features of these 

fluorinated ZnII porphyrins. In all cases the group of the most intense transitions falls in proximity 

of the experimental B band centred around 2.9 eV. Consistent with the experimental evidence, the 

meso ZnTPPF19-click-COOH architecture is characterized by narrower B band, originated by two 

nearly degenerate transitions (2.3 and 3.06-3.07 eV, Table 3) from the highest occupied orbitals to 

LUMO and LUMO+1. In the case of ZnTPPF20-CN and ZnTPPF20-COOH a larger number of 

allowed transition occurs, broadening the B band, thanks to allowed excitations from HOMO-2 to 

LUMO +2. Indeed, while in ZnTPPF19-click-COOH the B band excitation leads to ring centered 

EDDMs with practically no change in electronic density of the electron acceptor arm, the electronic 

redistribution following high energy optical excitation in ZnTPPF20-CN and ZnTPPF20-COOH 

shows a significant charge-transfer character, where, however, the linker arm is depleted of 

electronic density while the tetrapyrrolic ring is enriched, consistent with the strong electron 

withdrawing character induced by the perfluorinated substituents. Thus, in principle, in all cases, 

the electronic distribution upon interception of the B band is unfavorable to charge injection into the 

semiconductor. Concerning the lowest singlet state, generated upon Q bands excitation for energy ≥ 

2.2 eV, weaker oscillator strengths are correctly predicted for all structures under examination. 

Again no involvement of the electron accepting arm is found for ZnTPPF19-click-COOH (transition 
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1 at 2.26 eV), while ZnTPPF20-CN shows a small increase in the electronic density of the 

cyanoacrylic group, with most of the hole density delocalized on the ring. The largest electronic 

density on the arm is however found for transition 3 (2.58 eV). No involvement of the electron 

withdrawing arm is found with ZnTPPF20-COOH either, probably due to the weaker electron 

accepting properties of its linker compared to that of ZnTPPF20-CN. Higher energy excitations (> 

2.23 eV) result in either π-π* states centered on the tetrapyrrolic structure or in their mixing with 

charge-transfer states shifting charge density from the linker to the electron-poor ring. Thus, 

calculations predict that in none of the chromophores under investigation a really satisfactory 

directionality of the excited states for electron injection is obtained, with the possible exception 

ZnTPPF20-CN, for which some states, including the lowest one, could lead to an acceptable 

coupling for semiconductor sensitization. Clearly, the realistic situation on the disordered 

nanocystalline semiconductor is more complicated: tilting of the molecules on the semiconductor 

surface could bring the porphyrin ring closer to the semiconductor, in a situation favourable for 

through-space remote charge injection. The accidental proximity of the dye ring to other adjacent 

nanoparticles, may also offer additional charge-transfer pathways, which cannot be accounted for 

by this type of simple calculation.   

 

Table 3. Hole (blue) and electron (green) density maps corresponding to optical transitions in 

perfluorinated ZnII porphyrins.  Transitions are numbered according to spectra S19    

 

Transition 

number 

Computed 

vertical 

excitation 

energies 

(eV/oscillator 

strength) 

Experimentally 

observed band 

(eV) (band 

type) 

Energy 

dispersion 

|ΔE| (eV) 

with 

respect to 

exp. band 

maximum   

KS orbital 

contribution 

to excited 

state 

Density map 

ZnTPPF19-click-COOH 

1 2.26/1.3 ×10-3 2.25 (Q) 0.01 

H-1  L 

-0.17035 

H-1 L+1        

0.46155 

H  L            

0.47475 

H  L+1          

0.17096 
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2 3.06/1.876 2.96 (B) 0.09 

H-8  L 

-0.10630 

H-1  L          

0.47859 

H  L+1          

0.48478 

 

3 3.07/1.522 2.96 (B) 0.10 

H-8  L+1 

-0.11016 

H-1  L+1        

0.48737 

H  L 

-0.48419 

 

 

ZnTPPF20-COOH 

2 2.26/0.044 
2.22 (Q1) 

2.07 (Q2) 

0.04 

0.19 

H-1  L          

0.19031 

H-1  L+1        

0.41454 

H  L            

0.50371 

H  L+1         

-0.18224  

3 2.83/0.948 2.90 (B) 0.07 

H-2  L          

0.53246 

H-1  L          

0.14917 

H-1  L+1        

0.28229 

H  L           

-0.26882 

H  L+1          

0.17466 
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4 3.00/0.8006 2.90 (B) 0.10 

H-2  L+1        

0.40042 

H-1  L         

-0.34594 

H-1  L+1        

0.20572 

H  L           

-0.16015 

H  L+1         

-0.37446 
 

5 3.08/1.0446 2.90 (B) 0.18 

H-3  L          

0.18509 

H-2  L          

0.41892 

H-1  L+1       

-0.36639 

H  L            

0.28678 

H  L+1         

-0.10032 

H  L+2        

0.14562 

 

ZnTPPF20-CN 

1 2.22/0.203 
2.22 (Q1) 

2.07 (Q2) 

0.00 

0.19 

H-1  L          

0.21646 

H-1  L+1       

-0.34679 

H L            

0.52670 

H  L+1          

0.18437 

H  L+2         

-0.10319 

 

2 2.23/0.014 

2.22 (Q1) 

2.07 (Q2) 

 

0.01 

0.16 

H-1  L          

0.47176 

H-1  L+1        

0.17604 

H-1  L+2       

-0.13478 

H  L           

 -0.22586 

H  L+1          

0.40923 
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3 2.58/0.841 2.22 (Q1) 0.36 

H-2  L         

-0.18134 

H-1  L+1        

0.32706 

H  L            

0.33183  

H  L+1         

0.110406 

H  L+2          

0.47185 

 

5 2.79/0.549 2.90 (B) 0.11 

H-2  L          

0.56634 

H-1  L+1       

-0.15159 

H-1  L+2        

0.16548 

H  L+2          

0.33595 
 

6 3.01/0.400 2.90 (B) 0.11 

H-2  L+1        

0.51314 

H-1  L          

0.16443 

H-1  L+1       

-0.11269 

H-1  L+2       

-0.28653 

H  L+1         

-0.31030 

 

7 3.13/1.319 2.90 (B) 0.23 

H-2 L           

0.17876 

H-2  L+1        

0.28888 

H-2  L+2       

-0.30189 

H-1  L+1        

0.34701 

H-1  L+2        

0.12718 

H  L            

0.16246 

H  L+1          

0.12075 

H  L+2         

-0.27810 

 

 

 

Spectroscopic and electrochemical characterization of the sensitized photoanodes 
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Adsorption from 0.1 mM dye solutions on TiO2 leads to a very high absorption in the Soret band 

region, which in all cases saturated the instrumental response absorbance values greater than 3, 

while the absorbance in the Q region varies in the order ZnTPPF20-CN (≈ 0.9) > ZnTPPF20-COOH 

(≈ 0.7) > ZnTPPF19-click-COOH (≈ 0.5) (Figure S23). Absorption spectra thus point to a better 

surface uptake of the β structures compared to meso-ZnTPPF19-click-COOH having the highest 

molar extinction coefficients. At the same time the better harvesting achieved by ZnTPPF20-CN is 

probably due to both its stronger dipole moment and superior affinity to the TiO2 surface with 

respect to ZnTPPF20-COOH. Sensitization of SnO2 electrodes (Figure S24) results in the same trend 

already described with TiO2, but the optical density of the resulting photoanodes was considerably 

lower, with maximum values in the B band of the order of ≈ 0.6. The dye uptake by SnO2 thin films 

could be improved by treating them with TiCl4 followed by firing at 450 °C in order to form a 

nanometric coating of TiO2 on top of the SnO2 nanoparticles and increase the surface area and the 

reactivity for dye adsorption. AFM maps of the SnO2 electrodes following TiCl4 treatment show an 

increased surface roughness (Figure S27), with Rq increasing from 30.9 µm to 47.1 after the 

treatment, without a noticeable increase the SnO2 nanoparticle size, having a diameter varying from 

20 to 40 nm (Figure S28 and S29). This evidence is consistent with the coverage of SnO2 by thin 

TiO2, which cannot be clearly resolved in our AFM maps on such type of disordered substrate but is 

evident in the form of a micro-roughenss in the cross sectional analysis by sampling along various 

directions of the imaged surface portion at high magnification. As a result, the absorbance of 

SnO2/TiO2 electrodes loaded with the series ZnII porphyrins more than doubles relative to 

unmodified SnO2, reaching a close-to-unity light harvesting in the Soret region (Figure 4A). By 

using A(λ)=1000ε(λ)Γ it is possible to calculate the surface loading Γ of the dyes, of the order of 

2×10-8 Mol/cm2, in good agreement with ICP results based on Zn determination, affording values 

around 1.7 ×10-8 Mol/cm2. The SnO2/TiO2 photoanodes were thus preferred over the SnO2 ones for 

the subsequent photophysical and photoelectrochemical investigations. It is also interesting to 

evaluate the impact of the TiCl4 treatment on the SnO2 energetics, which can be conveniently 

studied by electrochemical means in a solvent medium relevant to the intended use of such 

photoanodes. In aqueous 0.1 M HBr + 0.4 M NaBr, SnO2 is characterized by a broad reductive 

wave which appears chemically reversible (Figure S30),  having onset at ca 0.3 V vs SCE, followed 

by a small hump centred at ca. 0.2 V, assigned to the filling of surface states as the potential is 

scanned towards negative values. A change in the J/E slope occurs at ca. -0.05 V vs SCE probably 

indicating the threshold of the reduction of conduction band states. Consistent with the n-type 

nature of SnO2 in the chosen electrolyte, no faradaic processes are observed in the interval 0.3/0.6 V  

vs SCE where a small capacitive current  (ca. 1µA) flows. SnO2/TiO2 electrodes (Figure S30) 
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maintain the same conduction band edge energetics as of those of bare SnO2, with a clear reductive 

wave having onset between 0 and -0.05 V vs SCE, but the electrochemical processes originating 

from sub-band gap states are dramatically reduced in intensity, consistent with the passivation of 

many SnO2 surface states by the TiO2 layer. Adsorption of ZnTPP20-CN does not change the 

surface energetics significantly, being the electrochemical features practically coincident with that 

of the undyed electrode in the -0.2/0.8 V vs SCE interval (Figure S32). A notable exception occurs 

at potentials higher than 1 V vs SCE, where the electrocatalytic oxidation of Br- mediated by the 

surface adsorbed dye becomes evident, with an irreversible wave having a ×10 increased intensity 

compared to the same process observed at bare SnO2/TiO2 (in this latter case the oxidation process 

occurs ostensibly at some exposed FTO). This is already a qualitative confirmation of the ability of 

the oxidized porphyrins to intercept the redox chemistry of the Br-/Br3
- couple.         
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Figure 4. (A) Absorption spectra of SnO2/TiO2 electrodes sensitized with Zn-TPP20-COOH, Zn-

TPP20-CN and Zn-TPP19-click-COOH; (B) Electrochemical levels relevant to the 

photoelectrochemical process in 0.1 M HBr/0.4 M NaBr. The diagram was built by considering the 

onset of the reductive processes of the different semiconductor films together with the energy levels 

of ZnTPPF20-CN from Table 4. The half wave potential of the Br3
-/Br- couples was measured by 

cyclic voltammetry at a glassy carbon electrode at pH 1. Notice that Zn-TPPF20-CN  was used to 

exemplify the energetics common to the porphyrin (P) series under consideration and that  that the 

E1/2 potential of the redox couple may not describe the details of the energetics involved in the 

photoinduced oxidation of Br-.2,4  
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Finally, while data in Table 2 are useful to understand the general electronic properties of the dye 

series under investigation, the energetics relevant to charge injection and regeneration are more 

properly accounted for by including the interaction of the dye with the semiconductor oxide and the 

influence of operational solvent chosen for the DSPEC (water), wherein electrochemical 

measurements in solution are precluded due to solubility. Emission spectra and DPV were recorded 

on SnO2 treated with TiCl4: the emission spectra (Figure S25) show the vibronic components 

associated to the lowest excited singlet state, with a slight blue-shift with respect to the 

measurements in organic solution, from which the E0-0 spectroscopic energy can be determined. 

DPV afforded (Figure S26, Table 4) the first ground state oxidation potential (Epa), and the first 

excited state oxidation potential was consequently calculated according to Eox
*=Epa-E

0-0. These 

three structures exhibit similar ground and excited state energetics, with first excited state oxidation 

potential sufficiently negative for injection into semiconductor electrodes and a sufficiently positive 

ground state to trigger, in principle, oxidation of bromide or activate water oxidation catalysts. The 

electrochemical potentials of interest to the sensitization processes, by considering SnO2/TiO2 

electrodes, are summarized in Figure 4B, where ZnTPPF20-CN was used to exemplify the 

energetics common to the porphyrin (P) series under consideration. 

Table 4. Spectroscopic energy (E0-0), anodic peak potential (Epa) and oxidation potential (E*ox) of 

SnO2/TiO2 electrodes modified with Zn-TPP20-COOH,/Zn-TPP20-CN, Zn-TPP19-click-COOH. 

Measurements performed on the thin films in contact with in 0.1 M HClO4  

 

 

 

 

 

Transient Absorption Spectroscopy  

Transient Absorption (TA) spectra, following 532 nm excitation of ZnTPPF20-CN either in toluene 

solution or loaded on TiO2 or SnO2/TiO2 thin films are reported in Figure 5. ZnTPPF20-COOH and 

ZnTPPF19-click-COOH share qualitatively common spectroscopic features with those of ZnTPPF20-

CN and are reported, for brevity, in the ESI (Figure S33, S35 and S36).   

 

 

 

 

 E0-0 Epa (V vs SCE) E*ox (V vs SCE) 

ZnTPPF20-

COOH 

2.04 1.20 -0.84 

ZnTPPF20-CN 2.05 1.15 -0.9 

ZnTPPF19-click-

COOH 

2.09 1.17 -0.92 
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Figure 5. A) Transient absorption spectra of ZnTPPF20-CN in toluene solution (5×10-4M); B) 

loaded on TiO2; C) loaded on SnO2/TiO2. Thin films were in contact with 0.1 M NaClO4 at pH 3. 

Oscilloscope Input impedance 350 Ω. 

 

The TA spectra of ZnTPPF20-CN in 5×10-4M toluene solution (Figure 5A), are consistent with the 

formation of the population of the T1 state, dominated by the strong absorption centered at 500 nm, 

whose formation falls within the pulse and disappears completely within about 10 microseconds 

(Figure 5A). The 500 nm absorption is followed by the ground state bleaching and by a flat and 

featureless absorption extending to the NIR. Such features have been observed in other β-

substituted porphyrins carrying donor and acceptor groups,22 but are also typical of more symmetric 

structures,23 where the lowest electronic states are prevailingly localized on the tetrapyrrolinc ring, 

indicating a relatively small influence of the electron withdrawing linker arm on the electronic 

properties of the lowest excited state.   

TA spectra of the dye-sensitized semiconductors are characterized, along with the Q band bleaching 

at 570 and 610 nm, by a well-defined sharp absorption band centered around 700 nm, which is 

assigned to the oxidized dye ZnTPPF20-CN+ formed upon charge injection into the semiconductor. 

On TiO2 the spectral signature of the oxidized dyes is accompanied by the 500 nm absorption 

feature of the excited state decreasing by 33 % during the first 120 ns, whereas in other spectral 

regions where the excited state absorption is less important, a marginal evolution of TA spectra is 

found. For example, the 710 nm band, dominated by ZnTPPF20-CN+ is reduced, due to 

recombination, by just ca. 3% on a comparable time scale. The residual T1 absorption indicates that, 

at least for a fraction of the ZnTPPF20-CN population adsorbed on TiO2, the intersystem crossing 

process from S1 to T1 is kinetically competitive with charge injection into the semiconductor and 

that, ostensibly, T1 is not capable to inject.24   

Ultrafast measurements on structurally related, albeit not identical, compounds, revealed that 

intersystem crossing on push-pull β porphyrins occurs within 200/400 ps, setting thus a lower limit 

A B C 
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for the charge injection rate constant on similar time scales.25 The triplet residue on TiO2 film is 

even more pronounced in ZnTPPF20-COOH and ZnTPPF19-click-COOH (Figure S35), confirming, 

in qualitative agreement with the calculations, the better directionality and surface coupling of the 

lowest ZnTPPF20-CN singlet state for charge injection.  

The observation of excited state residual on TiO2 is somewhat surprising, in consideration of the 

dye excited state oxidation potential of the order of -0.8/-0.9 V vs SCE, while the flat band potential 

of TiO2 can be estimated (in V vs SCE) according to Vfb= -0.4 – 0.06 × pH.26 The activation energy 

for the electron transfer, ΔG*ET, is given, according to the classical Marcus expression  by (ΔGET*= 

(E*ox-EFB+λ)2/4λ)27 where the reorganization energy λ = λin + λout of symmetrical porphyrins in 

apolar solvents, such as toluene, was estimated of the order of 0.4 eV.28 However, it has been also 

reported that the presence of perfluorinated groups may increase significantly λin due to high-

frequency C-F stretching associated to the contraction and expansion of the porphyrinic core, up to 

doubling the value reported in the presence of conventional C-H bonds (i.e. 0.8 eV).29 It has also to 

be considered that the outer contribution λout increases in aqueous media, where reorganization of 

solvent dipoles is important. By taking into account these facts, the electron transfer from the 

excited dye to TiO2 in aqueous acidic medium (from pH 1 to pH 3, which are the conditions 

explored in this work) may become activated in the presence of reorganization energy of the order 

of 0.8-1 eV, which appears to be a reasonable estimate in consideration of references 27 and 28 and 

our electrolyte conditions. In order to check whether thermodynamic, besides electronic, limitations 

to the charge injection kinetics are present, we explored the TA of the dyes loaded on SnO2/TiO2 

electrodes, where we hoped that the thin TiO2 layer, created on top of SnO2 upon TiCl4 hydrolysis 

was not constituting a significant barrier to electron transfer.  

On SnO2/TiO2 (Figure 5C) the absorption intensity of the excited state residue associated to the T1 

state is decreased compared to the 710 nm feature, (ΔA710/ΔA500 = 2.3 on TiO2; ΔA710/ΔA500 = 2.8 

on SnO2/TiO2) indicating, on SnO2/TiO2, a higher yield of charge injection, consistent with the 

larger driving force offered by the lower flat band potential of SnO2 (ca. 0.2 V vs SCE) compared to 

TiO2. Again, the same trend is observed for ZnTPPF20-COOH and ZnTPPF19-click-COOH (Figure 

S36). Finally we can observe that, once generated, the charge separated state (CS) is, long lived 

with either TiO2 or SnO2/TiO2, its recovery far from being complete on a time scale of 50 µs, 

leaving in principle sufficient time for intercepting redox reactions of potential interest in the field 

of energy storage. In the following discussion the indications extracted by TAS are corroborated by 

photoelectrochemical measurements in the presence of hole scavengers.    

 

Photoelectrochemical properties in the presence of hole scavengers 
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Photocurrents registered with the porphyrin-sensitized TiO2 photoanodes under AM 1.5 G light 

(0.1 W/cm2) in the presence of 0.1M HBr are reported in Figure S37. The photocurrent onset is 

observed between -0.1 V and -0.2 V vs SCE and rises by moving to positive potentials, as expected 

from an n-type/electrolyte junction. The limiting value is reached in all cases at ca. 0.2 V vs SCE, 

but the photocurrent is generally very modest. TiO2/ZnTPPF20-CN represents the best photoanode, 

yielding up to 40 μA/cm2 net photocurrent at 0.2 V vs SCE, while TiO2/ZnTPPF20-COOH and 

TiO2/ZnTPPF19-click-COOH gave plateau values of 30 and 10 μA/cm2, respectively. Despite the 

modest conversion, the photo-action spectra, regardless of the substrate on which they were 

recorded (Figure S42 and Figure 7), are sensibly consistent with the related absorption spectra of 

the thin films, confirming in all cases the involvement of the excited state of the porphyrin in the 

sensitization process. The use of SnO2 films to oxidatively quench the excited state of dyes which 

are not capable of efficient injection into TiO2 has been reported by Bergeron et al.,30 and, similarly 

to Indium Tin Oxide (ITO)31 has been later implemented in DSPECs by other authors, often in 

combination with ALD-deposited overlayers with the task of prolonging the lifetime of the charge 

separated state at the semiconductor/electrolyte interface.32,33 

J/E characteristics recorded with 0.1 M HBr with SnO2/TiO2 sensitized photoanodes undergo a 5 to 

10 fold increase in photocurrent, compared to TiO2, consistent with an improved charge injection by 

the excited state of the ZnII porphyrins and retarded recombination owing to surface state 

passivation by TiO2. The J/E curves evidence a positive shift of the photoanodic threshold, in 

agreement with the expected flat band of SnO2, ca. 0.2 V vs SCE. Photocurrent plateau values in 0.1 

M HBr are generally found at ca. 0.35 V vs SCE and vary in the order ZnTPPF20-CN (≈ 0.35 

mA/cm2) > ZnTPPF19-click-COOH (≈ 0.2 mA/cm2) > ZnTPPF20-COOH (≈ 0.15 mA/cm2) (Figure 

S38). By contrast, the undyed electrode produces a marginal photocurrent (< 5 µA/cm2) while, in 

the dark, the electrochemical oxidation of Br- occurs at ca. 0.8 V vs SCE, probably through pinholes 

in the film, leaving exposed FTO sites. Nevertheless the anodic current, out to 1 V vs SCE, is very 

small, ca. 2.5 µA/cm2 (Figure S40). This means that at least 0.6 eV can be stored in the sensitized 

single junction, consistent with the expected difference between quasi Fermi level of the 

photoanode, apparently pinned on the  SnO2/TiO2  surface states and the Fermi level of the 

electrolyte. Better passivation of the interface and quantitative dye regeneration by the electrolyte 

are expected to further improve cell energetics.  

An optimized performance was found employing a mixture of 0.3 M NaBr and 0.1 M HBr (Figure 

6), where ZnTPPF20-CN generated a steady state limiting value of 0.4 mA/cm2, with transients 

reaching 0.5 mA/cm2, showing a good match with the shape of the current potential characteristics. 

Reproducibility in photoanode performance under [Br-] = 0.4 M was good, as shown by statistical 
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error bars in a range of ca. 10 % with respect to the average photocurrent plateau value (Figure 6D). 

Further attempts by increasing the [Br-] up to 0.5 M and above were unfortunately unsuccessful, as 

the unstable operation of the cell was observed, associated to spectral changes the Q band structure 

which suggested porphyrin demetallation under such circumstances. Otherwise, in 0.4 M Br- the 

dye stability was satisfactory and no decrease in the dye absorption nor modification of the spectral 

features of ZnTPPF20CN was observed, with Soret and Q bands maintaining their shape and relative 

intensity. Only a blue shift of a few nm was observed and tentatively ascribed to Stark perturbation 

upon surface adsorption of protons, following immersion and potentiodynamic cycling in the acidic 

electrolyte medium (Figure S39).   
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Figure 6. Current voltage curves recorded with SnO2/TiO2 photoanodes in HBr 0.1M, NaBr 0.3M 

under AM 1.5 G.  a) ZnTPP20-COOH, b) ZnTPP20-CN, c) ZnTPP19-click-COOH Photoanodes 

irradiated from the FTO side, d) Averaged J/V curves taken on a series of 10 photoanodes.     

 

Even in our optimized electrolyte conditions, the photoaction spectra, whose conversion efficiencies 

agree with the trend outlined by the J/E curves, show modest charge separation efficiencies. 

Maximum conversions of the order of ca. 7 % and 2 % are observed with 0.4 M Br- in 
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correspondence of the respective B and Q manifold of the best dye ZnTPPF20-CN, which, given the 

homogeneous ground and excited state properties found within the series under investigation, 

probably benefits most of the better electronic coupling offered by the cyanoacrylic group. The 

corresponding APCE spectra (Figure S43) are quite constant throughout the visible range, 

indicating that quantum yield of charge injection is substantially independent from the state which 

is initially populated by light absorption, a statement not necessarily true when ultrafast charge 

injection is in kinetic competition with thermalization of the electronic excited states. While 

injection can still be less than optimal with SnO2/TiO2 substrates, these low conversion values could 

also be indicative of kinetic competition between dye regeneration by Br- and recombination, as 

already suggested by the strong impact of electrolyte composition on photoanode performance. 

Recombination kinetics involving SnO2/TiO2/ZnTPPF20-CN fully develop in the millisecond time 

domain and were monitored at 700 nm in the presence of Br- 0.4 M (pH 1) at 0. 7 V vs Pt, a voltage 

falling well within the limiting photocurrent of the photoanode, corresponding thus to the maximum 

bias-assisted charge separation rate (Figure S44 and Table S3). In the presence of HBr, a substantial 

shortening of the oxidized dye decay is observed (Figure 7D), due to electron donation by Br-, 

affording a regeneration efficiency ηreg = 49% (Table S4). Let aside electronic effects, such value 

could not come as a surprise in consideration of the ground state oxidation potential (ca. 1.2 V vs 

SCE) of the porphyrin, less positive of ca. 0.4 V compared those of other dyes (ca. 1.6 V vs SCE), 

which exhibited nearly unitary ηreg.
4 From APCE = Φinjηreg, assuming negligible losses due to 

electron recapture by Br3
-, we obtain a charge injection yield of the order of 14%. Such value is in 

good agreement with APCE spectra obtained in the presence of ascorbic acid (AA), a better hole 

scavenger than Br-, generating, in the best case represented again by Zn-TPPF20-CN, photocurrents 

of 1.5 mA/cm2 at 0.7 V vs SCE (Figure S41) and APCE of the order of 16-18 % (Figure S43C). 

Actually, in the presence of ascorbic acid, TA spectra revealed the formation of the radical anion of 

the porphyrin (Figure S34), living hundreds of µs in deareated DMSO, indicating that injection 

might also occur from the long lived reduced state of the porphyrin, as a result of the triplet 

reductive quenching by ascorbic acid. Injection from reduced state was observed previously in the 

case of other poorly reducing RuII sensitizers.34 This would also explain the slightly higher injection 

yield calculated with AA with respect to the approximate estimate obtained at the same pH in the 

presence of Br-. 
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Figure 7. Photoaction spectra taken on SnO2/TiO2 sensitized substrate at  0.7 V : SnO2/ZnTPPF20-

COOH,  SnO2/ZnTPPF20-CN, SnO2/ZnTPPF19-click-COOH in: A) HBr 0.1M; B) HBr 0.1M, NaBr 

0.3M; C) 0.1M ascorbic acid. D) 700 nm recovery of ZnTPPF20-CN+ loaded on SnO2/TiO2 in 0.1M 

HClO4 (blank) and 0.3M  NaBr, 0.1M HBr biased at 0.7 V vs Pt. Oscilloscope input impedance 

10 kΩ. 

 

 

Coupling to Water splitting redox catalyst 

The proof of hole transfer from the porphyrin dyes immobilized on the TiO2/SnO2 photoanodes to a 

water oxidation catalyst, capable to oxidize water to di-oxygen under acidic conditions, was 

searched by co-adsorbing a binuclear iridium catalyst acting as the water oxidation catalyst, whose 

properties were previously reported on modified ITO.35   

The successful adsorption of the binuclear Ir complex (Figure 8, IrWOC) on the SnO2/TiO2 

ZnTPPF20-CN photoanode, after two hours soaking, was testified by the appearance of a catalytic 

wave having onset at ca. 1.1 V vs SCE (Figure S45). Soaking of the dyed thin films in the catalyst 

solution was optimized by considering the long term response of the photoanode under constant 

potential chronoamperometry (Figure S46). The best initial performances were achieved after 

soaking for 1 hour, but the long term response was slightly better with the electrode subjected to 2 
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hour immersion in the catalyst solution, which was then adopted for all the subsequent experiments. 

Under these last conditions the ICP showed that the loading of  ZnTPPF20-CN was (1.7±0.4) × 10-8  

Mol/cm2  while Ir was  (2.5 ±1.2) 10-9 Mol/cm2. Leaching of ca. 30% of the initial Ir concentration 

however usually occurred during 1 hour photoelectrolysis under conventional open configuration 

cell (i.e. no thin layer cell).   

Consistent with electron transfer from the co-adsorbed catalyst to Zn-TPPF20-CN+, the 700 nm 

absorption of the latter, undergoes a shortening, particularly evident from Figure 8 between 1 and 

4 ms, resulting in a decreased τav from 3.26 to 2.15 ms (cyan line) when the catalyst is present. 

Irrespective of the presence of the water oxidation catalyst, the recovery of Zn-TPPF20-CN+ is 

incomplete on a time scale of 5 ms, and after 4 ms both the green and blue traces seem to evolve 

with a similar kinetics, probably indicating that only a fraction of Zn-TPPF20-CN+ has a sufficient 

coupling with the redox catalyst on the surface to give rise to electron transfer. Nevertheless, 

chronoamperometry of the SnO2/TiO2/ZnTPPF20-CN/IrWOC in a thin layer cell under visible 

illumination (λ> 450 nm) demonstrate that the SnO2/TiO2/ZnTPPF20-CN/IrWOC is able to split 

water with a high faradaic yield. 

The photoanodic current generated by SnO2/ZnTPPF20-CN/IrWOC, where a bare FTO electrode 

biased at -0.6 V vs SCE under bipotentiostatic control serves as the oxygen collector (Scheme S1), 

was found to increase during the first 600 s, after which a constant value of ca. 0.1 mA/cm2 was 

maintained (Figure 9B). The trend followed by the photoanodic current was mirrored by the 

cathodic current associated to oxygen reduction occurring at the counter electrode. At present we do 

not have a fully satisfying explanation to the observed evidence. Possibly, during the first minutes 

of operation, the Ir complex is converted to an IrOx species, more active in oxygen evolution. 

Previous studies however remarked an excellent stability of IrWOC with respect to oxidative 

degradation.35 A better explanation could be the achievement of a steady state condition for the 

electrode under polarization and under illumination, related to desorption of part of the weakest 

adsorbed catalyst, which may both compete in light absorption with the porphyrin and cause 

excessive recombination. 

Nonetheless, after attaining the steady state, the photocurrent was stable for thousand seconds even 

at a lower bias (0.3V vs SCE, Figure 9D), and was unambiguously associated to oxygen evolution, 

ceasing quickly in the absence of illumination. The calculated Faradaic yield, obtained from the 

integrated chronoamperograms according to the Faraday law, is independent from the applied bias 

and turns out to be larger than 95% in the presence of Ir-WOC compared to less than 10% when the 

catalyst is absent (Figure 9C and Figure S47). 
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Figure 8. Schematic structure of the Binuclear Iridium(IV) (IrWOC) complex obtained following 

oxidation of the IrIII monomer with NaIO4. The complex is shown to interact with a mesoporous 

metal oxide. Recent findings suggest a single -oxo bridge between the two iridium atoms of the 

dimeric Ir-WOC.36,37,38  

 

a) 

0.1 1
0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
liz

e
d
 D

A

time/ms

 0.7V_IrWOC

 Fit curve 0.7V_IrWOC

 0.7V_blank

 Fit Curve 0.7V_blank

 

b) 

0 200 400 600 800 1000

-0.1

0.0

0.1

0.2

J
 (

m
A

c
m

-2
)

time (s)

 WE2

 WE1

 

c) 

0 200 400 600 800 1000

-0.02

0.00

0.02

0.04

0.06

J
 (

m
A

c
m

-2
)

time (s)

 WE2

 WE1

 d) 

0 200 400 600 800 1000

-0.04

0.00

0.04

0.08

J
 (

m
A

c
m

-2
)

time (s)

 WE1

 WE2

 

 

Figure 9 a) Recovery of ZnTPPF20-CN+ in the absence (blank, green line) and in the presence of 

IrWOC (blue line) monitored at 700 nm. Oscilloscope impedance 1MΩ; (b)-(d) Photocurrent 

delivered by the photoanode (WE1) (red) associated to oxygen reduction (black) at the collector 

electrode (WE2) held at constant -0.6 V vs SCE.  (b) SnO2/TiO2/ZnTPPF20-CN/IrWOC at 0.7 V vs 

SCE; (c) SnO2/TiO2/ZnTPPF20-CN at 0.7V vs SCE; (d) SnO2/TiO2/ZnTPPF20-CN/IrWOC at 0. 3 V 

vs SCE; 0.1 M HClO4, AM 1.5 G, with 450 nm cut off filter. 
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It can also  be observed that the performances during generation/collection experiments in a thin 

layer cell  are higher by at least ca. 30% and also more stable with respect to those found with the 

photoanode under open configuration (i.e. in a regular three electrodes cell, Figure S46), and that 

was attributed to the continuous removal of photogenerated  oxygen by the collector electrode, 

oxygen that can otherwise locally accumulate at the surface of the photoanode whereupon is 

generated  and act as an electron scavenger, reducing the photoanodic output of the cell.   

 

Conclusions  

A series of perfluorinated ZnII porphyrins with different acceptor/linker groups was evaluated as n-

type dyes for photoelectrosynthetic cells. The perfluorinated design was successful in creating an 

electron-poor porphyrin core, allowing to obtain a sufficiently positive ground state oxidation 

potential to trigger energetically demanding redox reactions for solar energy conversion and 

storage. The dye series was used to sensitize TiO2 and SnO2 substrates which displayed satisfactory 

adsorption stability in acidic water, thanks to the hydrophobic properties of these dyes. 

Nevertheless, the perfluorinated design increased the reorganization energy and decreased the 

coupling of the excited state with the semiconductor, resulting in relatively low injection yields, 

which were found, in the best case, of the order of 12% with SnO2 based electrodes. Better results, 

with yields of the order of 15-18 % were found in the presence of AA, thanks to the reductive 

quenching of the triplet excited state and the injection from the reduced state of the dye. Consistent 

with the calculations, the best results, were found for ZnTPPF20-CN bearing the cyanoacrylic group 

as the strongest electron withdrawing group, leading to the best coupling for injection. ZnTPPF20-

CN was thus the best performer in the splitting of HBr (APCE % = 6/7 %) and, when coupled to a 

suitable catalyst, of water, where a stable photoanode operation in acidic conditions was observed, 

exploiting visible radiation up to 650 nm with nearly quantitative faradaic yield. Thus the 

perfluorinated porphyrins equipped with cyanoacrylic terminal group at the -position, should be 

considered for further development intended to improve the charge transfer character. For example, 

the insertion of strong electron acceptors in the linker arm might increase the electronic coupling for 

charge injection, while the use of CF3 substituted phenyl groups might further enhance dye stability. 

At the same time, by exploiting the information gained by this study, we are now trying to fabricate 

molecular dyads integrating both porphyrin dyes and catalytic complexes, where reductive 

quenching of the porphyrin excited state will simultaneously increase both the injection quantum 

yield and activate the catalyst for oxygen evolution. 
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photonades; iii) the computational results; iv) the spectroscopic and electrochemical 

characterization of the sensitized photoanodes; v) the transient absorption spectra; vi) the current-

voltage curves and the photoaction spectra in the presence of hole scavengers; vii) the cyclic 

voltammetry and chronoamperometry curves after coupling to water splitting redox catalyst. 

 

 


