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Single Molecule Conductance of Electroactive Helquats:

Solvent Effect

Viliam Kolivogka,™ Jakub Sebera,”® Lukas Severa,™ Gabor Mészaros,'” Romana Sokolova,™
Jindfich Gasior,” Jana Kocabova,” Joseph M. Hamill,'” Lubomir Pospisil,** " and

Magdaléna Hromadova*®!

A series of helquat molecules with increasing number of rings n
was studied by electrochemical and break junction methods to
provide redox characteristics and single molecule conductance
properties. Even though selected species do not contain
anchoring groups the molecular junction conductance was
observed experimentally and depends strongly on the solvent
used. Single molecule conductance G is almost two orders of
magnitude higher in water environment compared to mesity-
lene, whereas the distribution of G values is narrow in water
and wide in mesitylene solvent. In the non-polar environment,

1. Introduction

Helicenes, known for a long time,"”’ became more available and
attractive after the development of new synthetic routes.”
Azoniahelicenes are N-heteroaromatic dications derived from
helicenes. They are also named helquats based on their
structural similarity to well-known herbicide diquat (1,1-
ethylene-2,2"-bipyridyldiylium dibromide or IUPAC name 6,7-
dihydro-dipyrido[1,2-a:2',1"-c]pyrazinediium  dibromide). The
helquat structures used in this work (see Figure 1) contain five,
six and seven rings that specify their names, in our case [5]
helquat, [6]helquat and [7]helquat, respectively.

The synthesis of helquats is based on [2+2+2] cyclo-
isomerization using Wilkinson’s catalyst.”! Helquats yield elec-
trochemical properties very similar to diquat, which was
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G increases with increasing n, contrary to generally accepted
notion of decreasing tunneling current with increasing molec-
ular length. This behavior is, however, consistent with electro-
chemical properties, which showed that longer helquats are
reduced more easily than the shorter ones. Furthermore,
theoretical computations provided most probable molecular
junction configurations of helquats in water solvent with
excellent agreement between theoretical and experimental G
values.

[71helquat

[5]helquat [6]helquat

Figure 1. Chemical structures of helquat dications.

demonstrated on [5]helquat and its four methylated derivatives
previously.” For these molecules the electron transfer (ET) in
aprotic solvents involves two separate one-electron reversible
reduction steps. Racemic helquats can be separated into
enantiomers labeled as [M] and [P], according to the rotation
direction of their helices. Electron transfer of the chiral form
leads to a profound reversible change of the electronic circular
dichroism (ECD), even to a change of the sign of ECD signal.*®
Examples of recent applications of helicene-like compounds
include enantioselective catalysis,”’ self-assembly,®? surface
science,"” non-linear optics"" and other fields. Of a particular
interest are helicene-based switches,"*"® which could find
application as memory elements in molecular electronics. With
respect to the last mentioned application this communication
explores the relationship between electrochemical properties of
helquat molecules and their single molecule conductance with
particular focus on the effect of solvent environment.

Several recent works"'” have suggested that electro-
chemical characteristics of molecules can be correlated with
their single molecule conductance properties. Thus molecules
that were reduced or oxidized energetically more easily had
higher single molecule conductance.
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The effect of solvent molecules on conductance values in
metal-molecule-metal junctions was discussed only for bipyr-
idine-based,"¥ 1,4-benzenediamine-based,"” oligoyne-based™”
and 1,4-benzenedicarboxaldehyde-based®” molecules. In the
latter case the precise tuning of the single molecule conduc-
tance was achieved by additional change of the electroactive
salt concentration in the aqueous solution. Interestingly, three
orders of magnitude higher conductance was observed for
current-voltage characteristics of wet compared to dry Si-SAM-
Hg junctions, where SAM stands for the alkene monolayer.”?
Finally, work of Fatemi et al."” stressed the importance of the
interaction of solvent molecules with the gold substrate.

In this work we will discuss the effect of polar (water) and
non-polar (mesitylene) solvent on the single molecule con-
ductance of helquat molecules shown in Figure 1.

2. Results and Discussion
2.1. Electrochemistry

Heterogeneous electron transfer (ET) of helquat molecules
involves two separate one-electron reductions leading to a
cation radical and finally to a fully reduced neutral form. Both
redox steps are reversible or quasi-reversible, depending on the
experimental conditions. Typical cyclic voltammogram for [5]
helquat and its derivatives was reported previously®* together
with a complete electrochemical, spectroelectrochemical and
EPR characterization. Representative voltammogram for reduc-
tion of [6]helquat in acetonitrile is given in Figure 2 and for [7]
helquat in Figure S-1 of the Supporting Information (SI).
Heterogeneous standard ET rate constants in acetonitrile
were determined from the analysis of phase-sensitive AC
polarograms measured in the frequency range from 16 Hz to
48 kHz (Figure S-2 in the SI) and from the electrochemical
impedance spectroscopy (EIS) measurements from 5Hz to
100 kHz. An appropriate vector analysis allows separation of the
solution resistance, the double layer capacitance and finally the
extraction of the faradaic phase angle ¢. Figure 3 shows the
dependence of cotd on the square root of angular frequency
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Figure 2. Cyclic voltammogram of 3.7x 107 M [6]helquat in 0.1 M TBAPF; in

acetonitrile using mercury drop electrode. The scan rate was 0.5 V-s™.
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Figure 3. Faradaic phase angle as a function of the square root of angular
frequency for [5]helquat (@), [6]helquat (O) and [7]helquat (M) for the first
electron transfer step.

w'?, where the slope of this dependence is inversely propor-
tional to the heterogeneous ET rate constant k°.**

Standard redox potentials E° obtained from cyclic voltam-
mograms and corresponding heterogeneous ET rate constants
k° are given for both charge transfer steps in Table 1. The
increasing number of rings n in helquat molecules shifts E°
potentials towards less negative values, whereas k° values are
decreasing with increasing n. Heterogeneous rate constant for
the first redox step k% was found always smaller than k°, for the
second electron transfer. This trend was preserved for all three
helquat molecules. Theoretical E,° values obtained by quantum
mechanical computations using DFT method (see Table 1)
reproduce the shift of E° towards less negative potentials with
increasing n very well. Experimental £° values correlate with the
LUMO energies calculated for helquat molecules in the
acetonitrile solvent (see Table2) confirming LUMO as the

Table 1. Standard redox potentials and heterogeneous rate constants for
the first and second electron transfer.

Molecule B NV@ K, /em-s™' B V@ K/cm-s™t B VP
[5]helquat —1.248 1.22 —1.492 3.35 —1.368
[6]helquat —1.103 0.15 —1.409 1.29 —1.291
[7]helquat —1.053 0.037 —1.335 0.234 —1.248

[a] Experimental values against ferrocene/ferrocenium couple. [b] Calcu-
lated values against ferrocene/ferrocenium couple using DFT B3LYP
method including the influence of acetonitrile solvent.

Table 2. Summary of molecular orbital energies in acetonitrile solvent.

Molecule® HOMO/eV® LUMO/eV® LUMO-HOMO/eV™
[5]helquat —7.59 —3.46 413
[6]helquat —7.27 —3.53 3.74
[7lhelquat -7.26 —3.57 3.69

[a] Without triflate counterions. [b] DFT B3LYP method, PCM model for
description of acetonitrile solvent.

5857

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

CHEM


https://doi.org/10.1002/celc.201901801

@} ChemPubSoc

electron accepting orbital. Additionally, the computed HOMO-
LUMO gap decreases with increasing number of rings in the
series of helquat molecules.

Redox processes in the aqueous medium are characterized
by a single two-electron reduction accompanied by a strong
adsorption of both oxidized and reduced forms (see Figure 4).
Dications adsorb in the range of potentials —0.1 to —0.9V (the
onset of reduction). Neutral fully reduced helquats are sparingly
soluble in water and strongly suppress the value of the double
layer capacitance for potentials more negative than —1.2V. The
evaluation of kinetic data of adsorbing systems requires more
elaborate separation of charging and kinetic parameters.”” The
adsorption of fully reduced forms of helquats in water makes
the estimation of kinetic parameters practically impossible.”
Strong adsorption in water contrasts very weak adsorption of
these molecules in acetonitrile (see Figure S-2 of the SI).

2.2. Single Molecule Conductance

Helquats used in this work unlike other molecules investigated
for single molecule conductance do not contain anchoring
groups (—SH, —NH,, pyridine, etc.). In spite of this fact dicationic
helquats can form single molecule junctions and their adsorp-
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Figure 4. Phase sensitive AC polarogram of 5x 10~* M [5]helquat in the
aqueous 0.1 M KF against Ag|AgCl| 1 M LiCl reference electrode. Sine-wave
frequency was 160 Hz. The real (Re) and imaginary (Im) admittance
components are shown as black (O) and red (@) curves, respectively. Real
and imaginary admittance components for the supporting electrolyte only
are shown as dotted lines.

Figure 5. Schematic representation of (a) STM BJ and (b) MCBJ technique.
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tion properties are sufficient to obtain reliable conductance
data for individual molecules.

Single molecule conductance was obtained by two comple-
mentary techniques that enabled formation and breaking of
thousands of gold-molecule-gold junctions. Current was meas-
ured at constant potential difference E,,, between two gold
electrodes (see schematic representation in Figure 5) and
converted to the conductance using Ohm’s law. In the STM
break junction (STM BJ) technique the STM tip makes initial
contact to the gold substrate and current is measured as a
function of the increasing distance between the gold tip and
substrate electrodes. In the mechanically-controlled break
junction (MCBJ) method a gold wire is broken as a consequence
of the force inserted on the wire support and additional
separation of thus created electrodes is achieved by a piezo
element. The current-distance curves are obtained by this
method too, but the electrode separation is not a simple
function of the movement of the piezo element. More detailed
explanation of both techniques is given elsewhere %"

Experimental data are presented on the logarithmic scale in
the form of log(G/G,) retraction curves (Figure 6a and 6d),
where G is the conductance equal to i/E,, and Go=77.5 puS is
the conductance quantum, which represents the atomic contact
conductance for gold metal. Conductance-distance curves thus
contain plateau at log(G/G,) equal to 0 indicating the gold-gold
atomic contact. In the absence of molecules at Az>0 nm only a
tunneling current is observed, which corresponds to linearly
decaying signal on the logarithmic scale. If the molecule
bridges the electrodes an additional plateau is observed and
the distance at which the contact breaks (sudden conductance
decrease) can be used to infer the junction geometry and
length of the molecule for fully extended junction geometries.
Typical measurement involves collecting several thousands of
conductance-distance traces (Figure 6a and 6d) evaluated
statistically into a 2D conductance-distance histogram (Fig-
ure6b and 6e) or a simpler 1D conductance histogram
(Figure 6¢ and 6f), in which a peak indicates the most probable
single molecule conductance value and its width the distribu-
tion of different molecular junction (MJ) configurations. The
STM BJ method allows measurements in both aqueous (with
insulated tips) and non-aqueous environment. Similar current
transients are measured by the MCBJ technique; however, the
assignment of the MJ length is based on several assumptions
and is not reliable. Even though the MCBJ technique has lower
noise level than the STM BJ method, the experiments can be
performed only in the nonpolar solvents. Thus both methods
were used for single molecule conductance measurement in
mesitylene solvent and STM BJ method additionally in the
aqueous environment. These two solvents represent two
extremes in the polarity enabling studies of the effect of the
environment on the charge transport in molecular junctions
(MJs) without directional covalent anchoring to the electrodes.

Corresponding 1D histograms for helquats in water and
mesitylene show a peak-like feature which represents the most
probable single molecule conductance (see Figure 6a and 6d
for [6]helquat). Table 3 summarizes the experimental log(G™®/
G,) values obtained by both STM BJ and MCBJ methods.
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Figure 6. Single molecule conductance data for [6]helquat molecule showing representative individual conductance-distance transients (a,d), 2D
conductance-distance histogram (b,e) and 1D conductance histogram (c,f). The upper row was obtained by STM BJ method in water (a,b,c) and bottom row

by the MCBJ method in mesitylene (d,e,f).

Table 3. Summary of experimental values of single molecule conductance
and molecular junction length.

Molecule 10g9(G™*/Gy)®  10g(G™?/Gy)®  10g(G™*/Gy) Y  z°/nm"
[5]helquat -51+£14 —5.1+£0.9 —33+04 0.8+£0.2
[6]helquat —49+0.9 —49+0.9 —33+04 0.8+0.1
[7]helquat —46+1.2 —47+£11 —3.3+04 0.9+0.2

[a] STM BJ method, mesitylene. [b] MCBJ method, mesitylene. [c] STM BJ
method, water solvent.

Reported errors represent half of the full width at half maximum
of the conductance peak. The single molecule conductance
values obtained in mesitylene solvent are independent of the
experimental method used and show an increase in conduc-
tance from [5]helquat to [7]helquat. A considerable width of the
observed features suggests that MJs formed in mesitylene
undergo substantial rearrangement in the course of their
evolution leading eventually to a rapid loss of electronic
communication between the molecule and the electrodes (see
Figures S-4 and S-5). On the other hand, aqueous environment
supports highly conductive single molecule junctions with a
narrow distribution of conductance values (see Figure S-3). This
difference is manifested also in 1D conductance histograms of
Figure 6 for [6]helquat as well as in Figure 7, which summarizes
log(G®®/G,) values for all three helquats including the error
bars. High conductance values and narrow peak width indicate
that single molecule junctions formed in the aqueous environ-
ment are stable and possess well defined geometries.

In the aqueous environment the characteristic plateau
length Az for each helquat system was evaluated following a
previously described procedure”” The most probable MJ
length was obtained as z**=Az+z,,, where z,,=0.4nm
represents the correction for the snap-back distance. The
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Figure 7. Single molecule conductance values for three helquat molecules of
different length (n represents number of rings, see Figure 1) in water ([])
and in mesitylene (@).

characteristic plateau length Az histograms are shown in
Figure S-6 of the SI.

Experimental data in Table 3 indicate that for all three
helquats the MJ conductance is higher in the aqueous solvent
than in mesitylene. In water both conductance values as well as
the MJ lengths are identical for all three molecules indicating a
significant contribution of the solvent in the tunneling process.
At this point we should remind the reader that in the absence
of molecules and in the presence of solvent the peak feature
around log(G/Ggy) ~—3.3 is absent in the 1D conductance and no
plateau is observed in 2D conductance-distance histograms, so
the observed features are uniquely associated with helquat
molecules in the presence of the solvent environment (for
histograms in the absence of molecules see Figure S-7 of the
SI).
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counterions and 15 water molecules.

In the presence of mesitylene solvent the single molecule
conductance increases from [5]helquat to [7]helquat (see
Figure 7). Even though we were not able to use the same
procedure as in the case of water solvent for a rigorous
determination of the experimental MJ length z®®, it can be
inferred from data in Figure S-4 that the MJ length is either not
very different from that observed in water environment or z°
slightly increases with increasing n parameter. The observation
of increasing log(G™®/G,) values with increasing number of rings
n in helquat molecules is very interesting and goes against the
generally assumed notion that molecular conductance should
decrease with increasing molecular length. On the other hand
we have observed that G values correlate with E,° values
reported in Table 1. Thus, helquat molecule, which accepts
electron more easily, i.e, has less negative standard redox
potential, displays higher single molecule conductance.

Single molecule junctions of helquat dications were further
analyzed theoretically by the approach based on the combina-
tion of density functional theory (DFT) and non-equilibrium
Green’s function (NEGF) formalism. Calculations considered a
single helquat dication and two triflate anions to compensate
the electric charge. Investigated species were positioned
between two clusters, each composed of 18 gold atoms meant
to represent electrodes mimicking the break junction arrange-
ment (either STM BJ or MCBJ). The effect of solvent on the
charge transport in the single molecule junctions was treated
explicitly by adding 15 molecules of water to the molecular
junction. The electrode separation L, (measured as perpendic-
ular distance between two planes involving centers of gold
atoms facing the helquat molecule on each side of the junction)
was fixed so that theoretical MJ length z" becomes identical to
the experimentally obtained MJ length extracted from the STM

Table 4. Summary of theoretical single molecule conductance values and
junction parameters.

Molecule log(G™/Gy)™ log(G™/G,)"® Z"/nm' 0/°
[5]helquat —3.8+0.1 —34+0.1 0.76 36.7
[6]helquat —32+0.1 —3.440.1 0.79 225
[71helquat —33+0.1 —33+0.1 0.85 24.0

[a] Vacuum. [b] 15 water molecules. [c] 2" =L1,;-0.25 nm, L,,, representing
distance between two gold planes in molecular junction, 6 is the angle
defining position of helquat with respect to gold electrodes, see Figure S-8
of the SI.
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), [6]helquat (b) and [7]helquat (c) including 2 CF;SO5

BJ based plateau length analysis (see z** values in Table 3 and
7" values in Table 4).

Theoretical analysis of the geometrical arrangement within
MJ configurations typically relies on a variation of the distance
between apex gold atoms of two electrodes that are chemically
attached to anchoring groups of the molecule. Due to the
absence of anchoring groups in investigated compounds and
independence of the experimentally observed MJ length on the
number of rings in the helquat molecules (z* in Table 3), we
decided to consider the angle between the plane of the central
benzene ring of the helquat molecule and the electrode surface
0 as an independent variable to describe the geometrical
arrangement of MJ configurations (see Figure S-7 of the SI). For
representative junction configurations of helquat molecules this
angle falls into the range between 22° and 37° indicating that
the central benzene ring of all three helquats is slightly inclined
with respect to the electrode surface. Such geometrical arrange-
ment allows the inclusion of several water molecules between
the electrodes. As confirmed experimentally, the presence of
water leads to a dramatic enhancement of the charge transport
and of the MJ stability (Figure 7) compared to the non-polar
mesitylene environment. For each compound, several MJ
configurations involving varied orientation of the helquat
dication with respect to such fixed electrodes were constructed
and their geometry was gradient optimized on the potential
energy surface (see Table S-1 of the SI). The junction config-
uration with the lowest electronic energy was selected as the
representative one and considered further (see Figure 8).

Transmission functions for helquats in the representative MJ
configurations containing 15 water molecules are given in
Figure 9. The theoretical value of the single molecule con-
ductance G" was derived from the transmission function value
at the Fermi energy of gold in vacuum (g;=-5.1£0.1¢V)
employing zero-bias approximation. For theoretically predicted
single molecule conductance values in water G*" see Table 4
which summarizes also characteristic junction parameters z"
and 0. An excellent agreement was found between experimen-
tally obtained G™ and G" in the case of water if the Fermi
energy of gold in vacuum was used. The choice of &; for the
electrodes in contact with different solvent molecules is not
straightforward. We used the experimentally obtained value of
€ in vacuum, even though multiple layers of water on Au(111)
surface may decrease the work function by 0.6eV .*® Our
choice is based on the fact that MJ configurations in Figure 8
do not contain even one solvation shell for the electrode
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Figure 9. Transmission functions calculated for representative MJ configu-
rations of [5]helquat (red line), [6]helquat (green line) and [7]helquat (blue
line) in water solvent. Corresponding junction configurations are shown in
Figure 8.

pointing to the role of helquat solvation in the charge transport
process. Furthermore, electrochemical studies confirmed the
tendency of helquats to adsorb at the charged electrode|
aqueous electrolyte interface (see Figure 4). Our approach is
consistent as well with that of Milan et al.” who compared the
calculated conductance values with experimental ones at differ-
ent & until the closest agreement was found. The closest
agreement of our G" with experiment is indeed for &; values
close to —5.14+0.1 eV (shaded area in Figure 9). In order to
assess the effect of water molecules directly, the conductance
was reevaluated for the same MJ configurations shown in
Figure 8 in the absence of water molecules. This result is shown
in the first column of Table 4 as G" in vacuum. Such calculations
correctly predict the trend of increasing conductance from [5]
helquat to [7]helquat observed in mesitylene solvent. Both
computations support two experimental observations. Primarily,
the presence of water molecules allows for the existence of
“representative” MJ configurations that provide conductance
values identical with the experiment. Secondly, by omitting
water molecules the G™ is no longer constant, but mimics the
charge transport in mesitylene solvent, even though thus
calculated G™ values are much higher compared to the
experimental ones. We did not attempt further theoretical
analysis of single molecule conductance in mesitylene, since we
lack reliable information on the experimental MJ length and the
peak shape clearly indicates wider distribution of MJ config-
urations, which must be taken into account. However, reported
calculations correctly predict the trend of increasing conduc-
tance from [5]lhelquat to [7]helquat and point further to a
decisive role of helquat molecules in their charge transport
characteristics in mesitylene solvent.

There are only two reports on the single molecule
conductance properties of uncharged diazahelicenes, where N-
heteroatoms served as the anchoring groups.®*" In the first
work the theoretical description of mechanical tuning of the
single molecule conductance was emphasized, whereas in the
second one the single molecule conductance of oxa[9]helicene
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terminated by pyridine units was reported to be 8.8x10™* G/G,
(log(G/G,) = —3.06), which is in reasonable agreement with our
measurements assuming that this molecule has n equal to 9
and contains anchoring groups.

Despite the fact that MJs containing helquat dications lack
covalent bonding with gold electrodes, such molecules are
clearly capable of forming highly conductive charge transport
channels in water solvent and less efficiently conductive ones in
non-polar mesitylene. The outstandingly narrow distribution
found for the conductance peak in the aqueous environment
suggests that preferred MJ configurations exist in water and the
transport of electric charge is not attenuated during the
junction evolution as much as in mesitylene solvent. This
observation is consistent with our observations that adsorption
of helquat molecules on electrified interfaces (electrode) is
enhanced in the presence of aqueous environment compared
to other polar organic solvents (see Figure 4 and Figure S-2).
This work clearly demonstrates that charge transport properties
of non-covalent types of single molecule junctions may be
tuned by the alteration of the dielectric constant of the
environment.

3. Conclusions

We demonstrated that three organic helquat dications without
any anchoring group in their structure interact with gold
surfaces, enabling thus measurements of single molecule
conductance values in the break junction arrangement. Their
conductance is strongly affected by the presence of solvent
molecules. In water environment the conductance is almost
constant and independent of the number of rings in the
helquat structure (conjugated path length), whereas in non-
polar mesitylene the conductance is almost two orders of
magnitude lower and increases with increasing number of rings
in helquat series. These studies were complemented by electro-
chemical characterization, which confirmed the adsorption of
helquat molecules in water. We have shown that an increase of
molecular junction conductance in the presence of mesitylene
solvent correlates with the ability of helquat molecules to
accept electron(s) as shown electrochemically by observing less
negative standard redox potential values with increasing
number of rings in the structure. Theoretical calculations
together with the experiments point to an important role of
solvent in the determination of molecular junction conductance
values.

Experimental Section

Deionized MilliQ water (maximum total organic carbon of 3 ppb,
minimum electric resistivity of 18.2 MQ-cm, Millipore, France) was
used throughout the experimental work. All items utilized in the
experiments (glassware for the preparation of solutions, electro-
chemical cell, PTFE liquid cells for STM-BJ and MCBJ measurements,
Kalrez O-rings and gold substrates) were cleaned by boiling in 25%
nitric acid (Lach-Ner, Czech Republic). Subsequently, the items were
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repeatedly boiled in water and dried at 105°C in an oven
overnight.

Synthesis and characterization of helquat molecules were described
previously.”) Argon gas (99.996%, Messer), mesitylene (1,3,5-
trimethylbenzene, 98 %, Sigma-Aldrich) and ethanol (absolute p.a.,
99.8%, Penta, Czech Republic) were used as received. Tetrabuty-
lammonium hexafluorophosphate (TBAPF;) and acetonitrile were of
the best quality available from Sigma Aldrich. Acetonitrile was dried
over 4 A activated molecular sieves and TBAPF, was re-crystallized
and dried under vacuum before experiments.

Electrochemical experiments used instrumentation and conditions
described in our previous communications.*® Further details are
provided in the Supporting Information, Section 6.

Solutions of helquat compounds for the single molecule conduc-
tance measurements were prepared in two steps. First, 2x 10> M
solution of the respective compound was prepared in ethanol.
Then either water or mesitylene was added to achieve the volume
ratio of 1:9, forming the final solution with the compound
concentration of 2x10™*M and the ethanol content of 10%. In
both environments, the introduction of ethanol to the investigated
system at this concentration level was found to produce no features
attributable to single molecule junctions and led to no increase of
the instrumental noise level as confirmed by independent control
experiments.

The STM BJ technique was employed to investigate charge trans-
port characteristics of single molecule junctions of compounds
dissolved in both mesitylene and in the aqueous environment. A
gold sheet (10 mmx10 mmx 1.0 mm, 99.95%, Goodfellow) served
as the STM substrate. The substrate was copiously rinsed with water
just before measurements, annealed by a butane flame and cooled
down to the room temperature under the stream of argon. A PTFE
liquid cell equipped with a Kalrez O-ring was placed on the top of
the substrate and the cell assembly was finalized by the
introduction of the solution to the cell. STM probes were prepared
by electrochemical etching of the gold wire (0.25 mm diameter,
99.99%, Goodfellow). Etched probes were copiously rinsed with
water, dried and used for measurements in mesitylene solvent. For
water-based measurements the probes were additionally coated by
polyethylene to eliminate parasitic contributions to the electric
current from the polar solvent. For both environments the probe
approach and retraction rate was set to 360 and 36 nm/s,
respectively and bias voltage value was set to 130 mV. All STM BJ
measurements were carried out at ambient temperature and
pressure.

The MCBJ technique was employed to investigate single molecule
charge transport characteristics of compounds dissolved in mesity-
lene. A gold wire (99.999%, Goodfellow, 0.1 mm diameter) was
suspended on two freshly prepared droplets of insulating epoxy
resin (Stycast 2850FT with catalyst 9) cast on a spring steel sheet
(30 mmx 10 mmx0.2 mm). Upon fixing the gold wire, the epoxy
resin was cured at 60 °C overnight. Subsequently, the gold wire was
notched between the two epoxy droplets by a scalpel blade to
define a constriction point for the junction opening. A PTFE liquid
cell equipped with a Kalrez O-ring was placed on the top of such a
device and the solution was introduced to the cell. Two electrodes
were created by breaking the gold wire at the constriction point by
a stepper motor positioned below the spring steel sheet. Bias
voltage was set to 130 mV. All MCBJ measurements were carried
out at ambient temperature and pressure. Further details on the
STM BJ and MCBJ technique can be found in Sebera et al.””
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Computational Methods

In order to describe the charge transport through helquat
molecules we performed calculations based on Density Functional
Theory (DFT) and non-equilibrium Green's function (NEGF)
formalism.??>*% Our computational model includes two Au,g (2x3 X
3) clusters representing left and right electrode and [5]helquat or
[6]helquat and [7]helquat molecules with two CF;SO;~ counterions
and 15 water molecules. This model was geometry-optimized by
DFT PBE functional®~*® using D3 dispersion coefficient®” and def-
SV(P) basis set®*=" for all atoms, for core 60 electrons of Au the
relativistic pseudopotential (effective core potential) def-ecp was
used.”” The Au bond length in Au,g clusters was fixed to 2.885 A
(experimental value of bulk gold bond)*? and the mutual position
of the clusters was fixed based on the experimental distance of
electrodes as determined from STMBJ 2D conductance-distance
histograms. For all gradient optimization tasks the computational
chemistry program Turbomole-7.1 was used.”*** To investigate the
possible geometry configurations of helquat molecules between
Au,g clusters, we performed gradient optimization procedure from
four initial geometries where molecule was rotated by 90° in the
plane which was coplanar to the planes of surfaces of Au,g clusters.
In the second step, the transmission function z(€) was calculated
using the Au,g-molecule-Au,g computational model based directly
on the gradient optimized geometry. Based on four geometry-
optimized configurations only that configuration with the lowest
energy was taken as the representative one (highlighted in Table S-
1 of the Sl). This configuration was also used for calculation of
transmission functions in the absence of water molecules (here
referred to as vacuum).

The transmission function curves t(€) were calculated using the
Amsterdam density functional (ADF)***? version 2017%” quantum
chemistry package with OPBE“® DFT functional. A Slater-type
double-E (DZ)*” basis set with frozen core approximation FC (the
core is defined up to 4f shells) was used for gold atoms, and the
Slater-type triple-E polarized (TZP)*” basis set with frozen core
approximation (the core is defined up to 3p shells for S, 2 s shells
for F,C,N,0) was used for the atoms included in the investigated
molecules except for hydrogen atom where all electrons TZP basis
set was used. Theoretical calculations in ADF program were done
with the incorporation of relativistic effects at the level of zero-
order regular approximation (ZORA) in a scalar relativistic form of
Dirac relativistic equation.**-*" Theoretical conductance was calcu-
lated based on Landauer formula G = G,(g;) using zero bias voltage
approximation, where t(g;) represents the transmission function at
the Fermi energy &; of the gold electrodes. The Fermi energy €=
—5.1+0.1 eV was estimated on the basis of the experimentally-
obtained work function for polycrystalline gold.®>*® Theoretical
conductance G™ was based on an average of all calculated G values
taken from the transmission function in the interval from —5.0 eV
to —5.2 eV. The first redox potentials E,° and energies of HOMO/
LUMO orbitals of all investigated molecules were calculated using
DFT functional B3LYP®*** using cc-pVTZ®® basis set. The
acetonitrile solvent was described by Polarizable Continuum Model
(PCM)®” as implemented in quantum chemistry program Gaussian
09.%% Further details are given elsewhere."®
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