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ABSTRACT

We have studied the electron transport and electromechanical properties of single oligothiophenes with three and four thiophene repeating
units covalently linked to two Au electrodes. The four-repeating unit molecule is found to be more conductive than the three-repeating unit
molecule. This unusual length dependence is due to the different electronic states of the molecules. Both molecules can be switched reversibly
between a high and low conducting state by oxidizing and reducing the molecules using an electrochemical gate. The conductance of the
molecules decreases upon stretching, which is attributed to a force-induced increase in the HOMO —LUMO gap.

The ability to control current through a single molecule is

an important goal in molecular electronics.One way to

reach this goal is to switch the conductance of a redox
molecule by electrochemically oxidizing or reducingif. -Vg
Redox polymers are ideal candidates for this purpose because
they are reversibly switchable between insulating and I
conducting states via oxidation or reducti@rifhese mol-

ecules typically consist of alternating double and single bonds

and would be metallic, but the strong electrdattice K . R
coupling leads to lattice deformation that creates an energy L/ N AR W Y Ak
gap between the conduction and valence bands (known as 3T1DT 4T1DT

Peierls instability’). One may expect a sensitive dependence Figure 1. Schematic illustration of the experimental setup. The
of the conductance of these molecules on lattice deform‘Fjlt'oncurrent through the molecule and the force applied to the molecule

induced by an external force, which leads to an interesting are measured using a modified conducting AFM. To study the
electromechanical response. electrochemical gate effect, we used an STM setup using an Ag
Here we report on the electromechanical and redox Wire reference electrode inserted in 0.1 M NagCH3 the electro-

switching properties of single oligothiophene molecules chemical gate. The gate is used to switch the molecules between
9 prop 9 9 P oxidized and reduced states, allowing us to control the current

(Figure 1). These molecules have been studied using differenty, ., ,4p single molecules. Note that the gate voltage cited here is
techniques under various conditions because of their novelthe potential of the source electrode with respect to the quasi

electronic propertie® 14 We focus here on the oligo- reference electrode, so the sign convention is opposite to the solid
thiophenes with three and four thiophene rings (abbreviated state FET. The quasi reference electrode was calibrated against the
as 3T1DT and 4T1DT, respectively). The molecules are more commonly used Ag/AgCI (in 3.5 M KCI) reference electrode.

terminated vyith thiol groups on both ends so that they can probes by coating commercially available Si AFM cantilevers
covalently bind to Au electrodes. To measure the electro- it 20.nm Cr first and then with 70-nm Au with a sputtering
mechanical properties of a single oligothiophene molecule, coater. The spring constants of the cantilevers were 40 N/m.
we used a combined conducting AFM and electrochemical \ye fapricated gold substrates by thermally evaporating 100-
STM break junction methott.We prepared conducting AFM 1y 461d on mica in a UHV chamber. We created individual
" : - - molecular junctions by repeatedly moving a gold-coated
| Soresp %Tglggu?ﬁig?éitf mail: nongjian.tao@acsu.edu. AFM tip into and out of contact with a gold substrate in
* Shizuoka University. toluene containing 1 mM of the molecules, which is shown
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Figure 2. (a—b) Simultaneously measured conductance and force curves during individual stretching processes (stretching rate 40 nm/
sec.) for 4T1DT in toluene solution.{a) Conductance histograms of 4T1DT (c) and 3T1DT (d) constructed ush@ such curves as

shown in a and b. (ef) Breakdown force histograms of 4T1DT (c) and 3T1DT (d) constructed usB@0 such curves as shown in a and

b. (g) I-V characteristic curves of 3T1DT and 4T1DT.

as a series of steps in the conductance (Figureb2aFor sponding to the breakdown of a molecule from contacting
each molecule, the conductance histogram constructed fromthe electrodes. Similar to the conductance histogram de-
~500 individual measurements reveals peaks located neaiscribed above, the force histogram also reveals well-defined
integer multiples of a fundamental conductance value. The peaks at multiples of a fundamental force quantum, which
fundamental conductance value is identified with the con- is the force required to break a single molecule at the junction
ductance of a single molecule (Figure -at).15'” The (Figure 2e-f). Unlike the conductance, which takes different
corresponding conductance values for 4T1DT and 3T1DT values for 3T1DT and 4T1DT, the breakdown forces are
are 7.5x 10°° Gy and 2.8x 10°° G, respectively, where  similar for both molecules, which are 16 0.2 nN. This

Go = 2€?/h ~ 77 uS, with e as the electron charge ahds force is about the same as that to break an-Au bond
Planck’s constant. It is surprising and interesting that the under the same conditidfiwhich indicates that the break-
longer molecule (4T1DT) is more conducting than the shorter down is likely to occur at Au-Au bonds near the molecute
one (3T1DT). We will return to this later. electrode contacts.

Once the conductance of a single molecule is determined, We have found that 4T1DT is more conducting than
we measured thé—Vsy characteristic curves using the 3T1DT. To understand this observation, we have estimated
following procedures. We first pulled the source and drain the gaps between the highest occupied molecular orbital
electrodes apart until the conductance dropped to the lowes{HOMO) and the lowest unoccupied molecular orbital
step, corresponding to the value of a single 3T1DT or 4T1DT (LUMO) of the two molecules from the UVVis spectra
conductance. We then froze the electrodes and recorded théinset of Figure 3a) and found that the HOMQUMO gaps
current (sg while sweeping the sourealrain voltage Vsg). of 4T1DT and 3T1DT are about 3 and 3.4 eV, respectively.
We will refer to these procedures as the piilbld—measure So the longer molecule has a smaller HOMOJMO gap,
method. Thé—Vsycurves show that 4T1DT is not only more  which agrees with the theoretical calculatidhAlthough
conducting but also deviates from linear ohmic behavior at the smaller HOMG-LUMO gap for 4T1DT favors a higher
a lower voltage than 3T1DT (Figure 2g). conductivity, the conductance also depends on the position

The simultaneously recorded force and conductance inof the LUMO and HOMO relative to the Fermi energy of
Figure 2a-b show that each discrete conductance decreasethe electrodes. We have studied the HOMO and LUMO
is accompanied by an abrupt decrease in the force, correpositions by measuring the redox properties of the molecules
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be reversibly oxidized, but the redox potential of 4T1DT is
about 0.3 V lower than that of 3T1DT, indicating that the
HOMO of 4T1 is closer to the Fermi energy of Au than that
of 3T1DT. This is also consistent with the observation that
thel—V curve of 4T1DT deviates from linear behavior at a
lower bias. On the basis of the evidence described above
and further experimental data shown below, we attribute the
unusual length-dependent conductance of oligothiophenes to
the length-dependent electronic states of the molecules.

If the conductance is indeed associated with the relative
position of the HOMO to the Fermi energy, then we expect
that the conductance can be changed by shifting the HOMO
relative to the Fermi energy using the electrochemical gate
(Vg). This was carried out using an electrochemical STM
breaking junction setdpin which an Apiezon wax-coated
gold Au STM tip was used. The thiophene molecules were
self-assembled onto the gold substrate by exposing the
substrate to toluene containing 4T1DT or 3T1DT overnight.
The electrochemical STM experiment was performed in 0.1
M NaClO, aqueous electrolyte with a Pt counter electrode
and Ag quasi reference electrode. The quasi reference
electrode was calibrated against the more commonly used
Ag/AgCI (in 3.5 M KCI) reference electrode. The source
potential (tip) was varied relative to the reference electrode
(electrochemical gate) while fixing a small bias volta@e;(
= 0.1 V) between the source and drain (substrate) electrodes
with a bipotentiostat. Figure 3b plots the conductance
histograms of 4T1DT &ty = 0.1 and 0.3 V. The histogram
0.0 2.0 4.0 6.0 8.0 analysis shows that the average conductance of a single oli-

G (1073 Go) gothiophene molecule averaged over a large number of mea-
surements increases with the electrochemical gate voltage.

We have also measured the sourdeain current through
individual molecular junctions by sweeping the gate voltage
using the pul-hold—measure method. We note that the
highest gate voltage had to be kept below 0.7 V to avoid
oxidation of Au. The current through 4T1DT starts to
increase withvy quickly at~0.2 V (Figure 3c). The current
through 3T1DT also increases whf, but it starts to increase
quickly at a higher potentiak{0.4 V). This observation is
consistent with the observation that 4T1DT is oxidized at a
lower potential than 3T1DT. This electrochemical gating
behavior resembles a p-type field effect transistor (the sign

. . —— T convention here is opposite of that in solid-state electronics),
€4 02 00 02 04 08 but the mechanism is different. We believe that the gate-
Vg(V) controlled current in 4T1DT and 3T1DT is due to the

oxidation of the molecules because of the following two
Figure 3. (a) Cyclic voltammograms of 3T1DT (black line) and ~ considerations. First, thig versusVy behavior in single
4T1DT (blue line) adsorbed on a gold electrode in 0.1 M HCIO  oligothiopehenes observed here is rather similar to that of
The potential sweep rate is 0.2 V/sec. The arrows point to the py|k films, which are known to switch between insulating
reducthn and reoxidation peaks of the two redox processes. Forand conducting states upon oxidatirSecond, the large
comparison, the voltammogram of a bare gold electrode is also . . . .
hysteresis present in thgy versusVy curves is consistent

shown (dashed line). Inset of (a) UWis spectroscopy of 3T1DT y -2l FTE Ve
and 4T1DT molecules. (b) Conductance histograms of the 4T1DT With oxidation-induced structural relaxation in the molecules.

molecule conductance in 0.1 M NaGCJ@t different gate voltages. The force measurement described earlier confirms that the
(c) Source-drain current vs gate voltage for single 3T1DT and 1 o5qred molecules are covalently linked to both electrodes
4T1DT molecules obtained by recording the sotrdein current . .
while sweeping the gate voltage in 0.1 M NaGIO and also allows us to stgdy the electromech_anlc_al properties
of the molecules. An important observation is that the
bound to gold electrodes using cyclic voltametry (Figure 3a). conductance decreases significantly upon stretching until the
The cyclic voltammograms show that both molecules can bond breaks at the contacts (Figure 4a). The amount of
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Figure 4. (a) Transient conductance curves recorded during the
stretching of individual 4T1DT junctions. The force-induced
conductance of the last molecule is markedA:y. (b) Transient
conductance curves recorded during the stretching of individual
1,8-octanedithiol junctions are shown for comparison—d¢
Histograms of the force-induced conductance chang&G, for
AT1DT (c) and 4T1DT (d) molecules. (e) The force-induced
conductance chang&G/G, vs electrochemical gate voltage for
4T1DT.

conductance decrease varies from run to run, but the > s
d-UMO gap and a closer position of the HOMO to the Fermi

statistical analysis shows that the average conductanc
decrease is about 48% and 42% per nN for 3T1DT and
AT1DT, respectively (Figure 4ed). For comparison, we

the molecule and the tunneling decay constgr(1 A-Y)
determined experimentally;?° we estimated that the con-
ductance would decrease by 10%, consistent with the
measured conductance decrease. This shows that elongation
alone can explain the stretching-induced conductance de-
crease in C8. However, oligothiophene molecules are made
of rigid rings, which are stiffer than C8, and thus result in
smaller elongations. Besides, the tunneling decay constant
for conjugate oligothiophene molecules is smaller than that
of alkanedithiol€}22so the simple elongation and tunneling
model cannot explain the observed large force-induced
conductance change in oligothiopehenes. Second, stretching
may affect the molecuteelectrode contacts. Because both
C8 and oligothiophene are bonded to electrodes w&®
bonds, the contact contribution to the observed conductance
changes in oligothiophene molecules should be less than
~10%. Finally, stretching can distort the electronic states
of the molecules. C8 has a large LUM®IOMO gap, and

the distortion in the electronic states is expected to be small,
which explains the relative small stretching-induced con-
ductance decrease. In contrast, oligothiophene molecules
consist of conjugated doubtsingle bonds, and the alternat-
ing double and single bond lengths due to Peierls instability
give rise to the HOMG-LUMO gap?!! Because the double
bond is more rigid than the single bond, a stretching force
will increase the difference in the single and double bond
lengths. To the first-order approximation, the HOMO
LUMO gap is proportional to the difference in the single
and double bond lengths, so the stretching will increase the
HOMO-LUMO gap and decrease the conductance.

We have shown that the conductance increases with the
electrochemical gate voltage as the HOMOSs are shifted
toward the Fermi levels. When shifting the HOMO closer
to the Fermi levels, one expects a greater force-induced
conductance change on the basis of the above Peierls
instability argument. Figure 4e shows that indeed the force-
induced conductance change increases frof0% at 0 V
to ~60% at 0.5 V.

In summary, we have studied the charge transport and
electromechanical properties of single oligothiophene mol-
ecules, 3T1DT and 4T1DT. The longer 4T1DT is more
conductive than the shorter 3T1DT. This unusual length-
dependent conductance was attributed to a smaller HOMO

levels of the probing electrodes for 4T1DT. This conclusion
is supported by the U¥Wvis absorption, electrochemical

have measured force-induced conductance changes'in 1,8 Measurements, and also by the dependence of the conduc-

alkanedithiol (C8), a linear molecule consisting of eight
single G-C bonds (Figure 4b). The conductance change is
~10% per nN, which is much smaller than those of
oligothiophenes.

tance on the electrochemical gate, which shifts the HOMO
relative to the Fermi levels. Using the electrochemical gate,
we have switched the conductance of the molecules between
low and high conductance states via oxidation of the

A stretching force may change the conductance of a molecules. We have studied the electromechanical properties

molecule in several ways. First, it can elongate the molecule,

of Au—oligothiophene-Au junctions. A stretching force

which increases the electron pathway. In the case of C8, thecauses a large decrease in the conductance, which is

conduction mechanism via the saturated-@ bonds is
described by electron tunneling or superexchadigdJsing

attributed to an increase in the HOMQUMO gap upon
stretching on the basis of the Peierls instability model. Both

the elongation length estimated from the spring constant of the 3T1DT and 4T1DT junctions break down when the force
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is increased to-1.5 nN (a loading rate 40 nm/sec.),
corresponding to the breakdown of the-A8u bond at the
contacts.
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