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The forming processes of 4,4’-dipyridyl-based single-molecule junctions and mechanically induced conductance
switching as well as the side-group effects are systematically investigated by applying the ab initio-based adiabatic geomet-
ric optimization method and the one-dimensional transmission combined with three-dimensional correction approximation
(OTCTCA) method. The numerical results show that for the 4,4’-dipyridyl with a m-conjugated phenyl-phosphoryl or
diphenylsilyl side group, the pyridyl vertically anchors on the second atomic layer of the pyramid-shaped Au tip electrode
at small inter-electrode distances by laterally pushing the apical Au atom aside, which induces stronger pyridyl-electrode
coupling and high-conductance state of the formed junctions. As the inter-electrode distance increases, the pyridyl shifts
to the apical Au atom of the tip electrode. This apical Au atom introduces additional scatterings to the tunneling electrons
and significantly decreases the conductance of the junctions. Furthermore, for the 4,4’-dipyridyl with a phenyl-phosphoryl
side group, the probability of manifesting the high-conductance state is decreased due to the oxygen atom reducing the
probability of the pyridyl adsorbing on the second layer of Au tip electrode. In contrast, for the 4,4’-dipyridyl with a non-
conjugated cyclohexyl-phosphoryl side group, the steric hindrance from the bulky cyclohexyl group leads the molecule to
preferentially form the O—Au contact, which prevents both the high conductance and mechanically induced conductance
switching of the junction. Our results provide a theoretical understanding of the side-group effects on electronic transport
properties of single-molecule junctions, offering an alternative explanation for the experimental observations.
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1. Introduction

The miniaturization of electronic components is impera-
tive for enhancing the performance and energy efficiency of
circuits. However, this progress has encountered a bottleneck
in traditional silicon-based electronics.!-?! As a result, the use
of single molecules to construct functional electronic com-
ponents has emerged as one of the most promising solutions
to address this challenge.>~'%! It has been found that single-
molecule junctions can exhibit intriguing functionalities, such

[17-21] 8,9,13,15,22-26] 27-29]

as rectification, switching,[ sensing,[

logic gates. [16:30-33]

Among these various functional molecular junctions,
dipyridyl-based molecular junctions (DPMJs) stand out as one
of the most intriguing types due to their distinct high-low con-
ductance switching (HLCS) behaviors.***3! The HLCS be-
haviors can be well controlled and repeated by elaborately ad-
justing the inter-electrode distance. Especially, the HLCS be-
havior of 4,4’-dipyridyl with gold electrodes has been exten-
sively discussed.3%37441 Quek et al.!3! attributed this behav-
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ior to changes in the spatial orientation of N—Au bond relative
to the 4,4’-dipyridyl backbone, which is closely influenced by
variations in the tilting angle of the molecular backbone with
respect to the electrode—electrode axis. These changes affect
the electronic coupling between the conducting molecular or-

1.37441 proposed that

bital and electrodes. In contrast, Li et a
the HLCS behavior arises from the shifting of the anchoring
pyridyl on the Au tip electrode between different Au binding
sites that with distinct coordination modes. Additionally, Is-
mael et al.l*®) further experimentally demonstrated that the
HLCS behavior of DPMIJs could be inhibited or reinstated
by selecting non-conjugated or conjugated side groups for
the 4,4'-dipyridyl. Specifically, they observed that the HLCS
behavior was suppressed when a non-conjugated cyclohexyl-
phosphoryl or trimethyl-phosphoryl side group was used, but
was reinstated when these were replaced with m-conjugated
They
attributed this side-group effect on HLCS behavior to steric

side groups like phenyl-phosphoryl or diphenylsilyl.

hindrance from the bulky non-conjugated groups, which re-
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duces molecule—electrode coupling and further inhibits the
high-conductance geometries. On the contrary, interactions
between 7-conjugated side groups and the electrode tip help
restore the HLCS behavior. In their computational models,
three typical contact configurations were considered, each ex-
hibiting different conductance values. However, it remains
unclear how these contact configurations transition between
each other during the stretching and compressing processes of
the junctions. Additionally, given the complexity and diversity
of molecule—electrode contact configurations that arise during
the formation of DPMJs, other plausible mechanisms for the
HLCS behaviors of the 4,4’-dipyridyl derivatives may also be
involved.

To address these two questions, we employed the ab ini-
tio-based adiabatic geometric optimization method to inves-
tigate the evolution of contact configurations and electronic
transport properties of the DPMJs during the stretching and
compressing processes. Our calculations demonstrate that the
high-conductance state of DPMJs with the w-conjugated side
groups arises from strong molecule—electrode coupling and a
large electronic incident cross-section area in the contact con-
figuration where one pyridyl anchors to the apical Au atom
on one electrode while the other pyridyl nearly vertically an-
chors to the second atomic layer of the Au tip electrode when
the inter-electrode distance is small. Compared to the junction
with the diphenylsilyl side group, the likelihood of exhibiting
the high-conductance state for the junction with the phenyl-
phosphoryl is reduced because the oxygen atom lowering the
probability of the pyridyl adsorbing on the second layer of Au
tip electrode. In contrast, due to significant steric hindrance
from the bulky cyclohexyl-phosphoryl side group, the junc-
tion with the phosphoryl group preferentially connects to the
Au tip electrode via the oxygen atom, preventing the pyridyl
from adsorbing onto the second Au atomic layer and inhibiting
the high-conductance state.

2. Theoretical model and computational details

The schematic structures of the DPMJs with different
side groups are shown in Fig. 1. M1 comprises a 4,4'-
dipyridyl with a diphenylsilyl side group, M2 consists of a
4,4'-dipyridyl with a phenyl-phosphoryl, and M3 contains a
4,4’ -dipyridyl with a cyclohexyl-phosphoryl side group. Con-
sidering the fact that these molecular junctions were experi-
mentally investigated with the scanning tunneling microscopy-
break junction (STM-BJ) technique, during the stretching pro-
cess, the pyramid Au cluster or an isolated Au atom is most
likely formed on the surface of the bottom electrode once the
electrode—electrode contact breaks. To simulate this, we use
a pyramid-shaped electrode to represent the gold tip electrode
and a planar Au (111) electrode with an isolated Au adatom
on the surface to model the bottom electrode.

Considering the fact that in the experiment the speed of
stretching or compressing the electrodes is much slower than
the thermal velocities for atoms in the molecule and at the elec-
trode surfaces, then the configuration evolution of the DPMJs
during the stretching and compressing processes can be theo-
retically studied using the ab initio-based adiabatic geometric
optimization method. In this method, the inter-electrode dis-
tance D is adjusted by a step of 0.2 A to simulate the stretch-
ing and compressing processes of STM-BJs. For each inter-
electrode distance step, the optimized geometry for the last
step is used as the initial geometry for the current step. Test
calculations suggest that only the Au atoms in the proximity
of the 4,4'-dipyridyl derivative have visible variations in co-
ordinates during the geometric optimizations. Therefore, the
4,4'-dipyridyl derivative and four nearest Au atoms in each
electrode are fully relaxed while the rest Au atoms in the elec-
trode are fixed at their bulk coordinate positions to sustain the
stretching or compressing force from the bulk electrodes. By
this, the single-point energy E of the single-molecule junctions
with different electrode distance D can be obtained. Then, the
stretching and compressing force F' is evaluated according to
F = 0E/dD =~ AE/AD. This approach has been proved reli-
able and efficient.[374447-491 The b initio simulations are per-
formed within the Gaussian16 package®! with B3LYP func-
tional and the Lanl2DZ basis set. In the geometric structure
optimizations, the convergence criterion is 0.023 eV/A for the
maximum force on each relaxed atom and 0.0015 eV/A for the
root mean square (RMS) of all relaxed atomic forces. Mean-
while, the convergence criterion for self-consistent field (SCF)
procedure is set to 107° for the RMS change and 10~ for the
maximum change in the density matrix.
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Fig. 1. The schematic structures of the DPMJs. The structures in the
dashed rectangular box are the systems on which we performed con-
figuration evolution simulations. M1, M2, and M3 are 4,4’-dipyridyl
with diphenylsilyl, phenyl-phosphoryl, and cyclohexyl-phosphoryl side
groups, respectively.

Since the conductance is measured under a low bias volt-
age V (typically V < 0.3 V) in the experiment, the electronic
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transport in the molecular junctions is in the non-resonant
regime. To calculate the non-resonant electronic transmission
spectrum, we use our home-developed one-dimensional (1D)
transmission combined with three-dimensional (3D) correc-
tion approximation (OTCTCA) method, which not only can
provide conductance values consistent with experimental ob-
servations in magnitude but also can offer an intuitive physical
picture to elucidate the differences between the high- and low-
conductance states of the molecular junctions.>!! Within this
approach, the conductance is expressed as

_eS .

G—v Jz

(E)[fs(E)ps(E) — fo(E)pp(E)|T(E)dE, (1)

where e is the electronic charge, S is the incident area of elec-
trons from electrodes, j, is the electron probability flux density
along the transport z direction within the incident area S.[?!
fs(E) and fp(E) are the Fermi-Dirac distributions of elec-
trons in the source and drain electrodes, respectively. ps(E)
and pp(E) are the densities of states (DOS) of the source
and drain electrodes, respectively. T(E) is the statistically av-
eraged electronic transmission probability over a large num-
ber of individual transmission probabilities, 7;(E), for the i
transport channel within the incident area S, according to
T(E) = (1/N)YY | %(E). The number of transport channels
N is proportional to the chosen incident area S. Therefore, the
product of S and T'(E) at a specific energy E converges quickly
as S increases. The individual transmission probability 7;(E)
is highly depends on the profile and path length of the spatial
potential field along the transport channel in the scattering re-
gion and can be approximately calculated by solving the 1D
Schrodinger equation combined with 3D corrections. Refer to
Ref. [51] for more calculation details of the above quantities.

3. Results and discussion

3.1. Evolution of molecule-electrode contact configura-
tions for investigated DPMJs with different side
groups
Figure 2 illustrates the configuration evolution of the in-

vestigated DPMJs during the stretching and compressing pro-

cesses. Generally, when the inter-electrode distance is small
after the Au—Au contact breaks, the 4,4’-dipyridyl backbone
trends to anchor to the Au adatom on the substrate electrode
through N—Au binding, while the upper part of the molecule
adsorbs onto the side of the upper electrode tip via the other
pyridyl group (as shown in Fig. 1). As the inter-electrode dis-
tance increases, different configuration evolutions occur for
these DPMIJs with various side groups. For M1, when the
inter-electrode distance is stretched to 2.02 nm, the upper
pyridyl almost vertically adsorbs onto the second Au atomic
layer by the N atom, while the top Au atom is pushed aside.
This configuration is referred to as the S-type configuration

for brevity. When the inter-electrode distance is stretched to
2.23 nm, the upper pyridyl abruptly shifts from the second Au
atomic layer to the apical Au atom of the upper tip electrode,
with the apical Au atom returning to its original lattice po-
sition. This configuration is denote as the T-type configura-
tion. As the inter-electrode distance is stretched to 2.48 nm,
the M1 junction is broken. In contrast, when the tip electrode
is compressed towards the substrate electrode from a large
inter-electrode distance, the M1 junction is reconstructed at
2.46 nm, with the N atom adsorbing onto the apical Au atom
of the upper tip electrode. As the tip electrode is further com-
pressed, the M1 backbone bends until the upper pyridyl shifts
to the second Au atomic layer of the upper tip electrode at an
inter-electrode distance of 2.13 nm.

For the M2 junction, two possible configuration evolu-
tions can occur due to the phenyl-phosphoryl side group con-
taining an oxygen atom. In the first configuration, when the
molecule initially migrates into the electrode gap, the oxygen
atom of the phenyl-phosphoryl side group points outward. The
nitrogen atom in the upper pyridyl group first binds to the sec-
ond atomic Au layer of the upper tip electrode, forming the
S-type configuration at an inter-electrode distance of 2.02 nm.
As the inter-electrode distance is increased to 2.22 nm, the
apical Au atom of the tip electrode returns to its initial lat-
tice position, and the upper pyridyl shifts to bind to the api-
cal Au atom, forming the T-type configuration. The M2 junc-
tion breaks when the inter-electrode distance is stretched to
2.48 nm. During the compressing process, the M2 junction
is rebuilt at 2.46 nm, with the pyridyl group first anchoring
onto the apical Au atom of the upper tip electrode. As the
inter-electrode distance is further reduced to 2.11 nm, the up-
per pyridyl of M2 shifts to bind to the second Au atomic layer
of the upper tip electrode. In the second configuration, the
oxygen atom migrates into the electrode gap when the junc-
tion is formed. Initially, the oxygen atom adsorbs onto the
apical Au atom of the upper tip electrode (denoted as O-type
configuration), which significantly hinders the upper pyridyl
from binding to the second Au atomic layer of the upper elec-
trode tip. The oxygen atom detaches from the upper electrode
tip until the inter-electrode distance is stretched to 2.32 nm.
At this time, the nitrogen atom of the upper pyridyl naturally
anchors onto the apical Au atom of the upper electrode tip.
During the compressing process for the second configuration,
as the inter-electrode distance decreases, the backbone of the
M2 molecule gradually bends until the oxygen atom rebinds
to the apical Au atom at 2.15 nm.

The configuration evolution of the M3 junction shares
similarities with that of the M2 junction to some extent. There
are also two possible configuration evolution for the M3 junc-
tion. If the the oxygen atom of the cyclohexyl-phosphoryl side
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group points outward when the molecule initially migrates
into the electrode gap, the upper pyridyl tends to anchor onto
the second Au atomic layer of the upper tip electrode, form-
ing the S-type configuration at an inter-electrode distance of
2.01 nm while pushing the apical Au atom aside. As the dis-
tance increases to 2.21 nm, the upper pyridyl shifts to connect
with the apical Au atom by pulling the apical Au atom back
to its original lattice position to form the T-type configura-
tion. However, when compressing the M3 molecular junction
from the T-type configuration to an inter-electrode distance of
2.19 nm, the oxygen atom always preferentially bonds to the
apical Au atom to form the O-type configuration, which hin-
ders the nitrogen atom of the upper pyridyl from anchoring
onto the second Au atomic layer of the upper tip electrode.
As a result, for the M3 molecular junction, the S-type config-
uration cannot be maintained during the stretching and com-
pression process. It is differs significantly from the case of
the M2 junction, highlighting the distinct influence of the con-

jugated side groups versus the non-conjugated side group on
the configuration evolution. This can be attributed to that the
bulky cyclohexyl-phosphoryl side group of the M3 junction
has a significant steric effect while the phenyl-phosphoryl side
group of the M2 junction has attractive interaction with the tip
electrode. In contrast, for the second configuration evolution,
the M3 junction follows a nearly identical evolution to that of
the M2 junction. That is, if the O-type configuration is initially
formed for the M3 junction, the oxygen atom, rather than the
upper pyridyl, adsorbs onto the apical Au atom of the upper tip
electrode. The oxygen atom detaches from the apical Au atom
until the inter-electrode distance is stretch to 2.34 nm. Mean-
while, the upper pyridyl instead binds to the apical Au atom of
the upper tip electrode. During compression, the upper pyridyl
moves away from the apical Au atom of the upper tip electrode
at an inter-electrode distance of 2.19 nm, and the oxygen atom
subsequently rebinds to the apical Au atom of the upper tip
electrode at an inter-electrode distance of 2.18 nm.
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Fig. 2. Evolutions of contact configurations for the M1, M2, and M3 molecular junctions in the adiabatic stretching and compressing processes.
The blue and red arrows denote the stretching and compressing processes, respectively.

It should be noted that for all three junctions, the trajec-
tories of contact configurations are not fully reversible for the
stretching and compressing processes. This feature can also be
seen in the evolution of energy, force, and conductance with

respect to the inter-electrode distance.

3.2. Energy and force of the investigated DPMJs with dif-
ferent side groups

Figure 3 shows the variations in energy of the three DP-
MIJs during the adiabatic stretching and compressing processes

and the derived force exerted on the junctions by the bulk
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electrodes. It is evident that for all three junctions, there
are ranges of inter-electrode distances (shaded in pale yellow-
green) where the evolution of the energy and forces is not fully
reversible for the stretching and compressing processes. These
correspond to the irreversible evolution of the contact config-
urations for the stretching and compressing processes shown
in Fig. 2. The energy minima for the S-type configuration of
all the three junctions arise at an inter-electrode distance of
2.11 nm. In contrast, the equilibrium inter-electrode distance
for the T-type configuration is 2.34 nm for all three junctions,
which is about 0.23 nm longer than that for the S-type config-
uration. The energy minima for the O-type configuration of
the M2 and M3 junctions occur at an inter-electrode distance
of 2.06 nm, which is very close to the value 2.11 nm for the
S-type configuration of the M2 and M3 junctions. Notably,
for both M2 and M3 junctions, the O-type configuration is en-
ergetically more favorable than the S-type configuration. In
addition, for the M2 junction, during the compressing process,
the T-type configuration tends to transition back to its orig-
inal S-type or O-type configuration from the stretching pro-
cess. Differently, for M3 junction, the T-type configuration
would prefer to transition to the O-type configuration during
the compressing process regardless of its original configura-
tion from the stretching process.
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Fig. 3. The variations in energy (solid and hollow circles) and force
(solid and hollow triangles) of (a) M1, (b) M2, and (c) M3 molecular
junctions in the adiabatic stretching and compressing processes. The
shaded areas in pale yellow—green indicate the inter-electrode distances
for which irreversible contact configuration evolutions occur during the
stretching and compressing processes. The solid circles and triangles
indicate the stretching process, and the hollow circles and triangles in-
dicate the compress process. The data in black are related to the S-type
and/or T-type configurations while those data in green are related to the
O-type configuration.

For all three junctions, the maximum stretching force re-
quired for the S-type configuration to transition to the T-type
configuration is approximately 1.2 nN. However, only about
0.7 nN-0.8 nN is needed to finally break the junctions by
pulling the upper pyridyl away from the upper tip electrode.
This is consistent with the experiment observations that the

maximum stretching force for the high-conductance state at a
shorter inter-electrode distance (~ 1.48 nN) is evidently larger
than the force needed to completely break the DPMIJs at the
low-conductance state (~ 0.85 nN).[% For the M2 and M3
junctions, the force required to break the O—Au binding is
about 0.6 nN-0.7 nN, which is also notably smaller than the
1.2 nN required to pull the upper pyridyl away from the second
Au atomic layer.

3.3. Electronic transport properties and HLCS behavior
of investigated DPMJs

To understand the HLCS behavior of investigated DPMJs,
we then examine the conductance evolution of the M1, M2,
and M3 molecular junctions during the stretching and com-
pressing processes, which are shown in Fig. 4. It is evident that
all the investigated DPMJs with the S-type configuration ex-
hibit high conductance. However, as the configuration evolves
from the S-type configuration to the T-type configuration, the
junctions transition from a high-conductance state to a low-
conductance state. It is noted that M2 and M3 junctions with
O-type configuration also manifest a low-conductance state,
of which the conductance values are similar to those in the
T-type configuration. This suggests that configuration con-
versions of the DPMJs between T-type and O-type configu-
rations do not result in a noticeable HLCS behavior. On the
contrary, the HLCS behavior of M1 and M2 junctions arises
from the configuration conversion between the S-type and T-
type configurations during the stretching and compressing of
the inter-electrode distance. The insets of Figs. 4(a) and 4(b)
further demonstrate that when the inter-electrode distance is
cyclically elongated and compressed between 2.10 nm and
2.33 nm/2.34 nm, the conductance of M1 and M2 junctions
switches between high and low values, as observed in the
experiment.[*®! As shown in Fig. 4(c), for the M3 junction,
though the S-type configuration would contribute to a high-
conductance state, it cannot be maintained during the stretch-
ing and compressing processes. As discussed above, the S-
type configuration transitions to the O-type configuration dur-
ing the subsequent compressing process. As a result, the high-
conductance state and the HLCS behavior are difficult to ob-
serve experimentally for the M3 junction. It should be men-
tioned that for the M1 and M2 junctions, there is overlap in the
conductance evolution between the stretching and compress-
ing processes. This implies that a much smaller modulation of
the inter-electrode distance than the overlap regions in the M1
and M2 single-molecule junctions would significantly reduce
the probability of observing the HLCS behavior. Conversely,
a much larger modulation could lead to the breakdown of the
single-molecule junctions. The overlap regions range from
2.12 nm to 2.24 nm for the M1 junction and from 2.10 nm
to 2.23 nm for the M2 junction. These overlap values are con-
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sistent with the experimental observation that a 0.2-nm mod-
ulation in the inter-electrode distance is optimal for achieving
clean, reproducible HLCS behavior.
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Fig. 4. Conductance evolution of (a) M1, (b) M2, and (c) M3 junctions
during adiabatic stretching and compressing processes. The insets of
panels (a) and (b) show that the conductance of M1 and M2 junctions
can be cyclically switched between high and low values by repeatedly
elongating and compressing the inter-electrode distance.

The influence of different contact configurations on the
electronic transport properties of the investigated junctions can
be further understood by examine the spatial distributions of
the potential field, which is a crucial factor affecting the elec-
tronic transmission coefficient. Figure 5 shows the spatial dis-
tributions of the potential field for the M2 junction with S-type
and T-type configurations and for the M3 junction with O-type
and T-type configurations. It is found that, for the M2 junc-
tion with the S-type configuration shown in Fig. 5(a), there
is an obvious potential well channel (potential wells are de-
noted by white lines) and a wide lower potential area (lower
potential areas are denoted by black lines) between the M2
molecule and upper tip electrode, which favors electron trans-
port between the molecule and tip electrode. In contrast, for
the M2 and M3 junctions with the T-type configuration shown
in Figs. 5(b) and 5(d), no obvious potential well channel is
observed. Instead, only a narrow lower potential area exists
between the molecules and the upper tip electrode, which hin-
ders electron transport. For M3 junction with the O-type con-
figuration shown in Fig. 5(c), the stronger electronegativity of
the oxygen atom causes the potential well channel between
the oxygen atom and the apical Au atom to be discrete, and
the lower potential area is much narrower than that with S-
type configuration. As a result, the M3 junction as well as
M2 junction with the O-type configuration show a low con-
ductance.

Electric potential (eV)

e —

—68.0 —49.0 —30.0 —-11.0 8.00

Fig. 5. Spatial distributions of potential field (in units of eV) for the
M2 junction with (a) S-type configuration and (b) T-type configuration.
Spatial distributions of potential field for the M3 junction with (c) O-
type configuration and (d) T-type configuration. The dashed blue rect-
angles denote the contact areas between the upper pyridyl and the tip
electrode. The white lines are the contour line of —4.6 eV while the
black lines are the contour line of —0.6 eV.

4. Conclusion

The adiabatic configuration evolution of 4,4’-dipyridyl
based single-molecule junctions as well as the effect of side
groups are studied using the first-principles calculations. The
numerical results show that, at small inter-electrode distances,
the pyridyl tends to vertically adsorb onto the second Au
atomic layer of the tip electrode (S-type configuration), which
leads to stronger molecule—electrode coupling and a high-
conductance state the junctions. As the electrode gap is fur-
ther elongated, the pyridyl shifts to the apical Au atom of
the tip electrode (T-type configuration), resulting in a low-
conductance state of the junctions due to weaker molecule—
electrode coupling and additional scattering, diffraction and
reflection from the apical Au atom. For the junctions with
phenyl-phosphoryl and cyclohexyl-phosphoryl side groups
containing an oxygen atom, the oxygen atom preferentially ad-
sorbs on the apical Au atom of the tip electrode at small inter-
electrode distances (O-type configuration). For the M2 junc-
tion, both O-type and S-type configurations can exist. How-
ever, for the M3 junction, when it is compressed, the T-type
configuration transitions only to the O-type configuration re-
gardless of its original configuration formed during the stretch-
ing process. This results in the disappearance of the HLCS
behavior for the M3 junction. Our results provide a theoretical
understanding of the side-group effects on electronic transport
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properties of single-molecule junctions and offer an alternative
explanation for the experimental observations.
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