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C60 fullerene assemblies on surfaces have attracted considerable attention because of their remarkable electronic properties.
Now because of the competition between the molecules-substrate and the molecule-molecule interactions, an ordered C60 array
is rather difficult to obtain on silicon surfaces. Here we present density functional theory simulations on C60 molecules deposited
on a TBB (1,3,5-tri(1’-bromophenyl)benzene) monolayer lying on the Si(111)-boron surface (denoted SiB). The C60 molecules
are located in the nanopores formed by the TBB network. Adsorption energy calculations show that the SiB surface governs
the C60 vertical position, whereas the TBB network imposes the C60 lateral position, and stabilizes the molecule as well. The
low charge density between the C60 and the SiB substrate on one hand, and on the other hand between the C60 and the TBB
molecules, indicates that no covalent bond is formed between the C60 and its environment. However, according to charge density
differences, a drastic charge reorganisation takes place between the Si adatoms and the C60 molecule, but also between the C60
and the surrounding TBB molecules. Finally, calculations show that a C60 array sandwiched between two TBB molecular layers
is stable, which opens the way to the growth of 3D supramolecular networks.

1 Introduction

The outstanding properties of C60 molecules make them
particularly promising in various domains such as nano-
medicine1,2 or nano-electronics3. Thus, one major challenge
is to be able to control their growth and organisation. How-
ever, in C60 arrays, there is usually a competition between the
C60- substrate and the C60- C60 interactions, which impedes
the formation of long range ordered layers4–7. Moreover, the
C60 molecules can interact strongly with the substrate, and
consequently form covalent bonds8–11, which means that the
intrinsic C60 electronic properties are lost. A route has been
open by depositing the C60 on a supramolecular network: the
fullerene interacts with the network molecules, which reduces
the C60 electronic coupling with the substrate12,13. In ad-
dition, the network separates the C60 molecules from each
other, which decreases the intermolecular interactions14,15,
and thus favours their organisation. Many works are devoted
to C60/molecular networks deposit on metallic substrates, such
as Au(111)12,16, Ag(100)17, Cu(110)18, or Cu(100)19. If
applications in nano-electronics are targeted, one needs a
semi-conductor substrate, if possible cheap, such as silicon.
Theobald et al. used a Si(111)-Ag

√
3×

√
3−R30 ˚ surface

on which perylene tetra-carboxylic di-imide and melamine
was deposited, forming a honeycomb lattice14. The lattice
parameter (34.6 Å) allowed to accommodate C60 heptamers
within one nanopore. In the work20 of Baris et al., the sub-
strate is a Si(111)

√
3×

√
3− R30 ˚ -B surface (hereafter re-

ferred to as SiB) where the B atom lies in S5 position below a
Si adatom. Thanks to boron doping, charge transfer between
the Si adatoms and the B atoms depopulates the Si dangling
bonds, leading to a SiB surface passivation21–27. On this sur-
face the authors deposited 1,3,5-tri(1’-bromophenyl)benzene
molecules (noted TBB), which form a supramolecular net-
work28. Further deposition of C60 molecules results in the
formation of an ordered array, where the C60 molecules are lo-
cated within the nanopores formed by the TBB molecules20.
The scanning tunnelling microscopy (STM) experimental and
calculated images indicate that only one C60 molecule can
be trapped in one nanopore. Here we present density func-
tional theory (DFT) calculations performed on the C60 array
organised on the TBB/SiB system. The van der Waals interac-
tions are taken into account by using the semi-empirical cor-
rection of Grimme29–31. In particular we investigate the C60
adsorption energy as a function of the height of the molecule
with respect to the SiB surface. It appears that the TBB
molecules stabilize the fullerenes and define their lateral po-
sition on the surface. Subsequently, we studied the interac-
tions between C60 and the substrate as well as between C60
and TBB molecules. We show that no covalent bonds are
formed between C60 and its environment, but however that
electrostatic-like and van der Waals interactions actually take
place. Finally, we tested the stability of a second TBB layer
added on top of the C60/TBB/SiBB system. We find that the
TBB/C60/TBB/SiB system is stable, which opens the way to
the growth of 3D supramoleculars frameworks.
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Fig. 1 Adsorption energy as a function of C60 height (left), along with ball-and-stick model (right, side-view) of the atomic structure for
different relaxed systems. ΔZ corresponds to the height difference between the bottom C60 carbon atoms and the SiB substrate Si adatoms,
while ΔZ�, is related to the height difference between the bottom C60 carbon atoms and the plane defined by the TBB central phenyl rings,
which are parallel to the SiB surface. (a) C60/TBB/SiB; (b) C60/SiB (c) C60/TBB. The models present the C60 position corresponding to the
lowest energy in the adsorption energy graphs. Carbon, bromine, silicon, boron, and hydrogen atoms are represented by blue, red, yellow,
green, and pink colours, respectively.
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2 Calculation details

The density functional theory (DFT) calculations are per-
formed using the projector augmented plane-wave (PAW)32,33

method in the framework of the Vienna ab-initio simulation
package (VASP)34,35. The generalized gradient approxima-
tion of Perdew, Burke and Ernzerhof (PBE) is employed for
the exchange-correlation potential36. A plane wave energy
cutoff of 400 eV has been used for the calculations. Increas-
ing the energy to 500 eV changes the C60 adsorption energy
by only 0.02 eV. The dispersive interactions are taken into
account by means of the DFT-D2 approach29–31. After the
introduction of the van der Waals interaction in our simula-
tions, no modification of the C60 densities of states has been
noticed at a same atomic position. As the used supercell is
large (20.1 Å× 20.1 Å× 34 Å), the Brillouin zone is sam-
pled using a single k-point at the Γ point. Increasing the
number of k-points (from 1 to 14 irreducible k-points) mod-
ifies only slightly the calculated gap of the SiB slab (less than
0.05 eV). The ionic structure is relaxed until the components
of the forces on each atom are less than 0.02 eV/ Å. The slab is
defined as one layer of TBB molecules on top of five Si layers
with B atoms at S5 sites. H atoms are saturating the back-face
Si bonds. One C60 is deposited on the previously defined slab.
As a result, 288 atoms are necessary to compose the supercell.
The SiB slab has already been successfully used for the study
of the adsorption of an isolated Cu-5,10,15,20-tetrakis(3,5-di-
tert-butyl-phenyl) porphyrin (Cu-TBPP)37 and the adsorption
of the TBB network28. The vacuum spacing is taken at about
16 Å. The whole slab is allowed to relax except the H and
bottom Si layers. The interactions between the C60 and the
SiB or the molecular network are studied by means of a par-
tial charge approach in the Bader scheme38,39. One indication
of the quality of the Bader analysis results is the total number
of valence electrons obtained from the integration over all the
Bader regions (i.e. the conservation of charge). When using
the (196×196×336) grid, the total number of electrons is re-
produced with an error lower than 4.10−4 e−. We are able to
conclude that the Bader charge is well converged with respect
to the used mesh.

3 Results and Discussion

3.1 Energetic and structural study

The STM measurements of Baris et al.20 have shown that the
C60 molecules are located within the pores of the TBB net-
work. In order to investigate the stability of the C60, calcula-
tions were performed for a C60 molecule (presented in Fig.1a)
positioned within the TBB nanopore, and centred on the tri-
angle formed by three Si adatoms. The C60 hexagonal face,
which is the densest one, is taken parallel to the substrate sur-

Fig. 2Models for different C60 orientations within the TBB
nanopore, along with related C60 adsorption energy. (a) general side
view. Top views of the following orientations parallel to the surface:
(b) hexagonal face, (c) pentagonal face, (d) 180 ˚ -rotated
pentagonal face, (e) C-C bond between two hexagonal faces, ( f )
C-C bond between an hexagonal and a pentagonal face. Carbon,
bromine, silicon, boron and hydrogen atoms are represented by blue,
red, yellow, green and pink colours, respectively.

face. The adsorption energy Eads(C60onTBB/SiB) is presented in
Fig.1a as a function of the height of the C60 molecule, where

Eads(C60 on TBB/SiB) = EC60/TBB/SiB −ETBB/SiB −Eisolated C60
(1)

EC60/TBB/SiB is the total energy of the relaxed system,
ETBB/SiB that of the relaxed supramolecular network on the
SiB substrate, and Eisolated C60 represents the energy of the
C60 molecule in gas phase.
When the C60 molecule approaches the TBB/SiB surface

(Fig.1a), it appears that the adsorption energy decreases, and
reaches a minimum value (-1.33 eV) when the height ΔZ be-
tween the bottom C atoms and the Si adatoms is 1.87 Å. When
the molecule comes closer to the surface, the adsorption en-
ergy increases, due to repulsive interactions. Thus, the calcu-
lations indicate that the nanopore constitutes a stable position
for the C60.
In order to discriminate between the influence of the SiB

substrate on the C60 molecules on one side, and of the TBB
network on the other side, the adsorption energy has been cal-
culated for two distinct models, namely the C60 molecules de-
posited on the bare SiB substrate (Fig.1b), and on the TBB
network without the SiB substrate (Fig.1c). In Fig.1b, the C60
molecules are located at the same lateral positions as in Fig.1a
(that is, above three Si adatoms), with a surface density of
1.11× 1014 molecules per cm2, identical to that of the TBB
nanopores, arranged in a 3

√
3×3

√
3 periodicity. The adsorp-

tion energy Eads(C60 on SiB) is given by
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Eads(C60 on SiB) = EC60/SiB −Eisolated C60−ESiB (2)

EC60/SiB is the total energy of the relaxed system consisting
of the SiB substrate with the C60 layer, while ESiB is that of the
bare relaxed SiB substrate. It can be seen in Fig.1b that, again,
the adsorption energy diminishes when the C60-SiB distance
ΔZ decreases, and is minimum for a C60 height of 1.98 Å. It
should be emphasized that the lowest adsorption energy for
both the C60/TBB/SiB and C60/SiB systems corresponds to
close vertical positions (1.87 Å and 1.98 Å respectively).
According to Fig.1, the minimum energy value for C60/SiB

is -0.64 eV, while that of the C60/TBB/SiB system is -1.33 eV.
These means that the molecular network tends to stabilize the
C60 molecules. Thus we calculated the fullerene adsorption
energy on the freestanding TBB network, as a function of the
C60 height (Fig.1c). As the SiB support is absent, a new height
reference has been chosen: ΔZ� corresponds to the height dif-
ference between the bottom carbon atoms of the C60 molecule
and the TBB plane, defined by the TBB central phenyl rings.
The adsorption energy has been calculated as

Eads(C60 on TBB) = EC60/TBB −ETBB network −Eisolated C60 (3)

Here ETBB network is the total energy of the unsupported
relaxed molecular network. When the C60 molecule comes
closer to the TBB network, the adsorption energy diminishes
with lowering molecule height, as in both previous systems.
However, because the SiB support is absent, and also the size
of the nanopore (11 Å) is larger than the C60 covalent diam-
eter (8 Å)20, the fullerene is able to penetrate the TBB net-
work. The adsorption energy keeps decreasing, at least till the
height difference ΔZ� reaches -2.2 Å. The important point
here is that the interaction between C60 and TBB molecules
is not repulsive, and that the integration of the C60 within the
TBB network is favoured. As a result, the adsorption energy
of the C60 on top of the SiB support is lower (-1.33 eV versus
-0.64 eV) when the TBB layer is present.
To summarize the information obtained from Fig.1b and 1c,

we know that the TBB network does not limit the C60 height,
but that the C60 interaction with the SiB substrate becomes re-
pulsive when the molecule comes too close to the substrate.
Then it can be concluded that it is the SiB substrate that gov-
erns the C60 height with respect to the surface.
However the C60 adsorption energy may depend on its ori-

entation with respect to the surface, as has been shown on met-
als40. Thus we tested various C60 orientations by rotating the
molecule within the nanopore (Fig.2a). We started from the
hexagonal face parallel to the surface (Fig.2b), at the position
giving the best adsorption energy in Fig.1a. In Fig.2c and 2d,
the pentagonal face is taken parallel to the SiB support, with
two azimuthal orientations with respect to the vertical axis,

Fig. 3 Top view models for different C60 lateral positions with
respect to the TBB network, along with related C60 adsorption
energy. Carbon, bromine, silicon and hydrogen atoms are
represented by blue, red, yellow and pink colours, respectively.

differing by 180 ˚ . Finally, in Fig.2e and 2f, a C-C bond is
facing down, which is between two hexagonal faces, or an
hexagonal and a pentagonal face, respectively. Clearly the ad-
sorption energies are very close to each other, and the inter-
actions between the fullerene and the SiB surface and TBB
molecules do not depend on the C60 orientation (Fig.2). In the
following, the hexagonal face parallel to the surface will be
taken for the calculations.

At this point the question is: why are the C60 molecules
found experimentally only within the network nanopores, and
not on top of the TBB molecules20 ? To this aim, we tested
the stability of different C60 lateral positions with respect to
the molecular network. In Fig.3a, the C60 lies at the cen-
tre of the nanopore, as in Fig.1a. For Fig.3b the fullerene
molecule is located between the adjacent Br atoms of two
neighbouring TBBmolecules, and in Fig.3c between two TBB
molecules and above three Si adatoms. Finally, in Fig.3d,
the C60 molecule is centred over the central phenyl ring of
a TBB molecule. Fig.3 also displays the adsorption energy
for each configuration. Clearly the lowest adsorption energy
(-1.33 eV) corresponds to the C60 molecule surrounded by
TBB molecules, and the C60 lateral position is imposed by the
molecular network. In other words the nanopore is the most
stable site, which is in agreement with the experimental data.
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Fig. 4 Top and side views representing the total electron density (in
translucent grey); the isodensity is equal to 0.2 e−/Å3. Carbon,
bromine, silicon and hydrogen atoms are represented by blue, red,
yellow and pink colours, respectively.

3.2 Electronic structure

The previous study has shown that the C60 interacts with both
the TBB molecules and the SiB substrate. In order to be able
to characterize these interactions, we present in Fig.4 den-
sity charge maps. At this charge density value (0.2e−/ Å3),
the covalent bonds within the TBB or C60 molecules and
the SiB substrate are visible. Nevertheless, no charges are
present between the C60 and the TBB molecules (top view),
or SiB substrate (side view). This means that the C60 does not
share charges with the substrate or the surrounding molecules,
and therefore that no bonds are formed between the fullerene
molecule and its environment. This behaviour is very differ-
ent from what can be observed for the deposition of C60 on
a Si(111)-7×78,10,11,41 or the SiC(0001)-3×3 surface42. In-
deed for these systems the C60 molecules are chemisorbed by
means of Si-C covalent bonds. It should be pointed out that
the Si-C bond length in the C60/Si(111) and C60/SiC systems
lies between 1.97 and 2.17 Å8,9,11,42, while for C60/TBB/SiB
the closest value for the Si-C distances between a C60 carbon
atom and a Si adatom is 3.05 Å. This observation is in line
with the absence of covalent bonds between the C60 and the
SiB substrate.
However, according to the adsorption energy study, there is

an attractive interaction between the C60 and the SiB surface,
as well as with the TBB molecules. Note that in the case of
C60 molecules deposited on bare SiB, the C60 grows initially at
defects because of the presence of Si dangling bonds27. From
these nucleation points, hexagonal close packed C60 domains
can be obtained on the SiB terraces. At this stage the growth
is driven by interactions between the C60 molecules, which
are separated by a 1.18 nm distance. In contrast, when C60 is
located in the nanopores of the TBB network, the distance be-
tween two fullerene molecules is about 2 nm, which is larger
than on the bare SiB support. As a result, the interactions
between C60 molecules are probably very weak, and the C60
growth is rather driven by the TBB network and the SiB sub-
strate.
In order to get further understanding of the system, we per-

formed charge differences maps as displayed in Fig.5. These
data are obtained by calculating the difference between the
charge density of the C60/TBB/SiB relaxed system on one
hand, and on the other hand the C60 isolated molecule and
the TBB/SiB substrate taken at the atomic positions obtained
previously (Fig.1a), without further atomic relaxation. A light
green (lilac) zone corresponds to an augmentation (diminu-
tion) of the local electron density when bringing together the
C60 molecule and the TBB/SiB substrate. In Fig.5a, 5b and 5c,
one can observe a charge reorganisation mainly located along
the axes between the C60 and the below lying Si adatoms.
More precisely, the charge density diminishes above the Si
adatoms, while it increases below the nearest C atoms in the
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area between the C and Si atoms. These charge modifications
are compensated around the Si adatoms (see the green half
ring), and below the C atoms towards the bottom of the C60
molecules. This confirms that an interaction exists between
the SiB surface and the C60 molecule, and indicates that it
takes place between the C60 and the Si adatoms.
Now we have shown the presence of interactions mainly be-

tween the C60 and the Si adatoms of the SiB substrate. How-
ever the three green zones along the C60 in Fig.5b show that
there is also a charge reorganisation between the C60 and the
TBB molecules. Fig.5d and 5e display a side view and a
top view map for a lower charge density difference than in
Fig.5a and 5b. The top view (Fig.5e) indicates that three TBB
molecules (for one C60) are concerned by the charge modifi-
cations (let alone the slight electron gain on every Br atom).
The charge increases at the C60 carbon atom nearest the TBB
molecule, but also at a higher carbon atom bonded to the first
one (see the side views in Fig.5a and 5d). This is related to the
fact that the bromophenyl arm near the C60 is rotated upside.
Note that there are three other bromophenyl arms located near
the C60 molecule that do not undergo any charge reorganisa-
tion. This may be due to the fact that along this direction the
interactions do not intervene between the TBB molecules and
the C60, but rather between the TBB and the Si adatoms, as
the bromophenyl arms are now directed downside toward the
Si adatoms28.
In this respect, we calculated the Bader charges vari-

ation (table 1) for the different components of both the
C60/TBB/SiB and TBB/SiB systems. From the first column,
it can be seen that charge is transferred to the C60 molecule
(0.145 e−). On the contrary, for C60/Si(111), C-Si bonds are
formed, and the charge transfer lies between 1 and 3 elec-
trons11,41,43,44. In contrast, for systems displaying very weak
interactions between the molecule and the substrate such as
C60/GaAs(100) or C60/GaAs(110), the charge transfer is only
0.01 e− or 0.02 e− respectively41,45,46. Thus, the value of
0.145 e− obtained here confirms the absence of covalent bonds
between the C60 and the substrate or the molecular network.
In addition, the TBB charge is also increased by 0.186 e−.
Note that the second column shows that this is not related to
the presence of the C60.
In order to obtain more informations on the influence of

the SiB substrate and the TBB network on the C60 electronic
structure, we calculated the C60 density of states (DOS) in gas
phase and in the TBB/SiB nanopore. The data are presented
in Fig.6 on the same graph for comparison. For the C60 in gas
phase (solid line), well-defined peaks are observed. For the
C60 in the nanopore (dashed line), the same features can also
be found, which are shifted by 0.56 eV towards the lowest
energies. This corresponds to an increased number of occu-
pied levels, in agreement with the charge transfer to the C60
molecule obtained from Bader charges variation. Moreover,

the peaks for the C60 in the nanopore present the same shape
as in gas phase. In particular they are not widened or split-
ted, as has been observed for C60 molecules on Si(111)-7×7
or SiC(0001)-3× 3 surfaces with the formation of covalent
bonds9,42. Here the C60 keeps the characteristics of the iso-
lated molecule, which confirms the absence of covalent bonds
between the C60 and the SiB surface. As such, the C60-SiB
interactions are essentially electrostatic, whereas the interac-
tions between the C60 and the TBB molecules are rather van
der Waals ones.

Table 1 Bader charges variation (in e− unit) for the different
components in the C60/TBB/SiB and TBB/SiB systems, with
respect to the C60 and TBB in gas phase, and the bare SiB substrate.

C60/TBB/SiB TBB/SiB
C60 0.145 -
TBB 0.186 0.195
SiB -0.331 -0.195

In the previous section, we have shown that deposition of
C60 molecules on the TBB/SiB surface gives rise to marked
charge reorganisations on the various species. Now we are go-
ing to investigate the stability of a second TBB monolayer de-
posited on top of the C60/TBB/SiB previous system in order to
built a 3D architecture. In this respect, P. Beton et al. success-
fully obtained a bilayer structure by adding C60 molecules to
a p-terphenyl-1-3,5,3’,5’-tetracarboxylic acid (TPTC) mono-
layer, previously deposited on a graphite HOPG substrate47,48.
As a result, an ordered C60 array has been obtained sand-
wiched between two TPTC molecules layers. Fig.7 presents
a side-view of the bilayer network obtained after relaxation.
The C60 ordered array is now sandwiched between both TBB
monolayers. The adsorption energy is defined as :

Eads(TBB on C60/TBB/SiB =ETBB/C60/TBB/SiB −EC60/TBB/SiB

−2Eisolated TBB

(4)

where, ETBB/C60/TBB/SiB is the bilayer system total energy,
EC60/TBB/SiB that of the system formed by the C60 array, the
TBB network and the SiB substrate, and Eisolated TBB corre-
sponds to the energy of a TBB molecule in gas phase. The
found value is Eads(TBB on C60/TBB/SiB = -3.71 eV, which is
close to the adsorption energy of the first TBB layer on SiB
(-3.44 eV)28. This result indicates that the bilayer system is
stable. The distance between both layers is 3.72 Å, and the
distance between the second TBB layer and the top of the
C60 molecule is 1.84 Å. This value is larger than the distance
between the first molecular layer and the bottom of the C60
molecule (0.93 Å). Indeed, because of the absence of the SiB
substrate repulsive effect, the C60 molecule can deeper pen-
etrate the TBB layer. As a matter of fact, the bromophenyl
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Fig. 5 Top and side views of the electron density difference induced by deposition of a C60 molecule in the nanopore of the TBB/SiB
network. Light green and lilac plots correspond to augmentation and diminution of the local electron density, respectively. (a) , (b), (c) 0.002
e−/Å3; (d) , (e) 0.0008 e−/Å3. (c) presents an enlarged view of the zone marked with a dashed line in (a) where foreground Si atoms have
been removed for clarity. Carbon, bromine, silicon, boron, and hydrogen atoms are represented by blue, red, yellow, green, and pink colours,
respectively.
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Fig. 6 Density of states as a function of energy of the C60 in gas
phase (solid line) and of the C60 in the TBB/SiB nanopore (dashed
line). The Fermi level is taken at 0 eV.

arms of the top TBB layer are rotated in a similar way to those
belonging to the bottom layer, which favours the π stacking
between parallel phenyl rings.

4 Conclusion

By means of DFT calculations, we have shown that the most
stable position for C60 deposited onto a TBB/SiB supramolec-
ular network is the centre of the nanopore formed by the TBB
molecules. The SiB support controls the fullerene height,
while the TBB molecules impose the lateral position. Charge
density maps indicate that no covalent bonds are formed be-
tween the C60 carbon atoms and either the Si substrate atoms,
or the TBB molecules. Nevertheless a drastic charge reorgan-
isation takes place at the C60 and TBB molecules, and at the
Si adatoms, which means that the C60 clearly interacts with
its environment. Finally, we found that a second TBB organ-
ised overlayer can be stabilized on top of the C60/TBB/SiB
system. Contrary to the TPTC/C60/TPTC bilayer obtained by
Beton et al., where the C60 array cannot be observed indepen-
dently from the top molecular layer, here we propose a new
process to obtain a 3D molecular architecture. It consists of a
controlled step by step construction, where the TBBmolecular
network is first realised28, followed by C60 molecules deposi-
tion20. Our calculations show that the final step - namely the
growth of a second TBB molecular network - can be consid-
ered. This three-dimensional architecture, which is challeng-
ing from both the experimental and theoretical point of views,
deserves to be investigated thoroughly, as it opens the way to
new perspectives for the growth of supramolecular networks.

Fig. 7 Side view of the TBB/C60/TBB/SiB relaxed atomic structure.
Carbon, bromine, silicon, boron, and hydrogen atoms are
represented by blue, red, yellow, green, and pink balls, respectively.
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M. Schröder, N. R. Champness and P. H. Beton, Nat. Chem., 2011, 3,
74.

48 S. De Feyter, Nat. Chem., 2011, 3, 14.

1–9 | 9

Page 9 of 9 Physical 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


