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ABSTRACT: Employing single molecules as electronic circuit building blocks is one
promising approach to electronic device miniaturization. We report single-molecule junction
formation where the orientation of molecules can be controlled externally by the working
electrode potential. The scanning tunneling microscopy break junction (STM-BJ) method is
used to bridge tetrafluoroterephthalic acid (TFTPA) and terephthalic acid (TPA) molecules
between the Au(111) electrode and the STM tip to measure the single-molecule
conductance through the junction. When the Au(111) electrode is at negative potentials
(with respect to the zero-charge potential), a highly ordered and flat-oriented superstructure
forms, allowing for direct contact between the π system of the benzene ring of the molecules
and the Au(111) electrode, leading to junction formation with no anchoring group
involvement. Our first-principles nonequilibrium Green’s function (NEGF) computation
shows a flat configuration yields a conductance that is 3 orders of magnitude larger than for
a molecule vertically connected to the electrodes via anchoring groups. Conductances of
0.24 ± 0.04 and 0.22 ± 0.02 G0 are experimentally measured with the flat configurations of TFTPA and TPA, respectively.
These values are at least 2 orders of magnitude higher than the experimental values previously reported for the conductance of
TPA bridged through carboxylic acid anchoring groups (3.8 × 10−4−3.2 × 10−3 G0). In contrast, a positively charged surface
triggers an order−disorder transition eliminating the high-conductance states, most likely because the formation of the flat-
oriented junction is prevented. The dependence of TFTPA conductance on the electrode potential (electrode Fermi level)
suggests a LUMO mediated transport mechanism. Calculation confirms the lack of an effect of the addition of an electron-
withdrawing group are investigated.

■ INTRODUCTION

Single molecules can potentially be employed as building
blocks for miniaturized electronic devices.1,2 Understanding
and controlling the architecture of the single-molecule
junctions are essential steps in fabricating such building blocks.
To this end, the scanning tunneling microscopy-based break
junction (STM-BJ) method has been widely used to study
charge transport through single-molecule junctions by wiring a
single molecule in the nanoscale gap created between the STM
tip and the substrate. STM can image the possible long-range-
ordered molecular adlayers, thereby providing information as
to the probable orientation of the molecule in the junction.
The formation of the ordered molecular network and the
orientation of molecules can be controlled through applying
potential to the substrate (electrode) as an external stimulus to
induce an order−disorder transition in the adsorbed
molecules. In such systems, the external potential can further
tune the relative energy of the electrode Fermi level with
respect to the frontier orbitals (MOs) of the adsorbed
molecule3−5 and hence can regulate the charge transport
through the single-molecule junction.6

When electron transport in a single molecule is dominated
by a tunneling mechanism, as is frequently the case, the current
through the molecule can be defined as

∫= −I V
e

h
T E f E f E E( )

2
( )( ( ) ( )) dl r (1)

where h is Planck’s constant, e is the electron charge, T(E) is
the transmission of the molecular junction, and f l(E) and f r(E)
are the Fermi functions for the electrons in the left and right
electrodes, respectively.7 The transmission T(E) at the left and
right electrodes and consequently the current in eq 1 depend
on the nature of the contacts between the electrodes and the
molecule.8,9

In a typical single-molecule junction, the molecule−
electrode contacts are made through anchoring groups which
are essential to stabilizing the junction by forming chemical
bonds between the electrodes and the molecule. However, the
anchoring groups can also act as a resistive component,
blocking the transmission and lowering the conductance. In
this study, we investigate the charge transport through
potential-induced flat-oriented single molecules. In this
scenario, hybridization of the delocalized π system of the
benzene ring with the metal density of states enables charge-
transport measurement perpendicular to the benzene ring,10,11
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suppressing the resistive effect of conventional anchoring
groups such as thiols and amines, leading to highly conductive
single-molecule junctions. In our previous study, the
conductance of a single mesitylene molecule was measured
through direct contact between the gold electrodes and the π-
system of the conjugated mesitylene ring under ambient
conditions and was found to be 0.125 ± 0.006 G0.

12 Previous
studies have shown that measuring conductance perpendicular
to the benzene ring results in high conductance values13−16

while the conductance of other single benzene derivatives
connected to the electrodes by anchoring groups is at least 1
order of magnitude lower (typically 10−2−10−4 G0).

17−22

In the present work, using a combination of electrochemical
STM (EC-STM) and STM-BJ methods as well as a first-
principles nonequilibrium Green’s function (NEGF) compu-
tation, we report the measurement of charge transport through
single tetrafluoroterephthalic acid (TFTPA) and terephthalic
acid (TPA) molecules adsorbed with the benzene ring oriented
flat on a charged Au(111) electrode (Figure 1a). TFTPA and

TPA (Figure 1b) belong to the family of small aromatic
molecules with carboxylic acid functional groups capable of
forming intermolecular hydrogen bonds which can lead to
large ordered-structure domains on Au(111). The adsorption
geometry of TFTPA and TPA molecules on the gold surface
can be controlled using the electrode potential, allowing charge
transport to be measured along a specific axis of the molecule
as determined by the orientation of the molecule in the
junction. Ultimately, surface-potential-controlled orientation
and conductance could be a convenient strategy for designing
single-molecule switches.

■ RESULTS AND DISCUSSION
EC-STM and Cyclic Voltammetry (CV) of TFTPA. The

STM images and CV show that the order/disorder transition
and the associated control of molecular orientation can be
achieved through electrode potential modulation. The
negatively charged electrode supports an ordered network of
flat-lying molecules, while the molecules are disordered and
likely vertically oriented23,24 on the positively charged
electrode. Our EC-STM images show the first successful in
situ STM imaging of long-range-ordered domains of TFTPA
molecules in an electrochemical environment under potential
control (Figure 2a). A closer look at the zoomed-in STM
images along with cross-sectional analysis in different
directions reveals that the dimension of observed features on
the surface is consistent with the estimated size of TFTPA
(∼0.7 nm × ∼0.5 nm), suggesting that the benzene rings of the

TFTPA molecules are arranged parallel to the negatively
charged surface in a pattern of long lateral stripes on the gold
electrode (Figure 2b and S2).
The adsorption of TFTPA and the formation of ordered

structures are facilitated by two factors. First, Au(111) is
negatively charged, driving the adsorption of TFTPA through
interactions with the delocalized π-electron system as is
commonly observed for aromatic molecules.23,25 The appear-
ance of the herringbone reconstruction pattern on the
negatively charged gold surface can be easily observed (Figure
2b), suggesting physisorption (weak electrode−molecule
interaction) of TFTPA on the electrode and limited charge
transfer, consistent with the CV discussed later.26 Second,
hydrogen bond formation between carboxylic acid functional
groups of TFTPA and donor−acceptor fluorine−fluorine
interactions provides attractive forces27,28 (Figure S2)
promoting the formation of an ordered supramolecular
structure of TFTPA on gold. Sweeping the electrode potential
to values more positive than the zero-charge potential of the
bare Au(111) (0.32VSCE for the reconstructed Au(111)-(22 ×
√3) and 0.23VSCE for Au(111)-(1 × 1))29 triggers an order−
disorder transition (Figure 2c), as carboxylic acid groups might
become deprotonated and incapable of forming hydrogen
bonds.23 Therefore, the molecular layer is not ordered as the
bare Au(111), gold islands, and disordered layer can be
observed at positive potentials.(Figure 2c).
Cyclic voltammetry (CV) supports the observed dynamics

of surface reconstruction and the adsorbed molecules (e.g.,
possible phase transitions of the molecular adlayer as the
electrode potential changes).30 The CV of Au(111)/H2SO4
and TFTPA/Au(111)/H2SO4, recorded in the STM cell with
platinum reference and counter electrodes in a potential range
where no oxidation or reduction process occurs, shows
multiple features (Figure 2e). Peaks P1 (cathodic) and P′1
(anodic) observed in the CV of Au(111) at 0.2 VSCE (the
potential referenced to the saturated calomel electrode) can be
ascribed to the transition between the (22 × √3)
reconstruction and the (1 × 1) unreconstructed phase of
Au(111) (Figure 2e, dashed line).31 These peaks are highly
sensitive to the orientation and the quality of the single-crystal
surface. Once the reconstruction is lifted, the sulfate ions start
to adsorb, resulting in a sharp peak at around 0.8 VSCE. The
appearance of this reversible peak indicates that the surface is
free of contamination.32 As the electrode potential is swept
back to more negative values, the herringbone reconstruction
starts to recover (P′1) but is not as complete as in the first scan
because the recovery of the herringbone reconstruction is a
diffusion-controlled process and it takes time to be
completed.29,33,34 The CV of TFTPA/Au(111) (Figure 2e,
solid line) shows cathodic/anodic peaks P2/ P′2 at around 0.4
VSCE, consistent with the reversible order/disorder transition of
TFTPA on the gold surface. The appearance of P1 and P′1
implies that the adsorption of TFTPA on Au(111) does not lift
the reconstruction (consistent with Figure 2a, discussed
before) and there is little charge transfer between the molecule
and the electrode.

EC Single-Molecule Conductance (SMC) Measure-
ments of TFTPA. The single-molecule conductance measure-
ments of TFTPA were carried out using the STM break
junction method in solution under surface potential control in
the current range of 0−10000 nA (details in Supporting
Information, Figure S1), and more than 3000 current−distance
curves were recorded. Close examination of the data reveals

Figure 1. Schematic of the orientation-controlled single-molecule
junction and TPA and TFTPA structures. (a) Schematic of the
TFTPA configuration in direct π-binding between the Au tip and the
Au(111) substrate (electrode). (b) TPA and TFTPA molecular
structures.
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that there are four types of current−distance curves (Figure
3a). Some traces showed clear single steps at around 1.8 μA
(type I) and 7.75 μA (type II) corresponding to the molecular
junction and the gold−gold atomic junction (quantum of
conductance: G0 = 2e2h = 7.75× 10−5 S characteristic of single
gold atom wires35), respectively. Some of the curves show two
steps (type III), suggesting both molecular and atomic gold
junctions. The rest of the curves, the vast majority (∼80%),

were simple exponential decays suggesting unsuccessful
molecular junction formation (type IV).
To find the most probable conductance of the single-

molecule junction, 1D and 2D current histograms were
constructed. A data selection procedure was applied to all
current−distance curves so that only stepped traces with a step
length longer than 100 pm were used to construct current
histograms to determine the molecular conductance (details in
Supporting Information, Figure S3). The constructed histo-

Figure 2. STM images and cyclic voltammetry of the TFTPA order−disorder transition: (a) STM images of TFTPA/0.05 M H2SO4 on Au(111) at
VS = 0 VSCE, Vbias = −0.03 V, scan area 60 × 60 nm2. (b) Scan area = 15 × 15 nm2. (c) VS = 0.65 VSCE, Vbias = 0.06 V, scan area 100 × 100 nm2. (d)
STM image of bare Au(111)/0.05 M H2SO4 at VS = 0 VSCE, Vbias = −0.03 V, scan area 100 × 100 nm2. (e) Cyclic voltammograms of a freshly
prepared, flame-annealed bare Au(111) electrode in 0.05 M H2SO4 aqueous electrolyte (dashed line) and 0.1 mM TFTPA in 0.05 M H2SO4
aqueous electrolyte (solid line). The potential sweep rate was 100 mV·s−1. All images were acquired at It = 0.1 nA.

Figure 3. Sample STM-BJ data and the current histogram showing TFTPA and gold−gold junctions. (a) Typical individual current−distance
curves collected in 0.05 M H2SO4 at VS = 0 VSCE and Vbias = 0.10 V attributed to molecular junctions (red, type I), gold junctions (green, type II),
molecular junctions and gold junctions (blue, type III), and empty junctions (gray, type IV). (b) One-dimensional current histogram measured in
0.05 M H2SO4 with 0.1 mM TFTPA at VS = 0 VSCE and Vbias = 0.10 V. The solid line is a Gaussian profile used to accurately determine the peak
positions (black). (c) Two-dimensional current−distance histogram plotted using the same number of curves as for the 1D current histogram. The
histograms in b and c are based on 615 curves out of 3075 recorded.
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gram (Figure 3b) contains two well-defined peaks at 0.24 ±
0.04 and 0.98 ± 0.03 G0. The error bars represent the standard
deviation of the conductance values determined in five
different experiments. We attribute the 0.24 G0 to charge
transport through the benzene ring of TFTPA lying flat on the
surface.
STM-BJ experiments with different biases showed that the

observed conductance is bias-independent (details in Support-
ing Information, Figure S4) and represents the conductance of
TFTPA. The 0.98 G0 peak corresponds to charge transport
through the Au−Au junction.36

The assignment of the 0.24 G0 feature to a molecular
junction due to the hybridization of the delocalized π system of
the molecular orbitals with the metal density of states is
supported by the immobilization of TFTPA in a flat
orientation in the molecular network observed by the STM
images. During the break junction process, the tip approaches
the surface gradually (with an approach rate ranging from
0.016 to 0.025 μm·s−1) until it reaches a maximum current of
10 000 nA. Therefore, the tip does not go far beyond the
formation of a single Au−Au junction (∼77 500 nA at 0.1
Vbias). Consequently, we anticipate a relatively gentle and
nondestructive contact of the tip with the surface and
molecules, prompting the formation of a local perturbation.
Depending on tip and instrument conditions, the tip moves
laterally ∼5 to 6 nm between approach−retract curves and will
typically not land back on the disturbed areas; details are
provided in the Supporting Information, Figure S10. In
addition, because molecules are ordered as a result of strong
intermolecular hydrogen bonding and metal−π interactions
between the benzene ring and the electrode, the molecules do
not behave as free molecules on the surface. In spite of tip-
induced changes, their orientation will recover quickly to the
initial low-energy state. Hence, we believe that the observed
flat-oriented TFTPA molecules remain flat during the break
junction process. Ultimately, this orientation leads to high
coupling between the molecule and the electrodes, leading to a
decreased junction length and associated resistance. This high-
conductance peak (0.24 G0) disappeared at a positive electrode
potential (Vs = 0.65 VSCE), where no ordered structure or flat-
oriented molecules were observed, demonstrating that under
these conditions no molecular junction formed with TFTPA in
the flat configuration (Figure S 5d).
It is worth mentioning that this simplified model does not

consider that the molecule’s geometry in the junction might
deviate from the ideal flat configuration due to the possibility
that the gold surface is not atomically flat everywhere.
However, the 2D histograms exhibit two clear features with
length on the order of 0.2 nm assigned to the gold junction and
the molecular junction. The length of the molecular junction is
consistent with the flat-oriented molecules forming junctions
without anchoring group participation, supporting junction
formation through the π system of the flat-oriented benzene
ring of the molecule on the surface. Even if the molecule is
slightly tilted and not perfectly flat, the typical junction length
is still on the order of 0.2 nm. Therefore, it appears that
deviations from the flat geometry are not significant and the
reported high conductance is associated with a quasi-flat
configuration.
To determine the dominant molecular orbital in the

tunneling process, we performed a series of STM-BJ
experiments on TFTPA at different electrode potentials. The
results (Figure 4 with details in Supporting Information, Figure

S5) showed that as the Au electrode potential becomes more
positive, the conductance value of TFTPA decreases,
suggesting that the Fermi level of the gold electrodes is
moving away from the conductance-mediating molecular
orbitals of TFTPA.37 This points to the LUMO as a major
channel and mediating orbital in charge transport through
single TFTPA molecules (Figure 4). According to the analysis
of junction length based on 2D histograms (Figure S5 insets),
the length of the molecular junctions did not change while the
electrode potential swept to Vs = 0.35 VSCE, exhibiting a stable,
flat orientation on the surface. However, the high-conductance
peak and the molecular junction feature associated with the flat
orientation were not observed at VS = 0.65 VSCE, consistent
with the lack of ordered structure in the STM images at
positive electrode potentials.
As a control and in order to investigate the possibility of

junction formation in other orientations forming less-
conductive junctions, we measured current−distance curves
of TFTPA molecule in negative (Vs = 0 VSCE) and positive (Vs
= 0.65 VSCE) electrode potentials in the lower current range.
Constructed current histograms at negative potential (Figure
S9a) did not show any well-defined peak corresponding to the
charge transport through molecular junctions, consistent with
our hypothesis that the flat orientation of the molecule on the
surface at negative potentials resulted in high-conductance
junctions. Single-molecule conductance at positive surface
potential, where molecules might be adsorbed randomly on the
surface, did not show well-defined peaks either (Figure S9b).
This could be due to the random orientations of TFTPA at the
positive electrode potential, resulting in a lack of well-defined
single-molecule junction formation.

EC-STM and SMC Measurements of TPA. The
electronic structure of the molecule may have a considerable
effect on molecule energy levels and charge transport through
molecular junctions.38−41 Specifically, it is generally accepted
that the nonresonant charge transport mechanism depends on
the height of the tunneling barrier and the relative alignment of
the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) with the Fermi
level.40,42 Previous studies have shown that the HOMO−
LUMO gap, their energy alignment relative to the Fermi level,
and subsequent charge transport through anchoring-group-
terminating molecules in the junction can be manipulated
using chemical substituents.43 However, the effect of the

Figure 4. TFTPA conductance vs electrode potential. Linear fitting is
shown with dashed line. Error bars are the full half-width maximum
(FHWM) of each peak as it appeared in the conductance histograms
(Figure S5) constructed at different electrode potentials.
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substitution group on the energy alignment of molecular
orbitals and the charge transport perpendicular to the
molecular plane have not yet been addressed.
To provide conclusive experimental evidence that we

measured the conductance via direct Au−π contact and to
study the effect of chemical substituents on the molecular
orbital alignment and charge transport through the benzene
ring, we performed a series of measurements for TPA which
(Figure 1b) has two carboxylic acid groups and, similar to
TFTPA, forms a long-range-ordered adlayer with the benzene
ring lying flat on the negatively charged Au(111).44 Our high-
resolution STM images indicate linear stripes (Figure 5a)
formed by planar-oriented TPA molecules aligning end to end
with hydrogen bonds between the carboxylic groups (details in
Supporting Information, Figure S6). Histograms of the SMC
measurements on the negatively charged Au(111) in the
presence of the planar-oriented TPA ordered structure reveal a
conductance peak at 0.22 ± 0.02 G0 (Figure 5b) that is at least
2 orders of magnitude higher than the experimental values
reported in the literature for TPA, presumably anchored in the
junction via its carboxylic acid groups.22,45 However, the high-
conductance peak (0.22 G0) disappeared at positive electrode
potentials (Figure 5c) where the molecular adlayer was
disordered, suggesting that no molecular junctions formed
with TPA in the flat configuration under these conditions.
Two-dimensional histograms of TPA at negative electrode
potential (Figure S7a) show clear features with length on the
order of 0.2 nm consistent with flat-oriented molecules and the
junction formation through π system of the flat-oriented
benzene ring of the molecule on the surface.
These results confirm that the high-conductance peaks (0.24

and 0.22 G0 for TFTPA and TPA, respectively) are repeatedly
observed for two different benzenecarboxylic derivatives under
conditions that provide the planar orientation of the benzene
rings on the gold substrate, where the most likely charge
transport path between the two gold electrodes is perpendic-
ular to the benzene ring.12 Thus, it seems that (i) the 0.24 and
0.22 G0 conductance peaks are due to conductivity
perpendicular to the benzene ring and (ii) our experimental
results, confirmed by calculations discussed below, show that
the substitution of hydrogen atoms of the benzene ring in TPA
with strong electron-withdrawing groups (fluorine atoms) does
not appear to significantly change the alignment of the
dominant conductance channel (LUMO) of TFTPA in its flat
orientation; hence the conductance of flat-oriented TFTPA

remained unaffected relative to that of TPA. Furthermore, it is
noteworthy to mention that, because of the hydrogen bonding
between flat-oriented molecules, each single molecule is
influenced by the hydrogen bond interactions and experiences
a different physical and electronic environment relative to that
of the isolated molecule. Hence, the reported conductance of
flat-oriented TFTPA and TPA could be somewhat different
from that of isolated TFTPA and TPA single molecules.46

Configuration Dependence of Charge Transport
from First-Principles NEGF Computation. The significant
difference between the conductance of TPA measured for the
vertical and flat configurations45 suggests dramatic changes in
the junction electronic structure with the orientation of the
molecule, which can be examined with first-principles
calculations. The results are shown in Figure 6, and the
computational details including the structure modeling are
referred to in the Supporting Information. The value of the
zero-bias transmission at the Fermi energy, EF, provides a good
estimation of the low-bias conductance measurement (eq 1)).
TPA and TFTPA junctions with the same configuration have
similar conductance (Figure 6a), while the difference in
conductance between the flat and vertical configurations is as
large as 3 orders of magnitude (TPA-flat, 0.31 G0; TPA-
vertical, 0.6 × 10−3 G0; TFTPA-flat, 0.29 G0; TFTPA-vertical,
0.3 × 10−3 G0).
This dramatic contrast emphasizes the junction geometry

effects, which can be intuitively attributed to the existence of
anchoring groups for the vertical configuration as a scattering
source as well as the much longer transport pathway. From the
isosurface plots of the local density of states (LDOS) around
the molecule near the Fermi energy, we clearly see the LDOS
delocalized over the whole TFTPA molecule for the flat
configuration (Figure 6b) while strongly localized near the
anchoring group for the vertical configuration (Figure 6c).
(The LDOS isosurface plots for TPA are very similar to those
of TFTPA and therefore not shown here.) The computation
confirms the junction configuration itself as a good
conductance-controlling parameter for such benzene deriva-
tives.

Potential Dependence from First-Principles NEGF. To
mimic and rationalize the effects of the electrode potential
(shift in the Fermi level of the electrodes) on the single-
molecule conductance of TFTPA in the experiments, we
applied a gate voltage in the area of the molecule47,48 during
the NEGF computation. Different from the experimental

Figure 5. STM image and conductance histograms of TPA measured at negative and positive electrode potentials. (a) STM image of TPA/0.05 M
H2SO4 on Au(111) at VS = −0.10 VSCE, scan area 10 × 10 nm2. (b, c) All-data-point EC-STM-BJ current histograms of TPA collected on the
Au(111) electrode without any data selection at (b) VS = 0 VSCE. (c) VS = 70 VSCE. Vbias = −0.1 V for both (b) and (c). (b-Inset) Example of
individual current−distance traces collected on negatively charged Au(111). Gray: No atomic/molecular junction formed, Green: gold junctions.
Red: gold and molecular junctions.
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setting, which modifies the potential of the electrodes to adjust
the position of the electrode Fermi level, here we apply an
electrostatic potential within the box which contains the
molecule, and hence we mainly modify the energy position of
the molecular orbitals. Both approaches should lead to the
same effects of changing the relative energy difference between
the Fermi level and the frontier orbitals of TFTPA and TPA.
Note that a very large electrostatic potential is needed because
of the screening effects.48

The peaks of the projected density of states (PDOS)
corresponding to the LUMO are at 0.6 eV for TPA and 0.5 eV
for TFTPA above the Fermi level under zero gate voltage
(Figure 7). The HOMO-like states are about 1.6 eV below the
Fermi level, which are not shown in the figure. The TFTPA
LUMO peak is closer to the Fermi level and is generally
narrower than that of TPA. The latter may arise from the ∼0.2
Å longer separation between the tip and the surface in the case
of TFTPA and hence a weaker coupling between TFTPA and
the electrodes. These two factors could explain the very similar
conductance between the two molecules.
In agreement with experiment (Figure 4), the calculations

(Figure 7) show that when the energy difference between the
LUMO and the Fermi level decreases, the conductance
increases, suggesting that the LUMO is responsible for the
conductance. As mentioned above, the HOMO-like states are

much farther away from the Fermi level and cannot contribute
to the conductance significantly. This is further supported by
the results with the negative voltage, where the Fermi level
came closer to the HOMO level but the conductance still
decreased. Besides, the shape of the LDOS plot for the states
near the Fermi level (Figure 6b) resembles that of the LDOS
plot for the LUMO state of the isolated TFTPA molecule,
while the HOMO state was mainly localized on the benzene
ring.

■ CONCLUSIONS
We report the formation of an ordered layer of TFTPA on a
negatively charged Au(111) using EC-STM followed by
conductance measurements of single TFTPA molecules
through the STM-BJ method. STM images revealed an
ordered adlayer, likely formed by hydrogen bonding between
carboxylic acids as well as halogen−halogen interactions of
neighboring TFTPA molecules, with the benzene ring lying flat
on Au(111). This orientation facilitates the direct π binding of
the TFTPA benzene ring to the electrodes. Considering the
amount of lateral drift between approach−retract cycles, the tip
will not land back on the same spot. In addition, each molecule
is surrounded by neighboring molecules, hence its flat
orientation is stabilized through the existence of the hydrogen
bonding network. Therefore, the molecular geometry in the
junction remains quasi-flat during the break junction process.
The measured conductance values for TFTPA and TPA, 0.24
and 0.22 G0, respectively, perpendicular to the molecule plane
are 3 orders of magnitude higher than through single-molecule
junctions formed by benzene derivatives attached to electrodes

Figure 6. (a) Calculated zero-bias transmission spectra for TPA and
TFTPA between gold electrodes with the flat and vertical
configurations and the isosurface plot for the local density of states
(LDOS) near the Fermi level for the TFTPA junction with (b) flat
and (c) vertical configurations. For clarity, only the isosurface near the
molecule and only parts of the structural models are shown in (b) and
(c).

Figure 7. Projected density of states (DOS) of the molecules under
different gate voltages for (a) TPA and (b) TFTPA. The DOSs are
vertically shifted for clarification, and the corresponding gate voltages
and transmission at the Fermi level are explicitly denoted.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.9b05448
J. Am. Chem. Soc. 2019, 141, 10109−10116

10114

http://dx.doi.org/10.1021/jacs.9b05448


via anchoring groups, semiquantitatively agreeing with the
nonequilibrium Green’s function calculation. (Deviations
between experiment and calculation are discussed in detail in
the Supporting Information.) Molecules oriented flat on the
electrode surface forming single-molecule junctions with no
involvement of anchoring groups have a shorter tunneling
barrier and higher conductance values. The tunneling process
is dominated by the LUMO orbital of TFTPA and TPA
according to the observed trend in conductance at different
sample potentials and first-principles computation.
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