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ABSTRACT: Heterogeneous interfaces in most devices play a key role in the material performance. Exploring M
the atomic structure and electronic properties of metal-molecule interfaces is critical for various potential -
applications, such as surface sensing, molecular recognition, and molecular electronic devices. This study rans
unveils a ubiquitous interfacial stereoelectronic effect in conjugated molecular junctions by combining first- %\‘ 5 @é;‘é N
principles simulation and scanning tunneling microscopy break junction technology. Single-molecule junctions

with same-side interfacial anchoring (cis configuration) exhibit higher conductance than those with opposite-
side interfacial anchoring (trans configuration). The cis and trans configurations can undergo reversible
conversions, resulting in a conductance switching. The stability of these configurations can be adjusted by an electric field, achieving
precise regulation of conductance states. Our findings provide important insights for designing high-quality materials and enhancing
the device performance.
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Material interfaces featuring distinct chemical and configurations have been intensively studied in recent years.
physical properties exert a profound influence on the Previous studies’ ™** on stereoelectronic effects have mainly
behavior and functionality of diverse devices.' " For instance, focused on the molecular skeleton. For instance, the
in semiconductor device engineering, interface manipulation is stereoelectronic effect between the strong ¢ conjugation of
crucial for enhancing the device performance such as charge the oligosilane backbone and the o-bond of —SCHj; has been

carrier mobility,” heat- and charge-transfer efficiency,’ light
absorption and charge separation,” mechanical integrity and
durability,® chemical reactivity,” and more. In the realms of
biology and medicine, interfaces are indispensable for the
biological processes'® like cell adhesion,"" drug delivery,'* and
biomaterial compatibility."* In particular, the metal-molecule
interface'* plays a critical role not only in established scientific
disciplines like surface chemistry and micro/nanoelectronics,
but also in cutting-edge research fields such as quantum

confirmed through effectively manipulating the electrode
spacing.”’ The stereoelectronic effects of aromatic chains due
to phenyl twisting have also been observed through stochastic
conductance switching in single-molecule junctions.”” How-
ever, research about stereoelectronic effects of the metal—
molecule interface, which is expected to be significant, is still
missing.

In order to differentiate the stereoelectronic effect arising

computing'® and molecular electronics.'® In general, organic from metal-molecule interfaces from that originating solely
molecules are connected to metal surfaces through both from the molecules, it is imperative to employ a molecular
covalent and noncovalent bonds, such as metal-S'” and junction with a rigid molecular skeleton and variable interfaces.
metal-C'® ¢ bonds or metal-z'" and metal-NH,** non- Therefore, we choose amine as a representative anchor group
covalent interactions. These intricate interfacial interactions to link diphenylacetylene—a structurally rigid and planar
exercise precise control over the structural, chemical, and molecule, to gold electrodes and attach it from different sides
electronic properties of metal-molecule interfaces, ultimately to create p—7z conjugated molecular junctions. In this study, we
shaping the performance of molecular devices. combine scanning tunneling microscope break junctions

Single-molecule junction techniques, such as mechanical
break junctions,”*” electrical breakdown junctions,””** and
lithography-defined junctions,25’26 can be used to characterize
the intrinsic physical and chemical properties of both
molecules’” and metal-molecule interfaces.”® In particular,
the charge transport characteristics through the interface
between a single molecule and electrodes have been
extensively studied, which provides critical insights into the
structural transformations, charge dynamics, and alterations in
electronic states.””*° Stereoelectronic effects that refer to the .
conductance switching due to stereoisomerism of device

(STM—BJs) technology and first-principles simulations to
explore the interfacial stereoelectronic effect within these p—7-
conjugated molecular junctions.
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Figure 1. Stereostructures of aniline-based molecules before and after bonding with gold atoms. (a) Schematic diagram of p—x conjugated
electronic structure before (left) and after (right) aniline bonding to gold atoms. (b) Schematic illustration of the interfacial anchoring of an 4,4'-
ethynylenebis(benzenamine) (M1) molecule with gold atoms on the same-side (cis configuration) and opposite-sides (trans configuration),

respectively.

Aniline is typically recognized for its characteristic p—x
conjugated planar structure, primarily due to the substantial
overlap between the p-orbital of the nitrogen atom and the
delocalized 7 electron system within the benzene ring plane.
Here, aniline is predicted to retain its atomic structure before
(left) and after (right) bonding with gold atoms (Figure la).
Specifically, a dihedral angle of ~26° between —NH, and the
benzene ring in aniline remains almost the same (~24°) after
aniline is connected with gold atoms, resulting in little impact
on the orbital characteristics within aniline (see the orbital
decomposition in Figure S1 and the C—N o-bond analysis in
eqs 1 and 2). Since previous studies’® show that the
stereoelectronic effects in molecular devices primarily arise
from changes in molecular structure and orbital characteristics,
it is expected that there would be no discernible stereo-
electronic effect within aniline—gold devices. However, the
presence of direction-dependent bonding between aniline and
gold introduces two distinct stereostructures in their junctions.
Taking the M1 molecule (4,4'-ethynylenebis(benzenamine))
as an example, when the amino groups at both ends of the p—7
conjugate molecule are connected to the gold atoms in the
same direction (same-side anchoring mode), it results in a cis
configuration; in contrast, when the amino groups at both ends
are linked to the gold atoms in opposite directions (opposite-
side anchoring mode), it leads to a trans configuration (Figure
1b). These different interfacial stereostructures, achieved
through either same-side or opposite-side anchoring in
molecular junctions, are anticipated to yield distinct charge-
transport properties.

To explore the interfacial stereoelectronic effect, we first
simulate the electronic states of Au—M1 contacts with cis and
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trans configurations. Although the distribution of frontier
orbitals within the M1 region remains nearly identical for cis
and trans configurations, significant differences of the orbital
distribution emerge near Au—NH, interfaces (see Figure 2a
and Figure S2 for Au-Ml orbitals and Figure S3 for a
comparison of M1 orbitals without a Au connection). The cis
configuration is predicted to exhibit ~1 order of magnitude
higher conductance than the trans configuration at the Fermi
level (Figure 2b), primarily attributable to the shifts in the
transmission peaks of corresponding molecular orbitals (see
molecular projected self-consistent Hamiltonian (MPSH)
analysis in Figure S4) due to the different Au—N distances
(Figure SS) in the two configurations, as indicated by our
measurements.

To validate the predicted stereoelectronic effect, we conduct
the charge transport measurements on dynamic single-
molecule junctions based on M1, employing a STM—B]J
technology (Figure 2c). At room temperature, single-molecule
conductance is measured within a dodecane mixture
containing 0.1 mM M1, with the conductance being a function
of tip—substrate displacement. Figure 2d displays typical
individual traces for M1 junctions under a 0.1 V bias. In
these traces, one can observe integer multiples of quantum
conductance G, (G, = 2¢*/h), as well as features occurring
below G, at specific molecular values. The black traces
represent the tunneling decay after the rupture of the gold
contact within the pure solvent. In contrast, when MI is
introduced into the solution, conductance plateaus corre-
sponding to molecular conductance become evident in the red,
blue, and purple traces. These representative traces signify high
conductance, low conductance, and simultaneously coexisting
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Figure 2. Single-molecule charge transport properties of M1 junctions. (a) Calculated HOMO diagrams for trans and cis conformations. (b)
Calculated transmission spectra of cis and trans junctions. (c) Schematic of STM—BJ measurements. The arrow indicates the direction in which the
gold tip moves. (d) Experimental conductance—displacement traces of the M1 junction at 0.1 V bias (red, blue, and purple traces) and those of Au
contacts in the pure solvent (black traces). (e) 2D conductance—displacement histogram for M1 junctions. (f) 1D conductance histogram of M1 at
0.1 V and concentrations of 0.1 mM, 0.01 mM, and 0.001 mM. (g) 2D histograms of normalized flicker noise power versus average conductance for
M1 junctions corresponding to low conductance state. (h, i) 2D G-V histograms of high-conductance (panel (h)) and low-conductance (panel

(1)) states.

conductance plateaus, respectively. About 4000 of such
conductance traces are employed to generate the conductance
histograms in Figure 2e, which clearly shows the two distinct
conductance states. These states are attributed to the cis and
trans configurations for the following reasons. First, Gaussian-
fitted conductance peaks are evident at ~0.56 X 107 G,
(~43.08 nS) and 0.5 X 107* G, (~3.88 nS). This nearly 1
order of magnitude difference in conductance closely aligns
with our calculated transmission results. Second, the
concentration-dependent measurements (see Figure 2f, as
well as Figure S6) reveal that, as the concentration decreases,
the conductance values of the two states do not change, but
the proportion of high conductance state to low conductance
state decreases. This may be due to the energy or stability
difference in the cis and trans configurations. Third, charge
transport in different configurations is strongly influenced by
interfacial coupling, both through bonds and through space,
which can be assessed using flicker noise analysis. Flicker noise
analysis of M1 junctions indicates that the noise power scales
of the high and low conductance states are G and G""* (see
Figure 2g, as well as Figure S7), respectively, indicating that
charge transport through the junction is predominantly
through-bond.** Our concentration-dependent measurements
and flicker noise analysis have conclusively ruled out the
possibility that the low conductance states are caused by 7—=x
stacking’” of molecules. Furthermore, we also discounted the
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origins of the two conductance states from molecular
impurities or electrode structures. Although M1 molecules
have various configurations, the cis and trans configurations
considering Au—N contacts are predicted to be stable around
room temperature. All the above results and analysis provide
robust support for the high and low conductance states
originating from the interfacial stereoelectronic effect within
M1l-based devices, corresponding to the cis and trans
configurations, respectively. To be noted, some previous
STM conductance measurements of this molecule in a mixture
of 1,3,5-dimethylbenzene and tetrahydrofuran (TMB/THF)
solvent have been also carried out to detect the two
conductance states, but without further analysis of the
mechanism.”®*” In contrast, only one conductance state can
be observed in M1 junctions within a moderately polar solvent
1,2,4-trichlorobenzene (TCB).*" It can be speculated that the
choice of solvent plays a critical role in the observation of the
two conductance states. Therefore, we conducted the same
experiment using the polar solvent propylene carbonate (PC),
and only a single conductance state is found (Figure S8). This
suggests a solvent effect on the cis—trans configuration
transition.

To gain a deeper understanding of the charge transport
properties in single molecule junctions, we investigate the
current—voltage (I-V) and conductance—voltage (G—V)
characteristics. Specifically, the I—V characterizations are
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conducted by holding the gold tip at the corresponding
conductance plateau during the junction breaking measure-
ments and scanning the bias voltage from —1.0 V to 1.0 V with
a step of 0.5 mV. The collected I-V traces are used to
construct 2D I-V histograms, which clearly displays the high-
and low-current states (Figure S9). As shown in the 2D G-V
histograms (Figure 2h and 2i), the conductance values of the
two states align with the data in Figure 2e when the bias
voltage remains small. As the bias voltage increases, the
conductance values of both states in the M1 junctions also rise.
Interestingly, the conductance growth rate for the high-
conductance (cis) state transitions from rapid to gradual, while
the low-conductance (trans) state experiences the reverse,
shifting from gradual to rapid. This phenomenon can be
attributed to the proximity of the highest occupied molecular
orbital (HOMO) of the cis configuration to the Fermi level,
compared to that of the trans configuration, causing the
frontier orbital to enter the bias window earlier than the latter.

To further explore the transition dynamics between the cis
and trans configurations of Au—M1 junctions, hovering tests
are employed to investigate the conductance changes over
time. During the hover mode, the length of the molecular
junction remains fixed, and the Au tip ceases its back-and-forth
motion. Specifically, when the electrodes remain stationary, at
an acquisition frequency of 20 000 Hz, the Au tip is suspended
for over 200 ms after reaching the appropriate tip—substrate
distance to establish molecular junctions during the retraction
of the Au tip. Typical individual traces show that Au—M1I
junctions switch between high and low conductance states
(Figure 3a), consistent with the results presented in Figure 2d.
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Figure 3. Transitions between high and low conductance states in M1
junctions. (a) Typical conductance—time traces (left) and 1D
histogram (right). (b) 1D conductance comparison of M1 junctions
over a voltage range from 0.1 to 0.5 V. (c) The high conductance ratio
of M1 junctions within the voltage range of 0.1 to 0.5 V. (d)
Rotational potential energy profiles of Au—M1—Au under high and
zero electric fields, respectively.

By calculating the Gibbs free energy (Figure S10), it is found
that the potential energy for switching between the cis and
trans configurations is ~10 kJ/mol. This potential energy is
sufficiently high to be observed at room temperature in the
presence of an electric field.

Moreover, a bias-dependent test is performed to explore the
impact of an electric field on the transformation between cis
and trans configurations. As the bias voltage increases, the
conductance of the two configurations of M1 junctions
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remains relatively constant. However, the proportion of high-
conductance states gradually decreases while that of low-
conductance states gradually increases (Figure 3b; more 2D
conductance—displacement histograms and Gaussian fittings
are shown in Figure S11). Specifically, when the bias voltage
increases from 0.1 to 0.5 V, the proportion of the high
conductance decreases from ~31.03% to ~14.89% (Figure 3c).
This indicates that the relative stability of the stereostructures
can be regulated by bias voltages. Consistent results are
obtained from the hover I—t bias-dependent tests (Figure
S12). The STM—B]J tests are also performed on the pure
solvent dodecane (Figure S13) to eliminate the influence of
the solvent.

To understand the bias effect on the stereoisomerism of the
Au—Ml1 interface, we simulate the relaxed potential energy
surface (PES) of Au—M1—Au contacts concerning the rotation
of the aniline groups (Figure 3d). By systematically scanning
the dihedral angle of the two aniline groups in M1 across a
range from 0° to 360° and optimizing each structure, we
observe that the energy difference between the two stable
states, characterized by dihedral angles of 0° (trans) and 180°
(cis), respectively, is relatively small at zero electric field
conditions (black curve). However, the potential energy of the
stable 180° (cis) configuration becomes higher than that of 0°
(trans) configuration under a larger electric field (red curve).
This may be attributed to an increase in the molecular dipole
moment under an electric field, which leads to a higher
torsional potential barrier in the presence of a high electric
field (Figure S14). This observation is consistent with the
observed gradual decrease in the proportion of high
conductance (cis) at high bias voltages. Considering the
experimental and theoretical findings presented above, it
becomes evident that the electric field can regulate the
potential energy difference between different stable states of
M1 junctions, thus facilitating the control of molecular
transitions between high- and low-conductance states.

The universality of the interfacial stereoelectronic effect is
also discussed. For example, the M2 molecule (3,4-
ethynylenebis(benzenamine), the specific chemical formulas
of M1 and M2 can be seen in Figure S15) also exhibits two
anchoring modes in junctions—one on the same side (cis) and
the other on the opposite side (trans)—and its electrical
properties are characterized based on STM—BJ (Figure 4a).
Similar to the M1 cases, the conductance—displacement traces
reveal two distinct conductance plateaus corresponding to the
cis and trans configurations in the solution with the M2
molecule (Figure 4b). In the 2D conductance—displacement
histogram of M2 junctions, Gaussian fitting conductance peaks
are observed at ~0.68 X 10™* G, (~5.24 nS) and 0.71 X 107°
Gy (~0.55 nS), as shown in Figure 4c. The flicker noise
analysis of high- and low-conductance states reveals that their
noise power scales are G'*° and G'¥, respectively (Figure
S16). These values are larger than those observed in M1 due to
the meta substitution in M2.>° The purple traces in Figure 4b
indicate that the cis and trans configurations of Au—M2 can
transition between each other, similar to Au—MI. Further-
more, the Gibbs free-energy calculations confirm the feasibility
of this transformation (Figure S17). We also examined their I—
V and G-V characteristics (Figure S18). The 2D I[-V
histogram clearly reveals the high-conductance states (Figure
4d) and low-conductance states (Figure 4e) of M2, consistent
with the calculated transmission spectra for both the cis and
trans configurations (see Figure 4f, as well as Figure S19). M2
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Figure 4. Single-molecule charge transport properties and electrical measurements of M2 junctions. (a) Schematic of STM—B]J measurements for a
single M2 junction anchored on the same side and the opposite side. (b) Experimental conductance—displacement traces of M2 junctions at 0.1 V
bias (red, blue, and purple traces) and those of Au contacts in the pure solvent (black traces). (c) 2D conductance—displacement histograms for
M2 junctions. Inset shows the 1D conductance histograms of M2 junctions. (d, e) 2D I-V histograms of high- and low-conductance states of M2
junctions (see panels (d) and (e), respectively). The yellow line represents the most representative current value obtained from the Gaussian fitting.
(f) Calculated transmission spectra of cis and trans conformations. (g) 1D conductance comparison of M2 junctions across a voltage range from 0.1
to 0.5 V. (h) The high conductance ratio of M2 junctions within the voltage range of 0.1 to 0.5 V. (i) Rotational potential energy profiles of Au—

M2—Au under high and zero electric fields, respectively.

exhibits a HOMO distribution that is slightly less delocalized
(Figure S20) and a larger energy gap (Figure S21) compared
to M1. Giving that the conductance at low bias voltages is
primarily influenced by HOMO (see MPSH analysis in Figure
S22), it is reasonable that M2 exhibits lower conductance
values for both states, compared to M1.

The impact of electric fields on the transformation between
cis and trans configuration is also examined (Figure 4g and
more 2D conductance—displacement histogram and Gaussian
fitting shown in Figure S23). The proportion of the high
conductance state in M2 junctions gradually increases from
~28.57% to ~50.93% (Figure 4h) when the bias voltage rises
from 0.1 to 0.5 V. The hovering I—t bias-dependent tests of
M2 yield the consistent result (Figure S24). The electric field’s
influence on M2 stereoisomerism is also supported by PES
calculation and analysis (Figure 4i), where the cis configuration
(180° dihedral angle) is less stable than the trans configuration
(0° dihedral angle) at a zero electric field but becomes more
stable at a high electric field. The potential energy difference
between the cis and trans configurations increases under a high
electric field, possibly due to the increasing dipole moment
(Figure S25). This observation stands in contrast to the M1
case, highlighting the variability and case dependency of the
electric field’s effect on interface stereoisomerism. In addition
to the Au—NH, anchoring-based junctions, we predict the
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presence of both cis and trans configurations in other junctions,
such as Au—MI1 with the replacement of—NH, with —SH
groups (Figure S26). These systems have great potential for
exhibiting interfacial stereoelectronic effects.

In summary, our study highlights the ubiquitous presence of
interfacial stereoelectronic effects in molecular junctions. In
both M1- and M2-based molecular junctions, we observe two
distinct conductance states corresponding to cis and trans
configurations, which originate from same-side and opposite-
side anchorings to Au, respectively. The cis configuration
generally exhibits a higher conductance than that of the trans
configuration. Furthermore, these two stable states can
transition between each other, and their stability can be finely
tuned by an applied electric field. This investigation of
interfacial stereoelectronic effects has deepened the under-
standing of molecule—electrode interfaces, as well as provides a
new perspective for the future development of practical and
functional molecular nanodevices.
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