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1. Introduction: Challenges in artificial 
photosynthesis

The use of fossil energy sources like oil and coal is unavoidably generating 
CO2. The amount of evidence for a causal connection between this CO2 re-
lease and global warming is constantly increasing. The energy sources which 
could help to remedy or reduce this problem are nuclear power, geothermal 
energy and renewable energy sources. While nuclear power has its own risks 
and the access to geothermal energy is restricted to certain areas of the 
world, the use of renewable energy sources has a potential to reduce the CO2
emission substantially without negative implications. Today the world is 
consuming energy at a rate of 12.8 TW. The sun irradiates the surface of the 
earth with the power of 176000 TW. Comparing these numbers shows that 
an economically viable way to harvest solar energy and to store it in a fuel 
could solve the above mentioned problem – even with low conversion effi-
ciency. 

For the reasons depicted in the previous paragraph researchers all over the 
world try to develop better ways to harvest solar energy. Different ap-
proaches are ranging from solid state photovoltaics over Graetzel cells to 
molecular systems. In the consortium for artificial photosynthesis we are 
pursuing a fuel producing supramolecular system like it is illustrated in Fig-
ure 1.1 Such a system should couple photoinduced charge separation to cata-
lytic reactions thereby directly converting the solar energy into fuel like mo-
lecular hydrogen. A photosensitizer (Figure below: center) is coupled to an 
electron acceptor (right side) and to an electron donor (left side). To facili-
tate the electron transfer only in one direction and to suppress energy trans-
fer, it might be necessary to introduce rectifying redox intermediates be-
tween the chromophore and the acceptor/donor (squares). To produce the 
high energy compounds the terminal electron acceptor has to be a proton 
reduction catalyst, and the terminal electron donora has to be a water oxida-
tion catalyst. Each single photoexcitation of the chromophore initiates an 
electron transfer chain which results in one stored electron on the acceptor 
side and one oxidation equivalent (OE) stored on the donor side. The energy 
of the charge separation can only be used for a chemical bond formation, if 

a Alternative names for the terminal electron donor used in this thesis are “oxidation equiva-
lent accumulation unit” (OE acumulator) and WOC mimic. 
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two electrons or four oxidation equivalents are accumulated in the catalysts. 
The electron donor unit on the left stores oxidation-equivalents for the cata-
lytic water oxidation and the acceptor unit on the right stores electrons for 
the catalytic proton reduction. In our biomimetic approach we try to copy 
principles of water oxidation in photosystem II (PS II) and proton reduction 
in the hydrogenase enzymes. In order to develop a synthetic water oxidation 
catalyst we investigate manganese complexes as mimics of the water oxidiz-
ing manganese cluster of PS II. As a proton reduction catalyst we investigate 
dinuclear iron complexes which are inspired by the active site structure of 
the hydrogenase enzymes. The charge separation unit is mimicking rather 
the principles than the structural elements of the natural photosynthesis. We 
employ Ru polypyridyl complexes as chromophore which is motivated by 
their advantageous photophysical properties. 

A functional manmade system for artificial photosynthesis does not yet 
exist and fundamental problems still need to be solved. This work deals with 
three aspects of such an envisioned solar energy conversion system:  

i) the charge separation and accumulation of photogenerated oxi-
dation equivalents  

ii) the water oxidation catalyst (forming O2)
iii) the proton reduction catalyst (forming H2)

i) For the accumulation of oxidation-equivalents and electrons it is impera-
tive that after each photoexcitation the system undergoes a forward electron 
transfer – meaning in our systems that the excited chromophore is oxida-
tively quenched by the electron acceptor. Wasteful side reactions like energy 
transfer quenching or reverse electron transfer would consume the energy of 
the excited chromophore and therefore they have to be slower than the de-
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sired forward electron transfer. Since it is necessary to accumulate four oxi-
dation equivalents the chromophore quenching has to be slow for four oxida-
tion states of the water oxidation catalyst. Therefore the quenching rates of 
the chromophore during the different states of the accumulation cycle are of 
great importance for such a system.  

The systems which I investigated in this study are consisting of a 
Ru(bpy)3 chromophore and a dinuclear Mn2 or Ru2 unit as electron donor. 
The objective of this investigation was to determine the electron transfer 
rates and the excited state quenching rates for different oxidation states of 
the donor unit.  

ii) A potential water oxidation catalyst has to combine several functions. The 
substrate water has to bind into its first coordination sphere. This function 
requires a partly labile ligand set that can be replaced by water. The WOC 
mimic needs to store four oxidation equivalents, and these successive oxida-
tions have to occur in a narrow potential range, because the available oxida-
tion power of the photooxidant is not unlimited. Therefore charge built-up 
has to be prevented. The charge compensating mechanism that is needed to 
compress the potential range could be the deprotonation of the bound H2O-
ligands. With this mechanism deprotonations could facilitate multiple oxida-
tions.

Furthermore the resulting oxo ligand(s) have to undergo some O-O bond 
formation. If a unimolecular reaction between two oxo ligands is assumed 
the relative distance of these ligands should be small. For those O-O bond 
formation models that are based on a heterolytic bond formation it is neces-
sary to involve a high valent metal center that renders one oxo ligand elec-
trophilic. The other oxygen should be nucleophilic, which could be the oxy-
gen of a water molecule that has strong hydrogen bonds. 

The dimeric Mn2(bpmp) complex shown in Figure 7-1 is held together by 
a strongly binding bichelating bpmp ligand and the remaining open co-
ordination sites are occupied by more labile bridging acetates. In a previous 
EPR-investigation this Mn2(II,II) complex was oxidized three times to a 
III,IV-product by a photochemically generated RuIII(bpy)3 oxidant.2,3 The 
postulated mechanism that could explain three successive oxidations in a 
small potential range is based on an exchange of acetate- for aquo-ligands 
and subsequent deprotonation of these water derived ligands.

The objective of this project was to verify this mechanism and to obtain 
information about the ligand set of the II,III and III,III oxidation-
intermediates and about the III,IV product. In particular I wanted to clarify 
in which oxidation states the acetates are lost and water derived ligands are 
incorporated. Moreover I intended to determine the protonation states of the 
water derived ligands in the different manganese oxidation states and to es-
timate the redox potentials required to generate the high valent product 
(III,IV). More generally expressed the motivation for this study was to ex-
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amine to what extent the model complex can mimic certain functional as-
pects of the CaMn4-cluster.

iii) Finding a molecular catalyst for the formation of an H-H bond is a cru-
cial task for the artificial photosynthesis project. In addition to the impor-
tance that this task has for a future hydrogen energy society it is aswell of 
fundamental interest how the simplest of all chemical bonds can form. The 
model complex I investigated here is inspired by the iron-only-hydrogenase 
and it contains two Fe(I) centers. Similar hydrogenase mimics are known to 
show catalytic activity for proton reduction.80,84,87,89 The H-H bond formation 
is assumed to occur in a heterolytic fashion between a hydride and a proton. 

In our envisioned artificial system the available reduction potential is 
given by the excited state reduction potential of the sensitizer. Consequently 
the for us most relevant characteristic of such a catalyst is the potential 
needed to reduce the Fe-complex to an oxidation state that triggers catalytic 
turnover. Preceding protonations render the reduction easier and in my in-
vestigation I have studied the functional aspects of a hydrogenase mimic 
with two basic sites, i.e. the iron-iron bond and a basic nitrogen in the bridg-
ing ligand. This structure was expected to allow a double protonation prior to 
reduction which should result in a more anodic reduction potential compared 
to other hydrogenase models operating with a mechanism where no or only 
one protonation precedes the reduction.  

The objective of this investigation was to characterize the basicity of the 
two protonation sites and the reduction potentials of the different protonation 
states. Of particular interest were the kinetics of the metal protonation and 
whether it could be the rate limiting step of the catalytic turnover in our 
model or related structures. 
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2. Fundamentals of photoinduced charge 
separation

The thermodynamics of excited state electron-transfer are described by the 
Rehm-Weller equation. In this equation the driving force of the electron 
transfer reaction is calculated from the reduction potentials of the electron 
donor/acceptor, the zero-zero spectroscopic energy (E00) and the last two 
terms in the equation below account for the coulombic interaction between 
the donor and acceptor in the reactant (wr) and the product (wp).

rp
redoxredox wwEAEDEeG 00/

2/1
/

2/1
0 )()(

In the 1950’s R.A. Marcus developed a model that describes the kinetics 
of electron transfer. He corrected Libby’s model for self-exchange reactions 
so that the Marcus theory complies with the Franck-Condon principle and 
with the conservation of energy. Marcus realized that fluctuations of the 
nuclear coordinates had to occur prior to the electron transfer in order to 
reach the transition state configuration. Based on Fermi’s golden rule Mar-
cus derived a formula (for the weak coupling limit) that relates the rate of 
electron transfer with the three parameters G0, the reorganization energy ,
and the electronic coupling HDA.4 The electronic coupling decays exponen-
tially with distance.  

Tk
G

TkDA
BB

ET Hk 4
exp

4
12 202

This formula does not account for nuclear tunneling because it is based on 
transition state theory. The system has to undergo thermal fluctuations to 
overcome the activation energy and to reach the point where the potential 
energy surfaces (PES) of reactant and product intersect. The reorganization 
energy  can be divided into the inner and the outer reorganization energy: 

0 i. The inner part concerns the vibrational components of the com-
plex itself and the outer part the reorganization of the solvent around it. And 
instead of treating hundreds of coordinates Marcus initially approximated the 
solvent as a continuous dielectric. 
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The most important prediction of the Marcus theory was the ‘inverted re-
gion’. An increase in the driving force initially leads to an increased rate. 
Upon further increase of G0 the electron transfer rate reaches a maximum 
when G=  and after this the rate is actually decreasing the more exergonic 
the reaction becomes. This decrease in rate upon increase of driving force is 
extraordinary because it is found only in electron transfer reactions. All other 
chemical reactions show a monotonous increasing rate with driving force. 
The existence of the inverted region has been shown in several experimental 
studies5,6 and it often has an advantageous effect, because it decreases the 
rate of back electron transfer. This increasing effect on the lifetime of the 
charge separated state is less drastic in reality than the classical Marcus the-
ory predicts. This is due to nuclear tunneling which is considered in the 
semiclassical Marcus theory. 

Excited state electron transfer often has to compete with excited state en-
ergy transfer, thereby decreasing the yield of the charge-separation product. 
Energy transfer can occur via two different mechanisms called Förster en-
ergy transfer and Dexter energy transfer. The Dexter energy transfer is a 
double electron exchange reaction and for this reason it is related to the elec-
tron transfer reactions. The rate of Dexter energy transfer is dependent on 
orbital overlap because it requires the physical transfer of electrons between 
donor and acceptor and therefore it decreases exponentially with distance.7

The Förster energy transfer8 on the other hand is a dipole-dipole interac-
tion which has a 1/r6 -dependency on the distance between the energy donor 
and the energy acceptor. The rate of this process is proportional to the spec-
tral overlap J between the normalized emission spectrum of the energy donor 
and the absorption spectrum of the energy acceptor. The Förster mechanism 
has a weaker distance dependence than the Dexter mechanism and at longer 
distances the Förster mechanism is the more likely one. The Förster energy 
transfer can be directly calculated with the equation below. 

d

d
F rNn

Jk 645

2

128
)10(ln9000

       with
0

4)()( dFJ d

Here d is the quantum yield of fluorescence, d is the fluorescence lifetime, 
n is the refractive index of the medium,  is a factor describing the orienta-
tion between donor and acceptor and r is the distance between them.  

 In case of a singlet to singlet energy transfer the large transition dipole 
moment renders the Förster energy transfer usually the dominating one (even 
more so at large distance). However a triplet to triplet energy transfer and the 
triplet to singlet energy transfer will more likely be a Dexter energy transfer. 
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3. Mechanisms of water oxidation 

3.1 Thermodynamics and principles 

From thermodynamic considerations the oxidation of water into molecular 
oxygen (equation 3.1) and aqueous protons can easily be driven by four pho-
tons with =680 nm (in water at pH=7; with O2 pressure 1 bar).b Four elec-
trons have to be removed from two water molecules, and four protons are 
released into the bulk. The energy needed for these oxidations depends on 
the reference system. Here it is assumed that the electrons are transferred to 
a NHE reference. The theoretical minimum energy pathway in water at 
pH=7 requires four oxidations each with an average energy of +0.81 eV (see 
dashed line in Figure 3-1). Therefore the oxidation potential that drives this 
reaction has to be higher than +0.81 V vs. NHE.  

2H2O   O2 +  4H+  +  4e-   eq. 3.1 

If the reaction is considered to occur in water, then the real pathway via an 
intermediate H2O2-molecule or an O-atom has strong variations in the energy 
demand for each individual step9. The largest step would be the first one 
from H2O to HO  which requires 2.33 eV; followed by a small step of only 
0.38 eV. 

b The entropic effects are ignored here for this general consideration; however it should be 
mentioned that in natural photosynthesis the concentration ratio under daylight conditions  is 
*P680/P680 10-12 which would decrease the reduction potential significantly (if it was a 
homogeneous solution). 
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Figure 3-1)  Thermodynamics of water oxidation to oxygen (equation 3.1) at pH=7. 
Energies of the one-electron-step intermediates. Electrons are abstracted by a NHE. 
(adopted from reference 9).

In any water oxidizing system – natural or artificial – the intermediates are 
stabilized. If the energy of HO  in Figure 3-1 is lowered by bonding it to a 
metal center, then the first step requires less and the next step more energy. 
Therefore the stabilization energies of strongly bound intermediates evens 
out the differences between the energy steps – thereby making the pathway 
more similar to a minimum energy path. The required redox potential is 
equal to the energy difference of each one-electron reaction. Therefore the 
stabilization of specific intermediates facilitates the reaction with less oxidiz-
ing potentials. 

While the intermediates should be tightly bound to the catalyst to stabilize 
them, the final O2 has to be released. The desorption of the produced O2
should occur fast otherwise it might limit the catalytic turnover rate. 

When the pH value of the bulk solution is increased, the driving force 
needed for the oxidation is lowered. An increase of the bulk-pH by one unit 
reduces the driving force for the four-electron/four-proton oxidation by 
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4*0.059 eV. For each one-electron/one-proton oxidation it decreases by 
0.059 eV. An exchange of an interacting nearby base for another base with a 
pKa that is one unit higher would have the same effect.30,31

The thermodynamics of a reaction determine whether the reaction is pos-
sible from an energetic standpoint. If there is no pathway with a low activa-
tion energy barrier the reaction is kinetically hindered. For example a strong 
oxidant like Ce(IV) or Ru(III)(bpy)3 is thermodynamically capable of oxidiz-
ing water, and yet an aqueous solution of either of those does not lead to any 
O2 evolution. One issue is to couple the single-electron oxidant to the multi-
electron chemistry of water oxidation.10 Therefore a catalyst which accumu-
lates four oxidation equivalents is required. Furthermore, the catalyst has to 
create a pathway with either concerted reactions or with stabilized interme-
diates.11 It has to lower the activation barrier of the reaction. In the following 
the main contributions to the activation barrier will be considered. 

One part of the activation barrier is the reorganization energy. According 
to Marcus theory it is an important parameter for the electron transfer rate. 
The reorganization energy consists of an inner sphere part and an outer 
sphere part. The inner sphere reorganization energy consists of changes in 
bond length and angles. It can be reduced by charge delocalization, and this 
might be one argument in favor of multimetalcenter catalysts.  

Another part of the activation barrier for reaction reaction 3.1 is due to the 
repulsion between two oxygen atoms.11 While the bond distance in an O2
molecule is only 0.121 nm (H2O2: 0.145 nm) the van der Waals radii keep 
two separated oxygen atoms apart by 0.28 nm. To overcome the repulsion an 
energy of mutual approach is needed as a second contribution to the activa-
tion energy. Since the repulsion is due to the repulsion between the electrons 
a way to reduce the energy of mutual approach is to have one O-atom bound 
to a highly oxidized metal-center. Then the - and -electron donation from 
the oxygen to the metal d-orbitals lowers the electronic charge on that oxy-
gen. This would lower the energy of mutual approach for the two O-atoms 
and thereby open a catalytic pathway for the O-O bond formation. 

Here I want to illustrate the connection between our water splitting pro-
ject and a fuel cell in general. The desirable properties of the two water-
splitting-catalysts and those of the two fuel-cell-catalysts are compared. The 
most obvious difference is the redox potential of each catalyst. This is illus-
trated in Figure 3-2. In order to drive the water splitting reaction at a reason-
able rate, the O2-evolving catalyst has to have a redox potential slightly more 
anodic than the thermodynamic E1/2 potential (+0.81 V). For the same kineti-
cal reason the H+-reduction catalyst has to have a slightly more cathodic 
potential than -0.413 V (long dashed lines). The “slightly more” is the over-
potential needed to drive the electron transfer-reactions at useful rates.  
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Figure 3-2) Comparison of redox potential of molecular fuel cell catalysts and water 
splitting catalysts 

For the fuel-cell the molecular catalysts should have different redox po-
tentials. As illustrated, the fuel cell O2-consuming catalyst has to have a re-
dox potential slightly more cathodic than the thermodynamic E1/2 potential 
(+0.81 V) and the hydrogen oxidation catalyst has to have a slightly more 
anodic potential than -0.413 V (dotted lines). Here the “slightly more” poten-
tial difference is the driving force needed for a useful turnover rate. This 
should be kept small, because it will decrease the usable output voltage of 
the fuel-cell.

The second difference will be that in a fuel cell the O2-consuming catalyst 
has to have a high affinity for oxygen, whereas the WOC mimic in the water 
splitting process should easily desorb the produced oxygen. The same differ-
ence applies for the H2-producing / consuming catalysts with respect to H2.

A catalyst for the O2-consuming reaction exists in nature – in the respira-
tion chain of every O2 breathing mammal. This enzyme is called cytochrome 
c oxidase and is present in the mitochondria of our body cells. Some func-
tional mimics for this electrocatalytical four electron reduction of oxygen to 
water have been reported.12

redox potential  
E / V vs NHE 

-0.413 0 +0.81 

These are the appropriate potentials for the molecular 
catalysts needed for water splitting into O2 and H2.

These are the appropriate potentials for the molecular cata-
lysts needed for a fuel cell for O2 and H2.-consumption. 

O2 +  4H+  +  4e-2H+ +2 e-H2 2H2O
water split-
ting

Fuel cell 
O2 +  4H+  +  4e-2H+ +2 e-H2 2H2O



18

To further illustrate the principle difference between an O2-evolving cata-
lyst and an O2-consuming catalyst we consider the two reactions: 

2H2O + 4Ox+ + 4B   O2 + 4Ox  + 4BH+    Reaction 1 

     O2 + 4 R  + 4AH   H2O + 4R+  + 4A-      Reaction 2 

In reaction 1 the oxygen evolution is driven by an (appropriately strong) 
oxidant (Ox+) and a base (B), and it has to be catalyzed by a WOC mimic. In 
reaction 2 the oxygen consumption is driven by a reductant R while the acid 
provides the protons, and this reaction is catalyzed by a cytochrome c oxi-
dase mimic. 

It is likely that a catalyst for reaction 2 is easier to develop. The four elec-
tron reduction associated with four protonations is facilitated by a catalyst 
that either stabilizes the intermediates or it provides a concerted pathway. 
Despite the differences between an O2-evolving catalyst and an 
O2-consuming catalyst it can be anticipated that the mechanisms are re-
lated.13

3.2 Water Oxidation in PS II 

The natural PS II is an enzyme capable of using water as an electron source.  
The absorption of light by chlorophyll P680 and an electron transfer to pheo-
phytin and quinones creates oxidation equivalents with a potential reported 
to be between +1.12 Vc,14 vs. NHE and +1.26 Va,15 vs. NHE.d Four such oxi-
dation equivalents are transferred to the water oxidizing complex (WOC) via 
a tyrosine unit acting as a rectifier. The oxidation states of the WOC are 
referred to as Sn-states. S0 is the most reduced state, and after four light exci-
tations oxygen is generated in the transition from the most oxidized S4-state
back to the S0-state.16,17 The exact mechanism of deprotonation and oxygen 
bond formation is yet not fully understood. In one model an electrophilic 
oxygen bound to high valent Mn (MnV=O) is attacked by an aquo ligand 
bound to Ca.19 The direct mechanistic involvement of the Ca is indicated by 
Ca-substitution studies, which show that only metals with a similar pKa val-
ues of a bound aquo ligand – namely Sr2+ and Mg2+ – can   lead to an organ-
ism capable of oxygen evolution.18,19

c Assuming that the NHE is 0.621 V higher than the ferrocenium/ferrocene couple, these 
values are 0.499 V and 0.639 V vs.ferrocene respectively. 
d see aswell footnote b an page 11 
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3.2.1 Tyrosine as electron transfer intermediate 
In PS II the rates of the WOC oxidation kinetic slows down for each higher 
S-state,10 but forward electron transfer is always much faster than thermody-
namically favored backward electron transfer – thereby ensuring a good 
quantum yield. The tyrosine acts as a rectifier. It promotes the forward elec-
tron transfer (from WOC to P680

+) and it blocks back-electron transfer.20 This 
intermediate facilitates forward electron transfer over a large distance be-
tween WOC and P680

+, and the large distance in turn prevents Dexter and 
Förster energy transfer.

In PS II the WOC undergoes large nuclear rearrangements, when it cycles 
through the Sn-states. Deprotonations accompanying the oxidation and Cl- 
ligation of a labile coordination site during some of the S-states are two ex-
amples of these rearrangements. The large reorganization energy connected 
to the electron transfer-reaction renders the kinetics of WOC-oxidation slow 
(Marcus theory). But a fast rereduction of the P680

+ is necessary to prevent 
wasteful back electron transfer reactions from the quinones to the P680

+.10

Therefore another important function of the tyrosine is the fast rereduction of 
the P680

+ which can not possibly be accomplished from the WOC. 

3.2.2 Charge compensation in PS II 

As previously discussed the WOC is a catalyst, which has to store four oxi-
dation equivalents. The four subsequent oxidations of the WOC are occur-
ring in a small electrochemical window of only 0.3 V. Without any charge 
compensating mechanism each following oxidation of the Mn4-Ca cluster 
would require a substantially higher oxidation potential due to coulombic 
charge build up, ultimately reaching a point where the thermodynamic driv-
ing force is not sufficient for oxidation of the Mn4-Ca cluster. In PS II this is 
prevented by deprotonation reactions in the transitions S0 S1 ; S2 S3 ; 
S3 S4 and S4 S0 .

21,22 The narrow potential range of 0.3 V for subsequent 
oxidations can only be accomplished due to deprotonations as a mechanism 
which compensates for the increasing charge on the metal centers. 

The terminology used by the scientific community for this issue is becom-
ing more refined. In Babcock’s Review from 1989 the authors write about 
the S0 to S4 states as different charge storage stages.10 There the WOC is 
compared to a capacitor. Today the scientific community is more and more 
focusing on models which keep the WOC within one or two different charge 
states. Terminology has changed from charge storage to storage of oxidation 
equivalents. The difference being, that an oxidation equivalent can be stored 
with an electron transfer from Mn4Ca to tyrosine followed by a deprotona-
tion – or any other charge compensating mechanism. This way no charge is 
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accumulated and the new terminology avoids the misleading term “charge 
storage”.

The model recently presented by Dau and Haumann23 suggests a strictly 
alternating removal of electrons and protons from the WOC or its ligand 
environment. This model beautifully accounts for the small electrochemical 
window of successive oxidations.

The distinction between consecutive proton and electron transfer versus a 
concerted proton coupled electron transfer is not crucial for this work; but I 
want to mention that in certain models some of the S-state transitions occur 
via concerted proton coupled electron transfers (PCET). This effectively 
amounts to a hydrogen-atom abstraction because the electron and the proton 
are both transferred to the same unit (the tyrosyl radical).20,24 The reason why 
nature implemented concerted electron transfer in the electron donor side of 
the photosystem is that the oxidation power of the P680 (after it has been oxi-
dized by pheophytin) is only slightly more anodic than that needed for water 
oxidation (+0.81 V vs. NHE). Since only little more oxidation power than 
needed is present, it is crucial that the available oxidation power is used very 
efficiently. A concerted PCET mechanism is doing just that – no oxidation 
power is wasted on intermediates, but the oxidized species created has di-
rectly lost one electron and one proton.  

3.2.3 Oxygen bond formation in PS II 
The mechanism of oxygen bond formation is obviously strongly linked to 
the structure of the WOC. For that reason the established knowledge and the 
recent findings about the structure of the WOC will be shortly summarized 
here.

Many techniques are used to gain insight into the geometrical structure 
and the electronic structure of WOC. Some of these are: EXAFS, X-ray dif-
fraction (XDR) on crystals, EPR and ESEEM. 

In the first two XRD structure determinations of PS II with 3.8 Å 25 and 
3.7 Å resolution26 the Ca cofactor was not visible. However it was known 
from EXAFS studies that one Ca2+ was in the vicinity of the Mn ions.27 In 
2004 the Ca2+-ion was found in a XDR crystal structure28 and it was placed 
together with three Mn centers in a cubane like structure. The fourth Mn is 
dangling outside the cubane attached via a -oxo-bridge. 

There is some evidence that the Ca is not only a structural element of the 
Mn4Ca-cluster, but it is directly involved in the oxygen formation process. 
While the Ca-binding site of the protein can be occupied by a range of metal 
ions with similar size, only the substitution with Sr2+ leads to a functional 
oxygen evolving PS II complex.19 The Ca2+ and Sr2+ (and Mg2+) ions have 
similar Lewis acidity of the hydroxo-complex. Brudvig et al. suggested that 
this similarity is the crucial factor that allows to replace Ca by Sr in the 
WOC while maintaining the oxygen evolution capacity. These replacement 
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studies prove that Ca is not only a structural element in the CaMn4-cluster,
but that it has a functional role in the oxygen formation process. 

A nowadays widely accepted model assumes a heterolytic oxygen bond 
formation between a nucleophilic and an electrophilic oxygen.29 The electro-
philic oxygen is assumed to be a completely deprotonated MnV=O species. A 
high oxidation state of the Mn results in the necessary electron deficiency of 
the oxygen. In the model presented by Vrettos and Brudvig the nucleophilic 
oxygen stems from a water molecule bound to the Ca-ion.19 The Ca-bound 
water loses one proton to an internal base upon oxygen bond formation, and 
a second proton is lost to the -oxo bridge when the peroxo oxidizes to oxy-
gen.

The presence of proton abstracting bases has an advantageous effect onto the 
thermodynamics of O-O bond formation.30 In the mechanism suggested by 
Dau and Haumann31 two or even three proton accepting bases are created 
during the accumulation of oxidation equivalents. These bases are abstract-
ing protons in a concerted reaction with O-O bond formation. The thermo-
dynamic way of motivating these bases focuses only on the increased driving 
force and leads to the conclusion that three bases (or theoretically even four 
bases) are advantageous over just two bases. 

Another way of motivating the bases is described in the following. While 
the electrophilic oxygen is provided by coordination to a high valent Mn, the 
nucleophilic oxygen could be provided by a water molecule that has strong 
hydrogen bonds (hydrogen bonds render the water oxygen more electron 
rich43). In this picture the bases are needed to support the heterolytic charac-
ter of the reaction. In the heterolytic motivation for the bases the crucial 
points are that the H-bonding can increase the nucleophilicity of the water 
oxygen and does even more so in the course of an associative mechanism. A 
similarity with the thermodynamic motivation is that the concerted mecha-
nism is advantageous. The increase of the base-pKa upon the metal center 
reduction makes the aquo-oxygen even more nucleophilic. 

However, there is a difference between the two ways of motivating the 
bases, too. In the thermodynamic picture 3 bases (or theoretically even 4 
bases) are giving more driving force for the reaction and are advantageous. 
In the heterolytic picture on the other hand it would be a disadvantage to 
have a hydrogen bond on the water that is supposed to be electrophilic. So 
even so both pictures favor the existence of bases, the optimum number of 
bases is 2 in the heterolytic motivation and it is (theoretically) 4 in the ther-
modynamic description.e

e Another difference is that in the heterolytic motivation these two bases have to act on the 
same water molecule, while thermodynamically two bases acting on one water derived ligand 
each would yield the same advantage. 
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3.3 Synthetic molecular water oxidation catalysts 
Mn complexes were extensively studied as structural and potentially func-

tional mimics of the WOC.11,32,33,34 However, catalytic activity could only be 
demonstrated in very few cases.35,36,39 Those WOC mimics which do produce 
O2 often require strong oxidation potentials or strong chemical oxidants. In 
most cases the oxygen evolution occurs only when the required chemical 
oxidant is in fact an oxygen transfer agent – like H2O2, tert-butyl hydroper-
oxide (TBHP), HSO5

-, and ClO-. Then it is likely that the resulting O2 origi-
nates not from water oxygens, but at least one oxygen comes from the oxi-
dant. The origin of the oxygen is investigated with 16O / 18O isotope labeling 
studies.

The dimeric Mn-complex [(terpy)(H2O)MnIII(O)2MnIV(OH2)(terpy)]
(NO3)3 (Figure 3-3) generates oxygen in aqueous solution when the oxidant 
is either of the two oxygen atom transfer agents NaOCl or KHSO5.36 An 
isotope labeling37 study with H2

18O was performed to examine the origin of 
the oxygen atoms in the final O2. In order to explain the resulting isotopomer 
distribution 32O2:34O2:36O2 the authors invoke multiple pathways with initial 
oxygen transfer from the oxidant and a following exchange between the 
proposed Mn=O species and bulk H2

18O. The suggested O-O bond formation 
occurs in a bimolecular reaction between the key intermediate MnV=O with 
either bulk water or with the oxidant. It was later suggested that the attack by 
bulk water is accompanied by a water deprotonation to the bridging -oxo 
(Figure 3-3 bottom).38 This can again be related to the nucleophilic rendering 
effect of hydrogen bonds (see Chapter 3.2.3). 
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McKenzie et al.39 found oxygen generation from a dinuclear Mn2(II,II) 
compound with a pentadentate ligand (see Figure 3-4). This functional bio-
mimetic water oxidation catalyst was investigated in aqueous solution with 
tert-butyl hydrogenperoxide (TBHP) as oxidant and with CeIV-nitrate as 
oxidant. With the TBHP-oxidant this catalyst could perform 10-20 turnovers 
without any detectable degradation or inhibition of the catalyst. The pro-
posed mechanism invokes cleavage of the two Mn-ions and a re-establishing 
dimerisation reaction. The oxygen bond is proposed to form between two 
identical oxo-bridges between the two manganese units. It should be noted 
here that the proposed O-O bond formation is occurring in a symmetrical 
way, not in a heterolytic bond formation between a nucleophilic and a heter-
ophilic oxygen. 

The pentadentate ligand provides a carboxylate donor that acts as a ligand 
for some intermediates of the catalytic cycle. The carboxylate unit acts as a 
loose ligands which changes between the bridging, terminal and non-
coordinating mode. This is thought to stabilize the immediate product after 
O-O bond formation and thereby making the O-O formation step possible. 
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Earlier examples of molecular catalysts capable of water oxidation are based 
on ruthenium.35,43 Among these complexes the “Blue Dimer” (cis,cis-
[(bpy)2Ru(OH2)]2O4+) has been most extensively studied. This dinuclear 
ruthenium complex was reported in 1982 to efficiently catalyze water oxida-
tion by strong oxidants in aqueous solution.40 Following investigations on 
similar compounds yielded insight into the mechanism of catalysis.41 It was 
found that despite sufficient driving force the mononuclear Ru compound 
does not produce oxygen. Furthermore it was found that not only the dinu-
clear Ru motif was crucial, but even that both aqua ligands are required for 
efficient O2 generation and these two aqua coordination sites had to be geo-
metrically close to each other. In summary it is the (H2O)RuO Ru(OH2)-core 
that is the required crucial element, which facilitates efficient catalysis. 
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Magnetic susceptibility measurements revealed electronic delocalization 
across the RuORu unit.42,43

The various oxidation states of this complex are stable, and this allows to 
prepare and characterize these intermediates. The pKa values of different 
oxidized forms were measured44 and this data supports the charge compen-
sating mechanism that allows multiple oxidations. The water ligands on the 
Ru(IV,V) and Ru(V,V) ions were found to be fully deprotonated so that they 
were dimeric ruthenyl ions with a O=RuORu=O motif.  

Two pathways were suggested as the mechanism in operation (see Ref.43 
and references therein). These mechanisms were based on 18O-labeling stud-
ies, concentration dependency studies of the O2-evolution rate, and the study 
of derivatives which were designed to avoid a hypothetical transition state 
(these derivatives produced O2 and thereby exclude one suggested mecha-
nism). For one of these the first step is depicted in Figure 3-5. It is a hetero-
lytic O-O bond formation between a electrophilic ruthenyl O and a nucleo-
philic O from a hydrogen-bonded solvent H2O. This yields the hydroperoxy 
intermediate, which will be further oxidized to yield O2. The hydrogen bond-
ing of the solvent water increases the nucleophilicity of the oxygen and fur-
thermore it facilitates an associative/concerted mechanism (together with the 
electron delocalization in RuORu).
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Figure 3-5) Proposed mechanism for the first step in the O-O bond formation  in the 
dimeric Ru-compound: cis,cis-[(bpy)2Ru(OH2)]2O4+. (adopted from reference 43)
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4. Mechanism of proton reduction 

From a thermodynamic viewpoint the reduction of protons into molecular 
hydrogen (reaction 4.1) could occur in a solution with the reductant MV+

and a sufficiently high proton activity. Though thermodynamically possible, 
reaction 4.1 is hindered by the absence of an appropriate mechanism. A cata-
lyst has the function of providing a feasible mechanism and thereby opening 
a pathway for proton reduction. With an appropriate catalyst reaction 4.1 
will be thermodynamically and kinetically feasible. In chapter 4.1 the ther-
modynamics of two different pathways are presented. 

         2H+ + 2e-   H2  reaction 4.1 

Nature has developed efficient catalysts for the proton reduction and H2
oxidation. These so called hydrogenase enzymes occur in many bacteria and 
some algae and they are presented in chapter 4.2. Synthetic catalyst without 
or with the natural system as a template are described in chapter 4.3.  

4.1 Principles of proton reduction 
Figure 4-1 depicts the energetic situation for the reduction of protons to H2
with different intermediates in water at pH=7. The Y-axis is the energy in 
eV. The energy of the overall process (2H+ + 2e-   H2) depends on the 
source of electrons. The chosen reference here is the NHE, and with this 
source of electrons the proton reduction requires the energy of 0.826 eV 
because the NHE is at pH=0, and here we consider pH=7 where E1/2= 0.413 
V for the 2 electron reduction (reaction 4.1). 

Free radicals H  are high energy intermediates and the homolytic pathway 
via two H  radical is most energy demanding if the radicals are unstabilized. 
The heterolytic pathway requires the formation of a hydride.45 This is a two 
electron step occurring at a potential of -1.05 V leading to a species with the 
energy 2.10 eV. The milder reduction potential of this pathway illustrates its 
advantages in homogeneous catalysis. 
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Figure 4-1) Thermodynamics of proton reduction to H2. All species in water at 
pH=7. Data from reference 45.

While solid platinum stabilizes the H  radical and facilitates homolytic H-
H bond formation, a homogeneous (molecular) catalyst stabilizes a metal-
center bound hydride which combines with a proton in a heterolytic bond 
formation. The stabilization of the metal-hydride on the metal center renders 
the reduction potential milder than the reduction potential for hydride forma-
tion in water (-1.05 V). 

An important practical difference between solid state (heterogeneous) and 
molecular (homogeneous) catalysts should be mentioned here. The solid 
state has a conduction band with an energetic continuum so that it can work 
at different reduction potentials as required by the proton activity (see equa-
tion below). The molecular catalyst has orbitals and works at one specific 
reduction potential. The molecular catalyst has a fixed pKa-value too, so that 
the acid strength has to be at least that strong, and if a stronger acid is chosen 
no advantage results from it. This is in contrast to the solid catalysts, where 
acid strength can be traded against redox potential and vice versa. 

The most crucial properties of molecular catalysts are the reduction poten-
tial, the basicity (its pKa-value), the stability during turnover, and the rate of 
turnover. The overpotential of a molecular catalyst is a property that com-
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bines its reduction potentialf and its pKa-valueg. The measured overpotential 
is dependent on the used acid and in order to keep it as little as possible the 
pH-value of the solution should match the pKa value of the catalyst.72

Experimentally the overpotential can be determined by a comparison to 
the platinum catalyzed proton reduction. It is also possible to calculate the 
standard potential of an acid (E0

(HA)) if the standard potential (E0
H+) for pro-

ton reduction is known for the specific solvent.46 Then comparison to this 
calculated standard potential gives the overpotential of the catalyst.  
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4.2 Natural enzymes promoting the conversion of 
protons and H2

Nature provides a formidable model for an efficient catalyst for H2 produc-
tion. Hydrogenase enzymes evolved in bacteria and some algae with the 
function to dispatch excessive reduction equivalents (H2-production) or to 
utilize the energy of H2 by oxidation (uptake Hydrogenase). Their active site 
is oxygen sensitive and the protein around it has evolved into a hull protect-
ing it from atmospheric oxygen. Hydrogenase exist as iron-only- 47, nickel-
iron-48 and “metal free”-hydrogenase.49 Iron only hydrogenase enzymes are 
very efficient proton reduction catalysts and rates of H2 production are re-
ported as 9000 turnover per second50 or 6000 turnover per second.51

The structure of the Fe-hydrogenase was investigated by protein crystal-
lography.52,53,54,55,56,57 A 4Fe4S-ferredoxin is an active cofactor in the elec-
tron transfer chain. Additionally an unusual 2Fe2S-unit was found: Fe2( -
SRS)(CN)2(CO)3L  (with L=H2O, CO or H). The Fe-Fe distance is 2.6 Å and 
the bridge in this binuclear unit has not been unambiguously identified. The 
irons are either bridged by propanedithiolate (-SCCCS-)54 or by an azadi-
thiolate (-SCNCS-).57 The nitrogen in the bridge has been suggested to fulfill 
a functional role by accepting/providing a proton in the catalysis process.58,59

This proton is assumed to react unimolecularly with a terminal hydride to 
dihydrogen. 

The terminal hydride can not be detected by X-ray crystallography due to 
low electron density, but an open site is seen in the natural enzyme in the 
reduced form. In the oxidized form this site is occupied by an H2O. It has 
been shown by crystallography and IR-spectroscopy that this open site is 
occupied by CO in the CO-inhibited form of the enzyme.60,61 This mecha-

f more correctly: that reduction potential at which it performs catalysis (which is not necessar-
ily its first reduction potential) 
g i.e. the weakest acid strength that is needed to make it work as a catalyst. 
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nism of CO inhibition suggests that this open site is the substrate binding site 
of the catalytic mechanism.55,60

Figure 4-2) The active site of iron only hydrogenase. 

Assignments of the oxidation states for the iron centers have been suggested 
based on EPR- 62,63 and Mössbauer-spectroscopy64, and based on comparison 
with IR-spectra of model complexes.60 The enzyme has been isolated in two 
oxidation states and IR-spectra are accessible for both states.55,60,65 The oxi-
dized state of the enzyme is paramagnetic and the Fe’s are assumed to be 
FeIFeII while the reduced enzyme contains diamagnetic FeIFeI. It should be 
mentioned here that there is still some ongoing discussion about this unusual 
low valent iron because FeI is biologically unprecedented. 

Figure 4-3) Transition state for intramolecular H-H bond formation. 
(adopted from reference 59b) 

From X-ray crystal structure and FTIR measurements it can be concluded 
that one CO ligand of the iron distal to the ferredoxin changes its binding 
mode from terminal in the reduced form (FeIFeI) to bridging in the oxidized 
form (FeIIFeI).60 This binding mode change helps to stabilize the electron 
deficient structure. The CO is positioned under the two Fe’s in the reduced 
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form already. Upon oxidation a small nuclear rearrangement is sufficient to 
change the binding mode and to moderate the charge difference of the two 
oxidation forms. 

The mechanism of hydrogen formation has been investigated computa-
tionally59b and the key intermediate of the proposed mechanism is shown in 
Figure 4-3. This mechanism emphasizes the importance of the adt nitrogen 
both as a proton shuttle and for the H-H bond formation itself. 

4.3 Synthetic molecular catalysts 
Different approaches have been followed to find synthetic catalysts for pro-
ton reduction. The non-biomimetic synthetic catalysts described in chapter 
4.3.1 were studied already since the 1980’s. When the X-ray crystal structure 
of the hydrogenase active site was solved53 the new field of biomimetic pro-
ton reduction catalysts was opened. Structural and functional mimics of this 
active site were developed, and these are described in chapter 4.3.2. 

4.3.1 Non-biomimetic synthetic catalysts 
A large variety of non-biomimetic molecular catalysts for hydrogen produc-
tion and consumption can be found in the literature. All of those compounds 
contain transition metal centers which are necessary to store one electron 
without forming a high energy radical. In some of these proton reduction 
catalysts the ligands are functioning as a proton relay to facilitate a uni-
molecular H-H bond formation. In others the final H-H bond-formation is a 
bimolecular reaction between a hydride and a bulk proton.  

In 1986 Koelle et al. reported on half-sandwiched CpCo(PR3)2
66 and 

sandwiched  CoCp2
67,68 complexes. These electron rich compounds can be 

protonated at the metal site. For some of these compounds it has been re-
ported that a reduction of the metal hydride cation is followed by H2 produc-
tion. However the reduction potentials are not mild. For CpCo(P(OMe)3)2
the protonated complex is reduced at 1.55 V vs. ferrocene ( 1.15 V vs. 
SCE). A mechanistic study67 for the full sandwich complex CoCp2 showed 
that the hydride formation on the metal center is the rate limiting step fol-
lowed by a reduction and heterolytic H-H bond formation between the hy-
dride and an external proton ( Cp2CoH + H+  [Cp2Co]+ + H2 ). 

Other mononuclear cobalt based catalysts with varying ligands were re-
ported by Conolly and Espenson69. A cobaloxime with an H-bridged equato-
rial dimethylglyoxime ligand was shown to catalyze proton reduction in 
aqueous solution, but it was instable towards hydrolysis in acidic solutions. 
Replacing H for BF2 groups in the equatorial ligand results in much more 
stable complex. This cobaloxime with a difluoroboryl-dimethylglyoxime 
ligand had been further investigated by Artero70 and by Lewis and Peters71.
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The BF2 variations are less prone to degrading hydrolysis reactions and they 
show catalytic activity even with weak acids like Et3NH+ (pKa=10.75 in 
DMF). Variations of the axial ligand and substitutions of the equatorial 
ligand changed the electrochemical properties70. These modifications had the 
purpose of making the compound easier to reduce, but unfortunately the 
more positive reduction potential often lead to a loss of electrocatalytic ac-
tivity.  

A dinuclear molybdenum complex with bridging sulfur ligands has been 
investigated by DuBois72. They found catalytic activity in acetonitrile at 
-0.7 V vs. ferrocene. From the way the CV-peak depends on catalyst concen-
tration and on acid concentration they identify the hydrogen elimination as 
the rate limiting step. Interestingly the authors claim, that a sulfur protona-
tion leads to a hydridic proton, and even an H-H bond formation without 
direct participation of a molybdenum-hydride is considered possible. 

Various mononuclear nickel complexes were investigated by DuBois et 
al.73,74 Comparison of complexes with diphosphinopropane (PCCCP) and 
those with di(phosphinomethyl)methylamine (PCNCP) shows, that the pres-
ence of a nitrogen base can drastically improve the catalytic activity for hy-
drogen oxidation (This is in analogy to the comparison SCCCS to SCNCS 
ligands in the hydrogenase mimics studied in this work). The additional base 
in the complex works as a proton relay – if the right conformation is en-
forced – and this results in a decreased activation barrier for H-H bond for-
mation or cleavage aswell as in a higher turnover frequency. 

4.3.2 Biomimetic synthetic catalysts 

Recent discovery53 of the active site structure of the Fe-hydrogenase enzyme 
resulted in extensive research on model systems with the objective to de-
velop biomimetic catalysts that could potentially become more efficient than 
the previously known molecular catalysts. 

While some groups are synthesizing mimics with the goal to find a fast 
electrocatalyst that works at mild potentials, others focus on the investigation 
of structural models. These mimics can serve as spectroscopic reference 
points for the investigation of the natural hydrogenase. Some studies by e.g. 
Pickett et al. are focusing on structural models.75 They have synthesized a 
mixed valent FeIIFeI complex76 (with limited stability) with a bridging CO. 
This complex is a good spectroscopic match for the CO-inhibited oxidized 
form of the enzyme.55

For structural investigations X-ray diffraction technique, NMR and IR-
spectroscopy have been employed. CO and CN- stretch frequencies in the 
IR-spectra depend on the electron density at the Fe-centers and therefore 
they change upon reduction and protonation. Electrochemical methods (CV, 
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DPV and Bulk electrolysis) are employed to investigate the redox properties 
and the catalytic activities of these model complexes. 

The bridging unit between the two irons of biomimetic catalysts has been 
varied a lot. Derivatives with a different number of carbon atoms and hetero 
atoms were investigated.77,78 In particular, a suggested nitrogen atom in a 
-SCNCS- bridge of the enzyme57 triggered investigations on synthetic ana-
logues with such an azadithiolate bridge.79,89 The basic site in form of the adt 
nitrogen has major implications for the mechanism of proton reduction (see 
below).

Aromatic bridging ligands influence the reduction potentials of the metal 
centers. Gloaguen et al.86,80 reported for a hexacarbonyl complexes that a 
toluenedithiolate (SC6H4S) complex is easier to reduce than the propanedi-
thiolate (pdt=SC3H6S) analogue and its first reduction wave shows catalytic 
activity upon addition of HBF4. However the turnover rate is found to be 
slower (they assume a slow hydride formation), and the toluenedithiolate 
complex is reported to be less robust than the pdt-complex. 

The reduction potential of the iron centers can be largely affected by the 
choice of the monodentate ligands. Already Poilblanc et al demonstrated81,82

that the CO-substitution by electron donating ligands like CN-, PMe3 or 
MeCN shifts redox processes to more cathodic potentials – harder to reduce 
and easier to oxidize. For complexes Fe2(S2C3H6)(CO)4L2 the cathodic shift 
increases in the order83  L L = CO CO; CO CNMe; CNMe CNMe; CO CN- ;
PMe3 PMe3; CN- CN-. Exchanging two CO ligands for CN- renders the re-
duction 1.2 V more cathodic (oxidation 1.3 V more cathodic).  

The first example of catalytic activityh by a hydrogenase model complex 
was reported in the mixed ligand [Fe2(S2C3H6)(CO)4 (CN)(PMe3)]-1 com-
pound (Figures 4-4 and 4-5).84 This complex can be protonated twice. The 
complex could be prepared with a hydride on the FeFe bond or with a hy-
dride and a protonated CNH ligand. The reduction of the protonated forms 
relative to the unprotonated form is easier by 1.0 V or 1.1 V respectively.85

As evidence for catalytic activity it was found that the CV-peak increases 
with the acid concentration (toluenesulfonic acid, H2SO4 or HCl).84 In a bulk-
electrolysis experiment the compound was completely stable for hours under 
catalytic conditions (24 turnovers). The applied potential was -1.71 V vs. 
ferrocene. The gas was identified as H2 by gas chromatography, and the cor-
relation to the charge shows a 100% H2-yield. The related compound  

h The potential was reported as -1.2 V(Ag/AgCl) / 6 turnover in 15 minute limited by the time 
constant of the bulk electrolysis cell. 
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Figure 4.4) The first iron hydrogenase mimic for which catalytic proton reduction 
was reported.84

Fe2(S2C3H6)(CO)4(PMe3) (PMe3) was first reported to be catalytically inac-
tive;84 but later some limited catalytic activity was found.85

Different explanations were offered for the better catalytic activity of the 
mixed ligand complex Fe2(S2C3H6)(CO)4(CN)(PMe3) compared to the com-
plex Fe2(S2C3H6)(CO)4(PMe3)(PMe3).84,85 A functional role of the CN- in the 
synthetic catalysts was suggested. It was found that the CN- ligand is proto-
nated when triflic acid is used, and since this protonation is fast, Rauchfuss 
et al suggested a proton relay function that results in a faster formation of the 
Fe-Fe-hydride via the CNH protonation.85 A second explanation would be 
that the protonated CN- ligand facilitates a unimolecular H2-formation be-
tween the hydride and the CNH proton. And a third explanation for the supe-
rior catalytic activity of the mixed ligand complex was offered by Gloaguen 
et al.86 The protonated cyanide CNH is a better -acceptor ligand than PMe3.
This weakens the Fe( -H)Fe bonds and might lead to an acceleration of the 
proton hydride coupling reaction.  
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Figure 4-5) Mechanism of proton reduction by the pdt complex with phosphine and 
cyanide donor ligands shown in figure 4.4. (According to ref. 84) The pdt (= pro-
pyldithiolate) ligand is symbolized by the arc bridging the iron centers and the car-
bon monoxide ligands are omitted for clarity. 

Figure 4-6) Effect of electron donor ligands (Me3P, CN ) and protonations (Fe-Fe 
bond and CN  ligand) on the reduction potential of a pdt-bridged diiron complex.
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The two protonation and two reduction steps that result in catalytic proton 
reduction can occur in different order. The order of chemical (C) and elec-
trochemical (E) steps depends on proton activity and the available reduction 
potential. The reduced complex becomes more basic and catalytic turnover 
can occur in less acidic solution. On the other hand stronger acids can proto-
nate the unreduced complex which can lead to catalytic activity at milder 
potentials. Darensbourg et al. have investigated a model with phosphatetri-
aza-adamantane ligands87 and a model with bis-phosphine ligands.88 With a 
weak acid like acetic acid a CECE (or CEEC) mechanism is not accessible, 
because the complex can not be initially protonated. Instead the reduction 
has to precede and catalysis is achieved in a ECCE (or ECEC) mechanism. 
As expected this catalytic turnover occurs only at a more cathodic potential 
because protonation requires the Fe0FeI oxidation state. In the presence of a 
strong acid on the other hand the electron donating phosphine ligands facili-
tate a protonation in the FeIFeI oxidation state. In this way a catalytic hydro-
gen evolution was achieved at mild potentials in a CECE mechanism but 
with the requirement of a strong acid. Interestingly they assume terminal 
hydride (not a bridging hydride) to be the catalysis intermediate for the 
asymmetric monosubstituted compound.  

In our lab it was shown that the change from a propyldithiolate (S-CH2-
CH2-CH2-S) bridge to an azadithiolate bridge (S-CH2-NR-CH2-S) gives su-
perior catalytic activity in the all-carbonyl compounds without electron do-
nating phosphine or cyanide ligands (Figure 4-7).89 Due to the initial proto-
nation of the adt nitrogen the complex undergoes its first reduction already at 

1.48 V vs. ferrocene. This is about 230 mV less negative than the potential 
required for catalytic turnover of the pdt complex with electron donating 
phosphine or cyanide ligands. The mechanistic difference is that in the adt 
complex the hydride is formed after the first reduction (Figure 4-8). I.e. the 
necessary electron density at the iron center is provided by reduction to the 
Fe2(0,I) level at -1.1 V. In the pdt complex the electron density needs to be 
increased by phosphine or cyanide ligands to allow for the hydride formation 
prior to reduction. As mentioned above the donor ligands shift the reduction 
potential much more negative which is approximately compensated by the 
hydride formation, i.e. the protonation of the iron bond (Figure 4-6). It could 
be anticipated that the complex combining the adt bridge with electron do-
nating ligands could be protonated twice, on the ligand and on the iron cen-
ters, prior to reduction. Rauchfuss et al. have prepared an adt complex with 
cyanide ligands but did not report on its protonation or redox behavior.79

In chapter 6 I summarize my results on the structural and functional char-
acterization of a related complex that combines the adt bridge with two 
phosphine ligands. 
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Figure 4-7) The catalytic iron hydrogenase mimic with an adt bridging ligand de-
scribed in reference 89. 

Figure 4-8) Mechanism of proton reduction by the adt complex without phosphine 
or cyanide donor ligands shown in figure 4.7. The adt (= azadithiolate) ligand is 
symbolized by the arc bridging the iron centers and the carbon monoxide ligands are 
omitted for clarity. (According to ref. 89) The proton hydride reaction resulting in 
H2 formation is not necessarily intramolecular and might as well involve bulk pro-
tons rather than the proton on the adt-N. 
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5. Experimental methods 

In my PhD-project I employed a variety of electrochemical and spectro-
scopic techniques – and combinations thereof. Those are in particular: dif-
ferential pulse voltammetry, cyclic voltammetry, controlled potential elec-
trolysis, UV-Vis spectroelectrochemistry and infrared spectroelectrochemis-
try, fourier transform infrared spectroscopy (FTIR), time correlated single 
photon counting, laser flash photolysis, and gas chromatography. 
Furthermore I developed a combination of electrochemistry and emission-
lifetime measurements (This combination of techniques allows to electrolyze 
the sample inside the single photon counting setup in order to measure the 
excited state lifetime as a function of oxidation state). In the following chap-
ters the standard techniques and the information that they yield for this study 
will be briefly described. This is followed by a detailed description of the 
self-developed electrochemistry-emission lifetime setup. 

5.1 Infrared spectroscopy 
IR spectra arise from transitions between vibrational states of a molecule and 
the associated dipole moment changes. Compounds containing the very po-
lar CO-units like carbon monoxide or carboxylate complexes exhibit strong 
and sharp CO-stretching bands. These bands are usually free from coupling 
with other vibration modes of the molecule. The IR-frequency is given by 
the bond strength and the reduced mass. In coordination compounds the 
electron density at the metal center effects the strength of the CO-bond and 
thereby its frequency. While the free CO-vibration occurs at 2155 cm-1 it is 
shifted to lower frequencies upon coordination to the metal centers. This 
shift is caused by electron back-donation from the d-metal orbital into an 
antibonding *-orbital of CO.90 This electron back-donation weakens the 
CO-bond and lowers (CO). Therefore the CO-ligands in iron carbonyl 
complexes can be used as spectator ligands that monitor the electron density 
at the metal centers. In our study this effect was used to follow the protona-
tion reactions of the hydrogenase mimics.  

In case of the carboxylate ligands the CO stretching frequencies are dis-
tinctively different between the free ion and its different coordination modes 
(monodentate or bidentate). For the acetate-ligands in the Mn-complexes the 



37

symmetric ( s) and the asymmetric ( a) CO-stretching frequencies depend on 
the metal oxidation states and are distinctly different from those of the free 
acetate ion (which are s=1410 and a=1573 cm-1). In this way IR spectros-
copy was used to distinguish and quantify the Mn-bound acetate, the free 
acetate and the acetic acid, which results from ligand exchange and deproto-
nation reactions. 

All infrared measurements of this work were performed on a Bruker IFS 
66 v/S spectrometer with a DTGS detector. A solution with c=3 mM (unless 
stated otherwise) in CH3CN is measured in a liquid cell. The pathlength be-
tween the CaF2 windows is set by teflon spacers to 125 m.

5.2 Electrochemical and spectroelectrochemical 
measurements

The electrochemical techniques used in this thesis are cyclic voltammetry 
(CV), differential pulse voltammetry (DPV) and constant potential bulk elec-
trolysis (BE). Furthermore spectroelectrochemistry in UV-Vis and IR range 
were employed. The fundamentals of these methods are described in Refer-
ence 91. 

Figure 5-1) Cyclic voltammetry (CV, top) and differential pulse voltammetry (DPV, 
bottom). Externally controlled electrode potential as a function of time (left) and 
current response from an electroactive species undergoing reversible electron trans-
fer (right). Open and filled circles indicate pairs of sampling points for calculation of 

i in the DPV. 
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Cyclic voltammetry and differential pulse voltammetry both are controlled 
potential techniques where the potential is varied with time in a predeter-
mined manner and the resulting current is measured as a function of poten-
tial (for details see 91 ). For both techniques the mass transport of the electro-
active species (solute) occurs only by diffusion and the solute is changed 
only in a diffusion layer in the vicinity of the small electrode whereas the 
bulk concentrations of the two redox forms remain unaltered. 

The purpose of DPV and CV measurements is to measure the formal po-
tential of the electrode reaction – i.e. the potential required for the reduction 
of the electroactive species. If it is a reversible redox process, the half wave 
potential of a CV measurement yields the most accurate value for the formal 
potential; otherwise the DPV-peak gives the most accurate information about 
the formal potential. The reversibility of the CV scans reveals whether the 
molecule is stable or instable when oxidized (or reduced). If forward- and 
backward peak have the same amplitude the oxidized species is stable on the 
time-scale of the CV experiment. The experimental time-scale is set by the 
scan rate (dE/dt) of the CV-sweep. A decreased amplitude of the counter 
peak indicates that the electrochemically generated species is consumed in a 
follow up reaction. This could be a degradation process or the reaction with 
the substrate in case of a catalytic reaction. In the latter case the electro-
active species (the electrocatalyst) is regenerated during catalytic turnover 
and depending on the turnover rate the voltammetric response (peak current) 
is increased compared to the non-catalytic situation. A detailed description 
of the exact CV-peak dependence on catalyst concentration and acid concen-
tration is given in reference 72 (equation 5).  

A three-electrode-cell with separate compartments for the reference and 
counter electrode was used for voltammetry. The reference electrode was a 
non-aqueous Ag/AgNO3 (10 mM in CH3CN); the working electrode was a 
glassy carbon disc (3 mm diameter) and the counter electrode was a plati-
num mesh. All potentials reported in the result part of this thesis (Chapter 6 
and 7) are referenced against the ferrocenium/ferrocene couple. 

In contrast to DPV- and CV-experiments the purpose of a bulk electroly-
sis experiment is to change the composition of the bulk solution. The elec-
trode potential is kept constant at a value beyond E1/2, so that the complete 
solution gets electrolyzed. A high ratio of electrode-surface to bulk-volume 
combined with fast convectional mass transport (stirring) is used to mini-
mize electrolysis time. The time scale of a bulk electrolysis experiment is on 
the order of minutes in a typical electrolysis cell (compared to the seconds 
time scale of the voltammetric experiment).  

In this work controlled potential electrolysis (bulk electrolysis) was used 
for the following purposes: 

Integration of the electrolysis current (coulometry) yields an exact 
measure of the number of electrons transferred per molecule. In 
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particular this method is applied to determine the number of turn-
overs of an electrocatalytic process.i

The electroactive species can be prepared in other oxidation states 
and samples of electrolyzed material can be studied by spectro-
scopic methods like EPR and IR. 
For some methods like UV-Vis and IR spectroscopy, electrolysis 
can be performed in the spectrometer (in situ spectroelectrochem-
istry). A new technique was the combination of in situ electroly-
sis with time resolved spectroscopy (laser flash photolysis and 
time correlated single photon counting (TC-SPC)). These meth-
ods are described in chapter 5.3.  

The OTTLE-type (optically transparent thin layer electrode) spectroelec-
trochemical cells employed in this study use platinum mesh as working elec-
trodes between quarz (UV-Vis) or CaF2-windows (IR). With path lengths of 
1 mm (UV-Vis) and 120 m (IR) the electrolysis times are in the order of 10 
minutes and 10 seconds, respectively. 

5.3 Combined electrochemistry and transient 
absorption or emission lifetime measurements 

In order to investigate the photophysical and photochemical properties (ex-
cited state lifetime and excited state electron transfer rates) of certain com-
pounds in different oxidation states, I used a combination of controlled po-
tential in situ electrolysis with either laser flash photolysis or with time-
correlated single photon counting (TC-SPC). Both methods used the 1mm 
UV-Vis spectroelectrochemistry cell described in the previous chapter with 
minor modifications.  

For time resolved absorption and emission on the nano to microsecond 
time scale the spectroelectrochemical cell was placed under 45 degree in a 
90 degree cross beam configuration of a standard nanosecond flash photoly-
sis setup (For details see reference 92). 

For emission measurements on the ps to ns time-scale the spectroelectro-
chemical cell with a modified working electrode was placed in a TC-SPC 
setup. The TC-SPC setup used for my measurements allows lifetimes as 
short as 30 ps to be measured. A pulsed titanium sapphire laserj and an OPO 
produced the excitation light with a repetition rate of 200 kHz and a wave-
length of 400 nm. The 45 degree orientation of the spectroelectrochemical 
cell resulted in excessive scattering of excitation light towards the detector 
which could not be completely blocked off by the filter (see inset Figure 

i The longer time scale of controlled potential electrolysis makes it possible to detect catalytic 
turnover that is too slow for detection with CV or DPV. 
j Pumped by an argon ion laser 
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5-2). For this reason the new beam alignment shown in Figure 5-3 was used. 
With this geometry the excitation light hits the 1 mm cell in a 90 degree 
angle, and reflections from the first air-glass surface are not directed at the 
detector.

Figure 5-2) Beam geometry with the 1cm x 1cm cell. Inset: With the 1mm cell this 
geometry doesn’t work due to direct reflection of the excitation light into the detec-
tor. 

Figure 5-3) New beam geometry which works with the 1 mm cell and therefore 
made the combined electrochemistry + emission lifetime measurement possible.
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The time-profile of the excitation pulse (a characteristic of the laser) has 
been measured with a non-fluorescent scattering solution. This response 
function was convoluted in a matlab routine with an assumed decay curve 
(defined by amplitudes Ai and lifetimes i). The best Ai and i were obtained 
by fitting the convoluted curve to the experimental emission decay curve 
with a least square algorithm. 
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6. Characterization of a dibasic hydrogenase 
active site mimic. Improving proton 
reduction catalysis

The following chapter summarizes the investigations I made on a biomi-
metic proton reduction catalyst that are described in paper I and II.  These 
studies concern the protonation behavior, the electrochemical characteriza-
tion and catalytic activity. In chapter 6.3, some mechanistic ideas and their 
relation to my work is presented. 

6.1 Thermodynamics and kinetics of the 
protonation reactions (papers: I, II) 

The structure of the iron complex Fe2(µ-adt)(CO)4(PMe3)2 (1) investigated in 
this study is shown in Figure 6-1a). The design rationale is based on the 
combination of two protonation sites: the electron rich Fe-Fe bond and the N 
in the adt ligand (see chapter 4.3.2). 

Figure 6-1)  The solid state structure of the investigated complex: ( -
adt)Fe2(CO)4(PMe3)2   (adt = S-CH2-NR-CH2-S)  

I found that four different protonation of this complex states can be pre-
pared. These are the unprotonated 1, the nitrogen-single-protonated [1H]+,
the iron-bond-single protonated [1Hy]+ and the double protonated [1HHy]2+,
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which carries simultaneously a proton on adt and a hydride on the iron-iron 
bond. These complexes could be isolated and they were structurally charac-
terized by 1H-NMR , 31P-NMR (see paper I). The protonation reactions were 
followed by time-resolved IR-spectroscopy using the CO oscillation fre-
quencies as sensitive probes for the protonation state. In particular the shift 
of the CO frequencies allows to distinguish the adt ligand protonation 
( =16 cm-1) from the metal-hydride formation ( =80 cm-1).

The four protonation states were aswell investigated by DFT calculations 
performed by M. Stein and L. De Gioia. These confirmed the structural as-
signments based on the NMR and IR-data (see paper II). 

Figure 6-2) The four protonation states of 1 and their pKa values. Data marked with 
(*) were calculated on the basis of thermodynamic cycles and involve the “diagonal” 
tautomerization whose pK was derived from computational results (stabilization of
[1Hy]+ relative to [1H]+ by 17.6 kJ/mol ). 
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Figure 6-3) CO region of IR spectra of 1, [1H]+, [1Hy]+, and [1HHy]2+ in aceto-
nitrile solution. 

The formation of two different singly protonated states is an intriguing 
finding since a normal diprotic acid has only one singly protonated form. 
This unusual behavior can only be rationalized with the kinetically slow 
protonation (and deprotonation) of the iron hydride.k I determined the pKa
values in acetonitrile solution by deprotonation with appropriate bases. The 
extend of deprotonation was detected by IR. My results show that [1Hy]+ is 
the thermodynamically more stable singly protonated form 
(pKa([1Hy]+)=15).  [1H]+ on the other hand is an initially produced metasta-
ble protonation form (pKa([1H]+)=12). I could prepare the metastable form 
[1H]+ with perchloric acid because with this acid the tautomerization of 
[1H]+ to [1Hy]+ does not occur. I found that the use of HCl promotes the 
tautomerization and so the [1Hy]+-protonation state can be formed 
(k=2.2 M-1s-1). (Figure 6.3B below) 

k The iron-iron bond is not an Eigen acid. The orbitals and the ligands are rearranging upon 
protonation and this slows down the protonation reactions.  
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Figure 6.3B)  a) Time-resolved IR spectra of the tautomerization from [1H]+ to 
[1HHy]+ with HCl. b) Kinetic traces and exponential fits for the decay of [1H]+ and 
the formation of [1Hy]+ c) Plot of pseudo first-order rate constants vs. concentration 
of HCl and linear fit with a slope of k(HCl) = 2.2 M–1s–1

The two protonation sites influence one another’s acidity strongly.  For the 
doubly protonated [1HHy]2+ the pKa-value of the nitrogen is 5 (compared to 
12) and the pKa-value of the hydride is 8 (compared to 15). This shows, that 
each protonation site is more acidic in the doubly protonated form by 7 units 
compared to the respective singly protonated form.  

I could prepare the doubly protonated form [1HHy]2+ by using hydro-
bromic acid (k>100 M-1s-1), or by using a mixture of perchloric acid and 
hydrochloric acid. Here the hydrochloric acid facilitates the hydride forma-
tion and the perchloric acid is strong enough to protonate the nitrogen of 
[1Hy]+ to form [1HHy]2+.
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The faster hydride formation with hydrohalic acids can either be due to 
less steric hindrance or due to the electronic effect of the nucleophilic hal-
ides which could transiently coordinate to the iron centers. 

The special role that hydrohalic acids (and bases) have in hydride formation 
is sometimes unrecognized. Rauchfuss et al.85 have investigated the two 
compounds [Fe2(S2C3H6)(CO)4(CN)(PMe3)]- and [Fe2(S2C3H6)(CO)4
(CN)(POMe3)]-. For the protonation of the first compound they used HCl 
and they got a hydride; for the second they used toluenesulfonic acid (HOTs) 
and single protonation occurred on the CN ligand instead. They only con-
sider pKa values of these acids and interpret the results as a difference be-
tween the two compounds. But in the light of my results it would also be 
reasonable to assume that these different protonation results are a product of 
the different acids that were used – not the two different complexes. Consid-
ering only the pKa-values of the acids is not enough, because hydrohalic acid 
even with lower acidity form hydrates faster than other acids. 

6.2 Electrochemistry and catalytic activity
(papers: I, II) 

As expected each protonation shifts the reduction to milder potential 
(Figure 6-4 and Table 1). The unprotonated species is reduced at very ca-
thodic potentials (-2.18 V vs. Ferrocene) due to the electron donating 
phosphine ligands. Protonation of the nitrogen base (1 [1H]+) renders the 
reduction potential 600 mV easier (-1.57 V). The potential shift caused by 
Fe-bond protonation is known to be larger (1 V in85,93), and in our case the 
species [1Hy]+ is reduced at (-1.10 V). 

While the N protonation from 1 to [1H]+ shifts the reduction by 600 mV, 
the shift is much less from [1Hy]+ to [1HHy]2+ (only 150 mV to -0.96 V). 
The N-protonation has less effect on [1Hy]+, because the hydride formation 
extracts electron density from the metal centers and the remaining electron 
density is more rigid. 
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Figure 6-4) 
a) Differential pulse voltammograms of 1, [1H]+, [1Hy]+, and [1HHy]2+ in acetonitrile.        
b) Cyclic Voltammograms (v = 0.100 V/s) of [1H]+ (1 mM 1 + HClO4). Catalytic currents 
with [HClO4] = 10, 20, 35, 60, 90 mM. 

Table 1) Reduction potentials of different protonation forms of complex 1.

1 [1H]+ [1Hy]+ [1HHy]2+

E [V] vs. ferro-
cene 2.18 1.57 1.10 0.96

Figure 6-4 b) shows the increase and cathodic shift of the CV peak with 
HClO4-concentration. This behavior is expected for catalytic reduction of 
protons by the compound [1H]+ (see references 91,94). However, such direct 
evidence for electrocatalytic behavior could not be demonstrated for the 
reduction of the more interesting hydride species [1Hy]+ and the doubly 
protonated species [1HHy]2+ at the less negative reduction potentials (at 
-1.10 V and at -0.96 V). This indicates that a potential catalytic turnover is 
slow compared to the cyclic voltammetry time-scale.  

Bulk electrolysis combined with gas chromatographic H2 detection pro-
vided evidence for slow catalytic turnover at these mild potentials (see paper 
II). For the doubly protonated species the slow turnover could be attributed 
to slow formation of the hydride in the FeIFeI-oxidation state. With HBr 
however this formation is fast even on the voltammetric time-scale and the 
absence of rapid turnover indicates that the turnover rate is limited by an-
other step in the catalytic cycle – such as the proton hydride reaction. It can 
be assumed that this is due to the long geometrical distance between the 
bridging hydride and the N-proton. This distance prevents any unimolecular 
bond formation between the proton and the hydride in [1HHy]2+. With this 
argument for [1HHy]2+ in mind the catalytic activity at -1.57 V has to be 
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explained based on a bimolecular reaction with a bulk proton or based on a 
bimolecular reaction between two catalyst molecules (homolytic H2-bond 
formation). In the natural hydrogenase the bridging position is occupied by a 
CO ligand, and the hydride is coordinated in a terminal position and thereby 
a unimolecular bond formation becomes feasible.  

6.3 Implications for a desirable structure of 
biomimetic proton reduction catalysts 

Most known hydrogenase mimics form the hydride in a bridging position. 
Such a bridging hydride is geometrically too far apart from the nitrogen pro-
ton, so that a unimolecular mechanism is prevented. Therefore any catalytic 
hydrogen evolution has to involve a bimolecular hydride-proton reaction. In 
the enzymatic reaction a terminal hydride is formed and DFT calculations 
have shown that a proton on the adt nitrogen can react with this terminal 
hydride in a low energy pathway.59

Possibly the intramolecular mechanism contributes to the efficient cata-
lytic activity of the enzyme. Such an intramolecular mechanism would bene-
fit from the electronic communication between the protic and the hydridic 
site. In the H-H bond formation step the adt-proton leaves the N and moves 
towards the terminal hydride (red arrows in Figure 6-5). This causes some 
electron density to move toward the iron center (blue arrows). In this con-
certed process the hydride becomes more electron rich and engages more 
easily in the heterolytic bond formation with the approaching proton. Pear-
son95 investigated proton-acidity versus hydricity. In this terminology you 
can say that the Fe-bound proton becomes more hydridic and simultaneously 
the proton becomes more acidic. This mechanism illustrates a certain advan-
tage of the unimolecular mechanism over the bimolecular mechanism. 

These mechanistic ideas underline the importance of strong electronic 
coupling between the protic and the hydridic site of the catalyst molecule. 
From the mutual influence of the two pKa values found in this study it is 
evident that such electronic communication exists in this hydrogenase 
model. Unfortunately our model forms a bridging hydride, and the distance 
between the proton and the bridging hydride prevents an intramolecular re-
action to occur. 
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Figure 6-5)concerted proton bond formation with electron movement from N to Fe.

The natural hydrogenase has strongly binding CO and CN- ligands and one 
labile coordination site. FTIR studies show that one of the CO ligands is 
alternating between a terminal and a bridging coordination when the hydro-
genase changes between its oxidized and the reduced state.57,65 In the natural 
and some artificial systems96 the CO is in a terminal position in the reduced 
compound and it changes to a bridging position upon oxidation. Since the 
hydride formation is an oxidative addition it could be assumed that simulta-
neously with the hydride formation the CO changes into the bridging posi-
tion, and this in turn stabilizes the electron deficient structure, and it results 
again in a six-coordinated iron center. Additionally it could be speculated 
that the resulting bridging CO ligand prevents the formation of a bridging 
hydride. 

There is one complex that alternates between a terminal and a bridging 
coordination in the exact opposite way.97 In this complex the CO is bridging 
in the reduced state and it changes to the terminal position upon oxidation. 
The reduction induced change from a terminal CO to the bridging CO cre-
ates a free coordination site on one of the irons. It can be speculated that a 
terminal hydride could form on this free site. A terminal hydride is advanta-
geous, because it has a more hydridic character98 and because a terminal 
hydride is geometrically closer to the N-proton – so that a unimolecular 
mechanism becomes possible. 

The only reported terminal hydride in a synthetic biomimetic di-iron 
complex has been produced with hydride reagentsl at low temperatures99, and 
it had limited stability. This FeIIFeII-complex with a bridging CO and a ter-
minal hydride isomerizes into a complex with a terminal CO and a bridging 
hydride. At low temperatures (-25ºC, -40ºC) the isomerisation is slow and it 
could be shown that the intermediate species with terminal hydride reacts 
with acid (HOTf) to produce H2. The more stable species with a bridging 
hydride does not have this H2-producing capacity. 

l  hydride reagents: NaBH4 or LiAlH4.
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An important lesson that can be learned from the above discussion is that 
a terminal hydride is imperative for unimolecular proton reduction. The for-
mation of a terminal hydride is possible, if the bridging coordination site is 
occupied by a CO ligand. A symmetric design of a dinuclear iron compound 
might favor the formation of a bridging hydride. An asymmetric design will 
make the formation of a terminal hydride more likely and should therefore 
be preferred.

Furthermore the slow formation of the hydride can be detrimental to the 
rate of the catalytic turnover. A basic site with a relay function that speeds 
up the hydride formation can overcome this problem. Rauchfuss suggested 
CNH to fulfill this function85, and Liu and Hu suggested N in the azadi-
thiolate bridge to be this relay.59b

I had found that Cl- ions (or rather HCl) catalyze the hydride formation. 
The mechanism for this accelerating effect of chloride is still unknown. A 
transient ligation of Cl- and an effect building on this does not seem unrea-
sonable.



51

7. Investigation of PS II donor side mimics. 
Towards a water oxidation catalyst 

In the following chapters my work on the electron donor side of a pro-
spective artificial photosynthesis system will be described.  

In Chapter 7.1 I summarize my results concerned with the accumulative 
photooxidation of the donor unit. This work is particularly concerned with 
the kinetics of the electron transfer and the competing excited state quench-
ing.

Chapter 7.2 deals with the ligand exchange reactions triggered by accu-
mulative oxidation of the donor unit. These reactions were investigated in 
view of substrate (water) binding and charge compensating deprotonation 
reactions.

In chapter 7.3 my studies on a high valent Mn complex are presented. 
This study takes its motivation from the requirement of a electrophilic Mn-
bound oxygen for the heterolytic O-O bond formation. 

In the chapter 7.4 I describe oxygen evolution experiments on a com-
pound described here, but the experiments were performed by a colleague.

7.1 Accumulative photoinduced electron transfer 
In chapter 7.1.1 and 7.1.2, I have used the compound Mn2(bpmp) as the 

electron donor unit (Figure 7-1). This dimolecular acetate bridged complex 
Mn2(bpmp) undergoes two reversible oxidation processes at E1/2=0.06 V and 
0.61 V vs. ferrocene and can be prepared in the (II,II), (II,III), (III,III)-
oxidation states.100 It has been previously used as a model system for the 
WOC in our project.101 In this context it has been shown that this Mn2(II,II)-
complex can undergo several photoinduced oxidation steps with the 
Ru(bpy)3 sensitizer and a sacrificial external electron acceptor.2,3 This was 
demonstrated in a bimolecular system and in a Ru(bpy)3-Mn2(bpmp) dyad as 
well. In particular it has been shown that a Mn2(III,IV) complex can be 
formed from the Mn2(II,II) complex during photoinduced oxidation in water 
containing media. 
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7.1.1 Accumulative photoinduced oxidation of a dinuclear 
manganese complex 

In this chapter I summarize my measurements on the bimolecular reactions 
between the Ru(bpy)3 and the Mn2(bpmp) complex.102 These are (i) the ex-
cited state quenching of *Ru(bpy)3 by the Mn complex and (ii) the electron 
transfer from the Mn complex to the oxidized sensitizer. The Ru(III) oxidant 
(E1/2=0.90 V vs. ferrocene) was generated by oxidative quenching with 
methyl viologen (k=2.5*109 M-1s-1 G=0.39eV, see Figure 7-2). Since it is 
our goal to achieve an accumulative electron transfer, these bimolecular 
reactions were investigated in different oxidation states of the Mn(bpmp)-
complex. These were the Mn2(II,II)-, Mn2(II,III)-, and the Mn2(III,III)-state. 

Figure 7-1) Structure of the electron donor: [Mn2(II,II)(bpmp)( -OAc)2]+.

The desired photoproduction of Ru(III) can only occur, if the excited state 
quenching of *RuII(bpy)3 by the Mn(bpmp) is slower than the bimolecular 
electron transfer to MV2+. For this reason I first measured the excited state 
quenching rates between the excited *RuII(bpy)3 and the Mn2(bpmp) in its 
three oxidation states. The emission and transient absorption measurements 
at different oxidation states of the Mn complex were performed with the 
combined electrochemistry-flash-photolysis setup briefly described in Chap-
ter 5.3. The excited state lifetimes were monitored by the emission decay 
traces at 600 nm and rate constants were determined from pseudo first order 
plots. The electron transfer rates were determined by transient absorption 
spectroscopy following the recovery of Ru(II) at 450 nm and the decay of 
the MV+ radical at 600 nm. In the II,III oxidation state the Mn complex re-
acts with both the Ru(bpy)3 oxidant and the MV+ reductant. The rate con-
stants were obtained from simulations of the transient absorption data. This 
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was done in a matlab routine that solves the set of differential rate equations. 
The excited state quenching rates and the electron transfer rates are summa-
rized in Table 2 together with the driving force for electron transfer. The 
highest oxidation state of the Mn complex in acetonitrile solution is the 
Mn2(III,III) state. Accordingly no electron transfer from Mn2(III,III) to 
Ru(III) was observed. In the presence of 10 % water however, electron trans-
fer to the Ru(III) was observed with a rate constant of 1.3*106 M-1s-1. This 
effect can not be attributed to an outer sphere effect and rather indicates a 
change in the coordination sphere of the Mn complex that facilitates further 
oxidation. In view of the results presented in chapter 7.2 the effect of water 
can be attributed to the exchange of acetate ligands for water derived 
ligands. The detailed investigation of these exchange reactions suggests the 
coexistence of several Mn complexes with different ligand sets under these 
conditions. Therefore the observed rate constant most likely represents an 
average of rate constants describing the electron transfer rates from different 
Mn species. 

In general it can be seen that the oxidized states are more efficient excited 
state quenchers, which will make the electron transfer reactions more and 
more difficult. At the same time the driving force for the oxidation of 
Mn2(bpmp) is decreased which makes the electron transfer slower and even 
more unfavorable.  

N CH3NH3C

N

N

N

N

N

N

Ru

2 PF6

2 PF6

e-h
   (460 nm)

Figure 7-2) Bimolecular electron transfer from RuII(bpy)3 to methyl viologen 
(MV2+) to produce the oxidant RuIII(bpy)3. (kET=2.5*109 M-1s-1 , G=0.39eV) 
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Table 2) Electron transfer rate constants kET and excited state quenching rate con-
stant  kq for the bimolecular reactions between Ru(bpy)3 and  [Mn2(II,II)(bpmp) ( -
OAc)2]n+ ,(n=1,2,3). Driving force (- G) for electron transfer to Ru(III)(bpy)3.

Donor oxida-
tion state 

- G
[eV] 

kET
[M-1s-1]

kq
[M-1s-1]

Mn2(II,II) 0.81 8*108  7.10*107

Mn2(II,III) 0.225 4*106  1.97*109

Mn2(III,III) 1) 2) 2) 3.44*109

Mn2(III,III) 3) 4) 1.3*106 4) not measured 

1) In anhydrous CH3CN solution. 
2) No oxidation beyond (III,III) state possible. 
3) In CH3CN with 10% (v/v) H2O. 
4) Oxidation of unspecified ligand exchange product(s) (unknown driving force). 

7.1.2 Oxidation state dependent excited state quenching in 
electron transfer dyads (paper III) 

Figure 7-3 shows the trinuclear Ru-Mn2 and Ru-Ru2 dyads that consist of 
a Ru(bpy)3 photosensitizer and a dinuclear Ru2 or Mn2 unit as the electron 
donor unit. The dinuclear metal complexes can undergo several metal oxida-
tion steps and are intended as accumulators for oxidation equivalents. The 
results concerning complexs 1, 1a, and 1b are published in paper III. 

The idea was to oxidatively quench the excited Ru(bpy)3 chromophore 
with the external electron acceptor. This acceptor could be either MV2+ (see 
Chapter 7.1.1 and Figure 7-2) or semiconductor material like TiO2 for those 
dyads with suitable anchoring groups on the chromophore unit (1b). Subse-
quently the dinuclar unit is donating an electron to the oxidized chromo-
phore. The bimolecular quenching by the MV2+ competes with the in-
tramolecular excited state quenching by the electron donor unit. The quench-
ing within the dyad may involve reductive electron transfer or energy trans-
fer of the chromophore. If these processes can compete with the desired 
electron transfer, then they prevent the desired oxidation of the electron do-
nor unit. For the accumulative oxidation it is important to control these com-
peting processes for all the oxidation states of the electron donor unit. 



55

I have investigated the electrochemical behavior of these dyads. From 
these results I could show that the donor units undergo reversible electron 
transfer reactions resulting in up to 5 metal oxidation states and I determined 
the oxidation potentials of all these redox transitions. Furthermore I have 
characterized the different oxidation states in view of their electronic absorp-
tion spectra in the UV-Vis range by means of spectroelectrochemistry. 

For all dyads investigated in this chapter, I have been able to measure the 
excited state lifetimes for the accessible stable oxidation states of the Mn2 or 
Ru2 unit. These measurements required the in situ electrolysis combined 
with single photon counting which is described in chapter 5.3. 

Figure 7-4 shows a typical result of such an excited state lifetime meas-
urement. These results are fitted with a multiexponential decay as described 
in chapter 5.3. The lifetimes and the relative amplitude for all investigated 
dyads are summarized in Table 3 and in Table 5 for the Ru2 and Mn2 donor 
units respectively. 

There are different possible explanations for this multi-exponential decay. 
Conformational flexibility could result in different distances and orientation 
of the chromophore and the electron donor unit which could explain the 
multi-exponential decay.  

On the other hand the coordination sphere of the metal centers could be 
not uniform. The acetates might partly dissociate from the dinuclear complex 
resulting in a range of different quenching rates. This notion is supported by 
the effect that even small quantities of water have on the quenching kinetics 
which could be rationalized in terms of ligand exchange reactions. Further-
more I found that the emission decay of complex 3 becomes monoexponen-
tial upon reduction. This could be more readily explained by the preference 
for one well defined ligand set in this oxidation state rather than effects on 
the conformational flexibility of the dyad.    
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Figure 7-3) Trinuclear electron transfer dyads as mimics of the donor side. The 
given oxidation state refers to the dinuclear electron donor unit in the starting mate-
rial.
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Figure 7-4) Emission decay curve (blue) and simulated emission decay curve (red) 
for the dyad 1 with the dinuclear unit in the original Ru2(II III) state. Simulation 
with 1= 0.153ns, 2= 1.17ns, 3=5.74ns, 4=126ns, A1=5381, A2=1110, A3=456,
A4=296.

Table 3) Emission lifetimes ( ) and relative amplitudes (A) of the Ru-Ru2 dyads in 
different oxidation states of the donor unit. All data for CH3CN solution. 

1) Not measured 
2) Oxidation state not accessible 

 [ns]  (A[%]) 
donor oxi-
dation state 1 1a 1b 3

II, II 0.062 (60) 
0.63 (24) 

0.45  (75) 
3.0 (24) 

1) 3.6 (99.8) 

II, III 0.15 (74) 
1.17 (15) 

0.7  (68) 
3.5  (27) 

<0.05 (43) 
0.50 (22) 3.6 (99.8) 

III, III 
<0.05 (58) 
0.35 (23) 
3.0 (10 ) 

1.2  (72) 
5.0  (24) 

1) 0.37  (52) 
1.5  (41) 

III, IV - 2) - 2) - 2) 0.20  (47) 
1.1  (44)) 

IV, IV - 2) - 2) - 2) 0.072  (68) 
0.75  (22) 
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  For all dyads with dinuclear ruthenium donor unit I observed very short 
excited state lifetimes in the range of a few nanoseconds to less than 100 
picoseconds (Table 3). This holds for all oxidation states of the dinuclear 
ruthenium unit and shows that electron transfer by bimolecular quenching 
with an external electron acceptor would be difficult to accomplish. Only in 
case of 1a and 1b the complexes could be anchored to nano-crystalline TiO2
and it was possible to demonstrate the desired electron transfer from the 
excited sensitizer to the conduction band of the semiconductor. This is then 
followed by intramolecular electron transfer from the Ru2(II,III) unit to the 
photogenerated Ru(III) and the lifetime of the charge separated state extends 
on the millisecond time scale. 

Figure 7-5) Overlap of the normalized [Ru(bpy)3]2+ emission spectrum and the ab-
sorption spectra of the [Ru2(bhpp)(µ-OAc)2]n+ (n = 1, 0, 1, 2, 3) donor unit of dyad 
3 in the indicated oxidation states. Absorption spectra were obtained by spectroelec-
tro-chemistry in acetonitrile solution.

Table 4) Spectral overlap integrals (J) according to Figure 7-5 and calculated lower 
limits of the excited state lifetimes ( F ) due to Förster type energy transfer quench-
ing. 

donor oxi-
dation state 

J
[10 14 dm3

mol–1 cm3]
F =1/kF

1)

[ns]

II,II 3.3 16.6 
II,III 5.1 10.9 
III,III 6.7 8.0 
III,IV 8.6 6.5 
IV,IV 11.5 4.8 

1) Calculated with r = 17 Å, n = 1.342, d = 0.04, 2 = 4 and d = 10–6 s. 
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A mixture of intramolecular energy and electron transfer reactions between 
the dinuclear moiety and the sensitizer is responsible for the short lifetimes. 
Details of the quenching mechanism for complexes 1, 1a, and 1b are dis-
cussed in paper III and the same reasoning can be applied to the other dyads. 
For complexes 1, 1a and 1b Förster energy transfer can be excluded, as the 
calculated rates (from the emission of Ru(bpy)3 and the absorption spectrum 
of the dinuclear unit in the respective oxidation state) are too slow by two 
orders of magnitude to explain the observed quenching rates. For dyad 3 the 
absorption spectra of the donor unit overlap more severely with the sensi-
tizer’s emission spectrum (Figure 7-5) and the directly calculated rates indi-
cate that Förster energy transfer could have a non-negligible contribution to 
the observed excited state quenching in this dyad (Table 4).  The other pos-
sible quenching mechanisms are Dexter exchange energy transfer or in-
tramolecular electron transfer quenching of the chromophore. The Dexter 
exchange rates can not be directly predicted from experimental data. In con-
trast the thermodynamic feasibility of the electron transfer quenching can be 
assessed by the Rehm-Weller equation with the help of the measured stan-
dard potentials and the excitation energy. Considering for example dyad 1
the Rehm-Weller calculation predicts a significant driving force for both 
reductive and oxidative quenching of the excited state if the Ru2 moiety is in 
the mixed valence (II,III)-state. In the isovalent II,II and III,III state only 
reductive or oxidative quenching could be operative. 

Generally we concluded that the quenching mechanism is in all cases a 
combination of exchange energy transfer and probably minor contributions 
of electron transfer quenching. 

The corresponding results for the dyads with Mn2 electron donor units are 
compiled in Table 5.103 For dyad 2 I could show that the excited state 
quenching by the Mn2 donor unit is modest in the lowest (II,II) oxidation 
state. The observed excited state lifetime would readily allow for bimolecu-
lar quenching as a requirement for photoinduced oxidation to the Mn2(II,III)-
state. However, the lifetime drops drastically in the higher oxidation states  

Table 5) Emission lifetimes ( ) and relative amplitudes (A) of the Ru-Mn2 dyad 2 in 
different oxidation states of the donor unit. All data for CH3CN solution. 

donor oxidation state  [ns]  (A[%]) 

II, II 140 (100) 

II, III 0.080 (83) 

III, III 0.070 (82 ) 
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which would severely interfere with the aim of accumulative photooxidation 
beyond the (II,III) state. 

Also here the Förster energy transfer can be ruled out based on the di-
rectly calculated rate constants which can not account for the rapid quench-
ing. In analogy to the above mentioned arguments it can be anticipated that 
Dexter and/or electron transfer quenching is responsible for the shorter life-
times in the higher oxidation states. From my electrochemical data and the 
excited state energy of the sensitizer the driving force for intramolecular 
electron transfer quenching could be calculated. Reductive quenching is only 
possible in the Mn2-II,II state with a modest driving force of G= 0.25 eV. 
Oxidative quenching is thermodynamically possible in the Mn2-II,III state 
( G= .3 eV) and in the Mn2-III,III state ( G= .9 eV). 

In conclusion these results show that multielectron donors such as Ru2
and Mn2 complexes employed here are potent excited state quenchers in 
some if not all of their oxidation state. For efficient photoinduced oxidation 
of the catalytic multielectron donors it will be important to separate them by 
a redox intermediate. The increased separation will slow down energy trans-
fer (Chapter 2) while the stepwise electron transfer could still be fast.m

7.2 Water binding and oxidation state dependent 
deprotonations in a dinuclear manganese 
complex (paper IV) 

The Mn2(bpmp) complex shown in Figure 7-1 contains two bridging ace-
tate ligands. In anhydrous solution this bridging structure is maintained in all 
three oxidation states (II,II and II,III and III,III). The voltammetric behavior 
in the presence of water indicates that the higher oxidation states are less 
stable under this condition. It could be anticipated that this is due to ligand 
exchange reactions were the loosely bound acetates are exchanged for water 
derived ligands. In order to obtain more information on these ligand ex-
change reactions I have studied the reactivity of different Mn2 oxidation 
states towards water by means of IR spectroscopy and electrochemistry (see 
paper IV). As described in chapter 5.1 IR spectroscopy is a powerful tool to 
investigate the solution structure of the Mn2 complexes as it readily distin-
guishes between free and metal coordinated acetate. By IR spectroelectro-
chemistry I could observe the oxidation triggered ligand exchange reactions. 
In particular I could quantify the loss of acetate ligands and distinguish be-

m  In addition a one-electron redox mediator would have the function of a rectifier preventing 
backward electron transfer. 
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tween acetate and acetic acid being formed. In this way I could indirectly 
detect the extent of deprotonation of the water derived ligands. 

The Mn2(II,II) state is losing its ligand only at high water concentrations 
and the released ligands are found as free acetate (paper IV).  The Mn2(II,III) 
state loses acetate more easily even at low water concentration and the re-
leased acetate is partly protonated which is an indirect proof for deprotona-
tion of water derived ligands replacing the acetate. In the highest oxidation 
state Mn2(III,III) the acetate ligands are lost even at water concentrations 

Figure 7-6) Identified ligand exchange products formed from reaction of 
[Mn2(bpmp)( -OAc)2]n+ (n =1,2,3) with water. Structures were derived from mass 
spectrometry and IR spectroscopy. Only the bridging phenolate oxygen of the bpmp 
ligand is shown for clarity. In anhydrous media the (III,III) state is the highest oxida-
tion state. Only in presence of water a (III,IV) product can be obtained due to charge 
compensating deprotonations of the water derived ligands. The mechanism for the 
formation of the (III,IV) product depends on the water concentration: With low 
water concentration the acetate ligands are exchanged in the higher oxidation states 
(red arrows), with higher water concentrations ligand exchange is complete in the 
(II,II) oxidation state (blue path). 
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below 1% and are always detected as acetic acid showing that the Mn-
coordinated water is deprotonated to an even higher extend. It should be 
noted that the ligand exchange reactions do not initially reduce the overall 
charge of the complex, but facilitate further oxidation by proton coupled 
electron transfer as the water derived ligands are increasingly deprotonated 
in higher oxidation states. 
In order to identify specific products the electrolysis products were further 
structurally characterized by electrospray ionization mass spectrometry (ESI-
MS). In collaboration with Leif Nyholm and coworkers we combined elec-
trochemical oxidation with on-line ESI-MS detection of the product com-
plexes. The mass spectra obtained at increasingly oxidizing potential identi-
fied several dinuclear Mn-complexes with mixed bridging motives. With 
increasing oxidation state the acetate ligands are replaced with increasingly 
deprotonated water derived ligands. These complexes can be considered as 
intermediates resulting in the formation of a [Mn2(III,IV)(bpmp) ( -O)2]2+

complex. This high valent (III,IV) product could be generated at potentials 
below the (III,III)/(II,III) potential of the original di- -acetato complex. 
Three subsequent oxidations could be achieved in a narrow window of 
0.5 V. These results explain the formation of a Mn2(III,IV) species by the 
oxidant Ru(III)(bpy)3 in a previous EPR study.2,3 More generally it illustrates 
that the charge compensation needed for the accumulative oxidation of the 
donor unit can be provided by the deprotonation of water derived ligands. 

7.3 Stabilization of high valent Mn-ions 
 in an electron poor macrocycle ligand 
(paper V) 

In the natural WOC and in some model systems the O-O bond formation is 
suggested to occur between an electrophilic and a nucleophilic oxo-ligand. A 
nucleophilic attack of a water-oxygen onto an electron deficient oxo-ligand 
seems to be a likely mechanism. The key role of an electron deficient oxo-
ligand as an intermediate of the O-O bond formation was suggested by vari-
ous authors.29,104 In order to create an electrophilic oxo-ligand it has to be 
bound to a high valent metal center – like Mn(V).  

The corrole-ligand is known to stabilize high oxidation states of the metal 
center.105 Such a high valent MnV=O species was identified as the active 
intermediate in the catalytic epoxidation of olefins.106 The catalytic capacity 
for oxidation reactions makes this family of complexes interesting for our 
project. It can be envisioned that such an entity with a high valent Mn=oxo 
could be a useful structural element in a water oxidation catalyst if it is com-
bined with another unit holding a nucleophilic oxygen. 
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Generally macrocycle ligands are potentially non-innocent ligands and 
oxidation reactions often involve the macrocycle rather than the metal cen-
ter. One strategy to avoid macrocycle oxidation is to introduce electron 
withdrawing substituents.106

I have investigated the redox behavior of a Mn-complex with a novel ni-
tro-phenyl-substituted corrole ligand (see paper V). The structure of this 
complex is shown in Figure 7-7. The electron withdrawing nitro-substituents 
are introduced to prevent the oxidation of the macrocycle so that the forma-
tion of a high valent Mn-center is favored instead. Cyclic voltammetry on 
this Mn(III) compound shows one reversible oxidation and two reversible 
reductions. The products of the electrode processes were characterized by 
EPR and UV-Vis spectroscopy in view of the electronic structure, i.e. the 
question of ligand versus metal centered oxidation.  

Figure 7-7) Mn(III) corrole with pyridine as axial ligand.

EPR on a bulk electrolyzed sample and UV-Vis spectroelectrochemistry 
show that the Mn(III) compound is oxidized to a stable Mn(IV) which does 
not show any signs of macrocycle oxidation. Even so the III IV oxidation 
occurs at less anodic potential than for other Mn-corroles it was not possible 
to oxidize a second time to reach a stable Mn(V) state. Neither electrochem-
istry nor chemical oxidation with iodosobenzene (PhIO) could form stable 
Mn(V). In agreement with my results the catalyst did not show any catalytic 
activity towards epoxidation. 

My results show that the strategy with electron withdrawing substituents 
does indeed lead to a pure metal center oxidation, but at the same time the 
metal centered oxidations will occur at more positive potentials. In the par-
ticular case investigated here this allowed the formation of a pure metal cen-
tered Mn(IV) oxidation state, but rendered the Mn(V)-state inaccessible. In 
view of potential application for catalysis it appears therefore questionable if 
any particular advantage for the formation of high valent metal centers can 
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be expected from these macrocycle ligands compared to the type of ligands 
described in chapter 7.1.

Figure 7-8) Voltammetry (CV, top) and (DPV, bottom) of the Mn(III) corrole com-
plex in acetonitrile solution. The oxidation with E½= 0.12 V vs Fc. yields a stable 
product that was EPR spectroscopically characterized as a Mn(IV) complex. Further 
oxidation at higher potentials results in oxidative degradation and no defined product 
could be identified. The close lying reductions around –1.5 V are ligand centered 
and involve the nitrophenyl substituents of the corrole ligand.

7.4 Oxygen evolution from a dinuclear Mn 
complex

In my study on Mn(bpmp) I could show that this complex binds water and 
this water deprotonates upon oxidation which made it possible to accumulate 
three oxidation equivalents in a narrow window. But no conclusions about 
O2 evolution capacities of this compound can be derived from my data.  

In an oxygen evolution study performed in our group (Philipp Kurz un-
published) it was shown that the Mn2(bpmp) complex is capable of evolving 
O2 in a reaction with the oxone oxidant (HSO5

2-). Experiments with 18O-
labeled water H2

18O resulted in 18O18O oxygen. This can be explained in two 
ways. Either both oxygens are originating from water, or the active species is 
exchanging oxygens with water quickly. The second explanation is more 
likely because only oxygen atom transfer agents yielded O2 and the oxidant 
CeIV did not. 
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8. General conclusions 

In this work three aspects of our envisioned solar energy conversion sys-
tem were investigated. I studied several molecular systems intended for (i) 
the accumulation of photochemically produced oxidation equivalents, (ii) the 
catalytic water oxidation or (iii) the catalytic proton reduction. The func-
tional characterization of these building blocks revealed both the potential 
and the limitations of their design principles. 

i) The systems studied in the context of accumulative electron transfer 
consisted of a Ru(bpy)3 photosensitizer and a dinuclear Mn2- or Ru2-
complex. Thermodynamically the oxidized sensitizer is capable of oxidizing 
the donor unit several times. In principle this accumulative oxidation could 
be accomplished by repeated excitation and oxidative quenching of the sen-
sitizer by an external electron acceptor. My results show however that such 
function is difficult to accomplish, because of the efficient quenching of the 
sensitizer’s excited state by the higher oxidation states of the Mn2-donors 
and all oxidation states of the Ru2-donors. This wasteful quenching by the 
donor unit is due to the combination of energy transfer and undesired elec-
tron transfer and it would drastically decrease the efficiency for the desired 
oxidation of the dinuclear donor units. This problem arises from the multi-
tude of oxidation states and low lying electronic excited states characteristic 
of the transition metal complexes used as donors. Therefore it can be con-
cluded that similarly unfavorable behavior must be suspected for any system 
with the photosensitizer directly linked to the multi electron donor. The most 
promising strategy is probably to separate the sensitizer from the terminal 
donor by a redox intermediate. A simple organic one-electron donor inter-
mediate would be a much less potent excited state quencher than the transi-
tion metal complex which is needed as a catalytic unit. 

ii) Most of my investigations related to the problem of catalytic water 
oxidation concerned the redox behavior of a dinuclear manganese complex. 
My results show that the bridging acetate ligands are exchanged for water 
derived ligands that are increasingly deprotonated in the higher oxidation 
states. These deprotonation reactions provide charge compensation which 
facilitates the accumulation of three oxidation equivalents in a narrow poten-
tial range of 0.5 V. In the final Mn2(III,IV) product both water ligands are 
fully deprotonated in the form of bridging O2- ligands. Thus I could demon-
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strate that the model complex mimics key aspects of catalytic water oxida-
tion. These aspects are binding of water substrate in the lower oxidation 
state, accumulation of multiple oxidation equivalents in a narrow but suffi-
ciently oxidizing potential range, and complete deprotonation of the sub-
strate water upon metal oxidation. More generally it can be concluded that 
even so labile ligands render the characterization of a complex more diffi-
cult, they are crucial for the function of the catalyst, because they allow for 
water binding and its charge compensating deprotonation. However, for the 
further development of WOC mimics towards functional catalysts the two 
aspects of O-O bond formation and O2-release have to be considered in the 
design.

iii) As a potential proton reduction catalyst I have investigated a dinuclear 
iron complex mimicking the hydrogenase active site. As a particular prop-
erty the iron complex was designed to provide a binding site for a hydride 
and for a proton already in its initial oxidation state. My results revealed 
interesting properties of our particular complex and some important aspects 
of a synthetic proton reduction catalyst in general. I could verify that a dou-
ble protonated complex holding a hydride and a proton simultaneously can 
be formed without preceding reduction. However the hydride formation at 
the FeIFeI-level is extremely sluggish. Concerning the single protonated 
states this sluggishness results in the formation of a metastable N-protonated 
state. In view of proton reduction catalysis such slow hydride formation 
could easily become the rate limiting step of the catalytic cycle. 

I could show that hydrohalic acids accelerate the hydride formation result-
ing in faster tautomerization to the single protonated hydride state (HCl) or 
resulting in the double protonated state (HBr). However, for the particular 
complex investigated here the faster formation of the doubly protonated state 
did not lead to rapid catalytic turnover. This might be attributed to the geo-
metrical distance between a bridging hydride and the ligand proton. In anal-
ogy to the enzyme it could be anticipated a terminal hydride might remedy 
this problem. Therefore emphasis should be put on model systems which 
form such a terminal hydride. 
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Summary in Swedish 

Fotokemisk omvandling av  
solenergi med ett molekylärt system.
Att söka efter syntetiska katalysatorer för vattenspjälkning 

Vår livsstil är mycket energikrävande och det finns många länder som 
kommer att öka energikonsumtionen drastiskt de kommande åren. Koldioxi-
den som bildas genom förbränning av fossila brännslen orsakar växthusef-
fekten. Bevis för detta samband blir allt fler, och prognoserna ser dystra ut. 
Det behövs koldioxidneutrala energikällor såväl på kort men framför allt på 
långt sikt. En mycket riklig energikälla är solen. Utmaningen består i att hitta 
ett billigt sätt att omvandla denna energi till en tillgänglig form – bäst vore 
det att framställa ett bränsle, så att man kan lagra energi men också så att 
man kan producera den där det finns mycket sol och transportera den. 

Naturen visar oss att det är möjligt att spara solens energi i energirika fö-
reningar. Växter använder vatten och koldioxid för att bygga upp kolhydra-
ter. Vi har en biomimetisk strategi vilket betyder att vi använder de naturliga 
enzymer som finns som modell. I växterna produceras syre från ett enzym 
med en katalysator som heter vattenoxiderande center (Water Oxidizing 
Center). I vårt projekt simulerar vi de delar av WOC’s funktion som är kän-
da, och detta bidrar också till ökad kunskap om mekanismen av WOC’s 
funktion. Detta är en utmananing och lyckandes av detta skulle bidra till en 
kodioxidfri energiförsörjning i framtiden. 

Istället för kolhydrater vill vi spara solens energi i form av vätgas genom, 
att spjälka vatten till syre och vätgas. Faktiskt är det en omvänd bränslecell 
som vi vill bygga. Ett gemensamt problem för både processerna är att man 
måste ha bra katalysatorer så att den önskade reaktionen kan ske. I en bräns-
lecell används en fast katlaysator vilken är gjord av platina och därför är den 
dyr. I vår molekylära ansats har vi enstaka molekyler som katalysator, vilket 
gör en homogen katalysis möjlig. Dessa katalytiskt aktiva molekyler måste 
agera som slutgiltig electron donator respective acceptor när dem kopplas 
ihop med en sensiterare till ett electron transfer system. 

Några aspekter av ett sådant system är mycket väl undersökt. De primära 
processerna är fotoinducerad elektronöverföring vilket är ett ganska väl un-
dersökt forskningsområde. En mycket viktig del av ett vattenspjälkande sy-
stem är de katalysatorer som driver protonreduktion och en andra katalysator 
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för bildning av en syrebindning. Man behöver hitta lösningar på några pro-
blem som uppstår när man sätter ihop katlysatorerna med övriga komponen-
ter. För att lyckas med vattenspjälkning behövs ett system som kan samla 
ihop fyra oxidationsekvivalenter på en sida med en syrebildande katalysator. 
För att lyckas med en ackumulativ elektronöverföring måste man förhindra 
att det exciterade tillståndets energi går förlorad genom ”quenching”.  

I fyra olika komplex med fotonabsorberande sensiterare och olika elek-
trondonatorer undersökte jag hur den önskade elektronöverföringen kunde 
tävla mot de oönskade processer som konsumerar energin. Mina resultat ger 
stöd för uppfattningen att vissa  komponenter mellan sensiterare och elek-
trondonatorn är oumbärliga.  

Viktiga egenskaper för en syrgasbildande katalysator är att den binder 
vattenmolekyler och att vattenliganderna måste bli av med sina protoner 
medan katalysatorn oxideras. Annars får man en laddningsackumulation som 
gör att efterföljande oxidationer blir svåra eller omöjliga. När komplexen 
förlorar protoner är det en laddningskompenserande mekanism vilket gör att 
fönstret för oxidation är litet. I en av mina undersökningar kunde jag visa att 
mina komplex faktiskt kan bli trefaldigt oxiderade om det finns vatten i lös-
ningen. Detta står i motsats till beteendet i en vattenfri lösning där bara två 
oxidationer är möjliga. Genom infraröd spektroskopi kunde jag visa att den-
na skillnad är ett resultat av vattenbindning och deprotonerings-reaktioner.   

Efter bindandet av två vattenmolekyler, uppsamling av fyra oxidations 
ekvivalenter och dumpningen av fyra protoner måste själva syrgasbindning-
en bildas. En teori är att en O måste vara nukleofil och den andra måste vara 
elektrofil. En elektrofil syreligand bildas när den binds till en högvalent 
mangan. För att stabilisera en högvalent mangan använder vi en makrocyc-
lisk ligand.

De protoner som dumpas på den oxiderande sidan vill vi använda på den 
andra sidan för att reducera dem till vätgas – själva bränslet som vi strävar 
efter. I naturen finns det enzymer som katalyserar  protonreduktion eller 
vätgaskonsumtion, den första för att bli av med överskottet av reduktionsek-
vivalenter, den andra  för att inte slösa bort energin. De här enzymerna heter 
hydrogenaser och de finns i några bakterier. Själva kärnan av de här enzy-
men är en så kallad ”active site” bestående av två samkopplade järnjoner. 
Detaljerna i den här mekanismen är okänd, men det finns några hypoteser. 
Den molekyl som jag undersökte är riktad mot en av de föreslagna meka-
nismerna. Också här är tanken bakom designen att en elektronrik hydrid 
reagerar med en proton i samma molekyl. Jag fann katalytisk aktivitet, men 
mina resultat visar också att själva mekanismen bakom denna aktivitet inte 
är den som designen var riktad emot. 

Vidare är det viktigt att identifiera de steg i den katalytiska cirkeln som är 
långsammast. Denna kunskap hjälper till att undvika de mest sannolika fäl-
lorna när nästa generation av katalysatorer planeras.  
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