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Using single molecules as the building blocks of electronic
devices is the ultimate goal of molecular electronics. How-
ever, measuring, understanding and manipulating the trans-
port of charge through molecules attached to nanosized
electrodes remain difficult tasks. It is thus important to
fabricate molecular junctions exhibiting reproducible and
stable electrical response and to evaluate their perfor-
mance.[1,2] While chemists are able to synthesize molecules
with amazing electronic, optical, magnetic, thermoelectric, or
electromechanical properties and with the potential to
provide electronic devices with novel functionality, integra-
tion into single-molecule devices remains the main problem
of the field of “molecular electronics”. It has been demon-
strated that electron transport through a molecule depends
not only on its intrinsic properties but also on specific details
of the contacts and the local environment.[3] Here we report a
new strategy to monitor the conductance of such molecular
junctions that enables further insight to be gained into the
detailed nature of the conductance of single molecules. Due
to the stability and reproducibility of our junctions, our
method provides a new perspective on studies of electronic
transport on the nanometer scale.

The first consistent results for the conductivity of a
molecule in solution were obtained by statistical analysis of
data collected by the scanning tunneling microscope (STM)
break-junction method.[4] By repeatedly moving the STM tip
into and out of contact with a molecular monolayer deposited
on a substrate electrode, thousands of molecular junctions can
quickly be created and statistical analysis permits the

conductance of the molecules with the most probable contact
geometries to be determined. Another elegant method, the
mechanically controllable break-junction (MCBJ) technique,
has also been proposed to control the spacing between two
metallic electrodes with subatomic (< 10�10 m) resolution.[5]

However, the pioneering MCBJ experiments[6–9] did not
employ statistical approaches, and therefore the number of
molecules measured was uncertain.[4, 7] Recently, first MCBJ
experiments using the statistical approach on alkane dithiol
molecules in solution were reported[10] and showed excellent
agreement with earlier STM break-junction data.[11]

Here we study and analyze statistically electron transport
in terthiophene (T3) and terphenylene (P3) molecules
covalently bonded (via thiol groups) to two gold electrodes
by the MCBJ technique in vacuum (Figure 1). To obtain the
conductance for the most probable contact geometry, we first
adopted a statistical approach similar to one described in the
literature.[10] Details of the experiment are given in the
Supporting Information. Compounds P3 and T3 were synthe-
sized according to methods described in the literature.[12,13]

Their structures are shown in Figure 1 d and e, respectively.
They were chosen because of their similar lengths, conjuga-
tion paths, and coupling groups, while the presence of
additional sulfur atoms in the backbone of T3 modifies the
orbital distribution and thus influences the transport charac-
teristics.

Figure 1. a) SEM image of a break junction. b) Layout of the MCBJ
technique. c) Schematic vision of the molecular arrangements in the
break junction. d) and e) Conductance histograms (repetitional statis-
tics) at V = 20 mV, constructed from 100 traces for two different
samples with P3 molecules and two different samples with T3
molecules, respectively; insets show typical conductance traces for P3
and T3.
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For each sample we performed a series of about 100
opening/closing cycles while monitoring the current (for
details see Supporting Information). From now on we refer to
this method as repetitional statistics, since each of the
individual files used to build the histogram represents a
molecular junction with a different conformation with respect
to the electrodes. Representative closing traces for P3 and T3
are shown in the insets of Figure 1d and e, respectively. The
observed conductance plateaus are remarkably long, and
their lengths are roughly those of the molecules (ca. 1.4 nm
for P3 and 1.2 nm for T3).

In the case of T3 (Figure 1e), the conductance histograms
of different MCBJ samples have similar peak values but
different peak widths (single Gaussian fit). The P3 histograms
(Figure 1d) contain more structure than those of T3. How-
ever, as reported in the literature, this robust statistical
method provides a reliable value for the conductance but at
the expense (because of peak widths) of fine structure in the
main peak, which gives information about fluctuations in
molecular junctions.[14–16]

Since our MCBJ electrodes can be controlled at subato-
mic resolution and has impressive stability in the presence of
the molecules (on the order of weeks), we developed a new
statistical approach referred to hereafter as fluctuational
statistics, which enables the time evolution of molecular
junctions to be monitored and thus fully complements the
repetitional statistics data. As shown below, this method
allows the observed conductance peaks corresponding to the
fine structure of the main peak to be mapped. To implement it
we blocked the interelectrode distance at the position of a
conductance plateau by stopping the motor and then mea-
sured the current through the junction as a function of time
(left panels of Figure 2; for details, see Supporting Informa-
tion).

There is one major difference between the P3 and T3
molecular junctions. The conductance of the molecule
changes, typically every few minutes, between two distinct
levels for P3 (Figure 2a) but not for T3 (Figure 2 b). The
corresponding conductance histograms are traced in the right
panels of Figure 2. Stochastic variations in conductance have
previously been observed in thiol-terminated molecules by
STM or the conductive atomic force microscopy imaging
technique.[17–20] They were related to “blinking” of the thiol–
gold bond, an intrinsic feature of any molecule connected to a
gold surface via thiol groups.[18] However, the T3 molecule
does not show such well-defined “quantized changes” in
conductance.

The conductance switching observed for P3 may be due to
a thermally induced change in the bonding sites of the thiol
groups terminating the molecules on the electrode surfaces. It
is known that the sulfur atoms prefer to bind at high-
symmetry positions on the gold surface (top, bridge, hollow
fcc, and hollow hcp sites, assuming a (111) surface), and that
the bonding site has an important influence on the conduction
properties of single molecules between metallic electro-
des.[21, 22] Thus, we computed the transmission function
through the P3 molecule attached to gold electrodes using
the gDFTB method,[23] a combination of the non-equilibrium

Green function technique and the density-functional-based
tight-binding method DFTB.[24, 25]

Comparing the zero-bias conductance values (defined as
G = G0 T(EF) with G0 = 2e2 h ; for more details and the
corresponding transmission curves, see Supporting Informa-
tion) obtained for the four different bonding sites, we find that
the bonding site has a huge influence on the conductance
(Table 1).

It is likely that the thermal motion of the connecting sulfur
atom on the electrode surface at room temperature can vary
the conductance through the molecule, and the stability of the
bonding at the high-symmetry points could be the reason for
the distinct peaks identified in the statistical analysis in
Figure 2a. However, for T3 the presence of a sulfur atom in
the ring could increase the overall stability of the bonding[26]

and thus explain the absence of observable “blinking” in the

Table 1: Calculated conductance of P3 molecules for different bonding
sites between sulfur atoms and Au(111) surface.

Bonding site G [10�2 G0] Bonding site G [10�2 G0]

hollow fcc 0.18 top 6.16
hollow hcp 0.19 bridge 0.32

Figure 2. Left panels: Conductance versus time for P3 (a) and T3 (b)
molecules. The circled regions are zoomed in the insets. Data points
recorded every 0.5 s at 100 mV bias voltage. Right panels: correspond-
ing fluctuational histograms (violet for P3 and green for T3). They are
compared with the repetitional histograms in the insets (pink for P3
and orange for T3).
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junction. Note that the fluctuational histograms show
improved resolution compared to the repetitional ones, as
shown in the right insets of Figure 2.

As shown in Figure 3, the analysis of the conductance on
longer timescales and at different voltages reveals further
interesting features. The P3 molecule again exhibits a richer

evolution of conductance (inset of Figure 3a). In particular,
between 110 and 190 h the conductance oscillates between
two distinct levels (independent of the applied voltage). The
fact that this switching behavior does not appear immediately
after formation of the junction suggests a local voltage/
current-activated effect.[27] More generally, all molecular
junctions drift over long timescales due to progressive and
gradual rearrangement of the molecules and charge distribu-
tion. As discussed below, the comparison between repeti-
tional and fluctuational statistics sheds light on the conduc-
tance evolution, as the local environment of the connected
molecule(s) is modified.

The fluctuational histogram for P3 exhibits distinct peaks
at 0.15, 0.20, 0.25, and 0.46 G0 (violet histogram in Figure 3a).
These values are consistent with those we obtained from the
repetitional statistics (pink histogram in Figure 3a) and
correspond to either hopping between hollow-bridge config-
urations or additional trapping of molecule(s). Differences
between the two statistical approaches are more evident on
longer timescales. In particular, the field-induced “wearing
on” of the junction by surrounding molecules becomes more
important. We emphasize that the time evolution of T3
conductance does not exhibit any switching, even though
different bonding-site configurations were eventually

observed in the repetitional approach.[28] As reported in
Figure 3b (inset), on varying the voltage the conductance
versus time changed from 0.1G0 to 0.2G0 before increasing
further, never returning to the initial value. We interpret this
observation by postulating that near-integer multiples of the
fundamental conductance correspond to the formation of a
multiple molecular junction in which a small number of
molecules are connected in parallel between the electrodes,
that is, two molecules are bridging the junction.[4] In these
data, note an abrupt increase in conductance to 0.2G0 at
200 mV bias voltage. To confirm that increasing the voltage
promotes collection of another molecule we formed a fresh
molecular junction and repeated the experiment at 100 mV
(see Supporting Information).

Our conductance values are substantially higher than
those obtained by the repetitional statistics STM break-
junction method in the liquid phase for similar molecules.[14]

Theoretical calculations[22] show that the conductivity of a
molecular junction is extremely sensitive to the geometry of
the contact, which in our case is different from the STM
geometry, and the presence of different media might play a
role. Moreover, we do not claim that the most probable
conductance value obtained by the repetitional statistics
method corresponds solely to the conductance of a single
molecule or exclude the possibility that the overall conduc-
tance is influenced by the presence of neighboring molecules.
However, our data show that the junction persists for a long
time only when the bridging molecule(s) is (are) connected to
both electrodes, and that the conductance obtained by
fluctuational statistics corresponds to the most probable
value obtained by the repetitional statistics method. Finally,
note that the stochastic changes in STM imaging experi-
ments[19] do not occur in experiments with larger numbers of
the same molecules.[29, 30]

In conclusion, we have studied the influence of the
interface on simple molecular wires, a factor essential to
understand before molecular electronic devices can be
realized. Due to the week-long stability and reproducibility
of our junctions, our method opens new horizons in studying
molecules with more interesting intrinsic properties, as well as
designing and studying molecules with different end groups
that could suppress stochastic switching. This will have an
impact not only on the field of single-molecule electronics, but
also in general molecular electronics dealing with self-
assembled monolayers.
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[9] D. Dulić, S. J. van der Molen, T. Kudernac, H. T. Jonkman,
J. J. D. de Jong, T. N. Bowden, J. van Esch, B. L. Feringa, B. J.
van Wees, Phys. Rev. Lett. 2003, 91, 207402.

[10] M. T. Gonz�les, S. Wu, R. Huber, S. J. van der Molen, C.
Sch�nenberger, M. Calame, Nano Lett. 2006, 6, 2238 – 2242.

[11] X. Li, J. He, J. Hihath, B. Xu, S. M. Lindsay, N. Tao, J. Am. Chem.
Soc. 2006, 128, 2135 – 2141.

[12] B. de Boer, H. Meng, D. F. Perepchka, J. Zheng, M. M. Frank,
Y. J. Chabal, Z. Bao, Langmuir 2003, 19, 4272 – 4284.

[13] D. A. Krapchetov, H. Ma, A. K. Y. Jen, D. A. Fischer, Y.-L. Loo,
Langmuir 2005, 21, 5887 – 5893.

[14] L. Venkataraman, J. E. Klare, C. Nuckolls, M. S. Hybertsen,
M. L. Steigerwald, Nature 2006, 442, 904 – 907.

[15] R. Huber, et al., J. Am. Chem. Soc. 2008, 130, 1080 – 1084.
[16] J. Hihath, N. Tao, Nanotechnology 2008, 19, 265204.
[17] P. A. Lewis C. E. Inman, Y. Yao, J. M. Tour, J. E. Hutchison, P. S.

Weiss, J. Am. Chem. Soc. 2004, 126, 12214 – 12215.
[18] W. A. Wassel, R. R. Fuierer, N. Kim, C. B. Gorman, Nano Lett.

2003, 3, 1617 – 1620.
[19] G. K. Ramachandran, T. J. Hopson, A. M. Rawlett, L. A.

Nagahara, A. Primak, S. M. Lindsay, Science 2003, 300, 1413 –
1416.

[20] I.-W. P. Chen, M.-D. Fu, W.-H. Tseng, J.-Y. Yu, S.-H. Wu, C.-J.
Ku, C.-H. Chen, S.-M. Peng, Angew. Chem. 2006, 118, 5946 –
5950; Angew. Chem. Int. Ed. 2006, 45, 5814 – 5818.

[21] A. Grigoriev, J. Sk�ldberg, G. Wending, Z. Crljen, Phys. Rev. B
2006, 74, 045401.

[22] H. Basch, R. Cohen, M. A. Ratner, Nano Lett. 2005, 5, 1668 –
1675.

[23] A. Di Carlo, A. Pecchia, L. Latessa, T. Frauenheim, G. Seifert in
Introducing Molecular Electronics (Eds.: G. Cuniberti, G. Fagas,
K. Richter), Springer, Berlin, 2005, pp. 153 – 184.

[24] M. Elstner, D. Porezag, G. Jungnickel, J. Elsner, M. Haugk, T.
Frauenheim, S. Suhai, G. Seifert, Phys. Rev. B 1998, 58, 7260 –
7268.

[25] T. Frauenheim, G. Seifert, M. Elstner, Z. Hajnal, G. Jungnickel,
D. Porezag, S. Suhai, R. Scholz, Phys. Status Solidi B 2000, 217,
41 – 62.

[26] B. de Boer, H. Meng, D. F. Perepichka, J. Zheng, M. M. Frank,
Y. J. Chabal, Z. Bao, Langmuir 2003, 19, 4272 – 4284.

[27] Z. Huang, B. Xu, Y. Chen, M. Di Ventra, N. Tao, Nano Lett.
2006, 6, 1240 – 1244.

[28] The presence of the sulfur atom in the thiophene ring stabilizes
the linkage with the electrodes and avoids thermally activated
fluctuations among different bonding-site configurations. In the
repetitional approach, the possibility of observing different
bonding sites is not affected in the same way since a new junction
is formed for each opening/closing cycle.

[29] L. Cai, M. A. Cabassi, H. Yoon, O. M. Cabarcos, C. L. McGui-
ness, A. K. Flatt, D. L. Allara, J. M. Tour, T. S. Mayer, Nano Lett.
2005, 5, 2365 – 2372.

[30] J. G. Kushmerick, D. B. Holt, J. C. Yang, J. Naciri, M. H. Moore,
R. Shashidhar, Phys. Rev. Lett. 2002, 89, 086802.

Communications

8276 www.angewandte.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2009, 48, 8273 –8276

http://dx.doi.org/10.1126/science.1087481
http://dx.doi.org/10.1063/1.1146558
http://dx.doi.org/10.1063/1.1146558
http://dx.doi.org/10.1126/science.278.5336.252
http://dx.doi.org/10.1103/PhysRevB.59.12505
http://dx.doi.org/10.1103/PhysRevLett.88.176804
http://dx.doi.org/10.1021/ja057316x
http://dx.doi.org/10.1021/ja057316x
http://dx.doi.org/10.1021/la0341052
http://dx.doi.org/10.1021/la0503000
http://dx.doi.org/10.1038/nature05037
http://dx.doi.org/10.1021/ja0767940
http://dx.doi.org/10.1088/0957-4484/19/26/265204
http://dx.doi.org/10.1021/ja038622i
http://dx.doi.org/10.1021/nl034710p
http://dx.doi.org/10.1021/nl034710p
http://dx.doi.org/10.1126/science.1083825
http://dx.doi.org/10.1126/science.1083825
http://dx.doi.org/10.1002/ange.200600800
http://dx.doi.org/10.1002/ange.200600800
http://dx.doi.org/10.1002/anie.200600800
http://dx.doi.org/10.1103/PhysRevB.74.045401
http://dx.doi.org/10.1103/PhysRevB.74.045401
http://dx.doi.org/10.1021/nl050702s
http://dx.doi.org/10.1021/nl050702s
http://dx.doi.org/10.1103/PhysRevB.58.7260
http://dx.doi.org/10.1103/PhysRevB.58.7260
http://dx.doi.org/10.1021/la0341052
http://dx.doi.org/10.1021/nl0608285
http://dx.doi.org/10.1021/nl0608285
http://dx.doi.org/10.1021/nl051219k
http://dx.doi.org/10.1021/nl051219k
http://dx.doi.org/10.1103/PhysRevLett.89.086802
http://www.angewandte.org

