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Abstract An azobenzene moiety rigidly linked to a
hexa-peri-hexabenzocoronene (HBC) derivative has been
switched optically between its trans- and cis-conformations
in solution. Crystalline monolayers of the flat lying trans-
conformer have been obtained at the interface between
the basal plane of graphite and an organic solution. How-
ever, from the illuminated solution no cis-conformer was
observed adsorbed to the interface, indicating that the re-
sulting cis- conformer is not thermodynamically stable at
this interface, possibly due to the competition with the
coexisting trans-conformers. Therefore, two-dimensional
honeycombs self-assembled from derivatives of three-fold
symmetric polycyclic aromatic hydrocarbons were investi-
gated, which may be employed as templates, providing the
necessary space for conformational switching of an azoben-
zene moiety, and tune the current–voltage characteristics
through the aromatic cores. As a first step towards this goal,
the capability of the template to host single molecular guests
was studied by filling the voids with individual coronene
molecules.
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1 Introduction

Current–voltage characteristics of hybrid molecular diodes,
i.e., single molecules in nanogaps have been studied in
nanoscopic metal-, break-, or STM junctions [1–8]. Re-
cently, the current–voltage characteristics through a sin-
gle hexa-peri-hexabenzocoronene (HBC) moiety have been
controlled via the dipole moment of covalently linked charge
transfer complexes at a solid–liquid interface [9]. In this
case, the complex formation and consequently the switch-
ing were due to the diffusion of an electron donor in the
solution towards the acceptor at the interface, which is a ran-
dom and slow process. Light-induced switching of a dipole
moment at the interface should allow for a better controlled
switching. A suitable candidate is azobenzene, which can
be switched optically and electrically from a trans- to a cis-
conformation [10–13], accompanied by a change in dipole
moment.

We report here on the optical switching of an azobenzene
moiety rigidly linked to an HBC derivative in solution, the
immobilization of the flat lying trans-conformer in a crys-
talline monolayer at the interface between the basal plane
of graphite and an organic solution, and its submolecularly
resolved in-situ STM-imaging. Since the cis-conformer of
the molecule did not adsorb in ordered monolayers, we self-
assembled stable two-dimensional honeycombs from larger
polycyclic aromatic hydrocarbons, which may serve as tem-
plates, providing the necessary space for conformational
switching of an azobenzene moiety on the surface, and fur-
ther allow tuning the current–voltage characteristics through
the aromatic cores.

2 Experimental

Compounds 1 and 2 (Figs. 1 and 2) were synthesized ac-
cording to procedures, which will be provided elsewhere;
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the synthesis of 3 has been described before [14]. Coronene
has been obtained commercially (99%, Aldrich). STM ex-
periments at the interface between almost saturated solu-
tions in 1, 2, 4-trichlorobenzene and the basal plane of
highly oriented pyrolytic graphite (HOPG) were carried
out under ambient conditions [7, 15] using a home-made
STM employing commercial electronics (Omicron Vaku-
umphysik GmbH, Taunusstein, Germany). The tips were
prepared by mechanically cut Pt/Ir (80:20) wires. HOPG
(grade ZYH, Advanced Ceramics, Cleveland, Ohio, U.S.A)
was freshly peeled with adhesive tape prior to an experi-
ment. STM images were obtained at negative sample bias
with respective to the tip. The lattice of the underlying
HOPG has been visualized during the measurements by
simply changing the tunneling parameters, which allowed
calibration of the piezo in the xy plane in-situ. Unit cells

were averaged over several images after their correction for
the piezo drift (using SPIP Scanning Probe Image Proces-
sor, Version 1.911, Image Metrology ApS, Lyngby, Den-
mark).

The photoisomerization from trans- to cis-azobenzene
within compound 1 was carried out in dilute dichlorometh-
ane solution (1.02 × 10−5 M) by irradiating the solu-
tion in-situ at room temperature with a CAMAG UV
lamp (8 W) light source emitting at 366 nm. The UV
spectra were recorded using a UV/Vis/NIR Perkin-Elmer
Lambda 900 spectrometer. In almost saturated solutions of
1, 2, 4-trichlorobenzene, the photoisomerization was ac-
complished using a Shimadzu RF-5001 PC fluorescence
spectrometer light source 450 nm. The UV spectra were
recorded with Shimadzu UV 2102 PC UV–Vis
spectrometer.

Fig. 1 Chemical formulae of an
azobenzene moiety rigidly
linked to a
hexa-peri-hexabenzocoronene
derivative, 1, which can be
switched reversibly between its
trans- and cis-conformations in
dichloromethane and
1, 2, 4-trichlorobenzene solution

Fig. 2 Chemical formulae of 2,
trizigzagHBC(Ph-esterI)3,3,
trizigzagHBC(Ph-C8,2)6, and 4,
coronene
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3 Optical switching in solution

The azobenzene moiety rigidly linked to an HBC deriva-
tive, 1, has been optically switched between its trans- and
cis-conformations in dilute dichloromethane solution with
light of a wavelength of 366 nm. Figure 3a displays the
optical absorption spectra as functions of illumination time
up to 5 hours and the thermal back reaction time of about
15 seconds at 60°C. The strong peak around 366 nm [16]
is attributed to the chromophore consisting of the HBC and
the alkyne group, which does not change much upon illu-
mination. A broader peak around 450 nm decreases sub-
stantially upon illumination, while on the same time a red-
shifted peak appears around 550 nm, causing an isosbestic
point slightly above 500 nm. We assign the initial absorp-
tion around 450 nm to the π–π∗ transition of the trans-
conformation of the amine-terminated azobenzene and the
absorption appearing at 552 nm to the n–π∗ transition of the
photoinduced cis-conformation. Thermal isomerism from
the photogenerated cis- to the trans-conformer occurs after
heating at 60°C within seconds [10]. Obviously there is a
strong electronic coupling between the HBC, the alkyne and
the azobenzene, since the excitation of the former switches
the latter.

Since the STM experiments were carried out in a solu-
tion of 1, 2, 4-trichlorobenzene, the photoreaction of com-
pound 1 was also investigated within this solvent. Upon
illumination at 366 nm, no cis-azobenzene was formed,
while irradiation at 450 nm (π–π∗ transition of the trans-
conformer) bleached the trans-band and led to the for-
mation of the band around 552 nm, attributed to the cis-
conformer (Fig. 3b). Upon thermal treatment at 60°C, the
trans-conformer reappeared. Apparently, the switching de-
pends on the solvent and possibly on the molecular aggrega-
tion.

In both cases, while the isosbestic points indicate a
clean switching between the two conformers under these
conditions, in poorer solvents like alkanes, no switch-
ing is observed. We attribute this to aggregate formation,
which prevents the switching, probably due to steric hin-
drance [17].

4 Monolayers at solid–liquid interfaces

In order to be able to follow the optical switching on the
molecular scale, we assembled compound 1 at the interface
between a solution in 1, 2, 4-trichlorobenzene and the basal
plane of HOPG. Figure 4 displays in-situ STM images with
a double row pattern including grain boundaries, which re-
flect the threefold-symmetry of the substrate (Fig. 4a) and
high resolution images revealing the nanophase separation
between the flat lying HBC cores on the one hand and the
azobenzene moieties with their rigid linker on the other hand

Fig. 3 (a) Optical absorption spectra of a dilute solution of 1
(1.02 × 10−5 mol/l in dichloromethane) as a function of illumination
time with a wavelength of 366 nm and after heating the illuminated so-
lution for 15 seconds at 60°C. (b) Optical absorption spectra of a sat-
urated solution of 1 in 1, 2, 4-trichlorobenzene; illuminated at 450 nm
wavelength; green curve for irradiated solution after thermal treatment
for 5 minutes at 60◦C

(Fig. 4b). The bright features (corresponding to high tun-
neling probability) are attributed to the π -conjugated parts
of the molecule [18], while the dark parts are attributed to
the aliphatic side chains, which could not be resolved, since
they are bent into the supernatant solution. However, for
the solution irradiated at 450 nm for more than one hour,
no change was observed on the molecular scale, which in-
dicates that the cis-conformer cannot be incorporated ther-
modynamically stable into the monolayer at the interface,
possibly due to the competition with the coexisting trans-
conformers.

5 Honeycomb lattices from polycyclic aromatic
hydrocarbon derivatives

In order to provide space for a conformational transition
within a stable two-dimensional crystal on a solid surface,
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Fig. 4 STM images of a
monolayer of 1 at the interface
between an organic solution in
1, 2, 4-trichlorobenzene and the
basal plane of HOPG. Sample
bias Us = −1 V; average
tunneling current It = 0.1 nA.
(a) Current image exhibiting
characteristic double row pattern
with grain boundaries reflecting
the threefold-symmetry of the
substrate. (b) High resolution
height image revealing the
nanophase separation between
the flat lying
hexa-peri-hexabenzocoronene
cores on the one hand and the
azobenzene moieties with their
rigid linker on the other hand

a robust molecular monolayer with nanometer-sized cavities
is desirable, in which the conformational changes of azoben-
zene moieties can be achieved.

Porous molecular monolayers are used as two-dimen-
sional hosts for molecular guests, which may be employed
for molecular selection or the isolation of single molecules.
They have been obtained from macrocycles at the interface
between an organic solution and the basal plane of graphite,
providing pores in the range of 1.2 to 2.7 nm [19–23]. Al-
ternatively, supramolecular two-dimensional structures have
been self-assembled at such solid–liquid interfaces, which
are stabilized van der Waals interactions between pending
alkyl chains [11, 24–28]. Thereby, cavities in the range of a
few nanometers up to 5.4 nm have been obtained from iden-
tical molecular cores just by varying their side chains [27,
28]. However, due to the weakness of the interactions stabi-
lizing the networks, the filling of the pores may be accom-
panied by structural transformations of the host [27]. More
stable hosts were assembled from two molecular species in-
teracting with each other by hydrogen bonding [29, 30] or
metal coordination [31]; however, the size of the nanocavity
cannot be tuned due to the specific molecule interactions.

We report here robust “honey-comb” structures at the
interface between an organic solution and the basal plane
of HOPG. The hosts are formed by C3 symmetric poly-
cyclic aromatic hydrocarbons (PAHs) stabilized by the weak
interactions of alkyl side chains and thereby providing
nanometer-sized cavities. Honey-comb networks from alky-
lated PAHs with ester end groups 2 have been filled with
single coronenes as guest molecules without changing their
lattice parameters, indicating both their robustness and their
potential to isolate nanometer-sized single molecules.

The C3 symmetric derivatives of diphenanthro[3′,4′,5′,
6′-efghi:3,4,5,6-uvabc] ovalene with three zigzag-
peripheries (“trizigzagHBC”) 3 have recently been shown
to form self-assembled monolayers at the graphite-solution

interface, exhibiting a “honey-comb” pattern with cavities
on the nanometer scale [14]. In order to investigate the in-
fluence of the chemical periphery of trizigzagHBC on the
pattern formation, compound 2 has been synthesized ex-
hibiting ester end groups.

STM images obtained in-situ at the solid–liquid inter-
face (Fig. 5a) reveal defect-free honeycomb-lattices of 3 on
scales larger than 50 × 50 nm2. The bright features (corre-
sponding to high tunneling probability) are attributed to the
π -conjugated aromatic rings [18], while the dark parts are
attributed to the aliphatic side chains, which could not be re-
solved, probably since they partly bend into the supernatant
solution, as well as due to their high conformational mobil-
ity on a time scale faster than the STM imaging. The image
is characterized by hexagonal cavities, whose symmetry and
orientation reflect the underlying HOPG lattice.

Molecules 2 possessing alkyl side chains with ester end
groups similarly form very uniform 2D honey-comb mono-
layers (Fig. 5b). From the STM images the unit cell can be
determined with high accuracy (Table 1). Most cavities ap-
pear empty, indicating that they are filled with solvent mole-
cules exhibiting a large HOMO-LUMO gap and therefore
contributing much less to the tunneling current than the PAH
cores. However, some cavities appear filled by single mole-
cules of 2, indicating that they may be also filled with dif-
ferent molecular guests.

For that purpose, coronene was added to the solution, be-
cause due to its relatively small HOMO-LUMO gap, it can
potentially be recognized in the STM, while as a neat sys-
tem it does not form a crystalline monolayer of flat lying
molecules. Upon depositing a drop of the solution contain-
ing both 3 and 4, only the same structure as in the neat sys-
tem 3 has been visualized, indicating no pore filling. How-
ever, 2 mixed with 4 provides a hexagonal lattice, which has
the same lattice constant as that from the pure monolayer
of 2 (Fig. 6, Table 1) but exhibits a different contrast with
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Fig. 5 STM current images of
molecular monolayers
self-assembled at the interface
between organic solutions of
(a) 3 and (b) 2 and the basal
plane of HOPG. Both exhibit
honey-comb structures
consisting of two molecules in a
unit cell as marked by
parallelograms. In (b) most
nanocavities appear empty
(marked “A”), while some are
filled (marked “B”). Sample
bias Us = −1 V; average
tunneling current It = 0.1 nA

Fig. 6 STM current image at
the interface between an organic
solution and the basal plane of
graphite, displaying the filling
of the nanocavities of the
honey-comb monolayer of 2
with single coronenes, 4.
Sample bias Us = −1 V;
average tunneling current
It = 0.1 nA

Table 1 Lattice constants of the two-dimensional crystal structures of
the HBC derivatives

Compound Lattice parameter A (Area) in nm2

2 a = 3.31 ± 0.14 nm 10.06 ± 0.61

b = 3.41 ± 0.12 nm

α = 63 ± 3°

3 a = 3.34 ± 0.14 nm 10.25 ± 0.80

b = 3.49 ± 0.16 nm

αa = 62 ± 2°

2 + 4 a = 3.34 ± 0.07 nm 9.92 ± 0.24

b = 3.44 ± 0.02 nm

α = 60 ± 0.3°

aα: the angle between a and b

The footprints of single 2, 3, and 4 are 8.67 nm2,5.74 nm2, and
1.0 nm2, respectively

monodisperse, less bright objects in the nanocavities, in-
stead of the dark and occasionally occupied voids within the
monolayers of neat 2. Since the structure is only observed
with the coronene 4, it is unlikely that the different contrast
is only due to molecule 2 in two different states with regard
to the z-axis, as was previously reported for other disc-like
molecules [32]. It is rather concluded that the coronenes are

entrapped in the molecular template provided by the unal-
tered honey-comb lattice of 2. In the STM image, the en-
trapped molecules are less bright than 2, and dark at their
center. It has been reported previously that on HOPG, the
center of coronene exhibits less tunneling current than the
outer parts of the molecule [33], supporting further that sin-
gle coronene molecules are entrapped within the cavities.

In Fig. 7, packing models are proposed, which are con-
sistent with the experiment. The model for the packing of
3 (Fig. 7a) is constructed such that the conjugated PAH
cores are oriented on HOPG as the nano-graphene layers
in graphite. One of every two neighboring side chains is not
drawn since there is not enough space for them on the sur-
face. It appears that the size of the cavity in the network
is not large enough to accommodate a coronene molecule.
Thereby, in the mixture of 3 and 4, the pattern is the same
as in the neat system 3. Figure 7b displays the model for
the 2 filled with 4. The conjugated core of 2 is packed as 3.
However, only the part of the substituents until the fifth car-
bon from the PAH core are packed on HOPG, while the end
groups of ester moieties have less affinity to HOPG and sus-
pend in the solution, similarly to HBC with branched alkyl
chains [34]. Therefore the formed cavity becomes larger
to host a single coronene molecule. Consequently, the cor-
responding model C3 symmetric PAHs 2 containing ester
end groups offer the possibility to host the guest molecules.
Based on the above results, one or two substituted azoben-
zene moieties may be attached to a C3 symmetric PAH by
esterization. The switchable moieties may then be hosted
in the cavity with enough conformational freedom and will
eventually influence the I–V characteristics through the con-
jugated C3 symmetric PAH cores. Thus a single molecular
electronic device with switching characteristics may be ob-
tained.

6 Conclusions

An HBC core linked rigidly to an azobenzene moiety is
switchable in solution. The trans-conformer can be visu-
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Fig. 7 Proposed molecular packing models for (a) neat 3 and (b) 2
coadsorbed with 4. a = 3.46 nm, b = 3.46 nm, α = 60°

alized by STM at a solid–liquid interface, while the cis-
conformer cannot. This is attributed to constraints in the
monolayer crystal of the trans-conformer. It may also be
favored thermodynamically due to the perfectly flat confor-
mation of the trans-conformer [35]. On the other hand, a sta-
ble and robust honey-comb architecture has been obtained.
By functionalizing the end groups of its alkyl side chains
we have controlled the capability of a honey-comb forming
PAH to host a nanometer-sized guest molecule at the inter-
face between an organic solution and HOPG. This method
may be used to host single switchable moieties for applica-
tions in molecular electronics.
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