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ABSTRACT: Investigating how electrons propagate through a
single molecule is one of the missions of molecular electronics.
Electrons, however, are also efficient catalysts for conducting
radical reactions, a property that is often overlooked by chemists.
Special attention should be paid to electron catalysis when
interpreting single-molecule conductance results for the simple
reason that an unexpected reaction mediated or triggered by
electrons might take place in the single-molecule junction. Here,
we describe a counterintuitive structure−property relationship that
molecules, both linear and cyclic, employing a saturated
bipyridinium−ethane backbone, display a similar conductance
signature when compared to junctions formed with molecules
containing conjugated bipyridinium−ethene backbones. We
describe an ethane-to-ethene transformation, which proceeds in the single-molecule junction by an electron-catalyzed
dehydrogenation. Electrochemically based ensemble experiments and theoretical calculations have revealed that the electrons
trigger the redox process, and the electric field promotes the dehydrogenation. This finding not only demonstrates the importance of
electron catalysis when interpreting experimental results, but also charts a pathway to gaining more insight into the mechanism of
electrocatalytic hydrogen production at the single-molecule level.

■ INTRODUCTION

Scanning tunneling microscopy (STM) provides an ideal
platform on which to apply external stimulii.e., chemical,1

light,2−4 force,5−8 and plasmon9−12within the nanogap in
order to induce chemical transformations that can be monitored
by probing single-molecule conductance directly. Beyond that,
STM itself can catalyze13 chemical reactions in the single-
molecule junctions by two means. One uses14−18 oriented
external electric fields (OEEFs) to catalyze non-redox reactions,
and the other employs19−21 electrons as catalysts in redox
reactions. In the case of this first reaction type, OEEFs can
catalyze a variety of non-redox transformations through (i)
stabilizing unfavorable electronic structures,22,23 (ii) enabling
the formation of new transition states,24−26 (iii) modifying
reaction barriers,27−29 or (iv) controlling reaction selectiv-
ities.23,29 In the case of this second reaction type, electrons are
injected as the catalysts so as to initiate a catalytic
cycle.19,21,30−32 Electron catalysis can be viewed as an example
of a general class of processes in which a chemical reaction,
which would otherwise proceed slowly and routinely under
normal thermal conditions, is accelerated by generating a variety
of reactive intermediates at a suitable potential.33−36 In
principle, any initiator with the appropriate reduction potential
and the ability to transfer electrons at a reasonable rate can
trigger a chemical reaction. In the case of nanoconfined reactions

in STM break junctions (STM-BJ), electron transfer37−41

proceeds as follows: After (i) electrons are injected from the
top electrode into the molecules, (ii) they become in-
volved39,40,42 in the redox catalytic cycles within the molecule
and (iii) are extracted at the bottom electrode, before (iv) the
cycle is reset. Furthermore, electric fields are believed43,44 to
have the unique capability to promote electron transfer and
redox reactions.
In this research, we employed the STM-BJ technique (Figure

1a) to measure the single-molecule conductance of a series of
linear and cyclic charged molecules (Scheme S1), incorporating
non-conjugated 1,2-di(4-pyridinium)ethane (DPA2+) and con-
jugated 1,2-di(4-pyridinium)ethene (DPE2+) units in their
backbones. We found that, during these experiments, although
the two backbones have significant differences in their degrees of
conjugation and large variations in their twist angles between the
planes of two pyridinium rings, the single-molecule con-
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ductances measured presently and previously45 revealed that the
junctions formed, involving molecules with DPA2+ backbones,
display conductance signatures similar to those of junctions
formed by molecules with DPE2+ backbones. Taking these
findings together with electrochemical ensemble experiments
performed in solution, we have demonstrated that the DPA2+

unit undergoes electron-catalyzed in situ dehydrogenation, both
in solution and in a single-molecule junction. We show that
(Figure 1b), at room temperature, two electrons, which are
injected (step i) from the top electrode to the ground state of
DPA2+, trigger (step ii) the formation of a DPA•• diradical. The
molecule then undergoes dehydrogenation (step iii) and is
transformed into a DPE•• diradical. Finally, two electrons are
removed from the metastable state of DPE•• and returned to the
bottom electrode to complete the loop. Since radical reactions
proceed quickly, the oxidative transformation fromDPE•• to the
ground state of DPE2+ need not necessarily be a single-step
reaction; i.e., DPE•• can undergo (step iv) a two-electron
oxidation with an intermediate of DPE•+ or lose (step v) two
electrons directly to reach the dicationic ground state DPE2+.
The transformation mechanisms associated with this cascade

reaction are determined from simultaneous single-molecule
conductance monitoring, using the STM-BJ technique, and
electrochemical measurements conducted in parallel. The role
of the electric field has been revealed by using density functional
theory (DFT) calculations. Moreover, the transformation is
confirmed by detecting some metastable radical species during
EPR experiments in solution. The technique and compounds
described in this Article can be applied to investigate the
mechanism of electrocatalytic hydrogen production at the
single-molecule level.

■ EXPERIMENTAL METHODS
Synthesis. The structural formulas and descriptors for both target

and control compounds reported in this research are listed in Scheme
S1. These compounds were prepared by SN2 reactions in MeCN at 80
°C. Details of the synthesis and characterizations can be found in the
Supporting Information; see Sections A−D, Schemes S2−S9, and
Figures S1−S22.

Electrochemical Experiments. Cyclic voltammetry (CV) on all
samples (0.5mM inMeCN)was performed at room temperature inN2-
purgedMeCNwith a Gamrymultipurpose instrument (Reference 600)
interfaced to a PC. Pt wire and Ag/AgCl (3 M NaCl) were used as the

Figure 1. Electron-catalyzed dehydrogenation at a single-molecule junction. (a) Schematic illustration showing the electron-catalyzed DPA2+-to-
DPE2+ dehydrogenation at an STM junction. (b) A plausible mechanism for the electron-catalyzed DPA2+-to-DPE2+ dehydrogenation. (c) Structural
formula for 1−S·2PF6 employing a non-conjugated DPA2+ backbone. (d, e) 1D and 2D conductance−displacement histograms for 1−S·2PF6. The
high-conductance (HC) and low-conductance (LC) values, extracted from the results of a Gaussian fit, are 10−2.95 and 10−4.48 G0, respectively. (f)
Structural formula for 2−S·2PF6 employing a conjugated DPE2+ backbone. (g, h) 1D and 2D conductance−displacement histograms for 2−S·2PF6.
The HC and LC values, extracted from the results of a Gaussian fit, are 10−2.65 and 10−4.61G0, respectively.
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counter and the reference electrodes, respectively. Glassy carbon was
used as the working electrode (0.071 cm2). The electrode surface was
polished routinely with a 0.05 μmalumina−water slurry on a felt surface
immediately before use. The concentration of the supporting
electrolyte, tetrabutylammonium hexafluorophosphate (TBAPF6),
was 0.1 M. The scan rate was 100 mV s−1.
Controlled potential electrolysis (CPE) experiments46 were

performed inside a plastic glovebox filled with N2. 1−S·2PF6 or 2−S·
2PF6 (20 mg, 26.7 mmol) was dissolved in an anhydrous MeCN (55
mL) solution containing TBAPF6 (0.1M) as the supporting electrolyte.
This solution was transferred into the working cell of a bulk electrolysis
apparatus using a custom-built H-cell under a N2 atmosphere. The bulk
electrolysis cell contained a reticular vitreous carbon (RVC) working
electrode, an RVC counter electrode, and a Ag/AgCl reference
electrode. The two identical RVC electrodes were placed into
individual half-cell chambers (100 mL) which were separated by an
ionic exchange membrane (Fumasep FAPQ-375-PP from Fuel Cell
Store) and held together by a clamp. The counter cell was filled with a
solution of (trimethylammonium methyl)ferrocene hexafluorophos-
phate inMeCN (55mL) containing TBAPF6 (0.1M) as the supporting
electrolyte. The Ag/AgCl reference electrode was inserted inside the
working cell. The whole apparatus, including all three electrodes, was
connected to a Gamry multipurpose instrument (Reference 600)
interfaced to a PC. The solution in the working cell was stirred
vigorously at 800 rpmwhile being subjected to reductions with constant
potentials of −700, −800, −900, and −1000 mV.
UV−Vis and EPR Spectroscopies. The UV−vis absorption

spectra were recorded using the solution obtained from the CPE
experiments at a given reduction potential and reaction time. The
solution (1 mL) was added to a sealed cuvette in a glovebox and
measured at 298 K. EPR spectra were recorded using a Bruker Elexsys
E580 X-band EPR spectrometer. EPR samples were prepared by CPE
experiments at a reduction potential of −1.0 V for 2 h. The solutions
were transferred into 1.8 mm O.D. quartz tubes and sealed with a clear
ridged UV curing epoxy (IllumaBond 60-7160RCL) in an Ar glovebox.
Scans were performed with a magnetic field modulation amplitude of 1
G and non-saturating microwave power between 0.4 and 0.6 mW.
STM-BJ Measurements. Single-molecule conductances were

measured using a home-built STM-BJ47,48 setup, housed in a plastic
glovebox filled with N2. An electrochemically etched Au wire (Ø = 0.25
mm, 99.999% purity, Alfa Aesar) was coated49 with Apiezon wax and
used as the tip (Figure S23). The metallic substrates were prepared by
evaporating ∼100 nm Au (99.999% purity, Alfa Aesar) at ∼1 Å/s onto
silicon substrates and were cleaned with a Piranha solution before
conducting the experiments. Single-molecule conductances were
measured with the target compounds dissolved (0.1 mM) in MeCN
(Sigma-Aldrich, 99% purity). During the experiments, 20-μL portions
of solution containing the test compounds were added to the substrates.
MeCN is so volatile that we are, in essence, measuring the solid-state
thin layer of the compounds on the substrate. Thousands of breaking
traces were collected and presented as one-dimensional (1D) and two-
dimensional (2D) conductance histograms without data selection.
Accordingly, the peaks corresponded to the most frequently observed
conductance values. Further details are provided in SI Section E.
Theoretical Methods. The geometrical optimizations and the

electronic structure calculations performed on isolated molecules were
carried out by DFT using the Gaussian package.50 The B3LYP hybrid
functional and the 6-311G(d) basis set were employed in the Gaussian
calculation. The vibrational frequencies were calculated in order to
identify the stationary points and the transition state (TS)with zero and
one imaginary vibrational mode, respectively. The TS was also verified
by examining both the normal mode and the intrinsic reaction
coordinate (IRC) calculations. The Fermi level of the Au electrodes was
set to −5.3 eV. The multiplicities of neutral DPA•• and DPE•• were
carefully examined, as shown in Table S2. As for the DPA••, the triplet
form with two unpaired electrons (total spin momentum S = 1) is
energetically favorable, while in the case of the DPE••, the singlet (S =
0) has the lowest energy. As a result, we have taken the DPA•• (triplet)
and DPE•• (singlet) for analysis throughout this work. In order to
explore the effect of OEEFs, various electric field (Fz) values from 0 to

0.004 au (∼+2.06 V nm−1) with 0.001 au increments were applied. The
static electric field was set along the z axis, which is also the aligned
direction of the molecular backbone during STM measurements.

■ RESULTS AND DISCUSSION

Single-Molecule Dehydrogenation in STM Break
Junctions. Although the DPA2+ backbone (Figure 1c) has
broken conjugation on account of the saturated (−CH2CH2−)
bridge between the two pyridinium rings, the DPE2+ backbone
(Figure 1f) couples more efficiently across the π-system through
its unsaturated (−CHCH−) bridge, a phenomenon which
leads to an increase51,52 in the conductance of DPE2+ by nearly 2
orders of magnitude compared to that of DPA2+. Moreover, the
two pyridinium rings in DPA2+ are not co-planar and are (i)
located in two offset planes (Figure 2a,c and Figures S17 and
S19) or (ii) separated (Figure 2b and Figure S18) by a large twist
angle (θ ≈ 88°). The twist angle is much larger than those
present (θ ≈ 0° in 4−DS4+ and θ ≈ 35° in 4−DA4+) in DPE2+

backbones (Figure 2d−f and Figures S20−S22), which will
decrease the junction conductance of DPA2+, as verified48,53,54

both theoretically and experimentally. In previous research,45 we
have probed (Table S1) the single-molecule conductance of
compounds incorporating DPA2+ or DPE2+ backbones in both
double-channel cyclophanes and their single-channel control
molecules. To our surprise, molecules with a DPA2+ backbone
have shown conductance features similar to those of their
counterparts with a DPE2+ backbone. We propose that, in the
nanogap of the STM, the DPA2+ backbone undergoes an in situ
dehydrogenation, realizing an ethane-to-ethene conversion,
resulting in a fully conjugated backbone like that present in
DPE2+.
In order to substantiate this hypothesis, we synthesized a

couple of new compounds incorporating DPA2+ and DPE2+

unitsnamely, 1−S·2PF6 (Figure 1c) and 2−S·2PF6 (Figure
1f), respectively. Their structural difference compared with
previously reported45 compounds is that thiomethyl (−SMe)
groups are chosen as the terminal anchors on account of the
reliable mechanical and electrical contact to Au electrodes.
Conductance measurements were carried out using the STM-BJ
technique. Figure 1d,g shows the 1D histograms summarizing
the conductance results, recorded at 100 mV, for 1−S·2PF6 and
2−S·2PF6, respectively. In line with the phenomena observed
previously,45 1−S·2PF6 and 2−S·2PF6 demonstrated very
similar conductance features involving two states. The distinct
conductance signatures are evidenced by a double Gaussian
peak fitted within the 1D histograms (Figure 1d,g) and two
plateaus of conductance in the 2D conductance histograms
(Figure 1e,h). The high-conductance (HC) and low-con-
ductance (LC) values, extracted from the results of the Gaussian
fit, are 10−2.95 and 10−4.48 G0 for 1−S·2PF6, and 10−2.65 and
10−4.61 G0 for 2−S·2PF6, respectively, where G0 is the
conductance quantum which equals 2e2/h.
The conductance of the HC state, which is around 2 orders of

magnitude higher than that of the LC state, is quite remarkable
and cannot be attributed simply to different contact geometries
between the Au tips and the molecules. In contradistinction to
the double-peak conductance signature observed54,55 for
pyridine-terminated molecules, the LC state is dominant in
the present investigation, with a ratio of 81%, indicating that the
LC state is more like a stable ground state, while theHC state is a
metastable intermediate one, ruling out the mechanism54 of
conformational change that occurs upon elongation. We
therefore hypothesize56 that the two conductance states arise
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from two or more distinct conducting species of the molecule in
the junction. Taking 2−S·2PF6 as an example, after one-electron
transfer from the tip to the molecule, the ground state of 2−S·
2PF6 (DPE

2+) is reduced to its radical cationic state (DPE•+),
which is an open-shell intermediate. This state can be reduced to
the neutral state (DPE••) following a second electron injection.
Because the electric field in the junction is ultrahigh and the
radical−molecule reactions are fast, selectivity is often a problem
and explains why we are unable to control precisely the reduced
state of molecules in the junction. When the molecule is fully
stretched before the rupture of the junction, electrons are
removed from the molecule to the bottom electrode, leading to
recovery of the ground state (DPE2+). Hence, we attribute the
HC peak to the mixture of the metastable intermediates
namely, DPE•+ and DPE••, while the LC peak is attributable to
the stable ground statenamely, DPE2+.
In the case of 1−S·2PF6, however, the situation is different, as

the conjugation between the two pyridinium rings is broken by a
saturated bridge. Two electrons are injected (Figure 1b)
simultaneously into the separated pyridinium units, allowing
them to reach a diradical state (DPA••). Since DPA•• has a high
tendency to undergo dehydrogenation to reach the low-energy
DPE••, 1−S·2PF6 falls into the redox cycle of 2−S·2PF6 and
ends up in the ground state of 2−S2+namely, DPE2+. To sum
up, for 1−S·2PF6, the HC peak is associated with a mixture of
three metastable statesnamely, DPA••, DPE••, and DPE•+
while the LC peak can be attributed to DPE2+ as the product of
dehydrogenation. So far, we have pin-pointed the origin of the
similarities in conductance between DPA2+ and DPE2+ back-
bones by invoking an electron-catalyzed dehydrogenation in a
single-molecule junction.
Experimental Analysis of the Dehydrogenation

Mechanism. In order to explore the relationship between the
transport and the redox properties, we performed cyclic

voltammetry (CV) measurements on both 1−S·2PF6 and 2−
S·2PF6 and the corresponding control compounds, DPE-Me·
2PF6 andDPA-Me·2PF6. Their structural formulas are shown in
Scheme S1. The measurements were carried out with ∼0.5 mM
solutions of the target compounds in MeCN with ∼0.1 M
TBAPF6 as the supporting electrolyte. We should mention here
that all the potentials in CVmeasurements are referenced to Ag/
AgCl, which cannot be equalized simply to the STM bias
voltages. The control compoundDPE-Me·2PF6 exhibits (Figure
3a, top) two reversible redox states, which can be assigned to two
consecutive reversible one-electron processes related to the
redox couples DPE2+/DPE•+ (−0.50 V) and DPE•+/DPE••

(−0.71 V). The situation is different for DPA-Me·2PF6. First,
the first-cycle wide scan (Figure 3a, middle) is not reversible,
showing no reduction peak between 0 and −1.0 V. The peak at
−1.30 V corresponds57 to the reduction of isolated pyridinium
rings, which are the only units that can be reduced in DPA-Me·
2PF6. The formation of pyridinium radicals is the key step to
trigger (Figure 3d, Step 1) the dehydrogenation in DPA-Me·
2PF6. Second, the second-cycle scan (Figure 3a, bottom)
becomes reversible again, exhibiting two reversible redox states,
which are located at exactly the same potentials as those for
DPE-Me·2PF6. These results reveal that, after only one high-
potential (−1.50 V) redox cycle, the DPA-Me·2PF6 molecules
close to the working electrode have undergone fast electro-
chemical dehydrogenation (Figure 3d, Step 2) and been
transformed (Figure 3c, Step 3) to DPE-Me·2PF6. As a result,
at a narrow scan window (Figure 3a, bottom), we are measuring
the redox properties ofDPE-Me·2PF6 which is the dehydrogen-
ation product ofDPA-Me·2PF6 after the first-round redox cycle.
In the case of the target compounds 1−S·2PF6 and 2−S·2PF6,

the CV measurements (Figure 3b) have shown a DPA2+-to-
DPE2+ transformation similar to those of the control
compounds. The difference is that the first-cycle reduction

Figure 2. X-ray single-crystal structures of compounds incorporating DPA2+ or DPE2+ backbones. (a−c) Sphere-and-stick representations of the solid-
state structures of 1−S2+ (a), 3−DS4+ (b), and 3−DA4+ (c), showing that the two pyridinium rings in DPA2+ backbones are not co-planar. (d−f)
Sphere-and-stick representations of the solid-state structures of 2−S2+ (d), 4−DS4+ (e), and 4−DA4+ (f), showing that the two pyridinium rings in
DPA2+ backbones are almost co-planar, with a small (35°) angle subtended by their planes. Single-crystal data have been deposited to the CCDC for
1−S·2PF6, 2−S·2PF6, 3−DS·4PF6, 3−DA·4PF6, 4−DS·4PF6, and 4−DA·4PF6 with reference numbers 2035268, 2035269, 1954284, 2035270,
1954285, and 2035271, respectively.
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Figure 3. Experimental analysis of the electron-catalyzed dehydrogenation mechanism. (a, b) Cyclic voltammograms (CVs) showing evidence for
DPA2+-to-DPE2+ transformation. (a, top) is a reductive CV (MeCN, 0.1 M TBAPF6, 100 mV s−1) of dimethyl dipyridinium ethene (DPE-Me2+),
showing a reversible two-electron redox process. (a, middle) illustrates a first-cycle wide-range CV scan of dimethyl dipyridinium ethane (DPA-Me2+),
which is not reversible. The potential at −1.30 V corresponds to the reduction of isolated pyridinium rings. (a, bottom) shows the second-cycle CV
scan at a narrow range (0 to −1 V), demonstrating that the reversible two-electron redox process resembles that ofDPE-Me2+. (b, top) is a reductive
CV (MeCN, 0.1 M TBAPF6, 100 mV s−1) of 2−S2+, showing a reversible two-electron redox process with negative reductive potentials that are less
than those observed forDPE-Me2+. (b, middle) exhibits a first-cycle CV scan of 1−S2+ which exhibits a less negative reduction peak (−0.74 V) for the
isolated pyridinium rings. (b, bottom) shows the second-round CV scan from 0 to−1 V, demonstrating a two-electron redox process which resembles
a superposition of the two voltammograms recorded for 2−S2+ and the first cycle of 1−S2+, indicating that both 1−S2+ and 2−S2+ are present in this
mixture. (c, d) A proposed reaction cycle of the electron-catalyzed dehydrogenation in solution. (e) Change of the color of 2−S·2PF6 (left) and 1−S·
2PF6 (right) solutions under different reduction potentials. (f) Change in the absorption of 2−S·2PF6 (dashed) and 1−S·2PF6 (solid) at different
reduction potentials. The electrochemical reduction was performed in a N2 glovebox using a home-built electrolysis apparatus. All spectra were
recorded in a sealed cuvette at 298 K.
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potential (Figure 3b, middle), required to trigger the trans-
formation of 1−S·2PF6, is shifted (Figure 3b, middle)
positivelyfrom −1.30 V to −0.74 Vcompared to that of
DPA-Me·2PF6. This phenomenon can be attributed (Figure 3d,
right) to the stabilization of the pyridinium radical by benzyl
substitution (Figure S24) compared with the methyl-substituted
control compoundsa situation which means that the benzyl-
linked anchor groups lower the energy of DPA••, promoting the
dehydrogenation.
Capturing the Metastable Radical Intermediate Spe-

cies. With the electron-catalyzed dehydrogenation cycle
established (Figure 3c,d), we turned our attention to capturing
the metastable radical intermediate species. We used electricity
to trigger the redox catalysis of 1−S·2PF6 and 2−S·2PF6 with
controlled potential electrolysis46,58 (CPE) performed in a
glovebox. By applying reduction potentials that are nearly
identical to the values obtained from the CV, we observed
distinct color changes in the solution (Figure 3e), as well as
absorption variations in the UV−vis spectra (Figure 3f).
Compound 2−S·2PF6 in its dicationic ground state (DPE2+)
demonstrates (Figure 3f, inset) no absorption above 400 nm. By
applying a potential of −0.4 V for 10 min, absorption bands
around 520, 600, 720, and 800 nm appear (Figure 3f, marked in
purple shade), indicating the formation of the DPE•+ radical.
After applying a higher potential of−0.8 V for 30min, the radical
absorption peaks decrease, while new bands around 419 and 442
nm (Figure 3f, dashed orange), which correspond59 to the
formation of DPE••, increase in intensity.
In the case of 1−S·2PF6 (DPA2+ backbone), no obvious

absorption change could be detected until the reduction
potential was higher than −0.7 V (Figure S24c). On applying
a potential of−0.8 V for 30 min, new peaks centered around 419
and 442 nm appeared (Figure 3f, marked in orange shade and
Figure S25), indicating clearly the formation of DPE••. Notably,
other absorption bands around 520, 600, 720, and 800 nm
resemble the spectral features of DPE•+. Besides, the solution
exhibits (Figure S26) a strong electron paramagnetic resonance
(EPR) spectrum, confirming the formation of the DPE•+

cationic radical at this stage of reduction. To summarize, those
spectral features provide good evidence that 1−S·2PF6, with a
DPA2+ backbone, undergoes fast redox catalytic dehydrogen-
ation (Figure 3c,d) to form 2−S·2PF6 with DPE•• and DPE•+ as
the intermediate states and the DPE2+ backbone in the final
product.
Validation in Double-Channel Asymmetric Cyclo-

phanes. In order to validate this electron-catalyzed dehydro-
genation mechanism, we synthesized a pair of double-channel
asymmetric cyclophanes (Figure 4a), with one channel
incorporating an extended viologen (ExBIPY2+) unit and the
other a DPA2+ or DPE2+ unit and having the compound
descriptors 3−DA·4PF6 and 4−DA·4PF6, respectively. In the
STM-BJ, the extended conformation locks the cyclic structure
(Figures S19 and S22) and rules out the possibility of
configurational isomerism in the case of the ethene, which is a
better model system to investigate (Figure 4b) the mechanism
of dehydrogenation. 1D (Figure 4c,f) and 2D (Figure 4d,g)
conductance histograms of both 3−DA·4PF6 and 4−DA·4PF6
demonstrate the two-peak conductance features. The individual
conductance traces (Figure 4e) also show two conductance
maxima, ranging from∼10−4.0 to 10−6.0G0. Extracting the results
from aGaussian fit of the 1D conductance histograms, we obtain
(i) an HC of 10−3.85 and a LC of 10−5.65 G0 for 3−DA·4PF6 and
(ii) an HC of 10−3.70 and LC of 10−5.55 G0 for 4−DA·4PF6.

Figure 4h and Table S1 summarize the conductances of the
four pairs of compounds bearing DPA2+ (blue) and DPE2+ (red)
backbones, respectively, indicating high similarity in their
conductance values and verifying the DPA2+-to-DPE2+ dehy-
drogenation in a single-molecule junction. Notably, the LC state
(∼10−5.60 G0) of double-channel asymmetric cyclophanes
namely, 3−DA·4PF6 and 4−DA·4PF6 (Index 4 in Figure 4h, and
Table S1)is 1 order of magnitude lower than that (∼10−4.55
G0) for single-channel linear moleculesnamely, 1−S·2PF6 and
2−S·2PF6 (Index 3 in Figure 4h). An elaborate interpretation of
the anomalous decrease in conductance, which relies on the
interchannel gating efficiency,45 the pining effect,60−62 and the
destructive quantum interference,63−65 lies outside the scope of
this Article.

Bias-Dependent Measurements. In order to obtain the
threshold voltage needed to trigger the reaction, we performed
(Figure S27) bias-dependent conductancemeasurements on 3−
DA·4PF6. The results demonstrate (Figure S27b) that the HC
state occurs under a bias voltage as low as 40 mV, indicating that
this voltage is enough to trigger the radical reaction. The portion
of the HC state becomes more dominant with the increase in the
bias voltages. Under 100 mV, we clearly observed (Figure S27e)
two-level conductance states, namely, an HC state at 10−3.40 G0
and a LC state at 10−5.62 G0. We note a mismatch between the
potentials in ensemble electrochemical experiments and the bias
voltages in single-molecule measurements. The reason for this
mismatch is that the former potential is with respect to Ag/AgCl
reference electrodes, while the latter bias voltage is applied with
reference to the ground.
Furthermore, we analyzed the primitive break-junction traces

of 3−DA·4PF6, measured under a bias of 100 mV, using an
automated conductance trace selection method, and we
obtained two distinguishable conductance features, i.e., (i) the
HC state arises simultaneously with the LC state (Figure 4i,
left), and (ii) the LC state appears singly (Figure 4i, right).
These two features were confirmed (Figure 4j) by the 1D
histograms after automated selection, with the HC and LC
values estimated to be 10−3.78 and 10−5.70 G0, respectively. The
number of traces obtained (Figure 4k) from the HC/LC
simultaneous state is 3062, which is comparable to that (3125)
of the LC single state, from which we calculate the junction
reaction probability to be ∼50%. We carried out (Figure S28)
the analysis on 4−DA·4PF6 with the same automated selection
method and obtained a similar junction reaction probability of
∼45%.
We were unable to isolate the traces where the HC state

appears singly, in the case of both 3−DA·4PF6 and 4−DA·4PF6,
suggesting that the occurrence of the HC state is a sufficient and
necessary condition for the electron catalysis to take place in the
junction. The LC single state can therefore be attributed to the
ground state without an electron-transfer reaction. To
summarize, the injection of electrons to the molecule, bringing
the molecule to its energetic electronic state, is the key step in
initiating the reduction and the following dehydrogenation.
Otherwise, no reaction takes place, resulting in themeasurement
of direct tunneling current through the ground state.

Theoretical Analysis. In order to gain a fundamental
understanding of the electron-catalyzed single-molecule de-
hydrogenation in the STM system, we performed theoretical
investigations on the reaction pathways based on density
functional theory (DFT) implemented in the Gaussian
package.50 The electron catalysis proceeds (Figure 5a) through
three steps: (i) reduction (DPA2+ + 2e− → DPA••), (ii)
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Figure 4. Single-molecule conductance for double-channel asymmetric cyclophanes. (a) Structural formulas for the tetracationic double-channel
asymmetric cyclophanes 3−DA·4PF6 and 4−DA·4PF6. (b) Schematic diagram showing the electron-catalyzed dehydrogenation of cyclophanes at an
STM junction. (c, d) 1D and 2D conductance−displacement histograms for 3−DA·4PF6. The HC and LC values, extracted from the results of a
Gaussian fit, are 10−3.85 and 10−5.65G0, respectively. (e) Typical individual conductance−distance traces for 3−DA·4PF6 (blue) and 4−DA·4PF6 (red).
(f, g) 1D and 2D conductance−displacement histograms for 4−DA·4PF6. The HC and LC values, extracted from the results of a Gaussian fit, are
10−3.70 and 10−5.55G0, respectively. (h) Summary of conductance comparisons betweenmolecular pairs bearing either a DPA2+ (blue) or a DPE2+ (red)
backbone: (i) is 3−S2+ (blue) and 4−S2+ (red) from ref 45; (ii) is 3−DS4+ (blue) and 4−DS4+ (red) from ref 45; (iii) is 1−S2+ (blue) and 2−S2+ (red)
from this work; and (iv) is 3−DA4+ (blue) and 4−DA4+ (red) from this work. See Scheme S1 for detailed structural formulas and descriptors. Also see
Table S1 for an overview of primary structural and conductance results. (i, j) The automatically selected 2D (i) and 1D (j) conductance histograms for
3−DA·4PF6 with a metastable HC state (i left and j blue) and without the HC state through direct tunneling (i right and j red). (k) Relative
displacement distributions of conductance−displacement traces. (k top) corresponds to (i left) and (k bottom) corresponds to (i right). Gaussian
fitting is used to find the probability of plateau length.
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dehydrogenation (DPA•• → DPE•• + H2), and (iii) oxidation
(DPE•• − 2e− → DPE2+). In the reduction step, two electrons
are injected from the top electrode to the DPA2+ and produce
DPA••. The reduction energy (ΔEr) can be expressed as

Δ = − −•• +E E E E e(DPA ) (DPA ) 2 ( )r
2

where E(DPA••) and E(DPA2+) are the calculated total energies
of DPA•• and DPA2+, respectively. E(e) is the energy of the
injected electrons, having the form

μ= +E e eV( ) t

where μ (here we take63 it to be −5.3 eV) denotes the unbiased
chemical potential of gold electrodes, e is the electron charge
−1.6 × 10−19 C, and Vt is the electric potential of the top
electrode. After DFT calculations, we obtained and plotted
(Figure 5b, red)

Δ = − − | | −E V8.46 46.12 (kcal mol )r t
1

A similar analysis was employed on the oxidation step (DPE••

− 2e−→DPE2+) taking place at the bottom substrate electrode,
where two electrons are extracted back to the bottom electrode.
The oxidation energy can be thus calculated and plotted (Figure
5b, blue) as

Δ = − | | −E V46.55 46.12 (kcal mol )o s
1

where the Vs is electric potential of the substrate. The unit of |Vt|
and |Vs| is volt. Though the quantitative values are sensitive to
complicated experimental detailsi.e., realistic contact geo-
metries and the actual work function of the electrodesa linear

relationship of redox energies (ΔEr and ΔEo) versus electric
potentials (Vt and Vs) could be obtained (Figure 5b)
qualitatively. Intuitively speaking, an increasing |Vt| (or |Vs|)
will lift up (or push down) the energy level of the electrons in the
tip (or substrate) electrode, as shown by the red (or blue) arrow
in Figure 5a, promoting the injection (or extraction) of
electrons.
The key step of the catalytic cyclenamely, the dehydrogen-

ation (DPA•• → DPE•• + H2)is different from the redox
reactions. There is no electron exchange with the electrodes in
this non-redox step, and thus the dehydrogenation energy (ΔEd)
is given by

Δ = + −•• ••E E E E(DPE ) (H ) (DPA )d 2

ΔEd does not depend on the electric potentials directly. In the
STM systems, however, the ultrahigh electric field could provide
another modulation effect on this step. The OEEF is set (Figure
5c) along the molecule backbones (z direction)represented
as Fz. Compared to the case without the OEEF (Figure 5a, black
lines), all molecules experience energy decreasing under Fz =
2.06 V nm−1 (Figure 5a, red lines). Details can be found in the
SI. Notably, in the dehydrogenation step, ΔEd decreases from
−7.11 to −8.86 kcal mol−1, indicating that the OEEF can
promote the thermodynamic process of the dehydrogenation.
A fundamental understanding of such OEEF-promoted

catalysis can be obtained from distinct geometric configurations
and electronic properties between DPA•• and DPE•• in their
neutral forms. The backbone of DPE•• (Figure 5c, bottom) is
planar and couples effectively across the π-system. In
comparison, the DPA•• backbone (Figure 5c, top) has broken

Figure 5. Theoretical investigation of the electron-catalyzed dehydrogenation. (a) Energy diagram for the reaction process including the following
three steps: (i) reduction, (ii) dehydrogenation, and (iii) oxidation. Red and black lines represent the cases with and without the oriented external
electric fields (OEEFs) (Fz = 2.06 V/nm), respectively. (b) Electric potential dependence of (red) reduction energy (ΔEr) from DPA2+ to DPA•• and
(blue) oxidation energy (ΔE0) from DPE•• to DPE2+ without the OEEF. Vt and Vs denote the electric potentials of the tip and substrate electrodes,
respectively. (c) Fully optimized conformations of DPA•• (top) and DPE•• (bottom) at Fz = 2.06 V/nm. Induced-dipole moments (Pz) along the z
direction are −5.29 and −9.31 D for DPA•• and DPE••, respectively. In these two molecules, the induced electron transfers from the right to the left
half of the molecules are marked by arrows, with the total quantities of 0.034|e| in DPA•• and 0.133|e| in DPE••, where the electron charge |e| = 1.6 ×
10−19 C. (d) Dehydrogenation energies (ΔEd) from neutral DPA•• to DPE•• versus the intensity of OEEFs. (e) Induced-dipole moments (Pz) of
neutral DPA•• (blue) and DPE•• (red) under different OEEFs along the molecular backbones (z direction) as shown in (c).
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electronic conjugation, with two pyridine rings located on two
different planes. Without theOEEF, both of these backbones are
spatially symmetric, and no dipole moment exists. When a high
OEEF is applied, on account of the better electronic
conjugation, electrons in DPE•• can move more efficiently
than those in DPA••, yielding a larger electron transfer. For
example, when Fz = 2.06 V nm−1, the induced electron transfer
between the left and right segments of the molecules (Figure 5c,
marked by curved arrows) is 0.034 |e| in DPA••, while it is 0.133
|e| in DPE••. The electron-transfer difference will lead to a
variation in dipole momentsnamely, Pz = −5.29 and −9.31 D
for DPA•• and DPE••, respectively. A detailed relationship
between Pz and Fz revealed (Figure 5e) that the dipole of DPE

••

(red line with a steeper slope) can be induced by theOEEFmore
efficiently. According to the electrostatic theory,17 the OEEF
will stabilize66 the dipole moment proportional to Pz, giving rise
to a larger energy decrease of DPE•• in the field and thus
promoting the dehydrogenation. Besides the thermodynamic
promotion of the dehydrogenation energy, we also show (Table
S4 and Figure S29) that a stronger electric field results in a
smaller dehydrogenation activation barrier, revealing the OEEF-
boosted kinetic process. We should note that, in real
experiments, the complexities of solution environments,
counterion effects, geometries of electrode surfaces, and other
unpredictable issues may affect the quantitative results. It is
generally believed that, in polar solvents, the OEEF is
screened,23 and the polarity of the tip bias is crucial for
triggering67 a charge-transfer process. In our experiment, pure
polar MeCN was used as the solvent during the measurements.
MeCN is so volatile that we were measuring the solid-state
monolayer of the compounds, a situation that will not be
affected by the polar solvent screening effect.68,69 The basic and
general physical mechanism and the features can be revealed
very well by the theoretical model analysis.

■ CONCLUSION
This investigation demonstrates unambiguously that electron-
catalyzed dehydrogenation can be achieved both in solution and
within the scanning tunneling microscopy-based break junction.
We invoke the ethane-to-ethene transformation to interpret the
conductance similarity between molecules bearing distinct
bipyridinium−ethane or bipyridinium−ethene backbones.
Using DFT calculations, we show that the electron triggers the
redox catalysis and the electric field promotes the dehydrogen-
ation. The findings reported here demonstrate the importance of
electron catalysis when interpreting the single-molecule
conductance results and provide some fundamental under-
standing of electrocatalytic hydrogen production at the single-
molecule level. In order to gain more insight into stepwise
reaction mechanisms, precise control over the magnitude of the
electric field between the STM tip and substrate is required.
Finally, there are many opportunities in this area to bridge the
gap between nanoscale STM experiments and large-scale
electrocatalysis.
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