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Abstract. Based on first-principles calculations, the electrode force acted on 2,5-dimer
capto-pyridazin molecular device is studied. The pressing effects of CO and H,O
molecules on the 2,5-dimercapto-pyridazin molecular junctions are also studied at
B3LYP level to simulate the effects of little ambient molecules on the functional molec-
ular junctions. The electronic transport properties of 2,5-dimercapto-pyridazin molec-
ular junction with the pressing of CO and H;O molecules are studied by employing
elastic scattering Green’s function method. The numerical results show that the 2,5-
dimercapto-pyridazin can be squeezed out of the electrode gap when the electrode
distance is compressed to 1.02 nm. It is need about 1.5 nN stretching force to break
down the 2,5-dimercapto-pyridazin molecular junction, which agrees with the experi-
ment probes very well. The 2,5-dimercapto-pyridazin molecule is bent by the pressing
of CO or H,O molecule, and is pushed to the edge of Au (111) triangles with the ter-
minal S atoms first to the bridge and then to the top positions of Au (111) triangles,
until at last one terminal S atom is pushed out of Au (111) triangle. The pressing
of CO and HyO molecules to the molecular junctions will enhance the couplings be-
tween molecule and electrodes, which further enhances nonresonant transmission of

the molecular junctions.
PACS: 85.65.+h, 73.63.-b, 31.15.at
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1 Introduction

Due to its high efficiency, low energy consumption and high integration density, the sin-
gle molecular devices have been paid more and more attention to in the studies in recent
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years. Various kinds of nano-structures like atomic wires [1], short organic molecular
wires [2,3,4], long-chain polymers [5], carbon nanotubes [6] and fullerenes [7] have been
investigated experimentally, and many valuable properties have been found. Most of the
studies in this area are focused on the spatial structure, electrical transport properties,
negative differential resistance, rectification or switching properties of the molecular de-
vices, and so on. Both experimental and theoretical works have proved that the electronic
transport properties and functional performance of the molecular devices are determined
by many factors [5,8-28], for instance, molecular structure [9], contact configuration [19],
positions of the terminal atoms on the metal surfaces [11], distance between the electrodes
[20], pressure of the electrodes [10,15], ambient [12,13,18], etc..

In experimental measurement, molecular junctions may be probed in different cir-
cumstance, such as solution or gas, etc. It is inevitable that the irregular movements of
the ambient molecules may push the functional molecule out of the electrode gap. Thus
in this article, the effects of small ambient molecules on the geometric structures and elec-
tronic transport properties of organic molecular junctions are investigated. Based on the
ab initio calculation, the presses of small ambient molecules such as CO and H,O on 2,5-
dimercapto-pyridazine molecular junctions are simulated, and the electronic transport
properties with different pushing displacements are discussed applying elastic scatter-
ing Green’s function method. The studies not only reveal that the pushing of the small
ambient molecules can break down organic molecular junctions, but also are helpful to
understand gas sensitivity or humidity sensitivity of molecular device.

2 Theoretical details

A molecular junction consists of a functional molecule and two gold electrodes. In or-
der to simulate the 2,5-dimercapto-pyridazin molecular junction [29], we sandwiched the
molecule between two gold atom clusters to form gold-molecule-gold extended molecule.
By this way, the influence of electrodes on the functional molecule can be approximately
considered, because the gold atom clusters which consist of the gold atoms nearby the
functional molecule can screen the influence of the other gold atoms which are far away
from the molecule. The schematic structure of 2,5-dimercapto-pyridazin molecular junc-
tion is shown in Fig. 1, where the terminal S atoms on the hollow position of Au (111)
surfaces/triangles. In the calculation, we changed the electrode distance and relaxed the
functional molecule by performing geometric optimization at B3LYP level with Lanl2DZ
basis set in Gaussian03 packages [30]. The distance with the lowest energy corresponds
to the equilibrious electrode distance. At equilibrious distance, the pressing of small am-
bient molecule on the molecular junction was simulated by moving the small ambient
molecule close to the functional molecule gradually, which are also simulated at B3LYP
level with Lanl2DZ basis set in Gaussian03 packages [30].

The electronic transport properties of molecular junctions are studied applying elastic
scattering Green’s function method based on the general Green’s function formalism of
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Figure 1: (a) Schematic structure of 2,5-dimercapto-pyridazin molecular junction, and the 2,5-dimercapto-
pyridazin molecular junction with pressing of (b) CO or (c) H,O molecules.

Mujica et al. [31], for a three dimensional electrode, the net current density of molecular
junction from source (one electrode) through molecules to drain (the other electrode) can
be written as [32]

4em*kBT/°° 1nl—l—exp[(Ef—I—eVSD—Ez)/kBT]
%3 Vep 1+exp[(Ef—Ez)/kBT]

where Vsp is the external bias voltage, m* is the effective mass of electron, e is the charge
of electron, E ris the Fermi energy, nS and nP are the state densities of the source and
drain electrodes, % is the reduced Planck constant. And the transmission matrix elements
between the source and drain electrodes are:

T(E,,Vsp) ;ZUIS VSD)UKD(VSD);[EZ_<]]5L11(>‘§:D’§<]>_|_Z'H

isp = 1T(E.,Vsp)|*n® (E,)nP (E,)dE, (1)

(2)

where |n) is the eigenvalues of the Hamiltonian of a finite system, which consists of two
clusters of gold atoms and functional molecules. J(K) runs over all atomic sites, which
are denoted as 1,2---N, sites 1 and N are two end sites of molecular that connect with
two electron reservoirs. I',, is the energy broadening. Ujs(Ukp) represents the coupling
energy between certain atom J(K) and the electrode S(D). It can be written as:

Ujs(Vsp)=(J|H|S) = ZC (JulH[S;)C
n,0,1
Uk (Vsp) = (KIH|D) =} Cyg Kﬁ!HID»CEj (3)
n.p.j
where C}, is the expansion coefficient of the orbital |n) on the atom orbital |« > of the
atom | of the molecular, and CnKﬁ is on the atomic orbital |B) of the gold atom cluster.

The calculation about electronic transport properties of molecular devices is completed
in QCME-V1.1 package [33].
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Figure 2: Ground state energy (E) of 2,5-dimercapto-pyridazin molecular junction and the force (F) of electrodes
acted on the functional molecule versus electrode distance (D).

3 Results and discussion

Fig. 2 shows the ground state energy (E) of the extended molecule and the force (F)
of electrodes on the functional molecule versus electrode distance (D) in the stretching
and compressing process of 2,5-dimercapto-pyridazin molecular junction. The figure
shows that the lowest ground state energy of the molecular system is occurred at the
electrode distance of about 1.09 nm, which corresponds to the equilibrious electrode dis-
tance. When compress the electrode distance from 1.09 nm, the energy of the molecular
system increases slowly. Then at d=1.02 nm, the energy sharply drop to a lower state,
which indicates that the functional molecule is compressed out of the electrode gap. The
force of the electrodes act on the functional molecule is also shown in Fig. 2, where the
positive values correspond to stretching force, while the negative values are pressure ac-
tion. It is noticeable that, at 1.22 nm, the compressing force has a local maximum value of
about 1.5 nN, which suggest that, if one elongate the 2,5-dimercapto-pyridazin molecular
junction, the junction will be broken at about 1.22 nm with a broken force of about 1.5 nN,
which is agreed with the experiment probes very well [33-36].

Fig. 3 shows the ground state energy of 2,5-dimercapto-pyridazin molecular junctions
with the pressings of CO and H,O molecules. From the figure one can see that, the en-
ergies of the complex molecular junctions show similar variation trends for the junctions
with the pressings of the two molecules. When the displacements of CO or H,O are about
0.212nm and 0.165nm, the energies of the complex molecular junctions show local maxi-
mum values. From the geometries of the complex molecular junctions we find that, with
the pressing of CO (Fig. 4 C1-C3) or H,O (Fig. 4 H1-H3) molecule, the 2,5-dimercapto-
pyridazin molecule is bent and pushed to the edges of Au (111) triangles with the ter-
minal S atoms are about located on the bridge positions of Au-Au bonds (correspond to
C1 and H1 in Fig. 3 and Fig. 4) at first. Further pressing make 2,5-dimercapto-pyridazin
molecule moving to the top sites of Au atoms (correspond to C2 and H2 in Fig. 3 and Fig.
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Figure 3: Ground state energy (E) of 2,5-dimercapto-pyridazin molecular junction with the pressing of CO and

H>O molecules.
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Figure 4: The processes of 2,5-dimercapto-pyridazin molecule being pushed out Au (111) triangles by CO

(€C1-C3) or HyO (H1-H3) molecule.

4), and at this position the complex molecular systems have largest ground state energies
as Fig. 3 shows. Then, keeping to press CO or H,O molecule can induces 2,5-dimercapto-
pyridazin molecular junction broken with one terminal S atoms out of Au (111) triangles
(correspond to C3 and H3 in Fig. 3 and Fig. 4).

Then we studied the electronic transport properties of 2,5-dimercapto-pyridazin molec-
ular junction and the junctions with the pressings of CO and H>O molecules. Fig. 5 shows
the current-voltage (I —V) characteristics of 2,5-dimercapto-pyridazin molecular junction
and the complex molecular systems with CO and H,O molecules. In the figure, CO (or
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Figure 5: The |-V curve of the 2,5-dimercapto-pyridazin molecular junction and the molecular junction with
pressing of CO and H,O molecules.

HO) is the current of 2,5-dimercapto-pyridazin molecular junction without CO and H,O
molecules. C1, C2 and C3 correspond to the systems being pressed by CO molecule with
the displacements and positions as Fig. 3 and Fig. 4 showing, and H1, H2 and H3 cor-
respond to the systems being pressed by H,O molecule. The figure shows that, with the
pressing of CO or H,O molecule, the molecular junctions show more conductive than
the 2,5-dimercapto-pyridazin molecular junction without pressing at lower bias regime,
especially for the complex systems at C2 and H2 state which correspond to the systems
being pressed to the highest energy states. When the bias voltage is larger than 0.8 V, the
current intensity increases rapidly with the increase of the bias for the molecular system
with C1 (or H1) state. The current of the molecular junction without the pressing of CO
and H>O molecule also shows increasing quickly when the bias voltage is greater than
1.1V.

The electronic transport properties can be understand by the transmission spectra
and the coupling constants between 2,5-dimercapto-pyridazin molecule and electrodes.
From Fig. 6 one can see that, the mean transmission value of 2,5-dimercapto-pyridazin
molecular junction is obviously less than those of the molecular systems with CO or
HO. Despite that no evident transmission peak is appeared in the lower energy range,
the transmission of C2 and H2 complex molecular systems have the largest mean val-
ues compared with the other systems. The transmission in the lower energy range cor-
responds to nonresonant transmission which has close relationship with the couplings
between functional molecule and electrodes, especially the couplings between terminal
S atoms and electrodes. From Tab. 1 one can see that the couplings of 2,5-dimercapto-
pyridazin molecular junction without CO and H,O molecules is obviously weaker than
those of the other molecular systems. Thus based on the Eq. (2) one can easily understand
why the nonresonant transmission of C0/HO0 system is obviously weaker than the other
systems. Fig. 6 also shows that, for C1 and H1 molecular systems, two high transmission



Y.-F. Zhang, X.-H. Yi, et al. / J. At. Mol. Sci. 6 (2015) 263-271 269

0.1
1E-3

1E-5

Transmission

0.1
1E-3

1E-51

Transmission

E(eV)

Figure 6: The transport spectra of 2,5-dimercapto-pyridazin molecular junction and the junctions with the
pressing of CO and H,O molecules.

peaks are appeared at 0.7-1.0 eV, so the currents of these two molecular systems begin
to increase rapidly at about 0.8 V. Despite the coupling constants between the upper ter-
minal S atom and the upper electrode of C3 and H3 are obviously larger than those of
other systems, the C3 and H3 molecular systems are not show more conductive than the
others. Because the upper terminal S atom are pushed out of Au (111) triangles by CO
or H>,O molecules, which further make the transmission channels more localization and
not as conductive as other molecular systems, which can also be seen from the heights
of transmission peaks of C3 and H3 molecular systems in Fig. 6. Fig. 5 and Fig. 6 also
show that find the CO and H,O molecules have similar effects on the electronic transport
properties of 2,5-dimercapto-pyridazin molecular junctions, only most of the transmis-
sion peaks of the system with H,O are a little red-shift compared with the system with
CO.

From Tab. 1 one can see that, for the molecular junctions with the pressing of CO
or H,O molecule, the couplings between 2,5-dimercapto-pyridazin molecule and elec-
trodes are approximately equal to the couplings between the terminal S atoms and elec-
trodes. That is to say, with the pressing of CO or H,O molecule, the couplings between
2,5-dimercapto-pyridazin molecule and electrodes mainly come from the couplings be-
tween the terminal S atoms and electrodes. However, for molecular junctions without
CO and H,O molecules, the other atoms also have obvious contributions to the couplings
between 2,5-dimercapto-pyridazin molecule and electrodes. Additionally, the coupling
constants show negative values for the molecular systems being pressed by CO or H,O
molecule. Because the 2,5-dimercapto-pyridazin molecule has been bent and pushed to
the edge of Au (111) triangles by the pressing of CO or H,O molecule, which further
lengthened the distances between the terminal S atoms and electrodes. Thus attractive
interaction has emerged between the terminal S atoms and electrodes, and which further
induces negative coupling constants.
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Table 1: The coupling constants between 2,5-dimercapto-pyridazin molecule (or terminal S atoms) and two
electrodes.

State of molecular system | 2,5-dimercapto-pyridazin molecule Terminal S atom
Upper electrode| Lower electrode | Upper electrode | Lower electrode
CO0 or HO 0.140 0.148 0.411 0.413
C1 -1.21 -1.17 -1.04 -1.00
c2 -1.81 -1.76 -1.84 -1.81
C3 -2.60 -1.78 -3.05 -1.80
H1 -1.23 -1.21 -1.08 -1.07
H2 -1.64 -1.60 -1.61 -1.60
H3 -2.55 -1.78 -3.04 -1.78

4 Conclusions

Applying hybrid density functional theory and elastic scattering Green’s function method,
the mechanics properties and the electronic transport properties of 2,5-dimercapto-pyrida
-zin molecular junctions with pressings of CO or H,O molecule are investigated. The
numerical results show that the stretching force to break gold-2,5-dimercapto-pyridazin-
gold molecular junction is about 1.5nN, which is in a good agreement with the experi-
mental probes [33-36]. When the electrode distance is compressed to 1.02 nm, the 2,5-
dimercapto-pyridazin molecule is squeezed out of the electrode gap. With the pressing
of CO or H,O molecule, the 2,5-dimercapto-pyridazin is bent and pushed to the edges of
Au (111) triangles with the terminal S atoms of the 2,5-dimercapto-pyridazin first being
pushed to the bridge positions of Au-Aubonds, then being pushed to the top positions of
Au atoms, until at last, one terminal S atom being pushed out of Au (111) triangles. In the
lower bias voltage regime, the currents of 2,5-dimercapto-pyridazin molecular junctions
are enhanced by the pressing of CO or H,O molecule, which attribute to the increase of
the couplings between 2,5-dimercapto-pyridazin molecule and electrodes by the effect of
CO or H,O molecule.
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