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“And what will they burn instead of coal?”

“Water,” replied Harding.

“Water!” cried Pencroft, “Water as fuel for steamers and engines! Water to heat 
water!”

“Yes, but water decomposed into its primitive elements,” replied Cyrus Harding, 
“and decomposed doubtless, by electricity, which will then have become a power-
ful and manageable force, for all great discoveries, by some inexplicable laws, ap-
pear to agree and become complete at the same time. Yes, my friends, I believe 
that water will one day be employed as fuel, that hydrogen and oxygen 
which constitute it, used singly or together, will furnish an inexhaustible 
source of heat and light, of an intensity of which coal is not capable. Some-
day the coal rooms of steamers and the tenders of locomotives will, instead of 
coal, be stored with these two condensed gases, which will burn in the furnaces 
with enormous calorific power. There is, therefore, nothing to fear. As long as the 
earth is inhabited it will supply the wants of its inhabitants, and there will be no 
want of either light or heat as long as the productions of the vegetable, mineral or 
animal kingdoms do not fail us. I believe, then, that when the deposits of coal are 
exhausted we shall heat and warm ourselves with water. Water will be the coal 
of the future.”

“I should like to see that,” observed the sailor.

Jules Verne – The Mysterious Island (1874)
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The Transition from a Fossil Fuel 
Economy to a Hydrogen Economy

Early human life developed alongside a system of production and consumption of 
food. Our earliest ancestors were hunter-gatherers, and as long as populations re-
mained small, the natural abundance of animals and plants was sufficient to give 
human life the necessary boost to develop society. However, when populations 
grew and societies organized themselves in settlements, the natural food supplies 
became limiting and people had to invent agriculture – the large-scale produc-
tion of food. Producing food by means of natural photosynthesis using a combi-
nation of water, carbon dioxide and solar energy, and releasing the energy in the 
body through the Krebs cycle whilst releasing carbon dioxide, we created the first 
sustainable, circular (closed-cycle) economy. However, to build a society based on 
farming, humankind first harvested the available food from nature, then used it – 
instinctively – to invest it in building a sustainable society.

Roughly 10,000 years later, our society faces a similar challenge, but this time with 
fuel instead of food. The natural abundance of fossil fuels gave us the possibility 
to industrialize the world in a very short time, which brought the world great 
overall prosperity. These fossil fuel reserves have – for the largest part – been used 
as a technological investment into global society as such. Now that the industrial 
revolution is ending and the world has changed in a profound way, it becomes 
evident that depleting the remaining fossil fuels has a huge detrimental impact on 
the global environmental, societal and economic structures. Luckily, most people 
nowadays realize that we have to make the transition back to a sustainable, circu-

Figure 1. Similarities between the agricultural and industrial revolutions.
World population over time (log-log scale), showing how both the agricultural and the in-
dustrial revolution gave a boost to population through depletion of naturally occurring food 
and fuel sources.1,2
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lar economy. This paradigm shift has now brought about the discussion what this 
sustainable economy should look like.

Just as the agricultural revolution, the industrial revolution will eventually lead 
to the development of a global system of fuel ‘farming’ to replace fuel ‘gathering’. 
A practical and likely candidate for a long-term sustainable, circular economy is 
based on sunlight due to its abundance and its availability anywhere on the planet. 
Through photovoltaics we can convert sunlight into electricity and use it to power 
industry, transportation and home appliances. However, the intermittency of sun-
light necessitates the transport and storage of electricity.3 Transporting electricity 
over large distances leads to energy losses, but storage in (redox flow) battery-type 
devices has recently started to show great potential.4 For mobile applications (cell 
phones, cars, aeroplanes, etc.) it is at present difficult to predict what viable ener-
gy carriers would look like, and current research is equally strongly devoted to 
developing batteries as it is to 
storing electricity in chemical 
bonds (creating gaseous or liq-
uid fuels).5

A straightforward way to store 
electricity in chemical bonds is 
by electrolysis of water. In this 
process two water molecules 
are converted to one molecule 
of oxygen. The remaining four 
protons and four electrons 
(which contain the converted 
electrical energy) can then be used to create a fuel. The most straightforward fuel 
is hydrogen gas (H2), produced by combining two electrons and two protons, but 
these protons and electrons can also be used to convert an existing low-energy 
molecule (e.g. carbon dioxide; CO2) to a higher-energy molecule such as methanol 
(CH3OH) or methane (CH4). These different forms of fuel all have their pros and 
cons. For example, hydrogen can be made without the use of carbon dioxide, avoid-
ing the need for CO2 capture from the air. On the other hand, methanol is a liquid 
at room temperature, which is easy to handle but also quite toxic, and for methane 
the existing natural gas infrastructure can be used after some adaptation, but its 
production from CO2 and protons/electrons is challenging.6 

An excellent review of reviews by McDowall and Eames summarizes the main 

Figure 2. A schematic depiction of the circular reac-
tion scheme in the hydrogen economy.
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(short term) drivers towards a hydrogen economy and barriers that slow down its 
implementation in our current society.7 The drivers are more or less self-explanato-
ry, with climate change and air quality being serious threats to our health and the 
environment. The availability of solar energy all over the planet leads to a situa-
tion where energy is inherently decoupled from (geo)politics and where everyone 
with the ability to finance infrastructure can be a competitor on the global ener-
gy market. The drivers can therefore be summarized as factors increasing health 
and independence. The barriers are mainly of financial and technological origin. 
In developed countries, niche applications tend to stimulate the hydrogen market 
development. Fuel cell vehicles are one of these niche applications that have come 
to life in the past decade, speeding up the deployment of hydrogen fuel stations 
and their infrastructure.8

However, past investments in existing fossil fuel-based infrastructure are at this 
moment largely suppressing the development of non-fossil fuel-based technologies 
in developed countries.9,10 For this reason, it is expected that the hydrogen econo-
my will first be operational in developing countries, where little infrastructure yet 
exists but the demand for energy is steadily increasing.11 Decentralized hydrogen 
production in these parts of the world largely avoids the need of expensive infra-
structure. However, the more widespread and decentralized hydrogen production 
becomes, the higher the need for new infrastructure will become. Many studies 
have been published on hydrogen infrastructure focussing on hydrogen produc-
tion, compression, transportation and fuelling stations. An interesting example of a 
new-era power grid is the idea of a hydrogen-filled SuperGrid, where electricity and 

Figure 3. Barriers, drivers and catalyst in the transition from a fossil fuel-based to a hy-
drogen-based economy.7
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hydrogen are simultaneously trans-
ported, with liquid hydrogen cooling 
to make the grid superconducting.12

Apart from infrastructural issues, the 
high costs of hydrogen production and 
fuel cells is a challenging issue to be 
solved. In a rather simplistic view, 
hydrogen production devices and fuel 
cells can be regarded as the same 
thing, as they do the same job, albe-
it in opposite directions. A hydrogen 
production device requires energy to split water into oxygen and hydrogen, where-
as a fuel cell combines hydrogen and oxygen (or air) into water, thereby releasing 
electrical energy. For a large part, the high cost of these devices is due to the use of 
expensive catalysts – the materials that actively interconvert protons and electrons 
with hydrogen. The most widely used catalyst nowadays is platinum, which is both 
scarce and expensive. A lot of effort is put in the development of novel catalysts to 
replace platinum with a cheaper, more abundant material.

The artificial leaf

The production of hydrogen through splitting of water requires energy, which can 
be either thermal (thermolysis), electrical (electrolysis) or electromagnetic (photol-
ysis) in nature. Common commercial hydrogen production devices are high-tem-
perature, alkaline or proton-exchange membrane (PEM) electrolysers, often based 
on platinum (proton reduction) and iridium (water oxidation) as active catalysts.13,14 
When operated in a sustainable fashion, these electrolysers can be powered by 
photovoltaics to obtain an overall device that can produce hydrogen from water 
and sunlight. In this method, light is first converted to electricity, which is then 
converted to fuel. However, these two steps can also be combined into one, avoid-
ing the use of electricity. This direct conversion of water and light into hydrogen 
is strikingly similar to natural photosynthesis. For this reason, devices that try to 
accomplish this task are commonly dubbed artificial leaves.15

In photosynthetic organisms, the thylakoid membrane contains all the building 
blocks to capture sunlight and spatially separate charges into electron-hole pairs 

Figure 4. Schematic depiction of a PEM elec-
trolyzer and a PEM fuel cell.
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that are subsequently used to oxidize water on one side and generate energy carri-
ers (‘fuel’) such as NADPH on the other side. Charge separation occurs over a re-
dox gradient, which is organized in a so-called ‘Z-scheme’.16,17 Starting from the left 
side of the scheme, the oxygen evolving complex (OEC) oxidizes water to release 
oxygen, protons and electrons. On excitation with red light, the antenna system of 
photosystem II (PSII) accepts an electron from the OEC while donating an electron 
to plastiquinone (QH2). This electron then travels down the redox gradient, into 
cytochrome b6f (Cyt b6f ) via [2Fe-2S] clusters and haem, into a copper-containing 
plastocyanine (Pc) and down into the second photosystem (PSI). After excitation 
with light, the antenna system of PSI can then donate its high-energy electron into 
a [4Fe-4S] ferredoxin (Fd) electron acceptor. These electrons are used to generate 
NADPH, which can be seen as the cell’s dihydrogen (H2) equivalent. The redox 
levels in the Z-scheme are all properly matched to ultimately deliver electron-hole 
pairs that have the right redox levels to split water (+0.81 V and –0.42 V vs. SHE 
at pH 7). These redox levels are perfectly balanced to obtain reduced and oxidized 
states that have the proper lifetime for the desired reaction to occur, as well as the 
right driving force to ensure proper kinetics.

Photosynthetic organisms have to continuously adapt to changing conditions, re-
pair themselves when damaged and are limited in design by the synthetic toolbox 
supplied by nature, leading to a meager 1%-3% overall light conversion efficiency.18 
In contrast, an artificial leaf can be designed to operate under a limited set of con-

Figure 5. Simplified depiction of the Z-scheme in photosynthesis.
Redox levels (vs. SHE) are approximate and rounded to 0.1 V. Only the redox-active parts of 
the structures are shown. P680/P700, Phe a and haem all follow the same general (porphy-
rinic) structure, but containing different metals (M = Mg, H2 and Fe, respectively).
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ditions, while the versatility of synthetic chemistry can be fully exploited to find 
suitable materials unknown to nature. However, the basic design principles remain 
the same: the redox levels in an artificial leaf should be sufficient to drive water 
splitting, and the kinetics of the system should be matched to the solar flux under 
which the device operates.

The building blocks needed to create an artificial leaf can be divided into three 
parts: (a) the chromophoric part (‘photosensitizer’ or PS) that captures light, (b) two 
catalysts for water oxidation (WOC) and proton reduction (PRC), respectively, and 
(c) an electron transfer chain (ETC) connecting the catalysts and photosensitizers. 
These systems are often studied as half-reactions, where water oxidation and pro-
ton reduction are studied separately. The rationale is that these half-reactions can 
in principle be seen as black boxes, that can be connected together provided the po-
tentials and currents are matched. Most reported systems can be classified as either 
a triad (both PRC and WOC are coupled to the same PS) or dyad/dyad (two PS-cat-
alyst dyads are connected together). The advantage of using multiple chromophoric 
systems is that a larger part of the solar spectrum can be captured. However, this 
comes at the cost of using multiple photons per electron, so an increase in overall 
efficiency is only expected in well-matched systems, such as the light-harvesting 

Figure 6. Simplified redox level diagram of molecular triad and dyad/dyad systems, and 
their respective use of the solar spectrum.
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complexes in photosystem I and II. Within these natural systems, additional chro-
mophores are assembled around the main chromophore, and their excited states are 
harvested by the central chromophores through resonant energy transfer.19

Inorganic artificial leaves

In 1912, the Italian chemist Giacomo Giamician published an article in Science 
entitled “The photochemistry of the future”, elaborating on using solar energy to 
surpass the use of fossil fuels.20 Little did he know, that only 60 years later a proof 
of concept for his ideas would be realized. In 1972, Fujishima and Honda published 
the first stand-alone device that could split water into its constituents by irradia-
tion of a titania (TiO2) photoanode using visible light (hν < 415 nm).21 This device 
used a single light-absorbing entity, analogous to the triad model discussed before. 
A quarter century later, Khaselev and Turner reported on an integrated, monolithic 
photoelectrochemical cell for water splitting with a dual light absorber analogous 
to the dyad/dyad model, reaching a hydrogen production efficiency of 12.4% using 
white light irradiation.22 The core of this artificial leaf consisted of a gallium-arse-
nide (GaAs) photovoltaic cell coupled to a platinum anode for water oxidation on 
one side and a p-doped gallium-indium-phosphide (GaInP2) photocathode for pho-
tocatalytic proton reduction. In 2011, Nocera et al. reported the first artificial leaf 
based on earth-abundant metals using triple-junction amorphous silicon photovol-
taics, a cobalt-based water oxidation catalyst and a nickel-molybdenum-zinc proton 
reduction catalyst, reaching a maximum efficiency of 4.7%.23 This design concept 

Figure 7. Selected examples of inorganic artificial leaves.
Left: Nocera (2011). Right: Van de Krol (2013).
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was further extended to the use of a new generation of photoanodes such as bis-
muth vanadate (BiVO4)

24 and photovoltaic materials such as organic semiconduc-
tors25 and lead perovskite26 (CH3NH3PbI3), leading to a current record solar-to-fuel 
efficiency of 12.3%.27

Biohybrid artificial leaves

Artificial leaves (or parts thereof) can be completely synthetic in nature, but can 
also partly contain structures isolated from nature. Some of these hybrid systems 
use parts of the thylakoid membrane, whereas others use parts of non-photosyn-
thetic organisms.28,29 A variety of reported biohybrid proton reduction dyads use 
isolated photosystem I coupled to synthetic proton reduction catalysts based on 
nickel,30 cobalt31 or platinum,32,33 or even coupled to isolated iron-iron hydrogenase 
([FeFe]H2ase)34,35 – a naturally occurring enzyme that reversibly reduces protons 
to hydrogen with rates similar to platinum, the best synthetic catalyst known to 
date. In another type of hybrid dyad, this [FeFe]H2ase enzyme has been coupled to 
(inorganic) semiconducting photocathodes such as cadmium sulfide and cadmium 
telluride quantum dots,36,37 exemplifying the wide variety of systems into which 
biomolecules have been integrated.

On the water oxidation side, the complete PSII system has been isolated and immo-
bilized on gold,38 nanostructured titania (TiO2)

39 and mesoporous indium-doped tin 
oxide (ITO)40 electrodes to create fully functional biohybrid water oxidation photo-
anodes. Although some of these systems show remarkable efficiencies and stabil-
ities, the use of biomolecules in artificial leaves is still hampered by troublesome 
isolation and purification methods. To avoid these issues, researchers often try to 
make synthetic mimics of the active site of photosystems and enzymes. These mim-
ics ideally behave identical to the natural system, with the ease of synthetic acces-
sibility.

Molecular artificial leaves

Over the past years, numerous reviews have been published that focused on the 
development of synthetic, molecular artificial leaves and their sub-systems. A re-
cent review by Sun and co-workers outlines the progress made in molecular pho-
tocatalytic water splitting, where dyes are often anchored to electron (TiO2) or hole 
(NiO2) accepting semiconductors, with catalysts anchored to the respective dyes.41 



Chapter 1

— 10 —

On the water oxidation side, most photosensitizers are ruthenium-based because of 
their high oxidation potential and long-living exited states, making them (in effect) 
photo-generated chemical oxidants. Water oxidation catalysts are often based on 
ruthenium or iridium. On the proton reduction side, a variety of (in)organic photo-
sensitizers have been shown to work, either in combination with a cobaloxime PRC 
or as a photocatalyst by itself.

As these molecular systems are generally soluble in either an organic solvent, water 
or a mixture thereof, they are often first studied as a multi-component system in 
solution, using a sacrificial reductant or oxidant to mimic the respective electrode. 
In a next step, the multiple components are connected together and immobilized 
on an electrode or, alternatively, the components are co-immobilized on an elec-
trode. For these reasons, most reviews on molecular water splitting generally focus 
on either electrocatalysis or photocatalytic systems for proton reduction or water 
oxidation. The general rationale is that electrocatalysts can in most cases also be 
used as photocatalysts when coupled to a suitable photosensitizer – catalysis can 
then in principle occur in a similar fashion, with electrons being supplied by the 
photosensitizer instead of an electrode. Likewise, photocatalytic systems that work 
in solution using a sacrificial reductant or oxidant, can in principle be immobilized 
on an electrode to obtain a similarly behaving system. It should be stressed here 
that while this is the case in principle, in practice the immobilization of catalysts or 
photocatalytic assemblies onto electrodes turns out to be much less straightforward 
than it is on paper. One of the complicating factors lies in the inherent different na-
ture of the electron accepting/donating moieties: sacrificial reductants and oxidants 
generally display quite rich (follow-up) chemistry, whereas electrodes are merely a 

Figure 8. Schematic depiction of a photocatalytic proton reduction half-reaction.
Studied as (left) multicomponent in solution, (middle) co-immobilized on an electrode and 
(right) immobilization of a dyad system on an electrode.
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‘pool of electrons’ at a certain potential.

Molecular catalysts for water splitting – electrocatalysis

A recent review on molecular water oxidation catalysts (WOCs) nicely illustrates 
the often-found diagonal relationship in the periodic table of elements, with the 
best performing WOCs containing manganese, ruthenium or iridium (and, to a 
lesser extent, iron and cobalt).42 However, despite its scarcity and price, ruthenium 
is the element that is still most often used in WOCs.43 Electrocatalysts for proton 
reduction (PRCs) are most often based on cobalt, nickel or iron,44 with polypyridyl 
ligands recently gaining a lot of attention.45,46 These molecular catalysts are most 
often studied electrochemically, whereby electrons are removed from or added to 
the catalyst from an electrode. The formed oxidized or reduced catalysts can then 
activate the desired substrate (water or protons) and undergo sequential redox or 
chemical processes. By carefully choosing the operating conditions, it is possible to 
extract kinetic and thermodynamic data from the obtained current responses, as 
well as stability constants. This data is most often provided in the form of a turn-
over number (TON), a turnover frequency (TOF) and an overpotential (η), which can 
be used for the recently published rational benchmarking approaches for molecular 
electrocatalysts.47,48

Figure 9. Sub-system studies for the proton reduction half-reaction.
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Molecular photosensitizer-catalyst systems for water splitting – 
photocatalysis

Before photosensitizers and catalysts are used for the construction of an artificial 
leaf, they are most often studied in homogeneous solution with a molecular sacrifi-
cial reductant/oxidant instead of an electrode. These three-component systems are 
then irradiated with a suitable light source and the cell’s head space is sampled over 
time to monitor evolved hydrogen or oxygen gas. From these data, typical figures 
of merit are again TON and TOF, with additional factors such as the photon-to-fu-
el conversion efficiency. However, as molecular catalysts and photosensitizers for 
water oxidation are still relatively under-developed, current literature and reviews 
thereof generally focus more on proton reduction. Recent reviews on photocatalytic 
proton reduction focus on the use of porphyrins,55,56 rhenium-based photosensitiz-
ers,57 photoactive semiconductors58,59 or molecular dye-sensitized structures60 – all 
in conjunction with or coupled to61 suitable proton reduction catalysts. Additional-
ly, as the field matured, enough data became available to study the linker between 
photosensitizers and catalysts, which can be altered to affect the rate as well as the 
directionality of electron transfer.62

Figure 10. Proton reduction and water oxidation catalysts.
Commonly used PRCs based on nickel,49 cobalt50 and iron51 and WOCs based on ruthenium 
(isoq = isoquinoline),52 iridium53 and manganese.54
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Synthetic mimics

Reverting from artificial, molecular systems back to the natural photosynthetic sys-
tem, we can easily see that all the components to construct a well-functioning ar-
tificial leaf are already present in nature. Looking at the simplified photosynthetic 
scheme from Figure 5, we could modify the right part of the scheme by taking out 
the part that produces NADPH (ferredoxin-NADP+ reductase) and introduce a part 
that uses the same electrons and protons to produce hydrogen: the hydrogenase 
(H2ase) enzyme. Golbeck et al. coupled photosystem I to the [FeFe]H2ase enzyme 
using a dithiol linker to obtain a system that outperforms natural photosynthesis 
by a factor two in terms of electron transfer rates.34,63 The beauty of this system is 
exemplified by the fact that the electron transport chains of both PS I and [FeFe]
H2ase are constructed of [4Fe-4S] clusters and are thus fully compatible.

However, for large-scale deployment of artificial leaves the use of isolated biomole-
cules is hampered by elaborate (costly) isolation and purification steps. For this rea-
son, a lot of research is devoted to mimicking nature by attempting to synthesize 
mimics of the active sites present in photosynthetic reaction centers and enzymes. 
These compounds are generally classified as being either structural or functional 
mimics of the natural system, where the first is as close as possible to the original 
structure and the latter a mimic of the functionality the natural system displays. In 
most practical cases, reported mimics are a mix of both structural and functional 
mimicry.

Figure 11. Schematic depiction of PS 1 and [FeFe]H2ase immobilized on an electrode.
The electron transport chain (ETC) of PS 1 and [FeFe]H2ase is depicted in pink. The active 
sites of the enzymes consist of chlorophyll pigments and an [2Fe-2S] cluster, respectively.
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Mimicking the [FeFe]H2ase enzyme

The all-iron hydrogenase enzyme is the most efficient proton reduction catalyst 
found in nature, with catalytic turnover rates comparable to platinum at around 
10,000 s–1 with minimal overpotential.64 The active site of the enzyme consists of 
a [2Fe-2S] cluster bound to three carbonyl and two cyanide ligands, which are in 
turn hydrogen bonded to the apoenzyme. The two sulfur atoms are connected by 
a three-atom long fragment whose chemical composition was until recently debat-
ed,65 but has now been established to be a nitrogen atom in-between two carbon 
atoms.66 A cysteine residue connects the [2Fe-2S] cluster through its sulfur atom to 
a [4Fe-4S] cluster which is part of the electron transport chain, accepting electrons 
and donating them into the active site. This assembly of [2Fe-2S] and [4Fe-4S] clus-
ters is commonly referred to as the H-cluster.

In recent years, attention has been drawn to two functionalities of the H-cluster. 
The nitrogen atom in the active sites bridgehead is a Brønsted base and pre-or-
ganizes protons close to the active site, a functionality commonly called ‘proton 
relay’. The [4Fe-4S] cluster functions as an electron reservoir, accepting electrons 
from the electron transport chain and donating them into the active site during 
catalysis.69 Within the catalytic cycle for proton reduction (neglecting CO-inhibited 

Figure 12. Selected [FeFe]H2ase mimics.
The H-cluster framework of the [FeFe]H2ase (top left), a structural mimic reported by Tard 
and Pickett (bottom left)67 and a functional mimic reported by Rauchfuss (right).68
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states), the H-cluster in its Hox state ac-
cepts an electron and a proton to form the 
Hred state. This added electron is first lo-
cated on the [4Fe-4S] subsite, followed by 
electron transfer to the distal iron atom 
of the [2Fe-2S] subsite70 – the added pro-
ton is located on the bridgehead amine. 
One-electron reduction of the Hred state to 
the super-reduced Hsred state leads to the 
reduction of the [4Fe-4S] co-factor. Inter-
estingly, on protonation of this Hsred state, 
this electron on the electron reservoir is 
shuttled to the distal iron atom. After loss 
of hydrogen, the Hox state is reformed. 
It can thus be seen that both electrons 
needed in the reaction are supplied by 
the electron transport chain, mediated by 
[4Fe-4S] clusters. Moreover, it seems that 
the low overpotential of proton reduction by [FeFe]H2ase requires proton-coupled 
electron transfer steps,71 whereby electrons and protons are transported together 
to the active site, which is energetically more favorable than stepwise transfer of 
protons and electrons.72

The desired properties of [FeFe]H2ase mimics (or PRCs in general) resemble those of 
the enzyme, in that the catalyst should catalyze the reduction of protons:

•	 With high efficiency:
•	 High enough turnover rate (TOF) to keep up with the supply of photons 

from the sun: 102-103 s–1 is generally deemed sufficiently fast.
•	 At a potential close to the thermodynamic potential of proton reduction (0.41 

V vs. NHE at pH 7), or (alternatively stated) at minimal overpotential (η).
•	 With decent turnover numbers (TON):

•	 Tolerance to the presence of oxygen (this is not the case for [FeFe]H2ase 
enzymes).

•	 No intrinsic deactivation pathways.
•	 Operate in water at (close to) neutral pH.

A lot of research has been devoted to elucidating the structure-function relation-

Figure 13. Simplified operative catalytic 
pathway of [FeFe]H2ase illustrating the 
electron reservoir and proton relay.69
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ship of the various hydrogenase enzymes,73 leading to a plethora of structural and 
functional mimics of the enzyme’s active site.74,75 When research interest into these 
mimics sprouted in 1999, the exact configuration of the bridgehead (connecting 
the dithiolate fragment) had not yet been elucidated, but was thought to contain 
only carbon. For this reason, the groups of Darensbourg, Pickett and Rauchfuss 
started on mimics containing propanedithiolato (μ-pdt) bridges.75 Fortunately, the 
chemistry to access these structures was already established in 1982, when the 
iron carbonyl precursor Fe3(CO)12 was reacted with a small library of α,ω-dithiols 
to give the respective hexacarbonyl clusters (μ-dithiolato)Fe2(CO)6.

76 This led to the 
first family of synthetic pdt-functionalized [2Fe-2S] clusters as biomimetic cata-
lysts for H2 production and to the first structural mimic of the complete H-cluster 
framework.67 The next generation of mimics operated along different paths, with 
the group of Rauchfuss mainly focusing on structural mimics containing the aza-
dithiolato (μ-adt) bridge, and other groups focusing on mimics containing aromatic 
bridges such as the benzenedithiolato (μ-bdt) bridge.75 In 2011, the group of Rauch-
fuss published a [FeFe]H2ase mimic containing both an electron relay and a pro-
ton relay that are both operative under catalytic conditions.68,77 Since the presence 
of proton relays and electron reservoirs could in principle benefit any proton re-
duction catalyst, mimicking hydrogenases has found its way outside the realm of 
iron-sulfur clusters into various catalytic systems incorporating proton relays49,78–80 
and electron relays.81,82 However, the ideal molecular proton reduction catalyst has 
still not been reported, as in most cases the catalysts either operate at high overpo-
tential or low rate, they are only active in organic solvents or are oxygen sensitive.

The three main families of H2ase mimics discussed before (with bridge moieties 
denoted as pdt, adt and bdt) all consist of a similar [2Fe-2S] core, but differ in 
the dithiolate bridge. The parent compounds contain six carbonyl ligands and are 
thus dubbed ‘hexacarbonyls’. In absence of acid, the hexacarbonyl complexes follow 
quite different redox chemistry, depending on the nature of the bridge (Figure 15). 

Figure 14. Commonly studied [FeFe]H2ase mimics.
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In the hexacarbonyl complex with the fully aliphatic carbon (pdt) bridge, the first 
one-electron reduction process occurs at –1.62 V with no major structural changes 
in the mono-anion compared to the neutral complex.83 This mono-anion is suscep-
tible to a wide variety of rearrangements and dimerizations, and although the re-
duction of the mono-anion to the di-anion can be probed (it occurs around –1.81 V), 
the rich follow-up chemistry after reduction generally limits the use of this H2ase 
mimic.84 On replacing the central bridge carbon in pdt mimics with a nitrogen 
atom, the first reduction potential and follow-up chemistry do not change appre-
ciably.83 However, the presence of the nitrogen atom changes the overall reduction 
chemistry, since the second reduction potential is at roughly the same potential as 
the first (Figure 15), and the mono-anion is kinetically protected against detrimen-
tal follow-up chemistry. After overall two-electron reduction, the [2Fe-2S] butterfly 
structure in (μ-adt)Fe2(CO)6 opens up in favor of a bridging carbonyl ligand, which 
has been postulated as being of great importance in the formation of terminal 
hydrides, stabilized by the nitrogen bridgehead atom.85 The benzenedithiolato hex-
acarbonyl complex (μ-bdt)Fe2(CO)6 follows similar chemistry as the adt mimic, but 
with the second reduction at even more positive potentials.51 This behavior has 
been attributed to the aromatic character of the bridge,86 and similar potential in-

Figure 15. Redox processes in hexacarbonyl complexes.
Reduction potentials (in CH3CN vs. Fc/Fc+) and molecular structures of the anions (simpli-
fied) of pdt, adt and bdt hexacarbonyl complexes in absence of acid. (R = -CH2CH2OCH3).
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versions have been observed in various 
mimics containing aromatic bridges.87

In presence of weak to moderately 
strong acids – a desired condition for 
application in an artificial leaf – all 
aforementioned complexes have to be 
activated by reduction before enter-
ing a catalytic cycle. The mono-anion 
of the (μ-pdt)Fe2(CO)6 complex is basic 
enough to react with p-toluenesulfonic 
acid (pKa 8.6 in CH3CN), leading to an 
overall (E)CECEI catalytic mechanism 
at potentials close to the first reduc-
tion potential.88 For the (μ-adt)Fe2(CO)6 
mimic, weak acid catalysis occurs via 
two competing mechanisms (ECEC 
and ECCE for ClCH2COOH in CH3CN, 
pKa 15.3) at similarly mild potentials.89 
When employing an acid that is strong enough to protonate the bridgehead amine 
(e.g. p-toluenesulfonic acid), catalysis occurs via a CECE mechanism, but at po-
tentials milder than the reduction potential in absence of acid. Weak acid cataly-
sis using (μ-bdt)Fe2(CO)6 leads to an (E)ECEC mechanism (acetic acid in CH3CN),51 
whereas employing a stronger acid (HOTs in CH3CN) allows direct protonation of 
the hydride species – eliminating one electron transfer in the catalytic cycle – 
leading to an EECC mechanism. An important observation is that whereas the 
mono-anions of the pdt and adt mimics are basic enough to be protonated by weak 
acid, the mono-anion of the bdt mimic does not get protonated, due to a structural 
transformation after reduction.51 It should be noted here that a bridging carbonyl 
in the mono-reduced state has recently been experimentally disproven in favor of 
a mono-anion with a ruptured Fe-S bond, but with all CO fragments in a terminal 
binding mode.90 Following the rational benchmarking approach, a logTOF-overpo-
tential (‘Tafel’) plot can be constructed for all three catalysts using a range of dif-

I  The terminology for electrocatalytic mechanisms generally follows the form (A)
XXXX, with X=E for electron transfer and X=C for proton transfer. The activation step A 
follows (E)XXXX for weak acids through activation by electron transfer. In strong acid-ca-
talysis, pre-protonation can lead to (C)XXXX (unimolecular) or (C)XX (bimolecular) mecha-
nisms.

Figure 16. Rational benchmarking approach.
Comparison of the three hexacarbonyl cata-
lysts using weak to moderately strong acids 
in CH3CN.
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ferent acids (Figure 16).47,48,89 From this plot it can be seen that within the hexacar-
bonyl complexes, the azadithiolate complex is the better catalyst, especially when 
weak acids are employed.

The Brønsted basicity of the (reduced) hexacarbonyl complexes can be increased 
by substituting one or more carbonyl ligands (good π-acceptors) for e.g. phosphine 
ligands (good σ-donors).86,91 However, care must be taken, since substitution of CO 
for PPh3 generally shifts the reduction potential negatively by around 0.2 to 0.3 V.92 
If the potential increase is more than 59 mV per pKa increase (at standard condi-
tions) of the reduced species, the overall effect can be detrimental, even though 
reactivity seems to increase. This effect has been observed for the reduction of 
HOTs in CH3CN by (μ-bdt)Fe2(CO)6 and the trimethylphosphite substituted com-
plex (μ-bdt)Fe2(CO)5(P(OMe)3) where under the applied conditions the substituted 
complex attains a higher turnover rate, although careful analysis shows that the 
hexacarbonyl complex is in fact the better catalyst of the two.93 It therefore seems 
that tuning of the electronics of a proton reduction catalyst is in general only ben-
eficial for catalysis if it opens up novel reactivity (protonation pathways, internal 
transformations).

Mimicking photosystem I

The crystal structure of photosystem I shows that its core antenna system is com-
prised of around 100 chlorophyll a and 15 β-carotene units.94 These highly conjugat-
ed pigments harvest incoming light and funnel the energy down into the core of 
the photosystem: the chlorophyll dimer PsaA/PsaB. The resulting excited states are 
then efficiently transformed into spatially separated electron-hole pairs by transfer-

Figure 17. Various methods to incorporate porphyrins into artificial leaves.
Left: DSSC approach.56 Right: layer-by-layer growth of porphyrin antenna systems.96
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ring the electrons to quinone moieties and even further-lying [4Fe-4S] electron ac-
ceptors. Photosystem mimics are often constructed of molecules closely resembling 
the structure of chlorophyll, such as porphyrins, which are relatively readily acces-
sible, with functionalization possible at various positions and metalation achieved  
with a variety of metals.55,95    

One way to use porphyrins in artificial leaves is to sensitize porphyrins that are 
attached to semiconductor nanoparticles, which in turn can be used for electron 
transfer to a suitable PRC.56 This strategy can be extended to antenna-like systems 
which can be built up on electrode surfaces, avoiding the need for nanostructured 
electrodes. This strategy has been applied by the group of Dinolfo using a lay-
er-by-layer (LbL) approach based on copper-catalyzed azide-alkyne cycloaddition 
(CuAAC ‘click’ chemistry).96

Recently, the use of metal-organic frameworks (MOFs) has entered the field of ar-
tificial leaves.97 The advantage of these materials is that they are relatively easy to 
make, provide a heterogeneous yet porous structure to support catalysts and can be 
grown or deposited on electrodes. The incorporation of porphyrins into MOFs that 
are stable under acidic conditions has also been established.98 Growing of porphy-
rin MOFs onto electrodes can be done either under solvothermal conditions99,100 or 
by employing a layer-by-layer method.101,102 After solvothermal synthesis, MOFs can 
be deposited onto electrodes by electrophoresis.103 Most of these methods yield MOF 
thin films with redox centers that are electrochemically addressable, a necessary 
feature for solar harvesting applications.

Figure 18. Methods for the preparation of MOF thin films on electrodes.



Introduction

— 21 —

Thesis scope and outline

This thesis is the result of a research project within the BioSolar Cells consortium 
of the Netherlands, which aims at creating novel approaches for solar-to-fuel con-
version. This research project entailed the development of novel supramolecular 
proton reduction catalysts, which could be anchored to electrodes or to photosensi-
tizers, allowing for modular system building and rapid screening.

Chapter 2 discusses in detail the electrochemical methods and data analysis tech-
niques used throughout the thesis. The chapter starts with an introduction into 
electrochemistry and cyclic voltammetry, and shows how the shape of a cyclic 
voltammogram can be easily explained by the Nernst equilibrium and diffusive 
mass transfer. It then shows how electron transfer processes can be elucidated, in 
absence and presence of a reaction substrate. The last part of the chapter is devot-
ed to the determination of catalytic efficiencies, both for ideally behaving systems 
and systems displaying interfering side-effects. Various ways of forcing a system 
into a kinetic region apt for analysis are discussed. The chapter is by no means 
exhaustive, but aims to outline the general principles and techniques that can be 
employed for a variety of cases typically encountered when studying electrocata-
lysts by cyclic voltammetry.

Chapter 3 studies a phosphoramidite modified [FeFe]H2ase mimic as a model for 
photodriven production of H2. On cathodic activation, the pyridyl-phosphoramidite 
complex exhibits a strongly enhanced rate of proton reduction over the previously 
reported pyridylphosphine model at the same overpotential. Analysis of the cyclic 
voltammograms shows an apparent H2 evolution rate strongly influenced by the 
presence of both side-bound pyridyl and phosphorus-bound dimethylamino moi-
eties at the phosphoramidite ligands. This difference is ascribed to the basic amines 
acting as proton relays.

Chapter 4 reports on a synthetic H2ase mimic that contains a redox-active phos-
phole ligand as an electron reservoir, a feature also crucial for the operation of 
the natural enzyme. Using a combination of (spectro)electrochemistry and time-re-
solved infrared spectroscopy we elucidate the unique redox behaviour of the cata-
lyst. We find that the electron reservoir actively partakes in the reduction of protons 
and that its electron-rich redox states are stabilized through ligand protonation. In 
dilute sulfuric acid, the catalyst has a turnover frequency of 7.0∙104 s–1 at an overpo-
tential of 0.66 V. This catalyst is tolerant to the presence of oxygen, thereby paving 
the way for a new generation of synthetic H2ase mimics that combine the benefits 
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of the enzyme with synthetic versatility and improved stability.

Chapter 5 describes in more detail the effect of redox-non-innocent phosphole li-
gands on the redox properties and proton reactivity of [FeFe]H2ase mimics equipped 
with such a moiety. We show that after reduction, the structural integrity of the 
phosphole complexes is retained through electron delocalization onto the phos-
phole backbone, opening up weak-acid protonation pathways that are inaccessible 
in the reference phosphine and all-carbonyl complexes.

Chapter 6 summarizes our efforts in designing functional porphyrinic materials 
for the construction of a photocathode for use in an artificial leaf.
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Cyclic voltammetry
As an introduction into cyclic voltammetry, I would like to quote Molina et al.1 
in Recent Advances in Voltammetry: “Voltammetric measurements are easily (and 
cheaply!) carried out, and data rapidly accumulated. However, interpretation of the 
latter is often challenging, even to the well initiated especially if quantitative in-
formation is sought. In particular, until relatively recently, data analysis required 
the use of analytical equations confined by mathematical necessity to ‘model’ (or 
‘toy’) systems under well-defined conditions of transport, electrode kinetics, and 
mechanism. As such, the area was often limited to the study of experimental sys-
tems which were amenable to data analysis rather than being driven by the phys-
ico-chemical interest of the system. The switch from this to real systems has been 
triggered by the ability to accurately simulate the voltammetric problems dictated 
and driven by chemistry rather than constrained by what is theoretically possible.”

Most of the information in the first section of this chapter can be found in the 
standard text book on electrochemistry Electrochemical Methods – Fundamentals and 
Applications by Bard and Faulkner.2

Potentials and orbital energies

In analytical electrochemistry, a mo-
lecular orbital (MO) is probed with an 
electrical potential. Physically speak-
ing, MO energies can be reported 
versus vacuum in kcal/mol or kJ/mol. 
An electrical potential is very similar, 
although generally reported in volts 
versus a certain reference potential. 
The latter is done because the vacuum 
level is experimentally not well-ac-
cessible and potentials only exist as a 
difference (i.e. they’re not absolute; Fig-
ure 1). MO energies can be converted 
to electronvolts using a simple con-
version factor: 23 kcal/mol = 96 kJ/mol 
= 1 eV. Since we are concerned about 
the energy of single electrons, we sim-

Figure 1. Simplified scheme relating molecu-
lar orbitals to redox potentials.
Energies/potentials versus vacuum (EA = elec-
tron affinity; IE = ionization energy) and en-
ergies/potentials versus a reference molecule.
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ply use V instead of eV. An often confusing factor in electrochemical analysis is the 
use of different reference potentials (standard potentials of redox couples), such as 
NHE/SHE/RHE, SCE, Ag/Ag+ and Fc/Fc+, which are used because they are experi-
mentally well-accessible, stable and reproducible.

Electrochemical cell set-up

A minimal electrochemical set-up for conducting cyclic voltammetry consists of 
three electrodes: working, reference and counter. The electrochemical double layer 
at the working electrode is the ‘crime scene of electrochemistry’ (dixit Savéant) 
and all electrochemistry of interest happens in this small part of the solution – 
the remainder of the solution remains unaltered, and its functions to replenish 
the double layer with fresh analyte after a voltammetric scan. The reference elec-
trode determines the potential of the bulk solution and all potentials applied to 
the working electrode are referenced versus this reference potential. In practice, 
electrochemists often measure their molecule of interest against this reference elec-
trode, then measure a reference molecule (e.g. ferrocene) against this reference elec-
trode, and ultimately report the potentials of interest versus the reference molecule. 
The IUPAC standard recommends using the ferrocene/ferrocenium couple as the 
universal reference potential. The function of the counter electrode is to do whatev-
er needs to be done (any voltage, any current) to keep up with the redox chemistry 
at the working electrode. Solutions for cyclic voltammetry contain the molecule of 
interest (generally at around 1.0 mM concentrations) and electrolyte (at around 0.1 
M concentration) to minimize migration of charged species and to minimize solu-
tion resistance (vide supra).

Nernst equilibrium and fast electron transfer

The Nernst equilibrium is at the heart of every electrochemical system and thus 
at the heart of every electrochemical experiment. Considering a redox couple O + 
ne– ↔ R, it describes the relationship between the concentration of reduced [R] and 
oxidized [O] species with an electrochemical potential via:

E E RT
nF

O
R

= +0 ln [ ]
[ ]

Consider the redox couple O/R with a formal potential E0 = 0 V. A cyclic voltam-
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mogram is recorded by applying a linear voltage ramp to the working electrode 
(relative to the reference electrode). Near the working electrode a potential gradient 
develops and redox-active species will distribute according to the Nernst equation. 
In the case of infinitely fast diffusion and infinitely fast electron transfer, the cur-
rent response is simply the first derivative of the species distribution (Figure 2A),I 
since for every molecule that is oxizided/reduced one electron flows toward/away 
from the electrode surface, and therefore I(t) scales linearly with ∂[O]/∂t. In the 
more practical case where diffusion is not infinitely fast, species in bulk solution 
cannot attain the Nernst equilibrium fast enough and the resulting (diffusion-lim-
ited) cyclic voltammogram appears (Figure 2B). It can thus be seen that the typical 
shape of a cyclic voltammogram can be explained by an electrode potential that 
changes linearly with time, with species diffusing towards and away from the elec-
trode while maintaining a Nernstian distribution.

I  Cyclic voltammograms were historically represented with negative potentials to 
the right and cathodic currents were taken as positive, since early polarographic studies 
were mainly concerned with reduction chemistry. This potential axis convention is followed 
throughout the thesis, although cathodic currents are defined as negative currents accord-
ing to IUPAC standards.

Figure 2. The Nernst equilibrium and diffusion limitations during CV.
Simulated cyclic voltammograms and species concentration near the working electrode at 
(A) infinitely fast diffusion rate (arbitrary current) and (B) with diffusion constants DO = DR 
= 10–5 cm2/s for a Nernstian redox couple O/R with properties E0 = 0 V, α = 0.5, k0 = 1 cm/s, 
A = 1 cm2, ν = 1 V/s, [O] = 10–3 mol/L.
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Slow electron transfer

In cases where electron transfer from the electrode to the redox-active species (with 
standard heterogeneous rate constant k0) becomes slow enough to interfere with at-
taining the Nernst equilibrium, the cyclic voltammograms become skewed (Figure 
3). This phenomenon is called (electrochemical) reversibility and is completely un-
related to the (chemical) reversibility of the event. Fully reversible systems (Nerns-
tian redox couples) have – by definition! – a fast heterogeneous rate constant (k0 > 
0.3 ν1/2 cm/s; ν is scan rate in V/s), whereas fully irreversible systems (CVs showing 
no redox-activity in the return wave) have k0 < 2∙10–5 ν1/2 cm/s. The intermediate 
case is dubbed quasi-reversible. The reversibility of a system can be influenced by 
changing the scan rate, and an irreversible system can sometimes be forced into 
a (quasi-)reversible system by raising the scan rate (rates of up to 106 V/s can be 
attained with commercial potentiostats). This immediately implies that the revers-
ibility of a redox couple is not so much an inherent property of the redox couple, 
but merely a visual observation imposed by the constraints of the hardware used 
(potentiostat, electrode system).

Difficulties in the interpretation of cyclic voltammetry

When performing cyclic voltammetry, voltammograms with a shape similar to the 
one in Figure 3B are often encountered. From these CVs, peak potentials are some-
times determined and used as an estimate for the formal potential of the redox 
couple. Since the voltammogram in Figure 3B shows a redox couple with E0 = 0 

Figure 3. The effect of slow electron transfer on cyclic voltammograms.
Simulated cyclic voltammograms and species concentration near the working electrode for 
(A) quasi-reversible (k0 = 10–3 cm/s) and (B) irreversible (k0 = 10–6 cm/s) redox couple O/R.
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V whereas Ep,c = –0.51 V, a large error 
is easily introduced. Moreover, the ‘ir-
reversible shape’ of this voltammogram 
can also be due to chemical follow-up 
reactions (vide supra), leading to a vol-
tammogram with its peak potential 
shifting positively instead of negative-
ly (Figure 4). Care should thus be tak-
en when voltammograms deviate from 
the reversible case, and proper analyses 
should be undertaken to assure that the 
conclusions are indeed close to reality.

A more curious – but not rare – case 
is when seemingly similar voltammo-
grams are the result of radically differ-
ent phenomena. The voltammograms 
in Figure 5 show three different redox 
mechanisms with and without chemical 
follow-up reactions. The solid line indi-
cates the fully reversible (Nernstian) redox couple O/R as discussed before. The 
dashed and dotted lines both start with the same redox couple, but differ in the 
follow-up chemistry.

At a moderate scan rate of 1 V/s, both voltammograms look more or less similar 
(Figure 5A). The dotted line looks like a ‘quasi-reversible wave followed by an irre-
versible wave.’ The dashed line might even look like a ‘two-electron wave followed 
by a one-electron, irreversible wave.’ In reality, the dashed line shows a two-elec-
tron process with potential inversion – the second reduction is thermodynamically 
easier than the first – with the first redox process reversible and the second one 

Figure 4. ‘Irreversible’ CVs without an-
odic reoxidation wave.
(A) Simulated cyclic voltammograms 
for the redox couple O/R in the case of 
(solid) reversible and (dashed) irrevers-
ible system, and (dotted) the reversible 
system with a fast (103 s–1) and (chem-
ically) irreversible follow-up reaction.

Table 1. Redox and chemical equations for the CVs in Figure 5.

Processes Mechanism 1 (dashed) Mechanism 2 (dotted)

O + e– ↔ R 0 V (reversible) 0 V (reversible)

R + e– ↔ S +0.2 V (irreversible) –0.3 V (reversible)

S → T 100 s–1 -

inverted potential ordering normal potential ordering
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irreversible – a kinetic limitation! When changing the scan rate to 100 V/s it be-
comes intuitively clear what happens at the dotted line, but not at the dashed line. 
From these examples it follows that interpretation of cyclic voltammetric data ne-
cessitates proper analytical techniques.

Non-idealities arising from electrode capacitance and 
solution resistance

The ideal systems described in the previous section are often influenced by non-ide-
al system properties. An electrochemical cell can be well-described by a simple 
electrical circuit, where the ideal behavior (belonging to redox events) is described 
with a so-called Faradaic impedance Zf. However, the nature of the electrode and 
the electrochemical double layer can create a stray capacitance parallel to the Far-
adaic impedance. The effect of this double layer capacitance Cdl on the shape of a 
cyclic voltammogram is mainly visible in the baseline, which is raised by a factor 
Vbaseline = Cdlν, and is therefore of not much influence in the analysis of cyclic vol-
tammetric data. In practice, a large double layer capacitance is often observed at 
glassy carbon working electrodes.

The solution resistance depends on the nature of the electrodes, the solvent and 
the electrolyte, and it can be either very high or virtually absent. When cyclic 
voltammetry is used merely to abstract redox potentials from Nernstian redox cou-
ples close to the reference potential the effect is not so dramatic, since both anodic 

Figure 5. Similar CVs might be the result of different mechanisms.
Simulated cyclic voltammograms for the mechanisms in Table 1 at (A) 1 V/s and (B) 100 V/s.



Chapter 2

— 36 —

and cathodic waves are affected similarly. However, when studying more intricate 
systems e.g. by peak potential analysis (vide supra), it becomes clear that the de-
termination of accurate peak potentials is seriously hampered by uncompensated 
solution resistance. For this reason, most potentiostats are equipped with hardware 
feedback to compensate for solution resistance. In most cases it is possible to com-
pensate for more than 95% of solution resistance, yielding peak potentials that are 
within the error of measurement (typically 5 mV). Complete compensation (zero 
damping) is inherently impossible.

Mechanistic analysis

When trying to unravel a (catalytic) mechanism by cyclic voltammetry, often a 
complex puzzle has to be solved. Therefore, experiments have to be chosen with 
care and data treated systematically. More complex systems require more iterative 
procedures. That is, after experiments and data analysis, conclusions often have to 
be reevaluated by more experiments. From all available information in literature, 
a set of possible mechanisms can be compiled, which can then be systematically 
ruled out by experiment and simulation. Then, suitable experimental parameters 
can be varied in order to acquire information on the system. In general, the applied 

Figure 6. Effect of non-idealities and their compensation on CV.
(A) Analogous electrical circuit for a non-ideal electrochemical cell. (B) Simulated cyclic 
voltammograms for the redox couple O/R in the case of (solid) an ideal system, (dotted) a 
system with double layer capacitance Cdl = 100 μF and solution resistance Ru = 100 Ω, and 
(dashed) a system with 95% compensated solution resistance (Ru = 5 Ω).
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Figure 7. Stepwise analysis of electrocatalytic mechanisms.

Table 2. Influence of scan rate and concentrations on CV.

Influence Notes

Scan rate

The rate of heterogeneous charge 
transfer

Lower scan rates lead to more 
reversible systems

The relative rate between heteroge-
neous charge transfer and homo-
geneous reactions (both inter- and 
intramolecular)

Higher scan rates decreases the 
influence of follow-up reactions 
and thus lead to more ‘reversible’ 
systems

Analyte con-
centration

The reaction rate of bimolecular 
reactions

Analyte is e.g. a catalyst

Substrate 
concentration

The reaction rate of coupled (inter-
molecular) homogeneous reactions

Substrate is a molecule to be acti-
vated, e.g. by a catalyst
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logic is similar to the logic applied in kinetic analysis of homogeneous catalytic 
systems, and trends can be found by changing the parameter that has most influ-
ence on the property to be influenced.

In the actual experiments, individual behavior should be isolated as much as possi-
ble. For instance if there are multiple sequential waves, each wave can be analyzed 
separately, gaining information of the processes occurring at each wave. In the 
case of proton reduction where a pre-wave is followed with a catalytic wave, the 
pre-wave can first be studied in absence of acid. In presence of acid, the pre-wave 
can then be studied using the data obtained from the study in absence of acid. Then 
the catalytic wave can be studied, e.g. through simulation, by using all available 
information. Figure 7 shows a simplified scheme for the stepwise analysis of the 
catalytic response of a system under study.

Redox processes in absence of substrate

The elucidation of redox processes by proper analysis is well-summarized in the 
standard work Electrochemical Methods – Fundamentals and Applications by Bard and 
Faulkner (chapters 6 and 12).2 Through a scan rate and concentration dependent 
study, including digital simulation if necessary, it is generally possible to elucidate 
most common redox processes. Good reviews on (multi-)electron transfer processes 
were published by Evans, giving an overview of the possibilities and shortcomings 
of the available analysis techniques.3,4

Coupled homogeneous reactions

The reactivity of reduced or oxidized compounds with a substrate in solution can 
be studied systematically using cyclic voltammetry. In the 1960’s, a wide variety of 
mechanisms was studied theoretically, and analysis methods to determine which 
processes are occurring in solution have been thoroughly described in literature 
with the general theory for EC and CE mechanisms summarized by Savéant in 
1967.5 In the early 1980’s, Parker published a series of articles on qualitative mech-
anism analysis in linear sweep voltammetry (which is also applicable to cyclic vol-
tammetry), serving as a good starting point for the elucidation of electrode pro-
cesses.6,7 However, after these techniques were described, interest in electrocatalysis 
seems to have dropped to a minimum until the rise of sustainable small-molecule 
chemistry such as proton reduction and carbon dioxide reduction. In recent years, 
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these analysis techniques are resurfacing, with two papers describing peak poten-
tial analysis to elucidate competing proton reduction pathways for the Ni(PNPN)2 
catalyst system8,9 and one using similar analytical techniques to elucidate the cata-
lytic behavior of a Ni(aryldithiolene)2 proton reduction catalyst.10

Kinetic zones and zone diagrams

To study a (catalytic) redox system, it has to be known which kinetic zone the 
system is operating in. When put in catalysis terms, this question becomes: what 
is the rate-determining step (electron transfer or homogeneous reactions). Inher-
ent properties such as the mechanism and corresponding rate constants generally 
cannot be changed in a straightforward manner, whereas the system can be forced 
to operate in a different kinetic zone by changing either scan rate, analyte and/
or substrate concentration. The latter is often necessary, since analysis techniques 
have been developed for certain mechanisms given the kinetic zone, mostly those 
where homogeneous reactions are ‘rate determining’. For some zones, analysis is 
too complex to be useful, but often a system can be forced into a kinetic zone where 
analysis becomes straightforward.

Peak potential analysis

The main analytical technique to elucidate simultaneous electrode and solution 
processes is peak potential analysis. Since this method draws heavily on accurate 

Figure 8. Simulation of the EC mechanism.
Simulated voltammograms of a reversible redox couple (parameters as in Figure 2) followed 
by a homogeneous reaction with h molecules of substrate H. (A) Response at increasing 
amounts of substrate. (B) Response at different scan rates (10 equivalents of substrate).
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determination of peak potentials, it is mandatory that solution resistance is kept 
to a minimum and/or is properly compensated for (vide infra). Figure 8 visualizes 
the effect that a coupled homogeneous reaction can have on the appearance of a 
voltammogram. This so-called EC system is a (electrochemically) reversible redox 
couple (E) followed by a fast and (chemically) irreversible reaction (C) in solution 
with a substrate that can be added in known amounts. From the voltammograms 
it can be seen that the peak potential changes linearly with the logarithm of the 
parameter value (scan rate or concentrations). Therefore, when conducting the ex-
periments, it is advised to change the parameters logarithmically.

The properties of the O/R redox couple are well-known, i.e. they have first been 
accurately determined by cyclic voltammetric investigation by studying the current 
response in absence of substrate. Using peak potential analysis the forward rate 
constant and the order in substrate of the homogeneous follow-up reaction can 
be determined. From the cyclic voltammograms depicted in Figure 8, the cathodic 
peak potentials Ep,c can be extracted. Plotting these versus the logarithm of both 
substrate concentration and scan rate, visualizes their dependence (Figure 9). The 
substrate concentration dependence (Figure 9A) shows that at high concentrations 
the peak potential scales linearly with ln(ν), moving to a concentration-independent 
regime at low concentrations. This apparent switch in behavior arises from moving 
from a so-called kinetic zone (K) to a diffusion zone (D). In the K zone, the homo-
geneous reaction kinetics dominate the observed behavior, whereas in the D zone, 
heterogeneous transfer (and therefore diffusion, when the redox couple is revers-
ible) is the main contributor to the current response. Therefore, when determining 
the influence of substrate concentration on peak potential, only the right-most data 

Figure 9. Peak potential analysis.
Cathodic peak potential analysis of the voltammograms in Figure 8, depicting the kinetic 
regions (K). (A) Peak potential versus scan rate at various substrate concentrations. (B) Peak 
potential versus substrate concentration at various scan rates.
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points (K) in Figure 9B can be used.

To get a more in-depth understanding of the kinetic zones when studying e.g. an 
EC mechanism, it is most intuitive to look at the corresponding zone diagram (Fig-
ure 10). On the y-axis the equilibrium constant for the follow-up reaction K is plot-
ted, whereas on the x-axis the competition between heterogeneous charge transfer 
ν and the homogeneous forward rate constant k is shown, combined in the kinetic 
competition parameter λ = RT/F ⋅ k/ν. Counter-intuitively, it should be noted that 
the reaction constant k is in this case the sum of the forward and backward rate 
constant: k = kf + kb with K = kf / kb. In the zone diagram, two extreme zones can 
be identified: (1) the diffusion zone (DO and DE) where the follow-up reaction does 
not influence the shape of the voltammogram and (2) the kinetic zone KP where the 
follow-up reaction completely determines the shape of the voltammogram. To force 
the system into the KP zone, either (a) the scan rate can be changed to move over 
the x-axis exclusively or (b) the substrate concentration can be changed to move 
over the x-axis (through k) and the y-axis (through K) simultaneously.

The reaction order approach (published by Parker in the 80’s) is useful for deter-
mining the order in reactants for the chemical follow-up reaction. For (single) elec-
tron transfer followed by a homogeneous reaction (involving r molecules of R and 
h molecules of H; Figure 10), the following relationship holds (but only in the KP 
zone!) which gives a value of 12.9 mV for r = 1 at standard conditions:

Figure 10. Kinetic zone diagram for an EC reaction mechanism.11

The zone designations (e.g. DE) stem from the original articles which were written in French, 
and are replicated here for sake of consistency.



Chapter 2

— 42 —

∂

∂
⋅=

+

E RT
Fr

p c,

lnν
1
1

This means that a scan rate dependent acquisition of voltammograms allows for 
the determination of the order in catalyst in the follow-up reaction. For the voltam-
mograms in Figure 8 with their peak potential variation in Figure 9, the variation 
with scan rate ∂Ep,c/∂lnν is 14 to 15 mV in the KP zone, and it follows that in this 
case the follow-up reaction is first order in R (r = 1). Similarly, the peak potential 
variation with substrate concentration gives the reaction order h in substrate H via:

∂

∂
⋅
∂

∂
=

E
H

E
hp c p c, ,

ln[ ] lnν

And therefore, to get the order in substrate in the follow-up reaction, a substrate 
concentration dependent study of the peak potentials allows for the determination 
of the order in substrate. In the current case, the peak potential variation with 
substrate concentration ∂Ep,c/∂ln[H] is 14 mV in the KP zone, and since it is now 
known that r = 1 and the variation ∂Ep,c/∂ln[H] is 14 mV in the KP zone, it follows 
that h = 1, and therefore the reaction is first order in substrate as well. Thus, the 
operating mechanism in the acquired voltammograms could very well be O + e– ↔ 
R coupled to R + H → P.

Estimation of kinetic parameters from zone 
transitions

Fortunately, it is possible to extract additional kinetic information from the peak 
potential variation diagram by using dimensionless kinetic parameters. Such a pa-
rameter is made up out of all kinetic parameters of interest, and therefore changes 
with the system under study. Since it was already identified that the operating 
mechanism is most probably an EC mechanism, the corresponding kinetic parame-
ter – measuring the competition between heterogeneous charge transfer (ν) and the 
homogeneous reaction rate k∙[H] – is:

λ
ν

= ⋅
RT
F

k H[ ]

On the x-axis of the kinetic zone diagram, the transition between the D and K zone 
is around log λ = 0 when the voltammogram changes from a ‘reversible’ shape into 
an ‘irreversible’ shape. Since this happens at a scan rate of around ν = 1000 V/s at 
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[H] = 10 mM substrate concentration (Figure 8B), the rate constant of our follow-up 
reaction can be estimated through:

log [ ]
[ ]

λ
ν

ν
= → ⋅ = → = = ⋅ −0 1 4 106 1RT

F
k H k F

RT H
s

This rough value for the rate constant of the follow-up reaction can then be used 
in digital simulation to accurately determine the rate constant and mechanism by 
fitting simulated voltammograms to experimental voltammograms. In this partic-
ular case, the rate constant was set to 106 s–1 during simulation, and the estimate 
of 4∙106 s–1 is close enough to the actual rate constant to be fine-tuned by a fitting 
procedure.

Mechanisms different from EC

Fortunately, not only the EC mechanism has been analyzed in this rigorous manner. 
Other common mechanisms such as CE and ECE (and all their variations) have also 
been well-described, as well as dimerizations, square scheme mechanisms, dispro-
portionation mechanisms, and so on. A thorough description of these mechanisms 
and their effect on voltammetric waves can be found in the reference work Elements 
of Molecular and Biomolecular Electrochemistry by Jean-Michel Savéant (Wiley).11

Electrocatalysis

Homogeneous follow-up reactions can also be catalytic, in the sense that after some 
electron transfers and homogeneous reactions, the starting species is regenerated 
with liberation of a reaction product. From this point on, the focus will be on pro-
ton reduction catalysis, but the concepts are general and can be extended to any 
(catalytic) reaction. We will also limit ourselves to cases where catalysis is rela-
tively fast, since these are the most interesting and easiest to study. Some general 
cases that are often encountered in literature will be discussed, with the general 
approach that can be undertaken to extract kinetic data from experiments.

Determination of the catalytic kinetic zone

To visualize what happens during electrocatalysis, a simple electrocatalytic mech-
anism (ECcat) is studied next, where one substrate molecule H is catalytically re-
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duced to form product P as in O + 
e– ↔ R followed by R + H → O + 
P. The redox couple O/R is the same 
as before, but the (chemically ir-
reversible) follow-up reaction now 
regenerates the neutral species O. 
Performing voltammetry at increas-
ing substrate concentration, the vol-
tammograms in Figure 11 are now 
obtained, where the peak current 
increases with increasing substrate 
concentration. The fact that this 
reaction is catalytic follows imme-
diately from the current increase, 
since multiple electrons are used in 
the catalytic wave, as opposed to the 
redox wave in absence of substrate 
where only one electron per catalyst 
molecule was transferred.

Visual inspection of the catalytic waves in Figure 11 and their comparison to the 
cyclic voltammograms in the zone diagram (Figure 12) identifies the kinetic zone 
for catalysis. Some general observations can be made immediately: a catalytic re-
sponse is observed, although the redox couple of the catalyst after substrate con-
sumption (KT; total catalysis) is not observed, meaning that catalysis is operat-

Figure 11. Electrocatalysis.
Simulated voltammograms of a reversible redox 
couple (parameters as in Figure 2 except k0 = 
105 cm/s) followed by a homogeneous catalyt-
ic reaction (kf = 106 M–1 s–1) with substrate H. 
Response at increasing amounts of substrate at 
1.0 V/s.

Figure 12. Zone diagram for electrocatalysis.11
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ing in the rightmost part of the zone diagram. The observed catalytic waves are 
S-shaped curves with some current hysteresis, indicating that there is non-negligi-
ble substrate consumption: zone K.

Some of the cases observed in the zone diagram allow for an analysis technique 
suited for that particular case. In the case of total catalysis (full substrate con-
sumption; KT), the catalytic peak potential can be used to extract the rate constant 
through Ep,cat = E0 - 0.409⋅RT/F + RT/2F⋅ln(RT/F⋅(k[O]2)/ν[H]) where E0 is the potential 
of the redox couple O/R. For catalytic systems in the KP zone with no interfering 
side-effects we can use the catalytic plateau current to extract kinetic data (vide in-
fra). For systems in the K zone and systems in the KP zone with interfering side-ef-
fects (catalyst decomposition, product inhibition, etc.) foot-of-the-wave analysis can 
be used (vide infra). For all other cases (transitional K/D zones), either working 
curves and/or digital simulation can be used to extract kinetic data from the vol-
tammograms. However, it is generally easier to force a system into the K zone than 
performing the analysis in an intermediate zone.

Extraction of kinetic data from the plateau current

If the current response shows a plateau (KP zone), the height of this plateau cur-
rent ipl can be used to extract kinetic data. It should be stressed that this method is 
quite approximate, since various assumptions are made when the equations were 
derived. To show where these approximations have their origins, a short derivation 
follows. The thickness of the reaction-diffusion layer (where catalysis takes place; 
Figure 12) is approximately equal to μ ≈ √(DO/k[H]) where DO is the diffusion con-
stant of the catalyst. The approximate amount of active catalyst molecules is then 
determined by the reaction-diffusion layer volume and the catalyst concentration 
and ncat,active ≈ μA[O] ≈ A[O]⋅√(DO/k[H]) where A is the electrode area. Under KP 
conditions, the plateau current is completely determined by kinetics through ipl = 
Fk[H]⋅ncat,active and therefore ipl ≈ FA[O]⋅√(DO/k[H]). When this equation is divided 
by the Randles-Ševčik equation, the well-known ‘DuBois’ formula12 is obtained to 
get a relation between the plateau current and the peak current of the catalyst in 
absence of substrate ipl/ip

0 – the reason for doing so, is to factor out the often un-
known diffusion coefficient DO. If the mechanism follows a simple ECcat mechanism 
(as discussed before), the kinetic constant k is simply the rate constant for the cata-
lytic reaction. In the case of multi-electron/multi-step catalysis, this ‘observed rate 
constant’ kobs is a function of the multiple rate constants as laid out in Table 3.13

It can thus be seen that in the KP region, it is straightforward to determine an 
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overall (or ‘observed’) rate constant k. In the case of a multi-step mechanism, the 
separate rate constants can be extracted from the overall rate constant, but only 
when the mechanism is known. In the case of interfering side-effects or in the case 
of partial substrate consumption (zone K), the plateau current cannot be attained. 
However, at the onset of the catalytic wave (the ‘foot of the wave’ or FOTW) 
side-effects are minimized, and kinetic data can be extracted by a somewhat more 
intricate mathematical treatment of the voltammograms.

Extraction of kinetic data by foot-of-the-wave (FOTW) analysis

Because it relates to the region of minimal side-effects, the foot of the catalytic 
wave can be analyzed to obtain kinetic information on the system.14 However, in 
contrast to plateau current analysis, the FOTW analysis requires knowledge about 
the redox potentials of the electron transfer steps in the catalytic cycle. Using these 
potentials, the foot of the wave can be used to reconstruct a hypothetical plateau 
current that would have been obtained in the case of no side-effects. This hypo-
thetical plateau current value is then analyzed as described in the previous section.

The catalytic voltammograms in Figure 11 operated in zone K (kinetic with partial 
substrate consumption). To make analysis easiest as possible, the system can some-
times be forced into the KP zone. From the zone diagram, it follows that either (a) 

Table 3. Kinetic expressions for common catalytic mechanisms.
In all cases, when k1 » k2 (or vice versa), the lowest rate constant will determine the kinetics 
and k = min(k1; k2).

Mechanism k Reaction scheme

EC k O + e– ↔ R, then R + H → O + P (k)

EECC k
k
k k

k

1

1

2 2

1

1 1

1
+ ⋅

+

O + e– ↔ R and R + e– ↔ R’, then
R’ + H → R’’ (k1) and R’’ + H → O + P (k2)

ECCE
O + e– ↔ R, then R + H → R’ (k1) and
R’ + H → R’’ (k2), then R’’ + e– ↔ O + P

ECEC
k

k
k

1

1

2

1+
O + e– ↔ R, then R + H → R’ (k1), then
R’ + e– ↔ R’’, then R’’ + H → O + P (k2)
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raising the substrate concentration, (b) lowering the catalyst concentration or (c) 
increasing the scan rate could force the system into KP. Since the substrate con-
centration is already close to its maximum, we will try raising the scan rate and 
lowering the catalyst concentration. In Figure 13 it is shown that both methods can 
be used to force the system into KP, yielding catalytic plateau currents (normalized 
to the catalyst concentration) of ipl/[O] = –300 A/M.

In some cases the system cannot be forced into the KP zone, e.g. when the potentio-
stat cannot attain the required scan rate or when side effects cannot be suppressed. 
Still, the voltammograms from the K zone can be used to extract kinetic data by 
FOTW analysis, since the redox potential of the couple O/R is known (E0 = 0 V). 
From the voltammograms obtained at 1.0 mM catalyst concentration at 0.1 and 1.0 
V/s scan rate, the potentials E on the x-axis are transformed to a dimensionless 
variable ξ through:

ξ =
+ −( )








1

1 0exp F
RT

E E

To show how FOTW analysis also yields the same plateau values when proper KP 
waves are subjected to the same analysis, we will also analyze the voltammogram 
with 0.1 mM catalyst and the voltammogram at 1000 V/s. In Figure 14 it can be 
seen that these latter voltammograms (obtained after forcing the system into the 
KP zone) show a straight line. The voltammograms from the K zone show deviation 
from linearity at ξ > 0.2. The ‘foot of the wave’ is captured in the linear portion 

Figure 13. Changing kinetic zones in electrocatalysis.
Forcing the system from Figure 11 (at 1000 equivalents substrate) into the KP zone. (A) Pla-
teau currents are attained at very high scan rates. (B) Plateau currents are attained at only 
10x lower catalyst concentration.



Chapter 2

— 48 —

of the FOTW analysis. By taking the 
tangent of the line between 0 < ξ < 
0.2, a hypothetical plateau current of 
ipl/[O] = –300 A/M is obtained, identi-
cal to the plateau current that could 
be taken directly from the voltammo-
grams at high scan rate or low cata-
lyst concentration. From this plateau 
current, we can then immediately 
access the observed rate constant k 
through ipl/[O] ≈ –FA√(DOk[H]), which 
can be further broken down (if the 
mechanism is known) by the formu-
lae in Table 3.

Rational benchmarking of molecular electrocatalysts

Using the aforementioned methods, the kinetic parameters of a catalyst can be 
well-accessed, yielding values for the maximum turnover frequency via TOFmax = 
n∙k∙[H] in the case of an n-electron catalytic process. However, the turnover fre-
quency is very intimately linked to the overpotential of catalysis η, with increas-
ing TOF at increasing η and vice versa. For this reason, Savéant and Artero have 
outlined a ‘rational benchmarking approach’ to compare electrocatalysts with only 
one figure of merit, which has the form of a Tafel-like plot.15 Additionally, foot-
of-the-wave analysis can be used to qualitatively assess the nature of side-effects 
present in the system under study. This is important to assess the stability (or TON) 
of a catalyst under operating conditions.14 Combining these methods, it is now pos-
sible to determine the most important properties of an electrocatalyst: TON, TOF 
and η.

Figure 14. FOTW analysis of the voltammo-
grams in Figure 13.
Y-axis shows (hypothetical) plateau current 
divided by catalyst concentration. X-axis 
shows the dimensionless parameter ξ.
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Supramolecular association constants 
from cyclic voltammetry

Equilibrium constants for the association of neutral supramolecular host and guest 
species can be determined by spectroscopic titration and subsequent non-linear re-
gression analysis.16,17 Association constants between a reduced/oxidized host and a 
neutral guest can be determined using cyclic voltammetry. The scheme in Figure 15 
lays down the relationship between redox potentials of bound and unbound host H 
and the supramolecular equilibria. This relationship is similar to the square scheme 
often seen in electron transfer/proton transfer schemes. Thus, if the redox poten-
tials of the bound host EHG can be measured, the ionic association constant can be 
calculated from the square-scheme relationships in Figure 15.

However, when the redox potentials EHG cannot be measured (e.g. due to weak asso-
ciation or bad solubility), the association constants can still be calculated, provided 
the shift in potential is substantial and the guest concentration is in excess over the 
host concentration. The measured half-wave potential is observed at concentrations:
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Now, if we measure the half-wave potential after adding guest at concentration [G]0 
we get:
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Figure 15. Neutral and ionic supramolecular equilibria, their association constants and 
the redox potentials of the free and bound host molecules.
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And the anionic and cationic association constants can be calculated via:
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Applying this method to the association of pyridine to ZnTPP and its reduced and 
oxidized forms, we record cyclic voltammograms of ZnTPP at increasing pyridine 
concentrations. The resulting CVs and resulting (half-wave) potential shifts  are 
given in Figure 16. In this case, it can be seen that at pyridine concentrations great-
er than 40 mM the actual redox potentials of the HG system are found, and the 
simple square scheme relation can be used to extract the ionic association con-
stants (using Ka = 6.9∙103 M–1)18 as Ka

+ = 7.61⋅105 M–1 and Ka
– = 1.40⋅102 M–1. However, 

in the case that the redox potentials do not converge at excess guest concentration, 
the second method can be used to reliably extract the association constant from 
any point on the graph.

Figure 16. Electrochemical titration to determine equilibrium constants.
Cyclic voltammetric titration of pyridine (1, 2, 4, 10, 20, 40, 80 equivalents) into a 1.0 mM 
solution of ZnTPP in CH2Cl2 at a glassy carbon electrode. Potentials are unreferenced.
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3

A Phosphoramidite-Containing 
[FeFe]H2ase Functional Mimic 

Displaying Fast Electrocatalytic 
Proton Reduction

Abstract. A phosphoramidite modified [FeFe]H2ase mimic is studied as a model 
for photodriven production of H2. On cathodic activation, the pyridyl-phosphor-
amidite complex exhibits a strongly enhanced rate of proton reduction over the 
previously reported pyridylphosphine model at the same overpotential. Analysis of 
the cyclic voltammograms shows an apparent H2 evolution rate strongly influenced 
by the presence of both side-bound pyridyl and phosphorus-bound dimethylamino 
moieties at the phosphoramidite ligands. This difference is ascribed to the basic 
amines acting as proton relays.
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Introduction

Efficient photochemical generation of molecular hydrogen is one of the key tech-
nologies our society needs in order to move to a sustainable hydrogen-based econo-
my.1–3 As a consequence, a great deal of attention has been devoted to (photo-redox)
catalysts performing proton reduction, and both homogeneous and heterogeneous 
systems have been developed.4–9 [FeFe]Hydrogenases (H2ase) are natural-occurring 
enzymes that catalyze the reduction of protons in an extremely efficient way (TOF 
around 10,000 s−1).10 Models of their bimetallic core based on cheap and abundant 
materials are easily synthesised, which has led to a plethora of di-iron mimics.11–18 
So far, the majority of studies on mimicking the function of these biological sys-
tems has focused on electrocatalysis,19 while the direct photodriven catalysis, using 
a light-harvesting chromophore coupled to the [FeFe] core, has only recently been 
addressed.20–25

The few initial attempts to assess light-driven H2 production with homogeneous 
systems are roughly based on four approaches: (i) simple mixing of the chromo-
phore with the catalyst in solution, (ii) electron-transfer mediation by addition of 
an electron relay in donor-mediator-catalyst systems, (iii) covalent attachment of 
the chromophore to the catalyst or (iv) supramolecular coordination of the catalyst 
to the chromophore.25 The first two strategies offer ease of screening but limit the 
control over the spatial arrangement between the moieties. However, advantages of 
a well-defined system in the covalent case come at the price of tedious syntheses 
and more rapid charge recombination.

We envisaged a supramolecular approach combining the chromophore with the 
precatalyst to be most advantageous. With this philosophy in mind, we recently 
introduced 1∙ZnTPP, a supramolecular dyad which (after disproportionation into a 

Figure 1. The active [FeFe]H2ase biomimetic supramolecular assembly formed under pho-
to-reductive conditions from complex 1 in the presence of two different porphyrins.
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disubstituted complex, Figure 1) is capable of photocatalytic conversion of protons 
into H2.

25 In that case, ZnTPP was chosen as the photosensitizer, while the catalytic 
mimic 1 was the (μ-pdt)Fe2(CO)5L precursor (Figure 2). L represents the template 
ligand26–32 pPyPPh2 (pPy = 4-pyridyl), which is coordinated to the di-iron center via 
the phosphorus atom and to ZnTPP via the pPy group (Figure 1). Under photocat-
alytic conditions, i.e. upon irradiation in the presence of a sacrificial proton donor 
and electron donor, the supramolecular assembly 1∙ZnTPP exhibits H2 evolution, 
whereas the reference complex (3; L = PPh3) is inactive.

Results and discussion

Herein, we report development of our supramolecular dyad approach, using mPy-
PA, a recently reported phosphoramidite template ligand based on the 2,2’-binaph-
thol motif and decorated with two pyridyl groups (Figure 2, complex 2).33 We have 
been intrigued by the properties such a ligand could impart onto the di-iron core. 
Phosphoramidites have better π-acceptor properties compared to the related phos-

Figure 2. The novel [FeFe]H2ase biomimetic catalyst 2 based on the phosphoramidite li-
gand appended with two 3-pyridyl groups (mPyPA) and the reference complexes 1, 3 and 
4.
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phines, likely removing electron density from the diiron core. This would lead to 
less negative reduction potentials of the complex and, therefore, smaller overpoten-
tial for H2 production. Furthermore, the two pyridyl side groups on the ligand may 
facilitate the association of macrocyclic chromophores to the metal center and/or 
participate in proton transfer.

Complex 2 [(μ-pdt)Fe2(CO)5(mPyPA)] was synthesised together with the pyridyl-free 

Table 1. The IR ν(CO) wavenumbers of complexes 1 to 4 in CH3CN.

Complex ν(CO) [cm–1]

125 2048 (s), 1985 (s), 1966 (sh), 1937 (m)

2 2047 (s), 1993 (s), 1975 (s), 1962 (m)

334 2044 (s), 1984 (s), 1931 (m)

4 2045 (s), 1992 (s), 1973 (m), 1961 (sh)

Figure 3. Cyclic voltammetry of complexes 1–4.
1.0 mM complex in butyronitrile containing 0.1 M nBu4NPF6 showing the effect of increas-
ing acetic acid concentration: 0 (black), 1, 2, 3, 4, 5, 6, and 7 mM. Conditions: static mercury 
drop (SMD) working electrode, scan rate 0.1 V/s.
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complexes 3 [(μ-pdt)Fe2(CO)5(PPh3)]
34 and 4 [(μ-pdt)Fe2(CO)5(PhPA)], which will be 

used for control experiments (Figure 2). The syntheses of 2 and 4 involve substitu-
tion of one carbonyl ligand in (μ-pdt)Fe2(CO)6 for the phosphoramidite ligand: 31P 
NMR spectra as well as MS of the new compounds revealed single CO displacement 
and phosphoramidite coordination to the Fe centre via the phosphorus atom, leav-
ing, when present, both pyridyl groups on the phosphoramidite free for coordina-
tion to the photosensitizer.

The IR spectra show a characteristic ν(CO) pattern of (μ-pdt)Fe2(CO)5L (Table 1) and 
carbonyl stretching frequencies that are shifted ca. 30 cm−1 to lower wavenum-
bers with respect to (μ-pdt)Fe2(CO)6. Surprisingly, the ν(CO) values are very close 
to those for the pyridylphosphine derivative 1, demonstrating that the electronic 
difference between the pyridylphosphine and phosphoramidite ligands is not trans-
lated into Fe-to-CO π-back-donation and hence into differences in electron density 
at the iron core.

In line with this observation, cyclic voltammetry shows that 1−4 have their (irre-
versible) first cathodic waves placed at roughly the same electrode potential (Table 
2). The electrocatalytic activity of these complexes towards proton reduction was 
studied at a static mercury drop electrode by examining the growth of their ca-
thodic waves upon addition of acetic acid under identical experimental conditions 
(Figure 3). Again, catalytic waves for all four compounds were found at roughly the 
same potential (−2.4 V to −2.5 V vs. Fc/Fc+). Adsorption of the pyridine-functional-
ized complexes to the mercury surface was not observed.I

Although both cathodic and catalytic wave potentials for all four studied complex-

I  It is known that pyridine (and pyridine-functionalized molecules) can adsorb to 
mercury surfaces.44 If this were the case for complexes 1 and 2, their cyclic voltammo-
grams would diverge significantly from those recorded for complexes 3 and 4, respectively. 
Namely, the cathodic peaks would be broadened45 and diffusion-related behaviour would be 
suppressed. However, we have observed almost identical cyclic voltammograms for 1 and 
3, and 2 and 4 which are in their turn similar to cyclic voltammograms published in liter-
ature (on platinum and glassy carbon electrodes).34 Furthermore, we have conducted cyclic 
voltammetry of complex 2 at different scan rates (0.05 to 5.0 V/s) using both static mercury 
drop and platinum working electrodes and found a linear relationship between the cathodic 
peak current and the square root of the scan rate. Since this behaviour is in line with the 
Randles-Ševčik equation, we assume no significant adsorption for the major species in the 
electrolyte solution.
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es are similar, the current maxima and shapes of the catalytic waves have indicat-
ed that there is a remarkable difference in activity. To understand this difference, 
in-depth analysis was performed on the cyclic voltammograms for each complex. 
The observed rate constant kobs has been determined by the method of DuBois and 
co-workers (Equation 1),35 using the ratio between the second cathodic peak current 
(ipc,2) and the catalytic peak current (icat) under the assumption that H2 formation 
is irreversible (ErCi’ mechanism). Remarkably, catalytic efficiency is much higher 
for catalyst precursor 2, as reflected in the much larger kobs (ca. 6000 s−1 at 7 mM 
acetic acid) compared to 1, 3 and 4 (Figure 4). Since all catalysts operate at similar 
potentials, the effect of differences in overpotential on the catalytic rate can be 
neglected,36 and therefore the rate increase might well be caused by differences 
in particular mechanisms of the H2 evolution. It should be stressed here that the 
absolute values of the rate constant kobs (and therefore k’) have little physical mean-
ing, since the analysis techniques are only valid for rate quantification under pure 
kinetic conditions. Therefore, the values are only used to compare the catalysts 
under study.

k F
RT
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= ⋅








0 0497
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∂
∂
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Hk n2 Equation 2

In line with behaviour of the natural system and observations from recent model 
complexes,37 it seems eminent that proton preorganization plays a role in accelerat-
ing the catalytic reduction. To get more insight into the proton-reactive behaviour, 
a relation between the rate of the H2 formation and acid concentration was sought 
by equating kobs to ∂[H2]/∂t. The obtained curve (kobs vs. [H+]) is then characterised 

Table 2, Electrochemical data of compounds 1 to 4 in butyronitrile.
For an explanation on electrochemical reaction orders (n) and rate constants (k’), see text. 
All potentials are vs. Fc/Fc+.

Complex Epc,1 [V] Epc,2 [V] n k’

1 −1.78 −2.24 1.79 17.8

2 −1.88 −2.28 3.58 6.00

3 −1.81 −2.26 2.31 1.44

4 −1.90 −2.38 2.85 0.93
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by the rate constant k’ and reaction order 
n in a pseudo rate equation proportional 
to the kinetics of the reaction under study. 
Fitting our data points to a power function 
(Equation 2) has yielded values for k’ and n 
for each complex under study (Table 2) with 
R2 values between 0.993 and 0.999.

The obtained pseudo rate equation for (elec-
tro)catalysis takes into account the step(s) 
just before the rate determining step, in-
cluding additional protonation equilibria (if 
any).38 On this basis a correlation between 
rate order and constant, and Brønsted basic 
sites has been found: Phosphine complexes 
1 and 3 show a reaction order close to 2, 

whereas for phosphoramidite complexes 2 and 4, n has been found closer to 3, 
suggesting additional protonation equilibria. Since phosphoramidites can be pro-
tonated on the dimethylamine moiety, proton preorganization might explain the 
differences in the reaction order. It has been shown for multiple proton reduction 
catalysts that a proton relay close to the active site can indeed increase their activ-
ity, supporting the hypothesis of proton preorganization in the case of the phos-
phoramidite complexes.39

Figure 4. Kinetic fits.
Plotted dependence of the rate con-
stant kobs on acetic acid concentra-
tion for complexes 1 to 4. Dashed 
lines are curve fits of the form y = 
a·xn.

Figure 5. Spectral titrations.
UV-vis spectra showing the titration of ZnTPP with mPyPA (left) and 2 (right) in CH2Cl2. 
Only the Q-bands of the porphyrins are shown. The purple line corresponds to pure ZnTPP 
(ca. 80 μM); the last point corresponds to total addition of 10.5 equivalents mPyPA (left) and 
4.7 equivalents 2 (right).
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Still, this does not explain why complex 2 is much more active than its phenyl 
analogue 4. However, it has been found that the pseudo rate constants for phe-
nyl-functionalized 3 and 4 are considerably smaller than those for pyridyl-func-
tionalized 1 and 2. This pyridyl-induced rate increase might be explained by an 
electronic communication between the ligand and iron core or by stabilisation of 
the mono-reduced intermediate.26,33 From this analysis, it is believed that for the 
high electrocatalytic rate observed for 2, both phosphoramidite and pyridyl func-
tionalities are mandatory. The dimethylamino moiety might act as a proton relay, 
whereas the role of the pyridyl functionality remains unclear. This distinct ligand 
effect also implies that the active species contains at least one ligand moiety. How-
ever, since it is known that (µ-pdt)Fe2 complexes undergo a variety of transforma-
tions on one-electron reduction, it is unclear whether the active species is in fact 
one-electron reduced 2 or one of its secondary reduction products.II Although its 
exact structure remains elusive, the active species formed after reduction of precat-
alyst 2 shows a much higher electrocatalytic activity than its phosphine analogue.

Having established that compound 2 is a precursor to a good proton reduction 
catalyst, we analysed its photocatalytic behaviour when combined with zinc tet-
raphenylporphyrin (ZnTPP). Comparison of the catalytic potential of 2 (roughly 
−2.5 V vs. Fc/Fc+) with the second reduction potential of the porphyrin belonging 
to its singlet excited state (−1.75 V vs. Fc/Fc+) shows that the quenching of ZnTPP* 
by 2 is thermodynamically uphill, making photocatalysis for this system unfeasi-
ble. To verify this, a luminescence titration was carried out, monitoring the light 
emission of ZnTPP in the presence of an increasing amount of 2 (Appendix, Figure 
8). Instead of static quenching by electron transfer, a red shift of the emission was 
observed which can be assigned to emission of the assembly 2·ZnTPP. Preliminary 
photocatalysis experiments using this system led, in all cases, to decomposition 
of the catalyst with evolution of 0.5 equivalents of H2 with respect to the catalyst.

II  Complex 2 shows an irreversible one-electron reduction wave, consistent with 
previously reported mono-substituted pentacarbonyl (µ-pdt)Fe2 complexes.34 Furthermore, 
on one-electron reduction, complex 1 has been shown to disproportionate into the parent 
hexacarbonyl and the disubstituted tetracarbonyl complex.25 Spectroelectrochemistry (SEC) 
on 2 shows identical behaviour. However, on the short time scale of cyclic voltammetry (de-
fined by ν = 100 mV/s as opposed to 2 mV/s for SEC), it is reasonable to assume that during 
catalysis a rather complex chemical mixture is present, consisting of precatalyst 2, one-elec-
tron reduced 2–, its disproportionation products (the hexacarbonyl and the disubstituted 
complexes 5), their respective decomposition products (a mixture of Fe2 and Fe4 clusters with 
or without bridging CO and thiolate ligands) plus all possible protonated species.
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Despite these results, we still trust that the overall supramolecular strategy is 
worth investigating, as using e.g. aromatic dithiolates instead of the propanedithi-
olate bridge in the studied complexes (Figure 2), the catalytic potential may well 
be shifted towards a range well-accessible for ZnTPP.40 Therefore, we studied the 
supramolecular assemblies of the pyridyl-functionalised phosphoramidite ligand 
and its di-iron pentacarbonyl complex with ZnTPP. First, the binding of ZnTPP to 
the pyridyl groups at the mPyPA ligand in complex 2 was determined by means of 
UV-Vis titration (Figure 5). Free mPyPA binds two ZnTPP macrocycles with equal 
(microscopic) association constants of 1.1∙104 M−1 (Appendix, Figure 6), which also 
applies for the assembly with complex 2, which shows identical association con-
stants (Appendix, Figure 7). These data suggest that the interaction is a regular 
pyridyl-ZnTPP association (typical value in CH2Cl2 is 6.9∙103 M−1).41

Conclusions

In summary, we report the synthesis and properties of a novel 3-pyridylphosphor-
amidite-ligated [FeFe]H2ase model. Compared to the previously reported 4-pyridyl-
phosphine analogue, complex 2 is much more active in the reduction of protons 
at a similar overpotential, which could be attributed to the dimethylamine moiety 
acting as a proton relay. The pyridyl functionality on the phosphoramidite ligand 
also plays a crucial role in accelerating proton reduction, although its exact func-
tion has not yet been elucidated.

Furthermore, the supramolecular host-guest-host assembly ZnTPP∙2∙ZnTPP forms 
in non-coordinating solvents without any cooperative behaviour. However, it was 
shown that complex 2 neither quenches the excited state of the chromophore, nor 
reaches the thermodynamic potential needed for photocatalysis. Further matching 
of redox levels of the catalyst core and the associated chromophore will show if 
photo-driven hydrogen formation is viable using the same phosphoramidite ligand. 
One way to achieve this goal would be the replacement of the propanedithiolate 
bridge by an aromatic bridge, effectively shifting the cathodic potential to less neg-
ative values.19,40
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Experimental

General procedures and materials

All syntheses were carried out under an argon atmosphere, using standard Schlenk 
techniques. For all purifications involving column chromatography, a column with 
dry silica was prepared beforehand and left under vacuum overnight; the chroma-
tography was performed under inert atmosphere with degassed solvents. All 1H and 
31P NMR spectra were recorded on a Bruker AV 400 MHz spectrometer. IR spectra 
were recorded on a Bruker Vertex 70v FTIR spectrometer. Unless stated otherwise, 
all chemicals were commercially available and employed without further purifica-
tion. All solvents were purified via SPS (Solvent Purification System) or via distil-
lation and degassed by means of argon bubbling prior to use. The phosphoramidite 
linkers mPyPA and PhPA,33 the hexacarbonyl complex (μ-pdt)Fe2(CO)6,

42,43 and the 
di-iron catalysts 1 and 334 were prepared according to the previously published 
methods.

Electrochemistry

Cyclic voltammetry was performed on 1 mM solutions of the Fe2 complexes in bu-
tyronitrile containing 0.1 M nBu4NPF6 as the supporting electrolyte. The voltam-
mograms were recorded using a Metrohm 663 VA stand in conjunction with a PG-
STAT302N potentiostat, a static mercury drop electrode (SMDE; drop size 2) as a 
working electrode, a glassy carbon rod as an auxiliary electrode and a double-junc-
tion reference electrode (inner compartment: 3 M KCl/Ag; outer compartment: 0.1 
M nBu4NPF6 in butyronitrile). Before every measurement, the solution was purged 
with nitrogen for 1 minute. Single equivalents of acetic acid were added as a 10% 
v/v solution in butyronitrile. To convert the potential values of the 3 M KCl/Ag  
reference to Fc/Fc+, a correction factor of –0.43 V was used.

Synthesis

(μ-pdt)Fe2(CO)5(mPyPA) (2). CH3CN (10 mL) was added to a Schlenk vessel, charged 
with (μ-pdt)Fe2(CO)6 (165 mg, 0.428 mmol), mPyPA (223 mg, 0.428 mmol) and dry 
Me3NO (53 mg, 0.48 mmol). The red solution was stirred and full conversion was 
achieved in 1 h, as monitored by IR spectroscopy. The solvent was removed under 
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vacuum, and the resulting red-brown solid was purified on a silica gel column, 
using 3% CH3OH in CH2Cl2 as the eluent. The product was collected as an intense 
red band. Yield: 60%. IR (CH3CN, cm–1): 2047(s), 1993(s), 1975(s), 1962(m). 1H NMR 
(400 MHz, CDCl3, aromatic region) δ 8.91 (dd, 2H), 8.59 (dd, 1H), 8.45 (dd, 1H), 8.21 
(dt, 1H), 8.02 (dt, 1H), 7.34 (m, 2H), 7.30 (s, 1H), 7.24 (s, 1H) ppm. 31P NMR (162 MHz, 
CDCl3) δ 187.5 ppm. MS (FAB+) for C40H38Fe2N3O7PS2: m/z 879.06 (calculated), 880.07 
(observed; MH+). UV-vis (CH2Cl2) 349 nm (ε = 12320 cm–1 M–1), shoulder at 491 nm (ε 
= 1230 cm–1 M–1).

(μ-pdt)Fe2(CO)5(PhPA) (4). CH3CN (10 mL) was added to a Schlenk vessel, charged 
with (μpdt)Fe2(CO)6 (202 mg, 0.523 mmol), PhPA (300 mg, 0.577 mmol) and Me3NO 
(64 mg, 0.57 mmol). The red solution was stirred and abundant precipitate formed 
within one hour. The reaction was monitored by IR spectroscopy. The solvent was 
removed under vacuum, and the crude solid was purified on a silica gel column, 
using pure CH2Cl2 as the eluent. The desired product eluted in the first fraction and 
was isolated as a bright red solid. Yield: 62%. IR (CH3CN, cm–1): 2045 (s), 1992 (s), 
1973 (m), 1961 (sh). 1H NMR (400 MHz, CD2Cl2, aromatic region) δ 7.82 (dd, 2H), 7.77 
(dd, 2H), 7.47 (td, 2H), 7.38-7.31 (m, 5H) and 7.24 (tt, 1H) ppm. 31P NMR (162 MHz, 
CD2Cl2) δ 186.1 ppm. MS (FAB+) for C42H40Fe2NO7PS2: m/z 877.07 (calculated), 878.09 
(observed; MH+).

(μ-pdt)Fe2(CO)4(mPyPA)2 (5). The disubstituted complex 5 was synthesized as a 
disproportionation product of 2. A Schlenk vessel was charged with 2 (108 mg, 123 
mmol) and decamethylcobaltocene (CoCp2*). The solids were dissolved in THF (8 
mL) and the resulting solution was stirred for 2 h. The solvent was removed under 
vacuum and the product was purified by chromatography on a silica column, using 
4% CH3OH in CH2Cl2 as the eluent. The product eluted as the last, third band. Yield: 
22%. IR (CH3CN, cm–1): 2011 (s), 1965 (s), 1948 (s). 1H NMR (400 MHz, CDCl3, aromatic 
region) δ 8.89 (dd, 1H), 8.82 (m, 3H), 8.63 (dd, 1H), 8.53 (dd, 1H), 8.29 (dd, 1H), 8.18 
(dd, 1H), 7.97 (m, 3H), 8.01 (td, 2H), 7.32 (m, 4H), 7.14 (m, 2H) and 7.10 (m, 2H) ppm. 
31P NMR (162 MHz, CDCl3) δ 187.5 ppm. MS (FAB+) for C71H70Fe2N6O8P2S2: m/z 1372.29 
(calculated), 1373.30 (observed; MH+).
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Appendix – Spectroscopic titrations

Figure 6. Association constant fitting using Matlab for the titration of mPyPA with ZnTPP.

Figure 7. Association constant fitting using Matlab for the titration of 2 with ZnTPP.



A Phosphoramidite-Containing [FeFe]H2ase Functional Mimic
Displaying Fast Electrocatalytic Proton Reduction

— 65 —

Figure 8. Luminescence spectra for the titration of ZnTPP with 2 in CH2Cl2.
Excitation is at 555 nm, i.e. the isosbestic point seen during the UV-vis titration of the same 
solutions. The first point of the titration corresponds to pure ZnTPP (8.8∙10–5 M, pink curve); 
the last point corresponds to a total addition of 2.4 equivalents of 2 (violet line).
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4

A [FeFe]Hydrogenase Mimic with 
Appended Electron Reservoir 

for Efficient Proton Reduction in 
Aqueous Media

Abstract. In this chapter, we report on a synthetic H2ase mimic that contains a 
redox-active phosphole ligand as an electron reservoir, a feature also crucial for the 
operation of the natural enzyme. Using a combination of (spectro)electrochemistry 
and time-resolved infrared spectroscopy we elucidate the unique redox behavior of 
the catalyst. We find that the electron reservoir actively partakes in the reduction 
of protons and that its electron-rich redox states are stabilized through ligand pro-
tonation. In dilute sulfuric acid, the catalyst has a turnover frequency of 7.0∙104 s–1 
at an overpotential of 0.66 V. This catalyst is tolerant to the presence of oxygen.
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Introduction

The hydrogen economy provides a viable alternative to our current fossil fuel based 
economy,1 but only if hydrogen is generated in a sustainable fashion. This requires 
technology to reversibly store sustainable (solar or wind) energy as molecular hy-
drogen using water as feedstock. Although these processes are technically feasible, 
current systems are based on platinum and iridium for hydrogen and oxygen evo-
lution catalysis, respectively.2 As such, high cost and low availability of materials 
hamper large-scale application of these technologies. Interestingly, the active site of 
the all-iron hydrogenase ([FeFe]H2ase) enzyme catalyzes the reversible reduction of 
protons to dihydrogen with rates comparable to platinum catalysts and at a similar 
electrochemical potential.3 Although the applicability of the enzyme for commer-
cial devices for proton reduction or hydrogen oxidation is complicated by elaborate 
growth and isolation steps and its inherent intolerance to air,4 its high efficiency 
shows that iron based complexes can in principle perform this crucial reaction 
with a performance similar to platinum.

Inspired by this, numerous synthetic complexes have been prepared as structural 
and functional mimics for the H2ase active site.5,6  Most of these H2ase mimics dis-
play proton reduction activity in organic solvents, but often display low efficiency 
and stability, and require a relatively high overpotential.7,8 H2ase mimics that work 
efficiently in aqueous environment while being tolerant to air have not yet been 
reported.9,10 Clearly, certain elements around the active site in the natural H2ase are 
of crucial importance to its function. The incorporation of synthetic complexes in 
natural apo-enzyme results in H2ase enzyme hybrids that can still be fully active, 
further demonstrating the importance of the local environment of the active site.11,12

One of the elements that received attention and was successfully installed in vari-
ous mimics is the internal basic amine that functions as a proton relay. A similar 
proton relay is present in the nickel based catalysts by DuBois and co-workers, 
resulting in the most efficient molecular catalysts for proton reduction known to 
date.13–15 Interestingly, the natural enzyme also pre-organizes electrons, using a 
[4Fe-4S] ferredoxin electron reservoir in close proximity to the active site. Recently, 
Lubitz and co-workers have demonstrated the active role of the electron reservoir 
in the catalytic cycle, via the so-called super-reduced state (Hsred) of the H-clus-
ter.16 Before that, Pickett published the first structural mimic with a ferredoxin-type 
electron reservoir,17 followed by Rauchfuss reporting on a H2ase mimic containing 
a redox-active ferrocenyl phosphine that could be employed for hydrogen oxidation 
and proton reduction catalysis.18,19 Here we report on a synthetic H2ase mimic that 
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contains a redox-active phosphole ligand as an electron reservoir, which actively 
partakes in the reduction of protons, leading to a highly efficient and oxygen toler-
ant proton reduction catalyst that operates in acidic water.

Results and discussion

In view of the essential role of the electron reservoir for the proton reduction cata-
lytic cycle in hydrogenases, we set out to synthesize functional mimics with redox 
active organic ligands. We chose a redox-active phosphole ligand, a type of ligand 
that has been used successfully in OLED applications.20,21 Various phosphole ana-
logues can be prepared easily, including those with pyridyl moieties to improve 
water solubility and for supramolecular attachment of chromophores.22 The envi-
sioned hydrogenase mimic consists of an [2Fe-2S] cluster with a benzenedithiolato 
(µ-bdt) bridge, with one of the iron centres bound to the phosphorus atom of the 
phosphole ligand. The pyridyl moieties make this complex soluble in acidic water 
(vide infra). Also, the pyridyl functions can be used for coordination to photosensi-
tizers such as ZnTPP.

Synthesis and characterization

The pyridyl-functionalized complex 1 and its phenyl-functionalized counterpart 1Ph 
were prepared from the precursor complex (µ-bdt)Fe2(CO)6 by displacement of one 
carbonyl ligand by the corresponding phosphole ligand, either through reaction in 
tetrahydrofuran at reflux or by treatment with trimethylamine N-oxide in dichloro-

Figure 1. Molecular structures of 1Ph and 1.
Left: Crystal structure of 1Ph  with displacement ellipsoids at the 50% probability level.
Right: DFT calculated (BP86, def2-TZVP) structure of 1.
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methane/acetonitrile at room temperature. Both methods gave around 45% yield, 
although the first method gave a cleaner crude reaction mixture, thereby facilitat-
ing purification. Complexes 1 and 1Ph are air-stable solids that can be prepared in 
gram-scale from commercial starting materials in a convenient two-step synthe-
sis. Both compounds were characterized by IR and NMR (1H, 31P) spectroscopy and 
high-resolution mass spectrometry. The IR spectra of both compounds show a red 
shift of 25–30 cm–1 compared to the parent (µ-bdt)Fe2(CO)6, as is typically observed 
for [2Fe-2S] carbonyl clusters (Table 1).

Complex 1Ph was crystallized from pentane at –20°C and its structure was deter-
mined by X-ray diffraction analysis (Figure 1A). We were unable to crystallize com-
plex 1, but the DFT calculated structure of 1 (Figure 1B) is in good agreement with 
the crystal structure of 1Ph, with an average deviation in selected bond lengths 
between the structures of only 0.65% and an average deviation in selected angles 
of 0.76%.

Redox behavior in absence of acid

The redox activity of the phosphole ligand in complex 1 was demonstrated by DFT 
calculations in combination with (spectro)electrochemical experiments. Cyclic vol-
tammetry in dichloromethane at a static mercury drop electrode revealed a redox 
process with a cathodic peak potential around –1.7 V (vs. Fc/Fc+) and anodic peak 
potentials around –1.7 V and –1.45 V (Figure 2A). Controlled potential coulometry 
(–2.3 V) of a solution of 1 in dichloromethane at a carbon sponge electrode showed 
the passage of three electrons per molecule. The shift of the cathodic peak potential 
with scan rate ∂Ep,c/∂ln(ν) is 8.3 mV, close to the 8.5 mV (= RT/3F/ln(10)) that is ex-

Table 1. Comparison of IR and NMR data of 1, 1Ph and reference compounds. (n.r. = not 
reported).

(μ-bdt)Fe2(CO)5L IR (CO stretch) 1H-NMR (μ-bdt) 31P-NMR

L = CO 23 2079/2044/2006 7.13/6.63

L = dipyridylphosphole (1) 2053/1995/1983/1941 7.01/6.70 75.1

L = diphenylphosphole (1Ph) 2049/1992/1979/1936 6.97/6.64 74.9

Et21.(BF4)2 2060/2002/1991/1945 7.02/6.77 77.5

L = PPh3 
24 2050/1992/1980/1936 6.53/6.22 61.7

L = P(OMe)3 
25 2052/1999/1977/1945 7.1/6.6 n.r.
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pected for a three-electron process (Figure 2A (inset)).26 Fitting the voltammograms 
by simulation revealed that during the redox process the first reduction (–1.76 V) 
is followed by a chemical transformation (structural rearrangement due to electron 
delocalization).27 The second electron transfer (–1.44 V) is concerted with Fe–S bond 
cleavage, followed by a third reduction event (–1.64 V).

The reduced complex 13–, generated by chemical reduction, was further studied by 
EPR at room temperature. The EPR spectrum of 13– in toluene showed a ligand-cen-
tred radical, as identified by a doublet from 31P-coupling (g = 2.06; A = 47 G) (Fig-
ure 2B). The similarity of this signal to the reported radical on the free phosphole 

ligand (g = 2.0027; A = 28.5 G) indicates 
that one electron in 13– resides at the 
phosphole ligand,28 with the other two 
electrons on the [2Fe-2S] part of the di-
iron complex. Infrared spectroelectro-
chemical (IR-SEC) experiments (Figure 
2C) revealed an average shift of the car-
bonyl stretching frequency Δνavg(CO) of 
75 cm–1 for 13– with respect to neutral 1.

Due to potential inversion within the 
reduction process species 1– and 12– 
cannot be characterized by conven-
tional SEC nor isolated after chemical 
reduction. However, the mono-anion 1– 
can be generated by photo-induced elec-
tron transfer from a supramolecularly 
anchored photosensitizer and identi-
fied by time-resolved infrared spec-
troscopy (TR-IR).29,30 The 2:1 complex of 
ZnTPP with 1 forms by simply mixing 
these building blocks in solution, as 

Figure 2. Redox behaviour of 1 in absence of acid.
Top: Cyclic voltammogram (0.1 V/s) of 1.0 mM 1 in CH2Cl2 containing 0.1 M nBu4NPF6 at a 
Hg working electrode. Inset shows Ep,c variation with scan rate.
Middle: Room temperature EPR spectrum of 13– in toluene. The singlet at 3299 G is of un-
known origin.
Bottom: IR spectral evolution during reduction of 1 mM 1 in CH2Cl2 containing 0.1 M 
nBu4NPF6.
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evidenced by UV-vis titration experi-
ments (Figure 4, left). The association 
constant of ZnTPP to 1 was found to 
be Ka = 2·Ka,1 = 0.5·Ka,2 = 4.61·103 M–1. A 
fluorescence titration was carried out 
to determine the extent and nature 
of ZnTPP fluorescence quenching in 
presence of 1 (Figure 4, right), which 

showed that the coordinated ZnTPP shows quantitative static fluorescence quench-
ing behaviour (Figure 3A).

After excitation of a solution of the supramolecular complex 1(ZnTPP)2 (with 74% 
of ZnTPP in an associated state) with a 630 nm laser pulse, while probing the in-
frared spectrum with sub-picosecond resolution, a new species emerged within 5 
ps (Figure 3B). Global biexponential fitting of the experimental curves at 2057, 2029, 
1997 and 1970 cm–1 (Figure 3C) showed that the excited state of the porphyrin leads 
to charge separation in 2.5 ps. The charge-separated state recombines with a time 
constant of 83 ps. The infrared spectrum of the short-lived intermediate 1– features 
a Δνavg(CO) of 26 cm–1, which is roughly ⅓ of the shift observed in 13–. In line with 
this, the DFT calculated structure of the mono-anion 1– (Figure 5, left) features a 
delocalized spin density distribution, with 0.64 e– on the ligand and 0.33 e– on iron. 
The backbone of the phosphole ligand, which is dienic in character for neutral 1, 
is of intermediate dienic/aromatic character in 1–, reflecting the reduction process 
taking place partly on the ligand. DFT calculations on species 12– (Figure 5, right) 

Figure 3. Fluorescence quenching and 
time-resolved infrared spectroscopy of 
1(ZnTPP)2.
Top: Fluorescence quenching titration of 
a constant concentration of 80 µM ZnTPP 
with increasing equivalents 1 in CH2Cl2. 
Fluorescence intensity (λem = 645 nm) vs. 
equivalents 1 and (inset) vs. ratio of free 
ZnTPP showing full static quenching.
Middle: Spectral evolution during time-re-
solved infrared spectroscopy of 1(ZnTPP)2.
Bottom: Rise and decay profiles plus glob-
al bi-exponential fitting from time-re-
solved infrared spectroscopy at four 
wavelength maxima (only two shown for 
clarity).
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reveal that di-reduction of complex 1 leads to mono-reduction of the di-iron com-
plex and mono-reduction of the ligand. The C−C bonds in the phosphole backbone 
are all 1.420±0.004 Å, illustrating the aromatic character of the phosphole ligand in 
species 12–.

Figure 4. Spectrophotometric titrations.
Left: UV-vis titration of a constant concentration of 80 µM ZnTPP with increasing amounts 
of 1 in dichloromethane.
Right: Fluorescence titration under the same conditions.

Figure 5: DFT calculated properties of 1– and 12–.
Illustration of the DFT calculated (BP86, def2-TZVP) frontier orbitals (top) and spin density 
distributions (bottom) of 1– and 12– (triplet). Selected bond lengths (middle) of 1, 1– and 12– il-
lustrate both Fe–S bond elongation followed by rupture, and aromatization of the phosphole 
backbone on mono- and di-reduction.
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Comparison of the electrochemical behaviour of 1 to that of the parent (µ-bdt)
Fe2(CO)6 clearly shows the effect of the redox behaviour of the ligand in 1. Mo-
no-reduction of (µ-bdt)Fe2(CO)6 leads to cleavage of the Fe−S bond,31 as is evident 
from the DFT calculated structure. In contrast, the [2Fe-2S] butterfly structure of 
1– remains intact with an average Fe−S bond elongation of 0.02 Å, as the electron 
mainly resides on the ligand. The second reduction of the complex to give 12– leads 
to a singly reduced ligand and singly reduced di-iron complex, which is comparable 
to the mono-reduced parent (µ-bdt)Fe2(CO)6. Indeed, this leads to Fe−S bond rupture 
to form a structure that is able to accept another electron. This suggests that in 
species 13–, two electrons are located on the di-iron complex and one on the ligand. 
Importantly, these results highlight the effect of the use of redox-active ligands in 
these type of hydrogenase mimics and show that as a consequence the redox prop-
erties of 1 are similar to those of the H-cluster of the H2ase enzyme. In the natural 
system, one-electron reduction of the Hox state is localized on the [2Fe-2S] cluster, 
mediated by the [4Fe-4S]  electron reservoir.32 Two-electron reduction leads to the 
super reduced Hsred state with one electron on [2Fe-2S] and one on the ferredoxin 
[4Fe-4S] cluster.16

Electrocatalysis in dichloromethane

In presence of acid, complex 1 is catalyt-
ically active in the reduction of protons. 
Cyclic voltammetry in dichloromethane 
containing Et3NHBF4 at a static mercury 
drop electrode showed two well-resolved 
reduction waves, followed by a catalytic 
wave that increased in amplitude with 
increasing acid concentration (Figure 6). 
This shows that complex 1 needs to be 
activated by reduction before the active 
species can enter the catalytic cycle.

The first redox process (1 ↔ 2) has a 
cathodic peak potential of around –1.4 
V (vs. Fc/Fc+), roughly 0.3 V more posi-
tive than in absence of acid (Figure 7A). 
The peak potential shift for EC-type pro-
cesses allows for the determination of 

Figure 6: Catalysis in dichloromethane.
Cyclic voltammetry (0.1 V/s) of 1.0 mM 1 
in CH2Cl2 containing 0.1 M nBu4NPF6 and 
4.0 mM Et3NHBF4 at a Hg working elec-
trode. Inset shows a catalytic wave that 
increases in amplitude with increasing 
acid concentration.
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homogeneous rate constants through 
kPT∙[H

+] ≈ (Fν/RT) exp((2F/RT)∙ΔEp). 
As the value for the rate constant of 
proton transfer would in this case be 
well-above the rate of diffusion, we 
conclude that the electron transfer 
must be coupled to a proton transfer. 
Moreover, simulation of the voltam-
metric response to an EC reaction 
scheme showed that for a 0.3 V shift 
in peak potential, a reaction rate con-
stant of around 1013 M–1 s–1 has to be 
attained – again beyond the rate of 
diffusion (Figure 29). This anodic shift indicates that at least one proton is involved 
in the redox process and because Et3NHBF4 is not acidic enough to protonate 1, the 
first process involves a proton coupled electron transfer. To elucidate the operating 
mechanism of this first redox wave, peak potential analysis was performed on a 
series of voltammograms measured at varying acid concentration and scan rates 
(Figure 7B and Figure 26). In the pure kinetic (KP) zone, the shift of the cathod-
ic peak potential with scan rate was 12.5 mV and the shift of the cathodic peak 
potential with acid concentration was 25.2 mV (Figure 27). From these values, the 
reaction order r in 1 and the reaction order h in acid for the (rate-limiting part of 
the) electrode reaction was determined by peak potential analysis (cf. Chapter 2):26 
As ∂Ep,c/∂ln(ν) = 1/(1+r) ∙ RT/nF = 12.5 mV, the proton transfer involves one molecule 
of 1 (r = 1) and occurs together with or after the first electron transfer to 1 (n = 
1). Likewise, because ∂Ep,c/∂ln([Et3NHBF4]) = h ∙ ∂Ep,c/∂ln(ν) = 25.2 mV, in total two 

Figure 7. Redox behaviour of 1 in pres-
ence of acid.
Top: Cyclic voltammogram (0.1 V/s) of 1.0 
mM 1 in CH2Cl2 containing 0.1 M nBu4N-
PF6 and 4.0 mM Et3NHBF4 at a Hg work-
ing electrode.
Middle: Peak potential analysis depicting 
the pure kinetic (KP) zone.
Bottom: IR spectral evolution (first redox 
wave) during reduction of 1 mM 1 in CH-

2Cl2 containing 0.1 M nBu4NPF6 and 4.0 
mM Et3NHBF4 at a AuHg working elec-
trode.
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protons are transferred in the rate-de-
termining step (h = 2). Digital simu-
lation of the voltammograms (Figure 
28) revealed an overall redox process 
involving two proton and two electron 
transfers (ECCE process at –1.44 V and 
–1.18 V, Table 3). From the kinetic com-
petition parameter Λ the value for the 
rate determining proton transfer step 
could be estimated. At an 8 mM acid concentration and a 0.3 V/s scan rate, proton-
ation kinetics and electron transfer kinetics are approximately balanced: Λ = (RT/F) 
∙ (k[Et3NHBF4]

2/ν) ≈ 1 leading to k ≈ 2.5∙105 s–1, a value that could be adequately 
fitted on the experimental data (Table 3). The IR spectrum of the resulting species 2 
was recorded using SEC at a gold-amalgam working electrode (Figure 7C), showing 
CO stretching frequencies (2041, 1977, 1915 cm–1) similar to 1 (Δνavg(CO) = 15 cm–1). 
This relatively small shift is indicative for the formation of an (overall neutral) iron 
hydride.29,33–35 No bands belonging to a bridging carbonyl ligand were observed. The 
remaining electron density and proton are located on the phosphole ligand, as is 
evidenced by the signal at 1647 cm–1 (Figure 38), which is similar to the character-
istic band observed for the mono-protonated mono-anion of 4,4’-bipyridine (1650 
cm–1).36

Modelling of the cyclic voltammogram in Figure 6 revealed the nature of the sec-
ond redox process (2 ↔ 3) as a two-electron, one-proton process (ECE process at 
–2.0 and –1.9 V) leading to the catalytic resting state 3. Spectroelectrochemical 
analysis of the catalytic wave (Figure 8A) revealed the CO stretching frequencies 
of the resting state 3 at 2020, 1951, 1931, 1904 and 1875 cm–1 with a Δνavg(CO) of 57 

Figure 8. Catalytic mechanism in di-
chloromethane.
Top: IR spectral evolution (second redox 
wave and catalytic wave combined) during 
reduction of 1 mM 1 in CH2Cl2 containing 
0.1 M nBu4NPF6 and 4.0 mM Et3NHBF4 at a 
AuHg working electrode.
Bottom: Proposed mechanism of proton 
reduction by (activated) 1 in dichloro-
methane. (SEC = observed during spectro-
electrochemistry, RDS = rate determining 
step).
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cm–1 with respect to 1. This shift (42 cm–1 with respect to 2) is much smaller than 
expected for a two-electron reduction on iron, indicating that both electrons are 
equally distributed over iron and ligand, leading to a resting state 3 in which two 
electrons (and two protons) are stored on the phosphole ligand. This ligand reduc-
tion/protonation state is further evidenced by the appearance of a SEC infrared 
band at 1656 cm–1 (Figure 38) which is similar to the characteristic band previously 
observed for the di-protonated di-anion of 4,4’-bipyridine (1658 cm–1).36 Modelling 
of the redox and chemical processes in the catalytic wave shows that the only 
plausible catalytic mechanism is of the ECEC type (Figure 8B, Figure 32 and Table 
4). Advancing through the catalytic cycle, the resting state 3 is protonated (k = 105 
M–1 s–1) to release H2 in a rate-determining step. The newly formed species 4 has 
the same overall reduction/protonation state as 2. Spectroelectrochemistry could 
not successfully identify species 4, which is caused by the very short life-time of 
this species under catalytic conditions. It seems reasonable that 4 is converted into 
2 by an (overall) intramolecular proton and electron transfer from the phosphole 
ligand to iron.

One of the interesting features of the catalytic mechanism is that in the catalytic 
cycle an electron is transferred from the ligand to an iron centre. The ligand thus 
acts as an electron reservoir during catalysis, similar to the enzyme’s catalytic 
cycle where the Hsred state is protonated with concomitant electron transfer from 
the ferredoxin cluster to [2Fe-2S].16 A major implication of this peculiar behavior is 
the levelling of redox potentials within the catalytic cycle (only 0.1 V difference). 
In contrast, weak acid catalysis using the parent compound (µ-bdt)Fe2(CO)6 shows 
that this complex operates with a similar ECEC mechanism, but with the reduction 
potentials spaced almost 0.8 V apart (–1.31 V and –2.08 V).31 Redox potential level-
ling is essential for both electron transfers to occur with similar driving force.9 In 
catalyst 1, this levelling is induced by balancing of charges through protonation of 
the ligand concomitant with electron transfer, which is clearly seen in the anodic 
shift of the reduction potential by ca. 0.3 V upon addition of a proton source.

In control experiments carried out with the analogous complex 1Ph with phenyl 
groups instead of pyridyl moieties such shift was not observed (Figure 30) and the 
resulting redox reaction in presence of acid follows an ECE mechanism instead of 
the ECCE mechanism observed for 1. The redox process was again elucidated using 
peak potential analysis with ∂Ep,c/∂ln(ν) = 1/(1+r) ∙ RT/nF = 10.2 mV and ∂Ep,c/∂l-
n([Et3NHBF4]) = h ∙ ∂Ep,c/∂ln(ν) = 11.0 mV (Figure 31). The ECE mechanism is further 
evidenced by trace crossings observed at low scan rates (Figure 30). The difference 
in protonation chemistry between 1 and 1Ph signifies the role of the pyridyl moiety 
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in the reduction process, and illustrates the applicability of the dipyridylphosphole 
as a redox and proton reactive ligand.

Catalysis in aqueous media

Interestingly, complex 1 is soluble in 1M sulfuric acid at a 2.0 µM concentration 
due to protonation of the pyridyl moieties attached to the ligand building block, 
enabling proton reduction catalysis in aqueous media. Cyclic voltammetry using 
a gold amalgam working electrode shows catalytic current densities up to 50 mA/
cm2 with a half-wave potential of –0.7 V (vs. NHE) and hydrogen evolution clearly 
visible at the electrode (Figure 9A). Oxygen sensitivity is generally one of the crit-
ical properties of both hydrogenase enzymes and many of the synthetic mimics, 
complicating their application in devices. We were pleased to find that catalysis in 
air-saturated solution retained 60% of catalytic performance (in terms of current 
densities) compared to experiments performed in properly degassed solvent (Figure 
9B). This indicates that the catalyst is not only water soluble but also tolerant to ox-
ygen, both highly desired properties for H2ase mimics.7,8 The origin of the decrease 
in current density when oxygen is present in the solution can be due to competing 
oxygen reduction catalysis, catalyst decomposition or a decrease of the surface con-
centration of the catalyst.

In 1M H2SO4, plateau currents – required to establish catalytic rate constants – 
were not obtained, most likely due to rapid depletion of the acid. To determine 
a rate constant for the catalytic process in 1M H2SO4, foot-of-the-wave analysis 
was performed to obtain a hypothetical value for the plateau current density jpl 
of 50 mA/cm2 (Figure 33).37 To perform foot-of-the-wave analysis, the dominant 

Figure 9. Catalysis in 1M H2SO4.
Cyclic voltammograms of 2.0 μM 1 in 1M H2SO4 at a AuHg working electrode at different 
scan rates. Left: Under nitrogen atmosphere. Right: Under air.
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redox couple Ecat for the catalyst 
under catalytic conditions must 
be known. In 1M Na2SO4 (acidified 
with concentrated sulfuric acid to 
the desired pH) plateau currents 
were obtained (Figure 10A). Under 
these conditions, the catalytic half-
wave potential converged to –0.66 V 
(vs. NHE) for pH < 1.5 (Figure 10B), 
and this potential was used as the 
dominant redox couple Ecat for the 
catalyst in 1M H2SO4. Moreover, it 
must be known whether all of the 
catalyst is in homogeneous solution 
or partly adsorbed on the electrode. 
In acidified 1M Na2SO4, the linear 
dependence of catalytic current on 
proton concentration indicates that 
the catalyst is adsorbed on the gold 
amalgam electrode (Figure 10C). 
As redox waves belonging to 1 are 
masked by the catalytic current, we 
synthesized a water-soluble mimic 

of protonated 1 by alkylation at the pyridyl nitrogen atoms. This mimic was pre-
pared by reacting 1 with two equivalents of Et3O.BF4 in dichloromethane at room 
temperature and characterized by NMR (1H, 31P) and IR spectroscopy. Cyclic vol-
tammetry of this ethylpyridinium analogue Et21.(BF4)2 in neutral water showed an 
adsorption wave leading to a surface concentration Γ0 of 0.73∙10–11 mol/cm2 (Figure 
35).38 Assuming similar behaviour for 1 in acidic water, this surface concentra-
tion was used to determine the catalytic efficiency. In line with catalysis from sur-
face-adsorbed catalyst molecules, the addition of acetonitrile to the solution led to 
a decrease in catalytic current (noticeable from approximately 1% v/v) as a result 
of desorption of the catalyst from the surface. In a separate control experiment the 
free ligand was also used as proton reduction catalyst, but this did not result in any 
activity (Figure 34).

The obtained catalytic rate constant in 1M H2SO4 – calculated using jpl = 2kcat-

FΓ0[H+]0 – is 3.5∙104 M–1 s–1, close to that found in dichloromethane (105 M–1 s–1), 
suggesting that the catalytic mechanism does not change significantly by changing 

Figure 10. Catalysis in acidified 1M Na2SO4.
Left: Cyclic voltammograms of 2.0 μM 1 in 1M 
Na2SO4 (pH adjusted with concentrated H2SO4) 
at a AuHg working electrode at 0.1 V/s at differ-
ent pH values.
Middle: Half-wave potential versus pH.
Right: Plateau current density versus proton 
concentration.
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the solvent.39,40 Moreover, turnover numbers (TON) during one cyclic voltammetric 
scan are in the order of 103 to 104 (Table 5), confirming the stability of the cata-
lyst. Using the rational benchmarking approach outlined by Artero and Savéant, a 
catalytic Tafel plot can be constructed from TOFmax = 2kcat[H

+]0 = 7.0∙104 s–1 and an 
overpotential of 0.66 V.41 Clearly, catalyst 1 displays high rates in aqueous phase, 
yet at an overpotential that is far higher than the natural enzyme.

Conclusions

To conclude, we report here the first di-iron H2ase mimic that is equipped with 
a redox non-innocent phosphorus ligand. The redox active ligand functions as an 
electron reservoir, donating an electron to the active site during the catalytic cycle 
when needed, in resemblance of the natural H2ase system where an iron-sulfur 
cluster nearby the active site is responsible for this function. Importantly, the cat-
alyst operates in aqueous environment, is oxygen tolerant and displays high TON 
and TOF, which is a major step forward in the development of catalysts for hydro-
gen producing devices. Now that we have demonstrated that H2ase mimics with 
electron reservoirs are easily accessible by using a redox active phosphorus ligand, 
further development should be directed to analogues that operate at lower overpo-
tentials and can be efficiently implemented into devices, for example by anchoring 
to electrodes or metal-organic frameworks.
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Experimental

Materials and methods

General procedures. All syntheses were carried out under a nitrogen atmosphere 
using standard Schlenk techniques. All purifications involving column chromatog-
raphy were performed in air with non-degassed solvents. Dichloromethane used for 
synthesis, UV-vis, fluorescence, electrochemistry and spectroelectrochemistry was 
distilled over calcium hydride prior to use. Tetrahydrofuran and acetonitrile were 
used for synthesis (p.a. grade) as received. The supporting electrolyte nBu4NPF6 
(prepared from saturated solutions of KPF6 and nBuN4Br in water) was recrystal-
lized from hot methanol and dried under vacuum at 80 °C overnight. The phosphole 
ligand was synthesized according to a literature procedure.20 The acid Et3NHBF4 
was synthesized according to a modified literature procedure,42 where the crude 
product was extracted with dichloromethane to remove residual NH4BF4. All com-
mercially available chemicals were used as received.

DFT calculations. The gas-phase geometries of the molecules 1, 1‒ and 12‒ were 
optimized with the Turbomole program package43 at the ri-DFT44/BP8645,46 level. We 
used the def2-TZVP basis set47,48 for all atoms. These calculations also yielded the 
frontier orbitals and spin density plots.

Mass analysis. Mass spectra were collected on an AccuTOF GC v 4g, JMS-T100G-
CV Mass spectrometer (JEOL, Japan). FD probe equipped with FD Emitter, Carbotec 
(Germany), FD 10 µm. Current rate 51.2 mA/min over 1.2 min. Typical measure-
ment conditions are: Counter electrode –10kV, Ion source 37V.

EPR spectroscopy. Experimental X-band EPR spectra were recorded on a Bruker 
EMX spectrometer (Bruker BioSpin Rheinstetten), on an ELEXSYS 680 spectrometer 
and using an in-house developed setup based on the resonator ER4116X-MD-5-W1. 
Chemical reduction was performed (in a glove box) on ~0.1 mM 1 and CoCp*2 (2 
equivalents) in toluene at room temperature.

Steady-state fluorescence spectroscopy. Fluorescence measurements were con-
ducted on a Spex Fluorolog 3 spectrometer. The fluorescence quenching titration 
was performed on 80 µM ZnTPP in dichloromethane (Figure 4, right). Excitation 
wavelength was 555 nm (the isosbestic point determined from UV-vis titrations). On 
addition of 0 to 24 equivalents of 1, the fluorescence intensity decreased markedly. 
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Since fluorescence of all supramolecularly coordinated ZnTPP was quenched, while 
fluorescence of unbound ZnTPP was not, the quenching mechanism must be fully 
static. Since energy transfer is unlikely by the fact that the emission of ZnTPP 
does not overlap with the absorption of the catalyst, we conclude there must be 
charge separation after excitation leading to oxidized ZnTPP•+ and reduced catalyst 
1–. Inner and outer filter corrections49 were applied for each titration point on the 
excitation wavelength and the emission wavelength (645 nm), respectively, with b 
= 0.5 cm:

Synthesis

Pyridylphosphole-appended complex 1. To a 500 mL round-bottom flask was add-
ed (μ-bdt)Fe2(CO)6 (1.0 g, 2.4 mmol), ligand (0.63 g, 1.7 mmol) and tetrahydrofuran 
(250 mL). The solution was refluxed for 4 hours and the crude product purified on 
silica, eluting with pentane (elutes 0.40 g of (μ-bdt)Fe2(CO)6), then 5% methanol in 
dichloromethane containing 1 drop NH4OH/100 mL (elutes the product). Removal of 
solvent gave 0.60 g (46%) of the product as a red powder. 1H NMR (400 MHz, CD2Cl2) 
δ 8.50 (br s, 4H), 7.92 (ddd, J = 11.3, 8.0, 1.6 Hz, 2H), 7.66 (tdd, J = 8.7, 4.7, 2.2 Hz, 3H), 
7.06 (br s, 4H), 7.01 (dd, J = 5.5, 3.2 Hz, 2H), 6.70 (dd, J = 5.4, 3.2 Hz, 2H), 2.66 (d, J 
= 17.6 Hz, 2H), 2.38 (d, J = 17.9 Hz, 2H), 1.61 (m, 4H). 31P NMR (162 MHz, CD2Cl2) δ 
75.1 (s). IR (CH2Cl2, cm−1): ν(CO) 2053 (s), 1995 (s), 1983 (m), 1941 (w). MS (FD+) for 
C35H25Fe2N2O5PS2: m/z calculated 759.96413, observed 759.96755 (Δ(m/z) 4.50 ppm).

Phenylphosphole-appended complex 1Ph. A solution of (μ-bdt)Fe2(CO)6 (84.0 mg, 
0.2 mmol) and ligand (73.3 mg, 0.2 mmol) in dichloromethane (20 mL) was treated 
with 4.0 mL of a 0.05 M solution of trimethylamine N-oxide dihydrate in acetoni-
trile. The solution was stirred at room temperature for 2 hours and the crude prod-
uct purified on silica, eluting with pentane (elutes (μ-bdt)Fe2(CO)6), then dichloro-
methane/pentane (2:5) (elutes the product). Removal of solvent gave 71 mg (45%) of 
the product as a red powder. 1H NMR (400 MHz, CD2Cl2) δ 7.95 (ddd, J = 11.0, 7.5, 
2.1 Hz, 2H), 7.69–7.56 (m, 3H), 7.33–7.11 (m, 10H), 7.01 (dd, J = 5.5, 3.2 Hz, 2H), 6.68 
(dd, J = 5.5, 3.2 Hz, 2H), 2.63 (d, J = 17.6 Hz, 2H), 2.35 (d, J = 18.3 Hz, 2H), 1.57 (4H, 
overlaps with water peak). 31P NMR (162 MHz, CD2Cl2) δ 74.9 (s). IR (CH2Cl2, cm−1): 
ν(CO) 2048 (s), 1992 (s), 1977 (m), 1939 (w). MS (FD+) for C37H27Fe2O5PS2: m/z calculat-
ed 757.97363, observed 757.98919 (Δ(m/z) 20.5 ppm).

Pyridine-ethylated complex Et21.(BF4)2. A solution of 1 (7.6 mg, 10 μmol) in di-

I Icorrected measured
b nm nm ZnTPP= ⋅

⋅ ( )[ ]++10 555 645 555  1 1 1@ @ @ nnm ZnTPP nm ZnTPP+( )[ ]( ) @645
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chloromethane (5.0 mL) was treated with a solution of Et3O.BF4 (0.50 mL of 0.040 M 
in dichloromethane, 20 μmol) and stirred at room temperature for 10 min. All sol-
vent was evaporated, the residue dissolved in dichloromethane and filtered through 
a PTFE filter (0.45 μm pore size). Removal of solvent gave the product as a red 
solid in quantitative yield. 1H NMR (400 MHz, CD2Cl2) δ 8.69–8.52 (m, 4H), 7.93–7.63 
(m, 7H), 7.49–7.40 (m, 2H), 7.12–6.92 (m, 2H), 6.86–6.68 (m, 2H), 4.85–4.75 (m, 2H), 
4.63–4.51 (m, 2H), 1.77–1.56 (m, 4H), 1.37–1.21 (m, 7H), 0.93–0.84 (m, 3H). 31P NMR 
(162 MHz, CD2Cl2) δ 77.5 (s). IR (CH2Cl2, cm−1): ν(CO) 2060 (s), 2002 (s), 1991 (m), 1945 
(w), 1632 (w).

X-ray Crystal Structure Determination of complex 1Ph

X-ray intensities were measured on a Bruker D8 Quest Eco diffractometer equipped 
with a Triumph monochromator (λ = 0.71073 Å) and a CMOS Photon 50 detector at 
a temperature of 150(2) K. Intensity data were integrated with the Bruker APEX2 
software.50 Absorption correction and scaling was performed with SADABS.51 The 
structures were solved with the program SHELXL.50 Least-squares refinement was 
performed with SHELXL-2013 against F2 of all reflections.52 Non-hydrogen atoms 
were refined with anisotropic displacement parameters. The H atoms were placed 
at calculated positions using the instructions AFIX 13, AFIX 43 or AFIX 137 with 
isotropic displacement parameters having values 1.2 or 1.5 times Ueq of the at-
tached C atoms. The supplementary crystallographic data can be obtained free of 
charge from The Cambridge Crys-
tallographic Data Centre (CCDC 
1435208) via http://www.ccdc.cam.
ac.uk/data_request/cif/

C37H27Fe2O5PS2, Fw = 758.37, dark-
red diamonoid, 0.276×0.131×0.078 
mm, monoclinic, P21/n (No: 14), a = 
10.407(3), b = 17.562(5), c = 18.126(5) 
Å, β = 91.982(5), V = 3310.8(16) Å3, 
Z = 4, Dx = 1.521 g/cm3, µ = 1.094 
mm-1. 34689 Reflections were mea-
sured up to a resolution of (sin θ/λ)

max = 0.74 Å-1. 5835 Reflections were 
unique, of which 3553 were ob-
served [I > 2σ(I)]. 424 Parameters 

Figure 11. XRD structure of 1Ph with displace-
ment ellipsoids at the 50% probability level.
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were refined with 435 restraints (RIGU). R1/wR2 [I > 2σ(I)]: 0.0566/0.1233. R1/wR2 [all 
refl.]: 0.0860/ 0.1035. S = 0.978. Residual electron density between -0.391 and 0.465 e/
Å3. CCDC 1435208.

Selected bond lengths (Å), angles and torsion angles for the crystal structure of 1Ph 
and the DFT-optimized structure (between brackets) of 1: Fe(1)−Fe(2) 2.482 (2.518); 
Fe(1)−S(1) 2.274 (2.303); Fe(1)−S(2) 2.280 (2.304); Fe(2)−S(1) 2.280 (2.305); Fe(2)−S(2) 
2.277 (2.302); Fe(1)−COap 1.794 (1.789); Fe(1)−COba,1 1.780 (1.781); Fe(1)−COba,2 1.784 
(1.781); Fe(2)−P, 2.223 (2.227); Fe(2)−COba,1 1.762 (1.762); Fe(2)−COba,1 1.772 (1.763); S(1)−
Fe(1)−S(2) 80.54° (79.89°); S(1)−Fe(2)−S(2) 80.49° (79.89°); S(1)−Fe(1)−Fe(2)−S(2) 100.83° 
(100.12°).

NMR spectroscopy

The 1H and 31P NMR spectra were measured on a Bruker AV400 spectrometer. The 
1H1H-COSY and NOESY spectra were measured on a Bruker AV300 spectrometer.

Figure 12. 1H-NMR (400 MHz) of 1 in CD2Cl2.
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Figure 13. 1H-NMR (400 MHz) of 1 in CD2Cl2 (aromatic region shown) in the absence (bot-
tom) and presence (top; 4 equivalents) of Et3NHBF4.

Figure 14. 1H-NMR (400 MHz) of 1Ph in CD2Cl2.
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Figure 15. 1H-NMR (400 MHz) of Et21.(BF4)2 in CD2Cl2.

Figure 16. 31P-NMR (162 MHz) of 1 in CD2Cl2.

Figure 17. 31P-NMR (162 MHz) of 1Ph in CD2Cl2.
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Figure 18. 31P-NMR (162 MHz) of Et21.(BF4)2 in CD2Cl2.

Figure 19. 1H1H-COSY (300 MHz) of 1 in CD2Cl2, showing interactions between the pyri-
dine protons F and G, the phenyl protons C, D and E, the aliphatic protons H/I and J, and 
the dithiolato bridge protons A and B.
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Figure 20. NOESY (300 MHz) of 1 in CD2Cl2. The additional interactions (apart from those 
seen in Figure 19) are most probably traces of water interacting with the dithiolato bridge 
protons.
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Figure 21. Solution infrared spectrum of 1, 1Ph and Et21.(BF4)2 in CH2Cl2. All spectra nor-
malized to the first peak.

Steady state infrared spectroscopy

IR measurements were conducted on a Thermo Nicolet Nexus FT-IR spectrometer.

Steady state UV-vis spectroscopy

UV-vis measurements were conducted on a Hewlett-Packard 8453 spectrometer. The 
UV-vis titration experiment (Figure 4, left) was carried out at a constant ZnTPP 
concentration of 80 µM with  increasing concentration of 1 at 0, 0.1, 0.2, 0.5, 1, 2, 4, 
6, 8, 10, 15 and 20 equivalents with respect to ZnTPP.

Figure 22. UV-vis spectra of 1 (1 mM in DCM; red) and ZnTPP (80 µM in DCM; purple) at 
10 mm path length.
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Electrochemistry in dichloromethane

Cyclic voltammetry was performed on 0.5 mM or 1 mM solutions of analyte in 
dichloromethane containing 0.1 M nBu4NPF6 as the supporting electrolyte. The vol-
tammograms were recorded using a 663 VA stand with a PGSTAT302N potentiostat 
(Metrohm/Autolab), a static mercury drop electrode (SMDE; drop size 2) as a work-
ing electrode, a glassy carbon rod as an auxiliary electrode and a leakless Ag0/+ 
reference electrode (eDAQ ET069). Single equivalents of Et3NHBF4 were added as a 
25% m/v solution in dichloromethane. To convert the potential values of the Ag0/+ 
reference to Fc/Fc+ a correction factor was used as determined by cyclic voltam-
metry of 1 mM ferrocene in dichloromethane using the same reference electrode. 
At the end of each experiment, ferrocene was added to the solution to check for 
reference electrode drift. All cyclic voltammetric experiments in dichloromethane 
(except when measuring catalytic waves) were iR compensated to about 95% of 
solution resistance.

Bulk electrolysis was performed on 10 mL of a 1.0 mM solution of 1 in dichloro-
methane containing 0.1 M nBu4NPF6. The working electrode was made from Duo-
cel reticulated vitreous carbon foam, ca. 1x3x0.3 cm geometric volume (45 PPI, 3% 
density; ERG Aerospace Corporation, Oakland California). The reference electrode 
was identical to the one used in cyclic voltammetry. The counter electrode was a 
platinum coil in a separate compartment (containing 5 mL of 0.1 M nBu4NPF6 in 
dichloromethane), separated with a vycor frit (P5; porosity 1.0-1.6 µm) from the 
working solution.

Complex 1 in absence of acid

Table 2. Fitted parameters (DigiElch) for the redox processes of 1 in absence of acid.

Charge-transfer reaction E0 vs. Fc0/+ [V] α ks [cm/s]

1 + e ↔ (1–)‡ –1.76 0.50 > 10

1– + e ↔ 12– –1.44 0.30 > 10

12– + e ↔ 13– –1.64 0.50 > 10

Chemical reaction k [s-1]

(1–)‡ → 1– 3∙103

NB: (1–)‡ is the mono-reduced form of 1 before structural changes take place.
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Figure 23. Left: Cyclic voltammograms of 0.5 mM 1 in dichloromethane containing 0.1 M 
nBu4NPF6 at varying scan speed. Right: Same conditions, but starting from -1.6 V to the 
cathodic peak, then cycling over the reoxidation wave.

Figure 24. Simulation of CVs (DigiElch) from Figure 23 at scan rate 0.1 V/s (left) and 1.0 V/s 
(right) using parameters from Table 2.

Figure 25. Bulk electrolysis of 10 μmol 1 on a carbon sponge electrode. Integrated data 
showing the amount of electrons passed per molecule 1 during electrolysis.
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Complex 1 in presence of acid

Figure 26. Cyclic voltammograms of 0.5 mM 1 and varying concentrations of Et3NHBF4 
in dichloromethane containing 0.1 M nBu4NPF6 at varying scan speed. Top left: 4.0 mM 
Et3NHBF4. Top right: 8.0 mM Et3NHBF4. Bottom left: 16 mM Et3NHBF4. Bottom right: 32 
mM Et3NHBF4.

Table 3. Fitted parameters for cyclic voltammogram as shown in Figure 26.

Charge-transfer reaction E0 vs. Fc0/+ [V] α ks [cm/s]

A + e ↔ B –1.44 0.50 > 10

D + e ↔ E –1.18 0.50 > 10

Chemical reaction k [s-1]

B + H+ → C 3∙103

C + H+ → D > 1010 (diffusion limited process)
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Figure 27. Cathodic peak potential versus ln(scan rate) (left) and ln([acid]2) (right) for all 
voltammograms in Figure 26. Pure kinetic (KP) region within yellow trapezium.

Figure 28. Simulation of CVs from Figure 26 (shown for scan rates 0.1 and 1.0 V/s).

Figure 29. Voltammetric simulation (DigiElch) of an EC reaction for a fully reversible re-
dox couple (E0 = 0 V, c = 1 mM, 0.1 V/s) followed by an irreversible homogeneous reaction 
with substrate (10 mM) at k = 1013 M–1 s–1, yielding a peak potential shift of +0.3 V.
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Complex 1Ph

Figure 30. Cyclic voltammograms of 1.0 mM 1Ph in dichloromethane in absence (left) and 
presence (right) of 8.0 mM Et3NHBF4 containing 0.1 M nBu4NPF6 at varying scan speed.

Figure 31. Cathodic peak potential versus ln(scan rate) and ln([acid]) for the voltammo-
grams in Figure 30.
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Electrocatalysis

For the cyclic voltammograms scanning into the catalytic wave no iR compensa-
tion could be adequately employed due to instability of the feedback loop of the 
potentiostat. Therefore, when comparing e.g. Figure 28 and Figure 32, a shift in 
peak potentials of about 100 mV can be observed. During digital simulation of the 
catalytic waves, all peaks were fitted with slightly lower potentials compared to 
properly iR-compensated potentials.

Table 4. Model parameters for cyclic voltammogram as shown in Figure 32.

Charge-transfer reaction E0 vs. Fc0/+ [V] α ks [cm/s]

First wave (Fitted as in Table 3)

2 + e ↔ 2– –2.0 0.50 > 10

4 + e ↔ 2– –2.0 0.50 10–3

2(H) + e ↔ 3 –1.9 0.50 > 10

Chemical reaction k [s-1]

2– + H+ → 2(H) > 1010 (diffusion limited process)

3 + H+ → 4 + H2 105

Figure 32. Cyclic voltammogram of 1 mM 1 and 4 mM Et3NHBF4 and fits for the simulated 
model. Note that the reverse scan could not be fitted due to our inability to accurately 
model direct reduction on the Hg working electrode. The same problem arose in the mod-
elling of electrocatalysis using more than 4 equivalents.
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Electrochemistry in 1 M H2SO4 and in acidified 1 M Na2SO4

Cyclic voltammetry was performed on deoxygenated solutions, unless stated other-
wise. Compound 1 was added as a 2 mM solution in methanol. The voltammograms 
were recorded using a 663 VA stand with a PGSTAT302N potentiostat (Metrohm/Au-
tolab), a AuHg wire as a working electrode (vide infra), a platinum wire as an auxil-
iary electrode and a Ag/AgCl (3M KCl) reference electrode (Metrohm 6.0750.100). To 
convert the potential values of the  Ag0/+  reference to NHE a correction factor of 
+0.21 V was used. The working electrode was a gold wire (0.5 mm diameter, 99.99%, 
Sigma-Aldrich 310980) soldered to a copper wire (using Sn/Pb eutectic solder), with 
the copper wire, solder joint and part of the gold wire molten into a polyethylene 
housing. The gold wire was cut to leave 3 to 5 mm exposed. Before the experiments, 
the wire was thoroughly rinsed with ethanol, dried and submerged in (triply dis-
tilled) mercury for 5 minutes and wiped well with a dry tissue (repeated 3 times; 

a flat and shiny surface should be 
obtained) and placed diagonally in a 
glass cell, approximately 5 mm from 
the reference electrode. All measure-
ments were performed as automated 
sequences to maximize reproducibil-
ity. Six voltammograms were record-
ed in each sequence, only varying 
scan rate (0.1/0.3/1.0/3.0/10/0.1 V/s). 
Before each scan, the solution was 
purged with N2 for 10 seconds (while 
stirring), then left undisturbed for 5 
seconds.

Figure 33. FOTW analysis of the voltammo-
grams in Figure 9A.

Table 5: Rough estimation of TON during one CV scan (Figure 9A). Calculated by inte-
gration of the voltammograms from the onset potential to the first valley potential via 

TONCV = ∫jdV/νFΓ0.

Scan rate [V/s] ∫jdV [mA V cm–2] TONCV

0.1 0.82 12,000

0.3 1.48 7000

1.0 2.86 4100

3.0 4.38 2100

10 9.28 1300
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Figure 34. Left: Cyclic voltammogram of 1M H2SO4 (background currents). Right: Cyclic 
voltammogram of 2 μM phosphole ligand in 1M H2SO4 at various scan rates.

Figure 35: Left: Linear sweep voltammograms of 2 μM Et21.(BF4)2 in 0.1M Na2SO4. To probe 
an adsorption process for catalyst 1 (which would normally be hidden under the catalytic 
wave) we dissolved the pyridine-ethylated catalyst Et21.(BF4)2 as an analog for the proton-
ated catalyst in neutral aqueous medium and observed an adsorption process at low con-
centrations (< 6 μM). At higher concentrations, the adsorption process is hidden under the 
diffusion-controlled process. Right: Peak current vs. scan rate for the adsorption waves. 
From the slope a surface concentration Γ0 of 7.3∙10−12 mol/cm2 (two-electron process) was 
obtained through Γ0 = (∂ip/∂ν)(9.40∙105∙Sn2)−1.
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Time-resolved infrared spectroscopy

Using an experimental setup which has been described previously,30 visible pump 
and mid-IR probe were generated. Two commercial BBO-based OPAs (Spectra-Phys-
ics OPA-800C) were pumped by a Ti:sapphire laser (Spectra-Physics Hurricane, 
600 μJ) with a repetition rate of 1 kHz. IR probe pulses were generated by differ-
ence-frequency mixing signal and idler from one of the OPAs in a AgGaS2 crystal. 
The visible pump pulses (630 nm; pulse energy 3 μJ) were generated by doubling 
the signal of the other OPA. The delay positions were scanned by mechanically ad-
justing the beam-path of the UV pump using a Newport ESP300 translation stage. 
The sample cell with CaF2 windows spaced by 500 μm was placed in the IR focus. 
From full width at half-maximum of the pump probe cross-correlation function 
the temporal resolution of 200 fs has been obtained. A custom built 30 pixel MCT 
detector coupled to an Oriel MS260i spectrograph was employed to record the tran-
sient spectra by subtracting non pumped absorption spectra from the pumped ab-
sorption spectra.

Figure 36. UV-vis spectrum of the sample 
(1 mM 1 and 2 mM ZnTPP in CH2Cl2) used 
in TR-IR experiment (500 µm path length).

Figure 37. Rise and decay profiles plus 
global bi-exponential fitting from time-re-
solved infrared spectroscopy at four wave-
length maxima.
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Spectroelectrochemistry

IR spectroelectrochemical measurements were performed with an optically trans-
parent thin-layer electrochemical (OTTLE) cell equipped with CaF2 optical windows 
and either a micro-grid platinum or a mini-grid gold-amalgam working electrode.53 
The optical beam can pass directly through the working electrode, allowing for 
spectroscopic monitoring of the redox processes that take place in the thin solution 
layer surrounding the working electrode. The controlled-potential electrochemical 
conversions were carried out with a PGSTAT10 potentiostat (Metrohm/Autolab). A 
slow scan rate of 2 mV/s was applied to allow for semi-quantitative electrochemical 
conversion. The solutions were prepared in a similar fashion as described for the 
electrochemistry experiments. IR spectra were recorded on a Nicolet Nexus FT-IR 
spectrometer.

Figure 38. Differential spectral evolution (pyridine region shown) going from (left) 1 to 2 
and (right) from 2 to 3 and then to 13– (after substrate depletion). The “bump” around 1610 
cm–1 belongs to triethylamine and related species.



Chapter 4

— 102 —

References

(1)  Sathre, R.; Scown, C. D.; Morrow, W. R.; Stevens, J. C.; Sharp, I. D.; Ager, J. 
W.; Walczak, K.; Houle, F. A.; Greenblatt, J. B. Energy Environ. Sci. 2014, 7 
(10), 3264–3278.

(2)  Carmo, M.; Fritz, D. L.; Mergel, J.; Stolten, D. Int. J. Hydrogen Energy 2013, 38 
(12), 4901–4934.

(3)  Armstrong, F. A. Curr. Opin. Chem. Biol. 2004, 8 (2), 133–140.

(4)  Plumeré, N.; Rüdiger, O.; Oughli, A. A.; Williams, R.; Vivekananthan, J.; 
Pöller, S.; Schuhmann, W.; Lubitz, W. Nat. Chem. 2014, 6 (9), 822–827.

(5)  Tard, C.; Pickett, C. J. Chem. Rev. 2009, 109 (6), 2245–2274.

(6)  Simmons, T. R.; Berggren, G.; Bacchi, M.; Fontecave, M.; Artero, V. Coord. 
Chem. Rev. 2014, 270-271, 127–150.

(7)  Du, P.; Eisenberg, R. Energy Environ. Sci. 2012, 5 (3), 6012.

(8)  McKone, J. R.; Marinescu, S. C.; Brunschwig, B. S.; Winkler, J. R.; Gray, H. B. 
Chem. Sci. 2014, 5 (3), 865–878.

(9)  Thoi, V. S.; Sun, Y.; Long, J. R.; Chang, C. J. Chem. Soc. Rev. 2013, 42 (6), 
2388–2400.

(10)  Wang, M.; Chen, L.; Sun, L. Energy Environ. Sci. 2012, 5 (5), 6763.

(11)  Esselborn, J.; Lambertz, C.; Adamska-Venkatesh, A.; Simmons, T.; Berggren, 
G.; Noth, J.; Siebel, J.; Hemschemeier, A.; Artero, V.; Reijerse, E.; Fontecave, 
M.; Lubitz, W.; Happe, T. Nat. Chem. Biol. 2013, 9 (10), 607–609.

(12)  Berggren, G.; Adamska, A.; Lambertz, C.; Simmons, T. R.; Esselborn, J.; Atta, 
M.; Gambarelli, S.; Mouesca, J.-M.; Reijerse, E.; Lubitz, W.; Happe, T.; Artero, 
V.; Fontecave, M. Nature 2013, 499 (7456), 66–69.

(13)  Helm, M. L.; Stewart, M. P.; Bullock, R. M.; DuBois, M. R.; DuBois, D. L. 
Science 2011, 333 (6044), 863–866.

(14)  Bullock, R. M.; Appel, A. M.; Helm, M. L. Chem. Commun. 2014, 50 (24), 3125.

(15)  Hou, J.; Fang, M.; Cardenas, A. J. P.; Shaw, W. J.; Helm, M. L.; Bullock, R. M.; 
Roberts, J. A. S.; O’Hagan, M. Energy Environ. Sci. 2014, 7 (12), 4013–4017.

(16)  Adamska-Venkatesh, A.; Krawietz, D.; Siebel, J.; Weber, K.; Happe, T.; Rei-
jerse, E.; Lubitz, W. J. Am. Chem. Soc. 2014, 136 (32), 11339–11346.



A [FeFe]Hydrogenase Mimic with Appended Electron Reservoir
for Efficient Proton Reduction in Aqueous Media

— 103 —

(17)  Tard, C.; Liu, X.; Ibrahim, S. K.; Bruschi, M.; Gioia, L. De; Davies, S. C.; Yang, 
X.; Wang, L.-S.; Sawers, G.; Pickett, C. J. Nature 2005, 433 (7026), 610–613.

(18)  Lansing, J. C.; Camara, J. M.; Gray, D. E.; Rauchfuss, T. B. Organometallics 
2014, 33 (20), 5897–5906.

(19)  Camara, J. M.; Rauchfuss, T. B. Nat. Chem. 2011, 4 (1), 26–30.

(20)  Lescop, C.; Toupet, L.; Réau, R. Heteroat. Chem. 2011, 22 (3-4), 339–347.

(21)  Stolar, M.; Baumgartner, T. Chem. - An Asian J. 2014, 9 (5), 1212–1225.

(22)  Kluwer, A. M.; Kapre, R.; Hartl, F.; Lutz, M.; Spek, A. L.; Brouwer, A. M.; van 
Leeuwen, P. W. N. M.; Reek, J. N. H. Proc. Natl. Acad. Sci. USA 2009, 106 (26), 
10460–10465.

(23)  Cabeza, J. A.; Martínez-García, M. A.; Riera, V.; Ardura, D.; García-Granda, 
S. Organometallics 1998, 17 (8), 1471–1477.

(24)  Liu, Y.-C.; Yen, T.-H.; Tseng, Y.-J.; Hu, C.-H.; Lee, G.-H.; Chiang, M.-H. Inorg. 
Chem. 2012, 51 (11), 5997–5999.

(25)  Gloaguen, F.; Morvan, D.; Capon, J.-F.; Schollhammer, P.; Talarmin, J. J. Elec-
troanal. Chem. 2007, 603 (1), 15–20.

(26)  Parker, V. D.; Eklund, A.-M.; Nishida, T.; Enzell, C. R.; Enzell, C. R. Acta 
Chem. Scand. 1981, 35b, 259–262.

(27)  Hapiot, P.; Kispert, L. D.; Konovalov, V. V.; Savéant, J.-M. J. Am. Chem. Soc. 
2001, 123 (27), 6669–6677.

(28)  Adkine, P.; Cantat, T.; Deschamps, E.; Ricard, L.; Mézailles, N.; Le Floch, P.; 
Geoffroy, M. Phys. Chem. Chem. Phys. 2006, 8 (7), 862–868.

(29)  Mirmohades, M.; Pullen, S.; Stein, M.; Maji, S.; Ott, S.; Hammarström, L.; 
Lomoth, R. J. Am. Chem. Soc. 2014, 136 (50), 17366–17369.

(30)  Li, P.; Amirjalayer, S.; Hartl, F.; Lutz, M.; Bruin, B. de; Becker, R.; Woutersen, 
S.; Reek, J. N. H. Inorg. Chem. 2014, 53 (10), 5373–5383.

(31)  Felton, G. A. N.; Vannucci, A. K.; Chen, J.; Lockett, L. T.; Okumura, N.; Petro, 
B. J.; Zakai, U. I.; Evans, D. H.; Glass, R. S.; Lichtenberger, D. L. J. Am. Chem. 
Soc. 2007, 129 (41), 12521–12530.

(32)  Pereira, A. S.; Tavares, P.; Moura, I.; Moura, J. J.; Huynh, B. H. J. Am. Chem. 
Soc. 2001, 123 (12), 2771–2782.

(33)  Ezzaher, S.; Gogoll, A.; Bruhn, C.; Ott, S. Chem. Commun. 2010, 46 (31), 5775.



Chapter 4

— 104 —

(34)  Wang, N.; Wang, M.; Chen, L.; Sun, L. Dalton Trans. 2013, 42 (34), 12059.

(35)  Adam, F. I.; Hogarth, G.; Kabir, S. E.; Richards, I. C. R. Chim. 2008, 11 (8), 
890–905.

(36)  Buntinx, G.; Valat, P.; Wintgens, V.; Poizat, O. J. Phys. Chem. 1991, 95 (23), 
9347–9352.

(37)  Costentin, C.; Drouet, S.; Robert, M.; Savéant, J.-M. J. Am. Chem. Soc. 2012, 
134 (27), 11235–11242.

(38)  Moiroux, J.; Deycard, S.; Malinski, T. J. Electroanal. Chem. Interfacial Electro-
chem. 1985, 194 (1), 99–108.

(39)  Savéant, J.-M. Elements of Molecular and Biomolecular Electrochemistry - An 
Electrochemical Approach to Electron Transfer Chemistry, First edit.; John Wi-
ley & Sons, 2006.

(40)  Costentin, C.; Passard, G.; Savéant, J.-M. J. Am. Chem. Soc. 2015, 137 (16), 
5461–5467.

(41)  Artero, V.; Saveant, J.-M. Energy Environ. Sci. 2014, 7 (11), 3808–3814.

(42)  Saba, S.; Hernandez, R.; Choy, C. C.; Carta, K.; Bennett, Y.; Bondi, S.; Kolaj, 
S.; Bennett, C. J. Fluor. Chem. 2013, 153, 168–171.

(43)  TURBOMOLE, Ahlrichs, R. University of Karlsruhe and Forschungszentrum 
Karlsruhe GmbH.

(44)  Sierka, M.; Hogekamp, A.; Ahlrichs, R. J. Chem. Phys. 2003, 118 (20), 9136.

(45)  Perdew, J. P. Phys. Rev. B 1986, 33 (12), 8822–8824.

(46)  Becke, A. D. Phys. Rev. A 1988, 38 (6), 3098–3100.

(47)  Weigend, F.; Häser, M.; Patzelt, H.; Ahlrichs, R. Chem. Phys. Lett. 1998, 294 
(1-3), 143–152.

(48)  Weigend, F.; Ahlrichs, R. Phys. Chem. Chem. Phys. 2005, 7 (18), 3297.

(49)  Leese, R. A.; Wehry, E. L. Anal. Chem. 1978, 50 (8), 1193–1197.

(50)  APEX2, Bruker. Madison WI, USA 2014.

(51)  SADABS, Sheldrick, G. M. Universität Göttingen, Germany 1999.

(52)  SHELXL, Sheldrick, G. M. Universität Göttingen, Germany 2012.

(53)  Krejčik, M.; Daněk, M.; Hartl, F. J. Electroanal. Chem. Interfacial Electrochem. 
1991, 317 (1-2), 179–187.



5

The Role of Redox-Active 
Phosphole Ligands in Proton 

Reduction Catalysis using
[FeFe]H2ase Mimics

Abstract. In this chapter we elucidate the behavior of various related phos-
phole-appended [FeFe]H2ase mimics and show that their protonation reactivity is 
induced by the structural integrity of these compounds upon/after reduction. The 
structural integrity is in turn affected by the electron-accepting nature of the phos-
phole ligands, resulting in appreciable amounts of spin density being located on 
this organic fragment. The resulting catalytic efficiency is similar for all catalysts, 
even though the catalytic mechanism changes drastically with regards to the order 
of elementary steps, redox potentials and the rate of proton transfer. In the context 
of photocatalytic proton reduction, it is mandatory to carefully balance the kinetic 
and thermodynamic properties of chromophores and catalysts. We show here that 
by selecting ‘the right ligand for the right job’, a catalyst can operate at the desired 
mode without adversely affecting its catalytic merits.
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Introduction

In the search for efficient proton reduction catalysts inspired by the [FeFe]H2ase 
active site, various types of synthetic [2Fe-2S] clusters have been thoroughly inves-
tigated and characterized.1,2 In the late ‘90s the structure of the native [FeFe]H2ase 
active site was elucidated, although the exact configuration of the organic co-factor 
bridging the iron atoms was still unknown.3 The similarity of the enzyme’s active 
site to known propanedithiolato (pdt)-bridged [2Fe-2S] clusters led to a well-charac-
terized first generation of [FeFe]H2ase mimics studied mainly by the groups of Da-
rensbourg4–7 and Pickett,8–11 although the high overpotential for catalysis combined 
with the many decomposition pathways limited the use of this class of compounds 
for further study and application.12,13 Since that time, two main classes of [FeFe]
H2ase mimics have emerged: the azadithiolato (adt)-bridged and benzenedithiolato 
(bdt)-bridged [2Fe-2S] clusters. The adt-based mimics have been thoroughly inves-
tigated and studied by the group of Rauchfuss,14 ultimately leading to a functional 
and structural mimic containing an electron reservoir and proton relay akin the 
natural enzyme.15,16 On the other hand, the bdt-based [2Fe-2S] clusters have been 
studied to a much lesser extent,17 as in contrast to the pdt and adt-mimics,18,19 the 
mono-anions of the reported bdt hexacarbonyl complex are not protonated by weak 
acids.20,21 Activation of the Fe-Fe bond by substitution of a carbonyl for phospho-
rus-based ligands can lead to structures with increased Brønsted basicity due to 
the lower π-acidity of the latter. Although in the case of phosphite complex (μ-bdt)
Fe2(CO)5(P(OMe)3) the basicity indeed increased, the intrinsic efficiency of the cata-
lyst decreased.22,23

Figure 1. Chemical structures of the previously reported pyridylphosphole-functionalized 
H2ase mimic 6, compounds 2–5 and the hexacarbonyl parent compound 1.
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In Chapter 4 we have shown that the incorporation of a redox-active phosphole 
ligand into a bdt-based H2ase mimic leads to efficient proton reduction catalysis 
in aqueous media.24 Before entering its catalytic cycle, this pyridylphosphole-ap-
pended complex 6 needs to be activated by a two-electron reduction and di-pro-
tonation in an overall ECCE process occurring at unexpectedly mild potentials. In 
contrast, the parent hexacarbonyl complex 1 [(μ-bdt)Fe2(CO)6] needs to be activated 
by two-electron reduction (at similar potentials) before protonation takes place in 
an overall EEC process.20 We wanted to understand the underlying principles of 
the different behavior in catalytic proton reduction catalysis of these complexes, 
and why in complex 1 mono-reduction is insufficient to affect protonation. Our 
hypothesis is that the increased Brønsted basicity of the mono-reduced state of 
6 compared to 1 is explained by either (a) an increase in σ-donor ability of the 
phosphorus ligand compared to a carbonyl ligand, (b) the redox-activity or (c) the 
combined redox- and proto-reactivity of the phosphole ligand. To rule out two of 
the three hypotheses, we bridged the gap between complexes 1 and 6 by synthesiz-
ing and characterizing a series of Fe2(μ-bdt)(CO)5L complexes 2–5 (Figure 1). These 
complexes contain a phosphine or phosphole ligand, allowing for the separation of 
redox-active, proto-reactive and ‘innocent’ behavior of the phosphorus ligands in 
complexes 2–6.

The electron transfer (ET) and proton transfer (PT) behavior (including electroca-
talysis) for compounds 1–5 was fully elucidated by cyclic voltammetry (CV) in CH-

2Cl2 combined with peak potential analysis and fitting to digital simulation. To gain 
insight in the structure-reactivity relationships of the various reduced and proton-
ated forms of complexes 2–5 we calculated the geometries, frontier orbitals local-
ization and spin density distribution of X, X–, X2– and XH– (X = 2–5) by DFT. The 
electrochemical properties and DFT calculations are presented in the Results sec-
tion. In the Discussion section we elaborate on the observed differences and similar-
ities in the electrochemistry, which we explain by the DFT calculated geometries 
and frontier orbital localization of the involved intermediate species. For complexes 
2–5 the reduction potentials of their intermediates are strikingly similar, whereas 
the protonation reactivity of the intermediates changes dramatically with the na-
ture of the phosphorous ligand. The redox-activity of the phosphole ligands in 3–5 
leads to electron delocalization after mono-reduction, which avoids rupture of one 
of the Fe-S bonds. This leads to an [2Fe-2S] cluster that is structurally intact and 
sufficiently basic to react with weak acids. The difference in reactivity facilitates 
alternative catalytic pathways, leading to a change in redox potentials throughout 
the catalytic cycle. One implication of this finding is that lowering catalytic over-
potentials might be more straightforward through facilitating proton transfer than 
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through decreasing the intrinsic reduction potentials of the complexes.

Results

Synthesis and characterization

The four [FeFe]H2ase mimics 2–5 bearing a benzenedithiolato (μ-bdt) bridge and 
one phosphorus ligand were synthesized by reacting the hexacarbonyl precursor 
1 [(μ-bdt)Fe2(CO)6] with trimethylamine N-oxide, followed by addition of the cor-
responding ligand in a mixture of dichloromethane and acetonitrile at room tem-
perature. Purification by column chromatography yielded the target compounds 
as air-stable red solids in moderate yields (40-60%). All new compounds (3, 4 and 
5) were characterized by 1H NMR, 31P NMR, HR-MS, IR and X-ray analysis. The 
spectroscopic data of compound 2 matched those reported in literature.25,26 Infrared 
analysis showed that all complexes are electronically similar in their neutral state, 
i.e. the carbonyl stretching frequencies are all shifted by approximately 30 cm–1 
with respect to the hexacarbonyl precursor.

Single crystal X-ray diffraction of complexes 3–5 reveals very similar structural 
features for all complexes, with the phosphorus ligands in apical position (Figure 
2).24,26,27 For dibenzophosphole complex 3, the fused benzene rings π–π stack to the 
bdt bridge (centroid-centroid distance 3.424 Å), similar to the previously reported 
X-ray structure of 2 (centroid-centroid distance 3.556 Å).25,26 The Fe-Fe bond length 
in complexes 2–5 is approximately 2.52 Å, slightly larger than the 2.48 Å report-
ed for 1,28 and the dihedral angle between phosphorus and the two iron atoms is 
151±3° for all structures. However, the Fe-P bond is slightly longer for phosphine 
complex 2 (2.252 Å) compared to 3–5 (2.218±0.005), which is most likely related to a 
difference in π-backbonding from iron to phosphorus. The amount of backbonding 
is in this case not affected by the electron density on the metal, as this would be 
translated into differences in the infrared vibrational energies, but rather to the 
smaller cone angles of the phospholes compared to triphenylphosphine.29 The DFT 
calculated geometries of 2–5 are in good agreement with their respective crystal 
structures, with slight overestimation of Fe-S and Fe-Fe bond lengths by 1.2% and 
underestimation of Fe-C bond lengths by 0.5% (cf. Figure 20 and Table 2).
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Figure 2. Molecular structures of 2–5 as determined by X-ray diffraction with displace-
ment ellipsoids at the 50% probability level.

Table 1. Spectroscopic properties of complexes 1–6 in CH2Cl2 (IR) or CD2Cl2 (NMR). (Un-
resolved = the NMR signals belonging to the bdt bridge overlap with various aromatic 
signals in the NMR spectrum.)

Compound IR (CO stretch) 1H-NMR (μ-bdt) 31P-NMR

1 2078/2042/2002 7.13/6.63

2 2050/1992/1980/1936 6.53/6.22 61.7

3 2050/1993/1979/1936 6.13 52.5

4 2049/1992/1979/1936 6.97/6.64 74.9

5 2053/1995/1983/1940 (unresolved) 76.8

6 2053/1995/1983/1941 7.01/6.70 75.1
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Elucidation of electron and proton transfer processes 
using cyclic voltammetry

Solutions of compounds 1–5 were subjected to cyclic voltammetry at a static mer-
cury drop (for peak potential analysis) or a glassy carbon (for catalysis) working 
electrode in CH2Cl2 containing 0.1 M nBu4NPF6. In absence of acid, two-electron 
reduction waves with potential inversion were observed, with peak reduction po-
tentials around –1.8 V (all reported potentials are vs. Fc/Fc+) for 2–5. A scan rate 
dependent study of these redox waves combined with peak potential analysis30 and 
electrochemical simulations proved to be insufficient to accurately determine the 
redox behavior of the compounds. In presence of acid (HNEt3PF6) and using similar 
analytical techniques, the first reduction potentials could be accurately determined. 
These potentials were used to fully elucidate the redox behavior in absence of acid 
(including disproportionation/comproportionation pathways).31 In presence of acid, 
peak potential analysis of the first redox wave (at varying scan rates and acid con-
centration) was sufficient to accurately determine all electron and proton transfer 
processes occurring at the first redox wave. Catalytic mechanisms were elucidated 
by electrochemical simulation of the catalytic waves using the data from the first 
redox wave. A full description of the electrochemical and chemical processes in-
cluding cyclic voltammograms, fits to digital simulation and peak potential analy-
sis is given in the Experimental Section.

Behavior of hexacarbonyl complex 1

In a previous report the parent hexacarbonyl complex 1 was subjected to electro-
chemical analysis in CH2Cl2 at a glassy carbon electrode.32 A two-electron reduc-
tion wave at a half-wave potential of –1.44 V was observed with ca. 35 mV po-
tential inversion. The authors addressed the difficulties in determining the extent 
of potential inversion ΔE0 = |E1 – E2|, as well as the pronounced influence of the 
electrode material on heterogeneous charge transfer. In a separate gas-phase DFT 
study, ΔE0 was calculated to be ca. 460 mV, with an experimental lower limit of 
150 mV for CH3CN solvent (Gutmann donor number (DN) = 14.1 kcal mol–1)33 and 
a normal potential ordering for THF solvent (DN = 20 kcal mol–1).21 Because the 
authors correlate the ΔE0 value to the DN (or Lewis basicity) of the solvent, it is 
expected that ΔE0 should be larger than 150 mV for a non-coordinating solvent. Cy-
clic voltammetry of a 1.0 mM solution of 1 in CH2Cl2 (DN = 0 kcal mol–1; virtually 
non-coordinating)34 at a static mercury drop electrode showed a fully reversible 
two-electron reduction wave at a half-wave potential of –1.48 V with a peak-to-
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peak separation of 43 mV for scan rates 0.03–3.0 V s–1 (Figure 3, top left). Simulta-
neous fitting of digital simulations on voltammograms acquired in the absence and 
presence of increasing amounts of HNEt3PF6 (Figure 3, top right) revealed that the 
extent of potential inversion of 1 in CH2Cl2 is ca. 280 mV, a value that could only 
be reliably determined when a disproportionation equilibrium reaction (1– + 1– ↔ 
12– + 1) was included. This analysis also yielded the rate constant for protonation 
of the dianion 12– as well as the redox potential for the hydride couple 1H|1H–. The 
electron transfer, proton transfer and disproportionation processes are summarized 
schematically in Figure 3 (bottom).

After two-electron reduction of 1, one of the Fe-S bonds breaks and one carbonyl 
ligand bridges both Fe centers.21 The resulting species 12– is sufficiently basic to re-
act with weak acids.20,21 However, the molecular structure and reactivity of the mo-
no-anion 1– have not yet been unambiguously assigned, and the question addressed 
by Capon and co-workers (“We were particularly interested in determining wheth-
er the protonation step of the initial reduction product competes kinetically with 

Figure 3. Cyclic voltammetric re-
sponse of 1.0 mM complex 1 in CH2Cl2 
containing 0.1 M nBu4NPF6.
Top left: In absence of acid at various 
scan rates (Hg). Top right: In presence 
of increasing amounts of HNEt3PF6 
at 0.03 V/s (Hg). Bottom: Simplified 
scheme depicting electron transfer and 
proton transfer processes and catalytic 
cycle (light orange).
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the second reduction step.”)20 still stands. Recently, Mirmohades et al. addressed 
this question in a laser flash quench study, and it was found that the mono-anion 
could only be protonated by moderately strong acids with a pKa < 12.7.35 They did 
experimentally observe the mono-anion 1– (and supported its structure by DFT), 
which did not contain any bridging carbonyls but had one of the Fed-S bonds elon-
gated by 1.25 Å, and the resulting spin density most likely located on the five-coor-
dinate Fed atom.35 After a second electron transfer, the resulting di-anion 12– shows 
a fully cleaved Fed-S bond with a carbonyl ligand moving into a bridging position, 
and the resulting basicity increase can therefore be ascribed to the second electron 
being (at least partly) localized on iron.

We found that protonation of 1– by weak acids is thermodynamically (and not ki-
netically) unfavorable on the basis of thermochemical analysis of the redox and 
acid-base equilibria presented in Figure 4.36 The free energy related to the overall 
electron/proton transfer ΔG(1–|1H–) when going from 1– to 1H– is equal, regardless 
of the chemical pathway. This free energy is the sum of free energies for the redox 
equilibrium and acid-base equilibrium according to the formulae in Figure 4. The 
pKa of the 12–|1H– couple is 23,20,21 which leads to a pKa value of 13 for the 1–|1H 
couple. Because this value is in line with the previously reported data, combined 
with the fact that the disproportionation reaction observed here is relatively slow 
(kf = 5∙104 M–1 s–1), we conclude that the mono-anion is not sufficiently basic to react 
with weak acids.

Figure 4. ET-PT square scheme for thermochemical analysis of the redox and acid-base 
equilibria observed for 1.
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Behavior of triphenylphosphine complex 2

In absence of acid, triphenylphosphine complex 2 undergoes two sequential (qua-
si-reversible) reduction events (through potential inversion) at –1.80 V and –1.62 
V to form di-anion 22– (Figure 5, top left). DFT calculated frontier orbital plots of 
neutral 2 show that its LUMO is delocalized over the [2Fe-2S] cluster and the bdt 
bridge, and population of this LUMO by one electron leads to a structurally reor-
ganized mono-anion 2– with a cleaved (3.41 Å) Fed-S bond and the distal iron atom 
(Fed) in a distorted square pyramidal configuration, resulting most likely in the 
Fe0 (d8) formal oxidation state (Figure 5, bottom). Due to this chemical transfor-
mation, the spin density distribution of 2– (90% on Fed) is markedly different from 
the LUMO localization of 2. Through dissociation of the thiolate ligand, the Fe-Fe 
bond in 2– is not destabilized sufficiently to affect protonation, which was observed 
from the cyclic voltammograms in presence of acid. In these experiments, the ca-
thodic peaks did not shift to more positive potentials on addition of acid (Figure 
23A), indicating that there is no (rate-limiting) proton transfer between the electron 
transfers. However, the anodic re-oxidation wave shifted to potentials roughly 0.6 
V more positive (–1.03 V; Figure 21), indicating that the di-reduced species 22– reacts 
with a proton to form the hydride 2H– (Figure 5, bottom). DFT calculations on the 
di-anion 22– reveal a geometry with a bridging carbonyl ligand and one Fed-S bond 
completely ruptured (3.90 Å), with both distal and proximal (Fep) iron centers in 22– 
in a distorted octahedral conformation. According to its DFT calculated geometry, 
2H– features a similarly exposed geometry as the di-anion, although now with a 
bridging hydride instead of a bridging carbonyl ligand.

Thus, 2 reacts in a similar fashion as the parent complex 1 and only the di-anion 
22– is sufficiently basic to react with a proton to form 2H–. Simulation of the cata-
lytic waves (Figure 25) show that the only plausible catalytic mechanism is of the 
(E)ECCE type, wherein neutral 2 is activated by one-electron reduction and then 
enters the cycle as the active species 2– (Figure 5, bottom). This mono-anion then 
accepts an additional electron and undergoes protonation under diffusion control to 
form 2H–. Next, a rate-determining protonation equilibrium is followed by (disso-
ciative) electron transfer (–2.09 V) to release H2 with reformation of the mono-anion 
2–.
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Figure 5. Top left: Cyclic voltammetric response of 1.0 mM complex 2 in CH2Cl2 contain-
ing 0.1 M nBu4NPF6 in absence of acid at various scan rates (glassy carbon). Top right: 
Catalytic waves at 4/8/32/56 equivalents of Et3NHPF6 at 0.1 V/s (glassy carbon). Bottom: 
Simplified ET-PT scheme and catalytic cycle (light orange) with DFT calculated geome-
tries and frontier orbital plots of the various reduced and protonated forms of 2.
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Figure 6. Top left: Cyclic voltammetric response of 1.0 mM complex 3 in CH2Cl2 contain-
ing 0.1 M nBu4NPF6 in absence of acid at various scan rates (glassy carbon). Top right: 
Catalytic waves at 4/8/16/32/56 equivalents of Et3NHPF6 at 0.1 V/s (glassy carbon). Bottom: 
Simplified ET-PT scheme and catalytic cycle (light orange) with DFT calculated geome-
tries and frontier orbital plots of the various reduced and protonated forms of 2.
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Behavior of dibenzophosphole complex 3

The redox behavior of 3 in absence of acid deviates from 2, in that the cyclic vol-
tammograms show ‘textbook’ redox waves at low scan rates (Figure 6, top left). The 
redox potentials of this two-electron process are at –1.80 V (reversible) and –1.67 
V (quasi-reversible). DFT calculated frontier orbital plots reveal that the LUMO of 
3 is delocalized over the [2Fe-2S] cluster and the bdt bridge, similar to the LUMO 
localization found for 2. In contrast to 2–, the calculated geometry of 3– shows that 
after mono-reduction of 3 the [2Fe-2S] butterfly structure remains intact, with 60% 
of spin density in 3– distributed over the two iron atoms and 26% spin density on 
the dibenzophosphole ligand. This mono-anion 3– is sufficiently basic to be proton-
ated because it is still structurally intact after reduction. In presence of increasing 
amounts of acid the cathodic peaks in the cyclic voltammograms shift to more 
positive potentials (Figure 26), indicative of a rate-limiting homogeneous follow-up 
reaction after electron transfer. Peak potential analysis on these voltammograms 
indicates an ECE mechanism (Figure 6, top right). The mono-anion 3– is protonated 
to form the hydride species 3H, which is then further reduced at –1.03 V to form 
the anionic hydride species 3H–. DFT calculations indicate that this hydride is in a 
bridging position, with the [2Fe-2S] butterfly structure remaining intact with Fedis-

tal-S bond elongation (2.54 to 2.61 Å). The chemical pathway from 3 to 3H– does not 
go via the di-anion 32–, which shows a DFT calculated geometry with an opened-up 
[2Fe-2S] cluster (Fed-S at 3.90 Å) and a bridging carbonyl ligand, and its HOMO lo-
calized mainly on iron and the bdt bridge (Figure 6, bottom). Scanning to more neg-
ative potentials, catalytic waves appear around –2.0 V (Figure 6, top right). Through 
digital simulation of the voltammograms (Figure 27), we find that the catalytic 
mechanism (starting from the pre-catalyst 3) is of the (E)CECE type (one-electron 
activation followed by catalysis via CECE). In this mechanism, hydride 3H– is first 
protonated in a rate-determining equilibrium followed by reduction at –1.90 V with 
release of H2, reforming the active catalytic species 3–.

Behavior of phosphole complexes 4

The redox and protonation behavior for complex 5 is identical (within experimental 
error) to the behavior of 4 unless stated otherwise. In absence of acid, a two-elec-
tron reversible reduction with potential inversion is observed at –1.85 V/–1.67 V 
(–1.80 V/–1.62 V for 5) (Figure 7, top left). Frontier orbital plots show that the LUMO 
of 4 is delocalized over the di-iron complex and the backbone of the phosphole 
ligands (Figure 7, bottom). Calculated geometries of 4– show that the complex re-
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Figure 7. Top left: Cyclic voltammetric response of 1.0 mM complex 4 in CH2Cl2 contain-
ing 0.1 M nBu4NPF6 in absence of acid at various scan rates (glassy carbon). Top right: 
Catalytic waves at 4/8/16/32/56 equivalents of Et3NHPF6 at 0.1 V/s (glassy carbon). Bottom: 
Simplified ET-PT scheme and catalytic cycle (light orange) with DFT calculated geome-
tries and frontier orbital plots of the various reduced and protonated forms of 2.
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mains structurally intact on mono-reduction with partial aromatization of the 
phosphole backbone. The resulting spin density occupies what used to be the neu-
tral molecule’s LUMO with 46% (39% for 5) spin density on the two iron atoms and 
47% (56% for 5) on the phosphole ligand. Further reduction to the di-anion 42– leads 
to full aromatization of the phosphole backbone, with structural changes to the 
[2Fe-2S] core structure limited to elongation of the Fe-Fe bond to around 2.71 Å. 
The HOMO of the di-anion shows the same distribution as the LUMO of the neutral 
complex and the spin density distribution of the mono-anion, and it can thus be 
concluded that on reduction both electrons simply occupy this delocalized orbital 
without inducing structural changes to the complex. From electrochemical analysis 
it follows that the mono-anion 4– is rapidly protonated to form the respective hy-
dride species, which is in turn further reduced to form the mono-anionic hydride 
species 4H– in an overall process very similar to the process observed for 3. DFT 
calculations on this hydride species show a bridging hydride ligand with one of the 
Fe-S bonds elongated from 2.30 Å to 2.83 Å (3.08 Å for 5H–). Catalysis occurs via 
an (E)CECE mechanism at identical potentials, rates and equilibrium constants as 
observed for 3 (Figure 7, bottom).

Discussion

In the absence of acid, complexes 2–5 follow similar electrochemistry, with the first 
reduction around    –1.8 V and the second reduction around –1.6 V. For complexes 
based on phosphole ligands (4 and 5), both mono-anions and di-anions show geom-
etries similar to the neutral complexes, and the potential inversion is explained by 
electron delocalization with concomitant ligand aromatization.37 For the dibenzo-
phosphole-based complex 3, the first reduction process (3|3–) is similar to the one 
observed for 4 and 5. However, the second reduction (3–|32–) leads to a distorted 
geometry, which is due to lower electron delocalization onto the dibenzophosphole 
ligand compared to 42– and 52–. The reduction of phosphine-based complex 2 leads 
to a mono-anion with a distorted geometry, as the triphenylphosphine ligand is not 
susceptible to store electron density after reduction and the resulting charge cannot 
be stabilized on an intact [2Fe-2S] butterfly structure. The di-anions 22– and 32– are 
also very close in both geometry and orbital localization. The geometric changes on 
reduction of 2 and 3 closely resemble the changes observed in the parent complex 
1., i.e. mono-reduction leads to elongation of one of the Fed-S bonds and di-reduc-
tion induces complete rupture of this Fe-S bond with a carbonyl ligand moving into 
a bridging position.21
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Figure 8. Schematic summary of the structure-function relationships in the various re-
duced and protonated forms of compounds 1-6 in bottom view (bdt ligand points down).

In the presence of acid, the mono-anion of 2 is not sufficiently basic to react with 
weak acid. Similarly to 1, two-electron reduction is necessary for this complex to 
afford a reactive Fe-Fe framework amenable to protonation by a weak acid.21 In 
contrast, mono-anions of 3–5 readily react with a proton to form the respective 
hydride intermediates. Within these complexes, the redox-activity of the phosphole 
ligands leads to electron delocalization after reduction, which avoids rupture of the 
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Fed-S bond, leading to an [2Fe-2S] cluster that is structurally intact and therefore 
sufficiently basic to be protonated. It should be stressed here that not the inherent 
electronic properties or redox-activity of the metal-ligand combination but rather 
how these parameters affect the structural integrity of the complex after reduction 
influences the catalytic performance. Upon overall di-reduction and protonation, 
all complexes form the anionic hydride species XH– (where X is 2–5). The potential 
of all hydride redox couples XH|XH– is around –1.0 V, which is 0.6 V more positive 
than the second reduction in absence of acid, irrespective of how these hydride 
species were formed (ECE for 3–5 and EEC for 2).

Advancing from the hydride species XH– into the catalytic wave, the next equilib-
rium protonation (XH–|XH2) is the rate determining step for catalysis. This step is 
followed by electron transfer, liberating H2 and reforming the mono-anion (XH2|H2 
+ X–). The overall free energy ΔG(XH–|H2 + X–) associated with this sequence of 
proton transfer (PT) and electron transfer (ET) is again the sum of the free energies 
of PT and ET, respectively (vide supra). This free energy shows to be very similar 
for 2–5. The separate PT and ET steps are strongly affected by the nature of the 
ligand: For phosphole-based complexes 3–5 the equilibrium constant K is 0.04 M–1 
(pK = 1.4) and the redox potential is –1.90 V. For 2, K is 150 M–1 (pK = –2.2) and the 
redox potential is –2.09 V. Following the typical ET-PT relationship of 59 mV per 
pK unit, it can be easily deduced that the difference in potential between 2 and 3–5 
(190 mV) is counterbalanced by their differences in pK (3.6). This last PT/ET step 
demonstrates the intimate relationship between the rate and the overpotential for 
catalysis.

Conclusion

Comparing the reactivity of compounds 1–6 to the structure of their various re-
duced and protonated species, some general conclusions can be drawn (Figure 8). 
In the case of redox-innocent ligands (CO and PPh3; compounds 1 and 2) an Fed-S 
bond is cleaved on reduction, leading to a opened-up [2Fe-2S] butterfly structure 
that is not sufficiently basic to get protonated. The use of redox-active phosphole 
ligands (3–6) avoids the rupture of the aforementioned Fed-S bond by withdraw-
ing electron density onto the phosphole backbone. This leads to an intact [2Fe-2S] 
butterfly structure that can get protonated, with the second electron transfer at 
milder potentials than was the case for redox-innocent ligands. The incorporation 
of proto-reactivity in the ligand (compound 6, cf. Chapter 4) leads to charge stabi-
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lization during reduction, and therefore to a milder reduction potential than was 
the case for the similar compound without proto-reactivity (4). In the search for ef-
ficient H2ase mimics, we envision that reducing the overpotential is easier to attain 
by opening up novel reduction/protonation pathways, both by geometric tuning of 
the complexes and by inclusion of functionalities that facilitate PCET. Moreover, it 
was shown that the incorporation of redox-active phosphole ligands allows for an 
alternative catalytic mechanism at modified redox potentials in the catalytic cycle, 
without affecting the overall catalytic performance.



Chapter 5

— 122 —

Experimental

Materials and methods

General procedures. All syntheses were carried out under a nitrogen atmosphere 
using standard Schlenk techniques. All purifications involving column chromatog-
raphy were performed in air with non-degassed solvents. Dichloromethane used 
for synthesis and electrochemistry was distilled over calcium hydride prior to use. 
Acetonitrile was used for synthesis (p.a. grade) as received. The supporting electro-
lyte nBu4NPF6 (prepared from saturated solutions of KPF6 and nBuN4Br in water) 
was recrystallized from hot methanol and dried under vacuum at 80 °C overnight. 
The phosphole ligands were synthesized according to literature procedures.38,39 The 
acid HNEt3PF6 was synthesized according to a literature procedure.40 All commer-
cially available chemicals were used as received. The 1H and 31P NMR spectra were 
measured on a Bruker AV400 spectrometer. Mass spectra were collected on an Ac-
cuTOF GC v 4g, JMS-T100GCV Mass spectrometer (JEOL, Japan). FD probe equipped 
with FD Emitter, Carbotec (Germany), FD 10 μm. Current rate 51.2 mA/min over 1.2 
min. Typical measurement conditions are: Counter electrode –10 kV, ion source 37V.

Synthesis

Synthesis of (μ-bdt)Fe2(CO)5L. A Schlenk flask was charged with (μ-bdt)Fe2(CO)6, 
phosphorus ligand (1.0 equivalent) and CH2Cl2 (100 ml/mmol). A solution of trime-
thylamine N-oxide dihydrate in CH3CN (50 mM; 1.0 equivalent) was added dropwise 
and the solution was stirred at room temperature for 2 hours. The crude product 
was pre-adsorbed on silica and purified by column chromatography (SiO2; gradient 
elution: pentane to CH2Cl2/pentane 1:3). This gave the target products in moderate 
yields (40%–60%) as air-stable red solids.

Characterization of 2 (40% yield). 1H NMR (300 MHz, CD2Cl2) δ  7.57–7.45 (m, 
6H), 7.43–7.29 (m, 9H), 6.53 (dd, J = 5.4, 3.2 Hz, 2H), 6.22 (dd, J = 5.4, 3.2 Hz, 2H). 31P 
NMR (121 MHz, CD2Cl2) δ 61.94. IR (CH2Cl2, cm–1) 2050 (vs), 1992 (vs), 1980 (s, sh), 
1936 (w).

Characterization of 3 (40% yield). 1H NMR (300 MHz, CD2Cl2) δ  8.00–7.87 (m, 
2H), 7.78–7.66 (m, 2H), 7.58–7.49 (m, 2H), 7.47–7.34 (m, 7H), 6.16–6.03 (m, 4H). 31P NMR 
(121 MHz, CD2Cl2) δ 52.82. IR (CH2Cl2, cm–1) 2050 (vs), 1993 (vs), 1979 (s, sh), 1936 (w). 
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MS (FD+) for C29H17Fe2O5PS2: m/z calculated 651.89538, observed 651.90908 (Δ(m/z) 
21.0 ppm).

Characterization of 4 (45% yield). 1H NMR (300 MHz, CD2Cl2) δ 7.92 (ddd, J = 
11.0, 7.5, 2.1 Hz, 2H), 7.63–7.53 (m, 3H), 7.27–7.19 (m, 6H), 7.17–7.08 (m, 4H), 6.98 (dd, J 
= 5.5, 3.2 Hz, 2H), 6.64 (dd, J = 5.5, 3.2 Hz, 2H), 2.67–2.51 (m, 2H), 2.39–2.25 (m, 2H), 
1.66–1.44 (m, 4H, overlaps with water peak). 31P NMR (121 MHz, CD2Cl2) δ 74.86. IR 
(CH2Cl2, cm–1) 2049 (vs), 1992 (vs), 1979 (s, sh), 1936 (w). MS (FD+) for C37H27Fe2O5PS2: 
m/z calculated 757.97363, observed 757.98919 (Δ(m/z) 20.5 ppm).

Characterization of 5 (60% yield). 1H NMR (300 MHz, CD2Cl2) δ 8.08 (ddd, J = 
10.5, 6.4, 3.0 Hz, 2H), 7.61 (m, 3H), 7.21–6.92 (m, 16H), 6.92–6.82 (m, 2H), 6.74–6.63 (m, 
6H). 31P NMR (121 MHz, CD2Cl2) δ 76.78. IR (CH2Cl2, cm–1) 2053 (vs), 1995 (vs), 1983 
(s, sh), 1940 (w). MS (FD+) for C45H29Fe2O5PS2: m/z calculated 855.98928, observed 
856.01426 (Δ(m/z) 29.2 ppm).

Infrared spectroscopy

Figure 9. Infrared spectra of compounds 2–5 (1 mM in CH2Cl2).
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NMR spectroscopy

Figure 10. 1H NMR (300 MHz) spectrum of 2 in CD2Cl2.

Figure 12. 1H NMR (300 MHz) spectrum of 3 in CD2Cl2.

Figure 11. 31P NMR (121 MHz) spectrum of 2 in CD2Cl2.
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Figure 13. 31P NMR (121 MHz) spectrum of 3 in CD2Cl2.

Figure 14. 1H NMR (300 MHz) spectrum of 4 in CD2Cl2.

Figure 15. 31P NMR (121 MHz) spectrum of 4 in CD2Cl2.
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Figure 16. 1H NMR (300 MHz) spectrum of 5 in CD2Cl2.

Figure 17. 31P NMR (121 MHz) spectrum of 5 in CD2Cl2.

Single crystal X-ray diffraction analysis

X-ray intensities were measured on a Bruker D8 Quest Eco diffractometer equipped 
with a Triumph monochromator (λ = 0.71073 Å) and a CMOS Photon 50 detector at 
a temperature of 150(2) K. Intensity data were integrated with the Bruker APEX2 
software.41 Absorption correction and scaling was performed with SADABS.42 The 
structures were solved with the program SHELXL.41 Least-squares refinement was 
performed with SHELXL-2013 against F2 of all reflections.43 Non-hydrogen atoms 
were refined with anisotropic displacement parameters. The H atoms were placed 
at calculated positions using the instructions AFIX 13, AFIX 43 or AFIX 137 with 
isotropic displacement parameters having values 1.2 or 1.5 times Ueq of the attached 
C atoms.
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C29H17Fe2O5PS2 (3), Fw = 652.24, dark-red di-
amonoid, 0.363×0.237×0.189 mm, monoclinic, 
P21/n (No: 14), a = 10.0681(6), b = 17.3783(9), c = 
15.5640(8) Å, β = 95.619(3), V = 2710.1(3) Å3, Z = 
4, Dx = 1.596 g/cm3, µ = 1.322 mm-1. 44332 reflec-
tions were measured up to a resolution of (sin 
θ/λ)max = 0.65 Å-1. 10371 reflections were unique, 
of which 6065 were observed [I>2σ(I)]. 352 pa-
rameters were refined with 0 restraints. R1/
wR2 [I > 2σ(I)]: 0.0527/0.1258. R1/wR2 [all refl.]: 
0.122/0.1675. S = 0.876. Residual electron density 
between -0.635 and 0.570 e/Å3.

C37H27Fe2O5PS2 (4), Fw = 758.40, dark-red dia-
monoid, 0.382×0.131×0.078 mm, monoclinic, P21/n 
(No: 14), a = 10.407(3), b = 17.562(5), c = 18.126(5) 
Å, β = 91.982(5), V = 3310.9(16) Å3, Z = 4, Dx = 
1.521 g/cm3, µ = 1.094 mm-1. 42080 reflections 
were measured up to a resolution of (sin θ/λ)max 
= 0.74 Å-1. 8113 reflections were unique, of which 
4018 were observed [I>2σ(I)]. 424 parameters 
were refined with 0 restraints. R1/wR2 [I > 2σ(I)]: 
0.0709/01405. R1/wR2 [all refl.]: 0.1910/0.1910. S = 
0.895. Residual electron density between -0.509 
and 0.542 e/Å3.

C45H29Fe2O5PS2 (5), Fw = 856.50, dark-red di-
amonoid, 0.446×0.112×0.084 mm, monoclinic, 
P21/c (No: 14), a = 15.2560(7), b = 15.3674(7), c = 
17.9400(9) Å, β = 97.672(2), V = 4168.3(3) Å3, Z = 
4, Dx = 1.500 g/cm3, µ = 1.01 mm-1. 38582 reflec-
tions were measured up to a resolution of (sin 
θ/λ)max = 0.84 Å-1. 7333 reflections were unique, 
of which 5837 were observed [I>2σ(I)]. 523 pa-
rameters were refined with 0 restraints. R1/
wR2 [I > 2σ(I)]: 0.0335/0.0899. R1/wR2 [all refl.]: 
0.0520/0.0899. S = 0.947. Residual electron density 
between -0.792 and 0.687 e/Å3.

Figure 18. Molecular structure of 3 
with displacement ellipsoids at the 
50% probability level.

Figure 19. Molecular structure of 4 
with displacement ellipsoids at the 
50% probability level.

Figure 20. Molecular structure of 5 
with displacement ellipsoids at the 
50% probability level.
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Figure 21. Bar graph of the parameters in Table 2, showing underestimation and overesti-
mation of selected parameters by DFT with respect to the parameters determined by XRD 
for compounds 2–5.

Table 2. Selected bond lengths and (dihedral) angles as determined by X-ray diffraction 
(XRD) and the comparison to the DFT calculated geometries.

2
(XRD)

2
(DFT)

3
(XRD)

3
(DFT)

4
(XRD)

4
(DFT)

5
(XRD)

5
(DFT)

Fed-S1 2.281 2.303 2.276 2.302 2.274 2.303 2.282 2.306

Fed-S2 2.283 2.297 2.273 2.303 2.280 2.303 2.297 2.301

Fed-Fep 2.492 2.528 2.474 2.520 2.482 2.521 2.481 2.523

Fep-S1 2.295 2.306 2.273 2.300 2.280 2.304 2.269 2.303

Fep-S2 2.267 2.304 2.276 2.299 2.277 2.304 2.280 2.305

Fed-COba 1.791 1.781 1.791 1.781 1.784 1.780 1.793 1.780

Fed-COba 1.793 1.779 1.784 1.780 1.780 1.780 1.793 1.781

Fed-COap 1.805 1.788 1.789 1.788 1.794 1.787 1.814 1.788

Fep-COba 1.772 1.761 1.764 1.764 1.772 1.761 1.778 1.761

Fep-COba 1.766 1.759 1.767 1.762 1.762 1.761 1.765 1.761

Fep-P 2.252 2.256 2.213 2.226 2.223 2.244 2.224 2.246

S-Fed-S 66.0° 66.5° 65.9° 66.4° 66.1° 66.3° 66.1° 66.4°

S-Fep-S 66.4° 66.7° 65.9° 66.4° 66.0° 66.3° 65.6° 66.4°

S-Fe-Fe-S 100.4° 100.0° 100.9° 100.3° 100.8° 99.9° 100.2° 100.0°
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Electrochemistry

Cyclic voltammetry was performed on 1 mM solutions in CH2Cl2 containing 0.1 M 
nBu4NPF6 as the supporting electrolyte. The voltammograms were recorded using 
a 663 VA stand with a PGSTAT302N potentiostat (Metrohm/Autolab), a static mer-
cury drop electrode (SMDE; drop size 2) or glassy carbon disk (diameter 2 mm) as 
a working electrode, a platinum wire as an auxiliary electrode and a leakless Ag0/+ 
reference electrode (eDAQ ET069). Single equivalents of Et3NHPF6 were added as a 
25% m/V solution in CH2Cl2. To convert the potential values of the Ag0/+ reference 
to Fc/Fc+, a correction factor was used as determined by cyclic voltammetry of 1 
mM ferrocene in CH2Cl2 using the same reference electrode. At the end of each 
experiment, ferrocene was added to the solution to check for reference electrode 
drift. All cyclic voltammetric experiments were iR compensated to around 95% of 
solution resistance. Digital simulation of cyclic voltammograms was performed us-
ing DigiElch version 7.FD (build 7.096; ElchSoft.com).

Elucidation of redox and chemical processes using cyclic voltammetry was con-
ducted by the following step-wise protocol:

•	 In presence of (increasing amounts of) acid, the mechanism of protonation was 
established by peak potential analysis in the pure kinetic region:
•	 In the case ∂Ep,c/∂ln([Et3NHPF6]) = ∂Ep,c/∂ln(ν) ≈ 12.8 mV an ECE mechanism 

was assumed on the basis of the analysis laid down by Parker and oth-
ers30,31,44–46

•	 In the case ∂Ep,c/∂ln([Et3NHPF6]) = 0 and the anodic re-oxidation wave moved 
to potentials more positive, it was assumed that the formed di-anion was 
(slowly) protonated in an overall EEC mechanism

•	 For ECE mechanism: From digital simulation of the cyclic voltammograms in 
presence of acid the first reduction potential and the protonation rate were de-
termined:
•	 X + e– ↔ X– (E0

1; kS)
•	 X– + H+ → XH (kf)
•	 The second reduction potential in presence of acid (XH + e– ↔ XH–) was 

determined from its half-wave potential E½ by cycling over the anodic re-ox-
idation wave

•	 In absence of acid and using the first reduction potential, the second reduction 
potential and the disproportionation/comproportionation equilibrium were de-
termined by digital simulation:
•	 X– + e– ↔ X2– (E0

2; kS)
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•	 2 X– ↔ X + X2– (kf), with K = exp(F/RT∙|E0
1 – E0

2|)
•	 Then, using all known parameters, multiple electrocatalytic mechanisms were 

simulated digitally, of which in all cases only one mechanism could unambigu-
ously be fitted on the catalytic waves

Figure 22. Cyclic voltammograms of complexes 2 (top left), 3 (top right) and 4 (bottom) in 
presence of 4 mM Et3NHPF6 at a mercury electrode.

Cyclic voltammetry in presence of acid at a static mercury electrode
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Cyclic voltammetry of 1

Cyclic voltammograms of 1 in absence and presence of acid are shown in the main 
text. For kinetic analysis, it was attempted to make the proton transfer reaction 
(12– + H+) rate limiting by applying the slowest scan rate possible without intro-
ducing too much natural convection (0.03 V/s). However, this yielded peak potential 
variations that could not be interpreted by the analysis method laid down by Park-
er. However, digital simulation using the parameters from Table 3 showed perfect 
overlap with the experimental voltammograms.

Figure 23. Peak potential analysis of 1 at (left) various scan rates (0.03/0.1/0.3/1.0/3.0 V/s) 
and (right) various acid concentrations (4/8/16/32/64 mM) at a mercury electrode.

Cyclic voltammetry of 2

Figure 24. Peak potential analysis of 2 at (left) various scan rates (0.03/0.1/0.3/1.0/3.0 V/s) 
and (right) various acid concentrations (4/8/16/32 mM) at a mercury electrode.
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Figure 25. Experimental (solid) and simulated (dashed) cyclic voltammograms of 2 (left) 
in absence of acid (0.3 V/s) and (right) in presence of acid (0.1 V/s) at 8 mM and 32 mM 
concentration Et3NHPF6.

Cyclic voltammetry of 3

Figure 26. Peak potential analysis of 3 at (left) various scan rates (0.03/0.1/0.3/1.0/3.0 V/s) 
and (right) various acid concentrations (4/8/16/32 mM) at a mercury electrode.

Figure 27. Experimental (solid) and simulated (dashed) cyclic voltammograms of 3 (left) 
in absence of acid (0.3 V/s) and (right) in presence of acid (0.1 V/s) at 8 mM and 32 mM 
concentration Et3NHPF6.
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Cyclic voltammetry of 4 and 5

The main redox processes in absence of acid occurring for complex 4 in dichloro-
methane have been described in the main text. However, in-depth analysis of the 
voltammograms shows that the di-anions slowly decompose in solution to a species 
with a 0.2 V milder reduction potential (–1.47 V). This intramolecular process is rel-
atively slow (ca. 3 s–1), but still accounts to a large extent for the shape of the anodic 
re-oxidative part of the voltammograms. In presence of acid this chemistry is not 
observed, since the di-anion is never accessed. For complex 5 the same additional 
intramolecular process was observed, albeit twice as slow at 1.5 s–1.

Figure 28. Peak potential analysis of 4 at (left) various scan rates (0.03/0.1/0.3/1.0/3.0 V/s) 
and (right) various acid concentrations (4/8  mM) at a mercury electrode. Peak potentials 
at higher acid concentrations (16/32 mM) could not be determined due to the onset of the 
catalytic wave.
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Figure 29. Experimental (solid) and simulated (dashed) cyclic voltammograms of 4 in ab-
sence of acid at (top left) 0.03 and (top right) 3.0 V/s. Bottom: in presence of acid (0.1 V/s) 
at 8 mM and 32 mM concentration Et3NHPF6.

Catalytic overpotential determination

The overpotential for proton reduction is generally defined against the reversible 
redox couple of proton reduction/hydrogen oxidation in the respective solvent-ac-
id mixture, which in this case is 2 Et3NHPF6 + 2 e– ↔ 2 Et3N + H2 + 2 PF6

– (not 
taking into account homoconjugation equilibria). This redox couple can generally 
be described by the standard potential for proton reduction together with the pKa 
of the acid, both in the solvent used. However, in CH2Cl2 no pKa values nor pro-
ton reduction standard potentials are available. For this reason, we used a crude 
method to estimate the standard potential for this redox couple by performing pro-
ton reduction/hydrogen oxidation on a platinum working electrode under catalytic 
conditions (in absence of a homogeneous catalyst), leading to a half-wave potential 
E½ = –1.25 V (vs. Fc0/+). Overpotentials for proton reduction were then determined 
relative to this potential.
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Simulation parameters

Table 3. Fitting parameters used in the simulation of cyclic voltammograms for com-
pounds 1–5.

Electron transfer. Potentials in V vs. Fc0/+. Reversibility (in brackets) denoted as 

‘rev’ (kS > 10 cm s–1) or as kS value in [cm s–1] if known.

1 2 3 4 5

X | X– –1.62 (rev) –1.80 (0.1) –1.80 (rev) –1.85 (rev) –1.80 (rev)

X– | X2– –1.34 (rev) –1.62 (0.01) –1.67 (0.05) –1.67 (rev) –1.62 (rev)

XH | XH– –0.75 –1.03 –1.02 –1.05 –1.02

XH2 | X
– + H2 x –2.09 –1.90 –1.90 –1.90

XH– | XH2– –1.90 x x x x

Disproportionation reactions. Forward rate constants kf given in [M–1 s–1]. Equi-

librium constant K = exp(F/RT∙ΔE0), where ΔE0 is the difference in potentials between 

the two electron transfers.

1 2 3 4 5

2 X– | X + X2– 5∙104 106 < 0.1 2∙103 1.6∙104

X– + XH | X + XH– x x 4 < 0.1 < 0.1

Protonation reactions. Forward rate constants kf given in [M–1 s–1]. Equilibrium 

constant K (in brackets) given in [M–1].

1 2 3 4 5

X– + H+ | XH x x 4∙106 4∙106 8∙106

X2– + H+ | XH– 106 > 109 x x x

XH– + H+ | XH2 x 105 (150) > 108 (0.04) > 108 (0.04) > 108 (0.04)

XH2– + H+ | X– + H2 2∙105 x x x x

DFT calculations

The gas-phase geometries of the molecules 2–5 were optimized with the Turbo-
mole program package47 at the ri-DFT48/BP8649,50 level. We used the def2-TZVP basis 
set51,52 for all atoms. These calculations also yielded the frontier orbital plots (isoval-
ue 0.05) and spin density plots (isovalue 0.005).
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Total energies of neutral complexes

LUMO frontier orbital plots shown.

0 kcal/mol +0.6 kcal/mol

Lowest energy structure is in agreement with the XRD structure of 2.

0 kcal/mol +2.7 kcal/mol

Lowest energy structure is in agreement with the XRD structure of 5.
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0 kcal/mol +0.6 kcal/mol

+1.5 kcal/mol

Lowest energy structure is in agreement with the XRD structure of 3.
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Table 4. DFT calculated total energies (in hartree) for the closed-shell singlet (CSS), open-
shell singlet (OSS) and triplet (T) states of the di-anions 22– through 52–. For 42– and 52–, the 
CSS state is lowest in energy. For 22– and 32–, both CSS and OSS states are similar in ener-
gy. For sake of comparison, all DFT calculated di-anions were analyzed in their CSS state.

22– 32– 42– 52–

CSS -5159.45279 -5158.27402 -5469.232582 -5775.41586

OSS -5159.45279 -5158.27402 -5469.232578 -5775.41581

T -5159.42695 not converged -5469.23336 -5775.41419

Table 5. DFT calculated spin density distribution of mono-anions 2– through 5–. Localiza-
tion designated by: CO = all carbonyl ligands, Fed = distal iron atom, Fep = proximal iron 
atom, S1 = the least dissociated sulfur atom, S2 = the most dissociated sulfur atom, bdt = 
all six carbon atoms in the bdt bridge, P = phosphorus atom, phosphole = all four carbon 
atoms in the phosphole ring, backbone = all remaining non-hydrogen atoms.

2– 3– 4– 5–

CO 9.0% 3.9% 2.9% 0.7%

Fed 89.5% 26.0% 17.3% 15.7%

Fep - 33.9% 29.0% 23.6%

S1 - - - -

S2 1.4% 6.8% 4.4% 3.6%

bdt - 3.7% - -

P - 5.5% 3.0% 3.4%

phosphole 11.0% 34.6% 38.9%

backbone - 9.2% 8.8% 14.2%
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Table 6. DFT calculated spin density distribution of hydrides 2H– through 5H–. For expla-
nation on localization designation, see caption of Table 5.

2H– 3H– 4H– 5H–

CO 5.1% 13.0% 10.5% 10.5%

Fed 107.2% 91.8% 90.1% 95.0%

H - - - -

Fep 66.4% 49.1% 41.8% 36.4%

S1 - 8.6% 9.9% 8.5%

S2 5.6% 7.8% 4.0% 2.0%

bdt - 13.7% 9.5% 4.8%

P 6.9% 7.2% 5.3% 5.1%

phosphole 7.5% 27.5% 33.4%

backbone 8.8% 1.3% 1.3% 4.3%

Table 7. Selected bond lengths for reduced and protonated forms of 2 and 3. Carbons C1– 
C4 are in the phosphole ring.

2 2– 22– 2H– 3 3– 32– 3H–

Fed-S1 2.297 2.264 2.343 2.4 2.303 2.305 2.341 2.543

Fed-S2 2.303 3.406 3.899 3.93 2.302 2.406 3.898 2.608

Fed-L a 2.059 1.652 2.052 1.652

Fed-Fep 2.528 2.61 2.626 2.762 2.520 2.647 2.615 2.753

Fep-L a 1.873 1.708 1.874 1.704

Fep-S1 2.304 2.27 2.268 2.299 2.299 2.299 2.267 2.345

Fep-S2 2.306 2.343 2.345 2.317 2.300 2.349 2.339 2.343

Fep-P 2.256 2.247 2.154 2.518 2.226 2.254 2.139 2.325

P-C1

P-C bond lengths

1.855±0.011 Å

1.834 1.826 1.850 1.824

P-C2 1.832 1.820 1.843 1.827

C1-C3 1.415 1.422 1.418 1.419

C2-C4 1.415 1.422 1.419 1.419

C3-C4 1.472 1.464 1.467 1.467

a) For the dianions, L = μ-CO. For the hydrides, L = μ-H.
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Table 8. Selected bond lengths for reduced and protonated forms of 4 and 5. Carbons C1– 
C4 are in the phosphole ring.

4 4– 42– 4H– 5 5– 52– 5H–

Fed-S1 2.303 2.318 2.326 2.411 2.306 2.320 2.333 2.359

Fed-S2 2.303 2.355 2.425 2.827 2.301 2.340 2.388 3.081

Fed-H 1.648 1.647

Fed-Fep 2.521 2.614 2.714 2.753 2.523 2.605 2.700 2.771

Fep-H 1.701 1.701

Fep-S1 2.304 2.298 2.297 2.319 2.303 2.299 2.301 2.299

Fep-S2 2.304 2.339 2.349 2.343 2.305 2.333 2.344 2.348

Fep-P 2.244 2.310 2.362 2.400 2.246 2.301 2.347 2.393

P-C1 1.837 1.820 1.814 1.818 1.835 1.818 1.809 1.818

P-C2 1.831 1.822 1.811 1.820 1.835 1.819 1.809 1.818

C1-C3 1.375 1.402 1.431 1.395 1.375 1.400 1.424 1.395

C2-C4 1.365 1.395 1.425 1.386 1.371 1.401 1.425 1.393

C3-C4 1.477 1.442 1.412 1.450 1.486 1.454 1.434 1.459
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Frontier orbital plots of 2

2 (HOMO) 2 (LUMO)

2– (SOMO) 2– (LUMO)

2– (spin density)
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22– (SOMO) 22– (LUMO)

2H– (SOMO1) 2H– (SOMO2)

2H– (LUMO) 2H– (spin density)
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Frontier orbital plots of 3

3 (HOMO) 3 (LUMO)

3– (SOMO) 3– (LUMO)

3– (spin density)
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32– (SOMO) 32– (LUMO)

3H– (SOMO1) 3H– (SOMO2)

3H– (LUMO) 3H– (spin density)
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Frontier orbital plots of 4

4 (HOMO) 4 (LUMO)

4– (SOMO) 4– (LUMO)

4– (spin density)
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42– (SOMO) 42– (LUMO)

4H– (SOMO1) 4H– (SOMO2)

4H– (LUMO) 4H– (spin density)
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Frontier orbital plots of 5

5 (HOMO) 5 (LUMO)

5– (SOMO) 5– (LUMO)

5– (spin density)
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52– (SOMO) 52– (LUMO)

5H– (SOMO1) 5H– (SOMO2)

5H– (LUMO) 5H– (spin density)
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6

Towards a Base-Metal Molecular 
Artificial Leaf Photocathode

Abstract. In this chapter we describe our efforts in designing a molecular proton 
reduction photocathode for use in an artificial leaf. The design is based around 
the pyridylphosphole-appended [FeFe]H2ase mimic as proton reduction catalyst (cf. 
Chapter 4) coupled to zinc porphyrins as photosensitizers. The first part of the 
chapter is dedicated to the geometric considerations to be imposed on a porous, 
porphyrinic material for encapsulation of the catalyst. The second part focuses on 
the preparation and characterization of porphyrinic metal-organic framework thin 
films on electrodes which can ultimately be used as photoactive, heterogeneous 
electrode constructs. Although fabrication of a functional photocathode was not 
yet achieved using the applied methods, we provide routes towards a plausible de-
sign of a molecular artificial leaf using molecular materials based around zirconi-
um, zinc and iron.
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Introduction

The ultimate goal of the research project outlined in this thesis is the development 
of a molecular photocathode that can be used for the proton reduction half-reaction 
in an artificial leaf. This photocathode should be at least comprised of proton re-
duction catalysts, chromophores and all interconnecting parts, with the latter based 
on supramolecular zinc-pyridine interactions to be able to create ‘plug and play’ 
molecular assemblies. In Chapter 4 we have shown that the phosphole-appended 
[FeFe]H2ase mimic 1 is an efficient (pre-)catalyst for proton reduction in aqueous 
media at mild potentials. When zinc tetraphenylporphyrin (ZnTPP) is coordinated 
with its central metal atom to the pyridyl moieties of 1, visible light excitation of 
this chromophore leads to electron transfer from ZnTPP to 1. As this process is es-
sential for photo-driven proton reduction, similar chromophores will be used in the 
construction of the artificial leaf. Metal-organic frameworks (MOFs) provide a good 
means of immobilizing porphyrin chromophores on an electrode as a heteroge-
neous yet well-defined, multi-layered and porous structure.1 Such MOF-functional-
ized electrodes could then allow for supramolecular anchoring of complex 1 inside 
the pores of the MOF by zinc-pyridine interactions. Porphyrinic MOF structures 
that suit our purpose should be stable under the used conditions (slightly acidic 
water) and should be electrochemically addressable2 from the electrode. Moreover, 
the MOF should be able to encapsulate the catalyst, which means that the catalyst 
needs to have an anchoring point inside the porous structure, the pores should be 
big enough to accommodate the catalyst and the windows should be sufficiently big 
to allow diffusion of the catalyst into the material (alternative strategies such as 
ship-in-a-bottle approaches will not be considered here).

The geometric considerations to be imposed on a MOF candidate structure are 
largely dependent on the geometry of the catalyst-porphyrin assembly. This infor-
mation was provided by the solid-state structure of the molecular assembly of 1 
with two RuTPP(CO) molecules, such as the optimal distance between two porphy-
rin planes that could be engineered into a three-dimensional electrode material. 
We then transferred this knowledge to the selection of suitable macromolecular 
zinc porphyrin structures and studied the encapsulation of 1, being particularly 
interested in determining the mode of encapsulation, i.e. whether it is needed to 
‘trap’ the catalyst inside under dynamic conditions or whether the catalyst should 
to be able to freely diffuse in and out of the structure. A dynamic trapping study 
was performed using a cubic ZnTPP-based molecular cage with a window size that 
was intrinsically too small for catalyst diffusion, but with a pore size that would al-
low for encapsulation on geometric grounds. However, the conditions required for 
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opening up this particular structure to allow 1 to penitrate the cage showed to be 
similar to conditions where zinc-pyridine interactions are weak. We then switched 
to a metal-organic framework with similar pore size, but lacking ‘side walls’, 
thereby alleviating the need for structural dynamics to induce encapsulation. This 
‘pillared paddlewheel’ structured MOF should have allowed for a structure with 
suitable catalyst inclusion properties at ambient conditions in apolar media. Al-
though the desired (kinetic) structure could be synthesized, no encapsulation was 
observed. This  is attributed to the window size, which was apparently still not big 
enough for proper diffusion of the catalyst into the MOF.

The last part of this chapter describes the study of a MOF structure (MOF-545) that 
is stable under acidic conditions and has the largest known window and pore size 
of any known porphyrinic MOF, allowing for free diffusion of large guest mole-
cules throughout the macrostructure. This material was successfully grown on an 
FTO electrode under solvothermal conditions, yielding a MOF thin film that is ful-
ly electrochemically addressable from the electrode with properties well-suited for 
use in an artificial leaf. Although this MOF structure was capable of encapsulating 
a variety of (bi)pyridine guest molecules at ambient conditions in apolar solvent, 
encapsulation of complex 1 was not observed.

Results and discussion

Determination of the porphyrin-catalyst geometry

To gain insight in the structure of assemblies of ZnTPP with catalyst 1, we at-
tempted to crystallize the ZnTPP∙1∙ZnTPP assembly from dichloromethane using 
either vapor diffusion or layering with apolar solvent (pentane, cyclohexane, etc.), 
and failed on all attempts. We could, however, crystallize the assembly RuTP-
P(CO)∙1∙RuTPP(CO) by slow diffusion of pentane into a solution of 1 and two equiv-
alents of RuTPP(CO) in dichloromethane. The assembly crystallized as monoclinic 
crystals, and its structure was resolved in the P21/m space group. As can be seen in 
Figure 1, the unit cell contains four porphyrins and two catalyst moieties, and has 
rotational symmetry. The two halves of the unit cell (containing two porphyrins 
and one catalyst moiety) have a symmetry plane, similar to the catalyst itself. The 
resolved structure shows disorder, with a major (77%) and a minor (23%) component. 
This disorder is mostly present in the catalyst, which can rotate slightly around 
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the Ru-phosphole-Ru axis. For all further study, we focus on the major component.

The geometry of 1 in the RuTPP(CO)∙1∙RuTPP(CO) assembly deviates from the crys-
tal structure of its phenyl-functionalized counterpart 1Ph and the DFT calculated 
structure of 1. In the Ru-1-Ru assembly the dihedral angle between the peripheral 
pyridine planes is 141.5° versus 154.3° in the DFT calculated structure of 1 and 
150.8° in the XRD structure of 1Ph. We expect that these geometric changes to the 
structure of 1 are induced by different levels of stacking of the porphyrins during 
crystallization and the presence of an axial CO ligand in the current assembly. The 
distance between two ruthenium centers in the crystal structure is 14.749 Å, with a 
Ru-N distance of 2.205 Å. The Ru-N distance in RuTPP(CO)∙1∙RuTPP(CO) is slightly 
longer than the 2.052 Å reported for the crystal structure of RuTPP(CO)∙pyridine,3 
which can be ascribed to the nitrogen lone pair in 1 being less electron-rich than 
the one in pyridine, as was also observed in the lower binding constant for 1 to 
ZnTPP (4.6∙103 M–1) compared to pyridine to ZnTPP (6.9∙103 M–1).

The ruthenium porphyrin-catalyst assembly could be a viable candidate for photo-
catalytic proton reduction, because the reduction potential of the analogous RuTP-
P(CO) is –1.93 V (vs. Fc/Fc+) when dissolved in pyridine4 and the reduction potential 
of 1 is −1.76 V. To assess whether photo-induced electron transfer can take place 
from excited RuTPP(CO) to coordinated 1, the assembly was studied using time-re-
solved infrared spectroscopy analogous to the 2:1 complex of ZnTPP with 1 (cf. 
Chapter 4). Simple mixing of the two components RuTPP(CO) and 1 in a 2:1 ratio 
in dichloromethane yielded a UV-vis spectrum with Q-band absorption maxima at 
532 nm and 566 nm (respectively 4 nm and 6 nm red-shifted with respect to RuTP-
P(CO)4) and an IR spectrum with the ν(CO) band of the porphyrin shifted from 1956 

Figure 1. Unit cell (P21/m) of the crystal structure of RuTPP(CO)∙1∙RuTPP(CO).
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Figure 2. Crystal structure of RuTPP(CO)∙1∙RuTPP(CO).
Top: ORTEP representation including disorder (thermal ellipsoids drawn at the 50% proba-
bility level). Bottom: Major component (77% occupancy) visualized using PyMOL.

cm–1 (non-coordinated RuTPP(CO)5) to 1940 cm–1 (RuTPP(CO)(py) exhibits a ν(CO) at 
1943 cm–1).6 The ν(CO) bands belonging to the carbonyl ligands in complex 1 did not 
shift upon coordination, indicating that no substantial electronic communication 
takes place between this chromophore and the iron-carbonyl subsite of 1 in the 
ground state.
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During time-resolved infrared spectroscopy, the most intense Q-band of the coordi-
nated RuTPP(CO) chromophore was excited with a femtosecond 532 nm laser pulse. 
After excitation, the ν(CO) bands of both chromophore and catalyst were probed 
with sub-picosecond resolution. Visual inspection of the spectra recorded between 
0.2 ps and 1.0 ns after excitation shows bleaching of neutral RuTPP(CO) at 1940 
cm–1 with the appearance of a major band at 1920 cm–1, as well as bleaching of the 
characteristic peaks of 1 (2054 and 1994 cm–1) in favor of broad absorption features 
in the region between 1950 and 2050 cm–1. To gain more insight into the dynamics 
of the system after visible light excitation, the time constants of the rise and decay 
profiles of the ν(CO) bands were determined by global exponential fitting.

After excitation of RuTPP(CO) two bands appear at 1905 and 1920 cm–1. The two 

Figure 3. UV-vis (left) and IR (right) spectra of a solution of RuTPP(CO) (2 mM) and 1 (1 
mM) in CH2Cl2 in CaF2 cell with 0.23 mm optical path.

Figure 4. Time-resolved infrared spectroscopy on the assembly RuTPP(CO)∙1∙RuTPP(CO). 
Middle: Spectral evolution after excitation at selected delay times. Left: Decay profile of the 
excited state of 1 with a 19 ps exponential fit. Right: Rise and decay profiles of the CO bands 
belonging to RuTPP(CO) with global fits (0.8 ps, 5 ps and 240 ps).
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smallest time constants of 0.8 ps and 5 ps are most probably related to the tran-
sition from the singlet excited state to the lowest-lying triplet state.7 This triplet 
state decays with a time-constant of 240 ps, which is much faster than the reported 
triplet lifetime of RuTPP(CO)(py) (30 μs in toluene). Although we cannot explain 
the fast kinetics of triplet relaxation of the chromophore, we can rule out electron 
transfer to 1, as the time profile of the ν(CO) bands of 1 (1972 and 1988 cm–1) only 
shows a decay process with a time constant of 19 ps. The absence of a rise process 
indicates that there is no electron transfer from the excited chromophore to 1, and 
most likely the decay process originates from relaxation of 1* to its ground state 
after direct excitation of 1 with the laser pulse, as was also previously observed 
with a similar [2Fe-2S] complex from our group.8 In the case of a similar system 
where ZnTPP was employed as chromophore, electron transfer from bound ZnTPP* 
to 1 was observed with a time-constant of 2.5 ps (cf. Chapter 4). Here, the lifetime 
of the singlet excited state of RuTPP(CO) is most probably too short for (significant) 
electron transfer to 1 to occur.

Encapsulation studies under dynamic conditions

In 2011, the group of Nitschke reported on a cubic M8L6 cage C consisting of six 
porphyrin edges connected by eight Fe(II)(iminopyridine)3 corners.9 Previous results 
from our group show that a tetrapyridylporphyrin can be successfully encapsulat-
ed in an enlarged version of this cage under dynamic conditions.10 In the original 

Figure 5. Molecular representation of the 1∙C assembly visualized using PyMOL.
Crystal structure of the M8L6 cubic porphyrin cage C (CCDC 780771) with the crystal struc-
ture of 1 from the RuTPP(CO)∙1∙RuTPP(CO) assembly docked inside the cavity of the cage. 
Left: side view of 1. Right: top view of 1.
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cage structure, the metal-metal distance between opposing edges of the cube is 
14.99 Å (from the XRD structure), which would allow for the inclusion of complex 
1 on the basis of an Npy-Npy distance of 10.88 Å (XRD structure of 1Ph) and a typical 
Zn-Npy distance of around 2.20 Å for slightly bent (ca. 30°) Zn-Npy bonds.11 This cubic 
cage would be a good model for the unit cell of a MOF, and would allow studying 
molecular interactions, electrochemical and photochemical behavior in solution af-
ter inclusion of 1 into the void of the cage. Unfortunately, we were unable to encap-
sulate 1 in C (see Experimental Section). For successful inclusion of complex 1 into 
multi-porphyrin assemblies, it would be more straightforward to use materials that 
have windows sufficiently large to allow the complex to move freely in and out of 
the system. This would then allow for encapsulation of bipyridine guests (such as 
1) through regular zinc-pyridine interactions using non-coordinating solvents such 
as CH2Cl2 or toluene.12

Encapsulation studies in a pillared-paddlewheel MOF

Metal-organic frameworks often allow for tuning of cavity and window sizes by 
careful selection of the organic linkers, and a number of porphyrinic MOFs have 
been used successfully in photocatalytic applications such as proton reduction.13–20 
For the current approach, we selected the class of pillared paddlewheel frameworks 
(PPF) as a suitable material for inclusion of 1, as the zinc-zinc distance of the por-
phyrins in these structures can be easily tuned through the size of the used bipyr-
idine pillar.

Figure 6. Simplified scheme for the synthesis of pillared paddlewheel MOFs and their var-
ious stacking forms.
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The synthesis of porphyrin PPFs requires three main components and can be per-
formed as a ‘one-pot’ reaction under solvothermal conditions. A carboxylic ac-
id-functionalized porphyrin (H2TCPP) is reacted with zinc acetate to form two-di-
mensional porphyrin sheets (during which the free base porphyrin is metalated 
with zinc) which are then stacked by bipyridine pillars into a three-dimensional 
structure (Figure 6). These bipyridine pillars can coordinate to two sites of the 2D 
sheets: the zinc atoms of the nodes and the zinc atoms of the porphyrin. Although 
the binding strength of pyridines to the zinc nodes is likely to be stronger than 
binding to the zinc porphyrins (cf. binding of pyridine to zinc salphen vs. zinc 
porphyrin),21 the thermodynamically most stable structures – when regular bipyr-
idines are used as pillars – are the so-called AB and ABBA stacked sheets. These 
stacking patterns do not allow for bipyridine guest inclusion, as the zinc porphy-
rins are coordinatively saturated. A general method to access the desired AA stack-
ing pattern involves the use of more sterically demanding bipyridines, which have 
a preference for binding to the pillared-paddlewheel nodes and much less so to the 
zinc atoms in the (flat) porphyrin rings.22

The crystal structure of PPF-11-Zn/Zn (prepared from H2TCPP and the sterically 
encumbered 2,2’-dimethyl-4,4’-bipyridine (Me2bipy)) shows a geometry with plane-
plane (between sheets) separation of 14.04 Å.22 As this distance is slightly smaller 
than the ca. 15 Å needed for encapsulation of 1, we also attempted to synthesize 
a second structure with a bigger Zn-Zn distance by using the extended bipyri-
dine linker 1,4’-di(2-methyl-4-pyridyl)benzene (Me2exbipy). To probe the formation 
of MOFs with the desired stacking pattern when even more sterically demanding 
bipyridines are employed, we also performed the synthesis employing 2,2’,6,6’-te-
tramethyl-4,4’-bipyridine (Me4bipy). The formation of PPF-type MOFs in their var-
ious stacked configurations as well as the 2D porphyrin sheets was deduced from 
the corresponding powder X-ray diffraction (pXRD) patterns (Figure 7). The pXRD 
pattern of the MOF synthesized from Me2bipy (M1) shows the expected reflections 
around 2θ values of 7.5, 9.8, 10.6, 12.9, 15.1, 19.3 and 21.3° reported in literature.22 
For the M2 material obtained with the more sterically demanding pillar Me4bipy, 
no unambiguous assignments can be made for the features observed in the pXRD 
pattern, but a PPF-like MOF most presumably did not form. However, employing 
the extended pillar Me2exbipy gave material M3 with a pXRD pattern with features 
similar to PPF-11, showing reflections at 7.5 and 10.6° due to the 2D porphyrin sheet 
structure,22 and reflections at 19.3 and 21.3° (green) that are identical to PPF-11 and 
not observed in the 2D sheets alone.23 The remaining reflections at 15.5 and 16.9° 
(blue) could well be due to the formation of an enlarged structure compared to 
PPF-11. However, thermogravimetric analysis (TGA) of the Me2exbipy-based MOF 
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showed considerable mass losses immediately upon heating, indicating that the 
thermal instability of the material is much higher than for PPF-11. More in-depth 
analysis on this material was therefore not performed. The MOF based on Me2bipy 
(M1) shows good thermal stability with a TGA trace similar to the one reported 

Figure 7. Powder X-ray diffraction (pXRD) patterns plus Gaussian fits (Fytik) of the syn-
thesized MOFs (from the corresponding sterically demanding bipyridines) and the refer-
ence pXRD patterns of PPF-11-Zn/Zn (experimental and simulated).22 Orange diamonds 
depict reflections due to the 2D porphyrinic sheet structure.
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for PPF-11-Zn/Zn. Even though the Znpor-Znpor distance determined from the crystal 
structure would not allow for encapsulation of 1, framework flexibility through 
“breathing” of the structure – a feature not uncommon for MOFs24 – might allow 
the porphyrin planes to adjust slightly to the presence of a guest. However, com-
paring the reflectance UV-vis spectra of M1 and M1 soaked with 1 in CH2Cl2 did 
not give the expected Q-band shift generally observed for zinc-pyridine coordina-
tion. It was thus concluded that MOF M1 did not have the properties desired for 
encapsulation of 1.

We envisioned that a similar structure with enhanced breathing properties could 
be obtained by decreasing the number of 2D porphyrin sheets stacked on top 
of each other.25 To obtain such a structure, we used an automated layer-by-layer 
(LbL) protocol as reported by Hupp and Farha.26,27 An FTO-coated glass slide was 
pre-functionalized with a monolayer of (3-aminopropyl)triethoxysilane to obtain 
an amine-terminated surface. This slide was then successively submerged in eth-
anolic solutions (40 °C) of Zn(OAc)2, H2TCPP and 4,4’-bipyridine for a total of 50 
cycles. In contrast to the aforementioned solvothermal synthesis, the LbL synthe-
sis is performed at lower temperature, yielding MOF M1lbl(H2) with non-metalated 
porphyrins. Because there is no possibility for the pillars to coordinate to the zinc 
in the porphyrins, this method only yields the AA stacking pattern without the 
need for sterically demanding pillars. After synthesis, the MOF could be (partially) 
metalated with zinc (as monitored by transmittance UV-vis) to form M1lbl with-
out rearrangement to the thermodynamically more stable AB or ABBA stacking 
patterns (as in that case a shift of the Q-bands should be observed). Even though 
the synthesis of M1lbl was successful, complex 1 is again not encapsulated by the 

Figure 8. Left: Reflectance UV-vis of M1, 1 and M1 (Kubelka-Munk representation) soaked 
with 1 in CH2Cl2. Right: Transmittance UV-vis of M1lbl and metalated M1lbl(Zn) as pre-
pared through layer-by-layer (lbl) synthesis on FTO-coated glass.
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structure, as no changes in the UV-vis spectrum were observed after soaking the 
slides in a CH2Cl2 solution of 1 overnight. Moreover, due to the parallel stacking 
of porphyrin sheets with respect to the slide surface, cyclic voltammetry on M1lbl 
showed no redox activity, and it is concluded that the pillars effectively block elec-
tronic communication between the electrode and the porphyrin sheets.

Encapsulation studies in MOF-545-Zn

The encapsulation studies from the previous section clearly show the importance of 
proper design of a suitable structure for encapsulation of complex 1. Regarding the 
MOF geometry, both window and pore size should be sufficiently large to ensure 
proper diffusion of the guest into the porous material. In addition, the porphyrins 
in the MOF should be electrochemically addressable from the electrode surface, 
implying that there should be electronic communication between electrode and 
MOF, and between the porphyrins inside the MOF. Moreover, it should be possi-
ble to grow or deposit the MOF onto a (pre-functionalized) electrode surface. Re-
cently, the group of Yaghi reported on a new class of porphyrinic MOFs based on 
H2TCPP and zirconium oxide nodes.28 Two different morphologies were reported: a 
cubic (MOF-525) and a hexagonal (MOF-545) structure. Besides their large surface 
areas, these zirconium MOFs proved to be exceptionally stable, even when treat-
ed with concentrated hydrochloric acid for 24 hours.29 Moreover, it was shown by 
the group of Hupp and Farha that MOF-525 could be grown solvothermally30 or 
deposited electrostatically31 onto an FTO-coated glass slide, yielding a MOF thin 
film with electrochemically addressable porphyrins. Moreover, the solvothermally 
grown MOF thin films can be post-metalated with either cobalt or zinc. MOF-525 is 
a cubic network of porphyrins connected by zirconium oxide clusters with suitable 
pore size (opposing Znpor-Znpor distance of 19.39 Å)28 but limited aperture size simi-

Figure 9. Schematic representation of the synthesis and geometries of MOF-525 and MOF-
545 from H2TCPP and a zirconium precursor. Zn-Zn distances as determined from the 
respective reported crystal structures.
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lar to the aforementioned Nitschke cage. In contrast, MOF-545 features the largest 
window and pore sizes for any porphyrinic MOF reported in literature, but this 
material has not been grown or deposited on surfaces, nor characterized electro-
chemically to date.

Both MOF-525 and MOF-545 are synthesized from the same molecular components, 
but using different reaction conditions (temperature, solvent, template ligands). We 
adapted the reported procedure for the growth of MOF-525 thin films30 to reac-
tion conditions that yield MOF-54529 and conducted this synthesis in presence of 
H2TCPP-functionalized FTO-coated glass slides. After heating for three days at 120 
°C, dark red uniform thin films were obtained. Solvent (diethylformamide) and tem-
plate ligands (benzoic acid) were removed by soaking the films in dimethylforma-
mide. During solvothermal synthesis of the thin films, most of the MOF deposits 
as a powder, which was treated in the same way as the thin films to serve as a 
reference material. Analysis of the films and powder by pXRD and comparison 

Figure 10. Top: Synthetic scheme for the preparation of MOF-545-Zn thin films on 
FTO-coated glass slides. Bottom: pXRD patterns of MOF-545-H2 on FTO-coated glass 
slides and as powder, compared to the simulated pXRD pattern from the previously re-
ported MOF-545-Fe.
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with previously reported pXRD patterns plus simulation of the reported crystal 
structures of MOF-545-Fe shows that the material is composed of MOF-545-H2 (Fig-
ure 10). The free-base porphyrin films were metalated with zinc to form uniform 
thin films of MOF-545-Zn on the FTO-coated glass slides by heating the slides in 
a ZnCl2 solution in dimethylformamide at 100 °C overnight. Metalation was moni-
tored by UV-vis spectroscopy of a digested sample in 1M NaOH, where the collapse 
of 4 Q-bands into 2 Q-bands was observed (Experimental Section, Figure 19).

Electrochemical characterization of MOF-545-Zn thin films

To determine whether the films are electroactive, an FTO-coated glass slide with 
MOF-545-Zn thin film was used as working electrode in a standard three-electrode 
electrochemical set-up using 0.1 M TBAPF6 in CH2Cl2 as electrolyte solution. Differ-
ential pulse voltammetry of the MOF-545-Zn thin film gave a single oxidation wave 

Figure 11. Electrochemical characterization of the MOF-545-Zn thin film on FTO-coated 
glass slide.
The cyclic voltammetric (CV)  response indicates a hopping mechanism through an assem-
bly of redox centers. Differential pulse voltammetry (DPV) gives the standard potential of 
the redox centers. Controlled-potential electrolysis (CPE) and fitting of the curve to the 
Cottrell equation gives the concentration of redox centers and the ‘diffusion’ coefficient for 
electron hopping. Integration of this curve yields the surface concentration of redox centers 
and thereby the film thickness.
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with a standard potential of +0.62 V (vs. Fc/Fc+), close to the standard potential of 
ZnTPP in dichloromethane (+0.59 V). Cyclic voltammetry at 0.01 and 0.1 V/s showed 
both an anodic oxidation wave as well as a cathodic re-reduction wave, indicating 
that the MOF thin film is electrochemically addressable for both forward and back-
ward electron transfer, as was the case for similar films based on MOF-525.30,31 The 
cyclic voltammograms show a peak-to-peak separation larger than 0.3 V and a peak 
current versus scan rate behavior reminiscent of diffusion-like behavior, indicating 
that the dominant electron transfer occurs via a redox-hopping mechanism.32

Next, the electron hopping rate through the film was determined electrochemical-
ly, analogous to a procedure reported by Hupp and Farha.33 The ‘concentration’ of 
redox active centers in the MOF was determined from the number of porphyrins 
per unit cell divided by the unit cell volume through Ce = 6/26282 Å3 = 0.38 M. 
Controlled potential electrolysis of the MOF thin film (by applying a potential step 
from –0.2 V to +0.9 V vs. Fc/Fc+) was conducted to give a surface concentration of 
redox active moieties of Γe = 5∙10–9 mol/cm2, which is roughly 10 times less than 
for the previously reported (electrostatically deposited) MOF-525 thin film.31 The 
thickness of the film is then straightforwardly calculated through df = Γe/Ce = 0.13 
μm. Fitting the coulometric curve with the Cottrell equation yields the diffusion 
coefficient of electron hopping De = 3.7∙10–11 cm2/s. To obtain a rate constant for 
electron hopping, it is necessary to know what the average distance is between re-
dox centers in the film. From the crystal structure, this distance was determined to 
be dr = 16.7 Å, which is the porphyrin-to-porphyrin distance along the hexagonal, 
tubular pores. This distance was used together with the diffusion coefficient for 
electron hopping to determine the self-exchange rate constant for electron transfer 
through k0 = 6De/(Cedr

2) = 2.1∙104 M–1 s–1 and the hopping rate constant through khop 
= k0∙Ce = 8.0∙103 s–1.33 This hopping rate is in the same range as previously reported 
for electropolymerized films of metal porphyrins on electrodes.34

Guest encapsulation into MOF-545-Zn

Having established that we can form a redox active, porous porphyrinic thin film 
on an FTO electrode, the next step is to evaluate the ability of MOF-545-Zn to en-
capsulate guests via pyridine-zinc interactions. The binding constant of pyridine 
to the zinc porphyrins in the material was determined by titration of a solution 
of pyridine in CH2Cl2 with increasing amounts of solid MOF-545-Zn, where every 
sample was allowed to equilibrate overnight. The decrease in pyridine concentra-
tion was determined by UV-vis, monitoring the λmax of pyridine in CH2Cl2 (257 nm). 
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Fitting of the titration curve to an equilibrium reaction model yields an adsorption 
constant of 6.7∙103 M–1, which is very close to the association constant of pyridine 
to ZnTPP in CH2Cl2 (6.9∙103 M–1).35 Plotting the corresponding Langmuir isotherm 
yields (an upper limit to) the number of accessible binding sites, which is θa = 77%. 
The remaining non-accessible binding sites are possibly obstructed or not metalated 
with zinc. It should be noted here that the percentage of actual accessible binding 
sites may be less than 77%, because the applied method does not discriminate be-
tween guest uptake through zinc-pyridine interactions and other adsorption pro-
cesses.

Next, the encapsulation of pyridine guests with multiple binding sites was inves-
tigated by solid-state UV-vis and IR spectroscopy. After soaking equivalent masses 
of MOF-545-Zn and a pyridine guest in CH2Cl2 overnight, the resulting solids were 
isolated by centrifugation and dried, and ground to a Nujol mull in a mortar and 
pestle. The resulting paste was additionally homogenized by careful grinding be-
tween CaF2 windows and measured in transmittance mode spectroscopy. Grinding 
of metal-organic frameworks or their constituents under mechanochemical con-
ditions has previously led to synthetic transformations such as MOF formation 
or changes in topology.36,37 As these transformations were reported for relatively 
weak interactions,38 we assume no significant changes in material topology during 
sample preparation for zirconium based MOF-545, although possible grinding-in-
duced transformations or encapsulation were not excluded a priori. In the homog-
enized samples, pyridine-zinc interactions were observed in the UV-vis spectra by 
a red-shift of the Q-band at 565 nm. MOF-545-Zn exhibited a Q-band at 565 nm 
and introduction of pyridine into the system led to red-shifting of the λmax is by 2 

Figure 12. Adsorption of pyridine into MOF-545-Zn.
Left: Titration curve of pyridine ([G0] = 2.0 mM in CH2Cl2) with increasing amounts of solid 
MOF-545-Zn and the association constant as determined by non-linear regression. Right: 
Langmuir isotherm [H]0,actual versus the theoretically predicted ‘concentration’ of host sites 
[H]0,theoretical in MOF-545-Zn and the determination of the fractional occupancy factor θa from 
the slope of the curve.
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nm. Interestingly, 4,4’-bipyridine (bipy) and 1,4-di(4-pyridyl)benzene (exbipy) gave a 
stronger red-shift to 569 and 570 nm, respectively. The intermediate red-shifts could 
be caused by partial binding to the MOF, by guest-induced transformations of the 
material or by other unidentified factors.

Unfortunately, soaking of complex 1 into MOF-545-Zn did not give any red shift 
of the Q-band. Possible encapsulation of iron carbonyls was monitored by IR spec-
troscopy using the same solid-state sample as used for UV-vis, which showed no 
appearance of bands in the characteristic carbonyl stretch region from 1900 to 2100 
cm–1. It was thus assumed that 1 is not encapsulated into the MOF under the ap-
plied conditions (overnight soaking at room temperature). As the aperture and pore 
size would allow free diffusion of 1 in and out of the material, we suggest that the 
encapsulation of 1 might be severely kinetically limited. (The intrinsic decompo-
sition pathway of the catalyst in solution – displacement of carbonyl for pyridine 
ligand – limits the soaking time to around 24 hours.) As a possible alternative 
strategy to encapsulate a [FeFe]H2ase mimic into MOF-545-Zn, a ship-in-the-bottle 
method was tried. First, the para-pyridyl phosphine ligand (4-Py)Ph2P was encap-
sulated into MOF-545-Zn, as indicated by a red-shift of the porphyrins Q-band by 
2 nm to 567 nm. This material was isolated by centrifugation, after which it was 
reacted with the hexacarbonyl precursor Fe2(μ-bdt)(CO)6 in THF at 50 °C overnight 
– conditions that allow for displacement of one carbonyl fragment with a phos-
phine ligand when carried in the homogeneous phase. However, the isolated solids 
did not show any ν(CO) bands in IR spectroscopy, although the λmax of the Q-band 
remained at the same position (567 nm). Even though the kinetic radii of the iron 
carbonyl compounds and the phosphine ligand are comparable, we have not found 
any indication of encapsulation of [FeFe]H2ase mimics into MOF-545-Zn under the 
applied conditions.

Figure 13. Preliminary encapsulation of pyridine guests into MOF-545-Zn monitored by 
transmittance-mode UV-vis spectroscopy.
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Conclusions and outlook

In this chapter we have discussed the design, synthesis and guest uptake studies 
of various porphyrinic materials that may potentially be used as the chromophor-
ic part of the proton reduction photocathode in an artificial leaf. When grown 
on a suitable electrode, these molecular materials should serve as photosensitizer, 
electron transport material and heterogeneous support for proton reduction cata-
lysts. On the basis of geometric considerations from a crystallographically char-
acterized assembly of ruthenium porphyrins with a [FeFe]hydrogenase mimic, we 
have successfully prepared a porous zinc porphyrin metal-organic framework thin 
film on an electrode. The electrochemical properties of the thin films show that 
the electron hopping rates in the film can attain the flux of incident photons from 
sunlight (ca. 103 s–1 nm–2 at 500 nm),39 and the singlet excited-state potential of zinc 
porphyrins is suited to drive proton reduction catalysis using 1 as a catalyst. How-
ever, preliminary guest uptake experiments have not yet provided evidence for the 
encapsulation of 1 into the MOF-545-Zn thin film. As it seems that size matters, a 
smaller [FeFe]H2ase mimic equipped with a pyridyl dithiolate bridge could poten-
tially be encapsulated by the MOF.40

To create a proton reduction photocathode for use in an artificial leaf, two main 
objectives still have to be fulfilled: Apart from the anchoring of a suitable proton 
reduction catalyst, the MOF thin film should be grown on a suitable hole-accepting 
material such as nickel(II) oxide (NiO) for efficient charge collection under irradi-
ation conditions.41 We expect that the synthesis of MOF-545 on H2TCPP-function-
alized NiO (e.g. on an oxidized nickel electrode) is straightforward when similar 

Figure 14. Schematic diagram illustrating a plausible artificial leaf photocathode.
Left: Simplified band diagram and molecular orbital (MO) scheme for the electrode/hole ac-
ceptor/photosensitizer/catalyst construct. Right: Anchoring strategies that can be employed 
for covalent and supramolecular coupling of small [FeFe]H2ase mimics into MOF-545-Zn.
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solvothermal conditions are employed. Anchoring of a suitable proton reduction 
catalyst in the MOF thin film could alternatively be performed using covalent at-
tachment of a carboxylic acid-functionalized catalyst onto the zirconium oxide 
nodes by solvent-assisted ligand incorporation (SALI).33 A small [FeFe]H2ase mim-
ic that could potentially be incorporated in this way is the mono-carboxylic acid 
functionalized Fe2(µ-mcbdt)(CO)6.

42
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Experimental

General

The bipyridine linkers 2,2’-dimethyl-4,4’-bipyridine (Me2bipy, 72% yield) and 
2,2’,6,6’-tetramethyl-4,4’-bipyridine (Me4bipy, 56% yield) were prepared according to 
a literature procedure from the bromopyridine derivatives using Ni(PPh3)4 in DMF.43 
Diethylformamide (TCI Europe D4234), H2TCPP (TCI Europe A5015), ZrCl4 (Sigma 
Aldrich 647640) and all other chemicals (p.a. grade) were used as received. 1H NMR 
spectra were acquired on a Bruker AV400 spectrometer. UV-visible spectra were 
acquired on a Hewlett Packard 8453 spectrophotometer. TGA was performed on a 
Netzsch Jupiter STA 449 F3 by vacuum drying 2 mg of sample and exposing it to a 
5K/min temperature ramp from 30°C to 800 °C under argon. Powder X-ray diffrac-
tion was performed on a Rigaku Miniflex II (3° < 2θ < 50° at 2°/min).

RuTPP(CO)∙1∙RuTPP(CO) assembly

Structure determination by single crystal X-ray diffraction. X-ray Crystal 
Structure Determination of complex xxx: X-ray intensities were measured on a 
Bruker D8 Quest Eco diffractometer equipped with a Triumph monochromator (λ 
= 0.71073 Å) and a CMOS Photon 50 detector at a temperature of 150(2) K. Intensity 
data were integrated with the Bruker APEX2 software.44 Absorption correction and 
scaling was performed with SADABS.45 The structures were solved using intrin-
sic phasing with the program SHELXT.44 Least-squares refinement was performed 
with SHELXL-201346 against F2 of all reflections. Non-hydrogen atoms were refined 
with anisotropic displacement parameters. The H atoms were placed at calculated 
positions using the instructions AFIX 13, AFIX 43 or AFIX 137 with isotropic dis-
placement parameters having values 1.2 or 1.5 times Ueq of the attached C atoms.

Time-resolved infrared spectroscopy. The experimental set-up for time-resolved 
infrared spectroscopy has been described in Chapter 4. The sample was a solution 
of RuTPP(CO) (3 mM) and 1 (1.5 mM) in CH2Cl2, measured in a CaF2 cell with 0.23 
mm optical path.
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Nitschke cage

Encapsulation strategies and results. Encapsulation of 1 in C was attempted 
using two strategies and monitored by 1H-NMR. In the first method, preformed cage 
C was mixed with one equivalent of 1 in a solvent that would allow for cage dy-
namicity (CH3CN, THF, acetone) while still having substantial zinc-pyridine inter-
actions. Stirring the solution overnight at either room temperature or 70 °C did not 
give any encapsulation of 1. Attempts to encapsulate the dipyridylphosphole ligand 
or 1,4-di(4-pyridyl)benzene (exbipy) failed as well. In a second strategy, encapsula-
tion was attempted by forming the cage in presence of 1 under dynamic conditions 
(70 °C overnight), which showed either no cage formation or no encapsulation when 
using CH3CN, DMF or acetone. To form the cage under less dynamic conditions, the 
zinc tetra-imine porphyrin building blocks (ZnTIPP) were pre-synthesized by con-
densation of the zinc tetra(aminophenyl)porphyrin (ZnTAPP) with four molecules 
of 2-pyridinecarboxaldehyde under Dean-Stark conditions in benzene. Unfortunate-
ly, also using this pre-formed building block, the cage did not form under any of 
the applied conditions. as both complex 1 and smaller bipyridine guests did not get 
encapsulated in cage C, whereas the tetrapyridylporphyrin did encapsulate under 
similar conditions in the enlarged cage Cex, we attribute the encapsulation of the 
latter to the enhanced (tetradentate versus bidentate) chelate effect.

Synthesis of ZnTIPP. Zinc tetra(aminophenyl)porphyrin (100 mg) and pyri-
dine-2-carboxaldehyde (5 mL) were refluxed in a Dean-Stark apparatus in benzene 
(60 mL) overnight. After evaporation of solvent, the gummy solid was washed thor-
oughly with ether and taken up in chloroform. This solution was washed very thor-
oughly with dilute sodium bicarbonate, dried over sodium sulfate, filtered and all 
solvent removed to give 62 mg of the product in a 44% yield. 1H NMR (300 MHz, 

Figure 15. TGA analysis of (left) M1 (Me2bipy-MOF) and M3 (Me2exbipy-MOF) and (right) 
the previously reported PPF-11-M/M.22
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Figure 16. Automated set-up for the layer-by-layer synthesis.

DMSO-d6) δ 9.00 (s, 4H, imine), 8.91 (s, 8H, pyrrole), 8.83 (d, J = 4.4 Hz, 4H, pyridine), 
8.36 (d, J = 7.9Hz, 4H, pyridine), 8.28(d, J = 7.8Hz, 8H, phenyl), 8.08 (t, J = 7.8 Hz, 
4H, pyridine), 7.81 (d, J = 7.9 Hz, 8H, phenyl), 7.63 (dd, J = 7.6, 4.0 Hz, 4H, pyridine).

Pillared-paddlewheel MOF

Solvothermal synthesis of PPF MOFs. To a 1 dram vial was added Zn(NO3)2.6H2O 
(8.9 mg, 30 μmol), H2TCPP (8.0 mg, 10 μmol), bipyridine linker (20 μmol), dimethyl-
formamide (1.5 mL) and ethanol (0.5 mL). The mixture was sonicated for 5 minutes, 
after which a solution of nitric acid in ethanol (1.0 M, 20 μL) was added to the vial. 
After sonication for 5 more minutes, the vial was heated in an oven at 80 °C for 24 
hours and then slowly cooled down to room temperature over a period of 9 hours. 
The dark purple crystals were gently washed with dimethylformamide (3 × 2 mL) 
and stored in dimethylformamide.



Towards a Base-Metal Molecular Artificial Leaf Photocathode

— 177 —

Layer-by-layer synthesis of PPF MOFs. Lay-
er-by-layer synthesis of MOF thin films was 
performed using a homemade ‘dip coater’ set-
up. An XY displacement arm was built from 
1 mm thick aluminium strips moving over 
ball-bearing drawer slides obtained from a 
hardware store. The actuators were L12-P and 
L16-P linear actuators from Firgelli Technolo-
gies, controlled by an Arduino Uno equipped 
with a motor shield (Velleman VMA03). The 
main part of the source code consists of a PID 
controller to obtain a precision of around 1 
mm without overshoot.

FTO-coated glass slides were cleaned accord-
ing to a reported procedure.47 The slides were then heated at 70 °C in a solution of 
3-aminopropyltriethoxysilane (0.1% v/v in toluene) overnight, cooled to room tem-
perature and washed with copious amounts of toluene, sonicated in toluene for 5 
minutes, washed with ethanol and air dried. In an automated set-up, the slides were 
submerged in ethanol solutions of Zn(OAc)2 (0.1 mM), H2TCPP (2 μM) and 4,4’-bipyr-
idine (2 μM) for 5, 10 and 10 minutes, respectively, at 40 °C. This cycle was repeated 
50 times to obtain a uniform thin film. This film was metalated by submerging the 
slide in a methanol solution of Zn(OAc)2 for 3 days at room temperature.

MOF-545-Zn thin films on FTO-coated glass slides

H2TCPP-functionalized FTO-coated glass slides. FTO-coated glass slides were 
cleaned according to a reported procedure.47 In short, FTO-coated glass was cut to 
pieces of approximately 15x40 mm, rubbed clean with ethanol, sonicated in 0.5% 
aqueous detergent solution (deconex 24 FORTE, Borer Chemie AG) for 15 min, 
rinsed with milli-Q water (18 MΩ cm) and ethanol. After  drying in air, the slides 
were treated in a UV-O3 plasma cleaner for 30 min. The slides were then placed in a 
glass petri-dish with the FTO side facing up and layered with a solution of H2TCPP 
in dimethylformamide (400 mg/L) overnight at room temperature. After rinsing the 
slides with copious amounts of dimethylformamide, the slides were rinsed with 
ethanol and air dried.

Figure 17. FTO-coated glass slides 
before (left) and after (right) syn-
thesis of a MOF thin film through 
layer-by-layer synthesis.
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MOF-545 on FTO-coated glass slides. MOF-545 was grown solvothermally on 
H2TCPP-functionalized FTO-coated glass slides analogous to the reported proce-
dure for MOF-525.48 To a 250 mL Erlenmeyer flask was added benzoic acid (18.9 g), 
diethylformamide (56 mL), H2TCPP (350 mg) and ZrCl4 (525 mg). The solids were 
dissolved by sonication for 15 min and the solution divided over seven 20 mL Pyrex 
vials. One FTO-coated glass slide was placed diagonally in each vial, with the FTO 
side facing down. The vials were capped tightly and placed in a pre-heated oven 
at 120°C for 72 hours. After cooling to room temperature, the slides were carefully 
taken out of the vials (the MOF film is easily scratched off). The powder in the vials 
was collected and combined, and washed analogously to the MOF-functionalized 
slides: The MOF was submerged in fresh dimethylformamide overnight for three 
consecutive days (to remove organic molecules from the pores of the structure), 
then in fresh acetone overnight for three consecutive days (to replace all dimeth-
ylformamide with acetone). The MOF powder can then be activated (removal of 
solvent from the pores) by heating the powder under vacuum at 120 °C overnight. 
(Note that the MOF thin films do not survive this treatment, and flake off the sur-
face of the slides.)

Metalation of MOF-545 with zinc to form MOF-545-Zn. Activated MOF-545 (570 
mg) was suspended in dimethylformamide (100 mL) containing Zn(OAc)2.2H2O (1.1 
g) and heated overnight at 100 °C. Thin films of MOF-545 on FTO-coated glass slides 
were placed in a 20 mL Pyrex vial and covered with 15 mL of a solution of ZnCl2 
(300 mg/L) in dimethylformamide/water (100:1) and placed in a pre-heated oven at 
100 °C overnight. Metalation progress was followed by UV-vis spectroscopy through 

Figure 18. Metalation of MOF-545-H2 to form MOF-545-Zn as followed by UV-vis through 
digestion of the solid material in 1 M NaOH.
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digestion of a few grains of the sample in 1 M NaOH and monitoring the collapse 
of the 4 Q-bands of the freebase porphyrin into 2 Q-bands for the metalated por-
phyrin. After cooling to room temperature, the powder and films were washed 
analogously to MOF-545 and stored under dimethylformamide in air.

Guest inclusion into MOF-545-Zn. In a 2 mL glass vial, approximately 10 mg of 
MOF-545-Zn and 10 mg of guest were covered with 0.5 mL of CH2Cl2. After soaking 
overnight (excluding air and light), pentane (ca. 5 mL) was added to decrease the 
density of the solution, and the MOF was centrifuged quickly out of the suspension. 
The solids were washed several times with CH2Cl2/pentane and air dried. Samples 
for spectroscopy were prepared by grinding a few grains of the solid in a few drops 
of Nujol to a (darkly colored) mull, which was sandwiched between two CaF2 win-
dows and homogenized by gentle rotation. Guest inclusion was studied by UV-vis 
spectroscopy (monitoring the highest-energy Q-bands between 565 nm and 570 nm) 
and IR spectroscopy (monitoring iron-carbonyl vibrations between 1900 cm–1 and 
2100 cm–1). UV-vis spectra were filtered from noise by a 9-point FIR Kaiser-Bessel 
window with α = 1.5.

Adsorption titration of pyridine into MOF-545-Zn. The binding constant of 
pyridine to the zinc porphyrin in MOF-545-Zn was determined by titration of a 
constant concentration of pyridine (guest G) in CH2Cl2 with increasing amounts 
of MOF (each Zn atom is considered a host molecule H), soaking the solids over-
night to ensure equilibration. The initial guest (pyridine) concentration [G]0 was 
kept constant at 1.0 mM. Free guest concentration [G] was measured using UV-vis 
spectroscopy (l = 2 mm), monitoring the transition at 257 nm. The initial host “con-
centration” [H]0 was calculated from mass of the MOF added divided over the mo-
lecular weight of the MOF per porphyrin unit (1230 g/mol). The obtained titration 
curve (A257 nm vs. [H]0/[G]0) was then fitted to a 1:1 HG model using Matlab, which 
gave an association constant Ka = 6.7∙103 M–1. The accessible number of binding sites 
was calculated using a Langmuir isotherm through:
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Plotting [H]0,accessible vs. [H]0 a straight line with a slope of 0.77 was obtained. This 
means that in this MOF-545-Zn sample maximally 77% of the zinc atoms are acces-
sible for the binding of pyridine.
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Figure 19. Determination of association constant of pyridine to MOF-545-Zn in CH2Cl2.
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Summary

[FeFe]Hydrogenase Mimics for Proton 

Reduction Catalysis

As the use of fossil fuels unambiguously leads to global warming, the need for 
an alternative and sustainable fuel is growing. Hydrogen (H2) is an energy carrier 
with interesting properties, in that it can be produced from the splitting of water, 
giving only oxygen (O2) as a side product. When needed, this fuel can release the 
energy stored in the H-H bond by reaction with atmospheric oxygen to reform 
water. As such, no toxic or otherwise harmful substances are released in the atmo-
sphere. However, hydrogen can only be regarded a sustainable fuel when the water 
splitting reaction is driven by a sustainable energy source. Considering the size of 
the earth’s population, sunlight is the most obvious choice, because the sun pro-
vides us with an almost infinite amount of energy. To put it into numbers: in one 
hour, the sun delivers more energy to the earth’s surface than the human popula-
tion uses in a year. This sets the outline of the task to be solved: how can sunlight 
and water be reacted to produce hydrogen at a competitive price?
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The overall photolysis of water to produce hydrogen is already feasible, e.g. by con-
necting photovoltaic cells to an electrolysis cell. In such a set-up, solar energy is 
first converted to electrical energy, which is in turn converted to chemical energy. 
Unfortunately, these additional conversions come at a cost, and the catalytic mate-
rials currently used in electrolyzers (platinum and iridium) are expensive. For these 
reasons, the BioSolar Cells research consortium of the Netherlands was founded 
with the aim of producing solar fuels directly from sunlight and water, without 
the need for the conversion to and from electricity. One part of the consortium fo-
cuses on photosynthetic fuel production using algae, bacteria and plants. The other 
part focuses on artificial photosynthesis: non-natural systems that perform similar 
functions as found in photosynthetic organisms, but are catered to the production 
of hydrogen or related fuels.

The natural photosynthetic chain is initiated with the oxidation of water. In the so-
called oxygen evolution complex, two molecules of water are oxidized in an overall 
four-electron process to form one molecule of oxygen and four protons according 
to: 2 H2O ↔ O2 + 4 H+ + 4 e−. The released (low-energy) electrons are transferred 

Figure 1. The [FeFe]hydrogenase enzyme as found in C. pasteurianum and the synthetic 
mimics studied in this thesis.
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to a photosystem which increases the energy of the electrons by incident pho-
tons. In nature, the (high-energy) electrons produced as such are used to synthesize 
NADPH, which serves as an energy carrier (‘fuel’) to perform work. In artificial 
photosynthesis the process is similar, although in this case the part that produces 
NADPH is replaced with a part that produces H2. Although in principle we could 
isolate all the useful parts out of the photosynthetic membranes and use them to 
construct an ‘artificial leaf’, in practice this process is too expensive. However, 
we can still take a look at how nature has solved this problem, and identify the 
molecular structures and architectures that have proven to work over the course 
of evolution. Such molecular imitations of nature are generally called ‘synthetic 
mimics’, and are classified as either or both functional or structural, meaning that 
they mimic either or both the function or the structure of its natural counterpart. 
Apart from being less expensive to make or isolate, synthetic mimics offer the ad-
vantage of being tuned rationally, e.g. so they can function outside the protective 
environment found in photosynthetic organisms.

In this thesis, we focus only on the proton reduction (hydrogen generation) half-re-
action of the overall water splitting reaction. To drive this reaction with light, we 
make use of zinc porphyrins as synthetic photosystem mimics, because they resem-
ble the chlorophylls in the natural photosystem. As proton reduction catalysts we 
use mimics of all-iron hydrogenase, [FeFe]H2ase, a naturally occurring enzyme that 
generates hydrogen at a rate and overpotential comparable to platinum (the best 
proton reduction catalyst currently known). To connect the chromophores with the 
catalysts, we make use of supramolecular chemistry by creating ‘plug-and-play’ 
building blocks for the construction of photosystem-like molecular architectures. 
The [2Fe-2S] clusters studied in Chapter 3 and 4 are equipped with pyridine moi-
eties that can coordinate to the central zinc atoms of the porphyrins, e.g. in the 
porphyrinic metal-organic frameworks (MOF) presented in Chapter 6. Using this 
strategy, we show how an artificial leaf could be constructed from earth-abundant 
materials.

The naturally occurring [FeFe]H2ase enzyme produces hydrogen efficiently because 
of two main functionalities present near the catalytically active [2Fe-2S] cluster. 
One is a proton relay to pre-organize protons close to the active site – the other is 
an electron reservoir to mediate electron transfer from the enzyme’s surroundings to 
the active site. Chapter 3 shows how the dimethylamino group of a phosphoramid-
ite ligand (when attached to an [2Fe-2S] cluster) pre-organizes protons in a similar 
way as the natural enzyme, leading to a higher catalytic reaction order in protons 
as opposed to similar catalysts lacking this functionality. This result exemplifies 
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how a natural enzymatic function can be mimicked through the use of a radically 
different structural motif. We used this insight to mimic the enzyme’s electron 
reservoir in the following chapters.

In Chapter 4 we present a catalyst equipped with a redox-active dipyridylphosphole 
ligand, resembling the electron reservoir present in the [FeFe]H2ase enzyme. By 
electrochemical analysis, time-resolved infrared spectroscopy, density functional 
theory and spectroelectrochemistry we elucidate the peculiar behavior of the cat-
alyst and show that the redox-active ligand partakes in catalysis, i.e. it donates 
an electron into the active site when needed. Moreover, in the presence of acid 
the dipyridylphosphole ligand mediates electron transfer to the [2Fe-2S] cluster by 
protonation of one of its side-arms via a proton-coupled electron transfer (PCET) 
process. Additionally, the attached pyridyl moieties make the complex soluble in 
acidic water, leading to fast proton reduction catalysis in dilute sulfuric acid. The 
catalyst tolerates the presence of oxygen in the reaction medium – a useful prop-
erty considering that in an ultimate application, trace amounts of oxygen might be 
expensive to remove.

Chapter 5 elaborates on the redox and protonation chemistry of phosphole-append-
ed [FeFe]H2ase mimics. Electrochemical analysis combined with density functional 
theory shows how the incorporation of redox-active phosphole ligands into an [2Fe-
2S] cluster leads to structural integrity of the complexes after one-electron reduc-
tion, whereas the reference phosphine-appended complexes show a cleaved Fe-S 
bond after mono-reduction. This structural difference leads to distinct reactivity, 
where the mono-anions of the phosphole-based complexes are basic enough to be 
protonated, even though the phosphole ligands effectively remove electron density 
from the active site. Although the overall efficiency for electrocatalytic proton re-
duction does not change appreciably, the catalytic mechanisms change drastically. 
An implication of this finding could be that the mechanism for electrocatalytic 
hydrogen formation can be changed at will without paying a penalty in terms of 
overpotential or rate. This feature is crucial in the design of photocatalytic archi-
tectures, where the potentials and rates of the steps in the catalytic cycle have to 
be matched to excited state potentials and lifetimes of photosensitizers.

Porphyrinic architectures for the design of an artificial leaf are presented in Chap-
ter 6. Based on the geometry of the phosphole-appended catalyst studied in Chap-
ter 4, we impose design constraints on such macromolecular materials, which 
throughout the chapter turn out to be too rigid, leading to the conclusion that cat-
alyst inclusion into a porous material might be severely sterically or kinetically re-
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stricted. Since an artificial leaf is most practically constructed on a solid electrode, 
the last part of Chapter 6 is devoted to metal-organic frameworks (MOFs) grown 
on a transparent electrode. Solvothermal synthesis of known MOF-545-Zn on a flu-
oride-doped tin oxide coated glass slide yields a uniform red film which turns out 
to be fully electrochemically addressable. This MOF features the largest pore size of 
any porphyrinic MOF known at the time of writing, which should allow for facile 
catalyst inclusion. However, preliminary experiments suggest that the investigated 
catalysts were not encapsulated into the porous structure under the applied con-
ditions. As a possible starting point in the design of an artificial leaf, we elaborate 
on alternative strategies for the (covalent) anchoring of small molecules in this 
particular framework, which might ultimately lead to a stable and efficient proton 
reduction photocathode.

In this thesis we have shown how relatively small modifications in the coordination 
sphere of a proton reduction catalyst can lead to drastic changes in the catalytic 
mechanism and therefore in the overall thermodynamic and kinetic properties of a 
catalytic system. The most pronounced effects can be ascribed to proton pre-orga-
nization, electron pre-organization and the geometry of intermediate species – all 
key factors in the efficient operation of the [FeFe]hydrogenase enzyme. However, 
both for the mimics studied in this thesis as for mimics reported in literature, the 
overpotential for proton reduction is in most cases around 0.6 V. We envision that 
lowering this overpotential can only be attained by opening up PCET events to cir-
cumvent high kinetic barriers or to include very electron-rich ligands (i.e. cyanide) 
that are held in place by a second coordination sphere.

Regarding the design of an artificial leaf, we consider metal-organic frameworks 
as a key component due to their high stability, tunability, porosity and ease of 
handling. The modes of catalyst inclusion are manifold: simple soaking, supramo-
lecular coordination, ship-in-a-bottle, covalent attachment, post-synthetic linker 
exchange, etc. As such, these molecular frameworks can be regarded the LEGO® 
of chemistry. One aspect, however, is largely preventing chemists from unleashing 
the enormous potential that MOFs harbor: the need for heterogeneous characteriza-
tion techniques. We suspect that once MOFs can be analyzed in a straightforward 
manner by the (in)organic chemist, systems chemistry will flourish, and the artifi-
cial leaf will slowly populate our rooftops.
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Samenvatting

Kunstmatige [FeFe]Hydrogenase-Gebaseerde 

Proton-Reductie Katalysatoren

Het gebruik van fossiele brandstoffen leidt ontegenzeglijk tot een toename van het 
broeikaseffect en aldus tot de behoefte aan een alternatieve duurzame brandstof. 
Waterstofgas (H2) is een dergelijke brandstof, die kan worden geproduceerd door 
de ontleding van water. Het enige bijproduct in deze reactie is zuurstof (O2), dat 
vrijelijk kan worden uitgestoten. Bij de verbranding van waterstof (een reactie met 
zuurstof uit de lucht waarbij warmte vrijkomt) is water het enige afval, waardoor 
een netto gesloten reactiecyclus ontstaat. Om waterstofgas duurzaam te produce-
ren, dient het ontleden van water te gebeuren middels een duurzame energiebron. 
De zon is een dergelijke energiebron, die in één uur meer energie richting de aarde 
schijnt dan de mensheid in één jaar gebruikt. Dit schetst het probleem waarvoor 
de wetenschap momenteel staat: Hoe kan men zonlicht en water met elkaar laten 
reageren om waterstofgas te produceren voor een concurrerende prijs?
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Het ontleden van water middels licht (fotolyse) is al lange tijd mogelijk, bijvoorbeeld 
door het koppelen van zonnepanelen met een elektrolytische cel. In een dergelijke 
opstelling wordt zonlicht eerst omgezet in elektriciteit en de elektriciteit vervolgens 
in chemische energie: waterstofgas en zuurstofgas. Helaas treden er bij de omzet-
ting van en naar elektriciteit energetische verliezen op, en zijn de katalytische ma-
terialen in een elektrolytische cel (platina en iridium) schaars en daardoor duur. 
Om deze problemen op te lossen is het BioSolar Cells consortium opgericht met als 
doel het produceren van brandstoffen uit zonlicht en water op een directe manier, 
d.w.z. zonder elektriciteit als tussenvorm. Eén deel van het consortium richt zich op 
het produceren van zonnebrandstoffen door planten, algen en bacteriën. Het andere 
deel richt zich op kunstmatige fotosynthese: Door de mens gemaakte systemen die 
een vergelijkbare werking hebben als het natuurlijk fotosynthetisch systeem, maar 
toegespitst zijn op de productie van waterstofgas en vergelijkbare brandstoffen.

De natuurlijke fotosynthetische keten begint met de oxidatie van water. In een 
mangaan-calcium cluster verbonden aan het zgn. Fotosysteem II worden twee wa-
termoleculen geoxideerd in een vier-elektron proces, waarbij één zuurstofmolecuul 
en vier waterstofionen worden gevormd: 2 H2O ↔ O2 + 4 H+ + 4 e−. De vrijgekomen 

Figuur 1. Het [FeFe]hydrogenase enzym in C. pasteurianum en de kunstmatige katalysa-
toren bestudeerd in dit proefschrift.



— 195 —

laag-energetische elektronen worden ingevangen door het fotosysteem dat ze om-
zet in hoog-energetische elektronen middels fotonen afkomstig van de zon. In de 
natuur worden deze elektronen gebruikt om NADPH te synthetiseren, dat fungeert 
als energiedrager (brandstof) om werk te verrichten. Kunstmatige fotosynthese 
werkt via een vergelijkbaar principe, zij het dat het deel dat NADPH produceert 
vervangen wordt door een katalysator die waterstofgas produceert. In principe zou 
men dus alle bruikbare onderdelen uit de natuur kunnen isoleren om ze vervolgens 
te assembleren tot een kunstmatig blad. De praktijk leert echter dat dit erg om-
slachtig is, en dus duur. Een meer voordehandliggende aanpak is het nabootsen van 
natuurlijke structuren om aldus op een rationele manier de gewenste synthetische 
structuren te maken met vergelijkbare eigenschappen als de natuurlijke materialen.

Dit proefschrift behelst slechts één helft van de totale lichtgedreven waterontle-
dingsreactie, namelijk de reductie van protonen tot waterstofgas. Om deze reactie 
middels licht te laten verlopen maken we gebruik van porfyrines, die sterk lijken 
op de chlorofylmoleculen in het natuurlijke fotosysteem. De katalysatoren die de 
omzetting van protonen naar waterstof voor hun rekening nemen zijn gebaseerd op 
ijzer-ijzer hydrogenase ([FeFe]H2ase), een natuurlijk enzym dat de gewenste reductie 
van protonen met dezelfde efficiëntie uitvoert als platina (de beste proton-reductie 
katalysator die we kennen). Om de katalysator te verbinden met de porfyrines ma-
ken we gebruik van supramoleculaire scheikunde, dat ons in staat stelt om op een 
gemakkelijke manier verschillende moleculaire bouwblokken met elkaar te ver-
binden. De [2Fe-2S] clusters in Hoofdstuk 3 en 4 zijn uitgerust met pyridinegroe-
pen die kunnen coördineren aan de centrale zinkatomen in de porfyrines, zoals 
bijvoorbeeld in de metaal-organische roosters (MOF) beschreven in Hoofdstuk 6. 
Middels een dergelijke strategie laten we zien hoe een kunstmatig blad kan worden 
samengesteld uit elementen die op aarde in overvloed aanwezig zijn.

Het natuurlijk voorkomend [FeFe]H2ase enzym werkt zo efficient door twee functio-
naliteiten nabij het katalytisch actieve [2Fe-2S] centrum. Het ene is een zgn. proton 
relay, dat een proton opneemt uit de omgeving en dit vlakbij het [2Fe-2S] cluster 
vasthoudt tot het moment dat het proton nodig is in de reactiecyclus. Het tweede is 
een zgn. elektronenreservoir, dat hetzelfde doet maar dan voor elektronen in plaats 
van protonen. Op deze manier zijn er dus altijd protonen en elektronen aanwezig 
naast het katalytisch centrum, wat de reactie zeer efficient doet verlopen. In Hoofd-
stuk 3 laten we zien hoe de dimethylamino groep van een fosforamidiet ligand de 
functie van een proton relay vervult wanneer dit gekoppeld is aan een [2Fe-2S] 
cluster. Dit leidt tot een hogere katalytische reactieorde in protonen vergeleken met 
katalysatoren die deze functionaliteit ontberen. Deze resultaten laten zien hoe een 
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enzymatische functionaliteit kan worden nagebootst middels een radicaal andere 
chemische structuur dan aanwezig in de natuur. Dit inzicht gebruiken we in de 
daaropvolgende hoofdstukken voor het nabootsen van het elektronenreservoir.

Hoofdstuk 4 beschrijft een [2Fe-2S] katalysator gekoppeld aan een redox-actief di-
pyridylfosfool ligand, dat de eigenschappen van een elektronenreservoir nabootst. 
Middels een combinatie van electrochemische analyse, tijdsopgeloste infrarood 
spectroscopie, dichtheidsfunctionaaltheorie en spectroelectrochemie ontraadselen 
we de bijzondere eigenschappen van de katalysator en laten we zien dat het elek-
tronenreservoir actief deelneemt aan de katalyse, d.w.z. het doneert een elektron 
aan het actieve centrum wanneer dat nodig is. Bovendien wordt de elektron-over-
dracht in zuur medium gefaciliteerd door protonering van de pyridinegroepen 
middels een gekoppelde elektron-proton overdracht. De katalysator is oplosbaar in 
waterig zuur milieu door protonering van de pyridinegroepen, wat leidt tot zeer 
snelle katalyse in verdund zwavelzuur. De katalysator verdraagt de aanwezigheid 
van zuurstof, waardoor het verwijderen van spoortjes zuurstof in een uiteindelijke 
toepassing vermeden kan worden.

Hoofdstuk 5 gaat dieper in op de redox- en protoneringeigenschappen van fos-
fool-gefunctionaliseerde [2Fe-2S] katalysatoren. Een combinatie van dichtheids-
functionaaltheorie en electrochemische analyse laat zien dat de fosfoolliganden 
zorgen voor structurele integriteit van het [2Fe-2S] cluster na één-elektron reductie, 
terwijl bij de analoge fosfinecomplexen één-elektron reductie leidt tot het breken 
van een Fe-S binding. Deze structurele verschillen leiden tot verschillen in reac-
tiviteit: in tegenstelling tot de fosfine-monoanionen zijn de fosfool-monoanionen 
basisch genoeg om geprotoneerd te worden door een zwak zuur, terwijl er juist 
elektronendichtheid weggenomen wordt van het katalytisch centrum. Hoewel de 
katalytische activiteit vrijwel identiek is voor alle complexen, is het katalytisch 
mechanisme zeer verschillend. Een implicatie van deze vinding is dat het mogelijk 
is het mechanisme van een katalysator te veranderen naar believen, zonder dat 
de efficientie afneemt. In fotokatalytische toepassingen kan dit van groot nut zijn, 
aangezien redox potentialen en de snelheid van individuele katalytische stappen 
dienen overeen te stemmen met de eigenschappen van de gebruikte chromoforen.

Hoofdstuk 6 beschrijft het ontwerp van macromoleculaire porfyrinestructuren voor 
gebruik in een kunstmatig blad. Op basis van de geometrie van de katalysator uit 
Hoofdstuk 4 beschrijven we de restricties voor het ontwerp van macromoleculaire 
materialen die deze katalysator dienen in te kapselen. Vervolgens laten we zien dat 
deze restricties te rigide zijn om bruikbare supramoleculaire structuren te fabri-
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ceren, waaruit we concluderen dat de inkapseling van de katalysator waarschijn-
lijk in grote mate sterisch of kinetisch beperkt wordt. Aangezien een kunstmatig 
blad het meest praktisch op een vaste drager wordt gemaakt is het laatste deel 
van Hoofdstuk 6 gewijd aan de synthese van metaal-organische roosters (MOF) op 
transparante elektroden. De voorheen onbekende directe synthese van MOF-545-Zn 
op fluoride-gedoteerd tin-oxide levert een gelijkmatige, rode laag op die volledig 
elektrochemisch benaderbaar is. Aangezien deze MOF de grootste poriën heeft van 
alle tot nu toe bekende porfyrine MOFs zou deze structuur de katalysator met ge-
mak moeten kunnen inkapselen. Toch is dat met de door ons gebruikte omstandig-
heden niet gelukt. Om alsnog vergelijkbare katalysatoren in deze MOF te kunnen 
vastzetten beschrijven we enkele alternatieve strategiën die in de wetenschappe-
lijke literatuur bekend zijn en omgezet kunnen worden naar de hier beschreven 
structuren.

In dit proefschrift hebben we beschreven hoe kleine aanpassingen in de directe na-
bijheid van een proton reductie katalysator grote invloed kunnen hebben op het ka-
talytisch mechanisme. We kennen deze invloeden hoofdzakelijk toe aan het voor-
organiseren van elektronen en protonen, en aan de geometrie van de katalytische 
intermediairen – allen tevens van grote invloed op de efficiëntie van het natuurlijk 
enzym. Eén eigenschap van kunstmatige [2Fe-2S] katalysatoren (in deze these en 
in de literatuur) blijft echter ongewijzigd, namelijk de overpotentiaal van ongeveer 
0.6 V. We vermoeden dat deze overpotentiaal slechts omlaag gebracht kan worden 
door het simultaan (gekoppeld) overdragen van protonen en elektronen, of door het 
gebruik van zeer elektronrijke liganden (bijv. cyanide).

In het ontwerp van kunstmatige bladeren verwachten we dat MOFs belangrijke 
componenten zullen worden vanwege hun grote mate van stabiliteit, aanpasbaar-
heid, porositeit en gebruiksgemak. De manieren om katalysatoren in te kapselen 
zijn veelvuldig: door inweken van gastmoleculen, supramoleculaire coordinatie, 
schip-in-een-fles, covalente bindingen, post-synthetische linker uitwisseling, etc. 
Door deze grote mate van strategische vrijheid kan men MOFs beschouwen als de 
LEGO® van de scheikunde. Eén aspect zorgt er echter voor dat de meeste scheikun-
digen huiverig zijn voor het werken met MOFs: de noodzakelijkheid van heterogene 
analysemethodes. Wij hebben een sterk vermoeden dat wanneer de analyse van 
MOFs een routinemethode wordt, deze tak van chemie sterk zal opbloeien, en het 
kunstmatig blad langzaam onze daken zal bevolken.
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