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ABSTRACT: Helical molecules have been proposed as candidates for N
producing spin-polarized currents, even at room conditions, due to their 3
chiral asymmetry. However, describing their transport mechanism in 2
single molecular junctions is not straightforward. In this work, we show = |
the synthesis of two novel kinds of dithia[11]helicenes to study their E

electronic transport in break junctions among a series of three helical & :

molecules: dithia[n]helicenes, with n = 7, 9, and 11 molecular units.  —1

Our experimental measurements and clustering-based analysis demon- -2

strate low conductance values that remain similar across different  _3 o . B i
applied voltages and molecules. Additionally, we assess the length Transmission

dependence of the conductance for each helicene, revealing an

exponential decay characteristic of off-resonant transport. This behavior is primarily attributed to the misalignment between the
energy levels of the molecule—electrodes system. The length dependence trend described above is supported by ab initio
calculations, further confirming an off-resonant transport mechanism.

he study of electronic transport properties in single to their helical configuration and the possibility to isolate their
molecules has garnered significant attention due to their mirror images, labeled as enantiomers. However, before
versatile and programmable structural features. This interest proceeding with the detection of spin currents, it is important
has driven advancements in molecular-scale devices, with the to address first their charge transport in single molecule-metal

goal of harnessing the unique chemical and physical properties
of individual molecules.”” A topic that has gained attention in
recent years is the research on chiral molecules as spin valve-
type molecules. Chirality is a fundamental symmetry property
ubiquitous in nature and found in DNA, amino acids, and
sugars. In this regard, due to their chirality, helical molecules
have been identified as potential candidates for electrons to
become spin-polarized after being transmitted through these

junctions and determine if they are good candidates, which
requires a basic understanding of their conductance and the
anchoring to the electrodes.

Throughout this work, electron transport is investigated for
a series of chiral molecules at ambient conditions using the
mechanically controllable break junction (MCB]J) technique.
Our approach involves the study of a set of helicenes with a

molecules.” By using their symmetry properties, these chiral helix structure and anchoring links incorporated to the
conformations would discriminate spin currents without molecular structure to enhance conductivity'™'® (schematic
relying on ferromagnetic electrodes or applied magnetic fields. illustrations are in Figure 1(a)). Henceforth, we focus on
For example, spin polarization of electrons has been studying dithia[n]helicenes, where n represents the number of
demonstrated using nonpolarized light through a chiral aromatic rings, specifically n = 7, 9, and 11. By analyzing these
molecular structure such as DNA." These measurements helicenes of varying sizes, we aim to gain insights of the nature
show that charge and spin transport are coupled, a of electronic transport mechanism in this system from the
phenomsesnon that is called chirality-induced spin selectivity relationship between molecular length and electron transport
(CIss).” characteristics.

To understand the CISS phenomenon, it is fundamental to

study single-molecule junctions, where electronic transport -
occurs out of equilibrium and is typically driven by an external Rec'e“'ed‘ May 15, 2024 LETTERS ™
bias voltage that induces a difference in the chemical potentials Revised:  July 30, 2024 '
across the metallic leads. While considering this scenario, Acce.l’ted’ July 31, 2024
discrepancies have been reported between electronic transport Published: August 7, 2024
experiments and theoretical calculations.””® In this context,

chiral structures such as helicenes have been proposed”™'* due

© 2024 The Authors. Published b
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Figure 1. MCBJ measurement methodology and molecular schemes. (a) Chemical structures of the dithia[n]helicenes: exo[7], exo[9], and
exo[11]. Yellow, gray, and white spheres represent sulfur, carbon, and hydrogen atoms, respectively. (b) Schematic representation of the MCBJ
setup. Two gold electrodes with a notch are displayed. When the rod is pushed along the vertical direction, the junction stretches and a molecular
conductor can be established. (c) Example of a breaking trace showing conductance in units of G, as a function of the relative displacement
measured at a fixed bias voltage of 0.1 V. Inset displays the exo[ 11]dithiahelicene candidate bridging the gold electrodes. (d) 2D and 1D histograms
of the raw data containing ten thousand consecutive breaking traces obtained for exo[11]dithiahelicene at 0.1 V. The black arrow points to the peak

due to an amplifier artifact.

In our molecules sulfur atoms are incorporated into the
molecular structure using thiophene rings. In such a way,
anchoring groups such as thiols'’~** are removed. This design
choice originates from the idea of reducing potential barriers
when the molecule bridges between electrodes while
maintaining the conjugation throughout the molecule.”* This
concept was supported by preliminary Density Functional
Theory (DFT) calculations on isolated molecules, revealing
the development of molecular orbitals that include the
contribution of the sulfur atoms. Additionally, sulfur atoms
are expected to provide mechanical stability while the helical
structure offers its inherent flexibility.”> Furthermore, we
explore the influence of the sulfur atoms by arranging the
sulfurs in two different positions. First, the sulfurs located by
facing outside the helical axis as illustrated in Figure 1(a) and
second, the sulfurs positioned on the opposite side of the
thiophene, facing the helical axis. We refer to these
configurations as exo and endo, respectively.

In our previous works,'”'® we described the preparation of
both configurations for [7] and [9] dithiahelicene. The
preparation of the yet unreported exo[11] and endo[11]
dithiahelicene was achieved by adapting these modular
syntheses to a larger central phenanthrene fragment. This
process involves our state of the art methods of Pd-catalyzed
coupling reactions followed by a LED-driven final photo-
cyclization step, as detailed in the Supporting Information.

The MCBJ technique involves fixing the electrodes over a
bending bead which provides high mechanical stability, as
depicted in Figure 1(b). The electrodes consist of a gold wire
that has been nanolithographed with a notch in the middle. A
piezoelectric system applies a push to the wire which results in
a controlled horizontal displacement, leading to elongation and
finally the rupture at the notch. By cyclically bending and
relaxing the electrodes, we create breaking and formation
cycles, enabling precise control over the formation of metallic
or molecular conductors. During this process, we measure the
current flowing through the junction at a fixed bias voltage
while stretching until it eventually breaks. We record the
evolution of the conductance (in terms of G, = 2¢*/h with e
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being the elementary charge and & the Planck’s constant) as a
function of the relative displacement between the leads
forming a so-called breaking trace. An example of such a
trace is depicted in Figure 1(c) while the rod is pushing until
rupture. Additionally, we employ a logarithmic amplifier to
achieve 9 orders of magnitude during data acquisition.”® By
repeating the process thousands of times, we generate 1D
histograms to depict the distribution of conductance values
obtained. Furthermore, by overlaying the breaking traces, we
create 2D histograms that present a density plot of the
evolution of the most likely conductance values with the
separation of the electrodes. These 2D/1D histograms as
depicted in Figure 1(d), provide valuable insights for further
analysis.

We have measured the electrical properties of the exo-
[7,9,11] and endo[11] molecules in dichloromethane (DCM)
solution, considering both enantiomers. The measurements
were performed with a concentration of 10 uM for exo[7] and
1 uM for the remaining molecules. For exo[7] we have
recorded 2000 consecutive breaking traces while 10000 for the
rest of the molecules. The use of low concentrations promotes
single molecular bridges, although it may lead to a lower
molecular yield. Figure 1(d) displays the collected data for the
exo[11] helicenes in a 2D/ID histogram composition (as
reference, Figure S3 of the Supporting Information depicts the
2D histograms of bare gold and the four molecules). Both
histograms do not show clear peaks associated with single
molecules because of the low molecular yield, which implies
that the tunneling contribution dominates. An important
observation in Figure 1(d) is the presence of a peak around
107 Gy, which is an artifact introduced by the logarithmic
amplifier. This peak value remains consistent across all the
collected data and shows the expected decrease in conductance
value®® as the bias voltage increases (see Supporting
Information, Figure S4, which showcases the evolution of the
peak).

In order to extract meaningful features from the recorded
data sets and filter out the influence of the logarithmic
amplifier artifact, we performed a two-step analysis. First, we

https://doi.org/10.1021/acs.jpclett.4c01425
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Figure 2. 2D histograms of the main clusters of each helical molecule at 0.1 V. Each column in the histogram corresponds to a specific molecule,
showecasing different clusters associated with distinct plateau structures ranging from 107> to 107> G,

utilized a neural network®” trained with a data set comprising molecular information. This algorithm partitions the data set
breaking traces of bare gold and with molecules. This model, into a predefined number of clusters. Through an iterative
incorporating dropout layers, allowed us to classify the process, it identifies the most repeated values (conductance
breaking traces and identify those with molecules bridging plateaus), so that traces with similar plateau structures
the electrodes. Once the classification is completed, we employ converge into the same clusters. Consequently, this clustering
the k-means++ clustering algorithm,”® an unsupervised analysis highlights the underlying molecular features within the
machine learning technique, to subtract the underlying predefined clusters. More details are provided in Supporting
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Figure 3. Mean conductance values of the four clusters (C1—C4) found for two data sets of endo[11] as a function of (a, b) the bias voltage and
(¢, d) the length. To improve clarity, common assignments in both (a) and (b) are color-coded identically, facilitating comparisons across various
voltage levels. In contrast, panels (c, d) are color-coded based on the voltage data set. Panels (a, c) refer to one data set analyzed by using 10
clusters at low bias, while panels (b, d) represent another data set using S clusters for high bias voltages.

Information Figure S5, which shows a composition of 2D/1D
histograms for all ten clusters obtained for the exo[11]
molecule measured at 0.1 V. This includes the tunneling
clusters, where no molecule was incorporated into the
junction.

Turning to the clusters that contain molecular features,
Figure 2 displays those for the data collected at 0.1 V for each
molecule. Two main features can be obtained: First, the mean
conductance value of the increased counts in the histogram (as
derived from corresponding 1D histograms), and second, an
estimated length of the conductance plateaus. To determine
the mean conductance value (i) from the 1D histogram, we
represent the logarithmic data in a logarithmic binning scale.
Gaussian functions are then fitted to the data using the formula

flx) = ZilAe_(x_”)z/ZUZ. From this Gaussian fit, the mean
conductance value is then extracted (see Table SI in
Supporting Information). In addition, we can define a lower
conductance value within the cluster distribution as u — 0.56.
This value is used as criterion to limit the region of interest of
the conductance plateaus. The length of each plateau is then
computed with the start point fixed at the value of 0.3 G, and
the end point being the lower conductance limit defined as y —
0.50. After collecting the lengths of the plateaus, a 1D
histogram is constructed. This histogram is then used to
estimate the overall plateau length for each cluster through
Gaussian fitting. This plateau length has been found to
correlate with the molecular length between binding sites in
molecular junctions.*”*

Figure 2 displays different clusters for each molecule taken at
0.1 V. The most prominent and frequently observed plateau
structures converge into up to four assigned clusters. The mean
conductance values fall within the range of 107> to 10™° G,
The first row displays a wider distribution at a conductance
around 107 Gy, which may be indicative of at least two
binding events. This may be a consequence of the helical
structure of the molecule that results in slightly different
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contact configurations with similar conductance. By increasing
the number of clusters when analyzing the data set might
provide a more detailed local view, but we are interested in
capturing the global picture. Furthermore, using a higher
parameter for clustering may result in overly segmented
distributions. To check for reproducibility and potential
changes in conductance at higher voltage values,>" the
measurements were repeated at different bias voltages. For
exo[9, 11], the bias is ranged from 0.05 up to 0.35 V and up to
1 V for endo[11]. To perform statistical analysis, we recorded
10000 breaking traces, except for 0.7 and 1 V applied bias
voltages, where 4000 and 2000 traces were obtained
respectively, as it was difficult to find stable contacts, possibly
due to thermal effects and electromigration.32 The [9] and
[11] helicenes were selected based on the idea that longer
molecules could achieve a greater variety in binding
configurations.

The data sets measured at different bias voltages were
simultaneously clustered, enabling the identification of
common features as illustrated in Figures S7 and S8 in the
Supporting Information. The fitted conductance values from
each cluster measured are presented in Figure 3(a, b) as a
function of bias voltage. The figure shows that the same
clusters appear across the different bias voltages and that the
conductance values are largely insensitive to changes in bias.
This may indicate that the HOMO and LUMO are not close
to the Fermi energy of the leads, i.e., the transmission function
is nearly flat and far from the molecular orbitals. It is also
noticeable that there is a slight change from panel (a) to (b)
toward lower conductance values, only for the data points
shown in blue. Since we are clustering data from different bias
voltages, including those up to 1 V, this last result may be
indicative of the stability of molecular junctions at high bias
voltages. Additionally, the information subtracted from the
2D/1D histograms enables the determination of the averaged
length of the plateaus in each cluster; the mean conductance

https://doi.org/10.1021/acs.jpclett.4c01425
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values are plotted against these lengths in Figure 3(c, d). As
observed, the blue data points in panels (a) and (b) exhibit
similar lengths, despite showing slightly different conductance
values. This may be a consequence of considering the same
range of plateaus in both cases (panels (a, b)), indicating
overall similar molecular events. Among the studied molecules,
a consistent trend emerges with a characteristic decay of
conductance with average plateau length.

Figure 3(c) and (d) showcase the dependence with the
length, indicating the possibility of contacting the molecules
through different points and obtaining distinct conductance
values. Furthermore, considering the repeatability and
consistent trend observed, we calculated the average values
of related clusters to determine the conductance value and the
estimated length. One advantage of this approach is the large
amount of data available for analysis. Additionally, when
increasing the bias voltages, the molecular yield increases,
possibly due to the electric field aiding the diffusion of
molecules toward the tip. However, instabilities arise beyond
0.5 V, which poses a challenge for acquiring data. This drives
us to compute the average for the available data set ranging
from 0.0S to 0.35 V. The conductance value for exo[7]
helicene, without additional measurements, was obtained from
the measurements at 0.1 V. The averaged conductance values
are summarized in Table 1.

Table 1. Mean Conductance Values for All Target
Molecules and Different Clusters”

exo[7] exo[9] exo[11] endo[11]
Gei/Gy 2.0 X 1073 2.5 % 1073 4.0 x 1073
Gcy/Gy 1.7 x 107* 2.7 X 1073 32x 1073
Gey/Gy 6.4 x 107° 32x107° 5.8 x 107° 45x107°
G/ Gy 2.8 X 1075 24 %1073 1.8 X 107°

“Conductance for exo[7] is obtained for V};,; = 0.1 V, while the mean
values for the other molecules correspond to the average value among
the different bias voltages up to 0.35 V. The clusters that show the
most pronounced plateau structure are listed.

The averaged conductance vs relative displacement for the
longer helicenes is presented in Figure 4(a). Here, the
conductance decays with the length of the molecular plateau,
which seems to follow an exponential decrease. This trend can
be fitted by following the expression

G=Ge"

where G is the conductance, the inverse of G. defines the
contact resistance with left and right anchors,®® f is the decay
constant related to the tunnelling barrier, and L is the length.
This exponential decay can be understood as a sign for off-
resonant transport,”* which significantly relies on the degree of
localization and energy alignment of the molecular orbitals that
mediate transport with the Fermi energy of the electrodes
(sketched in panel (c) of Figure 4). It is important to stress
that this approach is commonly carried out by measuring the
conductance for different molecules as a function of the
number of repeating units in the molecule. In that case, by
measuring the conductance of a series of fully stretched
molecules of different sizes (molecular units), information on /3
is obtained. Here, we use the approach to characterize charge
transport along the molecule while it is stretched, as it will be
contacted through different molecular positions, following the
analysis on previous work on peptide chains.”
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The f parameter gives information on the distance of the
Fermi energy of the electrodes to the molecular levels. Several
studies have reported small decay values for f related to
conjugated systems such as oligophenylene and oligoacenes
terminated in -S or -NC with  around 0.050 nm™ or a
molecular wire (DAD), chain with = 0.021 nm™.*® Smaller
values for oligothiophenes were found for # = 0.01 nm™'.>” On
the other hand, there have been reported values larger by an
order of magnitude related to nonconjugated systems as there
is also a dependence of the f parameter to the conjugation of
molecule: alkanes with = 7.5—10.0 nm™",** cysteamine-
(n)glycinecysteine chains with 8 = 8.7 nm™,*" triglycine with
B = 9.7 nm™,” and peptide chains with # = 13.5-15.3
nm "> In our case, for each helicene, as depicted in Figure 4,
an exponential fit was applied to obtain the f parameter. As
our molecules were designed to be conjugated as corroborated
in our DFT calculations (see Figure S9), our f parameter
shows the misalignment of the Fermi energy to the molecular
orbital, i.e., off-resonant transport. The obtained f values are
13.40 =+ 0.09 and 16.9 + 0.2 nm™ for the exo[9] and [11],
respectively, and 17.18 + 0.08 nm™" for the endo[11]. Based
on our DFT calculations from panel (b) of Figure 4, the
molecules anchor predominantly through the conjugated
backbone rather than through the thiophenes. This leads to
no significant difference when comparing the exo and endo
[11], meaning this motif does not play a significant role for the
electronic transport in our experiments.

We employed ab initio calculations to support the
experimental evidence and explore the influence of various
molecular configurations on electronic transport. Density
functional theory (DFT) was performed in order to optimize
the geometries of the gold electrodes-molecule system, as
displayed in Figure 4 (also refer to Figure S9 of the Supporting
Information for the transmission curves of the optimized
scenarios). To compute the conductance, a combination of
Spin—Orbit Coupling-corrected DFT with nonequilibrium
Green’s function (NEGF) was employed using the ANT.-
GAUSSIAN code.**™** Moreover, the HSE06 functional was
selected, which is extensively used in metal—organic
systems.”~*® The Gaussian-type orbital basis sets employed
in all electronic transport calculations in this manuscript are
the same as those utilized by the authors in reference.”” In
Figure 4, panel (b) showcases the computed conductance
values vs the distance of the apex atoms of the gold electrodes,
for all the optimized geometrical structures depicted in panels
(b1) and (b2). The DFT conductances can be encompassed in
two distinct situations: connection through the carbon atoms
of the structure, noted as NoS, and connection through at least
one sulfur atom, noted as S. Our first observation is regarding
the impact of the molecular configurations on the con-
ductance: connections through the helical structure (NoS)
yield distinct signals which mainly depends on the distance and
the geometry of the entire system, following what appears to be
the observed experimental decay trends. However, once a
sulfur atom participates in the transport, the conductance value
seems to stabilize to values in the order of 107> Gy, attributed
to the barrier by the gold—sulfur contact.

Apparently, for the helicenes studied here, experimental
results show predominantly up to four distinct conductance
signatures, each associated with different anchor points on the
molecule. Notably, there is a greater variety of contact
configurations for longer molecules, leading to a common
range of characteristic conductance plateaus for molecules of
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Figure 4. Correlation between molecular structure and electronic conductance. (a) Averaged experimental conductance as a function of the
averaged length for the exo[9], endo[11], and exo[11] molecules. Dashed lines display the exponential fits. (b) Conductance data derived from
DFT calculations, connected through the carbons, NoS, and through at least one of the sulfurs, S. Panels (bl) and (b2) depict the molecular
structures associated with each data point in panel (b), illustrating the impact of molecular composition on conductance. (c) Schematic illustration
depicting the off-resonant transport due to the energy misalignment between the molecular orbitals and the Fermi energy of the electrodes. The red
dots mark the off-resonance electronic transport for the different conjugation strengths.

varying sizes. This scenario is supported by DFT calculations
when the transport does not involve the sulfurs, which
demonstrates that conductance is influenced by the binding
geometry. We want to emphasize that now, thanks to the good
agreement between experiments and theoretical calculations,
we understand how these molecules adopt various geometric
configurations relative to the electrodes and how these relate to
their conductance characteristics.

Although the connection between helicenes and the
electrodes, as well as the number of molecular units involved,
remains unknown, the decay ratios obtained fall within the
same range as those reported in nonconjugated systems. This
suggests that transport is carried out by the electrons out of the
resonance, resulting in lower conductance. This decay is
supported qualitatively by the DFT calculations as shown in
Figure 4.

The consistent behavior of the mean conductance value,
regardless of changes in bias voltage, suggests that the
measurements are taken outside the resonant transport regime.
This indicates that the molecular energy levels are misaligned
with respect to the Fermi level of the electrodes, and transport
occurs at some energy within the molecular energy gap. In
addition, conductance length dependence measurements along
each molecule, further suggest that off-resonant transport is
likely the primary mechanism of transport for helicenes under
ambient conditions. Our analysis supports the use of the
decay analysis to get information on the details of the transport
mechanism in molecular electronics. Furthermore, this result
implies a limitation when detecting the CISS effect in these
helicenes due to the low conductance values obtained and the
misalignments of the energy levels of the system. This suggests
the need to improve charge transport in these systems, which
may involve modifying the molecular structure design or
selecting different electrodes for conducting transport experi-
ments.
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