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Surfaceinteraction
propels molecule forwards

Leo Gross & Jascha Repp

Theinteraction of amolecule with a specific surface hasbeen
shown to produce consistent unidirectional motion driven
by voltage pulses. The mechanism can even facilitate the
transport of molecular cargo. See p.82

Living organisms are full of amazing molecular
machines that have evolved to carry out many
of the tasks that are crucial for life'. Artificial
molecular motors are often smaller and, argu-
ably, less complex thanthose foundinnature,
rendering themideal models for understand-
ing how natural motors work (see go.nature.
com/3ry4kpn). On page 82, Simpson et al.?
reportatype of artificial motor thatis smaller
and simpler than most of those developed so
far. And it’s different, in that it’s a molecular
machine that gets along with help from the
surface on which it moves — the molecule
itself does not contain a motor unit. It’s also
extremely reliable, and can even push cargo,
in the form of a single carbon monoxide
molecule.

Scientists previously devised a molecu-
lar nanocar with four motor units®, which
could be driven forwards across a copper
surface using voltage pulses applied with
the tip of a scanning tunnelling microscope
(STM). However, the molecule was relatively
big and bulky, making it difficult to place
it on the surface intact and image it. The
team succeeded in showing that this single
molecule could take around ten steps, but
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eachstep differedinsize and direction from
the previous one.

Anotherresearch group constructed asim-
pler motor that could rotatein onedirection,
usinginterplay between the molecule and the
surface*. This aspect of the rotating motor
is reminiscent of Simpson and colleagues’
machine, but the latter moves across the
surface in a linear manner. The reliability of
thislinear motoris remarkable — the authors’
careful experiments showed that it could
take 1,000 forward steps without a single
step back.

The study also offers key insights into the
motor mechanismonanatomicscale. A highly
simplified analogy for the mechanism would
beatype of railway trolley known asahandcar
or draisine. This vehicle works by pumping a
central ‘see-saw’up and downtomoveitinone
direction.

The parallels between a draisine and
Simpson and co-workers’ motor begin with
the substrate. The molecule moves across a
copper surface, and the crystal structure of
this substrate provides a kind of train track
(Fig.1).Onthis track, the atoms are regularly
spaced at intervals of 2.5 &ngstroms,
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definingthe molecule’sstep length. Thereisa
hydrogen atom at the centre of the molecule
that canbind to either of two nitrogen atoms,
resulting in two possible configurations.
The molecule can be switched between
these states to change its geometry and the
way it binds to the substrate. The switching
occurs with the help of electrons from the
voltage pulse, applied by the STM tip®, which
provides the energy to run this motor. With
the track and fuel determined, let’s see how
the draisine mechanism maps to these two
molecular states.

The energy landscape associated with
the site on the copper surface at which the
molecule is adsorbed differs depending on
the position of the central hydrogen atom.
When the incoming electrons have suffi-
cient energy (about 0.5 electronvolts), the
molecule can switch from the low-energy to
the high-energy configuration, and is driven
out of its resting position (Fig.1). The energy
landscape of the high-energy configuration
hasasaw-tooth shape, sothe molecule ‘slides’
down the saw tooth and moves in the forward
direction. Finally, it returns spontaneously to
the low-energy configuration and completes
one step along the atomic lattice by moving
to the next adsorptionsite.

Simpson et al. found support for this mech-
anism in a control experiment in which they
replaced hydrogen with deuterium. Because
deuterium has a larger mass than hydrogen,
the voltage pulses that were required to move
the deuterated molecules differed from those
needed to propel the hydrogenated com-
pounds. This indicates that switching of the
hydrogenbinding position (tautomerization)
isinvolved in the process. In another control
experiment, the authors increased the tem-
perature from 7 kelvin to 40 kelvin — high
enough to allow the molecules to move by
thermal diffusion. As expected, the team
observed that individual molecules moved
forwards and backwards randomly along
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Figure1|Areliable artificial molecular motor. Simpson et al.* devised a
molecular motor that moves across a ‘track’ on a copper surface (only the

top layer of copper atoms is shown). A hydrogen atom at the centre of the
molecule binds to either of two nitrogen atoms, and the application of a voltage
pulse induces it to switch from one (low-energy configuration) to another

(high-energy configuration). This change drives the molecule forwards along
its track, after which it returns spontaneously to the low-energy configuration
and completes the step. Simpson et al. showed that the molecule could take
1,000 forward steps without moving backwards once, and that it could pusha
carbon monoxide molecule across the surface.
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the surface, in contrast to the unidirectional
motion that was seen when movement was
inducedat 7K.

The performance characteristics of
such a tiny motor are hard to imagine; let’s
therefore compare this single moleculetoa
full-size car. The typical speed in the exper-
iment, which was roughly one atomic step
persecond, is on the order of 10-?kilometres
per hour. And if the motor were pushing a
carbon monoxide molecule over an energy
barrier of 70 meV with each step, it would
have a power output of about 10 kilowatts.
It achieves this with fuel in the form of elec-
trons from the tip of the microscope. To push
its cargo, the experiments show that each
step requires about 20 billion electrons, each
withanenergy of about 0.5 eV, which means
that the motor consumes around 0.2 kilo-
watt-hours per 100 km. This is only one
one-hundredth of the energy consumed by
areal electric car, which can carry five people
plus luggage.

One reason that the molecule consumes
so much energy is that only one out of the
20 billion electrons that emerge from the
tip of the microscope actually drives the
molecule forwards by one atomic step, and
all other electrons pass unused. This waste
mightbereducedin futureimplementations
by simply increasing the voltage®. If such a

motor could instead operate by changingits
chargeonaninsulating surface, the electron
yield might be on the order of one — that s,
ten orders of magnitude higher than that
of Simpson and colleagues’ molecule — as
shown previously for certain reactions® and
molecular rotations’. Molecular motors can
also be driven and controlled by light®. The
versatility and functionality of the motors
could be enhanced by selectively inducing
chemical reactions’.

Simpson et al. have presented areliable and
well-defined model system that surpasses the
performance of other molecular motors.

“Ahighly simplified
analogy for the mechanism
would be atype of railway
trolley knownas ahandcar
or draisine.”

Such systems could be investigated in more
detail to provide further insightsinto molec-
ular machines; for example, atomic force
microscopy could be used to enable resolu-
tion at the scale of atomic bonds™. Ultrafast
STM set-ups’ could even allow us to image
these molecular motorsinreal time —another
truly fascinating goal.
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