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ABSTRACT: The charge transport characteristics of 11
tailor-made dithiol-terminated oligo(phenylene-ethynylene)
(OPE)-type molecules attached to two gold electrodes were
studied at a solid/liquid interface in a combined approach
using an STM break junction (STM-BJ) and a mechanically
controlled break junction (MCBJ) setup. We designed and
characterized 11 structurally distinct dithiol-terminated OPE-
type molecules with varied length and HOMO/LUMO
energy. Increase of the molecular length and/or of the
HOMO−LUMO gap leads to a decrease of the single-junction
conductance of the linearly conjugate acenes. The exper-
imental data and simulations suggest a nonresonant tunneling mechanism involving hole transport through the molecular
HOMO, with a decay constant β = 3.4 ± 0.1 nm−1 and a contact resistance Rc = 40 kΩ per Au−S bond. The introduction of a
cross-conjugated anthraquinone or a dihydroanthracene central unit results in lower conductance values, which are attributed to a
destructive quantum interference phenomenon for the former and a broken π-conjugation for the latter. The statistical analysis of
conductance−distance and current−voltage traces revealed details of evolution and breaking of molecular junctions. In particular,
we explored the effect of stretching rate and junction stability. We compare our experimental results with DFT calculations using
the ab initio code SMEAGOL and discuss how the structure of the molecular wires affects the conductance values.

■ INTRODUCTION
Due to the intrinsic limitations of silicon-based electronics, the
idea of using organic molecules as functional units in electronic
devices has received increasing interest.1 The detailed under-
standing of charge transport through single-molecule junctions
is a key prerequisite for the design and development of
molecular electronic devices. The implementation of (single)
molecules and tailored molecular assemblies in electronic
circuits requires the optimization of their structures toward
desired functionalities and a reliable method of wiring them
into nanoscale junctions.2−10 In recent years, important
correlations between transport properties and molecular
structure have been demonstrated from the investigation of
functional properties of single molecules and self-assembled
monolayers.11−13 Examples of reported functionalities illus-
trated by single molecules include diodes,14−16 transistors,17,18

memory effects,19−21 and various switching phenomena, such as

processes triggered by an electric potential,22,23 the mechanical
motion of a probe electrode,24 or light excitation.6,25,26

Furthermore, molecular wires are essential components for
connecting functional units.5 Oligo(phenylene-ethynylene)
(OPE) compounds represent a particular unique family of
molecular wires. They are fully π-conjugated rigid rod-like
molecules with a HOMO−LUMO gap of ∼3 eV. Their
structure and functional properties are tunable over a wide
range of parameters.27,28

Various experimental approaches have been employed to
investigate charge transport properties of OPE-type derivatives
in molecular ensembles and at the single-molecule level.10,11

The former include crossed wire configurations,29 nanopores,30

Au colloid arrays,31 current−probe atomic force microscopy
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(CP-AFM),32−34 tuning fork-based techniques,35 liquid metal
junctions,36 and molecular layers sandwiched between litho-
graphically prepared contact electrode assemblies,37 as well as a
variety of electrochemical platforms.38−40 Conductance experi-
ments with single or a few OPE-type molecules have been
addressed in matrix-isolation experiments,41 mechanically
controlled break junctions (MCBJ)19,42−45 and STM break
junctions (STM-BJ),46−54 and related techniques. The
experimental approaches mentioned above differ in the
formation of reproducible contacts between the molecules
and probe electrodes.55 For the reliability of the data it is very
important to demonstrate that the main features in “single”-
junction conductance experiments do not suffer from
“experimental artifacts”. In particular, STM-BJ and MCBJ
techniques provide access to measurements of a large number
of individual conductance−distance and/or current−voltage
traces under a wide range of conditions, enabling a robust and
statistically relevant data analysis. Many configurations can be
sampled and characterized quantitatively.
Due to different experimental techniques and data analysis

procedures adopted by different groups, there are distinct
differences in absolute values of conductances reported for
single molecules and molecular assemblies. However, the search
for trends in structure−conductance (and/or reactivity)
correlations appears to be a very reliable and fruitful
concept.3,5,9,56 One of the key properties investigated is the
length dependence of the molecular conductance. Systematic
experimental and theoretical studies with thiol-terminated
aliphatic and aromatic molecular wires suggested a nonresonant
tunneling process as the main transport mechanism.5,57

However, the tunneling decay parameter β in G = A e−βL,
with G and L as the molecular conductance and length,
respectively, varied considerably. Examples of π-conjugated
aromatic rods include a systematic study of −NH2-terminated
OPEs with β = 2.0 nm−1.51 Venkatamaran et al. reported a
larger value of 4.0 nm−1 for oligophenylenes, in good
agreement with calculations.58 Alkoxy substituents at the
central phenyl ring, which are often used to increase the
solubility of OPE molecules, do not appear to influence the
conductance values.44 Smaller β values were found for
oligoynes,59 Zn-porphyrin-containing wires,60 and oligothio-
phenes.61 Related studies on a series of conjugated molecules
have shown that the conductance decreases upon increasing the
oxidation potential, i.e., upon lowering the energy of the

HOMO level.62 The influence of torsion angle φ was studied in
several series of biphenyl derivatives. The authors found that
the conductance follows a cos2 φ correlation.58,63,64 However,
correlations between junction conductance, junction evolution,
junction stability, and molecular structure were not clearly
addressed. In particular, no comprehensive comparison of such
results as obtained from two or more different experimental
techniques (under the same experimental conditions) has been
reported for rod-like molecules of the OPE family.
In the present work we investigate charge transport

properties of 11 tailor-made dithiol-terminated OPE molecules
(Figure 1) attached to two gold electrodes in complementary
STM-BJ and MCBJ experiments. The family consists of
structurally distinct molecules with varied lengths and
energetics (HOMO−LUMO gap). The role of cross-con-
jugated building blocks is addressed as well. The statistical
analysis of individual conductance−distance and current−
voltage traces revealed details of the evolution and breaking
of single molecular junctions. In particular, we explored the
effect of stretching rate and junction stability. Finally, we
compare our experimental results with DFT calculations using
the ab initio code SMEAGOL, and discuss how the molecular
junctions evolve upon stretching and how the structures of the
molecular wires affect the junction transport characteristics.

■ EXPERIMENTAL SECTION
Chemicals and Synthesis. The molecular wires 1−7 were

synthesized following the methodology developed by Stuhr-Hansen
et al.65,66 In short, the core of the molecular wire was constructed in a
Sonogashira cross-coupling reaction, followed by conversion of the
two tert-butyl-protected terminals (1−9A) into acetyl-protected
dithiols (Scheme 1). The isolated yields of this step varied with the
solubility of the compounds, ranging from 43% for 3 up to 91% for 1.
A slightly different protocol was used for 8 and 9.67 These air-stable
compounds 1−9 can be deprotected to form dithiolates in situ.37

The synthesis of compounds 1 and 5 was reported by Stuhr-
Hansen66 and Mayor et al.43 Detailed procedures and spectroscopic
data of the molecules 1, 3, 4, 6, and 7 are given in the Supporting
Information (SI). For the synthesis and characterization of 8 and 9 we
refer to refs 56 and 68. The hexyloxy-substituted OPE rods 10 and 11
were obtained according to literature routes described by Zhou et al.69

All chemicals used in the synthesis were purchased from Aldrich,
Acros, or Alfa-Aesar and employed as received, unless stated otherwise.

Conductance Measurements. The transport characteristics in
single-molecule junctions were studied using STM-BJ and comple-
mentary MCBJ measurements, both in solution and at room

Figure 1. Structures of the OPE derivatives investigated. R = CH3(CH2)5O.
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temperature. The STM-BJ technique repeatedly traps molecules
between a sharp STM tip and an atomically flat sample.70,71 The
MCBJ approach is based on the formation and breaking of molecular
junctions between notched and freely suspended gold wires supported
on insulated sheets of spring steel.72,73

The STM-BJ measurements were carried out with a Molecular
Imaging PicoSPM housed in an all-glass argon-filled chamber and
equipped with a dual preamplifier74 capable of recording currents in a
wide range of 1 pA to 150 μA with high resolution. The nonamplified
low-current signal was fed back to the STM controller, preserving the
STM imaging capability. The current−distance measurements were
performed with a separate, lab-built analog ramp unit. For further
technical details we refer to our previous work.63,64

The sample electrodes were Au(111) disks, 2 mm height and 10
mm in diameter, or gold single-crystal bead electrodes. The Au(111)
substrates were flame-annealed prior to use. A freshly prepared
solution containing typically a 0.1 mM concentration of the respective
molecule (1−11) in a mixture of 1,3,5-trimethylbenzene (TMB,
Aldrich, p.a.) and tetrahydrofuran (THF, Aldrich, p.a.), volume ratio
4:1, was added to a Kel-F flow-through liquid cell mounted on top of
the sample. The STM tips were uncoated, electrochemically etched
gold wires (Goodfellow, 99.999%, 0.25 mm diameter), capable of
imaging with atomic resolution.
The following protocol was applied after assembling a new

experiment: The tip was brought to a preset tunneling position
typically defined by iT = 50−100 pA and a bias voltage Vbias = 0.10 V,
followed by imaging the substrate. Current−distance measurements
were performed at a fixed lateral position with the STM feedback
switched off and the vertical tip movement controlled by the ramp unit
described above. The measuring cycle was performed in the following
way: The controlling software drove the tip toward the adsorbate-
modified surface. The approach was stopped when a predefined upper
current limit was reached (typically 10 μA or <10G0, with G0 being the
fundamental conductance quantum, 77.5 μS). After a short delay
(∼100 ms) ensuring tip relaxation and the formation of stable
contacts, the tip was retracted by 2−5 nm until a low current limit of
∼10 pA was reached. The approaching and withdrawing rates were
varied from 2 to 160 nm/s. The entire current−distance traces were
recorded with a digital oscilloscope (Yokogawa DL 750, 16 bit, 1 MHz
sampling frequency) in blocks of 186 individual traces. Up to 2000
traces were recorded for each set of experimental conditions to
guarantee the statistical significance of the results. For each molecule
the data were acquired at three different bias voltages of 0.065, 0.100,
and 0.170 V.
The MCBJ experiments are based on the opening and closing of

nanogaps formed by notching a freely suspended, horizontally
supported gold wire (99.999%, Goodfellow, 100 μm diameter) in a
sample-molecule-containing solution, as controlled by the vertical
movement of a pushing rod. The motion control is based on a
combination of a stepper motor (Accu-coder 95511, Encoder

Production, 500 nm s−1) with a resolution of 5 nm per step and a
moving distance of up to 1 cm, and a piezo stack on top (8 μm moving
distance). The tunneling current between the two ends of the “broken
wire”, which act at a given bias voltage (typically between 0.020 and
0.200 V) as working electrodes WE1 and WE2, was utilized as a
feedback signal. The pushing process started with the stepper motor.
Once a current decrease was detected, which represents the breaking
of the gold−gold contact, the stepper motor was paused, and the z-
motion control was switched to the piezo stack. The voltage output of
the piezo stack communicates with an onboard trigger. The latter
senses the transport respective tunneling current and leads to the
conductance. When the conductance reaches the noise threshold (G <
10−8G0) or the high contact limit (set to 10G0), the voltage ramp for
the piezo stack stops for a preset time of 0.5 s, and subsequently
decreases or increases, respectively. The cycle is repeated more than
2000 times to obtain statistically relevant data.

The MCBJ controlling unit is based on a lab-built bipotentiostat
with two bipolar tunable logarithmic I−V converters as current
measuring units, which are operated by a custom-designed micro-
controller.74 The unit provides three analog signals. The first one
controls the potential of WE1, which is particularly important for
advanced electrochemical experiments with the MCBJ setup. The
second one controls the voltage difference between the two working
electrodes WE1 and WE2 (bias voltage Vbias), which drives the current
through the two gold electrodes for the conductance measurements.
The third channel controls the voltage output of the piezo stack in the
range of 0−50 V, allowing the displacement of the piezo stack up to 8
μm with rates ranging from 3 to 3000 nm s−1, which translates into
lateral pulling (pushing) rates between the two gold leads of 0.1−100
nm s−1, with a positional precision better than 0.05 nm. The distance
between the two gold electrodes in the MCBJ setup was calibrated
with complementary STM-BJ experiments assuming that the tunneling
decay is identical under the same experimental conditions.

The entire setup was placed in two Faraday boxes, one for the
mechanical unit and the other for the controller unit in order to avoid
electronic cross-talk between the different functional parts. The full
technical description of the setup is reported by Hong et al.73

The sample templates were spring steel sheets (30 mm × 10 mm ×
0.2 mm), which were cleaned in boiling 25% nitric acid (Merck AG,
65%, pro analysis) and Milli-Q water (18.2 MΩ cm−1, 2 ppb TOC),
and dried in a stream of argon. A gold wire (Goodfellows 99.999%,
100 μm diameter) was fixed on these sheets with two drops of
preheated epoxy (Stycast 2850FT with catalyst 9) and cured overnight
at 60 °C. The freely suspended part of the gold wire (less than 500
μm) was notched with a scalpel blade to fabricate a constriction point.
The as-prepared sample sheets were cleaned in boiling Milli-Q water
for 15 min, rinsed with isopropanol (Aldrich, pro analysis), dried with
argon, and mounted on the sample holder of the MCBJ setup. Finally,
the precleaned Kel-F liquid cell was installed on top of the sample with
a Kalrez O-ring to avoid leakage of the solution. The closed liquid cell
was flushed with argon through an inert cycling system to remove
oxygen, and the test-molecule-containing solution was pumped into
the cell in several cycles. Finally, the input and output valves for
solution and gas purging were closed, and the experiment started.

Deprotection of the compounds 1−7 was carried out in situ by
adding tetrabutylammonium hydroxide just before the start of the
transport experiment in the STM configuration. For comparison, we
also carried out complementary studies with molecules 1−11
employing both the STM-BJ and MCBJ setups in the absence of
deprotecting agents.

Details of the data analysis are reported in the SI.
Theoretical Methods. The electronic and transport properties of

the OPE derivatives were obtained using the ab initio code
SMEAGOL,75,76 which employs the Hamiltonian provided by the
density functional theory (DFT) code SIESTA,77 in combination with
the nonequilibrium Green's function formalism. SIESTA uses
nonconserving pseudopotentials to account for the core electrons,
and a linear combination of pseudoatomic orbitals to span the valence
states. The calculations used a single-ζ basis set for the gold leads,
which included the s- and d-orbitals in the valence. An energy cutoff of

Scheme 1. Schematics of the General Synthesis of Molecular
Wires 1−9a

aA represents the acetyl-protected and B the tert-butyl-protected
molecular wires.
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200 Ry was chosen to define the real-space grid, which is used to
represent the density and the potential, and to calculate the
Hamiltonian and the overlap matrix elements. The local density
approximation (LDA)78 was employed to account for exchange and
correlation effects. The Fermi distribution function was smoothed with
a temperature of 100 K to improve the convergence of the results. The
molecular coordinates were relaxed in the isolated molecule until the
forces were smaller than 0.05 eV/Å, and then included into the
“extended molecule” without further relaxation. The system was made
periodic along the perpendicular directions x and y, and only the
gamma point was used. The “extended molecule” is represented by the
dithiolated OPE compound bridged to five atomic gold layers to
account for specific properties of the contact region such as adsorption
geometry, molecular conformation, etc. Each layer contains 18 atoms,
i.e., 6 and 3 atoms along each lattice vector on the (111) surface. This
arrangement was necessary to avoid overlaps with molecular images
along the perpendicular directions (see also SI).
SMEAGOL divides the entire nanoscale junction into three parts:

the left and the right bulk electrodes, simulated by three gold layers
grown along the (111) direction, and the “extended molecule”.
SMEAGOL uses the Hamiltonian derived from SIESTA to calculate
self-consistently the density matrix, the transmission coefficients T(E)
of electrons from the left to the right lead, and the I−V characteristics.
Corrected positions of the Fermi energy relative to the HOMO

were obtained by applying a scissors-type operator to the bare DFT
results (SAINT79−81) that moves the occupied and the unoccupied
molecular levels downward and upward, respectively. The spectral
adjustment was chosen to fit the position of such levels as obtained
from a combination of experimental UV photoelectron spectroscopy
(UPS), UV/vis absorption, and electrochemical data. Further details
about the theoretical method and the energy level alignment are given
in the SI.

■ RESULTS AND DISCUSSION

OPE Compound 2: Conductance Measurements and
Molecular Junction Evolution. Conductance Measure-
ments Based on Stretching Traces. Figure 2A displays typical
conductance−distance stretching traces, plotted on a loga-
rithmic scale, as recorded for the deprotected compound 2 in
TMB/THF by the STM-BJ upon application of a bias voltage
Vbias = 0.10 V between the gold STM tip and the Au(111)
substrate. After the formation of the contact between the tip
and the substrate, the tip was withdrawn with a rate v = 58 nm
s−1. All curves show initially a stepwise decrease of the
conductance from ∼10G0 to 1G0, G0 = 2e2/h = 77.5 μS being
the quantum of conductance, with quantized conductance steps
occurring at integer multiples of G0. Structurally the evolution
of the conductance corresponds to the decrease of the number
of gold atoms in the constriction upon junction elongation until
the contact with only one gold atom in the cross-section is
formed. Subsequently, the current abruptly decreases by several
orders of magnitude (“jump-out-of-contact”) upon stretching,
and additional features are typically observed at G < 10−3G0
before the conductance reaches the noise level of ∼10−7G0.
We distinguish three types of measured curves: 25−30% of

all traces exhibited after the “jump-out-of-contact” a bare
tunneling current, exponentially decaying until the noise level is
reached (type I, black traces in Figure 2A; type I curves are
attributed to traces with no molecules trapped between the tip
and substrate); 5−10% of all curves are rather noisy and exhibit
fluctuations, which are typically attributed to mechanical
instabilities (type II, gray); and the remaining 60−70% of all
traces recorded show well-defined plateaus after breaking of the
gold contact (type III, blue traces in Figure 2A). The plateaus
occur in a narrow conductance range around 10−4G0 and are
characterized by a slight decrease of the conductance with

stretching distance Δz, before it drops abruptly. In 50% of these
traces, short plateaus with conductances around 10−5G0 were
also observed. Both types of conductance plateau were absent
in control experiments in the absence of compound 2. We
assign these plateaus to the conductance of junctions formed by
molecules bridging the gap between the two gold electrodes.
Without any data selection, 2000 conductance−distance

traces, measured under the same conditions, were analyzed
further. Figure 2B displays the one-dimensional (1D) histogram
of the logarithm of the conductance log(G/G0)

82 constructed
from all data points of 2000 curves of 2 (Vbias = 0.10 V). The
sharp peak in the histogram around 0 represents the
conductance of a single-atom gold−gold contact.83 The 1D
histogram displays a prominent peak GH with a maximum at 1.8
× 10−4G0 (13.9 nS) and a shoulder at lower G in the entire
range between 0 and −6 (in units of of log(G/G0)), the latter
being the lower limit of a reliably measurably conductance in
our STM-BJ setup (which is indicated as “noise” in Figure
2B,C). The shoulder was deconvoluted as a small peak centered
at GL = 9.7 × 10−6G0 (0.76 nS) by fitting Gaussians to the
histogram. We attribute GH and GL to the two most probable
conductance states of a single molecule 2 bound to two gold
leads. This assignment is supported by a two-dimensional (2D)
histogram64,84 constructed as follows. First, we normalized all
individual conductance traces to a common distance scale by
assigning Δz = 0 at G = 0.7G0.

64 This procedure is justified by
the sharp drop in conductance just after G0. The conductance−
distance histogram was then constructed by counting the

Figure 2. (A−C) Conductance measurements of 2 employing the
STM-BJ approach. (A) Typical conductance distance traces recorded
at Vbias = 0.1 V. (B) 1D conductance histogram and (C) 2D histogram
generated from 2000 individual curves. (D−F) Conductance measure-
ments of 2 employing the MCBJ approach. (D) Typical conductance
distance traces measured at Vbias = 0.1 V. (E) 1D conductance
histogram and (F) 2D conductance histograms generated from 2000
curves.
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occurrence of [log(G/G0);Δz] pairs in a 2D field. Further
details of this analysis procedure are described in the SI.
2D histograms constructed from traces such as in Figure 2A

(Figure 2C) show features of gold quantum contacts at G ≥ G0,
a second main cloud-like feature at [0 ≤ Δz ≤ 1.25 nm; 10−3

G0 ≥ G ≥ 2 × 10−5G0] with a center around 1.2 × 10−4G0, and
a satellite feature at [1.10 nm ≤ Δz ≤ 1.25 nm; 10−5G0 ≥ G ≥
10−6G0] centered around 9.7 × 10−6G0. The latter two features
correspond to the conductance peaks with maxima at GH and
GL, as observed in the 1D histogram (Figure 2B). Note that the
high-conductance feature H starts immediately after breaking of
the gold−gold contact, while the low-conductance range L
starts only after feature H at Δz ≈ 1.10 nm. The experimentally
observed decrease of the conductance in region H with
increasing Δz (Figure 2C) might reflect a continuous decrease
of the tilt angle between the “trapped” molecular wire 2 and the
surface normal upon pulling.52

Complementary experiments were carried out with the
acetyl-protected compound 2 in the STM-BJ and the MCBJ
setups. The results of the MCBJ experiments are summarized in
Figure 2D−F. The amount of curves displaying features of
molecular junctions increases up to 80% of all measured curves,
which we attribute to the overall higher mechanical stability of
our MCBJ setup. We also note that the MCBJ setup has an
electrical noise level of ∼10−8G0 (indicated as “noise” in Figure
2E,F) and thus allows measurements of lower conductances
than the STM-BJ setup. Individual traces (Figure 2D), the 1D
histogram (Figure 2E), and the 2D histogram (Figure 2F)
demonstrate a single peak with a maximum at 1.3 × 10−4G0 (10
nS) and a cloud-like feature at [0 ≤ Δz ≤ 1.30 nm; 10−3G0 ≥ G
≥ 3 × 10−5G0] corresponding to the high conductance of
molecular junctions, in good agreement with the STM-BJ
experiments. No low-conductance feature was observed in
experiments with the acetyl-protected molecular wire 2. A
similar observation was also reported by Gonzaĺez et al.54

However, the low-conductance junctions reappeared when the
aromatic solvent TMB was replaced by the nonpolar aliphatic
solvent decane (see SI).
Finally, we comment that the high-conductance value GH for

compound 2 reported here is comparable with values published
previously by Tao and co-workers (6−13 nS),46,85,86 Xing et al.
(10 nS),50 and Liu et al. (3.6 nS)47 as based on STM-BJ
measurements. Haiss et al.52 found ∼10 nS in their I(t) and I(s)
experiments.52,87 Huber et al.44 and Wu et al.45 obtained values
of ∼9 nS by an MCBJ technique.
The stability of molecular junctions formed by compound 2

attached to two gold electrodes was explored in the STM-BJ
setup by varying the stretching rate v from 1 to 145 nm s−1. The
1D histograms (Figure 3A) demonstrate that the most probable
conductance values GH and GL are rather independent of the
stretching rate (Figure 3B). However, the width (fwhm) of the
corresponding histogram peaks increases slightly with decreas-
ing v. This trend might reflect contributions of thermal
fluctuations, atomic-scale variations in the geometry of the
molecule−electrode contacts, conformation changes in the
molecule, and other factors.88

A distinct rate dependence was obtained in STM-BJ
experiments for the distance Δz over which the molecular
junction could be stretched before breakdown (Figure 4).
The plot was constructed on the basis of a statistical analysis

of all experimental conductance versus displacement traces (cf.
1D histogram in Figure 3 and the corresponding 2D histograms
in SI, section 5) in 0.7G0 (the displacement Δz is set to zero at

this point for each individual trace) up to a lower limit Gmin,
typically 1 order of magnitude below the most probable high-
(GH) or low (GL)-conductance states, respectively. Technical
details of this approach were described in our previous
publication62 and are briefly outlined in the SI. Figure 4A,B
illustrates distributions of ΔzH and ΔzL determined from all
experimental traces as measured at the three different rates v.
The distributions show two peaks labeled as T and M. The T
peak centered at Δz ≈ 0.3−0.5 nm results from traces showing
only through-space tunneling contributions, as verified in
experiments with adsorbate-free solutions. The second peak
labeled M reflects properties of a “true” molecular junction.
The maximum of the M peak as determined by Gaussian fits
represents the most probable characteristic distance Δz* over
which a junction can be stretched. With an increase of the
stretching rate from 1.45 to 145 nm s−1, Δz* increases for the
high-conductance feature from ΔzH* = 0.90 to 1.50 nm (Figure

Figure 3. (A) Conductance histograms of 2 constructed from STM-BJ
measurements with stretching rates of 1.45 (black), 58 (green), and
145 nm s−1 (blue), Vbias = 0.1 V. (B) Most probable molecular
junction conductances GH and GL vs the logarithm of the stretching
rate v. The star symbols represent an artifact related to the noise level
of our STM-BJ setup.

Figure 4. Characteristic lengths distributions for the stretching of
molecular junctions of 2 from STM-BJ experiments, and analyzed in
the range (A) from G = 0.7G0 to G = 10−5G0 (high-conductance
range) and (B) from G = 0.7G0 to G = 10−6G0 (high- and low-
conductance range), with stretching rates of 145 (black), 58 (green),
and 1.45 nm s−1 (blue), Vbias = 0.10 V. (C) Most probable
characteristic length ΔzL* as a function of the stretching rate ln v.
(D) Dependence of the characteristic length for the stretching of
gold−gold junctions (in G = 1.1G0 to G = 0.7G0) on ln v. The
experimental conditions are the same as in panel C. (E) Characteristic
length distribution for the stretching of molecular junctions with 2 (in
G = 0.7G0 to G = 10−6G0) measured in MCBJ experiments with 2 nm
s−1, Vbias = 0.1 V.
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4A). Extending the analysis to the low-conductance region until
breakdown is observed, ΔzL* ranges from 1.10 to 1.70 nm. The
difference ΔzL* − ΔzH* amounts to ∼0.20 nm and is rather
independent of the stretching rate. We also calculated the
junction formation probability from the relative areas of the
peaks T and M from the displacement histograms in Figure 4B,
as defined by Gaussians, and obtained 75%, 85%, and 65% for
stretching rates of 1.45, 58, and 145 nm s−1, respectively.
The experimentally observed dependence ΔzL* vs ln v for

the overall stretching process of 2 (Figure 4C) indicates a
thermally activated bond-breaking process.88−91 The values of
ΔzL* for 2 and ΔzAu* are rather independent of the loading
rate below 60 and above 140 nm s−1, which reflects quasi-
equilibrium conditions and could be attributed to a
spontaneous (due to the thermal fluctuations) or adiabatic
(external force that overcomes the binding energy barrier)
breakdown regime.89,90 At intermediate stretching rates, a
region of a distinct logarithmic dependence of ΔzAu* on ln v is
observed. Similar trends were reported before by Huang et al.89

for the breaking of octanedithiol junctions formed between two
gold electrodes. The authors reported values of Δz* = 0.1 and
0.2 nm in the limits of low and high stretching rates,
respectively, rather similar to their and our results for the
breaking of monatomic gold contacts (Figure 4D). This
comparative study let the authors suggest that the breakdown
of octanedithiol-based molecular junctions takes place most
likely at gold−gold bonds. This hypothesis is supported by
single-molecule electromechanical studies using CP-AFM.92 In
case of OPE molecules, the values of ΔzL* are distinctly larger
(Figure 4C) in the two quasi-equilibrium stretching regimes, as
compared to the breaking of a gold−gold atomic contact, but
still smaller than the length of the molecule. Clearly, the
formation and subsequent breakdown of junctions containing
OPE-type molecules involve processes such as picking up the
molecule from the surface,93 coordination and/or conformation
changes,71 and/or sliding along the contacting leads before
rupture.24 Further details will be addressed in the Discussion.
The higher mechanical stability of our MCBJ setup,73 as

compared to a typical STM-BJ experiment (see SI for details),
allows resolving simultaneously both quasi-equilibrium states as
characterized by a low and a higher characteristic stretching
length Δz* (Figure 4E), even at rather low rates of opening/
closing the nanocontact junction. The corresponding histo-
grams (see SI) show a clear trend toward a more probable
higher characteristic length Δz* with increasing stretching rate.
Current−Voltage Measurements. The high mechanical

stability of the MCBJ setup also offers the possibility to
acquire simultaneously I−Vbias curves during the slow opening
and closing of a molecular junction with a typical rate of 0.5 nm
s−1 (Figure 5). The bias voltage was ramped between −1.00
and +1.00 V at 40 V s−1,73 allowing us to measure 40−50 I−
Vbias curves per individual trace. The curves measured during
the different stages of extension correspond to gold−gold
contacts (Figure 5A), molecular junctions (Figure 5B), and the
tunneling response through the solvent (Figure 5C). The zero-
bias conductances (Figure 5D) were calculated from the slopes
of the linear parts of the I−Vbias curves in the range from −0.30
to +0.30 V. The 1D log-conductance histogram as constructed
from ∼1000 individual data points is displayed in Figure 5E.
The estimated most probable junction conductance of 2 in
region GH is in good agreement with data shown in Figure 2E,
which supports the reliability of our I−Vbias experiments.
Sensitivity limitations in the setup for I−Vbias measurements at

larger values of Vbias prevented us from obtaining reliable data
in the GL region. We also note that some molecular junctions
are broken before being completely stretched (examples are the
two left traces in Figure 5D), which we attributed to enhanced
thermal fluctuations of the junction (“junction heating”) at high
bias voltages.

To obtain the most probable I−Vbias characteristics of the
high-conductance molecular junction, we analyzed statistically
the I−Vbias curves with zero-bias conductance between 2 ×
10−5G0 and 10−3G0.

73,94,95 Figure 6A shows the 2D I−Vbias
histogram constructed from 4000 I−Vbias traces. For each value
of the bias voltage we determined the maximum of the
corresponding current distribution (obtained from Gaussians
fits) as the most probable current.73,95 The resulting “statisti-
cally significant” I−Vbias curve is plotted as orange dots in
Figure 6B. The curve shows fluctuations, but no characteristic
resonance features. We note that the conductance of molecular

Figure 5. Typical I−Vbias curves measured (A) for gold−gold contacts,
(B) for molecular junctions and (C) in the tunneling regime during a
single stretching trace of 2, Vbias = 0.10 V, pulling rate v = 0.5 nm s−1.
(D) Zero-bias conductance as calculated from the slopes of individual
I−Vbias traces during 4000 stretching sequences. (E) Conductance
histograms built from zero-bias conductance of 4000 I−Vbias curves
(red) and from the conductance−distance traces (black) simulta-
neously measured with the MCBJ setup.

Figure 6. (A) 2D histogram of 4000 I−Vbias curves measured for 2
with the MCBJ setup in the high-conductance region of molecular
junctions. (B) Statistically significant I−Vbias trace (orange dots)
calculated from 4000 individual I−Vbias curves of 2 and DFT-based I−
Vbias curve (blue line). (C) Computed transmission trace and SAINT-
adjusted value of EF (for details see Theoretical Methods and SI).
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junctions in the nonresonant tunneling regime is controlled by
(i) the position of the dominant transport MO relative to the
metal Fermi level and (ii) the broadening of this MO due to the
coupling to the metal leads.5 Comparison of the experimentally
most probable I−Vbias curve of 2 (dots in Figure 6B) with the
computed I−Vbias characteristics (blue solid line in Figure 6B),
as obtained from ab initio generated transmission curves
(SMEAGOL, for details see SI), allowed us to adjust the scale
of EHOMO − EF as obtained from simulations. The current was
calculated by integrating the respective transmission curve in
the corresponding bias window. The Fermi level that gave the
best agreement was slightly higher in energy (0.4 eV, blue
vertical line) than the original Fermi level.
The agreement is rather good despite the fact that

nonequilibrium effects, such as the movement of resonances
under an applied bias voltage, were not taken into account
(these and other effects, such as bias-induced destruction of
resonances, start to dominate at higher voltages). The I−Vbias
curve is typical of a system with the Fermi level in the
HOMO−LUMO gap and close to a resonance; i.e., the current
is ohmic at low voltages but changes its slope and increases
more sharply at higher voltages. Figure 6C illustrates the
SAINT-corrected transmission curve (see SI for more details),
which demonstrates that the resonance closest to the Fermi
level EF in the modified energy scale represents a HOMO
feature, indicating that HOMO-mediated hole transport is
likely to dominate the transport behavior of 2 attached to two
gold leads. This conclusion is in agreement with previous work
on dithiol-terminated OPE rods attached to gold leads53 and is
directly supported by thermopower measurements in phenyl-
dithiol-containing heterojunctions.96

Effect of Molecular Structure on Conductance. The
Most Probable Conductance. Following the experimental
approaches and data analyzing strategies introduced for the
reference compound 2, we designed and characterized 11
dithiol-terminated OPE-type molecules with varied length,
HOMO−LUMO energy, and conjugation of the π-system. We
take the distance between two sulfur atoms obtained from DFT
calculations of the relaxed extended molecules (see Theoretical
Methods and Table S2 in SI for details) as a transport-relevant
molecular length, Lm. The values of Lm range between 1.32 (1)
and 3.39 nm (11). The HOMO−LUMO gap was estimated
experimentally from UV/vis absorption spectra of the tert-
butyl-terminated dithiols. All compounds are fully π-con-
jugated, except the anthraquinone-based cross-conjugated
compound 8 and the dehydroanthraquinone derivative 9 with
broken π-conjugation. Tables S1 and S2 (SI) summarize
characteristic geometric and energetic parameters of these
molecules.
In the following we discuss key experimental results obtained

with a stretching rate of either 58 (STM-BJ) or 2 nm s−1

(MCBJ). These rates ensure that all experiments are carried out
in the “quasi-equilibrium” region of the spontaneous break-
down (cf. Figure 4). Original data for all investigated
compounds are given in the SI.
Figure 7 displays the 1D log-conductance histograms for 10

compounds. Figure 8A and Table S3 (SI) summarize all
characteristic conductance data. The data plotted in Figure 7A
demonstrate that the main conductance features of GH type
shift to lower values with increasing molecular length. In
particular, the most probable conductance decreases from 1.46
× 10−3G0 (1) to 10−6G0 (11). Comparing the data for
compound 2 and the molecular wires included in Figure 7B

reveals a similar trend with increasing HOMO−LUMO gap.
Nearly identical most probable conductance data were obtained
in the STM-BJ and the MCBJ experiments, except for wires 6−
9 and 11. Reliable data for these molecules were accessible only
in the MCBJ configuration because of sensitivity limitations of
the STM setup in the low-bias regime. Compounds 2 and 10
gave identical results, suggesting that the hexyloxy substitution
of the central phenyl rings has no significant effect on the
transport close to the Fermi level. This hypothesis is supported
by DFT calculations reported by Martin et al.87

Figure 7. 1D conductance histograms of 1−9 and 11, measured in the
STM-BJ setup (1−6) or the MCBJ stage (7−9, 11), at Vbias = 0.1 V.
The STM-BJ- and MCBJ-generated histograms are both based on the
analysis of 2000 individual traces.

Figure 8. (A) Experimental conductances GH and GL as a function of
the molecular length Lm (the inset shows the low-conductance GL as a
function of Lm). (B) High-conductance GH plotted vs Lm(EF −
EHOMO)

1/2. (C) DFT-based GH values (black circles and black line) as
a function of Lm. For comparison, also the experimental values are
given as open circles and blue line. The numerical conductance values
and molecular lengths are summarized in Tables S2 and S3 (SI).
Computational details are given in the Theoretical Methods section
and in the SI.
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Comparing our results in the high-conductance region GH to
those reported by other authors reveals that our values for 1
and 5 are much higher (1.46 × 10−3G0 vs 0.54 × 10−4G0 by
Beebe et al.34) or lower (0.47 × 10−3G0 vs 7.7 × 10−3G0 by
Reichert et al.42). These differences may be partially related to
the different experimental techniques used as well as to
environmental conditions chosen. The situation is more
consistent with dithiolated OPE derivatives with three coupled
phenyl rings, such as 2 and 10, where conductances ranging
between 5.0 × 10−5G0 and 1.8 × 10−4G0 were pub-
lished.44,45,50−52,85 Comparing further the dithiol-terminated
wires 1 and 2 with the corresponding diamines47,51,95 shows
higher single-junction conductance data for the dithiol
derivatives. The same trend was also found for substituted
benzene and biphenyl derivatives.48,50,58,63,97 Lu et al. reported
the opposite for oligo(p-phenylene-ethynylene) rods with more
than three phenyl rings, based on a combined STM-BJ and CP-
AFM study.51 These authors attributed their observations to an
intrinsic change of the transport mechanism from tunneling to
hopping.
Figure 8 summarizes the dependencies of the most probable

conductances GH (high) and GL (low) versus the molecular
lengths Lm. The analysis of the high-conductance state GH of
the single molecular junctions formed by the linearly
conjugated compounds 1−3, 6, 7, 10, and 11 demonstrates
an exponential distance dependence with a decay parameter
βGH = 3.4 ± 0.1 nm−1. No indication for a change of the
transport mechanism from tunneling to hopping, as recently
discussed for a series of diamino-substituted OPE derivatives,
was found.51 By extrapolating the GH versus Lm dependence to
Lm = 0, we determined an effective contact resistance for two
Au−S bonds equal to 80 kΩ, or 40 kΩ per Au−S site. This
value is in agreement with literature data reported for Au−
dithiolate−Au junctions.57,98

Furthermore, extrapolation to Lm = 0.619 nm, the S−S
distance in benzenedithiol, yields a conductance of 0.012G0, in
good agreement with literature data.2,50,86,97 The value of βGH
found in our study is identical to those reported in
electrochemical electron transfer experiments with ferrocene-
terminated OPE wires by Creager et al.40 and Newton et al.,39

and larger than those determined in CP-AFM experiments (2.1
nm−1 by Liu et al.33) as well as for OPEs with amine anchoring
groups (2 nm−1 by Lu et al.51) and carbodithiolate linkers (0.5
nm−1 by Xing et al.50). Tomfohr et al.99 analyzed electron
transport in OPE-type oligomers on the basis of a Landauer
formalism in combination with a band structure analysis and
obtained βth = 2.3 nm−1 for a planar conformation. These
authors also demonstrated that βth increases with increasing
torsion angle between adjacent phenyl rings.
The decay parameter βGH obtained in this experimental OPE

study compares with that of other typical molecular bridges as
follows: saturated alkanes57,70,71 (7−10 nm−1) > oligophen-
yls100,101 (PP, 3.5−5 nm−1) > OPE (this work) > oligo-
(phenylene-vinylenes)39,57 (OPV, 1.7−1.8 nm−1) > oligothio-
phene61 (OT, 1 nm−1) > oligoynes59 (OY, 0.6 and 0.06 nm−1).
This trend reflects an enhanced electronic communication
across the molecular bridge with increasing delocalization of the
adjacent π-system and lowering of the HOMO−LUMO gap.39

We also note that molecules having the basic motif of
compound 2 with a fixed S−S distance but varying in the
structure of the central aromatic core, such as 2, 4, and 5, lead
to a decrease of the HOMO−LUMO gap (Tables S1 and S2)
in the sequence 2 > 4 > 5. Figures 7B and 8A demonstrate a

monotonic increase of the most probable conductances with
decreasing HOMO−LUMO gap.
Molecules 4 and 5 thus do not follow the general GH vs Lm

trend displayed as the blue line in Figure 8A. The latter,
however, is only a part of the more general dependence that
can be expressed by the equation for tunneling over a distance
L through a rectangular energy barrier with the height Φ (in the
low bias limit):102

≈ − Φ− −G Lexp( 10.12 nm eV )1 1/2
(1)

For the through-molecule tunneling we attribute the
tunneling distance L to the molecular length Lm, and the
energy barrier Φ to the difference between the Fermi energy of
the gold electrodes EF and the energy of the closest molecular
orbital. The simulations of charge transport in various
molecules bound via thiol anchors to gold electrodes
demonstrate unequivocally that the transport proceeds by
HOMO-assisted hole-tunneling (see also Theory section).5

Consequently, we set Φ = EF − EHOMO.
50,52 We estimated the

values of EHOMO by using DFT calculations. However, since
DFT underestimates the HOMO−LUMO gap, the energy
levels were adjusted on the basis of UPS measurements of the
respective anthraquinone derivatives (see SI for details). EF =
5.0 eV was taken from the work reported by Veenstra et al.103

To consider both the length and the influence of the
tunneling barrier, we replotted the log(GH/G0) data of all 11
compounds versus Lm(EF − EHOMO)

1/2 (Figure 8B). Except for
8 and 9, the data points of the nine fully conjugated OPE
analogues display a clear linear dependence. The fit is
represented by the blue line in Figure 8B. Thus, the simple
tunneling eq 1 containing both the energetic and the geometric
parameters describes the conductance variation. There are,
however, deviations from this linear behavior.104 In particular,
compounds 8 and 9 have the same “skeleton” as 7, but a
different electronic structure. The conductance of 9 is lower
than that of 7 due to the broken π-conjugation in the center of
the molecule, which cannot be accounted for just by the
variation of the HOMO level. The cross-conjugated anthraqui-
none-based compound 8 has an even lower conductance.
Thygesen et al.105,106 demonstrated in recent simulation studies
that the cross-conjugation in 8 results in a destructive quantum
interference effect, leading to a sharp drop in the transmission
probability of the electrons at the Fermi energy.106

The inset in Figure 8A also shows the length dependence of
the most probable conductances GL in the low-conductance
region. This conductance feature was observed for six
compounds only. While the conductances for the shorter
molecular wires 1, 2, 4, and 5 vary only slightly from 10−5G0
(2) to 2.6 × 10−5G0 (4), a strong decrease is observed for the
fused linearly conjugated rods 6 and 7. The absence of the GL
feature for the compounds 3 and 11 might reflect the additional
conformation degrees of freedom due to phenyl ring rotations99

as well as the steric influence of the hexyloxy substituents in the
latter molecule. The second distance decay parameter
determined for compounds 2, 6, and 7 (inset in Figure 8A)
amounts to βGL = 14.6 ± 0.35 nm−1, which is significantly larger
than βGH as well as decay parameters for other typical molecular
bridges reported so far.

2D Histograms, Stretching Length, and Tilt Angle.
Inspection of the 2D conductance−displacement histograms
reveals a slight but distinct decrease of the conductance during
the stretching for all investigated compounds (see Figure 2 and
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Figures S7−S19, SI). For compounds 1, 2, 4−7, and 10, a
second feature with lower conductances evolves in experiments
carried out in TMB/THF. The feature is even more
pronounced when decane is used as a solvent, and when
working with deprotected molecules. The possible origin of the
low-conductance feature will be addressed further.
Following the strategy presented above for compound 2, we

analyzed the characteristic length distributions upon stretching
in the high-conductance range, and up to the low-conductance
region. They were defined as distances over which the tip
moves while the junction conductance drops from 0.7G0 to
0.1GH for ΔzH or from 0.7G0 to the noise level (10−6G0 for
STM-BJ and 10−8G0 for MCBJ measurements) for ΔzL. Pulling
rates of 58 and 2 nm s−1 were employed in STM-BJ and MCBJ
experiments, respectively.
All length distribution histograms for compounds 1 and 3−

11 are presented in the SI. The most probable characteristic
lengths ΔzH* and ΔzL* increase with molecular length Lm
(Table S3). For experiments with two conductance features
resolved, the difference ΔzL* − ΔzH* amounts to 0.20−0.35
nm rather independently of molecule and solvent. This value is
close to the diameter of a gold atom and might indicate that the
pulling of an additional gold atom is involved in the junction
transition from the high to the low-conductance state.
In order to estimate the absolute distances between the two

gold electrodes in the most probable configurations prior to
breaking, we need to consider the “snap-back”, i.e., the fast
relaxation of gold electrodes upon breaking a monatomic gold−
gold contact. This effect is in particular responsible for the
sharp decrease of the current from ∼1G0 into the molecular
conductance region. To estimate the snap-back distance, we
extrapolated the tail of the tunneling current measured after
breaking the gold−gold contact to G0. We obtained a distance
correction Δzcorr = 0.5 nm (for further details see SI and refs
24, 83, and 107). Figure 9A,B illustrates the snap-back-
corrected characteristic lengths for the high and for the low-

conductance states, zH* = ΔzH* + Δzcorr and zL* = ΔzL*+
Δzcorr, as a function of Lm. z

H* is smaller than Lm for all
molecules investigated. On the other hand, the snap-back-
corrected electrode separation in a completely stretched
junction, zL* = ΔzL* + Δzcorr, is not always smaller than Lm
(cf. molecules 1, 4, and 5, Figure 9B and Table S3).
We used zH* to estimate the tilt angle θ of the molecules in

the high-conductance state (vs the normal to electrode surface)
from the simple geometric relation θ = arccos(zH*/Lm). The
results are presented in Figure 9C. They demonstrate that θ
increases with Lm. The tilt angle is zero for 1, indicating that the
molecule is in an upright position in the high-conductance
state, while longer molecules are inclined. This observation also
suggests that the longer OPE wires most probably slide along
the gold contacts upon formation of a single molecular
junction, and breaking occurs, even under conditions of a
maximum possible stretching, not in a fully upright position but
at an angle to the surface normal (see Table S3).
Finally we would like to comment on the origin of the low-

conductance features. They have rather peculiar properties: (i)
They were observed as shoulders and low-density clouds in the
conductance histograms only for 6 compounds out of 11. (ii)
They are more pronounced in decane than in TMB. (iii) The
conductances GL are independent of molecular length for the
short molecules, and for long molecules they decrease with a
distance decay parameter being higher than that for any type of
molecular bridge studied so far (including aliphatic wires). (iv)
For some molecules the electrode separation in the low-
conductance state is longer than the molecular length Lm. We
can account for these trends only by attributing the low-
conductance features to the conductance through π−π-stacked
molecules.45,53 Stacking is particular promoted by the higher
density of π-electrons, as in compounds 4−7, which indeed
show low-conductance features, as well as by nonaromatic
solvents. However, the low-conductance feature for the π-
electron-deficient molecule 1 may as well be accompanied by
the pulling out of a gold atom from the tip or the surface.

Ab Initio Transport Calculations for the Three Series
of Molecules. To provide further insight into the
experimentally observed trends and the evolution of the
molecular junctions formed between the various OPE
derivatives coupled to gold electrodes, we performed
theoretical calculations using a combination of DFT and a
nonequilibrium Green's functions formalism (for further details
see SI).
The STM-BJ configuration was represented by an extended

molecule with one surface atom bound to a three-fold hollow
(H) site of the Au(111) surface (Au−S distance ∼0.21 nm)
and the other one to a gold adatom, which was contacted to the
surface in a H site (Au−S distance ∼0.24 nm) following the
(111) direction of growth (see Figure S20). This geometry was
found to be energetically the most stable on the basis of LDA
calculations.52,53 We also considered adatom−adatom (A-A),
hollow−hollow (H-H), and top-top (T-T, not shown)
geometries as well as the role of the tilt angle θ of the
molecular axis to the surface normal and the torsion angle φ
upon rotation of the central phenyl ring. Figure 10 illustrates
selected configurations (for further details see SI). We
computed the energy-dependent transmission T(E) using the
ab initio code SMEAGOL75,76 for the description of the
electron transport in various “extended molecule” config-
urations. T(E) represents the probability for electrons injected
with an energy E from one electrode to be transmitted through

Figure 9.Most probable characteristic length data z* as extracted from
the analysis of STM-BJ (black circles) and MCBJ (blue circles) data of
1 to 11 in the conductance ranges (A) 0.7G0 < G < 0.1 GH (zH*, A)
and (B) 0.7G0 < G < 10−6G0 (STM-BJ experiments) or 0.7G0 < G <
10−8G0 (MCBJ experiments) (zL*, B). (C) Tilt angle θ of molecules
1−11 in the high-conductance state prior to contact breaking as a
function of the molecular length.
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the molecular junction. The conductance G is defined as the
transmission T(EF) evaluated at the Fermi level EF in units of
the conductance quantum G0. Molecular states of the OPEs
appear as resonance peaks in the transmission spectrum.
Qualitative trends in families of molecules are known to be

correctly reproduced by transport calculations based on bare
DFT-derived mean-field Hamiltonians. However, quantitative
agreement between experiment and theory is hampered by the
bandgap problem (DFT underestimates the HOMO−LUMO
gap) and other problems related to the LDA functional, such as
self-interaction errors.78,108

In the bare DFT calculations of the family of the linearly
conjugated OPE derivatives 1−11, the Fermi level is found to
be typically pinned to the HOMO orbital, so that the
conductance at EF is overestimated. To resolve this problem,
a semiempirical self-energy and screening energy correction has
been introduced by a scissor-like operator (spectral adjustment
in nanoscale transport, SAINT)79−81 prior to the transport
calculations.
The SAINT operator moves the occupied molecular levels

(HOMO) to lower and the unoccupied levels (LUMO) to
higher energies, respectively. The derived mean-field Hamil-
tonian was constructed in such a way that (i) the HOMO
agrees with UPS experiments of OPE derivatives attached to
gold films and (ii) that the HOMO−LUMO gap matches the
optical HOMO−LUMO gaps, which were estimated from the
onsets of the UV/vis absorption spectra (Table S1). Figure 11
shows plots of the SAINT-corrected transmission curves of 1 to
11 for the adatom−hollow (A-H) upright geometry. The
resonance closest to the Fermi level (about 1 eV lower than EF)
corresponds to a HOMO feature indicating a HOMO-mediated

hole transport behavior in all wires. The relative position of
(EHOMO − EF) upon the SAINT correction is in good
agreement with the estimated shift, based on the analysis of
the experimentally obtained I−Vbias characteristics in the
molecular plateau region (Figure 6).
The transmission coefficients T(E) of 1−3 and 11 (and 10,

which is not shown) reveal that as the length increases, the
HOMO−LUMO gap decreases (Figure 11A), since for longer
molecules the electrons can more easily delocalize along the
molecule backbone and the repulsion between levels decreases.
At the same time the transmission T(EF) at the Fermi energy
(E = EF) near the middle of the gap decreases exponentially.
This second effect dominates the decrease in the HOMO−
LUMO gap and produces an exponential reduction of the
transmission near the HOMO resonance, in agreement with
the experimental results (cf. Figure 8A).
Comparing molecules 2, 4, and 5 (Figure 11A,B) reveals a

decrease of the HOMO−LUMO gap due to an increase of the
electron delocalization in the central aromatic moiety, which
decreases the separation between levels. In this case T(EF) does
not decrease exponentially, since all molecules have roughly the
same length (Tables S1 and S2). The net effect is therefore an
increase of the T(EF) due to the presence of the nearby
HOMO resonance.
In the series of molecules 2, 6, and 7(Figure 11A,C) both the

reduction of the HOMO−LUMO gap and the increase of the
molecular length are important. The LUMO shifts downward
and the conductance in the gap decreases exponentially. As a
consequence T(EF) decreases slightly from 2 to 6 to 7.
We have plotted in Figure 8C the zero-bias conductance, as

calculated from the SAINT-corrected transmission at the Fermi
level, as a function of the molecular length. The graph

Figure 10. Four representative configurations of the extended
molecule used in the calculations: side views of (A) hollow−hollow
(H-H) and (B) adatom−adatom (A-A) and (C) top view of H-H with
a tilt angle of 80° with respect to the normal to the surface. (D) The
same configuration as in (C), but with a torsion angle of 38° of the
central ring.

Figure 11. SAINT-corrected transmission curves calculated with
SMEAGOL for 1−9 and 11. The hexoxy-side groups in 11 were not
included into the calculations.
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demonstrates that the experimental trend is correctly
reproduced by the theoretical calculations. More importantly,
the quantitative zero-bias conductance values are also close to
the experimental values, which is not typical of DFT-based
calculations without corrections. In addition, the decay constant
obtained for series 1−3, 6, 7 (and 11) is 2.76 nm −1, in good
agreement with the experimental value 3.4 nm−1. We note that
the calculation of 11 was carried out without incorporating the
hexyloxy-substituents, which are considered to have a negligible
effect on the transport close to the Fermi level, as it was shown
recently for methoxy and tert-butyl substitutions in OPEs.53

Additional calculations following the same strategy as outlined
above reveal that the H-H configuration leads to similar
conclusions, however with higher junction conductances. The
lowest overall conductances were found for the A-A
coordination geometry (shown in SI). The best agreement
between experimental and computed data in the high-
conductance range GH was obtained for the A-H configuration,
which may be also considered as a reasonable representation of
the STM-BJ geometry. However, contributions of other Au−S
coupling configurations including those of “phase-on” edge
sites during the evolution of the molecular junction between
the gold leads and the dithiolated OPE-type molecules cannot
be excluded,53,63,71,109,110 as the 1D and 2D conductance
histograms show a non-negligible width in the distribution
around the most probable conductance values (Figure 2 and
SI). Finally, we comment that the distinct deviations of 8 and 9
from the length-dependence trend of the OPE wires
investigated could be attributed to the relatively high position
of the LUMO level resulting from the broken π-conjugation in
9 and the appearance of a destructive quantum interference in 8
as demonstrated in recent studies105,106,111,112 and by the
transmission curves plotted in Figure 11D. Thygesen et al.
demonstrated that the quantum interference effect is rather
insensitive to details of the contact geometry. It is a property of
the symmetry of the molecular orbitals and, as a consequence,
its overall appearance is not severely influenced by the exact
position of the HOMO and LUMO levels, respectively. T(EF)
is predicted to show without and with the application of a
scissors operator, such as in the SAINT correction used in our
approach, a distinct minimum leading to a conductance at EF
which is much smaller than that for the “simple” anthracene rod
7. This trend is indeed observed experimentally (see Figure
8A).
Despite the success, there are however unresolved questions

related to the evolution of the conductance with the stretching
distance between the STM tip and the surface. From the 2D
conductance (log(G/G0)) versus displacement (Δz) histo-
grams (Figure 2 and SI), it is clear that as Δz increases, the
high-conductance GH portion of the histogram decreases
toward lower values. Furthermore, the relative distance at
which this region terminates is smaller than Lm, the length of
the molecule. Figure 9A,B illustrates that this trend is valid for
the most probable characteristic length in the high- (zH*) as
well as in the low-conductance range (zL*), with corrections for
the snap-back distance Δzcorr = 0.5 nm. Figure 9C shows that
the tilt angles of the molecular in the junction in the high-
conductance state are increasing with increasing molecular
length Lm. These experimental results imply that the OPE wires
are tilted with respect to the surface, and that the angle θ
relative to the surface normal decreases as the tip retracts.
Therefore we also carried out calculations with a rather large
angle for the prototype wire 2. We found that the transmission

is sensitive to θ, and increases significantly for large angles. (A
similar trend was proposed by Haiss et al.52) These results are
illustrated in Figure 12. The behavior can be explained by

considering that the main orbitals on the sulfur that contribute
to the HOMO resonance and couple to the π-orbitals in the
carbon backbone (x and y p-orbitals) have by symmetry zero
overlap with the s-orbital of the gold adatom (tip) or the
hollow site atoms (substrate), and a very small overlap with the
more localized d-orbitals when the molecule is straight.113−115

Therefore, they give a very small coupling. When the molecule
is rotated, however, such orbitals become nonorthogonal with
the gold orbitals and increase the overlap. This effect enhances
the coupling, or in other words, increases the density of states
at EF, as can be seen in the dramatic increase of the width of the
HOMO resonance when the angle increases (Figure 12).

From the experimental observation of tilt angles and
characteristic lengths (zH*, zL*), we can draw the following
picture of the evolution of the junction as the tip is retracted
from the surface (Figure 13). For small relative distances Δz,
the OPEs typically have a large tilt angle θ with respect to the
surface normal, which is basically determined by the snap-back
distance of Δzcorr ≈ 0.5 nm. As Δz increases, the most probable
value of θ and the most probable conductance decrease. At

Figure 12. SAINT-corrected transmission curves obtained for
molecule 2 in (A) a straight (0°) and tilted (80°) in A-H configuration
and (B) an A-A configuration.

Figure 13. Summary of the entire stretching process, with the two
limiting configurations: (A) tilted molecule connected in an A-H
configuration at the beginning and (B) a straight molecule connected
in an A-A configuration at the end of the stretching process.
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intermediate distances, a range of angles are encountered,
leading to a spread of conductance values of the junctions. We
also note that fluctuations of the torsion angle φ between the
phenyl rings could add to the spread in the main conductance
region GH (see SI for transmission curves). Upon further
displacement, typically (zH* − zL*) = 0.2−0.3 nm, several OPE
wires (1, 2, 4−7) show clear evidence for the evolution of a
low-conductance region GL on the right of the main
conductance region in the 2D conductance histograms (see
SI). For molecule 1, θ is estimated to be zero, which indicates
that the molecule is completely elongated in the junction. The
probability of forming π−π-stacks in the molecular junction is
rather low for 1 due to the low π-electron density in the
molecule. Further, based on the snap-back-corrected character-
istic length zL*, it is clear that the low-conductance feature
observed in the histogram can be attributed to the pulling out
of a gold atom from the electrode. This case would correspond
to the molecule also coupled to an adatom on the surface,
whose presence would give a longer distance relative to the
surface normal and a lower conductance when the molecule
assumes small angles. Indeed the difference in conductance
between the A-H and the A-A configurations is close to the
experimentally observed trends. Note, however, that the results
are rather similar to those of the A-H configuration when the
angles are large, which seems to indicate that such angles are
not favored in this configuration and at those distances. The
two limiting configurations of the pulling process are displayed
in Figure 13, namely the A-H with a tilt angle and the straight
A-A, which give rise to the highest and the lowest values of
conductance, respectively. Molecules 4−7 contain larger π-
electron cores, which can facilitate π−π-stacking. For these
molecules there is a high probability to form supramolecular
π−π-stacking junctions, which may represent the low-
conductance state. Comparative experiments of mono- and
dithiolated OPE rods suggest that supramolecular π−π-stacks
could form indeed.44,52 Both modes, the A-A configuration as
well as the intermolecular π−π-stacking, may represent the final
stage of molecular junction breakage, or may occur even
coupled.

■ CONCLUSIONS

We studied experimentally (STM-BJ and MCBJ techniques)
and theoretically the conductance of a family of OPEs with
thiol linker groups. 1D and 2D conductance histograms showed
well-defined conductance features of the junctions formed. We
observed experimentally and theoretically that the junction
conductance decreases with molecular length and increases
with a decrease in (EF − EHOMO), the difference between EF
and the nearest molecular orbital, which is EHOMO in the
present case. The exponential decay of the conductance with
molecular length and the value of the decay constant β indicate
that the charge transport through these molecules follows a
nonresonant tunnelling mechanism. The SAINT-corrected
DFT calculations with a adatom−hollow contact geometry
for the high-conductance state GH show an excellent agreement
with the experiment, both qualitatively and quantitatively. We
also conclude that the most probable breaking event of a
stretched molecular junction occurs in a tilted geometry.
Distinct deviations from the experimental correlation of
conductance versus distance Lm for the cross-conjugated wire
8 and OPE 9 are attributed to a destructive quantum
interference and to the broken π-conjugation, respectively.

Experimentally we found high (GH) and low (GL)-
conductance values for the OPEs 1, 2, 4−7. Theoretical
calculations suggest that the appearance of the low-conductance
feature originates from a change in surface coordination from a
adatom−hollow to an adatom−adatom geometry with the
molecular rod assuming a straight orientation to the surface
normal for smaller molecules (1, 2). The involvement of
stacking interactions in this mechanism cannot be excluded for
the molecules with larger π-electron core (4−7), and are one of
the targets of our current work.
In summary, we have developed, employing a combined

experimental and theoretical approach, a rather uniform
description of the formation and breaking of OPE-type
molecular rods attached to gold electrodes. We demonstrated
the sensitivity of our complementary STM-BJ and MCBJ
approach, and developed clear correlations between molecular
structure features and conductance, which shall serve as a
guidance for future research on designing and developing
nanoscale-based molecular circuits.
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(45) Wu, S. M.; Gonzaĺez, M. T.; Huber, R.; Grunder, S.; Mayor, M.;
Schönenberger, C.; Calame, M. Nat. Nanotechnol. 2008, 3, 569−574.
(46) Xiao, X. Y.; Nagahara, L. A.; Rawlett, A. M.; Tao, N. J. J. Am.
Chem. Soc. 2005, 127, 9235−9240.
(47) Liu, K.; Wang, X.; Wang, F. ACS Nano 2008, 2, 2315−2323.
(48) Hybertsen, M. S.; Venkataraman, L.; Klare, J. E.; Cwhalley, A.;
Steigerwald, M. L.; Nuckolls, C. J. Phys.: Cond. Matt. 2008, 20, 374115.
(49) Weibel, N.; Mishchenko, A.; Wandlowski, T.; Neuburger, M.;
Leroux, Y.; Mayor, M. Eur. J. Org. Chem. 2009, 6140−6150.
(50) Xing, Y.; Park, T.-H.; Venkatramani, R.; Keinan, S.; Beratan, D.
N.; Therien, M. J.; Borguet, E. J. Am. Chem. Soc. 2010, 132, 7946−
7956.
(51) Lu, Q.; Liu, K.; Zhang, H. M.; Du, Z. B.; Wang, X. H.; Wang, F.
S. ACS Nano 2009, 3, 3861−3868.
(52) Haiss, W.; Wang, C. S.; Grace, I.; Batsanov, A. S.; Schiffrin, D. J.;
Higgins, S. J.; Bryce, M. R.; Lambert, C. J.; Nichols, R. J. Nat. Mater.
2006, 5, 995−1002.
(53) Martin, S.; Grace, I.; Bryce, M. R.; Wang, C.; Jitchati, R.;
Batsanov, A. S.; Higgins, S. J.; Lambert, C. J.; Nichols, R. J. J. Am.
Chem. Soc. 2010, 132, 9157−9164.
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