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Amsotroplc Conductivity at the Single-Molecule Scale

Abstract: In most junctions built by wiring a single molecule
between two electrodes, the electrons flow along only one axis:
between the two anchoring groups. However, molecules can be
anisotropic, and an orientation-dependent conductance is
expected. Here, we fabricated single-molecule junctions by
using the electrode potential to control the molecular orienta-
tion and access individual elements of the conductivity tensor.
We measured the conductance in two directions, along the
molecular plane as the benzene ring bridges two electrodes
using anchoring groups (upright) and orthogonal to the
molecular plane with the molecule lying flat on the substrate
(planar). The perpendicular (planar) conductance is about 400
times higher than that along the molecular plane (upright).
This offers a new method for designing a reversible room-
temperature single-molecule electromechanical switch that
controllably employs the electrode potential to orient the
molecule in the junction in either “ON” or “OFF” conductance
states.

Introduction

The ultimate goal in the development of nano-electronics
is controllable charge transport through molecules that
operate as electronic components'! such as rectifiers®? and
switches.”! In studying molecular conductance at the single-
molecule level, junctions are typically fabricated by wiring
a single molecule between two metal electrodes via anchoring
groups'“* such as thiols!® and amines!” that provide sufficient
electronic coupling between the metal and the molecule. The
contact between the single molecule and the electrodes must
be robust, reproducible, and able to provide a strong coupling
between the molecule and the electrodes so that the junction
is stable and has a low contact resistance.” In such conven-
tional single molecule conductivity (SMC) measurements,
charge transport is measured along one axis, that is, between
two anchoring groups.*”! Our previous study in measuring
charge transport perpendicular to the aromatic ring of
a benzene derivative for the first time revealed that the
junctions formed by direct contact between the gold electro-
des and the m-system of the benzene ring of the molecule
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result in a molecular conductance that is two orders of
magnitude higher than the conductance of a benzene ring
connected via standard anchoring groups.'” Furthermore,
DFT calculations showed that the conductance perpendicular
to thel' ring is about 0.1 G "> (G,=2¢e*h where e is the
electron charge and h is Planck’s constant!*)) while the
conductance of single-benzene-derivative junctions formed
with standard linker groups is about 0.005-0.01 G,

These observations led us to the hypothesis that for some
benzene derivatives, there could be an orientation-dependent
conductance in the junction. Thus, the conductance of single-
molecule junctions is anisotropic because of the different
possible contact geometries, that is, electrode-anchoring
groups (upright) versus direct electrode—m contact (planar),
and likely associated with very different conductance values.
As any structural transformation of single-molecule junctions
triggered by an external chemical or physical stimulus (e.g.,
applied force,'® light,!'”! tunneling current,”¥ redox reac-
tions,""" or a change in pH?) that results in altered
electronic properties of the molecular junction can be utilized
in designing single-molecule electronic switches,”!! we pro-
pose employing this strategy to design an electromechanical
single-molecule switch. We show that we can controllably
alternate the single-molecule switch between high or “ON”
and low or “OFF” conductance modes by employing elec-
trode potential as an external stimulus that induces a tran-
sition in the single-molecule orientation in the junction from
“planar” to “upright” (Scheme 1a).
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Scheme 1. a) The two possible junction configurations formed by
direct interaction of the Au electrodes to either the aromatic ring or
the carboxylic acid groups of single TMA molecules. b) Molecular
structure of the benzenecarboxylic acids used in this study.

Results and Discussion

Two benzenecarboxylic acids, namely trimesic acid
(TMA) and pyromellitic acid (PMA) containing three and
four peripheral carboxylic groups (COOH), respectively
(Scheme 1b), are used in this study to build molecular
junctions. We reproducibly fabricate orientation-controlled
single-molecule junctions by utilizing a combination of
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electrochemical scanning tunneling microscopy (EC-STM)
break junction (EC-STM-BJ) and high-resolution STM
imaging under electrode potential control (see the Supporting
Information). The potential of the gold electrode surface
(working electrode) is employed to control the orientation of
the single molecule in the junction between the gold tip and
the electrode surface while the conductivity of the single
molecule is measured for each orientation. The anisotropic
conductivity of single-molecule junctions in two orientations
(upright and planar) of the central benzene rings (Scheme 1a)
is investigated. TMA molecules (Scheme 1b) are adsorbed in
planar geometry at a negatively charged Au surface with the
benzene ring oriented parallel to the surface.’”’ We show that
junctions formed with a planar orientation have a conductance
that is about one tenth of the conductance quantum, G,,. This
conductance is significantly higher than that achieved with an
upright orientation of TMA molecules in the junction and
also more than two orders of magnitude higher than the
conductance of single-molecule junctions of benzene deriv-
atives formed with conventional linkers such as thiols and
amines.” The high conductance that we observe suggests
strongly that direct coupling between the m-system of the
benzene ring and the gold STM tip results in charge transport
perpendicular to the benzene ring. This hypothesis is well
supported by density functional theory (DFT) calculations in
this study for TMA, with the calculated conductance being
about 300 times higher for the planar than for the upright
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orientation. Hence, the electrode potential can, in principle,
be employed as an external stimulus to switch the orientation
of a single molecule in an electrical junction inducing ON or
OFF conductance states of a single-molecule switch.

As the first step in fabricating the proposed electro-
mechanical single-molecule switch, we conducted EC-STM
imaging to clarify the molecule orientation on the charged Au
surface. The potential of zero charge, where the surface
charge is zero, for the electrochemically reconstructed Au-
(111)-(22 x v/3) and the Au(111)~(1 x 1) surfaces are 270 mV
and 230 mV versus the saturated calomel electrode (SCE),
respectively.™ STM images of the electrified Au(111)
electrode in the presence of TMA in sulfuric acid show that
TMA molecules (Scheme 1b) are physisorbed at negative
potentials (or negative surface charge densities) with the
benzene ring lying flat on the gold electrode surface, forming
long range ordered structures because of intermolecular
hydrogen bonds between COOH groups (Figure 1a). Moving
to positive potentials (positive surface charge densities),
TMA molecules are chemisorbed with the ring oriented
upright because of the deprotonation of COOH groups,*"
which coordinate to the gold electrode (Figure 1d; STM
image analysis can be found in the Supporting Information,
Figure S2).

Following the STM imaging, SMC measurements were
conducted to form planar TMA single-molecule junctions by
repeatedly bringing the STM tip into contact with the

Counts

T

Distam.:e (nm)

10 0 2000 4000 6000 8000
Current (nA)

o
=)
1

Current (nA)
»
o
1

=

4%103 G,

0.9%103 G,

Counts

e f
o %LLL

Distance (nm)

10 0 10 20 30 40 50
Current (nA)

Figure 1. STM imaging and conductance measurements of trimesic acid (TMA). a) 20x20 nm? EC-STM image of TMA on a negatively charged
(Esurace=—0.10 Vscg) Au(111) electrode indicating benzene rings parallel to the surface. b) Examples of individual current—distance traces at high
current regions collected on the negatively (red) and the positively (blue) charged Au(111) surfaces. c) All-data point EC-STM-B] current
histograms of TMA at high current regions collected on a negatively charged (E e = —0.10 Vsce) Au(111) electrode without any data selection of
9070 individual current—distance traces (red) and on a positively charged (E,, e = +0.75 Vsce) Au(111) electrode without any data selection of
7609 individual current-distance traces (blue). d) 10x10 nm? EC-STM image of TMA on a positively charged Au(111) electrode (Equace =

+0.75 Vgcg) showing an ordered structure of TMA molecules standing upright. e) Example of individual current—distance traces collected on the
negatively (red) and the positively (blue) charged Au(111) surfaces. f) All-data point EC-STM-B| current histograms of TMA at low current regions
collected on a positively charged Au(111) electrode (Eyyfce = +0.75 Vscg) without any data selection of 2974 individual current—distance traces
(blue) and a negatively charged Au(111) electrode (Eg, e =—0.10 Vgcg) without any data selection of 2970 individual current—distance traces

(blue).
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electrified Au(111) electrode in the presence of the TMA
monolayer while current—distance traces were recorded in the
1-10000 nA current range. Displacement of the STM tip
away from the negatively charged Au(111) surface (Egyace =
—0.1 Vgg) in the presence of the TMA monolayer gave rise
to quasi-exponentially decaying traces that are interrupted by
current plateaus (or steps) interpreted as resulting from
molecular junction formation, allowing the current to remain
approximately constant even as the distance between tip and
substrate increases (Figure 1b, red traces). A statistical
assessment of repeated EC-STM-BJ measurements is pro-
vided by conductance histograms, generated without any data
selection from over 10000 measurements, that show a clear
peak at a conductance value of 0.15 G, for negative potentials
(Figure 1c, red). At positive potentials, only quasi-exponen-
tially decaying traces without any plateaus or steps are
observed, suggesting the absence of flat-lying molecules
bridging the electrode potential towards positive values
(Figure 1b, blue traces). Thus, the conductance peak ob-
served at 0.15 G, disappears upon changing the electrode
potential towards positive values (Figure 1c, blue).

As a control, and in order to confirm that the observed
conductance peak corresponds to single TMA molecules, we
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measured the conductance in the absence of the TMA
monolayer (Figure 2d). These histograms are generated
without any data selection from over 2000 current—distance
measurements on Au(111) in air, in sulfuric acid (without
TMA) at negative potentials, and with 1 mm TMA in sulfuric
acid without electrode potential control (details of the SMC
experiments can be found in the Supporting Information,
Figure S1d). In none of these control STM-BJ measurements,
which are all characterized by the absence of the ordered
TMA monolayer, do we see a peak corresponding to charge
transport through molecular junctions (Figure 2d), confirm-
ing that the 0.15 G, peak represents the conductance of
single-molecule junctions formed with the flat-lying TMA
molecules in the assembled monolayer. Additionally, to
confirm the bias potential dependence, we investigate the
current-bias relationship for this conductance feature by
varying the bias voltage (Ey;,,) from —0.10 V to —0.05V in
SMC experiments while the E .. = —0.1 Vg is maintained
to give a negatively charged surface (Supporting Information,
Figure S3). The current peak in the histogram (Figure S3B)
moves to lower currents proportionally to Ey;,, in accordance
with Ohm’s law (V=1IR), and the resulting conductance is
constant.
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Figure 2. Control STM imaging and conductance measurements and DFT calculations. a) 100x 100 nm* EC-STM image of pyromellitic acid (PMA)
on a negatively charged (Eg, e =—0.10 Vscg) Au(111) surface. b) Example of individual current—distance traces collected in the presence of
pyromellitic acid (PMA) on the negatively (red) and the positively (blue) charged Au(111) surfaces. c) EC-STM-BJ current histograms of PMA on
negatively (red) and positively (blue) charged Au(111) electrodes without any data selection of 5029 and 3071 individual current—distance traces,
respectively. d) STM-B] current histograms without any data selection of: solid red line: TMA in 0.05m H,SO, on a negatively charged Au(111)
surface (Egypce=—0.10 Vseg and Ey,s=—0.10V); dotted red line: TMA in 0.05wm H,SO, and no electrode potential control on Au(111)
(Epiis=—0.10 V); solid blue line: 0.05m H,SO, without TMA on a negatively charged Au(111) surface (Eygce = —0.10 Vg and Ej,o=—0.10V;
dotted blue line: Au(111) in air (Ey,s=—0.10V). e) The transmission spectra for TMA single-molecule junctions between the Au(111) surface and
the STM tip for both the planar and the upright TMA orientations.
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In our STM-BJ measurements, because the maximum
current typically only allows the detection of the conductance
quantum, G, (ca. 77500 nA at E.;,;=100 mV), the contact is
insufficient to make more than a single Au atom junction.
Therefore, we conclude that neither the tip nor the overall
monolayer is destroyed.'”! We attribute the 0.15 G, conduc-
tance peak to charge transport perpendicular to the benzene
ring (Scheme 1a). Intermolecular hydrogen bonding between
neighboring molecules immobilizes TMA molecules on the
Au(111) surface, allowing direct contact between the Au
electrodes and the m-system of the benzene ring. In these
junctions, the benzene ring is planar on the gold substrate and
thus charge transport between the electrodes occurs perpen-
dicular to that plane.

Next, we investigated the “OFF” conductance state of the
TMA single-molecule switch under positive potentials and in
much lower current regions (1-100 nA). Changing the gold
electrode potential to positive values drives the molecular
orientation from planar to upright (Figure 1d) due to the
deprotonation of the carboxylic acid groups.?* Ordered
structures of TMA molecules are formed by pairs of upright
and parallel-aligned TMA molecules coordinated to the
positively charged substrate surface through one deprotonat-
ed carboxylate (COO™) group and possible formation of
intermolecular hydrogen bonds involving the solution-direct-
ed carboxyl groups (COOH).™ In this arrangement, the
parallel phenyl rings of one dimer are separated by 0.35 nm
(Supporting Information, Figure S2C,D). The single-mole-
cule junctions on a positively charged Au(111) surface
(Egutace =+ 0.75 V) are expected to be formed with con-
tacts between carboxylic acid groups and gold electrodes
(Scheme 1a) leading to a current plateau or step in the
current-distance traces (Figure 1e, blue traces) in the low
current regions. Thus, the 0.15 G, (high) conductance peak
disappears and two (low) conductance peaks at about 0.4 x
107 G, and 0.9x107° G, are present in the histograms
(Figure 1f, blue). When measuring the conductance of the
single molecules at the junction, it is possible that molecules
deviate from the idealized, perfectly planar or upright geo-
metries. However, the lengths of the molecular junctions in
the current—distance traces shown in Figure 1b,e are consis-
tent with flat-oriented and upright molecules, respectively.
Furthermore, when the molecules deviate from the ideal
configurations, charge transport through such geometries
should result in the broadening of the conductance peak in
the current histogram.

Previously reported conductance values of single-mole-
cule junctions formed with 1,4-benzenedithiol range from
0.01 G, to 4x107* G,.[">* 2 This leads us to attribute the
04x107 G, peak to the conductance of single TMA
molecules bridging the electrodes through the carboxylic
acid groups while we suggest that the 0.9 x 10~* G, peak is the
collective conductance due to the simultaneous contact
between two (pairs of upright and parallel-aligned) TMA
molecules and the STM tip. Neither of these conductance
peaks was observed in histograms acquired at negative
potentials in the low current region (Figure 1f, red). We
believe that the hydrogen bonding between neighboring
TMA molecules at the negatively charged surface is strong

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

enough to keep the molecules parallel to the surface. Thus,
junctions with direct contact between the carboxylic acid
groups and the gold electrodes cannot easily be formed at
negative potentials, leading to current—distance traces without
any current plateau or step in the low current region
(Figure 1e, red traces).

To confirm that the observed peaks at 0.4 x 107> G, and
0.9x 107 G, actually represent the signature of molecular
conductance, we investigated the current-bias relationship
for these conductance features by varying the bias voltage
(Epias) from —0.10 V to —0.30 V in SMC experiments while
the potential of the surface (E,q..) iS maintained at
+0.75 Vg (Supporting Information, Figure S4). The current
maxima in the histograms increase proportionally to FEy;,
revealing a constant conductance (Figure S4B). The bias
independence of the conductance indicates the molecular
nature of the conductance peaks attributed to transport
through the benzene ring of the upright TMA molecule in the
junction with carboxylic acid groups as linkers.

To further test the hypothesis that a planar geometry
stabilized by long-range-ordered structures is necessary to
observe the high conductance state, we measured transport
through pyromellitic acid (PMA), which by design and
because of the hindrance of the four carboxylic acid groups
(Scheme 1b) appears unlikely to form long-range ordered
structures with a planar geometry of benzene rings on the
gold substrate.” Thus, a direct Au-n contact should rarely
form because the molecule is unlikely to be oriented with its
benzene ring perpendicular to the junction axis.

Our STM images of PMA do not reveal any ordered
structure (Figure 2a). Instead, the surface is covered with
bright features varying in size from one to several nanometers
that can be tentatively assigned to clusters of a few PMA
molecules agglomerated because of hydrogen bonding be-
tween the carboxylic acid groups (Figure 2a). The conduc-
tance histograms of PMA collected with negative and positive
potentials are similar. Notably, the dominant 0.15 G, peak is
missing in both histograms (Figure 2 ¢, red and blue). Instead,
a few broad peaks are present (Figure 2¢, red) quite unlike
the feature for TMA.

To confirm that the peaks that we observe in the PMA
histogram are not dominant enough to be attributed to
a molecular conductance of a specific geometry, we can
compare the amplitude of the peaks in the region of 0-
2000 nA with the height of the G, peak. In the TMA
histograms collected with the same experimental setup
(negatively charged Au(111) surface), the peak in the region
of 0-2000 nA is clear with a height of about one fourth of the
G, peak (Figure 1c) while in the PMA histogram, the minor
peaks are at most one tenth of the G, peak (Figure 2¢). We
also conducted SMC experiments for PMA in the low current
region (1-100 nA), and we did not see any peak correspond-
ing to charge transport through junctions formed via carbox-
ylic linkers (Supporting Information, Figure S5). These con-
trol measurements show that in the case of PMA, where no
long-range order was observed, single-molecule junctions
with the benzene ring perpendicular to the Au STM tip are
not formed.
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To further elucidate that such an ON/OFF switching does
not arise from some uncertainty related to the atomic-level
details within our experimental setting, we performed DFT
calculations with SIESTAP" and TranSIESTA.P'"! We used the
Troullier-Martins norm-conservation pseudopotentials,? the
so-called SZP pseudo-atomic orbital (PAO) basis for Au, the
DZP basis for other elements, and the consistent-exchange
van der Waals density functional (vdW-DF-cx)® for the
exchange correlation approximation. The computation pro-
cedure is available in the Supporting Information, Section S6.
For the planar orientation, the benzene ring takes the hcp-A
configuration,*" and for the upright orientation, the depro-
tonated COOH groups directly bond to Au atoms of the
Au(111) substrate as in the experiment. The transmission
spectrum from non-equilibrium Green'’s functional computa-
tion is shown in Figure 2e, where the transmission at the
Fermi level is an excellent estimator for low-bias conduc-
tance. Thanks to some error cancellation, the DFT results, 0.3
and 0.001 G, for the planar and upright orientations, respec-
tively, agree quite well with the experimental values. More
importantly, the DFT computation confirms that such strong
orientation dependence is intrinsic.

Based on these observations and calculations, we con-
clude that we have controllably measured charge transport/
conductance along two different axes: one with the benzene
ring lying flat on the substrate perpendicular to the STM tip
(planar) and the other one with the molecule bridging
between the two electrodes using carboxylic acids as anchor-
ing groups (upright). The junctions with planar molecular
orientation have a conductance that is significantly higher (by
a factor of 400) than junctions with molecules in an upright
geometry.

Conclusion

Employing an electrochemical STM setup has enabled us
to control the orientation of single molecules between two
gold electrodes and, for the first time, measure the conduc-
tance in a controlled manner along two different axes. We
developed a strategy to use the potential of the gold
(working) electrode to controllably change the orientation
of benzenecarboxylic acids in the junction from planar to
upright and to measure the conductance of single molecules
either perpendicular to or along the benzene ring. The
measured conductance of TMA molecules in these two
distinct orientations determined the two conductance states
of the single molecule in the junction. Hence, we introduce
a new class of single-molecule junctions that exhibit well-
defined orientation-dependent anisotropic conductivity. Fur-
thermore, the junctions with the planar molecular orientation
have a conductance significantly higher (by a factor of ca. 400)
than that of junctions with molecules in the upright geometry.
Thus, we can use the electrode potential as a knob to design
a single-molecule electromechanical switch with high ON/
OFF conductance ratios. We suggested that this phenomenon
is applicable in designing single-molecule switches where the
orientation of the molecules in the junctions is controlled
utilizing the electrode potential as a knob. This offers a new

Angew. Chem. Int. Ed. 2019, 58, 1427514280
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method for designing a robust, room-temperature electro-
mechanical single molecule switches with high “ON” to
“OFF” conductance ratios.
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