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ABSTRACT: The construction of metal−organic molecular wires is important for the
design of specific functional devices but has been a great challenge for experimental
technology. Here we report the formation of one-dimensional metal−organic structures by
direct deposition of pentacene molecules on the Au(110) surface with subsequent thermal
annealing. These metal−organic molecular wires were systematically explored by scanning
tunneling microscopy (STM) and density functional theory calculations. At submonolayer
coverage, during annealing at ∼470 K, the adsorbed molecules induce both Au(110)-(1 ×
3) surface reconstruction, where two atomic rows are missing every three rows on the
Au(110) surface, with the end-to-end pentacene configuration and Au(110)-(1 × 6)
surface reconstruction, where five rows are missing every six rows on the surface, with the
side-by-side configuration. Further annealing at ∼520 K results in Au-adatom-coordinated
metal−organic molecular wires with a new side-by-side configuration of pentacene
molecules on the Au(110)-(1 × 6) surface. The Au adatoms linking neighboring pentacene
molecules, indicated by bright features in the STM image, were strongly evidenced by the
STM simulations. Therefore, metal−organic molecular wires of pentacene on Au(110) were achieved through coordination
bonds between native Au atoms and the −CH− groups of pentacene molecules.

■ INTRODUCTION

The construction of diverse metal−organic frameworks
(MOFs) has aroused much interest in the past two decades
because of their extraordinary properties such as ultrahigh
porosity,1−5 enormous internal surface area,4,5 ease of use in
clean energy,1,3,5 controllable performance in nanodevices,4,6

etc. Accordingly, on-surface reaction in an ultrahigh vacuum
(UHV) environment has been utilized to construct low-
dimensional metal−organic compounds, for example, one-
dimensional (1D) molecular wires or two-dimensional (2D)
networks, by hierarchical molecular assembly linked with metal
atoms.7−15 Importantly, because 1D metal−organic molecular
wires can confine the carriers moving along the wire, they have
potential applications in anisotropic-transport-based devi-
ces.16−18 Compared with pure metal wires, metal−organic
molecular wires have weaker coupling with the substrate, better
mechanical stability, and better compatibility with the tradi-
tional metal electrodes.
In previous work, almost all 1D organometallic structures

were constructed by precursors with functional groups such as
halogen,19 carboxyl,2,20,21 pyridyl,10,22 carbonitrile,7,23 alkynyl,
etc.24−26 Although these functional groups are beneficial for
physical or chemical bonding between molecules and metal
atoms, the additional groups can bring complexity and
uncertainty to the electronic properties of the molecular
skeletons. For example, because of fascinating properties arising
from their suitable HOMO−LUMO gap and delocalized π-

electronic structures, pentacene molecules have been widely
utilized to construct nanodevices,27 organic field-effect
transistors (OFETs),28,29organic photovoltaic cells (OPVs),30

etc. However, in these devices, functional ligand groups usually
influence the electronic properties of the pentacene molecules
significantly.31−34 Construction of metal−organic molecular
wires without changing the intrinsic electronic properties of the
organic molecule is still challenging. Repp et al. reported that
coordination bonds can be formed between Au atoms and
−CH− groups in pentacene.35 However, the construction of
1D molecular wires that consists of aromatic hydrocarbons and
metal atoms without dehydrogenation has rarely been reported.
Furthermore, a well-defined template to construct 1D

molecular wires is also important. It is interesting to note
that the Au(110) surface has missing-row reconstruction, which
can be used as a template to construct one-dimensional
structures. Remarkably, the Au(110)-(1 × 2) surface
reconstruction is strongly influenced by doping or adsorbates.
The width of the missing-row reconstruction can be self-
adapted to the size of the adsorbates. Meanwhile, under-
standing the interaction mechanism between Au(110) and the
adsorbates will be helpful for constructing 1D molecular wires.
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In this paper, combining scanning tunneling microscopy
(STM) measurements and density functional theory (DFT)
calculations, we report the formation of one-dimensional Au−
pentacene molecular wires on the reconstructed Au(110)
missing-row surface by control of the pentacene coverage and
annealing temperature. At low coverage and an annealing
temperature of about 470 K, pentacene molecules adopt two
configurations with their long molecular axes parallel or normal
to the [11 ̅0] direction of the underlying Au(110) substrate,
corresponding to the Au(110)-(1 × 3) and Au(110)-(1 × 6)
surface reconstructions, respectively. The Au(110)-(1 × n) is
defined as the new period of the Au(110) surface induced by
missing-row reconstruction, where n is the multiple of the
reconstructed period relative to the original Au(110)-(1 × 1)
surface. Notably, after the sample is annealed to about 520 K,
pentacene molecules can form one-dimensional Au−pentacene
organometallic molecular wires along the [11̅0] direction of the
Au(110) substrate. The STM simulations show good agree-
ment with the experimental images. Further calculations prove
that a strong chemical interaction can occur between pentacene
molecules and coordinated Au atoms. Moreover, at high
coverage the pentacene molecules form an arched bilayer
structure by vertical stacking.

■ METHODS

Experimental Section. Our experiments were carried out
in a homemade UHV variable-temperature (VT) STM system
with a base pressure better than 2.0 × 10−10 Torr, as described
elsewhere.36 Single-crystal Au(110) (purchased from MaTeck
Company) was treated in the UHV chamber by repeated cycles
of Ne+ sputtering and subsequent annealing at about 850 K
until the well-known (1 × 2) reconstruction of the Au(110)
surface was observed by STM imaging. A refinement and
degassing process for pentacene molecules was necessary before
they could be deposited on the Au(110) surface. Commercial
pentacene samples were first purified by sublimation in a
homemade Knudsen cell evaporator in high vacuum for several

days and then further refined by degassing at about 390 K for
several hours under UHV conditions. At last, molecules at
about 370 K were deposited on the clean Au(110) surface while
the substrate was kept at 100 K. The deposition rate was about
0.1 ML/min. Herein, one monolayer (ML) refers to the
amount of deposited pentacene molecules that completely
covers the substrate surface. All of the STM images were
obtained in constant-current mode. All voltages given refer to
the sample. The sample and tip were kept at 100 K.

Calculation Details. To deepen our understanding, we
turned to DFT calculations performed with the Vienna Ab
Initio Simulation Package (VASP)37 using the projector
augmented wave (PAW) method38 to describe the interaction
between the ions and electrons and the Perdew−Burke−
Ernzerhof (PBE)39 generalized gradient approximation
(GGA)40 for the exchange−correlation function. The unit
cells for calculation models were built with (3 × 6) and (6 × 3)
supercells of Au(110) for horizontal and vertical configurations,
respectively. The substrate was modeled with a slab of five
atomic layers, isolated in the z direction by more than 15 Å of
vacuum. The two bottom layers of Au atoms were fixed, while
the other Au atoms and the on-top molecules were fully relaxed
until the force for the nonfixed atoms was less than 0.02 eV/Å.
The energy cutoff of the plane-wave basis sets was 400 eV, and
k-point sampling was done only at the Γ point. Van der Waals
(vdW) interactions were included by using the dispersion-
corrected DFT-D2 method of Grimme.41 The STM
simulations were based on the Tersoff−Hamann approxima-
tion. Within this approximation, the STM image is a contour of
the local density of states (LDOS) of the system. The charge
density differences were calculated as Δρ = ρtot − ρsub − ρmol,
where ρtot is the charge density of the total system, ρsub is the
electron density of the Au(110) substrate, and ρmol is the
electron density of the pentacene molecule. The charge density
differences Δρ show the charge redistribution induced by the
interaction between the molecule and the substrate.

Figure 1. Schematic illustrations of the self-assembly behaviors of pentacene molecules deposited on the Au(110) surface (a) with the intrinsic (1 ×
2) surface reconstruction, (b, d) after annealing of the sample to (b) about 470 K and (d) about 520 K, and (c) with more than 1 ML of pentacene
molecules deposited onto the Au(110) surface after annealing at 470 K.
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■ RESULTS AND DISCUSSION

Figure 1 illustrates the basic procedure for the assembly of
pentacene molecules on the Au(110) missing-row surface
reconstruction. First, pentacene molecules are deposited onto
the Au(110) surface at lower coverage (see Figure 1a). While
the sample is annealed at about 470 K, two different self-
assembly behaviors occur, inducing (1 × 3) and (1 × 6) surface
reconstructions, as shown in Figure 1b. The subsequent
annealing procedure gives rise to Au-adatom-coordinated
metal−organic molecular wires (see Figure 1d). In addition,
depositing more pentacene molecules allows self-regulated
growth and ripening of bilayer structures (see Figure 1c).
Figure 2a shows an STM image after deposition of less than

one monolayer (ML) of pentacene molecules onto the
Au(110) surface and subsequent annealing of the sample to
about 470 K for 1 h. The black rows in Figure 2a represent the

intrinsic Au(110)-(1 × 2) surface reconstruction,42 as can be
ascertained by the distance of 0.82 nm between two
neighboring rows, which is about 2√2 times the Au−Au
bond length (0.29 nm). There is a wider channel with a width
of 1.21 nm (green marks in Figure 2a), which is 3√2 times the
Au−Au bond length, indicating the formation of the induced
Au(110)-(1 × 3) surface reconstruction. A pentacene molecule
has a short strip shape covered by a molecular skeleton.
Pentacene molecules are assembled end-to-end in the (1 × 3)
surface channels with each molecule’s long axis along the [11̅0]
direction of the substrate. In addition, in the right portion of
Figure 2a, the channel with a width of 2.39 nm (yellow marks in
Figure 2a) represents the induced Au(110)-(1 × 6) surface
reconstruction, wherein pentacene molecules are assembled
side-by-side with their long axes along the [001] direction of
the substrate. These two growth modes are consistent with the
previous indirect evidence coming from X-ray photoemission
spectroscopy (XPS) and low-energy electron diffraction
(LEED) measurements. The high-resolution STM images of
self-assembly structures of pentacene molecules on Au(110)
surface at monolayer coverage shown in Figure 2 provide the
direct observations.43−49 By conducting statistical analysis in
several different areas on the sample, we found the percentage
of the Au(110)-(1 × 3) surface reconstruction to be about 80%,
as shown in Figure S1.
After deposition of more pentacene molecules onto the

Au(110) surface to 1 ML and annealing of the sample to about
470 K, ordered self-assembly of monolayer pentacene
molecules occurs, as shown in Figure 2b. The pentacene
molecules exhibit an ordered distribution on the substrate with
end-to-end and side-by-side configurations on the Au(110)-(1
× 3) and Au(110)-(1 × 6) surface reconstructions, respectively,
while the intrinsic (1 × 2) surface reconstruction has
completely disappeared. The magnified STM image of
monolayer pentacene molecules in Figure 2c shows that the
pentacene molecules have two growth modes, both following
the Au atomic rows. The distance between two adjacent end-to-
end molecules is 1.73 nm (green marks in Figure 2c), about 6
times as long as the Au−Au bond length, indicating a (6 × 3)
superlattice commensurate with the Au(110) substrate. For
side-by-side molecules, the distance is 0.85 nm (blue marks in
Figure 2c), about 3 times the Au−Au bond length, indicating a
(3 × 6) self-assembled superlattice with respect to the Au(110)
substrate.
In order to better understand the adsorption configuration of

the molecules on the surface, DFT calculations were carried
out, and the results are illustrated in Figure 2d−h. Our
calculations indicate that the (1 × 3) and (1 × 6) surface
reconstruction channels are compatible with the short and long
axes of the pentacene molecules, which reorganize into these
reconstructed channels. Simulated STM images of the two
configurations (Figure 2e,g) agree with the experimental images
very well. It is worthy of mention that the little bright feature in
the middle of the side-by-side configuration in Figure 2c is due
to the localized electron states of the C atom in the middle of
the pentacene molecule. The projected densities of states
(PDOS) of the pz orbital of the middle C atom (Cmid) and the
pz orbital of a terminal C atom (Cter) of a pentacene molecule
are shown in Figure 2h. Obviously, in the energy range from −1
eV to the Fermi level, more electrons in pz orbitals are
distributed on Cmid than on Cter, indicating a distinct interaction
at the −CH−/substrate interface. This is also reflected in the

Figure 2. Analysis of two distinct topographies for pentacene
molecules on the Au(110) surface. (a) STM image after pentacene
deposition on Au(110) at low coverage. (b) STM image of the
pentacene monolayer film. (c) Zoomed-in STM image of the two
different topographies for pentacene molecules. (d, e) Structural
model and simulated STM image of pentacene molecules in the (1 ×
3) reconstructed channel. (f, g) Structural model and simulated STM
image of pentacene molecules in the (1 × 6) reconstructed channel.
(h) Projected DOS of the pz orbital of a middle C atom and the pz
orbital of a terminal C atom of a pentacene molecule. The scanning
parameters were −0.6 V, 0.1 nA in (a), −0.5 V, 0.1 nA in (b), and
−0.53 V, 0.1 nA in (c).
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simulated STM image shown in Figure 2g, which matches the
STM image quite well.
When the sample was annealed at about 520 K for 1 h, the

surface structures changed a lot, as shown in Figure 3a. Because
of the thermal motion, most of the pentacene molecules are
desorbed from the substrate. The exposed parts of the Au(110)
surface revert to the (1 × 2) surface reconstruction. Notably,
the remaining pentacene molecules arrange themselves in side-
by-side mode parallel to the [11 ̅0] direction of the substrate,
located in the (1 × 6) surface reconstruction, with a string of
bright dots lined up through the middle of them. The high-
resolution STM image is shown in Figure 3b. The bright
feature between two adjacent pentacene molecules is very
distinct from the dark feature observed in the monolayer

sample, as shown in Figure 2c. A Au−pentacene molecular
wire, in which several Au adatoms are stuck between two
pentacene molecules, is formed. The (1 × 3) phases
transformed to (1 × 6) phases, which is required prior to the
formation of the 1D molecular wire.
The atomic configuration of the 1D molecular wire is shown

in Figure 3c,d. As shown by the line profile in Figure 3b, the
distance between two neighboring pentacene molecules is 0.85
nm, the same as in Figure 2c, indicating a (3 × 6) superlattice
with respect to the Au(110) substrate. Because of the distinct
interface interaction between the −CH− groups and the
substrate, as discussed above, thermally diffusing Au atoms on
the surface are captured here, interacting strongly with the
middle −CH− parts of pentacene molecules. That is why these

Figure 3. Structure of 1D pentacene−gold structures achieved through annealing of the monolayer thin film at about 520 K. (a) Large-scale STM
image of the pentacene−gold molecular wires on Au(110). (b) Zoomed-in STM image of the structure. The lower panel shows a line profile along
the [11̅0] direction. (c, d) Top and side views of the structural model of the pentacene−gold molecular wires on Au(110). (e) Theoretical simulated
STM image based on the model in (c, d). (f, g) Top and side views of the charge density difference of the pentacene−gold metal−organic molecular
wires. Yellow represents gain of electrons, and blue represents loss of electrons. The value of the isosurface is 0.036 e/Å3. (h) Cross-sectional view of
the charge density difference in (f, g) along the violet dashed line in (g). The scanning parameters were −0.46 V, 0.1 nA in (a) and −0.67 V, 0.1 nA
in (b).
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molecules in side-by-side configurations did not desorb at high
temperature as others did. In Figure 3c,d, two Au adatoms can
be seen located at the hollow sites in the −CH−/substrate
interface, between any two pentacene molecules, bonded to the
Cmid atoms with a bond length of 2.25 Å. The middle of the
molecule humps up, both ends of the molecules are bent
toward the substrate, and the middle two H atoms are upturned
a little. This bonding configuration is determined by the
simulated STM image (Figure 3e), which matches the
experimental image in Figure 3b quite well. The simulated
STM images of other possible configurations do not agree with
the experimental images so well, as shown in Figure S2.
To investigate the interaction between pentacene molecules

and coordinated Au adatoms, we calculated the charge density
difference between the molecule and the substrate; the top view
is shown in Figure 3f, and the side view is shown in Figure 3g.
Figure 3h is a cross-sectional view of the charge density
difference through the two middle C atoms and two Au
adatoms, along the violet dashed line in Figure 3g. This
indicates the significant charge rearrangement between the Au
adatoms and the middle C atoms. According to previous
reports,35,50 a covalent bond between a single Au atom and a
pentacene molecule can be formed. Therefore, in our case, as a
result of the template effect of the Au(110) surface, a perfectly
straight, defect-free 1D metal−organic molecular wire forms
through coordination between native Au adatoms and the
middle −CH− groups of pentacene molecules. Moreover, from
the simulated STM image one can see that the conjugated

molecular orbital has not changed much. As a result of the
delicate molecule−substrate interplay, one can grow a large
variety of analogous 1D polymers using an anisotropic metal
surface as both the substrate and template, which is of great
significance for the surface engineering of novel devices.
The atomic configuration and electronic structure of a

freestanding metal−organic molecular wire are shown in Figure
4. The band structure shows that the freestanding metal−
organic molecular wire is a semiconductor with a small band
gap of 30 meV at the Fermi level (Figure 4c). The conduction
band (CB) and valence band (VB) are mainly contributed from
the hybridization of the s and dyz orbitals of Au and the pz
orbital of the C atom bonded to the Au atom. The electron
distributions of the CB and VB (Figure 4e,f, respectively) reveal
that the electrons and holes are delocalized, indicating good
electron and hole conductivity. The dispersion near the CB
minimum (CBM) and VB maximum (VBM) is strong,
indicating high carrier mobility. Moreover, the molecular wire
we obtained has a narrow width (∼1 nm), which means that
the scattering of the current carriers is weak. Therefore, long-
distance transport can be achieved and protected inside the
molecular wire.
When we deposit more pentacene molecules onto the self-

assembled monolayer shown in Figure 2b,c and then anneal the
sample at low temperature (about 470 K), we find that the
newly deposited molecules assemble upon the first layer, all in
the side-by-side mode, as shown in Figure 5a,b. The bottom-
layer molecules are still located in both the (1 × 3) and (1 × 6)

Figure 4. Configuration and electronic structure of a freestanding metal−organic molecular wire. (a) Top view and (b) side view of a freestanding
Au−pentacene molecular wire. (c) Band structure and (d) density of states (DOS) of the Au−pentacene molecular wire. In (d), the black curve is
the total DOS, the orange and blue shadows are the DOS projected on the s and dyz orbitals of Au atom, respectively, and the red shadow is the DOS
projected on the pz orbital of the C atom bonding to the Au atom. In (c), a small band gap near the Fermi level is shown in the zoomed-in figure. (e,
f) Electron distributions of (e) the conduction band (CB) and (f) the valence band (VB). The isosurface is 0.003 e/bohr3.
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surface-reconstructed channels, whereas the second-layer
molecules are preferentially situated on top of the (1 × 3)
channels. The distance between neighboring molecules in the
line profile shown in Figure 5c is still 0.85 nm, a suitable van
der Waals interaction distance for pentacene molecules. The
second layer of pentacene molecules is stable below 470 K and
desorbs at higher temperature. DFT calculations were carried
out, and the results are shown in Figure 5d,e. The molecules in
the second layer do not adsorb flat on the monolayer thin film
but are configured in a low arch, and the simulated STM image
(Figure 5e) matches the experimental images quite well.

■ CONCLUSION

At about 470 K, pentacene molecules can induce both
Au(110)-(1 × 3) surface reconstruction with the end-to-end
molecular configuration and Au(110)-(1 × 6) surface
reconstruction with the side-by-side configuration with cover-
age ranging from submonolayer to monolayer. Importantly, we
used the special lattice feature of the anisotropic Au(110)
substrate to successfully construct one-dimensional metal−
organic molecular wires consisting of pentacene molecules with
Au adatoms at about 520 K. These metal−organic molecular
wires are not only straight and free of defects but also retain the
conjugation property of pentacene molecules. In a second layer,
pentacene molecules adopt only the side-by-side configuration
on top of pentacene molecules in the (1 × 3) surface
reconstruction at about 470 K, which reveals detailed interface
information about the initial growth of the pentacene crystal
system on metals.
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