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Molecular electronics using single molecules as active com-
ponents is a promising technological concept of fast-growing
interest.[1–3] Two-[4–8] and three-terminal[9–14] systems have
been studied, often employing p-conjugated compounds
with thiol end groups. Experimental results at low temper-
atures indicate that the three-terminal devices studied so far
operate in the weak coupling regime in which the discrete
molecular energy-level structure remains essentially intact.

Herein we present charge-transport phenomena in three-
terminal molecular junctions based on bis(sulfur-end-func-
tionalized) tercyclohexylidene 1. Compound 1 and the

monosulfur reference compound 2 are oligo(cyclohexyli-
denes), which consist of cyclohexane-type rings intercon-
nected by double bonds.[15] Their s–p–s orbital topology
allows transannular electronic interactions and mediates
charge transport through the partly saturated hydrocarbon
framework, as demonstrated by the occurrence of long-range
photoinduced charge separation.[16–18] Photoelectron spec-

troscopy and NBO studies show that there is a strong
electronic coupling between the electron lone pairs of the
sulfur atoms in bis(sulfur-end-capped) oligo(cyclohexyli-
denes) owing to s–p–s through-bond interactions.[19] In
common with other sulfides, the sulfur atoms can bind to
gold substrates by physisorption,[20, 21] thus enabling the
formation of self-assembled monolayers.[22]

The three-terminal devices used consist of gold leads and
an oxidized aluminum film that serves as a gate. They were
constructed with a technique published elsewhere (see also
the Supporting Information).[23] In short, nanogaps in a 15-
nm-thick gold wire were created by using a combination of e-
beam lithography and electrochemical etching. This approach
allows the creation of gaps with subnanometer precision by
monitoring the gap conductance in situ during etching.[23] For
the tercyclohexylidenes (length 1.2 nm), the gap distance was
between 1.2 and 1.5 nm. After creation of the gap and drying,
the samples were dipped in solutions of 1 and 2 in ethanol
(1.0mm) and dried. Compounds 1 and 2 were available from
previous studies.[19] In all cases (nine junctions) and for both
molecules a dramatic decrease in resistance (from > 1 GW to
the MW range) was observed. Ten other junctions were
dipped in pure ethanol and did not exhibit an increase in
conductance which shows that the decrease in resistance is
due to the presence of the tercyclohexylidenes. The zero-bias
room-temperature resistance varied from junction to junction
(Figures 1 and 3; see also the Supporting Information). These

differences may reflect differences in bonding strength or in
molecule-lead geometries, that is, in the exact physisorption
of the molecule to the leads.[24] Another factor may be the
number of molecules between the gold leads. We cannot be
sure that it concerns only a single molecule, but several
reasons suggest that, at most, only a few molecules are
involved (see Supporting Information).

Figure 1 shows the low-temperature (7–10 K) current–
voltage characteristics and differential conductance (dI/dV)
traces of molecular junctions based on 1. Single curves (no
averaging) were recorded back (trace) and forth (retrace)
with a sweep rate of 10 mVs�1 and proved to be stable for
days. Different curves represent devices with different room-
temperature resistances, but all are virtually symmetric
around V= 0. In general, currents in the nA range and
conductance values in the nS range were obtained. Before

Figure 1. a) Current–voltage characteristics (trace and retrace) of three
different molecular junctions based on 1 measured at 7–10 K. b) Cor-
responding numerically obtained differential conductance (trace only)
in the same pattern. Zero-bias room-temperature resistances are
indicated in the legend of a).[*] R. Dabirian, Prof. L. W. Jenneskens, Dr. C. A. van Walree
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discussing the data further, it is important to note that in total
five junctions based on 1 were characterized which, despite
the variation in current magnitude, together evoke a consis-
tent picture.

At low temperatures, a strong influence of the gate
voltage on the current is observed for the junctions based on 1
(Figure 2). The gate coupling, that is, the ratio of the gate

capacitance to the total capacitance of the molecular island
within Coulombic theory,[25] can be estimated by dividing the
diamond height by the width. For both the junctions in
Figure 2a,b the gate coupling is about 0.1, implying that a
change of 1 V in the gate potential induces a shift of 0.1 eV in
the molecular electrostatic energy. Interestingly, the differ-
ential conductance plots (Figure 2a,b,d) do not show the
sharp features commonly observed in weakly coupled molec-
ular junctions.[9–13] A related surprising aspect is the absence
of well-defined degeneracy points along the gate axis at low
bias.[25] Sharp current peaks are usually observed upon
recording the current as a function of gate potential and
correspond to the appearance of new charge states when
crossing discrete energy levels.[9, 10] In contrast, in the case of 1
the current steadily increases with the gate voltage (Fig-
ure 2c) leading to the appearance of a single, broad,
diamondlike feature in the dI/dV plots. The absence of
sharp Coulombic blockade features makes it very unlikely
that gold grains are responsible for the features reported in
this study.

The presence of two sulfur atoms in 1 is essential for the
observed behavior. This is revealed by the strongly different
current–voltage characteristics of the asymmetric junctions

based on monosulfide 2. In 2, the sulfur-functionalized site is
expected to be well coupled to the gold electrode, whereas the
other side is—most likely—bound by a weak van der Waals
contact. At low temperature, all four devices based on 2 show
current–voltage curves with discrete steps. The step size is
sample-dependent and varies between 50 and 200 mV; two
examples are shown in Figure 3a. The step position changes

when applying a voltage to the gate, thus leading to current–
voltage characteristics that are generally asymmetric[26] (Fig-
ure 3a (inset), Figure 3b). The steps resemble Coulombic
staircases that are regularly observed in asymmetrically
coupled quantum dots.[27] However, it cannot be completely
excluded that the steps originate from vibrational modes in
the molecules.[28–30] A remarkable observation that is not yet
understood is that at low temperatures junctions based on 1
give larger currents than those based on 2.

The absence of sharp features and degeneracy points in
junctions based on 1 can be rationalized in two ways. First, it
suggests the presence of broad transport levels, which must
then arise from substantial hybridization between molecule
and gold orbitals. A second possibility is that energy levels
(which are not necessarily broadened) shift when they align
with the chemical potential of one of the leads. Both scenarios
rest on a substantial interaction between 1 and the electrodes.
In this respect, it is important to realize that the contact
between p-conjugated aromatic thiols and gold electrodes
leads to decoupling of the sulfur atoms from the aromatic
hydrocarbon moiety and the formation of high potential
barriers at the molecule–lead interface.[31, 32] The phenomena
observed for junctions based on 1 reflect a more-favorable
molecule–lead contact. This might be related to a different
bonding mode of the sulfur atoms in the alkyl sulfide 1
(compared with the covalent Au�S bond for thiols) and the
efficient coupling between the terminal sulfur atoms through
the s–p–s framework.[19]

In conclusion, we have shown that electron transport in
three-terminal devices prepared by electrochemical etching
that contain s–p–s conjugated tercyclohexylidene 1 molec-
ular wires is considerably different from that in junctions
involving p-conjugated systems. This presumably finds its

Figure 2. a) Stability diagram at 8 K of the device based on 1 with a
room-temperature resistance of 15 MW. Plotted is dI/dV as a function
of bias and gate voltage. The conductance ranges from 0 (black) to
10 nS (red). b) Stability diagram at 8 K of the sample 1 with a room-
temperature resistance of 5 MW. The conductance ranges from 0
(blue) to 25 nS (red). c) Current versus gate voltage for the same
sample as in a) plotted for four different bias voltages (indicated).
d) High-resolution stability diagram of the same sample as in b). The
conductance ranges from 0 (blue) to 40 nS (red). The stability
diagrams are composed of more than 100 curves.

Figure 3. a) Current–voltage characteristics at 5 K of two junctions
based on 2 with a room-temperature resistance of 8 MW (black) and
500 MW (blue). The current level of the blue curve has been multiplied
by a factor of 30. Inset: Current–voltage characteristics of the
molecular junction with a room-temperature resistance of 500 MW for
two different gate voltages. b) Stability diagram of the 500-MW sample
measured at 5 K. The differential conductance ranges from 0 (black) to
3 nS (red).
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origin in a substantial coupling between the molecules and the
leads.
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