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Karamanolis:   Wasserstoff, Energieträger der Zukunft, 2001, Elektra Verlag 

Hydrogen: Energy Carrier of the Future 
Basic material for production of  other energy carriers  (e. g. methanol)  

other chemicals and other uses (e. g. ammonia) 
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1.  Hydrocarbons  

     Reformation of natural gas, coal 

 

2. Water electrolysis 

     Electricity from nuclear power or fossil resources               

  Renewable energy (photovoltaics, wind ….) 

 

3.  Thermal methods 

Waste heat (nuclear power) 

Solar-Tower 

 

4. Biological / Biomimetic Methods 

     A. Modified natural systems (biophotolysis / photosynthesis) 

 B. Semiartificial systems (enzymes on electrodes) 

 C. Biomimetic systems (artificial photosynthesis, catalysis)                 

HYDROGEN  PRODUCTION 



Photosynthesis: 

Structure and Function of Photosystem II  

and the Water Oxidizing Complex 
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local pseudo-C2 axis 

X-Ray Crystallography: Structure of Photosystem II 

Arrangement of water molecules 

Umena, Kawakami, Shen, Kamiya, 
Nature 473, 55-60 (2011) Resolution 1.9 Å 
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X-Ray Crystallography: Structure of Photosystem II 

Cofactor Arrangement :  Reaction Center 

Resolution 1.9 Å 
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Model Structures of the Mn4OxCa Cluster 
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1.9 Å Resolution 

(„little“ radiation damage) 
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Ferreira et al., 
Science 303, 1831 (2004) 
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Nat. Struct. Mol. Biol. (2009) 
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Mn XANES of PS II Crystal 

 X-ray damage reduces the Mn4(III2IV2) cluster (S1 State) to Mn(II) and 

alters the geometric and electronic structure significantly 

Mn Models 

Yachandra, Messinger et al. 2005 Yano et al. 2005 PNAS 
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Photoreduction of higher metal oxidation states 

Mn K-edge 

XRD at 100K, 13.3 keV 

3.5*1010 photons 

XAS at 10K, 6.6keV 

1*107photons 

A: 25% Mn(II);    3% total dose 

B: 45% Mn(II);  15% total dose 

C: 75% Mn(II);~50% total dose  
Photons (*1010/µm2) 
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Radiation Damage in X-Ray Diffraction: Photoreduction 

 X-ray damage reduces the Mn4(III2IV2) cluster (S1 State) to Mn(II) and alters the 

geometric and electronic structure significantly 

Yano et al. 2005 PNAS 102, 12047-12052 



diffraction  

pattern 

particle  injection 

100 nm 
focus 

~1021 W/cm2 

- biological nano-crystals 

- virus structures, virus genomes 

- non-crystallisable proteins: 60 %  

Measure structure then destroy? 

Laue lense 

Imaging Biomolecules 

 Avoid radiation damage (even at RT) 

R. Neutze et al, Nature 406 (2000) 

 Explore time resolution 

 Structure of short-lived intermediates 

- 1012-13 photons  

-  10 keV 

- 10 fs pulse 

Free Electron Laser 



(A) Light microscope image of crystals (average size of 10 μm) of PS II 

used for the XRD measurements. (B) X-ray diffraction pattern of PS II 

obtained at CXI using a pulse width of <50 fs and a flux of 3.4 × 1011 

photons∕pulse at 9 keV. Resolutions of some highlighted Bragg spots 

are given in yellow and resolution at edges of the selected area of the 

detector are indicated by white dashed circles. The background was 

removed by subtracting the average image of 1,052 misses recorded 

directly before and after the crystal diffraction. (C) Enlarged view of an 

area in the top left corner of the diffraction pattern shown in B (marked 

by a blue box) to show highest resolution spots observed. 

PNAS (2012) 

Comparison of electron density computed 

from CXI data with SR data truncated to 6.5 Å resolution. 

Overview of the electron density (blue mesh) 

for one monomer of PS II computed from the CXI 

data (A) and from the truncated SR data (B). Protein 

is shown as cartoon in yellow; 2mFo-DFc electron 

density is contoured at 1σ; view is along the membrane 

plane with cytoplasm at top. Electron density 

in the region of the Mn4CaO5 cluster computed from 

the CXI data (C) or from the truncated SR data (D), 

respectively, view direction is approximately 90 deg 

rotated with respect to Fig. 2B and is along the membrane 

plane, with cytoplasm at the top, lumen at the 

bottom. Protein is shown as cartoon in yellow (D1) 

and magenta (CP43), Mn as violet spheres and Ca 

as orange sphere. The lumenal end of TMH c as well 

as helix cd and the C-terminal helix (eC) of D1 and the 

ef helix of CP43 are labeled. The 2mFo-DFc electron 

density map is contoured at 1σ (blue mesh); the difference 

density (mFo-DFc map) is shown at þ3σ 

(green mesh) and at −3σ (red mesh). 



Refinement of the OEC Structure 

Ames  et al., JACS (2011) 

Pantazis et al. Angew. Chem. (2012) Umena et al., Nature (2011) 

x-tal  structure         DFT-optimized  structures 

Upon geometry optimization O(5) relaxes to 

form Mn-Mn µ-oxo bridge. 

 

Now Mn-Mn and Mn-O distances comparable 

with EXAFS. 

1.87 
3.16 O5 1.87 

3.21 

2.50 

2.60 
O5 O5 

    Seff = ½                 Seff = 5/2 

ground state 1           ground state 2 

                                   (+1 kcal/mol) 

CP43-Glu354 

Asp170 

W1 W2 

W3 

W4 

Ala344 

Glu189 

His332 

Glu333 

A4 

B3 

C2 

D1 

Ca 

Cooperation Frank Neese 

S2 : 

4 Mn                         

1 Ca 

5 oxygen bridges 

4 water molecules W1 – W4 

Protein: carboxylates and 1 His 



Stroma 

Lumen 

CP43 

33 

12 or 18 c550 or 24 

CP47 

YZ 

Mn4OxCa 

YD 

Pheo 

D2 

Pheo 

D1 
QA QB 

P680 

Fe 

cyt 
b-559 

T
h

y
la

k
o

id
 M

e
m

b
ra

n
e

 

T
h

y
la

k
o

id
 M

e
m

b
ra

n
e

 

+ 

+ 

Light 

2 H2O → O2
↑  + 4 H+  +  4 e- 

4 hn 

Photosystem II 

2 H2O 

4 H+ 

O2 

2H2O O2+ 4H+ 

PS II  -  Functional Model 

     Activity Measurement: 

O2 release via Clark Electrode 

            Functional Test: 

O2 release after 1-4 µs-light flashes: 

           Joliot-Type Electrode 



PS II  -  Functional Model 

     Activity Measurement: 

O2 release via Clark Electrode 

            Functional Test: 

O2 release after 1-4 µs-light flashes: 

           Joliot-Type Electrode 

induced by ms light flashes in spinach thylakoids 
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PS II  -  Functional Model 

     Activity Measurement: 

O2 release via Clark Electrode 

            Functional Test: 

O2 release after 1-4 µs-light flashes: 

           Joliot-Type Electrode 

induced by ms light flashes in spinach thylakoids 
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PS II and Water Oxidase  -  Problems & Nature´s Solutions 

1. Light-induced single electron 

transfer (ps) coupled to 4-electron 

water oxidation process (ms)- 

storage of oxidation equivalents 

 

2. Redox leveling at the catalyst: 

small and equal steps! 

 

3. Electron-proton coupling at the 

catalyst – charge balance 

 

4. Interfacing: via a redox-active 

tyrosine  Yz 

 

5. Water binding, orientation and  

O-O bond formation –  

catalysis  mechanism  

 

6. High oxidative power of P680+ - 

protection 

 

7. Chl triplets and singlet oxygen (D1 

damage) - repair/replacement 

 



Peter Nixon, 2010 
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Assembly and Repair: Replacement of D1 Protein in PS II 

D1 half lifetime in the light 30 min! 
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Peloquin et al,, JACS (2000) 

Kulik et al., JACS (2005, 2007) 
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Electronic Structure: Multiline EPR and 55Mn ENDOR  
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17O Labelling of PSII 
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rapid freezing (<15 s)  

 

1.   Matrix – Ca-W3/W4 and W1 

2.   Mn bound – MnA4-OH/OH2 

3.   μ-oxo bridge –O5 
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Lessons from Nature: A light-driven water splitting machine 

1. Choice of the catalyst: earth-abundant metals (Mn, Ca) with optimized physicochemi- 

    cal properties and simple (bridging) ligands (O) forming a cage-like/dangler structure 

2. Nuclearity of cluster: 4 Mn for storage of oxidizing equivalents – charge accumula- 

    tion: coupling of one-electron charge separation to four-electron water oxidation  

4. Co-metal: Ca for water binding/delivery 

6. Substrate water „integration“ in the cluster: active participation of the catalyst 

5. Correct and precise sequential substrate water binding in juxtaposition at the metals,  

    deprotonation and preparation for O-O bond formation  

3. Redox leveling at the catalyst: avoiding high-energy intermedites during the reaction  

7. Proton coupled electron transfer PCET: stepwise H+ release for charge neutrality 

8. Efficient interfacing of ET chain and catalyst via Yz – lowering the overpotential  

9. Smart Matrix: correct  binding Mn4Ca-cluster, channels for educts & products, proton  

    management; electrostatic environment, ET and catalyst dynamics, protection -  

    all that providing high efficiency (TOF)  of the catalyst  

10. Self assembly of the catalyst; efficient repair “self healing“ in case of damage –  

      provides good stability and long lifetime   



Hydrogenases: 

Spectroscopy & Electrochemistry,  

Structure, Function and Oxygen Sensitivity 
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Biological Functions of Hydrogenases 

Activity: 
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The most active [FeFe] hydrogenases produce  

10,000 molecules H2 per second at 30oC 

‘... one mole of such a hydrogenase could produce 

enough hydrogen to fill the Graf Zeppelin in 10 minutes......’ 

                                               R. Cammack, Nature (1999)  

Hydrogenases: Catalytic Activity 



Initial Questions (AC) 

• intermediates of the reaction cycle: redox states of active site and ET 
components.  

• Formal oxidation and spin states of the metal ions  
Electronic configurations of the ground states. 

• Identification and function of the diatomic ligands at the Fe and the 
bridging ligand X. 

• Intermediates in the reaction cycle and their geometry  

• Binding site of the substrate hydrogen. 

• Effect of light on the hydrogenase intermediary states. 

• Impact of the protein surrounding. 

• Mechanism of enzyme inhibition (e.g. by O2 or CO) and oxygen 
tolerance.  

• Mechanism of activation/deactivation and reversible hydrogen 
conversion by hydrogenases  

• Structural basis for enzyme activity (TOF) and lifetime (TON) 
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Active intermediate 
        Structure of the active  

(hydrogen-carrying) intermediate  

Distance between Ni and H- is  

d = (1.7 ± 0.1) Å and d = (1.8 ± 0.1) Å  

between Fe and H- 

Ni-C (H/D exchange) 

Brecht et al., JACS 2003 
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Mechanistic insights: 

L. De Gioia, P. Fantucci, B. Guigliarelli, P. Bertrand,Inorg. Chem. 1999, 38. 

 

Rauchfuss et al. 2009 

Shafaat et al. 2012 

Hydrogen Conversion Mechanism of [NiFe]-Hydrogenases 

Weber et al. 2012, JACS 
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H.-J. Fan, M.B. Hall, J. Am. Chem. Soc. 123 (2001) 3828.  

Z.-P. Liu, P. Hu, J. Am. Chem. Soc. 124 (2002) 5175. 
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[FeFe] Hydrogenase: Proposed Catalytic Mechanism 
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Bronsted basic  
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Lewis acidic 

metal center 

electron supply/ 

asymmetry 

Essential components of the hydrogen producing active 

site of [FeFe] hydrogenase: 



  

 Reaction:   H2  H- + H+  2H+ + 2e- 

 

 A. Metal center at optimal potential and spin state (CN/CO ligands) to 

polarize H2 for heterolytic splitting (open coordination site!) and accept 

hydride as ligand (hydride acceptor ability) 

 

 B. Adjacent base to accept proton (H+ acceptor ability) in concert with 

metal  

 

 C. Energetic matching of metal and base acceptor reactions to ensure 

reversibility, avoid high energy intermediates and thereby achieve higher 

rates and lower overpotentials for both reactions 

 

 D. Provide efficient delivery of educts and transport of products (solvent; 

water; smart matrix) and efficient, optimized electron transport chain 

 

 E. Solve problem of oxygen sensitivity 

 

 F. Solve problem of degradation (self-repair, self-healing, simplicity) 

 

 F. Integrate into a device for (sun) light harvesting, charge 

separation/transport, water oxidation catalysis  

– including a membrane system (H+, e-/h+ movement) 

 

  

Design criteria for artificial hydrogenase catalysts: 



Science, 2011,333, 863 



Angew. Chem. Int. Ed. 2012, 51, 3152 



Some Unsolved Problems: 
 

1. Oxygen sensitivity of catalysts  

 

2. Self-assembly & self-repair - long term stability  

 

3. Fast rates  TOF 

 

4. Low overpotential  

 

5. Interfacing (e.g. to electrodes) – development of linkers 

 

6. Combination with water oxidizing catalysis 

 

7. Combination with (sun) light induced processes  

    (antenna, charge separation etc.) 

 

8. Costs – materials, difficulty of synthesis 
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1. Narrower gas access channel 

 

2. Blockage of active site by 

    additional ligands (CN-) 

 

3. Modification of redox potentials 

    of the active site and the electron 

    transport components 

    (proximal 4Fe4S-cluster) 
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