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Résolution de la structure
atomique d’une molécule

inconnue par AFM
Bastien Molcrette

Le microscope à force atomique (AFM - Atomic Force Microscope) a permis de grandes avan-
cées dans le domaine de l’imagerie atomique : en tant que microscope à sonde locale, sa résolu-
tion dépend en grande partie de sa pointe ; ainsi, en fonctionnalisant cette pointe à une échelle
atomique, il est possible d’imager des structures à l’échelle moléculaire, et même à l’échelle ato-
mique. Cette fonctionnalisation est à la base de nombreuses méthodes d’analyse de structures
moléculaires : cela permet de visualiser la topographie de molécules adsorbées sur un substrat,
donc la position des atomes, leur taille et les liaisons covalentes entre-eux, puis de préciser la
nature de ces atomes. Cet article résume d’abord le fonctionnement général d’un AFM, puis
les différentes méthodes utilisées lors de l’analyse d’une molécule inconnue, en prenant exemple
sur les travaux de Gross et al. sur la résolution structurale de molécules organiques [1] [2].

1. Présentation générale du
fonctionnement d’un AFM

1.1. Généralités

L’AFM est apparu suite aux travaux de Binnig, Quate
et Gerber [3] : il s’agit d’un microscope à sonde locale,
c’est-à-dire qu’il dispose d’une sonde de taille nanomé-
trique permettant de mesurer une caractéristique physique
d’un matériau à l’échelle locale ; pour l’AFM, il s’agit de
la force totale exercée par le matériau sur la sonde, et
du courant par effet tunnel pour le STM (Scanning Tun-
neling Microscope - microscope à effet tunnel). L’AFM se
démarque du STM par sa capacité à sonder des matériaux
qu’ils soient isolants ou conducteurs, et aussi dans des mi-
lieux liquides.
Son principe général de fonctionnement est le suivant

(Figure 1) : un faisceau laser est focalisé sur le cantile-
ver de l’AFM (il s’agit de l’ensemble de la sonde et du
levier) ; à cause des contraintes mécaniques exercées par
le matériau sondé sur le cantilever (par l’intermédiaire de
la sonde), le cantilever se déforme, ce qui dévie le faisceau
laser, récupéré par une photodiode à quatre quadrants ;
l’intensité sur chaque quadrant est directement reliée à
la déflexion du faisceau laser, ce qui nous renseigne sur
les contraintes mécaniques exercées sur le cantilever et,
par conséquent, nous permet de remonter directement à
la force totale exercée par le matériau à l’échelle locale sur
la sonde. Suivant le mode de fonctionnement de l’AFM, il

Fig. 1 Principe de fonctionnement d’un AFM (image tirée
de [4]).

est alors possible de dresser la topographie du matériau à
l’échelle locale en balayant sa surface à l’aide de la sonde ;
ainsi, la sonde s’arrête périodiquement pour effectuer une
mesure, et une mesure correspond à un pixel de l’image
obtenue à la fin.

Il existe plusieurs modes de fonctionnement pour
l’AFM : on considère en premier le mode contact, où la
sonde de l’AFM est constamment en contact avec la sur-
face à sonder ; la force totale exercée par le matériau sur la
sonde est dominée par la répulsion de Pauli (force répul-
sive), il s’agit donc ici de mesurer la variation de la force
de répulsion pour en déduire la topographie du matériau ;
ce mode a le désavantage d’abîmer la sonde. Le second
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Figure 14: a-Géométrie du problème. Dans toute la suite, nous conserverons ces notations. On notera
la différence entre D, la distance entre la surface et la position d’équilibre du cantilever et
zµ la distance minimale d’approche de la pointe pendant son cycle d’oscillation, les deux
étant liées par la relation D = zµ + A. b-Évolution de la force d’interaction à laquelle
la pointe est sensible en fonction de la distance, adapté d’après [31]. On a fait figurer la
distance D telle que définie en a, ainsi que l’amplitude d’oscillation du cantilever.

Ces équations ont été utilisées pour ajuster les courbes expérimentales de la figure
7. Le bon accord de l’ajustement (au moins pour le mode propre fondamental) justi-
fie l’approximation harmonique. Le facteur de qualité du cantilever est une grandeur
caractéristique de l’énergie moyenne dissipée par le cantilever sur une période d’oscil-
lation (T0 = 1/f0), �Ed�, par rapport à l’énergie mécanique moyenne qui y est stockée
sur le même laps de temps, �Es� :

Q0 = 2π
�Es�
�Ed�

(6)

avec �Es� = k0A2
0/2 et �Ed� = πk0A0Ax = πk0A2

0Γ0/f0. Γ0 représente l’élargissement
en fréquence de la courbe de résonance à A0/

√
2.

Lorsqu’elle est approchée de la surface à une distance inférieure à quelques na-
nomètres, la pointe devient sensible aux forces d’interactions attractives qui se déve-
loppent avec la surface. Ces forces sont pour la plupart bien connues (van der Waals,
électrostatiques, magnétiques, chimiques) et dans le régime du nanoNewton. Elles
sont reportées sur la figure 14b-, adaptée d’après [31]. Selon leur origine, elles ont
plusieurs type de portées :

• les interactions électrostatiques d’origine capacitives ou coulombiennes (longue
portée >5 nm).

• les interactions de van der Waals d’origine dispersive intégrées sur l’ensemble
des atomes de la pointe et de la surface (longue portée >1 nm).

• les interactions dites « chimiques » qui figurent des interactions courte por-
tée entre atomes (<1 nm). Elles sont d’origine dispersive (terme de London),
et/ou dipolaires (termes de Debye et/ou Keesom). A plus courte portée, elles
deviennent répulsives et figurent les répulsions de Pauli entre nuages électro-
niques des atomes en regard.

Fig. 2 Notations, issue de [5].

mode est le mode sans-contact : ici, la sonde n’est jamais
en contact avec le matériau, ce qui évite de l’abîmer ; on
fait vibrer le cantilever à sa fréquence de résonance, à am-
plitude constante ; le matériau agit sur la fréquence de
résonance du cantilever comme une perturbation, ce qui
engendre un décalage de la fréquence de résonance : c’est
ce décalage qui est mesuré ; il permet ensuite de remon-
ter au gradient de la force exercée par le matériau sur la
sonde, et donc d’obtenir sa topographie (voir Section 1.2).
Il existe également un mode appelé mode tapping, sem-
blable au mode non-contact, à la différence près que c’est
l’amplitude des oscillations qui varie. Le mode non-contact
permet de distinguer la force totale exercée par le matériau
sur la sonde suivant ses composantes attractives et répul-
sives : ceci est très intéressant pour une détermination de
structure de molécule car les forces attractives sont ca-
ractéristiques d’une espèce chimique pour une sonde don-
née ; ainsi, on parvient à retrouver la nature chimique des
atomes observés (ce point sera détaillé dans la Section 2).
Pour cette raison, ce qui suit précise un peu plus en détail
le fonctionnement du NC-AFM (Non-Contact AFM).

1.2. NC-AFM

D’après Ref. [5], il est possible de modéliser l’ensemble
sonde et cantilever par un oscillateur amorti en régime
forcé subissant une force d’interaction liée à la proximité
de la sonde avec la surface (on utilise les notations décrites
dans la Figure 2) ; on a alors l’équation suivante :

z̈0(t) + 2πf0

Q0
ż0(t) + (2πf0)2z0(t)︸ ︷︷ ︸

oscillateur harmonique amorti

= (2πf0)2Ax cos(2πft)︸ ︷︷ ︸
excitation

+ (2πf0)2Fint(z(t))
k0︸ ︷︷ ︸

interaction surfacique

. (1)

On note f0 et Q0 la fréquence de résonance et le facteur de
qualité du cantilever en l’absence des forces d’interaction
avec la surface à sonder, z0 correspond à l’écart à la po-
sition d’équilibre du cantilever, f et Ax sont la fréquence

et l’amplitude de l’excitation, k0 est la raideur du canti-
lever, et Fint est la force d’interaction de la sonde avec la
surface.

De manière générale, on peut considérer l’Équation (1)
plus simplement de la façon suivante :

z̈0(t) = 1
m

(−k0 + F ′int(0))z0(t) + Fint(0)
m

+ E(t)
m

, (2)

où E(t) est l’excitation du système et Fint linéarisée autour
de sa position d’équilibre définie par z0(t) = 0.
Ainsi, la pulsation à la résonance du cantilever est obtenue
par :

(ω0 + δω)2 = k0 − F ′int(0)
m

, (3)

puis, en considérant δω petit devant ω0, avec ω2
0 = k0

m :

δω

ω0
= −F

′
int(0)
2k0

. (4)

On voit donc d’après l’Équation (4) que le gradient de
force peut-être mesuré par le décalage de la fréquence de
résonance du cantilever lorsqu’il est en interaction avec la
surface à imager.

Reprenons à présent l’Équation (1) ; on suppose main-
tenant l’harmonicité de la solution pour z0, soit :

z0(t) = A cos(2πft+ φ). (5)

Nony [5] a montré que la résolution de cette équation mène
à une séparation des forces conservatives et dissipatives,
dont les composantes de Fourier sont les suivantes :

〈F cint〉 = k0A

f − f0

f0
−
f + 2f0Q0

〈Fd
int〉
k0A

2f0Q0 tan(φ)


〈
F dint

〉
= k0Af

2f0

 Ax

A
(

1 + f−f0
f0

)(
1 + 1

tan(φ)

) − 1
Q0

 .

On distingue 5 variables indépendantes du problème : A,
Ax, f , φ et D. Dans le cas de la NC-AFM, les paramètres
A et φ sont fixés : on prend A = A0 et φ = −π2 (valeurs
pour le cantilever à la résonance en l’absence de forces
d’interaction avec la surface) ; pour A, il s’agit de faire va-
rier Ax de manière à maintenir une amplitude d’oscillation
égale à A0 ; pour φ, une boucle à verrouillage de phase est
utilisée dans la chaîne d’acquisition à cette fin.

On considère alors les expressions de ∆f , l’écart à la
fréquence de résonance, et Ax, qu’on peut calculer de la
manière suivante :

∆f(zµ)
f0

= 〈F
c
int〉

k0A0
(6)

= 1
2πk0A0

ˆ 2π

0
F cint(zµ+A0−A0 cos(u)) cos(u)du,

Ax(zµ)=A0

(
1 + ∆f(zµ)

f0

)(
2f0

k0A0f

〈
F dint

〉
+ 1
Q0

)
(7)

= 1
πk0

ˆ 2π

0
F dint(zµ +A0 −A0 cos(u)) sin(u)du.

Ces expressions montrent qu’il est possible de distinguer
les forces conservatives et dissipatives en NC-AFM : en
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Sonde f0 k0 Q0 Fmin δFmin Δfmin

(kHz) (N/m) (fN) (fN/pm) (mHz)

A0=10pm – 3nm A0=10pm – 3nm

Tuning fork (298 K) 32 1800 5000 1700 240 – 0,80 2100 – 7,1

Tuning fork (4 K) 32 1800 50000 62 8,80 – 0,03 78 – 0,3

Cantilever (298 K) 150 40 40000 41 5,80 – 0,02 11000 – 36

Cantilever (4 K) 150 40 500000 1,4 0,19 – 0,006 360 – 1,2

KolibriSensor (298 K) 1000 540000 30000 2100 300 – 1,00 280 – 0,9

KolibriSensor (4 K) 1000 540000 100000 140 19 – 0,064 18 – 0,6

Table 1: Force, gradient de force et Δf minimal détectables pour différents types de sondes et conditions
d’utilisation (équations 1, 2 et 21). On a pris une bande passante de mesure unique, B =

100 Hz. Les cantilevers à basse température restent les sondes les plus sensibles.

Figure 21: a- Tuning fork. Il s’agit d’un cristal de quartz utilisé en horlogerie. Sa fréquence de réso-
nance et sa raideur sont de l’ordre de f0 = 32 kHz et k0 = 1800 N/m, respectivement. Le
tuning fork une fois extrait de son enveloppe est fixé par l’une de ses branches sur un sup-
port adapté et une pointe en tungstène est collée sur la patte libre. b-KolibriSensor, d’après
SPECS. Le KolibriSensor est également une sonde piézoélectrique mais dont les propriétés
dynamiques sont très différentes du tuning fork avec f0 = 1 MHz et k0 = 540000 N/m.

Fig. 3 Schéma d’un tuning fork : chaque branche du tu-
ning fork est une électrode indépendante de l’autre ; lors-
qu’il y a une force appliquée sur la pointe, la tension entre
les deux électrodes est modifiée (à cause des contraintes
mécaniques exercées sur le cristal de quartz) ; il suffit alors
de mesurer cette variation de tension pour remonter au
gradient de force ; de ce fait, contrairement au cantilever,
le tuning fork ne requiert pas l’utilisation d’un laser pour
mesurer la déflexion de la pointe (image issue de [5]).

effet, la mesure de ∆f renseigne sur les forces conserva-
tives, tandis que celle sur Ax informe sur les forces dissipa-
tives. De plus, d’après l’Équation (6), le signe de ∆f rend
compte de l’attraction ou la répulsion : si ∆f < 0, alors
la force est attractive ; si ∆f > 0, la force est répulsive.
La force d’interaction possède une dépendance en

D ; ainsi, pour conserver une amplitude d’oscillation
constante, il est possible de faire varier D : ceci permet
de déterminer la topographie de la surface sondée.
L’amplitude d’oscillation du cantilever est une donnée

importante dans le cadre de la détermination structurale
d’une molécule, où on cherche à mesurer spécifiquement
les forces d’interaction à courte portée. Ainsi, plus l’am-
plitude d’oscillation du cantilever sera faible, plus il sera
sensible aux interactions à courte portée. Pour une ampli-
tude d’oscillation A0 de 1 nm, avec la constante de raideur
k0 égale à 30 N/m, f0 = 150 kHz et Q0=40 000, on a une
force d’interaction surfacique de quelques nN et ∆f ' 2
kHz [5]. Il existe un autre modèle de sonde que le can-
tilever, appelé tuning fork (voir Figure 3), fait à partir
d’un cristal de quartz, et qui possède une grande raideur
(autour de 1800 N/m) ; cela lui permet d’atteindre des
amplitudes d’oscillation entre 20 et 100 pm. De plus, sa
structure est telle qu’il est possible d’utiliser une sonde
en métal, et d’adsorber des molécules sur cette sonde (en

to the exponential growth of the Pauli repulsion above the Cl
sites (Figure 3b). At zT ∼ 400−375 pm, the CO molecule starts
to tilt to avoid the high repulsion over the Cl anions, as shown
by the difference between the static and relaxed curves in Figure
3a (see also Figure S5). Notice that, in this distance range, the
Na/Cl contrast from the electrostatic contribution is much
smaller compared to the SR (Figure 3c). However, on the
vacancy site, due to the small electron density, the Pauli
repulsion is negligible, and the electrostatic interaction remains
dominant. Upon further approach, the CO probe increases its
tilting toward the minima of the potential energy surface (PES)
(Figure S5), and by doing so, the saddle line between two
neighboring Cl ions (and the vacancy and its neighboring Cl
ions) is apparently sharpened.6,12 For the smallest tip heights
explored (zT ∼ 310−300 pm), the Na sites become brighter
than the Cl sites (see Figure 2). This contrast inversion is
explained by the change of the slope of the force on the Na
sites as it reaches its minimum at zT ∼ 310 pm (see Figure 3a).
At this tip height, the force still increases with decreasing tip
height both on the Cl sites (due to the tip tilting toward the Na
atoms) and on the vacancy (due to the small Pauli repulsion).
The rich contrast behavior in the large and medium tip

height regimes can only be explained taking into account the
charge distribution of the CO tip (see Figure S6). Before
addressing this important issue, we have to consider the
accuracy of our electrostatic model, where the tip is simulated
by the sum of the charge density of the CO molecule obtained
from a DFT calculation, and a positive dipole with a magnitude
of 1.5 D placed 53 pm outside of the outermost metal atom
that represents the metal tip.22,27 This approximation reflects
the fact that the electric field generated by a metallic tip arises
from the Smoluchowski effect27 and can be described by an
effective positive dipole.22 Our approach for the tip is further
supported by DFT calculations of the electric field created by a
CO molecule attached to a 20-atom Cu tip (see Figure 4d and
Figure S7). Our results validate the additivity of the isolated
CO and Cu apex systems to describe the electric field35 and
confirm that metallic tips can be simulated by a positive dipole.
The best fit for the electric field is actually provided by a dipole
moment of 0.7 D (see Figure S7). However, this dipole
moment, when incorporated into the model, fails to reproduce
the contrast of the vacancy that, according to the experiment,
should appear as the brighter feature for distances where the
electrostatic interaction dominates (see Figures S8 and S9).
The right contrast can be restored with a 1.5 D dipole, that
places the contrast change around zT = 500 pm (for larger
distances the vacancy appears brighter than the surrounding Cl
sites). Several reasons to explain this discrepancy between the
calculated and the effective dipole necessary to reproduce the

experiments are considered in the Supporting Information, but
here we take a practical approach considering the dipole
moment representing the metallic tip as a fitting parameter that
is validated by the excellent agreement between the theoretical
model and the experiment.
We are now in the position to discuss how the interplay of

the Ez electric field created separately by the CO and the
positive dipole replacing the metal tip (see Figures 4a−c for
each of the contributions and the sum) explains the observed
contrast for the large and medium tip height regime (zT > 500
pm). In consistence with literature, our DFT calculations show
that the total charge distribution of the isolated CO molecule
has a small dipole of 0.12 D, with its positive pole at the
oxygen. However, the electric field of the molecule is quite
complex and can only be replaced by the one created by this
small dipole for very large tip−sample distances (zT > 1000
pm). For closer distances, the field is ruled by the local charge
distribution. Ahead of the oxygen atom, the electric field is
effectively produced by a localized negatively charged cloud in
front of this atom neutralized by a positive charge in the
nucleus (see the inset of Figure 4a). This charge distribution
arises from the asymmetry in the electronic charge density
induced by the oxygen lone pair. In the near field, the resulting
electric field resembles the one created by a negative dipole
placed at the oxygen atom. Thus, the combined electrostatic
field of the CO probe and the metal tip can be represented by
two opposing dipoles. For the uncompensated positive charge
of the vacancy, both dipoles contribute and compensate each
other but the larger positive dipole dominates, leading to a
repulsion above the vacancy site, already observable at large tip
heights (Figure S10). However, in the case of the atomic Na
and Cl sites, the rather different spatial extension of the electric
fields (see Figure S11) leads to a completely different scenario.
The dipole coming from the metal apex cannot resolve those
sites because its field spreads out significantly at the sample
surface, effectively averaging their opposite contribution. On
the contrary, the smaller but rather localized electric field
created by the CO molecule is crucial for explaining the
observed atomic resolution.
The insight gained from our analysis can be used to address

the apparent contradiction in the interpretation of previous
experiments involving CO molecules either as a tip on a
metallic apex probing ionic surfaces19 or as an adsorbate probed
with a pure metallic tip.20 Our results show that the
electrostatic field of the CO tip is crucial to describe the
AFM contrast on the atomic scale. We proved that the
simplified description of the tip as a single dipole to explain the
electrostatic interactions fails. In addition to the use of different
AFM modes and operation parameters, the main reason for the

Figure 4. z-component of the electric field Ez of (a) a CO probe, (b) a 1.5 D dipole moment modeling a Cu metal tip, and (c) CO probe plus a 1.5
D dipole moment. The inset in (a) shows a scheme of the CO charge distribution that is responsible for the strongly negative (repulsive for
electrons) Ez in front of the O atom. (d) Electric field of a CO−Cu tip as calculated through DFT.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.5b05251
Nano Lett. 2016, 16, 1974−1980

1978

Fig. 4 Modélisation du champ électrique autour de la
sonde CO sur une sonde métallique (c) : celle-ci peut-être
vue comme l’addition du dipôle issu de la sonde CO (a) et
du dipôle issu de la sonde métallique (b) ; pour une sonde
métallique en cuivre, le moment dipolaire est de 1,5 D
(D :Debye - 1 D = 3,33564×10−30 C.m) (images issues de
[6]).

particulier du CO - voir Figure 4) ; ainsi, un tuning fork
avec sonde métallique peut servir à la fois en AFM mais
aussi en STM. C’est ce type de sonde qui est utilisé dans
les études décrites dans la Section 3.

Ces mesures doivent être idéalement réalisées à très
basse température, pour éviter la diffusion des molécules
à observer et aussi une agitation thermique de celles-ci :
la diffusion conduirait à la migration des molécules pen-
dant la mesure, ce qui rend impossible la visualisation de
la structure d’une molécule précise ; il est nécessaire que
la structure du matériau soit stable le temps de la mesure
(soit quelques minutes).

La résolution de l’image obtenue dépend des dimensions
de la sonde comme de sa nature chimique : une sonde plus
fine permet une résolution latérale plus élevée. La section
suivante détaille plus en profondeur l’influence de la sonde
sur les mesures réalisées.

2. Influence de la pointe sur la résolution

2.1. Sonde CO

La sonde utilisée a une grande influence sur la résolution
latérale de l’image (voir pour cela la Figure 8). Les études
ayant permis la résolution structurale de molécules [1] [2]
ont toutes utilisé une molécule CO comme sonde (celle-ci
étant fixée sur la pointe d’un tuning fork) ; cette sonde
permet une résolution latérale et verticale inférieure à
l’angström.

Ellner et al. ont réalisé une étude [6] expliquant cette
haute résolution de la sonde CO. Pour comprendre
l’efficacité de la sonde CO, il est utile de considérer le
champ électrique au niveau de la sonde. Sur la Figure 4(c)
est modélisé le champ électrique autour de la sonde CO
sur support métallique ; ce champ correspond à la somme
des champs pour la sonde CO seule et celui pour une
sonde métallique seule. On note que le pôle négatif sous
l’atome O dispose d’une extension latérale et verticale
beaucoup plus fines dans le cas de la sonde CO sur
support métallique que celles pour le pôle positif sous
l’atome Cu de la sonde métallique seule ; ceci explique
la meilleure résolution latérale et verticale d’une sonde
CO sur support métallique par rapport à celles pour une
sonde métallique seule.

JPCE ENS de Lyon, Vol. 1. No. 2., Décembre 2016, p. 1 - 10
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2.2. Identification d’éléments chimiques

La topographie du matériau est donnée par le décalage
de la fréquence de résonance, mais cela ne permet pas
d’identifier l’espèce chimique des atomes observés. Pour
cela, il est utile de s’intéresser aux forces à courte distance.
Sugimoto et al. ont réalisé une étude [7] prouvant la pos-

sibilité d’identification chimique par NC-AFM. L’idée de
cette étude est de montrer que la courbe de force à courte
portée pour une interaction entre deux espèces chimiques
données est caractéristique de ce couple ; il s’agit ici de
l’espèce chimique constituant la sonde et de celle qui est
sondée. Dans leur expérience, Sugimoto et al. réalisent les
courbes de force pour des sondes de formes et compositions
variées, sondant des atomes de Si, Sn et Pb ; les courbes
obtenues sont celles représentées dans la Figure 6.
D’après Ref. [7], le ratio des minimums des courbes de

force courte portée pour deux atomes donnés sont carac-
téristiques de ce couple d’atomes ; pour une sonde donnée,
cela ne dépend pas de la nature chimique et de la forme
de la sonde (Figure 6(e et f)) ; ainsi, il est possible de dé-
terminer la nature chimique d’un atome en considérant ce
ratio. Sugimoto et al. prouvent cette observation en réa-
lisant la discrimination d’atomes parmi un mélange : ils
utilisent pour cela un matériau composé de Si, Sn et Pb,
dans des proportions égales ; les atomes sont mélangés au
sein d’une couche atomique, mais également entre les dif-
férentes couches, ce qui empêche la distinction d’atomes
sur des critères purement topographiques.
La Figure 5 nous montre les résultats obtenus pour

l’identification d’atomes : l’image topographique ne per-
met pas de discriminer les atomes entre eux, ceux-ci
étant répartis à des hauteurs relativement variées (voir
Figure 5(b et f)). En revanche, si on considère les maxi-
mums des forces totales, on retrouve les ratios établis à
la Figure 6 lorsqu’on fait leur rapport : ainsi, les atomes
ayant respectivement leur ratio à 100% (référence), 77%
et 59% sont des atomes de Si, Sn et Pb.
Cette méthode permet de discriminer des atomes diffé-

rents avec une grande précision lorsque les ratios des maxi-
mums de force attractive sont bien séparés ; cependant, il
serait nécessaire d’améliorer la précision des mesures dans
le cas où ces ratios seraient suffisamment proches pour être
confondus.

3. Application : détermination de la
structure de molécules organiques

Comme nous l’avons vu, la fonctionnalisation de la
pointe du levier permet une grande spécificité dans la re-
connaissance des atomes ; ceci rend possible la résolution
structurale de molécules inconnues. Ce qui suit détaille les
travaux menés par Leo Gross et son équipe sur ce thème.

3.1. Exemple d’une molécule plane : le penta-
cène

En 2009, Gross et al. publient un article [1] détaillant la
méthode qu’ils ont utilisée pour imager avec une résolu-
tion atomique la molécule de pentacène : le but était ici de
prouver qu’il est possible d’imager la structure d’une mo-

multi-element systems. This capability of the AFM is demonstrated in
Fig. 3, where we have unambiguously discriminated between the three
species—topographically not clearly distinguishable—of a surface
alloy comprised of Si, Sn, and Pb atoms mixed in equal proportions

(Fig. 3a and e). In this instance, we systematically recorded the total
tip–surface interaction force over each atom seen in the images in
Fig. 3a and e, respectively. The measured maximum attractive total
forces were found to fall into three distinct groups (see histograms in
Fig. 3d and h, respectively). When taking into account the relative
interaction ratio for Sn and Si and for Pb and Si determined in our
earlier experiments (Fig. 2b and d), these groups can be assigned to
forces obtained over Sn, Pb and Si atoms (Fig. 3d and h) and hence the
chemical identity of each surface atom can be determined (Fig. 3c and
g). The significant discrepancy between the total force values in Fig. 3d
and h—obtained in two separatemeasurement sessions using different
tips—confirms that although tip characteristics strongly influence
measured forces, they do not affect the ability to chemically identify
surface atoms. These results also corroborate the robustness of the
procedure, as the identification in Fig. 3 has been accomplished by
using the maximum attractive total forces instead of the short-range
forces. This more straightforward identification process, which avoids
the non-trivial and time-consuming separation of the short- and long-
range contributions to the total force20, can be extended to other sys-
tems if the total force is not dominated by long-range interactions and
there are no pronounced in-plane local spatial variations of the long-
range forces. In the experiments shown in Fig. 3, for instance, the long-
range contribution at theminimumpositions was only 10% to 18% of
the total interaction force (see the Supplementary Information).

We note that it would have been impossible to reveal the local
atomic composition of these surface alloy regions using topographic
information. For example, in areas with locally homogeneous distri-
butions of Si atoms (Fig. 3a), Pb and Sn appear indistinguishable in
topography; this is clearly illustrated by the atomic height distri-
bution histogram (Fig. 3b). But in regions where Si atoms cluster
together (Fig. 3e), any Pb atoms that are surrounded almost com-
pletely by Si atoms (differentiated from other Pb atoms in Fig. 3g
by a darker shade of green) are indistinguishable from the Si atoms;
again, this effect is clearly illustrated by the histogram shown in
Fig. 3f. These topographic variations with the number of nearest-
neighbouring Si atoms20,21 have been attributed to a subtle coupling
between charge transfer and atomic relaxations22. For closer tip–
surface distances, relative variations in the atomic contrast—which
would further hinder a topographic discrimination attempt—are
expected owing to differences in the strength of the interaction forces
over the atoms and tip-induced atomic relaxations20. Attempts to
scan at tip–surface distances close to the maximum attractive
forces—where the interaction between the outermost tip atom and
a surface atom dominates the signal, and hence unambiguous chem-
ical information of the atomic surface species can be obtained—
result in most of the cases in unstable imaging, or even in modifica-
tions of the tip apex or surface due to strong tip–surface lateral forces.

The present approach to characterizing the local composition of a
multi-element system at the atomic level, which is based on the
detection of the short-range chemical forces between the outermost
atom of an AFM tip and individual surface atoms, should be widely
applicable. It does require prior calibration of the relative interaction
ratio of the maximum attractive short-range forces between pairs of
atomic species on awell-defined system; but once obtained, the ratios
(which are practically independent of tip apex characteristics) can
serve as fingerprints for chemical recognition in subsequent mea-
surements. We believe that the chemical identification capabilities
demonstrated here hold substantial promise for affecting research
areas such as catalysis, materials science or semiconductor techno-
logy, in which important functional properties are controlled by the
chemical nature and short-range ordering of individual atoms,
defects, adsorbates or dopants.

METHODS
Dynamic forcemicroscopy and spectroscopymeasurements.Weused a home-

built ultrahigh vacuum dynamic AFM powered by a commercial scanning probe

controller (Dulcinea,Nanotec Electrónica,Madrid, Spain) and operated at room
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Figure 3 | Single-atom chemical identification. a, Topographic image of a
surface alloy composed by Si, Sn and Pb atoms blended in equal proportions
on a Si(111) substrate. b, Height distribution of the atoms in a, showing that
Pb and Sn atoms with few nearest-neighbouring Si atoms appear
indistinguishable in topography. c, Local chemical composition of the image
in a. Blue, green, and red atoms correspond to Sn, Pb and Si, respectively.
d, Distribution of maximum attractive total forces measured over the atoms
in a. By using the relative interaction ratio determined for Sn/Si and Pb/Si
(Fig. 2b and d), each of the three groups of forces can be attributed to
interactions measured over Sn, Pb and Si atoms. e, Topographic image
similar to that in a, but showing a region where some Pb atoms are almost
completely surrounded by Si atoms. These Pb atoms (identified in g by a
darker shade of green) are indistinguishable from the surrounding Si atoms,
as illustrated by the topographic height distribution histogram (f). The local
chemical composition, shown in g, can still be unambiguously assigned by
measuring the total force values over each surface atom and using the
relative interaction ratios for Sn/Si and Pb/Si to attribute the three groups of
maximum attractive forces to interactions measured over Sn, Pb and Si
atoms (h). The colour code for labelling the Pb, Sn and Si atoms in g is the
same as in c. Image dimensions are (4. 33 4.3) nm2. The images were
acquired close to the onset of the short-range interaction20; for the
acquisition parameters see the Supplementary Information.
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Fig. 5 Identification d’atomes par NC-AFM : (a) image
topographique ; (b) distribution des hauteurs ; (c et d)
identification par comparaison des maximums (en valeur
absolue) de la force totale (les forces courtes portée étant
prépondérantes lorsque la sonde est proche du matériau
(quelques Å), il est possible d’assimiler le maximum de
la force totale comme étant le maximum des forces courte
portée). (e, f, g et h) même démarche que pour (a, b, c et
d) mais pour une autre région du matériau (images issues
de [7]).
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maximum attractive force value and the distance dependence of the
attractive and repulsive regions of the curves.

Ameaningful comparison ofmeasured short-range forces requires
some data processing to reduce the variability caused by the use of
tips with different terminations. We have found that the relative
interaction ratio, that is, the ratio of the maximum attractive
short-range forces of the two curves within a set of measurements
over Si and Sn (acquired using a tip that had the same apex termina-
tion), remains nearly constant. This is illustrated in Fig. 2b, where
each curve within a given measurement set has been normalized to
the absolute value of themaximum attractive short-range force of the
Si curve of that set (jFSi(set)j). The normalization reveals an average
value for the relative interaction ratio of 0.776 0.02. This approach
has also been validated for elements such as Pb or In in similar
surfaces (see Fig. 1e, Fig. 2c, d and Supplementary Information).
Using the same acquisition and analysis protocols as applied when
studying the mixed Sn/Si surface layer, several sets of short-range
force curves were obtained over structurally equivalent atoms (for
the Pb/Si layer, these are highlighted by arrows in Fig. 1e). The data
revealed an average relative interaction ratio of 0.596 0.03 for Pb and
Si in the Pb-terminated surface (Fig. 2c, d), and an average relative
interaction ratio for In and Si of 0.726 0.04 in the In-terminated one.

To corroborate the experimental observations, we conducted
large-scale first-principles calculations (see Methods) using atom-
ically extended nanometre-scale asperities17 as tip-apex models. In
these calculations, homogeneous tip apexes that have different
structures for probing the Sn and Si atoms of a model of the mixed
Sn/Si surface layer (shown in Fig. 1b) produce different short-range
force curves (Fig. 2e). If the tip apexes have the same termination
structure but a different element at the outermost position, we
obtain weaker short-range forces for Sn-terminated tips than for
Si-terminated tips (Fig. 2e). In all these cases, as in the experiments,
the tip–surface interaction is stronger over Si surface atoms than over
Sn atoms (Fig. 2e). But independently of tip-apex structure and the
chemical termination of the tips, the relative interaction ratios of the

maximum attractive forces calculated over the Sn and Si atoms for a
given tip are all similar, with an average value of 0.716 0.07 (Fig. 2f)
that is close to the experimental ratio.

To gain some insight into the behaviour of the short-range forces,
we have developed a simple analytical model that assumes that tip
and sample deform elastically in response to the short-range chemical
interaction between the tip apex and the closest surface atoms (P.P.,
Y.S., P.J., M.A., S.M., O.C. and R.P., manuscript in preparation). The
model indicates that although the shape of the force-versus-distance
curves depends on the elastic response of the system, the value of the
maximum attractive short-range force is determined only by the
short-range chemical interaction (data not shown). The minimum
short-range force value registered for a given surface atom (corres-
ponding to maximum attractive force) is thus expected to depend
significantly on the chemical composition and structure of the tip
apex (an effect seen in the data in Fig. 2e), and will also depend on the
relative orientation of the tip with respect to the surface18,19. These
three factors explain the strong tip dependence found in the experi-
ments (see Fig. 2a and c). However, when the relative interaction
ratio of the maximum attractive short-range forces for two atomic
species probed with the same tip is considered, the common features
associated with the structural characteristics of the tip-apex cancel
out, and the intrinsic strength of the chemical bonding interaction
between the outermost tip atom and the closest surface atom is
revealed (Fig. 2b, d and f). This explanation can be rationalized for
semiconductor surfaces using accepted combination rules for cova-
lent chemical interactions; it can, in fact, be generalized to multi-
element systems by considering that when individually probing the
atoms of such systems with a given tip apex, interactions between
pairs of atomic species are obtained. This ensures that the relative
strengths of theminimum short-range forces are almost independent
from the tip-apex structure or chemical termination (see Sup-
plementary Information for further details).

By determining the ratio of the maximum attractive short-range
forces as outlined above, it is possible to identify individual atoms in
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Figure 2 | Probing short-range chemical interaction forces. a, Sets of short-
range force curves obtained over structurally equivalent Sn and Si atoms. All
curves are obtained using identical acquisition and analysis protocols, but
the tips differ from set to set. b, The same force curves as in a, but the curves
in each set are now normalized to the absolute value of the minimum short-
range force of the Si curve ( |FSi(set) | ). c, d, Sets of short-range force curves for
Pb and Si, obtained in the same way as for Sn and Si, before (c) and after
(d) normalization. The average relative interaction ratios calibrated against
Si, or the maximum attractive short-range forces for Sn and Pb relative to
those of Si (77% and 59%, respectively), provide an intrinsic signature for

the chemical identification of individual atoms. Each experimental force
characteristic shown here was obtained from themeasurement of a hundred
spectroscopic curves (see Methods for details). The acquisition parameters
are available in the Supplementary Information. e, f, Chemical force curves
calculated for different tip-apex models (see insets for structural and
chemical characteristics) over the Sn and Si atoms of the (!33 !3) R30u
surface model shown in Fig. 1b. The curves are shown before (e) and after
(f) normalization. In both the experimental and the calculated short-range
force curves, the distance axes denote the tip–sample relative displacement
(see Methods for details).
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Fig. 6 Courbes de force courte-portée (a) 5 sets de mesure dans les mêmes conditions, seule la forme
de la sonde (de composition Si) change ; les atomes sondés sont Si et Sn. (b) Mêmes courbes qu’en
(a) mais elles ont été normalisées par la valeur absolue du minimum de la courbe pour Si relative à
chaque set de mesure ; le ratio indiqué correspond au rapport du minimum moyen des courbes pour
Si par celui des courbes pour Sn. (c et d) Mêmes courbes que pour (a) et (b), mais pour des atomes
sondés Si et Pb. (e et f) Il s’agit des mêmes courbes que pour (a) et (b), à la différence près qu’elles
sont calculées et que les différents sets rendent compte d’une modification de la forme et de la nature
chimique de la sonde (images issues de [7]).

lécule par l’intermédiaire d’un AFM ; pour cela, du penta-
cène a été déposé sur une couche de cuivre. La structure
atomique du pentacène est très bien connue : il s’agit d’un
hydrocarbure polycyclique linéaire formé de 5 noyaux aro-
matiques.
Une première image est réalisée grâce à un STM (voir

Figure 7(B)) : en effet, le substrat étant conducteur, il est
possible d’utiliser le STM. Cependant, à cause du couplage
fort des électrons du pentacène avec ceux du métal (dû à la
planéité de la molécule), l’image obtenue ne permet pas de
distinguer la structure atomique de la molécule. Un AFM
est alors envisagé pour remplir cette tâche ; la pointe du
levier est fonctionnalisée par la molécule CO et l’AFM est
réglé en mode sans-contact ; le choix de ce mode est justifié
par le fait que la molécule, qui, rappelons-le, est adsorbée
sur le substrat, risquerait d’être arrachée de la surface si
il y avait un contact entre celle-ci et la pointe du levier ;
on obtient alors les images de la Figure 7.
Ici, la structure du pentacène est clairement visible, et

on distingue aisément les 5 noyaux aromatiques. L’échelle
de gris rend compte de l’écart de la fréquence d’oscilla-
tion du levier à sa valeur de référence (f0 = 23 165 Hz) ;
cette variation de fréquence suit la structure atomique de
la molécule, ainsi, connaissant sa structure théorique, on
identifie facilement la position et la nature des différents
atomes et des liaisons les liant.
Il est également possible de réaliser l’image par AFM

d’une molécule adsorbée sur un film mince de deux couches
de NaCl : pour cela, Gross et al. se sont servis d’un sub-
strat constitué de 2 couches atomiques de NaCl sur une
couche de Cu(111). Ils ont comparé les images obtenues
pour 4 pointes fonctionnalisées différemment : un atome
d’argent, une molécule CO, un atome de chlore et une mo-

atomic composition and the geometry of the tip,
as well as the relatively low stability of the sys-
tem, which can result in unintentional lateral or
vertical manipulation of the molecule during
imaging. As will be shown below, both problems
can be solved by preparing a well-defined tip by
deliberately picking up different atoms andmole-
cules with the tip apex. The exact knowledge of
the tip termination also facilitates quantitative com-
parison with first-principles calculations, which
is essential for understanding the nature of the
tip-sample interaction.

To benchmark AFM resolution on molecules,
we investigated pentacene (C22H14, Fig. 1A), a
well-studied linear polycyclic hydrocarbon con-
sisting of five fused benzene rings. State-of-the-
art scanning tunneling microscopy (STM) studies
of pentacene on metal, such as Cu(111) (10), and
thin-film insulators, such as NaCl on Cu(111)
(11, 12), have been performed recently. On in-
sulating films, STM was used to image the mo-
lecular orbitals near the Fermi level, EF, whereas
on metals the molecular orbitals were broadened
and distorted because of coupling to the elec-
tronic states of the substrate. STM is sensitive to
the density of states near EF, which extends over
the entire molecule. This prevents the direct im-
aging of the atomic positions (or core electrons)
in such planar aromatic molecules by STM. In
this work, we present atomically resolved AFM
measurements of pentacene both on a Cu(111)
substrate and on a NaCl insulating film.

For atomic resolution with the AFM, it is
necessary to operate in the short-range regime of
forces, where chemical interactions give substan-
tial contributions. In this force regime, it is de-
sirable to work with a cantilever of high stiffness
with oscillation amplitudes on the order of 1Å, as
pointed out byGiessibl (13). Our low-temperature
STM/AFM has its basis in a qPlus sensor design
(14) and is operated in an ultrahigh vacuum at a
temperature of 5 K. The high stiffness of the
tuning fork [spring constant k0 ≈ 1.8 × 103 N/m
(15), resonance frequency f0 = 23,165 Hz, and
quality factor Q ≈ 5 × 104] allows stable opera-
tion at oscillation amplitudes down to 0.2 Å. A
metal tip (16) was mounted on the free prong of
the tuning fork, and a separate tip wire (which is
insulated from the electrodes of the tuning fork)
was attached tomeasure the tunneling current (17).
The bias voltage V was applied to the sample.

Modification of the STM tip apex is known
to have a profound influence on the achievable
image resolution (10, 11, 18, 19). We explored
the effects of controlled atomic-scale modifica-
tion of the AFM tip and show that suitable tip
termination results in dramatically enhanced atomic
scale contrast in NC-AFM imaging. We imaged
pentacene molecules (Fig. 1A) in STM (Fig. 1B)
andAFM (Fig. 1, C andD)modes on Cu(111) by
using a CO-terminated tip. For these measure-
ments, a COmolecule was deliberately picked up
with the tip (16), which led to an increased resolu-
tion in the AFMmode (see below). From previous
investigations, it is known that the CO molecule is

adsorbed with the carbon atom toward the metal
tip (18, 19).

The CO molecule slightly affects the STM
image, and several faint maxima and minima
are visible because of the interaction of the CO
with the pentacene orbitals, similar to the effect
of a pentacene-modified tip (10). The AFM im-
ages (Fig. 1, C and D) were recorded in constant-
height mode; that is, the tip was scanned without
z feedback parallel to the surface while the
frequency shift Df was being recorded (16). In
this and all of the following measurements, the
tip height z is always given with respect to the
STM set point over the substrate. The use of
constant-height operation was critical because it
allowed stable imaging in the region where Df is a
nonmonotonic function of z. In the AFM images
(Fig. 1, C andD), the five hexagonal carbon rings
of each pentacene molecule are clearly resolved.

We observed local maxima of Df(x, y) above the
edges of the hexagons, near the carbon atom
positions, and minima above the centers of the
carbon rings (hollow sites), in concordance to the
measurements on SWNTs (7). Even the carbon-
hydrogen bonds are imaged, indicating the posi-
tions of the hydrogen atoms within the pentacene
molecule. Additionally, each molecule is sur-
rounded by a dark halo.

To demonstrate that imaging conditions are
also stable for the case of organic molecules
on insulators, we used a thin insulating layer
[NaCl(2 ML)/Cu(111), that is, two atomic layers
of NaCl on Cu(111)] as substrate (Fig. 2). Fur-
thermore, to study the influence of the tip
termination, we performed measurements with
different atomic modifications of the tip apex. In
addition to the Ag- (Fig. 2A) and CO-terminated
(Fig. 2B) tips, we also recorded Df images with
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Fig. 1. STM and AFM imaging of pentacene on Cu(111). (A) Ball-and-stick model of the pentacene
molecule. (B) Constant-current STM and (C and D) constant-height AFM images of pentacene acquired
with a CO-modified tip. Imaging parameters are as follows: (B) set point I = 110 pA, V = 170 mV; (C) tip
height z = –0.1 Å [with respect to the STM set point above Cu(111)], oscillation amplitude A = 0.2 Å; and
(D) z = 0.0 Å, A = 0.8 Å. The asymmetry in the molecular imaging in (D) (showing a “shadow” only on the
left side of the molecules) is probably caused by asymmetric adsorption geometry of the CO molecule at
the tip apex.
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Fig. 2. Constant-height AFM images of pentacene on NaCl(2ML)/Cu(111) using different tip modifications
(16). (A) Ag tip, z= –0.7 Å, A=0.6 Å; (B) CO tip, z=+1.3 Å, A= 0.7 Å; (C) Cl tip, z= –1.0 Å, A= 0.7 Å; and
(D) pentacene tip, z=+0.6 Å, A=0.5 Å. The z values are given with respect to a STM set point of I=2 pA, V=
200 mV above the NaCl(2 ML)/Cu(111) substrate.
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Fig. 7 Molécule de pentacène adsorbée sur Cu(111). (A)
Modèle du pentacène en style boules et bâtonnets. (B)
Image par STM à courant constant. (C et D) Images
par AFM à hauteur constante (z = −0.1 Å avec une am-
plitude d’oscillation A = 0.2 Å pour (C), et z = 0.0 Å
avec une amplitude d’oscillation A = 0.8 Å pour (D)),
avec pointe de tuning fork fonctionnalisée par la molécule
CO ; la hauteur de référence de la pointe, z = 0.0 Å, est
définie comme la hauteur pour laquelle on a I = 110 pA
et V = 170 mV en STM (images issues de [1]).
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atomic composition and the geometry of the tip,
as well as the relatively low stability of the sys-
tem, which can result in unintentional lateral or
vertical manipulation of the molecule during
imaging. As will be shown below, both problems
can be solved by preparing a well-defined tip by
deliberately picking up different atoms andmole-
cules with the tip apex. The exact knowledge of
the tip termination also facilitates quantitative com-
parison with first-principles calculations, which
is essential for understanding the nature of the
tip-sample interaction.

To benchmark AFM resolution on molecules,
we investigated pentacene (C22H14, Fig. 1A), a
well-studied linear polycyclic hydrocarbon con-
sisting of five fused benzene rings. State-of-the-
art scanning tunneling microscopy (STM) studies
of pentacene on metal, such as Cu(111) (10), and
thin-film insulators, such as NaCl on Cu(111)
(11, 12), have been performed recently. On in-
sulating films, STM was used to image the mo-
lecular orbitals near the Fermi level, EF, whereas
on metals the molecular orbitals were broadened
and distorted because of coupling to the elec-
tronic states of the substrate. STM is sensitive to
the density of states near EF, which extends over
the entire molecule. This prevents the direct im-
aging of the atomic positions (or core electrons)
in such planar aromatic molecules by STM. In
this work, we present atomically resolved AFM
measurements of pentacene both on a Cu(111)
substrate and on a NaCl insulating film.

For atomic resolution with the AFM, it is
necessary to operate in the short-range regime of
forces, where chemical interactions give substan-
tial contributions. In this force regime, it is de-
sirable to work with a cantilever of high stiffness
with oscillation amplitudes on the order of 1Å, as
pointed out byGiessibl (13). Our low-temperature
STM/AFM has its basis in a qPlus sensor design
(14) and is operated in an ultrahigh vacuum at a
temperature of 5 K. The high stiffness of the
tuning fork [spring constant k0 ≈ 1.8 × 103 N/m
(15), resonance frequency f0 = 23,165 Hz, and
quality factor Q ≈ 5 × 104] allows stable opera-
tion at oscillation amplitudes down to 0.2 Å. A
metal tip (16) was mounted on the free prong of
the tuning fork, and a separate tip wire (which is
insulated from the electrodes of the tuning fork)
was attached tomeasure the tunneling current (17).
The bias voltage V was applied to the sample.

Modification of the STM tip apex is known
to have a profound influence on the achievable
image resolution (10, 11, 18, 19). We explored
the effects of controlled atomic-scale modifica-
tion of the AFM tip and show that suitable tip
termination results in dramatically enhanced atomic
scale contrast in NC-AFM imaging. We imaged
pentacene molecules (Fig. 1A) in STM (Fig. 1B)
andAFM (Fig. 1, C andD)modes on Cu(111) by
using a CO-terminated tip. For these measure-
ments, a COmolecule was deliberately picked up
with the tip (16), which led to an increased resolu-
tion in the AFMmode (see below). From previous
investigations, it is known that the CO molecule is

adsorbed with the carbon atom toward the metal
tip (18, 19).

The CO molecule slightly affects the STM
image, and several faint maxima and minima
are visible because of the interaction of the CO
with the pentacene orbitals, similar to the effect
of a pentacene-modified tip (10). The AFM im-
ages (Fig. 1, C and D) were recorded in constant-
height mode; that is, the tip was scanned without
z feedback parallel to the surface while the
frequency shift Df was being recorded (16). In
this and all of the following measurements, the
tip height z is always given with respect to the
STM set point over the substrate. The use of
constant-height operation was critical because it
allowed stable imaging in the region where Df is a
nonmonotonic function of z. In the AFM images
(Fig. 1, C andD), the five hexagonal carbon rings
of each pentacene molecule are clearly resolved.

We observed local maxima of Df(x, y) above the
edges of the hexagons, near the carbon atom
positions, and minima above the centers of the
carbon rings (hollow sites), in concordance to the
measurements on SWNTs (7). Even the carbon-
hydrogen bonds are imaged, indicating the posi-
tions of the hydrogen atoms within the pentacene
molecule. Additionally, each molecule is sur-
rounded by a dark halo.

To demonstrate that imaging conditions are
also stable for the case of organic molecules
on insulators, we used a thin insulating layer
[NaCl(2 ML)/Cu(111), that is, two atomic layers
of NaCl on Cu(111)] as substrate (Fig. 2). Fur-
thermore, to study the influence of the tip
termination, we performed measurements with
different atomic modifications of the tip apex. In
addition to the Ag- (Fig. 2A) and CO-terminated
(Fig. 2B) tips, we also recorded Df images with
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Fig. 1. STM and AFM imaging of pentacene on Cu(111). (A) Ball-and-stick model of the pentacene
molecule. (B) Constant-current STM and (C and D) constant-height AFM images of pentacene acquired
with a CO-modified tip. Imaging parameters are as follows: (B) set point I = 110 pA, V = 170 mV; (C) tip
height z = –0.1 Å [with respect to the STM set point above Cu(111)], oscillation amplitude A = 0.2 Å; and
(D) z = 0.0 Å, A = 0.8 Å. The asymmetry in the molecular imaging in (D) (showing a “shadow” only on the
left side of the molecules) is probably caused by asymmetric adsorption geometry of the CO molecule at
the tip apex.

A B

C -1Hz

-9Hz

-0.8Hz

-3.5Hz

-0.8Hz

-3.5Hz

-1.5Hz

-8Hz

5Å

5Å

5Å

5Å

D

Fig. 2. Constant-height AFM images of pentacene on NaCl(2ML)/Cu(111) using different tip modifications
(16). (A) Ag tip, z= –0.7 Å, A=0.6 Å; (B) CO tip, z=+1.3 Å, A= 0.7 Å; (C) Cl tip, z= –1.0 Å, A= 0.7 Å; and
(D) pentacene tip, z=+0.6 Å, A=0.5 Å. The z values are given with respect to a STM set point of I=2 pA, V=
200 mV above the NaCl(2 ML)/Cu(111) substrate.
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Fig. 8 Images du pentacène adsorbé sur un film mince
de NaCl déposé sur du Cu(111) par AFM avec pointe
fonctionnalisée en (A) Ag (B) CO (C) Cl (D) pentacène
(images issues de [1]).

lécule de pentacène. La molécule adsorbée est toujours le
pentacène. La Figure 8 montre les images obtenues pour
chacune des pointes : l’image obtenue avec la sonde en ar-
gent ne dispose pas d’un contraste suffisant pour mettre
en évidence la structure atomique de la molécule, la tâche
sombre permettant uniquement de voir qu’une molécule
est adsorbée sur la région du substrat visualisée ; l’image
obtenue avec la sonde CO est celle ayant la meilleure
résolution latérale avec un contraste suffisamment élevé
pour distinguer la structure atomique du pentacène ; bien
qu’ayant le meilleur contraste, l’image sondée par la sonde
Cl ne dispose pas d’une résolution latérale suffisante pour
distinguer nettement les liaisons covalentes de la molécule ;
l’image obtenue avec la sonde au pentacène montre juste
l’effet produit par l’adsorption accidentelle d’une molécule
à analyser sur les images obtenues, ce qui justifie la néces-
sité d’absence de contact entre la sonde et la molécule à
visualiser. L’image obtenue avec la sonde CO prouve qu’il
est possible de résoudre la structure atomique d’une mo-
lécule adsorbée sur un substrat isolant, ce qui n’est pas
possible avec un STM.
La résolution de l’image obtenue possède une dépen-

dance avec la hauteur de la sonde : plus la sonde est proche
de la molécule, plus les forces attractives à courte por-
tée prédominent sur la force électrostatique ; cependant,
comme cela a été précisé dans la Section 1.2, le décalage
de fréquence ∆f dépend de ces forces attractives à courte
portée ; ainsi, si ces forces sont mieux définies, alors le dé-
calage de fréquence est mieux marqué, donc la résolution
latérale est meilleure. L’idée est donc d’approcher le plus
possible la sonde de la molécule afin de maximiser l’effet
des forces attractives de courte portée tout en étant assez
éloignée pour ne pas accrocher la molécule sur la sonde,
c’est-à-dire que la répulsion de Pauli ne doit pas prédomi-
ner sur les forces attractives à courte portée. L’évolution
de la résolution latérale en fonction de la hauteur de la
sonde est présentée dans la Figure 10 : on peut voir que la
résolution latérale pour ∆f augmente lorsqu’on rapproche
la sonde de la molécule ; ∆f est négatif pour des hauteurs
supérieures et égales à z = 1.4 Å ; pour z = 1.2 Å, ∆f est
positif sur une région de la molécule, ce qui signifie que
la répulsion de Pauli est prédominante pour cette zone :
il n’est alors plus possible de rapprocher la sonde de la
molécule à cause du risque d’accrocher la molécule sur la

© 2010 Macmillan Publishers Limited.  All rights reserved. 

indole substructure that are commonly found (Fig. 1a). These sub-
structures could be assembled into the four possible working struc-
tures 1 to 4 shown in Fig. 1b. Structure 1 (which we were later able to
determine as being the correct structure of our unknownmetabolite,
as will be shown below) is known as cephalandole A and was orig-
inally isolated from the Taiwanese orchid Cephalanceropsis gracilis
(Orchidaceae)16,17. It meets all three criteria specified previously
that render structure analysis especially challenging10: in 1, the
ratio of heavy atoms to protons is 2:1, and the O and N atoms at pos-
itions 1 and 4, respectively, interrupt the carbon skeleton completely,
thus separating the two parts of the molecule. Furthermore, the car-
bonyl at C2 is four bonds removed from the nearest proton and is not
expected to show correlations in an HMBC experiment. In fact,
because of these difficulties, cephalandole A was initially misassigned
as structure 2 in the original investigation16, and later corrected17,
which makes it an excellent candidate for demonstrating the capa-
bilities of our new approach. For us, at this point, all four working
structures in Fig. 1b were plausible, as there were no HMBC corre-
lations to guide us in the assembly of the substructures and each
bicycle proposed in these structures had been reported previously17.

Scanning probe microscopy. To resolve and confirm the molecular
structure, we then conducted STM and AFM measurements on
individual specimens of the compound in question. To this end,
we deposited a low coverage of the molecules onto two-monolayer
(ML) thick NaCl films grown on Cu(111). Our measurements
were performed with a combined low-temperature STM/AFM
based on a qPlus tuning fork sensor design18. The AFM was
operated in the frequency modulation mode19 and at very small
oscillation amplitudes to maximize the lateral resolution20. We
functionalized the tip apex of the microscope by controlled
pickup of a single CO molecule, which was recently shown to
dramatically increase AFM resolution on molecules9. The STM
image of the metabolite (Fig. 2a) shows submolecular resolution,
vaguely reminiscent of molecular images obtained by scanning
tunnelling hydrogen microscopy (STHM)21,22 (Supplementary
Fig. S1). In the AFM image (Fig. 2b) it was possible to partly
observe the molecular structure, with indications of atom sites,
intermolecular bonds and cyclic systems.

From previous investigations it is known that the dark halo sur-
rounding the molecules arises mainly due to van der Waals and
electrostatic interactions between the tip and the molecule,
whereas the atomic corrugation is mainly due to Pauli repulsive
forces leading to the bright (repulsive) features, reflecting atom
sites and intramolecular bonds9. Therefore, AFM images can be
directly compared with the molecular models, and we tried to
match the four molecular models determined from the spectro-
scopic data with the AFM images. Upon assessing the latter, the pla-
cement of the indole bicycle was immediately clear, namely, on the
lower right-hand side of the images shown in Fig. 2, where a six-
membered ring connected to a five-membered ring is visible.
Structures 3 and 4 could now already be ruled out, because the
angle between the two bicyclic systems cannot be brought into
accordance with the AFM measurements. This left only cephalan-
dole A (1) and the previously misassigned structure 2 as candidates.
In Fig. 2c, the model of 1 has been overlaid on the AFM image.
However, not all the details in the AFM image could be explained
and the molecular structure is not resolved clearly in all parts of
the molecule. Structure 2 could not be excluded at this stage,
because we did not obtain atomic contrast at the positions of C2
and the neighbouring oxygen atoms, which distinguish structure 1
from 2. Note that in contrast to the previously studied planar hydro-
carbon pentacene9, the bacterial metabolite has the following fea-
tures: (i) it is not planar, mainly because of possible torsion about
the central C–C bond connecting the two bicyclic systems; (ii) it
consists of several atomic species including oxygen and nitrogen,
possibly with different coordination numbers; and (iii) it exhibits
no symmetry planes. The limited contrast in the region close to
the oxygen atoms might therefore reflect chemical sensitivity, that
is, different interactions due to the atomic species23, or might be
caused by topographic effects; that is, it might be due to non-
planar adsorption of the molecule.
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Figure 1 | Structures derived from NMR data. a, Three substructures could

be identified from the two-dimensional NMR data sets. High-resolution mass

spectrometry data indicate the presence of further N and O atoms in the

structure. The available NMR data did not allow distinction between a two or

three substituted indole substructure. b, The substructures can be combined

into four possible compounds (1 to 4) consistent with the available data.

1 is the accepted structure of cephalandole A, and 2 is the previously

misassigned structure of this compound.
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Figure 2 | SPM measurements of the unknown compound. STM and AFM

measurements with a CO-functionalized tip were performed on a specimen

adsorbed on the NaCl(2 ML)/Cu(111) surface. Image size: 16 Å× 19 Å.

a, Constant-current STM measurement (tunnelling current I¼ 1.2 pA,

sample voltage V¼ 150 mV). b–d, Constant-height AFM measurement

(oscillation amplitude A¼0.5 Å, sample voltage V¼0 mV). The images

show the original raw data (b), the same image with the molecular model of

cephalandole A (1) overlaid as a guide to the eye (c) and a low-pass filtered

three-dimensional representation (d). By direct comparison with the

structures shown in Fig. 1, structures 3 and 4 can be ruled out.
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Fig. 9 (a) Éléments de structures déduites des données
RMN ; (b) les 4 structures atomiques possibles pour la
molécule de cephalandole A en accord avec les données
RMN (images issues de [2]).

sonde. Ainsi, la hauteur optimale pour imager la molécule
en NC-AFM avec une sonde CO est de z = 1.2 Å (légè-
rement supérieure, afin d’avoir un décalage en fréquence
négatif pour toute la molécule).

L’imagerie par NC-AFM de la molécule de pentacène est
donc une réussite, la sonde CO permettant une résolution
atomique de sa structure ; cette molécule était toutefois
bien connue, il n’y a pas de doute possible sur sa struc-
ture atomique. Pour la molécule évoquée dans la section
suivante, ce n’est pas le cas, mais l’imagerie par NC-AFM
a permis de lever le voile sur sa structure atomique réelle.

3.2. Détermination structurale d’une molécule or-
ganique

En 2010, Gross et al. ont publié un article [2] détaillant
la méthode qui leur a permis de valider un des modèles
décrivant la structure atomique du cephalandole A, une
molécule organique issue d’une bactérie trouvée dans la
fosse des Mariannes. Une première étude par RMN a
été effectuée : elle a mis en lumière les résultats décrits
dans la Figure 9 : à cause de la difficulté de la résolu-
tion structurale de cette molécule par RMN, une des 4
structures atomiques présentées dans la Figure 9(b) (la
deuxième) a été précédemment désignée comme étant la
bonne ; l’étude [2] par NC-AFM avec sonde CO permet de
discriminer la bonne structure atomique sans doute pos-
sible, qui se trouve être la première.

Les images obtenues dans la Figure 12 permettent déjà
d’éliminer les structures atomiques 3 et 4 présentées dans
la Figure 9(b) : en effet, la forme de la molécule est coudée,
ce qui ne peut pas correspondre aux formes linéaires des
structures atomiques 3 et 4. Les formes tordues au niveau
des noyaux aromatiques proviennent de la non-planéité de
la molécule ; de ce fait, elle n’est pas adsorbée de manière
plane sur le substrat, d’où la déformation observée.

Pour déterminer la bonne structure atomique entre les
formes 1 et 2, il est possible d’utiliser la position d’ad-
sorption de la molécule sur le substrat : en effet, suivant
que la molécule est dans la structure atomique 1 ou 2, ses

JPCE ENS de Lyon, Vol. 1. No. 2., Décembre 2016, p. 1 - 10
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(Fig. 2D) (16). For each tip, the tip height z was
minimized; that is, decreasing z further by a few
0.1 Å resulted in unstable imaging conditions,

usually leading to the molecule being laterally
displaced or picked up by the tip. Comparing the
different tips, we see that their atomic termination
is crucial for the contrast observed above the

molecule. The highest lateral resolution was ob-
served with CO-modified tips, and the contrast
above pentacene is similar to that in the measure-
ments on Cu(111). With metal-terminated tips

Fig. 3. Maps of measured frequency shift Df (A) and extracted vertical force Fz
(B) at different tip heights z. Corresponding line profiles of Df (C) and Fz (D)
along the long molecular axis. The data shown are part of a complete three-

dimensional force field that has been measured in a box of 25 Å by 12.5 Å by
13 Å above a pentacene molecule (16). The z values are given with respect to a
STM set point of I = 2 pA, V = 200 mV above the NaCl(2 ML)/Cu(111) substrate.

Fig. 4. Calculated energy map (A) for a CO-pentacene distance of d =
4.5 Å. Calculated line profiles of the energy (B), the vertical force (C),
and Df (D) above the long molecular axis for different molecular
distances. Calculated (E) and measured (F) force-distance curves above
different molecular sites: central hollow site (blue), C-C bond of central

ring on long molecular axis (red), C atom of central ring on short
molecular axis (green), and H atom on short axis (orange). The inset in
(E) shows a measured Df map with the different molecular sites indicated.
In the experimental data, the force components that arise from the metal
tip behind the CO molecule have been subtracted (16, 29).
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 Fig. 10 Évolution de la résolution latérale en fonction de la hauteur de la sonde : (A) carte du décalage

de fréquence ∆f et (B) forces associées ; (C) décalage de fréquence en fonction de la position latérale
dans l’axe de la molécule pour différentes hauteurs de la sonde, et (D) forces associées (images issues
de [1]).

atomes sont adsorbés sur la substrat à des positions dif-
férentes : il s’agit là d’un critère de discrimination pour
les structures atomiques de la molécule. Pour estimer ces
positions, on utilise des calculs de DFT (Density Func-
tional Theory), prenant en compte les interactions entre
la molécule et le substrat. Pour les 2 structures atomiques
possibles, ces calculs ont été effectués, ce qui a conduit aux
images (e) et (f) de la Figure 11. Parallèlement, une image
de la molécule a été réalisée par NC-AFM (Figure 11 (b))
ainsi que la position des atomes de Cl du substrat (Fi-
gure 11(a)) ; on superpose ces deux images pour obtenir
l’image (c) de la Figure 11. En considérant les positions
relatives des atomes de la molécule par rapport à ceux
du substrat, il est clair que seule la structure atomique
1 permet de retrouver les résultats expérimentaux. Ainsi,
l’étude des positions d’adsorption assistée par des calculs
de DFT a permis de discriminer la bonne structure ato-
mique de la molécule parmi toutes celles en accord avec
les données RMN.
Le calcul DFT permet également de prédire de manière

qualitative l’image qu’on pourrait s’attendre à avoir de
la molécule par NC-AFM ; les résultats obtenus sont pré-
sentés dans la Figure 13. On constate une différence de
contraste entre l’image simulée et l’image expérimentale :
ceci peut s’expliquer par la non-planéité de la molécule
adsorbée sur le substrat, qui n’est pas correctement esti-
mée par les calculs DFT. Néanmoins, il y a une grande
correspondance entre ces deux images, et on retrouve le
profil de la structure atomique 1, ce qui permet de valider
définitivement la structure 1 de la molécule comme étant
la bonne.

Ainsi, l’étude menée par Gross et al. sur le cephalan-
dole A a prouvé l’efficacité du NC-AFM dans la résolution
structurale de molécules incertaines.
Depuis la publication de l’article de Gross et al. en 2010,

de nombreuses études de détermination structurale de mo-
lécules ont vu le jour ; parmi elle, on peut citer celle de
l’équipe de van der Lit et al. de 2016 [8], qui étudie les
conséquences de la force électrostatique sur le contraste
en imagerie par NC-AFM ; ils prennent pour cela la mo-
lécule de BPBA (voir Figure 14), dont ils déterminent la
structure atomique par NC-AFM, et montrent que la den-
sité de charge au niveau de la sonde a une forte influence
sur le contraste de l’image, ce qui rejoint l’explication de
l’efficacité de la sonde CO évoquée dans la Section 4 (voir
Figure 14). On peut citer également l’étude [9] menée par
Schuler et al. en 2015 sur la résolution structurale de nom-
breuses molécules d’asphaltène du pétrole (voir Figure 15
pour des exemples d’images par NC-AFM d’asphaltènes).
Enfin, on peut citer l’article [10] de Oteyza et al. qui ont
travaillé sur l’imagerie par NC-AFM d’hydrocarbures lors
de réactions de cyclisation (voir Figure 16).

4. Conclusion

En conclusion, l’imagerie par NC-AFM se révèle être
efficace pour déterminer avec précision la structure ato-
mique de molécule inconnue ; elle dispose de nombreuses
méthodes, reposant principalement sur une fonctionnali-
sation de la sonde de manière à être plus sensible à cer-
tains atomes pour ce qui est des mesures directes ; pour
les mesures indirectes, on peut citer l’étude des positions
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All molecules observed on the surface (more than 100) showed
similar contrast in STM measurements (as shown in Fig. 2a) or
with mirrored symmetry. The latter case we attribute to adsorption
with the opposite side of the molecule facing the substrate.
Furthermore, the high-resolution AFM measurements using CO-
modified tips, conducted on about ten different molecules, always
showed similar or mirrored contrast, as shown in Fig. 2b, indicating
that only one molecular species was evaporated onto the sample.

As a next step, we determined the adsorption position of the
molecule on NaCl. We used the STM constant-current feedback
to control the tip height, while at the same time oscillating the tip
and recording the shift Df of the oscillation frequency, that is, the
AFM signal. Figure 3a–c shows the AFM signal that has been
recorded simultaneously with the STM topography shown in
Fig. 2a. In this measurement mode, the STM and AFM signals are
convoluted, which makes quantitative interpretation difficult.
However, this mode allowed us to atomically resolve the substrate
and the molecule at the same time, in contrast to the constant-
height AFM measurements shown above. In comparison with the
STM measurements (Supplementary Fig. S1), we assigned
the faint maxima in Fig. 3a to the Cl sites of the NaCl substrate.
The atomic grid determined was used as a reference to identify
the molecular adsorption position, as shown in Fig. 3c, where the
grid crossings indicate the Cl positions of the substrate. A determi-
nation of the adsorption position using only STM data yielded an
identical position and orientation within measurement accuracy
(Supplementary Fig. S1). We estimate errors of �0.5 Å for the
adsorption site and �+58 for the in-plane orientation. In Fig. 3d,
a model of the experimentally determined adsorption position for
1 is displayed. Note that the assumption of 2 would have led to
an identical adsorption position, because the positions of C2 and

the oxygen atoms were not taken into account in matching the
model with the AFM image.

Density functional theory. To distinguish 1 from 2, we carried out
density functional theory (DFT) calculations24,25 for comparison
with the experimentally determined adsorption site. As a starting
condition, we placed the molecule onto the NaCl surface close to
the experimentally determined adsorption position. From this
starting condition, all the atoms in the system, except the two
bottom NaCl layers, were relaxed, yielding the adsorption
positions shown in Fig. 3e and f for 1 and 2, respectively.
Comparison with the experimentally determined adsorption
position (Fig. 3d) yields a good agreement in terms of adsorption
position and orientation for 1 (Fig. 3e), but a significant
mismatch for 2 (Fig. 3f ). For example, the discrepancy of the in-
plane orientation of the indole group is 48 for 1 and 168 for 2.
Therefore, we can conclusively rule out 2 as a last possible
alternative structure of the molecule under investigation.

Using the calculated adsorption geometry of the molecule shown
in Fig. 3e, we simulated an AFM image of 1 with DFT. The tip was
modelled only by a CO molecule with the oxygen atom pointing
towards the surface plane, which was previously proven to be a
reasonable assumption9. The frequency shift was calculated as the
second derivative of the interaction energy with respect to the inter-
molecular distance d. A calculated Df map for d¼ 7.88 Å is shown
in Fig. 4a for comparison with the constant-height AFM measure-
ment in Fig. 4b. In this measurement, the tip height was �0.15 Å
greater than in the measurement shown in Fig. 2b, which resulted
in slightly reduced contrast. At this height, the qualitative agreement
with the calculations is excellent. Comparing Fig. 4a and b, we
observe local minima near the position of the oxygen atoms and
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Figure 3 | Determination of the adsorption position. a–c, AFM with STM feedback; that is, the Df channel recorded with constant-current feedback. Images

a–c show the same data, but with different Df scales (imaging parameters: V¼ 150 mV, I¼ 1.2 pA, A¼0.5 Å; image size 21 Å× 21 Å). With a Df scale of

0.2 Hz (a) the substrate atomic positions can be deduced and a grid indicating the Cl positions is overlaid. With a Df scale of 9 Hz (b) atomic contrast above

the molecule is observed and the molecular position and orientation can be extracted. Panel c presents the same image as in b, but with the Cl grid of a and

model of structure 1 overlaid. d, Molecular adsorption position as determined from experimental data. e,f, DFT-calculated adsorption geometries for 1 and 2,

respectively. White arrows indicating the orientation of the bicyclic systems have been added as a guide to the eye. The agreement between d and e and the

disagreement between d and f allow structural assignment as 1.
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Fig. 11 (a-c) Images par NC-AFM : (a) plage des fréquences observées réduite à 0.2 Hz au lieu de 9 Hz
de manière à pouvoir observer les positions des atomes de Cl du substrat (au niveau des nœuds de la
grille) ; (b) plage des fréquences observées de 9 Hz pour imager la position des atomes de la molécule ;
(c) même image qu’en (b) mais avec superposition de la grille des positions des atomes Cl du substrat.
(d) représentation de la molécule adsorbée sur le substrat à partir de l’image (c) ; (e-f) modélisation
obtenue par DFT de la molécule adsorbée sur le substrat si elle est dans la structure atomique 1 (e)
ou 2 (f) (images issues de [2]).
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indole substructure that are commonly found (Fig. 1a). These sub-
structures could be assembled into the four possible working struc-
tures 1 to 4 shown in Fig. 1b. Structure 1 (which we were later able to
determine as being the correct structure of our unknownmetabolite,
as will be shown below) is known as cephalandole A and was orig-
inally isolated from the Taiwanese orchid Cephalanceropsis gracilis
(Orchidaceae)16,17. It meets all three criteria specified previously
that render structure analysis especially challenging10: in 1, the
ratio of heavy atoms to protons is 2:1, and the O and N atoms at pos-
itions 1 and 4, respectively, interrupt the carbon skeleton completely,
thus separating the two parts of the molecule. Furthermore, the car-
bonyl at C2 is four bonds removed from the nearest proton and is not
expected to show correlations in an HMBC experiment. In fact,
because of these difficulties, cephalandole A was initially misassigned
as structure 2 in the original investigation16, and later corrected17,
which makes it an excellent candidate for demonstrating the capa-
bilities of our new approach. For us, at this point, all four working
structures in Fig. 1b were plausible, as there were no HMBC corre-
lations to guide us in the assembly of the substructures and each
bicycle proposed in these structures had been reported previously17.

Scanning probe microscopy. To resolve and confirm the molecular
structure, we then conducted STM and AFM measurements on
individual specimens of the compound in question. To this end,
we deposited a low coverage of the molecules onto two-monolayer
(ML) thick NaCl films grown on Cu(111). Our measurements
were performed with a combined low-temperature STM/AFM
based on a qPlus tuning fork sensor design18. The AFM was
operated in the frequency modulation mode19 and at very small
oscillation amplitudes to maximize the lateral resolution20. We
functionalized the tip apex of the microscope by controlled
pickup of a single CO molecule, which was recently shown to
dramatically increase AFM resolution on molecules9. The STM
image of the metabolite (Fig. 2a) shows submolecular resolution,
vaguely reminiscent of molecular images obtained by scanning
tunnelling hydrogen microscopy (STHM)21,22 (Supplementary
Fig. S1). In the AFM image (Fig. 2b) it was possible to partly
observe the molecular structure, with indications of atom sites,
intermolecular bonds and cyclic systems.

From previous investigations it is known that the dark halo sur-
rounding the molecules arises mainly due to van der Waals and
electrostatic interactions between the tip and the molecule,
whereas the atomic corrugation is mainly due to Pauli repulsive
forces leading to the bright (repulsive) features, reflecting atom
sites and intramolecular bonds9. Therefore, AFM images can be
directly compared with the molecular models, and we tried to
match the four molecular models determined from the spectro-
scopic data with the AFM images. Upon assessing the latter, the pla-
cement of the indole bicycle was immediately clear, namely, on the
lower right-hand side of the images shown in Fig. 2, where a six-
membered ring connected to a five-membered ring is visible.
Structures 3 and 4 could now already be ruled out, because the
angle between the two bicyclic systems cannot be brought into
accordance with the AFM measurements. This left only cephalan-
dole A (1) and the previously misassigned structure 2 as candidates.
In Fig. 2c, the model of 1 has been overlaid on the AFM image.
However, not all the details in the AFM image could be explained
and the molecular structure is not resolved clearly in all parts of
the molecule. Structure 2 could not be excluded at this stage,
because we did not obtain atomic contrast at the positions of C2
and the neighbouring oxygen atoms, which distinguish structure 1
from 2. Note that in contrast to the previously studied planar hydro-
carbon pentacene9, the bacterial metabolite has the following fea-
tures: (i) it is not planar, mainly because of possible torsion about
the central C–C bond connecting the two bicyclic systems; (ii) it
consists of several atomic species including oxygen and nitrogen,
possibly with different coordination numbers; and (iii) it exhibits
no symmetry planes. The limited contrast in the region close to
the oxygen atoms might therefore reflect chemical sensitivity, that
is, different interactions due to the atomic species23, or might be
caused by topographic effects; that is, it might be due to non-
planar adsorption of the molecule.
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Figure 1 | Structures derived from NMR data. a, Three substructures could

be identified from the two-dimensional NMR data sets. High-resolution mass

spectrometry data indicate the presence of further N and O atoms in the

structure. The available NMR data did not allow distinction between a two or

three substituted indole substructure. b, The substructures can be combined

into four possible compounds (1 to 4) consistent with the available data.

1 is the accepted structure of cephalandole A, and 2 is the previously

misassigned structure of this compound.
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Figure 2 | SPM measurements of the unknown compound. STM and AFM

measurements with a CO-functionalized tip were performed on a specimen

adsorbed on the NaCl(2 ML)/Cu(111) surface. Image size: 16 Å× 19 Å.

a, Constant-current STM measurement (tunnelling current I¼ 1.2 pA,

sample voltage V¼ 150 mV). b–d, Constant-height AFM measurement

(oscillation amplitude A¼0.5 Å, sample voltage V¼0 mV). The images

show the original raw data (b), the same image with the molecular model of

cephalandole A (1) overlaid as a guide to the eye (c) and a low-pass filtered

three-dimensional representation (d). By direct comparison with the

structures shown in Fig. 1, structures 3 and 4 can be ruled out.
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Fig. 12 Images du cephalandole A adsorbée sur une
couche biatomique de NaCl sur substrat Cu(111) par (a)
STM, (b) NC-AFM avec sonde CO ; (c) même image qu’en
(b) mais en superposant la première structure atomique
de la Figure 9(b) ; (d) filtre passe-bas tri-dimensionnel ap-
pliqué à l’image (b) (images issues de [2]).

© 2010 Macmillan Publishers Limited.  All rights reserved. 

the NH group, which agree well in their relative intensity and shape.
From the calculations, we find that the molecule is mainly bound to
the substrate at these sites, which are therefore relaxed toward the
surface. Their distances to the topmost NaCl layer are h(O1)¼
2.68 Å, h(O2)¼ 2.52 Å and h(N1′)¼ 2.69 Å, respectively. On the
sides opposing the binding sites of the respective bicyclic systems,
the distance to the surface becomes maximal (h(C5)¼ 3.23 Å,
h(C4′)¼ 2.97 Å). This explains the relative maxima observed at
the bonds of C5–C6 and C4′–C5′.

Discussion
The calculations demonstrate that by taking into account the non-
planar adsorption geometry of the molecule, the observed AFM
contrast can be reproduced. Moreover, we confirm that the
method is highly sensitive to the out-of-plane arrangement of the
atom sites. Our measurements show that the investigated molecules
do not necessarily have to be strictly planar. However, in general,
atomic resolution can only be obtained by this method on the
topmost layer of atoms. For this reason, the method remains
restricted to molecules consisting of only one layer of atoms, or
possibly two layers if measurements on both faces of the molecule
can be combined. Therefore, SPM manipulation of molecules
might be used to exhibit different facets of a molecule26 or molecular
subgroups27 for their AFM investigation.

In contrast to 1, the DFT calculations for 2 show a more planar
adsorption geometry (h(C5)¼ 2.89 Å, h(C4′)¼ 2.89 Å), with a
slight outward relaxation of the oxygen that is part of the six-mem-
bered ring (h(O2)¼ 2.92 Å). This topography disagrees with the
AFM measurement, and therefore provides further support for
the elimination of 2.

It is interesting to note that in the constant-current AFM image
(Fig. 3b) there is a bright spot between H4′ and N4, and the con-
stant-height image (Fig. 2b) shows bright contrast similar to a
bond connecting C4′ and N4. The chemical shift of H4′ in the
1H NMR spectrum (8.70 ppm) suggests that a dipolar interaction
is taking place with N4, causing the deshielding. This indicates
the imaging of a non-classical hydrogen bond. However, this
interpretation remains speculative because the feature of a connect-
ing hydrogen bond was not reproduced in the DFT simulated
image, whereas the calculations agree well in the relative contrast
of N4 and C4′. Confirmation of the direct visualization of hydrogen
bonding as also proposed by STHM22 would be of tremendous

benefit to those studying self-assembly by non-covalent interactions
on surfaces28,29.

In conclusion, from our analysis performed with a combination
of spectroscopic techniques, AFM imaging and DFT calculations,
we can identify 1 as the only possible molecular structure.
Structure 1 is consistent with a proposed biogenesis that derives 1
from tryptophan and the phenazine biogenetic precursor trans-
2,3-dihydro-3-hydroxyanthranilic acid30. We have shown that
AFM can assist in the determination of the chemical structure of
a molecule by directly imaging it with atomic resolution.
Comparison of the measured image and adsorption geometry
with DFT calculations confirmed the structural assignment. With
the ability to conduct biological assays on microgram quantities of
natural products, the challenge is now to elucidate structures of bio-
active compounds at this level, and novel approaches such as the one
reported here are necessary. AFM offers the advantage of directly
visualizing bonds, which is complementary to other techniques
used for structure determination, and the ability to work with
very small quantities of non-crystalline material. We posit that
SPM can be used effectively for the direct assignment of planar
molecules or those containing planar substructures.

Methods
Spectroscopic measurements and compound isolation. 1H, 13C and all two-
dimensional NMR experiments were performed on a Varian Unity INOVA 400
equipped with an inverse detected probe. Low-resolution ESI-MS data were obtained
using a Perseptive Biosystems Mariner LC-MS, and high-resolution ESI-MS data
were obtained on a Thermo Orbitrap. HPLC separations were carried out using
a Phenomenex reversed-phase column (Jupiter 4mm Proteo 90 Å, 250 × 10 mm2)
and an Agilent 1200 series gradient pumpmonitored using a DADG1315B variable-
wavelength UV detector. The strain of Dermacoccus abyssi was isolated as previously
reported15. Fermentation and the first stages of isolation were carried out as
previously reported31. Final purification was achieved by reversed-phase HPLC
using a gradient of 0–90% CH3CN/H2O over 40 min, yielding compound 1
(13.6 mg), as well as a number of dermacozines, which are reported separately31.

STM and AFM measurements. As substrate we used a Cu(111) single crystal partly
covered with two-monolayer-thick islands of NaCl (thermally evaporated at a
sample temperature of 270 K). An amount of the order of 10 mg of the molecular
compound was solved in methanol and spread on a silicon wafer, from which the
molecules where thermally evaporated onto the sample held at �10 K. The
measurements were performed using a combined homebuilt STM and AFM system
based on a qPlus sensor design18 in ultrahigh vacuum at a temperature of 5 K. The
bias voltage was applied to the sample. We used a tuning fork with spring
constant k0≈ 1.8 × 103 N m21, quality factor Q≈ 50,000 and resonance frequency
f0¼ 27,996 Hz. The AFM was operated in frequency modulation mode19, and the
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Figure 4 | Comparison of experimental and simulated AFM images. a, Simulated map of the frequency shift, calculated for an intermolecular distance

d ¼ 7.88 Å. b, Constant-height AFM image (imaging parameters A¼0.5 Å, V¼0 mV). The observed contrast can only be explained by taking into account

the non-planar adsorption geometry of the molecule. The good agreement between DFTand experiment validates the structural assignment as 1.
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Fig. 13 (a) Image simulée de la molécule par NC-AFM
(d’après calculs DFT) ; (b) image expérimentale de la mo-
lécule par NC-AFM (images issues de [2]).
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surface coverage was less than a monolayer, the crystal was
allowed to heat to 300 K outside the microscope to allow
the BPBA to self-assemble into a close-packed structure.
The sample was placed back in the microscope after which
Xe or CO was dosed onto the cold sample. CO and Xe
terminated tips were prepared using standard procedures
[32–36]. To minimize the influence of the vdW back-
ground, we studied self-assembled structures of BPBA. All
AFM images were acquired at 0 V in constant-height mode.
The height at which an image was recorded was set with
respect to a STM set point (indicated in the text and figure
captions). A negative height corresponds to a decrease in
the tip-sample distance.
Figure 1(b) shows a STM overview of the self-assembled

structure on Au(111). The well-known herringbone
reconstruction of the Au(111) surface is clearly visible
underneath the patches of molecules. Hence, the BPBA
molecules interact weakly with the surface, in agreement
with observations made for other molecules on Au(111)
[37,38]. Constant-height AFM images acquired with CO
and Xe terminated tips are shown in Figs. 1(c) and 1(d). We
first discuss the contrast in the images acquired with a CO
tip. Both oxygen atoms of the carboxylic acid group are
imaged as bright dots. The carboxyl carbon atom (with
partial positive charge) is not observed at this tip-sample
distance with a CO tip, meaning it is still in the attractive
regime. The electron-rich triple bond in the center of the
molecule also appears as a bright protrusion when imaged
with a CO tip, similar to what has been observed before [3].
Now we discuss how the contrast changes when a Xe
terminated tip is used. The carbonyl carbon is imaged as
more repulsive than the neighboring oxygen atoms (i.e.,
less negative frequency shift). In addition, the signature of

the triple bond is no longer clearly resolved. Furthermore,
the sizes of various features differ with different tips.
Specifically, for these images the apparent distance
between the oxygen atoms belonging to the same molecule
is smaller with a Xe tip than with the CO tip (1.6� 0.2 Å
vs 2.8� 0.2 Å); i.e., with a Xe tip the carboxylic acid
group is imaged as a narrower forklike feature. Finally, the
benzene rings appear larger when imaged with a Xe
terminated tip (CO, 3.4� 0.1 Å vs Xe, 4.4� 0.2 Å).
To shed light on the relative importance of the various

force components, we performed extensive simulations
using a periodic molecular mechanics model (AFMulator)
[8–10,39], including the electrostatic force [29]. Briefly, the
model calculates the tip-sample force (FTS) via pairwise
Lennard-Jones (LJ) potentials. Note that these potentials
contain terms representing the vdW attraction and Pauli
repulsion. In addition, electrostatic forces acting between an
effective charge on the tip (Qtip) and electrostatic Hartree
potential of the fully relaxed sample [29], as calculated using
density-functional theory, are taken into account [40]. The
main parameters in the simulations are the lateral force
constant and the effective charge of the final atom of the tip
denoted as kx;y and Qtip, respectively. The result of the
simulations for the Xe and CO tip with kx;y ¼ 0.25 N=m
and Qtip ¼ −0.05e−=þ 0.3e− for the CO and Xe termi-
nated tips are shown in Figs. 1(e) and 1(f), respectively.
These values for kx;y and Qtip are in agreement with
previously reported values [15,29,44]. Our results are robust
with respect to small changes in Qtip and kx;y (see the
Supplemental Material [40]). All the features observed
experimentally (contrast on and size difference in the
carboxylic acid group, triple bond, size of benzene rings,
discussed above) are reproduced well in the simulations.

FIG. 1. BPBA molecules on Au(111) imaged with a CO and Xe tip. (a) Model of BPBA. (b) STM image of the self-assembled
structure of BPBA on Au(111), 0.1 V, 10 pA, scale bar: 5 nm. (c) Constant height Δf image of BPBA recorded with a CO tip. Image
recorded at −1 Å STM set point (0.1 V, 10 pA), scale bar: 5 Å. (d) Constant height Δf image of BPBA recorded with a Xe tip. Image
recorded at −2.55 Å STM set point (0.1 V, 10 pA), scale bar: 5 Å. (e) Simulated Δf image for a CO terminated tip with a
Qtip ¼ −0.05e− and kx;y ¼ 0.25 N=m. (f) Simulated Δf image for a Xe tip with a Qtip ¼ þ0.3e− and kx;y ¼ 0.25 N=m.
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Fig. 14 (a) Représentation de la molécule de BPBA ; (b) image par STM d’une structure auto-
assemblée de molécules de BPBA sur substrat Au(111) ; (c et e) image par NC-AFM avec sonde CO
et modélisation ; (d et f) image par NC-AFM avec sonde Xe et modélisation (images issues de [8]).

aromatic hydrocarbon (PAH) moieties of asphaltene, their
primary site of intermolecular interaction. This combination of
AFM and STM investigations of individual molecules
demonstrates a methodology for structural assignment within
mixtures with unprecedented resolution and moreover could be
used as a powerful method to screen mixtures for novel
molecules for molecular electronics33,34 and applications in
organic light emitting diodes and photovoltaic devices.35

As a substrate, a Cu(111) single crystal partially covered with
islands of two-monolayer NaCl (denoted as NaCl(2 ML)/

Cu(111)) was used. A small coverage (<5% ML) of individual
asphaltene molecules was prepared by thermal evaporation by
flash-heating from a silicon wafer onto the substrate at 10 K.
We compare asphaltenes from different sources: (i) coal-
derived asphaltenes (CAs) and (ii) petroleum asphaltenes
(PAs). An STM overview image of the CA sample preparation
is shown in Figure 1a. All STM and AFM measurements shown
here were recorded in constant-current and constant-height
modes, respectively, with a CO tip (see Materials and Methods
section for details).

Figure 1. Coal-derived asphaltene sample preparation and CA1. (a) STM overview image (I = 1 pA, V = 0.5 V) of the CA sample on NaCl(2 ML)/
Cu(111).( b−d) AFM images of CA1 on NaCl(2 ML)/Cu(111) at different set-points z from (I = 1.4 pA, V = 0.2 V). (e) STM image of CA1 (I =
10 pA, V = 0.2 V). (f) STM image at the NIR (I = 1.4 pA, V = 1.95 V). (g) LUMO orbital of CA1 with the molecular structure overlaid as a guide to
the eye. CO-functionalized tips have been used for all AFM and STM measurements shown.

Figure 2. Coal-derived asphaltenes CA2−CA4. (a,b) AFM image of CA2 on NaCl(2 ML)/Cu(111) (a) and the Laplace-filtered image (b). (c,d)
STM orbital images (I = 1.4 pA) of CA2 corresponding to the LUMO and HOMO resonance, respectively. (e,f) AFM image of CA3 on NaCl(2
ML)/Cu(111) (e) and the Laplace-filtered image (f). (g,h) STM orbital images (I = 1.4 pA) of CA3 corresponding to the LUMO and HOMO
resonance, respectively. (i,j) AFM image of CA4 on NaCl(2 ML)/Cu(111) (i) and the Laplace-filtered image (j). (k) STM orbital image of CA4
corresponding to the LUMO resonance.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b04056
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Fig. 15 (à gauche) Images brutes d’asphaltènes obtenues
par NC-AFM ; (à droite) les mêmes images, mais avec
application d’un filtre de Laplace (images issues de [9]).

d’adsorption de la molécule sur le substrat évoquée dans
la Section 3.2, qui permet de discriminer des structures
atomiques. Des modèles calculés par DFT sont aussi sou-
vent utilisés en complément pour interpréter les images
par NC-AFM obtenues.

L’imagerie par NC-AFM sert actuellement en complé-
ment d’autres outils comme la RMN, les deux se servant
mutuellement ; à l’heure actuelle, réaliser une image par
NC-AFM est relativement lent (de l’ordre d’une dizaine
de minutes, suivant la taille de l’image), c’est pourquoi
cette méthode est utilisée en complément d’autres : on
pourrait penser à déterminer la formule brute de la mo-
lécule par la méthode de comparaison des maximums des
forces à courte portée évoquée dans la Section 2.2, mais
d’autres outils sont plus adaptés pour réaliser cette tâche.
Néanmoins, des recherches sont actuellement menées pour
réduire de manière significative la durée d’acquisition des
images obtenues par NC-AFM, ce qui permettrait une pro-
duction quantitative d’images par NC-AFM, ainsi qu’une
diminution du bruit lié à la diffusion et à l’agitation ther-
mique des molécules.
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rated carbon valences in diradical tInt1 with
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Fig. 2. Comparison of STM im-
ages, nc-AFM images, and struc-
tures for molecular reactant and
products. (A) STM image of 1 on
Ag(100) before annealing. (B to
D) STM images of individual products
2, 3, and 4 on Ag(100) after an-
nealing at T > 90°C (I = 10 pA,
V = –0.2 V, T = 4 K). (E) nc-AFM
image of the same molecule (reac-
tant 1) depicted in (A). (F to H)
nc-AFM images of the samemolecules
(products 2, 3, and 4) depicted in
(B) to (D). nc-AFM images were ob-
tained at sample bias V = –0.2 V
(qPlus sensor resonance frequency =
29.73 kHz, nominal spring constant =
1800 N/m, Q-value = 90,000, os-
cillation amplitude = 60 pm). (I
to L) Schematic representation of
the molecular structure of reac-
tant 1 and products 2, 3, and 4.
All images were acquired with a
CO-modified tip.
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