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Chapter 3 
 

 

 

 

Photooxidation of a NHC IrCp*Cl2 water 

oxidation catalyst by a Pt(II)-porphyrin 

sensitizer co-immobilized on FTO/TiO2 

photoanodes. Towards photodriven 

electrocatalytic oxidation of H2O. 
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3.1 Introduction 

 

In chapter 2 it was demonstrated that the electronically donating NHC ligand in complex 1 

(figure 3.1) has a direct influence on the formation of the catalytically active species in Ce4+ 

driven water oxidation catalysis. This validates the structural modification of the catalyst for the 

immobilisation on electroactive surfaces, a requirement for the construction of artificial leafs 

that has been discussed in chapter 1. So far, examples for the electrocatalytic water oxidation 

with molecularly anchored catalysts onto conducting supports are mostly explored for 

ruthenium based systems.1–15 An important key feature found by Meyer was that the mechanism 

for the electrocatalytic oxidation of H2O using surface immobilized [Ru(Mebimpy)(bpy)-

(OH2)]
2+ is comparable to the catalytic mechanism proposed for related systems in aqueous 

solutions (chapter 1, figure 1.10).15 This indicates that the molecular identity of the catalyst in 

this example is retained. Other reports describe the electrocatalytic activity of molecular 

complexes based on nickel,16 iron,17 copper18–27 and cobalt28–32 as well as their corresponding 

metal oxide films.33–44 For iridium, very few well defined molecular systems exist.45–48 High 

current densities are readily attained by electrodes modified with IrO2 films.49–52 However, 

surface immobilized ‘homogeneous’ molecular species have in comparison to heterogeneous 

metal oxide films, the advantage that they can be fine-tuned, for example in the redox 

properties of the catalytically active site. In addition, active intermediates and mechanistic 

pathways can be studied in a more facile way. In economic terms, the use of molecular species 

can have an advantage as an active single molecular layer would result in a reduction of material 

costs. 

 

For the photodriven catalytic oxidation of H2O using molecular iridium catalysts, even fewer 

examples exist. RuP (see chapter 1) has been proven to be unsuitable as a molecular sensitizer 

for related molecular systems based on iridium.53 Photodriven catalytic water oxidation for 

NHC complex 1 has been reported in a three-component system with Pt(II)-porphyrin 3 as the 

molecular sensitizer and Na2S2O8 as the sacrificial electron acceptor (chapter 1, figure 1.24).53 

In addition, Crabtree reported a maximum current density of 30 µA cm-2 when anodes co-

immobilized with (3-carboxy-2-phenylpyridine)IrCp*Cl and a fluoro- substituted zinc porphyrin 

were irradiated with visible light (chapter 1, figure 1.28).54,55 However, stand-alone artificial 

leaf configurations based on iridium have not been reported. 

 

  
 
Figure 3.1 NHC Cp*IrCl2 1 (NHC = N-heterocyclic carbene, Cp* = pentamethylcyclopentadiene) and 
trimethoxysilane modified complex 2. 
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To explore the use of novel suitable molecular sensitizers for iridium based systems, compounds 

need to be selected with oxidation potentials high enough to sustain oxidation of the 

catalytically active center throughout the catalytic cycle. In addition, compounds need to be 

selected based on their photostability and the rate of electron injection into the TiO2 conduction 

band upon photoexcitation of the immobilized compound. These properties need to be 

examined, based on a type II MxOy photoanode configuration as described in chapter 1, 

depicted in the right panel of figure 1.12. 

 

In the first part of this chapter the properties of NHC IrCp*Cl2 are explored with respect to the 

electrocatalytic oxidation of H2O when immobilized on FTO/TiO2 surfaces. For this, a 

trimethoxysilane functional group was attached to the N-heterocyclic carbene ligand as this 

group is demonstrated to be an excellent linker for immobilization strategies onto TiO2 

electrodes.56–62 In the second part, seven molecular sensitizers are explored for their suitability 

in the photodriven catalytic oxidation of H2O based on FTO/TiO2/2 anodes (figure 3.2). In 

addition to Pt(II)-porphyrin 3, Sn(II) based porphyrins 6a and 6b have been explored as they 

have been reported to have high oxidation potentials exceeding 1.5 V vs NHE.63 Bodipy analogs 

4 and 5a-c are an unexplored class of organic molecules with respect to integration as a 

sensitizing component in an artificial leaf configuration. As a sensitizer they are of interest due 

to the ease of tunability of the HOMO and LUMO energies by modifying the Bodipy organic 

structure.64,65 Finally, the individual components are co-immobilized onto a FTO/TiO2 surface 

and the respective photoanodes were studied for the photodriven catalytic oxidation of H2O. 

 

  

 

 

 
Figure 3.2 Porphyrin and Bodipy analogs of molecular sensitizers co-immobilized with 2 onto 
FTO/TiO2. 
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3.2 Results and discussion 

 

3.2.1 Synthesis of 2 and kinetic evaluation in Ce4+-driven catalytic water oxidation. 

 

Compound 1 was synthesized according to previously published procedures.66,67 Attachment of 

the trimethoxy silyl functional group is realized by the modification of the NHC ligand (figure 

3.3). The ionic liquid 1-methyl-3-(trimethoxysilylpropyl)-imidazolium chloride is readily 

prepared by stochiometrically adding (3-chloropropyl)-trimethoxysilane to N-methyl imidazole 

under dry, inert conditions while heating the mixture to 70 oC for 24 h. The silver carbene 

complex is synthesized in situ by adding Ag2O to a solution of 1-methyl-3-

(trimethoxysilylpropyl)-imidazolium chloride in CH2Cl2. Transmetallation after addition of 

{IrCp*Cl2}2 and subsequent isolation results in compound 2 as a yellow amorphous powder. 

Crystallographic analysis of crystalline 2, confirms the molecular structure. The iridium 

complex is identical to the parent complex and as such the linker has no effect on the structure 

of the complex (figure 3.4). 

 
 

Figure 3.3 Synthetic route towards 2 (i) 70 oC, 24 h, (ii), Ag2O, CH2Cl2, 24 h, {IrCp*Cl2}2. 

 

The catalytic activity of complex 2 in the oxidation of H2O was evaluated using the same 

methodology as discussed in chapter 2, to study the effect of the trimethoxy silyl functional 

group on the catalytic performance. Complex 2 was studied at catalyst concentrations ranging 

from 0.75 µM to 12.0 µM in the presence of 1.5 mM cerium ammonium nitrate (CAN) (left 

panel, figure 3.5).  

 
 

Figure 3.4 Crystal structure of 2. See experimental section for crystallographic details. 
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Figure 3.5 (left) 0.75-12.0 µM 2 with 1.5 mM CAN (right) log-log plot of [2] against kobs. 

 

Compound 2 proved to be an active water oxidation catalyst with a maximum TOF of 0.35 mol 

mol-1 s-1. However, the TOF is lower than the unfunctionalized catalyst 1, which was 0.55 mol 

mol-1 s-1. In addition, a plot of the kobs values against the catalyst concentration reveals an order 

of 1.15 in [2] (right panel, figure 3.5) which is lower than the catalytic order of 1.65 found for 

the unfunctionalized catalyst 1 (complex 19 in chapter 2). When the kinetic data for catalyst 2 is 

represented as a graphical rate equation, a kinetic profile is obtained comparable to the 

unfunctionalized catalyst 1 (see figure 2.8, chapter 2). Starting at the right part of the graph 

([Ce4+]t/[Ce4+]0 = 1.0), first a steep increase in the Ce4+ consumption rate is observed followed 

by a zero order dependence in [Ce4+] as evident by the horizontal trend of the kinetic trace. The 

Ce4+ consumption rate decreases at the point where the Ce4+ concentration is too low and 

becomes rate limiting, in analogy to what is observed for the unfunctionalized NHC complex 1 

reported in chapter 2. 

 

  
Figure 3.6 Graphical rate analysis of (left) 12.0 µM 2 and (right) 0.75-12.0 µM 2 with 1.5 mM CAN. 

 

The initial steep increase in the Ce4+ consumption rate is in agreement to what has been 

observed for 1 under similar reaction conditions as discussed in chapter 2. This reflects the 

influence of the electron donating NHC ligand upon formation of the catalytically active species. 

The first order dependence in [2] is evident, supported by the overlapping kinetic traces at 
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different catalyst concentrations between 1.5 – 12 µM.† These observations point to a different 

catalytic mechanism for 2 in comparison to 1 with respect to the oxidation of H2O. In chapter 2 

it was discussed that the formation of bis-µ-oxo bridged species is a crucial step in the process 

that converts the catalytic precursor to the catalytically active state, which leads to the 

observation of broken orders in the catalyst concentration, caused by the presence of a 

monomer-dimer equilibrium in solution. The absence of a broken order in the catalyst 

concentration for complex 2 points towards the absence of a monomer-dimer equilibrium in 

solution. As such, the formation of bis-µ-oxo bridged species is disfavoured for 2 during the 

catalytic cycle in the Ce4+ driven oxidation of H2O. 1H-NMR analysis of 2 in CDCl3 reveals that 

each methylene moiety on the propyl linker lacks rotational freedom as the signals originating 

from each individual methylene proton shows a different chemical shift (see supporting 

information 3.5.1). This indicates to a fixed position of the Cp* and the NHC ligand. In the 

event, that the Cp* ligand and the NHC ligand remain attached to the iridium center upon 

formation of the catalytically active species, as is assumed to be the case for complex 1 (see right 

panel in figure 2.5), the lack of rotational freedom and the bulky nature of the trimethoxy silyl 

functional groups may influence the monomer-dimer equilibrium. Hence, the mechanism is 

assumed to be dominated by WNA pathways (figure 1.8, chapter 1). This is in line with both the 

lower observed TOF for 2, as faster (radical oxo coupling) pathways, facilitated by bis-µ-oxo 

bridged species are not accessible, and the absence of a broken order in the catalyst 

concentration in comparison to NHC complex 1. 

 

3.2.2 Electrochemical evaluation of 2 dissolved in phosphate buffer solutions. 

 

  
Figure 3.7 1 mM 1 or 2 dissolved in 0.1 M phosphate buffer at pH 2.0 using (left) a GC (A = 0.031 
cm2) or (right) a FTO working electrode (A = 1.0 cm2) at a scanrate of 100 mV s-1. 

 

The electrocatalytic properties of 1 and 2 were compared in an 0.1 M phosphate buffer solution 

at pH 2.0 using equimolar concentrations. When a platinum working electrode is used, no clear 

distinction can be made between the onset potentials of 1 or 2 with respect to a blank 

measurement. However, when a glassy carbon (GC) working electrode is applied, an onset 
                                                           
†
 With the exception of 3 µM 2 yet this is ascribed to an experimental deviation. 



   

 
77 

potential for both catalysts can be determined around ~1.35 V vs NHE (left panel in figure 

3.7). It seems that for 1, a catalytic wave is apparent upon increasing the potential beyond 1.35 

V vs NHE while for 2 the catalytic wave emerges at higher potentials. This feature becomes 

more evident when FTO is applied as the working electrode. The right panel in figure 3.7 

shows the current densities as function of the potential for solutions of 1 and 2, using a FTO 

electrode with the same surface area in solution. Both catalysts show an onset potential of 1.33 

V vs NHE, however, for 2 the initial sharp current increase halts around 1.47 V vs NHE. After 

this potential, the current increases gradually until a steep increase is observed beyond 1.80 V 

vs NHE. These results show the difference between precatalyst 1 and 2 with respect to the 

electrocatalytic oxidation of H2O and points to an influence of the trimethoxy silane functional 

group on the formation of the catalytically active species. 
 

In previous reports it was shown that under electrocatalytic conditions, formation of a 

[{Ir4+}2(µ-O)2]
2+ dimer from precursor 1, takes place prior to the offset potential for water 

oxidation (see figure 2.11, chapter 2).46 As the catalytic wave assigned to the oxidation of H2O 

occurs at higher potentials when precatalyst 2 is used in comparison to precatalyst 1, it is 

assumed that the formation of [{Ir4+}2(µ-O)2]
2+ dimeric species for precatalyst 2 is also not 

accessible under these conditions, in agreement with the observations made in the Ce4+ driven 

oxidation of H2O. In acetonitrile, 2 shows a quasi-reversible redox wave at ~0.91 V vs NHE 

that becomes more reversible upon increasing the scan-rate and a second quasi-reversible wave 

at 1.54 V vs NHE (see supporting information 3.5.2). These redox couples are not observed 

under aqueous conditions and the onset for the catalytic wave assigned to the oxidation of H2O 

is significantly higher than 1.54 V vs NHE. It implies that multiple oxidation steps are required 

before a catalytically active species is formed from precursor 2. As the formation of bis-µ-oxo 

bridged dimeric species is not accessible, WNA mechanistic pathways are assumed to 

predominate, and in the case for 2, high-valent electrophilic Ir5+=O species need to be 

generated before H2O can attack in the first step of the catalytic cycle. Consecutive scanning of 

the FTO working electrode reveals the disappearance of the first oxidation wave at 1.35 V vs 

NHE and a small decrease in the maximum observed current density (figure 3.8). 
 

 
Figure 3.8 1 mM 2 after 4 consecutive scans in 0.1 M phosphate buffer at pH 2.0 using a FTO working 
electrode at a scanrate of 100 mV s-1 compared to a blank scan. 
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A similar oxidation wave was observed for ITO surface-immobilized (L2bpy)IrCp*(OH2), which 

was assigned to the proton coupled redox waves of Ir4+(OH)/Ir3+(OH2) and Ir5+(=O)/ 

Ir4+(OH), assumed to occur simultaneously.45 Similar non-catalytic oxidative processes are 

assumed to occur as well for complex 2 in the first scan. 

 

The experiments with precatalyst 2 in solution, suggests that the electrocatalytc oxidation of 

H2O occurs at potentials exceeding 1.8 V vs NHE in an 0.1 M phosphate buffer solution at pH 

2.0. Therefore chronoamperometric measurements were executed using FTO as the working 

electrode under the same conditions at 1.8 V and 2.0 V vs NHE. Application of a constant 

potential of 1.8 V vs NHE resulted in a low but stable current density of 0.05 mA/cm2, 

measured over a period of 600 seconds (left panel in figure 3.9). In comparison, in absence of 

the catalyst, a maximum current density of 5 µA/cm2 is observed. Increasing the potential to 

2.0 V vs NHE results initially in an increase of the current density from 0.40 to 0.52 mA/cm2 

which remains stable for 300 seconds and then gradually decreases. This steep increase in 

current, observed at potentials exceeding 1.8 V vs NHE points to the buildup of a catalytically 

active film on the FTO electrode surface. Cyclic voltammetric analysis of the FTO surface 

directly after the chronoamperometric measurement, reveals a broad redox wave with an Epa of 

1.10 V and an Epc of 0.87 V vs NHE (figure 3.9, right). 

 

 

Crabtree has shown that anodic deposition of related Cp* iridium precursors from solution 

might occur and that this process depends on the ligand structure.48 For example, 

IrCp*(H2O)3SO4
2- (compound 14 in chapter 1) dissolved in 0.1 M KNO3 is known to form a so 

called blue layer (BL) on a gold electrode surface under electrocatalytic conditions. In analogy 

to this, anodic deposition of precursor 2 at potentials exceeding 1.8 V vs NHE to form a 

catalytically active layer on the FTO electrode surface might indeed occur. The BL reported by 

Crabtree differs in electrochemical properties from electrodeposited layers of iridium 

hydroxide or IrOx nanoparticles.68 Other studies, have reported the redox properties of anodes 

prepared with catalytically active colloidal or mesoporous IrOx films.69–71 For instance, the 

 
 

Figure 3.9 (left) 1 mM 2 at 1.8 and 2.0 V vs NHE (right) layer formation on FTO surface after chrono 
amperometric (CA) measurements in 0.1 M phosphate buffer at pH 2.0 at 0.1 V s-1. 
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group of Yagi reported redox responses at -0.02 and 0.46 V vs SCE that were assigned to the 

Ir4+/Ir3+ and Ir5+/Ir4+ redox couples respectively, of the IrO2 colloid, measured in an 0.1 M 

KNO3 solution at pH 5.3.70,71 These values would correspond to approximately ~0.4 and ~0.9 

V vs NHE when translated to the experimental conditions used to study precatalyst 2. In 

addition, Nakagawa reported pH dependent redox potentials of ~0.7 V and 1.1 V vs NHE, 

determined at pH 2.0, assigned to the Ir4+/Ir3+ and Ir5+/Ir4+ redox couples respectively, of a 

IrOx nanoparticle film prepared on a GC electrode.69 Based on these findings, the observed 

broad redox wave shown in the right panel of figure 3.9, is best ascribed to a Ir5+/Ir4+ redox 

couple of species with formal Ir4+ oxidation states present in the deposited film. Although 

decomposition of 2 to a IrOx film on the FTO surface cannot completely be ruled out, the 

absence of a clear Ir3+/Ir4+ redox couple indicates a chemically different composition of the 

active species than typical IrOx films. 

 

Deposition of such a catalytically active layer on the electrode surface in the experiment with 

complex 2 is in line with similar experiments reported using the unfunctionalized complex 1 in 

solution.72 It was reported for 1 that in both sulphate and phosphate media (molecular) 

physisorption of 1‡ occurs on Au electrode surfaces upon sweeping the electrode potential, that 

is halted after a maximum loading capacity has been achieved.72 The NHC ligand is assumed to 

be part of the deposited layer in the case of 1, and as such is considered to be part of the 

deposited catalytically active species. In addition, the properties of the deposited layer have 

been reported to differ from that of BL or IrOx films.72 The findings suggest that in the 

experiment with 2, in analogy to 1, molecular physisorption to the FTO surface occurs at 

potentials exceeding 1.8 V vs NHE. 

 

The catalytic activity of the deposited complex 2 on the FTO surface was further explored in an 

experiment where the increase in the concentration of O2 was simultaneously detected (see 

experimental section for details). The amount of formed O2 in solution was determined at an 

operating potential of 2.2 V vs NHE in an 0.1 M phosphate buffer at pH 2.0 with 1 mM 2 in 

solution. Based on the previous observation that the current initially increases at potentials 

exceeding 1.8 V vs NHE, stirring of the solution was initiated after leveling of the current 

density had set in (inset in figure 3.10). Operation close to 100% faradaic efficiency is observed 

for the first 100 seconds. After this, the efficiency drops significantly. The amount of formed O2 

after 30 minutes of operation was measured to be 79 µmol compared to an expected maximum 

of 400 µmol O2 based on the amount of total current passed. However, loss of O2 in the 

headspace of the experimental set-up is not accounted for. Formation of a visible blue layer on 

the FTO surface under these conditions is visually observed (figure 3.10, right). This observed 

blue film is assumed to be composed of species with a formal Ir4+ oxidation state as discussed 

earlier. 

                                                           
‡ Experiments were performed using the hydroxo ligated NHC IrCp*(OH)2. However XPS analysis suggests that starting 
from NHC IrCp*Cl2 leads to the same deposited catalytic material.72 
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However, in contrast to 1, the layer formed with complex 2 is catalytically active at much 

higher potentials as indicated by the detection of significant amounts of O2 at potentials of 2.2 V 

vs NHE. The exact chemical nature of the deposited layer at this point is not clear. 

 

3.2.3 Immobilization and evaluation of 2 onto FTO/TiO2 electrodes. 

 

In the context of the design of an artificial leaf, the irreversible immobilization of water 

oxidation catalysts on a (photo)anode surface is an important required step. Procedures are 

necessary that ensure a good coverage of the electroactive surface. The trimethoxysilane 

functional group is known to have good interactions with TiO2 surfaces, hence, in a follow-up 

step, water oxidation catalyst 2 was immobilized onto the surface of FTO/TiO2 based 

anodes.56–62 The electrocatalytic properties of the functionalized anodes are compared to the 

electrocatalytic properties of 2 in solution as discussed in section 3.2.2. 

 

In order to study the optimal conditions with respect to the immobilization of 2 onto the surface 

of FTO/TiO2 anodes, experiments were performed where pristine FTO/TiO2 anodes were 

submerged in different organic solvents, at various concentrations of 2 and using different 

adsorption times. After the adsorption procedure, the anodes were rinsed with fresh aliquots of 

the respective solvents and immersed in 2 mL of a 50 mM cerium ammonium nitrate solution 

present in the reaction chamber of a Clark-type electrode to measure the rate in O2 formation 

(see experimental section for more details). It was found that soaking FTO/TiO2 anodes in a 

MeCN solution containing 1.0 mM 2 for 24 hours, results in the highest rate in O2 formation, 

with visible excessive formation of bubbles on the anode surface (figure 3.11, left). In 

comparison, FTO/TiO2/2 prepared using MeOH with an adsorption time of only 2 hours 

resulted in a much lower rate in O2 formation (figure 3.11, middle). Longer adsorption times in 

MeOH did improve the rate in O2 formation but a strong discoloration of the solvent was 

 
 

Figure 3.10 O2 generation at an operation potential of 2.2 V vs NHE. Inset: total current passed 
through the system for 2500 seconds. Arrow indicates the moment at which the system is stirred. 

blue 
coloration 
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observed pointing to the chemical instability of the complex in MeOH. It is noteworthy to point 

out that directly after the experiment, the surface area of the FTO/TiO2/2 anode exposed to 

CAN was dark blue. This could point to the formation of a similar active species for 2 as what 

was observed under electrocatalytic conditions (figure 3.10, right). 

 

 

The formation of O2 in the presence of CAN does point to the successful immobilization of 2 on 

the FTO/TiO2 surface. The rate in O2 formation, however, cannot be used as a quantification 

method for the amount of surface adsorbed 2 as the nature of the catalytically active center is 

not known. Also, aggregate formation by intermolecular reaction of the trimethoxy silane 

moieties is not accounted for. The immobilization of 2 from MeCN, resulted in a visibly yellow 

coloration of the FTO/TiO2 surface that could be directly analyzed by ATR-IR. The presence 

of the characteristic absorption bands of 2 could be detected on the FTO/TiO2 surface and 

indicated by the asterisks in figure 3.12. 

 

  
Figure 3.12 ATR-IR surface analysis of (left) pristine FTO/TiO2 and (right) FTO/TiO2/2 compared 
to the ATR-IR spectrum of 2 ( ). Characteristic absorption bands of complex 2 on the FTO/TiO2 
surface are indicated by the asterisk (*). 

 

FTO/TiO2/2 anodes prepared according to the procedure as described above were applied as a 

working electrode in a three electrode configuration in 0.1 M HNO3 at pH 1.0. Sweeping the 

  
 

Figure 3.11 Immersion of differently prepared FTO/TiO2/2 electrodes in 50 mM CAN. In all cases 
immediate formation of O2 on the surface was observed. (right) Example of FTO/TiO2/2, the yellow 
color indicates surface immobilized 2 which turns blue when exposed to CAN. 

yellow 
coloration 

 
 
 
 

blue 
coloration 
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potential back and forth to 2.25 V vs NHE resulted in a current density of 0.17 mA/cm2 at 1.8 

V vs NHE observed for the first scan. This is much higher than the 3 µA/cm2 determined at 1.8 

V vs NHE for blank FTO/TiO2 anodes (figure 3.13). 

  

 
Figure 3.13 FTO/TiO2/2 in 0.1 M HNO3 at pH 1.0 with scanspeed 0.1 V s-1; ( ) 
thermodynamic potential for water oxidation at pH 1.0. 
 

Repeating the same experiment in a phosphate buffer solution at pH 2.0 resulted in an 

improvement of the current density by a factor 8, to 1.38 mA/cm2 measured at the same 

potential for the initial scan (figure 3.14, topleft). The observed increase in current, with an 

onset potential (Eon) of 1.30 V vs NHE, suggests an active role of the phosphate anion present in 

the electrolyte solution. A similar trend has been observed when current-potential profiles of 1 

where examined in different electrolyte solutions and is attributed to the varying strength in 

coordination of the anions to the iridium center.46 Subsequent scanning at higher potentials 

results in a disappearance of the observed irreversible oxidation wave Epc of 1.55 V vs NHE. 

Repeated cycling of the potential decreases the observed current density at 1.8 V vs NHE down 

to 0.26 mA/cm2 yet an increase in current density is observed at potentials exceeding 2.0 V vs 

NHE. After the 7th sweep, the change in current density is stabilized (top-right panel of figure 

3.14).  

 

The observed trends in the current density upon subsequent scanning can be explained by the 

observations discussed in section 3.2.2. The initial irreversible oxidation wave at 1.30 V vs 

NHE is attributed to non-catalytic oxidative processes which could be related to modification 

reactions of the ligand structure. The trend of the current after the 7th sweep gradually increases 

in the region between 1.3 V to 2.0 V vs NHE and then suddenly increases more rapid at 

potentials exceeding 2.0 V vs NHE resembling a catalytic wave. This is in agreement with the 

previous assumptions made in section 3.2.2, that potentials beyond 2.0 V vs NHE are required 

for complex 2, to become active in the catalytic oxidation of H2O. This high potential required 

for water oxidation suggests that the formation of bis-µ-oxo bridged dimeric species, which are 
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assumed to catalyze the oxidation of H2O at lower overpotentials is not favoured. When 2 is 

immobilized, WNA catalytic pathways are assumed to be predominant. This is strengthened by 

the observation that upon subsequent scanning the current decreases below the threshold value 

of 2.0 V vs NHE, yet increases beyond 2.0 V vs NHE. At potentials exceeding the threshold 

value it is assumed that Ir5+(=O) species are formed, which are electrophilic enough for H2O to 

attack so the electrocatalytic oxidation of H2O can occur. The observed change in trend upon 

progressing from the initial scan to the final scan (in this case the 7th scan) is attributed to 

irreversible non-catalytic modification processes of the catalyst morphology on the electrode 

surface. 

 

  

  
 
Figure 3.14 (top left) FTO/TiO2/2 in 0.1 M phosphate buffer pH 2.0 at 0.1 V s-1. (top right) 
Successive scanning of FTO/TiO2/2 showing forward scans only. (bottom left) successive scanning of 
FTO/TiO2/2 in 0.1 M phosphate buffer pH 2.0 at 0.1 V s-1 to 1.5 V vs NHE. (bottom right) 
Chronoamperometric measurements of FTO/TiO2/2 at 1.5 V vs NHE. ( ) thermodynamic 
potential for water oxidation at pH 2.0. 

 

A decrease in current density attributed to ligand modifications reactions is also observed when 

FTO/TiO2/2 is subsequently swept to milder potentials (figure 3.14, bottom-left). A current 

density of 0.30 mA/cm2 at 1.5 V is observed for the first scan, yet this is decreased to 0.07 

mA/cm2 after successive scanning. Chronoamperometric measurements at this potential (1.5 V 
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vs NHE) resulted in a rapid decrease in current density, and as expected, no formation of O2 

was detected suggesting that no electrocatalytic processes occur at these mild potentials. 

 

Freshly prepared FTO/TiO2/2 electrodes were used to study the effect of the pH, in a 

phosphate buffer solution at three different pH values (pH = 2, 3 and 4). A similar change in the 

current density is observed upon subsequent scanning of the FTO/TiO2/2 anodes, followed by 

stabilization of the current density upon the 7th scan. In the left panel of figure 3.15 the first 

forward scans are shown and in the right panel the final (stabilized) forward scans for all three 

pH values. 

 

  
Figure 3.15 (left) FTO/TiO2/2 in 0.1 M phosphate buffer adjusted to pH 2.0-4.0 showing the initial 
forward scans only; (right) showing the 7th (final) forward scan. 

 

No significant change in the onset potential is observed when the first scans are compared. At 

pH 3.0 and 4.0, Eon is determined at 1.27 V and 1.21 V vs NHE respectively. The initial 

oxidation wave observed at pH 2.0, is still present at pH 3.0 and absent at pH 4.0. The current-

voltage characteristics between the potentials of 1.75 V and 2.25 V vs NHE show a linear 

behavior with no change with respect to a change in pH. The absence of a clear Nernstian shift 

of 59 mV per pH unit shows that this process does not involve a proton coupled electron 

transfer step (chapter 1, section 1.1.2). This indicates that this is a non-catalytic oxidative 

process unrelated to oxidation of the iridium center. However, the final scans show a shift close 

to 30 mV upon changing the pH. This shift is only clearly present at a current density of 0.5 mA 

cm-2 around 2 V vs NHE and is ascribed to the threshold potential where formation of 

electrophilic Ir5+(=O) oxide species are formed. Before the threshold potential the shift is not 

present. A shift of 30 mV would correspond to a mechanism where two electrons are 

transferred coupled to the simultaneous release of a single H+. In comparison, Nakagawa 

reported a shift of ~55 mV, in the onset potential for catalytic water oxidation per pH unit in 

the case for mesoporous iridium oxide based electrodes.69 This difference indicates that 

FTO/TiO2/2 is unlikely to decompose to IrOx films. However, at higher electrode potentials, 

the shift of 30 mV is not clearly observed indicating that the presence of proton coupled 

electron transfer steps are not evident. At this point, the potential determining mechanistic step 
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in the catalytic cycle could also be ascribed to the oxidation of Ir4+(=O)+ species to Ir5+(=O)+ 

which is not a proton coupled oxidation step.73 

 

Chronoamperometric analysis was performed using an FTO/TiO2/2 anode at pH 4.0, after 

stabilization of the current at the 7th scan. A constant potential of 2.0 V vs NHE for 550 seconds 

was applied and the result is depicted in the left panel of figure 3.16. An initial current density 

of 0.74 mA/cm2 was obtained which decreased over a time period of 10 minutes. Gas 

formation on the electrode surface was observed, however, identification and quantification of 

the formed gas was unsuccessful. In analogy to the case where 2 was dissolved in solution as 

discussed in section 3.2.2, the current experimental data suggest that also in the case for 

FTO/TiO2/2 a molecular composed catalytically active layer is formed at the anode surface, 

after application of relatively high potentials. ATR-IR analysis of the FTO/TiO2/2 surface after 

10 minutes of operation (figure 3.16, right) reveals the presence of the characteristic absorption 

frequencies of 2 at 1451, 1380 and 1217 cm-1. However more specific surface analysis 

techniques such as XPS or XAS studies are required to determine the precise composition of the 

electrode surface. 

 

 

3.2.4 Evaluation of Bodipy and Porphyrin based sensitizers 3-9 in phosphate buffer solutions. 

To study the photodriven oxidation of H2O using FTO/TiO2/2 based anodes, molecular 

sensitizers 3, 5a, 5b, 5c, 6a and 6b were synthesized according to previously published 

procedures.53,64,74–77 Molecular sensitizers 4 and 5 were synthesized using modified 

procedures.75,78 Details can be found in the experimental section. Based on the experiments 

performed with FTO/TiO2/2 in a phosphate buffer solution at pH 2.0, oxidation of surface 

immobilized 2 occurs beyond a potential of ~1.30 V vs NHE, however, it is assumed that 

potentials beyond 2.0 V vs NHE are required, for precatalyst 2 to become active in the catalytic 

oxidation of H2O (figure 3.14). This means that molecular photo sensitizers (PS) with oxidation 

potentials beyond 2.0 V vs NHE are required before the photodriven oxidation of H2O with 

  
Figure 3.16 Chronoamperometric measurements of FTO/TiO2/2 in 0.1 M phosphate buffer solution 
at pH 4.0 at 2.0 V vs NHE. (right) ATR-IR surface analysis of the electrode surface after 10 minutes of 
operation. 
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FTO/TiO2/2 becomes thermodynamically favoured. Both potentials are used as a threshold 

value to determine the suitability of molecular sensitizers 3, 4, 5, 5a, 5b, 5c, 6a and 6b. 

 

For Pt(II)-porphyrin 3 a (poorly) reversible oxidation wave at ~1.42 V vs NHE has been 

reported.53 Oxidation potentials for Sn(II)-porphyrin 6a and 6b were determined by drop 

casting a solution of the sensitizer onto an FTO substrate which was applied as the working 

electrode in a phosphate buffer solution at pH 2.0. An irreversible oxidation wave for both 6a 

and 6b was observed at a potential of ~1.41 V vs NHE. Oxidation potentials for Bodipy 4 and 5 

were obtained by adsorbing the respective compound onto a FTO/TiO2 anode from a MeCN 

solution. When applied as working electrodes in a phosphate buffer solution at pH 2.0, 

FTO/TiO2/4 and FTO/TiO2/5 oxidation waves of approximately 1.06 and 1.25 V vs NHE 

respectively were found. Figure 3.17 shows an overview of the observed onset potentials 

compared to the first scan of FTO/TiO2/2 and the 7th scan of FTO/TiO2/2 measured in a 0.1 

M phosphate buffer solution at pH 2.0. For a more detailed analysis, see supporting information 

3.5.3. 

 

 
 
Figure 3.17 Onset potentials of sensitizer 4, 5, 6a and 6b compared to the first and 7th scan of 2 
immobilized on FTO/TiO2 determined in a 0.1 M phosphate buffer solution at pH 2.0 (scans for 4 and 
5 are cut-off for clarity). 

 

The measurements indicate that the oxidation potential of 1.06 V vs NHE, found for Bodipy 4, 

is too low to be of further use as a photoactive component in the construction of photoanodes 

based on FTO/TiO2/2. The oxidation potential of Bodipy 5 is not well defined under the 

applied conditions, however, measurements in MeCN show a clear chemically reversible 

oxidation wave at 1.38 V vs NHE (See figure SI 3 in section 3.5.3). The oxidation potentials of 

Sn(II)-porphyrin 6a and 6b are more defined and similar to Pt(II)-porphyrin 3. The observed 

potential exceeds the onset potential of 1.30 V vs NHE that is observed for FTO/TiO2/2, 



   

 
87 

however, the potential is lower than 2.0 V vs NHE, where the onset for the catalytic oxidation 

of H2O is assumed to occur for FTO/TIO2/2 in a phosphate buffer solution at pH 2.0. 

 

In the next experiment the molecular sensitizers were studied under homogeneous conditions 

in a three-component system. As described in the introductory chapter, RuP has often been 

used as the molecular sensitizer in an aqueous solution containing a water oxidation catalyst in 

the presence of Na2S2O8 (see chapter 1, section 1.2.1). The role of Na2S2O8 in this three-

component experiment is to act as a sacrificial electron acceptor to oxidatively quench the 

photoinduced excited state of RuP and demonstrate the overall photodriven catalytic oxidation 

of H2O, accelerated by the presence of a water oxidation catalyst. In the same section it was also 

discussed that molecular dyads composed of RuP and water oxidation catalysts may benefit 

from the pre-organisation of the molecular sensitizer and the catalytic center, demonstrated by 

an increase in the catalytic turn over number. In addition, it was reported that illumination of a 

solution of Pt(II)-porphyrin 3 in the presence of water oxidation catalyst 1 and Na2S2O8 results 

in the formation of O2.
53 On the basis of these results, the molecular sensitizers in the current 

study were explored as the photo active component in a three-component system in the 

presence of either water oxidation catalyst 1 or 2 and Na2S2O8 as the sacrificial electron 

acceptor. Typical solutions containing 2.5E-04 mM of molecular sensitizer Bodipy 5a-c or 

Sn(II)-porphyrin 6a and 6b were prepared in the presence of 5.0E-05 mM water oxidation 

catalyst 1 or 2 in oxygen free phosphate buffer solutions at pH 2.0 or pH 7.0. The reaction 

mixtures were illuminated in the reaction chamber of a Clark-type electrode, in the presence of 

35 mM Na2S2O8 (see experimental section for more details). 

 

Bodipy 5a, 5b and 5c were poorly soluble in H2O and H2O/MeCN solutions. Addition of 

Na2S2O8 to the solution resulted in complete precipitation of the molecular sensitizer. In the 

experiment where Sn(II)-porphyrin 6a and 6b where used as the molecular sensitizer, no O2 

was detected upon illumination of the reaction mixture. In an attempt to pre-organize sensitizer 

6a and catalyst 1, synthetic efforts were made to covalently bind these components to form a 

molecular dyad, but, these efforts were unsuccessful. As alternative, porphyrin 6b and Bodipy 

5c were functionalized with a pyridine ligated IrCp*Cl2 water oxidation catalyst (compound 21 

in chapter 2) to form molecular dyad 8 and 9 (figure 3.18). Crystal structures of molecular dyad 

8 and 9 were obtained, unambiguously confirming the structure (figure SI 6 and SI 7). 
 

     
Figure 3.18 Molecular structures of dyad 8 and 9. 
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Molecular dyad 8 and 9 were illuminated in the presence of Na2S2O8 in a phosphate buffer 

solution at pH 2.0. For molecular dyad 8 it was found that during irradiation, O2 consumption 

was observed instead of O2 production (right panel of figure SI 6). This may point at oxidation 

of the ligand framework under illuminated conditions. For molecular dyad 9 direct 

photobleaching was observed after seconds upon illumination of the solution. The results 

indicate that Bodipy and Sn(II) based porphyrin sensitizers are not suitable as photo active 

components in homogenous solutions in the presence of water oxidation catalyst 1 or 2 and 

Na2S2O8 as the sacrificial acceptor. 

 

3.2.5 Evaluation of sensitizers 3-6 in dye sensitized solar cell configurations. 

 

A second important property in determining the suitability of compounds as a molecular 

photosensitizer (PS) with respect to artificial leaf design, is the propensity of the surface-

immobilized sensitizer to inject electrons into the TiO2 conduction band upon photo-excitation 

of the FTO/TiO2/PS photoanode. To evaluate this property, sensitizer 3-6 were immobilized 

onto FTO/TiO2 electrodes and used as part of a dye sensitized solar cells (DSSC). In this typical 

configuration, iodide/triiodide redox couples (I-/I3
-) dissolved in MeCN are used as the 

electrolyte solution which acts as an electron mediator between the oxidized FTO/TiO2/PS+ 

photoanode and the FTO/Pt counter electrode. Using this approach, the electron injection 

capabilities of the respective sensitizers can be obtained, which is quantified by the short circuit 

current density (Jsc) obtained at 0 V upon illumination of the DSSC. The obtained short circuit 

current density is compared to N719 (compound 7 in figure 3.19) which is a benchmark 

sensitizer showing typical current densities ranging from 16 to 22 mA cm-2 when performing 

under optimal conditions.79 This approach does not focus on the open circuit potential (Voc), fill 

factor or overall efficiency of the DSSC system (see experimental section for more details).  

DSSCs were prepared by dip coating FTO/TiO2 anodes using solutions containing 0.5 mM of 

the sensitizer 6a, 6b in CH2Cl2, 4, 5, 7 in MeCN and 3 in MeOH. 

 

 

  
 
Figure 3.19 DSSCs containing 0.5 M LiI + 0.05 M I2 in MeCN as electron mediator measured at 50 
cm distance from a 500 W xenon light source using a 408 nm longpass filter. 
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The use of sensitizers 3-5 resulted in a strong visible coloration of the TiO2 surface area (figure 

3.20, right). Sensitizer 6b only showed a faint coloration of the TiO2 area, and the electrode 

dipcoated with 6a showed no coloration at all.  

 

Under illuminated conditions, Pt(II)-porphyrin 3 shows the highest short circuit current density 

of 7 mA cm-2, whereas 0.94 mA cm-2, 0.79 mA cm-2 and 0.17 mA cm2 were observed for 5, 4 

and 6b respectively (figure 3.19). In this experimental set-up, N719 shows a short circuit 

current density of 12 mA cm-2 which is lower than the reported typical benchmark value. This 

suggests that under more optimal conditions the electron injection capability of Pt(II)-Porphyrin 

3 may also be higher. Under short circuit conditions, 3 shows a decrease in peak-current from 7 

mA/cm2 to 5.5 mA/cm2 upon prolonged illumination of 50 seconds, in contrast to 4 and 5. 

However, the observed current density is still a factor 5.6 higher for the DSSC based on 

sensitizer 3 compared to that based on 4 and 5. The higher current is attributed to a higher rate 

of electron injection from the excited Pt(II)-porphyrin into the TiO2 conduction band. In terms 

of (photo)stability, Pt(II)-porphyrin 3 and Bodipy 4 showed no discoloration of the dye-coated 

TiO2 surface after prolonged illumination. In contrast, the DSSC coated with Bodipy 5 showed 

rapid discoloration (right panel in figure 3.20). 

 

 

 

 

 
Figure 3.20 (left) DSSC 3-5 containing 0.5 M LiI + 0.05 M I2 in MeCN as the electrolyte measured at 
short circuit conditions upon chopping of the light source. (right) Discoloration of DSSC/5 after 
prolonged illumination (50 s) in comparison to DSSC/4 and DSSC/3. 

 

In the next experiment, DSSCs were prepared using sensitizer 3-5 similar to the previous 

experiments, however, the iodide/triiodide redox couple (I-/I3
-) was replaced by either water 

oxidation catalyst 1 or 2, dissolved in 0.1 M TBAPF6 in MeCN. In the event that the photo 

oxidized surface-bound dye on the FTO/TiO2/PS anode is reduced by either compound 1 or 2, 

this will result in an increase in current upon illumination of the DSSC in contrast to blank 

DSSCs injected with only an 0.1 M TBAPF6 solution. The increase in current is a good 

indication for the photo-driven oxidation of iridium complex 1 or 2 and possibly leads to water 

oxidation. The samples that are coated with Bodipy 4 and 5 do not show a significant increase in 

current in the presence of complex 1 or 2 with respect to the blank measurement upon 

illumination of the DSSC (figure 3.21). 

3 4 5 

Before illumination 

After illumination 
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Figure 3.21 DSSCs containing water oxidation catalyst 1 or 2 in MeCN as electron mediator measured 
at 50 cm distance from a 500 W xenon light source using a 408 nm longpass filter. (left) Bodipy 5, 
(right) Bodipy 4. 
 

This is expected, as the electron injection capabilities for both compounds were poor in 

comparison to 3 or sensitizer N719. In addition, as previously discussed, the oxidation potential 

of 4 was measured to be too low and the (photo)stability of 5 was poor. In contrast, when 

DSSCs coated with Pt(II)-Porphyrin 3 are illuminated in the presence of 1 as the electron 

mediator, a significant increase in current is observed (see figure 3.22). 

 

 
Figure 3.22 DSSCs containing WOC 1 or 2 in MeCN as electron mediator measured at 50 cm distance 

from a 500 W xenon light source using a 408 nm longpass filter with Pt(II)-porphyrin 3. 

 

Upon illumination, a peak current of 94 µA cm-2 is observed which decreases and stabilizes after 

~50 seconds. After prolonged illumination a gradual increase is observed in current reaching a 

maximum of 50 µA cm-2. The increase in current is ascribed to oxidation of complex 1, present 

in solution, by photogenerated 3+ species on the TiO2 surface. Remarkably, the same effect is 

not noticeable when 2 is present in solution. The experiment does indicate that oxidation of 

complex 2 in 0.1 M TBAPF6 in MeCN presumably occurs at higher potentials compared to 

complex 1. 
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Although the oxidation potential of Pt(II)-porphyrin 3 exceeds the onset potential of FTO/TiO2 

surface immobilized catalyst 2, it is below the required potential of ~2.0 V vs NHE where the 

catalytic oxidation of H2O is assumed to take place in the electrochemical measurements. 

However, on the basis of the relatively high short circuit photocurrent densities in a DSSC type 

configuration, the good photostability and the observation as displayed in figure 3.22, the 

sensitizer is believed to be a good candidate for the co-immobilisation with complex 2 onto 

FTO/TiO2 (photo)anodes to study the light induced photooxidiation responses in phosphate 

buffer solutions. In contrast, Bodipy and Sn(II)-Porphyrin based sensitizers have proven to be 

unsuitable for further exploration with respect to the photodriven catalytic oxidation of H2O. 

The data obtained for all the sensitizers in section 3.2.4 and 3.2.5 is summarized in table 3.1. 

 

Table 3.1 Overview of obtained data for sensitizer 3-9. 

Sensitizer 
Binds to 

TiO2 
surface 

Oxidation 
potential  

(V vs 
NHE) 

DSSC configuration Homogeneous solution 

Jscb 
(mA/cm2) 

Jscc 

(µA/cm2)  
Three 

component 
Two 

component 
Remarks 

N719 Yes 1.10a 12 - - - - 

Pt(II)-porphyrin 3 Yes 1.42a 7 
50  

[cat 1] 

O2 
formationa 

[cat 1] 
- - 

Bodipy 4 Yes 1.06 0.79 Negligible 
No O2 

formation 
- - 

Bodipy 5 Yes ~1.25 0.94 Negligible 
No O2 

formation 
- Poorly soluble 

Bodipy 5a - 1.39d - - 
No O2 

formation 
- Poorly soluble.f  

Bodipy 5b - 1.23d - - 
No O2 

formation 
- Poorly soluble.f 

Bodipy 5b - - - - 
No O2 

formation 
- - 

Sn(II)-porphyrin 6a No - - - 
No O2 

formation 
- - 

Sn(II)-porphyrin 6b Poorly 1.41 0.17 - 
No O2 

formation 
- - 

Molecular dyad 8 - - - - - 
No O2 

formation 
Consumes O2

e 

Molecular dyad 9 - - - - - 
No O2 

formation 

Photobleaches 
instantly in 
presence of 
Na2S2O8. 

(a) Reported elsewhere.53,80; (b) Using 0.5 M LiI + 0.05 M I2 as a redox mediator; (c) using WOC 1 or 2 as the redox 

mediator; (d) calculated using Fe+/Fe = 0.400 V vs NHE. (e) When illuminated under non-oxygen free conditions. (f) 

precipitates after addition of Na2S2O4. 

 

3.2.6 Co-immobilisation of Pt(II)-porphyrin 3 and catalyst 2 onto FTO/TiO2. 

 

Photoanodes were prepared by submerging FTO/TiO2 slides in a stirred THF/MeCN solution 

(1:4 v/v) containing 0.8 mM 2 and 0.2 mM 3 for 24 hours. After this, the anodes were placed 

in a stirred blank 1:4 v/v THF/MeCN solution for 1 hour and subsequently rinsed off with the 

blank solution prior to drying. Next, the anodes were used in a three electrode set-up with the 
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counter electrode placed in a second compartment that was separated via a glass frit. Figure 

3.23 shows the I-V curves of FTO/TiO2/2/3, together with that of FTO/TiO2/2 and 

FTO/TiO2/3, after illumination with 1.5 AM solar light using a 385 nm longpass filter in a 0.1 

M phosphate buffer solution at pH 2.0. A bias potential with respect to Ag/AgCl ranging from -

0.1 to 0.6 V was used in combination with chopping the light source on and off. 

FTO/TiO2 co-immobilized with both Pt(II)-porphyrin 3 and water oxidation catalyst 2 shows a 

significant increase in current upon illumination with an initial peak current of 209 µA/cm2. In 

contrast, the control samples FTO/TiO2/2 and FTO/TiO2/3 gave only 7 µA/cm2 and ~40 

µA/cm2 respectively. The current is not sustained and decreases from 209 µA/cm2 to an 

average value of 60 µA/cm2. Blank FTO/TiO2 shows a relatively high current of 30 µA/cm2. 

This is due to the direct absorption of TiO2 as a 385 nm longpass filter was used, which is close 

to the TiO2 band gap energy. 

 

 
 
Figure 3.23 FTO/TiO2/3/2 (ratio 1:4 mol/mol), FTO/TiO2/2 and FTO/TiO2/3 illuminated using 
1.5 AM solar light and a 385 nm longpass filter in a 0.1 M phosphate buffer solution at pH 2.0. 
 

  
Figure 3.24 FTO/TiO2/3/2 in different electrolyte solutions (left) and different ratios (right) 
illuminated using 1.5 AM solar light and a 385 nm longpass filter in a 0.1 M phosphate buffer solution at 
pH 2.0. 
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The measured currents for FTO/TiO2/2 and FTO/TiO2/3 are lower than the blank anode 

because the TiO2 surface is covered with dyes, reducing the direct absorption by the TiO2 

valence band. Increasing the potential to 1.3 V vs Ag/AgCl under dark conditions shows an 

increase in current with an onset potential around 1.1 V vs Ag/AgCl which translates to ~1.3 V 

vs NHE. This onset potential is in agreement to what has been found in the electrochemical 

oxidative set-up in the case for FTO/TiO2/2 anodes (figure 3.14, top-left). The increase in 

current density upon illumination indicates that electron transfer between the immobilized 

Pt(II)-porphyrin 3 and water oxidation catalyst 2 takes place. As was clear from experiments 

displayed in figure 3.22, this was not observed when 2 was present in an MeCN solution. The 

experiment was repeated in different electrolyte solutions to study the influence of the change 

in pH and counter anion on the photocurrent density upon illumination (left panel in figure 

3.24). 

 

It shows that in a 0.1 M HNO3 solution at pH 1.0 the photocurrent density is the lowest. This is 

in agreement with what has been observed with FTO/TiO2/2 under electrocatalytic oxidative 

conditions which showed a large increase in current upon substituting the NO3
- anion for 

HPO4
2- and was explained by the difference in coordinating strength of the anion with the 

iridium center (figure 3.13).  Changing the electrolyte solution to H2SO4 at the same pH did not 

result in a large change in the photocurrent. The highest photocurrents are obtained in the 

presence of phosphate anions in solution independent of pH. This is in line with the results 

depicted in figure 3.15 which showed no influence on the current-potential profiles upon 

changing the pH for the initial scans. In a follow up experiment the molar ratio of Pt(II)-

porphyrin 3 and water oxidation catalyst 2 was varied in the THF/MeCN solution prior to co-

immobilisation onto the FTO/TiO2 surface (right panel of figure 3.24). The lowest current is 

observed when the 3/2 ratio is the lowest (ratio 1:0.75 mol/mol, indicated by ). Upon 

increasing the molar ratio of the catalyst the current increases. At a higher bias potential the 

FTO/TiO2/3/2 (photo)anode with a ratio of 1:6 resulted in the highest current (indicated by 

). 

 
Figure 3.25 Chronoamperometric measurement using FTO/TiO2/3/2 with a 3/2 ratio of 1:6 and 
1:4 compared to FTO/TiO2/3, illuminated using 1.5 AM solar light and a 385 nm longpass filter in a 
0.1 M phosphate buffer solution at pH 2.0.0.1 M. Bias potential 0.1 V vs Ag/AgCl. 
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Based on these results, prolonged chronoamperometric measurements were performed using 

FTO/TiO2/3/2 anodes prepared with a 1:4 and 1:6 3/2 mol/mol solution. The results were 

compared to those observed with FTO/TiO2/3. In figure 3.25 the earlier obtained results are 

confirmed and the results show that upon illumination of the photoanodes, at a bias potential of 

0.1 V vs Ag/AgCl, the highest current is observed using FTO/TiO2/3/2 with a ratio of 1:6. 

Compared to the control experiment with FTO/TiO2/3, this is a 5-fold increase in photo-

activity. 

 

The decrease in photocurrent density upon prolonged illumination of the FTO/TiO2/3/2 

photoanodes, that is observed in the experiments depicted in figure 3.23 and 3.25, is explained 

in line with the decrease in current density, observed in the electrochemical oxidative 

experiments with FTO/TiO2/2. Upon illumination of the FTO/TiO2/3/2 (photo)anode, the 

photoinduced oxidized state of 3 is reduced by complex 2. But, in line with the electrochemical 

measurements, the observed photocurrents are ascribed to non-catalytic oxidative processes 

which could be related to modification reactions of the ligand structure. Reducing the amount 

of surface immobilized 2 would result in a decrease in the photocurrent density as less material 

is available to reduce the oxidized state of 3. This is indeed what is observed when the lowest 

ratio of 3/2 is adsorbed onto the FTO/TiO2 surface (right panel in figure 3.24). 

 

3.3 Conclusion 

 

In chapter 2 it was concluded that for the NHC IrCp*Cl2 precatalyst 1, the formation of bis-µ-

oxo bridged species is a crucial step in the transformation of the catalytic precursor to the 

catalytically active state. On the basis of the results discussed in this chapter, it is concluded that 

modification of the N-heterocyclic carbene ligand with a trimethoxysilane functional group, has 

a direct influence on the propensity of the precatalyst to form bis-µ-oxo bridged dimeric species 

and thus on the Ce4+ driven oxidation of H2O. Judging from the relatively high potentials 

required for the electrocatalytic formation of O2, in comparison to the unmodified catalytic 

precursors 1 and the kinetic profiles, it is concluded that the formation of bis-µ-oxo bridged 

dimers under electrolytic conditions also is hindered for complex 2. 

 

As a result, it is likely that complex 2, follows a WNA pathway and the formation of high-valent 

Ir5+(=O) oxo species is necessary for the electrocatalytic oxidation of H2O. This illustrates that 

choices in the molecular design of NHC IrCp* based catalytic precursors are important when 

integrating the precursor in an artificial photosynthethic device as it determines the formation of 

the catalytically active species. Related to this, the nature of the catalytically active species of 

NHC IrCp* based catalytic precursors is of importance as it determines the required oxidation 

potential for a molecular sensitizer in the construction of molecular composed photoanodes. 
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In this chapter the successful anchoring of the modified NHC IrCp*Cl2 catalytic precursor 2 

onto FTO/TiO2 based substrates is demonstrated. In addition, it is demonstrated that catalytic 

precursor 2 can be co-immobilized with a Pt(II)-porphyrin molecular sensitizer onto 

FTO/TiO2, for the construction of molecular composed photoanodes. The higher photocurrent 

densities attained upon illumination of the photoanode is ascribed to photooxidation of IrCp*Cl2 

2 by the Pt(II)-porphyrin sensitizer. Although Pt(II)-porphyrin sensitizer 3 has good electron 

injection capabilities into the conduction band of TiO2, and a relatively high oxidation potential, 

it is insufficient for the overall photodriven catalytic oxidation of H2O. Presumably, the 

oxidation potential of 3 is insufficient to generate the Ir5+(=O) oxidation state of precursor 2, 

required for the electrocatalytic oxidation of H2O to occur. The system as described in this 

chapter is an example of a molecularly composed photoanode using an iridium based water 

oxidation catalyst. In the context of artificial photosynthetic device design based on molecular 

iridium compounds, this is an important step. Importantly, this work shows that small changes 

at the iridium catalyst precursor may change the reaction pathway for water oxidation and as 

such new catalysts that are proposed for the construction of photoanodes should be investigated 

in detail. 
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3.4 Experimental section 

 

General – All chemicals (including N719, 7) were purchased from commercial suppliers and 

used without further purification. All syntheses were carried out under a N2 atmosphere using 

standard Schlenk techniques unless stated otherwise. CH2Cl2 was distilled from sodium. 

Fluorine doped tin-oxide (FTO) glass slides were purchased from Sigma-Aldrich (7 Ω/sq, TEC 

7, transmittance: 80-82%). FTO/TiO2 slides were purchased from Solaronix and sintered at 

450 oC for 15 minutes before use. Dye sensitized solar cells were prepared using commercially 

available test cell kits (Solaronix). NMR spectra were recorded on a Bruker AMX 400 (400.1 

MHz, 100.6 MHz for 1H and 13C respectively). ATR FTIR spectra were recorded on a Bruker 

alpha-p spectrometer. Electrochemical measurements were performed using an Autolab 302N 

potentiostat. Electrocatalytic detection of oxygen was performed using an Oxoplate® (PreSens, 

SDR-366) with an integrated chemical optical oxygen sensor. Photocurrents were obtained 

using an Autolab PGSTAT 10 multipotentiostat combined with an Oriel LCS-100 solar 

simulator (calibrated at AM 1.5 solar intensity). Optical measurements were performed using 

an OLIS USA Stopped-Flow UV-VIS dual beam spectrophotometer equipped with a 145 W 

Xenon light source, quartz glass optical chamber with a 2.0 cm pathlength and two 

photomultiplier tube (PMT) detectors. Measurements at 360 nm were performed using a 600 

L/mm ruling density - 300 nm blaze double grating scanning monochromator with 0.6 mm slid 

widths. Temperature of the injected samples and the sample compartment chamber was fixed at 

a constant 25 oC. Rates of oxygen evolution were recorded using a Hansatech Instruments 

Oxygraph. Crystallographic data was obtained using a Bruker Kappa Apex II or Bruker D8 

Quest Eco diffractometer equipped with a Triumph monochromator ( = 0.71073 Å). 

 

Compound 1 1H-NMR (400 MHz, CDCl3): δ = 6.96 (s, 2H, NHC), 3.97 (s, 6H, CH3), 1.66 

(s, 15H, Cp*). Compound 3 1H-NMR (400 MHz, d6-DMSO): δ = 12.98 (br, 4H), 8.71, (s, 

8H), 8.34 (d, 8H), 8.26 (d, 8H). Compound 4 1H-NMR (500 MHz, d6-DMSO, compound 

exists in solution as a set of two conformers): 11.50 (NH), 9.21 (NH), 8.15 (d), 7.95 (d), 7.65-

7.42 (2x d), 6.21 (s, 2H), 3.35 (s, 6H), 1.35 (s, 6H). Compound 5 1H-NMR (400 MHz, 

CDCl3) δ = 8.83, (d, 2H, pyr), 7.29 (d, 2H, pyr), 3.55, (br, 9H), 2.58, (s, 6H), 1.90 (br, 

2H), 1.64 (br, 2H),  1.40 (s, 6H), 0.80 (br, 2H). Compound 5a 1H-NMR (400 MHz, d6-

DMSO) δ = 9.24 (d, 2H, pyr), 8.44 (d, 2H, pyr), 4.47 (s, 3H), 2.55 (s, 6H), 1.43 (s, 6H). 

Compound 5b 1H-NMR (400 MHz, CDCl3) δ = 9.37 (d, 2H, pyr+), 8.03 (d, 2H, pyr+), 6.07 

(s, 2H), 4.82 (s, 3H), 2.57 (s, 6H), 1.50 (s, 6H). Compound 5c 1H-NMR (400 MHz, CDCl3) δ 

= 8.84 (br, 2H, pyr), 7.31 (br, 2H, pyr), 2.59 (s, 6H), 1.40 (s, 6H). Compound 6a 1H-NMR 

(400 MHz, CDCl3)  δ = 9.13 (s, 8H, Ar-H), 8.38-8.32 (m, 8H, Ar-H), 7.87-7.78 (m, 12H, 

Ar-H), -7.47 (br, 2H, OH). Compound 6b 1H-NMR (400 MHz, CDCl3)  δ = 9.24 (s, 8H, Ar-

H), 8.25 (d, 8H, Ar-H), 7.88 – 7.76 (m, 12H, Ar-H), 7.64 (d, 4H, pyr), 4.80 (d, 4H, pyr). 

Compound 8 1H-NMR (400 MHz, CDCl3)  δ = 9.27 (s, 8H, Ar-H), 8.28 (d, 8H, Ar-H), 7.97 

(d, 4H, pyr), 7.90-7.80 (m, 12H, Ar-H), 4.91 (d, 4H, pyr), 1.57 (s, 30H, Cp*). Compound 9 
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1H-NMR (400 MHz, CDCl3) δ = 9.22 (d, 2H, pyr), 7.36 (d, 2H, pyr), 2.59 (s, 6H), 1.57 (s, 

15H, Cp*), 1.42 (s, 6H). 

 

Synthesis of 1-methyl-3-(trimethoxysilylpropyl)-imidazolium chloride – 23 mL (125 mmol, 1 eq.) (3-

chloropropyl)trimethoxysilane was dissolved in 10 mL (125 mmol, 1 eq.) N-methyl imidazole 

in a 50 mL Schlenk flask equipped with a magnetic stirring bar under dry and inert conditions. 

The mixture was stirred and heated to 70 oC for 72 h at which point the mixture became too 

viscous to be stirred. After cooling down to room temperature the viscous oil was vigorously 

stirred and washed with Et2O (5x). After drying in vacuum for 24 hours the ionic liquid 1-

methyl-3-(trimethoxysilylpropyl)-imidazolium chloride was obtained quantitatively. 
1H-NMR (400 MHz, CDCl3): δ = 10.24 (s, 1H, NHC), 7.72 (t, 1H, NHC), 7.42 (t, 1H, NHC), 4.15 

(t, 2H, (CH3O)3SiCH2CH2CH2), 3.94 (s, 3H, NHC-CH3), 3.35 (s, 9H, (CH3O)3SiR), 1.81 (m, 2H, 

(CH3O)3SiCH2CH2CH2), 0.44 (t, 2H, (CH3O)3SiCH2CH2CH2); 
13C-NMR (101 MHz, CDCl3) 136.7 

(CH, NHC),  123.3 (CH, NHC), 121.4 (CH, NHC), 50.8 ((CH3O)3SiCH2CH2CH2), 49.9 

((CH3O)3SiR), 35.7 (NHC-CH3), 23.4 ((CH3O)3SiCH2CH2CH2), 5.1 ((CH3O)3SiCH2CH2CH2). 

 

Synthesis of 2 – In a 25 mL Schlenk flask equipped with a magnetic stirring bar was dissolved 150 

mg (0.53 mmol, 2 eq.) 1-methyl-3-(trimethoxysilylpropyl)-imidazolium chloride in 10 mL 

CH2Cl2. 75 mg (0.32 mmol, 1.2 eq.) Ag2O was added and the reaction was stirred for 16 h at 

room temperature. 213 mg (0.26 mmol, 1 eq.) (IrCp*Cl2)2 was added thereby instantly 

changing the colour of the reaction mixture to yellow. The reaction mixture was left to stir for 

30 minutes and filtered over Celite. The clear yellow/orange solution was concentrated to a 

small volume which was then added dropwise to the vortex of a 300 mL vigorously stirring 

pentane solution in a 500 mL round-bottom flask. The yellow amorphous solid flakes were 

isolated to yield 135 mg of 2 (yield 40%). 
1H-NMR (500 MHz, CDCl3): δ = 6.98 (d, 2H, NHC), 6.92 (d, 2H, NHC), 4.63 (m, 1H, 

(CH3O)3SiCH2CH2CH2), 3.96 (s, 3H, NHC-CH3), 3.76 (m, 1H, (CH3O)3SiCH2CH2CH2), 3.57 (s, 

9H, (CH3O)3SiR), 2.11 (m, 1H, (CH3O)3SiCH2CH2CH2), 1.82 (m, 1H, (CH3O)3SiCH2CH2CH2), 1.60 

(15H, Cp*), 0.82-0.65 ((CH3O)3SiCH2CH2CH2); 
13C-NMR APT (125 MHz, CDCl3) 156.1 (C-Ir), 

123.5 (CH, NHC), 121.2 (CH, NHC), 88.7 (C, Cp*), 53.1 ((CH3O)3SiCH2CH2CH2), 50.8 

((CH3O)3SiR), 38.6 (NHC-CH3), 25.4 ((CH3O)3SiCH2CH2CH2), 9.23 (CH3, Cp*), 6.4 

((CH3O)3SiCH2CH2CH2). 

 

Yellow needle shaped crystals of 2 were obtained by diffusion of pentane carefully layered into a 

concentrated solution of 2 in CH2Cl2. 

 

(Photo)electrochemical measurements – Measurements were performed in a standard three-electrode 

set up using a Ag/AgCl (3M KCl) reference electrode (E0 + 0.21 V vs NHE) and a platinum 

counter electrode. Prepared FTO/TiO2/2 anodes were used as the working electrode. An 

optical oxygen sensor was attached to the side-wall of the glass compartment submerged in the 

electrolyte solution using silicon grease. Oxygen concentrations were detected by measuring 
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the fluorescence intensity. Photoelectrochemical measurements were performed using a custom 

made two-compartment Schlenk with a platinum counter electrode separated by a glass frit 

from the prepared FTO/TiO2 photoanodes and a leak free Ag/AgCl reference electrode. The 

photoanodes were illuminated with 1.5 AM solar light intensity using a 385 nm longpass filter. 

 

Clark-electrode measurements – Prior to measurement the surface of the Clark-type platinum 

cathode and silver anode were polished using Hansatech rapid electrode disc polish. The system 

was set up and left to stabilize for several minutes as the oxygen electrode was polarized 

ensuring a stable signal. 2 mL air saturated deionized H2O at 22 oC was added and the system 

was carefully calibrated using a constant stirring speed where oxygen free conditions were 

obtained by introducing a N2 flow through the sample chamber. Throughout all experiments the 

stirring speed was kept at the same rate as used for calibration. The measurements were 

performed in open atmosphere at an acquisition speed of 0.5 s. Photo-driven catalytic oxidation 

of H2O experiments were performed inside the reaction chamber of the Clark-electrode. In a 

typical experiment an 0.2 mM stock solution of the respective sensitizer was prepared in 

MeCN. 300 µL of this solution was added to a 2 mL phosphate buffer solution containing 5.0E-

05 mM 1 or 2. 35 mM Na2S2O8 was added to the solution prior to illumination of the reaction 

solution using a 500 W L8288 mercury-xenon lamp (Hamamatsu). 

 

Dye sensitized solar cell configurations – In a typical experiment FTO/TiO2 electrodes were soaked 

in a 3 mL solution containing 0.5 mM sensitizer for 7 hours. FTO/Pt counter electrodes were 

pre-activated in an oven at 450 oC for 15 minutes. A piece of lens paper was placed between 

both slides sandwiched using two clamps with the illuminated side covered by a mask. The 

DSSC was placed at a 50 cm distance from the light source using a 408 nm longpass filter. Prior 

to use, the lens paper was soaked with a 0.5 M LiI + 0.05 M I2 solution in MeCN. 

 

   
Figure 3.26 Assembly steps of dye sensitized solar cells. 
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X-ray crystal structure determination of 2, 8 and 9 - Compound 2 crystallized as yellow needle 

shaped crystals. 41172 reflections were measured at a temperature of 150 K up to a resolution 

of (sin /)max = 0.65 Å-1. The intensities were integrated with the Saint software.81 Multiscan 

absorption correction and scaling was performed with SADABS82 (correction range 0.52-0.75). 

5598 reflections were unique (Rint = 0.019), of which 5418 were observed [I>2(I)]. The 

structure was solved with Direct Methods using SHELXS-97.83 Least-squares refinement was 

performed with SHELXL-9783 against F2 of all reflections. Non-hydrogen atoms were refined 

freely with anisotropic displacement parameters. Hydrogen atoms were introduced in 

calculated positions and refined with a riding model. 272 parameters were refined with no 

restraints. R1/wR2 [I>2(I)]: 0.0129/0.0306. R1/wR2 [all reflections]: 0.0143/0.0313. S = 

1.084. Flack parameter84 x =  0.017(3). Residual electron density between 0.44 and 0.85 

e/Å3. Geometry calculations and checking for higher symmetry was performed with the 

PLATON program.85 

 

Table 3.3 Crystallographic data of 2. ORTEP structure at 50% probability level obtained at 150 K. 

Formula C20 H35 Cl2 Ir N2 O3 Si 

 

Formula Weight 642.71  

Crystal System Orthorombic 

Space group P212121 (No.  19) 

a, b, c (Å) 8.6297(3); 15.3157(5); 
18.4968(6) 

V (Å3) 2444.72(14) 

Z 4 

D(calc) (g/cm3) 1.746 

Mu(MoKa) [/mm ] 5.752 

 

Compound 8 crystallized as purple-red blocks. 130031 reflections were measured at a 

temperature of 150 K up to a resolution of (sin /)max = 0.81 Å-1. The intensities were 

integrated with the Eval15 software.86 Analytical absorption correction and scaling was 

performed with SADABS82 (correction range 0.42-0.66). 17638 reflections were unique (Rint = 

0.021), of which 15991 were observed [I>2(I)]. The structure was solved with Direct 

Methods using SHELXS-97.83 Least-squares refinement was performed with SHELXL-9783 

against F2 of all reflections. Non-hydrogen atoms were refined freely with anisotropic 

displacement parameters. All hydrogen atoms were located in difference Fourier maps and 

refined with a riding model. One of the co-crystallized dichloromethane molecules was refined 

with a disorder model. 508 Parameters were refined with 54 restraints (distances, angles and 

displacement parameters of the disordered CH2Cl2). R1/wR2 [I>2(I)]: 0.0227/0.0567. 

R1/wR2 [all reflections]: 0.0265/0.0581. S = 1.036. Residual electron density between  1.56 

and 1.51 e/Å3. Geometry calculations and checking for higher symmetry was performed with 

the PLATON program.85 
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Table 3.4 Crystallographic data of 8. ORTEP structure at 50% probability level obtained at 150 K. 

Formula C76 H66 Cl4 Ir2 N6 O4 
Sn • 4(CH2Cl2) 

 

Formula Weight 2111.94  

Crystal System Monoclinic 

Space group P21/c (No.  14) 

a, b, c (Å) 9.7081(2); 29.2933(6); 
14.1155(5) 

V (Å3) 4004.70(18) 

Z 2 

D(calc) (g/cm3) 1.751 

Mu(MoKa) [/mm ] 5.752 

 

9 crystallized as red needles. Absorption correction and scaling was performed with SADABS.87 

The structures were solved with SHELXTL. Least-squares refinement was performed with 

SHELXL-2013.88  

Table 3.5 Crystallographic data of 9. ORTEP structure at 50% probability level obtained at 150 K. 

Formula C28 H31 B Cl4 F2 Ir N3 
• 2(CHCl3) 

 

Formula Weight 1031.12  

Crystal System Triclinic 

Space group P-1 (No.  2) 

a, b, c (Å) 11.1076(3); 14.0474(4); 
14.1121(4) 

V (Å3) 1889.52(9) 

Z 2 

D(calc) (g/cm3) 1.812 

Mu(MoKa) [/mm ] 4.278 
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3.5 Supporting information 

 

3.5.1 1H/13C-APT HMQC spectrum of 2 in CDCl3. 

 

 
Figure SI 1 1H/13C-APT HMQC spectrum of 2 in CDCl3. 

 

The protons of the methylene moieties of the propyl linker show a difference in chemical shift. 

For instance, the methylene moiety directly attached to the NHC backbone (4 and 4’) shows a 
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difference in chemical shift of 0.87 ppm. In addition, the Cp* moiety shows a broad splitting 

pattern between 1.70 and 1.50 ppm where a sharp singlet is expected as is the case with related 

IrCp* compounds. 1H/13C-APT HMQC analysis shows that the broad signals originate from the 

same Cp* moiety as the whole set integrates for 15 protons and couples to the benzylic Cp* 

signal at 9.23 ppm in the 13C-NMR spectrum. This indicates that the observed signals originate 

from the same molecule and excludes the suggestion of impurities. 

 

3.5.2 Electrochemical evaluation of 2 in MeCN. 

 

  
Figure SI 2 (left) Cyclic voltammogram of 1 and 2 mM 2 dissolved in an 0.1 M TBAPF6 solution in 
MeCN with respect to a Ag electrode. (right) Variation of the first oxidation wave with respect to the 
scanrate. 

 

Figure SI 2 shows a cyclic voltammogram of 1 and 2 mM 2 recorded in an 0.1 M TBAPF6 

solution in MeCN and referenced to ferrocene. Two subsequent irreversible oxidation waves 

are observed with an onset potential of 0.46 V and ~0.64 V vs ferrocene. A third, quasi-

reversible oxidation wave is present at 1.14 V vs ferrocene. This translates to approximately 

0.86 V and 1.54 V vs NHE for the first and third oxidation wave respectively.§ At higher scan-

rates the first two oxidation waves diffuse into one oxidation wave that becomes more 

reversible upon increasing the scan-rate and is determined at 0.91 V vs NHE measured at 2.0 V 

s-1. Direct assignment of Ir4+/Ir3+ or Ir5+/Ir4+ redox couples at this point is not straightforward. 

 

3.5.3 Electrochemical evaluation of the molecular photosensitizers. 

 

The oxidation potential of Bodipy 5 was determined by cyclic voltammetry in a MeCN solution 

and compared to Bodipy analogs 5a-c. The latter analogs were selected to study the influence of 

the cationic pyridinium ring and the electron withdrawing chlorine substituents with respect to 

the oxidation potential of the compound.64,65 The first irreversible oxidation wave of Bodipy 5 is 

ascribed to oxidation of the chloride anion (~1.36 V vs NHE). The second reversible oxidation 

wave is ascribed to oxidation of the HOMO of Bodipy 5 (0.98 V vs Fe+/Fe). When the 
                                                           
§ Calculated using the E1/2 redox potential for ferrocene of 0.400 V vs NHE according to the handbook of chemistry and 
physics, 85th edition 2004-2005. 
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oxidation potential of 5 is compared to the oxidation potentials of Bodipy analog 5a and 5b, it is 

observed that the electron withdrawing chlorines raise the potential by 0.15 V (figure SI 3). In 

addition, it is observed that the cationic pyridinium character of compound 5, 5a and 5b results 

in a chemically reversible redox wave, in contrast to the neutral compound 5c, for which a clear 

redox couple cannot be defined. These observations point to the tunable nature of Bodipy 

analogs and the potential application as a molecular sensitizer. In the case for 5, The silanol 

functional group is used as a surface anchor for the immobilization of 5 onto FTO/TiO2 

substrates, in analogy to the immobilization of water oxidation catalyst 2 discussed in section 

3.2.3. Attachment of the trimethoxysilane linker results in the formation of the cationic 

pyridinium ring which in analogy to compound 5a and 5b induces stability and results in a 

chemically reversible redox wave. The introduction of the electron withdrawing chlorines raises 

the oxidation potential for 5 to ~1.38 V vs NHE, which is comparable to Pt(II)-porphyrin 3 and 

Sn(II)-porphyrin 6b and as such is of interest as a molecular sensitizing component in 

FTO/TiO2/2 based photoanodes. 

 

 

 

 
 

0.98 V vs Fe+/Fe 
 

0.99 V vs Fe+/Fe 

 

 
 

0.83 V vs Fe+/Fe 
 

[n.d.] 
Figure SI 3 Electrochemical properties of Bodipy analog 5 compared to analogs 5a-5c showing the 
effects of structural modification of the Bodipy framework. 

 

In a follow up experiment, FTO/TiO2 anodes were prepared with Bodipy compound 4 and 5 

by immersing the anodes in a solution of either 4 or 5 in MeCN for 1 hour. The anodes were 

used as the working electrode in a three electrode setup in a phosphate buffer solution at pH 

2.0. For FTO/TiO2/4 an irreversible oxidation wave is observed with an onset potential of 

1.06 V vs NHE. The oxidation wave becomes less apparent after subsequent scanning of the 

anode and a slight discoloration of the surface can be observed (see inset in the left panel of 

figure SI 4). For FTO/TiO2/5, measured under the same conditions, no clear oxidation wave 

can be determined. However, onset in current occurs at ~1.25 V vs NHE. After subsequent 

scanning the current becomes indistinguishable from the current obtained using a FTO/TiO2 

blank anode and complete discoloration of the surface has occurred (right panel in figure SI 4). 
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Figure SI 4 FTO/TiO2/4 and FTO/TiO2/5 measured in a 0.1 M phosphate buffer solution at pH 
2.0. Inset in both graphs show the discolouration of the FTO/TiO2 surface before and after application 
of the anode as a working electrode. 

 

Cyclic voltammetry of Sn(II)-porphyrin 6b and IrCp* modified Sn(II)-porphyrin 8 were 

performed in MeCN. Sn(II)-porphyrin 6b shows a faint oxidation wave at 0.91 V vs ferrocene 

(1.31 V vs NHE) that becomes more defined at higher scan rates. Molecular dyad 8 shows an 

additional wave at 0.80 V vs ferrocene preceding the oxidation wave at 0.91 V vs ferrocene 

(figure SI 5). 

 

  

  
Figure SI 5 (top-left and top-right) Cyclic voltammograms of Sn(II)-porphyrin 6b and molecular dyad 
8 in an 0.1 M TBAPF6 solution in MeCN with respect to a Ag electrode. (bottom-left and bottom-
right) FTO/6b and FTO/8 applied as a working electrode in a 0.1 M phosphate buffer solution at pH 
2.0. 
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In a follow up experiment, Sn(II)-porphyrin 6b and molecular dyad 8 were dropcasted onto 

FTO glass and used as a working electrode in a phosphate buffer solution at pH 2.0 in analogy to 

the experiment depicted in figure SI 4. For Sn(II)-porphyrin 6b a clear non reversible oxidation 

wave is observed with an onset potential of 1.41 V vs NHE. For molecular dyad 8 a similar 

wave is observed that is shifted to 1.49 V vs NHE for 8 (bottom-left and bottom-right panels in 

figure SI 5). 

 

 

 

Figure SI 6 (left) Crystal structure of molecular dyad 8. (right) Decrease in oxygen concentration upon 
irradiation of a mixture of molecular dyad 8 (2.5E-05 mM) and Na2S2O8 (35 mM) dissolved in 2 mL 
phosphate buffer solution at pH 2.0. 

 

 
Figure SI 7 Crystal structure of molecular dyad 9. 
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