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One of the great challenges in surface chemistry is to assemble
aromatic building blocks into ordered structures that are mechani-
cally robust andelectronically interlinked—i.e., areheld together by
covalent bonds. We demonstrate the surface-confined growth of
ordered arrays of poly(3,4-ethylenedioxythiophene) (PEDOT)
chains, by using the substrate (the 110 facet of copper) simulta-
neously as template and catalyst for polymerization. Copper
acts as promoter for the Ullmann coupling reaction, whereas the
inherent anisotropy of the fcc 110 facet confines growth to a single
dimension. High resolution scanning tunneling microscopy per-
formed under ultrahigh vacuum conditions allows us to simulta-
neously image PEDOT oligomers and the copper lattice with
atomic resolution. Density functional theory calculations confirm
anunexpected adsorptiongeometry of the PEDOToligomers,which
stand on the sulfur atom of the thiophene ring rather than lying
flat. This polymerization approach can be extended to many other
halogen-terminatedmolecules to produce epitaxially aligned conju-
gated polymers. Such systems might be of central importance to
develop future electronic and optoelectronic devices with high
quality active materials, besides representing model systems for
basic science investigations.
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The tunability and diversity of the structural and electronic
properties of π-conjugated organic polymers have spurred a

wide interest in these materials as wires and semiconductors
for future electronic devices (1, 2), although significant optimiza-
tion is required for real breakthrough performance. Conventional
organic synthesis can create conjugated polymers of practically
any length and structure (3), yet their controlled positioning
and ordering on a surface remains nontrivial. This supramolecu-
lar ordering ultimately controls properties such as the charge mo-
bility and recombination, which are critical for any application,
including nanoelectronics and light harvesting. The approach
presented here proposes a way to precisely control the long-range
order in conducting polymers by performing synthesis of these
materials, in an epitaxial way, directly on crystalline substrates.
Although electrochemical polymerization on conducting surfaces
has long been used to prepare films of conjugated polymers such
as polythiophene (4), the techniques for preparation and charac-
terization of aligned arrays of polymers have only recently been
developed. Promising results were obtained by using UV irradia-
tion (5) or scanning probe microscope tip pulsing (6) to form
polydiacetylenes and surface-catalyzed coupling to form polyphe-
nylene (7). However, these polymers are not good conductors due
to a very large bond length alternation in their conjugated acet-
ylene structures. (8). Conductive ordered polythiophene wires
have been prepared by pulsed electrooxidative polymerization
of substituted thiophenes (9, 10). The symmetry of the Auð111Þ∕
I2 used in these experiments led to preferential polymer growth
along one of the three equivalent crystallographic axes. However,
the linear structure of those polymers was perturbed by the kinks

induced by occasional cis-conformation of thiophene-thiophene
links, and no extended ordered polymer domains were observed.

Poly(3,4-ethylenedioxythiophene) (PEDOT) is the most in-
dustrially important conducting polymer (4, 11), because of its
combined characteristics of high electrical conductivity, high
transparency, and exceptional stability in its doped (conducting)
state. It is widely used in the fabrication of electroactive devices
(12), in particular for organic light-emitting diodes and photovol-
taic cells, as well as sensors, electrochromics, and as an oxygen
reduction catalyst (13). There has been a significant interest in
using PEDOT in nanoelectronic devices although existing meth-
ods for preparing nanostructured PEDOT materials are limited
to relatively large structures lacking molecular order (14–16).
Here we report a surface-confined synthesis of PEDOT deliver-
ing an epitaxially confined array of oligomer wires; we demon-
strate control over the chain length and identify a surprising
conformational structure (cis-PEDOT), which is strikingly differ-
ent from anti-PEDOTsynthesized by conventional techniques. To
prepare this material, we exploited the Ullmann coupling (17–19)
reaction, which is the oldest known method for C-C coupling of
aromatic halides (though its application to the synthesis of con-
jugated polymers has been very limited so far). Specifically, we
synthesized the epitaxially aligned PEDOT by using an atomically
flat Cu(110) surface as a substrate and as a promoter for the poly-
merization reaction of 2,5-diiodo-3,4-ethylenedioxythiophene
(DIEDOT). We obtained similar results by using 2,5-dibromo-
3,4-ethylenedioxythiophene. The very high resolution of scanning
tunneling microscopy (STM) under atomically clean ultrahigh
vacuum (UHV) conditions combined with density functional
theory (DFT) calculations allowed us to illustrate mechanistic
details of the polymerization, which leads to the cis-PEDOTcon-
formational structure.

In this paper we show that strongmolecule–copper interactions
are the main factor limiting the length of the produced oligomers.
We further observe that the same interactions allow us to produce
conjugated polythiophene of an otherwise inaccessible geometry
(all-cis). This synthesis method also solves two critical problems
associated with controlling the nanostructure of the polymer:
We can reliably produce a single layer of polymer exclusively at
the surface and additionally make use of the inherent anisotropy
of the (110) facet as a means of templating the growth in a single
direction. The approach can be easily extended to other aromatic
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halides and is not limited to copper: Pd, Ag, and Ni could also be
used as catalysts for this reaction (20).

Results
Dosing DIEDOTon a Cu(110) surface held at 200 °C produces a
sparse array of lines oriented along the [1–10] direction of the Cu
lattice, separated by the Cuð110Þ-ð1 × 1Þ lattice, as shown in the
STMmicrograph displayed in Fig. 1A. In this coverage regime we
are routinely able to image both the molecular features and the
atomic lattice simultaneously. The elements of the molecular
lines are found to be spaced by 5.12 Å, which is double the near-
est-neighbor spacing along the [1–10] direction (2.56 Å). This
spacing is substantially larger than the expected 3.963 Å internal
spacing of PEDOT (21), and thus we conclude that the molecules
are not covalently bonded to one another. A lattice fitted to the
adjacent bare substrate demonstrates that the molecules in Fig. 1
occupy long bridge sites. The dehalogenation of the molecules is
confirmed by X-ray photoelectron spectroscopy (XPS) (SI Text)
although the usual ordered iodine-cð2 × 2Þ overlayer (22) is not
observed until a critical coverage is achieved (see below). We thus
conclude that these lines comprise individual EDOT moieties,
bonded to the substrate but not to each other. Their alignment
is attributed to the cumulative effects of the substrate anisotropy
and the weakly attractive van der Waals interactions between the
ethylenedioxy moieties.

Structures calculated by DFT and shown in Fig. 1 B and C
indicate that the dehalogenated molecules are oriented with
the sulfur atoms pointing toward the surface. As was observed
in the experimental data, the molecules reside above the long
bridge sites of the Cu(110) lattice, because this corresponds to
the lowest energy adsorption site identified by DFT. The model

shows that each molecule is tilted by approximately 18° away from
the surface normal toward the [1–10] direction. The mostly up-
right orientation is somewhat surprising for thiophene-derived
units. Flat or slightly tilted orientations, enabling aromatic–metal
interactions, have been consistently observed for oligothiophenes
on Ag (23), Au (24, 25), and Cu(110) (26, 27). The upright
orientation for dehalogenated EDOT is stabilized by two C-Cu
bonds, as well as by strong Cu–S interactions and weak van
der Waals contacts with the adjacent molecules in the stack. This
binding leads to an adsorption energy of 5.38 eV, which is much
larger than the adsorption energy of the thiophene C4H4S on Cu
(110) (0.50 eV), which adsorbs in a virtually planar orientation
(28). This strong binding to the surface and the large separation
between the monomers (5.12 Å) prevents polymerization along
the [1–10] direction.

With increasing DIEDOT deposition, the density of the lines
increases, and adjacent lines begin to bond perpendicularly in the
[001] direction. The higher the DIEDOT coverage, the more
adjacent lines are bonded, forming dimers, trimers, and so on,
as shown in Fig. 2A, where several oligomers of various lengths
are observed, surrounded by a brighter second layer species in a
cð2 × 2Þ configuration (see below). This observation implies that
the bonded thiophene units must all be oriented in the same man-
ner (cis), with the sulfur atoms pointing toward the surface, in
striking contrast to the usual EDOT dimer and polymer anti-geo-
metry (21). Thus the Cu–S interaction is maintained even when
dimers are formed, and Fig. 2C demonstrates the extension of the
dimer growth mode to the trimer geometry. In the trimers the
center unit appears brighter than the outer two in the STM
image, and, likewise, the outer two units of tetramers are dimmer
than the central ones (see SI Text), suggesting the arched geome-
try proposed in the models, where the end units of each chain are
tilted with respect to the surface normal, but the central ones
remain erect and are lifted away from the surface. The growth
process is depicted in Fig. 3. Dehalogenation of the monomer
is the fastest step and readily occurs even at room temperature
(7). The chain growth is then controlled by coupling of the Cu-
bonded dehalogenated EDOT intermediates. The DFT calcula-
tions suggest that production of oligomers of unbounded length is
limited by inner units being shifted away from the substrate,
thereby reducing the stabilizing Cu–S interaction. Indeed, the
corresponding adsorption energies (5.92 eV for dimer, 7.58 eV
for trimer, and 8.11 eV for tetramer) show a clear tendency
toward saturation. The presence of a majority of dimers, trimers,
etc., at given coverages suggests a competition between the com-
pressive strain internal to the oligomers and the energy gained by
the bonding. As the surface coverage is increased, the energy gain
for forming longer structures balances the strain energy, whereas
this effect is not observed at low coverages where only single
monomer stacks are found. The distribution of these structures
is examined in SI Text.

Higher coverage of DIEDOT produces a surface that is com-
pletely saturated with alternating stripes of PEDOT oligomers
and I-cð2 × 2Þ, as shown in Fig. 4. Chains up to 14 units long
are formed and define a pð1 × 2Þ lattice, as shown by the green
rectangle (see also SI Text). The average distance between
EDOT-EDOT elements along the [1–10] direction is measured
to be 3.57� 0.04 Å, which is consistent with the Cu(110) lattice
constant (3.61 Å). These distances are ∼10% smaller than the
gas-phase EDOT-EDOT separation of 3.963 Å (21) expected
for the free polymer (which adopts an all-anti conformation in
the gas phase). This spacing is attributed to the strain induced
by the strong polymer–Cu interaction. The measured center-to-
center spacing of the chain elements implies a (C2…C5) spacing
of neighboring units of less than 2Å, which is only compatible with
the formation of a covalent bond. This hypothesis of covalent
bonding is further supported by the apparent delocalization of

Fig. 1. Low-coverage of EDOT monomers on Cu(110) self-organize into
stacks. (A) STM image showing stacks of EDOT molecules on Cu(110) subse-
quent to a five-minute DIEDOT exposure [V ¼ −365 mV, I ¼ 1.0 nA,
ð8.9 nmÞ2]. The surrounding bare regions of the Cu(110) substrate exhibit a
(1 × 1) symmetry. The positions of the molecules in the stack are shown, as
calculated by DFT viewed from (B) the front and (C) the top. Themodel shows
Cu atoms lifted out of the top substrate layer to participate in bonding to
the EDOT.
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the electrons observed when the bias voltage is lowered (see
SI Text).

As noted above, the stacks of oligomer chains are often sepa-
rated by regions of I-cð2 × 2Þ, as seen in Fig. 4. We also note that
portions of the segregated cð2 × 2Þ are much brighter than others
and indeed are brighter than the oligomers, a phenomenon not

observed at lower coverages. Because this phenomenon persists
at all STM bias voltages, we infer that a second layer species has
grown on top of the first layer of iodine. This second layer may
comprise additional DIEDOT molecules or could plausibly be
CuI: When iodine is deposited on bare Cu(110), islands of
CuI are observed at coverages beyond a single monolayer; these
are usually imaged as “brighter” than the strained first layer
observed during initial growth (22). The cð2 × 2Þ layer in Fig. 4
(unit cell drawn in red) is clearly imaged below the brightest
atoms, with the second layer features above.

The ultimate length of the polymers that can be attained on cop-
permay be limited by the space required to accommodate both the
polymers and the iodine atoms on the same surface. The iodine by-
product can be eliminated from the surface by employing other
transition metals whose iodides are not stable in UHV at 200 °
C. For instance, dosing DIEDOTon the Pd(110) surface reveals
the formation of dehalogenated surface-bound monomers
although no iodine signal was detected by XPS (see SI Text).

We have demonstrated the formation of epitaxially ordered
arrays of a conducting polymer (PEDOT) by depositing the cor-
responding dihalogen-substituted monomer onto Cu(110) under
UHV conditions. The very high resolution of in situ STM imaging
combined with DFT calculations allows us to visually follow the
polymerization, from the formation of a reactive intermediate
(copper-bonded thiophene “biradical”) to the formation of
dimers, trimers, tetramers, and longer oligomers, one monomer
unit at a time. To maximize the molecule–surface interaction, all
monomer units orient in an upright position with the sulfur atom
pointing toward the substrate, leading to an unexpected and
previously unobserved all-cis conformation of the PEDOTchain.

Fig. 2. Higher dosage of DIEDOT results in the formation of a well-orga-
nized oligomer overlayer. (A) STM image of this higher-coverage surface
reveals fusing of the stack elements [V ¼ −1.06 V, I ¼ 1.1 nA, ð14.4 nmÞ2].
In this image we observe monomer (1), dimer (2), trimer (3), and tetramer
(4) stacks, surrounded by a (brighter) region of species in a cð2 × 2Þ
reconstruction in a layer above. High resolution STM data and DFT calculated
structures are shown for (B) dimer and (C) trimer stacks.
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Fig. 3. Formation of epitaxially confined
cis-PEDOT on Cu(110).

Fig. 4. STM image displaying a high-coverage surface consisting of stacks of
polymers alternating with stripes of iodine-cð2 × 2Þ. At these particular tun-
neling conditions, the separation between the oligomer units is
pronounced, elucidating the pð1 × 2Þ arrangement (Green Rectangle). We
also clearly observe the first layer of I cð2 × 2Þ (unit cell shown in red),
supporting the second layer of brighter features. The longest oligomer in
this particular image is indicated by blue arrows and is 12 units long
[V ¼ −1.03 V, I ¼ 0.64 nA ð10 nmÞ2].
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Polymerization is controlled by the classical Ullmann dissociative
coupling mechanism, in which the substrate itself acts as a cata-
lyst, thus suggesting a general approach for this type of reaction.
We expect that this method will be particularly useful in the
controlled growth of unique 2D conjugated structures, which
are currently the focus of widespread research (29–35).

Materials and Methods
A single crystal (110) oriented Cu specimen was cleaned by repeated cycles
of ion bombardment (Arþ at 600 eV) and annealing to ≈800 K. The DIEDOT
was synthesized as described before (36). For evaporation, a sample of DIE-
DOTwas located outside the main UHV system in an evacuated vial and was
dosed into the vacuum chamber through a drift tube. The DIEDOT sample
and dosing lines were heated to 100 °C to increase the deposition rate. Line
of sight to the sample from the drift tube was necessary for appreciable
accumulation over several minutes of dosing. During and subsequent to dos-
ing, we heated the substrate to 200 °C to accelerate the dehalogenation
reaction and promote growth through increased surface mobility of the free
monomers. All measurements were collected by using a commercial UHV
system with a variable temperature scanning tunneling microscope (Omicron
GmBH). The bias voltages are quoted from the tip to the sample. The system
has a base pressure of <2 × 10−11 mbar. Unless stated otherwise the sizes
measured by the STM are accurate to within 5% of the quoted values, with
the uncertainties arising from thermal drift and/or piezo creep. The data
have been corrected to reflect the known lattice spacing of bare Cu(110),
or of the Cu(110) I-cð2 × 2Þ reconstruction, where appropriate. All image
analysis was performed by using the free WSxM software (37), with analyses
typically involving plane flattening and smoothing to enhance critical details,
as well as distortion correction to compensate for instrument drift.

Theoretical modeling [including energetics, relaxation of the atomistic
models for the various polymers on Cu (110) surface, and image simulation]
was based on DFT, using the VASP package (38–40). The calculations were

carried out by using a slab model keeping the atoms of the bottom layers
at bulk positions to simulate the semiinfinite crystal. The unit cell for most
of the calculations had a lateral dimension of 0.497 × 2.81 nm2, representing
a 2 ðalong ½1–10�Þ × 8 ðalong ½001�Þ unit cell in the plane. The slab was made
up of five layers, because it was determined that the results do not quanti-
tatively change by increasing the slab size to eight layers. In the direction
perpendicular to the slab, the cell dimension was chosen to ensure a 1.80-
nm vacuum between periodic images. Core atomic states were represented
by projector augmented wave pseudopotentials (41, 42) within the local
density approximation for the exchange-correlation functional (43). Numer-
ical convergence was ensured by using a plane-wave basis cutoff of 400 eV
and a 8 × 2 × 1 Monkhorst–Pack grid (corresponding to eight independent k
points) to sample the surface Brillouin zone (44). For each structure, energy
convergence down to 0.1meVand forces smaller than 1 meV∕Åwere system-
atically reached. The STM simulations (SI Text) were performed by using the
converged wave functions from the DFT runs and within the Tersoff–Hamann
approximation (45) as implemented in the BSKAN package (46).
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