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ABSTRACT: A series of redox-active perylene tetracarboxylic
diimide (PTCDI) derivatives have been synthesized and
studied by electrochemical cyclic voltammetry and electro-
chemical scanning tunnelling microscopy break junction
techniques. These PTCDI molecules feature the substitution
of pyrrolidine at the bay (1,7-) position of perylene and are
named pyrrolidine-PTCDIs. These moieties exhibit a small
bandgap (2.1 eV) compared with the “normal” (unsubstituted)
PTCDI molecule (2.5 eV). Pyrrolidine-PTCDIs were function-
alized with different anchoring groups (thiol, amine, pyridine)
for building metal−molecule−metal (m−M−m) junctions.
The single-molecule conductance values of pyrrolidine-
PTCDIs have been determined by analyzing a large number
of molecular (m−M−m) junctions created between an STM
tip and substrate using a statistical method. Furthermore, we studied the gate dependence of the single-molecule conductance by
trapping a molecule between the two electrodes and recording the current as a function of electrochemical gate potential. The
experimentally determined conductance values for these bay-substituted pyrrolidine-PTCDI molecules are about twice as much
as the unsubstituted PTCDI molecules. The present work shows that single-molecule conductance can be tuned by the bandgap
of a molecular system without significantly altering the conductance pathway.

1. INTRODUCTION

Building an electronic device using individual molecules is one
of the ultimate goals in nanotechnology.1−7 As a key step
toward molecular devices and future molecular electronics,
measuring and controlling the electron transport through
individual molecules attached to two electrodes have been
investigated intensively.6,8−19 Recently, an interest has focused
on studies of electron transport through deliberately designed
and synthesized molecules, revealing many intriguing phenom-
ena as well as electron transfer mechanisms predicted by
theoretical calculation.20−22 For example, by using long
conjugated molecular wires, several groups have observed the
theoretically predicted change in direct-current transport from
tunnelling to hopping as a function of systematically controlled
wire length.22−27 It was also found that the conductance of
single-molecule junctions can be substantially modified by
molecular conformation using a series of custom-designed
molecules, which have similar biphenyl structures but with
different twist angles.9,28 Studies further show that the
molecule-junction conductance is also influenced by other
factors, such as the molecular anchoring groups,29−35 π-

stacking,36 solution pH,37,38 electrochemical potential,10,39−42

electrode materials,43,44 quantum interfere,13,45,46 mechanical
stretching,47,48 photoswitching,49−51 etc. However, only one
report, to the best of our knowledge, correlated the charge
transport with the bandgap of a molecular system at a single-
molecule level.52 In that work, an ambipolar transport in single-
molecule junctions was discovered.52

In this contribution, we present direct transport measure-
ments of deliberately synthesized perylene tetracarboxylic
diimide (PTCDI) derivatives bridged across two electrodes in
an electrochemical environment. PTCDI and its derivatives are
attractive for molecular electronics as they represent a model
redox system.14,53,54 Tao et al. determined the conductance of
PTCDIs at single-molecule level using scanning tunnelling
microscopy (STM) break junction techniques and detected
large electrochemical gating effect.53 The Wandlowski group
has investigated electrochemical and charge transport proper-
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ties of symmetrical and unsymmetrical PTCDI derivatives using
spectro-electrochemical and electrochemical STM break
junction techniques.14,55 Though the concept of electro-
chemical (electrolyte) gating effect on the charge transport in
molecules was initiated by White, Wrighton, and co-workers,56

electrolyte gating of single organic molecule was experimentally
achieved by Haiss et al.10 and by Tao,53 and further developed
by other groups using STM and/or STM break junction
techniques.14,41,57−59 In an electrochemical electrolyte solution,
charge transport can be regulated by external perturbation
(electrode potential), so-called electrochemical gating.10,20,39 In
an STM break junction configuration, the potentials of STM tip
and substrate electrodes, acting as the “source” and the “drain”
electrodes, are independently controlled by a bipotentiostat
using a reference electrode, i.e., the “gating electrode” (Figure
1A). Tuning the electrode potentials and energies of molecular
orbitals, i.e., highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO), allows the
Fermi level of electrodes to be aligned with these frontier
molecular orbitals of the molecule in the junctions, thus to
modulate the current through the junction.20,21,41

The target molecules in the present study are a series of
perylene derivatives having a PTCDI backbone structure and
two functional groups (pyrrolidinyl) substituted at the bay area.
The structures of these pyrrolidinyl-substituted PTCDI are
shown in Figure 1B. These PTCDI molecules exhibit smaller
bandgap achieved by deliberately introducing two electron-
donating dipyrrolidinyl groups at the 1,7 (bay)-positions,
making the HOMO−LUMO gap for these bay-substituted
PTCDIs as low as 2.1 eV (see UV−vis in Figure S4), in
comparison with the normal PTCDI (2.5 eV).52 The smaller
band gap can facilitate the alignment of the Fermi level of
electrodes to the HOMO and/or LUMO of the molecule in the
junctions and give rise to the higher molecular conductivity. In
this work, we also investigate their interfacial charge transport
in three target molecules using cyclic voltammetry and study
the electrochemical gating effect.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Pyrrolidine-PTCDI Molecules. The

pyrrolidine-PTCDIs were synthesized following the method
reported before.52 Briefly, 1,7-dipyrrolidinylperylene-3,4,9,10-
tetracarboxylic acid dianhydride (0.2 mmol) and imidazole (4
g) were mixed with 4-aminopyridine, 4-aminothiophenol, or p-
phenylenediamine (1.5 mmol each) and heated under argon at
100 °C for 3 h. After being cooled to room temperature, the
mixture was dispersed into methanol (50 mL) followed by
addition of dilute hydrochloric acid (1 M, 150 mL). The
mixture was stirred for 12 h, and then the resultant green solid
was collected by vacuum filtration. It was washed thoroughly
with distilled water until the pH of washings became neutral.
The collected solid was dried in vacuum and purified by
column chromatography using CH2Cl2/CH3OH as eluent.

2.2. Electrochemistry and Sample Preparation. Elec-
trochemical measurements were performed in a three-electrode
glass cell. A platinum wire serves as a counter electrode and a
silver wire as a quasi-reference electrode for electrochemical
experiments in KClO4 electrolyte. We also carried out
electrochemical cyclic voltammetry experiments in benzonitrile
(BN) solution using 0.1 M tetrabutylammonium hexafluor-
ophosphate (TBAPF6) as the electrolyte and Ag/AgCl as a
reference electrode. The working electrode is either a
polycrystalline Au electrode (Bioanalytical Systems, 1.6 mm
in diameter for cyclic voltammetry) or Au(111) film on mica
(electrochemical STM break junction). The Au(111)/mica
substrate was prepared by thermally evaporating gold on mica
in a vacuum chamber, which provides a vacuum as low as 5 ×
10−8 Torr. The thickness of the gold film on mica is 130 nm
with typical terrace sizes around 100 nm × 100 nm. The
electrodes were flame-annealed in a hydrogen flame and then
cooled in high-purity argon atmosphere before experiments.
The thiolated pyrrolidine-PTCDI molecules (molecule 2)

were assembled by immersing the substrate in 0.05 mM CCl4
or THF solution overnight followed by copious rinsing with
pure solvent to remove the extra layer of physisorbed
molecules. Assembly of the amine (molecule 3) and pyridine
(molecule 1) terminated pyrrolidine-PTCDIs were prepared by
placing electrodes in a 1 mM CCl4 solution for 2 min and then
rinsed with pure solvent three times. The electrolyte solutions
for the electrochemical STM experiments were prepared from
Milli-Q water (18.2 M Ω) or ionic liquid. Benzonitrile
containing TBAPF6 (Fluka, electrochemical grade) as the
electrolyte was used only for electrochemical cyclic voltamme-
try. All the electrolyte solutions were deaerated by bubbling in

Figure 1. (A) Schematics of single-molecule conductance measure-
ment in an electrochemical STM break junction configuration: (a)
reference electrode (RE, also referred as gating electrode); (b) counter
electrode (CE); (c) STM tip electrode; (d) substrate (sample)
electrode; (e) bipotentiostat to control tip and substrate electrode
potentials independently; (f) STM feedback system. (B) Pyrrolidine-
PTCDI molecules bridged between two electrodes using different
anchoring units in an electrochemical STM break junction. These
molecules are labeled as molecule 1, molecule 2, and molecule 3,
respectively, corresponding to PTCDIs having pyridinyl, thiophenyl,
and aminephenyl as anchoring groups.
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an argon stream before and during experiments. For
comparison we converted all potentials given in this article to
a Ag/AgCl reference electrode.
2.3. Electrochemical STM Break Junction. The electro-

chemical STM break junction experiments were carried out
with a Digital Instruments Nanoscope-E combined with a
Molecular Imaging Bipotentiostat. The STM tips were
fabricated by mechanically cutting a gold wire (0.25 mm
diameter) or by electrochemically etching a gold wire in an
electrolyte solution containing a mixture of 30% HCl and
ethanol (1:1 in volume). The tips were coated with Apiezon
wax to reduce leakage current, allowing control of the leakage
current below 1 pA. The experimental procedure and data
acquisition have been described previously.8,21,58 The molecule-
modified substrates were first imaged with a gold STM tip in a
constant-current imaging mode. After we observed the surface
terraces with clear and sharp atomic steps, which indicates a
sharp tip and clean surface, the STM feedback loop was
switched off. Meanwhile, a homemade LabVIEW program was
activated to move the tip into and out of contact with the
substrate at a rate of 20−40 nm/s. During this “tapping”
process, molecules bridge across the two electrodes (STM tip
and substrate) via the anchoring groups of molecules. The
tapping process was automatically repeated for different preset
bias values to generate a large number of conductance vs
distance curves, typically 800−2000, for statistical analysis.
Histograms in this study were constructed using all current−
distance curves without selection.
As an example, Figure 2 illustrates how the single-molecule

conductance was obtained by using a statistical analysis. The
substrate potential was ES = 0 V, and tip potential ET = 0.1 V
(Figure 2A blue) and 0.2 V (Figure 2A red), which gives rise to
a bias voltage of 0.1 and 0.2 V. Typically the current decreases
abruptly to a short conductance step/plateau before again
decreasing to zero due to the large separation between the
electrodes and the breakdown of a molecular junction. The
current values of steps, corresponding to the current due to
molecular conductance,39,58 become doubled when bias
voltages change from 0.1 to 0.2 V (Figure 2A). However,
when current values were divided by the bias voltages applied,
the resulting conductance values are very close or the same
within error bars. Figure 2B shows two conductance histograms
for molecule 1 measured at the different bias voltage of 0.1 and
0.2 V. Each histogram is constructed from 1015 and 850
individual conductance traces, respectively. The histograms
measured at different bias voltages show peaks near 7 × 10−5

Go, where Go = 2 e2/h ≈ 77.4 μS. Figure S 1 shows the linear
correlation between the junction current and bias voltage
applied. From the slope of the linear fitting, it is confirmed that
the single-molecule conductance value for molecule 1 is 7.1 ×
10−5 Go. We also performed tapping experiments using a tip
and a bare substrate without adding target molecules as control
experiments. The typical current traces in these control
experiments are decay curves as shown in Figure S2, and no
peak was observed in histograms constructed from these curves.
As an alternative approach, the conductance of the bay-

substituted PTCDI molecules was also determined by perform-
ing molecular “blinking” experiments. In these experiments,
instead of driving an STM tip into contact with a substrate
covered with molecules and then retracting the tip to form
molecular junction, we first imaged the molecule-modified
surface, and then parked the tip at the center of a large terrace.
After the system stabilized, the STM feedback was switched off

and the tunnelling current was monitored. When a molecule
bridges between the tip and the substrate, there is a jump in the
current, which is attributed to the formation of a molecular
junction. Once a stable molecular junction is formed, we swept
the electrochemical gate potential (reference potential) and
recorded the source−drain current as a function of gate voltage
and time.

3. RESULTS AND DISCUSSION
Electrochemical Cyclic Voltammograms. Figure 3 show

a typical cyclic voltammogram (CV) of the thiol-terminated
pyrrolidine-PTCDI (molecule 2) adsorbed on gold electrode.
Electrochemical electrolyte was 0.1 M KClO4 adjusted to pH =
11 by addition of NaOH. Contact with the electrolyte was
established at E = 0.0 V to keep absorbed molecules in the
oxidation form, and then the electrode potential was scanned
negatively up to −1.1 V and then back to the initial potential of
0.0 V. The CVs for all three pyrrolidine-PTCDI molecules in
the aqueous solution show one pair of current peaks near −0.7
V, corresponding to a reversible redox reaction, which is
consistent with reported electrochemical response for redox-
active PTCDIs.14 The cathodic and anodic current peaks for
the phenylthiol-terminated PTCDI are relatively symmetrical
(Figure 3). In the case of pyridine- (molecule 1) and
phenylamine-terminated (molecule 3) PTCDIs, the cathodic

Figure 2. Single-molecule conductance of molecule 1pyrrolidine-
PTCDI terminated with pyridine anchoring groups. (A) Individual
conductance traces, where the steps are due to the breakdown of the
molecule−electrode contact. (B) Conductance histograms constructed
from 1015 and 850 individual conductance traces measured at bias
voltages of 0.1 and 0.2 V, respectively. Inset: the structure of molecule
1.
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currents are apparently larger than the anodic currents (Figure
S3). One possible reason for this could be that amine and
pyridine group are physisorbed on the gold electrode, and the
potential change could cause desorption or partial desorption of
molecules from the electrode surface.60 Therefore, the
reduction process for these amine- and pyridine-terminated
molecules could be overlapped with the partial desorption of
molecules, which is not the case for thiol-terminated molecules.
The electrochemical cyclic voltammetry experiments were

also carried out in an organic solvent. Figure 4 A, B, C illustrate

the cyclic voltammograms of a gold electrode modified with
pyrrolidine-PTCDIs terminated with pyridines (molecule 1),
thiols (molecule 2), and amines (molecule 3) groups,
respectively, in benzonitrile with TBAPF6 as the supporting
electrolyte. Compared with the CVs in the aqueous solution,
two pairs of peaks can be readily identified from the CV in

organic electrolyte (Figure 4). Two pairs of peaks in the CV of
PTCDI derivatives adsorbed on gold electrode have been also
reported in dichloromethane electrolyte and were attributed to
the reversible reduction/oxidation processes of PTCDI/
PTCDI−and PTCDI−/PTCDI2− species.14

The differences in the voltammetric behavior in organic
solvents and an aqueous electrolyte are related to specific role
of interfacial water and ion−molecule interactions. This
assumption is supported by the fact that increasing the
saturating level of water in organic solvent leads to a
significantly smaller separation between the two current
peaks.14,41

Molecular Junction Conductance. We carried out single-
molecule conductance measurements of the three pyrrolidine-
PTCDIs with different anchoring groups in both aqueous and
ionic liquid solution. The latter medium provides wider
potential windows for electrochemical gating measurements
and gives smaller tip leakage/charging current than the aqueous
solution. Therefore, we will focus our discussion on the
electrochemical gating measurements in this medium. Figure 5
shows the typical individual conductance traces with current
steps measured at 0.0 V gate potential. The corresponding
histograms were constructed from 796, 797, 797 individual
traces for molecule 1, molecule 2, and molecule 3, respectively.
Interestingly, the peak of the conductance histogram is broader
for molecules 1 and 3 (Figure 5B, D) than for molecule 2
(Figure 5C); this is likely due to the fact that the weaker
binding to the electrodes with the amine or pyridine results in a
larger variation of the measured conductance value. The
histograms in Figure 5 show well-defined peaks near 7.1 × 10−5,
3.5 × 10−5, and 4.2 × 10−5 Go for molecules 1, 2, and 3
respectively. The single-molecule conductance experiments
were also performed in pH = 11, 0.1 M KClO4 electrolyte
for all three PTCDI molecules. Based on the same statistical
analyses, the single-molecule conductance values in different
electrolytes are shown in Table 1 for comparison. The
conductance values are only slightly different for the same
molecule in different electrolyte solutions, meaning that the
electrolyte medium does not have a significant impact on the
molecular conductance properties.41 However, contact does
have a significant effect on the molecular conductance as
molecule 1 (pyridine-terminated PTCDI) has much larger
conductance than molecules 2 (phenylthiol-terminated) and 3
(amine-terminated). The reason for these changes could be
that molecule 1 has shorter coupling distance provided by the
pyridine anchoring groups. It is also apparent that the
conductance of molecule 2 is higher than molecule 3 which
could be due to the relatively weak coupling of amine group
with gold electrode compared with the strong thiol−gold
coupling.29,31

Comparing our results with published data on the
conductance of normal PTCDI molecules (without bay
substitution) demonstrates the PTCDIs with the band gap
reduced by the bay-substituted pyrrolidines show higher
junction conductance than the normal PTCDI. For example,
for the phenylthiol-terminated PTCDI with a normal bandgap
of 2.5 eV, it has been reported that the single-junction
conductance was 1.75 × 10−5 Go.

61 In comparison, the present
study reveals that the bay-substituted PTCDI (with a reduced
bandgap, 2.1 eV) exhibits a conductance of 4.2 × 10−5 Go,
about 2.5 times higher than the regular PTCDI.61 Similarly, the
pyridine-terminated, bay-substituted PTCDI is 1.3 times higher
than the equivalent “native” PTCDI at zero potential. However,

Figure 3. Cyclic voltammograms of a gold electrode modified with
thiolated PTCDI (molecule 2) in a 0.1 KClO4 solution, pH = 11 by
addition of NaOH solution, at a scan rate of 0.1 V/s (black), 0.2 V/s
(red), and 0.5 V/s (blue), respectively.

Figure 4. Cyclic voltammograms of a gold electrode modified with
molecule 1 (A), molecule 2 (B), and molecule 3 (C), respectively, in
benzonitrile solution containing 0.10 M tetrabutylammonium
hexafluorophosphate (TBAPF6).
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considering such a large change in bandgap (0.4 eV), the
change in conductance seems smaller than expected. This
observation indicates that in the present system it is the
proximity of the electrode Fermi energy to the LUMO/HOMO
energy level that dominates the conductance rather the
HOMO−LUMO gap itself and suggests that the alignment
between these energy levels is greatly affected by the specific
linker group used. These results may stimulate theoretical
investigation, for example, to reveal how the alignment of the
LUMO/HOMO to the electrode Fermi energy can influence
electron transport at a single-molecule level.
Electrochemical Gating. In an electrochemical STM

setup, there are two working electrodes (the STM tip and
substrate/sample electrode), a counter electrode, and a
reference electrode, which is also referred to as a gate electrode.
Both working electrodes are controlled by the reference
electrode via a bipotentiostat (Figure 1).10,20,61 Using the
electrochemical STM break junction technique, we investigated
the electrode gating effect of the three bay-substituted
pyrrolidine-PTCDI molecules by the “tapping”20 as well as
the “blinking”21 methods. For the tapping method, we recorded
individual conductance traces at different preset gate potentials
(sample potential) and constructed potential-dependent histo-
grams to determine the gated conductance values. Figure 6
shows three conductance histograms of molecule 1 obtained at
different gate potentials of 0.0, −0.3, and −0.5 V, respectively.
By changing the gate potential negatively, one can clearly see
the shifting of the pronounced conductance peaks in
histograms to much higher conductance values.

The electrochemical gate effects of the pyrrolidine-PTCDIs
were also studied using blinking method. As described in the
Experimental section, we positioned the STM tip close to
molecules absorbed on the surface and monitored the tunneling
current change. During the blinking process, we often observed
that current abruptly jumped to higher value and then back to
the original value, corresponding to the attachment/detach-
ment of a PTCDI molecule to/from the STM tip through the
linker group. A few typical blinking curves are shown for
molecule 3 (Figure 7A, red curves) and molecule 2 (Figure 7B,
blue curve) in an ionic liquid solution. In the case of molecule

Figure 5. (A) Individual conductance traces of molecule 1 (black), molecule 2 (red), and molecule 3 (blue), Ebias = −0.1 V, Esample = 0.0 V. (B−D)
Conductance histograms constructed from 796, 797, and 797 individual conductance traces of molecules 1, 2, and 3, respectively.

Table 1. Conductance of Three Pyrrolidine-PTCDI
Molecules in Ionic Liquid and pH = 11, 0.1 M KClO4
Electrolytes

conductance (×10−5 Go)

electrolytes molecule 1 molecule 2 molecule 3

ionic liquid 7.1 ± 2.1 4.2 ± 1.3 3.2 ± 1.4
0.1 M KClO4 7.8 ± 2.0 3.6 ± 0.9 2.6 ± 0.9

Figure 6. Conductance histograms of molecule 1 measured in an ionic
liquid at 0.1 V bias and three different gate voltages (0.0, −0.3, −0.5
V). The three arrows indicate molecular conductance peaks and show
that the conductance increases when gate potential was applied.
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3, it is evident that the current jumps to a higher value only for
a short time, typically less than 1 s, and then switches back to
the original value. Furthermore, we often observed multiple
switching for this molecule (Figure 7A, the lower red curve),
likely due to the weak coupling between the amine anchoring
group and the gold tip. In case of molecule 2, the phenylthiol-
terminated PTCDI, we frequently observed that the current
switched to a higher value and lasted for a few seconds before it
switched back to the original value. We attribute this
observation to a stronger coupling between the thiol linker
group and a gold tip. Such a stable junction allows us to run an
electrochemical gate potential and simultaneously record the
source-drain current as a function of time and gate voltage
before the molecular junction broke down. Figure 7C shows a
typical curve of the current vs time trace of a single PTCDI
junction obtained while sweeping the gate potential. When we
zoom in (the inset curve), one sees that the initial current is
small and stable, and then at 2.1 s the current suddenly switches
to a higher value, corresponding to the formation of a
molecular junction between the tip and substrate. Dividing
the current (0.15 nA) by the bias applied (0.05 V) gives rise to
a conductance value of 3.9 × 10−5 Go, which is consistent with
the conductance value extracted from the histogram in Figure
5C. At ∼ 3 s, as indicated by the red arrow, we started to run
the gate potential from 0.0 to −1.0 V and back to 0.0 V. One
may see that after sweeping the gate potential, the current is
almost the same as the original value, indicating that the
molecular junction remained intact during the potential
sweeping process.
To clearly see the gate effect, we also plotted a blinking and

gate curve as conductance versus gate voltage. Figure 7 D and E
show how the source-drain current change as a function of gate
voltage. The molecular junction conductance increased
gradually while the gate voltage swept negatively and reached

a maximum, 2 orders of magnitude larger than the conductance
at zero gate voltage. To elucidate the electrochemical current
contribution from the tip electrode to the source-drain current
measured above, we retracted the tip out of the tunneling
regime and recorded the electrochemical current from the tip
electrode as a function of gate voltage. As the pink curve in
Figure 7D demonstrates, the leakage current from tip electrode
is extremely small, typical 1−2 pA, which is negligible in
comparison with the molecular junction current. Control
experiments using a bare substrate and tip without adding
target molecules yielded no clear blinking events, and no
electrochemical gating was detected. The interpretation for the
enhancement of molecular conductance is that by adjusting the
gate voltage, one can shift the Fermi level of source and drain
electrodes (STM tip and substrate) toward the HOMO or
LUMO levels. When the Fermi level of source or drain
electrode was approaching the HOMO or LUMO levels, the
tunneling through the molecule was enhanced and reached a
maximum when the Fermi level of one electrode was aligned to
the HOMO or LUMO levels.10

These results provide new insights into the charge transport
mechanism involved in these molecular systems. Since the
redox state for this molecule is accessible via electrochemical
gating, it is possible that either a two-step hopping mechanism
or a LUMO-dominated resonant tunneling process dominates
the transport (i.e., the electron does not physically dwell on the
molecule during transport).62,63 In these experiments, a clear
peak in the conductance near the redox potential of the
molecule appears during gating (Figure 7D, E). A maximum in
the conductance close to the electrochemical redox potential of
the molecule is consistent with the two-step electron transfer
process described by Kuznetsov and Ulstrup (KU model).64,65

Based on this model, the appearance of the maximum in the
tunnel/junction current could be rationalized as follows: The

Figure 7. Electrochemical gate effect in pyrrolidine-PTCDI molecular junctions. (A, B) Conductance current vs time blinking events between the
high- and low-current level, corresponding to the formation and breakdown of molecular junctions for molecules 3 (red) and 2 (blue), respectively.
(C) Conductance current vs time curves for molecule 2. When the current switched to the high level as the inset shows, corresponding to the
formation of a molecular junction between the tip and substrate electrode, sweeping the electrochemical gate potential causes a large change in the
transport current. (D, E) Linear and logarithmic plotting of conductance vs gate potential for molecule 2 (blue) and molecule 3 (gray). The pink
curve shows the leakage current of the tip with no molecular blinking during sweeping the gate potential.
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formation of a molecular junction implies that a molecule with
discrete electronic levels is located in the gap between substrate
and tip. Sweeping the gate potential is equivalent to a parallel
shift of the Fermi levels of the tip and substrate. The current
first rises as the redox level approaches one of the Fermi levels,
and a further increase of the potential leads to a decrease in the
current as vacant levels of the positively biased electrode
become increasingly thermally inaccessible. This theoretical
treatment considers the electron transfer in a redox-molecule
functionalized tunnelling junction as two consecutive interfacial
single electron transfer steps with vibration relaxation between
the steps.65,66 The process comprises a cycle of consecutive
molecular reduction and reoxidation. Because of the position of
the observed peak in the conductance versus gate traces, we
favor the sequential two-step electron transfer mechanism to
explain the experimental results.

4. CONCLUSIONS

Three pyrrolidine-substituted PTCDI molecules have been
designed for charge transport study at the single-molecule level.
We have investigated the electrochemical and electron
transport properties of a series of custom-designed pyrroli-
dine-substituted PTCDI molecules using cyclic voltammetry
and electrochemical STM break junction methods. The
substitution of pyrrolidinyl groups at the bay position of
PTCDI molecules changed the LUMO/HOMO bandgap of
these redox molecules from 2.5 to 2.1 eV. The electrochemical
gate effect on molecular conductance was studied by the
tapping method as well as by measuring the current vs gate
potential when a molecule was bridged between the two
working electrodes, named “blinking-and-gating” experiments.
The single-molecule conductance of these small-bandgap
PTCDI derivatives is about 2−3 times higher than the normal
PTCDIs. The cyclic voltammograms of the three studied
molecules show the well-defined redox current peaks. This
work attempts to explore single-molecule conductance and
electrochemical gate effect by tuning the bandgap of a
molecular system without significantly altering the conductance
pathway. The results indicates that charge transport near the
redox potential in these molecular systems is dominated by a
two-step charge transport process rather than resonant
tunnelling.
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