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The energy problem
Long before our ancestors, photosynthesis was already converting carbon dioxide into sugars, over time transformed into fossil fuels, paving the road for the evolution of life. Ever since
humankind made its appearance, its growth and progress have been closely linked to the
amount of energy available, either for nutrition or to perform work.1 For very long time the
exclusive source of energy that our species could rely on has been that provided by photosynthesis. The first breakthrough in our evolution did not come until the human race managed
to master fire; access to heat made possible the development of cooking, object crafting and
expansion to previously inhospitable cold lands. A second big step forward happened during
the Neolithic with settlement and most importantly with the birth of agriculture. Although
agriculture gave access to virtually limitless food, the growth of society was still hindered by
lack of energy to perform work but only until the third and most recent breakthrough; the
Industrial Revolution.
Industrial Revolution brought great prosperity and allowed for the vast growth of society as
we know it today. Thanks to the exploitation of fossil fuels, energy to perform work has no
longer been a limiting factor. Indeed, due to the large availability of food and energy in our
current society, it has been estimated that the annual growth rate for the world population
will constantly increase by about 2.3%.2 To keep up with this impressive trend, the energy
demand is surely expected to follow a similar exponential increase. Since the beginning of
the Industrial Revolution, the ever-growing energy demand has been satisfied by burning
fossil fuels, thus releasing the energy Nature stored over billions of years. Unfortunately this
practice not only provides the energy we crave to sustain our society, but it comes with the
consequence of releasing into the atmosphere carbon dioxide. Only in recent years we are
concretely realizing that this is a matter of major concern.3 In fact, because carbon dioxide is
a strong greenhouse gas and its level is constantly rising since the beginning of the Industrial
Revolution, it contributes to large extent to the climate change processes that we are recently observing. With a current annual energy consumption rate around 13.5 TW, expected
to double by 2050, it is now evident that the fossil fuels oriented society started roughly 250
years ago is not a viable option; thus the urgency for sustainable and carbon neutral energy
sources.4
Among the renewable options, solar energy is by far the most abundant and cheapest form
of energy available. As ballpark figure, the amount of energy reaching the earth’s surface
from the sun every single hour could in fact be sufficient to cover the annual world energy
demand.5 The technology needed to convert the solar radiation into usable electricity, photovoltaics, is mature, accessible and already widely distributed.6,7 Its exceptional annual growth
has been estimated around 20% for the last three years; following this trend, it is estimated
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that between 50 and 90% of the electricity demand will be actually provided by photovoltaic
installations by mid-century.8 Although photovoltaics are a great solution to provide cheap
energy, one major issue is the solar radiation intermittency which clearly evidences the dependence of our society from fossil fuels during dark hours.9 The origin of such problem
could be boiled down to technological incapability to efficiently store and transport electricity over long distances. Regarding this aspect, considerable efforts aimed at the development of batteries are ongoing and some progresses in the field have already been made e.g.
redox flow batteries.10 In addition, electricity only accounts for roughly 20% of the world
energy demand, the remaining being fossil fuels in the form of oil (32%), coal (30%) and gas
(21%), underlining the need for a different energy carrier.4 Among the options proposed, the
most interesting energy carrier substitutes are identified as hydrogen, ammonia, formic acid,
methanol or methane.11

Hydrogen seems the most straightforward choice, because it can be produced by electrolysis
of water, for example by coupling photovoltaic panels to electrolysis devices.12 In this way, the
electricity generated can be immediately converted and stored into chemical bonds. Although
this is a proven technology, several problems are associated with this solution. The materials
needed for the construction of electrolyzers are typically scarce and thus expensive metals
and hence not attractive for large scale application. As a second issue, energy conversion e.g. from solar radiation to electricity or from electricity to chemical bonds - is a process that
comes with energy losses. It becomes thus evident that processes with less conversion steps
can account, in principle, for higher efficiency. To this end, great effort is being spent in the
development of direct conversion processes able to directly use sunlight to construct new
bonds yielding sustainable energy carriers to be used by our society. A notable example of direct solar to chemical energy storage is provided by the natural photosynthetic process that
has been accompanying us throughout our progress. Although nowadays it might seem we
are no longer dependent on photosynthesis for our energy supply, we are finding ourselves
looking back at this amazing machinery that has been ever since converting sunlight into
chemical bonds and trying to glean and reproduce its secrets in what is imaginatively known
as ‘artificial photosynthesis’.

Natural photosynthesis
It is estimated that photosynthesis has the capability of storing about 100 TW of solar radiation into chemical bonds during the course of a single year; several times more than our energy consumption, furthermore with a solar to chemical bond (biomass) efficiency of about
only 0.1%.5 In order to sustain its metabolism, Nature has evolved a very complex machinery
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able to gather reducing equivalents from water using exclusively sunlight as energy input.
The process involves a Z scheme where two different light-induced charge separation events
are needed before reducing equivalents from water can be conveniently stored in a manageable energy form, for later use. The great complexity of the photosynthetic machinery underlines the difficulty of the deceivingly easy reaction involved; the splitting of water molecules.
In order to understand the working features of this process, it is needed to zoom into the
plant cells and in particular to the thylakoid membrane where the functional units of the
photosynthetic process are found; photosystem II (PSII) and photosystem I (PSI), Figure 1.13
Light is initially harvested by an intricate array of chlorophylls and pigments present in PSII.
This antenna system absorbs mainly red light and transfers the energy to the reaction center
P680 where charge separation effectively takes place. Excitation of this reaction center, by the
harvested energy, allows for the generation of P680∙+ and Pheo∙- radical couple. Both species
are chlorophyll a based but Pheo lacks the central magnesium atom at the porphyrinic ring.
P680∙+ is an extremely powerful oxidant with a redox potential around 1.3 V while Pheo∙- is a
strong reductant with a potential of about -0.5 V. Next, the generated reducing equivalent is
transferred, through a perfectly designed electron transfer chain based on a redox potential
gradient of different components among which iron-sulfur clusters and other cofactors (plastoquinone pool, cytochrome b6f, plastocyanin) eventually reaching the second photosystem,
PSI. During this electron transfer process, the energy of the electron is gradually reduced but
importantly ATP (adenosine triphosphate) is produced from the proton gradient generated
across the membrane. ATP is an energy-rich molecule that is used by the cell to transport energy wherever it is needed. When the electron finally reaches PSI, its potential is lowered to
about 0.6 V. Here, a second antenna system absorbs another photon that is transferred to the
reaction center P700 and used to elevate the energy of the electron a second time, thereby
increasing its potential to about -1.2 V, generating P700∙-. This high energy electron travels
down through another redox electron transfer chain ending at the NADP+ reductase where
it is combined with protons to produce NADPH (nicotinamide adenine dinucleotide phosphate). NADPH is the way the cell transports reducing equivalents. It is then used at a second
stage in the Calvin cycle to fix CO2 into glucose molecules, thus effectively storing solar energy
into chemical bonds.
For the process to be sustained in a cyclic (or catalytic) manner the strong oxidant P680∙+
generated at the first light-induced charge separation event must be regenerated from its
stripped electron now stored into a NADPH molecule. P680∙+ is coupled to a catalytic center
composed of manganese and calcium ions (CaMn4O5 cluster or water oxidation catalyst). This
cluster provides the reducing equivalents that flow into P680∙+ after every light-induced
charge separation event. Ultimately the CaMn4O5 cluster is able to extract those reducing
equivalents, in a catalytic manner, from the most abundant substrate present on our planet;
water. The CaMn4O5 cluster is able to break down two water molecules, generate a dioxygen
~ 4 ~
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molecule as byproduct and provide electrons to P680∙+, thereby closing the cycle. The water
splitting reaction operated by this machinery is the most important reaction known. It is
critical to realize that it established the basis of life as we know it today, it has been powering
the planet all along and now providing us with clear insights to face our current energy problem.

Figure 1. Schematic representation of the thylakoid membrane evidencing the essential components for the light-induced water oxidation process of natural photosynthesis. Highlighted in red
the Z scheme strategy to sequentially elevate the energy of reducing equivalents.

Hydrogenases
Nature provides detailed blueprints to achieve solar energy storage but the photosynthetic
process finally affords carbohydrates, which might not be the most suitable energy carrier for
our society. Nevertheless, Nature provides also other relevant lessons. Already back in 1892
it was observed that some microorganisms could sustain their metabolism by extracting reducing equivalents from hydrogen.14 It then took several years before the term ‘Hydrogenase’
was coined to refer to an enzyme able to catalyze the reversible interconversion between
protons and dihydrogen.15,16 Although it has long been known that hydrogenase enzymes
contain iron centers, only in the ‘90s X-ray crystal structures determination gave more precise insights regarding the active site of the enzymes, clearly revealing their organometallic
nature, based on iron-sulfur clusters.17-20 Three different types of hydrogenase are known
today. All are metalloenzymes containing either iron-iron, nickel-iron or a mono-iron core.
Although the three types of enzymes catalyze the reaction in both directions, the di-iron hydrogenases are without doubt the fastest enzymes for proton reduction, the nickel-iron ones
are more dedicated to hydrogen oxidation and the iron hydrogenases are specialized at catalyzing the reversible reduction of methenyltetrahydromethanopterin (methenyl-H4MPT+) to
methylene-H4MPT by hydride transfer, thereby activating hydrogen. Because such metallo~ 5 ~
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enzymes can produce hydrogen at comparable rates as platinum, which is the best catalyst
known for hydrogen evolution, and with similar driving force while being based on cheap
and earth abundant elements, these systems are highly interesting in view of possible applications.21

Concerning the iron-iron hydrogenases, several years of detailed spectroscopic inquisition
were needed to fully elucidate the structure of the organometallic active site, now referred
to as the H-cluster, which was found to contain six iron atoms and seven sulfur atoms. The
H-cluster can be subdivided into a di-iron center covalently connected, through a cysteine
ligand, to a cubane-like Fe4S4 structure. Looking at the entire crystal structure of the enzyme,
the Fe4S4 cluster is found to be at the end of an electron transfer chain constituted by several
other iron-sulfur clusters. This feature evidences the importance of electron transfer during
the catalytic process. Moving back to the di-iron core, several interesting features are noted.
The two metallic ions (referred as distal and proximal iron, with respect to the Fe4S4 cluster)
are bridged by a dithiolate ligand. Only recently, the full structure of this bridge has been clarified and found to be consistent with a S-CH2-NH-CH2-S fragment.22 This bridge is usually referred to as the azadithiolate (adt) cofactor,* where the central nitrogen atom sits just above
a vacant coordination site at the distal iron. This vacant position is believed to be the place
where the reversible conversion of protons into hydrogen takes place. The basic nitrogen is
believed to mediate the shuttling of protons from a nearby cysteine residue, found to be just
at the end of a proton transfer channel, and the iron center. To complete the coordination
sphere of the iron ions, three CO ligands, one of which semi-bridges the two irons, and two
CN- ligands are present. Both CO and CN- are very unusual biological ligands. Interestingly,
when the enzyme is exposed to such compounds, its catalytic activity is inhibited.
Figure 2 shows a picture of the crystal structure of the iron-iron hydrogenase from Clostridium pasteurianum, illustrating the structure of the H-cluster and its hydrogen bonding with
nearby residues. The H-cluster is embedded in a hydrophobic pocket surrounded by a dense
protein matrix. Several highly conserved amino acid residues are found to hydrogen bond to
the organometallic cluster keeping it in place, forcing it to adopt the so-called rotated structure with a bridging carbonyl and an apical vacant site at the distal iron, where proton reduction is believed to take place. Most of the hydrogen bonded residues have been shown to be
essential for the catalytic activity of the enzyme while others, although not essential, are important to achieve high rates.23 The very rigid structure of H-cluster and the vacant site at the
* Although literature refers to the azadithiolate bridge as being a cofactor and it has been shown
to be essential for the enzymatic activity, we note that this might not be the proper classification,
as the adt fragment is inherently part of the larger structure of the di-iron core. Nevertheless,
throughout this thesis the adt bridge of the natural di-iron hydrogenase enzyme will be referred
to as cofactor.
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distal iron suggest that terminal hydrides are involved in the mechanism, although their
spectroscopic evidence remains elusive so far. The Fe4S4 cluster connected to the proximal
iron and the azadithiolate cofactor are believed to work in concert to deliver reducing equivalents from one side and proton substrates from the other. To justify the high catalytic rates,
proton coupled electron transfer (PCET) steps have long been speculatively invoked. Although definitive proofs are still lacking, new observations point to the involvement of PCET
steps in the catalytic cycle.24

Figure 2. Crystal structure of the iron-iron hydrogenase from Clostridium pasteurianum, evidencing the structure of the H-cluster and its hydrogen bonding with the nearby residues that are essential for the activity of the enzyme.23 Figure taken from ref. 23.

The catalytic mechanism for the H-cluster has been under constant debate.25,26 According to
most recent findings, it is suggested to
feature six different states.24 For the hydrogen evolution path, the cycle starts
with the Hred state which undergoes a proton coupled electronic rearrangement to
generate HredH+ where one electron is
transferred from the Fe4S4 cluster to the
distal iron while the proton is believed to
be located at the adt bridge. An electron
transfer to the Fe4S4 cluster generates
HsredH+ which undergoes a second protonation to generate HhydH+. A second electronic rearrangement transferring one
Figure 3. Proposed catalytic cycle for the iron-iron electron from the Fe4S4 cluster into the
hydrogenases. Figure taken from ref. 24.
di-iron core, coupled to the formation of
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the H-H bond generates Hox(H2). This intermediate releases hydrogen affording the last state
in the cycle, Hox.

Nature has evolved a very complex mechanism to carry out the reduction of protons, one of
the easiest reactions on paper, evidencing how deceivingly difficult the handling of protons
and reducing equivalents is before they can be combined into hydrogen. Nevertheless the
enzyme features high rates and low driving force (overpotential), whilst utilizing exclusively
earth abundant materials.
To conclude this section, Nature has not only developed a way to make use of sunlight to
gather the energy necessary to extract reducing equivalents from water and transforming
them into energy-carrying compounds to sustain its metabolism, it also developed a very efficient way to discard excess reducing equivalents in the form of hydrogen. Overall, Nature is
providing us clear blueprints to follow as main guidelines to devise sustainable solutions to
our current energy problem.

Artificial photosynthesis
As seen in the previous two sections, the photosynthetic machinery of PSII and PSI splits
water into dioxygen, reducing equivalents and protons. The hydrogenase enzymes are capable of discarding reducing equivalents by combining them with protons to form dihydrogen, which many believe to be the future energy carrier for our society. From here, it comes
natural to envision a hybrid natural system that would couple the features of PSII and PSI to
those of the hydrogenase enzymes. Such re-engineering of the natural systems has indeed
been reported by Golbeck and coworkers already in 2010, by connecting PSI with a hydrogenase enzyme through a molecular dithiolate linker.27-29 The main function of PSII, namely
perform the water oxidation reaction to gather reducing equivalents, is here substituted by
the presence of a sacrificial electron donor in solution or electrochemically when PSI is immobilized onto a conductive electrode. As both machineries are based on iron-sulfur clusters,
they show great compatibility and are thus capable of working in synchrony to generate hydrogen upon PSI light irradiation.
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Figure 4. Representation of PSI-FeFe-hydrogenase couple covalently connected together through
a dithiolate linker. In CPK-style the iron-sulfur clusters representing the electron transfer chain.27

Although the previous example showcases a nice proof-of-principle that a hybrid natural system for fuel production could be achieved, it is generally recognized that the handling and
expression of biomolecules are time-consuming and require expensive purification methods
to isolate only small amounts of proteins or enzymes. For such reasons, biomolecule application on large scale is not an appealing perspective.

A more elegant approach would make use of the insights provided by the natural enzymes
to replicate their structural and functional features in man-made devices. Approaching the
problem stepwise, sunlight and water are the most abundant resources on our planet, thus
light-induced water oxidation seems the most promising route to pursue. This first step would
thereby provide reducing equivalents together with protons and dioxygen as by-products.
Secondly, the reducing equivalents should be combined with a proper substrate, chosen according to the energy carrier aimed for, such as protons for hydrogen, nitrogen for ammonia
or carbon dioxide for methanol and methane. Hydrogen is the most straightforward choice
due to the relative simplicity of the process (at least compared to the processes for ammonia
or methanol and methane formation) and because protons are in principle produced during
the water oxidation initial step. Hydrogen has the highest energy density per unit of mass
but it is a gas at atmospheric pressure, which makes its handling inconvenient.30 Despite this
challenge, progress regarding solid state hydrogen storage is constantly reported.31,32 However, other energy carriers, require activation of carbon dioxide or nitrogen, adding a whole
new level of complexity to the process. Notably, these carriers can be liquefied easily and
infrastructure for their use and transportation is already existing for some of them.
Having considered the primary energy source and substrate together with the desired ener~ 9 ~
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gy carrier, the functional components needed are those responsible for capturing sunlight
(antenna systems that absolve P680 and P700 tasks, from here generically referred to as
photosensitizers, P1 and P2) and suitable catalysts to drive the oxidation of water and reduction of protons (components that absolve CaMn4O5 cluster and H-cluster tasks, from here
generically referred to as water oxidation catalyst (WOC) and proton reduction catalyst
(PRC), respectively). All the functional components need to be connected together by an appropriate conducting wiring system (such as, for example electron transfer chains, semiconductor materials, from here referred as SC1 and SC2) in order to guarantee charge separation
and electron transfer. This is usually a non-trivial issue. Finally and most importantly, the
energetic levels of all the components must be properly matched in order to render the electron transfers unidirectional and vectorial. A schematic representation of a generic device is
depicted in Figure 5 showing both the disposition and energy levels of the components.

Figure 5. Schematic representation of a generic water splitting device showing relative disposition and energy levels of the components (SC1 and SC2: semiconductor materials; P1 and P2:
photosensitizers; WOC and PRC: water oxidation and proton reduction catalyst). Highlighted in
red the Z scheme strategy to sequentially elevate the energy of electrons mimicking the natural
photosynthesis.

Artificial photosynthesis devices
Devices are generally classified depending on the nature of the individual components. Inorganic devices are constructed from inorganic materials, molecular devices feature molecular
components and bio-hybrid devices feature some biological components associated with either molecular or inorganic components.
~ 10 ~
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Although the proposition of using solar light to store energy into chemical bonds has been
advanced already at the beginning of the previous century,33 it took few decades before the
first device made its appearance.34 This simple device, known as the Fujishima-Honda device,
was based on a single photo-active titanium dioxide electrode, coupled with a platinum counter electrode that could split water into its components upon irradiation. About 25 years
later a more sophisticated monolithic device based on gallium arsenide/gallium indium
phosphide light absorber was reported by Turner.35 Under illumination, the gallium indium
phosphide photoanode provides the driving force for water oxidation while the gallium arsenide semiconductor provides the driving force for proton reduction, operated by a platinum
electrode. The device could reach 12.4% efficiency under operational conditions, nevertheless its components are rather expensive and difficult to prepare and handle. Only in 2011
the first artificial water splitting device, known as artificial leaf, based on earth-abundant
components was reported.36 The core of this wireless device is a triple-junction amorphous
silicon photovoltaic cell, interfaced on one side with a cobalt based water oxidation catalyst
and an alloy of earth-abundant metals as proton reduction catalyst at the opposite side,
which could reach about 2.5% solar-to-hydrogen efficiency. Interestingly, a similar device
where the two electrodes are wired facing each other was also reported in the same study
and shown to have about 5% efficiency, underlining the difficulties of proton migration in the
wireless setup.

Figure 6. Schematic design of the artificial leaf reported by Nocera and coworkers.36 Left: wireless
configuration, solar-to-hydrogen efficiency of 2.5%. Right: wired configuration, solar to hydrogen
efficiency of 4.7%. Figure taken from ref. 36.

After this work, many more functional inorganic devices have appeared in literature, reporting on different materials for light absorption or different catalysts for the half-reactions.37-41
A notable system has recently been reported by Nocera and coworkers, expanding on the
concept of artificial photosynthesis, combining a water splitting device, which generates hydrogen and oxygen, with bacteria of the strain R. eutropha.42 This type of bacterium possesses
~ 11 ~
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a hydrogenase enzyme and is therefore able to use the produced hydrogen to gather reducing
equivalents to sustain its metabolism by fixing CO2 either fed to the reactor or harnessed
from the atmosphere. The overall process is conversion of sunlight and carbon dioxide into
biomass, with a solar-to-biomass efficiency of about 10%, well beyond the average natural
photosynthetic efficiency. More importantly, employing a modified stain of the bacteria, for
which the metabolic path was engineered to be minimized and the reducing equivalents redirected to a different route, enabled the production of small-chain alcohols that can be used
directly as fuel. For this second process a solar-to-fuel efficiency of about 7% was reached,
demonstrating the integration of inorganic and biological components.43 A schematic representation of the reactor employed is shown in Figure 7.

Figure 7. Bio-hybrid water splitting–CO2 reduction device reported by Nocera and coworkers.42
The device is powered by a regular photovoltaic device (solar-to-electricity efficiency of 18%).

Several other research groups achieved the integration of a biological component with synthetic or inorganic ones. Most relevant examples involve the direct coupling of PSI with artificially prepared (molecular) proton reduction catalysts based on various metals.44-48 Also
PSII has been successfully utilized for the construction of bio-hybrid electrodes for the water oxidation reaction.49,50 Regarding hydrogenase enzymes, they have been successfully immobilized on conductive electrodes to provide remarkable proton reduction electrodes.21,51
Nevertheless, regardless of the nature or type of biomolecule employed, bio-hybrid devices
always suffer from problems regarding protein expression and high purification costs, which
complicate their scalability and wide applicability.
A different type of water splitting device is entirely based on molecular synthetic components,52-54 which can potentially benefit from the power of rational design.55,56 Modification of
the molecular structure of the components offers useful handles to adjust critical parameters
such as energy levels of the photosensitizers or, to a lesser extent, catalyst turnover rates or
overpotential. Furthermore, the resulting devices, when based on earth-abundant materials,
are typically low cost, offer scalability opportunities and the fabrication methods can be
~ 12 ~

Introduction
straightforward. The group of Sun has recently reported on a complete molecular water splitting device able to split water upon solar irradiation, setting an important milestone in demonstrating the validity of the approach.53 The anode of the device, schematically represented
in Figure 8, is based on a titanium dioxide-covered FTO electrode onto which a photosensitizer (P1) and a ruthenium-based water oxidation catalyst are co-immobilized. The cathode
has a similar configuration but the n-type semiconductor is substituted for p-type nickel oxide, the ruthenium catalyst replaced for a cobalt-based proton reduction catalyst and the
photosensitizer (P2) appropriately chosen to match the redox levels of the latter. The photoinduced water splitting reaction starts with absorption of a photon by P1. The excited electron has thus energy suitable to be injected into the conduction band of titanium dioxide. The
hole left behind is filled by an electron coming from the water oxidation ruthenium catalyst
which is then again filled by an electron from water. After four photo-induced steps, two water molecules are split while oxygen and protons are liberated. At the cathode side of the device, P2 absorbs a second photon and the excited electron is sufficiently energetic to reduce
the cobalt proton reduction catalyst which is thus able to combine the extra electron with
protons coming from the anodic reaction, to obtain hydrogen. The holes generated at the
valence band of the nickel oxide semiconductor are promptly filled by electrons coming from
the conduction band of titanium dioxide, reaching through an Ohmic contact.

Figure 8. Schematic representation of the full molecular water splitting device reported by Sun
and coworkers.53

This device emulates closely the natural photosynthetic Z scheme of PSII and PSI, nevertheless the electron transfer is not completely vectorial. In fact, since both the catalyst and the
photosensitizer are co-immobilized on the metal oxide, the charge separation process is hindered by recombination events reducing the efficiency of this device. Dyad systems featuring
metal oxide immobilized photosensitizer with an appended molecular catalyst directly con~ 13 ~
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nected to it are believed to minimize recombination processes since they enforce vectorial
electron transfer paths. In recent years more and more dyad systems have appeared in literature both for water oxidation57-61 and proton reduction62-65 but most often such systems are
studied in homogeneous solutions, in the presence of sacrificial electron donors or acceptors.
Such studies have so far provided useful insights regarding the validity of the approach but
unfortunately, their immobilization on metal oxides remains problematic due to synthetic
challenges. Nevertheless the first systems to provide useful insights for future developments
are now appearing.66-68

Core of the molecular devices are the water oxidation and proton reduction catalysts. As the
rest of the thesis will focus on synthetic models of the di-iron hydrogenases as proton reduction catalysts, general properties that a good catalyst should feature are next presented,
before a brief overview regarding the configuration of typical molecular water oxidation and
proton reduction catalysts is presented. Finally an extended overview regarding synthetic
models of the iron-iron hydrogenases, focusing particularly on the efforts made at modeling
the key features of the natural enzyme, is presented.

Molecular catalysts
Typically, before a molecular water splitting device is assembled, the components are studied
individually, generally in homogeneous solution, to gain information related to the energy
levels of the photosensitizer and other critical catalyst parameters. Great attention is devoted
to the development of appropriate catalysts to fulfill specific requirements concerning overpotential, catalytic turnover rates and stability.
The overpotential (η) for a given reaction is defined as the potential difference between the
thermodynamically determined redox potential (E½) of the half-reaction and the potential
at which the redox event is experimentally observed (Ecat).69 For a reversible and efficient
catalyst, the overpotential approaches 0 V. This is the case for the hydrogenase enzymes or
for platinum.70 For the water oxidation reaction, the overpotential is usually higher, this is the
case also for the natural Mn4CaO5 oxygen evolving catalyst; η ~ 0.3 V.71
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Figure 9. Schematic representation of the overpotential (η) for reversible catalysts for proton
reduction and water oxidation.

From the picture above it is clear that in order to maximize the efficiency of a given catalyst,
its overpotential should be minimized. Minimization of the overpotential would thereby provide effective reversible catalysts. Nevertheless a second important parameter is the activity
of the catalyst, defined as turnover frequency, which expresses the number of catalytic cycles
per unit of time. A graphic representation that combines overpotential and turnover frequency is known as Tafel plot. This plot is often used to compare different catalysts - it is becoming
a prerogative for rational catalyst benchmarking.72,73 An example of such plot is shown in
Figure 10.

Figure 10. Representation of a Tafel plot of three different catalysts indicated by the different
colors. TOFmax represents the maximum turnover frequency of a given catalyst under a defined
substrate concentration.

~ 15 ~
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From the Tafel plot above, it is possible to clearly compare the different catalysts represented
by the different colors, regardless of the respective set-ups. While the blue system is the most
active, it also requires the highest overpotential. On the contrary, the red catalyst has a lower
overpotential but also a lower activity. Thereby the red catalyst would be preferred when
high overpotential could not be available. The black one instead is likely to be the best choice
as it has the lowest overpotential while the activity is not drastically decreased compared to
the blue catalyst. Therefore, the catalyst with the highest activity is not always the preferred
choice; a catalyst should be chosen considering the available driving force provided by the
system under study. Lastly, a third important parameter concerns the stability of the catalyst,
usually referred to as turnover number, which expresses the total number of catalytic cycles
accessible before catalyst deactivation occurs. An ideal catalyst would feature an infinite
turnover number but as ballpark figure, considering the integration of molecular catalysts
into operational devices with a lifetime of about ten years, the catalysts would have to ensure
few hundred million turnover numbers.
Molecular water oxidation catalysts
The first example of a molecular water oxidation catalyst reported has been a dinuclear ruthenium complex known as ruthenium blue dimer, reported from the Meyer group.74,75 After
this first example, researchers focused their attention on dinuclear complexes as the presence of two metals was hypothesized to be an essential feature for this type of catalysis.76
Nevertheless, a few years afterwards also mononuclear molecular complexes were shown to
catalyze the water oxidation reaction.77,78 Molecular water oxidation catalysts are often based
on ruthenium, or iridium79,80 metal centers, although complexes based on first row transition
metals (manganese, iron, cobalt and copper) have also been shown to perform the same task,
albeit with lower efficiency. Such complexes are summarized in recent reviews.80,81
Molecular proton reduction catalysts
Notable examples of molecular proton reduction catalysts are cobaloximes, nickel and cobalt P2N2 (1,5-diaza-3,7-diphosphacyclooctanes) complexes inspired by the active site of the
hydrogenases, iron complexes and synthetic models of hydrogenases that will be discussed
in the next section. Typical molecular structures of the mentioned categories are depicted in
Figure 11, but several review articles are available for more detailed discussions.82,83
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Figure 11. Molecular structure of proton reduction catalysts generally employed. Left: a cobaloxime example.84 Right: a nickel P2N2 example.85

Iron-Iron hydrogenase synthetic models
About thirty years ago, after the first insights regarding the structural features of the natural
iron-iron containing metalloenzyme,18 synthetic models quickly made their appearance as
the chemistry for their preparation was already known since the ‘60s.86,87 Before the discovery of the azadithiolate bridge, the leading research groups in this field (Darensbourg, Pickett
and Rauchfuss), mainly focused their attention on edt (1,2-ethane dithiolate)88, pdt (1,3-propane dithiolate)88 and odt (2-oxapropane-1,3-dithiolate)89 derivatives, shown in Figure 12. In
2001, the Rauchfuss group reported on the preparation of the azadithiolate bridged model
complex89 which has been the preferred model complex for its research, given the close resemblance to natural di-iron center.90

Figure 12. Molecular structures of di-iron hydrogenase model complexes.

Later on, another class of di-iron mimics, the bdt (benzenedithiolate) family of complexes,
has been shown to display rather interesting electrochemical properties.91-93 This last class of
compounds is recently gaining increasing attention due to the ability of the benzenedithiolate bridge to adapt its geometry, with respect to the metal centers, upon changes in their
redox states. This property originates from metal orbital overlap with filled pπ sulfur and
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filled pπ benzene orbitals, which effectively minimizes changes of electron density at the metal centers upon redox events, thereby minimizing the potential difference between successive redox states. This observation was also made for Mo/W containing enzymes where the
metal centers are often found to be ligated by 1,2-ene-dithiolates.94,95 Such enzymes operate
a wide variety of oxidation/reduction chemistry where the metals are required to switch
between a wide range of oxidation states. The 1,2-ene-dithiolate ligands are believed to play
an important role in the stabilization of those redox active metal centers. Indeed, the bdt diiron complex featuring six carbonyl ligands undergoes a two electron reduction with potential inversion (the second reduction is easier that the first one). During the reduction process
one S-Fe bond is broken, allowing for a different configuration of the bridge. The reductive
behavior of this complex is schematically shown in Figure 13.

Figure 13. Molecular structure of the benzenedithiolate di-iron hydrogenase model complex and
its reductive reversible behavior featuring a potential inversion.

Regardless of the type of bridge, di-iron hydrogenase mimics are prepared mainly in three
ways i) reaction of dithiols with Fe3(CO)12 or Fe2(CO)9 iron precursors, ii) by reaction of disulfides with the same iron precursors or iii) by alkylation of the Fe2(S2)(CO)6 synthon.96 Such reactions afford the so-called first generation model complexes featuring three carbonyl groups
around every iron center. The metal ions adopt a pseudo-square pyramidal geometry (not
considering the iron-iron bond). A first striking difference between the model complexes and
the enzyme is that all the synthetic models reported so far do not display a rotated configuration at the distal iron, believed to be essential for the catalytic activity of the enzyme. Only a
couple of exceptions are known, showing a rotated structure in their solid state.97,98 A second
and more important difference, the natural enzyme is a proton acceptor while most of the
hexacarbonyl derivatives can only be protonated by very strong acids.99 Furthermore, the
first generation of complexes typically are apolar and only soluble in organic solvents. This
key factor led most of the studies to two different approaches: i) study the reductive behavior
of the complexes, ii) exchange some of the CO ligands for σ-donating and π-accepting ligands
(typically phosphines but also cyanides, isonitriles or heterocyclic carbenes) to increase the
Brønsted basicity of the di-iron core. A third approach has been immobilization of the complexes onto electrodes but this resulted in limited success so far. Considering all the bridge
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variations explored, combined with CO replacement for different ligands, several hundreds
of complexes are reported in literature today.
Although the model complexes more or less resemble the natural active site, their acid-base
and redox behavior proved to be drastically different and with that also the catalytic performances of the complexes, both in turnover frequency and overpotential, are rather different.
Among the large variety of complexes known in literature, only a few selected examples display interesting features and properties. Noteworthy to mention is the first ‘complete’ structural model of the H-cluster prepared by Pickett and coworkers in 2005.100 The complex features a cubane-type Fe4S4 cluster covalently appended to the proximal iron. Although this
structural hexacarbonyl-based mimic features a similar electron-relay as the natural enzyme,
its catalytic behavior is rather different, displaying slow catalysis in the presence of weak
acid at high overpotential.

Figure 14. Left: molecular structure of the active site of the iron-iron hydrogenase; H-cluster.
Right: molecular structure of the synthetic structural model reported by Pickett and coworkers.100

In 2012, the Rauchfuss group reported on a mimic compound that closely resembles the acidbase chemistry believed to take place at the active site of the enzyme.101 The complex,
featuring an adt bridge and two chelating di-phosphine ligands (dppv, cis-1,2bis(diphenylphosphino)ethylene), could be protonated by weak acids to reach a rather stable
terminal hydride. Such an intermediate is likely involved in the enzymatic catalytic
mechanism. The terminal hydride complex undergoes follow-up protonation at the nitrogen
of the dithiolate bridge to generate a very stable ammonium terminal hydride that was
crystallographically characterized. Although the (NH)H+-H-(Fe) distance is estimated to be
around 1.4 Å� , this complex only liberated hydrogen upon one-electron reduction of the diiron core. Catalytic hydrogen evolution has been confirmed by electrocatalysis in the presence
of weak acid, revealing a turnover frequency of about 6∙106 s-1 at about 0.51 V overpotential.
In contrast herewith, the pdt bridged analog displayed very low activity under similar
conditions, underlining the importance of the internal proton-relay within the adt bridge.
The proposed catalytic mechanism is shown in Figure 15. This complex suffers from two
main drawbacks. Firstly it operates through iron terminal hydrides that are not thermally
stable and tend to rearrange to the bridging isomers which are energetically favorable and
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less reactive.102 Therefore, to prevent undesirable isomerization, a low working temperature
is needed. Secondly, although the complex displays a high turnover frequency, the
overpotential required still remains an issue. In addition the complex is oxygen sensitive,
which is typically a major drawback for application purposes.103

Figure 15. Proposed catalytic mechanism for the Fe2(adtNH)(dppv)2(CO)2 reported by Rauchfuss
and coworkers.101 Figure taken from ref. 90.

In the same year, the same group reported the first functional mimic comprising the essential
key components as present in the H-cluster.104,105 The complex featured a di-iron core with an
azadithiolate bridge and a phosphine ligand that carries a redox-active ferrocene derivative
as electron-relay moiety. The electronics of the di-iron core are tuned by addition of an extra
di-phosphine ligand (dppv) at the distal iron so that electron transfer between the redox-active ligand and the di-iron center is allowed. This complex has been shown to be a reversible
catalyst, able to perform both proton reduction reaction and dihydrogen oxidation. Figure
16 shows the structure of this complex together with its proposed reversible operational
mechanism.
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Figure 16. Proposed catalytic mechanism for the Fe2(adtNH)(dppv)(PEt2Fc*)(CO)2 reported by
Rauchfuss and coworkers in two different publications.104,105 Figure taken from ref. 90.

Very recently, another relevant di-iron mimic complex has been reported by the Reek group,
again featuring the essential components of the H-cluster.106 The complex is based on a benzenedithiolate bridge therefore lacking the natural adt proton-relay. Nevertheless, the proton-relay function is fulfilled by pyridyl groups present on a redox-active phosphole ligand
(PPy2). It has been shown that during the catalytic cycle both functionalities actively partake
in the proton reduction reaction. This compound dissolves in acidic aqueous media, displaying a turnover frequency of about 7∙104 s-1 at 0.66 V overpotential. Furthermore it tolerates
the presence of dioxygen during catalysis, which is a major advantage for application purposes.103 Figure 17 shows the structure of this complex together with its proposed catalytic
cycle.

Figure 17. Proposed catalytic mechanism for the Fe2(bdt)(PPy2)(CO)5 reported by Reek and coworkers.106 Figure taken from ref. 90.
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Despite the combined effort of researchers during the last 20 years to accurately mimic
structural and functional properties of the hydrogenases enzymes, a synthetic model that
is able to reversibly interconvert protons and electrons to hydrogen at fast rates and low
driving force has yet to be reported. It has been established, however, that the adt bridge (or
proton relays in general) plays a crucial role in catalysis. The presence of an electron reservoir connected to the di-iron center, although less studied, is also of great influence. A recent
report elaborates on experiments in which synthetic di-iron models are installed in the inactive apo-hydrogenase protein, thereby completely restoring the activity of the enzyme.22
This would suggest that the protein environment, second coordination sphere around the
H-cluster might play a far more important role than initially anticipated by chemists.
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Thesis layout
As mentioned in the previous section, four features are considered of primary importance for
the high proton reduction activity of the di-iron hydrogenase enzymes:
•
•
•
•

a di-iron organometallic core
a proton-relay
an electron reservoir
second coordination sphere around the H-cluster

Such features are the focus of this thesis, particularly for benzene dithiolate di-iron model
complexes.

Chapter 2 discusses di-iron complexes featuring several pyridyl proton relays appended on
phosphine ligands. It is shown that protonation of the pyridyl groups offers a good strategy
to partially counterbalance the increase in the electron density of the di-iron core due to
phosphine coordination. The positive effect of pyridyl protonation is best shown in acidic
aqueous environment where the complexes can perform catalysis at their first reduction
potential reaching proton reduction rates up to 108 M-1s-1, well beyond enzymatic activity.
This work demonstrates that for di-iron hydrogenase model complexes, proton-responsive
ligands alone are sufficient to achieve high catalytic rates; nevertheless the overpotential still
remains an issue.
Chapter 3 presents a straightforward approach for the immobilization of benzene dithiolate
di-iron complexes onto conductive (nano)FTO electrodes. Preparation of catalyst decorated
electrodes for electrocatalysis purposes is the first step towards the development of water
splitting devices. The prepared electrodes are shown to perform electrocatalytic proton reduction in acidic aqueous buffer solution at pH 3.5 with a mild overpotential.

Regarding the protein environment around the natural H-cluster, we envisioned that supramolecular M12L24 Fujita type cages could be a suitable platform to introduce a second coordination sphere around synthetic di-iron models. Such assemblies feature a relatively large
cavity that can be decorated through synthetic modifications of the standard building blocks
(L) providing tunable and customized confined nano-spaces.

Chapter 4 briefly introduces the supramolecular M12L24 cages but focus of this chapter is on
the preparation of cages featuring redox-active probes encapsulated either by supramolecular interactions or covalently bonded to the cage building blocks by different type of linkers,
to study the heterogeneous electron transfer processes occurring across the rim of the cages.
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The electrochemical response and kinetics of the electrode of such objects are investigated to
demonstrate the feasibility of electron transfer to redox-active moieties encapsulated in the
cavity of the nano-spheres, paving the road for catalyst encapsulation and electrocatalytic
applications of such systems.

In chapter 4 we prepared several M12L24 assemblies that contain multiple redox-active probes
in close proximity to each other, nevertheless they demonstrated to be all electrochemically
independent as indicated by their voltammetric behavior. The redox event would thus generate nano-spheres containing several charges at their inside. Considering the Faraday principle for macroscopic conductive hollow objects where the extra charge resides at their outer
shell and extending it to the M12L24 nano-spheres, would imply that charge accumulation at
the cage cavity is not allowed, unless it is neutralized by the electrolyte present in solution.
Thereby, Chapter 5 firstly describes the preparation of an exceptionally large size electrolyte
material that cannot access the cage cavity. Then, it describes the voltammetric response of
cages containing either 24 or 12 redox-active probes in the presence of the large size electrolyte, indicating that such self-assembled cages do have similarities to the macroscopic Faraday cages. The experiments suggest that charge accumulation at the cavity of these cages
causes electrostatic repulsion among the redox-active fragments, providing a driving force
for their redistribution toward the outer shell of the cage. As a result of the repulsion, electrochemical reversibility is lost at slow scan rates indicating the existence of follow up reactivity.
Interestingly, addition of small size electrolyte during the experiment, which can enter the
cage void to balance charges, restores the typical electrochemical reversible behavior of the
redox probes.

Chapter 6 describes two general approaches to introduce a second coordination sphere environment around di-iron hydrogenases models. Encapsulation of the synthetic mimics into
M12L24 Fujita type cages is achieved either by supramolecular interaction or covalent bonding of the catalyst to the cage building block. Preorganization of proton substrates is accomplished by introducing acidic moieties at the endohedral position of the cage building blocks.
We show that for the covalently encapsulated catalysts, proton preorganization around the
di-iron complexes leads to increased catalytic rates compared to cages that do not have this
proton preorganization. Most importantly, we show for the first time that changing the local environment around the catalyst leads to an overpotential that is significantly lowered,
underlining the importance of the second coordination sphere around the H-cluster and synthetic models.
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