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1. Introduction : (Photo)catalytic Water Splitting 

1.1 The energy problem 

Our current energy economy relies heavily on rapidly decreasing fossil fuel supplies: 
it is not sustainable. At the current consumption rate of gas and oil, the global supply of 
these fossil fuels is expected to deplete rapidly, resulting in an increase of the price[1]. It is a 
well-known fact that eight countries own 81% of all world crude oil reserves, six countries 
own 70% of all natural gas reserves, and eight countries own 89% of all coal reserves[2]. This 
causes a dependency of countries poor in fossil fuel supplies on the fossil-fuel-rich 
countries. Besides the obvious economical unbalance, this creates a global political 
unbalance. It is therefore important to develop an energy economy based on sources which 
are globally more equally distributed. Moreover, at the current rate of the combustion of 
fossil fuels, enormous amounts of carbon dioxide and other so-called greenhouse gasses are 
emitted into the Earth’s atmosphere. These greenhouse gasses disturb the Earth’s 
thermodynamic equilibrium by absorbing thermal infrared light of the sun, thereby warming 
up the surface of the Earth. This temperature increase severely disrupts the Earth's 
ecosystems. An alternative, sustainable energy source is therefore required. The sun is a 
virtually infinite source of energy. To illustrate this, in one hour, the sun provides more 
energy to the Earth than all the energy consumed by mankind in one year[3]. Technologies 
based on photovoltaics (PV) provide strategies for sunlight-to-electricity conversion. 
However, around 80% of the energy is consumed in the form of fuel, rather than 
electricity[4], and hence direct sunlight-to-fuel conversion is interesting and important, but as 
yet not very well developed. In our group we study molecular systems for direct conversion 
of sunlight to (hydrogen) fuel. 

 
1.1.1 Hydrogen as fuel 

Theoretically hydrogen is an emission-less fuel. Upon combustion of hydrogen with 
pure oxygen the only by-product is water. However, since air consists for 78% of nitrogen, 
high-temperature combustion of hydrogen with air also releases nitrous oxides[5], which are 
important Greenhouse gasses. Removing nitrogen from the air stream, or nitrous oxides 
after the combustion is a tedious process to perform on industrial scale. An alternative for 
hydrogen combustion engines are proton exchange membranes (PEM) fuel cells, which have 
a high efficiency (the theoretical efficiency is 83%[5]) and no harmful waste products are 
formed. PEM fuel cells are relatively compact units providing high energy density, and are 
therefore suited for powering homes or vehicles[6,7]. To produce hydrogen, either from 
water or other hydrogen-rich compounds, energy is required. A sustainable and 
economically viable way to do this is on a large scale is yet to be discovered. According to a 
report from 2011[5], at that time 96% of the hydrogen for human consumption is produced 
from fossil fuels, using technologies that release carbon dioxide, and only 4% was generated 
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by electrolysis of water[5]. Hence, there is a lot to gain. One strategy to produce hydrogen in 
a sustainable, environmentally benign way is to perform electrolysis of water using 
electricity that is generated with sustainable energy sources, e.g. PV coupled with 
electrolysis. The production of electricity from these energy sources varies, due to the 
periodical (in)availability of the energy source (e.g. no sun during the night). Ideally, the 
generated electricity is stored when the demand is low and released when the demand is 
high. Electricity can for instance be stored and released by reversibly converting it to 
hydrogen. Also, this has the advantage that electricity can be converted to fuel. Electricity is 
converted into hydrogen in water electrolyzers. Since nowadays commercial water 
electrolyzers and PEM fuel cells are based on expensive materials, such as platinum[7,8], new 
cheap and robust electrocatalysts need to be developed to make reversible energy storage 
based on water electrolyzers economically viable and available on a large scale[8-10]. 

An alternative way for converting solar energy to fuel can be provided by 
photocatalysts that are capable of harvesting sunlight and using it to directly split water into 
oxygen and hydrogen, so-called artificial photosynthesis[3,11]. Providing a direct comparison 
of the theoretical efficiencies of PV coupled with electrolysis and artificial photosynthesis is 
not trivial, and therefore it cannot be stated that either technique is superior to the other. 
However, on the long term artificial photosynthesis might be a competitive alternative for 
PV coupled electrolyzers with respect to the costs of hydrogen and the required surface 
area for large scale hydrogen production[12].   

 
1.1.2 The water splitting reaction 

Both strategies for utilizing sunlight to obtain hydrogen from water (artificial 
photosynthesis and PV coupled with electrolyzer) are based on the water-splitting reaction. 
Water electrolyzers produce hydrogen by performing the water splitting reaction, PEM fuel 
cells perform the reverse reaction to generate electricity and heat[2,7]. The water splitting 
reaction consists of two half reactions: the water oxidation and the proton reduction 
reaction (figure 1):  

 

Figure 1 : Water splitting reaction 

This reaction is endothermic, with a free Gibbs energy of 238 kJ/mol[13]. Water 
oxidation requires 1.23 V vs SHE (SHE is Standard Hydrogen Electrode) at 25°C at pH 0 (1 M 
H+)[14]. The proton reduction reaction requires 0 V under the same conditions. With 
increasing pH more negative (or less positive) potentials are required for proton reduction 
(and water oxidation), as is depicted in the Pourbaix diagram for water (figure 2). Water is 
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stable under the conditions between the dashed and solid lines. Above the dashed line, 
water oxidation occurs, below the solid line proton reduction occurs.  
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Figure 2 : Pourbaix diagram for water. 

However, these potentials are the thermodynamic equilibrium potentials, and for 
actual electrocatalysis an overpotential is required. The amount of overpotential required 
depends on the efficiency of the catalyst. Catalysts for water oxidation and proton reduction 
that operate at low overpotentials and which are cheap, robust and active enough to be 
applied in industrial scale technologies, are yet to be discovered. Ultimately, both half 
reactions should be combined in PEM fuel cells and in complete devices for electro- or 
photocatalytic water splitting. This requires electronic coupling of the proton reduction 
catalyst (PRC’s) and water oxidation catalysts (WOC’s). This thesis focuses on the 
development of systems for photo-and electrocatalytic proton reduction.   

1.1.3 Proton reduction catalysts 

In terms of activity and efficiency, platinum is the best catalyst for the reversible 
reduction of hydrogen, operating near thermodynamic equilibrium potential[7]. Research is 
devoted to construct platinum electrodes in such a way that hydrogen evolution with 
platinum electrodes becomes economically viable[7], but so far the high price of platinum 
hampers large-scale industrial application of platinum as PRC. Intensive research is 
therefore devoted to the development of noble-metal-free catalysts for the reversible 
reduction of protons. In nature, hydrogenase enzymes can perform the reversible oxidation 
of hydrogen at potentials close to the thermodynamic potential. Hydrogenases are classified 
into three kinds, depending on their metal-atom content of the active site: [NiFe], [FeFe] 
and [Fe] hydrogenases (figure 3). 
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Figure 3 : [FeFe] hydrogenase 1, [NiFe] hydrogenase 2 and [Fe] hydrogenase 3. 

The excellent catalytic properties of these metallo-enzymes makes them attractive 
candidates for large scale catalytic proton reduction, but the active sites seem to operate 
well only when embedded in the enzymatic pockets[15]. To address this problem, the 
elements that seem crucial for the catalytic performance in the enzymes are used as 
blueprints for simplified synthetic models[16-18]. Ideally, these are robust and can be obtained 
at large scale. Due to their synthetic accessibility especially [FeFe] hydrogenase model 
complexes are studied intensively[19]. In chapter 2 and 3 we describe our strategies for the 
electronic coupling of noble metal free photosensitizers (PS’s) to [FeFe] hydrogenase model 
complexes for photocatalytically driven proton reduction. 

An important element in hydrogenase metalloenzymes is the internal basic site 
which preorganizes protons near the catalytically active center[18]. This is believed to be a 
key component to achieve high catalytic rates. Inspired by nature’s hydrogenases, a similar 
internal base is incorporated in many synthetic PRC’s. The fastest molecular PRC’s known 
are mononuclear bisdiphosphine nickel complexes which contain a similar internal base for 
the preorganization of protons[20-22]. Turnover frequencies (TOF’s) up to 170 000 s-1 in 
aqueous solution (compound 4[20]) and 100 000 s-1 in organic solvents (compound 5[21]) are 
reported for PRC’s with this motif. 

Figure 4 : PRC’s based on nickel. The internal basic amine pre-organizes protons near the 
catalytically active center. 

Ligand modifications can be performed to optimize the catalyst for the desired 
purpose, e.g. electro- or photocatalysis[23] or immobilization onto conductive surfaces for 
implementation in devices[6,24]. In chapter 4 and 5 we describe our strategies for 
implementation of this class of PRC’s in devices for electro- and photocatalytic water 
splitting. 
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1.1.4 [FeFe] hydrogenase model complexes for light-driven proton reduction 

A general strategy to achieve photocatalytic proton reduction is the (electronic) 
coupling of PS’s to hydrogenase model complexes. Upon excitation of the PS, a photo-
induced electron transfer (PET) can take place. Two consecutive PET’s to a PRC can result in 
catalytic proton reduction. The electron hole in the HOMO of the PS is generally filled by a 
sacrificial electron donor (SED)[25] (figure 5).  

 

Figure 5 : Consecutive steps in photocatalytic proton reduction.  

When combining appropriate hydrogenase mimic PRC’s and PS’s, high turnover 
numbers for photocatalytic proton reduction are obtained[26-28]. However, often PS’s are 
based on expensive, second- or third row transition metals[25,27,28]. Organometallic complexes 
bearing such metals are more prone to inter-system crossing from the singlet to the triplet 
excited state, resulting is longer-lived excited states and thus an increased probability of PET 
from PS to PRC to occur. However, this also implies loss of energy, since the triplet excited 
state is intrinsically lower in energy than the singlet excited state. Research is devoted to 
achieve photo-induced electron transfer (PET) from the singlet (and thus shorter lived) 
excited state of inexpensive metal free PS’s to hydrogenase model systems, with the 
ultimate goal to photocatalytically reduce protons. In such systems the PS’s are often based 
on porphyrins, in which a distinction can be made between a coordinative interaction and 
covalent binding of the PS (figure 6). Both the groups of Hu[29] and Wasielewski[30] have 
reported covalent linking of a porphyrin based PS to a [FeFe] hydrogenase model complex 
on the dithiolate bridge. 
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Figure 6 : [FeFe] hydrogenase model systems linked to porphyrin PS’s. 

In both systems, the authors claim to observe PET from the excited porphyrin to the 
hydrogenase model system. Hu and coworkers observe a strong quenching of the static 
fluorescence of the porphyrin in compound 6 compared to the fluorescence of the free 
porphyrin. They ascribe this quenching of the fluorescence to intramolecular PET, which is a 
competitive process with fluorescence. Using transient-absorption spectroscopy, 
Wasielewski and coworkers observe PET from the porphyrin to the hydrogenase model 
system 7 in 12 (±1) and 24 (±1) ps in toluene and DCM respectively. Charge recombination 
takes place in 3.0 (±0.2) ns and 57 (±1) ps in toluene and DCM respectively. Hu and 
coworkers (compound 8)[31] and Reek and coworkers (compound 9)[32] both report a 
PS/hydrogenase model system assembly in which the PS is coordinatively linked to the 
hydrogenase model system. Both assemblies show PET from the PS to the hydrogenase 
model system. Hu and coworkers show quenching of the PS when it is coordinated to 
complex 8, which they ascribed to PET. Reek and coworkers observe the reduced complex 
9•- after PET from the PS using time-resolved infrared (TR IR) spectroscopy. They report a 
lifetime of the charge-separated state of 40 (± 3) ps, and charge recombination with a time 
constant of 205 (± 14) ps in DCM. For none of the aforementioned systems hydrogen 
production was reported. For system 9 it was demonstrated that the electron transferred 
mainly to the ligand, which hampered electrocatalysis by the [FeFe] center. Both the groups 
of Sun[33] and Reek[34] reported PS/hydrogenase-model assemblies capable of light-driven 
proton reduction. Sun and coworkers demonstrate that PET from the PS to PRC takes place 
using transient-absorption spectroscopy. Hydrogen is evolved in the presence of 
appropriate proton- and electron donors. However, only sub-stoichiometric amounts of 
hydrogen are evolved. Reek and coworkers reported PS hydrogenase-model assembly 11, 
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which is capable of performing 5 turnovers in the photocatalytic reduction of protons from 
acetic acid with DIPEA as a sacrificial electron donor. In chapter 2 we describe this system in 
more detail and elaborate on our strategies to improve the catalytic performance of this 
system.  

1.2 Device-compatible electrodes for photo- and electrocatalytic proton 
reduction 

1.2.1 Introduction 

As stated previously, for the development of devices capable of electro- or 
photocatalytic water splitting, the proton reduction and water oxidation catalysts must be 
electronically coupled so that the electrons originating from the water oxidation side are 
consumed at the proton reduction side. In our group we develop molecular-based devices 
for photocatalytic water splitting. Two different device designs are studied. In one design, 
both the water oxidation and the proton reduction are light driven (figure 5, picture A). In 
the other device design, the potential required for water splitting is created by light 
absorption at the water-oxidation side, and the proton reduction side is electrocatalytically 
driven (figure 5, picture B). 

 

Figure 7 : Two designs for devices for photocatalytic water splitting.  

Complete water splitting devices in which the water oxidation is photocatalytically 
driven and the proton reduction is electrocatalytically driven are reported, but in all devices 
reported so far proton reduction is catalyzed by a platinum electrode[11,35-39]. Research is 
devoted to construct platinum electrodes in such a way that hydrogen evolution with 
platinum electrodes becomes economically viable[40]. However, molecular catalysts 
immobilized on conductive surfaces offer an interesting alternative for platinum electrodes. 
In chapter 4, we discuss a new strategy for the immobilization of bisdiphosphine nickel 
PRC’s on a conductive surface in order to obtain modified electrodes for electrocatalytic 
proton reduction. These modified electrodes are designed such that they can be directly 
implemented in a device for photocatalytic water splitting or in electrolyzers. In chapter 5, 
the development of electrodes for photocatalytic proton reduction is discussed. 
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1.2.2 Electrodes for electrocatalytic proton reduction 

Electrodes for electrocatalytic proton reduction that can compete with platinum 
electrodes must be active and stable, and must operate with high efficiencies. To assess the 
activity of the electrode, three properties are relevant: (stable) current density, hydrogen 
production rate and Faradaic yields. If two of properties are reported the third can be 
calculated, and thus at least two of these three properties must be given to properly assess 
the activity. The efficiency is also dependent on the overpotential required for proton 
reduction. Obviously, the lower the overpotential at which the catalyst operates, the more 
efficient the catalyst.  

In many studies glassy carbon is used as electrode surface for catalyst 
immobilization. Peters and coworkers reported the immobilization of cobaloxime PRC 12 
(figure 8) on glassy carbon electrodes. These modified electrodes are capable of 
electrocatalytic proton reduction in aqueous solutions at pH < 4.5 with a very low 
overpotential (100 mV). The current densities are in the order of 1-2 mA cm2 and the 
Faradaic yields are between 70-80(±10)% (both current density and Faradaic yield are 
dependent on the buffer solution)[41].  

 

Figure 8 : PRC’s 12, reported by Peters and coworkers, and 13, reported by Dey and 
coworkers. 

Dey and coworkers report the immobilization of hydrogenase mimic 13 (figure 8) on 
graphite, resulting in a very robust electrode[42]. The TON of the catalyst for proton 
reduction in 0.5 M H2SO4 is estimated to be >>108. The overpotential of the catalyst is only 
180 mV (at a catalytic potential of -0.36 V vs. NHE). Bulk electrolysis is performed at more 
negative potential (-0.5 V vs. NHE). Here a Faradaic yield of 94% is achieved. The authors do 
not explicitly report current densities or hydrogen production but both can be calculated, 
since the diameter of the electrode (5 mm in diameter) and the hydrogen production/8 
hours (5.5x10-4 moles of hydrogen) are given. This gives a hydrogen production rate of 
4.6x10-6 mol H2/cm2/min. Considering a Faradaic yield of 94% a current density of 15.7 
mA/cm2 is calculated.  
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One drawback of glassy carbon is the low surface area. A commonly used strategy to 
improve the surface area is the immobilization of PRC’s on carbon nanotubes (CNT's). Since 
CNT's generally conduct electrons very well, immobilizing catalysts on a CNT results in a very 
good electronic communication between the catalyst and the electrode surface. The group 
of King demonstrated this by immobilizing a natural [FeFe]-hydrogenase on single-wall 
carbon nanotubes (SWCNT), that were immobilized on carbon cloth[43]. They observe a 
dramatic increase in current densities for both proton reduction and hydrogen oxidation 
when the hydrogenase is immobilized on the SWCNT, rather than directly immobilized on 
the carbon cloth. They ascribe this phenomenon to an increased surface area and improved 
electronic communication between the electrode bulk (carbon cloth) and the hydrogenase. 
For the carbon cloth/SWCNT/hydrogenase electrodes current densities up to 12 mA/cm2 (at 
-1.2 V vs Ag/AgCl) are reported. It should be noted that these current densities are 
measured with cyclic voltammetry (CV), so these are not stable current densities. Also, no 
Faradaic yield is reported. Fontecave and coworkers report an elegant method for 
functionalization of multi-wall carbon nanotubes (MWCNT) with bisdiphosphine nickel PRC 
14 (figure 9) [24]. Using electrodeposition they decorate MWCNT’s with amine-terminated 
phenylenes. A bisdiphosphine nickel PRC is functionalized such that it can covalently bind to 
the dangling amine groups on the MWCNT’s, which are immobilized on indium tin oxide 
(ITO). A catalyst loading of 1.5 (±0.5) x 10-9 mol/cm2 is estimated. For comparison, 
electrodeposition of the amine-terminated phenylenes directly on ITO, followed by catalyst 
binding, results in a catalyst loading of only 4.5 (±1.5) x 10-11 mol cm2. Electrocatalytic 
proton reduction from DMFH.OTf/DMF in acetonitrile (MeCN) is achieved with 200 mV 
overpotential with a Faradaic yield of >94%. Within one hour, the catalyst can perform 
20000 (±30%) turnovers. In 0.5 M H2SO4 a constant rate of proton reduction is observed for 
10 hours, with 100000 (±30%) turnovers. 
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Figure 9 : Immobilization of PRC’s on MWCNT’s as reported by Fontecave and coworkers[24] 
(14) and Artero and coworkers[44] (15). 

A similar method for catalyst immobilization on MWCNT electrodes is reported by 
Artero and coworkers with cobaloxime PRC 15 (figure 9)[44]. With these electrodes proton 
reduction in aqueous solution at mild pH (4.5) and reasonable overpotential (-0.35 V vs. 
RHE, 290 mV overpotential) is achieved. A stable current density of 1 mA/cm2 is measured 
at -0.59 V vs. RHE. The Faradaic yield is near quantative at this potential (97 ± 5%). The 
electrodes are stable and active. During a seven hour experiment a TON of 55000 (±5%) is 
determined. An alternative way to achieve high catalyst loading on a conductive surface is 
described by Reisner and coworkers[45]. ITO electrodes are coated with mesoporous ITO 
powder. A cobaloxime PRC is functionalized with phosphonic acid moieties for binding to 
the mesoporous ITO. High catalyst loading is achieved (ca. 1.50 x 10-7 mol/cm2), and proton 
reduction is observed by CV in aqueous electrolyte solution with pH 7. A current density of 
3.7 mA cm2 at -0.7 V vs. NHE is observed with CV. For comparison, for a planar ITO electrode 
(without mesoporous ITO) on which the catalyst is absorbed a current density of only 0.014 
mA/cm2 at the same potential is observed. 

1.3 Device-compatible electrodes for photocatalytic proton reduction 

Most devices for photocatalytic water splitting based on molecular catalysts are 
based on semiconductor materials. Besides the ease of functionalization of many 
semiconductor materials, their intrinsic properties can be used for e.g. electron/hole 
transport and charge separation. A brief introduction on semiconductors will be given in the 
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following paragraphs. By using examples from literature we explain how the intrinsic 
properties of semiconductors can be used to develop functionalized electrodes for 
photocatalytic proton reduction.  

1.3.1 Semiconductors 

Semiconductors are characterized by a valence band (VB), which is filled with 
electrons, and an empty conduction band (CB). These bands are separated by a bandgap, in 
which no electrons can reside[46]. By doping (the introduction extra atoms in the material), 
energy levels can be introduced in the bandgap. To optimize its properties, a semiconductor 
material can be doped with electron-rich atoms (negative type  or n-type doping, see picture 
A in figure 10), to afford better electron transport, or electron poor atoms (positive type or 
p-type doping, picture B), to afford better hole transport through the material. By excitation 
with light, electrons can be promoted from the VB to the CB, leaving electron holes in the 
VB (picture C). 

 

Figure 10 : An n-type semiconductor (picture A) and a p-type semiconductor (picture B). 
Picture C: promoting an electron from the VB to the CB by excitation with light.  

1.3.2 Immobilization of substrates on metal oxide semiconductor surfaces 

Metal oxide semiconductor surfaces can be functionalized by coordinating 
substrates to the metal ions at the surface of the material. 

  

Figure 11 : Substrates can be immobilized on metal oxide semiconductors by coordinating 
groups.  
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Phosphonates, carboxylic acids and hydroxamic acids are often used as coordinating groups 
for anchoring compounds to metal oxide semiconductors. Crabtree and coworkers reported 
a comparison between these three functional groups for the binding to TiO2[47], which is a 
commonly used semiconductor material for dye-sensitized solar cells (DSSC’s). They 
demonstrated that the coordinative bond between phosphonates and TiO2 is stable in 
aqueous solution, but that the electron injection in the CB is less efficient as compared to 
carboxylic acids. Carboxylic acids on the other hand have a good electronic communication, 
but they tend to hydrolyze in water. Hydroxamic acids bind strongly to TiO2 and are not 
prone to hydrolysis. With hydroxamic acids, the rate of electron injection in TiO2 is 
comparable to that of substrates linked with carboxylic acids[47]. In our research, we use 
both carboxylic acids as hydroxamic acids for binding to metal oxide semiconductors. 

1.3.3 Photocatalytic proton reduction on semiconductor materials 

Electrons in the VB of semiconductors can be excited to the CB by excitation with 
light, creating electron holes in the VB (figure 10, picture C). In this way, the semiconductor 
acts as a PS. Systems capable of light-driven proton reduction with high TON in which the 
semiconductor acts as PS are known[48]. In this thesis however, we focus on systems based 
on molecular PS’s. Systems with molecular PS’s and PRC’s on semiconducting materials can 
be divided in two conceptually different types: in the first type, the photosensitizer and the 
catalyst are separated by a semiconductor (nano)particle. Here the semiconductor acts as a 
charge separator, and the electrons travel from the PS to the catalyst through the SC 
material (paragraph 1.3.4). In the second type, the semiconductor acts as an electrode, 
directly providing the electrons to the (oxidized/excited) PS from an external circuit 
(paragraph 1.3.5). 

1.3.4 Semiconductor as charge separator 

The CB of a semiconductor is electron deficient, and electrons with sufficient energy 
can be injected in the CB. Excitation of a PS which is electronically coupled to a 
semiconductor material can result in injection of the excited electron into the CB of the 
semiconductor (figure 12). This concept is applied in dye-sensitized solar cells (DSSC’s). In 
DSSC’s the electrons in the CB are transported to an external electrical circuit. Alternatively, 
the electrons can be transported to electrocatalysts which are electronically coupled to the 
semiconductor. Reisner and coworkers reported the coupling of Ru-PS 16 and various PRC’s 
to TiO2. The CB of TiO2 lies around -0.9 V vs. Ag/AgCl (pH 7)[49,50]. Excitation of Ru-PS 16 leads 
to electron injection into the CB of TiO2 on a picosecond timescale. Since the reduction 
potential of the catalyst is lower in energy than the CB the electrons can transfer through 
the CB to the catalyst, so that electrocatalysis can take place[23,50-52].  
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Figure 12 : Systems for photocatalytic proton reduction reported by Reisner and coworkers. 

Electron transport through the CB to the catalyst takes place on a microsecond 
timescale. This is approximately 100 times faster than charge recombination with the 
electron deficient ground state of RU PS 16[50], so the TiO2 effectively works as a charge 
separator. With this system Reisner and coworkers demonstrated photocatalytic proton 
reduction with visible light ( >420nm) in aqueous solutions using the PRC’s depicted in 
figure 13[23,50,51]. 

Figure 13 : PRC’s used in the systems reported by Reisner and coworkers[23,50,51]. 

So far, these systems still require a sacrificial electron donor, and the challenge 
remains to couple them to water-oxidation catalysis. 

1.3.5 Semiconductors as electrode 

Semiconductors act as electrodes by donating to, or accepting electrons from, 
acceptor or donor molecules. For instance, upon excitation of an PS coupled to a 
semiconductor an electron can transfer from the VB to the electron-deficient ground state 
of the PS (figure 14, picture A, pathway A). If the LUMO of the PS is higher in energy than 
the CB, rapid electron injection in the CB takes place (pathway B), followed by slow 
recombination with the VB (pathway C). A driving force is required to move the electron to 
the external circuit. If the LUMO of the PS has an energy level that falls within the bandgap, 
electron transfer to the CB is not possible, but electron transfer to an acceptor molecule 
(e.g. a PRC) can take place (middle picture, pathway D). This process competes with charge 
recombination with an electron hole in the VB (pathway E). 
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Figure 14 : Left and middle image : dye sensitized semiconductors. Right image : excitation 
of a PS coupled to a conductor leads to fast recombination. 

In conductor materials the valence and conduction band overlap. This results in a 
strong electronic communication between the HOMO and LUMO of the photosensitizer, 
resulting in an almost instantaneous recombination of the excited electron with the ground 
state of the photosensitizer (figure 14, right image). Therefore, using semiconductors results 
in a longer lived charge-separated state. The energy level of the VB of nickel oxide (NiO) in 
water is properly aligned for electron injection into various excited PS’s. Besides this, NiO is 
an abundant and stable semiconductor. These properties make it a suitable SC material to 
construct solar to fuel devices.  

Sun and coworkers describe a system in which photosensitizer 17 (figure 15) is 
coordinatively linked to NiO nanoparticles coated on fluorine doped tin oxide (FTO)[53]. Upon 
irradiating this FTO/NiO/PS electrode in a standard three electrode setup (with a bias 
potential of -0.4 V vs Ag/AgCl) in a MeCN/H2O solution containing 5% triethanolamine (pH 
7), a photocurrent is observed. When PRC 18 is dropcasted on the surface of the 
photocathode a roughly threefold increase in photocurrent is observed. This is accompanied 
by the formation of hydrogen[53]. Already after one lamp on/off cycle, a strong decrease in 
photocurrent is observed. This is ascribed to leaching of the catalyst from the surface and/or 
catalyst decomposition. Therefore, the authors state that a robust method to immobilize 
the catalyst to the SC surface is urgently needed, for instance by attaching anchoring groups 
to the catalyst. 
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Figure 15 : Components of the photocatalytically active system reported by Sun and 
coworkers. 

The group of Ott and coworkers reported such a method. In particular, they report 
the co-immobilization of Coumarin-343 (C343) as PS and PRC 19 on NiO nanoparticles 
through carboxylate anchors (figure 16). Using transient-absorption spectroscopy, they 
observe photo-induced electron transfer from C343 to complex 19 (path b) within 50 ns 
after excitation of C343.  The formation of NiO(+) is observed, suggesting that electron 
transfer from NiO towards the PS takes place (path a). The reduced complex 19•- and NiO(+) 
recombine on a 100 s time scale (path c). This relatively long lived reduced state of 19•- is 
ascribed to a spatial separation between 19•- and NiO(+). Hole transport through NiO is 
slow, resulting in a slow recombination between 19•- and NiO(+)[54].   

  

Figure 16 : System reported by Ott and coworkers.  

Recombination between the reduced catalyst and holes in the semiconductor 
surface can be prevented by linking the PS and PRC in series. Wu and coworkers reported 
immobilization of Ru PS 20 and cobaloxime PRC 21 diad on NiO nanoparticles (figure 17). 
This diad can photocatalytically reduce protons from water when irradiated with visible light 
( <420 nm)[55].  
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Figure 17 : System for photocatalytic proton reduction reported by Wu and coworkers. 

Remarkably, where the carboxylate-NiO interaction usually is not stable in aqueous 
solution, for this assembly the photocurrent is stable for hours. Furthermore, an increase in 
photocurrent is observed when the NiO electrodes are coated with a monolayer of alumina 
prior to the immobilization of the catalyst and PS onto NiO, using atomic layer deposition. 
The increase in photocurrent is ascribed to a suppressed electron/hole recombination 
between NiO(+) and PS(-), due to the monolayer alumina.  

1.4 Thesis outline 

At the start of this project (2010), homogeneous PS/PRC hybrid systems capable of 
doing many turnovers in photocatalytic proton reduction were scarce, especially those 
consisting out of earth abundant, cheap materials. Because of the relevance of this work, 
the number of contribution to this field is rapidly increasing. The initial results from our 
group reported in 2009 was the starting point of the research carried out in the context of 
this thesis. In chapters 2 and 3 we describe the development of [FeFe] hydrogenase model 
complexes combined with zinc porphyrin PS’s.  

In 2010 the proton reduction half reaction was also mostly studied as an individual 
reaction, using protons and electrons from a sacrificial proton/electron donor. In the 
envisioned solar-to-fuel devices these electrons and protons should come from the 
electrode were the water oxidation takes place, and therefore the water oxidation and 
proton reduction reactions must be (electronically) coupled. Devices capable of 
photocatalytic water splitting were scarce at that time, and still are, and in the devices that 
are reported, the electrocatalytic proton reduction reaction is mostly performed by a 
platinum electrode. In chapter 4 we describe the development of electrodes capable of 
electrocatalytic proton reduction, based on earth-abundant materials, which should provide 
an alternative to these platinum electrodes.  

Next to electrocatalytic proton reduction, the proton reduction reaction in the solar-
to-fuel device, can be photocatalytically driven. This can be potentially achieved by the 
immobilization of homogeneous PS/PRC hybrid systems on (semi)conductive surfaces to 
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create photocatalytically active, device-compatible electrodes. At the start of this project 
the only molecular, photocatalytically active systems immobilized on (semi)conductive 
electrodes were those reported by the group of Reisner[23,50,51] (paragraph 1.3.4). However, 
in these reports the semiconductor material is used as charge separator and (electronic) 
coupling with the water oxidation reaction of these systems is tedious. In chapter 5 we 
describe the development of device compatible electrodes onto which PS and PRC are 
immobilized.  
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2. Self-assembled porphyrin - [FeFe] hydrogenase model 
complexes for photocatalytic proton reduction 

2.1 An [FeFe] hydrogenase model complex for photocatalytic proton 
reduction 

A general strategy to achieve photocatalytic proton reduction catalysts (PRC) that 
has been actively explored is the (electronic) coupling of PRC’s, such as FeFe hydrogenase 
model complexes, to photosensitizer molecules (PS)[1-14]. Examples of PS/hydrogenase 
model complex assemblies capable of reaching high TON’s in photocatalytic proton 
reduction have been reported[1,11,12,14], but in these assemblies the PS is often based on rare 
earth metals. Reported assemblies that contain solely earth abundant materials often 
contain porphyrin based PS’s[2-4,6,7,9]. Whereas some of these systems show photoactivity in 
proton reduction, examples of systems capable of performing catalytic turnovers are rare. 
Catalyst decomposition under conditions for photocatalysis is a general issue that limits the 
application of these systems[4,6,15]. In our group we reported a hydrogenase mimic which is 
capable of photocatalytic proton reduction[15]. The system contains solely earth-abundant 
materials and performed up to 5 turnovers. Complex 1 is functionalized with a pyridine 
functionality that binds strongly to the zinc atom of zinc (II) porphyrins. Upon excitation of 
an associated zinc porphyrin, photo-induced electron transfer (PET) takes place, by which 
complex 1 is reduced. Irradiating assemblies of ZnTPP, ZnTPP(OMe)4 and complex 1 with 
visible light in the presence of DIPEA and acetic acid leads to hydrogen evolution. 
Remarkably, hydrogen is formed only when two different chromophores, ZnTPP and 
ZnTPP(OMe)4 are used. IR studies revealed that complex 1 disproportionates to complex 2, 
which is proposed to be the catalytically active complex. 

Figure 18 : Upon reduction of complex 1, complex 2 is formed, which is proposed to be 
active in photocatalytic proton reduction. 

As demonstrated in the crystal structure, complex 2 is able to coordinate two 
photosensitizers simultaneously. It is hypothesized that the use of two different 
photosensitizers leads to asymmetry in the di-iron complex. This can lead to the formation 
of more terminal hydrides which are known to be more active than bridging hydrides[16]. A 
TON of 5 with respect to complex 2 is reported. This TON is limited by catalyst 
decomposition.  



25 
 

2.1.1 Research aim 

The aim of the research described in this chapter is to modify complex 1 such that a 
more active and stable photocatalyst is obtained. Complex 1 decomposes during 
photocatalysis. This is believed to be caused by the instability of the one-electron reduced 
complex. It is speculated that a stable one-electron reduced complex is vital to reach high 
TON in photocatalysis[11]. When a catalytic species gets reduced with one electron during a 
photocatalytic cycle, the delivery of a second electron can be slow (due to the availability of 
the reducing agent, in this case via an excited PS) compared to the electrochemical proton 
reduction reaction. When the one-electron reduced complex is stable this slow addition of 
reducing equivalents does not lead to decomposition of the catalyst. However, when the 
one-electron reduced complex is unstable, undesired side reactions can occur. In 
electrocatalysis the electron flux is generally high and the (in)stability of the one-electron 
reduced complex is less crucial. Examples in literature show that shifting the reduction 
potential of [FeFe] hydrogenase mimics to more positive potentials increases the stability of 
the one-electron reduced complex[11,17-19]. Therefore, complexes with a more positive 
reduction potential are hypothesized to be more stable photocatalysts[11]. Such complexes 
can be obtained by introducing electron withdrawing groups on the dithiolate bridge[17,19]. In 
order to test this hypothesis the electrochemical and electrocatalytic properties of complex 
1 and newly obtained complexes are studied using cyclic voltammetry (CV).  

Besides this, time-resolved infrared spectroscopy (TR IR spectroscopy) is used to 
study the PET from the photosensitizers to the catalyst. The iron carbonyl moieties absorb 
very strongly in the IR region. TR IR spectroscopy allows probing these iron carbonyls on a 
picosecond timescale. Upon photo-induced electron transfer, the reduction of the di-iron 
can be observed using this technique, thereby providing evidence for PET. Both TR IR 
spectroscopy and cyclic voltammetry can elucidate the mechanism of proton reduction and 
catalyst decomposition. In paragraphs 1.2.2 – 1.2.4 the photo- and electrocatalytic and 
electrochemical properties of complex 1 are described. In paragraph 1.3 the results for 
analogues of complex 1, with various dithiolate bridges, are described.  

With the results discussed in this chapter we aim to address the question if 
hydrogenase model systems with stable one-electron reduced states lead to more stable 
photocatalysts for proton reduction.  
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2.2 Results [Fe2(μ-pdt)(CO)5(4-pyr-Ph2P)] 

2.2.1 Synthesis 

Complex 1 and 2 are synthesized as described in literature[15]. The 4-pyridyl 
phosphine ligand is synthesized by reacting 4-bromopyridine with n-butyllithium and 
subsequent addition of chlorodiphenyl phosphine. The 4-lithiumpyridine intermediate is 
prone to reorganize to 2-lithiumpyridine. This is avoided by precisely controlling the reaction 
time and temperature. We found that stirring for 75 minutes at -75°C, after which 
chlorodiphenylphosphine is added, gave the best yield (38%). Complex 2 was synthesized by 
reducing complex 1 with decamethylcobaltocene. However, this complex decomposed upon 
standing in solution within hours.  

Scheme 1 : Synthesis of complexes 1 and 2. 

2.2.2 Photocatalysis 

Initially, reaction conditions similar to those described in literature were used for 
photocatalytic experiments. However it is important to note that the light source is different 
(in literature a 180 W Xe lamp is used, in this study a 500 W Xe/Mg, a 300 W Xe and a 150 W 
Xe lamp are used). Upon irradiation of complex 1 in toluene in the presence of DIPEA/acetic 
acid and ZnTPP and ZnTPP(OMe)4 hydrogen is evolved. Concomitant with hydrogen 
evolution carbon monoxide, originating from the Fe-CO complex, is being released, 
indicating catalyst decomposition. This is in contrast with literature[15], where solely 
hydrogen was observed. Due to this catalyst decomposition a maximum TON of 0.30 is 
reached. After reaching a plateau in hydrogen formation fresh DIPEA and acetic acid (10 
equivalents) were added. This did not result in the production of more hydrogen. When 
extra catalyst is added hydrogen evolution was resumed (figure 19, moment of catalyst 
addition is indicated with arrow). This indicates that the catalyst is decomposed during 
photocatalysis. Indeed, after photocatalysis, IR spectroscopy showed that complex 1 was 
fully decomposed. No Fe-CO containing complexes are observed with IR spectroscopy after 
photocatalysis. 
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Figure 19 : Light-driven hydrogen evolution. Conditions: 5x10-6 mmol complex 1, 2x10-5 mmol 
PS, 5x10-5 DIPEA/Acetic acid in 5 ml toluene. Irradiated with light >530 nm. The arrow 
indicates the time at which extra catalyst was added to the solution. 

In contrast to previous literature[15], hydrogen is also observed when only ZnTPP is 
used as PS (figure 19). In this experiment the TON is even increased to 0.5. Remarkably, 
hydrogen is also formed when H2TPP is used (in toluene or DCM, curve in figure 2 is in 
toluene). Even more remarkably, repeating the experiment in the absence of PS led to the 
fastest hydrogen evolution under these conditions (figure 19). During this experiment the 
solution turns from light red to intense dark purple/red. When the hydrogen production 
ceases the solution turns colorless. When complex 1 is irradiated in toluene in the absence 
of DIPEA/acetic acid the same color change takes place and no hydrogen is formed. In the 
presence of only acetic acid (no DIPEA) hydrogen is also formed. Complex 1 has a weak 
absorption at 550-600 nm (figure 20). Apparently, photo-excitation of complex 1 leads to an 
unstable species that can react with acid to form hydrogen. Hydrogen production catalyzed 
by a [FeFe] hydrogenase model complex in the absence of a PS was reported previously[20], 
and a similar mechanism maybe operative in our system.  
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Figure 20 : UV-vis absorption spectrum of complex 1 in DCM. 

In conclusion, even though the reported photo-induced hydrogen generation was 
observed, the results from literature could not be reproduced. In particular, no 
photocatalytic proton reduction with complex 1 was observed. The hydrogen evolution that 
was observed is most likely caused by photo-decomposition of complex 1 during which 
hydrogen is evolved. The mechanism for this photo-decomposition is currently unknown. 

2.2.3 Electrocatalysis 

In order to obtain more insight into the mechanism of proton reduction and possible 
catalyst degradation pathways, we have studied the electrochemical properties of complex 
1 and electrocatalytic proton reduction by complex 1. Complex 1 shows an irreversible 
reduction at -1.97 V (Figure 21, inset), which is ascribed to the [FeIFeI/FeIFe0] redox couple. 
Similar irreversible reductions are previously reported for various [Fe2(bdt)(CO)5PR3] (bdt is 
benzodithiolate) complexes[2,21-25]. The irreversibility of the reduction is ascribed to the 
formation of an instable one-electron reduced species, which rearranges and/or 
decomposes. In fact, it has been reported that one-electron reduction of [Fe2(pdt)(CO)6] 
(pdt is propyldithiolate) leads to a short-lived one-electron reduced species that rapidly 
rearranges to the tetranuclear complex B[26-28] (scheme 2). 
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Figure 21 : Cyclic voltammogram complex 1 (inset). Grey lines: 1 to 10 equivalents acetic acid 
added. Conditions: 1 mM complex 1 in DCM (0.1 M Bu4N.PF6), mercury working electrode, 
scan speed 0.1 V/s.  

 

Scheme 2 : One-electron reduction of complex A leads to the formation of complex B[27,28]. 

In order to see what happens upon one-electron reduction of complex 1 we 
performed IR spectroscopy coupled with cyclic voltammetry (IR coupled CV) using the OTTLE 
cell. In Figure 22 the change in IR absorption during cyclic voltammetry is depicted. The solid 
lines represent the reductive forward scan (-1 V to -1.5 V), the dashed lines are the oxidative 
return scans (-1.5 V to -1 V) in cyclic voltammetry. The negative peaks in figure 22 
correspond to a decrease of complex 1 (the IR spectrum of complex 1 is depicted in the 
bottom spectrum of figure 22). An intense signal appears around 1710 cm-1, which 
corresponds to a CO bridging two iron cores. This suggests the formation of a similar tetra-
iron complex as described in scheme 2. This signal does not decrease during the oxidative 
reverse scan (from -1.5 V to -1 V), indicating that the formed CO-bridged complex is stable 
within this potential window and time scale. This explains the irreversibility of the reduction 
of complex 1. In the forward scan a small signal appears at 2000 cm-1. This signal may 
correspond to the bissubstituted complex 2[15]. The bands at 1850-1950 are very broad, and 
are believed to originate from various complexes, including complex 2 and a tetranuclear 
complex. For the parent hexacarbonyl complex four different complexes are reported to 
form upon one-electron reduction[27], which all absorb between 1850-2050 cm-1. The IR 
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spectrum of complex 2 is depicted in the bottom panel in figure 22. This reduction induced 
arrangement to form complex 2 from complex 1 is reported previously[15,29].  

 

 

Figure 22 : Changes in the IR spectrum upon reduction of complex 1 (top spectra). 
Conditions: 0.2 mM complex 1, 0.1 M tBuNPF6 in DCM. Potentials are referenced to an Ag 
wire electrode. Bottom spectrum: IR spectra of complex 1 and complex 2 in DCM. 

Addition of acetic acid to complex 1 renders a large increase in current in the cyclic 
voltammogram (figure 21), which is indicative for electrocatalytic proton reduction. There is 
an onset potential, at which the catalytic reaction starts to occur, and we define the 
catalytic potential as the potential where the current is half of the maximum current[30]. The 
first increase in current (or, catalytic wave) appears at the same potential (-1.97 V) as the 
reduction of complex 1. This suggests that the first step in catalysis is a reduction of the 
[FeFe] center (electrochemical, abbreviated E), followed by a protonation (chemical, 
abbreviated C), and thus we propose an ECEC or ECCE mechanism (for an overview of all 
possible electrocatalytic proton reduction mechanisms, see references[31,32]). However, this 
is not the only mechanism that is operative. Another catalytic event takes place at -2.55 V. 
This event is at a more negative potential than the first reduction, which suggests that an 
EECC and/or ECEC mechanism is operative. When higher amounts of acetic acid are added 
an additional catalytic wave becomes apparent (figure 23). Considering the instability of the 
one-electron reduced complex 1.- it is plausible that catalysis is performed by more than one 
complex. This accounts for the complex CV data in the presence of acid.  

2100 2000 1900 1800 1700

-0.10

-0.05

0.00

0.05

0.10

 -1.5 V

 -1 V

 -1 V

 -1.5 V

ab
so

rb
an

ce
 (A

.U
.)

wavenumbers (cm-1)

 complex 2

2100 2000 1900 1800 1700

 complex 1



31 
 

-3.0 -2.8 -2.6 -2.4 -2.2 -2.0 -1.8 -1.6 -1.4

-2.5x10-5

-2.0x10-5

-1.5x10-5

-1.0x10-5

-5.0x10-6

0.0

 complex 1
 complex 1 10-90 eq. acetic acid

cu
rr

en
t (

A)

potential (vs. Fc/Fc+)

 

Figure 23 : 1 mM Complex 1 (black line). 10-90 eq. acetic acid in steps of 10 eq. (grey lines). 
Conditions as described in Figure 21. 

In conclusion, upon one-electron reduction of complex 1 an instable species is 
formed. This species most likely rearranges into various complexes, amongst which a 
tetranuclear complex and into the bissubstituted complex 2. Complex 1, and/or the 
complexes which are formed upon one-electron reduction, are electrocatalytically active in 
the reduction of protons. 

2.2.4 Photo-induced electron transfer 

To assess if a photo-induced electron transfer from the PS to PRC is 
thermodynamically possible, the Gibbs free energy for photo-induced electron transfer 
(PET) (ΔGET) can be calculated using the Rehm-Weller equation[33]:  

             (1) 

The last term of this equation (depicted in bold) is the correction factor when the photo-
induced electron transfer is studied in another solvent than the determination of  and 

 For the systems described in this chapter this is not the case, thus this term equals 
zero. Here  is the oxidation potential of the electron donor (in this case the 
photosensitizer).  is the first reduction potential of the electron acceptor when 
determining  for PET.  For determining  for photocatalytic proton reduction 

 is the most positive catalytic potential).  is the energy difference between the 
HOMO and the excited state from which the electron transfers to the acceptor. The term e is 
the elementary charge, ε0 is the vacuum permittivity, εEC is the dielectric constant of the 
solvent and Rc is the center to center distance of the donor and the acceptor pair.  
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PS (V)  (V)  (eV)  (eV) 

ZnTPP -1.97 0.71  2.05  0.41 
ZnTPP(OMe)4  0.49  2.04  0.19 
Table 1 : Gibbs free energy for PET (  in DCM. [34,35] and  [32,36] are taken 
from literature and given for DCM. Rc (7.2 Å) is derived from the crystal structure. 

From table 1 it is apparent that ΔGET is positive for both ZnTPP as ZnTPP(OMe)4. This means 
that photo-induced electron transfer from ZnTPP to complex 1 is thermodynamically 
impossible. Since the onset of the catalytic potential is at the same potential as the 
reduction of the complex it is also impossible to drive photocatalytic proton reduction with 
ZnTPP.  

TR IR spectroscopy is performed with complex 1 in combination with ZnTPP to study 
possible electron transfer. Upon excitation of complex 1 with light of 529 nm in the 
presence of ZnTPP in DCM immediate (< 1 ps) bleaching of the signals corresponding to the 
Fe-CO bonds is observed in the IR spectrum. Compared to the timescales for charge 
separation in reported supramolecular PS/hydrogenase mimic hybrids[3,7] this is probably 
too fast to be ascribed to charge separation. Also, no new Fe-CO signals are observed in the 
IR spectrum. If charge separation would take place this would result in new Fe-CO signals 
corresponding to the complex 1-. (similar to the IR coupled CV spectra in figure 22). The 
bleaching of the complex is therefore probably caused by direct excitation of the complex. 
These findings are in line with the calculated ΔGET and confirm the conclusion that the 
hydrogen evolution described in paragraph 2.2.2 is not caused by photocatalysis driven by 
PS’s.  

2.2.5 Conclusion and discussion 

The photocatalytic proton reduction driven by complex 1 as described in literature[15] 
could not be reproduced. Using similar conditions as described in literature (except the light 
source) only a small amount of hydrogen (TON=0.3) is formed, which is believed to be a 
byproduct of photo-induced decomposition of the catalyst. PET from the PS to complex 1 is 
calculated to be thermodynamically impossible. Using TR IR spectroscopy no charge-
separated state could be observed. A possible explanation that we do not observe 
photocatalytic proton reduction is that complex 2, which has been proposed to be the active 
complex, is possibly not formed under the applied conditions. Since complex 2 has two 
electron donating phosphine ligands, the electron density on the Fe2 core is increased with 
respect to complex 1. This results in a complex which is more prone to protonation. If the 
complex 2 is protonated before reduction this could result in a more positive catalytic 
potential[37]. Possibly, this is a potential which can be driven by the applied PS’s. A 
reduction-induced rearrangement of complex 1 can yield complex 2. However, since PET 
from the PS to complex 1 is thermodynamically not possible, photo-induced reduction of 
complex 1 is not likely. Alternatively, complex 2 can be formed upon irradiation of complex 
1. Sun and coworkers reported light-induced rearrangement from complex C to complex 
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D[29] (scheme 3). In a similar fashion, irradiating complex 1 could yield complex 2. Complex 2 
has been synthesized but appeared to be unstable in solution, so the electrocatalytic 
properties were not further studied. 

 

Scheme 3 : Light-induced rearrangement of complex C to complex D as reported by Sun and 
coworkers[29]. 

In the next paragraph we describe a strategy to lower the reduction potential of the 
catalyst, making PET from PS to PRC viable. Furthermore lowering the reduction potential is 
expected to lead to stable reduced complexes, which could result in better photocatalytic 
properties. 
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2.3 Lowering the reduction potential of the catalyst 

2.3.1 Introduction 

It is well established that introducing more electron withdrawing substituents on the 
dithiolate bridge lowers the electron density on the iron, resulting in a more positive 
reduction potential and an increased stability of the one-electron reduced state of the 
complex[11,17-19]. Complexes 3 and 4 were synthesized in order to obtain catalysts with a less 
negative reduction potential (scheme 5). The reduction potential and the catalytic potential 
should be sufficiently low to allow PET from ZnTPP and/or ZnTPP derivatives. 

Scheme 4 : Synthesis of complexes 1, 3 and 4.  

2.3.2 Results 

Complexes 3 and 4 are obtained in a similar way as complex 1, and characterized 
with 31P and 1H NMR spectroscopy and mass spectroscopy. Crystals of complex 3 suitable for 
X-ray diffraction were obtained by slow diffusion of hexane in a solution of 3 in DCM. 

 

Figure 24 : Crystal structure of complex 3.  

The (FeS)2 unit in complex 3 has a typical butterfly conformation as generally 
observed for these type of [FeFe] hydrogenase model systems[38]. The phosphine is 
coordinated at the apical position trans to the Fe-Fe bond. The Fe2-S bond in complex 3 is 
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slightly elongated compared to that in complex 1 (Fe2-S = 2.2813(3) Å vs. 2.2612(7) Å 
respectively)[15]. This is explained by the weaker electron donating properties of the bdt 
ligand compared to the pdt ligand. The reduced electron density on the iron is observable in 
the Fe-CO bands in the IR spectra of complex 3 and 4, which are shifted to higher 
wavenumbers compared to complex 1.  
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Figure 25 : IR spectra of complexes 1, 3 and 4 in DCM. 

2.3.3 Electrochemistry 

The reduced electron density  also translates to shifted reduction potentials of 
complexes 3 and 4 compared to complex 1 (figure 26). The reduction potential of the 
[FeIFeI/ FeIFe0] redox couple is lowered upon going from pdt (-1.97 V) to bdt (-1.68 V) to bis-
chlorobenzodithiolate (Cl2bdt) (-1.55 V). In addition, the reduction also becomes more 
reversible, suggesting that the one-electron reduced species is more stable. Whereas 
complex 1 is irreversible, complex 3 has a reversibility of approximately 55% (ired/iox≈0.55, 
see inset figure 26) and complex 4 has a reversibility of approximately 65% at a scan speed 
of 0.1 V/s. For complex 4, a second reduction can be observed (-1.85 V). A similar trend in 
the increased reversibility is reported for the reductions of [Fe2(Cl2bdt)(CO)6], 
[Fe2(bdt)(CO)6] and [Fe2(pdt)(CO)6][19]. The increased reversibility of complex 4 with respect 
to complex 1 is also reflected in the IR coupled CV. For complex 1 the bleached signals of the 
complex did not return during the oxidative return scan, indicating complex 1 is not 
recovered. For complex 4 a fraction of the reduced complex is reoxidized to the starting 
material. However, the majority of the reduced complex disproportionates and/or 
decomposes (figure 27, middle spectra). Upon reduction no signals appear around 1700 cm-

1 in the IR spectrum. This means that a tetranuclear complex, similar to that formed upon 
reducing complex 1, is not formed, possibly due to the increased rigidity of the backbone 
and/or an increased stability of the reduced complex. 
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Figure 26 : Cyclic voltammograms of complexes 1, 3-4. Insert: the ratio between iox and ired is 
a measure for the reversibility of the reduction. Conditions: 1 mM complex 1 in DCM (0.1 M 
Bu4N.PF6), mercury working electrode, scan speed 0.1 V/s.  
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Figure 27 : Difference in the IR absorption of complex 4 during reductive scanning with cyclic 
voltammetry (upper panel) and during the reverse oxidative scan (middle panel). Conditions : 
0.3 mM complex 4 in DCM (0.1 M Bu4N.PF6), platinum working electrode, scan speed 0.02 
V/s. The lower panel shows the IR spectrum of complex 4 in DCM. 
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Similar to complex 1, complex 3 (Appendix 1) and 4 (Appendix 2) are 
electrocatalytically active for proton reduction. For both complexes addition of acetic acid 
renders a catalytic wave in the cyclic voltammogram. Electrocatalysis with complex 3 takes 
place at approximately the same potential as observed for complex 1. Catalysis with 
complex 4 takes place at a less negative potential (-1.8 V, approximately 150 mV less 
negative). For complex 4 catalysis takes place at same potential as the [FeIFe0/Fe0Fe0] redox 
couple. At very high acid concentrations (300 equivalents) the catalytic wave shifts to less 
negative values, but never coincides with the first reduction (Appendix 3). Therefore an 
ECEC or EECC mechanism is proposed. The TOF of the catalysts can be calculated with 
equation 2[39]. 

                                                                    (2) 

In this equation icat is the catalytic current, ip the current of a one-electron event, n is the 
number of electrons involved in the reaction, R is the gas constant, T is the temperature, kobs 
is the observed rate constant (turnover frequency), F is the Faraday constant and υ is the 
scan speed. The icat is measured at the point where the catalytic wave is at the highest point 
(and thus the highest TOF). Appendix 4 depicts how icat and ip are determined for 
electrocatalysis with complex 1. Since the voltammogram of the complex already shows a 
blank current, blank is deducted from icat. Substituting these values into equation 2, we 
obtain: 

                                                                             (3) 

With equation 3 the kobs for complexes 1, 3 and 4 are calculated. Although the shapes of the 
catalytic waves of complex 1,3-4 differ, a clear trend in kobs can be observed (figure 28). The 
kobs increases on going from complex 1 to complex 2 to complex 3. The increase in kobs can 
be explained by the fact that the stability of the one-electron reduced complex increases 
with a decreasing electron density on the metals. This results in less catalyst decomposition 
and thus more active species.  
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Figure 28 : kobs for complexes 1, 3-4 versus the amount of acid.  

In conclusion, the electron density on the iron centers is lowered by introducing 
electron withdrawing groups on the dithiolate bridge. This results in a milder reduction 
potential and a more stable one-electron reduced state of the complex. The electrocatalytic 
performance is increased with decreasing electron density on the iron centers, which might 
be the result of less catalyst decomposition, due to an increased stability of the one-electron 
reduced state.  

2.3.4 Photo-induced electron transfer 

In table 2 the free Gibbs energy for PET from ZnTPP and ZnTPP(OMe)4 to complexes 
3 and 4 (ΔGET) and the free Gibbs energy to drive catalytic proton reduction with these PS’s 
is given. 

 Complex 3       

PS  (V)  (V) (V)  (eV) ΔGET (eV)  (eV) 

ZnTPP -1.70 -1.9 0.71 2.05 0.13 0.33 
ZnTPP(OMe)4 -1.70 -1.9 0.49 2.04 -0.07 0.13 
Complex 4       
PS  (V)  (V)  (V)  (eV) ΔGET (eV)  (eV) 

ZnTPP -1.55 -1.8 0.71 2.05 -0.02 0.23 
ZnTPP(OMe)4 -1.55 -1.8 0.49 2.04 -0.22  0.03 

 

Table 2 : Gibbs Free energy for PET (ΔGET) from ZnTPP and ZnTPP(OMe)4 to complexes 3 and 
4 and their corresponding catalytic potentials ( ). 
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PET from ZnTPP(OMe)4 to complexes 3 and 4 is calculated to be thermodynamically 
feasible, although in the case of complex 3 the driving force is low. PET from ZnTPP towards 
complexes 3 and 4 is positive or only slightly negative. The free Gibbs energy to drive 
catalytic proton reduction is positive in all cases. Driving force for PET for the combinations 
ZnTPP/complex 4 and ZnTPP(OMe)4/complex 3 are very small and it can be questioned if 
within the error of the measurements these values are negative.  

2.3.5 Photostability 

Since for all PS/PRC combinations is positive no photocatalysis is expected 

to take place. Photocatalytic experiments have been performed under the same conditions 
as described in literature for complex 1[15]. DIPEA/acetic acid was the proton- and electron 
donor and light of wavelengths >530 nm was used. Complexes 3 and 4 are investigated in 
combination with ZnTPP and/or ZnTPP(OMe)4. In addition, ferrocene was tested as a non-
basic electron donor. In line with the positive , no photocatalytic activity was 

observed. Small amounts of hydrogen were detected (TON=0.034 for complex 3 and 0.016 
for complex 4). Concomitantly CO was observed, indicating catalyst decomposition. Similar 
as observed for complex 1, catalyst decomposition occurred when complexes 3 or 4 were 
irradiated in the absence of PS. This confirms that the hydrogen evolution is not driven by 
PET from the PS’s.  

2.3.6 Conclusion 

Introducing electron withdrawing groups on the dithiolate linker shifts the reduction 
potential of the complex to less negative potentials. In addition, as indicated by the 
observed increased reversibility of the [FeIFeI/FeIFe0] redox couple, the one-electron 
reduced complex is more stable. However, the reduction is still not fully reversible. With 
respect to the catalytic potential of complex 1, that of complex 3 is not significantly lowered, 
whereas that of complex 4 is lowered by ≈150 mV. Unfortunately, these potentials are still 
too negative to be photocatalytically driven by the applied PS’s. Another aspect that might 
hamper photocatalysis is the photo-instability of the complexes. Photo-excitation of 
complexes 1, 3-4 with light of wavelengths >530 nm leads to unstable species which react 
with acid to form hydrogen. Strategies to tackle these problems will be described in the next 
paragraphs. 
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2.4 Long-wavelength zinc porphyrin photosensitizers 

2.4.1 Introduction 

As described in the previous paragraphs, complexes 1, 3 and 4 decompose upon 
irradiation with the wavelengths which are needed to excite the applied PS’s. Therefore, 
PS’s that absorb light of longer wavelengths (>600 nm), but still have sufficient reducing 
power are required. Such PS’s are rare, since longer wavelengths imply photons with lower 
energy, and thus less reducing power. However, the groups of Bradley and Therien both 
reported zinc porphyrins that meet these requirements[40,41]. They found that extension of 
the conjugated π-system by functionalization of two meso-positions of zinc porphyrins with 
acetylenes results in a large, red-shifted absorption. In collaboration with the group of 
Anderson we prepared such zinc porphyrins that absorb light well above 600 nm. PS 1 has 
an intense absorption at 630 nm, whereas complex 1 almost has no absorption in that 
region (figure 29). For comparison the absorption spectrum of ZnTPP is also depicted, also 
showing only weak absorption above 600 nm.  

 

Figure 29 : UV-vis spectra of complex 1, ZnTPP and PS 1 in DCM. 

Despite the long wavelength absorption, PET from the singlet excited state of these 
PS’s to complexes 3 and 4 is thermodynamically feasible (paragraph 2.4.4). During our 
research we discovered that the -Si(C6H13)3 groups have a strong influence on the 
photophysical properties. Therefore we investigated PS 1-3, which vary in the number of -
Si(C6H13)3 groups (figure 30). 
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Figure 30 : Structures of PS 1-3. 

 In this paragraph we discuss the potential application of supramolecular complexes 
based on PS 1-3 and complexes 3 and 4 as photocatalysts for proton reduction. We first 
discuss the supramolecular interaction between PS’s and the catalysts. Next we discuss the 
PET from PS 1-3 to complexes 3 and 4. Finally we will describe the photocatalytic properties 
of the catalyst/PS assemblies.  

2.4.2 Results 

PS’s 1-3 are synthesized according to literature procedures[42,43] and characterized 
with 1H NMR spectroscopy. The UV-vis absorption spectra of these chromophores are 
depicted in figure 31. A small blue-shifted absorption of the Q-bands is observed upon 
removal of the –Si(C6H13)3 groups (see inset in figure 31).  

 

Figure 31 : UV-vis spectra of PS’s 1-3 in DCM. Insert: expansion of 540-660 nm. 
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2.4.3 Supramolecular interaction 

Coordination of the pyridyl functionality of complexes 1, 3 and 4 to the PS’s induces 
a red-shift in the UV-vis absorption of the PS’s. This change is probed during titration 
experiments to study the interaction between the PS’s and catalysts. Appendix 5 shows 
consecutive UV-vis spectra during a titration of PS 1 with complex 3. The absorption of PS 1 
(617 nm) decreases and a new absorption (645 nm) corresponding to the PS 1/complex 3 
assembly appears. An isobestic point appears at 634 nm. Similar spectra where obtained for 
complex 1/PS 1 and complex 4/PS 1-2 (appendix 4-5). The association constants (Kass) for 
association of PS 1-3 and ZnTPP with complexes 1-3 are given in Appendix 8. The 
determined association constants are 3.2 x 104 M-1 (complex 1/PS 1), 5.9 x 104 M-1 (complex 
3/PS 1) and 3.4 x 104 M-1 (complex 4/PS 1), which are in the same order reported in 
literature[44,45]. The large difference in Kass between complex 1/ZnTPP and complex 4/PS 3 
(1.1x103 vs. 3.2x104 respectively) can be explained by the higher electron density on the 
central zinc atom in ZnTPP compared to that in PS 3, as we confirmed by a DFT calculation 
using the BP86 density functional in combination with a TZVP basis set.  

2.4.4 Photo-induced electron transfer 

The oxidation potentials ( ) of PS 1-3 are determined using cyclic voltammetry 
(appendix 9-11). The ΔE00 for PS’s 1-3 are determined with UV-vis and fluorescence 
spectroscopy. The midpoint (λmid) between longest wavelength absorption and the shortest 
wavelength emission (appendix 12) gives ΔE00. 
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Complex 1     
PS  (V) (eV)  (V) ΔGET (eV) 

1 0.44 1.97 -1.97 0.22 
2 0.32 1.99  0.08 
3 0.32 2.01  0.06 
ZnTPP 0.71 2.05  0.41 
Complex 3     

PS (V)  (eV)  (V) ΔGET (eV)  (V)  (eV) 

1 0.44 1.97 -1.70 -0.05 -1.3 -0.54 
2 0.32 1.99  -0.19  -0.59 
3 0.32 2.01  -0.21  -0.61 
ZnTPP 0.71 2.05  0.13  -0.26 
Complex 4       

PS (V)  (eV) (V) ΔGET (eV)  (V)  (eV) 

1 0.44 1.97 -1.55 -0.20 -1.3 -0.54 
2 0.32 1.99  -0.34  -0.59 
3 0.32 2.01  -0.36  -0.61 
ZnTPP 0.71 2.05  -0.02  -0.26 
 

Table 3 : Free Gibbs energy for PET (ΔGET) from PS 1-3 and ZnTPP to complexes 1, 3 and 4 
and the free Gibbs energy for photocatalytic proton reduction ( ).  

Removal of the –Si(C6H13)3 groups causes a negative shift of the oxidation potentials 
of the PS’s and an increase of the  values. This results in an increased singlet excited 
state energy for PS 2 and PS 3. This gives the trend of electron donating capacities of PS 
1<PS 2<PS 3. PET from PS 1-3 to complexes 3 and 4 is thermodynamically possible in all 
cases (table 3). The potentials for catalytic proton reduction as described in paragraph 2.3.3 
are too negative to be photocatalytically driven by PS 1-3. However, at the wavelengths 
required to excite PS 1-3 the applied complexes are expected to be stable towards acids. We 
therefore investigated the reactivity of complexes 3 and 4 towards trifluoroacetic acid (TFA), 
which is a much stronger acid than acetic acid (pKa TFA=-0.3). Because of its irreversible 
reduction and negative reduction potential we did not investigate complex 1. Addition of 
TFA to complex 4 in DCM renders a catalytic wave around -1.3 V (figure 32). The shift of the 
catalytic potential to less negative values is explained by protonation of complex 4 by TFA, 
which results in a more easily reduced cationic species, as has been reported previously by 
Rauchfuss and coworkers[23]. Complex 3 has a similar catalytic potential for the reduction of 
protons from TFA as complex 4 (appendix 13). 
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Figure 32 : Cyclic voltammogram of 1.0 mM complex 4 (black line) with 1, 2, 4, 10, 20 and 50 
equivalents TFA added (grey lines). Conditions: 1 mM complex 1 in DCM (0.1 M Bu4N.PF6), 
mercury working electrode, scan speed 0.1 V/s. 

As is shown by the negative it is thermodynamically possible to drive 

photocatalytic proton reduction mediated by complexes 3 and 4 with PS 1-3 and with 
ZnTPP. To assess if PET from the PS to the catalyst takes place we measured the quenching 
of the fluorescence of the PS’s by complexes 1-3 with fluorescence spectroscopy. 
Fluorescence and PET are two competitive pathways for an excited electron to decay. 
Therefore we expect to observe significant quenching of the fluorescence upon titrating the 
PS’s with complexes 1-3. During the titration 0-35 equivalents complex where added to a 
solution with a constant PS concentration. Titration measurements were performed for 
complex 3/PS 1 and complex 4/PS 1-3. In all cases quenching of the fluorescence was 
observed (appendix 14-17).  

PS Complex Fluorescence quenching (%) Complex (%) 
1 3 45 82 
1 4 52 73 
2 4 77 87 
3 4 90 90 
ZnTPP 1 27[15]                   

Table 4 : Fluorescence quenching for complex 3 /PS 1 and complex 4/PS 1-3. For comparison 
the amount of fluorescence quenching for ZnTPP with complex 1 under the same conditions 
as reported by Reek and coworkers[15] is given. The concentrations are given in appendix 14-
17.  

The observed fluorescence quenching for complexes 3 and 4 follows the trend of the 
calculated ΔGET for PET. With a more negative ΔGET, more fluorescence quenching is 
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observed. The amount of fluorescence quenching is similar to that reported by Sun and 
coworkers for a comparable supramolecular assembly[46], and higher than that reported for 
assembly complex 1/ZnTPP[15]. The difference in the amount of fluorescence quenching 
between the latter and our system reflects the higher driving force for PET in our system. 
We performed a similar titration with pyridine and PS 1 (appendix 18), in which a red shift in 
the emission (the absorption bands appear at 640 and 705 nm) rather than quenching of the 
fluorescence is observed (figure 33). In the titration of PS 1 with complex 3 we see a similar 
red shift in the emission. The fluorescence emission of the pyridyl coordinated PS’s is red 
shifted, which suggests that in a fraction of the PS 1/complex 3 assemblies PET does not 
take place. This is supported by the fact that at the applied conditions there is 82% 
associated complex whereas only 45% fluorescence quenching is observed.  

 

Figure 33 : Titration of PS 1 with pyridine results in a red shift of the Q bands. A similar shift 
and fluorescence quenching are observed in the titration of PS 1 with complex 3. During the 
titration of PS 3 with complex 4 only fluorescence quenching is observed.  

For complex 4 with PS’s 1-2 we also observe less fluorescence quenching than 
complex formation, suggesting that a fraction of the complex/PS assembly emits 
fluorescence instead of undergoing PET. For the complex 4/PS 3 assembly, the fluorescence 
quenching and the percentage of complex are equal, which suggests that excitation of the 
associated complex always leads to PET. This is in line with the fact that no red-shifted 
absorption band is observed during the UV-vis titration (figure 33). As stated before, PET 
and fluorescence are two competitive decay pathways for an electronically excited 
state[47,48]. The rate of the two pathways can be described with their respective rate 
constants, the PET rate kET and the fluorescence rate kFl. If kET ≈ kfl, a fraction of the 
electronically excited molecules will decay via fluorescence and a fraction of the excited 
states will lead to electron transfer. This is observed for assemblies complex 3/PS 1 and 
assemblies complex 4/PS 1-2. For assembly complex 4/PS 3 we observe PET for all the 
associated complexes. This means that kET>>kfl.  
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Figure 34 : Fluorescence and electron transfer are two competitive decay pathways for an 
excited electron. 

The higher kET in complex 4/PS 3 is in line with the higher driving force for PET (ΔGET) 
(paragraph 1.4.4). According to the Marcus theory a higher ΔGET  results in a lower kinetic 
barrier for PET ( )[47]. A lower  results in a higher reaction constant k. Therefore, 
the high driving force for PET in the case of the assembly complex 4/PS 3 results in a very 
high k for PET, so that no fluorescence is observed for this assembly. All other assemblies 
have a lower driving force for PET and do emit fluorescence. 

2.4.5 Photocatalysis 

In the previous paragraphs we have shown that there is a supramolecular interaction 
between PS and the Fe2S2 complex and that, in line with the calculated driving force for PET, 
there is PET upon excitation of a PS that is associated to the complex. Now that the 
prerequisites for photocatalysis are met, we examined the activity of the systems in 
photocatalytic proton reduction. Unfortunately, in none of the experiments photocatalytic 
hydrogen production was observed. A list of all combinations of solvents, electron and 
proton donors that we examined are given in appendix 20. As expected from the positive 

 no photocatalysis was observed for the electron- and proton donor combination 

DIPEA/acetic acid. Various non-basic electron donors were used in combination with TFA. In 
some cases hydrogen was observed but unfortunately only low TON’s where achieved. In 
most cases CO was detected, indicating catalyst decomposition, which motivated us to 
investigate what causes catalyst decomposition. The sensitivity to acids, light and reduction 
were examined. In the first experiment, a solution of ferrocene and complex 4 was 
irradiated (λ>610 nm) for 30 minutes. No catalyst decomposition was observed in the IR 
spectrum after 30 minutes. Upon adding TFA and repeating the experiment, again no 
catalyst decomposition was observed. Irradiation of complex 4 in the presence of PS 1 led to 
complete catalyst decomposition. The experiment is repeated with only addition of PS. 
Again catalyst decomposition was observed (figure 35).  
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Figure 35 : Screening of the stability of complex 4 under various conditions. 

These results shows that the catalyst is stable towards acid and light (>610 nm), but 
decomposes after PET from PS. This means that the one-electron reduced complex is not 
stable under the applied conditions, in line with cyclic voltammetry which shows that 
reduction of complex 4 is not fully reversible. The CV coupled IR also shows catalyst 
decomposition upon reduction of complex 4. Another factor that can cause catalyst 
decomposition is light absorption by the one-electron reduced complex. Figure 36 depicts 
consecutive UV-vis spectra upon one-electron reduction of complex 3. Complex 3-. has a 
broad absorption at 600 nm. Irradiation of complex 3-. with light <610 nm will lead to photo-
excitation of the complex. This might induce catalyst decomposition. More research should 
be performed to determine if the instability of the one-electron reduced complexes are 
intrinsic properties of these complexes or if photo-excitation induces catalyst 
decomposition. 
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Figure 36 : Changes in the UV-vis absorption of complex 3 upon reduction (upper graph) and 
the UV-vis absorption of complex 3 in DCM (lower graph). 

2.4.6 Conclusion 

We have developed photosensitizers that operate at wavelengths at which 
complexes 1, 3 and 4 are photostable. High association constants for association of 
complexes 1, 3-4 with PS’s 1-3 are observed. Quenching of fluorescence of PS 1-3 by 
complexes 3-4 is observed, which is ascribed to a decay of the excited state through PET. 
The amount of fluorescence quenching increases with increasing driving force for PET. 
Driving forces for photocatalytic reduction of protons from TFA up to 0.6 eV are calculated. 
Despite the large driving forces, no photocatalytic activity was observed. Photocatalysis is 
hampered by the instability of the one-electron reduced complexes: after PET from the PS 
catalyst decomposition is observed. We believe that the instability of the reduced catalyst is 
caused by structural rearrangement and/or photo-excitation of the reduced complex, but 
further mechanistic studies are required to confirm this. 
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2.5 Experimental procedures 

2.5.1 General 

All reactions were carried out under an argon atmosphere using standard Schlenk 
techniques. THF was distilled from sodium benzophenone. DCM and toluene were distilled 
from sodium. Acetonitrile was distilled from calcium hydride. All chemicals were purchased 
from commercial suppliers and used without further purification, with exception of Me3NO, 
which was obtained by melting Me3NO.2H2O. NMR spectra were recorded on a Bruker AMX 
400 (400.1 MHz, 100.6 MHz and 162.0 MHz for 1H, 13C  and 31P respectively). Infrared 
spectra were recorded on a Thermo Nicolet NEXUS 670 FT-IR. Cyclic voltammetry 
measurements were performed with an Autolab 302N potentiostat, in combination with a 
663 VA stand hanging drop mercury electrode and an IME663 interface. IR coupled CV was 
performed with an OTTLE cell with an platinum working electrode and an Autolab PGSTAT 
10 multipotentiostat. Elemental analysis was performed on a Carlo Erba NCSO-analyzer. UV-
Vis spectra were recorded on a Shimadzu UV-2700 spectrophotometer, using 10mm quartz 
cuvettes. Emission spectra were measured on a Spex Fluorolog 3 fluorimeter, equipped with 
double grating monochromators in the excitation and emission channels. The excitation 
light source was a 450 W Xe lamp and the detector a Peltier cooling R636-10 (Hamamatsu) 
photomultiplier tube. The intensity data for crystal structure determination was collected on 
a Bruker D8 Quest Eco single crystal diffractometer equipped with a CMOS Photon 50 
detector, using Mo Ka radiation. CSI (cold spray ionizationmass spectra were obtained on a 
time of flight JEOL AccuTOF LC-plus mass spectrometer (JMS-T100LP) equipped with a CSI 
source. Calculated spectra were obtained with JEOL Isotopic Simulator (version 1.3.0.0). 

2.5.2 Photocatalysis 

The photocatalysis was performed under argon atmosphere in a custom made Schlenk. The 
sample was irradiated with a 500 W L8288 mercury-xenon lamp or a 300W L2479 300 W 
xenon lamp, both from Hamamatsu, with the Hamamatsu E10180 lamp housing and 
Hamamatsu C11320 power supply. The Schlenk was connected suing Swagelock techniques 
to a Compact GC from Interscience 5Å molsieve paraplot column with TCD detector. The gas 
was continuously pumped through the system with a N68ST.18 membrane pump with PTFE 
coated membrane and PTFE valve plate, purchased from KNF Verder B.V. The catalyst and 
photosensitizer(s) were stirred in the dark for 5 minutes in the dark in 5 mL solvent. The 
electron- and proton donors were dissolved and the mixture is irradiated, while stirring with 
500 rpm. The headspace is continuously pumped through the system and sampled with the 
GC every 5 minutes.   

Synthesis of PPh2(4-py)[49]: 

30 mL saturated NaHCO3 in water (deoxygenated) is added to a mixture of 4-Bromopyridine 
HCl (8 grams, 41.15 mmol) in 30 mL Et2O. After stirring vigorously for 30 minutes the two 
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layers are separated. The organic layer is washed with brine (3 x 10 mL) and dried over 4 Å 
molsieves overnight. n-BuLi (2.5 M in hexanes, 19.75 mL, 49.38 mmol) is dissolved in 30 mL 
THF at -78 ˚C, followed by addition of TMEDA (8.87 mL, 49.38 mmol). This solution is added 
dropwise (over the course of approximately one hour) to the Et2O solution containing 4-
bromopyridine. After stirring at -78 °C for 70 minutes chlorodiphenylphosphine (8.87 mL, 
49.38 mmol) is slowly added at -78 °C. This mixture is stirred and allowed to reach room 
temperature overnight. The reaction is quenched with 0.5 mL water after which the solvents 
are removed in vacuo. The resulting off-white powder is dissolved in DCM and washed with 
3*10 mL water to remove all lithium salts and lithium coordinated by the pyridine. The DCM 
is evaporated and the product is purified by column chromatography (silica). Firstly n-
butyldiphenylphosphine is eluted with pentane. The desired product is obtained with 
Et2O:hexane=3:1 as eluens. Because of the difficult separation small fractions are taken. The 
obtained white powder is dissolved in Et2O to precipitate traces of Ph2P-P=OPh2. Yield=12.6 
mmol=30%. 1H NMR (CDCl3, 298 K): 8.50 (m, 2H, pyr-H), 7.38 (m, 10H, Ar-H), 7.10 ppm (m, 
2H, pyr-H). 31P NMR (CDCl3, 298 K): 7.12 ppm (s). 

Synthesis of PPh2(3-py)[49]: 

TMEDA (4.94 mL, 33.9 mmol) and n-BuLi (2.5 M in hexane, 13.2 mL, 33 mmol) are dissolved 
in 25 mL THF at -78 °C. This is stirred for 10 minutes. A solution of 3-bromopyridine in 15 mL 
THF is dropwise added at -78 °C. This is stirred at -78 °C for 2 hours. 
Chlorodiphenylphosphine (5.93 mL, 33 mmol) is slowly added at -78 °C. This is stirred and 
allowed to reach room temperature overnight. The reaction is quenched with 0,5 mL water 
and the solvents are removed in vacuo. The off-white residue is dissolved in 15 mL DCM and 
washed with 3 x 10 mL water. The DCM is removed to near dryness and 15 mL Et2O is added 
to precipitate Ph2P-P=OPh2. After filtration and removing solvents in vacuo the product is 
purified with column chromatography (silica, eluens: hexane:Et2O=1:1). Traces of impurity 
were removed by crystalisation from hexane (saturated solution, 3 days at -20°C. Yield: 52%. 
1H NMR (CDCl3, 298 K): 8.65 (m, 2H, pyr-H), 7.56 (m, 1H, pyr-H), 7.35 (m, 10H, Ar-H), 7.25 
(m, 1H, pyr-H). 31P NMR (CDCl3, 298 K): 11.99 ppm (s). 

Synthesis of [Fe2(μ-pdt)(CO)5{PPh2(4-pyr)}], complex 1[15]: 

[Fe2(CO)6(pdt)] (1.04 g, 2.70 mmol) and Me3NO (203 mg, 2.70 mmol, sublimed from 
Me3NO.2H2O) are dissolved in 25 mL MeCN and stirred for 10 minutes. A solution of PPh2(3-
pyr) (7.11 mg, 2.70 mmol) in 15 mL MeCN is added. This is stirred for one hour. Upon 
standing at -20 ˚C overnight the product precipitated as a red powder. The product is 
filtered and washed with pentane (2 x 10 mL) and dried in vacuo. Yield: 67%. 1H NMR (CDCl3, 
298 K): 8.69 (broad s, 2H, H-pyr), 7.70 (broad m, 4H, Ar-H), 7.49 (broad m, 8H, Ar-H), 1.77, 
1.54, 1.46, 1.08 ppm (6H, different conformations of pdt). 31P NMR (CDCl3, 298 K): 64.67 
ppm (s). IR: ν(CO)/cm-1 (CHCl3): 2048 (s), 1984 (s), 1965 (s), 1937 (m). 
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Synthesis of [Fe2(μ-pdt)(CO)5{PPh2(3-pyr)}][15]: 

Similar procedure as for complex 1. 1H NMR (CDCl3, 298 K): 8.80 (broad s, 1H, H-pyr), 8.68 
(broad s, 1H, pyr-H), 8.05 (broad m, 1H, pyr-H), 7.68 (broad m, 4H, Ar-H), 7.44 (broad, 7H, 
Ar-H and pyr-H), 1.77, 1.54, 1.46, 1.12 ppm (6H, different conformations of pdt). 31P NMR 
(CDCl3, 298 K): 60.75 ppm (s). IR: ν(CO)/cm-1 (DCM): 2048 (s), 1984 (s), 1965 (s), 1937 (m)  

Synthesis of [Fe2(μ-pdt)(CO)4{PPh2(4-pyr)2}], complex 2: 

[Fe2(μ-pdt)(CO)5{PPh2(4-pyr)}] (0.29 g, 0.46 mmol) is dissolved in 5 mL THF. 
Decamethylcobaltocene (152 mg, 0.46 mmol) was added and the mixture was stirred for 
two hours. The solvent is removed in vacuo. The product is purified with preparative TLC 
(silica, eluens: THF:hexane=3:1). 31P NMR (CDCl3, 298 K): 62.06 ppm (s). IR: ν(CO)/cm-1 
(DCM): 2003 (s), 1960 (m), 1940 (s). 

Synthesis of [Fe2(μ-bdt)(CO)5{PPh2(4-pyr)}], complex 3: 

Similar procedure as that for complex 2, starting from [Fe2(CO)6(bdt)] (0.55 g, 1.31 mmol), 
Me3NO (98 mg, 1.31 mmol) and Ph2P(4-pyr) (0.34 g, 1.31 mmol). Yield = 65%. 1H NMR 
(CDCl3, 298 K): 8.54 (broad s, 2H, H-pyr), 7.60 (broad m, 4H, Ar-H), 7.44 (broad m, 8H, Ar-H), 
6.54 (m, 2H, bdt), 6.25 (m, 2H, bdt). 31P NMR (CDCl3, 298 K): 64.67 ppm (s). IR: ν(CO)/cm-1 
(DCM): 2053 (s), 1996 (s), 1985 (s), 1941 (m). HR MS (coldspray) (M+H+): 655.91374 
(observed), 655.91411 (calculated), Δppm=0.56.  

Synthesis of [Fe2(μ-Cl2bdt)(CO)5{PPh2(4-pyr)}], complex 4: 

Similar procedure as that for complex 2, starting from [Fe2(CO)6(bdt)] (1.53 g, 3.14 mmol), 
Me3NO (0.23 g, 3.14 mmol) and Ph2P(4-pyr) (0.82 g, 3.14 mmol). Yield = 42%. 1H NMR 
(CDCl3, 298 K): 8.60 (broad s, 2H, pyr-H), 7.57 (broad s, 6H, Ar-H), 7.47 (broad s, 6H, Ar-H), 
6.22 (s, 2H, Cl2bdt). 31P NMR (CDCl3, 298 K): 60.73 ppm (s). IR: ν(CO)/cm-1 (DCM): 2056 (s), 
2000 (s), 1988 (s), 1945 (m). HR MS (coldspray) (M+H+): 723.8263 (observed), 723.8313 
(calculated), Δppm=7.0. Elemental Analysis: calculated: C, 46.44; H 2.23; N, 1.93; found: C, 
46.54; H, 2.21; N, 1.95 

Synthesis of PS1[42,43]:  

Tris-(Dibenzylideneacetone)-di-palladium(0) (200 mg, 0.2 mmol), copper(I)iodide (86 mg, 
0.44 mmol), triphenylphosphine (112 mg, 0.42 mmol) and dibromoporphyrin (2 g, 2.2 mmol) 
were placed in a flame-dried Schlenck under argon. Toluene (110 mL), i-Pr2NH (72 mL) and 
pyridine (10 mL) were added and the reaction mixture was deoxygenated by freeze-pump-
thaw (four times). Trihexylsilyl acetylene (2.62 mL, 6.8 mmol) was added by syringe. The 
reaction mixture was stirred at 80 oC for 2.5 hours. Solvents were removed and the residue 
was passed through a short silica column (5% CH2Cl2, 1% Py, PE). Recrystallisation by layer 
addition (CH2Cl2/MeOH) gave the product as a green/blue solid (2.7 g, 89%). 1H NMR (400 
MHz, CDCl3, 1% pyridine-d5, 298 K) δH 9.66 (d, 4H), 8.88 (d, 4H), 8.01 (d, 4H), 7.80 (t, 2H), 
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1.77 (m, 12H), 1.55 (m, 48H), 1.39 (m, 24H), 1.00 (m, 12H), 0.89 (m, 18H). UV-Vis 436 nm 
(ε=4.9 x 105 cm-1 M-1), 577 nm (ε=6.9 x 103 cm-1 M-1), 626 nm (ε=3.2 x 104 cm-1 M-1). 

Synthesis of PS 2 and PS 3 by statistical deprotection of PS 1[42,43]:  

PS 1 (1.54 g, 1.13 mmol) was dissolved in DCM (280 mL) and CHCl3 (280 mL). Tetra-n-
butylammonium fluoride (1.13 mL, 1.0 M solution in THF, 1.13 mmol) was added to the 
stirred solution. The progress of the reaction was monitored by TLC (1:1:10, EtOAc, Py, PE) 
until an optimal product mixture was reached. The reaction was quenched with CH3COOH 
(0.2 mL, 3.4 mmol) and the mixture was passed immediately through a short plug of silica 
(CH2Cl2). The solution was concentrated and column chromatography (100:1:1 gradually to 
10:1:1, 40-60 PE:EtOAc:Py) gave three fractions (PS 1-3). 

PS 2: 1H NMR (400 MHz, CDCl3, 1% pyridine-d5, 298 K) δH 9.67 (t, 4H), 8.90 (m, 4H), 8.01 (d, 
4H), 7.80 (t, 2H), 4.14 (s, 1H, ≡CH), 1.81-1.73 (m, 6H), 1.55-1.52 (m, 42H), 1.44-1.37 (m, 
12H), 1.03-0.99 (m, 6H), 0.91 (t, 9H). UV-Vis 434 nm (ε=4.1 x 105 cm-1 M-1), 574 nm (ε=9.3 x 
103 cm-1 M-1), 619 nm (ε=2.2 x 104 cm-1 M-1). 

PS 3 : 1H NMR (400 MHz, CDCl3, 1% pyridine-d5, 298 K) δH 9.87 (d, 4H), 8.92 (d, 4H), 8.01 (d, 
4H), 7.80 (t, 2H), 4.16 (s, 2H, ≡CH), 1.57 (s, 36H). UV-Vis 430 nm (ε=2.8 x 105 cm-1 M-1), 569 
nm (ε=9.8 x 103 cm-1 M-1), 612 nm (ε=1.1 x 104 cm-1 M-1).  
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2.7 Appendix 

 

Appendix 1 : Cyclic voltammogram of complex 3 (black line) with 4, 6, 10, and 20 equivalents 
of acetic acid (grey lines). Conditions: 1 mM complex 3 in DCM (0.1 M Bu4N.PF6), mercury 
working electrode, scan speed 0.1 V/s. 

 

Appendix 2 : Cyclic voltammogram of complex 4 (black line) with 2, 3,5, 10, 20 and 30 
equivalents of acetic acid (grey lines). Conditions: 1 mM complex in DCM (0.1 M Bu4N.PF6), 
mercury working electrode, scan speed 0.1 V/s. 
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Appendix 3 : Cyclic voltammograms of complex 4, with 15 equivalents acetic acid and 300 
equivalents acetic acid. Conditions: 1 mM complex in DCM (0.1 M Bu4N.PF6), mercury 
working electrode, scan speed 0.1 V/s. 

 

 

 

Appendix 4 : icat, blank and ip for electrocatalysis with complex 1. 
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Appendix 5 :  UV-vis spectra during titration of PS 1 (2.3 x 10-6 M) with complex 3 in DCM. 0-
35 eq. complex 3 is added. 

 

Appendix 6 : UV-vis spectra during titration of PS 2 (3.4 x 10-6 M) with complex 4 in DCM. 0-
35 eq. complex 4 is added. 
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Appendix 7 : UV-vis spectra during titration of PS 3 (7.3 x 10-6 M) with complex 3 in DCM. 0-
35 eq. complex 3 is added. 

PS Complex Kass, M-1 

1 1 3.2 x 104 

1 3 5.9 x 104 

1 4 3.4 x 104 

1 pyridine 5.4 x 104 

2 4 5.9 x 104 

3 4 3.2 x 104 
ZnTPP 1 1.1 x 103 

Appendix 8 : Association constants (kass) for complex/PS combinations as determined with 
UV-vis titrations. 
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Appendix 9 : Cyclic voltammogram of PS 1. Conditions: 1.2 mM PS 1 in DCM (0.1 M 
Bu4N.PF6), platinum working electrode, scan speed 0.1 V/s. 

 

 

Appendix 10 : Cyclic voltammogram of PS 2. Conditions: 1 mM PS 2 in DCM (0.1 M 
Bu4N.PF6), platinum working electrode, scan speed 0.1 V/s. 
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Appendix 11 : Cyclic voltammogram of PS 3. Conditions: 1.2 mM PS 3 in DCM (0.1 M 
Bu4N.PF6), platinum working electrode, scan speed 0.1 V/s. 

 

Appendix 12 : UV-vis absorption and emission spectra of PS 1. 
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Appendix 13 : Cyclic voltammogram of 1.0 mM complex 3 (black line) with 1, 2, 4, 10, 20 and 
50 equivalents TFA (grey lines). Conditions: 1 mM complex in DCM (0.1 M Bu4N.PF6), mercury 
working electrode, scan speed 0.1 V/s. 

 

Appendix 14 : Fluorescence titration of PS 1 (2.3 x 10-6 M) with complex 3 (0-35 eq.) in DCM. 
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Appendix 15 : Fluorescence titration of PS 1 (2.3 x 10-6 M) with complex 4 (0-35 eq.) in DCM. 

 

Appendix 16 : Fluorescence titration of PS 2 (3.4 x 10-6 M) with complex 4 (0-35 eq.) in DCM. 

650 700 750 800
0.0

5.0x104

1.0x105

1.5x105

flu
or

es
ce

nc
e 

in
te

ns
ity

 (A
.U

.)

wavelength (nm)



64 
 

 

Appendix 17 : Fluorescence titration of PS 3 (7.3 x 10-6 M) with complex 4 (0-35 eq.) in DCM. 

 

Appendix 18 : Fluorescence titration of PS 1 (3.6 x 10-6 M) with pyridine (0-35 eq.) in DCM. 
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2.7.1  

Appendix 19 : Stern-Volmer analysis of fluorescence titration of PS 2 with complex 4. 

# PS (eq 
w.r.t. 
complex) 

Complex Solvent H+/e- donor H+/e- 
donor 
(eq) 

cut-off 
filter 
λ(nm) 

H2  

1 1 (2) 4  DCM [NiPr2EtH][OAc] 4 >610a No 

2  1 (2) 4  DCM [NiPr2EtH][OAc] 4 >418 No 

3 1 (1.18) 4  Tol. [NiPr2EtH][OAc] 4 >610 Yesb 

4 1 (1.18) 4  DCM 2-Mercaptobenz. 
acid/CF3COOH 

1.7/0.3
4  >610  Yesc 

5 1 (1.18) 4  DCM 2-Mercaptobenz. 
acid/CF3COOH 

3.4/0.6
8 >610 No  

6 1 (1.18) 4  Tol. Ferrocene/CF3COOH 5.1/3.4 >610 Yese 

7 1 (1.05) 4  DCM Ferrocene/CF3COOH 5.5/3.7 >610 No 

8 3 (2) 4  Tol. Ferrocene/CF3COOH 5.5/3.7 >590 No 

9 1 (1.05) 4  Tol./MeOH Ascorbic 
acid/CF3COOH 5.5/3.7 >610 Yesb 

10 3 (1.05) 3  DCM Ferrocene/CF3COOH 11/3.7 >590 No 

Appendix 20 : Examined conditions for photocatalytic experiments performed. a after 1h of 
illumination the filter was changed to >590 nm, b a TON of 0.04 was obtained, c a TON of 0.02 
was obtained, da TON of 0.05 was obtained  
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3. Zinc porphyrin photosensitizer linked to an [FeFe]-
hydrogenase model complex using an isocyanide anchor 

3.1 Introduction 

Chapter 2 of this thesis deals with hydrogenase model complexes in which 
functionalities are introduced through coordination of a phosphine ligand to one of the two 
iron atoms. The electron donating property of the phosphine results in an increased 
electron density on the Fe2 center, and thus in a more negative reduction potential and 
decreased stability towards one-electron reduction compared to the parent hexacarbonyl 
complex. In chapter 1 we showed that this instability of the one-electron reduced complex is 
one of the bottlenecks for photocatalysis. After a photo-induced electron transfer (PET) 
from the photosensitizer (PS) to the catalyst, decomposition of the catalyst was observed. In 
this chapter, we describe the anchoring of a zinc porphyrin PS to a hydrogenase model 
complex through coordination of an isocyanide linker. Substitution of a CO ligand with a 
C≡N-R ligand has a less dramatic effect on the electronic properties of the complex than 
substitution with phosphines[1-7], although the effect depends on the nature of R in C≡N-R. 
Therefore, a functionalized hydrogenase model complex with a mild reduction potential 
(compared to model complexes bearing phosphine(s)) is obtained. Furthermore, a 
chlorobenzodithiolate (Cl2bdt) bridge between the two iron atoms is used. The electron 
withdrawing properties of this bridge further lowers the electron density on the Fe2 center 
when compared to e.g. a propyldithiolate (pdt) bridge[2]. The low electron density on the Fe2 
center is expected to result in a complex that is more stable towards one-electron 
reduction, which increases the longevity in photocatalysis. The employed PS is a zinc 
porphyrin which absorbs light of long (>600 nm) wavelengths. Hence, light at short 
wavelengths that cause photodecomposition of the catalyst, as observed for the complexes 
described in chapter 2, can be filtered during photocatalysis. The main research question is 
if this PS/hydrogenase model system is capable of photocatalytic proton reduction using 
long, low-energy wavelengths. In this chapter we elaborate on three prerequisites for 
photocatalytic proton reduction. We first investigate if the low electron density leads to an 
increased stability towards one-electron reduction. Secondly, the electrocatalytic properties 
of this hydrogenase model complex are investigated to examine whether the catalytic 
reduction occurs at a potential positive enough to be driven by the employed PS. Finally, we 
investigate if PET from the PS to the hydrogenase model complex takes place.   

3.1.1 Previously reported isocyanide-functionalized hydrogenase model complexes 

Substitution of CO with isocyanides in FeFe hydrogenase model complexes is well 
known[1-8]. The group of Wu et al. reported anchoring of [FeFe](pdt)(CO)5L (L=isocyanide) to 
large water-soluble groups. Combined with appropriate water-soluble photosensitizers high 
TON’s were obtained in photocatalytic proton reduction in aqueous solution[6,7]. Closer to 
the work described in this chapter is the publication from the same group reporting a pdt-
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bridged [FeFe] hydrogenase model system which is anchored to a platinum 
photosensitizer[1] (figure 37).  

 

Figure 37 : PRC/PS hybrid reported by Wang et al. 

For that system, PET from the triplet excited state of the PS to the hydrogenase mimic 
is calculated to be exothermic (-0.04 eV). Indeed, by using transient absorption 
spectroscopy combined with laser flash photolysis PET was observed. However, 
electrocatalysis takes place at a more negative potential (-1.78 V vs. Fc/Fc+) than the 
reduction of the Fe2 center (-1.61 V vs. Fc/Fc+). During photocatalysis a TON for photo-
driven proton reduction of 0.16 was observed. The authors ascribed this low TON to the fact 
that PET from the PS resulting in catalytic activity is thermodynamically not feasible[1]. It can 
be therefore questioned if the observed hydrogen evolution is the result of photocatalysis. 
To overcome the problem of unfavorable thermodynamics, we here employed a Cl2bdt 
bridge rather than a pdt bridge. Besides an increased stability of the reduced complex, a 
shift of the catalytic potential to a more positive potential is expected. Moreover, we use a 
PS based on earth abundant materials instead of a platinum based PS.  

3.2 Results 

Compound 1[1] and zinc porphyrin (PS) 2[9,10] are obtained according to literature 
procedures. A Sonogashira coupling between PS 2 and complex 1 yielded complex 3 in 76-
80% yield (scheme 5). The complex was characterized using 1H and 13C NMR, HR Mass 
spectrometry and IR spectroscopy. Compared to the hydrogenase mimic described by Wang 
et al., the CO and CN vibrations in the IR spectrum are shifted to higher wavenumbers as a 
result of decreased electron density on the Fe2 center[1]. In chapter 2 we described an 
increase in singlet excited-state energy of the PS upon removal of the -Si(C6H13)3 groups, and 
thus improved PS properties. Attempts to also remove -Si(C6H13)3 group in complex 3, so as 
to make an interesting analogue with improved PS properties (see chapter 2), using 
potassium fluoride or tetrabutylammonium fluoride, were unsuccessful. 
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Scheme 5 : Synthesis of complex 3. a: CuI, (Ph3P)2PdCl2, THF/NEt3, 50°C, 3 hours. 

3.3  Electrochemistry 

In Figure 38 the cyclic voltammograms of compounds 1 and 3 are depicted.  
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Figure 38 : Cyclic voltammograms of complexes 1 (dashed line) and 3 (solid line). Conditions: 
1 mM complex in THF (0.1 M Bu4N.PF6), mercury working electrode, scan speed 0.1 V/s. 
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Complex 3 shows a reduction at -1.42 V, which is ascribed to the [FeIFeI/FeIFe0] redox 
couple. Remarkably, reduction of the parent hexacarbonyl occurs at practically the same 
potential (appendix 21), showing that substitution of CO with this isocyanide has little effect 
on the electron density on the Fe2 center. The Nernst equation dictates that the peak 
separation for a reversible electrochemical one-electron process is 59 mV at 25°C[11,12]. For 
the [FeIFeI/FeIFe0] redox couple in complex 3 we find a peak separation of 68 mV (appendix 
22). However, deviation of the Nernst behavior is often observed for reversible 
electrochemical reactions and can be ascribed to Ohmic resistance of the solution[12]. A 
good measure for the reversibility of this reduction is the ratio between the current of the 
reductive scan and that of the oxidative scan (iox/ired), which is 1 for a fully reversible 
process[11]. Indeed, for the [FeIFeI/FeIFe0] redox couple of complex 3 iox/ired=1 (appendix 22), 
indicating that the reduction is fully reversible. The reversibility of the reduction is 
confirmed with cyclic voltammetry coupled to infrared spectroscopy (CV coupled IR) using 
the OTTLE cell. Upon reduction of complex 3, a ≈90 cm-1 shift of the Fe-CO signals towards 
lower wavenumbers is observed in the IR spectrum (Figure 39). This is the result of 
increased pi-backbonding from the iron center to the carbonyls, resulting in a weakening of 
the C≡O bond. This shift is comparable to those observed for (pdt)Fe2(CO)6 (≈70 cm-1)[13] and 
(pbdt)Fe2(CO)6 (≈80 cm-1 bpdt=biphenyl-2,2-dithiolate)[14]. For (4-pyridyl-NMI-S2)Fe2(CO)6 
(NMI=naphthalene monoimide) much smaller shifts are observed (28 cm-1)[15], because the 
radical formed in the latter complex is largely centered on the NMI-S2 ligand. In the case of 
(pbdt)Fe2(CO)6, (pdt)Fe2(CO)6 and complex 3 the electron spin density in the formed radical 
is predominantly centered on the Fe2 center, resulting in a much larger shift of the carbonyls 
in the IR spectrum. In the reverse oxidative scan the absorbance difference returns to zero, 
indicating that the reduction of complex 3 is fully reversible. At -2.17 V complex 3 has an 
irreversible reduction, which is ascribed to the [Fe0FeI/Fe0Fe0] redox couple. The reversible 
reduction at -1.65 V is porphyrin centered. Oxidation of the porphyrin in complex 3 occurs at 
0.49 V (appendix 23). The [FeIFeI/FeIFe0] redox couple of complex 1 occurs at the same 
potential as that of complex 3. The second reduction however, is shifted 0.5 V more 
negatively to -2.8 V (where it partially coincides with solvent reduction).  
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Figure 39 : Top graph: IR absorbance difference upon one-electron reduction of 1 mM 
complex 3 in THF (0.1 M Bu4N.PF6) measured with the OTTLE cell. Bottom graph: IR 
absorbance of complex 3 in THF (solvent spectrum subtracted). 

3.3.1 Electrocatalysis 

Addition of acetic acid to complex 3 causes a large increase in current in the cyclic 
voltammogram around -1.8 V (figure 40). The height of the wave is linearly dependent on 
the amount of acid added. Also, the wave of the [FeIFeI/Fe0FeI] reduction becomes 
irreversible. This irreversibility is explained by the fact that the complex is already oxidized 
upon hydrogen formation, and thus no oxidation takes place in the reverse scan. These are 
characteristics for electrocatalytic proton reduction.  
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Figure 40 : Cyclic voltammograms of complex 3 (black line) and with 0.5mM-10 mM acetic 
acid (grey lines). Conditions: 0.5 mM complex in THF (0.1 M Bu4N.PF6), mercury working 
electrode, scan speed 0.1 V/s. 

The mechanism of catalytic proton reduction can be deduced from the cyclic 
voltammograms. Upon addition of acetic acid in the forward scan the signal corresponding 
to the [FeIFeI/Fe0FeI] reduction increases. However, addition of more than 1 equivalent acid 
no further increase is observed, indicating this is a stoichiometric process, e.g. protonation, 
rather than a catalytic process. The actual catalytic wave has the onset around -1.6 V, in 
between the first and second reduction of complex 3 (in the absence of acid). This suggests 
that upon reduction the complex 3 is protonated. A second reduction of the protonated 
complex takes place at a less negative potential (ΔV≈500 mV) than that of the non-
protonated complex, explaining the anodic shift of the catalytic wave with respect to the 
[FeIFe0/Fe0Fe0] redox couple in the absence of acid. Therefore we propose the consecutive 
steps in catalysis to be reduction, protonation, reduction, protonation (ECEC mechanism, E 
stands for electrochemical, C for chemical). To see if catalysis can take place at more 
positive potentials by changing the mechanism to one that starts with protonation, the 
reactivity of complex 2 towards a stronger acid is studied.  These experiments show that the 
reduction of protons using trifluoractetic acid (TFA) proceeds via the same mechanism, and 
thus at a comparable potential (appendix 24).  

3.3.2 Photo-induced electron transfer 

The Gibbs free energy for PET (ΔGET) from the PS to the LUMO (first reduction 
potential) of the catalyst ( ) and the Gibbs free energy to drive catalytic proton 
reduction ( ) are calculated with the Rehm Weller equation[16] (table 5).  
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Ered (V. vs Fc/Fc+)  (V. vs 
Fc/Fc+) 

 (eV)  in DCM 
(eV) 

 in THF 
(eV) 

 in DMF 
(eV) 

-1.42 ( ) 0.49 1.89 -0.15 -0.11 -0.33 
-1.8   ( ) 0.49 1.89 n.a. 0.21 n.a. 

 

Table 5: Gibbs free energy for photo-induced electron transfer. E00 is the average between 
the highest absorbance maximum and the lowest emission maximum of complex 3. (E1/2red), 
(EH+/H2red) and E1/2ox are derived from cyclic voltammetry. Center-to-center distance is 14.8 Å 
(based on models generated with Spartan). 

As is clear from table 5 a negative ΔGET for electron transfer from PS to E1/2red, but a 
positive ΔGET for the PS to the catalytic potential is calculated. This means that PET from the 
PS to the first reduction potential is thermodynamically feasible, but PET resulting in 
catalytic activity is not. Indeed, various unsuccessful attempts to photocatalytically drive 
proton reduction (with varying H+/e- donor combinations) confirmed this. To assess if PET 
from the PS to the LUMO of the Fe2 center actually takes place the static fluorescence of 
complex 3 is compared to that of free PS 2 (figure 41). If photo-induced electron transfer 
takes place it is expected that the fluorescence of complex 3 is quenched and thus 
significantly lower than that of PS 2. Absorbance and emission spectra of complexes 2 and 3 
are depicted in figure 41. Similar emission spectra where obtained for complex 3 in DCM 
and in DMF. 
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Figure 41 : Absorbance (thick lines) and emission (thin lines) of complexes 2 and 3 in THF. 
Emission is measured after excitation at 447 nm (complex 2) and 452 nm (complex 3). 

As a result of an extension of the pi-system, both the absorbance as emission of 
complex 3 are red-shifted compared to that of PS 2. Surprisingly, no decrease in 
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fluorescence is observed in either THF, DCM or DMF. This suggests that photo-induced 
electron transfer from the PS to the catalyst does not take place.  

3.3.3 Time-Resolved Infrared spectroscopy 

In order to see what happens to complex 3 upon excitation of the PS we performed 
TR IR spectroscopy. After excitation of the PS at 583 nm instantaneous (< 1ps) bleaching of 
the signal corresponding to the isocyanide is observed (2133 cm-1). Three new signals 
appear in the CO region (figure 42). To asses if these new carbonyl frequencies correspond 
to reduced complex 3-. the spectra obtained with TR IR are compared to those obtained with 
CV coupled IR. As expected, these spectra do not correlate, indicating that changes in the 
carbonyl frequencies in TR IR are not caused by reduction of complex 3. Also, the timescale 
on which the new CO signals appear is much faster than that observed for electron transfer 
in related systems where the PS is linked supramolecularly[15] or covalently[17] to the 
dithiolate bridge. For comparison, for a Zn porphyrin covalently bound to the DMI in (DMI-
S2)Fe2(CO)6 Wasilewski and coworkers observed timescales for PET of 12 and 24 ps in 
toluene and DCM respectively[17]. In the analogous complex (4-pyridine-DMI-S2)Fe2(CO)6 
where ZnTPP is bound supramolecularly, charge separation occurs in 40 ps (in DCM) as 
reported by Reek et al.[15] Since the linking group in our complex is a conjugated pi-system in 
conjugation with the PS, extremely fast (< 1 ps) charge separation might be conceivable. 
However, the fact that the signals in TR IR do not correspond to the IR spectrum of the 
reduced complex and the absence of fluorescence quenching both indicate that PET does 
not take place. The TR IR spectroscopy measurement was repeated with complex 1 for 
which no change in the IR spectrum was observed. 
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Figure 42 : Top graph : Consecutive TR IR spectra of complex 3 with increasing delay (1-3000 
ps) after excitation at 583 nm in DCM. Middle graph: IR spectrum of complex 3 in DCM. 
Bottom graph: IR absorbance difference upon one-electron reduction of complex 3 measured 
with the OTTLE cell.  

A possible explanation of the immediate bleaching of the IR signal corresponding to 
the isocyanide is that molecular orbitals of the PS are partly localized on the isocyanide. 
Since electron donating properties of the isocyanide in the excited state are expected to 
vary from those in the ground state, excitation leads to a change in electron density on the 
Fe2 center and thus a new CO vibrational modes in the IR spectrum.   

3.3.4 Discussion and conclusion 

We prepared hydrogenase model system 3 in which a zinc porphyrin PS is attached 
via an isocyanide linking group. The [FeIFeI/FeIFe0] reduction of complex 3 occurs at -1.42 V 
and is fully reversible. This is approximately the same potential as the [FeIFeI/FeIFe0] redox 
couple of the parent hexacarbonyl, indicating that substitution of CO by the isocyanide 
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ligand has little effect on the electron density on the Fe2 center. Complex 3 is 
electrocatalytically active in proton reduction. The catalytic potential is in between the 
potentials of the [FeIFeI/FeIFe0] and the [FeIFe0/Fe0Fe0] redox couples. Based on these 
results we propose that proton reduction occurs via an ECEC mechanism. Catalysis occurs at 
potentials that are too negative for photocatalytic proton reduction to be driven by zinc 
porphyrin PS 2. Apparently, the electron density on the [FeFe] center is too low to be 
protonated before one-electron reduction. This is in contrast with the hydrogenase mimics 
described in chapter 1. These complexes have an increased electron density on the [FeFe] 
center and therefore can readily be protonated with TFA. This gives a large anodic shift of 
the catalytic potential with respect to the [FeIFeI/Fe0FeI] reduction. The same effect could be 
achieved for complex 3 upon increasing the electron density of the Fe2 center. However, this 
will decrease the stability of the one-electron reduced complex. Therefore, there is a trade-
off between a mild catalytic potential and the stability after one-electron reduction. PET 
from the PS to the Fe2 center is thermodynamically feasible. However, the fluorescence of 
complex 3 is in the same order of intensity as that of reference complex 2. This suggests that 
photo-induced electron transfer does not take place. Also, after excitation of the PS, the 
reduced complex was not observed with TR IR spectroscopy. The fact that no PET takes 
place suggests that there is a too large kinetic barrier for PET. In order to tackle this problem 
the driving force for PET must be increased. According to the Marcus theory for electron 
transfer, increasing the driving force results in a lower kinetic barrier for PET[18]. This can be 
achieved either by using a better electron donating PS or by lowering the reduction 
potential of the catalyst. The latter can be achieved by introducing more electron 
withdrawing groups on the dithiolate bridge. This, however, would deteriorate the 
electrocatalytic properties of complex 3. Therefore, a better electron donating PS seems the 
more promising option. 

In summary, the PS functionalized hydrogenase mimic described in this chapter is 
not capable of photocatalytic proton reduction. The electron poor [FeFe] center is not prone 
to protonation in its neutral state. This results in catalysis at a potential that is more 
negative than the excited state of the PS, and thus photocatalysis cannot be driven with this 
PS. Additionally, although it is thermodynamically viable, no electron transfer from the PS to 
the catalyst is observed. A plausible explanation for this is that the kinetic barrier for PET is 
too high.  
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3.4 Experimental 

General 

All reactions were carried out under an argon atmosphere using standard Schlenk 
techniques. THF was distilled from sodium benzophenone. DCM was distilled from sodium. 
acetonitrile was distilled from calcium hydride. All chemicals were purchased from 
commercial suppliers and used without further purification. NMR spectra were recorded on 
a Bruker AMX 400 (400.1 MHz, 100.6 MHz and 162.0 MHz for 1H, 13C  and 31P respectively). 
Infrared spectra were recorded on a Thermo Nicolet NEXUS 670 FT-IR. Cyclic voltammetry 
measurements were performed with an Autolab 302N potentiostat, in combination with a 
663 VA stand hanging drop mercury electrode and an IME663 interface. IR coupled CV was 
performed with an OTTLE cell with an platinum working electrode and an Autolab PGSTAT 
10 multipotentiostat. UV-Vis spectra were recorded on a Shimadzu UV-2700 
spectrophotometer, using 10mm quartz cuvettes. Emission spectra were measured on a 
Spex Fluorolog 3 fluorometer, equipped with double grating monochromators in the 
exciation and emission channels. The excitation light source was a 450 W Xe lamp and the 
detector a Peltier cooling R636-10 (Hamamatsu) photomultiplier tube. CSI (cold spray 
ionizationmass spectra were obtained on a time of flight JEOL AccuTOF LC-plus mass 
spectrometer (JMS-T100LP) equipped with a CSI source. Calculated spectra were obtained 
with JEOL Isotopic Simulator (version 1.3.0.0). 

Photocatalysis 

The photocatalysis was performed under argon atmosphere in a custom made Schlenk. The 
sample was irradiated with a 500 W L8288 mercury-xenon lamp or a 300W L2479 300 W 
xenon lamp, both from Hamamatsu, with the Hamamatsu E10180 lamp housing and 
Hamamatsu C11320 power supply. The Schlenk was connected suing Swagelock techniques 
to a Compact GC from Interscience 5Å molsieve paraplot column with TCD detector. The gas 
was continuously pumped through the system with a N68ST.18 membrane pump with PTFE 
coated membrane and PTFE valve plate, purchased from KNF Verder B.V.  

Synthesis of p-iodo phenyl isocyanide 

p-iodo aniline (2.5 g, 11.41 mmol) and tert-butyl ammonium bromide (37 mg, 0.11 mmol) 
are dissolved in 25 mL DCM. 10 mL NaOH (50% in water) is added, together with chloroform 
(1.38 mL, 17.12 mmol). This is refluxed for 3 days. The resulting brown solution is washed 
with water (3 x 50 mL). The organic layer is dried over MgSO4 and the solvent is removed in 
vacuo. The product is purified using column chromatography (silica, DCM:hexane=2:1). 
Yield: 38%. 1H NMR (CDCl3, 298 K): δ 7.73 (d, J=8.29 Hz, 2H, Ar-H), 7.11 (d, J=8.29 Hz, 2H, Ar-
H). IR (DCM, cm-1): ν (CN) 2130. 
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Synthesis of (Cl2bdt)Fe2(CO)5(C≡N-Ph-I), complex 1. 

(Cl2bdt)Fe2(CO)6 (79 mg, 0.16 mmol) and Me3NO (12 mg, 0.16 mmol) are dissolved in 5 mL 
MeCN. This is stirred 30 minutes. p-iodo phenyl isocyanide (37 mg, 0.16 mmol) is added 
upon which the brown solution turns red. This solution is stirred 1.5 hours after which the 
solvent is removed in vacuo. The red powder is purified with column chromatography (silica, 
hexane:DCM=5:1). The first band (brown) is the starting material, the second band is the 
desired product and the third band is the bis-substituted complex. Yield: 43%. 1H NMR (THF-
d6): δ 9.68 (d, J=8.36 Hz, 2H, C≡N-Ar-H-I), 9.06 (d, J=8.36 Hz, 2H, C≡N-Ar-H-I), 8.61 (s, 2H, 
Cl2bdt). IR (DCM, cm-1): ν (CO) 1993, 2018, 2053; ν (CN) 2132. 

Synthesis of (Cl2bdt)Fe2(CO)5(C≡N-(Zn-por), complex 3 

(Cl2bdt)Fe2(CO)5(C≡N-Ph-p-I) 1 (88 mg, 0.13 mmol) and Zn-por 2 (138 mg, 0.13 mmol) are 
dissolved in 15 mL THF/NEt3 (5:1). Pd(PPh3)2Cl2 (15 mg) was added, followed by CuI (5 mg). 
The mixture is stirred in the dark at 50°C for 2 hours. Volatiles are removed in vacuo. Three 
bands are collected after column chromatography over silica (hexane:DCM = 4:1). The first 
band is starting material 1. The second band (green) is complex 3 in 76-80 % yield. The last 
band is Zn-por 2. 1H NMR (THF-d6): δ 9.78 (d, J=5 Hz, 2H, pyrolic H), 9.70 (d, J=4.4 Hz, 2H, 
pyrolic H), 8.95 (d, J=4.3 Hz, 2H, pyrolic H), 8.90 (d, J=4.6 Hz, 2G, pyrolic H), 8.20 (d, J=8.2 Hz, 
2H, Ar-H), 8.14 (s, 4H, Ar-H), 7.95 (s, 2H, Ar-H), 7.68 (d, J=7.8 Hz, Ar-H), 6.82 (s, 2H, H-Cl2bdt), 
1.84 (m, 6H, -Si-(CH2-C-)3), 1.58 (s, 36H, H-tBu-Ar), 1.41 (m, 18H, -Si-(CH2-(CH2)3-CH2-CH3)3), 
1.08 (m, 6H, -Si-(CH2-(CH2)3-CH2-CH3)3), 0.91 (t, J=7.1 Hz, 9H, -Si-(CH2-(CH2)3-CH2-CH3)3. 13C 
NMR (THF-d6): δ 153.92, 151.60, 150.38, 150.18, 150.04, 148.52, 141.64, 132.44, 132.27, 
132.23, 131.61, 130.50, 130.06, 129.76, 129.05, 127.06, 126.53, 125.57, 123.90, 120.79, 
109.32, 100.87, 99.33, 98.90, 96.35, 94.58, 34.62, 33.24, 32.56, 30.95, 13.59, 13.46. IR 
(DCM, cm-1): ν (CO) 1990, 2016, 2052; ν (CN) 2133. HR MS (Coldspray+): 1641.3766 
(observed), 1641.3912 (calculated), Δppm=9 
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3.6 Appendix 
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Appendix 21 : Cyclic voltammogram of [Fe2(Cl2bdt)(CO)6]. Conditions: 1 mM complex, 0.1 M 
Bu4NPF6 in THF, mercury working electrode, Scan speed 0.1 V/s. 

 

Appendix 22 : Peak separation and iox and ired of the [FeIFeI/Fe0FeI) redox couple of complex 
1. Conditions: 1 mM complex, 0.1 M Bu4NPF6 in THF, mercury working electrode, scan speed 
0.1 V/s. 
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Appendix 23 : Cyclic voltammograms of complexes 1 (dashed line) and 3 (solid line). 
Conditions: 1 mM complex, 0.1 M Bu4NPF6 in THF, Glassy carbon working electrode. Scan 
speed 0.1 V/s. 
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Appendix 24 : Cyclic voltammograms of complex 3 (0.5 mM) (bold line) with 3 mM-20 mM 
TFA in THF (0.1 M Bu4NPF6). Hg working electrode. Scan speed 0.1 V/s. 
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4. Molecular catalyst based FTO/TiO2 electrodes for 
electrocatalytic proton reduction 

4.1 Introduction 

In most devices capable of photocatalytic water splitting, the water oxidation side is 
light driven whereas the proton reduction side is electrocatalytically driven. In devices based 
on molecular components platinum is often used as the electrocatalyst[1-6]. Much research 
has been devoted to construct platinum electrodes in such a way that hydrogen evolution 
with platinum electrodes becomes economically viable[7]. However, molecular catalysts 
immobilized on conductive surfaces offer an interesting alternative for platinum electrodes. 
Moreover, such electrodes can find application in electrolyzers. In this chapter we discuss a 
new strategy for immobilization of a proton reduction catalyst (PRC) on a conductive surface 
to obtain device-compatible electrodes for electrocatalytic proton reduction. To achieve a 
high surface area, we coat fluorine doped tin oxide (FTO) with TiO2 nanoparticles onto which 
a bisdiphosphine nickel PRC is immobilized (figure 43). FTO is a conductive material. Electron 
transport from the FTO to the PRC proceeds through the conduction band (CB) of TiO2. We 
demonstrate proton reduction in aqueous solution with moderate overpotentials with these 
electrodes. In this chapter, we describe the synthesis and immobilization of the catalyst and 
the electrocatalytic performance of these electrodes. 

 

Figure 43 : Immobilization of complex 3 on TiO2 coated on FTO. 

4.2 Electrode design 

In order to obtain a driving force for electron transport and at the same time 
minimize energy loss in the system, the energy levels of all components must be properly 
aligned. The energy level of the CB of TiO2 lies at -0.9 V (vs. Ag/AgCl at pH 7)[8,9]. The catalytic 
potential of the catalyst must be lower than this potential. Moreover, the catalyst must be 
robust, fast and must have handles for functionalization. DuBois and coworkers reported a 
series of mononuclear nickel catalysts capable of electrocatalytic proton reduction that 
meet these requirements (figure 44)[10-14]. This class of catalysts produces hydrogen with the 
highest rate reported so far (in the case of R=OH, a TOF up to 170 000 s-1 for the reduction 
of protons from 2.13 M HClO4 in water was reported)[10,15]. Moreover, they are robust and 
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operate with reasonably low overpotentials (~250 mV) with respect to the equilibrium 
potential[12].  

 

Figure 44 : Nickel PRC reported by DuBois and coworkers[10-14]. 

The potential at which catalytic proton reduction takes place is dependent on the 
nature of the substituent indicated with R, suggesting an electronic communication 
between the R substituents and the active nickel center. The catalytic potential varies from -
0.74 V (vs Fc/Fc+) for R=CF3 to -0.68 V (vs. Fc/Fc+) for R=OMe[12]. Although it is not possible to 
translate these potentials to a reference scale for aqueous solutions, the potentials in water 
should be well lower than the energy level of the CB of TiO2. Moreover, in chapter 1 we 
describe the transfer of electrons from the CB of TiO2 to a similar type of PRC, as reported 
by Reisner and coworkers[14]. For anchoring of the PRC to the TiO2 surface we functionalized 
it with hydroxamic acids on the para-position of the N-bound aryl. As mentioned in chapter 
1, hydroxamic acids bind strongly to TiO2 and show good electronic communication with the 
CB of TiO2[16].  

4.3  Results 

4.3.1 Catalyst synthesis 

Compound 1 is obtained in 54% yield by reacting the corresponding methylester with 
NaOH and NH2OH.HCl in MeOH/water. A condensation of compound 1 with PhP(OH)2 in 
water yielded ligand 2 (72% yield, scheme 6). In line with previously reported analogues, the 
31P NMR spectrum of this shows a singlet at -49.46 ppm. In the 1H NMR spectrum two 
signals appear for the –CH2- groups (figure 45), suggesting that the two individual protons of 
the –CH2- groups are inequivalent. This observation is reported previously and is caused by a 
crown conformation of the ring in which the protons are either in axial or equatorial 
positions[17]. Subsequent complexation with Ni(BF4)2.6MeCN gives complex 3 in good yield 
(96% with respect to the ligand). Complex 3 is poorly soluble in common organic solvents, 
but dissolves well in a mixture of MeCN/MeOH or MeCN/H2O. Complex 3 is characterized 
with 31P and 1H NMR spectroscopy. 
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Scheme 6 : Synthesis of complex 3. 

 

Figure 45 : Part of the 1H NMR spectrum of ligand 2 that displays the signals attributed to 
the protons of the –CH2- groups. 

4.3.2 Electrochemistry of complex 3 

The cyclic voltammogram of complex 3 in MeCN/MeOH (4:1) displays one 
irreversible reduction at -0.9 V (vs Fc/Fc+), which is ascribed to the NiII/NiI redox couple. This 
is in contrast to most reported bisdiphosphine nickel PRC’s, which have two consecutive 
reversible reduction waves, corresponding to the NiII/NiI and NiI/Ni0 redox couples[12]. The 
irreversibility of the reduction and the absence of a second reduction might be caused by a 
poor solubility of the one-electron reduced species. A similar observation was reported for a  
bisdiphosphine nickel complex functionalized with carboxylic acids[11]. Addition of 
protonated DMF (DMFH.OTf) renders a catalytic reduction wave around -0.8 V (vs. Fc/Fc+) in 
the cyclic voltammogram (figure 46), which was ascribed to catalytic proton reduction. 
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Figure 46 : Cyclic voltammograms of complex 3 (black line) and in the presence of DMFH.OTf 
(2, 3, 5, 7, 8 and 10 equivalents, grey lines). Conditions: 0.1 M Bu4NPF6 in MeCN/MeOH 
(2 :1), mercury working electrode, scan speed 0.1 V/s.  

Electrocatalytic proton reduction with complex 3 takes place at comparable 
potentials as previously reported for analogues bisdiphosphine nickel PRC’s[11-13,15]. This 
potential is expected to be sufficiently low to be driven by potentials at the level of the CB of 
TiO2. In the following paragraph we describe the immobilization of complex 3 on the TiO2 
nanoparticles. 

4.3.3 Immobilization of complex 3 in TiO2 

TiO2 coated FTO electrodes where purchased from Solaronix and were sintered at 
450°C for 15 minutes prior to use. After cooling under a stream of nitrogen the electrodes 
were submerged in a 0.15 mM solution of complex 3 in MeCN/MeOH (2:1) for 4 hours, after 
which the electrodes were washed with MeCN/MeOH and dried in air. The area coated with 
catalyst is strongly colored (yellow). The electrodes are analyzed using ATR-FTIR 
spectroscopy. Peaks corresponding to both complex 3 and TiO2 appear in the ATR-FTIR 
spectrum of the TiO2/complex 3 electrodes. The ν(CO) of the hydroxamic acid at 1607 cm-1 
shifts to 1611 cm-1, which indicates binding to TiO2. 
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Figure 47 : ATR-FTIR spectra of FTO/TiO2, FTO/TiO2/complex 3 and complex 3. 

The catalyst loading is determined by measuring the absolute amount of nickel 
attached to a known area of the electrode. The electrodes were submerged in boiling nitric 
acid (65% in water), after which the nickel concentration in the solution is determined by 
ICP AES. From these experiments the catalyst loading on the surface is found to be 7.6 x 10-8 
mol/cm2.  

4.3.4 Electrocatalysis 

The electrocatalytic activity of the TiO2/complex 3 electrodes is evaluated in various 
aqueous buffers at different pH, using cyclic voltammetry and amperometry. In the cyclic 
voltammogram of the blank TiO2 coated FTO slides a reductive event is observed around -
0.3 V. This is ascribed to the reduction of the CB of TiO2. In the reverse scan the CB of TiO2 is 
oxidized (figure 48). This phenomenon is called CB capacitance, and is well documented for 
TiO2 nanostructured devices[18]. This prevents us from determining exact redox couples of 
the complex 3 on the surface in aqueous solution. 
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Figure 48 : Cyclic voltammograms with FTO/TiO2 and FTO/TiO2/complex 3 as working 
electrodes. Conditions: platinum counter electrode, 0.1 M acetate buffer (pH 2.1), scan speed 
0.1 V/s. 

At the TiO2/complex 3 electrode, bubble formation is observed around -0.6 V, 
whereas this is not the case for with the blank TiO2 electrode. Analysis of the head space of 
the reactor with GC proved that hydrogen is formed. The hydrogen formation during 
amperometry is monitored by continuous sampling of the headspace of the reactor. Figure 
49 depicts the current and hydrogen formation for the blank TiO2 and the TiO2/complex 3 
electrodes when a bias potential of -0.65 V is applied. When blank TiO2 is used as working 
electrode, the current at -0.65 V is practically zero and no hydrogen is formed. For the 
TiO2/complex 3 electrode, a stable current density of approximately -2.5 x 10-4 A/cm2 and 
hydrogen formation is observed, showing that the immobilized catalyst is 
electrocatalytically active. Concomitant with hydrogen production oxygen is produced. This 
suggests that the reaction at the counter electrode is water oxidation. The electrodes are 
not stable under measured conditions. After 3500 s at -0.65 V the current drops to almost 
zero. Concomitantly with the decrease in current the hydrogen production ceases. The TON 
of the immobilized catalyst under these conditions is 32. IR spectroscopy of the electrodes 
after catalysis shows that the catalyst is no longer bound to the electrode surface.  
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Figure 49 : Hydrogen production and current density of the FTO/TiO2 and FTO/TiO2/complex 
3 electrodes. Hydrogen production with the FTO/TiO2 is negligible and therefore omitted. 
Conditions: 0.1 M acetate buffer (pH 2.1), bias potential of -0.65 V vs. Ag/AgCl.   

Figure 50 depicts the hydrogen production and Faradaic yields at varying potentials. 
At -0.4 V and -0.5 V no hydrogen production was observed. The lowest potential at which 
hydrogen was evolved was -0.6 V, giving an estimate for the overpotential for proton 
reduction of only 280 mV (see the discussion for the calculation of the overpotential). 
Between -0.6, -0.65 and -0.8 V only small differences in hydrogen production were 
observed, which are within the error of the measurement. No significant change in stability 
is observed. Faradaic yields are between 55-73%. At -0.9 V and -1 V there is a strong 
increase of the catalytic activity and a dramatic drop of Faradaic yields (48% at -0.9 V, 27% 
at -1 V). At these potentials the blanks (FTO/TiO2 electrodes) also produced hydrogen. 
However, after correcting for the blank reaction, the hydrogen production is still 
significantly higher than at potentials ≥-0.8 V, showing that the catalyst is a lot more active 
at potentials that are more negative than -0.8 V. 
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Figure 50 : Hydrogen production and Faradaic yield of the FTO/TiO2/complex 2 electrode 
with varying potentials. The x-axis depicts the overpotential for hydrogen production and the 
actual potential in brackets.  

We hypothesize that the low TON and electrode instability is caused by phosphate 
binding to the TiO2 nanoparticles, which competes with catalyst binding causing catalyst 
leaching from the electrode. Therefore catalysis is also performed in 0.1M trifluoracetate 
(TFA) buffer (pH 2.1). The TFA anion coordinates poorly to metals and will thus not compete 
for binding sites with the catalyst. In 0.1M TFA buffer the electrode is more stable, but both 
hydrogen production and current density is lower. This shows that the catalyst is less active 
in 0.1M TFA buffer than in 0.1M phosphate buffer. When catalysis is performed in 
phosphate buffer no current is observed after 3500 seconds (figure 49). In 0.1M TFA buffer 
only a minor decrease in activity is observed after 10000 seconds (figure 51). Remarkably, 
both the activity and the Faradaic yield are lower in TFA buffer solution (figure 52). Similar 
experiments were performed with 0.1M acetate buffer pH 4.7. Under these conditions no 
hydrogen was formed from -0.6 V till -0.7 V, and at a potential of -0.8 V only traces of 
hydrogen were observed. 
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Figure 51 : Hydrogen production and current density for catalysis by FTO/TiO2/complex 3 
electrode in 0.1M TFA buffer (pH 2.1). BIAS potential is -0.65 V vs. Ag/AgCl.  

 

Figure 52 : Hydrogen production rate (symbol) and Faradaic yield (line + symbol) in 0.1M 
phosphate buffer (squares) and 0.1M TFA buffer (triangles).  

4.3.5 Discussion/conclusion 

We have successfully immobilized complex 3 on TiO2 nanoparticles coated on an FTO 
electrode surface. A high catalyst loading of 7.6 x 10-8 mol/cm2 is achieved. This catalyst 
loading is much higher than reported by Fontecave and coworkers for the immobilization of 
a similar ligand on MWCNT[19]. The catalyst loading reported by Reisner and coworkers for 
the immobilization of a cobaloxime PRC on mesoporous ITO is almost twice as high as the 
one obtained with our strategy (see paragraph 1.3.1)[20]. However, the catalyst loading can 
still be increased by optimizing e.g. the sintering process. Sintering decreases the porosity 
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and thus the surface area of the TiO2 nanoparticles. Hence, a higher catalyst loading can be 
obtained with shorter sintering times and/or lower sintering temperatures. However, 
sintering increases the conductivity between the nanoparticles and the robustness of the 
surface[21]. As a consequence, there is a tradeoff between the catalyst loading and the 
robustness and conductivity. The electrodes are electrocatalytically active in proton 
reduction in aqueous solution (0.1 M phosphate buffer, pH 2.1). In acetate buffer (0.1 M, pH 
4.7) no electrocatalytic activity was observed. In aqueous solution the equilibrium potential 
for proton reduction, and thus the overpotential of the catalyst can be determined 
accurately. The equilibrium constant for proton reduction is calculated using the Nernst 
equation[22,23].  

                                                    eq. 1                       

 is defined as zero for an aqueous solution under 1 atm. hydrogen with 1 M 
H+[22,23]. Evans and coworkers state that, considering the low solubility of hydrogen in water, 
the solution near the electrode surface will be saturated or supersaturated with hydrogen 
after the initial reduction of only a few milimolar protons[23]. Therefore it can be assumed 
that, under catalytic conditions, the hydrogen pressure is 1 atm[23]. If PH2 is 1 atm. equation 1 
can be rewritten to equation 2[22]. 

 
                                                  eq. 2                                    

                                 eq. 3                                        

The equilibrium potential for the reduction of protons at pH 2.1 under 1 atm. hydrogen is -
0.12 V vs. NHE, or -0.32 V vs. the Ag/AgCl couple. This means that thermodynamically 
proton reduction cannot be achieved at a less negative potential. With our system 
electrocatalytic proton reduction is observed with -0.6 V, giving an overpotential for proton 
reduction of only 280 mV. Comparable overpotentials are reported for various types 
(PNPN)2Ni(BF4)2 PRC’s in acetonitrile solution[12]. Faradaic yields up to 77% with a current 
density of 0.2 mA/cm2 are obtained. Increasing the overpotential up to 580 mV does not 
increase the hydrogen production rate. This is explained by the fact that the electrons are 
transported through the CB of TiO2 to the catalyst, and the electrons reach the catalyst with 
the energy potential at the level of the CB of TiO2. Remarkably, the hydrogen production 
rate increases dramatically upon raising the overpotential to 580 mV (-0.9 V vs. Ag/AgCl), 
but the Faradaic yield drops dramatically. Since blank FTO/TiO2 electrodes also produce 
hydrogen at these potentials the increase in hydrogen production rate is partially explained 
by the background reaction on TiO2. Since TiO2 is a poor catalyst for proton reduction the 
Faradaic yield drops. However, hydrogen production rates at these potentials are still 
significantly higher after correction for the blank reaction. More research should be 
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performed to explain this sudden increase in hydrogen production. In 0.1M phosphate 
buffer stable hydrogen production is observed for almost one hour, after which a TON of 32 
is reached. After this, the current drops to zero and hydrogen production ceases. IR 
spectroscopy performed at the electrode after catalysis show that the catalyst is dissociated 
from the electrode surface. Performing the electrocatalysis in a 0.1 M TFA buffer solution 
(pH 2.1) prolonged stable hydrogen production and photocurrent are observed. After >5 
hours approximately 40% of the initial activity is maintained, indicating that the system is 
more stable under these conditions. However, both photocurrent and hydrogen production 
were lower in TFA buffer.  

In conclusion, we have developed a new strategy to immobilize PRC’s on an 
electrode surface with high catalyst loading. The resulting, device-compatible electrodes are 
electrocatalytically active in proton reduction in aqueous solutions at moderate 
overpotentials. Further optimization is required to increase the stability during turnover 
conditions and catalyst activity. Importantly, we have demonstrated that complex 3 
preserves electrocatalytic activity after immobilization. This opens perspectives for 
developing electrodes capable of photocatalytic proton reduction with this class of catalysts. 
In chapter 5 we discuss our strategy for the development of such electrodes. 
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4.4 Experimental procedures 

General 

All reactions were carried out under an argon atmosphere using standard Schlenk 
techniques. THF was distilled from sodium benzophenone. DCM was distilled from sodium. 
Acetonitrile was distilled from calcium hydride. All chemicals were purchased from 
commercial suppliers and used without further purification. NMR spectra were recorded on 
a Bruker AMX 400 (400.1 MHz, 100.6 MHz and 162.0 MHz for 1H, 13C  and 31P respectively). 
ATR FTIR spectra were recorded on a Bruker Alpha-p machine. Cyclic voltammetry 
measurements were performed with an Autolab 302N potentiostat, in combination with a 
663 VA stand hanging drop mercury electrode and an IME663 interface. IR coupled CV was 
performed with an OTTLE cell with an platinum working electrode and an Autolab PGSTAT 
10 multipotentiostat. Elemental analysis was performed on a Carlo Erba NCSO-analyzer. UV-
Vis spectra were recorded on a Shimadzu UV-2700 spectrophotometer, using 10mm quartz 
cuvettes. Emission spectra were measured on a Spex Fluorolog 3 fluorimeter, equipped with 
double grating monochromators in the excitation and emission channels. The excitation 
light source was a 450 W Xe lamp and the detector a Peltier cooling R636-10 (Hamamatsu) 
photomultiplier tube. The glass FTO/TiO2 were purchased from Solaronix and sintered at 
450°C for 15 minutes before use. 

Electrocatalysis 

Electrocatalysis was performed with a standard three-electrode set up, in which the 
electrodes modified with catalyst (3.6 cm2) were used as working electrodes, platinum coil 
counter electrode (facing the active side of the working electrode) and a leak free Ag/AgCl 
reference electrode, in a custom made Schlenk. The volume of the buffer solution was 15 
mL. The amperometry was performed with an Autolab PGSTAT 10 multipotentiostat. The 
Schlenk was connected with Swagelock tubing to a Compact GC from Interscience 5Å 
molsieve paraplot column with TCD detector. The headspace gas was continuously pumped 
through the system with a N68ST.18 membrane pump with PTFE coated membrane and 
PTFE valve plate, purchased from KNF Verder B.V, and sampled with the GC system every 5 
minutes.   

Synthesis of compound 1 

NaOH (3.2 g, 0.080 mmol) and NH2OH.HCl (2.78 g, 0.040 mmol) are dissolved in 50 mL 
water. Methyl 4-aminobenzoate (2.00 g, 0.013 mmol) in 30 mL MeOH is added. This mixture 
is stirred at r.t. for 2 days, after which it is neutralized to pH 7 with 6 M HCl. The resulting 
solution is extracted with ethyl acetate (3 x 40 mL). The combined organic layers are dried 
over MgSO4 and concentrated till some white precipitate was formed. This solution is placed 
at 6°C overnight. The resulting white precipitation is filtered and dried in vacuo. Yield : 54%. 
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1H NMR (DMSO-d6, 298 K): 11.10 (br s, 1H, -NHOH), 7.70 (d, J=8.5 Hz, 2H, Ar-H), 7.10 (d, 
J=8.6 Hz, Ar-H), 4.45 (br s, Ar-NH2 and Ar-NH-OH). 

Synthesis of compound 2 

Phenylphosphine (1.15 mL, 6.57 mmol) and formaldehyde (35% in water, 0.96 mL, 14.45 
mmol) are refluxed in 20 mL ethanol for 3 hours, after which all volatiles are removed in 
vacuo. To the resulting white oil compound 1 (1.00 g, 6.57 mmol) in 10 mL water is added. 
This is refluxed for 4 hours. The resulting white precipitate is filtered and washed with 
water, followed by washing with MeCN and drying in vacuo. Yield : 72% . 1H NMR (DMSO-d6, 
25 ˚C): 10.79 (s, 2H, -NHOH), 8.72 (s, 2H, -NHOH), 7.72 (m, 4H, ArH), 7.57 (m, 6H, ArH), 7.37 
(m, 4H, ArH), 6.71 (d, J=8Hz, 2H, ArH), 4.64 (m, 4H, -CH2-), 4.20 (m, 4H, -CH2-). 31P NMR 
(DMSO-d6, 25 ˚C): -49.46 ppm (s).  

Synthesis of compound 3 

Compound 2 (48 mg, 0.084 mmol) and Ni(BF4).6MeCN (20 mg, 0.042 mmol) are dissolved in 
12 mL MeCN/MeOH (5:1). The mixture is refluxed for 1.5 hours upon which it turned 
brightly red. The solvent is evaporated in vacuo. Yield: 96%. 1H NMR (MeCN-d3/MeOH-d4, 
4:1, 25 ˚C): 7.75 (d, 4H, ArH), 7.48 (t, 4H, ArH), 7.26 (br m, 10H, ArH), 4.34 (d, 4H, -CH2-), 4.03 
(br s, 4H, -CH2-). 31P NMR (MeCN-d3/MeOH-d4, 4:1, 25 ˚C): 2.44 ppm (s).  

Synthesis of DMFH.OTf 

Dimethylformamide (DMF) (0.88 mL, 11.5 mmol) and CH2Cl2 (1.5 mL) are cooled to 0 °C. 
While stirring, triflic acid (1 mL, 11.3 mmol) is added dropwise, white precipitation is 
formed. After 15 minutes stirring, Et2O is added (6 mL) and the solvents are removed by a 
syringe. The white short needles are washed with Et2O (3 x 5 mL) and dried in vacuo.   
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5. FTO/NiO electrode with organic PS and nickel PRC for 
photocatalytic proton reduction 

5.1 Electrodes for photocatalytic proton reduction 

In chapter 4 we describe the development of a device-compatible electrode for 
electrocatalytic proton reduction as a replacement for platinum electrodes in photocatalytic 
water splitting devices. As a next step, we want to develop electrodes capable of 
photocatalytic, rather than electrocatalytic, proton reduction. If the proton reduction is 
photocatalytically driven, less potential is required at the water oxidation side, which 
simplifies the design of the water splitting electrode. Electrodes based on molecular 
photosensitizers (PS’s) and proton reduction catalysts (PRC’s) which are capable of 
photocatalytic proton reduction are reported, but often are based on expensive, scarce 
materials and/or are incapable of reaching high turnover numbers (TON’s)[1-7]. In this 
chapter we describe the development of a noble-metal free, device-compatible electrode 
for photocatalytic proton reduction, that is based on a molecular PS and PRC. First we 
discuss our motivation of our choice of materials, followed by the development of the 
separate components and the final electrodes. Experiments to study the individual electron 
transfer steps between semiconductor (SC), PS and PRC are also discussed. 

5.2 Overall device design 

As explained in chapter 1, electrodes for photocatalytic proton reduction based on 
molecular PS and PRC are often based on SC materials[1-7]. Since the electrons from the 
water oxidation side must be consumed at the proton reduction side we consider the 
proton reduction electrode as a part of the complete water splitting device, rather than just 
the half reaction. In order to facilitate electron transfer, and at the same time minimize 
energy loss, the energy level of all individual components in the complete water splitting 
device must be properly aligned (figure 53). At the water oxidation side, catalysis is initiated 
by excitation of the PS, which leads to very fast (10-10-10-13 s) electron injection into the 
conduction band (CB) of the SC[8]. The electron deficient ground state of the PS drives the 
oxidation of the water oxidation catalyst (WOC) and subsequent water oxidation (step b). In 
order to make electron injection of the excited PS into the CB feasible a moderately low CB 
energy is required. The VB energy must be low enough to prevent electron transfer to 
oxidized components. Since TiO2 is a cheap, air and water stable SC with appropriate energy 
levels (CB energy level is -0.9 vs. Ag/AgCl at pH 7[1,9]) we choose this SC material for the 
water oxidation side. In order to create driving force for electron transfer from the CB of 
TiO2 to the valence band (VB) of the SC material at the proton reduction side this VB should 
be sufficiently low in energy. The VB of nickel oxide (NiO) lies at 0.34 V vs. Ag/AgCl at pH 
7[10], giving a driving force for electron transfer (and energy loss) of 1.24 eV. If this electrode 
is photocatalytically active, optimization is required to reduce this driving force. Moreover, 
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NiO is air- and water stable, and a cheap material. Functionalization of NiO with PS’s is 
extensively studied for the development of p-type dye-sensitized solar cells (DSSC’s)[11-15]. 
We therefore choose NiO as the SC material at the proton reduction side. Excitation of the 
PS at the proton reduction side can lead to photo-induced electron transfer (PET) to the PRC 
(step c), after which photocatalytic proton reduction takes place. This creates an electron 
deficiency in the HOMO of the PS, which leads to ultrafast[8] hole injection in the VB of NiO 
(step d)[16,17]. The resulting hole in the VB of NiO combines with the electron originating 
from the CB of TiO2 from the water oxidation side (step e). Both the TiO2 and NiO are coated 
on fluorine dope tin oxide (FTO), through which the electron transport from the water 
oxidation side to the proton reduction side takes place (figure 53). 

 

Figure 53 : Overall design for a photocatalytic water splitting device. The dashed lines are 
not scaled to the energy axis.  

Again, when selecting PS’s and catalysts it is vital to align the energy levels such that 
sufficient driving force for electron transfer is created. In the following paragraphs we 
elaborate on the applied PRC and PS for the proton reduction side and how the energy 
levels are aligned such that electron transfer between all components is feasible. 

5.2.1 Photosensitizer. 

The PS we used is based on the naphthalene bisimide PS A motif depicted in Figure 
54. The HOMO energy level of PS A is 0.68 V vs. Ag/AgCl (pH 7)[18,19], giving a driving force 
for hole injection into NiO of 0.34 eV.  
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Figure 54 : Naphthalene bisimide PS A and derivative PS 1. 

The bandgap energy is 2.07 V[18,19], giving a singlet excited state at -1.39 V vs. 
Ag/AgCl. Considering the relatively small bandgap (~600 nm) and the high singlet excited 
state energy, we expect that this PS has sufficient energy to drive catalytic proton reduction 
with light of long wavelengths. In chapter 1 we have described that hydroxamic acids bind 
strongly to, and have a strong electronic communication with TiO2[20]. Although this has not 
been demonstrated for NiO we expect comparable properties for binding to NiO. Therefore, 
we introduced a hydroxamic acid on the 2-positions of the hydroquinoxaline (indicated with 
R) for binding to NiO.  

5.2.2 Catalyst 

In chapter 4 we described the development of complex 1, and demonstrated that 
after immobilization, this complex is capable of electrocatalytic proton reduction at -0.6 V vs 
Ag/AgCl at pH 2.1. This means that PS A has a driving force for proton reduction mediated 
by complex 1 of ~0.79 eV. However, in chapter 4 a conductive linker between the SC 
nanoparticle and catalyst was required to optimize electron transport, whereas for the 
current purpose we need an insulating linker to reduce recombination between the reduced 
catalyst and NiO+ (figure 55).  

 

Figure 55 : Applying an insulating linker between the PRC and NiO reduces electron-hole 
recombination between PRC- and NiO+. 
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To study the influence of the linker we strived to synthesize complexes 2-5, in which 
complex 3 and 5 contain an extra methylene linker between the anchoring group and 
catalyst (scheme 7).  

 

 

Scheme 7 : Synthesis of complexes 2-5 and the corresponding ligands. 

5.3 Results 

5.3.1 Photosensitizer 

PS 1 is obtained in 51% yield by reacting 3,4-diaminobenzene hydroxamic acid with 
naphthalene diimide derivative B under microwave conditions (scheme 8).  

 

Scheme 8 : Synthesis of PS 1. 

The photophysical properties of PS 1 are similar to those of PS A. PS 1 has a strong 
absorption at 597 nm. The lowest emission is at 610 nm, giving an E00 value of 604 nm (or 
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2.05 eV). The cyclic voltammogram (CV) of PS 1 shows a reversible oxidation at 0.49 V vs. 
Ag/AgCl (appendix 25), well in accordance with the oxidation potential of PS A[18].  
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Figure 56 : Absorption and emission spectra of PS 1. 

5.3.2 Catalyst 

PNPN ligands L2 and L3 were obtained according to literature procedure[21-24], by 
reacting the corresponding anilines with PhP(CHOH)2. Both ligands have a 31P NMR signal 
around -50 ppm. As expected (see chapter 4), in the 1H NMR spectrum two signals appear 
for the –CH2- groups[22]. Complexation of the ligands with Ni(BF4)2.6MeCN gives the desired 
complexes in good yields (complexes 2 and 3 in 96% and 85% respectively with respect to 
the ligand). Ligand L4 was cleanly obtained by reacting p-aminobenzoic acid with 
PhP(CHOH)2. In contrast to ligands L2 and L3, ligand L4 is insoluble in common organic 
solvents, but the ligand dissolves well in DMF and DMSO. The 1H NMR spectrum differs from 
ligand L2 and L3. Instead of two signals for the -CH2- there are 4 doublets with the integral 
of two protons, of which two doublets overlap. There is only one signal in the 31P NMR 
spectrum. The 1H NMR shows three doublets for the N-bound aryl group, whereas for ligand 
L3 there are only two doublets. This means that both phosphorus are magnetically 
equivalent but the amines are inequivalent. This is believed to be caused by an 
intramolecular deprotonation of the carboxylic acid by the amines, giving the zwitterion 
(scheme 9). This would also explain the poor solubility of the ligand in common organic 
solvents. Indeed, previous work done in our group shows that the ethylesther analogue 
does not have this asymmetry and is soluble in common solvents[25]. 
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Scheme 9 : Equilibrium between neutral and zwitterionic form of ligand L4. 

Dissolving ligand L4 and Ni(BF4)2.6MeCN in DMSO or DMF did not lead to the 
formation of the desired complex 4, probably due to coordination of the solvent to the 
nickel. To circumvent this problem the ligand was protected with trimethylsilyl (TMS) 
groups. The protected ligand dissolves well in MeCN and complexation with Ni(BF4)2.6MeCN 
proceeded smoothly. Hydrolysis of the TMS group with water leads to the desired complex 
(scheme 10). 

Scheme 10 : TMS-protected synthesis of complex 4. 

Unfortunately complex 4 decomposed upon dissolving in MeCN. A solution of 
complex 4 in MeCN almost completely loses its red colour and ligand precipitation is 
observed. We speculate that this decomposition is caused by deprotonation of the 
carboxylic acid by the internal amine base. The resulting carboxylate anion can coordinate 
strongly to the nickel, thereby dissociating the phosphines. In line with this, we find that in 
the presence of small amounts of trifluoroacetic acid (TFA) complex 4 is stable. Also, the 
ethylesther analogue of ligand L4 forms stable complexes with Ni(BF4)2. The condensation 
reaction to form ligand L5 did not go to full completion and ligand L5 could not be cleanly 
obtained.  

5.3.3 Electrochemistry of complex 3 

Cyclic voltammetry is performed to study the electrochemical and catalytic 
properties of complexes 2 and 3. The electrochemical and catalytic properties of complex 2 
are described in chapter 4. The CV of complex 3 in MeCN displays two irreversible 
reductions at -0.8 and -1.15 V vs. Fc/Fc+ (appendix 26), which are ascribed to the NiII/NiI and 
the NiI/Ni0 redox couples. In THF/H2O (2:1) both reductions become reversible and the 
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NiI/Ni0 redox couple shifts 200 mV in positive direction. For a similar complex, with an 
additional –CH2- in between the carboxylic acid and aryl ring, similar voltammograms have 
been reported[23]. The irreversibility of the redox couples in acetonitrile is ascribed to the 
insolubility of the reduced states of the complex, causing the complexes to precipitate, 
which prevents the oxidation in the oxidative scan. Addition of protonated DMF (DMFH.OTf) 
causes an increase in current at -0.8 V vs Fc/Fc+, which is indicative for electrocatalytic 
proton reduction (figure 57). This electrocatalytic behavior is in accordance with that 
reported previously for related complexes[23,24]. 
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Figure 57 : Cyclic voltammogram of complex 3 (inset) and after addition of 2, 3, 5, 7, 8 and 
10 equivalents of DMFH.OTf (grey lines). Conditions : 0.1 M Bu4NPF6 in THF/H2O (2 :1), glassy 
carbon working electrode, scan speed 0.1 V/s. 

In chapter 4 we have demonstrated that immobilized complex 2 can 
electrocatalytically reduce protons at -0.6 V vs. Ag/AgCl at pH 2.1. Complex 3 has a 
comparable catalytic potential in organic solvents as complex 2. We therefore expect that 
the catalytic potentials of both complex 2 and 3 are sufficiently low to be photodriven by PS 
1. In the next paragraph we describe the immobilization procedure of PS 1 and complexes 2 
and 3. 

5.3.4 Immobilization of PS and PRC on NiO 

The FTO/NiO electrodes were purchased from Solaronix. Before use the slides are 
sintered at 400 °C for 45 minutes. PS 1 is immobilized on the FTO/NiO electrodes by 
submerging the electrodes in a solution of PS 1 in DCM (~0.6 mM). The electrodes are 
washed with DCM to remove all unbound molecules. After washing, the electrodes are 
colored dark purple, indicating that PS 1 is bound (figure 58).  
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Figure 58 : NiO electrode (left) and NiO/PS 1 electrode (right). 

The successful immobilization of PS 1 is further confirmed with ATR-FTIR 
spectroscopy. Figure 59 shows the ATR-FTIR spectrum of NiO (dotted line), PS 1 (dashed 
line) and PS 1 immobilized on NiO (solid line). Several peaks that correspond to the 
photosensitizer as well as peaks that correspond to NiO are observed in the spectrum of the 
NiO/PS 1 electrodes. The peak at 1575 cm-1 (C=O of the hydroxamic acid) is slightly shifted in 
the NiO/PS 1 electrode to 1581 cm-1, which is ascribed to coordination of the hydroxamic 
acid to NiO. 
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Figure 59 : ATR-FTIR spectrum of PS 1 (dashed line), NiO (dotted line) and NiO/PS 1 (solid 
line). 

Complexes 2 and 3 are immobilized on the NiO electrodes by submerging these 
electrodes in a solution of the complex in MeOH/MeCN (1:1) (0.2 mM). Again ATR-FTIR 
spectroscopy indicates that both complexes bind to NiO (appendix 27 and appendix 28). 
Upon immobilization of complex 2 on NiO a similar shift for νCO is observed (1602 to 1605 
cm-1, appendix 27) as for immobilization of PS 1. Co-immobilization of complexes 2 (or 
complex 3) with PS 1 can be obtained by submerging the NiO/complex 2 (or NiO/complex 3) 
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electrode in a solution with PS 1. Alternatively, the NiO/PS 1 electrode can be submerged in 
the solution with complex 2 (or complex 3). The ATR-FTIR spectrum of NiO/PS 1/ complex 2 
is depicted in appendix 29, and that of NiO/ PS 1/complex 3 is appendix 30. The ATR-FTIR 
spectrum of the NiO/complex 2/PS 1 electrode is depicted in appendix 5, and shows the 
indicative ν(C=O) signals of the hydroxamic acids (figure 60). The peaks around 1603 cm-1 
(indicated with •) correspond to the C=O of the hydroxamate of the catalyst. The peaks at 
1580 cm-1 (indicated with ) correspond to the C=O of the hydroxamate of the 
photosensitizer.  
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Figure 60 : ATR-FTIR spectra of NiO/complex 2/PS 1, NiO/PS 1/complex 2, NiO/complex 2 
and NiO/PS 1. The order indicates the steps of immobilization, e.g. first immobilization of 
complex, followed by immobilization of PS is NiO/complex 2/PS 1. 

5.3.5 UVvis absorption spectra 

The functionalized electrodes are further characterized with UV-vis spectroscopy 
with integrated sphere diffuse reflectance technology (figure 61). The absorption of the 
immobilized PS 1 is clearly observed, indicating successful immobilization of PS 1. The 
relative intensity of the two major absorptions is changed upon immobilization. In DCM the 
absorption at 599 nm is more intense than that at 552 nm. After binding on the NiO surface 
the absorption at 650 nm becomes more intense than that at 615 nm. This change in the 
shape of the absorption spectrum is indicative of excimer formation, which is the reversible 
formation of a dimer of an excited PS and a PS in its ground state, and is reported for 
various perylene diimide derivatives in solution[26-29]. Furthermore, after immobilization of 
PS 1, the absorption is dramatically broadened compared to PS 1 in solution and a red-shift 
of all the maxima in the spectra absorption is observed. These two phenomena have been 
reported previously for immobilization of other PS’s on NiO, and are ascribed to coupling of 
the PS to NiO[14,15,30]. However, excimer formation can also cause these two phenomena. 
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We believe that the red-shift and broadening of the absorptions and the change in the band 
shape is caused mostly by PS excimer formation, and to a lesser extent by the coupling of 
the PS with NiO. The broadening of the absorptions is more profound with the NiO/PS 1 
electrodes than when complex 1 or 2 are co-immobilized. This indicates that to a certain 
extent, co-immobilization of complexes 1 and 2 separates PS molecules, thereby reducing 
excimer formation. 
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Figure 61: Reflectance UV-vis spectra of NiO, NiO/PS 1/complex 1/2¸ NiO/PS 1 and UVVis 
spectrum of PS 1 in DCM. 

5.3.6 Fluorescence spectroscopy 

The emission of PS 1 on the NiO electrodes is measured using fluorescence 
spectroscopy after excitation at 565 nm. The immobilized PS 1 has an emission that is red 
shifted and strongly broadened compared to PS 1 in DCM. This is indicative for the 
formation of excimers as is well-documented for perylene diimide PS’s[26-29]. To our surprise, 
the emission of NiO/PS 1/complex 2 and NiO/PS 1/complex 3 is much higher than that of 
NiO/PS 1. The FTO/NiO/complex 2 (or 3) electrodes have a very small emission and the NiO 
does practically not emit under the applied conditions. 
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Figure 62: fluorescence spectra of NiO, NiO/PS 1, NiO/PS 1/complex 2/3, NiO/PS/complex 
2/3 and PS 1 in DCM. 

An explanation for the increase in emission for the NiO/PS 1/complex 2 (and 3) 
electrodes is that aggregation of the PS has an detrimental effect on the fluorescence. 
Coupling of two excited PS’s can lead to a exciton-exciton annihilation (EEA), which is a non-
radiative pathway for decay of the excited electron, and thus EEA is competitive with 
fluorescence[31-33]. In the reflectance UV-vis absorption spectra we established that more PS 
aggregation occurs in the NiO/PS 1 electrodes, and thus more EEA can occur in these 
electrodes. Since we did not determine the quantum yield of the immobilized PS, the 
percentage of PS that emits fluorescence is unknown, and thus we cannot conclude if PET 
from the PS to complex 2 or 3 occurs.  

In conclusion, using ATR-FTIR, fluorescence and reflectance UV-vis spectroscopy we 
have confirmed that we successfully immobilized and co-immobilized PRC’s and PS on NiO 
electrodes. The electrodes in which complex 2 or 3 are co-immobilized with PS 1 have 
stronger fluorescence than those with only PS 1. Understanding the cause of this increase in 
fluorescence is very interesting for the development of solar-to-fuel devices and the 
development of p-type DSSC’s. Both absorption and emission spectra of PS 1 change upon 
immobilization. This means that the excited state energy of the immobilized PS 1 deviates 
from the excited state energy that we calculated in paragraph 5.2.1. In the following 
paragraphs we describe the electrochemical experiments that we conducted to see if the 
energy levels of the immobilized components are still properly aligned for electron transfer 
to take place. 
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5.3.7 Photo-electrochemistry 

Linear sweep voltammetry measurements are performed with the NiO/PS 1 and the 
NiO electrodes as working electrodes. When scanning the NiO electrodes and the NiO/PS 1 
electrodes oxidatively in 0.1M acetate buffer pH 4.7, while shielding them from light, 
practically no current is observed between -0.2 and 0.15 V. When we shine light on the NiO 
electrode no increase in current is observed, whereas shining light on the NiO/PS 1 
electrode results in a photocurrent of 4 x 10-5- A/cm2 (figure 63). This means that that the VB 
of NiO is properly aligned with the HOMO of the PS, and photo-induced hole injection into 
the NiO and hole transport through the nickel oxide occurs upon excitation of PS 1 (step d in 
figure 53). The gradual increase in current at 0.15 V is ascribed to oxidation of the valence 
band of NiO.  

-0.2 -0.1 0.0 0.1 0.2 0.3

-4.0x10-5

-2.0x10-5

0.0

2.0x10-5

4.0x10-5

6.0x10-5

cu
rr

en
t (

A/
cm

2 )

Potential (vs. Ag/AgCl)

 NiO dark current
 NiO light current
 NiO/PS 1 dark current
 NiO/PS 1 light current (duplo)

 

Figure 63 : Linear sweep with NiO/PS 1 as working electrode in 0.1 M acetate buffer pH 4.7, 
platinum counter electrode, leakfree Ag/AgCl reference electrode, scan speed = 0.03 V/s. 
Light experiments : cut off filter 470 nm. 

The photocurrent is also measured with amperometry, using a bias voltage of -0.1 V 
vs. Ag/AgCl. No photocurrent is observed with the NiO electrodes, whereas for the NiO/PS 1 
electrode photocurrent is observed. The photocurrent remains the same after three 
consecutive light on/off cycles (figure 64), and was demonstrated to remain stable over a 
period of >2 hours, indicating the system is stable under the applied conditions.  
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Figure 64 : Amperometry with the FTO/NiO 1 electrode (dotted line) and FTO/NiO/PS 1 
electrode (solid line). Conditions are similar to those described in figure 63. A bias potential 
of -0.1 V vs. Ag/AgCl is applied.  

When this experiment is performed under anaerobic conditions the observed 
photocurrent is much lower. With increasing amounts of air in the solution the 
photocurrent increases (appendix 31). This suggests that oxygen is the redox mediator. The 
exact nature of the redox reaction is unclear, but in acidic aqueous solution reduction of 
oxygen can yield the following two reactions:  

 

 

The latter reaction has the lowest reduction potential and is thus most likely to occur[34]. 
Since electron transfer to the catalyst is desired, quenching of the excited state by oxygen is 
an undesired process. To see if photo-induced electron transfer of the excited electron to 
complex 2 or 3 can take place we repeated the photocurrent measurement under anaerobic 
conditions with complex in solution. If photocurrent is observed this means that the 
complex accepts electrons from the PS excited state and can act as redox couple. First we 
conducted this experiment with complexes 2 and 3 in mixtures of MeCN/MeOH. Some 
photocurrent was observed, but the photocurrent was not stable and decreased rapidly (on 
a time scale of minutes). This is explained by the fact that these complexes bind strongly to 
NiO and seem to dissociate PS 1 from the NiO surface. After the experiment the electrode 
no longer contained any PS 1, as indicated by ATR FTIR spectroscopy. We therefore 
repeated the experiment with complex 6, which is a known PRC[24], in MeCN. 



110 
 

 

Figure 65 : Complex 6. 

Photocurrent is observed during amperometry experiments in with NiO/PS 1 as 
working electrodes and various concentrations of complex 6 in solution. An increase in 
photocurrent is observed by increasing the concentration of complex 6. Stirring the solution 
also increases the photocurrent (figure 66). This means that complex 6 accepts electrons 
from the excited PS, thereby acting as redox mediator.  
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Figure 66 : Measuring photocurrent with amperometry with the NiO /PS working electrode 
with varying concentrations complex 6 in MeCN. Conditions : cut-off filter 470 nm, bias 
potential of -0.1 V vs. Ag/AgCl.  

 Amperometry was also performed with the NiO/PS 1/complex 2 (or 3) electrodes, 
showing a stable photocurrent (appendix 32). This indicates that all consecutive steps which 
are required for photocatalysis take place (figure 67). Excitation of PS 1 (step a in figure 67) 
leads to hole injection (step b) and hole transport through the NiO. PET from PS 1 to an 
acceptor (oxygen or complex 6) in solution (step c) occurs. To close the cycle the reduced 
acceptor is oxidized at the platinum counter electrode.  
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Figure 67: Consecutive electron transfer steps leading to photocurrent.  

5.3.8 Photocatalysis 

The photocatalytic properties of the system were evaluated in a standard three 
electrode set-up, with a Ag/AgCl reference electrode and a platinum coil counter electrode. 
Irradiating the NiO/PS 1/complex 2, NiO/complex 2/PS 1 or the NiO/PS 1/complex 3 
electrodes with light ( >470 nm) in 0.1M acetate buffer pH 4.7 with a bias potential of -0.1 V 
did not lead to the formation of hydrogen and no photocurrent was observed. This is in line 
with the results described in chapter 4, where no hydrogen formation is observed with 
complex 2 in pH 4.7. Therefore we also performed photocatalytic experiments in 0.1M 
phosphate at buffer pH 2.1. Unfortunately, again no hydrogen evolution was observed after 
analysis of the headspace of the GC. Also with 10 mM DMFH.OTf in MeCN, no hydrogen was 
formed and no photocurrent was observed. A possible explanation for the absence of 
photocatalysis is that no PET from immobilized PS 1 to immobilized complexes 2/3 takes 
place. Previously we have described that PET from immobilized PS 1 to complex 6 in solution 
occurs. This encouraged us to perform photocatalytic experiments with 1 mM complex 6 in 
a solution of MeCN with 5 mM DMFH.OTf. Under these conditions complex 6 is 
electrocatalytically active, showing a catalytic wave in the cyclic voltammogram at the same 
potential as the first reduction of the complex in the absence of acid. During the 
photocatalysis experiment, photocurrent is observed, but unfortunately again no hydrogen 
was formed. Since we previously demonstrated that PET form PS 1 to complex 6 occurs, we 
speculate that photocatalysis does not take place because the second reduction of complex 
6 does not take place. 
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5.4 Conclusion  

As demonstrated with ATR-FTIR, fluorescence and reflectance UV-vis spectroscopy, 
we have successfully immobilized both PS 1 and complexes 2 and 3 on FTO/NiO electrodes. 
Electrodes with complex 2 or 3 co-immobilized with PS 1 on NiO have an approximately 4 
times stronger fluorescence compared to electrodes with only PS 1 immobilized. The 
decrease of the emission when only PS 1 is immobilized can be caused by increased excimer 
formation of the PS (as compared to the electrodes on which complex 2 (or 3) is 
immobilized), which can lead to fluorescence quenching through exciton-exciton 
annihilation. When irradiating the NiO/PS 1 or the NiO/PS 1/complex 2 (or 3) in solution in 
the presence of an appropriate redox mediator, a photocurrent is observed. This means that 
electron transfer from the FTO through the NiO, to the PS takes place. Unfortunately, the 
electrodes are not photocatalytically active when irradiating them in various acidic 
conditions, while applying a bias voltage of -0.1 V vs. Ag/AgCl. In figure 68 all possible 
electron transfer pathways for the the NiO/PS 1/complex 2 (or 3) electrodes are depicted. 
The solid arrows are steps required for photocatalytic proton reduction. The dashed lines 
are non-productive, energy wasting electron transfer steps. Since photocurrent is observed, 
we demonstrated that productive pathways a-c take place. Possible bottlenecks for 
photocatalytic proton reduction are charge recombination steps e-h, or the PET step d not 
taking place.  

 

Figure 68: Possible electron transfer pathways for the NiO/PS 1/complex 2 (or 3) electrodes. 

We have demonstrated that, with complex 6 in solution, PET from immobilized PS 1 
to complex 6 (pathway d) is observed. The catalyst is not electronically coupled to the NiO, 
and thus charge recombination pathway g is unlikely to occur. Although we have 
demonstrated that all consecutive electron transfer steps for photocatalysis occur, no 
hydrogen is formed when DMFH.OTf is added to the solution. A possible bottleneck for 
photocatalysis is that the second reduction of the complex does not take place.  
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5.5 Experimental procedure 

General 

All reactions were carried out under an argon atmosphere using standard Schlenk 
techniques. THF was distilled from sodium benzophenone. DCM was distilled from sodium. 
Acetonitrile was distilled from calcium hydride. All chemicals were purchased from 
commercial suppliers and used without further purification. NMR spectra were recorded on 
a Bruker AMX 400 (400.1 MHz, 100.6 MHz and 162.0 MHz for 1H, 13C  and 31P respectively). 
ATR FTIR spectra were recorded on a Bruker Aplha-p machine. Cyclic voltammetry 
measurements were performed with an Autolab 302N potentiostat, in combination with a 
663 VA stand hanging drop mercury electrode and an IME663 interface. IR coupled CV was 
performed with an OTTLE cell with an platinum working electrode and an Autolab PGSTAT 
10 multipotentiostat. Elemental analysis was performed on a Carlo Erba NCSO-analyzer. UV-
Vis spectra were recorded on a Shimadzu UV-2700 spectrophotometer, using 10mm quartz 
cuvettes. Emission spectra were measured on a Spex Fluorolog 3 fluorimeter, equipped with 
double grating monochromators in the exciation and emission channels. The excitation light 
source was a 450 W Xe lamp and the detector a Peltier cooling R636-10 (Hamamatsu) 
photomultiplier tube. CSI (cold spray ionizationmass spectra were obtained on a time of 
flight JEOL AccuTOF LC-plus mass spectrometer (JMS-T100LP) equipped with a CSI source. 
Calculated spectra were obtained with JEOL Isotopic Simulator (version 1.3.0.0). The 
FTO/NiO electrodes were purchased from Solaronix. Before use the slides are sintered at 
400 °C for 45 minutes. 

Photocurrent measurement 

Measurement of the photocurrent was performed with a standard three-electrode set up, in 
which the electrodes modified with catalyst (3.6 cm2) were used as working electrodes, 
platinum coil counter electrode (facing the active side of the working electrode) and a leak 
free Ag/AgCl reference electrode, in a custom made Schlenk. The volume of the added 
solution was 15 mL. The amperometry was performed with an Autolab PGSTAT 10 
multipotentiostat. The working electrode was irradiated with a 500 W L8288 mercury-xenon 
lamp from Hamamatsu, with the Hamamatsu E10180 lamp housing and Hamamatsu C11320 
power supply. 

Photo-electrocatalysis 

The photo-electrocatalysis was performed with the same set up as the photocurrent 
measurement. The Schlenk was connected with Swagelock tubing to a Compact GC from 
Interscience 5Å molsieve paraplot column with TCD detector. The headspace gas was 
continuously pumped through the system with a N68ST.18 membrane pump with PTFE 
coated membrane and PTFE valve plate, purchased from KNF Verder B.V, and sampled with 
the GC system every 5 minutes.  
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Synthesis of 3,4-diaminobenzene hydroxamic acid[35]  

Methyl 3,4-diaminobenzoate (1.66 g, 10 mmol) was dissolved in 35 mL dioxane. Under 
stirring hydroxylamine HCl (2.08 gr, 30 mmol) and 100 mmol sodium hydroxide (2.40 gr, 
10.0 eq) in 15 mL degassed water was added to this solution. After stirring at room 
temperature for 4 days, all volatiles are removed in vacuo. The reaction mixture is 
neutralized to a pH of approximately 7 through cautious addition of concentrated HCl and 
stored at +4 °C to precipitate of the product as brown needles. The solid is filtered, washed 
with a minimal volume of cold MeOH and dried in vacuo. Yield 784 mg (47 %). 1H NMR (500 
MHz, DMSO, 298 K): δ 10.64 (s, 1H, -OH), 8.56 (s, 1H, -NH-), 6.97 (s, 1H, Ar-H), 6.85 (d, 1H, 3J 
= 8.0 Hz, Ar-H), 6.44 (d, 1H, 3J = 8.0 Hz, Ar-H), 4.94 (s, 2H, -NH2), 4.56 (s, 2H, -NH2). 13C NMR 
(125.8 MHz, DMSO, 293 K): δ 165.75 (C=O), 138.36 (C0), 134.00 (C0), 120.89 (C0), 116.60 
(CH), 113.45 (CH), 112.77 (CH) ppm. HRMS (ESI): Calc. [M+H]+: 168.0768, found 168.0772 

Synthesis of 4,5,9,10-tetrabromonaphthalene di(2-ethylhexyl)imide, compound B 

2-ethylhexylamine (7.5 mL, 45 mmol) was added to degassed glacial acetic acid (100 mL). 
2,3,6,7-Tetrabromonaphtalene dianhydride (8.4 g, 15 mmol) was added and the mixture 
refluxed using a sand bath. The initially turbid yellow suspension turned into a clear, dark 
brown solution after 10 minutes of reflux, upon which the reaction vessel was cooled down 
in an ice bath. Immediate dilution with 500 mL water at r.t. precipitated a bright yellow 
solid, which was triturated with water, aqueous NaHCO3 and cyclohexane on a Buchner 
filter. Vacuum drying at room temperature gave 9.7 g of a bright yellow solid, which could 
not be analysed satisfactorily using NMR or mass spectrometry. The yellow solid was 
dissolved in degassed, distilled toluene (50 mL) and heated to reflux. After 10 minutes, PBr3 

(3.3 mL, 35 mmol) was added dropwise via a syringe. 25 minutes after addition, the reaction 
mixture was cooled down and diluted under vigorous stirring with 500 mL NaHCO3 to 
quench excess PBr3. The aqueous phase was extracted with 3 x 200 mL DCM. The combined 
organics were dried over MgSO4 and concentrated in vacuo, after which column 
chromatography (alumina; eluent system 1:1 pentane:CHCl3) was performed yielding the 
product as an orange-yellow solid. Yield : 8%. NMR spectroscopic data of the compound is 
identical to literature values[36]. 1H NMR (500 MHz, CDCl3, 298 K): δ 4.19 (d, 4H, 3J = 7.5 Hz, 
NCH2), 1.94 (m, 2H, NCH2CH-), 1.28 – 1.38 (m, 16H, -CH2-), 0.94 (t, 6H, 3J = 7.5 Hz, ethyl -
CH3), 0.88 (t, 6H, 3J = 6.3 Hz, heyxl -CH3) ppm. 13C NMR (125.8 MHz, CDCl3, 293 K): δ 160.33 
(C=O), 135.40 (C0), 126.45 (C0), 125.84 (C0), 46.33 (NCH2), 37.80 (CH), 30.60 (CH2), 28.48 
(CH2), 23.93 (CH2), 23.09 (CH2), 14.10 (CH3), 10.58 (CH3) ppm. IR: 2959, 2924, 2910, 2855, 
1709, 1661, 1585, 1458, 1435, 1406, 1373, 1308, 1283, 1192, 1155, 1139, 721, 582, 463 cm-

1. 
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Synthesis of PS 1[19] 

To a glass 20 mL microwave reactor diimide B (130 mg, 0.16 mmol, 1.0 eq) and 108 mg 
diamine 1 (0.64 mmol, 4.0 eq) were added, together with 10 mL degassed DMF. The yellow 
suspension is degassed for 5 minutes with a stream of N2, and capped with a teflon-lined 
stopper, after which the vessel is heated using microwave irradiation for 30 minutes at 85 
°C. The afforded blue reaction mixture is cooled down and poured into DCM. The organic 
layer is extracted with saturated NaHCO3 in water, 1M HCl and water. The organic layer is 
dried over Na2SO4 and concentrated in vacuo. Column chromatography (SiO2, 100% DCM -> 
9:1 DCM:HOAc) affords the product as a dark blue solid. Yield 66.6 mg (51 %). 1H NMR (500 
MHz, DMSO): Poor solubility precludes 1H NMR analysis of this material. IR: 2959, 2926, 
2856, 1693, 1628, 1582, 1501, 1456, 1308, 1248, 1231, 1132, 1030 cm-1. HRMS (coldspray, 
traces of HCL added for better ionization) [M+H]+: 812.14858 (observed), 812.14814 
(calculated), Δppm=0.55. Elemental Analysis: calculated: C, 54.76; H, 5.09; N, 8.63; found: C, 
54.47; H, 5.28; N, 8.54 

Synthesis of ligand L3 

Formaldehyde (30% in water, 1.05 mL, 14.48 mmol) and phenylphosphine (1.2 mL, 6.88 
mmol) are stirred in 5 mL ethanol. After refluxing 3 hours all volatiles are removed in vacuo. 
4-aminophenyl acetic acid (1.04 g, 6.88 mmol) is added, together with 20 mL toluene and 20 
mL dioxane. The compound dissolves poorly. After refluxing for 16 hours the product was 
formed and precipitated from solution. The precipitate is filtered and dissolved in 5 mL 
DMF. 60 mL diethyl ether is added and upon slow diffusion of diethyl ether in DMF over 4 
days the product is precipitated. Yield: 52%. 1H NMR (MeOH-d4, 298 K): 12.90 (s, 2H, -
COOH), 8.50 (m, 4H, Ar-H), 8.32 (m, 6H, Ar-H), 7.87 (d, J= 8.7 Hz, 4H, Ar-H), 7.44 (d, J=8.7 Hz, 
4H, Ar-H), 5.35 (m, 4H, -CH2-), 4.96 (t, J=13.8 Hz, 4H, -CH2-), 4.19 (s, 4H, N-CH2-Ar-COOH). 31P 
NMR (MeOH-d4, 25 ˚C): -50.92 ppm (s). 

Synthesis of complex 3 

Ligand L3 (59 mg, 0.10 mmol) and Ni(BF4)2.6MeCN (24 mg, 0.052 mmol) are dissolved in 5 
mL MeCN/MeOH (3:2). The solution is refluxed for 1.5 hours, upon which it turned deep red. 
The solution is stored at -26°C for 3 days, yielding the product as a red precipitate. Yield: 
85%. 1H NMR (MeCN-d3, 298 K): 7.45 (t, J=7.11 Hz, 8H, Ar-H), 7.33 (d, J=7.33 Hz, N-Ar-H), 
7.22 (m, 24 H, N-Ar-H and Ar-H), 4.25 (d, J=14.11 Hz, 8H, N-CH22-P), 3.97 (d, J=14.11 Hz, N-
CH2-P), 3.96 (s, 8H, Ar-CH2-COOH). 31P NMR (MeCN-d3, 298 K): 3.72 ppm (s). HR MS 
(coldspray) (M+Cl –(BF4)2): 1235.2620 (observed), 1235.2707 (calculated), Δppm=7.6 

Synthesis of ligand L4  

Formaldehyde (35% in water, 0.80 mL, 11.55 mmol) and phenylphosphine (0.96 mL, 5.5 
mmol) are stirred in 5 mL ethanol. After refluxing 3 hours all volatiles are removed in vacuo. 
4-aminobenzoic acid (0.75 g, 5.46 mmol) in 10 mL MeCN is added. After refluxing 1.5 hours 



116 
 

the product precipitates from solution as a white powder. The product is filtered and 
washed with MeCN (3x10 mL). Yield: 84 %. 1H NMR (CDCl3, 25 ˚C): 12.13 (s, 1H, -COOH), 7.73 
(4H, d, J=8.8 Hz, N-Ar-H), 7.66 (m, 2H, Ar-H), 7.55 (m, 4H, Ar-H), 7.42 (d, J=7 Hz, 2H, Ar-H), 
6.75 (d, J= 9 Hz, 2H, N-Ar-H-COOH), 6.69 (d, J= 8.9 Hz, 2H, N-Ar-H-COOH), 4.66 (dd, J= 15, 5.7 
Hz, 2H, -CH-), 4.46 (d, J=15 Hz, 2H, -CH-). 31P NMR (MeOH-d4, 25 ˚C): -48.15 ppm (s). 

Synthesis of complex 4 

NH(SiMe3)2 (119 L, 0.56 mmol) was added to a solution of Ligand L4 in 5 mL DMSO. This 
was stirred overnight, after which all volatiles are evaporated in vacuo at 100°C. The 
resulting brown oil was dissolved in 5 mL MeCN and Ni(BF4)2.6MeCN (43 mg, 0.09 mmol) 
was added. The solution turned red and was stirred for 2 hours. Water was added (0.1 mL) 
to hydrolyze the SiMe3 protective group. All volatiles were removed in vacuo. Toluene is 
added (5 mL) to co-evaporate all remaining volatiles. This is repeated 3 times. The remaining 
product was dissolved in 5 mL MeCN and filtered to remove remaining free ligand. Yield: 
52%. 1H NMR spectra were impure due to decomposition of the complex in MeCN. 31P NMR 
(MeCN-d3, 25 ˚C): 2.26 ppm (s). 
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5.7 Appendix 
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Appendix 25 : Cyclic voltammogram of PS 1. Conditions: 0. 5 mM PS 1 in DCM (0,1 M 
Bu4NPF6), glassy carbon working electrode, scan speed 0.1 V/s  

-1,4 -1,2 -1,0 -0,8 -0,6 -0,4
-5,0x10-7

-4,0x10-7

-3,0x10-7

-2,0x10-7

-1,0x10-7

0,0

cu
rre

nt
 (A

)

potential (vs. Fc/Fc+)

 complex 1

 

Appendix 26 : Cyclic voltammogram of complex 3 (0.7 mM) in MeCN (0.1 M Bu4NPF6) on a 
glassy carbon electrode. Scan speed is 0.1 V/s. 
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Appendix 27 : ATR-FTIR spectra of complex 2, FTO/NiO and FTO/NiO/complex 2 
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Appendix 28 : ATR-FTIR spectra of NiO/complex 1, complex 1, and FTO/NiO  
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Appendix 29 : ATR-FTIR spectra of NiO/complex 2/PS, NiO/PS/complex 2, NiO/complex 2 and 
NiO/PS. 
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Appendix 30 : ATR-FTIR spectra of NiO/PS 1, NiO/complex 1 and NiO/complex 1/PS 1 
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Appendix 31 : Photocurrent measured with amperometry with NiO/PS 1 working electrode. 
Conditions similar as those described in figure 63. A bias potential of -0.1 V vs. Ag/AgCl is 
applied. 
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Appendix 32 : Photocurrent measured with amperometry with NiO/PS, NiO/complex 1/PS 
and NiO/complex 2/PS working electrode. Conditions: -0.1 V vs. Ag/AgCl, 1.3 mM complex 6 
in MeCN, cut-off filter >470 nm. The first lamp on/off cycle is not stirred, second cycle is 
stirred with 500 rpm. 
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6. Summary 
Our current energy economy is largely based on the combustion of fossil fuels, such 

as oil and gas. However, the global oil and gas supply is rapidly depleting, and the 
combustion of these fossil fuels releases enormous amounts of greenhouse gasses into the 
Earth’s atmosphere. An alternative, sustainable energy source is required. The direct 
conversion of sunlight into fuels is a promising strategy to satisfy mankind’s demand for 
energy in a sustainable way. One way to do this is the light-driven water splitting reaction, 
which consists of two half reactions: water oxidation and proton reduction. Systems capable 
of performing these two half reactions photocatalytically are intensively studied. This thesis 
deals with the development of systems capable of photo- and/or electrocatalytic proton 
reduction.  

6.1 Chapter 2 

In nature, metalloenzymes called hydrogenases can catalyze the reversible oxidation 
of hydrogen. The elements that seem crucial for good catalytic performance in these 
biological systems are copied  and applied in simplified synthetic hydrogenase-model 
complexes to obtain stable and active electrocatalysts. Research is devoted to electronically 
couple [FeFe] hydrogenase model complexes and photosensitizer (PS) molecules to obtain 
hybrid systems capable of photocatalytic proton reduction. To date, hybrid systems of this 
kind that are capable of reaching high turnover numbers (TON’s) are scarce, especially those 
containing solely cheap and earth-abundant materials, but promising results have been 
obtained with various zinc porphyrin based PS’s. Reek and coworkers reported a 
supramolecular assembly that consists of [FeFe] hydrogenase model system 1 and ZnTPP 
and ZnTPP(OMe)4[1]. Upon irradiation this assembly with light and in the presence of a 
suitable proton and electron donor, this system is capable of performing up to 5 turnovers 
in photocatalytic proton reduction. The active species in catalysis is believed to be complex 
2.  

 

Scheme 11 : Upon reduction of complex 1, complex 2 is formed, which is proposed to be 
active in photocatalytic proton reduction. 

The turnover number (TON) is limited due to catalyst decomposition. The catalyst 
decomposition is believed to be caused by instability of the one-electron reduced complex, 



124 
 

which is an intermediate in the catalytic cycle. The aim of the work described in chapter 2 is 
to modify complex 1 to increase the stability of its one-electron reduced state by 
introducing electron withdrawing dithiolate bridgeheads. It is well-documented that 
electron withdrawing dithiolate bridgeheads reduce the electron density on the Fe2 center 
and thereby increase the stability of the one-electron reduced complex[2], which is believed 
to be key in increasing the longevity in photocatalysis[3]. Complex 2 and 3 were synthesized 
and tested in electro- and photocatalysis.  

 

Scheme 12 : Complexes 1, 3 and 4. 

Using cyclic voltammetry (CV) and infrared spectroscopy coupled to CV (IR coupled CV) 
we demonstrated that the stability of the one-electron reduced complex is increased with 
increasing electron withdrawing character of the dithiolate bridgeheads, which results in an 
increased reversibility of the [FeIFeI]/[FeIFe0] redox couple. For complex 1 this reduction is 
irreversible, whereas for complex 2 this reduction is 55% reversible and for complex 3 it is 
65% reversible. Supramolecular assemblies of various zinc porphyrin PS’s with complexes 3 
or 4 were studied in photocatalysis, including PS’s that absorb light of long wavelengths 
(λ>600 nm) to avoid light-induced catalyst decomposition. However, catalyst decomposition 
occurs after photo-induced electron transfer (PET) from the PS to the proton reduction 
catalyst (PRC). No photocatalytic activity is observed, which we believe to be due to catalyst 
decomposition.  

6.2 Chapter 3 

In chapter 2 we demonstrated that photocatalytic proton reduction is hampered by 
the instability of the one-electron reduced complex. The stability is increased when the 
electron density on the Fe2 center is decreased. Therefore we sought to replace the strongly 
electron donating phosphine ligand with a weaker donating isocyanide ligand. We 
developed complex 5, in which a zinc porphyrin PS is connected to a [FeFe] hydrogenase 
model system through an isocyanide ligand, which is a less electron donating ligand than the 
phosphine used in chapter 2. 
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Scheme 13 : Complex 5 

Using CV and IR coupled CV we demonstrated that the [FeIFeI]/[FeIFe0] redox couple of 
complex 5 is fully reversible and occurs at a mild potential (-1.42 V vs. Fc/Fc+). However, the 
potential at which catalysis takes place is too negative to be light-driven with the currently 
used PS’s. In addition, even though we calculated the free Gibbs energy change for PET from 
the PS to the PRC to be negative, PET is not observed.  

6.3 Chapter 4 

The second part of this thesis deals with the development of electrodes for 
electrocatalytic (chapter 4) and photocatalytic (chapter 5) proton reduction that can be 
directly implemented in a device for photocatalytic water splitting. In order to create such a 
device, the water oxidation reaction and the proton reduction reaction must be 
electronically coupled, and the electronic levels of all individual components must be 
properly aligned to create enough driving force for all consecutive electron transfer steps to 
take place. In the first device design (scheme A in figure 1) the potential required for the 
water splitting reaction is created by absorption of light at the water oxidation side, and the 
proton reduction is electrocatalytically driven.  
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Figure 69 : Devices for photocatalytic water splitting.  

In chapter 4 we describe the synthesis and immobilization of PRC 6 (scheme 4) on 
TiO2 nanoparticles that are coated on fluorine doped tin oxide (FTO). We demonstrate that 
this system is capable of electrocatalytic proton reduction in aqueous solutions (pH 2.1) at 
moderate overpotentials (280 mV). Unfortunately, the TON is limited (~35) due to catalyst 
decomposition and/or leaching of the catalyst from the electrode.  

 

Scheme 14 : PS 1 and PRC’s 6 and 7. 

6.4 Chapter 5 

In the second device design (scheme B in figure 1) both the water oxidation and the 
proton reduction reaction are light-driven. In chapter 5 we describe the co-immobilization 
of PS 1 with both PRC 6 and PRC 7 on NiO nanoparticles coated on FTO electrodes for the 
development of an electrode capable of photocatalytic proton reduction. Using cyclic 
voltammetry and amperometry, photocurrent is observed when irradiating the FTO/PS 1
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working electrode with light of wavelengths (> 470 nm) in 0.1 M phospate buffer (pH 2.1), or 
with PRC 8 in acetonitrile. This means that electrons are transferred from the FTO electrode, 
through the NiO, to PS 1. Similar photocurrents were observed when PRC 6 (or PRC 7) is co-
immobilized on the NiO. The photocatalytic activity of the NiO/PS 1/complex 6 (or 7) was 
tested by irradiating the electrodes in acidic solutions (0.1M phospate buffer pH 2.1, 0.1M  
TFA buffer pH 2.1 or DMFH.OTf in MeCN) while applying a bias voltage of -0.1 V vs. Ag/AgCl. 
Unfortunately, no photocatalytic production of hydrogen was observed, probably because 
the (double) reduction of the catalyst, which is required for catalysis, does not take place. 

6.5 Conclusion  

In conclusion, we have demonstrated that lowering the electron density on the Fe2 
center of the studied [FeFe] hydrogenase model complexes results in an increased stability 
of the one-electron reduced complex, which results in an increased reversibility of the 
[FeIFeI]/[FeIFe0] redox couple. In chapter 1 we demonstrate that catalyst decomposition 
occurs after PET from the PS to the catalyst. To circumvent this, we developed a PS/PRC 
hybrid system in which the [FeIFeI]/[FeIFe0] redox couple is fully reversible. However, due to 
the relatively low electron density on the Fe2 center, this complex is not prone to 
protonation in its neutral form, and therefore, catalysis occurs at a relatively negative 
potential and cannot be light-driven by the PS. To tackle this problem an internal base can 
be incorporated into the catalyst, to make the catalyst prone to protonation, and thereby 
shifting the catalytic potential to less negative potentials. 

Furthermore, in chapter 4 we report a strategy for constructing an electrode capable 
of electrocatalytic proton reduction at a moderately low overpotential, that consists solely 
of earth-abundant materials. Although the system must be further developed to improve its 
stability, with this strategy a high PRC loading is achieved. As described in chapter 5, PS 1 
was co-immobilized to drive catalysis with light. Although electron transfer through the 
electrode surface to PS 1 was demonstrated, no photocatalytic activity was observed. 
Possibly, the electron transfer between PS and PRC can be optimized by optimizing the 
orientation of the PRC with respect to the catalyst, for instance by placing them in series 
rather than random co-immobilization. 
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7. Samenvatting 
Onze huidige energie-economie is grotendeels gebaseerd op het verbranden van 

fossiele brandstoffen, zoals olie en gas. De olie- en gasvoorraden slinken echter snel, en bij 
de verbranding van fossiele brandstoffen  komen enorme hoeveelheden broeikasgassen in 
de atmosfeer van de aarde. Alternatieve, duurzame energiebronnen zijn daarom dringend 
nodig. Het direct omzetten van zonlicht in brandstoffen is een veelbelovende strategie om 
de mensheid op een duurzame manier van energie te voorzien. Een manier om dit te doen 
is de lichtgedreven watersplitsing reactie, die uit twee halfreacties bestaat: de wateroxidatie 
en de protonreductie reactie. Systemen die deze twee reacties fotokatalytisch kunnen 
uitvoeren zijn erg interessant voor de ontwikkeling van zogenaamde ‘solar-to-fuel devices’. 
In deze dissertatie wordt de ontwikkeling van systemen voor foto- en/of elektrokatalytische 
protonreductie beschreven.  

7.1 Hoofdstuk 2 

Hydrogenases zijn metalloenzymen die in de natuur voorkomen en de reversibele 
oxidatie van waterstof kunnen katalyseren. De elementen die cruciaal zijn voor de 
uitstekende katalytische eigenschappen van deze metalloenzymen worden gekopiëerd en 
toegepast in vereenvoudigde, synthetische hydrogenase-modellen, om zo stabiele en 
actieve elektrokatalysatoren te verkrijgen. Onderzoek wordt verricht om [FeFe] 
hydrogenase model complexen te combineren met photosensitizer (PS) moleculen, om zo 
hybride systemen te verkrijgen die fotokatalytisch protonen kunnen reduceren. Tot op 
heden zijn zulke hybride systemen die vele equivalenten waterstof kunnen produceren 
zeldzaam, met name systemen die uit enkel goedkope, goed voorhanden zijnde 
grondstoffen bestaan, maar veelbelovende resultaten zijn geboekt met verschillende op zink 
gebaseerde PS’s. De onderzoeksgroep van Reek heeft een supramoleculair system 
gerapporteerd dat bestaat uit [FeFe] hydrogenase model systeem 1 en ZnTPP en 
ZnTPP(Ome)4[1]. Wanneer dit systeem in de aanwezigheid van een proton- en elektron 
donor wordt beschenen met licht, reduceert het fotokatalytisch protonen, waarbij, ten 
opzichte van de katalysator, 5 equivalenten waterstof geproduceerd worden. Het katalytisch 
actieve complex is waarschijnlijk complex 2.  

 

Schema 1 : Na de reductie van complex 1 wordt complex 2 gevormd, welke actief is in 
fotokatalytische protonreductie.  
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Het aantal equivalenten waterstof dat wordt geproduceerd (het turn-over number, 
TON) wordt gelimiteerd door katalysator-ontleding, die wordt toegeschreven aan de 
instabiliteit van het één-elektron gereduceerde complex, dat een intermediair is in de 
katalytische cyclus. Het doel van het werk dat beschreven is in hoofdstuk 2 is om complex 1 
zodanig aan te passen dat het één-elektron gereduceerde complex stabieler wordt. Dit 
wordt gedaan door elektronenzuigende groepen in de dithiolaat-brug te introduceren. Het 
is welbekend dat dit resulteert in een lagere elektronendichtheid op het Fe2 centrum 
hetgeen de stabiliteit van het één-elektron gereduceerde complex verhoogt[2]. Complex 2 en 
3 zijn gesynthetiseerd en hun elektro-en fotokatalytische eigenschappen zijn onderzocht.  

 

Schema 2 : Complexen 1, 3, en 4. 

Met behulp van cyclische voltammetrie (CV) en infrarood spectroscopie gekoppeld 
aan CV (IR gekoppelde CV) hebben wij aangetoond dat de stabiliteit van het één-elektron 
gereduceerde complex toeneemt met een toenemend elektronenzuigend karakter van de 
dithiolaat brug, hetgeen resulteert in een toenemende reversibiliteit van het [FeIFeI]/[FeIFe0]  
redox-koppel. Voor complex 1 is deze reductie irreversibel, voor complex 2 is deze reductie 
55% reversibel en voor complex 3 is deze 65% reversibel. Verschillende supramoleculaire 
systemen bestaande uit complex 3 of 4 en verschillende PS’s, waaronder PS’s die licht 
absorberen van lange golflengtes (λ>600 nm) om katalysator-ontleding te voorkomen, zijn 
bestudeerd in fotokatalyse. Echter, katalysator-ontleding trad op na licht-geïnduceerde 
elektronenoverdracht van de PS naar de protonreductie katalysator (PRK). Geen van de 
systemen was fotokatalytisch actief, wat waarschijnlijk komt door decompositie van de 
katalysator.  

7.2 Hoofdstuk 3 

In hoofdstuk 2 hebben we aangetoond dat fotokatalytische protonreductie wordt 
gehinderd door de instabiliteit van het één-elektron gereduceerde complex. De stabiliteit 
neemt toe als de elektronendichtheid op het Fe2 centrum afneemt. Daarom hebben wij de 
elektrondonerende fosfine liganden uit hoofdstuk 2 vervangen met een minder 
elektronendonerend isocyanide ligand. Zo hebben wij complex 5 ontwikkeld, waarin een 
zink porfyrine PS aan een [FeFe] hydrogenase model complex is verankerd met een 
isocyanide ligand. 
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Schema 3 : Complex 5 

Met behulp van CV en IR-gekoppelde CV hebben we aangetoond dat het 
[FeIFeI]/[FeIFe0] redox koppel van complex 5 volledig reversibel is, en bij een mild potentiaal 
plaatsvind (-1.42 V vs. Fc/Fc+). Echter, de potentiaal waarbij katalyse plaatsvindt is the te 
negatief om door de gebruikte PS fotokatalytisch gedreven te worden. Verder hebben we 
aangetoond dat de verandering in Gibbs vrije energie voor PET negatief is, maar dat PET niet 
plaatsvindt.  

7.3 Hoofdstuk 4 

Het tweede gedeelte van deze dissertatie beschrijft de ontwikkeling van elektrodes 
voor elektrokatalytische (hoofdstuk 4) en fotokatalytische (hoofdstuk 5) protonreductie, die 
direct geïmplementeerd kunnen worden in devices voor fotokatalytische watersplitsing. Om 
zo een device te maken moeten de wateroxidatiereactie en die protonreductiereactie 
elektronisch gekoppeld worden, en alle energieniveaus moeten zo georganiseerd zijn dat er 
voldoende drijvende kracht is om alle opeenvolgende elektronenoverdracht stappen plaats 
te laten vinden. In het eerste device ontwerp (schema A in figuur 1) wordt de potentiaal die 
nodig is door lichtabsorptie aan de wateroxidatie-kant gecreëerd, terwijl de protonreductie 
elektrokatalytisch is gedreven. 
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Figuur 70 : Devices voor fotokatalytische watersplitsing. 

In hoofdstuk 4 beschrijven we de synthese en immobilisatie van PRK 6 (schema 4) op 
TiO2 nanobolletjes die gecoat zijn op fluorine doped tin oxide (FTO). Wij tonen aan dat dit 
systeem elektrokatalytisch actief is in de proton-reductie reactie in waterige oplossing bij 
een lage overpotentiaal (280 mV). Helaas is het TON gelimiteerd door katalysator 
decompositie en/of het loslaten van de katalysator van de elektrode.  

 

Schema 4 : PS 1 en PRK 6 en 7 

7.4 Hoofdstuk 5 

In het tweede device ontwerp (schema B in figuur 1) zijn zowel de wateroxidatie als 
de protonreductie reactie licht-gedreven. In hoofdstuk 5 beschrijven we de co-immobilisatie 
van PS 1 met PRK 6 op NiO nanobolletjes op FTO om zo een elektrode te ontwikkelen die 
fotokatalytisch protonen kan reduceren. Met behulp van CV en amperometrie tonen we aan 
dat er een fotostroom ontstaat wanneer we licht op de elektrode schijnen in zure 
oplossingen (0.1M fosfaat buffer pH2.1, 0.1M TFA buffer 2.1 of DMFH.OTf in MeCN) terwijl 
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er een bias-potentiaal van -0.1 V vs. Ag/AgCl wordt toegepast. Helaas is er geen 
fotokatalytische waterstofproductie waargenomen, waarschijnlijk omdat de tweede 
reductie van de katalysator niet plaatsvindt.  

7.5 Conclusie en discussie 

We hebben aangetoond dat het verlagen van de elektronendichtheid op het Fe2 
centrum van de bestudeerde [FeFe]-hydrogenase-model complexen resulteert in een 
toename van de stabiliteit van het één-elektron gereduceerde complex, wat resulteert in 
een toename van de reversibiliteit van het [FeIFeI]/[FeIFe0] redox koppel. In hoofdstuk 1 
tonen we aan dat katalysator ontleding optreedt na PET van de PS naar de katalysator. Om 
dit te voorkomen hebben we een PS/PRK hybride systeem ontwikkeld waarvan de 
[FeIFeI]/[FeIFe0] redox volledig reversibel is. Echter, door de relatief lage elektronendichtheid 
op het Fe2 centrum wordt dit complex niet geprotoneerd in zijn neutrale vorm, wat 
resulteert in een relatief lage katalytisch potentiaal, waardoor de katalyse niet lichtgedreven 
kan worden met de gebruikte PS. Dit probleem kan worden voorkomen door een 
katalysator te ontwikkelen die is te protoneren in zijn neutrale vorm, bijvoorbeeld door een 
interne base te incorporeren, om katalytische activiteit bij een minder negatieve potentiaal 
te realiseren.  

Verder rapporteren we in hoofdstuk 4 een strategie voor het ontwikkelen van een 
elektrode die enkel uit goedkope, goed voorhanden zijnde materialen bestaat, welke 
elektrokatalytisch protonen kan reduceren met een mild overpotentiaal. Met deze strategie 
is een hoge PRK lading bereikt, maar het systeem moet geoptimaliseerd worden om een 
hogere TON te bereiken. Zoals beschreven staat in hoofdstuk 5 is PS 1 samen met twee 
PRK’s geïmmobiliseerd om zo de katalyse licht-gedreven te maken. Elektron transfer door 
het elektrode oppervlak is aangetoond, maar er is geen fotokatalytische activiteit 
waargenomen. Wellicht vindt er betere elektronenoverdracht plaats wanneer de oriëntatie 
van de PRK ten opzichte van de PS wordt geoptimaliseerd, bijvoorbeeld door deze in serie te 
plaatsen.  
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Daarom vind ik het jammer dat je niet bij mijn promotie kan zijn. Je bent een goede vriend. 
Ik weet zeker dat je een mooie tijd in ZA gaat hebben met Rebecca.  

Jarl Ivar, mijn tijd bij Homkat is ooit als masterstudent bij jou begonnen. Na de goede 
begeleiding tijdens mijn masterproject kon ik ook tijdens mijn PhD traject altijd bij jou 
langskomen voor vragen en heb je me altijd erg goed geholpen, waarvoor ik je hartelijk 
dank. Misschien is het nu alleen wel eens tijd om op te houden met dat overdreven harde 
niezen. Remko, op een moment dat ik het even niet meer zo zag zitten in mijn project ben jij 
je er mee gaan bemoeien en dat heeft mij erg gemotiveerd. Het is mooi om te zien hoe 
systematisch jij een project aanpakt. Dat en onze vele discussies hebben mijn project enorm 
vooruit geholpen. Het was fijn met je samenwerken. Sinds dit jaar full professor: Bas, jij 
bezit de gave om de kritische vragen te stellen die snel over het hoofd gezien worden. 
Daarnaast ben je altijd erg behulpzaam en vriendelijk.  

Toen ik begon met mijn master had ik even moeite om te aarden op de UvA. Dat 
duurde een half jaartje, totdat ik een groep met te gekke mensen leerde kennen die de UvA 
in een warm (roetertoeter)nest veranderden. Ik hoefde Vlien (ja, dit is comic sans) en 
Annemarie maar te volgen om zo op de leukste feestjes en plekken in Amsterdam te 
komen. Dat hebben we nu al vele jaren samen gedaan en dat hoop ik nog vele jaren te gaan 
doen. Peter H en Stefan W, de PhD generatie voor mij, die mij voor het eerst hebben 
meegenomen naar een klimmuur. Peter S, ik moet toegeven dat mijn eerste oordeel over 
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jou toch fout was. Linda, met veel plezier een kantoor met jou gedeeld. Zullen we straks die 
fles wijn maar opentrekken? Soraya, altijd vol creativiteit, energie en spontaniteit. Rutger 
en Day, Niels, Esther S, Esther V +1, Carien (mop, de tekst staat nog steeds op mijn 
zuurkast), Lianne, Sara M, Vinnie (gaat op mijn promotiefeest een celloconcert geven), Jan 
Hein, Jannie (succes in Zurich), Annelie (klimmaatje), Tibert en Suzanne, Sara A (practicing 
Spanish con una resaca). 

Next was the trainneeship at Homkat where I met an almost endless list of nice 
people. Thank you Ronald, for supervising my master project. Thanks to Rosalba, Ivo, 
Fabrizio, Tendai, Marcus, Rick, Alma, Piluka, Nicole, Jurjen, Dennis, Gianluca (who started 
the work described in chapters 4 & 5, which was a huge help), Avi, Massimo R, Yann (the 
man who can make himself misunderstood in 6 languages. Completely weird, but very good 
sense of humor), Wojciech (I enjoyed having you next to me in the lab. I'm a bit 
disappointed that you didn't give the Veni-borrel yet), Sander O (volgens mij ben jij geknipt 
voor de carrière die jij voor ogen hebt), Stefan L (misschien moet ik toegeven dat je op dit 
moment misschien wel een heel klein beetje beter bent in squash dan ik), Ludwig (onze 
zachtaardige Rambo), Monalisa (I can have great talks with you), Martin (de volhouder, 
succes met afronden), Fenna, Ping (you were a great addition to the water splitting group), 
Cristina (many thanks for the great welcome in Girona!) Danny, Zhou, Andrei, Qiqiang, 
Matthias, Riccardo (nice time in Poland), Andrei, Frédéric, Vivek (doei!), Paul, Lukas, 
Sandra N, Rafa, Pawel, Christophe, Yasmin, Anne, Colet, Pierre, Saeed, Xiaowu en Biswajit. 
De InCatT mensen, met wie ik al sinds mijn masterstage veel plezier beleef. Grote 
grappenmaker Sander K, wie bewijst dat je veel kan bereiken zonder altijd serieus te 
moeten zijn. Leuk om nu samen met jou een project te doen. Zohar (wijze woorden en 
samen zingen en Duits praten op het lab) en Lidy. Erg veel dank naar de technicians Taasje, 
Erik en Fatna. Ook de analisten: Jan G, je hebt als geen ander bijgedragen aan de sfeer 
binnen de afdeling en dat heb ik (en samen met mij vele anderen) altijd erg gewaardeerd. 
Jan Meine en Ed, het is fijn werken met analisten die zo behulpzaam zijn als jullie. 

Sometimes you find yourself phoning some colleagues even in the weekends to hang 
out. As if 40 hours per week is not enough. Juju, pizza at your balcony at 7 o'clock in the 
morning after partying, you playing the guitar and our cool talks until the sun comes up. 
What can I say: rock'nroll. René, zonder jou kennis van electrochemie hadden we nog als 
holbewoners op het lab gelopen. Op het lab hebben we wel eens een ander werkwijze, 
daarbuiten snappen we elkaar precies. Pauline, you were a huge support during my PhD and 
your advices helped me a lot. PhD coach and good friend in one, many thanks! Zof, you 
were great as a lab buddy. Still waiting for your housewarming party. Sara C, with whom i 
had amazing times, both in Amsterdam and Barcelona. Andrea P, who will always make sure 
I keep my feet on the ground.  

Ik heb het geluk gehad om tijdens mijn PhD drie slimme en enorm gemotiveerde 
studenten te mogen begeleiden. Bovenal kan ik het met alle drie enorm goed vinden. Bryce, 
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je hebt een vlotte babbel, goed gevoel voor humor en kennis van zaken, een goede 
combinatie voor iemand die wetenschapjournalist wilt worden. Esther, jouw project was erg 
lastig, maar je bent slim en hebt door je enorme inzet een goed project neergezet. Jij kan je 
als geen ander vastbijten in een project waardoor ik zeker weet dat jij je PhD traject goed 
gaat doen. Verder ben je gewoon erg cool, ben ik graag in jouw gezelschap en ben je tijdens 
je masterstage een goede vriendin van mij geworden. Renee, ik ken weinig studenten die 
het bureau van hun begeleider op een zaterdag gaan opruimen. Je hebt zoveel veel energie 
dat er een triatlon nodig is om jou stil te laten zitten. Het is geweldig om met zo een student 
te mogen werken. Een groot deel van het werk in hoofdstuk 2 is uitgevoerd door jou. 

Thomas J, who told me more than eight years ago that i should do a PhD. 

Het was ook een leuke samenwerking met Jeroen Rombouts, met wie ik altijd met 
plezier een koffie drink en die de photosensitizer van hoofdstuk 5 heeft geleverd. Also many 
thanks to Julian and Joanna for the colaborations. 

The people from one floor down: Zea, my colleague from the start my my PhD, 
however, I can’t remember talking about chemistry with you once (which is a good thing ;) ). 
Santi, the amazing cake baker, Marjo, Norbert en Paul.  Verder wil ik de Mol-Inc groep 
bedanken: Kees, Dorette, Joen en Ties, Andrea V (come and visit Amsterdam again) en de 
eerdergenoemde Mol-Incers (met wie ik zoveel tijd op het kantoor heb doorgebracht (niet 
werkend, EHBO)). 

The people in the photonics group were always willing to help me and always did so 
with a smile. For this I thank Sergio, Mathijs, Tibert, Tomislav, Tatu, Heleen, en Steven. 
Special thanks to Saeed. Our collaboration was not as fruitful as we hoped, but due to your 
humor and open personality I enjoyed working with you a lot. Verder waren Fred Brouwer 
en René Williams altijd bereid om geduldig al mijn vragen te beantwoorden, waarvoor 
dank. Datzelfde geldt voor Jan v M. Altijd vrolijk en in voor een praatje. Also many thanks to 
the rest of the Organic Chemistry group. 

En Sjeel, bedankt voor de gezeligheid in de koffiehoek. 

Thanks to my friends outside of the lab: Juanma and Laura, who pampered me for a 
month in Ibiza. I miss not having you around me a lot. The neighbors, Claudia, Miguel, Artur 
and Sander. Getting to know you was fast, intense and amazing. The best parties and 
dinners are the ones shared with you. Nowadays we don't meet as much as we used to, but 
our friendship is strong. Tiago, with whom I can have great conversations about everything 
and can always count on (and thanks for the cover of course). Verder Istvan, Paulien, 
Thijmen, Alex (and all the others from the Party People group), Eef, en Keri (thanks) voor de 
vriendschap. 

Mijn Montfoort vrienden, Jochem, Wout, Steijn en Corina (en Ronne), Roos (en Pim) 
en met name Jan Willem en Peter, die mij een weekendje mee namen naar Hamburg als 



138 
 

afleiding van het schrijven, geweldig dat jullie zoiets voor me organiseerden. Hierbij wil ik nu 
ook even officieel vastleggen dat ik jullie alle hoeken van de tennisbaan heb laten zien. Nu 
staat het zwart op wit. 

Teun, Netty, Gemma, Frank, Tonnie en Marida. Enorm bedankt voor jullie steun en 
hartelijkheid. Ik heb mij vanaf het eerste moment welkom bij jullie gevoeld. 

De familie van Deuren voor de leukste kerstdiners en uitstapjes naar Berlijn, Madrid 
en op de boot. Jullie kunnen dingen vieren als de beste en ik verwacht dat jullie dat ook op 
mijn promotiefeest zullen doen. 

Tot slot een speciale dank naar mijn ouders, Anne en Marcel en Merle. Al lijkt mijn 
leven hier soms ver verwijderd van dat van jullie, zo ervaar ik dat absoluut niet. Jullie zullen 
altijd alles in jullie macht doen om mij te helpen en ik ben trots dat ik met jullie mijn PhD 
kan gaan vieren. We hebben tijdens mijn PhD traject een aantal lastige momenten moeten 
overwinnen, maar daar staan mooie tegenover (Merle), en dat maakt ons steeds weer 
sterker als familie.  

 

 


