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Abstract: The charge transport characteristics of a family of long conjugated molecular wires have been
studied using the scanning tunneling microscope break junction technique. The family consists of four
wires ranging from 3.1 to 9.4 nm in length. The two shortest wires show highly length dependent and
temperature invariant conductance behavior, whereas the longer two wires show weakly length dependent
and temperature variant behavior. This trend is consistent with a model whereby conduction occurs by two
different mechanisms in the family of wires: by a coherent tunneling mechanism in the shorter two and by
an incoherent charge hopping process in the longer wires. The temperature dependence of the two
conduction mechanisms gives rise to a phenomenon whereby at elevated temperatures longer molecules
that conduct via charge hopping can yield a higher conductance than shorter wires that conduct via tunneling.
The evolution of molecular junctions as the tip retracts has been studied and explained in context of the
characteristics of individual transient current decay curves.

Introduction

Understanding charge transport in a single molecule bridged
between two electrodes is paramount to the goal of creating
devices from single molecules and directly relevant to electron
transfer phenomena in many chemical and biological systems.1,2

Two distinct charge transport mechanisms have been extensively
discussed in the literature: coherent transport via tunneling or
superexchange and incoherent thermally activated hopping.
Coherent tunneling or superexchange dominates through short
molecules, and the conductance is given by3

where Gc is the contact conductance, � is the tunneling decay
constant, and L is the length of the molecule. In addition to the
exponential decay of the conductance with molecular length,
this coherent process is characterized by temperature indepen-
dence. Incoherent hopping is believed to be responsible for
charge transport along long molecular wires, and the conduc-
tance follows an Arrhenius relation given by

where EA represents the hopping activation energy. Charge
hopping is also characterized as a weakly length dependent
process which gives rise to conductance that varies as the inverse
of molecular length.

Wirelike molecules made of repeating units are ideal for
understanding charge transport mechanisms because they allow
one to study both coherent and incoherent transport as well as
the transition between the two by systematically changing the
wire length. The transition from tunneling to hopping was
observed by measuring photoinduced charge transfer kinetics
in donor-bridge-acceptor systems with modulated molecular
length4 and in DNA molecules.5 Theoretical works by various
groups6-12 have provided additional insights into the experi-
mental results and charge transport mechanisms in general.
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Few conductance measurements of molecules with modulated
length bridged between electrodes have been carried out. Xu et
al. reported a hopping-like charge transport mechanism based
on length dependence measurements in DNA molecules con-
taining GC base pairs.13 However, further work did not show a
strong temperature dependence in these DNA molecules due
to the narrow temperature window accessible for the experi-
ment.14 Frisbie and colleagues first reported on the transition
from tunneling to hopping by means of direct resistive measure-
ments as a function of molecular length, temperature, and
applied bias in junctions made out of hundreds of molecules
using conducting probe atomic force microscopy (CP-AFM).15

The experiment was carried out in molecular thin films in which
short-range intermolecular interactions prevent these results from
being directly correlated with the behavior of a single mol-
ecule.16 Wang and colleagues first reported on the mechanism
transition at the single-molecule level by characterizing the
distance dependence of molecular conductance using the scan-
ning tunneling microscopy (STM) break junction method and
CP-AFM;17 however, the results were reported only in light of
length dependence, not temperature dependence, which is
necessary to be completely certain that a transition from
tunneling to hopping has occurred.18

Here, we report results that support a transition between
tunneling and hopping in single-molecule junctions by carrying

out both length and temperature dependent measurements of
conductance. The family of molecules investigated consisted
of four molecular wires ranging from 3.1 to 9.4 nm in length,
shown in Figure 1. To the best of our knowledge, the last
molecule in this family represents the longest molecular wire
measured by formation of a single molecule junction. At
elevated temperatures one can observe higher conductance in
the longer wires that conduct via hopping than in the shorter
wires that conduct via tunneling. The formation and evolution
during pulling of these long molecular wire junctions with the
STM break junction method was studied by analyzing the
individual transient current decay curves.

Experimental Section

Chemicals. The molecular wires used in this study were
synthesized at the Max-Planck Institute for Polymer Research.
Analytical and spectral information can be found in the Supporting
Information.

Sample Preparation. Gold substrates were prepared by ther-
mally evaporating 130 nm of 99.9995% Alfa Aesar gold onto
freshly cleaved mica slides in a UHV chamber (∼5 × 10-8 Torr)
and annealing for 3 h at 360 °C to ensure a flat Au(111) surface.
Each substrate was flame annealed with hydrogen for approximately
45 s before being placed in the STM cell with pure mesitylene.
STM tips were prepared by cutting 0.25 mm 99.998% gold wire
from Alfa Aesar. Before addition of the molecules, the sample
substrate was imaged in the STM to ensure that there was a clean
surface that was free of contamination and that sharp terrace ledges
were clearly visible, which is indicative of a sharp tip. Once the
surface was experimentally confirmed to be free of contamination,
the cell was taken out of the STM chamber and a solution of an
approximately 100 µM concentration of the protected molecules
in mesitylene was added dropwise to the cell. The acetyl protecting
group was self-cleaved when the molecules were added to the STM
cell because steps corresponding to formation of a molecular bridge
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Figure 1. Molecular structure of the wires used in this study. The lengths measure 3.1, 5.2, 7.3, and 9.4 nm for the 1-, 2-, 3-, and 4-mer wires, respectively.
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were immediately observable when break junction measurements
were carried out.

Electrical Measurements. The STM break junction method was
employed to repeatedly form molecular junctions between gold
electrodes.19 The current was modulated using a homemade
LabVIEW program with two feedback set points. The set points
were defined as 10 nA and 1 pA with a bin size of 0.7 pA for the
1-mer wire and 1 nA and 0.1 pA with a bin size of 0.07 pA for the
2-, 3-, and 4-mer wires. The upper set points used for either
amplifier were not high enough to form a metallic contact between
electrodes; however, a molecular junction was still able to form.
The LabVIEW program was used to engage the tip toward the
surface until the upper set point current was reached. When this
occurred, the tip was retracted. In the absence of molecules, a pure
exponential decay in the current with respect to the tip-sample
distance is observed. However, when molecules are present, a
molecular bridge occasionally forms, which produces a plateau in
the transient decay curve corresponding to the approximate current
through the molecule. The retraction of the probe continues until
it reaches a distance of 2-5 nm beyond the distance corresponding
to the low set point current. The additional ramping beyond the
minimum set point current was added to make sure that the
molecular junction had been completely broken. When the probe
has finished retracting, the tapping cycle is repeated so that
thousands of decay curves can be recorded.

The STM setup consisted of a Molecular Imaging STM head
controlled by a Digital Instruments IIIa controller integrated with
a homemade LabVIEW feedback program. A single-stage 1 nA/V
amplifier was used to measure the 1-mer wire, and an additional
10× second stage was employed to produce an overall gain of 0.1
nA/V for the 2-, 3-, and 4-mer wires. The sample temperature was
controlled using a Peltier stage for the 1-mer wire and a resistive
heating stage for the 2-, 3-, and 4-mer wires. For each temperature
setting, the system was allowed to stabilize for approximately
20-30 min before measurements were taken to minimize thermally
induced drift.

Approximately 5000-15000 decay curves were collected for
each molecule at each temperature setting. Typically, more curves
needed to be measured for longer molecules because the step yield
was relatively low at these lengths. Of the recorded curves,
approximately 200-400 decay curves showing steplike features for
each measurement setting were selected manually to construct a
conductance histogram. Curves with steplike features were easily
identified due to the long length of the steps, typically close to 1
nm or more, and the generally clean drop in the step that results
from breaking the molecular junction. A full discussion of the
selection criteria is given in section 2 of the Supporting Information.
Experiments were repeated at two to three different temperatures
for each molecular wire to ensure reproducibility of the results.
Peaks in the histograms were used to determine the conductance
of the single-molecule junctions. The median and full width at half-
maximum (fwhm) of the peaks were found by fitting each
conductance peak to a Gaussian distribution.

Step length data were extracted from transient decay curves
showing steplike features. The ramping rate of the tip was fixed at
20 nm/s for all experiments to avoid ramping rate changes from
affecting the stability of the junction.20 When tapping experiments
were performed, noise from the use of high bias frequently caused
dips in the current below the predetermined minimum set point
current. To prevent the tip from prematurely ramping toward the
surface before the junction had been completely broken, the
piezoelectric actuator was assigned to ramp an additional 2-5 nm
after the minimum set point current had been reached. Further
distances were used for the longer molecular wires. The step length
was determined by measuring the distance between a predetermined

high and low current in each transient decay curve that showed
current plateaus corresponding to formation of a molecular junction.
Thus, both conductance and step length histograms were compiled
from the same set of decay curves with current plateaus. Typically,
the high current was chosen to be approximately 3 times the value
of the median step height, while the low current was chosen to
be about 10% of the median step height. Each transient decay curve
was processed through a 1000 Hz low-pass filter to minimize the
presence of noise spikes, which can interfere with step length
measurement.

Results and Discussion

Conductance of the Molecules. Figure 2 shows conductance
histograms for the four molecules at 40 °C. This temperature
was chosen to compare all four wires because the yield of
forming molecular junctions at lower temperatures is prohibi-
tively low for the 3- and 4-mer wires. The yield increases with
temperature, an interesting observation that we will discuss later.
The conductance is 9.8 × 10-6 G0 for the 1-mer wire with a
length of 3.1 nm, where G0 is the conductance quantum defined
as 2e2/h (e is the electron charge and h the Planck constant).
The value drops to 4.6 × 10-8 G0, more than 200-fold, for the
4-mer wire with a length of 9.4 nm. To the best of our
knowledge, the 4-mer wire represents the longest molecule that
has been measured with the STM break junction method. The
shapes of the peaks in the histograms vary from experiment to
experiment; however, experiments taken at the same conditions
show reproducible peak locations. The distribution of values
observed in conductance histograms is attributed to the statistical
nature of the break junction system, which can give rise to
different molecule electrode contact geometries21-23 and mo-
lecular configurations.23 To measure molecular conductance,
relatively large bias voltages between 200 and 1200 mV had to
be employed to produce conductance steps that could be
differentiated from the background. Ideally, low biases are used
because at higher biases the current voltage behavior becomes
nonlinear in nature.24,25 We can be certain that conduction occurs
within the linear regime of current-voltage behavior because
conductance histograms for the 4-mer wire taken at three
different biases (Figure S5, Supporting Information) all show
similar conductance peaks. We can be certain that measurements
taken with the shorter 1-, 2-, and 3-mer wires were also in the
linear regime of conductance due to the larger energy gaps of
the molecules (Figure S7, Supporting Information) and lower
applied biases that were used compared to those for the 4-mer
wire (Table S1, Supporting Information).

Length Dependence. A semilog plot of conductance as a
function of molecular wire length with error bars given by the
fwhm of the conductance histograms is given in Figure 3. Note
that all except the 4-mer wire data were obtained at 25 °C. For
the 1- and 2-mer wires, the conductance is highly length
dependent, and an exponential fit of the curve gives a tunneling
decay constant of 2.06 ( 0.09 nm-1, which is similar to the
decay constant measured for other conjugated molecular
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wires,15,17,26-28 albeit with differing molecular structures. The
conductance becomes weakly length dependent for the 3-mer
and 4-mer wires. This trend suggests that electron transfer occurs

via a nonresonant tunneling process in the 1- and 2-mer wires
and transitions to a charge hopping mechanism for the 3- and
4-mer wires. However, this statement cannot be verified by
length dependence alone,18 and as a result the conductance
values of the molecular wires were measured at different
temperatures.

Temperature Dependence. Part c of Figure 4 shows that the
conductance of the 1- and 2-mer wires is independent of
temperature, while parts a and b of Figure 4 show that the
conductance of the 3- and 4-mer wires varies systematically
with temperature. This trend supports the hypothesis that charge
transport occurs by tunneling in the shortest two molecules and
by thermally activated hopping in the longer molecules. The
transition occurs between the 2- and 3-mer wires for this
molecular family, which represents a length of between 5.2 and
7.3 nm. Elsewhere, transitions in other conjugated systems have
been approximately 2.5 nm,4 2.75 nm,17 4 nm,15,28 and from
5.6 to 6.8 nm.26 Thus, compared to other systems, our set of
molecular wires display long-range tunneling behavior.

Charge hopping activation energies for the 3- and 4-mer wires
were found by fitting Arrhenius curves to Figure 4c. The
activation energies for the 3- and 4-mer wires were measured
to be 0.52 and 0.58 eV with r2 values of 0.947 and 0.997,
respectively. These values are reasonably consistent with
measurements on molecular wires carried out using conducting
probe AFM15 and electrochemical impedance spectroscopy.29

Transition from Tunneling to Hopping. The transition from
tunneling to hopping conduction mechanisms leads to a peculiar
length dependent conductance for the 2-mer and 3-mer wires.
At low temperatures, the shorter 2-mer wire is more conductive

(26) Yamada, R.; Kumazawa, H.; Tanaka, S.; Tada, H. Appl. Phys. Express
2009, 2 (2), 025002.

(27) Salomon, A.; Cahen, D.; Lindsay, S.; Tomfohr, J.; Engelkes, V. B.;
Frisbie, C. D. AdV. Mater. 2003, 15 (22), 1881–1890.

(28) Choi, S. H.; Risko, C.; Delgado, M. C. R.; Kim, B.; Bredas, J. L.;
Frisbie, C. D. J. Am. Chem. Soc. 2010, 132 (12), 4358–4368.

(29) Arikuma, Y.; Nakayama, H.; Morita, T.; Kimura, S. Angew. Chem.,
Int. Ed. 2010, 49 (10), 1800–1804.

Figure 2. Conductance histograms of each molecular wire at 40 °C. This temperature represents the lowest at which all four wires could be measured.

Figure 3. Measured conductance as a function of wire length at T ) 25,
40, and 50 °C. Conductance was invariant of temperature in the 1- and
2-mer wires and varied systematically with temperature for the 3- and 4-mer
wires. The red line is included as a guide to the eye.
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than the longer 3-mer wire. However, the 3-mer wire conduc-
tance increases with temperature, while the 2-mer wire con-
ductance remains temperature invariant. Consequently, the
longer 3-mer wire becomes even more conductive than the shorter
2-mer wire when the temperature is above 40 °C. The crossover
point is marked by a red square in Figure 4c. Wasielewski and
colleagues observed a similar behavior in the study of photo-
excited electron transport in donor-bridge-acceptor molecular

wires.4,30 The authors attributed this phenomenon in context of
the donor and bridge energy levels and cite the decreasing
energy mismatch between the lowest unoccupied molecular
orbitals of the donor and bridge as the bridge length increases
as being responsible for the higher electron transfer rate in the
hopping regime.4 Thus, the phenomenon Wasielewski et al.
observed was only made possible by the fact that the molecular
energy gap changes significantly with the bridge length.
However, the absorbance spectrum given in Figure S7 in the
Supporting Information shows that the molecular energy gap
only decreases from approximately 3.00 to 2.86 eV from the
1-mer to the 4-mer wire. This represents a negligible change
compared to that of Wasielewski’s wires, and thus, we feel the
explanation given by Wasielewski and colleagues does not
explain why the hopping conductance can exceed the tunneling
conductance in our system.

Molecular Junction Formation. The yield of forming mo-
lecular junctions in the present system increases with temper-
ature and decreases with molecular length. The temperature
dependence results from the thermal activation required to form
a gold-sulfur bond between the STM tip and the terminal thiol
group of the molecule. The molecular length dependence of the
junction yield results from the relative difficulty in forming a
well-ordered SAM with longer molecules. In decay curves where
a junction is formed, the steps are frequently defined by
fluctuations in the current as the tip retracts (see Figure 5b).
This phenomenon has also been observed elsewhere,31 and has
been attributed to the formation and breakdown of the
molecule-electrode contacts. In the present system, the sliding
of the molecules on the electrode surfaces during pulling may
also contribute to the fluctuations. This phenomenon is discussed
in more detail later. Another observation worth noting here is
the large step length, the length a molecular junction can be
stretched before breakdown. In the case of alkanedithiols, an
extensively studied molecular system, the typical step length is
a fraction of a nanometer. The step length in the present system
can be as large as several nanometersscomparable to the length
of the molecules.

Step length information was extracted from transient decay
curves collected at 40 °C. Examples of steps collected for the
4-mer wire are given in Figure 5b. This temperature was the
lowest at which all four molecular wires could be measured.
Length histograms presented in Figure 5c show the step length
distributions for all four of the molecular wires. The figure shows
a progressive decrease in the median step length as the molecular
wire length is increased. This trend is accompanied by a
corresponding increase in step length spread as the wire length
is increased. Across all wires studied, there were examples of
steps approaching the theoretical length of the molecule,
measured from sulfur atom to sulfur atom. In fact, in the 3-
and 4-mer wires, there were examples of steps exceeding 5 nm
in length. The tail end of the step length histogram for the 1-mer
wire exceeds the theoretical length of the molecule by as much
as 0.75 nm. However, the theoretical length does not include
the formation of gold-sulfur bonds at either end of the junction,
each of which measure 0.245 nm in length. When these bonds
are accounted for, the longest step is only about 0.26 nm longer
than the theoretical length of the junction. This length extension
can be explained by the formation of a gold atom chain at either

(30) Davis, W. B.; Ratner, M. A.; Wasielewski, M. R. J. Am. Chem. Soc.
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Figure 4. (a, b) Conductance histograms for the 3-mer wire (a) and 4-mer
wire (b) measured at different temperatures. (c) Arrhenius plot of
conductance for the 1-, 2-, 3-, and 4-mer wires. The conductance values
measured for the 3- and 4-mer wires show a systematic dependence on
temperature, suggesting that charge transport occurs via a thermally activated
hopping process. The red square marks the transition where the conductance
of the 3-mer wire intersects the conductance of the 2-mer wire.
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end of the junction. This concept is illustrated in Figure 5a.
Previous studies have suggested that such a chain can form at
each end of the contacts32-34 and can reach several atoms in
length at room temperature.32 Given that the atomic distance
between gold atoms is approximately 0.236 nm, a gold chain
of only a single atom at either end of the junction could easily

explain the observed steps that exceed the theoretical length of
the 1-mer wire.

The histograms shown in Figure 5c all show a median step
length significantly less than the theoretical length of the
molecule. We propose a “sliding model”, illustrated in Figure
6, to explain the evolution of the molecular junction. The sliding
model we describe here is similar to those proposed previously.35,36

In this model, the molecules are inhibited from standing upright
on the surface due to their length; however, their alkyl side
chains also prevent them from lying flat on the surface of the
substrate. As a result, the molecules form a monolayer at an
angle to the substrate when the molecular junction first forms.
The retraction of the tip serves to pull the molecule in the
junction into an upright position by sliding the gold-sulfur bond
on the surface so that it is positioned under the apex of the tip.
The fluctuations shown in the decay curves in Figure 5a,b can
be partially attributed to the gold-sulfur bond sliding along
the surface of the substrate as the tip retracts. Sliding is more
difficult for longer molecules which inherently contain more
degrees of freedom and are more likely to couple to the
substrate. These factors may explain why the median step length
in Figure 5c decreases for longer molecules. While local heating
in molecular junctions is known to affect junction stability,37 it
is unlikely to have affected the junction stability of the longer
molecules because heating is the result of current through the
molecule and applied bias, and in our system of molecular wires
the current decreases substantially with the molecular length
even as the bias is increased.

Conclusion

The STM break junction technique was used to study the
electrical properties of a family of molecular wires from 3.1 to
9.4 nm in length. The results showed highly length dependent
and temperature invariant behavior in the shortest two wires
and weakly length dependent and temperature variant behavior
in the longer two wires. These data are consistent with a model
whereby conduction is dominated by a coherent tunneling
process in the shortest two wires and transitions to an incoherent
hopping process in the longer two wires. To the best of our
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Figure 5. (a) Schematic illustration of 1-mer pulling, which can form steps
slightly longer than the molecular length when formation of gold chains at
the electrodes is accounted for. The measured length of the step is illustrated
by vertical red lines. (b) Transient decay curves of the 4-mer wire, where
the step length can exceed 5 nm in length. (c) Histograms of measured
step lengths for all four wires at 40 °C. The red lines denote the lengths of
the molecular wires.

Figure 6. Schematic illustration of proposed molecular junction evolution.
As the tip retracts, the molecule slides along the surface of the substrate so
that it is pulled upright.
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knowledge, the last wire in the series represents the longest
molecule measured by formation of a single-molecule junction.
We found that the transition in charge transport behavior occurs
between wires measuring 5.2 and 7.3 nm in length, which
represents relatively long range tunneling. For the wires that
conduct via hopping, the activation energy was measured to be
between 0.52 and 0.58 eV. At elevated temperatures, charge
hopping in the 3-mer wire can yield a higher conductance than
nonresonant tunneling in the 2-mer wire. Analysis of the step
length distribution showed that most steps were significantly
shorter than the length of the molecule being measured. We
feel that this phenomenon is best explained by sliding of the
gold-sulfur bond across the substrate as the probe is retracted
until either the bond stochastically breaks or the junction is
mechanically broken.
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