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ABSTRACT: Controlling electron transport through a singlemolecule device is key to the realization of nanoscale electronic
components. A design requirement for single molecule electrical
devices is that the molecule must be both structurally and electrically
connected to the metallic electrodes. Typically, the mechanical and
electrical contacts are achieved by the same chemical moiety. In this
study, we demonstrate that the structural role may be played by one
group (for example, a sulﬁde) while the electrical role may be played
by another (a conjugated chain of CdC π-bonds). We can specify
the electrical conductance through the molecule by modulating to
which particular site on the oligoene chain the electrode binds. The
result is a device that functions as a potentiometer at the singlemolecule level.
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nderstanding and controlling charge transport through
molecular devices is critical not only to the realization of
molecular-sized devices but also in advancing the performance of
organic-based electronics.1,2 For such devices, it is insuﬃcient simply
to ascertain that certain molecular backbones can conduct; one must
predict, and ultimately control, molecular conductance. Here we
report a new type of single-molecule electronic device in which we are
able to predictably adjust the conductance of the individual molecular
circuit over a well-deﬁned range.3 Figure 1A shows our molecule
design. The terminal contact, which serves as the physical contact to
anchor the molecule, is a localized, two-electron donor in the form of
an organic sulﬁde.4 The electrical variable-contact is the set of
alternating π-bonds that form the conjugated π-space of a linear
oligoene. During the conductance measurement, electronic coupling
of the electrodes to the terminal contacts results in a low ﬁxed
junction conductance, while additional direct coupling through the πspace leads to higher tunable junction conductance. Furthermore, as
the contact moves relative to the molecular π-space over a distance of
more than 1 nm, the device conductance changes continuously. Thus
we can choose a conductance for the molecule a priori simply by
selecting the appropriate interelectrode spacing. These experiments
form the basis for a new type of tunable molecular electronic device.
For this study, we designed and synthesized two series of
molecular wires that are atomically deﬁned segments of
polyacetylene,5,6 each with diﬀerent terminal anchor groups (An
and Bn in Figure 1A). A simple synthesis was developed that aﬀords
molecules longer than 4 nm. This synthesis also tolerates a diversity
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of end groups while the cyano-groups on the molecular backbone
enhance molecular stability due to lowered HOMO and LUMO
energies relative to vacuum (see Supporting Information). The
crystallographically determined molecular structures of the parent series (Dn) show an ideal path of conjugation with alternating single and double bonds exclusively in the trans conﬁguration
(see Supporting Information Figure S1). The color of these
compounds is a strong function of the molecular length, indicating that the HOMO LUMO gap in these molecules decreases
with increasing molecular length (see Supporting Information
Figures S2 S4).
We ﬁrst demonstrate that these oligoenes behave as molecular
wires by measuring their electrical properties using a scanning
tunneling microscope-based break-junction technique.7 Using a gold
STM tip and substrate, Au Au point-contacts are repeatedly formed
and broken to expose undercoordinated Au atoms on the electrodes.
This technique is performed in a dilute solution of the target oligoene
(10 μM in 1,2,4-trichlorobenzene), trapping oligoenes between the
gold electrodes.8 We apply a constant bias voltage (ranging between
200 and 750 mV)9 and measure the current that passes between the
two gold electrodes. When oligoenes bridge the broken pointcontacts, we measure the conductance of these Au oligoene Au
junctions as a function of the distance between the two electrodes.
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Figure 1. (A) Chemical structure of oligoene families An and Bn. (B,C) Linear histograms generated without data selection from >5000 conductance
traces collected in the presence of each of the An and Bn molecules, respectively. Traces have been oﬀset vertically for clarity. The Bn series show clear
peaks at molecule-speciﬁc conductance values, indicated by the solid arrow for B4. In the longer molecules, a shoulder at higher conductance is visible,
indicated by the dashed arrow for B4. (D) Peak positions of the single-molecule conductance peaks observed for the An and Bn series as a function of the
total number of oligoene units. For the An series the peak position was taken from the logarithmic histograms (see Supporting Information Figure S3). A
linear ﬁt to the data on the semilog plots reveals that in both cases, conductance decays exponentially with a decay factor β of 0.22/Å.

conductances. However, the general trends within and between
the two sets are similar; incorporation of the linking sulfur atom
into the ﬁve-membered ring does not signiﬁcantly alter the
fundamental physics, though it simpliﬁes the analysis.
Within each series, the peak in the conductance histograms
(arrow positions in Figure 1) decays exponentially with increasing
length, following the expected relation, G ∼ e βn (Figure 1D). The
decay constant, β, is 0.22/Å for the Bn series, which is in agreement
with previously published values for conjugated molecules.11 Typically, histograms show a single conductance peak; however, for n > 1
An and Bn, in addition to the conductance peaks indicated by arrows
in Figure 1C, we see a second broad increase in counts at signiﬁcantly
higher conductance values (dashed arrow in Figure 1C). To
elucidate these two conductance regions, we examined two-dimensional (2D) conductance histograms,12,13 which preserve displacement information during junction elongation. In Figure 2, we show
2D histograms for B2, B3, and A3, where two regions with increased
counts are clearly seen (separated by the dashed line for clarity). The
higher conductance region forms immediately following the breaking of a Au-to-Au point-contact (at zero-displacement in this 2D
histogram). The extent to which this high-conductance state persists
as the junction extends depends on n, as well as the terminal group
(see Supporting Information Figures S6 and S7). In Figure 2B, we
see also that the value of the conductance in this high-conducting
state decreases almost exponentially as the gap widens. Furthermore,
this high-conductance region is absent in the shortest molecules.
One possibility for the two diﬀerent conductance regimes is
that these all-trans oligoenes may access two diﬀerent conformations: the s-cis and s-trans. As the junction is elongated, oligoenes
undergo rotations around the C C single bonds. However, the
two conformers are expected to have similar conductance; thus,
rotational isomerization cannot explain this ﬁnding.14
We postulate instead that there are two independent conductance
pathways. In the higher conductance state the tunneling path
originates at one electrode, passes directly to the oleﬁn backbone,

Figure 2. The 2D conductance histograms preserve displacement
information for (A) B2, (B) B3, and (C) A3 respectively. Comparing
(A) and (B) within the same linker-family, longer molecules are able to
sustain more junction elongation while remaining bound in the
junction. All three molecules show a higher conductance shoulder in
the region above the dashed line, corresponding to a junction geometry
that forms immediately after rupture of the Au Au contact. The
average slope of this high conductance shoulder (solid line) reveals
that conductance in this geometry decays with β ∼ 0.2/Å as the
junction is stretched, which is in agreement with the decay constant
shown in Figure 1D. Arrows indicate peak positions in from conductance histograms in Figure 1C.

The data are recorded in the form of conductance traces (see
Supporting Information Figure S5). Measurements are repeated
thousands of times and conductance histograms are constructed
without any data selection to reveal statistically signiﬁcant conductance values (see Figure 1B,C). Oligoenes that bind to undercoordinated Au during these measurements though the methylsulﬁde-terminated series, An, show a broader distribution of conductances than the cyclic analogues, Bn. The main reason for a broad
peak is a result of the additional rotational freedom around the
aryl sulfur bond, which increases the junction-to-junction
variation.10 When measuring thousands of junctions, the electrode geometry constrains the Au S aryl bond angles diﬀerently for diﬀerent junctions resulting in a larger distribution of
B
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Figure 3. (A) Schematic depiction of an oligoene break junction. Both the polyoleﬁn chain and the end groups, X, may act as electrical contacts.
Oligoenes behave as a resistive potentiometer as the tip displaces along the oleﬁn backbone, while the alkylthio end groups stabilize the junction. DFT
calculations produce the HOMO of (B) Au2-A1 and (C) Au2-C4 complexes, respectively. The HOMO shows signiﬁcant electron density both along the
polyoleﬁn chain and at the terminal methylsulﬁde functional group.

electrodes at an angle that increases with junction elongation,23 our
experimental results do not support this model for the following
reasons. First, for B3 and B4, the binding angle, θ, would range from
about 80 to 40°, given the long molecular length and short electrode
separation. Within this range of angles, we do not see the conductance
decrease with increasing θ following a (sin θ)4 dependence.23
Second, we do not see the high-conductance state for the short
molecules. If the molecules were indeed binding between the apexes
of the electrodes at an angle, an angle-dependent conductance should
have been observed for all molecules studied. Finally, the decay
constant seen in the high-conductance state is very close to that seen
for the molecular series studied, consistent with a model where the
high-conductance state results from direct tunneling from the
electrode to the oleﬁn backbone.
For the shortest molecules in our study, the length of the oleﬁn
chain is comparable to the distance between electrodes upon Au Au
point-contact rupture (6 7 Å).15,16 Thus direct contact between the
electrode and the polyoleﬁn backbone is rarely accommodated. As a
result, no clear high-conductance peak is seen in Figures 1B and C (or
in Supporting Information Figures S6 and S7). Other factors such as
steric hindrance and the electron-withdrawing properties of the
nitriles may result in only one conductance value.
To dismiss the possibility that the Au binds through the nitrile
groups on the backbone, we synthesized an oligoene analogous to
A1, but lacking nitriles. For this molecule, we observe the twoconductance states as well, indicating that the nitriles are not
responsible for this two-state behavior (see Supporting Information

hence via the sulﬁde to the second electrode, as illustrated in
Figure 3A. In the lower conductance state, which occurs only when
interelectrode distances are suﬃciently large, the tunneling
path switches from electrode oleﬁn sulﬁde electrode to
the more typical electrode sulﬁde oleﬁn sulﬁde electrode.
Although both terminal alkylthio groups anchor the oligoene to
the electrodes, close proximity of the electrode to the oleﬁn
backbone results in a low-resistance pathway (high-conductance state) directly from the electrode to the oleﬁn backbone.
As the junction is extended further, it slides up the backbone
until an abrupt change in conductance is observed. Once fully
extended, the oligoene is bound at the apex of each electrode,
where Au atoms are no longer in proximity to the polyoleﬁn
chain, and the high-conductance state turns oﬀ. The lower
conductance at this stage corresponds to the conductance
through the entire molecule, and follows an exponential decay
with increasing molecule length (β = 0.2/Å; see Figure 1D).
Extending the junction further breaks the molecular circuit, and
conductance is lost.
For the longer molecules (for example, for B3 and B4), as we
extend the electrodes we see the conductance decay by ∼0.2/Å in the
high-conductance state (Figure 4). This high-conductance state is
observed directly after breaking the Au point-contact where electrode
separation is about 6 7 Å.15,16 This distance is signiﬁcantly smaller
than the molecular lengths of B3 and B4, whose lengths are 32.6 and
37.4 Å, respectively. Although the high-conductance state could be
explained by assuming that the molecules are bound to the apex of the
C
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at the distal SMe, but also along to the π-system of the polyoleﬁn
backbone. Both binding locations have ample precedent in homogeneous organometallic chemistry18 and would result in diﬀerent
electron tunneling pathways. Thus these calculations are consistent
with our observations that An and Bn show two conductance states.
Previous reports reveal that it is common for transition metals to
interact with oligoenes. In addition to the numerous weak and
dynamic interactions between transition metals and alkenes, stable
inorganic complexes have been isolated, in which Pd and Ru interact
directly with oligoenes through the π-system.19 21 For comparison,
in Figure 3C we show the HOMO for C4. This orbital is essentially
entirely in the π-space of the oligoene. Thus the channel for electrical
conduction is present in C4, and it is quite similar to the channel in the
An and Bn series. The diﬀerence in the conductances of A1 (and B1)
versus C4 lies in the ability of the sulﬁde to hold the molecule
physically close to the metal electrode, rather than in the electronic
structure of the molecular conductor.
If we indeed have a direct conduction path from the electrode
through the oleﬁn backbone, it should be possible to change the
conductance by modulating the electrode position and generating a
single-molecule circuit that functions as a potentiometer. This is
shown in Figure 4. Here, conductance is measured in a solution of B4
while applying a modiﬁed ramp to our piezoelectric actuator, which
controls the substrate position relative to the ﬁxed tip22 (see
Figure 4A, dashed trace). Of the 3000 traces measured with this
ramp, over 50% of the traces show a molecule in the highconductance regime at the start of the zigzag ramp, as determined
by an automated algorithm. A sample of selected traces is shown in
Figure 4A, and all selected traces were used to construct the 2D
conductance-time histogram on a semilog scale, shown in Figure 4B.
The conductance follows a zigzag pattern, as the tip sample distance
is modulated by 7 Å, with an average change in conductance from
∼4  10 4 G0 to ∼2  10 3 G0. This range is within the highconductance regime for this molecule,
and has an exponential

dependence on separation (e 0.2/Å). An exponential dependence
of conductance on electrode distance suggests that while the contact
resistance does not change the length of the backbone through which
transport occurs varies as the junction is compressed or elongated.
Control experiments with alkanes show no modulation of conductance (Figure 4A). Traces collected in pure solvent show changes in
conductance between 10 6 G0 to 10 1 G0 during the zigzag ramp,
which would be expected for tunneling through a gap without
molecules. The ability to change the conductance of the junction
continuously in this high-conductance state with an exponential decay
of 0.2/Å can only be explained if the contact to the molecule is
through direct π-coupling to the electrodes.
In conclusion, we experimentally demonstrate transport through
single-molecule junctions where direct electronic coupling between
the molecular π-conjugated backbone and Au electrode is achieved.
Furthermore, this coupling is enabled by an auxiliary terminal
chemical linker that provides mechanical support for the junction.
Conductance through the molecular backbone can be tuned
continuously and reversibly by changing the electrode separation.
Thus, this system provides a new class of molecular scale devices that
perform as a resistive potentiometer.

Figure 4. (A) Sample traces collected in the presence of B4 (solid blue),
1,6-bis(methylsulﬁde)hexane (dashed red), and only clean solvent
(dashed green). Traces with B4 show conductance changing continuously and reversibly as the piezo voltage is modulated along the dashed
black line so that the junction is repeatedly stretched and compressed.
(B) A 2D histogram constructed from selected traces for which the
average conductance during the initial hold section fell within the highconductance range. More than 50% of the 3000 traces collected met the
selection criteria. Fitting the average slope of the diﬀerent sections of the
piezo ramp shows that the conductance grows and decays exponentially
with a factor of 0.2/Å throughout the measurement, emphasizing the
reproducibility of the potentiometer behavior.

Figure S8). In fact, the enhanced high-conductance state in this
molecule compared to A1 suggests that the absence of the nitriles
facilitates greater coupling of the oleﬁn to the electrode by removing
some steric hindrance, as well as making the oleﬁn more electron
rich (see Supporting Information Figures S4 and S8).
While both S Au and oleﬁn Au bonds form, it is clear that the
former is stronger than the latter. We demonstrate the importance of
this with a series of asymmetric oligoenes, each having only one
sulﬁde (Cn), and with another series that lacks sulﬁdes entirely (Dn)
(see Supporting Information Figure S8). None of the Dn examples
tested showed a measurable conductance, while the Cn series showed
conductances that are measurable, albeit quite low. Moreover, the
absolute height of the peak in the conductance histogram for Cn is
quite low, suggesting that the formation of an Au Cn Au junction
is a lower probability event. Thus the π-complex is not strong
enough to hold the mechanical circuit together alone, but if the
molecule is held in the junction by at least one strong structural
element, the π-complex link is strong enough to complete the
electrical circuit.
To further explore this unusual mode of electrode molecule
coupling, we turned to computation. Density functional theory
(DFT) calculations (B3LYP/6-31G**) on A1 allowed us to clearly
visualize the molecular orbitals (MOs) pertinent to molecular
junction formation (see Supporting Information for details). We
modeled this as a two-step process; the molecule ﬁrst binds to one
electrode, and then this electrode molecule complex binds to the
second electrode. This model elucidates the diﬀerent modes of
binding to the second electrode that are available to the molecule
as the gap between the two electrodes changes. For conceptual as well
as computational simplicity, we chose to model the Au electrode with
diatomic Au2.17 In Figure 3B, we show the HOMO calculated for the
optimized geometry of Au2 A1, in which the Au2 unit is bound to
one of the terminal sulﬁdes. Examination of these MOs suggests that
oligoenes contain two potential electrode-binding locations; not only
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