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Chirality is a geometric property of matter that can be present at
different scales, especially at the nanoscale. Here, we investigate the
manifestation of chirality in electronic transport through a molecular
junction. Spinless electronic transport through a chiral molecular
junction is not enantiospecific. However, when a chiral metal cluster,
Cz-Aus,, is attached to the source electrode, a different response is
obtained in spinless electronic transport between R and L systems: this
indicates the crucial role of chiral clusters in triggering enantiospecific
spinless electronic transport. In contrast, when an achiral metal cluster,
C3,-Auz,, is attached, no change in conductance occurs between enan-
tiomeric systems. Using the non-equilibrium green’s function method,
we characterized this phenomenon by calculating the transmission and
conductance of spin-unpolarized electrons. Our theoretical results
highlight the importance of metal clusters with specific sizes and chiral
structures in electronic transport and support previously published
experimental results that exhibited enantiospecific scanning tunneling
measurements with intrinsically chiral tips.

Chirality is a geometric property of matter present at every scale
in the universe. At the nanoscale, it has been studied in bare
and ligand-protected metal clusters and nanoparticles."” In
these studies, chirality has been detected through its physical
and chemical manifestations. In the first case, chiral nano-
structures may interact with circularly polarized light to display
a nonzero circular dichroism spectrum.” Chirality is also che-
mically expressed when two chiral systems interact with each
other, inducing the phenomenon of chiral molecular recogni-
tion.? In this work, a third mechanism of manifestation of
chirality is proposed by utilizing a chiral bare metal cluster to
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modify a molecular junction that triggers enantiospecific elec-
tronic transport.

Electronic transport at the nanoscale has been broadly
investigated, partly motivated by the miniaturization of electro-
nic devices and the need to disclose novel phenomena in such
devices.”® On the one hand, the conductance in metallic short
wires is quantized and depends on the length and cross
section.””” On the other hand, novel phenomena have been
discovered when a molecule is used instead of a metallic
nanostructure. For example, when a current passes through
chiral molecules, transport depends on the spin of the electron,
which is determined by the handedness of the molecule and
the direction of motion.'® This effect, called chiral-induced
spin selectivity (CISS), shows the importance of molecular
chirality in molecular electronics and spintronics.™

One question to investigate is whether enantiospecific elec-
tronic transport could be achieved as a result of the presence of
chiral clusters at molecular junctions. This work theoretically
investigates this possibility by calculating the transmission
coefficient of spin-unpolarized electrons moving through a
chiral-modified molecular junction. Indeed, our results show
that enantiospecific transport is obtained for electrons inde-
pendently of their spin when the first electrode (source) is
modified by attaching a chiral metal cluster to its surface before
the electron current passes through chiral molecules towards
the second (drain) electrode. In this way, the wave function
amplitude and phase of the departing electrons from one side
of the junction are modified when they interact with the chiral
electron density of the attached cluster.

This type of enantiospecific electron transport has not been
widely discussed before. However, a related proposal has been
made by Liu et al. in ref. 12. They achieved real-time chi-
ral recognition using the enantiospecific interaction of the
B-cyclodextrin molecular machine with different amino acids,
manifesting as a different electrical response when the system
is connected to graphene electrodes. Also, Tierney et al. in
ref. 13 suggested the existence of intrinsic chirality in regular
scanning tunneling microscope (STM) tips, which leads to
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different electron tunneling efficiencies through left- and right-
handed molecules, with no need for a magnetized STM tip, as
required in the CISS effect. More recently, a theoretical study
reported a systematic study on the emergence of spin-
polarization caused by electrodes in molecular junctions with
reduced (chiral) symmetries."*

Chiral molecule

The present study focuses on electronic transport through a
chiral viologen molecule (see Fig. 1a and b). Viologen molecules
form a set of organic molecules that have been used as linkers
of nitrogenous bases and amino acids,"® to anchor Ag nano-
particles to graphene oxide,'® also widely used as building
blocks of molecular machines,"”” and more recently in STM
breaking junctions for molecular electronics studies."®° Spe-
cifically, we consider the chiral HB viologen molecule, which
has recently been synthesized.”! Its structure can be decom-
posed into an achiral backbone (VB, viologen backbone) dis-
played in Fig. 1a. The chiral HB viologen is formed by the VB
plus two phenyl rings attached to the VB’s middle part by a
quinoxaline bridge. These phenyl rings have different orienta-
tions to each other, providing chirality to the HB viologen
molecule, as depicted in Fig. 1b. This chirality can be measured
by calculating the Hausdorff Chirality Measure (HCM).>* The
HCM quantifies the degree of overlap between enantiomers
using the Hausdorff distance between their sets of atoms.
Comparisons between chiral cluster structures with different
HCM values have been made for bare and ligand-protected gold
clusters.>® In this way, HCM allows us to verify that VB is achiral
(HCM = 0.0) and to assess the degree of chirality of the chiral
HB viologen (HCM = 0.14).

Modified molecular junctions

These devices are composed of two crystalline gold electrodes
at the ends of the molecular junction, then an achiral (or a
chiral) Ausz, gold cluster is attached to the left (source) elec-
trode, and finally, at the middle part of these molecular devices,
viologen-like molecules (VB and both HB enantiomers) are
connected on their left side to the achiral (or chiral) cluster
and their right side to the drain electrode, and also, the
electrodes were modeled with a FCC lattice exposing the sur-
face (100). For the achiral gold cluster Cj,-Aus, (here labeled
achAu,,, see Fig. 1c), a HCM = 0.0 value is obtained. Unlike
that, the chiral metal gold cluster C3-Aus, (here named chAus,,
see Fig. 1d), has a non-zero index of chirality: HCM = 0.12.>>*7”
In this work, we focus on three different molecular junctions to
study electronic transport systematically: (1) an unmodified
pristine molecular junction (no clusters are attached), (2) an
achiral-modified molecular junction (with the presence of
achAus,), and finally (3) a chiral-modified molecular junction
(with the presence of chAus,).k

Electronic transport through the modified molecular junc-
tions described above was characterized by calculating the
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achAus, chAus,
HCM = 0.00 HCM = 0.14 HCM =0.00 HCM=0.12
Fig.1 (a) Viologen backbone (VB), (b) chiral HB viologen, (c) achiral

metal cluster achAus4 and (d) chiral metal cluster chAuz,. The calculated
Hausdorff chirality measure (HCM) is displayed beneath each picture.

transmission function, -V curves, and conductance using the
TranSIESTA?® module integrated into the ab initio materials pro-
gram based on the density functional theory called SIESTA.>>*°
TranSIESTA enables the modeling of nonequilibrium electronic
transport using the Green’s function formalism® ~? (further details
about the calculation of electronic transport quantities are shown
in S1 ESIY).

In the first case (see Fig. 2a—c), we calculate the transmission
function of single molecular junctions considering the current
traveling from the pristine source electrode through the VB and
the R and L enantiomers of the chiral HB molecule (HBR and
HBL). Fig. 2d displays the corresponding transmission func-
tions: the yellow curve corresponds to the VB case, the red curve
for HBR, and the blue curve for HBL. These functions are
similar in every case (see Fig. 2d); consequently, this similarity
manifests itself as similar slopes (or conductance G) in the
ohmic region (linear dependence region in the range 0-0.25 V)
in the I-V curves (see Fig. 2e). After linear fitting the I-V curves
for the two enantiomers HBR and HBL, their corresponding
conductance is G = 36.7 pA V™" and G = 36.5 pA V™, respec-
tively. These values indicate that, for the pristine molecular
junction case, in the ohmic region, both enantiomers have a
very similar electronic transport behavior without any enan-
tiospecific effect. In other words, enantiospecific electronic
transport is not present for single-molecular junctions. This
result is consistent with previous calculations of molecule
carbon rings; further details of the calculation parameters are
available in S2 ESL¥

In the second case, an achiral achAus, gold cluster is placed
on the surface of the source electrode, considering an Au-Au
distance equal to 2.5 A, without performing any geometric
optimization. Furthermore, the VB, HBR, and HBL molecules
are also connected to the achAu,, cluster with an Au-S distance
(2.60 A) in the bridge configuration, which has been previously
obtained in other calculations of Au clusters protected by
thiol.>*”** These achiral-modified molecular junctions are
displayed in Fig. 3a-c. Also, Fig. 3d displays their respective
transmission functions, indicating a behavior similar to that
obtained for the pristine source electrode. Therefore, in this
achiral-modified electrode configuration, no enantiospecific
electronic transport was achieved; however, lower conductance
values were obtained compared to the pristine case (see the
corresponding slopes in the I-V curves in Fig. 3e).

In the third case, chiral-modified molecular junctions were
built by attaching the chiral metal cluster chAus, to the surface
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Fig. 2 Chiral molecular junctions connected to pristine gold electrodes for (a) VB (front view), (b) HBR (top view), and (c) HBL (top view); the electrodes
were modeled with an FCC lattice exposing the (100) surface. It is worth mentioning that the chirality of the system emerges from the spatial orientation
of the phenyl rings. (d) Transmission functions for VB (yellow), HBR (red), and HBL (blue); additionally, the density of states (DOS) is plotted as a black
curve (the vertical black dashed line indicates Fermi's energy position at 0.0 eV). (e) Current—bias voltage plots (/-V curve) for VB (yellow), HBR (red), and
HBL (blue). Furthermore, the molecular orbital HOMO—1 of the scattering region for (f) HBR and (g) HBL is shown; as can be observed, they do not exhibit
significant differences between them. The yellow color indicates positive values, while the cyan color exhibits negative values. These molecular orbitals
were obtained using a functional GGA/PBE, a base size DZP, and an isosurface value of 0.006 A3,
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Fig. 3 Achiral-modified molecular junctions for (a) achAuszs-VB (front view), (b) achAuss-HBR (top-view), and (c) achAus4-HBL (top-view). (d)
Transmission functions for achAus4-VB (yellow), achAusz4-HBR (red), and achAus4-HBL (blue); in each case, the DOS is plotted as a black curve.
Additionally, the energy positions of HOMO-1 for the scattering region of achAus4-HBR,L are indicated with a cyan bar close to the maximum DOS. (e)
Current-bias voltage curves for achAuz4-VB (yellow), achAuz4-HBR (red), and achAuz4-HBL (blue). This figure shows that enantioselective transport does
not occur when the achAus,4 cluster is attached. Furthermore, the molecular orbital HOMO-1 of the scattering region for (f) achAus4-HBL and (g)
achAusz4-HBR is shown; as can be observed, they do not exhibit significant differences between them. The yellow color indicates positive values, while
the cyan color exhibits negative values. These molecular orbitals were obtained using a functional GGA/PBE, a base size DZP, and an isosurface value of
0.006 A=%/2,
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Fig. 4 Chiral-modified molecular junctions when the chAus,4 chiral cluster is attached to the source electrode: (a) chAus4-VB (front view), (b) chAuzgs-
HBR (top-view), and (c) chAusz4-HBL (top-view). (d) Transmission functions for chAuz4-VB (yellow), chAus4-HBR (red), and chAus4-HBL (blue) in each
case; the DOS is plotted as a black curve. Additionally, the energy positions of HOMO-1 for the scattering region of chAus4-HBR,L are indicated with a
cyan bar close to the maximum DOS. (e) Current—bias voltage curves for: chAuz4-VB (yellow), chAusz4-HBR (red), and chAusz4-HBL (blue). In this case,
enantiospecific electronic transport is visualized in the ohmic region. Furthermore, the molecular orbitals of HOMO-1 of the scattering region for (f)
chAusz4-HBL and (g) chAuz4-HBR are shown; this time, for the chAuz4-HBL case a higher localization of the HOMO—1 orbital is obtained in comparison
with the chAus4-HBR one. This difference in amplitude generates a pronounced difference in conductance. The yellow color indicates positive values,
while the cyan color exhibits negative values. These molecular orbitals were obtained using a functional GGA/PBE, a basis size DZP, and an isosurface

value of 0.006 A=3/2,

of the left-handed electrode (see Fig. 4a-c). By analyzing the
transmission coefficients, DOS, and I-V curves displayed in
Fig. 4d and e, clear evidence for enantiospecific electronic
transport was obtained. For example, in the ohmic region
(see Fig. 4e) the transport is favored for the chAuz,-HBR system,
which increases the conductance by 20% with respect to the
chAuz,-HBL case: Genau, mer (434 PA V') > Genau,, mse
(34.5 pA V7'). The origin of this enantiospecific electronic
transport is related to a significant difference in transmission
functions and DOS at energies around —0.1 eV. For example,
the transmission drop-off in the chAu;,-HBL case and the
maximum transmission for the chAu;,-HBR enantiomer occurs
at energies around —0.1 eV, between the energy values of the
HOMO and HOMO-1 eigenstates. Fig. 4d shows a plot of the
transmission function for the chiral-modified case, in which it
is indicated with a cyan bar the position of the HOMO—-1
eigenstate. Fig. 4f and g show the amplitude of the HOMO—1
molecular orbitals for each case. These figures show that the
HOMO-1 of the chAu;,-HBL enantiomer is more localized than
the HOMO—-1 for the chAuz,;-HBR one. Then, the drop in
the transmission function for the chAus,-HBL case, around
—0.1 eV, is due to a higher localization of its molecular orbital
HOMO-1 mainly along the backbone region (see Fig. 4f).
Moreover, Fig. 4g shows that the amplitude of the HOMO—-1
orbital is highly delocalized for the chAus,-HBR enantiomer,
which is consistent with a maximum of the transmission
function, in contrast with the chAu;,-HBL case in which
transmission decreases. It should be noted that these results
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are a consequence of the chAuj, presence in the chiral-
modified case since the delocalized orbital was not obtained
in the achiral-modified case (see Fig. 3f and g). Therefore, the
molecule’s handedness induced a higher delocalization in the
HBR enantiomer than in the HBL one.

Another quantitative way to prove the enantiospecific effect in
electronic transport is through the difference in the transmission
as an energy function between the R- and L-enantiomeric systems.
Fig. 5 shows this difference for the pristine case (orange curve),
the achiral-modified case (blue curve), and the chiral-modified
one (red curve). From the graph previously mentioned, it is
possible to compare the three setups here analyzed and see that,
definitively, the chAuz, metal cluster brings out a significant
difference in the probability of transmission of electrons in chiral
systems. Additionally, the degree of localization/delocalization of
the HOMO-1 orbitals provides a simple explanation for the origin
of enantiospecific electronic transport in the chiral-modified
molecular junction.

To provide additional insights into the mechanisms respon-
sible for the enantiospecific electron transport described above,
the orbital occupancy of the carbon and sulfur atoms in the
achiral- and chiral-modified molecular junctions was investi-
gated by calculating the difference in the projected density of
states (PDOS) between the HBR and HBL cases (see S3 ESIt
section for a description and figures of the PDOS). From these
calculations, it was found that, for the achiral case, the p-like
orbitals of the carbon and sulfur atoms do not show a
significant difference between the HBL and HBR cases

This journal is © the Owner Societies 2024
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Fig. 5 Difference of the transmission functions between the HBR and
HBL cases as a function of energy, for the pristine (orange curve), achiral-
modified (blue curve), and chiral-modified (red curve) molecular junctions.
For the chiral-modified one, several broad peaks exist that induce the
difference in the /-V curves, in contrast with the pristine case, where
shorter and narrower peaks were obtained.

(see Fig. S3c and d, respectively, ESIt). On the contrary, in the
case of the chiral-modified molecular junctions, there is a sig-
nificant difference in PDOS between the HBR and HBL cases,
particularly for the C 2p, and S 3p, orbitals (see Fig. S4c and d,
respectively, ESIT). Therefore, these results indicate that the p-like
orbitals of the carbon and sulfur atoms have a similar orbital
occupancy when an achiral cluster is present, but the opposite
behavior (different orbital occupancy) is obtained when a chiral
cluster modifies the gold electrode. These results provide further
insights into the relationship of the enantiospecific electron
transport with the different orbital angular momentum of the
transmitted electrons. This orbital-related mechanism is consis-
tent with recent results claiming that the orbital occupancy
(polarization), caused by a lowering of the symmetry or a distor-
tion of the atomic structure, determines chemical and physical
properties such as electron transport (see, for example: Lee et al.
2021 in ref. 35 and Do and Lee 2022 in ref. 36).

One remaining question concerns the relationship between
the present results and those obtained using chiral STM tips.*?
The chiral-modified molecular junction investigated in this
study could be proposed as a theoretical model for the experi-
mental setup discussed in ref. 13. On the basis of the above
results, the chiral-modified molecular junction better describes
the experimental situation. This indicates that the STM tip
requires a chiral shape at the very end of the tip to obtain
enantiospecific electron transmission efficiencies.

Final remarks

By attaching a chiral metal cluster Auz, to the surface of a
pristine source electrode and, at the same time, connecting to a
chiral HB molecule, enantiospecific electronic transport was

This journal is © the Owner Societies 2024
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achieved. As exposed, the localization/delocalization of the
principal transmission channel (HOMO—1) was the key feature
that underlies the enantiospecific transport. For this achieve-
ment, it was necessary to maintain the chiral structure of the
Cs-Aug, cluster attached to the source electrode.

It is worth mentioning that the enantiospecific electron
transport predicted in this study is independent of spin, in
contrast to the CISS effect. However, in both cases, molecular
chirality plays an important role, either by modifying the
electron wave function passing through a chiral metal cluster
or coupling the spin to the electron density of a chiral molecule.

The present study is expected to motivate further theoretical
studies looking for additional features related to enantiospeci-
fic electronic transport and cluster electronics applications.®”
At the same time, further experimental work that clarifies the
role of chiral STM tips in enantioselective electron tunneling
efficiencies would be desirable.
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