
Decode mechanical conductance switching behaviors of 
dipyridyl molecular junctions

Journal: Nanoscale

Manuscript ID NR-ART-02-2023-000505.R3

Article Type: Paper

Date Submitted by the 
Author: 05-Jun-2023

Complete List of Authors: Sun, Feng; Shandong Normal University, School of Physics and 
Electronics
Liu, Lin; Shandong Normal University, School of Physics and Electronics
Zheng, Chang-Feng; Shandong Normal University, School of Physics and 
Electronics
Li, Yu-Chen; Shandong Normal University, School of Physics and 
Electronics
Yan, Yan; Shandong Normal University, School of Physics and Electronics
Fu, Xiaoxiao; Shandong Normal University, School of Physics and 
Electronics
Wang, Chuankui; Shandong Normal University, College of Physics and 
Electronics
Liu, Ran; University of Georgia, College of Engineering and Nanoscale 
Science and Engineering Center
Xu, Bingqian; University of Georgia, College of Engineering and 
Nanoscale Science and Engineering Center
Li, Zong-Liang; Shandong Normal University, School of Physics and 
Electronics

 

Nanoscale



ARTICLE

Please do not adjust margins

a.School of Physics and Electronics, Shandong Normal University, Jinan 250358, 
China. E-mail: lizongliang@sdnu.edu.cn

b.Single Molecule Study Laboratory, College of Engineering and Nanoscale Science 
and Engineering Center, University of Georgia, Athens, Georgia 30602, United 
States. E-mail: ranliu91@gmail.com, nanoxu@uga.edu 

c. Biodesign Center for Bioelectronics and Biosensors, School of Electrical, Computer 
and Energy Engineering, Arizona State University, Tempe, Arizona 85287, United 
States.

Electronic Supplementary Information (ESI) available: [details of any 
supplementary information available should be included here]. See 
DOI: 10.1039/x0xx00000x
‡ These authors contributed equally to this work.

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Decode mechanical conductance switching behaviors of dipyridyl 
molecular junctions 
Feng Sun,‡a Lin Liu,‡a Chang-Feng Zheng,a Yu-Chen Li,a Yan Yan,a Xiao-Xiao Fu,a Chuan-Kui Wang,a 

Ran Liu,*b,c Bingqian Xu*b and Zong-Liang Li,*a

The dipyridyl molecular junctions often show intriguing conductance switching behaviors with mechanical modulations, 
but the mechanisms are still not completely revealed. By applying ab initio-based adiabatic simulation method, the 
configuration evolutions and electronic transport properties of dipyridyl molecular junctions in stretching and compressing 
processes are systematically investigated. The numerical results reveal that the dipyridyl molecular junctions tend to form 
specific contact configurations during formation processes. In small electrode gaps, the pyridyls almost vertically adsorb on 
the second Au layers of the tip electrodes by pushing the top Au atoms aside. These specific contact configurations result 
in stronger molecule-electrode couplings and larger electronic incident cross-sectional areas, which consequently lead to 
large breaking forces and high conductance. Further elongate the molecular junctions, the pyridyls shift to the top Au 
atoms of the tip electrodes. The additional scatterings of the top Au atoms dramatically decrease the conductance and 
switch the molecular junctions to the lower conductive states. Perfect cyclical conductance switches are obtained as 
observed in the experiments by repeatedly stretching and compressing the molecular junctions. The O atom in the side-
group tends to hinder the pyridyl from adsorbing on the second Au layer and further inhibit conductance switch of the 
dipyridyl molecular junction.

I. Introduction
Molecular junction refers to the system in which one or several 

molecules are confined between two nano-electrodes.1-10 Due to the 
nanoscale dimension of the molecules and the confinement of 
electrodes, molecular junctions often exhibit intriguing properties 
such as rectification,11-14 switching,15-21 transistor,22-24 memory,25-28 

sensor,27-30 logic gate.8 Therefore, in the last two decades, a great 
deal of attention has been drawn to the design and study of 
molecular junctions. Generally, due to the different interactions 
between molecules and electrodes, molecular junctions show various 
electron-transport properties during their formations. Apart from 
using these properties to design functional devices, the properties 
also contain useful information about the formation processes of 
molecular junctions.31-38 Thus, by creating molecular junction, one 
also establishes a platform to understand and manipulate the 

interactions at single atom/molecule level.36,39

  Thiol,40-45 amino44-48 and pyridyl49-54 groups are the most frequently 
used anchoring groups in molecular junctions, of which the molecular 
junctions with pyridyl anchoring groups are the ones of most interest. 
This is because they tend to exhibit unique and specific high-low 
binary conductance switching (BCS) behaviors during their 
formations, whether measured in solution or in air.50-52 Different from 
the isomerization-transition-induced molecular switches,19,20 the 
conductance switching behaviors of pyridyl-anchored molecular 
junctions are generally attributed to the changes of the angles between 
the N-Au bonds and the π systems with the changes of the electrode-
electrode separations.29,50,55 To further understand the high-low 
conductance switching (HLCS) phenomena of pyridyl-anchored 
molecular junctions, recently we have controlled the electromechanical 
switching properties of dipyridyl molecular junctions by side-group 
substitutions based on the scanning tunnelling microscopy-break 
junction (STM-BJ) technique.5 We find that the presence of alkyl side-
groups switch off the mechanically controlled HLCS behaviors of 
dipyridyl molecular junctions, and consider that the “high” 
conductance geometries may be prevented by simple steric hindrance 
of the bulky methyl and cyclohexyl side-groups. It is obvious that 
changes in electrode separation tends to modulate the orientation of the 
molecule and further induce the conductance switch of the molecular 
junction. However, based on the experiment observations we find the 
following significant issues are still difficult to be understood and need 
to be further clarified. That is, (1) How do the contact configurations 
of the high and low conductance states arise during the fabrications of 

Page 1 of 11 Nanoscale



Nanoscale ARTICLE

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

molecular junctions? (2) How to explain the discrete conductance 
changes in the HLCS behaviors of the molecular junctions? 5,35,50 (3) 
Why the maximal stretching forces for the high conductance states are 
evidently higher than the breaking forces of low conductance states for 
the dipyridyl molecular junction?51,56 Considering these issues, we find 
that, compared with the orientations of the molecules, the deformations 
of electrode tips are more significant for the HLCS behaviors of the 
dipyridyl molecular junctions. To clarify these issues and to gain a 
deeper insight into the HLCS behaviors of dipyridyl molecular 
junctions, in this work we conducted ab initio-based adiabatic 
stretching and compressing simulations. Based on the simulations, the 
configuration evolutions leading to the HLCS behaviors of the 
dipyridyl molecular junctions are systematically revealed. Especially, 
the specific contact configurations between pyridyl terminals and tip 
Au electrodes which are very crucial for the HLCS behaviors of 
dipyridyl molecular junctions are decoded. Moreover, the force 
differences between high and low conductance states are perfectly 
reconciled, which further confirms the evolution processes. Our 
studies show that the ab initio-based adiabatic simulations are very 
significant for identifying the contact configurations and decoding the 
evolution processes of molecular junctions.
   It should be mentioned that the HLCS behavior of 4,4'-bipyridine 
molecular system has been investigated theoretically in our previous 
work. 59 In that work, the breaking force and the geometries of the tip 
electrode are ignored, thus the experimental findings could not be fully 
explained. Especially the large breaking force and the repeated HLCS 
behavior in the stretching and compressing processes of the molecular 
junction could not be reproduced. In this work, we not only consider 
the geometries of the tip electrode and the breaking forces of the 
molecular junctions, but also further investigate the effect of the side 
group on the HLCS behaviors of dipyridyl molecular junctions to 
clarify why no HLCS behavior was observed for the dipyridyl 
molecules with methyl and cyclohexyl side substituents.

II. Theoretical Models and Computational Details
The schematic structures of the dipyridyl molecular junctions 

which include 4,4'-bipyridine (BPY) and its derivative systems are 
shown in Fig. 1, where M1 is 4,4'-bipyridine. M2 is 3,3'-dibromo-
4,4'-bipyridine, which has a similar structure to M1. M3 and M4 are 
two phosphoryl-bridged dipyridyls with methyl and cyclohexyl side 
substituents, respectively. These molecular junctions have been 
experimentally studied in our previous work with STM-BJ 
technique5 which is the common technique used in the studies of 
dipyridyl molecular junctions.50-52 In STM-BJ technique, the gold tip 
which acts as the upper electrode needs to be fabricated very sharp, 2,5 
so we use a pyramid-shaped electrode37 to simulate the tip electrode. 
As for the substrate, both Au(111) planar-shaped electrode and 
planar-shaped electrode with single Au atom on the surface are very 
possible in the experiments. However, for the dipyridyl molecular 
junctions, only the single Au atom adsorbed on planar Au(111) 
surface can sustain a stretching force larger than 1.5 nN. Additionally, 
in the common formation process of molecular junction by STM-BJ 
technique, the tip electrode is first contacted with substrate electrode to 
obtain 1 G0  (1 G0=2e2 /h is the quantum conductance unit) 
conductance step before forming molecular junction.5,50,51 This

D

M2

M3

M4

Au C N H

M1

Fig. 1 The schematic structures of 4,4'-bipyridine and its derivative 
molecular junctions. The structures shown in the rectangular frame 
are the systems on which we performed ab initio-based process 
calculations. M1 is 4,4'-bipyridine. M2 is 3,3'-dibromo-4,4'-
bipyridine. M3 and M4 are two phosphoryl-bridged dipyridyls with 
methyl and cyclohexyl side substituents, respectively.  

process makes the tip electrode easily drag a gold atom out of the 
substrate electrode which then adsorbs on the surface of the substrate 
electrode. Thus, the Au(111) planar electrode with single surface Au 
atom is used to simulate substrate electrode of STM-BJ technique in 
calculations. 

To study the HLCS behaviors and the breaking forces of the 
dipyridyl molecular junctions, the ab initio-based adiabatic stretching 
and compressing simulations are performed. As one knows, the 
stretching and compressing force  is the slope /JF E D   /JE D  
of the single point energy curve versus electrode distance (E-D 
curve),57 which related to the energy variation of the molecular JE
junction with the change of the electrode distance . The energy D
variation is caused by the deformation of the molecular junction which 
mainly takes place at the molecule and electrode-molecule interfaces. 
The atoms in the bulk electrode are confined by the crystal lattice and 
the deformation of the bulk electrode is negligible in the stretching and 
compressing processes. Thus, in the calculations, considering the 
expensive computational cost and the reliability of the results, it is 
feasible and reasonable to only consider the systems in the yellow 
dashed rectangles in Fig. 1. 

To obtain the stretching and compressing forces of the molecular 
junctions, the single point energies for the molecular junctions in the 
stretching and compressing processes are first computed. According 
to the literatures one can find that whether measured in air5,51 or in 
1,2,4-trichlorobenzene solution50,52, the HLCS phenomena are both 
observed for pyridyl-anchored molecular junctions and the high and 
low conductivity values are approximately the same for the same 
molecules. This indicates that the organic solvent of 1,2,4-
trichlorobenzene commonly used in the experiment has a very weak 
effect on the dipyridyl molecular junctions and is negligible relative 
to the molecule-electrode interaction. Therefore, in the calculations 
of this work, we do not consider the solvent effects.

The electrode gaps of the molecular junctions are adjusted step by 
step in the calculations of stretching and compressing processes. In 
each step of the geometric optimization, the dipyridyl molecules and 
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the Au atoms in the inner gold layers are fully relaxed, while the Au 
atoms in outer layers are fixed to sustain the stretching and 
compressing forces. For each step, the just-optimized positions of 
the relaxed atoms in the previous step are taken as the initial 
geometry to perform further relaxation calculations. By this way, the 
adiabatic stretching and compressing processes of molecular 
junctions are implemented at the B3LYP level with the Lanl2DZ 
basis set in Gaussian16 packages.58 

Generally, the biases used in the experimental measurements of 
dipyridyl molecular junctions are very low (V≤0.3 V). For such low 
bias voltage, no conductive channel has been opened, thus the 
electronic transports of the molecular junctions are dominated by 
non-resonant transmissions. For the non-resonant transmission, the 
electronic wave is injected into molecule from one electrode by bias, 
which is scattered and diffracted by the potential field of the 
molecule, and at last enters the other electrode with some 
probability. To understand the electronic transports dominated by the 
non-resonant transmission, we developed one-dimension 
transmission combined with three-dimension correction 
approximation (OTCTCA) method.59 For this method, the current is 
written as: 

      (1)S S D D[ ( ) ( ) ( ) ( )] ( )xI S ej f E E f E E T E dE   

where  is the probability flux along the transport direction. 
 xj S( )f E

and are the Fermi distribution functions of the source and D ( )f E
drain, respectively.  and  are the densities of states of S( )E D ( )E
the source and drain, S is the effective incident area of electronic 
wave, and  is the electronic transmission probability which ( )T E
depends on the potential field around the molecule (scattering 
region) and can be approximately obtained by numerically solving 
one-dimension Schrödinger equation

                     (2)
2 2

2 ( ) ( ) ( ) ( )
2

d x U x x E x
m dx

  
h   

combined with a three-dimension correction, where  is the ( )U x
spatial potential field along the transmission paths. In our previous 
work we only simply calculated  along straight path. 59 In this ( )T E
work, we optimized OTCTCA method and developed our code, 
which can calculate  along curving paths according to the ( )T E
geometries of the molecular junctions.

III. Results and Discussion
A.  Contact configuration evolutions of dipyridyl molecular 
junctions

According to the experiments, the low conductance range occurs 
about 0.2 nm after that of the high conductance for dipyridyl 
molecular junctions,5,50 which is very approximate to the distance 
between two neighboring Au layers. Thus, one can believe that the 
HLCS behaviors of the dipyridyl molecular junctions are most likely 
to relate to the most two top layers of the tip electrode, i.e., the top 
Au atom and the second Au layer. Thereby, in the beginning of the 
stretching simulations, we put the upper pyridyls beside the second 
Au layers of the tip electrodes. Fig. 2 shows the configuration 
evolutions of M1-M4 molecular junctions in the stretching and 
compressing processes.
  The calculations show that the stretching and compressing processes 
of M1 and M2 systems are very similar. For M1 and M2 systems, 

when the electrode distances (denoted as D in Fig. 1) are less than 2.03 
nm (Fig. 2(a) and (e)), the upper pyridyls lean beside the tip electrodes. 
When the electrode distance is stretched to 2.04 nm, the most distinct 
phenomena arise, that is the upper pyridyls are approximately 
vertically adsorbed on the Au atoms of the second layers of the tip 
electrodes (Fig. 2(b) and (f)). At the same time, the upper pyridyls 
generate unique lateral-pushing forces which push the top Au atoms of 
the upper electrodes aside. This contact geometry is very interesting, 
which is rarely found in the stretching simulations of amino-ended and 
thiol-ended molecular junctions.8,37 In the following discussions we 
denote this contact geometry as step type contact configuration or for 
short as S-type contact. For S-type contact, besides the Au atom which 
directly connects with the upper pyridyl, there are also three other Au 
atoms very close to the upper pyridyl of the molecule, which can give 
additional pathways for the electrons to transport between molecule 
and electrode. Thereby, the S-type contact is expected to be the most 
likely contact configuration for the high conductance in the 
experiment. Further elongate the electrode gaps to D=2.24 nm, the 
upper pyridyls are broken from the second Au layers and adsorb on the 
top Au atoms of upper electrodes (Fig. 2(c) and (g)), which we named 
as T-type contact. One can easily see that there is only one Au atom 
provides the pathway for the electrons transporting between molecule 
and electrodes for T-type contact configuration, which is evidently 
narrower than that of S-type contact. Thus, the T-type contact is 
expected to correspond to the low-conductance contact configuration. 
Moreover, based on the calculation, the S-type contact configuration 
can sustain about 0.21 nm, which is very close to the experimental 
observations that the low conductance range occurs about 0.2 nm after 
that of the high conductance.5, 50 Further elongate the electrode 
distances of M1 and M2 molecular junctions to about 2.44 nm, the 
molecular junctions are broken with the upper pyridyls being separated 
from the tip electrodes (Fig. 2(d) and (h)).
   Then compress the electrodes, the molecular junctions are rebuilt 
at D=2.43 nm. However, it needs to compress the electrode distance 
to 2.13 nm for the upper pyridyls switching from top Au atoms to 
the second Au layers. Further compress the electrodes to D=2.03 nm, 
The upper pyridyls of M1 and M2 are again adsorbed beside the tip 
electrodes. It should be mentioned that, for the electrode distance 
between 2.14-2.24 nm, the stretching and compressing processes of 
M1 and M2 molecular junctions are irreversible.

The stretching and compressing processes of M3 and M4 
molecular systems are completely different from M1 and M2 
systems. The O atoms bonded on the phosphoryl bridges are first to 
adsorb on the top Au atoms as soon as the two electrodes separate 
from each other (Fig. 2(i) and (m), denoted as O-type contact). Even 
when the upper pyridyls of M3 and M4 are near the second Au 
layers of tip electrodes for 2.03 nm < D < 2.23 nm, the adsorptions 
between O and top Au atoms always hinder the pyridyls from 
adsorbing on the second gold layers. Until the O atoms are far 
enough away from the top Au atoms for D > 2.32 nm, the pyridyls 
directly adsorb on the top Au atoms (Fig. 2(k) and (o)) instead of on 
the second Au layers of tip electrodes. When compressing M3 and 
M4 molecular junctions from a large electrode distance, the upper 
pyridyls glide to the side positions of tip electrodes at D=2.17 nm. In 
the compressing processes of M3 and M4 molecular junctions, the 
upper pyridyls still cannot connect with second Au layers of tip 
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Fig. 2 Configuration evolutions of M1 (a↔d), M2 (e↔f), M3 (i↔l) and M4 (m↔p) molecular junctions in the adiabatic stretching and 
compressing processes. The single head arrows in the figure denote the stretching and compressing processes are irreversible. The double 
head arrows denote the stretching and compressing processes are reversible.

electrodes due to the hindrance of the interactions between O atoms 
and top Au atoms. Thus, the calculations decode that it is not as the 
previous expectations that the bulky methyl and cyclohexyl side- 
groups sterically hinder M3 and M4 molecular systems from 
converting their contact configurations,5 but the O atoms tend to first 
adsorb on the top Au atoms and hinder the molecular systems from 
adopting the S-type contact configurations.

B.  Energy and force traces of dipyridyl molecular junctions in 
the stretching and compressing processes
   Fig. 3 shows the energy and force traces for M1-M4 molecular 
junctions in the stretching and compressing processes. The figure 
shows that, for M1 and M2 systems, the minimum energy states for 
the upper pyridyls adsorbing on the second Au layers present at 
D=2.12 nm. While for the upper pyridyls adsorbing on the top Au 
atoms of upper electrodes, the minimum energy occurs at about 2.35 

nm, which is about 0.23 nm after that of the upper pyridyls adsorbing 
on the second Au layers. For M3 and M4 molecular junctions, the 
electrode distances of the minimum energy for the O atoms 
adsorbing on the top Au atoms are at about 2.06 and 2.05 nm 
respectively, which are evidently shorter than those of the upper 
pyridyls adsorbing on the second Au layers for M1 and M2 systems. 
Thus, when fabricating M3 and M4 molecular junctions, before the 
upper pyridyls can adsorb on the second Au layers, the O atoms have 
already adsorbed on the tip Au atoms. Fig. 3 (c) and (d) also show 
that, for M3 and M4 systems, the minimum energies for the upper 
pyridyls adsorbing on the top Au atoms are at about 2.33 nm, which 
are just after the O atoms being broken from the top Au atoms, thus 
the upper pyridyls can only adsorb on the top Au atoms instead of on 
the second gold layers. It should be noticed that the minimum 
energies for upper pyridyls adsorbing on the second Au layers are 
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Fig. 3 The energy and force traces of (a) M1, (b) M2, (c) M3 and (d) 
M4 molecular junctions in the adiabatic stretching and compressing 
processes. The yellow shaded area indicates the electrode distance 
where irreversible contact conformational evolution occurs during 
stretching and compression. The orange arrows indicate the 
compressing process, and the gray arrows indicate the stretching 
process. 

about 0.2 eV higher than those of adsorbing on the top Au atoms for 
M1 and M2 systems. However, for M3 and M4 systems, the 
minimum energies for O atoms adsorbing on the top Au atoms are 
about 0.1 eV lower than those of the pyridyls adsorbing on the top 
Au atoms. These energy differences further demonstrate that, in the 
stretching processes of M3 and M4 systems, the O atoms prefer to 
first adsorb on the top Au atoms and hinder the pyridyls from 
adsorbing on the second Au layers.
   It is noticeable that, the calculated stretching force for the upper 
pyridyl switching from the second Au layer to the top Au atom for 
M1 molecular system is up to 1.2 nN, which is evidently larger than 
0.8 nN, the force for the pyridyl finally breaking from the top Au 
atom (Fig. 3(a)). This result is well consistent with the experimental 
observations that the maximum forces for the high conductance 
states are larger than those for the molecular junctions completely 
breaking,51,56 which highly suggests that the high conductance state 
corresponds to the pyridyl approximately vertically adsorbing on the 
second Au layer of tip electrode. For M2 system, the force for the 
upper pyridyl breaking from the second Au layer is about 1.1 nN 
(Fig. 3(b)), which is a little smaller than that of M1 system due to the 
substituent of Br atom slightly weakening the coupling between the 
pyridyl and tip electrode. For M3 and M4 systems, despite the O 
atoms tending to adsorb on the top Au atoms at first, the forces for O 
atoms breaking from gold tips are only about 0.6 nN (Fig. 3(c) and 
(d)), which are evidently smaller than those of the pyridyls breaking 
from the second Au layers. The final breaking forces for M2, M3 

and M4 systems are all about 0.7 nN, which are also a little smaller 
than that of M1 system due to the large electronegative substituent 
atoms (Br or O) in the molecules.

C.  HLCS behaviors of dipyridyl molecular junctions
To verify whether the HLCS behaviors of M1 and M2 molecular 

systems resulted from the configuration conversions between S-type 
and T-type contacts, we further show the conductance traces of M1-
M4 molecular junctions during the stretching and compressing 
processes in Fig. 4. The figure shows that M1 and M2 molecular 
junctions show distinct HLCS behaviors both in stretching and 
compressing processes. Especially, the high-low conductance ratios 
are almost up to an order of magnitude as we observed in the 
experiment.5 It is noticeable that the high conductance corresponds 
to the S-type contact configurations, and the low conductance 
corresponds to T-type contact configurations (Fig. 4 (a) and (b)). 
Thereby, it needs larger forces for M1 and M2 systems to switch 
from higher conductance to lower conductance and needs lower 
forces to break the molecule systems, which are well consistent with 
the experimental measurements. 5,50,51 The inserts of Fig. 4 (a) and 
(b) show the conductance of M1 and M2 systems with the electrode 
gaps being repeatedly stretched and compressed between 2.10 nm 
and 2.30 nm. As we have observed in the experiment,5, 50 the 
conductance cyclically switches between high and low values 
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Fig. 4 Conductance switching behaviors of (a) M1 and (b) M2 
molecular junctions during adiabatic stretching and compressing 
processes. The insets of (a) and (b) show the repeated conductance 
switching behaviors of M1 and M2 molecular junctions with the 
electrodes being repeatedly stretched and compressed. (c) and (d) 
Conductance traces of M3 and M4 molecular junctions in the 
adiabatic stretching and compressing processes. The black solid lines 
represent the conductance calculated by using the OTCTCA method, 
and the pink dashed lines are the conductance measured in the 
experiment. 5, 50 

Page 5 of 11 Nanoscale



Nanoscale ARTICLE

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

perfectly by repeatedly stretching and compressing M1 and M2 
molecular junctions. For M3 and M4 molecular systems ，the 
conductance for the O atoms adsorbing on the tip Au atoms are very 
close to those of the T-type contact configuration (Fig. 4(c) and (d)). 
Therefore, although there are configuration conversions in the 
stretching and compressing process of M3 and M4 systems, no 
conductance switching behaviors can be found in the experiments 
for these two systems. These results further clarify that it is not the 
bulky methyl and cyclohexyl side-groups5 but the O atoms in the 
side group prevent the molecules from adopting the “high” 
conductance geometries and switch off the HLCS behaviors of M3 
and M4 molecular junctions.
   The conductance differences between different contact 
configurations are easily understood from the mechanism of non-
resonant electronic transport according to our OTCTCA calculations. 
59 In lower bias regime (≤ 0.3 V), no resonant transmission channel 
is opened, thus the conductance of the molecular junction is 
dominated by non-resonant electronic transmission. For non-
resonant transmission, each atom in the molecule produces a 
potential well around its nucleus, which acts as a micro-hole for the 
electronic wave. Thus, the electronic wave that transmitted through 
molecule will be scattered and diffracted by the atoms in the 
molecule. Additionally, in the transmission path, the electronic wave 
can also be reflected due to the rise and fall of the potential field. 

Thereby, for the non-resonant electronic transport of the molecular 
junction, after being injected into the molecule region from one 
electrode by the driving of the bias voltage, the electronic wave is 
scattered, diffracted and reflected by the potential field around the 
molecule, and at last enters the other electrode with a certain 
probability.

As to the dipyridyl molecular junctions with T-type contact 
configurations, the scattering, reflection and diffraction effects of the 
top Au atom on the electronic waves can significantly reduce the 
transmission probability of electronic waves compared with that of 
the S-type contact configurations. In the low bias regime, the 
effective incident energy of the electronic wave is very low, thus the 
s partial wave governs the scattering. Due to the spherical symmetry 
of the s partial wave, when the electrons pass through each atom, 
only a half of the electrons are scattered forward. In addition, the 
reflection effect (one-dimension effect along the transmission 
pathway) and diffraction effect further reduce the proportion of the 
forward electrons. According to our computations, due to the 
scattering, reflection and diffraction of the top Au atom, only about 
1/4 of the electronic waves can continue their transmission forward. 

  Besides the scattering, reflection and diffraction effects of the top 
Au atom which dominate the high-low conductance ratio, the 
coupling between the molecule and electrodes also influences on the 
high-low conductance ratio, which can be directly exhibited by the 

Fig. 5 Spatial distributions of the occupied molecular orbitals (OMOs) which both delocalized on the tip electrodes and molecules for M2 and 
M3 systems. There are 16 delocalized OMOs for M2 with conformation (f) and 8 delocalized OMOs for M2 with conformation (g). For M3 
system with conformation (i) and (k), There are both 8 delocalized OMOs simultaneously delocalized on the tip electrodes and molecules. 

M3 configuration (i) 
cconfigurationconfig
uration

M3 configuration (k) 
configuration(e)

M2 configuration (f) 
cconfigurationconfig
uration

M2 configuration (g) 
cconfigurationconfig
uration
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spatial distributions of the occupied molecular orbitals (OMOs). As 
examples, Fig. 5 shows the OMOs which are both delocalized on the 
tip electrodes and molecules for M2 and M3 molecular junctions. 
One can see that, there are 16 delocalized OMOs for M2 system with 
S-type contact configuration. However, for the systems with T-type 
contact configuration, there are only 8 delocalized OMOs. The 
OMOs highly indicate the coupling between the tip electrode and the 
molecule for the S-type contact configuration are evidently tighter 
than that of the T-type contact configuration. Thus, the high-low 
conductance ratios of M2 system as well as M1 system are further 
enhanced by the influence of the electrode-molecule couplings. 
However, for M3 system, the number of delocalized OMOs for O-
type contact configuration is equal to that for T-type contact 
configuration. Therefore, the couplings between tip electrode and 
M3 molecule for these two configurations are very close to each 
other, which are also reflected by the breaking forces presented in 
Fig. 3.
    In fact, the electrode-molecule coupling first modulates the spatial 
distribution of the potential field around the electrode-molecule 
contact, which further affects the electronic transport. Thus, to gain 
deep insights into the HLCS behaviors of dipyridyl molecular 
junctions, we show the spatial distributions of the potential fields of 
M2 and M3 molecular systems in Fig. 6. where the dashed blue 
rectangles denote the contact areas between the upper pyridyls and 
the tip electrodes. The thick green lines are the boundaries of the 
potential well areas, and the thick black lines are the boundaries of 
the lower potential barrier areas for the electrons. The figure shows 
that, for M2 system with S-type contact configuration (Fig.6 (a)), 
there is an evident potential well channel connected between the 
molecule and the tip electrode in the upper contact region. Moreover, 
the range of lower potential barrier around the upper contact area is 
very wide, which significantly enhances the probability of the 
electronic transmission between molecule and electrode. However, 
for T-type contact configuration (Fig.6 (b)), not only the potential 
well channel but also the lower potential barrier range around the 
upper contact area are both much narrower than that of S-type 
contact configuration. Thus, for the system with T-type contact 
configuration, the tip Au atom not only gives additional scattering to 
the transmissions of the electronic waves, but at the same time 
provides a much narrower transmission channel for the electrons 
transmitting between tip electrode and molecule, which dramatically 
suppresses the electronic transport. For M3 system, the transmission 
path of the molecular junction with O-type contact configuration 
(Fig.6 (c)) seems shorter than that of T-type contact configuration 
(Fig.6 (d)), but due to the strong electronegativity of O atom, the 
incident cross-sectional area for the O atom adsorbing on the tip Au 
atom is less than that of T-type contact configuration, which thus 
decreases the probability of the incident electronic waves and further 
the conductance. Therefore, the conductance for the system with O-
type contact configuration is approximately equal to that of with T-
type contact configuration and no HLCS behaviors arise for M3 and 
M4 systems.

It should be mentioned that, based on the knowledge of quantum 
mechanics and the OTCTCA method, the electronic wave transports 
as decaying wave when it transmits through potential barrier region, 
thus the transmission probability is approximately exponentially 

M2

(a)
Au

N

M2

(b)

Au
N

(c)

M3

O

Au

M3

(d)

Au
N

Fig. 6 Spatial distributions of potential (unit: eV) for M2 system with 
pyridyl anchoring on (a) the second Au layer of electrode tip and (b) 
the tip Au atom of electrode. Spatial distributions of potential for 
M3 system with (c) O atom adsorbing on the tip Au atom and (d) 
pyridyl anchoring on the tip Au atom of electrode. The dashed blue 
rectangles denote the contact areas between the upper pyridyls 
and the tip electrodes. The thick green lines are the boundaries of 
the potential wells for the electronic transports, and the thick black 
lines denote the lower potential barrier areas for the electrons.  

decaying with the increase of the length and height of the potential 
barrier. However, the electronic wave transports as plane wave in the 
potential well region, which can be reflected by the ups and downs 
of the potential wells, but does not decay with the increase of the 
depth and length of the potential well. Thereby, if the atom number 
is unchanged in the transmission path, the stretching and the 
compressing of molecular junction generally have a little influence 
on the conductance of the molecular system. That is why the 
conductance traces often show steplike features in the forming 
processes of molecular junctions.37,59 As for the conductance 
commonly shows sharp skip between two neighboring conductance 
steps, it is generally resulted from the abrupt inelastic deformations 
of the contact configuration or abrupt break in the stretching and 
compressing process of molecular junction, which respectively 
changes the number of the scattering centers or the width of the 
potential barriers during a very short time.

D.  Discussions
   There still exist some questions worthy of consideration. One is 
that whether the contact configurations discussed above are formed 
most probably or just accidently? Obviously, according to the STM-
BJ technique, both planar electrode and planar electrode with single 
Au atoms on its surface are very common for the substrate electrode 
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in the experiments. Our calculations show that, for the pyridyl-
terminated molecule adsorbing on the planar electrode, the molecule 
is directly pulled away from the planar electrode by the tip electrode 
with the pulling force of only about 0.3~0.5 nN, which is too small 
to change the contact configuration between pyridyl and tip 
electrode.60 Thus, the HLCS behavior is impossible arisen for the 
dipyridyl molecule adsorbing on the planar substrate. When the 
lower pyridyl links with the single Au atom which adsorbed on the 
planar electrode surface as shown in Fig. 1, it can sustain about 1.7 
nN stretching force. This force is enough to change the contact 
configuration between pyridyl and tip electrode and further sustain 
the breaking force that the experiment observed (0.8~1.5 nN).51, 56 
Thus one can confirm that the planar-shaped electrode with single 
surface Au atom is the most probable configuration for the substrate 
electrode to produce HLCS behaviors.
   The tip electrode generally needs to be fabricated very sharp in 
experiment. It may be fabricated with various configurations in the 
actual experiments. However, the common processes that the tip 
electrode is first contacted with substrate electrode to obtain 1 G0 
conductance step before forming molecular junction5,50,51 make it 
easy to produce sharp gold tip due to the traction between the tip 
electrode and substrate electrode. At least the top Au atom and the 
second Au layers form a sharp gold tip, which is enough to ensure 
the HLCS behaviors of dipyridyl molecular junctions. The 
calculations show that more Au atoms in the third and fourth Au 
layers have little effect on the electronic transport properties and 
further the HLCS behaviors of dipyridyl molecular junctions. 
Considering that too many Au atoms in the ab initio calculations 
cannot evidently enhance the accuracy of the calculated HLCS 
behaviors of the dipyridyl molecular junctions, but only result in 
unbearable computational cost, we only use more gold atoms to 
verify the reliability of our calculations in the test computations. 

The choice of different electrode size in the computations does 
result in different single point energy of the molecular junction. 
However, considering that the stretching and compressing force is 
simultaneously related to the energy changes of the system and the 
changes of the electrode distance, at the same time based on the 
principle of transitivity of force, one can understand that the choice 
of the electrode size almost does not affect the numerical result of 
the stretching and compressing force of the molecular junction. 
Thereby, the choice of the electrode size mainly depends on the 
deformation range of the molecular junction which governs the 
variation of the conductance of the molecular junction. In fact, the 
zero-point vibrational energy can produce a correction to the 
stretching and compressing force of the molecular junction, but 
based on our knowledge, which only brings a correction of less than 
0.02 nN for the breaking force.57 Thus, in this work the effect of 
zero-point vibrational energy on the stretching and compressing 
force is not considered. 

According to the previous investigations,50,51 the HLCS behavior 
of dipyridyl molecular junction is attributed to the change of the 
angle between the N-Au bond and the π system with the change of 
the electrode-electrode separation. However, in those investigations, 
the deformation processes of the gold electrodes near the electrode-
molecule contacts were not considered, thus the specific contact 
configuration produced in the stretching and compressing processes 
of the dipyridyl molecular junction, i.e., the S-type contact 

configuration, could not be found. Thereby, the questions that we 
mentioned in the Introduction section, especially question (2) and (3) 
are difficult to understand. In our studies, large quantities of ab initio 
computations are performed to particularly consider the deformation 
of the electrode tips during the stretching and compressing of 
dipyridyl molecular junctions, thereby the specific deformations of 
the electrode tip are perfectly decoded as well as the evolution 
processes of electrode-molecule contact configurations, thus the 
above questions are easily solved. Additionally, based on the change 
of the angle between the N-Au bond and the π system, the question 
why the low conductance ranges occur about 0.2 nm after the break 
of the gold point contact5,50 is also difficult to understand. However, 
because the distance between the two neighboring Au layers is about 
0.23 nm, one can easily understand this question by comparing the 
T-type configuration with S-type configuration. Based on the above 
discussions one can expect that, for longer pyridyl-ended molecule, 
the high conductance plateau may much wider than 0.2 nm, because 
the upper pyridyl can first adsorb on the third Au layer of the tip 
electrode after the gold contact being broken, which is consistent 
with the results of literature reports51,55 and is verified by our recent 
observations. Our simulations indicate that the ab initio-based 
adiabatic simulation method is very useful in decoding the specific 
contact configurations as well as the formation processes of 
molecular junctions. 

Then to discuss why do we use OTCTCA method to calculate the 
electronic transports in dipyridyl molecular junctions. As one knows, 
for different kinds of molecular or nano junctions in different bias 
regimes, the mechanisms which dominate the electronic transport are 
different. Generally, the current through the junctions is calculated 
by Landauer-Büttiker formula.61 While by applying non-equilibrium 
Green’s function (NEGF) method,62 the local current in molecular 
wires can be computed exactly.63-68 For donor-acceptor (D-A) 
blending systems, such as D-A mixed-stack organic cocrystals or D-
A copolymers, where electron transport between two electrodes 
cannot be accomplished by a single molecular orbital, then a long-
range superexchange mechanism plays an important role in charge 
transfer which relies on the superexchange coupling between the 
adjacent donor and acceptor moieties. For superexchange 
mechanism, the acceptor acts as a bridge for the electron to hop 
between donor sites and the donor acts as a bridge for the hole to hop 
between acceptor sites.69-74 The superexchange model is also a 
simple atomistic model of tunneling through molecules.75,76 
However, for the small dipyridyl molecular junctions at lower bias 
voltages, there is no conductance channel entering bias window and 
non-resonant electron transport dominates electron transport. While 
exact approaches for calculation of local currents exist, 69-74 here we 
rely on a simpler approximate consideration of OTCTCA which 
should be enough for our purposes. For OTCTCA method, the 
spatial distribution of potential field around the molecular junction is 
first calculated which contains a series of potential wells and 
potential barriers as shown in Fig. 6. Then the T(E), which is the 
statistical electronic transmission probability for the electrons 
transport through a series of transmission paths, is calculated by 
numerically solving a series of one-dimension Schrödinger 
equations. In the calculations of T(E), a three-dimension correction 
is considered according to the characteristics of low-energy s partial 
wave,59 which significantly enhances the accuracy of the numerical 
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results. Based on our OTCTCA method, the conductance of the 
molecular system is more sensitive to the number of scattering 
centers (general the number of atoms) in the transmission path (see 
Fig. 6) than the energy level alignments. Therefore, the OTCTCA 
method is only feasible for short-molecule junctions at lower bias 
voltage.

The solvent effects are another issue that should be discussed 
further. In order to reveal why the HLCS behaviors of dipyridyl 
molecular junctions are almost independent of the commonly used 
1,2,4-trichlorobenzene solvent,50,52 we take 4,4'-bipyridine molecular 
junction as an instance to perform further geometric optimizations 
with the 1,2,4-trichlorobenzene molecules next to the N-Au contacts. 
The calculations show that the 1,2,4-trichlorobenzene molecules 
move away from the N-Au contacts, which leads the effect of the 
1,2,4-trichlorobenzene molecules on the molecule-electrode 
interaction and the spatial potential distribution along the backbone 
of the molecular junction is very weak. Numerical results show that 
the force differences between 4,4'-bipyridine molecular junctions 
with and without 1,2,4-trichlorobenzene molecules do not exceed 
0.01 nN, which is much smaller than the breaking forces (about 0.6-
1.5 nN) of the molecular junctions. Thus, the HLCS behaviors of 
dipyridyl molecular junctions are little affected by the 1,2,4-
trichlorobenzene solvent. One might assume that the H2O molecules 
readily form hydrogen bonds with the N atoms of the dipyridyl 
molecule and can significantly affect the electronic transport of the 
molecular junction, but the 4,4'-bipyridine molecular junction 
exhibits a similar HLCS behavior in aqueous solution.77 Our 
calculations show that the hydrogen bonds between the N atoms and 
the H2O molecules cannot hinder the dipyridyl molecule from 
vertically adsorbing on the second layer of the tip gold electrode. 
Thus, the dipyridyl molecular junctions exhibit similar HLCS 
behaviors whether in water, in 1,2,4-trichlorobenzene or in air.

Conclusion
  The stretching and compressing processes and the HLCS behaviors 
of dipyridyl molecular junctions are investigated by applying ab 
initio-based adiabatic process simulation method. The numerical 
simulations reveal that, during the stretching and compressing 
processes of dipyridyl molecular junctions, the pyridyls tend to push 
the top Au atoms aside and approximately vertically adsorb on the 
second Au layers of the tip electrodes, which brings stronger 
molecule-electrode coupling and larger incident sectional areas for 
electronic waves, and further results in large breaking forces and 
high conductance of the molecular junctions. However, when the 
pyridyls are further stretched to adsorb on the top Au atoms of tip 
electrode, the top Au atoms produce additional scatterings to the 
electrons. Meanwhile, both the molecule-electrode couplings and the 
electronic incident cross-sectional areas are decreased, which leads 
to small breaking forces and low conductance of the molecular 
junctions. The O atoms in the phosphoryl bridged between two 
pyridyls prefer to adsorb first on the tip Au atoms, which hinder the 
pyridyl from adsorbing on the second Au layers, and results in a low 
conductance state, thus the switching behaviors of the molecular 
junctions are inhibited.
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