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Abstract: The current switching behavior of closed and open-shell forms of
Polychlorotrimethylphenyl between gold electrodes are studied by using
nonequilibrium Green’s functions in combination with density functional theory. The
present computational results show that the two forms of polychlorotrimethylphenyl
molecule really demonstrate switching behavior, which confirms the experimental
observation. It is also found that the switching behavior depends on the electronic
properties of the two forms of polychlorotrimethylphenyl but not on the contact modes.
The transmission coefficients and current-voltage curves under low-bias voltage are
also reported.
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1 Introduction

The investigations of electronic transport through single molecule have attracted much
attention in nanoscale science and technology because of their novel physical properties and
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potential for device applications. Many interesting physical properties such as negative
difference resistance [1], molecular rectification [2], and current switching [3], have been
reported. Recently, two discrete conductance states were discovered experimentally based
on the closed and open-shell forms of a fully conjugated polychlorotrimethylphenyl (PTM)
derivative (1H and 1rad, respectively) on gold [4]. This kind of system controlled by redox
reaction shows distinct conductance behavior making it attractive to be constructed into
molecular sensors or switches with large on/off ratios.

Zero-bias conductances of 1H and 1rad molecules have been measured experimentally
but the contact sites between the molecule and electrodes are not clear. To understand the
experimental results and to see if the contact sites influence the property, we performed
computational studies on electronic transport properties of 1H and 1rad coupling to Au
electrodes with different contact sites including the atop, bridge, hollow and adatom
positions. The adatom position describes an under-coordinated Au surface. We focus on the
effects of contact sites on the characteristics of I-V curves to understand their switching
behavior in detail.

2 Computational methods

The stable geometry structures of 1H and 1rad were determined by using first-principles
density functional theory (DFT) method as implemented in the Dmol® software package [5].
Exchange—correlation energy was calculated by using generalized gradient approximation
(GGA) via Perdew-Burke-Ernzerhof (PBE) parametrization [6]. Then the electronic
transport properties of 1H and 1rad were carried out using the Atomistix ToolKit (ATK)
software based on the combination of DFT with non-equilibrium Green’s functions (NEGF)
[7-9]. The method has been used by many studies and was well documented. Our
calculations used the two-probe models shown in Figure 1. The two-probe system is divided
into three parts: the left electrode, right electrode, and central scattering region. The
scattering region includes a portion of the semi-infinite electrodes. To equilibrate the
computational efforts and the precision and reliability of the results, we expanded the
valence electrons in single-zeta plus polarization basis sets for metal electrodes (Au atoms)
and double-zeta plus polarization basis sets for other atoms. The improved
Troullier-Martins pseudopotentials were used to describe the core electrons of all atoms [10].
The GGA-PBE for the exchange and correlation functional was used in all our calculations
of electron—electron interactions. Periodical boundary conditions are applied in the
transverse directions. The Au surface consists of a (5x5) supercell three monolayers thick and
oriented along the Au (111) direction. The Brillouin zone was sampled with 3x3x100 points
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in the case of our three dimensional two-probe system. Electrostatic potentials were
determined on a real-space grid with a mesh cutoff energy of 150 Ry to achieve balance

between calculation efficiency and accuracy.

Au S C H G

Figure 1: Geometry of two-probe system: (a) atop (b) hollow (c) bridge and (d) adatom.
Closed and open-forms transform to each other via redox reaction.

Conductance value can be obtained from the transmission coefficients T by G= T(Er)*Go,



148 J.-F. Zhao et al. / Commun. Comput. Chem., 1 (2013), pp. 145-151

where T(E,Vi)= Tr[L(E)GR(E)IR(E)GA(E)] is the transmission spectrum, in which GX(E) and
GA(E) are the retarded and advanced Green’s function of the central scattering region and I'.
and I'r are the contact broadening functions associated with the left and right electrodes,
respectively. Er is the Fermi energy, and Go=2e%*/h is the quantum of conductance. I-V curves
are obtained by integrated self-consistent transmission spectra at different bias voltages in
the energy window from —V/2 to +V/2.

3 Results and discussion

3.1 The effect of contact sites on electronic transport properties

It is well known that the molecule-electrode distance is an important factor but it is difficult
to precisely measure and control in the available experiment related to the molecular
conductance [4]. So we first optimized the contact distances in Dmol® software package to
determine a favorable contact distance to investigate the electronic transport properties. The
optimized distances of Au-S and Au-Cl are both 2.5 A. Then we use this contact distance to
the ATK software in calculations. The most important physical quantity in NEGF-DFT
calculations for electronic transport through single molecular junctions is the transmission
function T(E). Its value at the Fermi energy defines the zero-bias conductance and its integral
over the bias-dependent energy window gives the current. Thus we calculate the
transmission function T(E) under zero bias with different contact sites and show them in
Figure 2. The Fermi level has been shifted to Er = 0. The switching behavior of the PTM can
be clearly seen from Figure 2 that the conductance of 1rad is always greater than that of 1H
at Fermi level regardless of the contact sites. It is shown that the switching behavior is from
the molecule itself but not the junction between the molecule and electrodes.

The properties of HOMO and LUMO are important because electron transition typically
occurs between these two orbitals. So we calculated the molecular projected self-consistent
Hamiltonian (MPSH) for the two-probe systems to analyze the contribution of the frontier
molecular orbitals in Figure 3. Examining the positions of HOMOs in the figure carefully, we
can find the HOMO orbitals of 1rad is closer to the Er which correspond to a large
transmission peak near the Er. The HOMO orbital should play the main role during
transmission because the value of LUMO is much higher than Er. In Figure 4, we present the
HOMO orbitals for the different adsorption sites of the two-probe systems. It shows that the
HOMGOs of 1rad for all adsorption sites are similarly delocalized, which implies higher
conductance values of the molecule. For each contact site, the coupling interactions between
molecule and electrodes affect both the widths and positions of the transmission peak, thus
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resulting in different transmission effects at Er.
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Figure 2: The transmission spectrums of SAMs at zero-bias with different contact sites. The

Fermi energy is set to zero.
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Figure 3: The frontier molecular orbitals of the two-probe devices with different adsorption
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sites of the closed and open forms.
3.2 Electron transport properties under finite bias voltage

The zero-bias transmission spectra are not sufficient to completely describe the electronic
transport properties of PTM. It is necessary to investigate the change of electronic transport
under the applied bias voltages. Figure 5 shows the calculated I-V curves of the molecule
with different contact sites at a bias up to 1.6V. It is quite clear from Figure 5 that the 1rad
conformations of PTM display current larger than that of the 1H systems and 1H
conformations show an almost complete suppression of current no matter which contact

sites is.
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Figure 5: [-V characteristics for the molecular switch with closed and open forms.

4 Conclusion

The electronic transport of 1H and 1rad with four different contact sites on gold electrodes
were investigated by using first-principles calculations. Transmission coefficients and I-V
curves are calculated and analyzed. The calculated results show that the current switching
behavior really exists in the two-probe system. It can be enhanced by the 1rad forms while
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the 1H forms can suppress it and the molecule itself plays an important role in determining
the switching performance of the molecular devices. The results will be helpful to
understand the possible situation in experiments and design functional molecular devices.
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