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Abstract: We have studied electron transport properties of unsubstituted oligo(phenylene ethynylene) (OPE)
(1) and nitro-substituted OPE (2) covalently bound to two gold electrodes. The conductance values of
single 1 and 2 are ∼13 and ∼6 nS, respectively. In addition to a decrease in the conductance, the presence
of the nitro moiety leads to asymmetric I-V characteristics and a negative differential resistance-like (NDR-
like) behavior. We have altered the nitro-substituted OPE by electrochemically reducing the nitro group
and by varying the pH of the electrolyte. The conductance decreases linearly with the electron-withdrawing
capability (i.e., Hammett substituent values) of the corresponding reduced species. In contrast, the
conductance of 1 is independent of the pH and the electrode potential.

Introduction

The vision of using a single molecule or a small number of
molecules to build electronic devices has led to a growing
interest in molecular electronics in recent years.1-6 One
essential task in molecular electronics is to understand electron
transport through a single molecule electrically wired to two
electrodes.7-16 This requires us to determine the dependence
of the electron transport properties not only on temperature,17

device geometry,18-20 and molecule-electrode interfaces21,22but
also on the chemical nature of the molecule, including substitu-
tion, redox properties, molecular length, and conjugation. The
aim of the present work is to study the role of substitution on
the conductance of single oligo(phenylene ethynylene)s (OPE)
dithiolated molecules and to control the electron transport
properties of the molecules via electrochemical reaction of the
substituent groups.

OPE dithiolated molecules are attractive for molecular
electronics due to several reasons. (1) The HOMO-LUMO gap
of the molecules is∼3 eV, rather small in comparison to that
of molecules with saturated bonds, which may lead to efficient
electron transport. (2) The synthetic flexibility to alter their
chemical moieties makes them good candidates for one to study
the substituent effects on the electron transport properties.23-29

For example, by controlling the electron donating and with-
drawing of the substituents on the OPE, one expects a large
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change in the conductance.23,29(3) OPE-NO2 exhibits interest-
ing negative differential resistance (NDR)7,30-33 and stochastic
conductance switching phenomena.34-38 (4) OPE-NO2 is
electroactive, which allows one to change the substituent via
electrochemical reduction of the nitro group.

Many previous experiments on OPE molecules involved
either a large number of molecules or only one end covalently
attached to one electrode.7,32,39 We report here on a study of
the electron transport properties of single OPEs covalently
attached to two electrodes using a scanning tunneling micros-
copy (STM)-break junction method. Furthermore, we determine
the dependence of the single molecule conductance as a function
of the electrochemical gate voltage.

Experimental Section

Materials and Measurements.The STM-break junction method
was described briefly in ref 16. Here, we provide more details. The
setup is modified from Pico-STM (Molecular Imaging). In the present
work, we used a gold substrate and a gold tip. The substrate was
prepared by thermally evaporating 100 nm gold on mica in a UHV
chamber. Prior to each experiment, the substrate was briefly annealed
in a hydrogen flame. The STM tip was prepared by cutting a 0.25 mm
gold wire (99.999%), which was then coated with Apiezon wax in order
to reduce ionic conduction and polarization currents. The leakage
current, due to ionic conduction and polarization, was on the order of
picoamperes. The STM cell was cleaned by piranha solution (98% H2-
SO4:30% H2O2 ) 3:1, v/v) and then sonicated in 18 MΩ water three
times. (Caution: piranha solution reacts violently with most organic
materials and must be handled with extreme care.) The electrochemical
experiment was conducted in an argon atmosphere. The potentials of
the tip and the substrate were controlled with respect to a quasi reference
electrode (Ag wire) using a gold counter electrode and a bipotentiostat
(PicoStat, Molecular Imaging). The quasi reference electrode was
calibrated against the more commonly used Ag/AgCl (in 3.5 M KCl)
reference electrode.

The first step of the conductance measurement is to image the
substrate covered with OPE molecules in solution. The STM image
reveals typically sharp monatomic steps and well-ordered molecular
domain structures of the adsorbed molecules. After imaging the
substrate, we turn off the STM feedback and control the tip movement
using a separate computer running a Labview program. The program
detects the conductance between the tip and the substrate and compares
it to a preset value (e.g., 4G0, whereG0 ) 2e2/h ∼ 77 µS, wheree is
the electron charge andh is the Planck constant). If the conductance is
smaller than the preset value, the program drives thez-piezo of the
STM scanner to move the tip linearly toward the substrate to form a
quantum point contact. The driving rate of the STM tip is usually set
at around 40 nm/s. If the conductance is greater than the preset value,
the program moves the tip out of the contact until the current drops to

zero and then moves the tip back toward the substrate to re-establish
the preset value. In this way, the tip is driven in to and out of contact
with the substrate repeatedly, and the transient conductance curves
(Figure 1b) are recorded with a digital oscilloscope during the process.
Drift often moves the tip either too close to the substrate or too far
from the substrate. When this occurs, we switch it back to the STM
feedback control, which moves the tip back to the tunneling regime.
Many transient conductance curves, such as the ones shown in Figure
1b, are recorded and then analyzed with a separate Labview program.
The program selects the ones with stepwise features and generates a
conductance histogram (e.g., Figure 1c). The percentage of the curves
with clear steps varies from 20-40%, depending on the samples.
Conductance histogram of the curves reveals pronounced peaks located
at integer multiples of a fundamental conductance value which is
identified as the conductance of a single molecule.7-16 When we
measure the conductance of a new molecule, the gain of the commercial
current amplifier has to be adjusted to cover a current range varying
from microamperes to tens of picoamperes until a proper gain is found.

Once the conductance of the molecule is determined using the
conductance histogram approach, we then use the following procedures
to measure theI-V curves of single molecules. First, the STM tip is
brought within the tunneling range of the substrate using the commercial
STM controller. We then turn off the feedback and move the tip in to
and out of contact with the substrate by manually adjusting a voltage
applied to thez-piezo of the STM scanner. Once the conductance drops
to a conductance step corresponding to the single molecule conductance
(determined by the statistical method), we freeze the STM tip position
and perform theI-V measurements. This approach is useful, but it
requires extremely good STM stability. We can routinely hold the tip
for many seconds to a few minutes using our setup.
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Figure 1. (a) Schematic illustration of a single molecular junction and (b
and c) the individual conductance curves with corresponding conductance
histogram constructed from 320 similar curves.
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For this study, we focused on compounds1 and 2. The latter is
electroactive and has been shown to exhibit NDR effects. We
synthesized the OPE compounds according to the protocol published
previously40 and characterized by mass spectroscopy and NMR for both
proton and carbon. The purity was about 99%. OPEs were self-
assembled on the gold substrate by a base-promoted adsorption.41 The
compound (1 mg) was dissolved in THF or acetonitrile (10 mL). After
10 min sonication and 10 min sparge with argon gas, the molecules
were deprotected by adding 20µL of NaOH (0.2 M). The gold substrate
was immersed into the sample solution at room temperature for a short
period (less than 4 h). The argon-saturated solution was immediately
covered with aluminum foil to avoid light exposure during self-
assembly. The substrate was then thoroughly rinsed with ethanol and
dried in the nitrogen atmosphere. Conventional cyclic voltammetry was
carried out on Au bead electrodes (99.999%) in an acetonitrile solution
containing tetrabutylamine perchlorate (TBAP) as the supporting
electrolyte. We used the redox peaks of Fc+/Fc as an internal potential
standard to calibrate the potential in the organic electrolyte. In aqueous
electrolytes, we calibrate the electrode potential using the redox potential
of [Fe(CN)6]3-/[Fe(CN)6]4- (see Supporting Information). Anhydrous
THF (Aldrich) and anhydrous acetonitrile (Aldrich) were used after
distillation. The remaining chemicals (NaOH, NaClO4, and TBAP) were
analytical grade and used as received. All measurements were carried
out at room temperature,∼20 °C.

Results and Discussion

A. Single Molecule Conductance.Our first objective is to
determine the single molecule conductance of OPEs covalently
attached to gold electrodes. Figure 1b shows a series of steps
in the conductance curves for compound2. These conductance
steps are due to the formation of 1, 2, 3, ... OPE molecules in
the junctions. There is a considerable amount of variations in
the conductance steps from one molecular junction to another,
as shown in the spread in the histogram (Figure 1c), possibly
due to different microscopic details of the individual junctions.
Nevertheless, the conductance histogram constructed from 320
curves shows pronounced peaks near the integer multiple of a
fundamental value for the molecule. The fundamental value
gives a well-defined average conductance of a single molecule.
In this case for compound2, the conductance is∼6 nS.
Similarly, hundreds of conductance curves were obtained for
compound1, yielding a conductance of∼13 nS. The presence
of the nitro group decreases the conductance of1 by a factor of
∼2.

The conductance values are on the same order of magnitude
as those measured using cross-wire39 and close to those obtained
by the electromigrated junction42 and mechanical break junction
methods.10 However, one has to be cautious when making such
comparisons since we determine theaVerageconductance of
singlemolecules while the numbers of molecules in the previous
measurements were not defined. The conductance of2 obtained
by conducting AFM is on the order of picosiemens. This
difference might be due to imperfect contact between the
nanoparticles and the AFM probe, or the fact that the AFM

measured molecules that were embedded in a matrix of an
organic monolayer.31

B. NDR-like Effect. Once the conductance of a single
molecule is firmly established using the statistical analysis, we
used our second method to measureI-Vbias characteristics of
single molecule junctions. For molecules1 and2, we determined
that within a relative small bias voltage range, theI-Vbiascurve
can be reproducibly obtained by cycling the bias voltage
between-1.5 and+1.5 V for several cycles (Figure 2a,b), then
the current suddenly drops to zero, corresponding to the
breakdown of the molecular junction at the molecule-electrode
interfaces, or occasionally jumps to a higher value relating to
the attachment of two molecules. When theVbiasrange is greater
than ∼1.5 V, the current becomes increasingly noisy, which
may be due to voltage-induced structural changes in molecular
junction or a local heating effect.43

There are significant differences in theI-Vbiascurves between
molecules1 and2. First, the slope of theI-Vbias curves near
zero bias for1 is about 2-fold larger as that for2, which is due
to different conductance of the two molecules. Second, the
I-Vbias curves for1 are symmetric, while theI-Vbias curves
for 2 are rather asymmetric. The asymmetricI-Vbiascurves are
correlated with the asymmetric position of NO2 group of2. An
interesting observation is that the polarity of the asymmetric
I-Vbias curves varies from one junction to another, demonstrat-
ing the random orientation of a single molecule trapped in the
junction.44,45Third, 90% of theI-Vbiascurves for2 show distinct
sharp current peaks between 1 and 2 V, which resembles the
NDR effect. In contrast, 85% ofI-Vbias curves of1 are rather
smooth, while the remaining 15% of the curves show some small
current spikes (Figure 2c) at large bias (∼1.5 V), which are
likely due to bias voltage-induced instability in the molecular
junctions.

Two typicalI-Vbiascurves are plotted in Figure 2d. The bias
voltage is repeatedly swept between-2 and+2 V, starting from
-2 V. The NDR-like peaks occur at both positive and negative
bias voltages, but their PVRs (peak-to-valley ratio) are quite
different. The appearance of the NDR-like peak in both positive
and negative bias voltages in the same molecular junction rules
out the possibility that the NDR-like peak is due to the reduction
of S-Au, which would cause breakdown of the single molecule
junction in the present case.12 Typically, the PVR on the high
current side is significantly larger than that on the low current
side. Since the asymmetricI-Vbias curves are correlated with
the asymmetric location of the nitro moiety, the asymmetric
PVR demonstrates that the NDR-like effect is related to the
electroactive nitro moiety.

The NDR-like peaks usually either decrease or diminish in
the reverse voltage sweep, indicating that a possible irreversible
redox process is involved. Figure 3 is an example that shows
NDR-like peaks in both forward and reverse potential scan
directions. The NDR-like peak appears at 1.85 V in the forward
positive scan direction, and it shifts to∼2 V in the reverse
direction. The junction usually breaks down when the bias is
swept above+2 V or below-2 V. One such example is shown
in the inset of Figure 3. The breakdown of the molecular

(40) Tour, J. M. et al.Chem.sEur. J. 2001, 7, 5118-5134.
(41) Cheng, L.; Yang, J. P.; Yao, Y. X.; Price, D. W.; Dirk, S. M.; Tour, J. M.

Langmuir2004, 20, 1335-1341.
(42) Selzer, Y.; Cai, L. T.; Cabassi, M. A.; Yao, Y. X.; Tour, J. M.; Mayer, T.

S.; Allara, D. L.Nano Lett.2005, 5, 61-65.

(43) Chen, Y.-C.; Zwolak, M.; Di Ventra, M.Nano Lett.2003, 3, 1691-1694.
(44) Kornilovitch, P. E.; Bratkovsky, A. M.; Williams, R. S.Phys. ReV. B 2002,

66, 165436.
(45) Reichert, J.; Weber, H. B.; Mayor, M.; von Lohneysen, H.Appl. Phys.

Lett. 2003, 82, 4137-4139.

Electrochemical Gate-Controlled Conductance of Single OPEs A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 127, NO. 25, 2005 9237



junction is visible as a sharp decrease of current to near zero,
which is most likely due to the reductive desorption of Au-S
bond.46 Note that the NDR-like peaks are observed before the
breakdown of the molecular junction. This observation, together
with the fact (discussed below) that the nitro group is reduced
at a more positive potential than the Au-S bond, further
indicates that the NDR-like effect is associated with reduction
of the nitro moiety rather than the reduction of the thiol.

To check if the NDR-like effect is due to a capacitive charg-
ing process, we recorded theI-V characteristics at various bias
sweep rates (Figure 4). We found that both the peak height and
position vary from one molecular junction to another even at
the same bias sweep rate, which shows that the NDR-like effect
is sensitive to the microscopic detail of the individual molecular
junctions. However, we did not observe a systematic dependence
of the peak height on the sweep rate, which rules out the NDR-
like effect as a simple capacitance charging process.

Figure 2. Individual current voltage (I-Vbias) curves for both molecules. (a and c) Reversible potential cycling below 1.5 V; (b and d) typicalI-Vbiascurves
recorded at a bias voltage below 2 V.

Figure 3. Two representativeI-V curves show the stability of the
molecular junctions. Blue/red arrows point to the forward/reverse scan
directions and the corresponding peaks, respectively.

Figure 4. Influence of the scan rate on the NDR-like effect of individual
single molecular junctions.
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C. Potential-Controlled Conductance of OPEs.The results
presented above were obtained in toluene, which did not
allow us to control the electrochemical reaction of the molecules.
To control the electrochemical reaction, we performed the
measurements in electrolytes and under electrochemical condi-
tion. Using a bipotentiostat, we controlled the potentials of both
the tip and the substrate electrodes, which can be operated in a
fashion similar to a field effect transistor (FET). In a conven-
tional solid state FET, a gate electrode controls the current
between a source and a drain electrode via changing the carrier
density. In contrast, the electrochemical gate controls the current
through a molecule via electrochemically oxidizing or reducing
the molecule, which has been observed for conducting polymer
junctions.47-50

Figure 5a shows the cyclic voltammograms of thioacetate-
protected OPEs on gold electrodes in anhydrous acetonitrile
containing TBAP as the supporting electrolyte. In the case of
1, only a small double layer charging current was observed.
However, three reduction peaks near-0.8, -1.5, and-1.9 V
were observed for2. The reduction peaks,C1 andC2, are similar
to those observed by Reed et al.,51 which are assigned to the
electrochemical reduction of the nitro group. The third peak,
C3, however, is due to the reductive desorption of the adsorbed
molecules because it diminishes with potential cycles. Figure
5b shows the first potential cycle for deprotected1 and2, while
a small amount of NaOH aqueous solution was added to the
above electrolyte. The reduction peaks at-1.16 V in both cases
are due to molecular desorption, whereas the additional reduction
peaks, near-0.5 and-1.1 V, are apparently due to the reduction
of the nitro moiety in2. Note that the reduction processes are
positively shifted and become almost irreversible in comparison
to that shown in Figure 5a, demonstrating the role of water
molecules involved in the reduction processes. The reduction
potentials are shifted to more positive values in 0.1 M NaOH
solution (Figure 5c).

We have measured the conductance of1 and 2 at various
electrode potentials between-0.9 and 0.3 V in 0.1 M NaOH
solution. We held the potential at each value for 5 min and
then performed the measurement with the STM-break junction
according to the procedures described earlier. For1, the
conductance is independent of the electrode potential. However,
the conductance of2 is sensitive to the potential and increases
as the potential is shifted more negatively (Figure 6). This
potential-dependent conductance also depends on the pH of the
electrolyte. We have measured the conductance of2 in 0.1 M
NaClO4 and 0.1 M NH4Ac, both have much lower pH than that
of NaOH. At potentials more positive than the reduction
potentials, the conductance is the same for the different
electrolytes, indicating the solution pH has little effect on the
conductance of2 when the molecule is not reduced. However,
when decreasing the potential below the reduction potentials
in NaClO4 and NH4Ac, the conductance first increases and then
decreases, which is different from that in NaOH. This difference
is related to the protonation of the amine group in NaClO4 and

NH4Ac, which indicates that OPE-NH2 has a larger conduc-
tance value in basic solution than that in neutral solution. This
conductance decrease of the final reduced molecules was also
observed when the basic solution (0.1 M NaOH) was replaced
by an acidic solution (0.1 M HClO4).

The change in the conductance of molecule2 upon electro-
chemical reduction is attributed to the changes of the substituent
effect on the central benzene ring. The irreversible reduction
of the nitro moiety in aqueous solutions gives rise to other
substituents. The basic reduction process from-NO2 to -NH2

in aqueous medium can be described via a sequential reduction
process through intermediate oxidation states:-NO2 f -NO
f -NH(OH) f -NH2.52-54 Since the current ratio of the two
reduction peaks in Figure 5b is approximately 1:2, we simply
ascribe the reduction of2 via a two-step reaction, that is, nitro
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Figure 5. Voltammograms of OPEs on gold bead electrodes. (a) Thioac-
etate-protected1 and2 in anhydrous MeCN+ 0.1 M TBAP solution, (b)
thiol-deprotected1 and2 in MeCN/H2O + 0.1 M TBAP+ 0.001 M NaOH
solution, (c) adsorbed2 in 0.1 M NaOH solution (first two cycles). Sweep
rate: 100 mV/s.
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is reduced via a two-electron process at the first peak potential
to nitroso (-NO) and is further reduced via a four-electron
process to amine (-NH2). Other products, such as hydroxy-
lamine (-NH(OH)), may have been involved at intermediate
negative potentials.

Hammett developed a set of substituent parameter values (σ),
which correlate the electronic effect of substituents with the
rates and equilibrium of organic reactions. The chemical nature
of a substituent can shift the frontier molecular orbital and alter
the electron transport efficiency through the molecule.23,55 As
shown in Figure 7, the measured conductance decreases linearly
with σ, which is in good agreement with the theoretical
estimation by Vedova-Brook et al.29 The decrease of the
conductance withσ is expected because largeσ corresponds to

a high electron-withdrawn substituent.56 The plot of the
conductance value versus reported theσ value shows linear
relationship (R ∼ 0.93) (Figure 7).

Conclusion

We have studied electron transport properties of single1 and
2 covalently bound to two gold electrodes in different solvents
and electrolytes. The average single molecule conductance is
13 nS for 1 and ∼6 nS for 2. The I-Vbias curves for1 are
symmetric and rather smooth. In contrast, theI-Vbias curves
for 2 are asymmetric and typically show an NDR-like effect.
The asymmetry is due to the asymmetric position of the NO2

group, and the NDR-like effect is related to an irreversible
reaction of the NO2 moiety. We have studied the two molecules
under electrochemical control. For1 that has no electroactivity
within the studied potential range, the conductance is indepen-
dent of the potential.2 has two irreversible reduction reactions
that occur in the NO2 moiety, which leads to a change in the
substituent and thus potential-dependent conductance. The
conductance decreases linearly with the Hammett parameter,
which describes the tendency of electron withdrawing from the
conjugated molecule.
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Figure 6. Conductance histograms of2 at different electrode potentials in
0.1 M NaOH solution. The single molecular conductance value is marked
by black arrows.

Figure 7. Plot of the observed conductance value versus substituent
Hammett parameters.
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