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ABSTRACT: Charge transport in electrochemical energy-storage systems
critically relies on supporting electrolytes to maintain ionic strength and
solution conductivity. Despite recent progress, it is not fully understood how
the solvation environment affects molecular charge transport of redox-active
species near electrode interfaces. In this work, we characterize the charge-
transport properties of bipyridinium molecules in a series of different
supporting electrolyte and counterion environments using a combination of
experiments and computational modeling. Interestingly, our results show that
molecular charge transport in viologens critically depends on the chemical
identity of counterions and the solvation environment. Using an electro-
chemical scanning tunneling microscope-break junction (ECSTM-BJ)
instrument, we observe a large and reversible 10-fold enhancement in
molecular conductance upon electrochemical reduction of the viologen
redox pair (V2+/+) to the radical cationic state in the electrolytic solution. Density functional theory (DFT) simulations show that
charge transport is enhanced due to molecular conformational changes and planarization resulting from interactions with different
counterions, which ultimately leads to enhanced charge transport in the reduced state. Overall, this work highlights the role of the
counterion species on electrochemical charge transport in redox-active molecules that underpin the design of new energy-storage
systems or programmable molecular electronic devices.

■ INTRODUCTION

The development of new energy-storage systems for next-
generation batteries and smart electronic devices has attracted
substantial scientific attention.1,2 Designing energy-storage
systems with enhanced performance requires a fundamental
understanding of the charge-transport mechanisms in redox-
active and conjugated organic molecules. Charge transport at
the electrode−electrolyte interface involves multiple simulta-
neous and sequential steps such as intra- and interchain charge
hopping via self-exchange,3 charge diffusion with redox-active
polymers or particles,4 and charge transport between the redox
groups and electrodes.5,6 Molecular charge transport in these
systems critically depends on the chemical identity of the
redox-active moiety,7 particle structure,8 and the solvent9 and
supporting electrolyte.10 Prior work has focused on under-
standing the role of different electrolyte species and electrode
structures on interfacial charge transport. To this end, the
physical and electrochemical properties of redox-active
materials at electrode interfaces have been characterized
using bulk-scale or microscopy-based methods such as
scanning electrochemical microscopy (SECM),11 atomic
force microscopy (AFM),12 and Raman spectroscopy.13

Despite recent progress, we lack a full understanding of the

charge-transport properties of redox-active molecules near
electrode interfaces.
Recent advances in single-molecule characterization have

enabled the study of charge-transport mechanisms in redox-
active materials.14 Prior work has focused on understanding
intramolecular charge transport across a variety of materials
with redox-active centers, including ferrocene,15 anthraqui-
none,16 viologen,17 pyrrolotetrathiafulvalene,18 hepta-aniline
oligomers,19 and naphthalocyanine.20 Prior studies have shown
that the molecular conductance and intrinsic charge-transport
properties of redox-active molecules critically depend on the
redox state.21 Single-molecule techniques have also been used
to explore the relationship between molecular charge transport
and bulk electrochemical properties, revealing connections
between molecular charge transport and redox potential22 and
interfacial charge-transfer kinetics.23 In addition, redox-active
and inactive molecules are also known to interact with the
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solvent and supporting electrolyte in complex electrochemical
environments, thereby leading to changes in intra- and
intermolecular charge transport.24 In the context of redox-
inactive molecules, single-molecule techniques have enabled
understanding of the role of solvent on charge transport,
revealing complexities in molecule−solvent interactions such
as electrostatic interactions, chemical binding with the
solvent,25,26 and solvent binding to electrodes.27 In general,
solvent−molecule interactions lead to shifts in molecular
frontier orbital energy levels or electrode Fermi levels,28,29

which consequently affects molecular charge transport. In the
context of redox-active molecules, prior single-molecule
electrochemical experiments have shown that nonaqueous
ionic liquid solvents yield a larger electrochemical window and
a higher reorganization energy compared to aqueous buffers.30

Despite recent progress, the role of electrolytes and the
complex solvent environment on charge transport in redox-
active molecules near electrode interfaces is not fully
understood.
In this work, we study the charge-transport properties of

redox-active viologen-based molecular junctions in the
presence of supporting electrolytes with different counterions.
A custom electrochemical scanning tunneling microscope-
break junction (ECSTM-BJ) instrument is used to directly
characterize molecular charge transport at the electrode−
electrolyte interface using in situ electrochemical gating.
Interestingly, our results show that the molecular conductance
of viologen-based molecules in the dicationic (2+) state
changes by an order of magnitude depending on the anion
species (Cl−, Br−, I−, BF4

−, ClO4
−, PF6

−) in the supporting
electrolyte. A 10-fold conductance enhancement was also
observed in a set of viologen-based junctions upon electro-
chemical reduction to the radical cationic state. Moreover,
molecular junction length was observed to increase upon
electrochemical reduction due to reduced electrostatic
interactions between the charged viologen core and the
electrode surface. Density functional theory (DFT) simulations
show that enhanced molecular conductance in different
electrolytes arises due to planarization of viologen molecules
with corresponding changes in the electronic structures.
Broadly, our results highlight the use of single-molecule
techniques to understand charge transport at electrode−
electrolyte interfaces, including the role of the supporting
electrolyte in determining molecular electronic properties.

■ EXPERIMENTAL AND THEORETICAL METHODS
Synthesis. The synthesis procedures and corresponding

chemical characterization information for 1,1′-bis(4-
(methylthio)phenyl)-[4,4 ′ -bipyridinine]-1,1 ′ -di ium
(DTPV2+), 4,4″-bis(methylthio)-1,1′:4′,1″-terphenyl (DTP),
1-methyl-1′-(4-(methylthio)phenyl)-[4,4′-bipyridine]-1,1′-
diium (TPV2+), 1,1′-diphenyl-[4,4′-bipyridine]-1,1′-diium
(DPV2+), and 1-(4-(methylthio)phenyl)-[4,4′-bipyridin]-1-
ium (TPP+) can be found in the SI.
Bulk Electrochemical Experiments and Ultraviolet−

Visible Spectroscopy. Bulk electrochemical experiments
were conducted inside an argon-filled glovebox with oxygen
and water levels strictly controlled at or below 0.1 ppm.
Electrochemical measurements were performed using a
potentiostat CHI760E with a 1 mM concentration of five
different DTPV2+ species for cyclic voltammetry and 1 mM
concentration of five DTPV2+ species for bulk electrolysis in
0.1 M TBAPF6 (supporting electrolyte) in propylene

carbonate (PC). Voltammetry was carried out using a three-
electrode configuration with a 1 mm radius Au-disk macro-
electrode, 1.5 mm radius glassy carbon disk macroelectrode, or
12.5 μm radius Pt ultramicroelectrode (UME) as the working
electrode, a custom nonaqueous polypyrrole quasi reference
electrode (∼0.1 M TBAX, where X = PF6

−, Cl−, Br−, BF4
−, and

ClO4
− in PC), and a Pt wire as the counter electrode.

Potential-controlled bulk electrolysis of a stirred solution was
carried out in a three-compartment W-cell divided by quartz
frits (Adams & Chittenden). A carbon felt working electrode
was placed in the middle compartment, and the two lateral
compartments contained a Pt mesh counter electrode and the
nonaqueous reference electrode described above. For bulk
electrolysis of all DTPV2+ species, the potential was held at
−260 mV from E1/2, and Pt-UME voltammograms were
obtained before and after the electrolysis to confirm complete
reduction.
Ultraviolet−visible (UV−vis) absorption spectroscopy was

performed to characterize charged and uncharged species. To
transfer the charged species from the drybox into the UV−vis
spectrophotometer under ambient conditions, a UV−vis
cuvette containing charged DTPV·+ was specially treated to
avoid reaction with oxygen that may result in the discharge of
DTPV·+. In particular, under a dry argon atmosphere, a UV−
vis cuvette containing 100 μM solution of reduced DTPV·+

species was tightly wrapped with multiple layers of Teflon tape,
followed by two layers of electric tape. The cuvette was further
placed into a glass jar, which acted as a temporary mobile
argon chamber for transporting the sample through the
ambient atmosphere.

Single-Molecule Charge-Transport Measurements.
Single-molecule conductance measurements were performed
using a custom scanning tunneling microscope-break junction
(STM-BJ) setup, as previously described.31,32 Gold tips were
prepared using the 0.25 mm Au wire (99.998%, Alfa Aesar)
and coated with Apiezo wax to minimize the diffusion current
to below 10 pA in the polar solvent. Gold substrates were
prepared by evaporating 10 nm of chromium and 100 nm of
gold onto polished AFM metal specimen discs (Ted Pella).
Conductance measurements were carried out in deoxygenated
propylene carbonate (PC) solutions with 1 mM of the target
molecules and 0.1 M corresponding supporting electrolyte.
Electrochemical gating ECSTM-BJ experiments were per-
formed under the protection of an Ar atmosphere. The vertical
displacement of the gold tip and substrate was controlled by a
z-axis piezo nanopositioning stage (Madcity labs, mode: Nano-
METZ). The translation rate was set to 20 nm/s for all
measurements. One- and two-dimensional conductance histo-
grams (5000−10 000 traces for each molecular species) are
constructed without any data selection.

Quantum Chemistry Computation. Density functional
theory (DFT) calculations were performed to identify the
minimum-energy geometry and electronic structure of
DTPV2+. A conformational search was performed for
DTPV2+ in the absence of counterions by enumerating all
unique conformational minima associated with the dihedral
degrees of freedom of the conjugated rings and performing a
geometry optimization for each conformation at the wB97X-
D3/def2-TZVPP level of theory using the conductor-like
polarizable continuum model (CPCM) with a dielectric
constant (ε = 64.9) and a refractive index suitable for the
solvent propylene carbonate (PC). All calculations were
performed using Orca with default SCF and geometry
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optimization convergence criteria. For comparison, a geometry
optimization was also performed at the same level of theory
(wB97X-D3/def2-TZVPP/CPCM) for the singly reduced
state, DTPV·+, in the absence of counterions. The reduced
geometry exhibits considerable planarization of the inter-ring
dihedrals and elongation resulting from the increased quinoidal
character of the reduced state. Minimum-energy conformers
resulting from the ground-state search were then used to seed a
conformational search in the presence of two counterions as a
function of counterion chemistry. The following procedure was
used to identify low-energy geometries for four counterion
chemistries used in this study (Cl−, BF4

−, ClO4
−, PF6

−): pairs
of counterions were randomly placed within a 7 Å cubic box
surrounding the DTPV2+ center of mass, under the constraint
that the ions be at least 3 Å apart, for 50 independent
iterations. For each placement, a geometry optimization was
run at the wB97X-D3/def2-TZVPP/CPCM level of theory.
This large basis set, in particular the extra polarization
functions, was necessary to accurately describe interactions
between the polarizable ions and the hydrogens on the
conjugated rings. The resulting minimum-energy geometries
were then used as input to wB97X-V/def2-QZVPP/CPCM
calculations to obtain the final single-point energies (Support-
ing Information). To understand the geometries and electronic
structure of the reduced states of DTPV, two calculations
(with one or two counterions adjacent to DTPV) were
performed to account for the different timescales of electronic
reduction. Both sets of calculations were performed at the
wB97X-D3/def2-TZVPP/CPCM level of theory (Supporting
Information). The resulting torsional angles in DTPV are
Boltzmann averaged over all distinct conformations found in
the conformational search.
Electron-transport calculations were performed using the

nonequilibrium Green’s function/density functional theory
method (NEGF-DFT) via the Atomistix Toolkit package.32,33

Optimized molecular geometries including the counterions
with lowest-energy conformations were used to construct the
molecular junctions. The positions for Au atoms and optimized
molecules are used for extended junctions. In the transmission
calculations, the exchange−correlation potential was approxi-
mated by the generalized gradient approximation (GGA) with
Perdew−Burke−Ernzerhof (PBE) functional (GGA-PBE).34

The k-point sampling was set to 3 × 3 × 50 (with 50
corresponding to the direction of transport) for all calculations.

■ RESULTS AND DISCUSSION

Effect of Counterions on Charge Transport in the
Dicationic 2+ State. To perform single-molecule charge-
transport experiments, we synthesized 1,1′-bis(4-(methylthio)-
phenyl)-[4,4′-bipyridinine]-1,1′-diium chloride (DTPV2+-Cl−)
(Figure 1a), according to the previously reported literature35

(Supporting Information, Sections S1 and S2, Figures S1−S3).
DTPV2+ contains a redox-active viologen core and two
terminal methylthio groups to enable robust contacts with
the gold electrode surface.36 To understand the influence of
the electrochemical environment on the charge-transport
properties of viologen-based molecules, we compared the
molecular conductance of DTPV2+ in the presence of different
supporting electrolytes containing a range of different counter-
ions (Figure 1a). It is known that the supporting electrolytes
and counterions of charged redox-active species play a critical
role in the physical and electrochemical properties of redox-
active systems, such as the viscous flow properties,37 redox
potential,38,39 and electrochemical reversibility.40 Prior work
has shown that the conductance of a single molecule varies
with the concentration of the electroactive salt concentration
using copper electrodes.41 Nevertheless, the role of counter-
ions in organic polar solvents on charge transport in redox-
active molecules is not yet fully investigated.
To characterize molecular charge transport in different

supporting electrolytes, we used a custom scanning tunneling
microscope-break junction (STM-BJ) technique (Figure 1a),
as previously reported.33 For STM-BJ experiments in polar
solvents, the gold electrode tip is coated with Apiezon wax to
minimize current leakage, as previously described.42 During
measurements, the tip pushes in and out of contact with the
substrate electrode to form molecular junctions, and the
conductance is measured in units of quantum conductance G0
(G0 = 2e2/h = 77.5 μS, where e is the electron charge and h is
Planck’s constant). In the absence of a molecular junction, the
conductance drops sharply to the noise floor as the tip moves
away from the substrate. In the presence of a molecular
junction, a conductance plateau is observed below G0 as the tip
moves away from the substrate before the molecular junction
ruptures. Logarithm-binned one-dimensional conductance
histograms are constructed by compiling 5000−10 000 traces
from individual experiments and analyzed to determine the
most probable molecular conductance.43

Figure 1. Single-molecule conductance of viologen-based molecules. (a) Schematic of a single Au-DTPV2+-Au junction in the electrochemical
solution environment containing tetrabutylammonium (TBA) salt as a supporting electrolyte paired with various counterions (Cl−, Br−, I−, BF4

−,
ClO4

−, PF6
−) in the scanning tunneling microscope-break junction (STM-BJ) setup. (b) Average molecular conductance of DTPV2+-Cl− with

TBACl (gray), DTPV2+-BF4
− with TBABF4 (blue), DTPV2+-ClO4

− with TBAClO4 (green), and DTPV2+-PF6
− with TBAPF6 (purple) as a

function of applied bias. Error bars represent the standard deviation from three subsamples of each measurement.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c06942
J. Phys. Chem. C 2021, 125, 21862−21872

21864

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c06942/suppl_file/jp1c06942_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c06942/suppl_file/jp1c06942_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c06942/suppl_file/jp1c06942_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c06942/suppl_file/jp1c06942_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c06942/suppl_file/jp1c06942_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c06942?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c06942?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c06942?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c06942?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c06942?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


We began by studying the molecular conductance of a series
of six different solutions of 1 mM DTPV2+ in propylene
carbonate paired with different anions prepared by ion
exchange, including tetrafluoroborate (BF4

−), perchlorate
(ClO4

−), hexafluorophosphate (PF6
−), bromide (Br−), and

iodide (I−), in addition to the synthesized chloride (Cl−)
species (Figure S4). We determined the molecular con-
ductance for each system in the presence of 0.1 M
tetrabutylammonium salts with corresponding counterions as
the supporting electrolyte using a tip−substrate voltage Vb of
100, 200, and 300 mV. The supporting electrolytes used in this
work have similar ion-pair dissociation constants and
conductivities in propylene carbonate.44,45 Initial experiments
were performed using the standard STM-BJ method without
implementing a gate electrode (vide inf ra), such that viologen
molecules remain in the dicationic (2+) state (Supporting
Information, Section S3). Interestingly, our results show that
the average molecular conductance is significantly affected by
the counterion species in the environment (Figure 1b).
Compared to BF4

−, the molecular conductance of DTPV2+

is enhanced by one order of magnitude in the presence of Cl−

anions. In general, the molecular conductance follows an
overall increasing order with the counterion of BF4

− < ClO4
−

< PF6
− < Cl− over the range of applied bias Vb. Control

molecules TPV2+ and DPV2+ containing only one or no
methylthiol anchors were also synthesized and characterized
using STM-BJ (Figure S5). The results from 2D conductance
histograms show that the control molecules TPV2+ and DPV2+

are unable to form robust junctions with conductance and
junction lengths comparable to DTPV2+, which strongly
supports the observation that the conductance signal in
DTPV2+ does not arise from molecular junctions formed by
contacts between the viologen (bipyridinium) core and gold
electrodes. In contrast to the prior work where the
bipyridinium moiety was reported to serve as an anchor
group,46,47 the addition of the supporting electrolyte weakens

electrostatic interactions between the viologen moiety and gold
electrodes, thereby preventing the viologen moiety to serve as
the anchor group.
We further studied the molecular displacements during

single-molecule conductance experiments. Interestingly, 2D
conductance histograms show that junctions formed by
DTPV2+-Br− and DTPV2+-I− exhibit relatively short displace-
ments compared to the other four counterion systems in the
entire tested bias range (Figure S6). Prior work on anion
adsorption has shown that weakly solvated halide ions form
chemical bonds with metal surfaces following the order I− >
Br− > Cl−.48−50 Chemisorption at charged electrode surfaces
may block active sites or change the binding energy51 for the
anchor groups to interact with gold electrodes, which results in
weakly bound molecular junctions with Br− or I− passivated
surfaces in our system. Similar undesirable anion adsorption
was also observed for the control molecule DTP, where the
charged viologen moiety is replaced by neutral phenyl rings
(Figures S7 and S8). Our results suggest that Br− and I− ions
prevent DTP from forming robust molecular junctions and
therefore exhibit shorter junction displacements compared to
Cl−, BF4

−, ClO4
−, and PF6

−. Nevertheless, prior work reported
that the adsorption strengths and surface coverages of Cl−,
BF4

−, ClO4
−, and PF6

− were substantially lower than Br− and
I−.52,53 In general, these results are consistent with our
observations that Cl−, BF4

−, ClO4
−, and PF6

− do not
significantly inhibit molecular junction formation between
the tip and substrate electrodes. Based on these results,
DTPV2+ paired with Br− and I− was not considered for
subsequent analyses.
To understand the role of counterions in molecular

conductance, we performed DFT simulations of DTPV2+

with different counterion species in the system (Supporting
Information, Section S4). DTPV2+ consists of two pyridinium
rings with a phenyl group on each terminus connected by a C−
C single bond, which allows for substantial conformational

Figure 2. DFT simulations of molecular conformation showing counterion effects on conductance. (a) Torsional angles φ between the
pyridinium−pyridinium rings and phenyl−pyridinium rings depend on the surrounding counterions. (b) DFT-optimized minimum-energy
molecular geometries of DTPV2+ paired with different counterions (Cl−, BF4

−, ClO4
−, PF6

−). (c) Average torsional angles of DTPV2+-X induced
by different counterions (Cl−, BF4

−, ClO4
−, PF6

−) from DFT simulations. (d) Comparison of the experimental molecular conductance from STM-
BJ measurement at 100 mV applied bias (gray) and the zero-bias transmission from NEGF-DFT calculations (red) for DTPV2+ paired with Cl−,
BF4

−, ClO4
−, and PF6

−. Error bars represent the standard deviation from three subsamples of each measurement.
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variation by rotation about the torsional angles between the
phenyl−pyridinium ring and the bipyridinium rings (Figure
2a). Prior work reported that intramolecular charge transport
decreases with an increased interplane torsional angle in
biphenyl systems,54−56 which suggests that similar effects may
arise in DTPV2+ as a function of the solution environment.
Therefore, DFT calculations were used to identify the
minimum-energy geometry of DTPV2+ in the presence of
two counterions as a function of counterion chemistry (Tables
S1−S4). Geometry optimization was performed using the
wB97X-D3/def2-TZVPP with a conductor-like polarizable
continuum model (CPCM) in ORCA;57 this level of theory
provides a large basis set, polarization functions, and a solvent
model to accurately describe interactions between the
polarizable ions and hydrogen atoms on the conjugated rings.
The results from molecular modeling show that counterions

play a key role in molecular conformations (Figure 2b,c). In
particular, the DFT results reveal that the average torsional
angles between the two pyridinium planes (i.e., φ2) are
significantly influenced by the counterion species. For all
counterion species, the interactions between the polarizable
negative ions and the positively charged pendant sp2 hydrogens
on the conjugated rings play a critical role in the stabilization
of observed molecular geometries, even those that are
nonplanar. Low-energy conformations of DTPV2+-Cl− exhibit
minimal interaction between Cl− and the polarizable π electron
system, with the ion instead preferring to associate with
positively charged sp2 hydrogens on neighboring conjugated

rings, inducing planarity (Table S1). This effect is attributed to
the small size and large charge density of Cl− such that
association with the backbone provides minimal energetic
benefit, and Cl− prefers interacting solely with the sp2

hydrogens. As the size of the counterions increases (e.g., for
larger counterions BF4

−, ClO4
−), the coulombic charge density

of the counterion decreases, thereby penalizing conformations
in which the ions associate solely with sp2 hydrogens, and the
DTPV2+-counterion system lowers its energy by associating
with the polarizable π-electron system of the backbone.
Concomitant with counterion association with the π system
is the geometric distortion of the backbone and the twisting of
the dihedral angles to accommodate the presence of the
counterion, with the twisting primarily resulting from the need
to reorient sp2 hydrogens to maximize electrostatic interactions
with the associated ions. Overall, Cl− induces a low-energy
molecular geometry that results in the most planar backbone
structure, which is counterintuitively followed by PF6

−. For the
case of PF6

−, the counterion size is large enough that it cannot
easily fit within the same distorted pockets created for BF4

−

and ClO4
−, leading to association further away from the

backbone and reduced geometric distortion. In general,
intermediate-sized anions ClO4

− and BF4
− result in the most

geometrically distorted structures between the two pyridinium
planes.
We next modeled molecular junctions containing DTPV2+-

Cl−, DTPV2+-BF4
−, DTPV2+-ClO4

−, and DTPV2+-PF6
− using

their corresponding optimized geometries and performed

Figure 3. Bulk electrochemical and single-molecule electrochemical experiments on DTPV2+-PF6
−. (a) Cyclic voltammogram of 1.35 mM

DTPV2+-PF6
− in propylene carbonate with 0.1 M TBAPF6 as the supporting electrolyte at scan rates ranging from 5 to 1000 mV/s on a Au-disk

macroelectrode (1 mm radius) under an argon atmosphere. (b) UV−vis absorption spectra of DTPV2+ in the dicationic state (yellow) and the
radical cationic state (red). (c) Schematic of the electrochemical scanning tunneling microscope-break junction (ECSTM-BJ) instrument. Single
Au-DTPV2+-Au junctions undergo reversible redox switching via electrochemical gating in the presence of the supporting electrolyte
(tetrabutylammonium salt). (d) Characteristic single-molecule conductance traces of a blank solution (black), DTPV2+-PF6

− in the dicationic state
(yellow) at a gate voltage Vg = 0 V, which is well below the oxidation/reduction threshold, and DTPV·+-PF6

− in the radical cationic state (red) at
Vg = 1.6 V, which is well above the oxidation/reduction threshold. (e) Logarithm-binned 1D conductance histograms for 1 mM DTPV2+-PF6

− in a
solution of PC with 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) at Vg = 0, 0.5, 0.8, 1, 1.2, 1.4, and 1.6 V.
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conductance calculations with nonequilibrium Green’s func-
tion-density functional theory (NEGF-DFT) simulations via
the Atomistix Toolkit package (Figure S9).32 Figure 2d shows
a comparison between the calculated transmission functions at
zero bias from NEGF-DFT calculations and the experimental
conductance values from STM-BJ measurements. The results
from NEGF-DFT simulations are qualitatively consistent with
the overall trend in an increasing order of DTPV2+-BF4

− <
DTPV2+-ClO4

− < DTPV2+-PF6
− < DTPV2+-Cl−. The most

planar structure of DTPV2+-Cl− has closely aligned molecular
frontier energy levels with the electrode Fermi leads, which
leads to a strongly enhanced conductance value around 10−3

G0, which is approximately 20 times larger than DTPV2+-BF4
−

at 5.7 × 10−5 G0. Taken together, these results suggest that
molecular conformation and differences in anion adsorption
lead to the conductance variations observed in the STM-BJ
experiments.
Bulk-Scale Electrochemical Characterization of

Redox-Active Species. Viologen molecules are capable of
storing two electrons and therefore undergo two reduction
steps in different electrochemical environments. Transitioning
between different redox states induces changes in molecular
conformation or electronic structure that may result in changes
in charge-transport behavior.58,59 It is therefore essential to
understand charge transport in different redox states and in the
presence of different counterions. To this end, we charac-
terized the electrochemical and optical properties of DTPV2+

in different counterion environments of Cl−, BF4
−, ClO4

−, and
PF6

− using cyclic voltammetry (CV) and UV−vis spectroscopy
before and after bulk electrolysis (Figures S10 and S11). Figure
3a shows the scan rate dependence for a 1.35 mM solution of
DTPV2+-PF6

− with 0.1 M TBAPF6 in propylene carbonate on
a Au-disk macroelectrode (area A = 0.03 cm2) under an argon
atmosphere. The same scan rate dependence was carried out
on a glassy carbon electrode, and no difference was observed in
the electrochemical behavior (Figure S11). The electro-
chemical response of DTPV2+-PF6

− demonstrates a reversible
reduction of the dication to a radical cation centered at −0.64
V versus Fc/Fc+. Scan rate-dependent CV experiments show
linearity of the peak current versus the square root of the scan
rate (Figure S12), indicating diffusional control of DTPV2+-
PF6

− reactivity at the electrode. Randles−Sevcik analysis
reveals a diffusion coefficient for DTPV2+-PF6

− of 1.20 ± 0.01
× 10−10 m2/s. Scan rate-dependent voltammetry for Cl−, BF4

−,
and ClO4

− counterions is also shown in Figures S10 and S11.
The electrochemical response of all DTPV2+-X− species
demonstrates a reversible reduction of the dication to a radical
cation centered at the following potentials on a Au-disk
electrode: E1/2 (DTPV2+-Cl−) = −0.66 V; E1/2 (DTPV2+-
BF4

−) = −0.64 V; and E1/2 (DTPV2+-ClO4
−) = −0.64 V

versus Fc/Fc+ on the Au disk. The PF6
− and ClO4

− species
show similar CV responses, with comparable diffusion
coefficients according to the Randles−Sevcik analysis.
However, the Cl− and BF4

− species exhibited lower peak
currents in CV experiments due to lower solubility in
propylene carbonate.
UV−vis spectroscopy was used to characterize the optical

properties of the initial and bulk electrolyzed reduced species
(Figure 3b). Here, a 1.35 mM solution of DTPV2+-PF6

− was
electrolyzed at an overpotential of −0.8 V versus Fc/Fc+ to a
state of charge of 1.0, where the charging current dropped to
<1% of the initial current. A change in color from a clear
orange to dark green suspension was observed as the solution

was charging. The single charging cycle resulted in a coulombic
efficiency of 98%. To assess the extent of DTPV2+-PF6

−

charging in solution, cyclic voltammograms using a platinum
ultramicroelectrode (UME) were obtained prior to charging
and immediately following the charging process (Figure S12).
UME voltammetric waves for both uncharged and charged
species exhibit a sigmoidal shape and generally achieve a
steady-state current. UV−vis measurements show the shift of
the DTPV2+-PF6

− 400 nm absorption peak that is specific to
viologen-type compounds compared to the 484 nm peak of the
singly reduced radical cation (Figure 3b).60,61 The presence of
peaks in the 600−800 nm region confirms the formation of
charge-transfer complexes. Moreover, similar shifts in UV−vis
adsorption spectra are observed in DTPV2+ paired with
different counterions (Figure S10).

Molecular Charge Transport with Electrochemical
Gating. To further understand molecular charge transport in
complex electrochemical environments, we used a custom
electrochemical scanning tunneling microscope-break junction
(ECSTM-BJ) instrument (Figure 3c), which consists of two
working electrodes to form molecular junctions and a third
gate electrode to modulate the electrochemical environment.
In brief, our standard STM-BJ instrument62,63 was modified by
inserting a platinum electrode into the fluid cell to serve as a
gate electrode, which can be used to switch between different
molecular redox states by applying an electrochemical gate
potential. In addition to the applied tip-to-substrate voltage Vb,
a gate potential Vg is separately applied relative to the substrate
electrode using a gate electrode, as previously described.64,65

To investigate charge transport in DTPV2+ in the reduced
state, we characterized molecular conductance in different
electrolyte systems using ECSTM-BJ by controlling the gate
potential Vg in a Ar-purged box (Figure 3c). Prior to
performing experiments on DTPV2+, in situ linear sweep
voltammetry (LSV) was performed in the ECSTM setup to
determine the oxidation potential of a solution containing ∼1
mM ferrocene and 0.1 M TBAPF6 (Figure S13). As discussed
in the prior work,64 the sign of the electrochemical potential at
which the redox reactions occur in the ECSTM setups is
generally opposite to the conventional voltammogram
measurement, where the potential is applied on the working
electrode relative to the reference electrode. Therefore, in our
ECSTM setup (Figure S13), the oxidation of ferrocene occurs
at a negative gate potential (Vg < 0), whereas the reduction of
DTPV2+ occurs at a positive gate potential.
In ECSTM-BJ experiments, the gate potential Vg was varied

in each set of measurements while maintaining a constant
applied bias Vb at 100 mV between the tip and the substrate.
Considering the behavior of DTPV2+-PF6

−, our results show
that the average molecular conductance gradually increases as
the gate potential Vg is increased within the electrochemical
window of the first reduction from DTPV2+-PF6

− to DTPV·+-
PF6

− (Figures 3e and S13). Around a gate potential of 1.4 V
where DTPV2+-PF6

− is fully reduced to DTPV·+-PF6
−, the

molecular conductance reaches a plateau at around 1 × 10−3

G0, which is more than 10-fold larger than the conductance
value at 0 V gate potential (7.1 × 10−5 G0). In addition, the
peak height of the 1D conductance histograms significantly
increases with significantly more data points in the
conductance plateau at the reduced state due to the enhanced
stretching of molecular junctions (Figures 3e and S14), as
highlighted in the characteristic single-molecule conductance
traces (Figure 3d) and discussed below.
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We next repeated the conductance measurements using the
ECSTM-BJ setup on DTPV2+ molecules with different
counterions (Figure 4). Each system shows a conductance
increase from a low conductance region (∼3 × 10−4 G0 for
DTPV2+-Cl− and <1 × 10−4 G0 for DTPV2+-ClO4

− and
DTPV2+-BF4

−) to a high conductance region around 1 × 10−3

G0 upon being electrochemically reduced by the gate potential
(Figures 4a and S14). The conductance switch between
DTPV2+ and DTPV·+ was reversible as shown with the
counterion of PF6

− by repeating the measurements on the
same sample with gate potential Vg cycled between 0 and 1.6 V
(Figure 4b). The conductance peak values yielded an average
on/off ratio of ∼10 for at least 3 cycles. Prior work65 reported
that the conductance of molecules with the lowest unoccupied
molecular orbital (LUMO) dominant pathways generally
increases with increasing positive gate potential. Therefore,
the observed conductance modulation suggests that molecular
charge transport in our viologen molecules is LUMO-
dominated, which is consistent with prior reports on
pyridinium or bipyridinium molecules.35,66 Overall, the
conductance modulation pattern is consistent with charge
transport occurring by a direct tunneling (superexchange)
mechanism instead of a two-step Kuznetsov−Ulstrup hopping
or a resonant tunneling model, which would otherwise exhibit
a bell-shaped conductance response near the redox poten-
tial.18,67

Similar patterns of molecular conductance in electrochemi-
cally gated environments have been observed in prior studies
on flexible alkyl-chain-terminated ferrocene23 and viologen,17

norcorrole-based Ni(II) complexes,68 and polyoxometalates.69

Nevertheless, our results in Figure 4a show a more gradual
increase in molecular conductance with Vg compared to prior
work, which suggests that the electrostatics of the diffuse layer
plays a role in modulating charge transport. Indeed, it has been
shown that the molecular frontier orbital energy levels in
redox-inactive molecules can be electrostatically shifted relative
to the electrode Fermi level.70 However, such electrostatic
shifts generally result in relatively small changes in con-
ductance over the range of Vg applied in this work. To estimate
the contribution of the electrostatics in the diffuse layer to the
charge-transport properties, we tested a similar LUMO-
conducting molecule TPP that contains only one pyridinium
group but does not undergo a redox reaction within the
electrochemical potential window studied here (Figure S15).
Indeed, TPP only showed a 3-fold increase in conductance
between Vg = 0 and 1.5 V, which is significantly smaller than
the conductance change observed for DTPV2+ over a similar
range of Vg. Overall, these results suggest that the electrostatics
of the diffuse layer plays a relatively minor role in the charge-
transport behavior of the reduced species.
To further understand the increase in molecular con-

ductance in the reduced state, we performed geometry
optimization with the molecules in the radical cationic state.

Figure 4. Electrochemical single-molecule charge-transport experiments on viologen-based molecules with different counterions. (a) Peak
conductance values of DTPV2+-Cl− (gray), DTPV2+-BF4

− (blue), DTPV2+-ClO4
− (green), and DTPV2+-PF6

− (purple) versus the gate potential
Vg with a constant applied bias at 100 mV. (b) Reversible ON−OFF conductance switch of DTPV2+-PF6

− between Vg = 0 and 1.6 V for three
cycles. Error bars represent the standard deviation from three subsamples of each measurement. (c) Configurations Au-(DTPV2+-BF4

−)-Au
junction (top) and Au-(DTPV2+-BF4

−)plan-Au junction (bottom) with the planarized conformation adopted from the optimized geometry of the
radical cationic state. (d) Transmission spectra as a function of energy for the twisted Au-(DTPV2+-BF4

−)-Au with the geometry of the 2+ state
(light blue) and Au-(DTPV2+-BF4

−)plan-Au junction with the planarized conformation adopted from the optimized geometry of the radical cationic
state (dark blue). EF is the Fermi level of the junction.
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Over the timescale of electrochemical reduction, the two
associated counterions are expected to remain in the vicinity of
the molecular junction. Therefore, we modeled molecular
geometries by placing two anions in the junction. DFT
simulations show a change in the electronic band structure of
the molecule in the radical cationic state. The position of the
transport band in the radical cationic state shifts significantly
compared to that in the dicationic 2+ state, which partially
explains the enhanced charge transport in the reduced state.
Compared with the frontier molecular orbital energy levels of
the 2+ state, the SOMO energy levels of the radical cationic
state for all four counterions are around −6 eV (Table S6) and
therefore more closely aligned with the electrode Fermi level
(EF = −5.1 eV for gold). However, the shift of the energy
bands is not the only reason for the enhanced conductance in
the reduced state. We observed that the torsional angles of the
two pyridinium rings strongly planarize for all four counterions
(Figure S16 and Tables S5 and S6). These results are
consistent with prior work reporting a reduction in torsion
angles between two pyridinium planes in the solid-state
structures of diphenylviologen71 and macrocyclic viologen.72

We next performed NEGF-DFT simulations to determine
the transmission of DTPV·+ in the presence of counterions
(Figure 4c). Transport in the radical cationic electronic state is
approximated via a calculation of transport in the dicationic
electronic state using the optimized radical cationic state
geometry. The transmission of the planarized junction is
denoted by Au-(DTPV2+-BF4

−)plan-Au and is compared with
that of the twisted geometry Au-(DTPV2+-BF4

−)-Au at the 2+
state (Figure 4d). The planarization of bipyridinium rings leads
to a conductance enhancement of approximately 8-fold in the
reduced state due to a smaller tunneling barrier. However, at
long timescales, the equilibrium state of the reduced molecule
likely only consists of a single nearby counterion provided to
enforce charge neutralization. Indeed, in all cases, substantial
planarization was observed with one counterion in the reduced
state relative to the ground state with enhanced transmission
(Table S6). Overall, the DFT simulations accurately explain
the trends of increasing conductance of the reduced radical
cationic state compared to the dicationic state with different
counterion species, mainly as a result of molecular planariza-
tion and concomitant changes in the electronic state (Figures
S17−S20).

To understand the mechanical stability of molecular
junctions in complex electrochemical environments, we
constructed 1D displacement histograms, as described in
prior work (Figures S21 and S22).31 1D displacement
histograms are fit with a Gaussian distribution to obtain the
average tip-to-substrate displacement, which represents how
the molecular junction lengths change as a function of the gate
potential and counterion environment. The onset of junction
displacement is defined as the point of metal nanowire rupture
between the tip and substrate electrode.31 Our results show
that molecular junctions in the presence of PF6

− are extended
to a maximum displacement of ∼0.28 nm at a gate potential of
0 V (Figure 5a). Remarkably, when the molecules are reduced
to the radical cationic state at the gate potential at 1.6 V,
molecular junction displacement reaches a length of ∼0.83 nm.
We further compared the molecular displacements in the
dicationic state at Vg = 0 V and the radical cationic state at an
overpotential (η = |Vg − Ep/2|) of 0.4 V (Figure S13) across the
molecular junctions in all four counterion environments
(Figure 5b). In these conditions, the radical cationic state of
the molecular junctions is extended to distances longer than
the dicationic state. We excluded the possibility that the
increased junction length results from stacked viologen radical
dimers because DTPV2+ generally does not form stable dimer
junctions in these conditions, as evidenced by gate voltage-
dependent conductance measurements of a control molecule
TPV2+ containing only one anchor group. Overall, our results
show that when TPV2+ is reduced by electrochemical gating,
there is no evidence of stable dimer junction formation (Figure
S23).
Based on these results, we propose that electrostatic

interactions mediate the molecular stretching process of
viologens between the tip and electrode surface (Figure
5c).46,47,73,74 Upon reducing viologens from the dicationic to
the radical cationic state, interactions between the positively
charged molecular backbone and the electrode surface are
weakened, thereby enabling molecular junctions to become
more extended. On the other hand, the control molecule DTP
lacking a charged moiety (Figure S24) exhibits no changes in
displacement across different gate potentials due to the
absence of electrostatic interactions with the substrate.
However, it is possible that additional complex molecular
geometry changes are associated with the reduced state of the

Figure 5. Molecular junction displacement of viologen-based molecules. (a) Logarithm-binned 1D displacement histograms of DTPV2+-PF6
− with

0.1 M TBAPF4 in PC at Vg = 0 (red), 1 (pink), and 1.6 V (green). (b) Average molecular junction lengths with different supporting electrolyte
counterions for DTPV2+ in the dicationic state (pink) and the radical cationic state (green). Error bars represent the standard deviation from three
subsamples of each measurement. (c) Schematic of molecular extension showing changes in the strength of viologen adsorption at the electrode
surface as the molecule is electrochemically reduced from the dicationic state to the radical cation state.
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molecule. DFT simulations indicate a slight increase (<0.5 Å)
in the molecular size of DTPV in the reduced state due to the
flattening of dihedral angles and the presence of a quinoidal
structure that extends the double bonds in the system
(Supporting Information, Section S7). On the other hand,
DTP contains an uncharged redox-inactive core that does not
undergo conformational or electronic structural changes.
Overall, our results suggest that changes in molecular junction
lengths arise due to electrostatic interactions and molecular
geometry elongation.

■ CONCLUSIONS
In this work, we systematically study charge transport in
viologen-containing molecules near electrode interfaces using a
combination of single-molecule experiments, bulk electro-
chemical experiments, and molecular modeling. Our work
reveals a reversible 10-fold change in the conductance of
viologen molecules in electrolyte solutions using in situ
electrochemical gating. Moreover, our results reveal a
surprising dependence of the charge-transport properties of
viologen molecules on the counterion environment. DFT
simulations reveal that molecular planarization and better
energy alignment lead to enhancement of charge transport
upon electrochemical reduction. In addition, different counter-
ion environments induce conformational twisting between the
two planes of the viologen cores to different extents, which
results in differences in molecular conductance. Overall, this
work advances our understanding of charge transport in redox-
active molecules in complex electrochemical environments.
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