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Electronic Effects in Water-soluble Zn(II)- and Sn(IV)-Porphyrin 

Photosensitizers for Homogeneous Photocatalytic Hydrogen Evolution at pH 

7.0 

 

 

 

 

 

 

A series of tetra-anionic Zn(II)- and Sn(IV)-porphyrin complexes bearing either electron-

donating ([M-OMeP]4-, [M-MeP]4-, M = SnIVCl2 or ZnII) or electron-withdrawing ([M-F8P]4-, 

[M-F16P]4-) substituents were prepared. The role of electronic effects on the photosensitizer 

(PS) was studied of a homogeneous photocatalytic hydrogen evolution system using 

cobaloxime as hydrogen evolution catalyst (HEC), green light irradiation (550 nm), and 

triethanolamine (TEOA) as sacrificial electron donor in a 1:1 pH 7.0 water/acetonitrile 

solution. Electronic effects on the one hand fine-tune the redox properties of the ground state 

of the PS; on the other hand, they also affect its triplet excited state energy, which further 

changes the potentials of the redox couples involving the excited state of the PS. These effects 

appear to have an effect both on the thermodynamics of the photocatalytic hydrogen evolution 

reaction and on the quenching mechanism. The electron-poorest PS, [Zn-F16P]4-, was the only 

zinc-based PS of this series to result in active catalytic system, leading to a high photocatalytic 

turnover number (PTON) of 850 after 20 h irradiation with a high maximum photocatalytic 

turnover frequency (PTOF) of 59 h-1. In the Sn-porphyrin series the compounds [Sn-OMeP]4- 

and [Sn-MeP]4- both resulted in active catalytic systems, the latter being a much more efficient 

sensitizer than the former; both were less efficient than [Zn-F16P]4- in otherwise identical 

conditions. The best PS of these two series of complexes, [Zn-F16P]4-, showed great 

photostability in optimized conditions, driving photocatalytic hydrogen evolution for more than 

100 h under green light irradiation. 
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4.1 Introduction 

Reducing the CO2 emission originating from the use of fossil fuels is important for achieving 

a “carbon neutral” society. To achieve this goal, the utilization of a carbon-free replacement of 

fossil fuels, such as dihydrogen, is imperative and extremely urgent.[1,2] Photocatalytic 

hydrogen generation could convert and store superfluous solar energy into chemical energy by 

the production of H2 in a sustainable and environmentally friendly manner.[2-4] The 

photoinduced hydrogen evolution reaction (HER) typically requires three components: a 

photosensitizer (PS), which is responsible for light harvesting and triggering electron transfer; 

a hydrogen evolving catalyst (HEC); and a sacrificial electron donor (ED), which in a full 

photocatalytic water splitting scheme should be replaced by an electron relay that is reduced 

with electrons derived from water oxidation.[5,6] Recently, efforts on developing new 

photocatalytic systems have mainly focused on the catalysts, while comparatively less work 

has been dedicated to the optimization of the photosensitizer.[2,6] However, the PS plays a 

significant role for solar H2 generation, and it is as important to develop more robust and more 

efficient photosensitizers as it is to find stable and fast catalysts.[7-9] 

Noble-metal based molecular chromophores have been well studied for homogeneous light-

driven hydrogen production, in particular those based on Ru,[9,10] Ir,[11,12] Pt,[13,14] Re,[15,16] and 

Au[17], which have shown excellent sensitizing properties. However, these noble-metal-based 

photosensitizers are too expensive for use on an industrial scale due to their low natural 

abundance. Therefore, the development of noble-metal-free chromophores is receiving more 

and more attention.[18-20] Although xanthene dyes, for example Eosin Y,[21,22] Rose Bengal,[23,24] 

or Fluorescein,[25,26] are cheap and active, most of them only last a few hours under visible light 

irradiation, which drastically limits their practical applications. Next to these compounds, 

molecular photosensitizers based on earth-abundant metals are considered in parallel. Cu(I)-

based chromophores, first reported for photocatalytic hydrogen generation by Sauvage and co-

workers,[27]  have recently been re-introduced and explored in great detail, and indeed 

demonstrate promising sensitizing properties for photocatalytic HER.[28-32] However, most of 

the photocatalytic systems described to date containing a Cu(I)-based PS still suffer from low 

photostability due to decomposition of the Cu(I) photosensitizers.[6] Improvements of the 

stability of these PSs and optimization of their sensitizing properties for hydrogen evolution 

remains necessary.  
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    Another family of photosensitizers based on abundant metals has been considered: 

porphyrin-based metal complexes. These molecules not only show intense absorption of visible 

light due to their large conjugated ring and allowed π–π* transitions, but they also have good 

stability due to the tetradentate, rigid coordination environment containing the metal center.[3, 

33] Porphyrin ligands can be readily functionalized with substituents for fine-tuning the 

electronic density of the metal centers, or for improving water solubility. This versatility allows 

porphyrin-based PSs to be tunable both in terms of redox and aggregation properties in aqueous 

media.[3,6] However, although noble-metal-free porphyrin-based PSs, and in particular those 

based on Zn(II) and Sn(IV), have already been considered as PS in catalytic systems for 

photocatalytic hydrogen production,[7,34-36] full understanding is still lacking of the effects that 

electronic properties of the porphyrin ligand have on their sensitizing properties and stability 

for the photocatalytic HER.  

In the work reported in this chapter, we have prepared two series of water-soluble Zn(II)- 

and Sn(IV)-porphyrin complexes bearing either electron-donating ([M-OMeP]4-, [M-MeP]4-, 

M = ZnII or SnIVCl2) or electron-withdrawing ([M-F8P]4-, [M-F16P]4-) substituents (Figure 4.1). 

These complexes were tested as photosensitizers for the photocatalytic HER in homogeneous 

1:1 pH 7.0 water/acetonitrile (MeCN) solutions, using green light (550 nm) irradiation, 

cobaloxime as standard HEC, and triethanolamine (TEOA) as the ED. The synthetic 

availability of these two series of complexes with electron-poor or electron-rich ligands 

allowed for systematically evaluating the influence of electronic effects on the redox potentials 

and excited-state energy of the PS, and for studying how these molecular properties influence 

the overall kinetics of photocatalytic HER. A typical three-component system for 

photocatalytic hydrogen generation contains a PS, a HEC, and an ED. In this system, the 

excited state of the photosensitizer, PS*, can either first be reduced by the ED (“reductive 

quenching”), to become a reductant (PS–) that further reduces the HEC, or behave as a reductant 

to first transfer an electron to the HEC (“oxidative quenching”), before being regenerated by 

electron donation by the ED (Figure 4.2).[2,5,6] Which quenching pathway is occurring in a 

particular photocatalytic system depends notoriously on the thermodynamics of its components, 

hence on the electron richness of the PS. For example, for reductive quenching the reduction 

potential of the ground state of the photosensitizer, EPS,red(PS/PS–), should be more negative 

than the reduction potential of the HEC, EHEC(H+/H2); meanwhile, the reduction potential of 

the excited state of PS, EPS*,red (PS*/PS–), should be more positive than the oxidation potential 

of the sacrificial electron donor E(ED+/ED). By contrast, for oxidative quenching the oxidation 
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potential of the ground state of the PS, EPS,ox(PS+/PS), should be higher than E(ED+/ED) and 

the oxidation potential of the excited state of PS, EPS*,ox(PS+/PS*), should be more negative 

than the EHEC(H+/H2). Here, we describe our study of how these thermodynamic aspects evolve 

when changing the electron density of the PS, in which we identified one particular complex 

that shows improved stability in photocatalytic conditions, compared to reported systems. 

 

Figure 4.1 Chemical structures of water-soluble metal porphyrin photosensitizers reported in 

this work, the cobaloxime hydrogen-evolving catalyst, and the sacrificial electron donor TEOA. 

All porphyrin compounds were isolated as their Na+ salts. 
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Figure 4.2 Simplified mechanism of reductive quenching and oxidative quenching pathways 

and their corresponding energy schemes for three-component photocatalytic hydrogen 

evolution. ED: sacrificial electron donor; PS: photosensitizer; HEC: hydrogen evolving 

catalyst; E(T): triplet excited state energy of PS; : overpotential of HEC; Edr: driving force 

of the electron transfer from the photosensitizer to the catalyst. 

4.2 Results and Discussion 

4.2.1 Synthesis 

The tetrasulfonated free-base porphyrin ligands Na4[H2-OMeP],[37] Na4[H2-MeP],[38] 

Na4[H2-F8P],[39] Na4[H2-F16P],[40] and the metal complexes Na4[Zn-F8P],[41] Na4[Zn-F16P],[40] 

were synthesized according to reported methods. The synthesis of Na4[Zn-OMeP] and Na4[Zn-

MeP] is described in Chapter 3. The four Sn(IV)-porphyrin compounds discussed in this 

chapter are new and were synthesized via refluxing the free-base ligands with Sn(II) dichloride 

in Milli-Q water for 12 h. An Na+-loaded ion exchange resin was used to introduce Na+ counter 

cations, and finally the Sn-porphyrin complexes were purified by size-exclusion 

chromatography in order to remove excess SnCl2. Full characterization is given in the 

Supplementary Information (Figure AIII.1 - Figure AIII.6). 

4.2.2 Photochemical properties 

    The light absorption properties of the Zn- and Sn-porphyrin complexes were studied via 

steady-state UV-vis measurements in 1:1 pH 7.0 water/MeCN solutions in the presence of 5% 

(v/v) TEOA. For both series, the intense Soret band characteristic of porphyrin ligands and 
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complexes was observed between 409 and 424 nm and the Q band between 540—615 nm 

(Figure 4.3). For both the Soret and the first Q bands, a small blue shift of the absorption peaks 

was found with increasing electron-withdrawing properties of the substituents, from the 

electron-richest [M-OMeP]4- to the electron-poorest [M-F16P]4- (M = ZnII or SnIVCl2). As 

shown in Table 4.1, in the Zn-porphyrin series the Soret and the first Q bands shifted by 15 nm 

and 16 nm, respectively, while in the Sn-porphyrin series the shift was only 12 and 13 nm, 

respectively. From [M-OMeP]4- to [M-MeP]4-, the peak shift was very limited in both series (≤ 

2 nm), while from [M-F8P]4- to [M-F16P]4- and [M-MeP]4- to [M-F8P]4-, the peak shift was 

more significant (≥ 5 nm). Overall, the electron-withdrawing substituents influenced the 

absorption properties of these compounds moderately.[8] 

 

Figure 4.3 Absorption spectra of a) Zn- and b) Sn-porphyrin complexes in 1:1 pH 7.0 

water/MeCN solution under air with 5% (v/v) TEOA, T = 298 K. 
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Table 4.1 Light absorption properties of Zn- and Sn-porphyrin complexes 

 λSor
[a]

 (εSor
[b]) λQ

[a]
 (εQ

[b]) ε[b] at 550 nm 

[Zn-OMeP]4- 424 (140) 557 (6.4) 4.0 

[Zn-MeP]4- 424 (630) 557 (19) / 599 (4.9) 11 

[Zn-F8P]4- 418 (510) 551 (20) 19 

[Zn-F16P]4- 409 (150) 541 (10) 6.0 

[Sn-OMeP]4- 423 (430) 557 (22) / 595 (5.0) 18 

[Sn-MeP]4- 421 (590) 556 (19) / 595 (7.3) 15 

[Sn-F8P]4- 416 (440) 551 (19) 19 

[Sn-F16P]4- 411 (310) 544 (22) / 615 (4.8) 9.2 

[a] λSor and λQ are the absorption maxima (in nm) for the Soret and Q bands, respectively; both were measured in 

the condition of Figure 4.3. 
[b] molar attenuation coefficient, ✕103 M-1 cm-1. 

 

4.2.3 Photocatalysis 

    Cobaloxime is an efficient catalyst for light-driven hydrogen evolution, which has been used 

as a standard HEC for photosensitizer development.[7] Unfortunately, due to its poor solubility 

in water it can only be used in water/MeCN mixtures. Therefore, we run all photocatalytic 

reactions in 1:1 water/MeCN solutions containing 5% (v/v) TEOA (~0.38 M) as sacrificial 

electron donor, to which HCl was added until reaching pH 7.0. The pKa of TEOA in a 1:1 

water/MeCN solution was reported to be 7.0,[7,42] we hence consider the photocatalytic 

solutions used in this work to be buffered at pH 7.0 by TEOA. Since all porphyrin complexes 

absorb 540—560 nm light (Q band), a 550 nm green LED (9 mW, >80% intensity in range 

540—560 nm) was used as the light source, which allowed for comparing photocatalytic 

properties of the different photosensitizers. The molar attenuation coefficient of all 8 PS is 
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indicated in Table 4.1. Under irradiation, using 0.49 mM cobaloxime and 0.04 mM PS, [Zn-

F16P]4- was the only compound of the Zn series to give significant photocatalytic activity 

(Figure 4.4a). In the Sn series, both [Sn-OMeP]4- and [Sn-MeP]4- were found to result in 

photoactive systems (Figure 4.4b). [Zn-F16P]4- showed the best efficiency of the three 

photosensitizers that effectively resulted in hydrogen evolution, with a photocatalytic turnover 

number (PTON) of 850 (molH2/molPS) after 20 h irradiation, and a maximum photocatalytic 

turnover frequency (PTOF, determined as explained in the Experimental Part, 4.4.5) of 59 h-1. 

[Sn-MeP]4- resulted in a lower photocatalytic activity (PTON of 430 after 20 h irradiation and 

a maximum PTOF of 35 h-1), and the photoactivity observed for [Sn-OMeP]4- as PS only lasted 

for 4 h of irradiation, with a low PTON of 30 and a low maximum PTOF of 13 h-1. It is worth 

noting that for [Zn-F16P]4- in the absence of the cobaloxime HEC the photocatalytic system 

was not active for hydrogen evolution (Figure 4.4a). In addition, the system did not show any 

photocatalytic activity when replacing [Zn-F16P]4- by [Sn-F16P]4- (in the presence of 

cobaloxime) (Figure 4.4b). These results indicate that in the most active system using [Zn-

F16P]4-, [Zn-F16P]4-indeed played the role of PS, even if we demonstrated in Chapter 3 that 

in different conditions, and in association with [Ru(bpy)3]
2+ as photosensitizer, it can also work 

as a HEC. 

 

Figure 4.4 Hydrogen evolution during photocatalytic water reduction in the presence of 0.04 

mM of the photosensitizer a) [Zn-OMeP]4-, [Zn-MeP]4-, [Zn-F8P]4- and [Zn-F16P]4-, b) [Sn-

OMeP]4-, [Sn-MeP]4-, [Sn-F8P]4- and [Sn-F16P]4-, 5% (v/v) TEOA as sacrificial electron 

donor, with or without (a) 0.49 mM cobaloxime as catalyst, in a 1:1 pH 7.0 water/MeCN 
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solution, using green light irradiation (550 nm, 9 mW), T = 298 K. Light was switched on at t 

= 0.5 h. 

In all cases, photocatalysis slowed down (Sn) or stopped (Zn) after ~22 h photocatalysis. 

Additional experiments were performed to understand whether deactivation of the most active 

system containing the PS [Zn-F16P]4- was due to the decomposition of the PS. First, 0.12 µmol 

of fresh [Zn-F16P]4- was added as solid into 3 mL of the photocatalytic mixture containing 

0.04 mM [Zn-F16P]4-, 0.49 mM cobaloxime and 5% (v/v) TEOA, after the first 22 h irradiation. 

When green light irradiation was resumed, no hydrogen generation was observed (Figure 4.5a). 

Second, when a twice higher concentration (0.08 mM) of [Zn-F16P]4- was used, an almost 

twice higher maximum PTOF (109 h-1) was observed (Figure 4.4a), resulting in almost double 

PTON of 1690 after 20 h (Figure 4.5b). However, the lifetime of the system (~20 h) was not 

significantly changed. These two results strongly suggest that decomposition of the 

photosensitizer [Zn-F16P]4- is not the cause of deactivation of the photocatalytic system, and 

that catalyst decomposition might be the problem instead.  

In a third experiment, a twice higher concentration (0.98 mM) of the cobaloxime HEC was 

used; the resulting photocatalytic system, still using 0.04 mM [Zn-F16P]4- as PS and 5% (v/v) 

TEOA as ED, was active this time for more than 100 h under green light irradiation (Figure 

4.5c). However, the total PTON of this catalytic system after 100 h irradiation was 920, which 

is close to the maximum PTON 850 of the system with 0.49 mM cobaloxime after 20 h 

irradiation. In addition, only minor changes of the UV-vis spectra of the catalytic solution were 

observed after irradiating for 100 h: ~95% of the characteristic absorption peaks of [Zn-F16P]4- 

at 409 and 541 nm was retained, compared to the initial absorbance (Figure 4.5d). These results 

demonstrate that [Zn-F16P]4- has a great stability in photocatalytic conditions, and that when 

combined with cobaloxime as HEC, it remains photoactive at least for 100 h under green light 

irradiation. 
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Figure 4.5 Stability of [Zn-F16P]4- in photocatalytic hydrogen evolution. a) Hydrogen 

evolution during two consecutive photocatalytic runs, adding 1 eq. more of PS at the end of the 

first run. b) and c) Photocatalytic hydrogen production when doubling the initial concentration 

of PS (b) or that of the cobaloxime catalyst (c). d) UV-vis absorption of the photocatalytic 

solution used in c) before (black) and after (red) irradiation. Conditions: a) 0.04 mM [Zn-

F16P]4-, 0.49 mM cobaloxime, b) 0.04 or 0.08 mM [Zn-F16P]4-, 0.49 mM cobaloxime, c) 0.04 

mM [Zn-F16P]4-, 0.49 or 0.98 mM cobaloxime, d) 0.04 mM [Zn-F16P]4-, 0.98 mM cobaloxime, 

5% (v/v) TEOA in 1:1 pH 7.0 water/MeCN solutions and green light irradiation (550 nm, 9 

mW), T = 298 K. For all photocatalytic experiments, light was switched on at t = 0.5 h. Between 

the two irradiation experiments in a), 0.12 μmol fresh [Zn-F16P]4- was added as a solid. 

4.2.4 Electrochemical properties 

In order to investigate the thermodynamics of the photocatalytic systems and the quenching 

mechanisms at play, the reduction and oxidation potentials of all metalloporphyrin complexes 

were determined using differential pulse voltammetry (DPV) measurements with a 0.07 cm2 

glassy-carbon (GC) working electrode, an Ag/AgCl reference electrode, and a Pt-wire counter 

electrode. As the photocatalytic experiments were always performed in a 1:1 pH 7.0 

water/MeCN solution due to the poor solubility of cobaloxime in water, all the DPV 

measurements were performed in a 1:1 0.1 M pH 7.0 phosphate buffer/MeCN solution to 

mimic the photocatalytic conditions.  
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    The photosensitizers are usually considered to accept or donate one electron at a time from 

or to the other components in the photocatalytic system. Therefore, in this work, we only 

measured the first redox potentials of all Zn- and Sn-porphyrin complexes. For the first 

reduction potential in the Zn porphyrin series, when going from the electron-richest complex 

[Zn-OMeP]4- to the electron-poorest [Zn-F16P]4- a less negative ground-state reduction 

potential EPS,red(PS/PS–) was found (Table 4.2 and Figure AIII.7a). In contrast, the ground-state 

oxidation potential EPS,ox(PS+/PS) of the complexes were found to be more and more positive 

(Table 4.2 and Figure AIII.7b); only the potential of [Zn-OMeP]4- and [Zn-MeP]4- appeared to 

be the same. Similar trends were observed for the Sn-porphyrin series, with ground state 

reduction potentials of [Sn-OMeP]4- and [Sn-MeP]4- that were identical within the precision of 

the measurement (Table 4.2 and Figure AIII.8a), and ground state oxidation potentials that only 

slightly increased with the electron-withdrawing ability of the substituents (Table 4.2 and 

Figure AIII.8b). It is worth mentioning that, as reported by Coutsolelos and co-workers[7], the 

ground state oxidation potentials of the Sn(IV)-porphyrin complexes generally were found to 

be higher than those of the Zn(II)-porphyrin complexes. This observation probably is related 

to the higher oxidation state of Sn, which makes the complexes of the Sn compounds more 

electron poor and thus more difficult to oxidize.  

4.2.5 Excited state energies 

For both of the Zn- and Sn-porphyrin series, modifying the porphyrin complex with electron-

withdrawing or electron-donating substituents not only changes their ground-state oxidation 

potential EPS,ox(PS+/PS) and ground-state reduction potential EPS,red(PS/PS–), but also affects 

the Gibbs free energy of their triplet excited state, E(T). Here, we assumed that longer lifetimes 

are typically required in homogeneous solution to obtain a significant rate for intermolecular 

photoelectron transfer. Considering that the presence of a metal center in the photosensitizers 

increased the rate of intersystem crossing to the triplet state, we hypothesized that efficient 

sensitization could only take place from the triplet state (PS*) of the photosensitizer, which is 

longer lived than the singlet ground state (PS). E(T) was hence calculated by minimizing the 

geometry of the triplet state and that of the singlet ground state of each molecule using DFT, 

and by calculating the difference of their Gibbs free energy (Table 4.2). These DFT calculations 

reveal that the estimated triplet excited-state energy E(T) of the zinc(II) or tin(IV) complexes 

increased with the electron-withdrawing properties of the porphyrin ligand (Table 4.2), with 
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the exception of [M-OMeP]4-, which showed almost identical values of E(T), compared to [M-

MeP]4-. 

From these E(T) values, the potential of the redox couples involving the excited state of the 

photosensitizers, EPS*,red(PS*/PS–) and EPS*,ox(PS+/PS*), were estimated (Table 4.2). The 

increase of the electron-withdrawing properties of the porphyrin ligand resulted in a strong 

increase of the ground-state reduction potential of the PS/PS– couple, but also in a milder but 

clearly increasing triplet-state energy, which altogether led to a strongly increasing reduction 

potential for the PS*/PS– couple involving the excited triplet state. This trend leads to very 

positive reduction potential values EPS*,red(PS*/PS–) of +1.16 V vs. NHE for [Zn-F16P]4- and 

+1.43 V vs. NHE for [Sn-F16P]4-), highlighting the excellent photo-oxidizing properties of 

these two metal porphyrin molecules. On the other hand, the increasing electron-withdrawing 

properties of the ligand also resulted in a strong increase of the oxidation potential of the PS+/PS 

couple. Here, however, the already mentioned mild increase of E(T) along these two series of 

complexes slightly lowered the resulting increase of the oxidation potential of the PS+/PS* 

couple. For example, EPS,ox(PS+/PS) was increased by 0.15 V from [Sn-OMeP]4- to [Sn-F16P]4-, 

but their oxidation potentials EPS*,ox(PS+/PS*) could not be distinguished: they were both –0.07 

V vs. NHE.   
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Table 4.2 Calculated triplet excited state energies and redox potentials for redox couples 

involving the ground state and the triplet excited state of Zn- and Sn-porphyrin complexes. 

PS EPS,red(PS/PS–)[a] EPS,ox(PS+/PS)[a] E(T)[b] EPS*,red(PS*/PS–)[a] EPS*,ox(PS+/PS*)[a] 

[Zn-OMeP]4- –1.18 V 0.94 V 1.69 0.51 V –0.75 V 

[Zn-MeP]4- –1.10 V 0.94 V 1.69 0.59 V –0.75 V 

[Zn-F8P]4- –0.95 V 1.20 V 1.75 0.80 V –0.55 V 

[Zn-F16P]4- –0.61 V 1.57 V 1.77 1.16 V –0.20 V 

[Sn-OMeP]4- –0.60 V 1.51 V 1.58 0.98 V –0.07 V 

[Sn-MeP]4- –0.60 V 1.52 V 1.53 0.93 V –0.01 V 

[Sn-F8P]4- –0.41 V 1.53 V 1.67 1.26 V –0.14 V 

[Sn-F16P]4- –0.30 V 1.66 V 1.73 1.43 V –0.07 V 

[a] V vs. NHE, as measured experimentally by DPV. Conditions: 1.0 mM PS in 1:1 (v/v) 0.1 M pH 7.0 phosphate 

buffer/MeCN solution, 0.07 cm2 glassy-carbon working electrode, Pt wire auxiliary electrode, Ag/AgCl reference 

electrode, ±0.004 V increase potential, 0.05 V amplitude, 0.05 s pulse width, 0.0167 s sampling width, 0.5 s 

sample period, T = 298 K. 
[b] in eV, as calculated by DFT calculation at the B3LYP-D3(BJ)/ZORA-TZ2P level using COSMO to simulate 

solvent effects.  
 

4.2.6 Discussion 

Following absorption of a photon, the excited photosensitizer PS* can be either reduced by 

the sacrificial electron donor TEOA (reductive quenching) to form PS–, or oxidized by the HEC 

cobaloxime (oxidative quenching) to form PS+. The reduction potential of cobaloxime 

E(CoIII/CoII) was found to be located at –0.59 V vs. NHE, and the second reduction E(CoII/CoI) 

was found at –0.74 V vs. NHE in a 1:1 0.1 M pH 7.0 phosphate buffer/MeCN solution (Figure 

AIII.9), similar as that reported previously.[7] For an oxidative quenching pathway, the potential 

of the couple involving the triplet excited state of the photosensitizer, EPS*,ox(PS+/PS*), should 

be at least more negative than E(CoIII/CoII) and even than E(CoII/CoI), considering that more 

than 2 electrons are needed to drive hydrogen evolution. With a potential of –0.75 V vs. NHE, 
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only [Zn-OMeP]4- and [Zn-MeP]4- fulfill this criterion. The other six porphyrin-based 

photosensitizers are too electron-poor even to be able to proceed with the electron transfer Step 

1 (Figure 4.2 right), i.e., reduction of CoIII to CoII. The second condition for oxidative 

quenching, that the ground-state oxidation potential EPS,ox(PS+/PS) is positive enough to have 

PS+ reduced by TEOA, is also met for both [Zn-OMeP]4- and [Zn-MeP]4-: the oxidation 

potential of TEOA was reported to be around 0.82 V vs. NHE,[42] which is lower than the 0.94 

V vs. NHE necessary to reduce PS+ back to PS. In spite of the favorable thermodynamic driving 

forces, however, none of the two photosensitizers [Zn-OMeP]4- and [Zn-MeP]4- showed any 

photoactivity for light-driven hydrogen evolution in our conditions. This might be a 

consequence of unfavorable kinetics at the concentrations used in our experiments, or might 

be due to short excited-state lifetimes, which have not been determined yet. Overall, 

photocatalysis seems not to proceed via an oxidative quenching pathway for any of the 

porphyrin-based photosensitizers in these series. 

Since the oxidation potential of TEOA is around 0.82 V vs. NHE,[42] the potentials 

EPS*,red(PS*/PS–) for [Zn-OMeP]4-, [Zn-MeP]4- and [Zn-F8P]4-, are not sufficiently positive for 

reductive quenching to occur (Step 1 in Figure 4.2 left); only the most electron poor zinc 

complex [Zn-F16P]4- has a potential of EPS*,red(PS*/PS–) that is positive enough for reductive 

quenching to occur. In contrast, all tin porphyrin compounds have a potential EPS*,red(PS*/PS–) 

that is high enough for reductive quenching to proceed. However, once reductive quenching 

has occurred not all photo-reduced porphyrins PS– offer favorable redox properties to complete 

the catalytic cycle. Indeed, the PS– intermediates need to be able to transfer electrons to the 

HEC as Step 2. According to our data, only the PS– species of [Zn-F16P]4-, [Sn-OMeP]4-, and 

[Sn-MeP]4-, have reduction potentials EPS,red(PS/PS–) that are negative enough to reduce 

cobaloxime from CoIII to CoII, which is necessary for photocatalysis to proceed.  

Overall, according to this analysis of redox potentials and the results of photocatalytic HER 

experiments, the reductive-quenching pathway seems to be the most realistic for the three 

porphyrin photosensitizers found active in photocatalytic conditions ([Zn-F16P]4-, [Sn-

OMeP]4-, and [Sn-MeP]4-). At this point two remarks should be made. First, since the redox 

properties and estimated excited-state energy of [Sn-OMeP]4- and [Sn-MeP]4- are similar, the 

low H2 production obtained with [Sn-OMeP]4- is probably due to its poor photostability. As is 

clear from Figure 4.4b, the photocatalytic activity of the system containing [Sn-OMeP]4- only 

lasted 4 h, while for the system containing [Sn-MeP]4- it lasted for more than 20 h. Second, for 

none of these three active photosensitizers the potential of the photo-reduced PS– species is 

sufficiently negative to reduce CoII in cobaloxime to CoI, which is considered to be the H2-
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releasing active species of this catalyst at –0.74 V vs. NHE.[7] Two reasons are proposed here 

that may explain the hydrogen evolution that is experimentally observed with these three 

sensitizers. First, in photocatalytic conditions the cobaloxime may decompose into more active 

HEC species, such as cobalt nanoparticles, characterized by an overpotential  (Figure 4.2) 

that is lower than that measured in the dark by electrochemistry. Possibly, such species may 

then be driven by the photo-reduced Zn- and Sn-porphyrin photosensitizers. Second, a TEOA-

derived alkyl radical species (TEOA•+) forms during the first electron transfer step of the 

photocatalytic mechanism, which has a lower reduction potential (around –0.79 V vs. NHE in 

MeCN) than the potential of the PS/PS– couple. This radical may reduce the CoII species of 

cobaloxime to CoI, further leading to dihydrogen evolution, in a second step that does not 

involve the formation of a second excited state of the photosensitizer PS*.[7,43] In this 

hypothesis, light would serve as a way to trigger the reaction and generate the radical TEOA•+, 

and only one photon would be needed per photogenerated molecule of H2. 

4.3 Conclusion 

A series of tetra-anionic Zn(II)- and Sn(IV)-porphyrin complexes were prepared and tested 

as photosensitizers for homogeneous photocatalytic hydrogen evolution in the presence of 

cobaloxime as the catalyst and TEOA as the sacrificial electron donor in 1:1 pH 7.0 

water/acetonitrile solutions. The catalytic activity of the systems containing these 

photosensitizers appeared to be strongly dependent on the presence of electron-withdrawing or 

electron-donating substituents on the porphyrin ligand. The Zn(II)-porphyrin complexes in 

general are more electron rich than the Sn(IV)-porphyrin analogues, and based on our studies 

we conclude that the reductive-quenching mechanism is followed for all PS molecules. As a 

consequence, in the Zn series only the electron-poorest complex, [Zn-F16P]4-, was photoactive. 

It actually showed a very high photostability, as it could work for more than 100 h under green 

light irradiation without significant decomposition, and showed also the highest PTON (850 

after 20 h irradiation) and highest PTOF (59 h-1). For the electron-poorer Sn series, only the 

most electron-rich compounds of the series, [Sn-OMeP]4- and [Sn-MeP]4-, appeared to result 

in a system that was active for HER; photocatalytic activities were lower than with [Zn-F16P]4-, 

however. Our general understanding of these trends is that the electronic effects introduced by 

the functional groups on the porphyrin ligands control both their ground-state redox properties 

and their triplet excited state energies. These effects further control the redox properties of their 

excited state, and hence their activity when used in photocatalytic systems. We also note that 
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the oxidation state of the metal plays an important role, too, as Sn(IV) compounds were in 

average more electron-poor (in the ground state) than those based on Zn(II). This work brings 

important information for the design of molecular photosensitizers for hydrogen evolution: it 

demonstrated that a balance between the redox potentials of the ground-state and that of the 

excited state must be found, which can be fine-tuned by introduction of electron-donating or 

electron-withdrawing substituents.  

4.4 Experimental section 

4.4.1 Materials and methods 

    All reagents were purchased from Sigma-Aldrich and used as received unless otherwise 

noted. The compounds tetrasodium-5,10,15,20-tetrakis(2,6-dimethoxyphenyl-3-

sulfonatophenyl)-21H,23H-porphyrin (Na4[H2-OMeP]),[37] tetrasodium-5,10,15,20-

tetrakis(2,6-dimethylphenyl-3-sulfonatophenyl)-21H,23H-porphyrin (Na4[H2-MeP]),[38] 

tetrasodium-5,10,15,20-tetrakis(2,6-difluorophenyl-3-sulfonatophenyl)-21H,23H-porphyrin 

(Na4[H2-F8P]),[41] tetrasodium-2,3,7,8,12,13,17,18-octafluoro-5,10,15-20-tetrakis(2,6-

difluoro-3-sulfonatophenyl)-21H,23H-porphyrin (Na4[H2-F16P]),[40] tetrasodium-5,10,15,20-

tetrakis(2,6-difluoro-3-sulfonatophenyl)porphyrin-Zn(II) (Na4[Zn-F8P]),[41] tetrasodium-

2,3,7,8,12,13,17,18-octafluoro-5,10,15-20-tetrakis(2,6-difluoro-3-sulfonatophenyl)porphyrin-

Zn(II) (Na4[Zn-F16P]),[40] were prepared according to published methods. Tetrasodium-

5,10,15,20-tetrakis(2,6-dimethoxyphenyl-3-sulfonatophenyl)porphyrin-Zn(II) (Na4[Zn-

OMeP]) and tetrasodium-5,10,15,20-tetrakis(2,6-dimethylphenyl-3-

sulfonatophenyl)porphyrin-Zn(II) (Na4[Zn-MeP]) were prepared according to Chapter 3. 

Cobaloxime and TEOA were purchased from Sigma-Aldrich and used without further 

treatments. 1H NMR spectra were recorded on a Bruker 400DPX-liq spectrometer operating at 

400 MHz. 19F NMR spectra were recorded on a Bruker 500DPX spectrometer operating at 500 

MHz. High-resolution mass spectrometric measurements were made on a Bruker Fourier 

Transform Ion Cyclotron Resonance Mass Spectrometer APEX IV at Leiden University. 

Elemental analyses were performed at the Mikroanalytisches Laboratorium Kolbe, Germany. 

Electronic absorption spectra were obtained on a Varian Cary 60 spectrophotometer at 25 °C. 

The LED optical power was measured using an OPHIR Nova-display laser power meter. 

4.4.2 Synthesis 
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Tetrasodium dichlorido-5,10,15,20-tetrakis(2,6-dimethoxyl-3-

sulfonatophenyl)porphyrin stannate(IV) (Na4[Sn-OMeP]) 

    The ligand Na4[H2-OMeP] (115 mg, 0.09 mmol) and Milli-Q water (40 mL) were placed 

under N2 in a 100 mL round-bottom flask equipped with a magnetic stirring bar and a condenser. 

A solution of tin(II) chloride heptahydrate (85.3 mg, 0.45 mmol) in Milli-Q water (10 mL) was 

added to the stirred solution, and the mixture was refluxed for 12 h. After cooling to room 

temperature, water was rotary evaporated at 40 °C and the residue was redissolved in cold 

methanol (15 mL). After filtration on a filter paper, methanol was rotary-evaporated, the 

residue was redissolved in cold methanol (5 mL). The solution was filtered by filter paper, 

rotary-evaporated, and the crude product was redissolved in Milli-Q water (5 mL) then passed 

onto an Amberlite IR 120 Na+ form ion exchange resin column (10 cm length). Washed the 

resin with 50 mL Milli-Q water and collected the solution, then removed the water by rotary 

evaporator and the product was further purified on Sephadex-20H size exclusion 

chromatography to remove excess SnCl2 (methanol). Yield (123 mg, 90%); 1H NMR 

(400 MHz, CD3OD): δ = 9.28 – 9.16 (m, 8H; β-pyrrole-H), 8.50 – 8.43 (m, 4H; p-Ph-H), 7.44 

– 7.28 (m, 4H; m-Ph-H), 3.72 – 3.49 (m, 12 H; OCH3), 3.22 – 2.68 ppm (m, 12 H; OCH3); 

HRMS (ESI): m/z calcd for C52H45N4O21S4Sn+: 1309.0483 [M-4Na-2Cl+3H+H2O]+; found: 

1309.0483; elemental analysis calcd (%) for C52H40 Cl2N4Na4O20S4Sn•4H2O: C 41.02, H 3.18, 

N 3.68; found: C 40.82, H 3.16, N 3.61. UV-vis (1:1 H2O/MeCN): λmax(ε in M-1cm-1) 423 nm 

(4.7 × 105), 557 nm (2.2 × 104), 595 nm (5.0 × 103). 

Tetrasodium dichlorido-5,10,15,20-tetrakis(2,6-dimethyl-3-sulfonatophenyl)porphyrin 

stannate(IV) (Na4[Sn-MeP]) 

    Na4[H2-MeP]·9H2O (130 mg, 0.10 mmol) and Milli-Q water (40 mL) were placed under N2 

in a 100 mL round-bottom flask equipped with a magnetic stirring bar and a condenser. A 

solution of tin(II) chloride (94.8 mg, 0.50 mmol) in Milli-Q water (10 mL) was added to the 

stirred solution and the mixture was refluxed for 12 h under N2. After cooling to room 

temperature, water was rotary evaporated and the residue was redissolved in cold methanol (15 

mL). After filtration on a filter paper, methanol was rotary-evaporated, the residue was 

redissolved in cold methanol (5 mL), the solution was filtered a second time by filter paper and 

rotary-evaporated, then the crude product was then passed onto an Amberlite IR 120 Na+ form 

ion exchange resin column (10 cm length), washed the resin with 50 mL Milli-Q water and 

collected the solution, then removed the water by rotary evaporator and the product was finally 
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purified on Sephadex-20H size exclusion chromatography (methanol). Methanol was finally 

rotary evaporated and the solid dried in vacuo. Yield (128 mg, 92%); 1H NMR (400 MHz, 

CD3OD): δ = 9.18 – 9.09 (m, 8H; β-pyrrole-H), 8.43 – 8.38 (m, 4H; p-Ph-H), 7.68 – 7.55 (m, 

4H; m-Ph-H), 2.42 – 2.09 (m, 12H; CH3), 2.07 – 1.74 ppm (m, 12H; CH3); HRMS 

(ESI): m/z calcd for C52H45N4O13S4Sn+: 1181.0882 [M-4Na-2Cl+3H+H2O]+; found: 

1181.0881; m/z calcd for C52H44N4NaO13S4Sn+: 1203.0702 [M-3Na-2Cl+2H+H2O]+; found: 

1203.0702; elemental analysis calcd (%) for C52H40Cl2N4Na4O12S4Sn•4H2O: C 44.78, H 3.47, 

N 4.02; found: C 44.97, H 3.43, N 3.96. UV-vis (1:1 H2O/MeCN): λmax(ε in M-1cm-1) 421 nm 

(5.9 × 105), 556 nm (1.9 × 104), 595 nm (7.3 × 103). 

Tetrasodium dichlorido-5,10,15,20-tetrakis(2,6-difluoro-3-sulfonatophenyl)porphyrin 

stannate(IV)  (Na4[Sn-F8P]) 

    Na4[H2-F8P]·4H2O (124 mg, 0.10 mmol) and Milli-Q water (40 mL) were placed under N2 

in a 100 mL round-bottom flask equipped with a magnetic stirring bar and a condenser. A 

solution of tin(II) chloride (94.8 mg, 0.50 mmol) in Milli-Q water (10 mL) was added to the 

stirred solution and the mixture was refluxed for 12 h under N2. After cooling to room 

temperature, the water was rotary evaporated and the residue was redissolved in cold methanol 

(15 mL). After filtration over a filter paper, methanol was rotary-evaporated, the residue was 

redissolved in cold methanol (5 mL), and filtered by filter paper again. The filtrate was rotary-

evaporated and the Co-F16 complex was then passed through an Amberlite IR 120 Na+ form 

ion exchange resin column (10 cm length) and washed with Milli-Q water before being purified 

on Sephadex-20H size exclusion chromatography (eluent: methanol). Yield (124 mg, 89%); 

1H NMR (400 MHz, CD3OD): δ = 9.49 – 9.40 (m, 8H; β-pyrrole-H), 8.60 – 8.48 (m, 4H; p-

Ph-H), 7.72 – 7.61 ppm (m, 4H; m-Ph-H); 19F NMR (471 MHz, CD3OD): δ = -106.42 ppm (d, 

J = 348.2 Hz, 8F; o-F); HRMS (ESI): m/z calcd for C44H21F8N4O13S4Sn+: 1212.8881 [M-4Na-

2Cl+3H+H2O]+; found: 1212.8879; m/z calcd for C44H20F8N4NaO13S4Sn+: 1234.8696 [M-

3Na+2H+H2O]+; found: 1234.8693; elemental analysis calcd (%) for 

C44H16Cl2F8N4Na4O12S4Sn•2H2O: C 38.01, H 1.45, N 4.03; found: C 38.27, H 1.59, N 4.02. 

UV-vis (1:1 H2O/MeCN): λmax(ε in M-1cm-1) 416 nm (4.4 × 105), 551 nm (1.9 × 104). 

Tetrasodium dichlorido-2,3,7,8,12,13,17,18-octafluoro-5,10,15,20-tetrakis(2,6-difluoro-3-

sulfonatophenyl)porphyrin stannate(IV) (Na4[Sn-F16P]) 
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    Na4[H2-F16P]·5H2O (140 mg, 0.10 mmol) and Milli-Q water (40 mL) were placed under N2 

in a 100 mL round-bottom flask equipped with a magnetic stirring bar and a condenser. A 

solution of tin(II) chloride (94.8 mg, 0.50 mmol) in Milli-Q water (10 mL) was added to the 

stirred solution, and the mixture was refluxed for 12 h under N2. After cooling to room 

temperature, water was rotary evaporated at 40 °C and the residue was redissolved in cold 

methanol (15 mL). After filtration on a filter paper, methanol was rotary-evaporated, the 

residue was redissolved in cold methanol (5 mL). The solution was filtered by filter paper, 

rotary-evaporated, and the crude product was redissolved in Milli-Q water (5 mL) then passed 

onto an Amberlite IR 120 Na+ form ion exchange resin column (10 cm length), the resin washed 

with Milli-Q water and the product was further purified on Sephadex-20H size exclusion 

chromatography to remove excess tin(II) chloride (methanol). Yield (133 mg, 87%); 1H NMR 

(400 MHz, CD3OD): 8.36 – 8.27 (m, 4H; p-Ph-H), 8.43 – 8.35 ppm (m, 4H; m-Ph-H); 19F NMR 

(471 MHz, CD3OD): δ = -107.17 – -107.83 (m, 4F; o-F), -108.40 – -109.14 (m, 4F; o-F), -

150.19 (s, 4F; β-pyrrole-F),  -151.52 ppm (s, 4F; β-pyrrole-F); HRMS (ESI): m/z calcd for 

C44H13F16N4O13S4Sn+: 1356.8127 [M-4Na-2Cl+3H+H2O]+; found: 1356.8123; elemental 

analysis calcd (%) for C44H8Cl2F16N4Na4ZnO12S4Sn•2H2O: C 34.44, H 0.79, N 3.65; found: C 

34.46, H 0.72, N 3.64. UV-vis (1:1 H2O/MeCN): λmax(ε in M-1cm-1) 411 nm (3.1 × 105), 544 

nm (2.2 × 104), 615 nm (4.8 × 103). 

4.4.3 Electrochemistry  

    Differential pulse voltammetry (DPV) measurements were performed using an Autolab 

PGstart10 potentiostat controlled by GPES4 software. All the DPV measurements were 

recorded in 1:1 0.1 M pH 7.0 sodium phosphate buffer/acetonitrile solution using a three-

compartment cell possessing a 0.07 cm2 glassy-carbon electrode as the working electrode, Pt 

wire as the auxiliary electrode, Ag/AgCl (saturated KCl aq.) as the reference electrode, and 

K3[Fe(CN)6] was added at the end of the measurements as internal standard (E([Fe(CN)6]
3-

/[Fe(CN)6]
4-) = +0.361 V vs NHE).[44] Unless otherwise indicated, all potentials were converted 

to the scale relative to NHE. The solutions were bubbled with high-purity argon for at least 15 

min before running DPV.  

4.4.4 Photo-induced hydrogen evolution 

    Photo-induced hydrogen evolution from water was analysed by a hydrogen electrode 

(Unisense H2-NP) controlled by x-5 UniAmp using Logger software. The irradiation source 
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was an OSRAM Opto Semiconductors LD W5SM LED (λirr 550 nm, 9 mW) with water cooling. 

All the photochemical hydrogen evolution measurements were carried out in a thermostatic 

(298 K) photochemical reactor (total volume 25.0 mL). The photosensitizer Na4[Zn-OMeP] 

•4H2O (0.04 mM, 0.17 mg), Na4[Zn-MeP]•H2O (0.04 mM, 0.15 mg), Na4[Zn-F8P]•3H2O (0.04 

mM, 0.15 mg), Na4[Zn-F16P]•5H2O (0.04 mM, 0.18 mg), Na4[Sn-OMeP]•4H2O (0.04 mM, 

0.18 mg), Na4[Sn-MeP]•4H2O (0.04 mM, 0.17 mg), Na4[Sn-F8P]•2H2O (0.04 mM, 0.17 mg), 

or Na4[Sn-F16P]•2H2O (0.04 mM, 0.18 mg) and the catalyst cobaloxime (0.49 mM, 0.60 mg) 

were added as solids in the reactor, and dissolved using 1.5 mL 10% (v/v) TEOA aqueous 

solution neutralized with concentrated HCl to pH 7.0, and 1.5 mL acetonitrile. Under constant 

stirring, the reactor was equipped with 1 rubber septum and 2 silicon septa in order to make an 

air-tight system (the set-up is shown in Figure AI.29). The hydrogen electrode was then 

inserted through the septum, to measure the hydrogen concentration in the head space (gas 

phase) of the photochemical reactor, and the whole system was deaerated by high-purity argon 

bubbling through the solution for at least 15 min. After removing the needle bringing argon, 

the hydrogen electrode was calibrated by a four-time injection of 100 µL (4.46 µmol at 1 atm) 

of high-purity H2 into the closed system; the calibration was adapted with the pressure change 

using Logger software, affording direct reading of the volume of dihydrogen (µL) produced in 

the gas phase of the reactor (Vgas = 22.0 mL). Following calibration, the three used septa were 

replaced by new ones and the hydrogen electrode was again inserted into the system. The 

system was degassed for 15 min with argon, then data recording was started, first keeping the 

system in the dark for 30 min prior to starting light irradiation. Unless otherwise indicated, the 

data recording was stopped after 22 h of light irradiation.  

4.4.5 Photocatalytic turnover number and turnover frequency determination 

    The experimental dihydrogen evolution was determined by a hydrogen electrode (Unisense 

OX-NP) controlled by x-5 UniAmp using Logger software. The amount of H2 formed during 

illumination was used to calculate the photocatalytic turnover number (PTON) using the 

following equation: 

𝑃𝑇𝑂𝑁 =
𝑛𝐻2

𝑛𝑃𝑆
 

in which 𝑛𝐻2
 is the number of mol of hydrogen calculated from the volume of the dioxygen 

produced in the photocatalytic experiment as indicated by the calibrated hydrogen electrode in 
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the gas phase (µL), divided by 22.4 L/mol, and 𝑛𝑃𝑆 is the number of mol of Zn- or Sn-porphyrin 

complex used in the photocatalytic experiment.  

    The maximum photocatalytic turnover frequency PTOF (in h-1) for photocatalytic hydrogen 

evolution was obtained using Origin 9.1 software by 1) nonlinear curve fitting of the time 

evolution of the PTON, starting at t = 30 min for photocatalytic reactions (category: 

Growth/Sigmoidal, function: logistic Fit); 2) calculating the first time derivative PTOF = f(t) 

of the PTON = g(t) function using mathematics, differentiate, and 3) identify the maximum 

value of PTOF = f(t) (an example for [Sn-MeP]4- is shown in Figure 4.7). 

 

Figure 4.7 Calculation of maximum PTOF of the [Sn-MeP]4-based photocatalytic hydrogen 

evolution system. 

4.4.6 Density functional theory calculations 

    All density functional theory (DFT) calculations were performed within the AMS2020 

package published by SCM.[45] The X,Y,Z geometries of the ground-state singlet and lowest 

triplet excited states of each complex were optimized using the (GGA-type) OPBE density 

functional approximation,[46] projected onto a triple-ζ polarized (TZP) Slater-type basis set, 

including scalar relativistic effects by means of the zero-order regular approximation 

(ZORA).[47] To speed up the calculations, the 1S electrons of C, N ,O, F, S and Cl, the 1S-2P 

electrons for Zn, and the 1S-4P electrons for Sn were frozen. Grimme3 BJDAMP (-D3(BJ)) 

dispersion corrections were used.[48] Water solvation was modelled implicitly via the 

conductor-like screening model (COSMO).[49,50]  
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The energies of the obtained geometries were then re-evaluated by performing a single-point 

calculation, employing the (hybrid) B3LYP-D3(BJ) functional[51-54] in a ZORA triple-ζ Slater-

type basis with two polarization functions (ZORA-TZ2P). Again, the COSMO model was 

employed to account for solvent effects.  
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