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Catalysis is an important part of chemistry. This is also reflected in the chemical industry where
85-90 % of all products are made catalytically. Also nature employs catalysts, i.e. enzymes, for
its reactions.

To improve on the already existing catalysts one can learn a lot from nature which often uses
earth-abundant elements in the enzymes which have also been optimized and finely tuned for
billions of years. To gain a deeper understanding of both enzymatic and artificial catalysis one
needs to investigate the mechanism of the catalytic process. But for very efficient catalysts with
turnover frequencies of several thousand per second this is not easy, since an investigation of the
mechanism involves resolving intermediates in the catalytic cycle. The intermediates in these
instances are short-lived corresponding to their turnover frequencies. A maximum turnover
frequency of 1,000 s-1 e.g. means that each catalyst goes through the whole catalytic cycle in
1 ms. Therefore time-resolved techniques are necessary that have a faster detection speed than
the turnover frequency of the catalyst.

Flash photolysis is a spectroscopic technique with an instrument response function down to
10 ns.  Coupling this technique with mid-infrared probing yields an excellent detection system
for probing different redox and protonation states of carbonyl metal complexes. Since many
catalysts as well as natural enzymes involved in water splitting are metal carbonyl complexes
this is an ideal technique to monitor the intermediates of these catalysts.

Chapter 3 covers the investigation of [FeFe] hydrogenases, enzymes that catalyze the
reduction of protons to hydrogen in nature. Chapter 4 investigates the intermediates of
biomimetic complexes, resembling the active site of natural [FeFe] hydrogenases. Chapter 5
covers the insights gained from investigating other catalysts which are also involved in water
splitting and artificial photosynthesis.
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1 Introduction 

1.1 A Brief History of Catalysis 
The first example of human use of catalysis extends back to the earliest Neo-
lithic cultures that used fermentation as a way of storing food for longer 
periods, and also for producing alcoholic beverages.1-3 

The first non-biological catalysts were already used by alchemists, such 
as sulfuric acid in the conversion of alcohol to ether by Valerius Cordus in 
1552. But these reactions were not explained as catalytic, and the role of the 
catalyst was unknown. The first person to actually observe and explain ca-
talysis is the chemist Elizabeth Fulhame who therefore is credited for dis-
covering the concept of catalysis. In her book An Essay on Combustion pub-
lished in 1794, she described the oxidation of carbon by oxygen and the need 
for the presence of water as a catalyst. She not only concluded that water is 
involved in the reaction, suggesting the novel idea that the reaction is occur-
ring in more than one step, but also realized that although water is consumed 
by the reaction it is reformed in the end. The famous Swedish chemist Jöns 
Jacob Berzelius who frequently is credited for the endeavor of discovering 
this concept, systematically investigated findings of other chemists and clas-
sified them as catalysis many years after Elizabeth Fulhame’s conclusions, 
publishing his results in a report in 1836.4-8 

The advent of industrial catalysis started by the end of the 19th century 
and the beginning of the 20th century. One of the most important catalytic 
processes developed industrially was the Haber-Bosch process which was 
discovered in 1905 by Haber and later developed by the company BASF. 
This process made it possible to produce ammonia on an industrial scale 
from hydrogen and nitrogen. The production of ammonia is part of a larger 
process known as nitrogen fixation which is the conversion of inert atmos-
pheric nitrogen gas to a form of nitrogen that plants, microorganisms and 
other life forms can use. This form is most often ammonia, but could also be 
various nitrogen oxides and is the source of nitrogen in all organisms on the 
planet. By coupling the Haber-Bosch process with the Ostwald process, de-
veloped in 1902, which uses ammonia to produce nitric acid, these processes 
together made it possible to synthesize artificial fertilizers on a massive 
scale. Sadly, most of the ammonia produced did not initially end up improv-
ing human lives but was instead used to make nitrate-based explosives. By 
the start of World War I, in 1914, all of the ammonia production by BASF 
ended up in explosives. Despite all of this, the Haber-Bosch process is still 
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one of the most important chemical processes up to this day, it is estimated 
that half the nitrogen fixed on land and a third to a fourth of the total nitro-
gen fixed on Earth is by the Haber-Bosch process. The remainder is fixed 
mostly by sea-living cyanobacteria but also other microorganisms and a 
small amount (~2 %) is fixed by natural non-biological processes such as 
lightning and volcanic activity. Also, it is estimated that 50-80 % of all the 
nitrogen in the proteins that humans consume originates from the Haber-
Bosch process.4,9-10  

The 20th century saw the rise of the petrochemical industry as the most 
important chemical industry and several important catalytic processes devel-
oped in relation to this, among the most important is the cracking of petrole-
um which was discovered in 1936.4 Today the largest companies in the 
world are still petrochemical companies using catalysts in most of their pro-
cesses. To truly appreciate the significance of this industry one has to con-
sider that the total world revenue of the chemical industry is more than 5 
trillion US dollars (as of 2014),11 and that today, petrochemical companies 
such as Sinopec, Shell, ExxonMobil and British Petroleum (BP) are by reve-
nue in the top ten list among all the companies in the world (as of 2015).12  

Out of all the chemical products made in industry, 85-90 % are made cat-
alytically.13 The catalyzed industrial processes range from the already men-
tioned cracking of crude oil by zeolites and the agriculturally (and militarily) 
important production of ammonia in the Haber-Bosch process using an iron 
catalyst, to the production of plastics, pharmaceuticals and other fine chemi-
cals. These numbers still grossly underestimate the importance of catalysis, 
though, since all living creatures on Earth contain biological catalysts called 
enzymes, which catalyze almost every chemical reaction in these organisms. 
Life as we know it would not be able to exist without the aid of catalysts.14  

1.2 Catalytic Mechanisms 
Just like any other type of catalysis the effect of an enzyme is to lower the 
transition state energy for a process, see figure 1, thereby increasing the rate 
constant associated with the reaction. As is often the case when discussing 
reaction mechanisms a few simplifying assumptions are made. The enzymat-
ic reaction is often modeled using Michaelis-Menten kinetics, assuming the 
following reaction mechanism in the absence of any inhibition:15 

 
 

𝐸𝐸 + 𝑆𝑆
𝑘𝑘1
⇌
𝑘𝑘−1

𝐸𝐸𝑆𝑆
𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐�⎯� 𝐸𝐸 + 𝑃𝑃 

 

 
(1) 

where E represents the enzyme, S is the substrate and P is the product. If the 
concentration of substrate is sufficiently high that all enzyme molecules are 

 12 



in the ES form, the rate will be zero-order with regard to the substrate. The 
rate of catalysis will then be given by: 

 
 𝑟𝑟 = 𝑘𝑘𝑐𝑐𝑐𝑐𝑡𝑡[𝐸𝐸𝑆𝑆] = 𝑘𝑘𝑐𝑐𝑐𝑐𝑡𝑡[𝐸𝐸]0 (2) 
 

where [E]0 is the initial concentration of enzyme. Since all of it is bound to 
the substrate, it means that [E]0=[ES], which explains the second equality in 
the equation. In enzymatic catalysis there are different ways of rating en-
zyme efficiency. One way is to simply use kcat to assess the enzyme. It gives 
the rate of reaction assuming that the enzyme is saturated with substrate, and 
is therefore the maximum enzyme turnover frequency (TOF). TOF is defined 
as the number of product molecules formed per unit time divided by the 
number of catalyst molecules. In biochemistry though, another term some-
times called the catalytic efficiency is often used (although specificity con-
stant would be a better term).16 It is defined as: 

 
 𝜂𝜂 =

𝑘𝑘𝑐𝑐𝑐𝑐𝑡𝑡
𝐾𝐾𝑀𝑀

 𝑤𝑤ℎ𝑒𝑒𝑟𝑟𝑒𝑒 𝐾𝐾𝑀𝑀 =
𝑘𝑘𝑐𝑐𝑐𝑐𝑡𝑡 + 𝑘𝑘−1

𝑘𝑘1
 

 
(3) 

 
Note that if we are assuming that kcat>>k-1, the equation simplifies to: 
 

 𝜂𝜂 =
𝑘𝑘1𝑘𝑘𝑐𝑐𝑐𝑐𝑡𝑡

𝑘𝑘𝑐𝑐𝑐𝑐𝑡𝑡 + 𝑘𝑘−1
≈ 𝑘𝑘1  

 
(4) 

 
where k1 is the association rate constant of the enzyme and substrate and is 
limited by diffusion. Therefore, the catalytic efficiency can at most reach the 
diffusion-limited rate constant, around 108-109 M-1 s-1 for enzymes in water. 
This is often used as the measure of “catalytic perfection” since every en-
counter between substrate and enzyme leads to product, however it is note-
worthy to point out that the reaction is only dependent on η when the initial 
substrate concentration is low ([S]0<<KM) so that the rate is first-order with 
regard to substrate. Then the rate of the reaction is defined by: 
 

 𝑟𝑟 = 𝜂𝜂[𝑆𝑆]0[𝐸𝐸]0 (5) 
 
which for a catalytically perfect enzyme would become: 
 

 𝑟𝑟 = 𝑘𝑘1[𝑆𝑆]0[𝐸𝐸]0 (6) 
 
We immediately run into a problem when asking which the “fastest” enzyme 
is. Comparing two enzymes, A and B, enzyme A might have a higher η than 
enzyme B, which would give a higher reaction rate for enzyme A when they 
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are far from substrate saturation. But enzyme B might have a higher kcat than 
enzyme A, which means that its maximum TOF is higher and therefore 
would have a higher reaction rate at sufficiently high substrate concentra-
tions.16 Although these conclusions apply here to enzymes, they of course 
also apply to other catalysts which follow the same general mechanism. 
 

 
  
Figure 1. A simplified diagram showing the effect of an enzyme (or another catalyst) 
on the energetics of a reaction. The effect is to lower the barrier for transition from 
reactant to product, thereby increasing the rate of the reaction. 

But when discussing which the “best” general catalyst is, even larger issues 
arise. In artificial photosynthesis, the catalyzed reactions are uphill in energy 
and therefore not spontaneous. The energy needed to drive these reactions 
can come from different sources, but they are often provided photochemical-
ly or electrochemically. The additional electrochemical potential needed to 
drive these reactions with a certain rate, on top of the thermodynamic poten-
tial, is called the overpotential for the catalytic reaction. Depending on the 
mechanism, the impact of the overpotential on two different catalysts, C and 
D, does not have to be the same. Catalyst C can have a higher rate than D at 
a lower overpotential, while D can have a higher rate than C at a higher 
overpotential. The same can apply to different concentrations of substrate 
and catalyst. Also, one common mistake is to assume that there is only one 
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mechanism for each catalyst, but this is often not true. The mechanism can 
change depending on the catalyst conditions, such as solvent, acidity, tem-
perature, overpotential and catalyst and reactant concentrations which com-
plicates things further. All this means that it is not trivial to determine how 
efficient a catalyst is, and an insight into the mechanism of the catalyst is 
needed to predict the efficiency or TOF of a catalyst under different condi-
tions but also to compare different catalysts in a rational way. 

In addition to the above mentioned ambiguities, catalyst performance can 
be assessed by other parameters than catalyst efficiency. One such parameter 
can be stability, the most common measure of stability being the turnover 
number (TON). This is a measure of how many substrate molecules the cata-
lyst is converting to product before inactivation. 

1.3 Water Splitting in Nature 

1.3.1 Natural Photosynthesis 
One of the most important catalytic processes on Earth is photosynthesis, 
which provides the main supply of energy to the biosphere. Estimates range 
between 102-103 TW, which is around 0.1-1 % of the total solar energy 
reaching Earth, of which around 1 TW is estimated to be used for human 
physiological needs (i.e. food).17-19 Photosynthetic output is therefore a lot 
more than the global human primary energy supply of 18 TW in 2013 (not 
including human food production).20 Photosynthesis is actually occurring in 
quite different groups of organisms, such as green sulfur bacteria, purple 
bacteria, filamentous phototrophic bacteria and cyanobacteria. But only the 
last group together with plants and algae utilize the more familiar and com-
plex oxygenic photosynthesis where water is split into oxygen and reducing 
agents.21-22  

Photosynthesis is made up of two different sets of reactions known as the 
light and dark reactions. The dark reactions are the carbon fixation pathway 
and are composed of the Calvin cycle in the oxygenic species. In the Calvin 
cycle carbon dioxide is reduced to sugar with the help of ATP and NADPH 
produced in the light reactions. The light reactions on the other hand are the 
reactions in which light is absorbed and used to oxidize water and reduce 
NADP+ in addition to the pumping of protons over a membrane for driving 
ATP synthesis.23-24  

 
2𝐻𝐻2𝑂𝑂 + 2𝑁𝑁𝑁𝑁𝑁𝑁𝑃𝑃+ + 3𝑁𝑁𝑁𝑁𝑃𝑃 + 3𝐻𝐻𝑃𝑃𝑂𝑂42− → 𝑂𝑂2 + 2𝑁𝑁𝑁𝑁𝑁𝑁𝑃𝑃𝐻𝐻 + 3𝑁𝑁𝐴𝐴𝑃𝑃 

 
Reaction 1. The overall process of the light reactions requiring eight photons in 
total.14 
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The oxygenic species employ two large protein complexes, photosystem I 

(PSI) and photosystem II (PSII), to perform the light reactions. The reason 
there are two is that the splitting of water to form oxygen and reducing spe-
cies is so energetic that one visible photon does not provide sufficient ener-
gy. The photon is most often absorbed by an antenna molecule which is ei-
ther a chlorophyll, a carotenoid or a phycobilin.25 These then transfer the 
light energy to the reaction center which is made up of chlorophyll a mole-
cules. A charge separation is occurring on the reaction center and the nega-
tive charge is travelling to a quinone molecule. This process occurs in both 
photosystems.23 

When it comes to PSII, the oxidized reaction center then oxidizes a tyro-
sine residue. This in turn oxidizes a manganese oxide cluster where the water 
oxidation is occurring at close to thermodynamic potential with a turnover 
frequency as high as 400 s-1, see figure 2 for the structure of the manganese 
cluster.26-27 The reduced quinone on the other hand is released after two re-
ductions into solution and reacts further with a cytochrome c6 or a plastocya-
nin molecule, reducing it and pumping protons over the membrane, which 
are then used to form ATP. The cytochrome c6 or plastocyanin is used to 
reduce back the oxidized reaction center in PSI. And the reduced quinone on 
the PSI reduces iron-sulfur clusters which in turn reduce NADP+ to 
NADPH.14,23 

 

 
 
Figure 2. The manganese cluster is the only water oxidation catalyst in nature. It is 
part of the large PSII protein complex. Here, it is displayed without the coordinating 
water molecules and amino acids. Adapted from [26].26 

1.3.2 Hydrogenases 
Hydrogenases are enzymes that catalyze the reduction of protons to hydro-
gen. Although they are not directly coupled to natural photosynthesis, there 
is interest in them in the artificial photosynthesis field, since water splitting 
produces oxygen and hydrogen in the simplest case and because hydrogen is 
an excellent fuel, see Section 1.4.1. There are three classes of hydrogenases 
known, [Fe] hydrogenases, [NiFe] hydrogenases and [FeFe] hydrogenases. 
The hydrogenases are bidirectional enzymes, and are capable of both oxidiz-
ing and reducing protons/hydrogen. The [Fe] hydrogenases and [NiFe] hy-
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drogenases are mostly involved in hydrogen oxidation while [FeFe] hydro-
genases are mostly involved in proton reduction.28

The [FeFe] hydrogenases are mostly found in fermentative bacteria where 
they regenerate NAD+ in the catabolism of sugars to pyruvate. Then, there 
are also several groups of bacteria using hydrogen as a fuel. These are the 
sulfate reducers, iron(III) reducers, denitrifying bacteria (nitrate reducers), 
methanogens (carbon dioxide reducers) and knallgas bacteria (oxygen re-
ducers).29 What they have in common is that they oxidize hydrogen to pro-
tons but differ in the oxidizing agent used. Hydrogenases have other func-
tions as well, they are for example found in nitrogen fixing bacteria where 
they oxidize the hydrogen which is produced as a byproduct in the nitrogen 
fixing process. Also some photosynthetic eukaryotes are known to contain 
hydrogenases such as green algae.30 

All the hydrogenases contain sulfur ligands and the biologically unique 
carbonyl ligands, see figure 3 for the structure of their active sites.28 The 
sulfur ligands are soft bases and contribute to making the metal center softer, 
which is favorable in their interactions with hydride, which is also a soft 
ligand. The carbonyl and cyanide ligands are strong π acceptors creating low 
spin metal centers with free orbitals capable of accepting electrons from 
additional ligands. Also the fact that the carbonyl ligands are neutral and not 
negatively charged together with their strong backbonding ability, stabilize 
the metal centers in low oxidation states necessary for proton reduction.  

 

 
 
Figure 3. Active sites of the different hydrogenase enzyme classes. (1) is the [Fe] 
hydrogenase, (2) is the [NiFe] hydrogenase and (3) is the [FeFe] hydrogenase ac-
tive site.28 

The identity of the central bridging atom on the [FeFe] hydrogenase dithio-
late has been the topic of discussion since the structure of the active site was 
determined in 199831, the alternatives were O, NH, or CH2. It took until 
201332 for this to be entirely settled although HYSCORE spectroscopy had 
previously indicated that the atoms are NH.33  
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Hydrogenases are very efficient enzymes capable of catalyzing the proton 
reduction or hydrogen oxidation at close to thermodynamic potential. The 
maximum TOF of [NiFe] hydrogenases has been measured to be 700 s-1. On 
the other hand [FeFe] hydrogenases are even more efficient with TOFs up to 
9000 s-1, and a lot of effort has been made to understand why they are so 
efficient.34 One key to this might be the bridging nitrogen which seems to 
facilitate the protonation of the metal center, as well as the formation of the 
hydrogen bond. Per active site, hydrogenases are estimated to be as efficient 
as platinum.29,35 

1.3.3 Natural Carbon Fixation 
In nature there are in total six different carbon fixation pathways. The most 
prevalent is the Calvin cycle, representing the dark reactions in oxygenic 
photosynthetic organisms such as plants, algae and cyanobacteria.36 The 
pathway that is most relevant to artificial carbon fixation is however not the 
Calvin cycle, but the Wood-Ljungdahl pathway. This is because it is the only 
one that directly reduces carbon dioxide to carbon monoxide and formate. 
The other carbon fixation pathways, on the other hand, incorporate carbon 
dioxide into more complex molecules that through biochemical cycles fix 
carbon.37 There are also examples of one-carbon reductions of carbon diox-
ide in nature that are not involved in carbon fixation, however still relevant 
for artificial purposes. One such example is methanogenesis, the reduction of 
carbon dioxide to methane in methanogens.38 Another is the reversible for-
mate dehydrogenases, which are in addition to the Wood-Ljungdahl pathway 
also used by bacteria that use formate as a fuel. The most crucial step of 
carbon dioxide reduction is the activation of carbon dioxide and its first re-
duction. Carbon dioxide is a linear molecule and also a poor electrophile 
which makes its binding and activation quite difficult. Also the direct single 
reduction of carbon dioxide is very difficult, occurring at -1.85 V vs.  
NHE.39-40 

There are two classes of CO dehydrogenases in nature, the [MoCu] CO 
dehydrogenases and the [NiFe] CO dehydrogenases. Although the active 
sites are quite different in these two enzyme classes, the two metals in each 
active site are used for the binding of carbon dioxide. The soft nucleophilic 
Cu(I) and Ni(I) in each enzyme class are thought to bind the carbon on the 
CO2, forming a bent carboxyl ligand. The hard Mo(IV) and Fe(II) on the 
other hand bind to the oxygen in the carbon dioxide molecule, weakening the 
C-O bond.40  

There are also two types of formate dehydrogenases, the NAD+-
dependent formate dehydrogenases and the [Mo] and [W] formate dehydro-
genases. While the active site of the [Mo] and [W] formate dehydrogenases 
are almost the same, they are quite different from the NAD+-dependent for-
mate dehydrogenases that do not even contain a metal center in their active 
site.40-41 
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1.4 Artificial Water Splitting 

1.4.1 Artificial Photosynthesis 
The use of sunlight as an energy source for producing electricity and heat 
has a long history.42-43 But solar energy or other renewable energy sources, 
such as wind and water, will not by themselves satisfy a possible future 
where they are supplying most of our energy demands, instead of today’s 
fossil fuels. There will be a need to store some of the energy produced to use 
it when it is more in demand e.g. during the night or on a cloudy or less 
windy day, and also for transportation when the energy must be contained in 
a mobile energy carrier, i.e. a fuel. One way of storing the energy is in the 
form of batteries, but they suffer from self-discharge, which means that they 
cannot store the energy for long, and are much less energy dense than chem-
ical fuels. E.g. Li-ion batteries which are among the most energy-dense bat-
teries on the market contain 20 times less energy per unit mass than gaso-
line.44 A second way is to use our agricultural output as fuel which uses nat-
ural photosynthesis to harness the solar energy. This option is already avail-
able to us; sugarcane and corn is used extensively to produce bioethanol and 
vegetable oil is used to produce biodiesel. The downside of this technology 
is that despite the limited output of biofuels (less than 4 % of the total 
amount of fuel consumed) it is using up large areas of arable land and in the 
end is competing with our food production.45 Not to mention the detrimental 
environmental impacts caused by the increased use of arable land such as 
deforestation (especially of rainforests) and loss of biodiversity. This be-
comes an even bigger issue considering that the human population is fore-
casted to increase from today’s 7.3 billion to 9.7 billion by the year 2050 and 
11.2 billion by 2100.46 

The goal of artificial photosynthesis is therefore to utilize energy from 
sunlight to split the abundant but energy-poor compound, water, with the 
help of catalysts into oxygen and reducing equivalents which in turn yield a 
chemical fuel. Note that this is completely equivalent to what is happening in 
the light reactions of plants, see scheme 1. Since oxygenic photosynthesis 
has been around for 2.5 billion years47 it might intuitively seem reasonable to 
assume that nature has perfected it and the only thing we need to do is to 
copy nature unto the last detail. This is not sensible though, since natural 
photosynthesis has the purpose of maintaining life, which means that it is 
coupled to many other reactions in the cell that are not needed in an artificial 
system, such as creating a proton gradient, which is used to produce ATP 
from ADP and phosphate. In an artificial system the only goal is to produce 
as much fuel as possible. The other major difference is that nature employs 
complex molecules in its photosynthetic machinery forming even more 
complex superstructures. Also nature is by definition regenerating; the pho-
tosynthetic machinery in the cells is constantly damaged by the extreme 
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conditions present and has to be repaired or replaced continuously.48-51 It 
would of course be of great value to have an artificial system capable of self-
repair but in reality this is quite unfeasible. Therefore, the aim has been to 
make a system which is as simple but also as robust as possible, quite oppo-
site to natural photosynthesis. 

 

 
 
Scheme 1. A general scheme showing the analogy between water splitting in nature 
and artificial water splitting by the action of light. Hydrogenases are generally not 
involved in photosynthesis, but shown here for the sake of completeness. 

The reducing equivalents produced by the splitting of water can yield many 
different chemical fuels. The simplest such chemical fuel is hydrogen which 
can be formed catalytically and used as energy storage as well as a transpor-
tation fuel. Hydrogen has many desirable properties as a fuel; it is the most 
energy dense chemical fuel in existence (when measuring energy per mass), 
compared to e.g. gasoline it contains three times more energy.44 The other 
advantage of using hydrogen as fuel is that it burns very cleanly and produc-
es only water as waste, unlike hydrocarbon fuels which form sulfur dioxide, 
carbon monoxide, unburned hydrocarbons and soot. The last advantage is 
that hydrogen cannot only be used in combustion engines but also in fuel 
cells. Fuel cells are in reality batteries that run on fuel, which means that 
they can run at much lower temperatures than combustion engines. This also 
makes the use of catalytic converters in cars completely obsolete since no 
combustion engine means that no nitrogen oxides will form.44 Fuel cells also 
have much higher energy conversion efficiencies compared to combustion 
engines which are thermodynamically limited by the Carnot cycle, and in 
reality have efficiencies at around 28 %.52 Polymer Electrolyte Membrane 
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(PEM) fuel cells (the type of fuel cells that are used in fuel cell cars) on the 
other hand have no such thermodynamic limit and have working efficiencies 
between 30-60 %.44  

The main downside of using hydrogen as fuel is the very low density of 
hydrogen, even in liquid form it is ten times less dense than gasoline, result-
ing in a very low energy density of hydrogen per volume. There is a lot of 
research on hydrogen storage, e.g. in metal alloys, which can increase the 
hydrogen density substantially, but none has reached commercial level as of 
yet.53 This means that other fuels also have to be considered and a lot of 
research is also conducted on carbon dioxide reduction catalysts to make 
carbon-based fuels. The advantage of synthesizing such fuels is that they can 
directly be used with current technologies. However, practically, carbon 
dioxide reduction is more difficult than proton reduction since more bond 
rearrangements are involved in these processes and/or because the reduction 
potentials are lower. 

Hydrogen has another wide application and that is in the Haber-Bosch 
process mentioned earlier. Finding a way of producing hydrogen in a cheap 
way from splitting water can also replace the hydrogen that is today obtained 
from natural gas in a process called steam reforming, and used in the produc-
tion of ammonia.9 

To achieve the goal of water splitting for fuel production, cheap, stable 
and efficient catalysts must be available. Below is a summary of the current 
status of the research on homogeneous catalysts for water splitting and fuel 
production. 

1.4.2 Water Oxidation Catalysts 
Oxidation of water to oxygen requires in total four electrons and two water 
molecules and is therefore quite difficult, see reaction 2 below. This high 
potential is damaging to many catalysts leading water oxidation to be the 
main bottle-neck in a future water splitting cell.  

There are many potential homogeneous as well as heterogeneous water 
oxidation catalysts present. The discussion here will only be limited to ho-
mogeneous catalysts. Homogeneous water oxidation catalysts have been 
based on manganese, iron, cobalt, ruthenium and iridium complexes.54 The 
initial approach has been to prepare binuclear metal complexes, since it was 
assumed that two oxo ligands need to react to form oxygen. The first homo-
geneous water oxidation catalyst discovered in 1982 was in fact a binuclear 
ruthenium complex, nicknamed the blue dimer.55-56  

Later more mononuclear catalysts were prepared that in many cases 
seemed to be more efficient than the original binuclear complexes. The first 
mononuclear ruthenium complex was reported in 2005 and since then many 
more complexes have been prepared.57 TOFs higher than 1000 s-1 and TONs 
higher than 100 000 have been achieved with such mononuclear ruthenium 
catalysts in Licheng Sun’s group.27 The crucial oxygen-oxygen bond for-
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mation step for these catalysts is by a disproportionation reaction between 
two catalysts or by a nucleophilic attack of a water molecule on an oxo lig-
and forming a peroxo ligand, which is then further oxidized to oxygen.58 

 
𝑂𝑂2 + 4𝐻𝐻+ + 4𝑒𝑒− → 2𝐻𝐻2𝑂𝑂                                 𝐸𝐸0′ = +0.82 𝑉𝑉 

 
Reaction 2. Reduction of oxygen to water in aqueous solution at pH 7.54 

1.4.3 Proton Reduction Catalysts 
Again considering only homogeneous catalysts, there are examples of iron, 
cobalt, nickel, copper, molybdenum, ruthenium, rhodium, palladium, iridium 
and platinum complexes that facilitate the reduction of protons to 
hydrogen.59-62  

A crucial step in proton reduction catalysis is protonation of the metal 
center. Unlike protonations of non-metallic Bronsted bases such as oxygen 
or nitrogen where protonations are occurring at diffusion-controlled rates, 
this is generally not the case for metal protonations.63-65 The reason for the 
slow reaction is the large electronic redistribution upon protonation of a met-
al center. Nature seem to be solving this slow reaction by keeping a non-
metallic base close to the metal center, which is protonated rapidly and aids 
in the protonation of the metal by a proton shuttling mechanism and possibly 
also aids in the hydrogen bond formation step.66 This can most clearly be 
observed in the [FeFe] hydrogenase active site. This bio-inspired concept has 
been employed in the synthesis of many synthetic catalysts and has proven 
very successful. The best examples are the nickel catalysts prepared in Du-
bois’ group which show a TOF above 100,000 s-1.67 Also, there are hundreds 
of compounds that have been prepared mimicking the active site of the dif-
ferent hydrogenases.68-70 

 
2𝐻𝐻+ + 2𝑒𝑒− → 𝐻𝐻2                                                 𝐸𝐸0′ = −0.41 𝑉𝑉 

 
Reaction 3. Reduction of protons to hydrogen in aqueous solution at pH 7. 

1.4.4 Carbon Dioxide Reduction Catalysts 
Again limiting our scope to homogeneous catalysts, there are manganese, 
iron, cobalt, nickel, ruthenium, rhodium, palladium, rhenium, osmium and 
iridium complexes that have been prepared that can catalyze carbon dioxide 
reduction.40,71-73 Unlike water oxidation and proton reduction, which consist 
of one reaction each, carbon dioxide reduction is in fact a whole range of 
possible reactions, see reaction 4 below. Note that these reactions either have 
a reduction potential that is lower than proton reduction, or that there are so 
many steps involved in the catalysis that the overpotential becomes large, 
leading to low reduction potentials. This means that carbon dioxide reduc-
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tion catalysts should not only be good at catalyzing the desired reaction but 
also bad at catalyzing proton reduction. This is often a challenge with these 
compounds since in both reactions a strongly nucleophilic metal center is 
needed and more so for carbon dioxide reaction than for proton reduction 
since carbon dioxide is a very weak electrophile. 

 
𝐶𝐶𝑂𝑂2 + 𝑒𝑒− → 𝐶𝐶𝑂𝑂2− 𝐸𝐸0′ = −1.85 𝑉𝑉 

𝐶𝐶𝑂𝑂2 + 2𝐻𝐻+ + 2𝑒𝑒− → 𝐶𝐶𝑂𝑂 + 𝐻𝐻2𝑂𝑂  𝐸𝐸0′ = −0.52 𝑉𝑉 

2𝐶𝐶𝑂𝑂2 + 2𝑒𝑒− → 𝐶𝐶𝑂𝑂 + 𝐶𝐶𝑂𝑂32− 𝐸𝐸0′ = −0.65 𝑉𝑉 

𝐶𝐶𝑂𝑂2 + 𝐻𝐻+ + 2𝑒𝑒− → 𝐻𝐻𝐶𝐶𝑂𝑂𝑂𝑂− 𝐸𝐸0′ = −0.67 𝑉𝑉 

2𝐶𝐶𝑂𝑂2 + 2𝑒𝑒− → 𝐶𝐶2𝑂𝑂42− 𝐸𝐸0′ = −0.59 𝑉𝑉 

𝐶𝐶𝑂𝑂2 + 4𝐻𝐻+ + 4𝑒𝑒− → 𝐻𝐻𝐶𝐶𝐻𝐻𝑂𝑂 + 𝐻𝐻2𝑂𝑂 𝐸𝐸0′ = −0.49 𝑉𝑉 

𝐶𝐶𝑂𝑂2 + 4𝐻𝐻+ + 4𝑒𝑒− → 𝐶𝐶 + 2𝐻𝐻2𝑂𝑂 𝐸𝐸0′ = −0.20 𝑉𝑉 

𝐶𝐶𝑂𝑂2 + 6𝐻𝐻+ + 6𝑒𝑒− → 𝐶𝐶𝐻𝐻3𝑂𝑂𝐻𝐻 + 𝐻𝐻2𝑂𝑂 𝐸𝐸0′ = −0.40 𝑉𝑉 

𝐶𝐶𝑂𝑂2 + 8𝐻𝐻+ + 8𝑒𝑒− → 𝐶𝐶𝐻𝐻4 + 2𝐻𝐻2𝑂𝑂  𝐸𝐸0′ = −0.25 𝑉𝑉 

 
Reaction 4. Reduction potentials for various carbon dioxide reduction reactions in 
aqueous solution at pH 7.39,74-75 

1.5 Objective 
The objective of this thesis is to explain the use time-resolved spectroscopic 
and electrochemical techniques to investigate catalytic intermediates and 
elementary steps in the catalytic cycle of catalysts relevant for water split-
ting. To accomplish this a novel spectroscopic technique of coupling mid-
infrared (IR) probing with nanosecond spectroscopy was installed to better 
resolve catalytic intermediates containing carbonyl ligands, which many 
catalysts for water splitting contain. 

The first part of the thesis is about the investigation of an [FeFe] hydro-
genase from the green algae Chlamydomonas reinhardtii. One needs to em-
ploy a technique which matches the very high TOF of the hydrogenase to be 
able to resolve intermediates in its catalytic cycle. At the same time this class 
of enzymes has so far not been investigated using nanosecond spectroscopic 
techniques. Using IR probing is an excellent way of observing the carbonyl 
stretching frequencies which contain information on the oxidation state of 
the active site of hydrogenases. 

The second part of the thesis describes investigation on biomimetic cata-
lysts modeling the active site of [FeFe] hydrogenases. These contain carbon-
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yl ligands just as the hydrogenase active site and are therefore ideal to probe 
using mid-IR light. The aim is to both resolve transient intermediates and to 
determine the kinetics of key catalytic steps such as reduction, protonation 
and internal proton shuffling between a nitrogen base and the catalytic metal 
center (see Section 1.4.3). 

The third section covers the study on other catalysts relevant for water 
splitting and artificial photosynthesis purposes, such as carbon dioxide re-
duction catalysts and oxygen evolution catalysts using several different time-
resolved as well as steady-state techniques. 

The overall aim is to have a better understanding of how catalysis occurs 
and potential bottlenecks, to improve on the design of future catalysts. 
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2 Methods 

2.1 Electrochemical Techniques 
Electrochemistry is an excellent tool to investigate redox catalysts, and since 
the different catalysts relevant for artificial photosynthesis are all redox cata-
lysts the transfer of electrons is an important component in all of them. 

Electrochemical techniques where only potential and/or current is meas-
ured against time can give useful information on reduction potentials and 
thereby the energetics of the system if the redox steps are stable on the time-
scale of the measurement. A more detailed mechanistic study can also be 
conducted with relatively cheap and simple electrochemical techniques such 
as cyclic voltammetry. This has been shown repeatedly by several   research 
groups.76-78  

Since redox catalysis involves both electrochemical (electron transfer) as 
well as purely chemical steps (often proton transfer), the two can be decou-
pled by using an aprotic solvent where only redox reactions can occur. In 
this way, transient or otherwise inaccessible redox states can be resolved. 
When coupling these techniques with spectroscopic ones a spectroscopic 
signature can be assigned to each catalytic intermediate. One common tech-
nique is called spectroelectrochemistry, where a species is oxidized or re-
duced and its spectroscopic change is followed, see figure 4 for general set-
up. Assigning a spectrum to an intermediate species can give valuable in-
formation on its structure, which is a lot more than what can be deduced 
from purely electrochemical techniques.  
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Figure 4. A simplified scheme of a spectroelectrochemical setup. 

2.2 Spectroscopic Techniques 
A detailed mechanistic study can be conducted with a catalyst using purely 
electrochemical techniques as mentioned above. The problem, though, is that 
this detailed analysis involves a lot of assumptions and in the end no struc-
tural information can be obtained. To gain deeper understanding, one has to 
turn to spectroscopic techniques. 

One such technique is called flash photolysis which was introduced in 
1949. Although initially with a time resolution of a few microseconds using 
discharge lamps as excitation source, this has improved by the use of lasers 
to a resolution of a few nanoseconds and even beyond.79 The nanosecond 
laser is used to excite the sample. A probe is then monitoring the absorption 
changes after excitation has occurred. This probe light could have any wave-
length, but is most commonly near-infrared, visible light and ultraviolet 
light.  

In our setup which is shown in figure 5, the excitation laser excites the 
sample and at right angle there is a probe lamp, a xenon or tungsten lamp, 
that has a broad output from near-infrared to ultraviolet light. After the probe 
has passed through the sample, it reaches a monochromator which is a grat-
ing that diffracts the light into its constituent wavelengths. There are two 
detectors for the ultraviolet-visible (UV-Vis) range, one photomultiplier tube 
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(PMT) detector and one charge-coupled device camera (CCD camera), both 
capable of detecting between 200-900 nm. The PMT is a very sensitive and 
fast detector. It is used to monitor the change in absorption with time and 
generates a kinetic trace which is collected in a digital oscilloscope and then 
sent to the computer. Only one wavelength can be monitored at a time 
though, and this wavelength is selected with the monochromator. The CCD 
camera on the other hand is not one but an array of 1024x256=262,144 tiny 
detectors. This large number of pixels is used to monitor multiple wave-
lengths at a time. The monochromator spreads out the light according to 
wavelength to the whole array of pixels and each pixel picks up a specific 
wavelength. A spectrum can therefore be obtained at any time delay after 
excitation. The downside of this detector is that only one time delay can be 
monitored for each laser shot, and to obtain a spectrum at other time delays, 
another measurement needs to be performed.  

The PMT and CCD camera are therefore complementary to each other. 
One can measure change in time but only at a specific wavelength, while the 
other can measure the whole spectrum but only at a specific delay time. In 
addition, there is also an InGaAs photodiode which is used as the PMT de-
tector above and which is measuring near-infrared light 800-1700 nm, com-
ing from the probe lamp.  

2.3 Time-Resolved Mid-IR Probing 
The mid-infrared region is a more desirable spectral region than the UV-Vis 
region when it comes to probing structural and electronic changes, since 
vibrational bands contain more information on the structure of the molecule. 
But there are more challenges in probing in the IR. The first attempt at flash 
photolysis with IR probing occurred in 1958, but was limited to a few hun-
dred microseconds in time resolution and 50 cm-1 in spectral resolution.80  

Using a modern FTIR spectrometer one can measure on time scales down 
to a few milliseconds. This is limited by the mirror movements in the inter-
ferometer and not by the detectors.81 To overcome this limit, there is a tech-
nique called step-scan FTIR where the problem of the slow mirror move-
ment is solved by keeping the mirror still for each scan, using a flash photol-
ysis setup to excite the sample. One then needs to repeat this measurement 
for each new mirror position until the whole interferogram has been meas-
ured. For these measurements to be successful the sample has to be very 
photostable and withstand all the laser shots needed to obtain an interfero-
gram.81-82 This is unfortunately not the case for many samples which limits 
the use of this technique.  

Another approach is to measure in the same way as in the UV-Vis region, 
by using a broad mid-IR light source (in this case a globar, a heated black 
body radiator), a monochromator to choose the wavelength and a detector 
with high time resolution to obtain kinetic traces at the chosen wavelength 
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just as in a measurement with a PMT. This technique was first used in 
198083 but has the disadvantage that the black body radiator has a low IR 
luminosity, further decreasing when it passes through both slits and a mono-
chromator.84 

A third approach has been to use wavelength-tunable monochromatic 
probe sources, which removes the need for slits or a monochromator, thereby 
not limiting the probe luminosity. The source of this monochromatic mid-IR 
light comes from continuous wave lasers. Previously, these have been CO 
lasers and lead-salt semiconductor lasers. The downside of the CO lasers are 
the limited wavenumber range of 5-6.5 µm (1550-2000 cm-1) and the spec-
tral gaps between the output wavenumbers which are 4 cm-1 apart.82,85-87 
Lead-salt lasers on the other hand have a working range of 3-30 µm but on 
the other hand suffer from low output power of only 200 µW, two orders of 
magnitude less than the CO lasers, and have to be cooled to cryogenic tem-
peratures during operation.85,88  

In 1994, the first demonstration of a quantum cascade semiconductor 
mid-IR (QC) laser was made. Since then, the QC lasers have increasingly 
replaced the other types of mid-IR lasers. They are compact, work in a large 
range from 3-15 µm, are continuously tunable, all of which are advantages 
over the CO lasers. But they also have the advantage over lead-salt lasers 
that they work at room temperature and can achieve higher output powers on 
par with the CO lasers.86,89  

Carbonyl IR-bands are excellent signatures for monitoring redox cata-
lysts. Due to the metal backbonding to the π* antibonding orbitals of the 
carbonyl, the carbonyl stretching frequencies are very sensitive to the elec-
tron density on the metal. This means that their frequency will directly give 
information on the electron density of the metal center and how it changes 
upon oxidation, reduction and protonation. Carbonyl stretching frequencies 
also give rise to narrow peaks that are strongly absorbing, these are two oth-
er properties that make them good diagnostic tools for investigating the 
structure of the catalyst. Fortunately, many catalysts, both natural and artifi-
cial, that are used in water splitting are metal carbonyl complexes. There are 
therefore several research groups that have recently started employing QC 
lasers for IR probing in the nanosecond region studying such catalysts with 
great success.90-91 

We therefore decided to extend our flash photolysis set-up by including 
mid-IR probing. To achieve this, two mid-IR QC lasers with a tunable output 
wavelength between 4650-5100 nm (1960-2150 cm-1) and 5190-5670 nm 
(1765-1925 cm-1) were purchased together with a mercury-cadmium tellu-
ride (MCT) mid-IR detector. As mentioned above, there was no need for a 
monochromator since the probe itself was monochromatic. The two probe 
lasers were chosen to be in the region where metal carbonyl peaks are ex-
pected to absorb, around 1650-2250 cm-1.92 I installed the mid-IR detection 
system with help from my supervisor Reiner Lomoth, see figure 5 for the 
set-up.  
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Figure 5. A simplified scheme of the time-resolved nanosecond setup. 

2.4 Flash-Quench Experiments 
Although laser excitation occurs in nanoseconds, it does not necessarily help 
us to obtain greater insight into the mechanism of the catalyst, since simply 
exciting the catalyst will only lead to a fast relaxation back to the ground 
state. What is needed though is to produce reduced or protonated states of 
the catalyst which are intermediates in the catalytic cycle.  

Therefore, there is a need for a photosensitizer that can initiate such a re-
action. A good photosensitizer should be photostable, have a high extinction 
coefficient at the excitation wavelength and produce a high yielding and 
long-lived excited state lifetime. With the addition of a quencher, the photo-
sensitizer can be oxidized or reduced. A photosensitizer should, upon reduc-
tion or oxidation, either itself become a strong reductant or oxidant, or alter-
natively the quencher could have the property of becoming a strong oxidant 
or reductant upon reaction with the photosensitizer. Either of these species 
can then react with the catalyst in question to transiently produce a redox 
state that may otherwise be inaccessible.  

The quencher could either go back to its original oxidation state by react-
ing with the catalyst, and would then be called reversible. It could also de-
compose or react further in such a way that the charge would stay on the 
catalyst, and would then be called sacrificial. There are advantages and dis-
advantages with both. A reversible quencher is regenerated and can therefore 
be used repeatedly without any decomposition of the sample. The downside 
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is that slow processes cannot be monitored since the reversible quencher will 
take back its lost charge within a brief time period. The sacrificial quencher 
has the opposite advantage that very long processes can be monitored, the 
disadvantage is that it will decompose with each reaction, forming reactive 
radical intermediates that can react with the catalyst being investigated. Al-
so, since some quencher is lost after each laser shot it will limit how many 
laser shots can be applied to the sample.  

A good quencher also needs to fulfill some requirements. Firstly, it should 
have a high cage escape yield, which means that the reaction with the photo-
sensitizer should give a high yield of charge separation and not lead to unde-
sirable reactions such as energy transfer or cage recombination. This also 
means that its energetics has to be tuned to that of the photosensitizer so that 
the charge separation is a downhill energetic process. Secondly, it needs to 
have a high quenching rate constant, ideally close to diffusion-controlled 
since otherwise the excited molecule will not have a chance to react before 
returning to the ground state. Thirdly, its absorption change upon oxida-
tion/reduction should be minimal, ideally zero, in the observed wavelength 
range, since otherwise it will overlap with the catalyst signal in the spectrum. 

The choice of solvent is actually also quite important for the measure-
ments. Water might seem like the obvious choice for all measurements since 
these catalysts are all somehow involved in or connected to water splitting. 
This is not the case though, because water is a strong infrared absorber and 
therefore all infrared measurements need to be made with a really thin cell. 
Also water is a protic solvent, which means that when monitoring a redox 
reaction of a catalyst that upon oxidation or reduction is protonated, it might 
be difficult to obtain a purely oxidized or reduced state, since there is no way 
to remove the proton source, and changing the pH might lead to additional 
problems. In such a case a solvent that is aprotic but also a very weak 
Bronsted base would be a better choice so that it will not be involved in any 
protonation reactions. On the other hand, using a polar solvent will mimic 
the real conditions of water catalysis better and a good compromise might be 
different for different catalysts where also its solubility and the solubility of 
the photosensitizer and electron donor/acceptor have to be taken into ac-
count. 

Below is an example of a reduction scheme and the rates involved, see 
scheme 2 for details. Ru(dmb)3

2+ is an excellent photosensitizer fulfilling all 
the above requirements. It is a stable compound, with an absorption peak at 
459 nm and an extinction coefficient of 15,000 M-1cm-1 in acetonitrile. Upon 
excitation with laser light with 532 nm wavelength it is excited initially to a 
1MLCT state that within picoseconds intersystem crosses to a 3MLCT state. 
This state has a lifetime of 700 ns in acetonitrile, which is enough for diffu-
sional reactions in solution to occur. When exciting this sample with a 20 mJ 
pulse, a total of 8.9·10-8 mol of photons reaches the sample with a sensitizer 
concentration of 40 µM Ru(dmb)3

2+. This is enough to excite 2 µM of 
Ru(dmb)3

2+. This excited sensitizer can then react with tetrathiafulvalene 
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with a quenching rate constant of 7.8·109 M-1s-1. Tetrathiafulvalene is a re-
versible electron donor with a TTF+/TTF potential of +0.29 V vs. SCE in 
acetonitrile while the sensitizer has a Ru(dmb)3

2+/ Ru(dmb)3
+ potential of      

-1.46 V. This means that for energetics to be downhill for this process the 
excited state has to be higher in energy than 1.75 eV, and with an emission 
maximum of 630 nm, the excited state energy is calculated to be 2.0 eV. So 
there is 250 meV of driving force for the charge separation. Tetrathiafulva-
lene has a cage escape yield of close to 100 %, which together with the high 
quenching rate constant makes it a suitable electron donor. The major disad-
vantage with tetrathiafulvalene is that it has a large visible absorption upon 
oxidation. 

To make sure that electron transfer competes favorably with deexcitation 
of the photosensitizer, a large excess of tetrathiafulvalene is used. With a 
concentration of 650 µM the electron transfer lifetime will be 200 ns, which 
is more than three times faster than the deexcitation and therefore most ex-
cited state molecules will end up in the reduced state, In equation 7 below, 
kex stands for the excited state relaxation rate constant of the sensitizer, kq 
stands for the quenching rate constant, ϕCE stands for the cage-escape yield 
and ϕCS stands for the quantum yield of charge separation. 
  

𝜙𝜙𝐶𝐶𝐶𝐶 = 𝜙𝜙𝐶𝐶𝐶𝐶
𝑘𝑘𝑞𝑞[𝑄𝑄]

𝑘𝑘𝑞𝑞[𝑄𝑄] + 𝑘𝑘𝑒𝑒𝑒𝑒
  

 
 
(7) 

Equation 7 can be used to determine the quantum yield of charge separation 
if the other parameters are known. These parameters can be deduced by 
measurements. Finally, since tetrathiafulvalene is a reversible quencher it 
will recombine with the photosensitizer, unless there is another species pre-
sent that can take the charge away from the photosensitizer.  

A catalyst added to the solution in higher concentration than the oxidized 
quencher (around 2 µM for a normal measurement) and in such a concentra-
tion to compete with the recombination of the photosensitizer and quencher 
will react with the reduced photosensitizer and itself become reduced. Often 
simple electron transfer reactions have such low reorganization energy that it 
is enough with a few hundred meV driving force to achieve diffusion-limited 
rates. Transient species can be monitored in this way, such as reduced states 
that are inaccessible by the use of spectroelectrochemistry or reduced and 
protonated states. The protonation can occur subsequently after the reduction 
by addition of a large amount of acid. Alternatively, if the protonated state is 
stable, it can be produced before the photolysis experiment and then the spe-
cies can be reduced transiently to obtain the reduced protonated states. 
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Scheme 2. The possible reactions in a photochemical cycle initiated by a laser shot. 
This can be generalized to any reversible system by exchanging Ru for any sensitiz-
er, TTF for any electron donor and [FeFe] for any catalyst. 
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3 Investigation of [FeFe] HydrogenasesIV 

3.1 Overall Catalytic Cycle 
The catalytic cycle of [FeFe] hydrogenases is presumed to start with a [4Fe-
4S]2+-Fe(I)Fe(II) state where Fe(II) is the distal iron. This state is known in 
literature as Hox.28 Two protons and two electrons are needed to reduce pro-
tons to hydrogen. It should be possible to form the first reduced state by the 
use of steady-state techniques if the reduction potential for the second reduc-
tion is more negative than the first. This seems to be the case for this enzyme 
and the singly reduced state is formally a [4Fe-4S]2+-Fe(I)Fe(I) state, re-
ferred to as Hred.93-94 This oxidation state designation comes from IR, EPR 
and Mössbauer spectroscopy, Hred being EPR-silent.28 By IR spectroelectro-
chemical redox titration at different pH it has been determined that this is a 
proton-coupled electron-transfer (PCET) step.95 How this electron- and pro-
ton-transfer are coupled has not been determined, and there is no direct evi-
dence of where the proton ends up in this state. The follow up steps are less 
known and one suggestion has been that the [4Fe-4S]+-Fe(I)Fe(I) state de-
termined by EPR and IR measurements known in literature as Hsred might be 
the next intermediate. This state has also been shown by redox titration and 
is coupled with a proton transfer but the location of the proton is un-
known.93,95-96 

3.2 Approach 
So far only steady-state techniques have been employed to study the [FeFe] 
hydrogenases. But at the same time it is known that [FeFe] hydrogenases are 
very efficient enzymes with a TOF of up to 9,000 s-1. This means that the 
slowest rate-determining steps cannot happen slower than on the order of 
hundreds of microseconds, implying that for a true investigation of the in-
termediates in the catalytic cycle, transient techniques need to be employed 
which are faster than that. The stable intermediates mentioned above might 
be resting states in the catalytic cycle and therefore easily resolved using 
steady-state techniques, but on the other hand it might be so that the catalytic 
cycle does not contain any stable intermediates, no resting states, and that 
the above states are not directly involved in the cycle.29 

The starting state Hox-CO was used to investigate these intermediates. 
This is a state where a CO molecule is attached to the open site where sub-

 33 



strate is presumed to bind, and is therefore called the Hox-CO inhibited state. 
The reduction potential of this state and the Hox state have both been meas-
ured and the Hox-CO state is more difficult to reduce.93 

The approach was to use this to our advantage to investigate the catalytic 
cycle. The idea was to initiate the reduction cycle by laser flashing with a 10 
ns laser pulse. The pulse should ideally initiate the reduction cycle by disso-
ciating CO and forming Hox state, the first species in the cycle. Monitoring 
these changes in the infrared where the carbonyl species are absorbing will 
give insight not only onto the identity of the states but also to their oxidation 
state, protonation state and structure.  

IR probing is difficult in water since water is an excellent mid-IR absorb-
er. This limited the cell path length to 50 µm in our measurements. Using 
such small path lengths means that the concentration has to be very high so 
that the enzyme absorbs enough light to give rise to a detectable signal. The 
concentration of the enzyme in the measurements was 2.5 mM (in 25 mM 
Tris aqueous buffer at pH 8.0) to overcome this problem. Also, to maximize 
the signal from the sample, the sample was excited with a 50 mJ laser pulse 
at 355 nm.  

The hydrogenase used was from Chlamydomonas reinhardtii and is a hy-
drogenase with no additional iron-sulfur clusters other than the one which is 
part of the active site. This is advantageous for our experiments since these 
clusters are the ones absorbing most of the light at 355 nm. With no addi-
tional iron-sulfur clusters present, it is certain that only the active site ab-
sorbs photons.  

3.3 Detection of CO Loss 
The results from the measurements initially showed bleaches for the 12CO 
hydrogenase. These bleaches matched perfectly with the ground state spec-
trum of the Hox-CO state, showing that it converted to something else after 
flashing, see figure 6. Around 8 % of the enzyme molecules were converted 
after each flash, estimating from the magnitude of the bleach signals, giving 
a concentration of around 200 µM that was converted. Based on the absorp-
tion changes and the laser power it is also estimated that the quantum yield 
of conversion is about 10 % for this enzyme. 

A 13CO labeled hydrogenase sample was used to determine the identity of 
this converted species. This was because the large peak for 12CO Hox state is 
at 1940 cm-1, which is in the detection gap between the two IR probe lasers 
(1925-1960 cm-1). The other large peak at 1964 cm-1 is overlapping with the 
Hox-CO state and is therefore not detectable in a difference spectrum. All the 
peaks move by roughly 45 cm-1 to lower wavenumbers when going from 
12CO to 13CO labeled hydrogenase. This is because the stretching frequency 
of the carbonyl bands is inversely proportional to the square-root of the  
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Figure 6. The spectrum with a solid line is the time-resolved infrared (TRIR) data 
after averaging datapoints 1-3 ms after excitation, while the spectrum with a dashed 
line is the steady state spectrum. Conditions: 2.5 mM 12CO labeled CrHydA1 in the 
Hox-CO inhibited state. (FWHM: 10 ns, λ: 355 nm, 50 mJ/pulse).  
 
reduced mass which means that a higher mass will lead to a lower wave-
number or frequency. The presumed Hox 13CO labeled hydrogenase will 
therefore have an absorption peak at 1895 cm-1, which is within the detection 
limit of our IR probes. This was indeed observed and this confirmed that the 
CO is really flashed away by the laser light. The process also turned out to 
be reversible and the CO reattaches to the enzyme with an initial half-life of 
20 ms. This compares well with similar rebinding experiments such as myo-
globin-CO where the half-life for rebinding of CO at room temperature after 
photolysis is on the order of 10-2-10-1 s or cytochrome c-CO with rebinding 
time constant on the order of 10-3-10-2 s at room temperature.97-98  

When the kinetic traces were fitted to both a first order (monoexponen-
tial) and second order decay, the latter was a better fit for these traces giving 
a second order rate constant of 105 M-1s-1, see figure 7 for the kinetic traces 
with second order fits. A simple model where the CO is released to a nearby 
site and then reassociated with the active site can be excluded based on the 
kinetic results. That would rather have given a first-order rate. This means 
that the CO reassociation must therefore be more complex, as in the case 
with myoglobin and cytochrome c where multiple protein pockets and in-
termediate sites can harbor the CO. Whether the CO has such a multi-site 
reassociation mechanism which would give a multiexpoential decay (that 
will be difficult to distinguish from a second order decay) or whether the CO 
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is completely leaving the enzyme (which would give a second order decay) 
is difficult to assess based on the results. More studies are needed to gain 
clarity on this matter. 
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Figure 7. The rise is measured at 1895 cm-1, showing the Hox state absorption, and 
the bleach is measured at 1770 cm-1 showing the disappearance of the Hox-CO band. 
Conditions: 2.5 mM 13CO labeled CrHydA1 in the Hox-CO inhibited state. Excited at 
355 nm (FWHM: 10 ns, 50 mJ/pulse). 
 
 

 
 
Figure 8. The photoinitiated CO loss after excitation of the active site with 355 nm 
light. 
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3.4 Future Work 
To further investigate the dissociation and reassociation processes of the CO, 
experiments where excitation power is varied need to be made to differenti-
ate a second order process where the half-life will be concentration depend-
ent, from other processes where this half-life is concentration independent. 
Another strategy is to add different amounts of CO, this will only affect the 
rate if the CO is released from the enzyme and is therefore a powerful meth-
od to determine the mechanism. 

To initiate the reduction cycle of the enzyme by simply flashing is a 
promising way to detect the other intermediates in the catalytic cycle. There 
must be a source of electrons and protons, though. In this case the proton 
source is the solvent itself and the electron source is in the form of a reduct-
ant. If a mild reductant is added that is too weak to reduce the Hox-CO state 
but not the Hox state, it will not react until the light-induced CO loss has oc-
curred. In this way the catalytic cycle can be initiated by simply flashing the 
sample in the presence of a weak reductant.  

Dithionite was used as this reductant, together with methyl viologen, 
which is an excellent one-electron redox transfer agent that can transfer the 
electron from the dithionite to the enzyme active site. Preliminary results 
suggest that the Hox state disappears much faster in the presence of reductant, 
with a half-life of 59 µs which is within the time range of an enzyme turno-
ver of 1-2 ms (the maximum TOF is 500-1000 s-1 for this enzyme), suggest-
ing the transformation to a new species, possibly a reduction, see figure 9. 
Compared to the rebinding of the Hox with CO, which is happening in 20 ms, 
this is almost three orders of magnitude faster. Since the presumed reduction 
is much faster than the turnover of the enzyme, it means that the observed 
process cannot be rate-limiting and therefore there must be a slower follow-
up step which in turn means that the build-up of an intermediate should be 
observed. The kinetic trace fits to a monoexponential decay with a lifetime 
of 85 µs, which is expected for a pseudo-first order reaction with a reductant 
(which is in 100 times excess) that reduces the enzyme. Although the fast 
decay signal of Hox could be reproduced, no Hred or Hsred signal could be 
observed.  

Measurements need to be made at many wavenumbers to understand 
better what is happening to the enzyme. This should be made with both 
12CO-labelled as well as 13CO-labelled hydrogenase since the peak positions 
of the intermediate formed after reduction of the Hox state might be in the 
laser gap (1925-1960 cm-1) where detection is not possible. Detection of a 
previously unknown intermediate will give insight into the catalytic 
mechanism of the enzyme but so will the detection of Hred or Hsred, and 
regardless of the results it will help us to answer the question whether these 
states are at all involved in catalysis.  
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Figure 9. The kinetic trace is measured at 1894 cm-1 and is showing the reversible 
rise of the Hox band. The decay occurs faster in the presence of reductant. Condi-
tions: 2 mM 13CO labeled CrHydA1 in the Hox-CO state, 10 mM MVCl2, 18 mM 
Na2S2O4. Excited at 355 ns (FWHM: 10 ns, 50 mJ/pulse). 
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4 Investigation of Biomimetic CatalystsII 

4.1 Overall Catalytic Cycle 
The catalytic mechanism depends on many things, as already mentioned in 
Section 1.2. First of all it depends on the catalyst itself, but also on the reac-
tion conditions, such as solvent, acidity, temperature, reducing agent and 
concentrations. A general and simplified reaction mechanism is shown in 
scheme 3.  

 

 
 
Scheme 3. The possible catalytic pathways that a proton reduction catalyst can take 
in the reduction cycle. Note that many possible steps are missing from this simplified 
scheme. 

 
There is no reason why all elementary steps in a catalytic cycle should 

happen step-wise and some processes could be coupled or happening con-
certedly, such as two reductions, two protonations or a simultaneous reduc-
tion and protonation step (PCET step). On top of this, there could also be 
comproportionations or disproportionations occurring, as well as proton or 
hydride transfer between different catalyst molecules. Protonations can also 
happen on different sites;63,99 for the typical [FeFe] hydrogenase mimic it 
could happen on the nitrogen base in the dithiolate bridge, on the cyanide 
ligands, on the dithiolate sulfurs or on the metal centers, and even then it 
could be either a bridging or a terminal hydride.63,99-101 Another possibility is 
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that the initial complex is a precatalyst that needs to be reduced or protonat-
ed to become the actual catalyst in the reduction cycle. This all adds a lot of 
complexity to these reactions and a detailed analysis is necessary for the 
determination of the true mechanism.  

4.2 Approach 
There is a lot of information that one can gain on the redox states and proto-
nation sites of these catalysts by probing the carbonyl stretching frequencies 
with IR transient spectroscopy. One can simply use steady state techniques 
such as FTIR for intermediates that are stable. Some species are not stable 
on such time scales, though. Using the reduction scheme mentioned in Sec-
tion 2.4 a reduced state of the catalyst can transiently be formed. This can 
then be protonated in the presence of acid as long as the protonation is faster 
than the charge recombination with the oxidized tetrathiafulvalene. Tetrathi-
afulvalene has another very advantageous property which is its low basicity, 
unlike many other electron donors that are amines and therefore basic. 
Amines will not function as electron donors when they are protonated since 
the oxidation potential is shifted to more positive values.  
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Figure 10. The hydrogenase active site and the function of its components. 
 
There are many different biomimetic designs of the active sites of the dif-

ferent hydrogenases. The [FeFe] hydrogenase mimics are the most prevalent 
ones and the first were synthesized only a year after the crystal structure of 
the first [FeFe] hydrogenase with an active site was resolved.102-103 And only 
four years after the crystal structure, the biomimetic model which arguably 
has the closest resemblance to the active site of the enzyme was synthesized 
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by Rauchfuss et al.104 The functions of the different components of the active 
site are shown in figure 10.  

The problem of simply copying the active site is that it is designed to 
function in a hydrophobic pocket in the protein and not freely in solution. In 
the protein, all the surrounding amino acid residues that hold the catalytic 
center in place also tune it for hydrogen production.105 The cyanides are 
known to form hydrogen bonds to the protein framework and the framework 
also locks the ligands in the right position so that an open site is present on 
the distal iron for proton binding. In addition to this, the proximal iron-sulfur 
cluster plays a direct role as a redox ligand as it, in addition to funneling 
electrons, also balances out the negative charge on the active site, stabilizing 
it in its redox state and facilitating its reduction. Considering that all this is 
lost in the biomimetic compound, it comes as no surprise that it is quite poor 
as a proton reduction catalyst in comparison to the enzyme.103-104  

Biomimetic cyanide complexes are known to be quite unstable. Also, 
since there is nothing that neutralizes the negative charge on the free cata-
lyst, there has been a shift in the biomimetic field to neutral ligands to better 
simulate the charge on the active site. Phosphines have long been a favorite 
choice since they are, just as cyanides, good π acceptors but unlike carbonyls 
more electron-rich and better σ donors.106 But also N-heterocyclic carbenes 
and even positively charged nitrosyl ligands have been employed as 
ligands.107-108 The issue with the phosphine complexes is that they are still 
quite difficult to reduce due to the electron-rich phosphines. Hexacarbonyl 
complexes are another alternative that are easier to reduce, but they are in-
stead more difficult to protonate and strong acids or additional reductions are 
needed for the proton reduction.78,109  

Other paths have also been explored to achieve better efficiency. One has 
been the investigation of the position of the hydride in the catalyst and its 
influence on the reactivity. Many studies suggest that bridging hydrides are 
thermodynamically more stable than terminal ones, and it is thought that a 
terminal hydride is an intermediate in [FeFe] hydrogenases.59,65-67 The idea is 
that conversion of a terminal to a bridging hydride leads to a stable interme-
diate which reacts with difficulty. This could also possibly explain the higher 
maximum TOF of [FeFe] hydrogenases as compared to the [NiFe] hydro-
genases. In the [FeFe] hydrogenases the role of one of the carbonyls seems 
to be to hinder the bridging position by placing itself as a bridging ligand, 
thereby only limiting the hydride to a terminal position.28 Avoiding the for-
mation of the bridging hydride has therefore been a pursuit in making better 
catalysts. One such approach to this problem has been to remove one of the 
iron centers altogether since it is not directly involved in the catalysis any-
way, ensuring the formation of the terminal hydride.110 

Another employed synthetic modification has been the modification of 
the bridging dithiolate ligand. A nitrogen is acting as a proton shuttle possi-
bly facilitating the proton transfer to the metal center in nature as well as the 
hydrogen bond formation step, as mentioned in Section 1.4.3. This has also 
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been replicated by many research groups and in some cases seemingly with 
great success. 67,111-113 

4.3 Detection of Steady State Species 
 

 
Figure 11. Four [FeFe] hydrogenase active site mimics. 

Many biomimetic catalysts have been prepared and measured in organic 
solvents, see figure 11 for the ones covered in this thesis. At first sight this 
seems like a bad choice of solvent since the enzyme reacts in water to form 
hydrogen. The active site of the enzyme is located in a hydrophobic pocket, 
though,105 and the choice of a nonpolar solvent actually better replicates the 
nonpolar surroundings of the enzyme active site. A solvent that is too nonpo-
lar is not a good choice either for a redox catalyst in which acid-base reac-
tions are relevant. Nonpolar solvents are bad at solubilizing charged species 
and this also makes proton activity difficult to measure.114 On top of that, a 
solvent that is IR transparent in the chemically relevant carbonyl region 
(1650-2250 cm-1) is crucial for the experiments to be successful. A very 
good choice of solvent with the needed properties is acetonitrile and this was 
used as the solvent in all measurements.  

FeFe(bdt)(CO)6 is one proton reduction catalyst that has been studied ex-
tensively. This compound is stable upon reduction in acetonitrile but forms a 
doubly reduced species when reduced electrochemically, since the second 
reduction is more facile than the first one.78,115-116 This species can easily be 
detected using spectroelectrochemical techniques, see figure 12 below. 
When it comes to the different alkylenedithiolate species, the reductions are 
usually irreversible and cannot be detected easily, one decomposition path-
way being CO loss.117-120 There have therefore been attempts at measuring 
the reduced spectra of these species at low temperature under CO atmos-
phere.109 
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Figure 12. After electrochemical double-reduction of the complex the spectrum 
shifts by around 130 cm-1 to lower wavenumbers, indicating that two electrons are 
involved. 
 

The most easily attained stable states are in fact protonated species of dif-
ferent [FeFe] hydrogenase mimics.63,121 Often strong acids have to be used to 
protonate these species though, while at catalytic conditions much weaker 
acids are used.78,106 This is due to the fact that the catalysis often starts with 
reduction. The reduced species is then much easier to protonate which is the 
reason why weaker acids are enough for hydrogen production. The protona-
tion of the bridging dithiolate nitrogen usually gives a carbonyl shift of 20 
cm-1 to higher wavenumbers, see figure 13, while a metal protonation gives 
more than double, around 50 cm-1. A reduction gives an opposite shift of 
around 50 cm-1 to lower wavenumbers.64,106 These simple rules of thumb can 
be used as a direct indication of what state has been formed. Also computa-
tional techniques can be used to give a deeper insight into the structure of the 
reduced and protonated states. An advantage of measuring IR stretching 
frequencies over visible spectra is that there is no need to compute both the 
ground states and the electronically excited states, since the stretching is a 
property of only the electronic ground state.  
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Figure 13. After protonation of the nitrogen in the dithiolate bridge the spectrum 
shifts by around 20 cm-1 to higher wavenumbers. 

4.4 Detection of Transient Singly Reduced SpeciesVII 

The FeFe(bdt)(CO)6 complex, as previously mentioned, forms a doubly re-
duced species upon electrochemical reduction, since the second reduction is 
more facile than the first one. Photochemical reduction using flash-quench 
techniques (explained in Section 2.2, 2.3 and 2.4) can therefore be an excel-
lent way of forming the singly reduced species. The reduction occurs on the 
µs timescale and only 2 µM of the reduced catalyst is generated. This means 
that even at diffusion-controlled rates, the half-life for the disproportionation 
of this singly reduced catalyst will not be faster than 50 µs. The time resolu-
tion of the measurements is 10 ns, and the reduction of the catalyst occurs in 
a few µs or even faster (depending on the concentration) which gives a large 
time window for the singly reduced state to be detected at ambient condi-
tions, see figure 14. The singly reduced spectrum of FeFe(bdt)(CO)6 does 
not have any frequency bands in the bridging CO region (<1850 cm-1) and 
the spectrum matches best to a computational spectrum of the singly reduced 
species with no bridging carbonyl, this is contrary to what has been previ-
ously reported by Lichtenberger et al, see figure 15.78 
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From simulations of the cyclic voltammograms of FeFe(bdt)(CO)6 in ace-
tonitrile by Lichtenberger et al.78 the reduction potential inversion of the 
catalyst was determined to exceed 150 mV and from computational studies it 
was determined to be 460 mV in acetonitrile. Our DFT calculations gave a 
potential inversion of 210 mV in acetonitrile. Therefore the equilibrium con-
stant for disproportionation can be assumed to be at least 103 in acetonitrile 
(which corresponds to a potential inversion of 170 mV) for the following 
reaction: 

 
2𝐹𝐹𝑒𝑒𝐹𝐹𝑒𝑒(𝑏𝑏𝑏𝑏𝑏𝑏)(𝐶𝐶𝑂𝑂)6− → 𝐹𝐹𝑒𝑒𝐹𝐹𝑒𝑒(𝑏𝑏𝑏𝑏𝑏𝑏)(𝐶𝐶𝑂𝑂)60 + 𝐹𝐹𝑒𝑒𝐹𝐹𝑒𝑒(𝑏𝑏𝑏𝑏𝑏𝑏)(𝐶𝐶𝑂𝑂)62− 

 
 

𝐾𝐾𝑑𝑑𝑑𝑑𝑑𝑑 =
[𝐹𝐹𝑒𝑒𝐹𝐹𝑒𝑒(𝑏𝑏𝑏𝑏𝑏𝑏)(𝐶𝐶𝑂𝑂)60][𝐹𝐹𝑒𝑒𝐹𝐹𝑒𝑒(𝑏𝑏𝑏𝑏𝑏𝑏)(𝐶𝐶𝑂𝑂)62−]

[𝐹𝐹𝑒𝑒𝐹𝐹𝑒𝑒(𝑏𝑏𝑏𝑏𝑏𝑏)(𝐶𝐶𝑂𝑂)6−]2
 

 
(8) 

 
 From equation 8 it can be calculated that under the conditions of the flash-
quench experiment where ~2 µM singly reduced catalyst is produced from 
540 µM neutral catalyst, it is expected that most of the singly reduced spe-
cies (1.2 µM assuming a Kdis=103) should disproportionate to the doubly 
reduced species. But from flash-quench experiments using a sacrificial donor 
the decay of the singly reduced species occured with an initial half-life of 
700 ms. From these results an upper limit of the disproportionation could be 
set to 107 M-1s-1. Since light-initiated reactions at solar flux have a much 
smaller accumulation of reducing agents than electrochemically initiated 
reactions, due to the much lower photon flux compared to the current at elec-
trodes, it also means that the singly reduced catalyst can very well be an 
important intermediate under these conditions. 

Also the normally unstable alkylenedithiolate catalysts can be reduced us-
ing this technique, since the recombination occurs so fast (within a 1 ms) 
that they do not have time to decompose to a significant extent. In this way 
the reduced state of FeFe(pdt)(CO)6 and FeFe(badt)(CO)6 was determined, 
see figure 14. 
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Figure 14. Difference spectra in the UV-Vis region of the singly reduced state ob-
tained from 10 µs after excitation of sample. Conditions: 40-50 µM Ru(dmb)3

2+, 1.2-
1.6 mM TTF and 200-600 µM catalyst in ACN. Excited at 532 nm (IRF: 10 ns, 12 
mJ/pulse). 
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Figure 15. Difference spectra in the mid-IR region of the singly reduced state of 
FeFe(bdt)(CO)6 obtained from 1-2 µs after excitation of sample compared with 
computational spectra. Conditions: 200 µM Ru(dmb)3

2+, 3.8 mM TTF and 1.3 mM 
FeFe(bdt)(CO)6 in ACN. Excited at 532 nm (IRF: 20 ns, 10 mJ/pulse). 
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 4.5 Detection of Reduced and Protonated Species 
The next natural step in this investigation was to determine the reduced pro-
tonated states of the catalysts. These states are also intermediates in the cata-
lytic cycle, and distinct from the singly reduced states. Both the reduced and 
the reduced protonated states are, as transient intermediates, not easy to de-
tect. There have not been many examples of such reduced protonated states 
of catalysts, detected directly, in the literature, and even fewer where a spec-
trum has been assigned to the intermediate.122-123 

Initial comparison with literature suggested that the pKa of the reduced 
catalyst FeFe(bdt)(CO)6 was above 9.78 Flash-quench experiments with the 
addition of acids with different acid strengths, trifluoroacetic acid 
(pKa=12.7), trichloroacetic acid (pKa=10.6) and tosylic acid (pKa=8.7) in the 
presence of FeFe(bdt)(CO)6 (together with photosensitizer and electron do-
nor) showed a linear correspondence between the concentration of the acid 
and the rate of decay of the reduced catalyst signal. The reduced catalyst was 
observed using flash-quench techniques coupled with infrared probing as 
explained in Section 2.2, 2.3 and 2.4. The acid experiments initially showed 
that the acid is involved in this reaction by protonating the reduced catalyst, 
indirectly suggesting the formation of FeFeH(bdt)(CO)6. It was later ob-
served that this enhanced rate of reduced catalyst decay could be due to 
build-up of oxidized electron donor, though, and does not need to be caused 
by the protonation of the reduced catalyst. Since an increase in the oxidized 
electron donor concentration will also have the effect of enhancing the rate 
of decay of the reduced catalyst signal through recombination.  

According to DFT calculations, the FeFeH(bdt)(CO)6 IR bands were ex-
pected to overlap with those of the starting material (FeFe(bdt)(CO)6

0), since 
both are electronically and structurally very similar, see figure 17. This is 
because the hydride acts as a bridging ligand between the two metal centers 
which means that the two complexes have similar symmetry. A small spec-
tral red-shift was observed, though, when measuring kinetic traces at the 
edges of the IR bands of FeFe(bdt)(CO)6

0, indicating that not only recombi-
nation with the oxidized electron donor is occurring but also protonation of 
the reduced catalyst, giving direct evidence of the formation of 
FeFeH(bdt)(CO)6,  see figure 16.  
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Figure 16. Transient absorption showing the red shift of an IR band of 
FeFeH(bdt)(CO)6 compared to FeFe(bdt)(CO)6

0. The bleach of the latter species is 
cut in the two traces and cannot be seen in the figure.  Probed at 2041 cm-1 (upper 
trace) and 2047 cm-1 (lower trace). Conditions: 1.0 mM FeFe(bdt)(CO)6, 3.1 mM 
TTF, 0.15 mM Ru(dmb)3

2+, 7.4 mM TsOH in ACN. Excited at 532 nm (IRF: 20 ns, 
12 mJ/pulse). 
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Figure 17. Calculated IR spectra superimposed on a FTIR spectrum of 
FeFe(bdt)(CO)6

0. The reduced and protonated state have an almost identical spec-
trum to FeFe(bdt)(CO)6

0. 

4.6 Immobilization of a Catalyst on an ElectrodeVI 

The ultimate goal of artificial photosynthesis is to build a water splitting cell 
(WSC).124 This can either be a solar cell electrically connected to catalysts 
for water splitting,125 or be a more incorporated cell, where the catalyst is 
directly deposited on the photoelectrode.126-128 The approach of using homo-
geneous catalysts for immobilization on an electrode draws inspiration from 
the dye-sensitized solar cell field where solar cells are constructed by immo-
bilizing light-absorbing dyes on photoelectrodes such as TiO2 or NiO.129  

Nickel oxide is a p-type electrode and immobilizing a coumarin 343 dye 
creates a photocathode, see figure 18 for structure. The FeFe(mcbdt)(CO)6 
was then also immobilized on the same NiO film and femtosecond UV-Vis 
measurements revealed that rapid initial hole transfer from the dye to the 
NiO in 200 fs is followed by a fast electron transfer from the dye to the cata-
lyst in 10 ps. The catalyst then remained reduced for tens of microseconds 
which is desirable since hydrogen evolution requires the transfer of two elec-
trons to the catalyst, and the longer the catalyst remains reduced the more 
time it has to be gain a second electron.  

This catalyst has the advantage of having inverse potentials, which means 
that the second reduction occurs at less negative potential than the first re-
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duction. This is also advantageous since this means as soon as a catalyst 
molecule is reduced, it is thermodynamically favorable for it to be reduced a 
second time rather than reducing another catalyst. The electrons are then 
concentrated on the already reduced catalysts rather than being spread out on 
all catalyst molecules. 
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Figure 18. Structure of coumarin 343 (left) and FeFe(mcbdt)(CO)6 (right).  

4.7 Functionalization of a Catalyst in a MOFV 

As already mentioned in Section 4.2, the active site of the hydrogenase is in 
a locked position in a hydrophobic pocket inside the enzyme.130 This stabi-
lizes the catalytic center, and it is known that outside the enzyme the catalyt-
ic center rapidly breaks down in the presence of acid.104 The protein sur-
roundings clearly have a stabilizing effect on the catalytic center. Also many 
of these biomimetic catalysts are not water-soluble and therefore cannot 
work as homogeneous catalysts in water.78,109 These two problems can be 
overcome in an artificial system by incorporating the catalyst into a material. 
This was attempted and succeeded by Sonja Pullen et al. by incorporating a 
catalyst into a so called metal-organic framework (MOF), see figure 19. The 
MOF was first prepared with zirconium tetrachloride and terephthalic acid 
linkers. The dithiolate bridge on the catalyst replaced the organic linkers in 
the MOF emplying a post-synthetic ligand exchange procedure, since the 
conditions for preparing the MOF were too harsh for the direct incorporation 
of the catalyst.131 The stability of the catalyst under photochemical hydrogen 
production, with Ru(bpy)3

2+ as a photosensitizer and ascorbate as an electron 
donor, could indeed be demonstrated to have increased in the MOF com-
pared to the catalyst free in solution.131  
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Figure 19. MOF structure showing the zirconia clusters and the organic terephthal-
ic acid linker. The FeFe(dcbdt)(CO)6 catalyst molecules (upper right corner) re-
places the organic linkers by postsynthetic exchange thereby being incorporated in 
the MOF framework. The picture was made by Sonja Pullen and used with her per-
mission. 

It is known that the MOF can release its organic linkers as well as catalyst 
molecules, e.g. as in the postsynthetic ligand exchange procedure. Therefore 
a question arose whether electron transfer from the photosensitizer occurs to 
free catalyst molecules in solution, or to the incorporated catalyst molecules. 
In the first scenario a plausible explanation for the increased stability of the 
catalyst could be that the MOF is somehow working as a dynamic storage 
for unstable intermediates, thereby stabilizing the catalyst molecules, even 
though the electron transfer step occurs homogeneously. Further investiga-
tion of the MOF using flash-quench techniques suggested that it is the cata-
lyst incorporated in the MOF that is the active electron capturing species and 
not catalyst molecules that have been released into the solution.  
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The way this was shown was by preparing a mixture of ascorbate, 
Ru(bpy)3

2+ and the catalyst-incorporated MOF, separating it into two sam-
ples and centrifuging and filtering one of them while leaving the other intact. 
This experiment showed that in the centrifuged sample with no or little MOF 
no electron transfer to the catalyst occurred while the non-centrifuged sam-
ple did show electron transfer, see figure 20 below. From the size of the ab-
sorbance peaks one can estimate that ~3 µM of the FeFe(dcbdt)(CO)6 was 
reduced in the MOF by the ~15 µM reduced photosensitizer (Ru(bpy)3

+). 
This gives an electron transfer yield of 20 %. Comparing this value with the 
homogeneous electron transfer to the catalyst where the yield is ~100 % tells 
us that there is something that prevents all the electrons to reach the catalyst 
molecules. From a simplified estimate assuming that each octahedral MOF 
particle has an edge length of 430 nm and each cubic unit cell has a length of 
2 nm, the fraction of unit cells on the surface layer will be 3.4 %. This means 
that 3.4 µM of catalyst molecules will be in the region where they can be 
reduced by the photosensitizer, which matches the amount of catalyst mole-
cules that are reduced (3 µM). Therefore electron transfer steps to catalyst 
molecules deeper inside the MOF do not have to be involved to explain the 
results and this is also expected from the structure of the MOF which is not 
facilitating electron mobility. 

 

400 500 600 700
-1

0

1

2

3

4

5  not centrifuged
 FeFe(dcbdt)(CO)6

- signal
  centrifuged
 Ru(bpy)3

+ signal

∆A
bs

. (
m

O
∆)

Wavelength (nm)
 

 
Figure 20. Transient spectra of the centrifuged and non-centrifuged sample 500 µs 
after photoinduced reduction, overlayed with normalized reference spectra collected 
50 µs after excitation. Conditions: 0.1 M ascorbic acid, 50 µM Ru(bpy)3

2+, formal 
concentration of 100 µM FeFe(dcbdt)(CO)6 in UiO-66 MOF, 0.2 M pH 5.6 MES 
buffer. Excited at 532 nm, IRF: 10 ns, 70 mJ/pulse. 
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4.7 Future Work 

2100 2050 2000 1950 1900

-8

-4

0

4

8

Laser gap

∆A
bs

. (
m

O
∆)

Wavenumber (cm-1)  
 
Figure 21. Time-resolved spectrum of FeFe(adtH)(CO)6

+ 300-350 ns after photoin-
duced reduction, overlapped with the dotted spectrum of FeFe(adtH)(CO)6

+. Condi-
tions: 230 µM Ru(dmb)3

2+, 4,3 mM TTF, 1.5 mM FeFe(adt)(CO)6 and 3 mM 2,5-
dichlorobenzenesulfonic acid in ACN. Excited at 532 nm, IRF: 20 ns, 10 mJ/pulse. 
Time-resolved data collected by Alexander Aster and used with his permission. 
 
The metal protonation step is one bottleneck in the catalysis of proton reduc-
tion to hydrogen and under some conditions (such as at low acidity) could be 
the rate-determining step. In the [FeFe] hydrogenases it is thought that the 
nitrogen bridgehead in the azadithiolate ligand plays a crucial role in over-
coming this slow metal protonation.63,65-66 This is by first protonating the 
nitrogen which usually happens rapidly and then using the protonated nitro-
gen as a proton shuttle to the metal center. By acting as a proton shuttle it 
increases the rate of metal protonation compared to if the nitrogen was not 
present.  

This design principle has also been employed by other research groups to 
seemingly great success in preparing proton reduction catalysts as already 
mentioned in Section 1.4.3. The actual proton shuttling between the bridge-
head nitrogen and the metal center has never been observed though, and our 
aim is to not only detect this process, but also try to determine how fast this 
nitrogen-to-metal protonation is in [FeFe] hydrogenase mimics.  

Several different species have been investigated in our research group al-
ready, such as FeFe(badt)(CO)6, FeFe(badt)(CO)4(PMe3)2 and 
FeFe(adt)(CO)6. The most promising catalyst design for our purposes has 
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been FeFe(adt)(CO)6 having a good balance between stability, reduction 
potential and basicity. The results so far show transient reduction of a nitro-
gen-protonated species, but no sign of proton shuttling to the metal center 
upon reduction, see figure 21 above. Small modifications such as subsititu-
tion of carbonyl ligands to e.g. phosphines or replacement of the dithiolate 
ligand might be needed to tune the complex to a species that can be used to 
observe this proton shuttling with our instruments and is currently work in 
progress.  
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5 Investigation of Other Catalysts 

5.1 Cobalt Polypyridyl ComplexesI 
[FeFe] hydrogenase mimics are not the only proton reduction catalysts avail-
able, and a lot of other complexes have also turned out to be good proton 
reduction catalysts. Cobalt complexes have known to function as proton 
reduction catalysts since the end of the 1970s and beginning of the 1980s. As 
first row metals they are also cheap alternatives to noble metal catalysts.  

The first cobalt catalysts for proton reduction that were synthesized were 
the cobalt macrocycles and Co(bpy)3

2+.132-133 Soon thereafter, cobaloximes, 
which are efficient and water-soluble proton reduction catalysts, were devel-
oped.134 Cobaloximes suffer from low stability, though, especially in acidic 
conditions.133  

The first cobalt polypyridyl complex was shown to function as a proton 
reduction catalyst in 2010.135 Since then, many more complexes have been 
synthesized and they are both efficient catalysts and have an increased stabil-
ity compared to the cobaloximes.133 Due to their recent discovery, they are 
not as well examined as the cobaloximes and therefore, to further understand 
how the electron transfer process works, we investigated the photocatalytic 
cycle of one type of cobalt polypyridyl catalyst with Ru(bpy)3

2+ as photosen-
sitizer and ascorbate as electron donor.  

In our work, flash-quench experiments in aqueous solution yielded the re-
duced Co(I) complex within 10 µs, see figure 22, and this was also matching 
the spectroelectrochemically produced Co(I) species in acetonitrile. The rate 
constants for the two electron transfer steps, the first between ascorbate and 
excited Ru(bpy)3

2+ and the second between Ru(bpy)3
+ and Co(II) were de-

termined to be 4·107 M-1·s-1 and 1.4·109 M-1·s-1, respectively. A similar study 
had been performed in parallel and was published before ours by Schmehl et 
al.136 but without assigning a spectrum to any of the intermediates in the 
catalytic cycle. From that study136 the two rate constants were determined to 
be 1·107 M-1·s-1 and 5·109 M-1·s-1, respectively.  
Although the second rate constant is not expected to be the same as in our 
measurements since the catalysts are different, the first electron transfer rate 
constant should be the same. According to other sources this electron trans-
fer rate constant is 2-3·107 M-1·s-1.137-138 The different values could possibly 
be explained by impurities present in the ascorbic acid that can also act as 
quenchers or simply the fact that ascorbate quenching is measured at differ-
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ent pH values, and the fully protonated species is not working as an electron 
donor (pKa(ascorbic acid)=4.2).139  

Electrochemical studies at different pH values showed the formation of 
Co(III)-H state, and its oxidation at pH values above 10, due to the unreac-
tiveness of the intermediate towards hydrogen formation at high pH values. 
These results emphasize the strength of using electrochemical and spectro-
scopic techniques to obtain intermediates in the catalytic cycle. 
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Figure 22. Time-resolved spectra of the reduction of Co(bpma)(H2O)2
2+ by 

Ru(bpy)3
2+. Conditions: 150 µM Co(bpma)(H2O)2

2+, 60 µM Ru(bpy)3
2+, 0.1 M 

ascorbate in saturated bicarbonate solution (pH 8.3). Excited at 532 nm, IRF: 10 ns, 
10 mJ/pulse. 

5.2 Manganese Complexes 
Rhenium carbonyl polypyridyl complexes have been known since 1984 to 
work as carbon dioxide reduction catalysts forming carbon monoxide.140 
Rhenium is a very rare metal though, and therefore there have been attempts 
to find metal complexes with more abundant metals performing the same 
reaction. The first manganese carbonyl polypyridyl complexes as catalysts 
for CO2 reduction were prepared by Marc Bourrez et al. in 2011.72 Since 
manganese is found in the same group as rhenium, its chemistry is quite 
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similar and the different reduced intermediates follow similar behavior.141 
One complex in particular that has been investigated by Marc Bourrez et al. 
is a manganese terpyridine (tpy) complex with a dangling ligand, Mn(tpy-
κ2N1,N2)(CO)3L, where L is either a chloride or an acetonitrile molecule. 
This complex photodissociates upon illumination, expelling a carbonyl lig-
and coordinating to the last nitrogen on the tpy, the product being the active 
catalyst.142  

The investigation therefore focused on how fast this photodissociation oc-
curs and how fast the nitrogen then coordinates. Nanosecond measurements 
were too slow to determine these rates as the reaction was completed by 
then. Femtosecond UV-Vis measurements on the other hand revealed that 
upon excitation the excited state formation is followed by at least two pro-
cesses, one with τ = 3 ps and then another with τ = 200 ps forming the prod-
uct, see figure 23.  
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Figure 23. Femtosecond UV-Vis absorption measurements of Mn(tpy-
κ2N1,N2)(CO)3(ACN)+, showing the time-resolved changes involved in forming the 
photoproduct Mn(tpy- κ2N1,N2,N3)(CO)2(ACN)+. Excited at 370 nm, IRF: 200 fs, 200 
nJ/pulse. Data collected by Liisa Antila and used with her permission. 
 

Other excited carbonyl species measured both in solution and in gas phase 
show that decarbonylation reactions after photoexcitation occur from 20 fs to 
3 ps. The ultrafast decarbonylation pathways happen within or on the time-
scale of molecular vibrations (around 100 fs), but are often followed by 
some slower rearrangement or isomerization. Other mechanisms have been 
assigned to the various decarbonylation reactions as well, and there are sev-
eral examples of slower decarbonylations that happen after initial molecular 
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relaxation.143-148 These studies suggest that a proposed mechanism of decar-
bonylation occuring in 3 ps and the binding of the tpy ligand occuring in 200 
ps is quite feasible, see scheme 4. There is no manuscript on this project as 
of yet. 
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Scheme 4. The suggested photodissociation mechanism for Mn(tpy-
κ2N1,N2)(CO)3(ACN) +. 

5.3 Ruthenium ComplexesIII 
A series of homogeneous water oxidation catalysts has been synthesized in 
Licheng Sun’s group with remarkable TOF and TON, see Section 1.4.2.27 
Since each consecutive oxidation step occurs at a higher electrochemical 
potential for these complexes, the different oxidation states involved in the 
catalytic cycle has easily been investigated with steady-state electrochemical 
techniques or by addition of stoichiometric amounts of oxidant, such as 
Ce4+.149-151 These investigations do not necessarily explain the behavior of 
the catalyst under photochemical oxygen production, though, since the con-
ditions are quite different and the photosensitizer plays a crucial role.  

To investigate the role of the photosensitizer-catalyst interaction three dif-
ferent catalysts, one free in solution, one attached to one photosensitizer 
(called the dyad) and one attached to two photosensitizers (called the triad) 
were measured, see figure 24 for structures. Photochemical oxygen produc-
tion experiments were performed with persulfate as sacrificial electron ac-
ceptor and three systems were compared, one with free photosensitizer and 
free catalyst, called the bimolecular system and one with dyad and the last 
with triad. These measurements showed very different behavior for these  
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Figure 24. The structures of the ruthenium complexes, from left to right: the free 
sensitizer, the free catalyst, dyad and triad. 

 
three systems. The investigations showed that the bimolecular system pro-
duced oxygen with much lower TON than the dyad and triad while on the 
other hand having a much higher initial TOF.  

To understand this behavior, a series of spectroscopic measurements were 
conducted on these compounds. The results showed that the lower photon-
to-oxygen conversion yield of the dyad and triad was due to the fact that 
most of the excited states are quenched in 500 fs by energy transfer to the 
adjacent catalyst moiety in the dyad and triad. The energy transfer is energet-
ically downhill and the lifetime of the quenched state corresponds to the 
lifetime of the free catalyst (20 ps), strongly supporting this assignment, see 
figure 25. This energy transfer is a deactivation process that results in no 
oxygen produced. The bimolecular system on the other hand does not have 
such a deactivation process which therefore gives a much higher initial TOF.  

A small fraction of the excited dyad and triad produced a charge-
separated state with a reduced sensitizer moiety and an oxidized catalyst 
moiety. This could be observed by the presence of a long-lived absorption at 
510 nm. The absorption was observed in both femtosecond and nanosecond 
measurements, and was also observed to be quenched by the electron accep-
tor. The steady state photoemission studies showed a much higher emission 
than what was expected from the fast excited state quenching of the dyad 
and triad. This suggested that a fraction of the photosensitizer was free in 
solution in the dyad and triad samples, which was therefore not quenched 
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Figure 25. Transient absorption spectra of triad at different delay times after excita-
tion at 435 nm (IRF: 200 fs). Conditions: Triad in 9:1 aqueous 50 mM boric buff-
er/acetonitrile solution degassed with nitrogen. 
 
rapidly by the catalyst. The combined effect of the charge-separated state 
and the presence of free sensitizer in the dyad and triad samples gives rise to 
the oxygen output for the linked systems. 

This however only explains the difference in TOF and not in TON. Oxy-
gen evolution experiments were performed where addition of extra sensitizer 
increased the TON while addition of extra catalyst had a smaller effect on 
TON. This suggests that the first decomposing component is the photosensi-
tizer. The photosensitizer is not stable in the oxidized state and the longer the 
sensitizer is in that state the faster it breaks down.152-153 The excitation of the 
linked systems will either lead to excited state quenching by energy transfer 
or to charge separation leading to a reduced sensitizer. This means that alt-
hough oxygen will form, it will happen without the unstable oxidized photo-
sensitizer as intermediate. The dyad and triad seem to also have a stabilizing 
effect on the free sensitizer in solution, since addition of free sensitizer to the 
dyad and triad samples had a much more long lasting effect in the oxygen 
evolution experiments than for the bimolecular system. We proposed that the 
sensitizer moiety in the dyad and triad acts as an electron relay between the 
free sensitizer and catalyst decreasing the time the free sensitizer is oxidized 
and thereby stabilizing it. 

The investigation of higher oxidation states of the catalyst was also at-
tempted but oxidation on preparative time scales (~15 min) to the Ru(III) 
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state yielded a side product that disrupted the flash-quench photoinitiated 
oxidation reactions of the catalyst by being oxidized itself. 

5.4 Future Work 
The photodissociation of the CO ligand and the coordination of the tpy lig-
and on the Mn(tpy)(CO)3(MeCN)+ complex can be followed by using femto-
second IR spectroscopy. Since carbonyl groups absorb strongly in the mid-
IR region and have sharp peaks they are excellent spectroscopic signatures to 
follow such a rearrangement in the complex, and can give more insight than 
femtosecond UV-Vis spectroscopy. This is currently work in progress. Also 
the following catalytic steps of the Mn(tpy)(CO)2(MeCN)+ complex are the 
natural next steps needed to be investigated, especially measurements in the 
presence of CO2 are relevant and these can be followed transiently by meas-
uring the reduction of the complex under CO2 atmosphere to observe CO2 
binding. 

In the case of the ruthenium water oxidation catalysts, measurements on 
the ruthenium dyad and triad showed that a major deactivation pathway is 
energy transfer from the photosensitizer to the catalyst in the sub-ps time 
range. This deactivation pathway might be outcompeted by electron injec-
tion when immobilizing the linked systems on an n-type electrode surface, 
such as TiO2. Electron injection from the excited photosensitizer is known to 
happen in <100 fs for some ruthenium photosensitizers attached on TiO2,154 
while the undesirable energy transfer happened in 500 fs in the dyad and 
triad. This might therefore be enough to favor electron injection over energy 
transfer.  

Further investigation into the other oxidation steps of the catalyst is also 
essential for understanding other bottlenecks in the reaction mechanism. By 
changing the solvent conditions such oxidations might be possible as the 
nitrogen on acetonitrile by coordinating to the ruthenium and hindering the 
oxidation of the catalyst potentially was the reason for the difficulty in oxi-
dizing these complexes. 
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6 Summary and Outlook 

The importance of catalysis cannot be underestimated in our modern world. 
It is involved in most industrial chemistry processes and is a central part of 
the living world in the form of enzymes. 

The use of redox catalysts is anticipated to bring down the costs for water 
splitting to a reasonable level so that hydrogen or other fuels made by energy 
from renewable sources start becoming competitive with fossil fuels, which 
now are major sources of our fuel and energy supply. 

There have been many potential catalysts synthesized, sometimes inspired 
by natural enzymes that perform the same reactions, and some with remark-
able efficiency. But there has been too little done to investigate the catalytic 
cycle of these catalysts, natural or artificial. Deeper understanding of the 
catalytic process is needed in particular on a faster time scale than a turnover 
of the catalyst, to observe intermediates and determine the rate for each ele-
mentary reaction. This in turn can give us an understanding of what the bot-
tlenecks are and what should be the focus when designing better catalysts. 
Time-resolved spectroscopic techniques are ideal for this purpose and have 
in the past been used to investigate catalysts.  

What is relatively new in our approach is the use of quantum cascade 
mid-infrared continuous wave lasers as probe sources in our flash photolysis 
setup for the investigation of carbonyl complexes. This technique makes it 
possible to investigate the redox state and protonation state of some of the 
catalysts quite precisely. 

Mid-IR probing was employed for the investigation of hydrogenases 
which contain carbonyl groups in their active sites. This is explained in 
Chapter 3 where it was shown that a laser shot can promote the decarbonyla-
tion of the active site in the Hox-CO inhibited state to obtain the Hox state. It 
was the first time that the 13CO Hox state of the catalytic cycle was detected. 
To better determine the mechanism for this reversible decarbonylation, e.g. 
if the CO remains inside the enzyme or leaves it, one needs to measure the 
decarbonylation process with different excitation energies, but also under 
different CO gas pressures. By adding reductants during the flash photolysis 
experiments access to other intermediates in the catalytic cycle of the en-
zyme might be achieved, since an enzyme turnover is shorter in duration 
than the recarbonylation time. Preliminary results suggest that reduction 
does occur but what this reduced species is has not been revealed as of yet 
and more measurements need to be performed.  
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Chapter 4 describes the investigation of biomimetic catalysts that are cata-
lyzing the reduction of protons to hydrogen. These are model complexes of 
the [FeFe] hydrogenase active sites. Investigating these can both teach us 
more about the function of the natural enzyme and pave the way for better 
synthetic catalysts. Using a photosensitizer together with an electron donor 
made it possible to reduce the catalyst upon excitation of the photosensitizer 
and the presence of weak acids made it possible for the more basic reduced 
state to be protonated. Various previously unknown states were discovered 
in this manner, such as reduced states as well as a reduced protonated state. 
One particularly interesting step is the proton shuttling between the dithio-
late nitrogen base and the metal center. This is thought to facilitate protona-
tion of the metal center in [FeFe] hydrogenases and also has been a design 
feature in many synthetic catalysts for proton reduction. But the actual pro-
ton shuttling has never been observed experimentally and our aim is to 
monitor this process for the first time using nanosecond mid-IR spectrosco-
py. 

In Chapter 5, there is a summary of the studies of a Mn(tpy)(CO)3L com-
plex for carbon dioxide reduction where the initial step involves a decar-
bonylation and binding of a tpy ligand. This process was resolved using 
femtosecond UV-Vis spectroscopy, but with femtosecond IR spectroscopy 
deeper insight on the mechanism might be gained and is in the process of 
being performed. Additionally, the reduction of the catalyst and binding of 
carbon dioxide will also be relevant for the understanding of the catalytic 
mechanism and these measurements are next steps that need to be per-
formed.  

The study of a ruthenium dyad and triad for light-induced water oxidation 
catalysis was the last part of Chapter 5. The unusual stability of these linked 
ruthenium catalysts was explained by a different mechanism compared to the 
free catalyst. The excitation of the linked systems leads to a reduced sensi-
tizer rather than a less stable oxidized one. Also a redox mediator effect 
might be at play stopping the photosensitizer from decomposing. The linked 
systems suffered from an energy transfer step which deactivated the photo-
sensitizer, though, limiting the yield of oxygen production. This can be over-
come by immobilizing the linked systems on an n-type electrode in a future 
molecular prototype of a water splitting cell. 
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7 - Katalysatorer för framställning av 
förnyelsebart bränsle 

I denna avhandling beskrivs undersökningar av katalysatorer för vat-
tenspjälkning. Katalysatorer är ämnen eller material som snabbar på en ke-
misk reaktion. Detta kan till exempel möjliggöra att vi kan bilda ett material 
med högre renhet, vilket innebär att vi får mindre av oönskade biprodukter. 
Det kan också leda till att vi kan utföra den önskvärda reaktionen vid lägre 
tryck eller temperatur. Katalysatorn bidrar därmed till en mer kostnadseffek-
tiv process. 

Vikten av katalys kan inte överskattas inom kemin. Det uppskattas att 85-
90 % av alla kemiska produkter som bildas inom industrin bildas katalytiskt. 
Detta är ändå bara en droppe i havet i förhållande till naturens egna kataly-
tiska processer. Alla livsprocesser är beroende av biologiska katalysatorer 
för att upprätthållas och utan dessa livets katalysatorer, som benämns enzy-
mer, skulle inte livet kunna existera. 

Inom fältet artificiell fotosyntes är målet att använda sig av solenergi för 
att bilda bränsle, precis som växterna gör i den naturliga fotosyntesen. I det 
fältet är katalysatorer oumbärliga. Hos den artificiella fotosyntesen används 
precis som hos den naturliga fotosyntesen i växterna vatten som råvara, som 
är ett vanligt förekommande och energifattigt ämne. Vattnet spjälkas till ett 
energirikt bränsle och bildar syre som biprodukt. I den naturliga fotosyntesen 
bildas bränslet socker, men då socker är ett kemiskt sett komplicerat bränsle 
är målet inom artificiell fotosyntes att bilda ett enklare bränsle. 

Det enklaste bränsle som kan bildas vid vattenspjälkning är vätgas. Vät-
gas har många fördelar som bränsle jämfört med de bränslen som finns idag. 
En fördel är att vätgas vid förbränning bildar vatten som är en oskadlig av-
fallsprodukt. Diesel och bensin som idag används som bränslen bildar koldi-
oxid och vatten vid fullständig förbränning. Problemet är att när koldioxid 
bildas av icke förnyelsebar diesel och bensin bidrar det till växthuseffekten. 
Dessutom är inte fullständig förbränning praktiskt möjlig och det bildas där-
för också skadliga ämnen såsom kolmonoxid, farliga aromatiska ämnen och 
sotpartiklar men också svaveldioxid och kväveoxider. Dessa orsakar lokala 
föroreningar även om bränslet är förnyelsebart (t.ex. i fallet med biodiesel). 
Idag löses detta genom användning av bilkatalysatorer som har till uppgift 
att minska dessa avgaser genom att omvandla dem till ofarliga ämnen. 

Dessa problem existerar inte med vätgas som enbart bildar vatten vid för-
bränning. Väte behöver heller inte förbrännas i traditionell mening i en för-
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bränningsmotor, utan energin i vätet kan utvinnas i något som kallas för 
bränsleceller. En bränslecell är ett mellanting mellan en förbränningsmotor 
och ett batteri. Precis som hos en förbränningsmotor behöver ett bränsle 
tillföras men till skillnad från förbränningsmotorn och i likhet med batteriet 
så bildas elektricitet som produkt. Bränslecellerna har en fördel framför för-
bränningsmotorerna i dagens bilar som har en begränsad teoretisk effektivi-
tet som beror på själva konstruktionen. Utöver bränslecellernas effektivitet 
är förbränningen också så kontrollerad att kväveoxider inte bildas och där-
med behövs inte bilkatalysatorer i bilar som drivs med bränsleceller. 

En annan fördel med vätgas är att den är det kemiskt sett mest energitäta 
bränslet som existerar per kg. Vätgas innehåller exempelvis ungefär tre 
gånger mer energi per kg än bensin. Nackdelen är att väte, i egenskap av en 
gas, har en större volym än bensin och tar därmed upp mycket större plats i 
exempelvis bränsletanken i ett fordon. Ett kilo väte motsvarar 11200 liter 
medan 1 kg bensin motsvarar 1,3 liter vid normalt tryck och temperatur. 
Forskarna strävar därför efter att kunna koncentrera vätgas för att i praktiken 
kunna byta ut det mot exempelvis bensin och diesel och därmed kunna ta 
tillvara på fördelarna med vätgas. 

Detta kan låta som science fiction men det finns redan bilar ute på mark-
naden som går på vätgas med bränsleceller. Problemet är att idag kommer 
vätgasen framförallt från naturgas som är en icke förnyelsebar energikälla 
och där vätgasproduktionen dessutom leder till koldioxidutsläpp och därmed 
bidrar till växthuseffekten. Den vätgas som produceras idag går främst till 
ammoniakframställning genom reaktion mellan väte och kväve. Ammonia-
ken i sin tur används mestadels till att tillverka konstgjord kvävegödsel. 
Detta innebär att ett alternativt sätt att producera vätgas även är till nytta 
utanför bränslesektorn. 

Det är här som artificiell fotosyntes kommer in i bilden. Målet är att ener-
gin för vätgasframställning inte ska komma från fossila bränslen såsom na-
turgas utan från förnyelsebara energikällor såsom solljus i fallet med artifici-
ell fotosyntes eller vind och vatten. Energislaget har ingen betydelse, utan 
det väsentliga är att kunna utföra detta på ett kostnadseffektivt sätt så att 
naturgasen men även allt annat fossilt bränsle såsom bensin och diesel kan 
konkurreras ut. 

För den förnyelsebara vätgasframställningen är idag platina den bästa ka-
talysatorn men platina är ett av de mest sällsynta grundämnena på jorden. 
Vi behöver alltså hitta material som är mer tillgängliga och till en lägre kost-
nad som kan ersätta dessa ädelmetaller. Här kan vi återigen låta oss inspire-
ras av naturen. Naturen har i årmiljarder förfinat dessa reaktioner hos de 
naturliga katalysatorerna, enzymerna, och dessutom utnyttjat lättillgängliga 
ämnen i dess omgivning för detta ändamål. För att använda oss av naturens 
knep behöver vi först förstå hur naturen har utfört dessa reaktioner. Detta har 
beskrivits i denna avhandling där hydrogenaser, enzymer som bildar vätgas, 
har undersökts. Dessa hydrogenaser bildar vätgas med hjälp av vanliga me-
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taller, såsom järn och nickel, och har visat sig vara lika effektiva som pla-
tina! 

I avhandlingens senare del beskrivs undersökningen av biomimetiska ka-
talysatorer, vilket är katalysatorer som är inspirerade av naturen. I detta fall 
kommer inspirationen från hydrogenaser och de biomimetiska katalysatorer-
na är först och främst modellföreningar som framställts och undersökts för 
att bättre förstå den naturliga processen. Dessa kan också ge oss en finger-
visning om hur vi ska designa framtidens katalysatorer så att de kan ersätta 
dagens dyrare alternativ. 

Slutligen beskrivs undersökningar som gjorts på andra katalysatorer som 
används vid syreproduktion och undersökningar på molekyler som används 
till koldioxidreduktion. Koldioxidreduktion är ett alternativ till väteprodukt-
ion där vi istället för vätgas kan skapa förnyelsebara bränslen som är lättare 
att hantera då de inte är i gasform, t.ex. myrsyra eller metanol. De förnyelse-
bara bränslen som finns idag, t.ex. bioetanol och biodiesel, kommer från 
åkermark. Dessa bränslen är dock starkt ifrågasatta då åkermarken kan an-
vändas för matproduktion i en värld som väntas ha en befolkning på 9,7 mil-
jarder år 2050. Dessutom så är marken ofta skapad av skövlad regnskogs-
mark och valen idag står ibland mellan extremer som är starka miljöhot, 
alltså växthuseffekten och regnskogsskövlingen. 

Framtiden får utvisa vilken bränsleform som kommer dominera men i 
slutändan måste vi vända oss till förnyelsebara energiformer, om inte för 
miljön så för att de fossila bränslena är ändliga resurser som en dag kommer 
att ta slut. Då kommer det också behövas katalysatorer för att framställa 
dessa bränslen! 
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کاتالیزور برای تولید سوخت تجدیدپذیر - ۸  

زمایشهایــی بر تعدادی از کاتالیزورها برای 
ٓ
ب توصیف می شود. کاتالیزور در این رساله ا

ٓ
تجزیه ا

ماده ای است که سرعت واکنش شیمیایــی را افزایش می دهد. این امر امکان  تولید محصول 
ورد که نتیجه اش تولید مقدار کمتری از محصول جانبی ناخواسته  می 

ٓ
خالصتری را فراهم می ا

ن است که فشار یا  درجه حر 
ٓ
ارت پروسه را می تواند باشد. امتیاز دیگر عملکرد کاتالیزور ا

ورد. درنتیجه استفاده از کاتالیزور هزینه ی فرایند شیمیایــی را کاهش می دهد.
ٓ
 پایین ا

رزیابی کرد. می توان تخمین زد ا توان به طور دقیقدر علم شیمی نمی را  اهمیت کاتالیزور
ید می شوند. درصد محصوالت صنایع شیمیایــی با استفاده از کاتالیزورها تول ۹۰تا  ۸۵که بین 

ولی اگر بخواهیم کاتالیزورهای شیمیایــی را با کاتالیزورهای طبیعی مقایسه کنیم همچون 
ای در دریا است. همه ی پروسه های طبیعی وابسته به کاتالیزورهای حیاتی هستند که  قطره

نزیم نامیده می
ٓ
چ شوند هی موجود را زنده نگه می دارند و بدون این کاتالیزورهای طبیعی که ا

 موجودی زنده نمی ماند.
مصنوعی هدف این است که از نور خورشید برای تولید سوخت استفاده سنتز در علم فتو

طبیعی عمل می کنند. در این زمینه کاتالیزور نقش  سنتزشود، همان گونه که گیاهان در فتو
ب ما

ٓ
ده ی پراهمیتی دارد. در فتوسنتز  مصنوعی نیز همانند فتوسنتز طبیعی در گیاهان، ا

ب هم سوخت پرانرژی تولید می می باشد کم انرژی هم  و فراوان هماولیه است که 
ٓ
. تجزیه ی ا

ن است. در
ٓ
طبیعی محصول پرانرژی  سنتز فتو کند و هم اکسیژن که در واقع محصول جانبی ا

  سنتزقند است ولی به دلیل اینکه از نظر شیمیایــی ماده ی پیچیده ای است، هدف فتو
 تری می باشد. مصنوعی تولید سوخت ساده

ب تولید می شود هیدروژن است. در مقایسه با دیگر 
ٓ
ساده ترین سوخت که از تجزیه ا

سوختهای امروزی  هیدروژن چند امتیاز دارد. نخست اینکه احتراق هیدروژن با اکسیژن فقط 
ب ایجاد می

ٓ
در حال حاضر به و بنزین که   گازوئیلکند که محصول زائد بی خطری است.  ا

ب تولید می  عنوان سوخت استفاده می
ٓ
شوند در فرایند سوختن کامل دی اکسید کربن و ا

محصوالت نفتی غیر قابل تجدید) تولید گازوئیل (کنند. دی اکسید کربنی که از بنزین و 
ثیری منفی  می

ٔ
بر محیط زیست می گذارد. عالوه بر این، شود به دلیل تولید اثر گلخانه ای تا

نها ناممکن است و سوختن ناقص اح
ٓ
وری  گازوئیلتراق کامل ا

ٓ
یا بنزین ایجاد مواد زیان ا

روماتیک مضر و دوده به عالوه ی دی اکسید گوگرد و 
ٓ
مثل مونوکسید کربن، ترکیبهای ا
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لودگی هوای منطقه می شود و حتی با سوختهای   اکسیدهای ازت می
ٓ
کند. این ترکیبات باعث ا

لودگی اکنون تجدیدپذیر (غیر نفتی ما
ٓ
لودگی باقی می ماند. راه حل این ا

ٓ
نند بیودیزل) مشکل ا

استفاده از مبدل کاتالیزور است. مبدل کاتالیزور ترکیبات سمی درگازهای خروجی خودرو را به 
 گازهای بی خطر تبدیل می کند.

ن تنها محصول  اینگونه مشکالت با هیدروژن ایجاد نمی
ٓ
شود زیرا در نتیجه ی احتراق ا

ب می باشد.  امتیاز دیگر هیدروژن این است که برای احتراق به موتور درون سوز نیازی 
ٓ
زائد ا

تواند استخراج شود. پیل  نیست بلکه انرژی هیدروژن در مبدلی به نام پیل سوختی می
سوختی مبدلی بین باتری و موتور درون سوز است که مثل هر موتور درون سوز نیاز به 

کند شبیه یک باتری. ساختمان  ف موتور درون سوز برق تولید میسوخت دارد ولی بر خال
موتور درون سوز در ماشینهای امروزی به شکلی است که بازده گرمایــی محدودی ایجاد می 
ن است که چنین محدودیتی را ندارد. پیل سوختی عالوه بر 

ٓ
کند و ُحسن پیل سوختی در ا

ن حد
ٓ
ن تا ا

ٓ
زیر کنترل است که  اکسیدهای ازت مضر ایجاد  شاحتراق مزیت فوق احتراق ا

 نمی شود. در نتیجه نیازی به  مبدل کاتالیزور نیست.
امتیاز دیگر هیدروژن این است که در بین همه ی سوختهای شیمیایــی باالترین چگالی 
 انرژی هر کیلوگرم هیدروژن سه برابر انرژی همان مقدار بنزین 

ً
انرژی در جرم را دارد. مثال

هیدروژن به عنوان یک گاز حجم خیلی بیشتری از بنزین دارد که در یک مخزن ولی است. 
ن مشکل است. در دما و فشار عادی یک کیلوگرم  

ٓ
خودرو با اندازه ی محدود گنجاندن ا

لیتر   ۳،۱  گیرد در حالی که حجم یک کیلوگرم  بنزین فقط لیتر جا می ۱۱۲۰۰هیدروژن 
هیدروژن هستند که درعمل بتوانند سوخت ش تغلیظ این دلیل محققان در تال است. به

ن بتوانیم  از  نتیجه ا با هیدروژن جایگزین کنند تا درر  گازوئیلامروزی مثل بنزین و 
ٓ
ی ا

ینده بهره مند گردیم.
ٓ
 امتیازهای هیدروژن در ا

تخیلی بیاید ولی چنین خودرویــی در حال حاضر  -نظر داستانی علمیه ممکن است که ب
وژن و پیل سوختی در بازار به فروش می رسد. مشکل این هیدروژن این است با سوخت هیدر 

غیر قابل تجدید است و تولید هیدروژن باعث شود که منبع انرژی  که از گاز طبیعی تولید می
انتشار دی اکسید کربن و در نتیجه اثر گلخانه ای می شود. بیشتر هیدروژنی که هم اکنون 

مونیاک تولید می کند) در تولید کود شیمیایــی به کار شود، در ترکیب با  تولید می
ٓ
ازت (که ا

می رود. پس اگر بتوانیم هیدروژن را از طریق دیگری تولید کنیم مزایای دیگری نیز به دست 
وریم.

ٓ
 می ا

اینجاست که  فتوسنتز  مصنوعی وارد قضیه می شود. هدف این است که  تولید هیدروژن 
ه دست نیاید بلکه از منابع انرژی تجدیدپذیر مثل نور از سوخت فسیلی مثل گاز طبیعی ب

بی یا انرژی بادی حاصل شود. نوع منبع انرژی در
ٓ
 خورشید (فتوسنتز  مصنوعی) یا انرژی ا

ن است که با قیمت ارزانتر هیدروژن تولید  
ٓ
که نه تنها   شودواقع هیچ اهمیتی ندارد و مهم ا

 .از بازار خارج کندرا و بنزین  گازوئیلگاز طبیعی  بلکه همه ی سوختهای فسیلی دیگر مثل 
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برای تولید هیدروژن از منابع انرژی تجدیدپذیر پالتین در حال حاضر بهترین کاتالیزور است 
هم ای مورد نیاز است که  ولی در عین حال یکی از کمیابترین عناصر جهان است. پس ماده

هم از طبیعت شود. اینجا  فراوانتر و هم ارزانتر باشد که بتواند جایگزین فلزهای گرانبها
ی  وسیله سال این واکنشهای شیمیایــی را به طبیعت در طول میلیاردها .توان الهام گرفت می

نزیمها) بهبود بخشیده است و عالوه بر این، عناصر فراوان 
ٓ
و کاتالیزورهای طبیعی (یعنی ا

 سترس را  مورد استفاده قرار داده است.قابل د
قبل از اینکه بتوانیم از فوت و فن طبیعت استفاده کنیم در ابتدا باید بیاموزیم که 
طبیعت چگونه این فرایند های شیمیایــی را انجام می دهد. در این رساله تحقیقات در این 

نزیمهایــی
ٓ
توضیح داده شده که هیدروژن تولید می کنند)  رابطه، یعنی  روی هیدروژنازها (ا

هن و نیکل هیدروژن تولید می کنند و است. در طبیعت هیدروژنازها 
ٓ
با فلزهای معمولی مثل ا

 نشان داده شده است که به اندازه ی پالتین مؤثرند.
ادامه ی رساله، پژوهش روی کاتالیزورهای بیومیمتیک شرح داده می شود، یعنی  

که از طبیعت الهام و بهره گرفته اند. در درجه اول این کاتالیزورها ترکیباتی  کاتالیزورهایــی
نزیمهای مذکور ساخته و پرداخته می شوند تا بهتر  هستندهیدروژنازها شبیه 

ٓ
و به عنوان مدل ا

نیم. کاتالیزورهای بیومیمتیک به عالوه نشانه ای برای بتوانیم طرز عمل طبیعت را درک ک
ینده می باشند که روزی می توانند جایگزین مناسب و ارزانی برای طراحی کاتالیزوره

ٓ
ای ا

 کاتالیزورهای گران قیمت امروزی باشند.
در انتهای این رساله،  کاتالیزورهای دیگری شرح داده می شوند که جهت تولید اکسیژن 

 د. احیای دی اکسید کربن جایگزینی براینو احیای دی اکسید کربن به کار گرفته می شو
تولید هیدروژن است که بجای تولید هیدروژن، سوختهای تجدیدپذیر دیگری مانند اسید 

نها ساده تر است.  فرمیک و متانول به دست می
ٓ
ید که چون گاز نیستند حمل و نقل ا

ٓ
ا

سوختهای تجدیدپذیر امروزی، مثل بیواتانول و بیودیزل، از زمین کشاورزی به دست می 
 انتقادات زیاد

ً
یند. طبیعتا

ٓ
گویند  ی بر این سوختهای زیستی وارد شده و می شود. منتقدان میا

که زمین کشاورزی برای غذای انسان باید بکار رود، بخصوص در دنیایــی که جمعیتش تا 
میلیارد می رسد. همان زمین کشاورزی  ۷،۹ خورشیدی) به ۱۴۲۹میالدی ( ۲۰۵۰سال 

 از 
ً
و تولید اثر گلخانه ای و ویرانی جنگلهای  نابود کردن جنگلهای بارانی ایجاد شده استغالبا

 بارانی هردو تهدیدی جدی برای محیط زیست به شمار می روند.
ینده دنیا مشکل است ولی سرانجام چاره 

ٓ
قضاوت درباره ی سوخت مورد نظر جمعیت ا

د و تمام دیکه برای حفاظت طبیعت و محیط زیست یا به دلیل غیر قابل تجنای نداریم جز ای
به سمت منابع انرژی تجدیدپذیر برویم. چنان روزی برای تولید  ،بودن سوخت فسیلیشدنی 

 سوخت نیاز مبرمی به کاتالیزور داریم.
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