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            Abstract
Ultrafast processes can now be studied with the combined atomic spatial resolution of diffraction methods and the temporal resolution of femtosecond optical spectroscopy by using femtosecond pulses of electrons1,2,3,4,5,6,7,8,9,10,11,12,13,14 or hard X-rays15,16,17,18,19 as structural probes. However, it is challenging to apply these methods to organic materials, which have weak scattering centres, thermal lability, and poor heat conduction. These characteristics mean that the source needs to be extremely bright to enable us to obtain high-quality diffraction data before cumulative heating effects from the laser excitation either degrade the sample or mask the structural dynamics20. Here we show that a recently developed, ultrabright femtosecond electron source7,8,9 makes it possible to monitor the molecular motions in the organic salt (EDO-TTF)2PF6 as it undergoes its photo-induced insulator-to-metal phase transition21,22,23,24. After the ultrafast laser excitation, we record time-delayed diffraction patterns that allow us to identify hundreds of Bragg reflections with which to map the structural evolution of the system. The data and supporting model calculations indicate the formation of a transient intermediate structure in the early stage of charge delocalization (less than five picoseconds), and reveal that the molecular motions driving its formation are distinct from those that, assisted by thermal relaxation, convert the system into a metallic state on the hundred-picosecond timescale. These findings establish the potential of ultrabright femtosecond electron sources7,8,9,10,11,12,13,14 for probing the primary processes governing structural dynamics with atomic resolution in labile systems relevant to chemistry and biology.
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                    Figure 1: Insulator-to-metal first-order phase transition in (EDO-TTF)2PF6.[image: ]


Figure 2: Photo-induced time-dependent structural changes monitored by ultrabright FED.[image: ]


Figure 3: Reaction coordinates and their temporal evolution in the formation of TIS.[image: ]
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Ultrabright electrons shed light on organic chemistry
It is now possible — using ultrafast diffraction methods — to directly observe atomic motions in condensed-phase processes. But organic materials, in which so many important chemical and biological interactions take place, are a different matter. Weak scattering centres, thermal lability and poor heat conduction often degrade the sample before useful data can be obtained. However, a recent technical breakthrough has delivered an ultrabright femtosecond electron source that can operate at a low repetition rate, and this has now been used by Meng Gao et al. to record time-delayed diffraction patterns with sufficient quality to map the molecular motions associated with the photo-induced charge delocalization in an organic salt. These findings illustrate the potential for ultrabright femtosecond electron sources in studies that aim to probe complex dynamic structural process in labile systems relevant to chemistry and biology.
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