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0.6 – 0.7 Volts

platinum cathode

silver anode

O2 + 2H2O + 2e– —> H2O2  + 2OH–

H2O2  + 2e– —> 2OH–

4Ag —> 4Ag+ + 4e–

4Ag+ + 4Cl– —> 2AgCl

O2 O2 O2

4e–

O2 - permeant
membrane

Cathode Reaction (platinum):  4e– + O2 + 2H2O <—> 4OH–

Anode Reaction (with KCl):  4Ag + 4Cl– <—> 4AgCl + 4e–

Net Result:  4e– + O2 + 2H2O + 4Ag +  4Cl– <—> 4OH– + 4AgCl + 4e–

Remember that it is not equilibrium, but ‘pumped’ to go to the products by 

the applied voltage (0.6–0.7 Volts). The e– consumption at the Pt electrode 

and e– production at the Ag electrode results in a current flow between the 

two half-cells —directly proportional to O
2
 consumption— which is what 

you measure.

KCl solution in well

KCl bridge

REDOX REACTIONS:
THE OXYGEN ELECTRODE (CLARK-TYPE) AS A CASE STUDY.
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One Protein, Two Probes. A central challenge in the use of x-ray 

diffraction to characterize macromolecular structure is the propensity of the 

high-energy radiation to damage the sample during data collection. Recently, 

a powerful accelerator-based, ultrafast x-ray laser source has been used to 

determine the geometric structures of small protein crystals too fragile for 

conventional diffraction techniques. Kern et al. (Science 340:491–495 

[2013]) now pair this method with concurrent x-ray emission spectroscopy 

to probe electronic structure, as well as geometry, and were able to 

characterize the metal oxidation states in the oxygen-evolving complex 

within photosystem II crystals, while simultaneously verifying the 

surrounding protein structure. 

 

 



 

 

Fig. 1 Setup of simultaneous x-ray spectroscopy and crystallography 

experiment using femtosecond x-ray pulses.  

The crystal suspension is electric-field–focused into a microjet that intersects 

the x-ray pulses. X-ray diffraction data are collected at the XRD detector. X-

ray fluorescence is collected from the same crystal are collected at ~90° by 

the XES spectrometer and a compact position-sensitive detector (PSD). A 

527 nm laser is used to illuminate the crystals. The timing protocol (top left) 

consists of a fixed time of flight !t between the optical pump and x-ray 

probe. The schematic of the energy dispersive spectrometer is shown 

(bottom right), as well as the MnII and MnIV oxide K"1,3 spectra and an 

energy-level diagram for XES (bottom middle).  

Simultaneous Femtosecond X-ray Spectroscopy and Diffraction of Photosystem II at 

Room Temperature (2013) Science 340:491–495. 

The technique allows both structure and the oxidation state of the 

manganese atoms to be collected simultaneously. 



 

 

 

Fig. 2 Structure deduced from diffraction of micrometer-sized crystals 

of PS II using sub–50-fs x-ray pulses at room temperature.  

(A) 2mFo-DFc electron density map for the PS II complex in the dark S1 

state. One monomer of the protein is shown in yellow, and the electron 

density is contoured in blue mesh. (B) Detail of the same map in the area of 

the Mn4CaO5 cluster in the dark S1 state. Selected residues from subunit D1 

are labeled for orientation; Mn is shown as purple spheres and Ca as an 

orange sphere. 

Simultaneous Femtosecond X-ray Spectroscopy and Diffraction of Photosystem II at 

Room Temperature (2013) Science 340:491–495. 

The resolution is not great (because it’s being done at room temperature), 

but it is a major breakthrough. 

 

 

 



 
Fig. 4 Characterization of the illuminated PS II sample.  

(A) Light-induced O2 yield detected as mixed labeled 16O18O species after 

illumination of photosystem II. More than 73% of the sample occupies the 

S2 state after one illumination. (B) X-ray fluorescence of PS II in the S2 

state. PS II in the first illuminated S2 state is shown in blue (asterisks). PS II 

in the dark stable S1 state is shown in green. Completely photoreduced 

(“damaged”) PS II collected at room temperature is shown in pink.  

Simultaneous Femtosecond X-ray Spectroscopy and Diffraction of Photosystem II at 

Room Temperature (2013) Science 340:491–495. 

The results so far validate the technique, using the water-splitting enzyme as 

the model test system. The unraveling of the step-by-step splitting of water 

remains to be explored. 

 


