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« Personne n'a jusqu'à présent déterminé ce que peut le corps. »

L’Éthique, Spinoza

« L’expérience n'a jusqu'ici enseigné à personne ce que, grâce 
aux seules lois de la Nature, le corps peut ou ne peut pas faire, 
à moins d'être déterminé par l'esprit. Car personne jusqu'ici n'a 
connu la structure du corps assez exactement pour en 
expliquer toutes les fonctions. »
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Ce que peut la matière ? 

Car personne jusqu’ici n’a connu la structure de la matière 
assez exactement pour en expliquer les fonctions.
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Nanomètre ?

Échelle logarithmique

Échelle logarithmique

R = 0,65 x 109 m
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Fabriquer une image  
Les sondes locales

STM : microscope à effet tunnel électronique

Gerd Binnig Heinrich Rohrer

IBM Zürich

Prix Nobel 1986
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Pointes

Rayon de  
courbure : 
~ 50 nm
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STM : microscope à effet tunnel électronique
Fabriquer une image
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Si(111) - 7×7

Binnig, Rohrer,  
PRL 50 120 (1983)

Fabriquer une image
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H.-J. Gao, PRB 70, 073312 (2004)

Si(111) - 7×7

Binnig, Rohrer,  
PRL 50 120 (1983) Traitement de l'image
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D. Eigler, IBM Almaden

Filtre et rendu de la mesure

Fabriquer une image
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Guillermet, Niemi, Gauthier, Bouju 
ACIE (2008)

Calcul

Expérience

Fabriquer une image
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Mode de tirage

Maison de la 
Philosophie 
Toulouse 
5 oct. 2012

Manipulation latérale contrôlée

Mode de glissement Mode de poussée
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Xe/Ni(110)
Eigler, Schweizer, Nature 344 524 (1990)
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Maison de la 
Philosophie 
Toulouse 
5 oct. 2012

Image ne suffit pas : on veut toucher, on veut rentrer en interaction

L'incrédulité de St Thomas -  Caravaggio (Postdam)
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Microscope à sonde locale : de l’optique à l’haptique



Explorer de nouveaux concepts  
Approche bottom-up

Techno-mimétisme
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Vers les machines moléculaires

imitation du monde macroscopique vers le monde nanoscopique
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Explorer de nouveaux concepts  
Approche bottom-up

« Landers » Brouette Moteur rotatif Interrupteur
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Maison de la 
Philosophie 
Toulouse 
5 oct. 2012

A MOLECULAR RACK-AND-PINION 

Chiaravalloti et al. Nature Materials 6, 30 (2007)

Molécule-machine
Image et représentation
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Transformer un mouvement de translation en 
 un mouvement de rotation

Explorer de nouveaux concepts

Techno-mimétisme



Une brouette moléculaire

. Un chassis (plateau poly-aromatique central) 

. Deux axes indépendants reliés à :

deux roues indépendantes pour mouvement sur la 
surface
deux pieds pour isoler le plateau de la surface

deux poignées pour manipulation avec un pointe STM

Gwénaël 
Rapenne

Nanotechnology 13, 330 (2002)

Maison de la 
Philosophie 
Toulouse 
5 oct. 2012
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Explorer de nouveaux concepts



Molécule-machine
Image et représentation mentale 
imitation du monde macroscopique vers le monde nanoscopique 

A

B
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Image STM calculée 
(ESQC)

Image 
expérimentale L. Grill et al., Surf. Science (2005). 



Molécule-machine
Image et représentation mentale 
imitation du monde macroscopique vers le monde nanoscopique 

A

B

Est-on sur la bonne voie ? 
  
Autres champs de forces
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Image STM calculée 
(ESQC)

Image 
expérimentale L. Grill et al., Surf. Science (2005). 



Explorer de nouveaux concepts
Molécule-machine artificielle

Grill et al,  
Nature Nanotechnology 2007

Démonstration de la rotation d’une roue moléculaire

X. Bouju 
CEMES-
CNRS

Séminaire  
X-Aristote 
13 juin 2019



ACS Nano, 7, 11 (2013). 

The nanocar race
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*Prototype model: final design not revealed

Chassis curved to minimize 
interaction with surface.

Simple structure so that 
molecule won’t fall apart
during race.

Has wheels, axles and a chassis.

Four blades allow steering 
in four directions.

Flaps flutter like a 
butterfly’s wings. 

Pumpkin-shaped wheels may 
roll or slide on surface.

THE GREEN BUGGY
SWISS NANO 

DRAGSTER DIPOLAR RACER*

WINDMILL NIMS—MANA CAR
OHIO BOBCAT 

NANO-WAGON*

6 équipes

The nanocar race
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Team leader(s)

Surface

Propulsion mechanism

Driving distance

Incidents

Leonhard Grill
and James Tour

Dipolar

150 nm
1.5 hours

–

Rice–Graz

Ag(111)

1st

Remy Pawlack

Inelastic

133 nm
6 hours

–

Basel

Au(111) (shared)

1st

Saw-Wai Hla 
and Eric Masson

Dipolar

43 nm
29 hours

–

Ohio

Au(111)

3rd

Francesca Moresco

Inelastic

11 nm 
First hour

Molecule was stuck 
on a defect; 
molecule destroyed

Dresden

Au(111) (shared)

4th

Waka Nakanishi

Inelastic

1 nm 
First hour

Motor blocked

Tsukuba

Au(111) (shared)

Fair
play

Gwénaël Rapenne

Inelastic

25 nm by pulling 
(not allowed)

Molecule jumped 
on the tip

Toulouse

Au(111) (shared)

Best
images



Règles

Manipuler une 
molécule 

individuelle
entre les lignes de
départ et d’arrivée

Piste : Au(111)

Au(111) image @ 4.7 K
W.H. Soe & C. Manzano (IMRE, 2013)

La nano-course de voiture
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Règles

Piste : Au(111)

50 nm 

Virage 2

Virage 1

20 nm 
Image 36.5 nm × 48.6 nm de la

reconstruction de surface. 
Largeur de la piste : 4-6 nm

Hauteur du rail : 26 pm

20 nm 

fc
c

hc
p

La nano-course de voiture
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The 38h Grand Prix 
28-29 avril 2017 

11am (Paris) 

The nanocar race

X. Bouju 
CEMES-
CNRS

Séminaire  
X-Aristote 
13 juin 2019



Team leader(s)

Surface

Propulsion mechanism

Driving distance

Incidents

Leonhard Grill
and James Tour

Dipolar

150 nm
1.5 hours

–

Rice–Graz

Ag(111)

1st

Remy Pawlack

Inelastic

133 nm
6 hours

–

Basel

Au(111) (shared)

1st

Saw-Wai Hla 
and Eric Masson

Dipolar

43 nm
29 hours

–

Ohio

Au(111)

3rd

Francesca Moresco

Inelastic

11 nm 
First hour

Molecule was stuck 
on a defect; 
molecule destroyed

Dresden

Au(111) (shared)

4th

Waka Nakanishi

Inelastic

1 nm 
First hour

Motor blocked

Tsukuba

Au(111) (shared)

Fair
play

Gwénaël Rapenne

Inelastic

25 nm by pulling 
(not allowed)

Molecule jumped 
on the tip

Toulouse

Au(111) (shared)

Best
images

The nanocar race

X. Bouju 
CEMES-
CNRS

Séminaire  
X-Aristote 
13 juin 2019



Team leader(s)

Surface

Propulsion mechanism

Driving distance

Incidents

Leonhard Grill
and James Tour

Dipolar

150 nm
1.5 hours

–

Rice–Graz

Ag(111)

1st

Remy Pawlack

Inelastic

133 nm
6 hours

–

Basel

Au(111) (shared)

1st

Saw-Wai Hla 
and Eric Masson

Dipolar

43 nm
29 hours

–

Ohio

Au(111)

3rd

Francesca Moresco

Inelastic

11 nm 
First hour

Molecule was stuck 
on a defect; 
molecule destroyed

Dresden

Au(111) (shared)

4th

Waka Nakanishi

Inelastic

1 nm 
First hour

Motor blocked

Tsukuba

Au(111) (shared)

Fair
play

Gwénaël Rapenne

Inelastic

25 nm by pulling 
(not allowed)

Molecule jumped 
on the tip

Toulouse

Au(111) (shared)

Best
images

The nanocar race

X. Bouju 
CEMES-
CNRS

Séminaire  
X-Aristote 
13 juin 2019

Molecules 2018, 23, 612 7 of 11

Scheme 3. Synthesis of a new curved polyaromatic platform. (a) Diphenylether, 45 min, 260 �C, MW (300 W);
(b) FeCl3 25 eq, CH2Cl2/CH3NO2 (9:1), 15 min, Ar, RT; (c) 9-ethynyltriptycene 8 eq, Pd(PPh3)4 10 mol %,
CuI 20 mol %, piperidine/THF (1:1), 6 h, Ar, 80 �C. The additional carbon-carbon bonds obtained in the
oxidative coupling are in blue and highlighted in bold, and the cyclopentadiene fragments inducing the
curvature are shown in red.

The last step consisted of connecting the four triptycene wheels via a quadruple Sonogashira
coupling to give the corresponding nanovehicle 17 in 34% yield. Geometric optimization of this
second-generation nanovehicle showed that this overcyclized chassis has a curved shape at both ends
(Figure 5b). As with fullerenes, this geometry can be explained by the presence of alternating five-
and six-membered rings in the polycyclic aromatic hydrocarbon platform. The two five-membered
rings are shown in red in Scheme 3. This specificity is of great interest, since it provides an appropriate
shape to act as an efficient cargo zone.
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Figure 5. (a) CPK (Corey–Pauling–Koltun) model of the nanocar 14 with a planar chassis and (b) side 

view of the optimized geometry of the nanocar 17 with its highly-curved chassis. 

The planar and curved nanovehicles have very large differences in their solubilities and their 
spectroscopic properties. For instance, the color of the planar molecule is pink, while the curved one 
is dark green; hence, it was called “the green buggy”. 

6. Participation in the First Nanocar Race: The View from the French Team 

On 28 and 29 April 2017, six teams from three continents met in Toulouse to compete with their 
molecular racers. Both families of nanocars—the technomimetic models incorporating wheels (from 
Austria, France and the USA) and the smaller and lighter models lacking wheels (from Germany, 
Japan and Switzerland)—entered the competition [27]. Since the ultra-high-vacuum-low temperature 
(UHV-LT) STM instrument at Centre d’Elaboration de Matériaux et d'Etudes Structurales (CEMES-
CNRS) in Toulouse employs only four tips, four nanocars competed using this microscope. Thus, the 

Figure 5. (a) CPK (Corey–Pauling–Koltun) model of the nanocar 14 with a planar chassis and (b) side
view of the optimized geometry of the nanocar 17 with its highly-curved chassis.

The planar and curved nanovehicles have very large differences in their solubilities and their
spectroscopic properties. For instance, the color of the planar molecule is pink, while the curved one is
dark green; hence, it was called “the green buggy”.

6. Participation in the First Nanocar Race: The View from the French Team

On 28 and 29 April 2017, six teams from three continents met in Toulouse to compete with
their molecular racers. Both families of nanocars—the technomimetic models incorporating wheels
(from Austria, France and the USA) and the smaller and lighter models lacking wheels (from
Germany, Japan and Switzerland)—entered the competition [27]. Since the ultra-high-vacuum-low

Molecules 2018, 23, 612 8 of 11

temperature (UHV-LT) STM instrument at Centre d’Elaboration de Matériaux et d'Etudes Structurales
(CEMES-CNRS) in Toulouse employs only four tips, four nanocars competed using this microscope.
Thus, the Ohio team and the Rice–Graz team were sitting in the same room as the other teams but
were remotely piloting their own nanocar, deposited in the STM located at their home university.
This presented a further challenge to control a nanocar at the atomic scale from half the world away.

Except for the Rice–Graz team who competed on a silver track, the other nanocars were on gold.
The latter surface was originally designated as the common surface for the race, and this was why the
official ranking contains two winners, one on gold and one on silver. Each track was 100 nm long and
included at least two turns.

6.1. Deposition and Imaging of the French Nanocar

The French nanocar had the advantage of being very robust. It was deposited by sublimation,
as with the other nanocars, and was identified on the surface as a long 3 nm molecule. As shown
in Figure 6, the triptycene wheels appear as very bright spots when compared with the central
polyaromatic core.
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Figure 6. Image of the curved nanocar 17 on Au(111). The four bright spots correspond to the four
triptycene wheels (U = 1.1 V, I = 5 pA). Scale bar: 1 nm.

6.2. The Race and the Official Ranking

On 29 April at 5:00 p.m., after two days and one night of intense efforts, the first ever international
nanocar race ended. As mentioned, two teams were ranked first: the Swiss team, racing on Au(111),
as stated in the original rules [28] and the Rice–Graz team, racing on Ag(111), since their nanocar appeared
to move uncontrollably fast on gold. On Au(111) with the lightest nanocar of the competition (only
42 atoms), the Swiss team arrived first, with a distance of 100 nm covered in six hours [29]. The US team
(Ohio) arrived second, with a distance of 43 nm covered. Their nanocar—the Bobcat Nano-wagon—was
the largest to participate, with about 650 atoms. Finally, the Nano-Windmill piloted by the German team
(Dresden) covered a distance of 11 nm. On Ag(111), the dipolar racer (which consists of one axle with
two wheels) was very fast, with a distance of 1000 nm covered in only 29 h [30] but without competitors,
since the others competed on Au(111). The characteristics of each team are given in Table 1.

We targeted two strategies to move our nanocar directionally; first, we tried pulling the molecule
on the surface, as pushing was forbidden in the rules. The second strategy was to find a way for an
electronic excitation to induce the movement. Unfortunately, due to the limited time available both in
training and during the race, this propulsion mode failed to drive our nanocar. Only our first strategy
was effective, and pulling the molecule with the STM tip allowed us to cover an impressive distance
of 25 nm in 3 s. However, we were disqualified from the race as the jury decided not to recognize
movement by pulling. We are very satisfied to have participated in the first nanocar race; remembering
the motto from the creator of the modern Olympic games, Pierre de Coubertin, which emphasizes that
“the importance is to participate”. Moreover, for the first time, we were able to climb a step edge.
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of their accumulated experience: 1) low molecular weight is
beneficial for lowering the diffusion barrier; 2) aliphatic wheels
are preferable to alkenyl, aromatic, or heteroatomic wheels to
minimize the interactions with the surface; 3) a rigid chassis
and short axles are desirable to avoid unnecessary adhesion
through shape sagging; and 4) sufficient structural stability is
necessary for deposition under ultrahigh vacuum and with
voltage pulsing. The group also noted that software with auto-
matic regulation on multistep modulation would enhance driv-
ing performances in the future, similar to automatic driving
systems in macroscopic cars.

The winner on the gold track was the Swiss Nano Dragster
(Figure 3).[24] This small car was designed to lie flat in valleys
on the gold surface. The Swiss Nano Dragster was propelled

by using electron injection or extraction from the STM tip and
the electric field at the tunneling junction from STM tip. Calcu-
lations and experimental efforts were both performed to un-
derstand the driving and motion mechanisms, depending on
detailed local activation, to quantify the necessary power for
motion and to control the translational direction. Inelastic exci-
tations of the nanocar induced translational motion of the
molecule, and this vibrationally excited nanocar was sensitive
to the inhomogeneous electrical field that was induced by the
STM tip in the tunneling junction. The threshold of lateral
force that was necessary for mechanical motion was quantita-
tively investigated by increasing the surface diffusion barrier of

Figure 1. A nanocar with three wheels was first proposed by the Rice–Graz NanoPrix team, although not actually used in the race, and it was driven by using
photochemical and thermal stimuli.

Figure 2. The Dipolar Racer, in which the parts for the molecular dipole
were loaded into the car’s “body” and were sensitive to the local electric
field of the STM tip.

Figure 3. The Swiss Nano Dragster, 4’-(4-methylphenyl)-2,2’:6’,2“-terpyridine,
from the Basel-based Swiss Team, was designed to lie flat and hover in the
valleys on the gold surface.
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were loaded into the car’s “body” and were sensitive to the local electric
field of the STM tip.

Figure 3. The Swiss Nano Dragster, 4’-(4-methylphenyl)-2,2’:6’,2“-terpyridine,
from the Basel-based Swiss Team, was designed to lie flat and hover in the
valleys on the gold surface.

Chem. Asian J. 2018, 13, 1266 – 1278 www.chemasianj.org ⌫ 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1269
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Website for Nanocar Race II in 2021:
https://memo-project.eu/flatCMS/index.php/Nanocar-Race-II

Websites for Nanocar Race I in 2017:
http://nanocar-race.cnrs.fr

http://www.cemes.fr/Molecule-car-Race
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Inspiration : reproduire la fonction mais pas la structure

Mimétisme : reproduire les propriétés d’une structure naturelle

Réplication : reproduire directement la structure naturelle
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À partir de fonctions usuelles d’objets ou de 
machines macroscopiques, concevoir le design 
d’objets équivalents à l’échelle nanoscopique (qui 
conservent les fonctions) en prenant en compte les 
contraintes (forces différentes) liées aux faibles 
dimensions

Problème - Message

Molécule-machine artificielle

Molécule déformée une fois déposée sur la surface

Rétro-engineering ?
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APPROCHES NUMÉRIQUES
Molécule déformée une fois déposée sur la surface

Molécule-machine artificielle

DESIGN

Dynamique moléculaire 
Mécanique moléculaire 
Système interactif
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Molécule-machine artificielle
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