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The two organic molecular materials �-sexithiophene �6T� and � ,�-dihexylsexithiophene �DH6T� adsorbed
on Au�111� in the �sub�monolayer range were investigated by scanning tunneling microscopy �STM� in order
to explore the effect of alkyl substitution on the self-assembly at surfaces. Metal substrate step edges are
identified as preferred nucleation sites for 6T, while stable nucleus formation for DH6T occurs at kinks of the
Au�111� herringbone reconstruction. At low coverage, 6T forms continuous chains of single-molecular width
along Au step edges, involving molecular conformation changes by rotations around C-C bonds of neighboring
thiophene units. In contrast, DH6T exhibits no ordered structures in the submonolayer range. At monolayer
coverage, substantially different structures were observed for the two molecules. 6T forms rows of molecules
with parallel long molecular axes, whereas DH6T forms lines along these axes, where the conjugated cores are
embedded in a matrix of hexyl chains. Because of different preferred nucleation sites, 6T forms a continuous
molecular carpet on extended Au�111� terraces, whereas DH6T resembles a patchworklike carpet as domain
boundaries are induced by the Au�111� herringbone surface structure, leading to reduced domain sizes. Alky-
lation of 6T thus drastically changes the adsorption behavior and the resulting layer structure on the Au surface.
These results should be valuable for developing new directed self-assembly schemes on prepatterned surfaces.
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I. INTRODUCTION

In recent years, organic molecular semiconductors be-
came recognized as alternative to inorganic materials for the
use in �opto�electronic devices �“organic electronics”�.1–6

Moreover, substantial research efforts are directed towards
an ultimate miniaturization of devices—i.e., single- or few-
molecular structures exhibiting device functionality—in the
context of “molecular electronics.”7–12 Both in organic and in
molecular electronics, the properties of interfaces formed be-
tween functional organic molecules and metals �used, e.g., as
electrodes� were identified as key to successful device
realization.13 Furthermore, spontaneous or directed self-
assembly of molecules on surfaces into regular patterns is
considered an important feature for bottom-up fabrication
processes, since traditional lithography techniques fail on the
molecular scale.14–19 Therefore, knowledge about the param-
eters that govern self-assembly on surfaces is decisive for
future progress. Key parameters here are the competing in-
teraction strengths between substrate and molecules, on the
one hand, and mutual intermolecular interactions, on the
other hand. The resulting growth mode, the molecular layer
structure, and the electronic properties determine the func-
tionality of devices.

Oligothiophenes are a widely investigated class of conju-
gated organic molecules for organic and molecular electron-
ics, since materials thereof possess interesting electronic and
optical properties—e.g., high charge carrier mobility and ab-
sorption and emission in the visible range.20–22 In particular,
several reports have been published on �-sexithiophene �6T�
adsorption on various metal single crystal surfaces—e.g.,
Ag�110� Ref. 23 and Ag�111� Ref. 24, Cu�110� Ref. 25,
Au�110� Ref. 26, and Au�111� Refs. 27 and 28. Rather little
is known about an alkyl-substituted analog—i.e.,
� ,�-dihexylsexithiophene �DH6T�.22,29–31 A comparative

study of the adsorption of these two molecules, exhibiting an
identical conjugated core, on a metal surface should provide
information on the influence of alkylation, which should be
valuable for future molecular design of directed self-
organization schemes. The present scanning tunneling mi-
croscopy �STM� experiments show that the addition of two
hexyl chains significantly changes several fundamental prop-
erties of Au�111� surface-adsorbed layers compared to the
nonalkylated parent molecule 6T. Step edges are identified as
preferential adsorption sites for 6T, while for DH6T stable
nucleus formation occurs at kinks of the Au�111� surface
herringbone reconstruction. While pristine 6T forms a lay-
ered structure with 6T molecules parallel within a layer remi-
niscent of bulk crystalline 6T, DH6T forms interdigitated
structures where conjugated moieties reside next to alkyl
chains. Molecular domain registries relative to the Au sub-
strate were also found to differ for 6T and DH6T. In addition,
we observed molecular chains of 6T along Au step edges for
submonolayer coverage, where the 6T molecular conforma-
tion was significantly changed �compared to both the gas
phase and ordered layers on terraces� in order to conform to
the metal step-edge shape. Estimations of the energy re-
quired for these conformational changes were obtained from
density functional theory calculations, providing valuable in-
formation on the minimum energy gain by the substrate-
molecule interaction upon adsorption.

II. EXPERIMENTAL SETUP

The STM experiments were performed with a VT AFM/
STM �Omicron� in a custom ultrahigh-vacuum �UHV� sys-
tem, comprising interconnected sample preparation �base
pressure 1�10−9 mbar� and analysis chambers �base pres-
sure 8�10−11 mbar�. Ex situ cut PtIr-tips and etched W tips
were used for STM imaging. The Au�111� single crystal
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�Monocrystals, Inc.� was cleaned by repeated Ar-ion sputter-
ing and annealing �500 °C� cycles. The high quality of the
clean Au�111� was confirmed by x-ray photoelectron spec-
troscopy �no carbon contamination�, low-energy electron dif-
fraction �narrow diffraction spots�, and STM �clear herring-
bone surface reconstruction�.

6T �Aldrich� and DH6T �H. C. Starck GmbH� were
evaporated from homemade resistively heated pinhole
sources mounted in the preparation chamber. The deposited
mass thickness was monitored with a quartz crystal mi-
crobalance, which could be placed at the substrate position.
The evaporation rate �ca. 1 Å/min� was thus adjusted prior
to each organic molecule deposition onto Au�111�. All
sample preparation steps and measurements were carried out
at room temperature. Unless otherwise noted, the shown
STM images are height images.

Molecular orbitals and the energy of various molecular
conformations were calculated within the framework of den-
sity functional theory �DFT� for the relaxed geometry, how-
ever restricted in symmetry for certain conformations. We
used the B3LYP functional32 in conjunction with the
6-311G** basis set. Calculations were performed with
GAUSSIAN 03.33

III. RESULTS AND DISCUSSION

A. Clean Au„111… surface

First, we briefly review the Au�111� surface reconstruc-
tion, as this will be needed in the further discussion. The
Au�111� surface is contracted in the �110� direction com-
pared to the bulk crystal. As a result, the 23��3 “herring-
bone” reconstruction forms.34 In STM, the resulting herring-
bone pattern is clearly visible �Fig. 1�a��. It is caused by two
different surface atom packings, which are separated by
small corrugation lines and occur in pairs. Between two
closer lines �separation ca. 2.5 nm� hcp packing exists,
whereas the wider-distance �separation ca. 3.8 nm� area com-
prises fcc packing. The lines change their orientation by 120°
about every 20 nm. Even if no atomic resolution can be
achieved in STM, the herringbone pattern will often be still
visible and thus provide information on the surface orienta-
tion. The real crystal exhibits relatively large terraces �some-

times �100 nm wide�, separated by one or more atomic
steps �c.f. Fig. 1�b��.

B. �-sexithiophene/Au„111…

After depositing a nominal mass thickness of 0.1 nm 6T
onto the Au�111� surface we did not observe any ordered
molecular clusters or domains on the substrate terraces. Pos-
sible reasons for this include that �i� the area density of these
ordered domains was very low due to pronounced diffusion
and aggregation of 6T molecules on the surface and that �ii�
at this low coverage 6T molecules are too mobile to be im-
aged at room temperature. Note that individual 6T molecules
on Au�111� terraces could be observed by STM at substrate
temperatures below 10 K.35 However, we found bright fea-
tures, separated by dark ones, along substrate step edges
�Fig. 2�a��, which had an average length of about
�2.6±0.2� nm. Since this value is in good agreement with the
length of a single 6T molecule, we attribute these features to
6T molecules stabilized at Au step edges. Interestingly, only
every second feature along the step edges appeared bright.
The average distance between dark features is �3.7±0.2� nm.
The position of bright features is clearly correlated with the
smaller-distance line periodicity of the Au�111� herringbone
pattern—i.e., hcp-packed areas. Consequently, the STM im-
age �Fig. 2�a�� suggests that interrupted 6T molecular chains
are formed via self-organization along step edges, addition-

FIG. 1. �Color online� �a� STM image revealing the herringbone
reconstruction of the Au�111� surface �−0.09 V, 1.0 nA� and the
hexagonal lattice of the surface atoms �inset, −0.03 V, 1.4 nA�.
�b� Steps and terraces on the Au�111� surface �−0.5 V, 0.5 nA�.

FIG. 2. �Color online� STM images of submonolayer 6T cover-
age on Au�111�. �a� Molecules stick only on hcp positions of the
herringbone �−1.5 V, 0.06 nA�. Corresponding line profile is shown
in the inset. �b� Closed molecular chains �−1.6 V, 0.15 nA� along
Au�111� step edges. White arrows mark positions, where the mol-
ecules bend around the shape of the step edge. �c� Different 6T
geometries used to calculate the energy difference between straight
and bent conformations.
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ally modulated by the Au�111� surface reconstruction lead-
ing to an occupation of every second available position.
From the line profile �inset in Fig. 2�a�� we infer that 6T
molecules are residing at the bottom of the edge, which
nicely confirms the previously proposed notion that 6T layers
on Au�111� terraces start to grow from the bottom of step
edges.27 A similar behavior was reported by Chizhov et al.36

for Cu-phthalocyanine on Au�111�, by Glöckler et al.37

for perylene-3,4,9,10-tetracarboxylic-3,4,9,10-dianhydride
and N,N’-dimethylperylene-3,4,9,10-bis�dicarboximide� on
Ag�111�, and by Xiao et al.38 for C60 on Au�11 12 12�, where
the molecules formed chains sitting next to step edges, in
that last specific case on fcc sites.

At other positions on the sample, we found continuous 6T
molecular chains without the bright and dark contrast dis-
cussed above �Fig. 2�b��. Here, molecules are not just sitting
on hcp positions, but also on areas with fcc packing. Appar-
ently, all molecules exhibit the same tunneling contrast. An
important observation in Fig. 2�b� is that 6T molecules fol-
low the exact shape of the step; i.e., they deviate from their
straight conformation in the gas phase and in the bulk. Most
likely, bent molecules �some indicated by arrows in Fig.
2�b�� have rotated around the inter-ring C-C bond by 180°.
This change in molecular conformation requires energy,
which in turn must be gained by the specific interaction
around a curved step edge. In order to estimate this energy,
we calculated the difference in energy between a 6T mol-
ecule in a straight conformation �as optimized in the gas
phase�, one where the central C-C bond was rotated 180°,
and yet another conformation with three inter-ring bonds
were rotated �for geometries see Fig. 2�c��. We found that the
energy required per inter-ring bond rotation was smaller than
40 meV in all cases. As this value was obtained by subtract-
ing the energies of two different molecular conformations,
we expect negligible errors due to possible underestimations
of total molecular energies39 as bond orders for all confor-
mations were conserved. This energy can be regarded as
lower limit for the stabilization energy gained by a 6T mol-
ecule adopting a bent conformation to follow the Au-step
edge. However, since this value is close to the thermal en-
ergy at room temperature �ca. 26 meV�, the actual stabiliza-
tion energy may well be larger, since the bent 6T molecules
yielded highly stable STM images even at room temperature.
In fact, Liu et al.40 reported that the adsorption energy of a
thiophene molecule on a Au�111� defect site, such as a step
edge, is ca. 85 meV larger than the adsorption energy on a
terrace. This fully supports our observation by STM and the
calculated energy required for the 6T conformation changes
��40 meV per inter-ring bond rotation� along step edges. In
addition, a non-negligible energy barrier may exist for
thiophene units to switch between the two different confor-
mations. In the general context of “molecular wires,” the
ability of 6T to adopt the shape of the Au step edge by
changes in molecular conformation is remarkable, since most
reports on wires made of organic molecules feature mainly
straight lines that do not conform to a substrate mediated
bent shape.41–43

As the next step, we increased the nominal 6T coverage to
0.2 nm. Apparently, this was sufficient to form a continuous

layer of 6T, as judged from Fig. 3. Here we can see a highly
ordered structure of 6T, arranged in rows. Within a row, the
long molecular axes are parallel to each other. We find sur-
face unit cell parameters of a= �2.3±0.2� nm, b
= �0.5±0.1� nm, �= �65±2�°, and a unit cell area of 1.0 nm2.
Apparently, the molecules pack rather tight in this structure,
as the size of the unit cell already matches the footprint area
of a single flat-lying molecule. STM images reveal that the
same order persists on very large areas, covering entire
Au�111� terraces. Notably, the image shown in Fig. 3 shows
contrast due to the 6T monolayer and the Au substrate simul-
taneously. Since the Au herringbone reconstruction is some-
what difficult to see, we enhanced the contrast by separating
the features of the monolayer and substrate in a Fourier
analysis �see inset of Fig. 3�. There we find an angle between
the herringbone reconstruction lines and the long axis of the
molecules of about �37±3�°. Obviously, the monolayer
structure was not influenced by the changes in orientation of
the substrate herringbone, as the molecular rows do not fol-
low the direction of the herringbone. Consequently, the in-
teraction between the reconstructed Au surface and the 6T
monolayer seems to be rather weak.

Finally, for 6T we observed two different types of submo-
lecular contrast. The first type showed three bright spots
�Fig. 4�a��. The same observation was reported by Mäkinen
et al.27 for 6T/Au�111� and was explained there by interfer-
ence effects between the metal surface and the molecules.
However, the shape of the tip and the tunneling parameters
play an important role in the contrast and therefore the ap-
pearance of the molecules in STM experiments. This is ex-
emplified by our second type of submolecular resolution ob-
served for the same sample, where six bright features appear
per molecule �Fig. 4�b��, which corresponds to the six indi-
vidual thiophene units comprising 6T.

C. � ,�-dihexylsexithiophene/Au„111…

At submonolayer coverage of DH6T on Au�111� we were
not able to observe any molecule-related structures, neither

FIG. 3. �Color online� Monolayer of 6T on Au�111�, forming a
continuous “molecular carpet.” Molecules and herringbone struc-
ture are visible simultaneously �−1.4 V, 0.2 nA�. The inset shows
the same image with enhanced contrast.
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at step edges nor on terraces. This may indicate that Au step
edges are not preferred adsorption sites for DH6T. Analo-
gous to the 6T experiments, at about 0.2 nm nominal DH6T
coverage on Au�111� complete monolayers were observed
�Fig. 5�. Depending on the tip and the tunneling conditions,
we found bright �high-conductivity� elongated stripes sur-

rounded by comparably dark areas �Fig. 5�a��, as well as
rather close packed bright rods �Fig. 5�b��. However, unit
cell parameters derived from both images were identical,
with a= �3.7±0.2� nm, b= �1.5±0.1� nm, �= �18±2�°, and a
unit cell area of 1.7 nm2. The length of the bright features in
Fig. 5�a� �2.2±0.2 nm� corresponds to that of 6T and the
length of the bright rods in Fig. 5�b� �3.7±0.2 nm� to that of
DH6T. Consequently, we can identify DH6T in both images,
while the hexyl chains were not directly distinguishable in
Fig. 5�a�. Thus the imaging contrast obtained for the hexyl
chains is strongly dependent on imaging parameters and the
tip. Most notably, the positions of 6T moieties relative to
each other for the DH6T monolayer differ significantly from
the 6T monolayer/Au�111� �see above�. For DH6T, the mol-
ecules are not aligned in rows �as for 6T�, but assemble in a
brick-wall-like structure. Still, molecules are parallel to each
other in the direction of the long molecular axes forming
lines, but the conjugated cores of neighboring lines are
shifted relative to each other along this direction. This leads
to very limited side-by-side overlap of thiophene units of
neighboring molecules.

The monolayer structure of DH6T/Au�111� is in pro-
nounced contrast to that observed for DH6T on highly ori-
ented pyrolytic graphite �HOPG�, which revealed a com-
pletely different packing.31 There the molecules were also
found lying flat on the surface, but in a lamella-like structure,
comparable to what we found for 6T/Au�111�. Apparently,
the DH6T/HOPG interface allows an efficient side-by-side
arrangement of the conjugated molecular moieties. Interest-
ingly, maximized phase separation between saturated and
conjugated molecular parts was also reported for DH6T as-
sembled in thin films on Si.22 Thus, the metal substrate Au
led to an entirely different packing motif, where hexyl and
thiophene units exhibit maximized intermixing in two di-
mensions. This leads to a surface that exposes regularly
mixed saturated and unsaturated patches on a molecular
level, which may possibly be exploited for future directed
self-organization strategies.

Images obtained for DH6T/Au�111� with submolecular
resolution reveal 12 bright features within the conjugated 6T
core �Fig. 5�c�, alkyl chains not visible at these tunneling
parameters�. This corresponds to two bright features per
thiophene ring, which adequately describes the DH6T high-
est occupied molecular orbital �HOMO� �bottom of Fig.
5�c��. The inclination between the molecular-orbital-derived
lobes and the long molecular axis in the STM image can be
possibly attributed to the convolution of the orbital shape and
that of an elongated tip �the tip-sample geometry is fixed in
our experiments�. Apparently, the bright lobes do not form a
straight line, but resemble a wavelike shape. This is expected
for 6T cores where thiophene units are in the energetically
favorable conformation as shown in the schematic of the
DH6T HOMO �i.e., sulfur atoms of neighboring thiophene
rings pointing in opposite directions� and thus nicely cor-
roborates our assignment of these features to the DH6T
HOMO.

The arrangement of DH6T on Au�111� on a larger scale is
shown in Fig. 6�a�. Similar to Fig. 3 for 6T, the herringbone
is clearly visible in Fig. 6�a� together with DH6T molecules.

FIG. 4. �Color online� STM image of submolecular resolution of
6T/Au�111� with �a� three inner structures �−1.1 V, 0.6 nA� and �b�
six inner structures, corresponding to the six thiophene rings of
6T �current image, −2.0 V, 2.0 nA�.

FIG. 5. �Color online� STM image of a monolayer of DH6T on
Au�111� at two different imaging contrasts �a� virtually invisible
hexyl chains �−0.8 V, 0.5 nA� and �b� clearly visible hexyl chains
�−1.0 V, 0.3 nA�. A scaled DH6T molecule and the DH6T unit cell
are indicated. �c� Submolecular resolution revealing 12 inner struc-
tures �−1.1 V, 0.3 nA�, corresponding to the DH6T HOMO
�bottom�.
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Additionally, several domains are visible, which allows us to
infer that the orientation of molecular lines �along their long
axis� depends on the orientation of the substrate herringbone
pattern. Every kink of the herringbone apparently defines a
border of the molecular domain. DH6T molecules exhibit a
constant angle of about �77±3�° relative to the herringbone
corrugation lines. Obviously, in the case of DH6T the initial
nuclei are formed at the positions of the kink of the herring-
bone reconstruction. Therefore each orientation of the her-
ringbone reconstruction separately influences the ordering
within the molecular domain on top of it, leading to a patch-
worklike molecular carpet, in contrast to the continuous car-
pet formed by 6T. An even larger-scale image �Fig. 6�b��
reveals an interesting observation; i.e., no domain boundary
in the molecular layer is formed if the domain were to be-
come too small. As shown in a previous work by Tracz
et al.,44 an ordered domain can only exist if the available
area is large enough to accommodate the critical nucleus
size. As indicated by the arrows in Fig. 6�b�, in one case the

distance between two neighboring Au surface reconstruction
kinks �and therefore a change of orientation of the herring-
bone reconstruction� is only ca. 6 nm, whereas typical dis-
tances are 15–20 nm. In this specific case, the size of a
critical nucleus �typically three to five molecules44� could be
larger than the distance between the neighboring domains,
thus inhibiting the formation of a stable nucleus at this posi-
tion. Apparently the addition of alkyl chains to the conju-
gated core prevents nucleation on the step edges as seen for
6T and leads to maximized phase mixing between the sepa-
rated and conjugated molecular parts.

IV. CONCLUSIONS

We have investigated sexithiophene �6T� and its alkylated
analog � ,�-dihexylsexithiophene �DH6T� adsorbed on
Au�111� with STM. Evidence is provided that alkyl-chain
substitution of a conjugated molecule can have a dramatic
impact on a number of fundamental physical properties of
adsorbed layers. We found that metal substrate step edges
were preferred absorption sites for 6T, resulting in the stable
formation of 6T chains of single-molecular width. In order to
follow the overall shape of edges, some 6T molecules exhib-
ited bent conformations due to C-C bond rotations between
neighboring thiophene units. These initially adsorbed mol-
ecules determined the growth direction of domains at higher
coverage. Because the monolayer was apparently not af-
fected by changes of the underlying herringbone structure,
we conclude that the lateral layer growth is dominated by
stable nucleus formation at the Au step edges.

In contrast, for DH6T we observed closed monolayers
only, whose domain orientation relative to the substrate was
strongly affected by the direction of the Au�111� surface
herringbone reconstruction. Corresponding domain bound-
aries within the organic layer were present at kinks of the
Au�111� herringbone reconstruction. Thus, the formation of
stable nuclei for DH6T occurred at these kinks of the surface
reconstruction, in contrast to the case of 6T. Within the
DH6T monolayer, the conjugated molecular parts on neigh-
boring molecules were separated from each other by hexyl
chains, leading to a regular nanopattern of conjugated and
saturated surface-exposed patches. This surface-induced pat-
tern formation on a molecular scale, which is markedly dif-
ferent from that of the bulk material, may be exploited in
future directed self-assembly schemes.
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FIG. 6. �Color online� STM images of monolayers of DH6T/
Au�111� and herringbone reconstruction. Depending on the herring-
bone orientation different domains are formed. �a� Different do-
mains are clearly visible �−1.1 V, 0.3 nA�. �b� In the lower right
corner no new DH6T domain is formed at the short change of the
herringbone direction indicated by arrows �−1.1 V, 0.3 nA�.
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