
Generating Long Supramolecular Pathways with a Continuous
Density of States by Physically Linking Conjugated Molecules via
Their End Groups
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ABSTRACT: Self-assembly of conjugated 2,5-dialkoxy-phenylene-thie-
nylene-based oligomers on epitaxial monolayer graphene was studied in
ultrahigh vacuum by low-temperature scanning tunneling microscopy
(STM). The formation of long one-dimensional (1D) supramolecular
chain-like structures has been observed, associated to a physical linking
of their ends which involved the rotation of the end thiophene rings in
order to allow π−π stacking of these end-groups. dI/dV maps taken at an
energy corresponding to the excited states showed a continuous
electronic density of states, which tentatively suggests that within such molecular chains conjugation of electrons is preserved
even across physically linked molecules. Thus, in a self-organization process conjugation may be extended by appropriately
adapting conformations of neighboring molecules. Our STM results on such self-organized end-linked molecules potentially
represent a direct visualization of J-aggregates.

1. INTRODUCTION
Numerous research groups have studied possibilities to develop
conducting molecular wires.1−10 The aim is to generate
pathways significantly longer than a few molecules which
enable coherent electronic transport. Various one-dimensional
(1D) self-assembled nanostructures of π-conjugated molecules
have been considered,11−15 and various molecules without any
defects were synthesized.16−19 Several methods have been
successfully employed to obtain long chains of π-conjugated
molecules.2−4 However, the measured mobility along such
chains was often low, most likely due to poor conjugation along
the molecular nanostructure. Thus, a major goal is to increase
the conjugation length by achieving perfect alignment of the π-
orbitals, for example, of aromatic groups, via a high level of
planarity of the molecules which requires rather rigid and
planar molecular sequences. Oligo- and polythiophenes,
solubilized by attaching alkyl side chains, represent quite
suitable model systems.20 However, deviations from a
regioregular arrangement of these side-chains (head-to-tail
defects) may decrease the conjugation length and thus degrade
transport properties.
Here, we report the formation of supramolecular wires based

on oligomers via a specific self-assembly mechanism on
graphene. Such physically linked molecules are reminiscent of
J-aggregates based on an intermolecular “head-to-tail” coupling

restricted to a small part of each molecule.21−23 The here-
studied molecules consist of so-called TBT units, a central
dialkoxybenzene core (B), having octyl groups attached
laterally and connected to two thiophene rings (T). 2TBT
and 3TBT oligomers were used in this study (see Figure 1b).
The synthetic approach allowed obtaining perfect regioregu-
larity,16,18 an essential requirement for generating long
supramolecular chains possessing an extended conjugation
length.
To study 2D supramolecular organization, we used a

monolayer of epitaxial graphene (EG) as asubstrate. In contrast
to metal surfaces often used in studies of molecular
assembly,24−27 epitaxial graphene represents a “self-supported”,
chemically inert layer exhibiting much weaker interactions
between molecule and substrate compared to the dominant
molecule−molecule interactions. Graphene has been used
previously as a substrate which interacts weakly with
molecules.28−30 Graphene and graphite, two substrates with
identical chemical composition at the surface, were compared
in several previous studies indicating much weaker interactions
between molecules and graphene.28,29,31 Our recent study also
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indicates that, although weak, this interaction is sufficient to
guide and orient molecules.31

2. METHODS
2.1. Experimental Methods. We have synthesized first TBT

molecules as described in ref 17. Then, 3TBT was elaborated by
palladium (0) Stille cross coupling between two equivalents of
monostannylated TBT moieties and 1 equiv of 2,5′-diiodinated TBT
species. 3TBT was isolated as an orange solid with a 30% yield. After
flash chromatography purification, the sample may potentially contain
2TBT molecules but at a fraction below the detection limit of 1H
NMR (400 MHz) spectroscopy. No doublet at 7.45 ppm, typical of
2TBT resonance, was detected in 3TBT 1H NMR spectrum (ESI).
The graphene substrates were prepared in ultrahigh vacuum (UHV)

by annealing n-doped SiC(0001) for several hours at 900 K followed
by annealing at 1500 K.32,33 The molecules in form of a powder were
put in a crucible and heated in UHV. The deposition of molecules on
graphene was carried out at a temperature of 500 K corresponding to
the first detectable stage of melting as identified by a pressure change
to a pressure of ca. 10−7 mbar in the evaporation chamber. We note
that at this temperature the probability of evaporation of traces of
2TBT coexisting in the analytically pure 3TBT sample was
significantly higher than for 3TBT molecules. As a result, we deposited
and thus observed mostly 2TBT rather than 3TBT molecules on our
samples. As an advantageous side effect of evaporating at such low
temperature (besides a reduced risk of thermal degradation), we were
able to simultaneously deposit and observe 2TBT and 3TBT
molecules. Thereby, we also took advantage of fractionation, that is,
the formation of separated domains consisting (almost exclusively) of
2TBT or 3TBT.
STM experiments were performed with a LT-STM from Omicron

at 77 K at a base pressure in the range of 10−11 mbar. Bias is applied to
the sample. dI/dV measurements were performed using standard lock-
in techniques by using a modulation voltage of ±20 mV. Both dI/dV
map and constant current images were acquired simultaneously (see,
for example, refs 34 and 35). The reliability of our dI/dV maps was

confirmed by showing that measurements in constant current yielded
to the same results as ones performed in constant height mode. To
ensure that the STM tip was clean after several spectroscopy
measurements on molecules, control measurements were performed
on a bare graphene surface.

2.2. Computational Methods. Density functional theory (DFT)
calculations were performed with the Gaussian 09 suite of programs,36

using the hybrid functional B3LYP,37,38 in combination with the 6-
31G(d,p) basis set for all atoms. Except when mentioned otherwise in
the text, geometry optimizations were carried out without any
symmetry restrictions.

3. RESULTS AND DISCUSSION
3.1. An Unusual Type of Self-Assembly. Figure 1a shows

a typical STM topography image of a small section with
submonolayer coverage on EG, representing the deposited
molecules in the process of self-assembly. Besides some
disordered regions, also well ordered 2D-domains can be
seen, consisting of periodic lines of TBT molecules separated
by 1.8 nm. This distance corresponds to the length of the lateral
octyl side-chains nearly perpendicular to the long-axis of the
supramolecular chain (see Figure 1b). Remarkably, the two
bright bumps visible at high negative bias voltages (see the
example indicated by the dotted ellipse in Figure 1c) suggest an
interaction between the end-thiophene rings of the molecules
(discussed in more detail later).

3.2. Spectroscopy Measurements and Molecule−
Graphene Interactions. Figure 2a shows typical dI/dV
measurements taken at various positions along a 2TBT
molecule. The conductance peaks at ca. −1.3 V, −1.6 V,

Figure 1. (a) STM image (50 × 17 nm2) of 2TBT and 3TBT
molecules at positive bias voltage, V = 3.1 V, I = 56 pA, representing
an early stage of the assembly process. The inset zooms in on an area
composed of rows of 2TBT (black curly bracket) and 3TBT (red curly
brackets) molecules. (b) Schematic representation of 2TBT and 3TBT
oligomers used in this study (redoxygen, yellow sulfur, gray
carbon). (c) STM image (15 × 15 nm2) of ordered 2TBT molecules at
negative bias voltage, V = −3 V, I = 76 pA. The white dotted ellipse
highlights two bright protrusions corresponding to end-thiophene
rings physically linking two molecules.

Figure 2. (a) I(V) and corresponding dI/dV spectroscopy of 2TBT
molecules on graphene, measured at various positions along a 2TBT
molecule. The inset shows two 2TBT molecules (measured at positive
bias voltage) taken from a supramolecular chain. The scheme above
the STM image represents the corresponding calculated LUMO
orbitals. (b) STM image (4.9 × 4.9 nm2) taken at V = −1.9 V, I = 365
pA. (c) STM image (4.5 × 4.5 nm2) taken at V = +3.1 V and I = 53
pA. The calculated HOMO and LUMO orbitals have been
superimposed on the STM images in b and c, respectively.
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−2.15 V, and −2.5 V are attributed to the highest occupied
molecular orbitals, HOMO, HOMO-1, HOMO-2, and
HOMO-3, respectively. The peaks located at ca. +1.45 V,
+2.2 V, and +2.6 V represent the lowest unoccupied molecular
orbitals, LUMO, LUMO+1, and LUMO+2. These values result
in a HOMO−LUMO gap of 2.75 ± 0.1 eV.
Interestingly, this value is of the same order of magnitude as

the value of 2.87 eV obtained through DFT calculations for a
free molecule (gas phase) and the measured optical gap of
2TBT in solution (2.56 eV).39 Besides hinting at a possible
electronic coupling between molecules (see later) this value
also suggests that the electronic coupling of TBT molecules
with EG is weak, i.e., molecular orbitals (MO) are only weakly
perturbed by the substrate.40 Experimentally, similar electronic
decoupling was achieved by coating a metallic substrate with a
thin insulating layer of NaCl.41 This is also consistent with
recent results of Cho et al.42 who measured by STS a HOMO−
LUMO for C60 on EG on SiC(0001) close to the value of solid
and gas-phase C60. We thus conclude that perfect 2D graphene
decouples organic molecules from the semiconducting silicon
carbide substrate underneath, in contrast to often used metallic
substrates where significant charge transfer is observed. Here,
decoupling is also exemplary demonstrated through the
submolecular resolution obtained.
3.3. Submolecular Resolution; Exploring Inter- and

Intramolecular Interactions. Figure 2b and c represents
STM topographic images acquired at negative bias voltage V =
−1.9 V (probing the occupied states and showing features
mostly perpendicular to the molecule axis) and at positive bias
voltage V = +3 V (probing the unoccupied states and mostly
showing features parallel to the molecule axis), respectively.
These STM results are consistent with DFT calculations when
integrating the contributions of both HOMO + HOMO-1
(Figure 2b) and LUMO + LUMO+1 + higher MOs (Figure
2c), respectively.
Furthermore, as shown in Figure 3, we were able to resolve

MOs for all submolecular parts of the molecules. Each subunit
of the molecules could be identified as highlighted in Figure 3a.
According to DFT calculations, the comma-like structures
shown in Figure 3b are due to large protrusion coming from
the oxygen atoms. In Figure 3a and c the two central thiophene
rings exhibit the shape of two triangles pointing in opposite
directions. Supported by DFT calculations, the apex of the
triangle is related to the sulfur atom (Figure 3c). As depicted in
Figure 3d, the orientation of thiophene and dialkoxybenzene
rings allowed oxygen and sulfur atoms to be in close vicinity.
This is a direct evidence of the intrinsic intramolecular,
noncovalent sulfur−oxygen (S−O) bridge, expected by DFT
calculations,17 leading to a rigid and planar conformation of the
molecule and generating a highly conjugated path along the
backbone of TBT molecules.
Our results allow to identify how TBT molecules were

connected to each other when forming supramolecular chains
within an ordered 2D array. The two bright bumps (labeled by
ET in Figure 3i) at both ends of a 3TBT molecule indicate a
coupling between molecules by π-stacking of thiophene rings at
the end of these molecules. In contrast, in Figure 3e and f, a
single 2TBT was connected to another molecule only in the
upper part but not in the lower part. Consequently, only a
single bump was visible in the lower part.
Enhancing the contrast as shown in Figure 3f and i helped to

identify the other subunits of the molecules at this bias voltage.
Interestingly, the molecular orbital can be resolved for HOMO

states even in the topographic images (see Figures 3e and f).
For a 2TBT molecule measured at V = −1.9 V, exhibiting
features in a direction perpendicular to the molecular axis
(Figure 3g), a comparison with DFT calculation in j suggests
that HOMO and HOMO-1 were integrated. However, for a
lower bias voltage (Figure 3f) we observed features parallel to
the molecular axis indicating a significant contribution also
from lower MOs, that is, HOMO-2 and HOMO-3. This
demonstrates that STM measurements on epitaxial graphene
on SiC allow to obtain a high submolecular resolution, similar
to the situation where the molecule is separated from a metal
surface through an insulating layer.41 However, electrostatic
effects may renormalize the HOMO−LUMO gap as pointed
out by Neaton et al.40 and observed also in the case of a metal
substrate.34

3.4. Supramolecular Pathway. The conformation of the
octyl chains and possible consequences of connecting
molecules via π-stacking of the end-thiophene-rings are
represented by the topographic and the corresponding dI/dV
images shown in Figure 4a and b, respectively. The central parts

Figure 3. Submolecular features in STM images measured at V = −3
V, I = 100 pA (except g: V = −1.9 V, I = 365 pA). (a) Chains of 2TBT
or 3TBT molecules. Blue, yellow, and red dotted ellipses mark
exemplarily the locations of end thiophene, dialkoxybenzene (see b),
and central thiophene rings (see c), respectively. DFT calculation for a
central thiophene ring is shown as an inset in c. (d) The close vicinity
between the oxygen atom of the dialkoxybenzene segment and the
sulfur atom of its first nearest thiophene ring. (e and f) A single 2TBT
molecule with one end thiophene (ET) linked to the ET of a
neighboring molecule while the other end is free. ETs appear in both
cases as bright ellipsoidal protrusions. (h and i) A 3TBT molecule
connected at both ends to other molecules in a chain. (f and i)
Obtained by changing the visualization contrast of e and h,
respectively. (j) Scheme of the calculated molecular orbitals from
HOMO level up to HOMO-3 which could contribute to the
topographic images at −3 V. In f and i, the end thiophene rings and
the dialkoxybenzene groups are labeled by ET and B, respectively. The
sizes of the images are: (a) 8 × 8 nm2, (b) 1.1 × 1.1 nm2, (c) 1.1 × 1.2
nm2, (d) 2.1 × 1.9 nm2, (e) + (f) 1.8 × 2.5 nm2, (g) 1.2 × 2.4 nm2, and
(h) + (i) 2.2 × 3.5 nm2.
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of the molecules as well as the octyl chains were visible. Four
such octyl side-chains are highlighted by the dotted rectangle in
Figure 4a and e, i.e., two per molecule, clearly exhibiting full
interdigitation of octyl chains from neighboring molecules.
Consequently, the lateral periodicity perpendicular to the
direction of the chains of molecules was ca. 1.8 nm. The angle
between octyl side groups and backbone of the molecules was
measured to be 82 ± 3°. The lateral octyl side-chains separated
the conjugated backbones of the molecules and thus provided a
possibility to form insulated molecular wires aligned in a self-
assembled supramolecular arrays.
In the cartoon shown in Figure 4d we have assembled the

molecules based on the information provided by our STM
measurements. For steric reasons, the interacting end-
thiophene-rings cannot be both parallel to the substrate.
Some rotation is required with respect to the central part of the
molecules, which is adsorbed in a planar conformation on the
graphene substrate. However, such rotation with respect to the
central parts of the molecules potentially prevents that
conjugation of an excited state is extended across several
molecules. In the dI/dV map shown in Figure 4b and c taken at
+2.6 V (probing the excited states), we observed a continuity of
a bright contrast even across the junctions between two
molecules (indicated by white arrows). This continuity of the
density of states between molecules provides a support for
possible charge delocalization along these chains of molecules.
Such a potential increase of the conjugation length from an
individual 2TBT molecule to a long connected chain is
expected to cause a decrease of the HOMO−LUMO gap. For
short molecules with conjugated states along the whole
molecule, the molecular resonance energy decreases linearly
with length,43 but eventually approaches an asymptotic value.
For the investigated TBT molecules, absorption measurements

in solutions of TBT molecules of increasing length showed that
the asymptotic value is almost reached already for 4TBT. For
3TBT, 2.39 eV and for 4TBT, 2.33 eV were measured for the
energy gap.39 Thus, from 3TBT to 4TBT, the gap decreased
only by 6 meV. Based on these experimental values, the value of
the HOMO−LUMO gap for an infinitely long chain of
chemically linked and appropriately aligned TBT molecules
(expected to have an infinitely long conjugation length) differs
only by ca. 230 meV from the value of an individual 2TBT
molecule. The continuity in density of states across molecules
suggests the possibility of forming J-aggregate-like structures
through a physical coupling via their ends. Compared to
nonaggregated individual molecules, J-aggregates in solution
typically exhibit a red-shift of about 100−200 meV.21 Recently
Yamagata et al.22 described the engineering of J- and H-
aggregates on the basis of wave function overlap. The nature
and the vibronic behavior of such aggregates depends on the
signs of the electron and hole transfer integrals involving the
overlapping LUMO’s and HOMO’s, respectively, which is very
sensitive to the relative stacking (longitudinal and lateral shift)
of neighboring conjugated molecules. It seems that self-
assembled arrays of TBT molecules enabled us to exper-
imentally influence the design of J (or H) aggregates through
controlled overlap of electronic wave functions.
In the here-studied supramolecular chains of TBT molecules,

the end-thiophene-rings are separated by a distance of 0.32 ±
0.02 nm (see Figure 5). For such a close stacking distance, DFT
calculations suggest a strong overlap of the molecular orbitals,
particularly for the excited states. However, overlap, and thus
the possibility of having a continuous density of states,
decreases rapidly as separation is increased by a few hundredths

Figure 4. (a) Topography STM image (10 × 10 nm2) taken at V =
+2.6 V, I = 345 pA, and (b) corresponding dI/dV map. (c) The dI/dV
map of one single chain composed of both 2TBT and 3TBT
molecules. (d) Schematic presentation of molecular organization in an
ordered 2D lattice of molecules. (e) Two neighboring molecules in
two rows of wires. See text for details.

Figure 5. (a) Topography STM image (4.6 × 4 nm2) taken at V =
+2.6 V, I = 345 pA, and (b) corresponding dI/dV map. White arrows
in a and b indicate junctions between two molecules exhibiting a
continuous density of states. White dotted ellipses encircle the
junction between two molecules, where the dihedral angle of end
thiophene rings was large and thus caused an interruption in the dI/dV
map. The pairs of dots highlight the positions of the two end
thiophene rings. The distance between the two green dots in a is 0.32
± 0.02 nm and between the red dots is 0.48 ± 0.02 nm. (c and d)
Cross sections along the blue lines in a with green and red dots,
respectively.
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of nanometers, as pointed out in a theoretical study on closely
packed oligo(phenylene ethynylene) molecules.44

It is currently admitted that the conjugation length requires
the alignment of aromatic rings within a molecule or along
chains of molecules. Wang et al.43 observed by STM tha,t for a
conformational distortion of the torsional angle, causing an
increased dihedral angle between adjacent covalently bonded
aromatic rings, the density of states showed an interruption at
the position of this distortion. Thus, without any specific
alignment of aromatic rings between adjacent molecules, one
expects that the density of states shows a similar interruption.
Nevertheless, our experiments demonstrate that physically
linking the end thiophene rings of two adjacent molecules, even
when these rings are slightly rotated with respect to the central
aromatic rings, a continuous density of states and thus
conjugation across molecules can be preserved. DFT
calculations suggested that for TBT molecules having a rotation
of the end thiophene rings with a dihedral angle up to 45° the
conjugation is not significantly disturbed. However, for larger
dihedral angles of the end thiophene rings, similar to the
experiments of Wang et al.,43 we observed interruption of
density of states at the link between two molecules as clearly
shown in Figure 5. The white dotted ellipse in the topography
image of Figure 5a identifies two end thiophene rings which are
brighter than other end thiophene rings marked by white
arrows. The increased brightness observed within the white
ellipse is attributed to a larger rotation of the end thiophene
rings (compare the height of the peaks in Figure 5c and d). The
dI/dV map shown in Figure 5b demonstrates that at the
position of the two bright protrusions in the topographic image
(white ellipse in Figure 5a) the continuity of density of states is
broken (white ellipse), while the corresponding two end
thiophene are still present at the position of this interruption.
Furthermore, the overlap of molecular orbitals and the
intermolecular interaction energies between two thiophene
rings strongly depend upon their separation distance and their
conformation (dihedral angle).44,45 As shown above, at a
junction between two molecules showing a continuous density
of states, the end thiophene rings were separated by a distance
of 0.32 ± 0.02 nm (this distance was measured at a positive bias
voltage). For such close stacking of thiophene rings, DFT
calculations suggest a strong overlap of the molecular orbitals,
consistent with results by Tsuzuki et al.45 The latter concluded
that the optimum distance between two parallel thiophene
rings would be 0.38 nm. In the defect region shown in Figure 5,
the apparent distance between the two end thiophene rings
(two red dots) is ca. 0.48 nm, which, in turn, results in a weak
coupling of these rings, corresponding to the interruption in the
dI/dV signal (see white dotted ellipse in Figure 5b). Overlap of
molecular orbitals, and thus the possibility of having a
continuous density of states, decreases rapidly with separation
of the rings.

4. CONCLUSIONS
In summary, our results suggest that, similar to J-aggregates,21

long, potentially conductive, supramolecular wires can be
formed via a coupling mechanism based on noncovalent bonds.
Due to the presence of the octyl side groups and the use of a
neutral substrate like epitaxial graphene, these nanowires not
only are regularly aligned, but also electrically insulated. The
weak interaction between substrate and molecules caused only
small perturbations of the electronic structure of the molecules.
With the help of DFT calculations, a stabilizing intramolecular,

noncovalent interaction (S−O bridge) was identified, which
helps improving conjugation. Coupling between molecules was
provided by π-stacking of the thiophene rings at their ends,
requiring a certain degree of rotation of these groups with
respect to the core of the molecules adsorbed flat on the
substrate. Even under such conditions, a strong overlap of all π-
orbitals was evidenced by dI/dV map images. The observed
continuity of the density of states suggests the possibility of
charge delocalization and excitonic energy transport even across
the end-groups of these molecules. Dubin et al.46 demonstrated
that isolated polydiacetylene (PDA) chains without any
conformational defect, grown in situ from the diacetylene
crystal, can act as molecular wires. These authors have observed
coherence lengths of excitons of the order of micrometers, that
is, excitons being spatially delocalized all along the whole
molecules of several micrometers. The fact that we observed a
continuous density of states across many TBT molecules hints
at the possibility that such chains of noncovalently linked
molecules can also represent promising systems for analogous
light coherence experiments. Thus, our study provides detailed
and spatially resolved insight into the implications of changes of
molecular conformation on electronic coupling in the course of
a molecular self-assembly process. It suggests an intriguing
possibility for generating conductive nanowires by physically
linking conjugated molecules which even may allow for
coherent charge transport.
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