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Large molecules made of a central hexabenzocoronene plateau surrounded by six adamantyl groups have been inves-
tigated by low temperature scanning tunneling microscopy and scanning tunneling spectroscopy coupled with image
calculations and molecular mechanics. The structure of large self-assembled domains reveals that the intermolecular
interactions between adamantyl peripheral groups dominate film growth. At very low coverage, the molecules can
present a certain instability for negative bias voltages which induces a partial rotation. Manipulations of single objects
using the STM tip are used to create small clusters of two or three molecules. The formed structures can be obtained
and manipulated provided that the flexible adamantyl moieties of neighbouring molecules are brought in close contact
promoting a robust mechanical anchoring.

1 Introduction

The large molecules are good candidates for the elabo-
ration of nanostructures with predictable physical and
chemical characteristics1. However, these characteris-
tics and the potential applications that may result, as-
sume that their behaviour on a substrate is well known
which is far from being simple. Among these molecules,
coronene and particularly hexa-peri-hexabenzocoronene
(HBC) have been intensively studied. They belong to the
class of polycyclic aromatic hydrocarbons which can be
regarded as small graphite parts, sometimes called nano-
graphene2,3. As these molecules are planar, their adsorp-
tion geometry is generally predictable except when the
substrate is a vicinal surface4. In this case, the molecules
are tilted after adsorption at the step edge. Otherwise,
their ability to form self assembled domains has been
largely demonstrated on HOPG graphite5, Si(111)7×76,
Cu(111)7, Au(100)8, Ag(111)9. Another interesting
property of these compounds is their ability to be linked
to peripheral groups able to exhibit a peculiar property.
For example, Jäckel et al.10 and Watson et al.11 present
rectifying behaviours of functionnalized HBC molecules
at the solid-liquid interface.

a CEMES / UPR 8011 CNRS and Université Paul Sabatier,
Nanoscience Group, 29 rue J. Marvig BP 94347, 31055 Toulouse
France. E-mail: coratger@cemes.fr
b IMRCP, Université Paul Sabatier, 118 route de Narbonne, 31062
Toulouse France.

In this paper, hexa-adamantyl-hexabenzocoronene
molecules (Ad6HBC, see Fig. 1) have been observed us-
ing low temperature scanning tunneling microscopy (LT-
STM) after adsorption on Ag(111). These molecules,
specifically synthesized, present the particularity to in-
clude carbon atoms in two hybridization state: a cen-
tral sp2 plateau and six peripheral groups in which car-
bon atoms are sp3 hybridized. The investigations have
been performed on self-assembled domains as well as on
single molecules. STM image calculations suggest that
the molecular states are substantially decoupled from the
substrate thanks to the peripheral adamantyl groups and
that the contrast variations inside the Ad6HBC can be
correctly interpreted. For isolated objects, lateral manip-
ulations with the STM tip demonstrate that it is possible
to build small stable dimers or trimers.

2 Experimental details and computa-
tional methods

The experiments have been conducted on a scanning tun-
neling microscope (STM) working at liquid helium tem-
perature (T = 4.5 K) (LT Omicron) and with a base pres-
sure of 2×10−11 mbar. The Ag(111) crystal is cleaned by
repeated Ar+ bombardment cycles at E = 600 eV fol-
lowed by annealing at 800 K for 1 hour. The Ad6HBC
molecules are deposited on a W filament 0.15 mm in di-
ameter and then, are pumped by a turbo molecular pump
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Fig. 1 Chemical structure of an hexa adamantyl hexa ben-
zocoronene (Ad6HBC) molecule (H atoms are in blank and C
atoms in grey).

during more than 12 hours. The filament is submitted to
high temperature outgassing cycles before evaporation.
In a first set of experiments, the substrate was held at
room temperature in the preparation chamber. These
experiments have been used to probe the self-assembly
properties of the molecules which are evaporated at rates
of about half a monolayer per minute. In the second set
of manipulations, the molecules are directly evaporated
on the STM head through a small hole 1 mm in diameter
drilled in the He cryostat. The Ag(111) sample is then
held at 4.5 K during the evaporation so that thermal dif-
fusion is inhibited. In addition, small evaporation rates
in the 1/1000 monolayer range per minute can be easily
achieved. These conditions are used for single molecule
experiments. Tips made of tungsten wires 0.2 mm in
diameter were prepared by electrochemical etching and
cleaned in UHV using direct current heating. The bias
voltage is applied to the sample.

Fig. 2 Synthesis of compound 2 hexa-(p-adamantylphenyl
benzene) and 1 peri-hexa adamantylbenzocoronene
(Ad6HBC).

Synthesis of compounds 1 and 2 is outlined in Fig.
2, and involved classical approach of such polyaromat-
ics12. Peri -hexa-adamantylhexabenzocoronene was pre-
pared by the Scholl oxidative cyclodehydrogenation of the
hexaphenylbenzene precursor 2. Due to its poor solubil-
ity a mixture of solvent including carbon disulfide was
employed. The high symmetry of compound 2 prompted
us to use the cobalt-catalyzed cyclotrimerization of
the tolane 1,2 -di-[4’-(1”-adamantyl)-phenyl]acetylene 3.
Eventually, this symmetrical tolane 3 was prepared by
a double Sonogashira reaction involving acetylene gas
(Fig. 3)13,14 but using Pd(PPh3)4, a palladium (0) pre-
catalyst, and hydroquinone in order to limit the ap-
parition of Glaser-type products. 1-(para-iodophenyl)
adamantane and its precursor 1-phenyladamantane were
obtained without difficulties following or adapting litera-
ture procedures15,16. Details of the characterisation data
of compounds 1 and 2 are given in the Supplementary
Information file.

Fig. 3 Synthesis of the tolane precursor 3.

Calculations of the molecular conformation on the
Ag(111) surface were performed by using the force field
provided by the MM4 code17,18. This molecular mechan-
ics technique has already demonstrated its efficiency to
describe the adsorption of polyaromatic hydrocarbon or
organo-metallic molecules on metallic surfaces19–21. In-
deed, the molecules are physisorbed and no reactive ef-
fects have to be described for chemical bonding. This jus-
tifies the use of such a method. Moreover, each molecule
is constituted of 204 atoms and we have considered a
slab of two or four layers to described the substrate. The
total number of atoms precludes the use of DFT-like
methods due to a prohibitive computational cost. The
calculated STM images were obtained using the elastic
scattering quantum chemistry (ESQC) code22, which is
a powerful and accurate technique. Starting with the
MM4 optimized conformations, the ESQC-STM images
can be compared with experimental ones with good agree-
ment23–25.

3 Results

3.1 Structure of the self-assembled network

First, Ad6HBC molecules have been deposited on the
Ag(111) surface held at ambient temperature and formed
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Fig. 4 STM image 20× 20 nm2 of the Ad6HBC self-assembly
after room temperature evaporation. The molecular structure
of Ad6HBC as well as the [110] type direction of the substrate
have been superimposed. Vs=1.5 V, It=100 pA, T=4.5 K

a self-assembled network. A large scale image 20 × 20
nm2 is presented in Fig. 4. Each molecule exhibits six
characteristic bumps and a central plateau with a lower
corrugation. The molecular network presents an hexag-
onal Bravais lattice with a parameter of 1.77 nm. The
apparent height of the molecule layer with respect to the
underlying metallic substrate is about 0.17 nm at this
bias voltage. This apparent height is different from the
real height of the molecule which could be expected from
its chemical structure. It corresponds to the corrugation
as measured by the STM tip and is related to the tunnel-
ing current and to the electronic properties of the object.

A close inspection also reveals that the network is dis-
oriented with respect to the [110] type directions of the
Ag surface. This suggests a low interaction with the
metal and an absence of commensurability between the
molecular monolayer and the surface lattice. Some de-
fects can be also observed. They appear as black holes
with a 0.1 nm depth with respect to the top layer for
the deepest. These defects correspond to the absence of
one, two or more rarely three bumps around the central
plateau. It can therefore be assumed that the six max-
ima surrounding the central part of the molecules corre-
spond to the six adamantyl (AD) groups and that some
molecules lose one of these groups during the evapora-
tion process. The mass spectra presented in the supple-

mentary materials confirm the purity of the final com-
pound and also confirm that the fragmentation of some
molecules only occurs during the deposition. However,
these defects are of small importance in the network for-
mation. Two or three of AD groups are sufficient to guide
each molecule in the structure as can be observed in Fig.
4, even if one or two adamantyl are missing. Then, all the
molecules have the same orientation in the self-assembly.
This point will be also discussed in the part devoted to
single molecule experiments.

Fig. 5 STM images (6 × 6 nm2) of the Ad6HBC network
and proposed model for the self-assembly. Vs=1.5 V, It=10
pA, T=4.5 K

A close-up view of the molecular layer is presented in
Fig. 5 where the molecular geometry has been super-
imposed. It appears that the structure implies a cer-
tain degree of interlocking between adamantyl groups.
These latter seem to form trimers between neighbour-
ing molecules indicated by black arrows in Fig. 5. This
explains that the lattice parameter of the self-assembly
is slightly smaller as compared to the total size of the
Ad6HBC (typically, 2 nm from one carbon to an oppo-
site one in gas phase). The smallest distance between
two adjacent adamantyl groups is 0.46 nm in the lattice
while this carbon cage is about 0.3 nm in diameter. The
low corrugation observed within the molecular layer (0.05
nm) is related to the small height of the adamantyl top
with respect to the central HBC plateau.
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3.2 Observation of single molecules

Using evaporation at very low rates on an Ag substrate
held at low temperature, it is possible to observe single
Ad6HBC molecules.

Fig. 6 a) STM images (7 × 7 nm2) of a single Ad6HBC
molecule and b) cross section along the molecule. The insert
shows a Ad5HBC structure Vs=1.5 V, It=13 pA, T=4.5 K

As expected from the molecular model, a single
molecule presents a characteristic sixfold geometry (Fig.
6a). Its apparent height on the Ag(111) surface is about
0.2 nm (Fig. 6b). This value has to be compared to the
mean diameter of each adamantyl group which is esti-
mated to be about 0.5 nm from the chemical structure.
As previously explained, this difference is due to a well-
known electronic effect related to the molecular electron
states and the low values of the tunneling current used in
these experiments. The total diameter of the molecule is
2.6 nm which is more important than in the self-assembly
(1.85 nm). In this case, the STM tip overestimates the
object size. At 1.5 V, the central part of the molecule
shows a slightly higher corrugation than the surround-
ing AD groups (Fig. 6b), which means that the central
plateau provides the largest contribution to the tunnel-
ing current. For high positive values (typically above 2
V) and for small negative voltages (typically above -1
V), the six AD moieties present the largest corrugation
as in Fig. 5. During the experiments performed on sin-
gle molecules, some molecular objects with five maxima
(sometimes less) have been observed (see insert in Fig.
6). Therefore, the instability of a few molecules during
the evaporation process is again observed at the single
molecule level. This result is also confirmed by the pres-
ence of small circular particles about 0.16 nm in height
and 1.1 nm in diameter on the surface. These latter cor-
respond to the adamantyl moieties which have been sep-
arated from the molecular entities.

More surprisingly, when a negative voltage below -1 V
is used, the molecules can present an unexpected shape.
An example is presented in Fig. 7. It appears that in-

stead of a sixfold geometry, the molecule exhibits twelve
maxima while the apparent height as well as the mean
diameter remain the same. Thus, the STM images ap-
pear slightly noisy but the result is very reproducible and
the general shape never changes. The transition to a pos-
itive bias voltage stabilizes the molecule and this latter
recovers its hexagonal structure.

Fig. 7 STM image (5 × 5 nm2) of a single Ad6HBC observed
at negative bias voltage. Vs=-1.5 V, It=75 pA, T=4.5 K

To complete the characterization, tunneling spec-
troscopy experiments have been conducted on single
molecules. For this, I(V ) spectra have been performed
on the Ag(111) surface and on the two main important
parts of the molecule, i.e. the central plateau and the
peripheral adamantyl groups. The derivatives dI/dV of
the I(V ) curves have been numerically calculated and are
presented in Fig.8.
Several points can be highlighted. Firstly, the curve ob-

tained on the Ag(111) surface exhibits the characteristic
threshold at about 0.07 eV below the Fermi level due to
the well known electronic surface state26. This feature
reveals the metallic character of the tip. The presence
of two peaks at -1.44 eV and -1 eV is attributed to tip
electronic states. This contribution has been numerically
subtracted from the curves recorded on the molecules.
When the dI/dV are recorded on the adamantyl group,
the spectrum shape is different. Below the Fermi level,
a new structure at -1.28 eV is now observed and a sec-
ond peak appears at -1.65 eV. Above the Fermi level, the
modification is more important. The spectrum exhibits
a broad structure with a first maximum around 0.34 eV
and a second around 0.83 eV. The last structures are

4 | 1–11

Page 4 of 11Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



Fig. 8 STS experiments performed on the Ag(111) surface
(black curve), the adamantyl groups (red curve) and the cen-
tral plateau (blue curve) Vs=-1 V, It=5 pA, T=4.5 K.

centred at about 1.46 eV and 1.82 eV respectively. As
compared to the data recorded on the Ag surface, it can
be concluded that the AD groups mainly contribute to
the empty states. When the experiments are conducted
on the central HBC plateau, the two structures at -1.28
eV and -1.65 eV are broadened. Above the Fermi level,
the two peaks at 0.34 eV and 0.83 eV are replaced by a
shoulder at about 0.2 eV and a very large peak centred
at 0.54 eV. The intensity of the peaks at 1.46 eV and
1.82 eV slightly decreases but the two structures are still
observed. Then, it can be concluded that the contribu-
tion of the central plateau to the empty states is most
important just above the Fermi level as compared to the
spectrum obtained on the adamantyl moieties.

3.3 Manipulation of single molecules

The presence of adamantyl groups around the HBC struc-
ture makes the molecule easier to be manipulated on a
metallic substrate. Indeed, these peripheral groups de-
crease the strength of the π interactions of the central
coronene with the metal. To check this hypothesis, sin-
gle molecules have been manipulated using the STM tip.
For this, the tip is approached towards the surface of
3.2 Å and the feedback loop is disengaged. The tip is
then moved at constant height relative to the substrate
along a predefined path and the induced variations of the
tunneling current are recorded as a function of time27.
By recording the tunnel current during the manipulation,

that is to say with respect to a lateral coordinate of the
tip, one gets curves showing specific signatures according
to the manipulation mode28–30. An example of such a
manipulation is reported in Fig. 9.

Fig. 9 Lateral manipulation of an Ad6HBC molecule using
the STM tip and variations of the tunneling current during
the experiment (the sequence of manipulation is indicated by
the two vertical arrows) Vs=1 V, It=5 pA, T=4.5 K.

The two STM images show a Ad6HBC before (left)
and after (right) the manipulation process. A small de-
fect on the Ag(111) surface and called D as well as a
fragment of another molecule are used as reference. The
curve presents the variations of the tunneling current
during the molecule displacement and the two arrows
indicate the moment where the tip is approached from
3.2 Å towards the surface for manipulation. In a first
step, the tunneling current increases from 5 pA to 3.7
nA due to the smaller tip-sample distance. As the tip
approaches the molecule, the current rises up to 150 nA
and the molecule is displaced using the pushing mode. As
compared to the signal recorded during manipulations of
small molecules31–33, the data produced by Ad6HBC are
more complex. This is characteristic of the displacement
of a large molecule containing more than 200 atoms which
probes a large amount of substrate atoms during its mo-
tion and has a large number of degrees of freedom34.
The behaviour of Ad6HBC is even more complicated to
analyse if one considers the possibility of molecular de-
formation and rotation of adamantyl groups. Indeed, a
careful observation of the molecule before and after the
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manipulation shows that it has rotated of at least 30o.
Even when the molecule is displaced along [110] type di-
rection of the substrate, it is difficult to record a peri-
odic signal, contrary to Lander molecules for example.
Indeed, manipulation signatures have complex features
as the number of degrees of freedom is increased. How-
ever, the experiments performed in the pushing mode are
highly reproducible and the displacements are performed
with a great accuracy whatever the chosen direction.

Afterwards, the experiments have been performed us-
ing several molecules. Indeed, the reproducibility of the
manipulation experiments allow the creation of dimers
or trimers which in turn can be manipulated. In a first
series of experiments, two single molecules have been sim-
ply approached each other so that their adamantyl groups
are in contact. The intermolecular distance is then 0.5
nm from center to center which is close to the distance
observed in the self-assembly where van der Waals inter-
actions dominate. Then, this dimer is manipulated using
the pushing mode. Most of the time, the dimer is unsta-
ble and the molecules separate while attempting to ma-
nipulate them together. This is not surprising since there
is no chemical bond between them. The formed structure
is stable when the first manipulation is performed until
the two Ad6HBC are in close contact, creating an inter-
locking between them. In this case, the dimer presents
the structure shown in Fig. 10.

The apparent height of the structure is 0.28 nm. The
distance between the molecule centres is about 0.94 nm
which means that the two objects are now closer than in
the self-assembly presented in Fig.5. Then, the mechani-
cal interaction with the tip during the manipulation pro-
cess induces the creation of a stable dimer in which each
molecule is sufficiently deformed to engage a solid connex-
ion due to the flexibility of its peripheral AD groups. The
small deformation of the two molecules after contact can
be detected in the current variations (Fig. 10c) as a sud-
den increase of about 50 nA. This mechanical interaction
is extremely strong and it is possible to manipulate the
dimer on the surface without breaking it: the assembly
is perfectly rigid and no fragmentation is observed. On
the other hand, the stability of the structure increases.
As a consequence, the motion presented in Fig. 7 for a
single molecule is prohibited and cannot be observed for
the dimers whatever the used bias voltage.

The last manipulation concerns the formation of a
trimer using the same method. After the formation of a
dimer presenting the suitable structure, a third molecule
is manipulated towards the dimer using the method al-
ready described. The formed trimer is stable provided
that it presents the structure presented in Fig. 11. There-
after, it can be manipulated on the surface using the

Fig. 10 a) STM image of two Ad6HBC molecules and b)
formation of a dimer using lateral manipulation with the STM
tip. c) Variations of the tunneling current during the experi-
ment Vs=1.6 V, It=10 pA, T=4.5 K.

pushing mode.
Its apparent height is very similar to the one of the

dimer (0.29 nm) but the molecules do not form a real
equilateral triangle. The smaller distance is 0.94 nm but
the two other intermolecular distances are 0.96 nm and
1.01 nm respectively. Indeed, the assembly is driven by
mechanical interactions which discard the formation of
geometric structures generally induced by chemical bond-
ing.
It is possible to disassemble the cluster using a reduced

tunneling resistance of 3.5 MΩ and scanning the trian-
gular structure along one of its heights. When the tip
reaches the central maximum, the molecule whose center
will be scanned, is removed from the trimer (see Fig. 12).
It can be observed that none of these manipulations leads
to fragmentation of Ad6HBC.

4 Discussion

After evaporation on a substrate held at room tempera-
ture, the Ad6HBC molecules self-assemble to form a well
defined hexagonal lattice related to the sixfold symme-
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Fig. 11 STM image of three Ad6HBC forming a trimer after
lateral manipulation Vs=1.2 V, It=5 pA, T=4.5 K.

try of the molecule. Coronene and related molecules also
present hexagonal lattices on different substrates such as
HOPG graphite5, Au(100)8, Cu(111)7 and Ag(111)9 and
even in liquids11. On Ag(111), coronene molecules are
slightly tilted with respect to the substrate which mini-
mizes the π interactions with the metallic atoms and in-
creases the intermolecular ones inside the layer9. Van der
Waals interactions generally drive these self-assemblies7.
For Ad6HBC, the same interactions are responsible of
the observed structures. The interactions inside the layer
are substantially increased due to the presence of the six
adamantyl groups surrounding each HBC centres. It has
been already observed that these 3D moieties favours the
intermolecular interactions in the self-assembled layers of
adamantyl hexa-phenyl benzene molecules (Ad6HPB) de-
posited on Ag(111)35. This property also explains that
the orientation of the Ad6HBC layer is not related to
the close packed directions of the substrate while the
molecule size prevents any commensurability with the Ag
lattice.

However, the molecules slightly interact with the sur-
face leading to a slight deformation of its structure. To
determine the precise adsorption geometry, molecular
mechanics calculations have been performed using MM4
software. The results are shown in Fig. 13. It can be ob-
served that the link between the central core and each AD
group is flexible and that the carbon-hydrogen bondings
pointing toward the surface prevent a strong interaction

Fig. 12 STM image of three Ad6HBC after separation of
the trimer using lateral manipulation. The arrow indicates
the scan direction used for manipulation Vs=1.2 V, It=5 pA,
T=4.5 K.

between the HBC and the substrate.

Fig. 13 Calculated adsorption geometry of Ad6HBC on the
Ag(111) substrate. Ag atoms are presented in blue.

Furthermore, due to the presence of the AD periph-
eral groups which act as spacer legs, the π interactions
between the central plateau and the Ag surface induce
a small bending of the HBC part. The mean molecule-
substrate distance is 3.8 Å. For the central benzene ring,
the C-Ag distance is 2.68 Å while this value reaches 3.45
Å for the most peripheral carbon atoms of the HBC
part. The smallest calculated H-Ag distance is around
2.0 Å for the hydrogen atoms of the adamantyl groups.
One may guess that this small lift-up due to the presence
of the interlaying hydrogen atoms will have an impact
to the diffusion barrier compared to the a bare HBC
molecule. Simultaneously, the peripheral AD groups
bend upwards because of the hydrogen atoms interact-
ing with the metal. As compared to hexa-adamantyl-
hexa-phenyl benzene molecules previously studied35), a
more important decoupling is expected to take place be-
cause of the rigidity of the central HBC part as compared
to HPB. This decoupling explains the ability to move
the molecule as compared to the high stability of the
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Ad6HPB in the same tunneling conditions. On the other
hand, the π coupling is also more important because of
the flat structure of the nanographene part. Then the ad-
sorption geometry results from a subtle balance between
these two opposites effects. The molecules interact with
the metallic substrate inducing a slight bending but this
interaction is reduced due to the adamantyl legs. Fur-
thermore, the AD groups favour the intermolecular inter-
actions within the layer and the building of very robust
self-assemblies36. The molecule-substrate interaction is
less important and does not play any role in the domain
formation. As compared to the supramolecular phase
observed with adamantyl hexa-phenyl benzene molecules
(35), Ad6HBC layers exhibit a mechanical interaction be-
tween the peripheral group which has not been previ-
ously observed. Indeed, while the Ad6HPB networks are
formed with neighbouring molecules simply in contact
(the lattice periodicity is about 2.1 nm), Ad6HBC do-
mains are build after the intermixing of adamatyl groups
which results in smaller intermolecular distances (1.77
nm).

STM images of single molecules reveal the six
adamantyl groups which exhibit the most important cor-
rugation, especially at negative bias voltages. This re-
sult is expected since these groups dominate the central
plateau after its deformation induced by adsorption (Fig.
13). Using the optimized geometry obtained by MM4,
STM image calculations have been conducted using the
ESQC software and are reported in Fig. 14.

Fig. 14 Calculated ESQC-STM images of the Ad6HBC
molecule on Ag(111) surface at different energies from letf to
right and top to bottom, −0.11 eV, −0.53 eV, +1.74 eV and
+1.89 eV.

With an energy of −0.11 eV below EF , correspond-
ing to the HOMO and HOMO−1 states that are degen-
erated, the calculated image shows a six-fold symmetry
with lateral traces of the AD groups. The total calcu-
lated corrugation is about 3.6 Å, and the internal corru-
gation between the HBC core and one AD group is about
3 Å. Details of the corrugation measurement are given
in the Supplementary Information file. At an energy
of −0.53 eV (HOMO−2), the calculated image has al-
ways six pronounced bumps. Then, for positive energies,
the images at +1.74 eV and +1.89 eV correspond to the
LUMO/LUMO+1 and LUMO+2, respectively. Here, one
always observes a six-fold symmetry with a much more
important contribution at the center of the molecule.

For a positive polarisation above +1 V, the HBC and
AD parts almost presents the same corrugation. This
corrugation significantly increases above 2 V and then,
the molecules exhibit a single maximum, the main con-
tribution to the tunneling current originating from the
coronene moiety. As mentioned, ESQC results suggest
the same evolution (Fig. 14). Indeed, the calculations
performed using the LUMO+1 and LUMO+2 states show
a corrugation increase in the central part meaning that
these electronic states significantly contribute to the tun-
neling current. Since the ESQC images are calculated
at a given energy (for example 1.89 eV above EF for
the image in the lower right corner of Fig. 14), they
can be slightly different from the experimental images
which have been obtained after integrating the tunneling
electrons over an energy window in the EF to EF + eV
range. Thus, the experimental images can be seen as
the continuous sum of the calculated ones in this en-
ergy range. The simple sum of the two LUMO’s images
(LUMO/LUMO+1 and LUMO+2) clearly shows that the
contribution from the central HBC part increases and
may dominate when these states are involved in the tun-
neling current. This is in good agreement with the ex-
perimental results obtained at high positive voltage. In
previous investigations, the same conclusions have been
drawn from the observation of Ad6HPB molecules de-
posited on Ag(111)35. In this case, the six adamantyl
moieties also presented the highest corrugation. The cen-
tral benzene then showed a small minimum except at high
voltage (typically above 3V) where the whole molecule
exhibited a single maximum centred on the HPB part.

The spectroscopic investigations reported in Fig. 8 also
reveal the electronic properties of these molecules and ex-
plain the contrast variations in terms of applied voltage.
On the adamantyl groups as well as on the HBC plateau,
the onset of the metallic surface state at 70 meV be-
low EF disappears. Then, the two different parts of the
molecule (HBC and AD) retain specific electronic proper-
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ties as compared to the substrate. Below the Fermi level,
the contributions at −1.28 eV and −1.65 eV mainly ap-
pear on the AD moieties. Above, the large structure at
+0.54 eV detected on the HBC part is less marked on
the AD moiety. Finally, the two peaks at 1.44 and 1.78
eV are observed on AD and appear as small shoulders
on the central carbon part. It can be concluded that
these features are due to the molecular electronic struc-
ture. Particularly, it is assumed that the peak at -1.28
eV below (contribution from the AD moiety) and the
large structure above the Fermi level (contribution from
the HBC part extending over about 1 eV) are related to
the HOMO-LUMO states of Ad6HBC. This observation
is also consistent with the calculated and experimental
STM images showing the large contribution of the AD
parts below the Fermi level and the increasing role of the
HBC structure above EF . A gap of 1.82 eV is then esti-
mated from spectra of the Ad6HBC molecules adsorbed
on Ag(111). The EHMO approach within the ESQC code
also allows the calculation of the HOMO-LUMO gap and
a value of 1.85 eV has been determined, in good agree-
ment with the experimental data.

Some STM images also show that twelve-fold struc-
tures can be observed (Fig. 7). Due to the six-fold struc-
ture of the molecule, such a geometry can be explained by
a small rotation below the tip apex. To answer this ques-
tion, MM4 investigations have been performed in order
to calculate the rotation barrier height when the molecule
lies on different adsorption sites (top, bridge and hollow).
This is considered in Fig. 15. The curves describe the
adsorption energy variation for the three sites by consid-
ering a relaxed molecule with all the degrees of freedom
free to relax except a single reference atom for which the
(x, y) coordinates are kept frozen for each rotation. The
most favourable position is above the hollow site (point
A) and switches to the atop site when the molecules ro-
tates of 30 degrees (point C) crossing the potential en-
ergy point B. The distance between the two sites is small
(1.7 Å) as compared to the size of the molecule. Thus,
the observed instability is related to the small lateral mo-
tion of the molecule while the tip induced rotation shows
up the twelve-fold structure. This motion/rotation seems
strongly linked to the electric field applied by the STM tip
since a negative bias voltage is necessary to engage this
phenomenon. In Fig. 15, the curves have to be consid-
ered as particular traces extracted from the full potential
energy surface. This former should exhibit complicated
features due to the numerous degrees of freedom of the
system. Moreover, the presented MM4 calculation does
not include the presence of the tip nor the local electro-
static field. These two terms probably break the apparent
symmetry of the energy barriers of rotation, so that the

molecule stays in the neighbourhood of the main hollow
site, preventing a net displacement to adjacent adsorption
sites. The displacement of 1.7 Åonly induces a blurred
image as observed in Fig. 7.

Fig. 15 Calculated rotation energy of a Ad6HBC molecule
above atop (green), hollow (blue), and bridge (red) sites of
the Ag(111) surface. The curves show the adsorption energy
during the rotation taking into account the relaxation of the
molecule at each step.

The last point to be discussed concerns the ability
to manipulate single Ad6HBC molecules or clusters of
molecules. In these manipulations, the presence of the
adamantyl groups appears of fundamental importance.
On the one hand, these diamondoid cages limit the in-
teractions between the central π system and the metallic
surface which favours lateral displacement. On the other
hand, their quasi-spherical geometry increases the mobil-
ity on the substrate and each AD group acts as a wheel
rolling on the flat Ag surface.
On previous investigations concerning Ad6HPB

molecules, this property was not observed essentially be-
cause the hexa-phenyl-benzene part does not present a
flat geometry but a propeller shape35. As Ad6HBC
molecules feature a flat central structure (even if slightly
bended), they can be more easily manipulated by the tip
using the pushing mode. During these manipulations, pe-
riodic variations of the tunneling current are rarely ob-
served. However, it is generally reported that the ma-
nipulation of single atoms or small molecules along close
packed directions induces tip height modulations in ac-
cordance with atomic surface periodicities28–33. On the
contrary, the complex and large structure of Ad6HBC im-
plies sophisticated displacement mechanisms which sig-
nificantly differ from single atom manipulations34. More-
over, the manipulation signatures are difficult to inter-
pret according to the initial position of the tip above or
in front of the molecule. When regular variations of the
tunneling current are observed in our experiments, their
period is in the 1 nm to 1.5 nm range which is large as
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compared to the Ag(111) surface parameter (0.28 nm).
For example, a spatial period of 1.24 nm can be calcu-
lated from the It modulations observed in Fig.10c. The
same values are observed for dimers or trimers manipula-
tions. It is assumed that the flexibility of the peripheral
adamantyl groups allows the detection of the substrate
atomic corrugation during the molecule motion provided
that the manipulation direction induced by the tip is care-
fully chosen. This flexibility implies the possible rotation
around the C-C bond between the AD and HBC parts.
This will generate periods above 1 nm since the mean
diameter of an AD group is around 0.43 nm. A complete
interpretation of this phenomenon implies sophisticated
molecular mechanics/dynamics calculation out the scope
of the paper.

Due to the peculiar structure of Ad6HBC and par-
ticularly the flexible peripheral moieties, a specific me-
chanical interaction between the molecules can take place
during manipulation. It is then possible to create clus-
ters on the surface which present a high stability and
result from the solid anchoring between single molecules.
Thereafter, these small assemblies can be manipulated or
rotated without any problem. The flexibility of the AD
peripheral groups insure the mechanical cohesion of the
structure without any fragmentation. The process is re-
versible since the STM tip may be used to remove one
molecule from the cluster by increasing the tip molecule
interaction during a scan. This always results in the re-
moval of an entire molecule which can be again manip-
ulated. In the future, this kind of manipulation can be
used to build assemblies with controlled geometries or to
connect single molecules to nanometric metallic wires.

5 Conclusion

Hexa-Adamantyl-Hexa-Benzocoronene molecules de-
posited on Ag(111) have been studied. These molecules
present interesting self-assemblies properties due to
their peripheral adamantyl groups and form hexagonal
structures driven by van der Waals bonding. At the
single molecule scale, the experimental images reveal
contrast variations according to the bias voltage, showing
a increased signal originating either from the adamantyl
groups or the central plateau. These results have been
interpreted with a great accuracy using calculated STM
images. Investigations concerning rotational energy
show that a single molecule can rotate under the tip
which is consistent with the experimental observations.
The molecules can be also manipulated on the surface
and are able to form stable dimers or trimers. These
clusters are formed by mechanical interactions favoured
by the flexible molecular structure.
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