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Abstract: We report on the chemical design of chiral
molecular junctions with stress-dependent conductance,
whose helicity is maintained during the stretching of a
single molecule junction due to the stapling of both ends
of the inner helix. In the reported compounds, different
conductive pathways are observed, with clearly different
conductance values and plateau-length distributions,
attributed to different conformations of the helical
structures. The large chiro-optical responses and the
potential use of these molecules as unimolecular spin
filters have been theoretically proved using state-of-the-
art Density Functional Theory (DFT) calculations,
including a fully ab-initio estimation of the CISS-
originating spin polarization which is done, for the first
time, for a realistic molecular system.

Introduction

Molecular electronics is the field of science that studies
electron transport phenomena in individual molecules.[1]

Within this context, the design and development of mole-
cules capable of reproducing the operation of electronic
circuit components, such as wires, transistors, switches, etc.
has attracted the attention of scientist of different areas.
Beyond the expected benefits of maximal miniaturization,
properties derived from quantum effects absent in macro-
scopic devices can be also explored. To this end, local
probes, e.g. the Scanning Tunneling Microscope (STM) and
the Atomic Force Microscope (AFM) have been extensively
used. Although many of such above mentioned components
have been successfully developed in recent years, some of
them remain relatively underexplored. Thus, for example,
molecular potentiometers, belonging to the mechanoresis-
tive family, are one of them. They incorporate molecules
able to change their electrical conductance in response to
the application of a mechanical stress.[2] Reported potenti-
ometers are mainly based on linear molecules presenting
different conduction channels along the molecular back-
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bone, whose transport properties are sensitive to stress thus
leading to additional conduction pathways of higher con-
ductance (G) than the corresponding end-to-end pathway.
This kind of multichannel compounds can be considered as
molecular potentiometers, since the total resistance (typi-
cally associated to end-to-end pathways) can be fractionated
in contributions connected to shorter pathways. Besides the
works of Venkataraman and others using polyenic chains,[3]

silicon-containing molecular wires,[4] and thiophenes,[5] we
have been pioneers in the development of nitrogen contain-
ing para-oligo(phenylene)ethynylene (p-OPE) derivatives
presenting two and three well-defined conductance states
due to a non-symmetrically placed nitrogen in-backbone
anchor group.[6]

A less explored strategy is the conformational distortion
of a 3D flexible arrangement during the compression-
stretching of the molecular junction.[7] In this sense, helical
foldamers are privileged scaffolds since they can have
significantly different conformers (folded and unfolded) that
can present different conductive values. In 2021, Tang et al.,
proved this idea. In that seminal work, foldamers based on
ortho-phenylenes were capable of presenting two different
conformations showing different conductive eigenchannels
(Figure 1, left).[8] Based on that concept, we hypothesized
that a covalent stapling of the foldamers would result in a
more robust helical structure avoiding any interference of
ill-defined fully unfolded structures and, probably, it would
improve the identification of the different conductive
channels. By avoiding the unfolding process, the absolute
configuration of the helix is maintained during the measure-
ments. Each single event would be globally chiral offering
the possibility to study the influence of the chirality in a
controlled way.

Chirality is an under-explored topic in organic
electronics[1] despite the fact that interesting phenomena at
the molecular level are expected. Within this context, the
CISS (Chirality Induced Spin Selectivity) effect has garnered
significant attention in the last few decades. Due to the CISS

effect, electron transport through chiral molecular nano-
wires favors one of the two spin components over the other,
thus promoting spin polarization without external magnetic
fields and at room temperature. The consensus is that this
effect could be exploited for spintronic applications, and the
development of molecular-based logic and memory
units.[9–11] Nevertheless, few successful examples have been
described at single molecule level,[12–14] relaying most of the
studies in silico and considering idealized and perfect helical
molecules such as carbon chains, polyacetylenes, peptides or
helicenes.[15–18] The application of such idealized systems in
real measurements is hard to imagine due to the virtually
impossible synthetic challenges they present. In this sense,
just one example of single-molecule conductivity of an
enantiopure oxa[19]helicene derivative has been
described.[19] Nevertheless, none of the precedent studies
points out the possibility to control the spin polarization by
changing the geometry of the unimolecular potentiometer
whilst maintaining the absolute configuration of the helical
system. The use of peptides, which are intrinsically chiral
and have been proposed for CISS studies[20] could be a
potential solution. However, they are not very suitable if
multiple and well-distinct conductance groups are desired,
as peptides are also rich in chemical groups which can bind
to the electrodes, gold in this case, at different chemical sites
all over their structure.[21] As a consequence, the precise
control of different conductance groups during the stretch-
ing process would be very difficult as binding could occur
through a high number of anchoring points along the
molecular bridge.

Non-racemizable enantiopure organic molecule able to
modify its three-dimensional structure as a result of an
applied electro-mechanical stimulus seems to be the best
candidate for these kind of studies. That is, a single chiral
molecule could, in principle, adopt different chiral confor-
mations which may also be controlled by a mechanical
process.[2,20b–c] In this sense, we recently described new fully
conjugated and enantiopure helical architectures based on
ortho-oligophenylenethynylenes (o-OPEs) including a novel
control of their chirality.[22] These systems seem perfect
scaffolds for our purpose, as they would maintain a
remarkable conformational flexibility while remaining chiral
even under severe pulling and pushing events owing to the
presence of a stabilizing staple. This structural motif would
prevent loss of chirality via complete unfolding during the
electrical measurements, thus allowing a better identification
of different conduction channels. Additionally, the develop-
ment of these stapled foldamers enables the evaluation of
only one enantiomer in the junction. The purpose of this
study, therefore, is to explore the possibility of synthesizing
stapled o-OPEs which, at the same time, i) can form stable
junctions in break-junction experiments as well as provide
multiple conductance groups, and ii) are chiral and thus
suitable candidates for the CISS effect (Figure 1, right). This
effort would pave the way to study the influence of chirality
on the CISS effect in real helical systems and the develop-
ment of spin-dependent potentiometers. Theoretical calcu-
lations developed in this work validate the potential
efficiency of these compounds as candidates for the

Figure 1. Working hypothesis. Double aim of stapled helical derivatives:
avoid complete unfolding processes and allow spin filtering through
enantiopure compounds.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2023, 62, e202218640 (2 of 10) © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2023, 16, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202218640 by U

niversidad A
utonom

a D
e M

adrid, W
iley O

nline L
ibrary on [13/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



occurrence of this phenomenon, including a fully ab-initio
estimation of the CISS-originating spin polarization carried
out, for the first time, for a realistic molecular system.

This manuscript is organized as follows. First, we report
on the chemical synthesis of the compounds, we then
explore conductance measurements made using the STM-
break-junction technique to determine whether these com-
pounds can form stable junctions and provide different
easily distinguishable conductance pathways. Finally, the
theoretical evaluation of the electrical conductance and the
three-dimensional spin polarization is reported.

Results and Discussion

We designed two prototypical molecules, model compound
1 and enantiopure derivative (S,S,P)-2 (Scheme 1). The first
of these is conformationally unrestricted, analogous to one
previously described,[8] but including alkynes between
phenyl moieties, thus allowing several interconvertible
folded-unfolded conformations that can be adopted during
the measurements using the scanning tunneling microscope
break-junction (STM-BJ) technique. On the other hand,
compound (S,S,P)-2 represents the most basic structure we
can make to test the success of our approach, being the
smallest stapled compound with at least one full turn in the
helix. This compound has the same number of phenyl rings
as 1 but includes a chiral staple to maintain the absolute
configuration of the helix during the conductance measure-
ments. That is, the absolute configuration of the inner loop
of the molecule is preserved along the experiments. We
anticipate that this strategy will help the structure to form
well-defined plateaus and prevent its complete unfolding as
can happen with 1. It is worth noting that the chiral staple
can efficiently drive the equilibrium to mainly one of the
absolute configuration of the helix by a chirality transfer
process from the staple to the helical core, i.e. the use of just
one enantiomer of the chiral moiety (staple) induces just
one absolute configuration.[22] In this case, only the P

enantiomer is present. It must also be considered that both
structures 1 and (S,S,P)-2 are able to interact with
carbophilic metals by means of the five alkynes, thus
stabilizing helical structures although not in a permanent
way.[22,23]

Both compounds were prepared from simple o-OPE
skeletons synthesized by a sequence of Sonogashira cou-
plings and trimethylsilyl (TMS) deprotection steps, affording
precursors I and II (Scheme 1). For stapled compound
(S,S,P)-2, a macrocyclization reaction with enantiopure 1,4-
di-O-tosyl-2,3-O-isopropylidene-L-threitol was carried
out.[22a] Finally, the incorporation of the required linking
groups (thiometyl, -SMe) for STM measurements were
made using a coupling reaction with 4-ethynylphenyl methyl
thiol (see Supporting Information, section 1). In order to
avoid the presence of unwanted minor impurities in the
STM experiments, we performed an exhaustive purification
by HPLC (traces are shown in Supporting Information,
Figures S8–S9), which gave a final purity of almost 99%.

We have previously described that the (S,S) configura-
tion of both hydroxyl groups in the staple induces a P-biased
folding in the helical core,[22,23] which corresponds to a
positive Cotton effect of the less energetic band of the
circular dichroism (CD) spectra and also according with a
single crystal X-ray structure recently described by us.[22b]

Considering also the intriguing relationship between the
intensity of CD signal and the magnitude of the CISS effect
previously reported[24] we decided to evaluate the chiroptical
properties of (S,S,P)-2 both in ground (CD) and excited
(circularly polarized luminescence, CPL) states (Figure 2).
The experiments showed a rather large CD (and CPL)
signal for (S,S,P)-2 (Δɛ=12.4 mol� 1Lcm� 1, gabs =0.9×10� 2 at
λ=405 nm, glum=1.4×10� 2 at λ=418 nm), being these values
about one order of magnitude higher than that typical of
organic molecules. This fact is in agreement with our
previous results, evidencing the stabilization of a folded
structure with a prevalent handedness (see Supporting
Information, Figure S7 for data in all the spectral range and
Table S1 for the values in different solvents).

Being dynamic structures, each compound exists in
different conformations in solution whose populations at a
given temperature are controlled by the corresponding
relative energies. The study of such equilibrium is useful for

Scheme 1. Synthesis of helical systems 1-(S,S,P)-2. Reagents and
conditions: (a) 4-ethynylphenyl methyl thiol, Pd(CH3CN)2Cl2, CuI,
PtBu3 ·HBF4, iPr2NH/THF, 60 °C, (b) Cs2CO3, CH3CN, reflux. Yields of
steps a and b for each derivative are described in the Supporting
Information.

Figure 2. (a) Absorbance (black) and fluorescence (red) and (b) CD
(green) and CPL (violet, λexc=300 nm) spectra of compound (S,S,P)-2
in CH3CN. For other solvents see Supporting Information (Figures S5–
S7 and Table S1).
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the understanding of the subsequent STM measurements.
Therefore, we carried out a conformational study of
compounds 1 and (S,S,P)-2 with the aid of the CREST tool
which is based on a semi-empirical tight-binding quantum
chemistry method described by Grimme,[25] DFT optimiza-
tion was conducted with Gaussian 16[26] at the PBE/cc-
pVDZ level with empirical dispersion corrections which are
important to account for stacking interactions.[27] Energetics
and structure description of DFT calculated conformers are
reported in Tables S3 and S4 for 1 and (S,S,P)-2, respec-
tively. Conformational analysis of model compound 1
showed a major conformer (82% population) consisting of a
“Figure-of-eight” shaped, partially folded, structure of MM
or PP helicity in the two loops, followed by a fully folded
conformation with a considerably lower contribution of
12.5% and a “half-folded” isomer with less than 5%. The
energy difference between the two most populated struc-
tures is just 1.1 kcalmol� 1. It needs to be taken into account
that in this case each conformation is equally likely in one
enantiomer or the other, thus negating its use as spin filter.
On the other hand, for compound 2, the (S,S) configuration
of the acetal group leads to a significant population of the P
conformers as previously described[23b] and confirmed by CD
measurements, with the contribution of M stereoisomers
being negligible. The presence of such conformational bias
is essential for retaining the absolute configuration of the
helix, because, otherwise, a racemization process can take
place, thus canceling the possibility of using this molecule
for spin filtering processes when averaging all the measure-
ments. The presence of the staple greatly simplifies the
conformational space in comparison to compound 1 since
the “figure-of-eight” shaped and the transplanar (called
“completely unfolded” in Table S3) structures are not
possible. Among the lowest energy P conformers of
compound 2 we may classify spatial arrangements as: fully-
folded, half-folded and elongated (Figure 3). Although both,
theoretical and experimental CD and CPL data suggest the
prevalence of a folded geometry with the P-handedness,
some competition between π–π intramolecular attractive
interactions and solute-solvent interactions (difficult to
address theoretically) may also be important for real
samples: different combinations of previously mentioned
conformations may be hypothesized in different solvents. In
fact, the high sensitivity of the CD spectra of the chiral
molecule in different solvents has been previously
observed.[22b] In this case, in the range 300–350 nm different
intensities have been obtained when changing the solvent,
while the less energetic band shows only some wavelength
shift (see Figure S6 in the Supporting Information). The
energy difference between the fully-folded and half-folded
structures is just 1.2 kcalmol� 1, while it is about 10 kcalmol� 1

between the folded and the elongated structures, which
makes this last conformation very scarce (Figure 3).

In order to test the real-world suitability of 1 and
(S,S,P)-2, we performed transport measurements using a
home-made BJ-STM, using gold electrodes. This allows us
to cross-check our results with previous reference studies.
Firstly we wanted to establish if 1 and (S,S,P)-2 bind well-
enough to give reproducible signatures. Secondly, we wish

to determine if (S,S,P)-2 acts as a potentiometer with well-
defined conductance states. This would allow for the
possibility of switching between conductance states and, at
the same time, modulate the spin polarization. Full details of
sample preparation and methodology are given in Section 6
of the Supporting Information. The 2D conductance histo-
grams, obtained from the conductance versus distance (G-z)
traces recorded during the retraction of the tip from contact
with the surface, for both compounds are summarized in
Figure 4. The figure shows the results after an automated
program is used to identify those traces displaying con-
ductance plateaus (see Supporting Information, section 6).

For model structure 1, we found that 12% of the
recorded traces contain a clear molecular conductance signal
that gives rise to two conductance clouds in the 2D histo-
gram representation (Figure 4a). A further subdivision of
the traces was performed using an unsupervised k-means
clustering process[28] (Figure 4b) which shows that the two

Figure 3. (a) Geometries of the fully-folded, half-folded and elongated
geometries of compound (S,S,P)-2. The arrows represent the rotation
that gives rise to the conformation shown below. Relative populations
are 87.8%, 12.1% and negilible respectively (see Table S4 for complete
conformer analysis).
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clouds arise from independent set of traces. Generally, there
is only one plateau per trace (examples of individual
plateaus are shown in the Supporting Information, Fig-
ure S17). It is not impossible to find individual G-z traces
that contain plateaus in both states, but the statistical
significance of this is very low. The fact that we observe two
independent clouds suggests that 1 can initially be trapped
in two different stable folded conformations with practically
no transition from one to the other during stretching. For G-
z traces with high G signals (group A), we find that the
conductance clouds have a significant slope (�0.37 Å� 1),
which is very different from the typical horizontal clouds of
compounds that cannot fold, like linear OPEs,[6] suggesting
that the plateaus derive from a folded conformation of 1
which gets stretched and elongated during the separation of
the electrodes in a similar way to previously suggested.[8]

Transport seems to proceed with a strong through-space
contribution such that, as the molecule elongates, modifying
the intramolecular through-space π-overlap or even the
overlap with the gold electrodes, reduces the overall
conductance. On the other hand, the second cloud at lower
G is formed by traces with two different profiles, those with
conventional flat plateaus (group B) and those with again a
pronounced slope (group C). These observations suggest
that the folded conformation responsible of the low-G cloud
can be less susceptible to stretching than that of high-G one.
Figure 5a–c shows the corresponding 1D histograms and
plateau-length distributions from the 3 subgroups of traces
separately.

We next turn to the covalently-stapled compound
(S,S,P)-2 that combines both, fixed helicity and chiral

information. (S,S,P)-2 is pre-folded in one conformation (as
previously described) so that it cannot completely unfold
during stretching. In Figure 4c, we observe two main
conductance clouds, which are very similar to those of 1,
however the probability of molecular junction formation is
almost double, which supports the idea of the staple

Figure 4. 2D histograms for traces displaying plateaus of compounds 1 and (S,S,P)-2. Left panel: histograms obtained from all traces displaying
plateaus identified by an automated program. The percentage of these traces with respect to the total number of recorded ones is indicated in
brackets. Right panel: subdivision of these traces in several groups using a clustering analysis.

Figure 5. Comparison of 1D histograms (a–d) and plateau-length
distributions (e–h) for the same groups of traces of compounds 1 and
(S,S,P)-2 shown in Figure 4.The theoretical expected plateau length for
the half-folded, fully-folded and elongated geometries have been added
to the Figures as vertical grey dashed lines for comparison.
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stabilizing the folded conformations. Contrary to 1, (S,S,P)-2
shows an additional signal at conductance values below 10� 5

G0. In fact, the clustering subdivision of the traces shows
that for (S,S,P)-2, 12% of the traces with plateaus show flat
plateaus between 10� 6 G0 and 10� 5 G0 (group D). Plateaus at
these values were hardly detectable for 1, indicating that this
particular conformation requires a staple in order to appear
experimentally. It is noteworthy that these lower conduc-
tance plateaus frequently appear after a plateau between
10� 5 G0 and 10� 4 G0, suggesting a transition between two
stable conformations during the stretching.

The similarities of the conductance and length distribu-
tions of compounds 1 and (S,S,P)-2 suggest that very similar
conformations are being formed, albeit via different mecha-
nisms given that 1 is unstapled. A possible reason for this is
the well-known propensity for o-OPEs to act as ligands for
carbophilic metals like silver.[22,23] Incorporation of such
metals into the molecular structure causes them to adopt
defined, stable, 3D structures. We anticipate that gold, with
its known capability to coordinate to alkynes in catalytic
applications,[29] could behave in a similar fashion. Adatoms
originating from the gold electrodes could incorporate
themselves into the structure of 1, causing it to adopt stable,
folded structures similar to (S,S,P)-2 (fully-folded or half-
folded).The latter can also incorporate gold in its structure
but resulting in no changes in this case as the helix is already
fixed by the staple. We have previously observed such
behavior for Ag-o-OPE complexes.[23] This would also
account for the presence of well-defined BJ signal for our
unstapled compound in contrast to previously investigated
but without alkyne groups.[8] Despite the similarities in
conductance between 1 and (S,S,P)-2, it is important to state
that enantiopure folded conformations can only occur in the
stapled compound.

To shed light about the origin of the different con-
ductance groups observed for (S,S,P)-2, we performed
electron-transport calculations based on density functional
theory (DFT) and non-equilibrium Green’s functions. For
this, we used the code ANT[30] which interfaces with
Gaussian 09[31] and also includes an implementation of the
spin-orbit coupling (SOC) based on optimized gaussian basis
sets.[32] All calculations were based on the GGA+U method
(see the Supporting Information for details on both
implementations).

Taking into account the conformation flexibility of
(S,S,P)-2, we built three different model geometries corre-
sponding to the elongated, half-folded and fully-folded
geometry (Figure 6a–c).

It is worth noting that the three geometries considered
should be regarded as key selected cases. This set does not
include all the possible conformations induced by thermal
fluctuations and by the stretching process. Thus, we only
considered end-to-end configurations in which the molecule
is linked to the electrodes via the terminal S. Only the top-
binding geometry (in which the S atom is linked to only one
Au atom) was studied, as it is known to be preferred by the
SMe group when binding to gold.[33]

The transmission as a function of energy is shown in the
three model configurations in the upper panel of Figure 6d

(see Figure S16 for the corresponding curves for compound
1). The fact that the occupied states are much closer to the
Fermi level than the unoccupied states indicates that the
electrons flow through the tail of the HOMO for all
configurations (the density of states is reported in the
Supporting Information). More importantly, the three
conformations are found to give rise to three well separated
conductance values. The highest electrical conductance,
given by the transmission at the Fermi level, is found for the
half-folded geometries (2.7x10� 4 G0). This is not surprising,
given the shortest Au� Au distance in this geometry
(0.89 nm) as compared to the others. It is worth noting that,
despite most of the molecule being displaced with respect to
Au� Au axis, its contribution is still significative as the
HOMO is partially localized on the S atoms. The fully-
folded structure (1.63 nm) exhibits a conductance value of
6.8x10� 6 G0, while the lowest value (1.3x10� 7 G0) is found for
the elongated structure and can be ascribed to the largest
Au� Au distance (2.33 nm).

Table 1 shows the comparison with the experimentally
determined conductance values, presenting reasonable
matching taking into account the uncertainties about the
real geometry at the junction. We assigned the highest
conductance group with the half-folded conformation (struc-
ture represented in Figure 3 and Figure 6b). The middle
group can be associated with the fully-folded conformation
(Figure 6c) whilst the lowest observable group can be
(tentatively) assigned to the elongated structure (Figure 6a)

Figure 6. (a)–(c) Binding geometries considered of (S,S,P)-2. (d) Trans-
smission (upper panel) and polarization (lower panels) as a function of
energy for (S,S,P)-2, for the geometries denoted as elongated (a), “half-
folded” (b) and “fully-folded” (c).
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which evolves from the fully-folded structure. These assign-
ments can account for all experimental observations. It
explains why we do not experimentally observe interconver-
sion between the high and medium conductance groups,
which correspond to the (shorter) half-folded and (longer)
fully-folded geometries. Such a transition is not observed in
the relaxed scan performed while increasing S� S distance
starting either from the half-folded or the fully-folded
structure (see Figure S13). A roughly 180° rotation of one of
the phenyl rings attached to the staple is not possible due to
steric hindrance and the two scans suggest that it is possible
to change the reciprocal orientation of the three diphenyla-
cetylene groups by rotating the one opposite to the staple.
This however requests a high amount of energy and a S� S
distance significantly longer than the one of the fully-folded
state. The continuous separation of the electrodes means it
is unlikely that the S� S distance increases and then
decreases during stretching when the S-atoms are anchored
to the electrodes, so the fully-folded structure cannot reach
an half-folded geometry during such process, but also
starting from the half-folded situation the system does not
get fully folded. On the other hand, the fully-folded
conformation, with the two S atoms initially at higher
distance, can conceivably convert to the elongated geometry
via a progressively increasing S� S distance, which provides
an explanation of the signal in Group D (Figure 4).[34] This
transition occurs quite often for (S,S,P)-2 (in 12% of the
molecular junctions) while it seems hardly to happen for 1,
which may reflect the difference in the way the two
compounds are folded (covalently-stapled in (S,S,P)-2 versus
Au-adatom stabilized in 1). In addition to the conductance
values, the comparison between the experimental and
theoretical plateau length distribution (Figure 5e–h) also
support the conformation assigned to each conductance
cloud (See Section 6 in Supporting Information for complete
analysis of the traces).

The enantiopurity of compound (S,S,P)-2 makes it a
potential candidate to study the CISS effect. It is worth
noting that no studies have been carried out with simple
organic molecules at unimolecular level and uncertainties
about such potential exist. It is also worth noting that
predicting CISS in real systems, taking into account the
global complexity of both molecule and electrodes, is
challenging and almost unknown in the literature (a few
previous studies considered idealized helical structures).[15–18]

Within this context, in this final part of the manuscript we
have evaluated such feasibility analyzing the spin polar-

ization arising in each model conformations. We would like
to stress that the use of optimized basis sets was found to be
very important for an accurate study of this effect. In
particular, a correct description of the electronic structure of
the leads is crucial for reproducing SOC-induced splitting in
the band structure. Use of non-optimized basis sets can lead
to incorrect values of the polarization. In Figure 7, the
polarization as a function of energy for compound (S,S,P)-2
in the three configurations is shown. For each configuration,
we show the polarization in the three cartesian directions for
the spin injections, z being the electron-transport direction.
We observe that the direction with the highest polarization
changes depending on the geometry. The fact that spin
polarization can be significant in perpendicular directions to
the transport direction in molecules is an important result
that has been almost ignored in the literature. This could be
especially important in establishing the conditions for the
co-existence and simultaneous measurements of spin polar-
ization (mostly associated to the z-component) and spin
coherence (mostly related to the x- and y-components), a
non-trivial problem because the three components of the
polarization vector inherit their non-commutative character
from the Pauli spin matrices.[35]

The polarization curves of this compound (Figure 7),
reveal that the position of the peaks generally coincides with
that of the transmission resonances. However, the amplitude
of the polarization peaks seems to depend on the energy
range they fall in: while the polarization is generally low for
energies closer to the Fermi level (which correspond to the
energy window of the Au s states), it is much higher,
reaching a quite remarkable value of up to 0.4, in the energy
range corresponding to the Au d states. Similar polarizations
were also observed for compound 1 (Figure S16). Indeed,
the overall polarization is dictated by an interplay between
the intrinsic symmetrical properties of the molecular orbitals

Table 1: Experimental mean conductance values for three conductance
peaks of (S,S,P)-2, compared with the theoretical predicted conduc-
tance for molecular junctions of the most probable folded conforma-
tions (see previous section).

Figure 7. Polarization for the (S,S,P)-2 junctions in the three cartesian
directions is displayed, z being the electron-transport direction and xy
being the plane perpendicular to it.
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and the symmetry of the orbitals in the electrode they are
aligned with. An additional demonstration that part of the
spin-orbit interaction involved in the CISS effect is inherited
from the gold electrode.[36]

For a more detailed discussion about the role of the gold
electrodes, see ref.18. Finally, one should bear in mind that
the conformational changes induced in the molecule by the
elongation of the junction might affect the polarization
values significantly. Note that the non-optimal polarization
observed in the energy range closer to the Fermi level (with
values between 10� 8 and 0.03) means that low-bias measure-
ments would hardly be able to detect it and larger voltage
would be needed in order to observe polarization for this
system.[37] Although globally this chiral potentiometer is able
to act as spin filtering material in which the polarization can
be modified synchronically with conductance, no significant
polarization is expected in the voltage windows used in
typical STM-BJ experiences.

Conclusion

We have evaluated the behavior of two o-OPEs as
potentiometers, observing that both 1 and (S,S,P)-2 form
stable molecular junctions via formation of (Me)S� Au
bonds to the electrodes. Despite the behavior of both is very
similar, suggesting that both adopt similar conformations in
the junction, we endorse a double role of the chiral staple
present in (S;S,P)-2.

Firstly, (S,S,P)-2 yields more defined conductance pla-
teaus and a high percentage of them, coinciding with the
most energetically favorable conformations and with a
conductance variation up to three orders of magnitude. In
addition, the staple restricts the conformation space, and we
find that the two dominant geometries are a fully-folded and
a half-folded arrangement, related via rotation of one of the
MeS� Ph� C�C� Ph-arms. The two structures do not appear
to interconvert in the junction, which can be understood due
to the binding of the two SMe groups to the electrodes. On
the other hand, we observe a transition between two states
consistent with pulling the fully folded geometry into an
elongated conformation. This behavior leads to several
distinct conductance groups with the potential of switching
between them. Thus, we have achieved our goal of
developing a chiral compound that can also act as a multi-
state potentiometer.

Secondly, the persistence of the absolute configuration
of the helix during the entire process introduces chirality in
the design of potentiometers, thus allowing the creation of
potential CISS-based control of intensities of different
electronic spins. The polarization computed for compound
(S,S,P)-2 makes it an interesting starting point for the future
employment of chiral molecules as active elements in spin-
filtering devices. All these results were supported by state-
of-the-art theoretical calculations. Further development will
be needed in the future to be able to detect the CISS effect
in these kinds of single-molecule junctions.
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