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An international team of researchers from Donostia International
Physics Center, Fritz-Haber Institute of the Max Planck Society,
University of Liverpool, and the Polish Academy of Sciences has shown
a new way to operate a single-molecule switch by applying an external
force.

The combined experimental and theoretical work, published this week in
Nature Chemistry, opens a unique capability for studying mechanical
activation and processing at the single-molecule level, elementary
reactions that are involved in many important biological functions and
are crucial in molecular devices.

The force that is required to activate a light switch on a wall is slight. But
how much force do you need to apply if the device was at the nanoscale?
|That is, how much force do you need to operate a "single-molecule
switch?" This fundamental question is related not only to basic science
but also to potential future applications of molecular devices.

Researchers at Donostia International Physics Center, San Sebastian
(Basque Country, Spain), Fritz-Haber Institute of the Max Planck
Society, Berlin (Germany), University of Liverpool, (UK) and Polish
Academy of Sciences, Warsaw (Poland) have succeeded in activating in
a controlled manner a "single-molecule switch" by the force from the
atomically-sharp needle of a state-of-the-art scanning probe microscope.

The experimental and theoretical study, reported today in the prestigious
journal Nature Chemistry, demonstrates that an intramolecular hydrogen
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atom transfer can be triggered in a suitable organic molecule adsorbed
on a surface by bringing the sharp metallic tip sufficiently close. The
reaction, called tautomerization, is important in organic chemistry and
molecular biology and also an interesting phenomenon for molecular
electronic devices.

The researchers could not only quantify the force needed to operate their
tiny switch, a porphycene molecule on a copper surface, but also reveal
that the switching can be only induced at a very specific positions of the
tip over the molecule, with a spatial resolution of a fraction of a
chemical bond length, namely about 0.00000002 millimeter.
Furthermore, they demonstrated the significance of the "chemical
reactivity" of the tip apex in the force-induced process as the molecule
cannot be switched when the apex of the needle is decorated by a single
xenon atom – an inert element that lacks the required chemical
reactivity.

Takashi Kumagai at FHI-MPG, who conceived this study, constructed
the experimental setup in which an oscillating needle of a combined
atomic force and scanning tunneling microscope is approached within a
few atomic distances to the molecule. The switching showed up as a
characteristic feature in the frequency shifts upon approach of the tip
and was also confirmed by changes at the atomic-scale images by
simultaneously scanning the tip over the molecule. It was measured that
the force required was about one nano-Newton, which is a little less than
the force needed to break a typical covalent bond between two atoms.

The research team also carried out extensive computer simulations in
order to elucidate the atomistic mechanism behind the force-induced
switching. The simulations successfully reproduced the experimental
results and provided atomistic description on the operation of the single
molecule switch. Thomas Frederiksen, Ikerbasque Research Professor at
Donostia International Physics Center (DIPC) - UPV/EHU explains that
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"our calculations revealed that the tautomerization, that is the switching,
occurs by a reduction of its energy activation barrier upon approach of a
metallic tip. However, the behaviour dramatically changes with a xenon-
terminated tip and no tautomerization could be induced because of its
inertness and softness."

The researchers emphasize that the studied force-induced reaction
involving changes in the reaction pathway resembles an elementary step
in catalytic processes. Therefore, their results also provide a novel
strategy to gain a deeper atomistic insight into catalytic reactions, leading
to a new control of chemistry at the atomic level.

  More information: Janina N. Ladenthin et al. Force-induced
tautomerization in a single molecule, Nature Chemistry (2016). DOI:
10.1038/nchem.2552
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