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Abstract
We measure the conductance and current–voltage characteristics of two amine-terminated
molecular wires— 4,4′-diaminostilbene and bis-(4-aminophenyl)acetylene—by breaking Au
point contacts in a molecular solution at room temperature. Histograms compiled from
thousands of measurements show a slight increase in the molecular junction conductance (I/V )
as the bias is increased to nearly 450 mV. Comparatively, similar conductance measurements
made with 1,6-diaminohexane, a saturated molecule, demonstrate almost no bias dependence.
We also present a new technique to measure a statistically defined current–voltage (I –V ) curve.
Application to all three molecules shows that 4,4′-diaminostilbene exhibits the largest increase
in differential conductance as a function of applied bias. This indicates that the predominant
transport channel for 4,4′-diaminostilbene (the highest occupied molecular orbital) is closer to
the Fermi level of the metal than that of the other molecules, consistent with the trends observed
in the molecular ionization potential. We find that junctions constructed with the conjugated
molecules show greater noise in individual junctions and less structural stability, on average, at
biases greater than 450 mV. In contrast, junctions formed with the alkane can sustain a bias of
up to 900 mV. This significantly affects the statistically averaged I –V characteristic measured
for the conjugated molecules at higher bias.

1. Introduction

Understanding charge transport across metal–molecule–metal
junctions could lead to the development of nanoscale devices
with functionality that can be tuned chemically [1]. It is
thus important to fully understand the mechanisms behind
charge transport across single-molecule junctions. In the
last decade, the characterization of the electronic properties
of single-molecule junctions has been studied extensively by
different methods [16, 12, 10, 17, 21, 3, 4, 20, 11, 2]. These
have focused both on measuring the low bias conductance
of a molecular junction as well as the current–voltage
characteristics under applied voltages up to the 1 V range or
larger. However, in practice, it is often hard to confirm that a
single molecule is actually bridging the metal electrodes and

to assess the structural stability of the molecular conformation
while the current is measured as a function of voltage.
Furthermore, a detailed understanding of these properties
requires the measurement of a statistically significant number
of junctions. As a result, experiments that directly correlate
molecular structure and current–voltage characteristics remain
challenging.

Here, we investigate the conductances of two short
amine-linked molecular wires: 4,4′diamino-stilbene (1), which
consists of two benzene rings with a vinyl bridge (C=C),
and bis-(4-aminophenyl)acetylene (2), which is similar but
with an ethynyl bridge (C≡C), and compare them to that
of 1,6-hexanediamine (3). The molecular structures are
illustrated in figure 1(A). These molecules bind to gold metal
electrodes through an electronically selective donor–acceptor
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Figure 1. (A) Schematic of experimental set-up: VA, is the applied bias voltage, I is the measured current and VM is the voltage measured
across the junction. The ∼100 k� series resistor is also shown. Structures of all three molecules are also shown. The N–N length of these
molecules are about 1.2 nm, 1.3 nm and 0.9 nm for 1, 2 and 3, respectively. The molecules bind to the gold leads through the lone pair of the
amines, represented here by arrows. (B) Normalized conductance histograms for all three molecules measured with a bias VM = 45 mV and a
1 mM solution of the molecules in 1,2,4-trichlorobenzene. A linear bin size of 10−5G0 is used for 1 and 2 (showing molecular peak and
conductance quantum peaks) and a bin size of 10−6G0 is used for 3. The peaks, determined using Lorentzian fits (or Lorentzian fit with
background subtraction for 2), are marked with arrows. Inset: sample measured traces for each of the three molecules showing the molecular
conductance steps. All traces except for the extreme left trace have been offset horizontally to the right for clarity.

bond formed between the N-lone pair on the terminal amine
link groups and an under-coordinated gold atom [18]. We
present a new measurement technique to probe the single-
molecule junction differential conductance as a function of
applied bias voltage. We find that, at a bias of about 400 mV,
the differential conductance of 1 increases the most, the
differential conductance of 2 increase modestly while 3 shows
almost no bias dependence. Since transport in these amine-
linked molecules is mediated through the highest occupied
molecular orbital (HOMO) [19], these results indicate that the
HOMO for 1 is closest to the metal Fermi level. Furthermore,
we find that molecular junctions of 1 and 2 become unstable at
a higher bias, while 3 can sustain a bias of up to about 900 mV.
This suggests that the amine–Au bond can sustain a high bias.
However, the partial charging of the resonant level supporting
transport in steady state at higher bias, as suggested by the
proximity of the HOMO to the Au Fermi level in 1 and 2, acts
to weaken the donor–acceptor bond.

2. Experimental method

We form single-molecule junctions by breaking a gold point
contact in a solution of the molecules [21] and measure the
conductance while pulling the junction apart at a constant
speed of 16 nm s−1. Molecule 1 was obtained from Astatech
(97% purity), molecule 2 was synthesized as described
earlier [5] and molecule 3 was obtained from Sigma-Aldrich
(>99% purity). Details of our experimental set-up have been
described previously [5]. Briefly, we use a home-built modified
scanning tunneling microscope (STM), designed with only z-
axis mobility. The STM tip is a high-purity (5N) gold wire
(Alfa Aesar), 0.025 inches in diameter, cut on an angle to
be sharp. The STM substrate consists of 100 nm of gold

thermally evaporated onto mica, which was cleaned under
UV/ozone prior to use. The measurements are carried out at
room temperature, in ambient conditions. We measure the
current (I ) through the tip–substrate junction using a current
amplifier. In the measurements described here, we place a
100 k� resistor in series with our tip–substrate junction to limit
the voltage drop across the junction when its resistance is very
low (figure 1(A)). A bias (VA) is applied across the junction
and series resistor. We measure the bias (VM) across the tip–
substrate junction and determine the conductance (G = I/VM)
by dividing the measured current with the measured voltage.

For single-molecule-junction current–voltage measure-
ments (I –V ), the STM tip is brought into contact with the
Au substrate until a conductance of greater than a few G0 is
obtained at an applied bias of about 50 mV. The tip is then
withdrawn by 2.4 nm at 16 nm s−1. This distance is chosen
to ensure that the gold point contact is broken by the end of
this elongation, a prerequisite for forming a molecular junc-
tion. At this point, the tip–substrate distance is held constant
for about 150 ms. During this ‘hold’ period, the VA is ramped
sinusoidally for one period and the current is measured. At the
end of this ramp, VA is set to 50 mV once again and the tip is
withdrawn an additional 2.4 nm to fully break the junction.

3. Results and discussions

We first measure the conductance of the three molecules in
separate experiments at a low bias (VM ∼ 45 mV) from
∼1 mM solutions of the compounds in 1,2,4-trichlorobenzene
(Sigma-Aldrich, >99% purity). The inset of figure 1(B)
shows sample conductance traces measured with each of the
three molecules, showing steps at integer multiples of G0 =
2e2/h = 77.5 μS, the quantum of conductance, and at
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Figure 2. Linearly binned normalized conductance histograms constructed from over 5000 traces without data selection for 1, 2 and 3 ((A),
(B) and (C), respectively) measured at four different bias voltages, VM. The peak locations are tracked by the arrows. Note: the histograms
have been offset vertically for clarity.

Figure 3. (A) Sample trace measured during a voltage sweep for molecule 1. The piezodisplacement (gray line) is shown in the upper panel.
The measured current (red, left axis) and voltage (blue, right axis) are shown in the bottom panel. Note that the voltage is very low when the
junction conductance is low due to the series resistor. (B) Multiple sample current–voltage traces for molecules 1 (upper panel) and 2 (lower
panel). These traces are obtained from the middle section of the voltage sweep, with VM starting at +450 mV and ending at −350 mV and are
chosen to illustrate the variety in measured traces. (C) Schematic level alignment diagram for two different biases showing the change in
charge transfer (extent of gray shaded region within the bias window) between the molecule and metal at a large applied bias.

a molecule-dependent value below G0. In figure 1(B), we
show conductance histograms constructed from thousands of
consecutively measured traces with each molecule at VM ∼
45 mV. A histogram measured in the solvent alone has no
features over this conductance range. By using Lorentzian fits
to the peaks (or a Lorentzian fit with a power-law background
for 2), we are able to extract the most-probable conductance
value for each molecule. We see a peak centered at about
1.0×10−3G0, 0.8×10−3G0 and 1.2×10−4G0 for molecules 1,
2 and 3, respectively, consistent with previous results [5]. For
2, we need to subtract a power-law background because the
peak is broad, probably due to the soft rotation barrier about
the C≡C bridge [9, 5]. To determine the bias dependence
of these conductance histograms, we measure conductance
traces at different constant biases. For each molecule, four
different biases ranging from VM ∼ 45 to 450 mV were

used and between five and ten thousand conductance (I/VM)

traces were compiled for each molecule at each bias to give
the conductance histograms. Results of these bias-dependent
measurements are shown in figure 2, where the peak of
the conductance histogram, indicated by the arrows, shifts
to higher conductance with increasing bias for 1 and 2, as
opposed to 3 where there is almost no change in the peak
position.

These measurements give average conductance (I/V )
versus applied bias; to measure the differential conductance
(dI/dV ) of these molecules as a function of applied bias, we
first construct a statistically significant I –V curve for each
molecule as follows. We measure thousands of I –V curves
on single-molecule junctions while holding the relative tip–
sample displacement fixed as described in section 2. A sample
measured trace for molecule 1 is shown in figure 3(A) to
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Figure 4. (A) and (B) Two-dimensional current–voltage histogram for 1 and 2 made from about 4500 and 6000 individual I–VM traces,
respectively. The current bin size is 0.5 nA and the voltage bin size is 5 mV. A vertical cross section (black line) is displayed in the inset. The
upper part is fitted with a Gaussian (red curve) in order to extract the peak location. (C) I–V curves for 1 (red), 2 (blue) and 3 (green)
determined from the peak locations of the cross sections at all voltage bins, like those shown in the insets of (A) and (B). The curves represent
the most frequently measured current as a function of bias voltage. Inset: relative differential conductance (dI/dV ) for 1, 2 and 3 normalized
to the respective differential conductance values at VM = 45 mV. These are obtained from the slopes of the linear fits to the I V curves in a
small voltage interval about each voltage.

illustrate the method, showing the piezo displacement, the
measured current (I ) and measured bias (VM) when a bias ramp
of about ±450 mV is applied. Thousands of such I –VM traces
were measured with each molecule. We further analyzed only
those traces for which the conductance just before and just after
the voltage ramp was within the peak seen in the respective
conductance histograms shown in figure 1(B). These were
selected using an automated algorithm. We found that about
15–25% of the measured traces had a molecule bridging the tip
and the substrate during the ‘hold’ section for molecules 1 and
2, although about 95% of our conductance versus displacement
traces had a molecule. Thus some junctions broke within the
initial 2.4 nm extension, some did not break until after the
150 ms ‘hold’ section and some junctions did not sustain the
bias ramp, bringing down the total number of successful I –VM

measurements. In our measurements with molecule 3, only 5%
of the measurements resulted in successful I –VM traces, even
though about 85% of the traces had a molecule bridging the tip
and substrate. In figure 3(B) we show sample I –VM traces for
molecules 1 and 2, where we can see that the current increases
through the junction with increasing bias. These I –VM curves
were chosen to illustrate the variety in measured I –VM curves.
We find that I –V traces for molecule 1 are much noisier at high
bias than those for molecule 2 or 3. A possible reason for this
will be discussed below.

The selected I –VM data were then used to construct a
two-dimensional histogram of current versus voltage. Such
histograms, obtained for 1 from about 4500 I –VM traces and
for 2 from about 6000 traces, are shown in figures 4(A)
and (B). An analogous histogram was also constructed for 3
but is not shown here. We fit Gaussians to vertical sections
at each voltage bin of the histogram (as demonstrated in the
insets of figures 4(A) and (B)) to track the peak in the current
distribution as a function of voltage. These correspond to
the most frequently measured current at each bias voltage for
all molecular junctions. The peak position is traced with the
dotted curves shown in figures 4(A) and (B). The resulting

I –VM measurements of 1, 2 and 3 are shown in figure 4(C)
(solid lines). We determine the differential conductance for
all three molecules by taking the slope of these I –VM curves
at a few fixed bias values. The inset of figure 4(C) shows
the differential conductance (dI/dV ) normalized to its value
at 45 mV (dI/dV45 mV). We can see that the dI/dV of 1 shows
the largest increase with applied bias, that of 2 shows a small
increase while 3 shows almost no bias dependence.

Two factors control the conductance of these single-
molecule junctions in the non-resonant tunneling regime:
(1) the position of the dominant transport channel, the
HOMO [19, 15, 8, 14], relative to the metal Fermi level and
(2) the coupling of the HOMO level to the metal, resulting
in a level broadening (figure 3(C)). Both could be different
for different molecules. The net effect of these two factors
determines the tunnel coupling across the junction. Using a
density functional theory (DFT)-based approach [6, 13], we
have previously shown that the trends in the tunnel coupling
can be determined by modeling the electronic structure of
a single under-coordinated Au atom bonded to each side
of the junction [5]. In particular, the tunnel coupling for
1 is found to be about 20% larger than that for 2. The
position of the HOMO relative to the Fermi level can only
be determined from a full transmission calculation including
corrections for correlation effects beyond DFT [15]. Such
calculations are beyond the scope of this paper. However,
we have previously measured the effect of substituents on the
conductance of benzenediamine [19]. Electron-withdrawing
substituents reduced conductance while electron-donating
substituents increased conductance. Electron-withdrawing
groups lower the molecular orbital energies (increase ε in
figure 3(C)) and the opposite for electron-donating groups. The
conductance results are only consistent with the HOMO being
the closest to the Fermi energy and mediating the tunneling
conductance. These trends were understood using a vertical
ionization potential calculation for the substituted species.
Subsequent full transmission calculations for benzenediamine
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Figure 5. Average I V curves determined from 2D I–VM histograms using a small ramp (±450 mV) or large ramp (±900 mV) for all three
molecules. Each averaged I V curve is determined from one tip/sample pair and two or three such datasets are superposed for each molecule
and ramp value. Variations in the I V curves from the small and large bias ramps are larger for 1 and 2 than the variations.

confirmed that the HOMO was the sole channel responsible for
low bias conductance, with an estimated separation ε ≈ 3 eV,
including corrections to DFT orbital energies, and a half-width
of about 0.5 eV [15, 14]. Calculations for amine-linked alkanes
show an even larger separation [8].

For the three molecules under study here, we calculated
the vertical ionization potential with a triple zeta basis
(including polarization and diffuse functions) and found them
to be 6.11 eV, 6.25 eV and 7.67 eV for 1, 2 and 3, respectively.
For reference, the calculated value for benzenediamine is
6.83 eV. The DFT calculations moderately underestimate
diamine ionization potentials [19], as also observed for other
aromatics [7], but represent the trends. The calculations
clearly suggest that the molecular wires (1 and 2) should
have the HOMO level closer to the electrode Fermi energy
than benzenediamine, but not by enough to reach the resonant
tunneling regime for the bias ranges under study here.
However, as the sketch in figure 3(C) illustrates, proximity to
the resonance can lead to enhanced differential conductance.
The calculated ionization potentials suggest a larger increase in
the differential conductance of 1 compared with 2 at elevated
bias. However, the magnitude of the effect observed at 400 mV
bias suggests that a more complete transmission calculation
will be required for full understanding. On the other hand,
the relatively constant differential conductance for the alkane
3 with bias is consistent with the HOMO-derived resonance
remaining substantially outside the bias window.

To probe this further, we performed similar I –V
measurements by applying a bias ramp of about ±900 mV
to all three molecules. Two-dimensional histograms of the
selected I –VM measurements were created and the most
frequently measured current versus voltage curves were
determined for all three molecules, as described in detail
above. We found that the fraction of traces where molecule
1 or 2 bridged the tip–substrate gap was about 10% with the
±900 mV ramp compared with 15%–25% for the ±450 mV
ramp. This implies that fewer junctions could sustain a
±900 mV applied bias. For molecule 3 there was no significant
difference in the trapping probability with the two different
ramps. In figure 5, we compare I –VM curves for all three
molecules with both bias ramps. We see that the I –VM

curves for 1 and 2 have a lower average conductance (I/VM)

with the ±900 mV ramp when compared with the ±450 mV
ramp. Since these measurements represent the most frequently
measured current at each voltage, they imply that, for 1 and
2, the types of junctions measured differ between the two
ramps; junctions with a higher average conductance cannot
sustain a bias of about 900 mV. In contrast, for 3, the I –
V curves are almost identical. This suggests a correlation
between the conductance of an individual junction and stability
of the junction under higher applied bias. One physical
explanation for such a correlation would be variations in the
proximity of the HOMO to the electrode Fermi energy. Larger
conductance corresponds to larger overlap of the HOMO-
derived transmission resonance to the electrode Fermi energy,
resulting in an increased charge transfer from the molecular
HOMO to the metal (figure 3(C)). As the applied bias is
increased, the portion of the resonance in the bias window
increases, resulting in more charge transfer. Thus for 1 and
2, which have a smaller HOMO–LUMO gap, we expect a
larger charge transfer between the electrode and the molecules,
while for 3, which has a very large HOMO–LUMO gap, we
do not expect a significant change in this charge transfer.
There are two donor–acceptor bonds that hold the diamine
in place between the emerging Au tips; we hypothesize that
this charge redistribution, while it may strengthen one of these
bonds, must weaken the other. This weakening of one bond
could result in noisier I –V curves, as we find experimentally.
Furthermore, the cleavage of this weaker link destroys the
molecular junction. The extent to which this bias-dependent
charge transfer strongly correlates with conductance could
account for the differences observed between low and high
applied bias range in both noise level in individual I –V
characteristics of individual junctions and the changes in the
averaged I –V curves. Molecule 1 has the highest conductance,
and thus a molecular level closest to the Fermi level when
comparing these three molecules. We expect a greater charge
transfer in molecular junctions with 1. Experimentally, this
would result in noisier I –V curves due to a decrease in the N–
Au bond strength, as well as a reduced ability to sustain higher
biases (decreasing number of successful I –V measurements.)
Molecule 2 would show a similar trend, though the extent
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of charge transfer would be smaller as it is less conducting,
and therefore has a HOMO level that is not as close to the
Fermi level. For 3, which has a very large HOMO–LUMO
gap, we do not expect a significant change in transfer when
comparing an applied bias of 0.4 or 0.8 V, consistent with the
experiment. We also note that, while the N-lone pair on the
amine link group remains highly localized for the alkanes, it
is significantly coupled to the π electron HOMO for 1 and 2,
further supporting a connection between charge removal from
the HOMO and bond strength in these cases.

4. Conclusions

We have presented an new technique to measure statistically
averaged current–voltage characteristics of single-molecule
junctions and have applied this technique to measure the
differential conductance of 4,4′-diaminostilbene (1) and bis-
(4-aminophenyl)acetylene (2) single-molecule junctions as a
function of bias voltage. We find that both molecules show
an increase in differential conductance as a function of applied
bias, in contrast to measurements of 1,6-diaminohexane (3).
This is consistent with trends in the ionization potential for the
three molecules. We further find that junctions with 1 and 2
show significant increases in noise and reductions in stability
at applied biases above about 450 mV, while junctions with 3
remain stable to a bias voltage of 900 mV. This significantly
affects the statistically averaged I –V characteristics at high
applied bias for 1 and 2.
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