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ABSTRACT

A break junction method using a scanning tunneling microscope has been applied to electrical conductance measurement of newly designed
oligothiophene molecules terminated with a thiocyanate group. The tunneling conduction was evident from an exponential decay of the
conductance as a function of the molecular length up to ca. 6 nm. The tunneling decay constant was estimated to be 0.1 Å-1. The pre-
exponential factor was 1.3 × 10-6 S, which was smaller than that observed for alkanedithiols.

π-Conjugated molecules are expected to form high conduc-
tive wires1 because molecular orbitals of them are connected
through the molecular framework. In addition, the small
energy gap between the lowest unoccupied molecular orbital
(LUMO) and the highest occupied molecular orbital (HOMO)
is favorable for injection and tunneling of charged carriers.
The potential ability of π-conjugated molecules as conductive
wires is evident from the studies on photoinduced and
electrochemical charge transfer rate through molecules.2–5

It has been shown that the tunneling decay constant of
π-conjugated molecules (∼0.2 Å-1) is smaller typically by
1 order of magnitude than that observed for σ-bonded ones
(∼1.0 Å-1). Among a variety of π-conjugated molecules,
R-linked oligothiophenes are promising molecules as frame-
works of molecular electronics because the R-position and
�-positions of the molecules can be used to attach linkers
and modulators of electronic states, respectively. The length
of the oligothiophenes can be precisely controlled and
elongated to nanometer range.2,6,7 Nowadays, 96-mer, which
reaches 37 nm long, is synthesized.8 Although electrical
conductance measurements of oligothiophenes with 3 and 4
thiophene units were reported,9,10 the length dependence has
not been investigated. It is essential and interesting to study
the length dependence using highly π-conjugated molecules
for detail discussion on conduction mechanisms.

In this study, we have measured electrical conductance
of oligothiophenes of 5-, 8-, 11-, and 14-mer by a break
junction method using a scanning tunneling microscope
(STM). In the STM break junction method, a tip of STM is
repeatedly brought into and out of contact with a substrate
in a solution containing molecules.11 When the tip is pulled
up from the contact, conductance changes in a stepwise
manner at an integer multiple of quantum conductance G0

) 2e2/h () 77.4 µS) due to the formation of a single atomic
contact of the metal electrodes. After the single atomic
contact of the metal electrodes is broken, a new sequence
of conductance steps is observed. These conductance steps
are attributed to formations of molecular junctions between
the tip and the gold substrate. The conductance value of the
single molecular junction is determined from a histogram
created from hundreds-thousands of measurements. The
STM break junction method is convenient and reliable
because measurements are readily possible by a commercial
STM. In addition, integration of a large amount of data
enables researchers to find conductance values of stable
junction structures, resulting in high reproducibility. While
this technique has been applied to conductance measurement
of alkanedithiols,2 alkyldiamines,13 phenyldithiols,14 oli-
gophenylene ethynylene,15 oligoaniline,16 carotenoid poly-
enes,17 short oligothiophenes,10 and other molecules,18 the
length of the longest molecule measured in these studies was
ca. 4 nm.17 14-mer oligothiophene prepared in the present
study enabled us to investigate the conduction mechanism
up to 6 nm.

The molecules were prepared according to the general
synthetic protocols described previously.18 Purification of all
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oligomers was achieved by gel permeation chromatography.
The purity of the obtained oligomers was clearly revealed
by MALDI-TOF mass spectroscopy using dithranol as
matrix. The STM break junction measurement was carried
out at room temperature by using mechanically cut gold tips
on Au(111) surfaces in ca. 1 mM solution of the molecules
in hexadecane. The break junction process was repeated until
the conductance of G0 was frequently observed to ensure
theformationofatomicallysharptips.Then,thestretching-current
curves were recorded. Conductance histograms were con-
structed from the 500-1000 individual measurements.

Figure 1 shows structures of a series of oligothiophene
molecules used in this study. The thiophene framework was
surrounded by an alkylsilyl group, which works as insulating
spacers between molecules. n-Alkyl chains increase the
solubility and obstruct the twisting along the molecular axis.
Thiocyanate group was used as an anchor to the electrodes
instead of thiols to prevent the polymerization of molecules
through the S-S bond formation.

Parts a and b of Figure 2 show typical stretching-current
curves and conductance histogram, respectively, obtained in
1 mM solution of 5T-di-SCN. The stretching-current curve
shows plateaus that were not observed in pure hexadecane.
The peaks indicated by arrows in Figure 2b were integer
multiples of a fundamental conductance G ) 1.4 × 10-3 G0

(1.1 × 10-7 S). We conducted measurements using the
molecule with a SCN group only at the one end of the
oligothiophene (5T-mono-SCN). No plateaus nor peaks were
observed in stretching-current curves and conductance
histogram in the same conductance range. Thus, we con-
cluded the plateaus observed in Figure 2a are attributed to
the conductance of 5T-di-SCN molecules bridged between
the electrodes at the both ends of the molecules and the
fundamental value of the peaks in the conductance histogram
is the conductance of single 5T-di-SCN. The plateaus
sometimes had a slope and decreased by 40% during a
stretching process. Similar phenomenon was reported for 3-
and 4-mer oligothiophenes.10 As discussed later, the observed

decrease in the conductance is attributed to the change of
the LUMO-HOMO gap energy upon stress.

Parts a-d of Figure 3 show a conductance histogram of
5T-di-SCN, 8T-di-SCN, 11T-di-SCN, and 14T-di-SCN. Note
that Figure 3a is identical to Figure 2b except that the
horizontal axis is drawn in a logarithmic scale. The peaks
indicated by arrows were revealed to be integer multiples
of fundamental conductance that are ascribed to the con-
ductance of single molecules. The conductance values
determined for 8T-di-SCN, 11T-di-SCN, and 14T-di-SCN
were 7.0 × 10-4, 1.5 × 10-4, and 4.0 × 10-5 G0,
respectively.

In addition to the peaks indicated by arrows, a peak
indicated by a gray band was observed around 2.0 × 10-4

G0 in all histograms. To clarify the origin of this conductance,
the control experiment was carried out in 1 mM solution of
CH3SCN. Figure 3e shows the conductance histogram
obtained in the control experiment. A single broad peak
around 2.0 × 10-4 G0 (1.6 × 10-8 S) was evident. This result
implies that the same junction was formed in the solutions
of CH3SCN and the molecules used in the present experi-
ment. We suppose that the conductance peak around 2.0 ×
10-4 G0 is attributed to a Au-CN:Au junction formed by the
residual CN on the gold surface produced by the following
chemical reaction.20

R-SCN+ 2Auf R-S-Au+ Au(CN)ads

The current–voltage characteristics of the molecules were
obtained from the conductance histogram at various voltages
from –0.1 to 0.1 V. Plateaus were hardly observed over this
potential range. The correlation factors of the linear line fitted
to the obtained results were better than 0.95 for all the
molecules, and thus the conductance of the molecules was
evaluated from the slope of the fitted lines. As shown in
Figure 4, the conductance exponentially decreased as a
function of the number of the thiophene ring except for 5T-

Figure 1. Structures of molecules used in this study: (a) 5T-di-
SCN, (b) 8T-di-SCN, (c) 11T-di-SCN, and (d) 14T-di-SCN.

Figure 2. (a) Conductance measured during the stretching process
at 30 nm/s in 5T-di-SCN solution. Bias voltage was 100 mV. (b)
Conductance histogram of 5T-di-SCN. Arrows indicate a funda-
mental conductance value interpreted as the conductance of single
5T-diSCN molecule and its multiples.
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di-SCN. The conductance for the molecules longer than 8T-
di-SCN was, therefore, described as G ) Gp exp(-�n) where
Gp represents the conductance through the contacts, � is a
decay constant, and n is the number of thiophene rings or
the length of the conduction channel. The decay constant, �
) 0.1 Å-1 (0.42 n-1)21 and Gp ) 1.3 × 10-6 S were obtained
from the slope of the line fitted to the conductance of 8, 11,
and 14T-di-SCN. The observed � was in good agreement
with that of porphyrin-thiophene-C60 molecules, 0.11 Å-1.22

This result shows that oligothiophene is a good molecular
wire allowing an long-range electric conduction.

The observed Gpwas smaller than that of Au/alkyldithiols/
Au (6 × 10-5 S)12 although S-Au bond formation was
expected for both thiocyanate and thiol groups.19 The small
Gp was reported for diamines 13,23 and dicarboxyl acids23 and
correlated to the strength of the bond to the Au electrode.
The magnitude of Gp was also correlated to the bias voltage
window for the stable current–voltage measurement, which
was –0.4 to 0.4 V for Au/NH2 and Au/COOH junctions while
Au/S junction was stable over +1 V and under –1 V.23

Considering these trends, the small Gp and bias voltage
window, –0.1 to 0.1 V, observed in the present experiment
indicated that the bond formed between the molecule and
the Au electrode was weaker than that of Au/alkyl-dithiol/
Au junctions. There are two possible explanations for the
weak bond formation in the present experiment. One is that
the molecules adsorbed with the electrodes through nitrogen
atoms by forming R-SCN:Au junctions without cleaving the
S-CN group. The other possibility is differences in electronic
states of the S-Au bonds between alkandithiol and thiocy-
anated-thiophenes. Considering the fact that the rate of
reaction 1 is slow,20 the formation of R-SCN:Au junction is
plausible.

The conductance of 5T-di-SCN was smaller than that
expected from the fitting line drawn in Figure 4. One of the
possible reasons for this discrepancy is a change of the
LUMO-HOMO gap energy as a function of molecular
length. It is well-known that the LUMO-HOMO gap energy
is approximately proportional to the reciprocal number of
thiophene rings.24 Therefore, conductance is expected to
become higher as the number of thiopene units increases if
the LUMO-HOMO gap energy is considered. In fact, the
conductance of a 4-mer thiophene was reported to be higher
than that of a 3-mer thiophene.10 We measured UV-vis
absorption spectra of 5, 8, 11, and 14T-di-SCN in hexadecane
solutions to estimate the LUMO-HOMO gap energy. All
molecules exhibit absorption around 430 nm, which indicates
that conjugation of the π electron is limited to 5-thiophene
units, in the longest, in the solutions due to the rotation of
thiophene ring. On the contrary, the small � value obtained
in the experiment indicates the long order conjugation of π
electron. We suppose that the stretching of the molecule
enhances the conjugation of π electron during the break
junction process.

As mentioned above, the conductance plateau sometimes
had a slope as shown in Figure 2a. The decrease in the
conductance upon stretching reached 40%. The decrease of
the conductance can be caused by elongation of the conduct-
ing path, increment of the LUMO-HOMO gap energy of
the molecule and that of contact resistance.10 The distance
required to cause the observed decrease in conductance was
estimated to be 0.5 nm on the basis of � ) 0.1 Å-1. Although
the elongation distance of 0.5 nm seems comparable to the
plateau length observed in Figure 2a, the elongation of 0.5
nm requires the extension of 5T-di-SCN by 123%, which is
not likely to occur. In addition, the molecules are usually
considered to be much more rigid than the gold electrode.10

Thus, the plateau length is explained by the extension of
gold electrodes. Considering the fact that the slopes in

Figure 3. Conductance histogram of 5(a), 8(b), 11(c), 14T-di-
SCN(d), and CH3SCN (e). Arrows indicate fundamental conduc-
tance values and their multiples.

Figure 4. Conductance as a function of the number of thiophenes.
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plateaus reported for alkane-dithiols,10 amines13,23 and car-
boxylic acids23 were much smaller than that observed in the
present experiment, the change of contact resistance upon
stress does not have strong influence on the change of
conductance upon stretching. Thus, we attribute the conduc-
tance decrease upon stretching to the change of the
LUMO-HOMO gap energy.

In summary, we have measured the electrical conductance
of a series of oligothiophene molecular wires terminated with
-SCN. The dependence of the conductance on the molecular
length up to 14-mer, ca. 6 nm long, showed an exponential
behavior with a decay constant � ) 0.1 Å-1. The pre-
exponential factor was 1.3 × 10-6 S, which was much
smaller than that observed for alkanedithiols and close to
that of alkyldiamines.
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