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IL 12: Femtosecond x-ray powder diffraction 
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A chemical reaction generates new compounds out of one or more initial species. On a molecular 

level, the spatial arrangement of electrons and nuclei changes. While the structure of the initial and the 

product molecules can be measured routinely, the transient structures and molecular motions during a 

reaction have remained unknown in most cases. This knowledge, however, is a key element for the 

exact understanding of the reaction. The ultimate dream is a "reaction microscope" which allows for 

an in situ imaging of the molecules during a reaction. 

We report on the first femtosecond x-ray powder diffraction experiment [1,2] in which we directly 

map the transient electronic charge density in the unit cell of a crystalline solid with 30 picometer 

spatial and 100 femtosecond temporal resolution. X-ray diffraction from polycrystalline powder 

samples, the Debye Scherrer diffraction technique, is a standard method for determining equilibrium 

structures. The intensity of the Debye Scherrer rings is determined by the respective x-ray structure 

factor which represents the Fourier transform of the spatial electron density. In our experiments, the 

transient intensity and angular positions of up to 20 Debye Scherrer reections from a polycrystalline 

powder are measured and unravel for the first time a concerted electron and proton transfer in 

hydrogen-bonded ionic (NH4)2SO4 crystals. Photoexcitation of ammonium sulfate induces a sub-100 fs 

electron transfer from the sulfate groups into a highly conned electron channel along the z-axis of the 

unit cell. The latter geometry is stabilized by transferring protons from the adjacent ammonium groups 

into the channel. Time-dependent charge density maps derived from the diffraction data display a 

periodic modulation of the channels charge density by low-frequency lattice motions with a concerted 

electron and proton motion between the channel and the initial proton binding site. A deeper insight 

into the underlying microscopic mechanisms is gained by quantum chemical calculations with the 

result that the photo-excited electron from the sulfate groups triggers up to 15 proton transfer events 

along the reaction trajectory NH4
+
 + SO4

2-
 ↔ NH3 + H + SO4

2-
.  

More recently, we studied another hydrogen-bonded ionic crystal, i.e., potassium dihydrogen 

phosphate (KH2PO4). Two-photon absorption (ex = 267 nm) of electrons located at the P-atoms leads 

to an ultrafast electron transfer to neighboring protons, in turn to the formation of free hydrogen atoms 

moving around the unit cell. In comparison to (NH4)2SO4 the photo-induced reaction in KH2PO4 

shows less cooperativity, resulting in a number of modified unit cells per optical excitation event 

which is ten times smaller than that in the (NH4)2SO4 experiment. Our results set the stage for 

femtosecond structure studies in a wide class of (bio)molecular materials.      
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