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ABSTRACT
We have measured the conductance of a hepta-aniline oligomer attached to gold electrodes held under potential control in electrolyte. It
increases fifteen-fold (to 5.3 +0.4 nS) on oxidation from the leucoemeraldine form to the emeraldine salt. The single-molecule current -voltage
characteristic, linear in toluene, displays negative differential resistance in an acidic electrolyte. The negative differential resistance is a ccounted

for by modification of the local surface potential by the applied bias. These results connect electrochemical data directly to molecular electronic
behavior in a two-terminal device.

Fluctuations in the arrangement of solvent molecules and nanoscale measurement: application of a modest bias across
ions play a critical role in establishing the transition states the molecule results in negative differential resistance (NDR)
that catalyze charge transfer in chemical and biological that is accounted for by a bias-induced change of the
reactions. This key ingredient has not been explored in oxidation state of the molecule.

investigations of single-molecule conductance to date. Mol-  Measurements of single-molecule conductance were made
ecules that change their oxidation state easily (redox-activeby adsorbing a submonolayer of a thiol terminated hepta-
molecules) have been studietlin cryogenic/vacuum condi-  aniline oligomer onto an Au(111) surfaéeThe molecule
tions that lack the solvent fluctuations which mediate shown below was synthesized by adapting the methods of
transitions between oxidation states, so there is only a rathelBuchwald and co-workets to incorporate protected thiol

indirect connection between electrochemistry and molecular endgroups (see Supporting Information). The gold substrate,
electronics in these circumstanée$his may account for

the significant discrepancies between the energy spacing of H i

molecular levels measured in these conditions and the energy o /O/ \O\ /©/ \O\

level spacing inferred from electrochemistryScanning /KS N N/i‘a

tunneling microscope (STM) studies carried out in electrolyte ) )

under potential control give results that are broadly in line N ]

with bulk electrochemistr§/ suggesting that direct measure- /O/ \©\ /O/ \©\ /0\
ments of electronic conductarfageed to made in electrolyte % N s

and under potential control. This is now possible using the
method of Xu and Tabwith partially insulated probed:1t

We chose oligoaniline as a first candidate for such an
investigation because the parent polymer, polyaniline, un-
dergoes dramatic changes in conductivity with changes in
its oxidation staté?!® We find that the single-molecule
conductance reflects the electrochemical behavior quite well.
In addition, we have discovered a new phenomenon in this

coated with deprotected molecules, was placed into an inert
atmosphere in the sample chamber of an STM, covered with
electrolyte (0.05 M HSQ,), and its surface potentiaEs,
controlled with respect to a silver wire quasi-reference
electrode as shown in Figure 1A.

A gold STM tip, partially coated with an insulating lay#€r,
was held at a fixed biadyis, with respect to the substrate
* Corresponding author. E-mail: Stuart.Lindsay@asu.edu. and repeatedly driven into it, and then retracted. The
T Department of Physics and Astronomy, Columbia University. retraction pulls a gold filament out of the surface which tends
* Department of Chemistry and Biochemistry, Columbia University. to break with some small number of molecules bridging the

§ Department of Chemistry, Columbia Uniersity. ] S .
' Biodesign Institute, Arizona State University. gap? Further pulling results in discrete plateaus in a plot of
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Figure 1. (A) Showing the gold-oligomer-gold junction with the electrode surface poteldatontrolled by a Pt counter electrode (CE)

relative to a silver wire reference electrode (RE) and with a biaapplied across the molecule. (B) Current vs pulling distance for the
hepta-aniline oligomer in 0.05 M 430, at a potential of 0.4 V on the Ag wire scale (fdg = —0.2 V). The inset shows results of the same
measurement for a control experiment with no molecules present (same scales). Pulling time and distance are related via the known tip
retraction speed. (C) Current distribution for the measurements in (B). The peaks correspond to 1, 2, 3, 4, and 5 molecules in the gap. The
single-molecule current is found from the slope of the current vs peak number plot (inset). Peak positions were determined using Gaussian
fits (green lines) to the histogram peaks (red line is sum of Gaussians). The HWHHSs of these fits were used as ‘error bars’ to indicate the
spread of data.

current vs time (Figure 1B) as the gold continues to yield 7 60 <
while the molecule remains relatively undistortédCurrent 6 =X
plateaus are not observed in a control experiment lacking g 40 931
molecules; see inset, Figure 1B.) The current plateaus occur £ o 3
at integer multiples of a fundamental current (peaks in Figure Q 4 20@
1C), and the slope of a plot of the peak current vs peak & =3
number (inset, Figure 1C) yields the single-molecule current. 4 3 0 O
Comparison of this approach with single-molecule connec- 3 2 5
tions made with gold nanoparticfeshows that that the two S _202
methods are in reasonable agreeniént. O 1 pag

A cyclic voltammogram, taken in-situ in the STM sample . -":),
cell (blue line, Figure 2) showed a peak at ca. 0.15 V, 90_2 0..6 0_540"

UL i . 02 04
indicative of oxidation from the leucoemeraldine (neutral) Eg Volts vs. Ag Wire
form of the molecule to the conducting emeraldine salt. A

second peak near 0.6 V reflects a further oxidation to the Figure 2. Low bias (/s = —50 mV) single-molecule conductance
fully oxidized (and insulating) pernigraniline foffh(see of the aniline oligomer as a function of surface potential vs an Ag

. . . S . wire (red dots). The red line is a fit to a quadratic potential
Supporting Information). The first oxidation was reversible, dependence. A cyclic voltammogram taken in-situ in the STM cell

giving risel to Fhe reduction peak on the return sweep. The (blue line) shows the oxidation/reduction between leuco-emeraldine
second oxidation was not, so most experiments were limited and emeraldine salt forms at ca. 0.15 V on this scale (see Supporting
to surface potentials below 0.5 V. The single-molecule Information). The black lines show the conductivity of bulk

conductance was determined as a functioEefred dots, ~ Polyaniline as measured on the same Ag wire scale by Ofer'&t al.
Figure 2) at the small fixed bias &fs = —50 mV (the tip (z_:lrrows show scan direction, and the maximum is scaled to fit the
. g . > . ts single molecule peak conductance). Error bars were calculated from
is biased negative with respect to the substrate). Theihe width of the first peak in the current histogram to indicate the
conductance is maximum when the molecule is in the spread of data.

emeraldine-salt form, consistent with macroscopic electro-

chemical measurements on polyaniliglack dashed lines  like the bulk polymer doe¥. Gmax (5.3 nS) is much less than
in Figure 2), falling off with increasing or decreasing Co, the quantum of conductance (&), which is the
potential. The falloff is more rapid than in the macroscopic Magnitude of the conductivity expected in a metallic quantum

case, as reported earlier for p0|yani|ine nanowifes. wire. This difference cannot be accounted for by the limited
The conductance data, measured at an app“ed bias of SdransmiSSion of thlo{'gOld contacts, because benzenedithiol
mV, are well fitted by a quadratic dependenceEn has a first conductance peak at 0:88?° The metallic state

in high molecular-weight polyaniline arises from a partially
filled band (many levels in an energy interval comparable
to kT) in the emeraldine sal but level-spacing is likely to
be much larger in this short oligomer.

whereGpax = 5.3+ 0.4 nS,k = 142 428 nS/\?, andEgM The current-voltage characteristic of the neutral (leucoe-
= 0.36 £0.01 V. The oligomer does not become metallic meraldine) form of the molecule was determined by carrying

G = Gpax— k(Es — ESM)2 1)
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Figure 3. Single-molecule currentvoltage data (average of ca.
1000 molecules for each point) for (A) the hepta-aniline oligomer
in toluene (black dots) and (B) under potential control in 0.05 M
H,SO, (blue dots,Es = 0.4 V; green dotsEs = 0.3 V, and red
dots,Es = 0.2 V). Currents calculated using eq 2 with= 1.4

higher bias, and without electrochemical potential control
of the electrode surface.

NDR is to be expected if the applied bias alters the local
surface potential enough to change the oxidation state of the
molecule, a possibility that can be tested with a simple model.
Using the measured dependence of the conductance on
surface potential (Figure 2 and eq 1) we can write

I =GVis= (Gpax— K(Es — ESM - avts)z)vts (2)

whereo. quantifies the relative influence of the tisubstrate
bias on the surface potential. The solid blue line in Figure
3B shows a fit of eq 2 to the data near the current peak with
o. = 1.4. The model was further tested by using the same
value ofa to predict the currents &s = 0.3 V (green line)
and 0.2 V (red line near the origin). Data takerEgt= 0.3
V (green dots) are in good agreement with the prediction.
Data taken aEs = 0.2 V (red dots) agree less well but trend
in the right direction. Thus this simple model captures many
of the features of the observed NDR, though a microscopic
model is required to understand the details (including the
observation that > 1, implying that the applied bias
influences the oxidation state of the molecule more than the
surface potential of the substrate). It is interesting to note
that NDR is not observed in microid- or nanoscafé
polyaniline devices. Thus the strong influence of the applied
bias arises either from the small scale of the single-molecule
junction, or the covalent attachment of the molecules to the
metal electrodes, or from a combination of both factors.
The results presented thus far are based on averages of a
large number of single-molecule measurements, so they do
not reveal details of the heterogeneity of the individual
molecular environments. To gain information that goes

and the measured potential dependence of conductivity are shownbeyond the current distributions (e.g., Figure 1C), the STM

by the solid blue lineEs = 0.4 V), green lineEs = 0.3 V), and
a red line close to the origirEg = 0.2 V). All potentials are vs an
Ag. wire. Error bars are widths of first peak in current histogram.

tip was moved in and out of the surface slowly, and stopped
when a current plateau close to a measured average was
observed. Then the tipsubstrate bias (Figure 4A) or the
substrate potential (Figure 4B) was swept and current

out a series of measurements at different biases with therecorded for those cases where the molecule appeared to have
molecule immersed in toluene. This solvent was chosen toremained in the gap. The data taken by sweeping the tip
impede oxidation or reduction of the molecule by the applied pias showed evidence of the NDR peak (Figure 4A), but
bias (/i) so that the molecule remained unchanged as thethe response of each molecule was quite different. A
bias was varied. The resultant characteristic (black dots, significant fraction of the complex features recorded in the
Figure 3A) is linear (Ohmic), yielding a conductance of 0.32 ypward sweep are retraced in the downward sweep (Figure
+0.03nS. The magnitude of the conductivity and the linear 4A) so these Comp|ex responses are not noise, but reflect
response in this bias range are generally consistent withaspects of the microenvironments of each of the molecules
transport by ballistic tunneling>* that remain constant over the time of the sweep (ca. 1 s).
A completely different response is observed when the sameThe current vs potential sweeps (at a fixéd Figure 4B)
molecule is held under potential control in electrolyte. Data track the averaged data (Figure 2) but show sharp jumps, as
for Es = 0.4 V are shown by the blue dots in Figure 3B. reported for polyaniline nanowiré&?>These jumps are often
The low bias conductance is 5 nS, as expected (Figure 2),similar in magnitude to the current through a single molecule
but when the applied bias becomes more negative than ca(bars on Figs 4B and C), so they may reflect fluctuations of
—0.1V, the current falls significantly, and then peaks slightly the thiol-gold/gold—gold bonds as observed for alkanethiols
again neaV,s = —0.3 V, becoming similar to the current attached to Au(111%
through the neutral molecule by0.4 V. (Experiments were The results presented here demonstrate the critical role of
limited to negative tip biases because of the nonreversibility environment in electron transport in molecules and illustrate
of the second oxidation which occurs at more positive bias.) how the electrochemical properties of a molecule can be
NDR has been reported in other molecéte® but at much related to its molecular electronic behavior if conductance
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