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There is currently intense interest in both theoreticahd
experimentd aspects of the electrical properties of single
molecules due to their potential use in electronic devices. It has e el
been proposed that their electrical properties can be controlled by

the occupancy of energy levels within the molecules, as illustrated . . , Molecular
. . . Au STM tip .

by the use of oligophenylene-ethynylérand viologen bridges. : ).1 Wire

In both cases it was found that charge trapping in molecular states el )5

leads to changes in electrical behavior. The purpose of the current , s~ ‘

work is to demonstrate a simple technique for measuring the _ L .
. . . . Figure 1. Schematic diagram of the experiment performed to study
conductivity of single molecules as a function of their redox state. electrical properties of single molecules in both air and electrolyte. The
The technique is schematically described in Figure 1. This relies inset shows the 6V6 dication.
on forming molecular wires between a gold surface and a gold STM
tip. Very recently, Xu and T&have reported on similar measure- 0.5 ¢
ments but using STM break junctions. The molecule used here, 04
6-[1'-(6-mercapto-hexyl)-[4,4bipyridinium]-hexane-1-thiol iodide (:)'; [
(6V6; see Figure 1), was chosen for several reasons. The thiol 0.41
groups at both ends constitute anchoring points to the gold surface 00 [
and to the STM tip. The redox group (a viologen, V) has readily
accessible energy levels and is symmetrically placed between
defined molecular tunneling bridges (the two alkyl chains) at either
end. In addition, these molecules are highly stable in the redox
states addressed here. 031
These molecules form a low-coverage phase on gold(111), lying
parallel to the surface. STM measurements were performed on
this phase, as schematically shown in Figure 1. When the STM tip
was brought close enough to the Au surface, which was experi- 01f
mentally achieved by increasing the tunneling current setphynt (
spontaneous formation of stable molecular wires between the tip 0.0
and the sample was observed. The tip was then lifted while keeping
a constank—y position, and the currentdistance k(s); s = relative sy / nm
tip—sample distance) relation was measured. Figure 2. (a) Current decay curve§(§) scans) for 6V6 on Au(111) in air.
Two distinctive classes di(s) scans were observed: (i) a fast (1) Baseline for a clean Au surface and (2) in the presence of 6V6 molecular

. . . . wires between the tip and the substrate. (b) Dependerge oh the current
exponential decay typical of tunneling between a tip and a bare plateau currentl{y) for 117 I(s) curves taken at different locations of the
metal (curve 1 in Figure 2a) and (ii) a less abrupt decay followed substrate (filled symbols;; = +0.2 V; open symbols); = —0.2 V; where
by a characteristic current platealy) (curve 2). It is proposed Ut is the tip-to-substrate potential differencéfs;) = 0.5 nA for all the
that the plateau is related to conduction through molecular wires measurements; the error bars represent the standard deviation for each class

chemically bonded to the tip and to the substrate. Direct tunneling of events. Inset: Histogram of the current values from Figure 2b.

to the substrate does not contribute significantly to the observed  1nq gbservation that the decrease of the current for larger tip
current for these separations (see Figure 1). This plateau is fouowedsample separations following the plateau (Figure 2a) occurs over a
by another current decay at longer distances. Figure 2b shows &jjstance range and not abruptly is possibly caused by the extension

1/nA

plot of Iy versussy, (s> = distance forl = 1w/2) for 1171(s) of the molecular assembly, which includes the molecular wire as
scans taken at different locations. The average valisg.06 (2.4 well as a group of surface and tip atoms, prior to a break of the
+ 0.6) nm. The end of the plateau is observed at approximately 2 chemical contact of the molecular wire, either at the tip or at the
nm from the initial setpoint distanceof. A realistic estimate o substrate junction. At sufficiently large tigsample separations,

places the tip-to-substrate distance at approximately 2.5 nm at thechemical contact of the molecular wire to the tip or to the surface
end of the plateau. This is close to the length of a 6V6 molecule, is broken and, hence, the current drops to zero.

given that molecular modeling of the free molecule produces a  Three different groups of events can be distinguished in Figure
distance between the two sulfur atoms of 2.4 nm for trans oriented 2b: group 1 (squares), group 2 (circles), and group 3 (triangles).
alkyl chains. This implies that the molecules are in a fully extended The measured values &, cluster around integer multiples of a
conformation before disengagement, as shown in Figure 1. basic current value of (9& 16) pA. These steps in conductivity
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Figure 3. Measurements performed under electrochemical control in 0.1
M phosphate buffer solution. Potential dependence of the conductivity at
constantJr (0.2 V) of a single 6V6 molecule as determined from group 1
events.on error bars represent the standard deviation for each group o
measurements. Filled and open symbols correspond to two different samples.

The pronounced conductivity increase in the region betwe@
and—0.6 V is attributed to the well-known reversible one-electron
reduction of the bipyridinium moiety (V) from & to the radical
V++.10 Upon reduction, the electron density in the bipyridinium
moiety increases, concomitant with the alignment of the Fermi level
of the gold electrode relative to the LUMO of the bipyridinium
group, consistent with potential dependent STM contrast measure-
mentst! The associated potential-induced change in conductivity
quantified here for a single molecule tethered between two gold
electrodes is qualitatively consistent with the results of standard
electrochemical experiments, where electron transport through the
bipyridinium moiety to an external redox couple is enhanced upon
reduction from \* to V*t.”° However, for the case of the
experiments discussed here, the conductivity changes are moderated
by both the presence of sulfur contacts and the presence of

are attributed to the presence of a discrete number of moleculesconnecting alkyl chains.

between the tip and the sample. The simplest explanation of the
results is that the lowest conductivity unit (group 1 events) and the

In summary, a simple and reproducible method to measure the
conductivity of single molecules has been demonstrated utilizing

respective subsequent steps (groups 2 and 3 events) correspond tthe spontaneous formation of molecular wires between an STM

conduction through a single molecule and the others to two and
three molecules, respectively.

From the above results, the conductivity of a single molecule
(om) at Uy = 0.2 V is (0.494 0.08) nS (wherdJ; is the tip-to-
substrate potential difference). The inset in Figure 2 shows a
histogram of the current values in Figure 2b. The conductivity can
be compared with results in which the wiring is realized by chemical
attachment of nanoparticles to 6V6 molecules incorporated in an
hexanethiol monolayer on gold which gave a value of (G85803)
nS>7¢ The similarity of the conductivity measured from both

tip and substrate. This method can be applied in an electrochemical
environment, enabling the redox state of molecules to be controlled
during such measurements.
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techniques indicates that this new method for the measurement ofpupbs.acs.org.

single molecule electrical properties is reliable.

Having established the reliability of single molecule conductivity

measurements using the present STM method, we now show thatReferences
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