
 

First direct look at how light excites electrons
to kick off a chemical reaction

May 1 2020, by Glennda Chui

  
 

  

Scientists have directly seen the first step in a light-driven chemical reaction for
the first time. They used an X-ray free-electron laser at SLAC to capture nearly
instantaneous changes in the distribution of electrons when light hit a ring-
shaped molecule called CHD. Within 30 femtoseconds, or millionths of a
billionth of a second, clouds of electrons deformed into larger, more diffuse
clouds corresponding to an excited electronic state. Credit: Greg Stewart/SLAC
National Accelerator Laboratory

The first step in many light-driven chemical reactions, like the ones that
power photosynthesis and human vision, is a shift in the arrangement of
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a molecule's electrons as they absorb the light's energy. This subtle
rearrangement paves the way for everything that follows and determines
how the reaction proceeds.

Now scientists have seen this first step directly for the first time,
observing how the molecule's electron cloud balloons out before any of
the atomic nuclei in the molecule respond.

While this response has been predicted theoretically and detected
indirectly, this is the first time it's been directly imaged with X-rays in a
process known as molecular movie-making, whose ultimate goal is to
observe how both electrons and nuclei act in real time when chemical
bonds form or break.

Researchers from Brown University, the University of Edinburgh and
the Department of Energy's SLAC National Accelerator Laboratory
reported their findings in Nature Communications today.

"In past molecular movies, we have been able to see how atomic nuclei
move during a chemical reaction," said Peter Weber, a chemistry
professor at Brown and senior author of the report. "But the chemical
bonding itself, which is a result of the redistribution of electrons, was
invisible. Now the door is open to watching the chemical bonds change
during reactions."

A model for important biological reactions

This was the latest in a series of molecular movies starring
1,3-cyclohexadiene, or CHD, a ring-shaped molecule derived from pine
oil. In a low-pressure gas its molecules float freely and are easy to study,
and it serves as an important model for more complex biological
reactions like the one that produces vitamin D when sunlight hits your
skin.
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In studies going back almost 20 years, scientists have studied how CHD's
ring breaks apart when light hits it—first with electron diffraction
techniques, and more recently with SLAC's "electron camera," MeV-
UED, and X-ray free-electron laser, the Linac Coherent Light Source
(LCLS). These and other studies around the world have revealed how the
reaction proceeds in finer and finer detail.

  
 

  

Scientists have directly seen the first step in a light-driven chemical reaction for
the first time. They used an X-ray free-electron laser at SLAC to capture nearly
instantaneous changes in the distribution of electrons when light hit a ring-
shaped molecule called CHD. Within 30 femtoseconds, or millionths of a
billionth of a second, clouds of electrons deformed into larger, more diffuse
clouds corresponding to an excited electronic state. Credit: Thomas
Splettstoesser/SCIstyle, Terry Anderson/SLAC National Accelerator Laboratory

Four years ago, researchers from Brown, SLAC and Edinburgh used
LCLS to make a molecular movie of the CHD ring flying apart, - the
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first-ever molecular movie recorded using X-rays. This achievement was
listed as one of the 75 most important scientific breakthroughs to
emerge from a DOE national laboratory, alongside discoveries such as
the decoding of DNA and the detection of neutrinos.

But none of those previous experiments were able to observe the initial
electron-shuffling step, because there was no way to tease it apart from
the much larger movements of the molecule's atomic nuclei.

Electrons in the spotlight

For this study, an experimental team led by Weber took a slightly
different approach: They hit samples of CHD gas with a wavelength of
laser light that excited the molecules into a state that lives for a relatively
long period of time—200 femtoseconds, or millionths of a billionth of a
second—so their electronic structure could be probed with LCLS X-ray
laser pulses.

"X-ray scattering has been used to determine the structure of matter for
more than 100 years," said Adam Kirrander, a senior lecturer at
Edinburgh and senior co-author of the study, "but this is the first time
the electronic structure of an excited state has been directly observed."

The technique used, called non-resonant X-ray scattering, measures the
arrangement of electrons in a sample, and the team hoped to capture
changes in the distribution of electrons as the molecule absorbed the
light. Their measurement bore out that expectation: While the signal
from the electrons was weak, the researchers were able to
unambiguously capture how the electron cloud deformed into a larger,
more diffuse cloud corresponding to an excited electronic state.

It was critical to observe these electronic changes before the nuclei
started moving.
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"In a chemical reaction, the atomic nuclei move and it's difficult to
disentangle that signal from the other parts that belong to chemical
bonds forming or breaking," said Haiwang Yong, a Ph.D. student at
Brown University and lead author of the report. "In this study, the
change in the positions of atomic nuclei is comparatively small on that
timescale, so we were able to see the motions of electrons right after the
molecule absorbs light."

SLAC senior staff scientist Michael Minitti added, "We're imaging these
electrons as they move and shift around. This paves the way to watching
electron motions in and around bond breaking and bond formation
directly and in real time; in that sense it's similar to photography."

  More information: Haiwang Yong et al, Observation of the molecular
response to light upon photoexcitation, Nature Communications (2020). 
DOI: 10.1038/s41467-020-15680-4
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